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Preface

As automobile mechanics repair damaged cars with auto parts, biomaterial research-
ers thereby endeavor to repair the damaged body tissue through the appropriate 
“parts”. With the bionic concepts, they attempt to fabricate nonlife materials to par-
ticipate in the process of life for achieving tissue regeneration and functional resto-
ration. Therefore, exploring appropriate biomaterials is highly challenging and 
endless.

Typically, artificial bones can be used to restore bone defects after suffering com-
minuted fracture, osteoporotic compression fractures, or bone tumors by enucleat-
ing. In the 1980s, artificial bones have been the focus of most of the research related 
to biological ceramics. Although this material could imitate the composition and 
strength of human bones, the low plasticity limited its wide applications. Our group 
has started to study on the “biological calcium phosphate cement (CPC)” since the 
early 1990s. In the following two decades, my coworkers and I have made a series 
of in-depth exploration for this kind of self-setting CPCs: from powder preparation 
to curing process; from the preparation mechanism to process control; from the 
physicochemical properties to the biological performance; from cell experiments 
in vitro to animal study/clinic research in vivo; and from material development to 
enterprise establishment, clinical trial approval, clinical applications, and so on.

With the development of the novel materials and deep understanding of calcium 
phosphate-based materials and their biological performance, numerous researchers 
and scientists have made unremitting effort to further improve the biological perfor-
mances and extend the potentials of the CPC materials according to the feedback 
from the clinical applications in recent years. By introducing functional materials 
into the CPC compositions, the various shapes of CPC were designed and fabricated 
for user-friendly operation and better properties according to different require-
ments. To improve the integration of artificial bone material and the bone, porous 
CPCs were successfully prepared at room temperature, allowing a quick ingrowth 
of cell and tissue into materials and a better degradation of the materials. Moreover, 
the combination of the growth factors and the bone repair materials further enhanced 
the osteoinduction activity of CPC and promoted the growth and differentiation of 
the cells/tissues, speeding up the degradation of materials and new bone formation. 
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Advanced manufacturing technologies as 3D printings were applied for producing 
the well-defined architecture, paving ways in bone tissue engineering and in person-
alized medicine of clinical orthopedic and orthodontic practices.

This book presents the state-of-the-art review of the latest advances in develop-
ing calcium phosphate bone cements and their applications. It includes 15 main 
chapters and covers the synthesis methods, characterization approaches, material 
modification, and novel binders, as well as the fabrication technologies of calcium 
phosphate-based biomaterials in regenerative medicine and their clinical applica-
tions. Methodologies for fabricating scaffolds and biofunctional surfaces/interfaces 
and subsequently modulating the host response to implantable/injectable materials 
are highlighted. This book integrates a series of discussions and knowledge of the 
calcium phosphate cements involving their physiochemical properties and biologi-
cal performance in vitro and in vivo. Accordingly, the book not only covers the 
fundamentals but also opens new avenues for meeting future challenges in research 
and clinical applications.

I believe this book will be useful to current bone material developers who wish 
to have a complete view of the field, to newcomers who attempt to make the best 
choice between different technologies, and to academic researchers who engage in 
technology transfer activities and need to evaluate the hurdles from material devel-
opment to clinic trials. I am especially grateful to the authors, my colleagues, who 
kindly accepted to undertake the absorbing task of writing a chapter. And, of course, 
the organizational support from Springer in the production of this book is gratefully 
acknowledged.

Shanghai, P.R. China Changsheng Liu

Preface
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Chapter 1
Calcium Phosphate Bone Cements: Their 
Development and Clinical Applications

Fangping Chen, Xiaoyu Ma, Yuanman Yu, and Changsheng Liu

Abstract Calcium phosphate cement (CPC) has opened up a new era in the con-
struction of bone-related defects in biomedical fields. Such unique properties as the 
easy shaping, injectability in practical use, excellent biocompatibility, and biode-
gradability of CPC make it a perfect substitution material and maintain the research 
focus during the years. In this chapter, the brief history, classification, setting mech-
anism, and kinetics of CPC are introduced. A further understanding of the chemical, 
physical, and biological properties of CPC, along with the clinical applications, is 
also addressed to provide a deeper insight into the regulation mechanism between 
the material properties and the clinical uses.

Keywords Calcium phosphate cement • Hydration • Self-setting • Bone repair  
• Drug delivery • Clinical applications

1.1  Introduction

1.1.1  Emergence of Calcium Phosphate Cements (CPC)

According to the latest statistics published by the World Health Organization 
(WHO), the human life expectancy has increased dramatically in recent years, the 
most rapid increase since the 1960s. However, together with the growth of human 
life-span, an increasing number of people are now suffering from various issues, 
especially aging-related diseases. Among all the diseases and disorders confronted, 
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bone-associated problems have become one of the most serious issues that need to 
be addressed. Trauma-induced fractures, worn joints, or osteoporosis due to the 
aging problem, as well as some disease-causing damages to the bone, have greatly 
hampered the daily life of people and lowered the life quality as well.

It is a great challenge to treat large bone defects, which cannot be healed on their 
own and require implantation of suitable bone grafts into the defect site. To fix the 
damaged bone, it is usually impossible to achieve the bone reparation without any 
additional guidance. Bone tissue substitutes are thus employed in surgeries, includ-
ing autografts, allografts, and artificial bone substitutes. Autologous transplantation 
has been extensively applied at the beginning, due to excellent osteoinductive and 
osteoconductive capability. This strategy is considered as “golden standard” for 
bone repair. However, the repair of bones is achieved at the cost of sacrificing nor-
mal and healthy tissues. Additionally, for the defects that are larger than critical size, 
there are no sufficient tissues to take from the healthy part for the damaged areas. To 
broaden the source of bone repair materials, xenograft is also developed and used as 
a suboptimal alternative. Nevertheless, the use of xenografts from people or animals 
is limited, due to the lack of mechanical strength, easy deformation, immunological 
rejection, spread of diseases, and even ethical issues. These complications necessi-
tate the pursuit of synthetic substitutes for treatment of these formidable defects. 
Therefore, people are calling for artificial materials that can mimic the properties of 
natural bone and avoid all the above problems. As a result, artificial materials for 
bone repairing have turned into the focus of scientists and researchers. A variety of 
materials have been developed to meet the clinical requirements. Meanwhile, con-
sidering the minimal secondary damage, shorter hospital stays, and flexibility in the 
operation process, bone cement came into its existence.

As one of the bone repairing materials, it was created, extensively and profoundly 
investigated, and then widely used. Bone cement is a material with easy shaping and 
self-setting properties. At the initial stage, the solid powders are poured into solu-
tion, forming a viscous liquid with good fluidity and injectability. Thus, it could be 
molded into specific shape or injected directly into the defects. After the paste is 
formed, the material continues its reactions and goes through the “self-setting” pro-
cess, gaining its strength so as to be used as bone substitutes. Since all the process 
could be done at room or body temperature, and the material itself could acquire 
adequate mechanical strength within a relatively short time (usually several min-
utes), the bone cement opened a new era for the healing of bone defects.

1.1.2  History and Development of CPC

In the development of bone cements, polymethylmethacrylate (PMMA) cement was 
first invented as bone substitutes to improve the quality of humans. PMMA bone 
cement was firstly applied in the bone repair and had positive impulse to the advance 
in artificial joints [1, 2]. Initiated by radicals, the polymerization occurred at the 
defeat site and long chain polymers were formed during the “self-setting” process. 
The resulted polymers showed excellent mechanical property and flexibility in the 

F. Chen et al.
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operation. However, great heat was also produced in the polymerization process and 
the temperature at the local sites could reach as high as above 100 °C, which may 
cause severe side effects. Meanwhile, PMMA did not have good compatibility with 
adjacent bone tissues, which may lead to loosening or dislocation. But even worse, 
the potential release of monomers would cause toxicity and should be strictly avoided.

To resolve the above obstacles brought by the employment of PMMA bone 
cements, calcium silicate-based and calcium phosphate-based bone cements were 
soon coming into being, which served as a major breakthrough in the development 
of bone cement for the reconstruction of bone defects. Calcium silicate could be 
made to bioglass and tricalcium silicate cement. Although both are characterized by 
high bioactivity, tunable composition, and adjustable functionality, the mechanical 
properties especially the brittleness and bending resistance are not always satisfy-
ing. Compound calcium silicate cement has already experienced significant prog-
ress and become quite attractive in the current scientific world, but it has not been 
used in clinics. Therefore, it will not be discussed in detail here.

Calcium phosphate cement, as the composition extremely similar to that of natu-
ral bones, is preferred in both the research field and clinical applications. Calcium 
phosphate cement, also named as hydroxyapatite cement, is majorly composed of 
calcium phosphate and can be set at physiological condition. The CPC system con-
sists of two parts: liquid part and solid part. For the liquid part, water, diluted phos-
phoric acid, saline, or other solutions could be used. For the solid part, two or more 
than two calcium phosphate powders are usually involved, for example, calcium 
phosphate dihydrate + tetracalcium phosphate (CPD+TTCP), monocalcium phos-
phate monohydrate + β-tricalcium phosphate (MPCM + β-TCP), and α-tricalcium 
phosphate + monocalcium phosphate monohydrate + calcium oxide + hydroxyapa-
tite (α-TCP + MPCM + CaO + HA). Upon mixing its solid part with the liquid part 
at a certain ratio, a paste could be formed with excellent injectability and plasticity. 
Under the room temperature or human body temperature, the paste could be self-set 
into compact solids through crystallization. The final product is of good mechanical 
strength and can participate in the body metabolism, thus promoting the ingrowth of 
new bones. Since calcium phosphate is the major inorganic composition in natural 
bones, the implanted CPC material is of great biocompatibility, high bioactivity, and 
fantastic biodegradability (depending on the formula). With the time going, CPC is 
gradually absorbed and degraded into nontoxic ions in the defect site and then grad-
ually replaced by the new bones.

Calcium phosphate cement itself has also experienced great development 
throughout the years. As early as in the 1980s, it was the first time when the hydra-
tion of α-TCP was reported [3], which may be considered to lead to the first calcium 
phosphate cement. Soon, the first self-setting calcium orthophosphate, consisting of 
TTCP and DCPA or DCPD, was developed with a powder-to-liquid ratio of 4:1 [4]. 
The subsequent paste was then hardened to compact solids in over 30 min. However, 
the paste before self-setting was highly viscous and unable to be injectable. 
Meanwhile, for practical operation in the clinic, the setting time of CPCs is too long. 
During the extended curing process, a series of risks appear and may lead to poten-
tial threat such as infections. As a result, a variety of combinations of calcium phos-
phate was then established to improve the early formula. For the subsequent new 
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CPCs, the rheology properties and setting times could be tuned and thus made it 
viable and operative in the surgeries.

Up to now, hundreds of CPCs, with different combination of calcium orthophos-
phates, have already been developed and investigated. Composite materials made of 
CPCs and polymers have been widely investigated for the last decades. Since CPC 
alone suffers from the intrinsic disadvantages such as the lack of tensile strength and 
compressive strength, the corporation of fibers or polymers could offer better 
mechanical performance to the composite materials.

At the same time, a number of new functions have also been incorporated into 
CPC materials. For example, different ions have been added into CPCs to achieve 
special effects. Si [5], Mg [6], Sr [7], and several other cations were introduced into 
CPC system to adjust the speed of degradability or to improve the bioactivity of 
material. In addition, different proteins, especially growth factors, have also been 
loaded onto the CPCs to further promote the new bone formation, including bone 
morphogenetic protein (BMP) family [8] extensively used in the materials to 
strengthen the osteogenesis and osteoinduction or vascular endothelial growth fac-
tor (VEGF) [9, 10] employed to improve the vascularization in the bone formation 
process.

Besides, due to the non-exothermic setting reaction, CPCs can also serve as a 
good candidate as drug carrier since a variety of drugs can be loaded in the set 
cement with better controlled release profiles. The drugs can be mixed in the liquid, 
thus incorporated into the CPCs after self-curing and homogenously distributed 
inside the cement. The other way to load drugs into the CPCs is to use micro- or 
nano-spheres to encapsulate the drug and then disperse the drug-loaded spheres into 
the CPCs. By employing the method, drug release behaviors can be further regu-
lated and adjusted, so as to lower the burst release of the drug. If the spheres can be 
degraded, then the degradation can produce pores, thus facilitating the ingrowth of 
cells and tissues into the materials (Fig. 1.1).

In summary, CPCs have already achieved great progress in the past few decades 
and will still on the way to better performance and multi-functionality. It is sure that 
the CPCs will play a more important role in bone reparation in the future.

Fig. 1.1 The illustration of CPC implantation in vitro and in vivo

F. Chen et al.
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1.1.3  The Advantages of CPC

Calcium phosphate cement boosts a number of advantages, thus making it a favor-
able bone substitute in clinical applications.

Easy Shaping Since the bone defects vary from person to person, it is not possible to 
design the shape of the substitute in advance and then put it into use. In some cases, 
the shape of bone defect is quite complex; thus it is even more difficult to manufacture 
the precise and extricate substitute. Compared to traditional scaffolds or constructs, 
the CPCs, as a non-Newtonian fluid, can in situ form required shape and satisfy the 
restricted needs in manufacturing. At the same time, after hardening, the solid product 
can keep specific shape without deformation. Certainly, modifications could be made 
onto the solid CPC substitute, which is far easier than traditional ceramics.

Biocompatibility The final products after hydration reaction are hydroxyapatite or 
brushite for all the CPCs. In most of the commercial products, hydroxyapatite is 
usually employed as the final phase after self-setting reaction. Since hydroxyapatite 
is the major inorganic composition in natural bones, the hydration product of CPC 
exhibits excellent biocompatibility and biosafety. The substitutes coexist with sur-
rounding tissues without any induction of tissue degeneration or necrosis and with-
out notable inflammatory response or rejection. Meanwhile, the degradation 
products composed of Ca2+ and PO4

3− are nontoxic, which will not lead to patho-
logical changes or disorders in normal physiological courses.

Biodegradability As the hydration reaction is carried out in room temperature or 
body temperature, no sintering at high temperature is involved in the self-setting 
process. As a result, the final product of calcium phosphate, usually hydroxyapatite, 
is of relatively low crystallinity. For calcium phosphate materials, the solubility is 
closely related to the degree of crystallinity as the higher the crystallinity the lower 
the solubility. Therefore, the low degree of crystallinity of hydration products 
enables the materials to possess good degradability, which is an important factor in 
bone repairing area. By tuning the degradability of substitute, a delicate and intri-
cate balance between new bone formation and CPC material adsorption could be 
achieved, which is beneficial to the patients’ recovery.

Osteoconductivity As the degradation products of CPCs are composed of Ca2+ and 
PO4

3−, the local enrichment of such ions will facilitate the growth of new bones onto 
the interface of CPC materials, thus boosting good osteoconductivity. At the same 
time, it can also promote mineralization by strengthening the binding between CPC 
implants and surrounding tissues.

Injectability The injectability is one of the most important factors for calcium 
phosphate cements. Due to its special rheological properties, the cement firstly 
forms a paste that could be molded into various shapes and then hardens to offer 
adequate mechanical strength. This gives us the opportunity to use the syringe to 
inject the paste into specific site, therefore to avoid secondary damage and  associated 
injuries since there is no need for complicated preparation and handling. On the 
contrary, for traditional bone substitutes such as scaffolds and constructs, much 
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more painful surgeries are usually required since it is not easy enough to implant the 
substitutes into the defect site. During the operation, secondary injuries occur to the 
patients from time to time, thus prolonging the recovery time and extending the 
hospital stays for the patients.

1.2  Preparation of CPCs and Kinetics of Hydration Reaction

1.2.1  Classification of CPCs

In the development of calcium phosphate cements, hundreds of CPC formulas have 
been established and put into use. Different CPCs could be classified by phase com-
position of solid powders, the reaction process, phase composition of products, and 
so on.

Phase Composition of Solid Powders According to the phase composition of the 
solid powders, CPCs could be divided into TTCP cement, α-TCP, β-TCP, and oth-
ers. For example, the invented CPC system is majorly composed of TTCP with a 
small portion of DCP, thus could be classified as TTCP cement.

Reaction Process The classification of CPCs could also be based on reaction pro-
cess. In short, it can be stated that there are generally two types of reaction processes 
involved in the self-setting. The first type is acid-base interaction. For example, a 
relatively acidic calcium phosphate, such as monocalcium phosphate monohydrate, 
reacts with a relatively basic one, such as TECP, to produce a relatively neutral 
compound. The second type of the reaction process could be identified as hydration 
of calcium phosphates in aqueous media, undergoing five periods including initia-
tion, induction, acceleration, decelerating period, and termination. For instance, 
hydration of α-TCP converts into hydroxyapatite as final products in water.

Phase Composition of Products Based on the phase composition of final hydration 
products, CPCs could be sorted into apatite-, brushite-, and amorphous calcium 
phosphate-forming cement. Since the amorphous calcium phosphate does not pos-
sess high stability, thus it could rapidly convert into apatite-like products. As a 
result, up to now, brushite and apatite cement remained the two dominant classifica-
tions. This is actually predictable because of the fact that apatite is the least soluble 
calcium orthophosphate when pH is approximately larger than 4.2, while brushite is 
the least soluble one when pH is approximately lower than 4.2, as reported by 
Ishikawa [11]. In other words, pH values determine the final products. Lower than 
4.2, brushite is the most stable phase thermodynamically. However, when the pH is 
raised above 4.2, hydroxyapatite becomes the most stable phase.

Moreover, calcium phosphate cement has been proved by the FDA and has been 
commercially available in the 1990s. At present, a variety of CPCs are provided by 
different companies in the market, as summarized in Table 1.1 [12]. Meanwhile, one 
of the commercial products from Shanghai Rebone Company was exhibited in 
Fig. 1.2, to give a direct impression of CPC.

F. Chen et al.
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Table 1.1 The list of commercially available CPC products

Company Cement name Components
End 
product

ETEX α-BSM Embarc 
Biobon

Powder: ACP (50%), DCPD (50%) Apatite
Solution: H2O (unbuffered saline 
solution)

Stryker-Leibinger 
Corp.

BoneSource Powder: TetCP (73%), DCP (27%) Apatite
Solution: H2O, mixture of Na2HPO4 and 
NaH2PO4

Teknimed Cementek® Powder: α-TCP, TetCP, Na 
glycerophosphate

Apatite

Solution: H2O, Ca(OH)2, H3PO4

Cementek® LV Powder: α-TCP, TetCP, Na 
glycerophosphate, dimethylsiloxane

Apatite

Solution: H2O, Ca(OH)2, H3PO4

Biomet Calcibon® 
(previously called 
“Biocement D”)

Powder: α-TCP (61%), DCP (26%), 
CaCO3 (10%), PHA (3%)

Apatite

Solution: H2O, Na2HPO4

Mimix™ Powder: TetCP, α-TCP, 
C6H5O7Na3·2H2O

Apatite

Solution: H2O, C6H8O7

QuickSet Mimix™ Powder: nf Apatite
Solution: nf

Mitsubishi 
Materials

Biopex® Powder: α-TCP (75%), TetCP 
(20–18%), DCPD (5%), HA (0–2%)

Apatite

Solution: H2O, sodium succinate 
(12–13%), sodium chondroitin sulfate 
(5–5.4%)

Biopex®-R Powder: α-TCP, TetCP, DCPD, HA, 
Mg3(PO4)2, NaHSO3

Apatite

Solution: H2O, sodium succinate, 
sodium chondroitin sulfate

Kyphon KyphOs™ Powder: α-TCP (77%), Mg3(PO4)2 
(14%), MgHPO4 (4.8%), SrCO3 
(3.6%)

Apatite

Solution: H2O, (NH4)2HPO4 (3.5m)
Skeletal kinetics Callos™ Powder: nf Apatite

Solution: nf
Shanghai Rebone 
Biomaterials Co., 
Ltd

Rebone® Powder: TECP, DCP Apatite
Solution: H2O

(continued)
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1.2.2  Preparation of CPCs

Since the formula of CPC varies, the preparation approach also differs from one to 
another. The preparation of CPC could be divided into two categories: powder prep-
aration and liquid preparation. First of all, let’s talk about the preparation of calcium 
phosphate salt powders. The high purity of powder is considered as the major con-
trol factor during the synthesis process. Thus, a series of methods have been devel-
oped to obtain powders with high quality. For example, TCP, DAP, DCPA, TECP, 
and Si/Mg-doped calcium phosphate-based biomaterials with high purity and high 
activity were successfully synthesized by controlling the nucleation and growth of 
the crystals and inhibiting the formation of by-products through optimizing the 
reactor design, use of micro-jet hybrid, heat treatment, and other engineering 
approaches [13, 14]. Meanwhile, amplification criterion for large-scale production 
was also explored, and the calcium phosphate-based powders have been success-
fully prepared at large scale, making an important guidance to prepare novel cal-
cium phosphate-based biomaterials for clinical use and surgeries. On the other 
hand, for the liquid part, a variety of solutions have been applied in the formula-
tions, depending on the choice of CPC systems, including water, citric acid aqueous 

Table 1.1 (continued)

Company Cement name Components
End 
product

Synthes-Norian Norian® SRS Powder: α-TCP (85%), CaCO3 (12%) 
MCPM (3%)

Apatite

Norian® CRS Solution: H2O, Na2HPO4

Norian® SRS Fast 
Set Putty

Powder: nf Apatite

Norian® CRS Fast 
Set Putty

Solution: nf

chronOS™ Inject Powder: β-TCP (73%), MCPM 
(21%), MgHPO4·3H2O (5%), MgSO4 
(<1%), Na2H2P2O7 (<1%)

Brushite

Solution: H2O, sodium hyaluronate 
(0.5%)

Kasios Eurobone® Powder: β-TCP (98%), Na4P2O7 (2%) Brushite
Solution: H2O, H3PO4 (3.0m), H2SO4 
(0.1m)

CalciphOs VitalOs Component 1: β-TCP (1.34 g), 
Na2H2P2O7 (0.025 g), H2O, salts 
(0.05m pH 7.4 PBS solution)

Brushite

Component 2: MCPM (0.78 g), 
CaSO4·2H2O (0.39 g), H2O, H3PO4 
(0.05m)

Reprinted from Ref. [12] with permission. Copyright © 2005 Elsevier Ltd
nf not found
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solution, Na2HPO4 aqueous solution, and so on. For readers who are interested in 
the detailed synthesis and preparation of related calcium phosphate powders and 
engineering techniques, specific reports could be found elsewhere [15–18].

Based on this background, our group has carried out an intensive and extensive 
study on the development of CPC since 1993. In 1998, the products from Shanghai 
Rebone Biomaterials Co., Ltd. were granted the approval by China Food and Drug 
Administration (CFDA) on CPC (Rebone®). According to the feedbacks from clini-
cal trials, a subsequent scale-up on the Rebone® production, technology integration, 
and second innovation was carried out. A series of self-setting calcium phosphate 
cements, including porous CPCs, drug-loading CPCs, injectable CPCs, high bioac-
tive CPCs, CPC root canal fillers, and related equipment, has been developed to 
meet various clinical requirements. Up to now, these CPC commercial products 
have been employed in more than 300,000 cases, covering more than 500 hospitals 
in 30 provinces in China. The results demonstrated satisfactory curative effect for 
bone defect repair, spine surgery, and root canal filling.

Fig. 1.2 Self-setting CPC products (Rebone®). (a) CPCs with different shapes; (b) injectable 
CPCs; (c) tools for root canal filling; (d) drug-loaded CPCs; (e) porous CPCs and their 
microstructure
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1.2.3  Setting Mechanism and Kinetics of CPC Hydration

One of the most outstanding characteristics of calcium phosphate cements is the 
easy shaping and injectability. The key of the above advantages lies in the special 
hydration reaction and setting process of CPC materials.

The setting mechanism during hydration-hardening reaction of calcium phos-
phate compound is based on the different solubilities of sparingly soluble calcium 
phosphate salts in water. Figure 1.3 shows the phase diagram of the solubility of 
various calcium phosphates as a function of pH, where solubility is expressed as the 
concentration of calcium. In addition, several common hydration reaction processes 
are summarized as below:

 
5 3 33 3 2 2 5 4 3 3 4Ca PO H O Ca PO OH H PO( ) + → ( ) +

 
(1.1)

 
5 5 8 6 178 2 4 6 2 5 4 3 3 4 2Ca H PO H O Ca PO OH H PO H O( ) → ( ) + +.

 
(1.2)

 
5 24 2 5 4 3 3 4CaHPO H O Ca PO OH H PO+ → ( ) +

 
(1.3)

 
3 3 2 24 4 2 2 5 4 3 2
Ca PO O H O Ca PO OH Ca OH( ) + → ( ) + ( )

 
(1.4)

According to Fig. 1.3, it could be inferred that most of calcium phosphates can 
be converted to hydroxyapatite. During the setting process, because of the differ-
ence in solubility among various calcium phosphate materials, they undergo a con-
version into the most stable type, thus enabling the curing or setting of the paste-like 
form to the solid form. Basically, setting reaction of calcium phosphate cement is 
known as dissolution-precipitation reaction, followed by the growth of crystal and 
further entanglement of the crystals.

Although there appeared to be a great number of CPC systems, a general process 
of the self-setting process could be concluded and be applied to most systems [19]. 

Fig. 1.3 Phase diagram of 
the solubility of different 
calcium phosphates 
(Reprinted from Ref. [19] 
with permission. Copyright 
© 2014, Springer-Verlag 
Berlin Heidelberg)

F. Chen et al.
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Take the TECP/DCPA system as an example. In the beginning, the hydration is 
controlled by dissolving DCPA powder surface. As the powder surfaces dissolve 
under the action of a liquid medium, the HA supersaturated solution is formed in 
micro-regions. After nucleation, small HA crystals are precipitated. With the hydra-
tion reaction, HA crystals continue to grow and cross-link covered with a cladding 
layer [20]. In the later stage of the hydration, the reaction rate is controlled by the 
diffusion of the product layers. The hydrations of TECP and DCPA produce exces-
sive OH− and H+ ions, which penetrate through the cladding layers to set until com-
plete hydration. The hydration reaction within the particles depends on the 
penetration of the hydration product layers to the inner and the mutual diffusion of 
the ions (Fig. 1.4).

In another case, the self-setting process of α-tricalcium phosphate (α-TCP) sys-
tem is also extensively investigated [21]. When α-TCP is mixed with water, it then 
dissolves and offers Ca2+ and PO4

3−. The solution is usually in a state of equilibrium 
with calcium-deficient hydroxyapatite, whose solubility is lower than the solubility 
of α-TCP, leading to the precipitation of calcium-deficient HA crystals. As the 
calcium- deficient HA is precipitated in the water, an immediate undersaturation of 
the solution is achieved. In return, it will further promote the dissolution of α-TCP 
in the solution. These reactions continue successively, and the precipitated calcium- 
deficient HA crystals entangle each other to set. The self-setting process could be 
summarized as follows:

 
3 9 63 4 2

2
4
3Ca PO Ca PO( ) → ++ −

 
(1.5)

 
9 62

4
3

2 9 4 4 5
Ca PO H O Ca HPO PO OH+ −+ + → ( )( )

 
(1.6)

 
3 3 4 2 2 9 4 4 5
Ca PO H O Ca HPO PO OH( ) + → ( )( )

 
(1.7)

The hydration rate was also investigated. As reported [22], the exothermic hydra-
tion reaction of CPC containing TECP/DCPA was further studied, and a dynamic 
model has been established through calorimetric curve. The complete hydration of 
CPC could be summarized as five processes in Fig. 1.5, which were named as the 

Fig. 1.4 The mechanism and kinetics of the hydration of TECP/DCPA system
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start, induction, acceleration, deceleration, and termination. The five periods could 
be divided to designate a specific reaction. The hydration rate could be tuned by 
properly controlling methods. Effects of various factors were further tested within 
the framework of the above five-period theory. Firstly, it was found that the intro-
duction of a small amount of HA as crystal seed shortened induction, advanced on 
the reaction peak position, and reduced the activation energy of heterogeneous 
nucleation, thus accelerating hydration process while reducing the strength of the 
solidified materials [23]. It was also revealed that strong electrolyte accelerated the 
hydration reaction through reducing the system activity and improving the super-
saturation. Otherwise, the addition of various additives changed the growth direc-
tion of the crystals and altered the morphology of hydration products, which 
provides the theoretic guidance for in situ reinforcement.

The microstructure development was also investigated [24, 25]. During the set-
ting process of CPCs, including the dissolution and precipitation as well as the 
entanglement of gradually growing calcium phosphate crystals, the final solid prod-
uct boosts the formation of porous structures, which is quite beneficial for subse-
quent biomedical applications. All types of hardened formulations will possess an 
intrinsic porosity within the nano- or micron-size ranges. Take the TECP/DCPA 
system as an example. After the initial dissolving and precipitation of calcium phos-
phate compounds, small HA crystals gradually enlarge and lead to the adherence 
and interlocking of the crystalline grains, resulting in hardening. The newly gener-
ated HA nuclei continue to grow, as we can observe more CPC materials formed at 
the interparticle spaces. With the proceeding of setting reactions, the CPC materials 
become very compacted with high density at some sites while with more porosity at 

Fig. 1.5 Calorimetric curve showing the rate of heat liberation of CPC with time. A, B, C, D, E: 
the start, induction, acceleration, deceleration, and termination period (Reprinted from Ref. [22] 
with permission. Copyright © 2003 Elsevier Ltd)
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interlocking areas. The development of the microstructures of CPC during hydra-
tion was directly observed under SEM in Fig. 1.6. Compared with the starting point 
(Fig. 1.6a, b), it was seen that the surfaces of the grains of the raw materials became 
rough and rugged, suggesting the dissolution of the grains. Thin ruffled products 
among the grains could also be observed, which endowed the cement a coagulate 
structure. After 70 min of hydration, many small petallike or needlelike crystals 
appeared, due to the binding of the grains from aggregation or crystallization. 

Fig. 1.6 SEM micrographs of hydrated specimens at different time intervals. (a, b) At 0 min; (c) 
at 17 min; (d) at 70 min; (e) at 24 h (Reprinted from Ref. [25] with permission. Copyright © 2003 
Elsevier Ltd)
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Twenty-four hours later, grains further grew into plate- and flake-like shapes with 
larger-size and interlocking structures.

It is also worthy to note that various additives would greatly affect the micro-
structure evolution during hydration. As was shown in Fig. 1.7, the size and mor-
phologies, as well as the growth direction of crystals, were altered after the addition 
of NaCl and CaSO4. In the 20% NaCl group, the subsequent hydration product was 
an agglomeration of HA debris. However, in the 20% CaSO4 one, the final product 
was presented in the form of gathered short rods. It could be included that the mor-
phology of the final hydration product was sensitive to the environment. Thus, a 
careful choice of additives could contribute to the favorable manipulation of the 
whole hydration process.

The physicochemical properties in the hydration process were also clarified to 
further investigate the microstructure development for the TECP/DCPA system 
[26]. At the initial stage of the hydration, the compressive strength increased accord-
ingly with time, and the volume was slightly shrunken during the setting process. 
The porosity after hydration was about 30% with size below 0.1 μm, and the final 
product was low crystalline hydroxyapatite. Moreover, the relationship was estab-
lished between the internal structure and material properties during the hydration 
reactions [27]. For example, as shown in Fig. 1.8, the change of G′ could be mea-
sured along the setting of CPC.  Generally, G′ increased with a prolonged time 
sweep, exhibiting that the slurry was undergoing hydration reaction. However, from 
the curves, a coincident variational tendency with different rates of the inner struc-
ture formation process and the variation of the binding force could be observed. The 
region (a) of the curve in Fig. 1.8 demonstrated that the storage module,  representing 
the network strength of the slurry, was low and grew in a relatively slow way. The 
regions (b) and (c), however, revealed that the storage module raised remarkably, 
indicating a rapid increase of the network strength of the slurry. By analyzing the 
dynamic rheological properties of CPC containing TECP/DCPA, it was found that 
the slurry developed from a flocculent structure to a net structure with increased 
strength, which can further demonstrate the mechanism of CPC setting. Meanwhile, 
the storage module of CPC during setting could help to forecast the setting time.

Fig. 1.7 SEM micrographs of hydrated specimens with different additives. (a) 20% NaCl; (b) 
20% CaSO4
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Apart from the mechanical properties, impedance spectra of hydrating CPC were 
also utilized at different times to further study the mechanism of hydration reaction. 
AC impedance spectroscopy is a favorable way to characterize the microstructure of 
CPC, due to its sensitivity to the change of the structure and its negligible effect on 
the hydration of the cement [22]. As illustrated in Fig. 1.9, the microstructure could 
be investigated qualitatively according to the intercepts and their variation. The 
lines of impedance spectra in the whole process were parallel to each other, and the 
value of the intercept increased evenly within the first 4  h of hydration, then 
decreased after 4 h, which was well accorded with the mechanical behavior during 
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Fig. 1.8 Variation of G′ 
during the setting of CPC 
by time sweep. Strain, 1%; 
ω, 1 rad s−1. Particle match, 
D2T2; P/L ratio, 2.0; T, 
37 °C (Reprinted from Ref. 
[27] with permission. 
Copyright © 2006 Elsevier 
Ltd)

Fig. 1.9 Impedance 
spectra of hydrating CPC 
at different times 
(Reprinted from Ref. [24] 
with permission. Copyright 
© 1999, John Wiley and 
Sons)
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CPC hydration. In detail, the compressive strength increased linearly along with the 
hydration time and reached the maximum after 4  h. However, the compressive 
strength decreased slightly after that, instead of continuing increasing. Hence, the 
impedance spectra once more confirmed the mechanism of hydration of CPC.

In summary, with the analysis for hydration rate and investigation for micro-
structure development, the whole self-setting process could be further clarified, thus 
contributing to a more extensive and profound understanding of the hydration 
reaction.

1.3  Properties of Calcium Phosphate Cements

1.3.1  Physical/Chemical Properties and Their Influence 
Factors

Human skeletal system is a complex stress microenvironment, and calcium ortho-
phosphates used as orthopedic implants must possess sufficient mechanical strength 
to firmly combine with the host bone. Since both of them are remarkably biocom-
patible, bioresorbable, and osteoconductive, self-setting calcium orthophosphates 
appear to be promising biomaterials for bone grafting. Furthermore, such formula-
tions possess excellent molding capabilities, easy manipulation, and nearly perfect 
adaptation to the complex shapes of bone defects, followed by gradual bioresorp-
tion and new bone formation. These involved characteristics of CPC due to the self- 
setting properties which attracted much attention in the medical applications, and 
more properties are being found during the clinic application.

Self-Setting and Controllers Self-setting is the most outstanding property of cal-
cium phosphate cement in clinical applications. Setting reaction of CPC is a 
 continuous process that is basically known as dissolution-precipitation reaction [27] 
described before. The reaction process always gives rise to the solid consists in three 
stages: dissolution of reactants, nucleation of the new phase, and crystal growth. 
This supplied ions of calcium and orthophosphate into the solution, where they 
chemically interact and precipitate in the form of either the final products or precur-
sor phases, which causes the cement setting. During the first hours, the setting pro-
cess is controlled by the dissolution kinetics of the raw materials, but once the new 
phase surrounds the reactants, the process is controlled by diffusion across the new 
phase. There are many factors influencing the self-setting efficiency of CPC. The 
formulations are blends of amorphous and crystalline calcium orthophosphate pow-
ders with an aqueous solution, which might be distilled water [28], phosphate buffer 
solution [29], aqueous solutions of sodium orthophosphates [30], ammonium ortho-
phosphates [31], orthophosphoric acid [32], citric acid and its salts [33], sodium 
silicate [34], soluble magnesium orthophosphates [35], chitosan lactate in lactic 
acid [36], etc.
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Without any improvement, CPCs normally have a relatively long setting time 
and hardening strength. A CPC with incompletely setting can cause problems. For 
instance, a long setting time of CPCs could not withstand the bone stress because of 
the belated development of mechanical strength, and a severe inflammatory response 
would occur when CPCs were unable to set or disintegrated [37]. In addition, fast- 
setting reaction is not conducive to the operation. Therefore, inducing setting con-
trollers and regulating the setting reaction of CPCs seem particularly important. 
Since setting reaction of CPC is based on dissolution-precipitation reaction and 
entanglement of the precipitated calcium phosphate crystals, many strategies have 
been adopted to study the effects of particle size, temperature, crystalline, and vari-
ous constituents on the setting time of CPCs.

Apatite cement has a relatively long setting time which may sustain 2–3 h, and 
the addition of the PO4

3− such as NaH2PO4 into the liquid phase could cause an 
accelerated HA formation. Kunio Ishikawa et al. [38] found that the setting time of 
a CPC consisting of TTCP and DCPA was reduced from 50 to 30 min by use of a 
liquid phase that contained a phosphate concentration of 0.25 mol/L or higher. And 
Tenhuisen and Brown [39] demonstrated that adding citric acids could strongly 
accelerate the formation of HA due to the increased solubility of the reactant phases 
at lower pH. Meanwhile, the particle size of the solid phase also has an influence on 
the self-setting process. This is attributed to the fact that larger particle has smaller 
specific surface area, and rate of rate of dissolution is slow. Additionally, the setting 
reaction of CPC also depends on the seed crystal. Liu and Shen [23] presented that 
the setting time of the CPC slurry was reduced from 150 to 7 min by introducing 
5 wt% low crystalline HA. This improvement in the setting time was due to HA 
serving as a substrate for heterogeneous nucleation which accelerated nucleation.

However, the situation is contrary in case of brushite cement. The self-setting 
process of brushite cement is very rapid, and a retarder is needed to lengthen the 
setting time [19]. Sulfate, pyrophosphate, and citrate are proved as effective retard-
ers. Bohner et al. [40] found that effectiveness at prolonging the setting time was in 
the order of pyrophosphate > citrate > sulfate. Basically, the mechanisms involved 
in extending the setting time using pyrophosphate and citrate ions were due to the 
inhibition of brushite crystallization.

Mechanical Properties The modern generation of biomedical materials should 
stimulate the body’s own self-repairing abilities [41]. Therefore, during healing, a 
mature bone should replace the grafts, and this process must occur without transient 
loss of the mechanical support. The strength of initial synthetic calcium orthophos-
phate is relatively low and susceptible to brittle fracture, which have limited the use 
of CPC to only non-load-bearing applications [42, 43]. Therefore, attempts were 
made to increase the strength of CPC.

Firstly, the strength of CPC is closely related to the porosity, and the strength 
increases with decreasing porosity. Ishikawa [44] attempted to obtain the ideal 
mechanical strength by adjusting the critical porosity of CPC.  CPCs at various 
porosities were made by packing CPC paste, at various powder-to-liquid (P/L) ratios 
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(2.0–6.0), into a mold under various pressures (0–173 MPa); the results were depicted 
in Fig.  1.10. The mechanical strength (diametral tensile strength, DTS) of CPCs 
increased with decreases in porosity. The ideal wet diametral tensile strength (DTS) 
and critical porosity of CPCs were estimated to be 102 MPa and 63%, respectively. 
The minimum porosity of the currently used CPCs was approximately 26–28%, even 
when it was packed under 173 MPa, and the maximum DTS value was thus approxi-
mately 13–14 MPa. However, an appropriate porosity is conducive to cell growth 
and survival, and the porosity should not blindly reduce for an increased strength.

Another approach to improve the mechanical properties of CPCs is to cover the 
items by polymeric coatings or infiltrate porous structures by polymers. Researchers 
found that the incorporation of fibers can improve the strength and fracture resis-
tance of materials. In one study, four different fibers were used to reinforce CPCs 
[45]: aramid, carbon, E-glass, and polyglactin. The composite ultimate strength in 
MPa was (62 ± 16) for aramid, (59  ± 11) for carbon, (29 ± 8) for E-glass, and (24 
± 4) for polyglactin, with 5.7% volume fraction and 75 mm fiber length. In compari-
son, the strength of unreinforced CPCs was (13 ± 3). Additionally, fiber length and 
fiber volume fraction were also found to be key microstructural parameters that 
controlled the mechanical properties of CPC composites. The ultimate strength of 
CPC composite was intensified with the increase of the fiber length. In another 
study, Gorst [46] confirmed that the incorporation of resorbable polyglactin fibers 
and the compaction of the fiber/CPC paste mixture caused improved mechanical 
properties. The structure of the reinforcing fibers, random or regular, was shown to 
be crucial for resulting strength and modulus of elasticity. Random orientations led 
to a preserved modulus at a slight strength increase, whereas a regular fiber orienta-
tion led to increased strength at decreased modulus.

Porosity As mentioned above, the increase in the porosity will exponentially 
decrease the mechanical properties, whereas the permeability can be largely 

Fig. 1.10 Relationship between wet DTS and P/L and porosity (%) of CPC specimen (Reproduced 
from Ref. [44] with permission. Copyright © 1995 John Wiley & Sons, Inc.)
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increased with increased porosity. Hence, parameters such as the overall architec-
ture, pore morphology, interconnectivity, and pore size distribution need to be bal-
anced to guide proper tissue regeneration, which play a key role in allowing proper 
cell penetration, nutrient diffusion, as well as bone ingrowth [47], as shown in 
Table 1.2. A wide variety of techniques are processed to achieve a proper porosity 
of calcium phosphate cements.

Porogen addition is the simplest method to fabricate macroporous set CPC. Porogen 
should not dissolve during the mixing procedure and could be easily leached in an 
easy system. As a result, the macropores will be formed in the place where porogens 
occupied. Generally, the porogens should be nontoxic, and the popular examples 
comprise paraffin [49, 50], naphthalene [51, 52], sucrose [53, 54], mannitol [55], 
NaHCO3 [56, 57], NaCl [14, 58], and cellulose derivatives [59]. Xu [55] used man-
nitol as a porogen to develop an injectable, macroporous, and strong CPC. The inject-
able scaffolds with 30% and 40% mannitol possessed total porosity values of 77% 
and 83% (macroporosity of 36% and 51%), respectively. The macropore sizes ranged 
from 200 to 600 μm [60]. Additionally, a mixture of frozen sodium phosphate solu-
tion particles and CPC powder were compacted at 106 MPa, and the sodium phos-
phate was allowed to melt and simultaneously set the cement [61]. The effect of the 
amount of porogen used during processing on the porosity, pore size distribution, and 
compressive strength of the scaffold was investigated. It was found that macroporous 
CPC could reliably be fabricated using cements – ice ratios as low as 5:2.

However, pores resulting from this method are often irregular in size and shapes 
are not fully interconnected with one another. The macropores on the surface of 
CPC are favorable for the rapid adsorption of nutrients and cells, but the disconnec-
tion of pores leads to a lack of nutrition and cells in the inner scaffold and reduces 
bone repair efficiency. Initially, a polymeric sponge method produces open-cell 

Table 1.2 A hierarchical 
pore size distribution that an 
ideal scaffold should exhibit

Pore sizes of a 3D 
scaffold

Biochemical effects or  
functions

<1 μm Interaction with proteins
Responsible for bioactivity

1–20 μm Type of cells attracted
Cellular development
Orientation and directionality of 
cellular ingrowth

100–1000 μm Cellular growth
Bone ingrowth
Predominant function in the 
mechanical strength

>1000 μm Implant functionality
Implant shape
Implant esthetics

Reprinted from Ref. [48] with permission. Copyright © 2007 
Elsevier B.V
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porous ceramic scaffolds through replication of a porous polymer template. The 
scaffolds prepared by this approach have a controllable pore size, interconnected 
pores, and desired geometry [62]. The templates are easy to remove and foam 
 molding; therefore, the common sponge templates contain PGA, chitosan, polyure-
thane, etc. Calcium phosphate slurry was homogenously thick coated, while its vis-
cosity directly affected the thickness of the hole wall. Sometimes, a binder-like 
polyvinyl alcohol is needed to adjust the viscoelasticity of the slurry. Sintering of 
the dried porous block exhibited the densest microstructure as well as the entire 
elimination of the organic additives. In some researches [63], dimethylformamide 
was added as a drying control chemical additive into a slurry to prevent the crack 
formation during drying.

At present, rapid prototyping and 3D printing are powerful tools to perform sys-
tematic studies on the effect of porosities through an extensive control over pore 
architecture [30]. Scaffolds have been designed with different pore morphologies 
and sizes, presenting a homogenous/heterogeneous, monomodal/bimodal, and ran-
dom/organized pore distribution. All these parameters have a profound effect not 
only in the mechanical properties but also in the biological properties of the 
material.

The importance of porous structure (especially interconnected porous structure) 
is clear for calcium phosphate cements when they are intended to replace the bone. 
However, the ideal method for fabricating interconnected porous structure has not 
been established so far. It should be balanced between macropore fabrication and the 
decreased mechanical strength for the practical use of calcium phosphate cements.

Degradability and Its Regulation Degradation is the process caused by the action 
of microenvironment in vivo when calcium orthophosphate breaks down into its 
simpler components. The degradability of CaP phases is mainly affected by their 
chemical composition and crystal properties, which related to the dissolution 
 characteristic of the CaP materials implanted [64]. The chemical composition influ-
ences the internal bonding strength of calcium phosphate cements which is reflected 
in the stability and solubility [17]. β-TCP has been found to dissolve faster in physi-
ological solutions, as well as exhibiting a greater rate of dissolution or degradation 
than HA. Additionally, the crystal size and crystal perfection also affect the extent 
and mode of dissolution of CPCs hardened at different conditions. Other factors 
involve pH and solution composition, which are related to the solution properties. 
The dissolution of CPC hardened block is also affected by the porosity. Increasing 
the porosity greatly enhances the surface area in contact with fluids and, thus, leads 
to a faster dissolution rate.

Dissolution property of the sparingly soluble synthetic or biological CaP com-
pounds can be described by solubility product constants (Ksp). Liu’s group found 
that the solution property of CPC was influenced by the ratio of calcium to phos-
phate. When the ratios of calcium to phosphate were 1.67, 1.60, 1.55, and 1.50, the 
solubility products, −log Ksp, were 99.2–102, 94.7–94.8, 89.6–90.5, and 85.5–86.4, 
respectively [20]. All these were significantly bigger than the values reported by the 
references due to the low crystallinity and calcium deficiency in the calcium phos-
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phate cement hardening body. When CPC with Ca/P = 1.50 was immersed in fixed 
volumes of simulated blood plasma, both the calcium and phosphate concentrations 
in the solution increased, while for the samples with a ratio of 1.67, the concentra-
tions decreased. These results showed that the simulated blood plasma was super-
saturated to CPC with Ca/P  =  1.67 while it was unsaturated to the CPC with 
Ca/P = 1.50. It was deduced that when CPC was implanted in the bodies, the speci-
men with the ratio of 1.5 was degraded faster than that with the sample of 1.67.

Rheological Properties Because of its good biocompatibility, excellent bioactivity, 
self-setting characteristic, low setting temperature, and easy shaping for any com-
plicated geometry, CPC has been developed as an injectable bone substitute mate-
rial in the noninvasive therapeutic approaches [65–69]. An injectable CPC is useful 
for fixation and augmentation of fractures, especially the osteoporotic bone fracture, 
such as femoral neck fracture, fractures of distal end of the radius, and the compres-
sion fracture of the spine.

The rheological properties such as the yield stress and viscosity play an impor-
tant role in the process of cement delivery and infiltration into the cancellous bone 
cavities. For instance, the viscosity has to be kept sufficiently low and stable to 
ensure the low pressure required during injecting process; and the amount of solid 
particles in the suspension has to be maximized in order to ensure proper setting and 
mechanical strength of the final cement. Liu et al. [27] systematically described the 
rheological properties of concentrated aqueous injectable CPC slurry. The yield 
stress and hysteresis loop area were larger after 7 min of setting than those after 
0.5 min, which indicate the increase of the resistance to flow or injection in CPC 
slurry and stability. The CPC slurry appeared to yield behavior at the low-strain and 
low-frequency range and presented the property of shear thinning. The changes of 
the storage modulus G′, the loss modulus G″, and the complex viscosity η* reflect 
the flow property (or injection) and the internal structure development of the CPC 
slurry during the setting process. They increased with sweep time having the same 
trend and complied with the equation G′ = A exp . (Bt), where the values of A and B 
were affected by technological parameters such as the P/L ratio, temperature, par-
ticle size matches, etc.

Obviously, viscous behavior evidently affected the rheological properties as 
well as the injectability of CPC. If the liquid phase is too viscous, the rheological 
properties of CPC will become inferior and increase the force for injection. 
Moreover, Wang et al. [70] concretely clarified the effects of additive on the rheo-
logical properties. In the work, the addition of disodium phosphate, PEG 200, 
glycerin, and citric acid remarkably influences the injectability and setting time of 
the ACP + DCPD bone cement, as shown in Fig. 1.11. With the increase of the 
disodium phosphate concentration to 0.25 mol/L, the viscosity of the paste was 
significantly reduced, and the injectability of the paste reached nearly 100%. It will 
be expedient for surgeons to put the cement into the internal treatment site and 
make the operation easier. With the increase of the citric acid concentration to 
3.0 wt%, the setting time of the paste considerably decreased from 16.8 ± 1.2 min 
to 8.5 ± 0.7 min, while the injectability of the paste reduced to about 85%, which 
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seems still acceptable for clinical applications. The shortened setting time with 
acceptable injectability provides the surgeon an easy way to use such material in 
some urgent cases.

1.3.2  Biological Properties

Biocompatibility and osteointegration All CaP biomaterials have been found to be 
biocompatible. HA ceramics are considered as non-resorbable, while β-TCP is 
resorbable based on the amount of implant left as a function of time. To assess CPC 
biocompatibility, in vitro studies using the cement in a bulk form [71] or in a particle 
form with very large size [72] have been performed with different cell types. The 
phenomenon of mineralization always can be observed after CPC dipping in the 
simulated body fluid for several days. Alkaline phosphatase (ALP) and biomineral-
ization of osteoblast on CPC can often be detected. Guo et al. [58] reported that 
Ca-deficient HA (CDHA) scaffolds from CPC exhibited no adverse effect on the 
growth, proliferation, and osteoblastic differentiation of marrow-derived mesenchy-
mal stem cells (MSCs). Liu et al. systematically investigated the biocompatibility of 
CPC, including acute toxicity assay, cell culture cytotoxicity assay, gene mutation 
assay, chromosome aberration assay, and DNA damage assay. The results showed 
that CPC had no toxicity and all assays for mutagenicity and potential carcinogenic-
ity of CPC extracts are negative [73].

On the other hand, once calcium phosphate cements were implanted to the defect 
site in  vivo, all interactions between implants and the surrounding tissues are 
dynamic processes [74]. Dissolved water and various biomolecules around the 
implant surface induce the change of pH value, and neutrophils will arrive at the 
area within initial few seconds after implantation, and the reactions occurring at the 
biomaterial/tissue interfaces lead to time-dependent changes in the surface charac-

Fig. 1.11 Influence of additives on the injectability and setting time of the pastes. (a) Influence of 
the concentration of Na2HPO4 on the setting time and injectability of the pastes. (b) Influence of 
the concentration of citric acid on the setting time and injectability of the pastes. * denotes statisti-
cal significant difference between the marked condition and deionized water (p < 0.05) (Reproduced 
from Ref. [70] with permission. Copyright © 2005 Wiley Periodicals, Inc.)

F. Chen et al.



23

teristics of both the implanted biomaterials and the surrounding tissues. An inflam-
matory reaction was observed after implantation of calcium phosphate cements 
in vivo. The general conclusion on using calcium phosphates with Ca/P ionic ratio 
within 1.0–1.7 is that all types of implants (cements of various porosities and struc-
tures, powders, or granules) are not only nontoxic but also induce neither inflamma-
tory nor foreign body reactions. Subsequently, osteoid is produced directly onto the 
surfaces of cements in the absence of a soft tissue interface. Consequently, the oste-
oid mineralizes and the resulting new bone undergoes remodeling. The biodegrada-
tion of CPCs is generally equivalent to bone formation. In 1997, our group implanted 
CPC into the femurs of rabbits under no-load condition. The results from histomor-
phology observation revealed that the implant tightly joined with the surrounding 
bone and the CPC is highly biocompatible [73] (Fig. 1.12).

Osteoinductivity Osteoinductivity is the ability of a material to induce osteogenesis 
and is demonstrated by bone formation in non-osseous (heterotopic) sites [19]. 
Bone morphogenetic proteins (BMPs) as osteoinductive factors have been verified 
that can significantly stimulate new bone formation [76, 77]. However, many stud-
ies have reported the osteoinductive properties associated with biomaterials only. 
The factors that affect the osteoinductive property of cements include the animal 
model, implantation sites, and the physicochemical properties of materials [78]. It 
is necessary to evaluate their ability to induce osteogenesis in ectopic sites. Zhang’s 
group thought that calcium phosphate biomaterials have the property of osteoinduc-
tion when they exhibit specific chemical and structural characteristics [79]. In their 
experiments, calcium phosphate (HA, TCP/HA, α-TCP, β-TCP, H-Cement, 
P-Cement)-induced osteogenesis was examined in dog muscle, while TiO2 was used 
as a negative control. The following conclusions are obtained: (1) Porosity is a quite 

Fig. 1.12 A schematic diagram representing the phenomena that occur on HA surface after 
implantation: (1) beginning of the implant procedure, where a solubilization of the HA surface 
starts; (2) continuation of the solubilization of the HA surface; (3) the equilibrium between the 
physiological solutions and the modified surface of HA has been achieved (changes in the surface 
composition of HA does not mean that a new phase of DCPA or DCPD forms on the surface); (4) 
adsorption of proteins and/or other bioorganic compounds; (5) cell adhesion; (6) cell proliferation; 
(7) beginning of a new bone formation; (8) new bone has been formed (Reproduced from Ref. [75] 
with permission. Copyright © 2010 Elsevier B.V)
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important factor during osteogenesis; the absence of micropores resulted in the 
absence of bone induction. (2) Low sintering temperature is beneficial to calcium 
phosphate-induced osteogenesis. (3) Mild dissolution of the materials is more con-
ducive to the ectopic bone formation. (4) Bone formation only occurred in the deep 
rugged surface of the cement and in pores into which soft tissue could grow. (5) 
Bone formation was only seen in calcium phosphate biomaterials, and osteoinduc-
tion could not be observed in TiO2 ceramics, although they had micropores on the 
macropore surface.

Moreover, a series of researches have already explored the effectiveness of CPC 
materials in dental applications. For example, Akiyoshi Sugawara [28] and Liu [80] 
have applied CPC material into root canal defeat as a sealer-filler. The results 
revealed that CPC could provide good sealing ability, in other words, providing an 
adequate seal of the canal without a separate sealer. In another case, TCP-based 
CPC was utilized to evaluate the inflammatory reactions and tissue responses when 
used as root canal fillers in dog model [81]. As was inferred from the results, the 
implantation of CPC material would not lead to inflammation and could facilitate 
the bone resorption and the growth of new bones. To further improve the perfor-
mance of CPC, our group also introduced bismuth salicylate basic into CPC root 
canal filling. The radiopacity and sealability were largely improved compared to 
pure CPC. It was worth mentioning that the addition of bismuth led to strengthen 
the potent antimicrobial activity. It could be seen from the result that a uniform and 
tight adaptation to the root canal wall was formed (Fig. 1.13).

Recently, the osteoinductivity of CPCs was evaluated through investigating the 
ability to induce progenitor or undifferentiated cells like MSCs to differentiate 
toward the osteoblastic lineage in vitro. Common markers of the osteoblastic phe-

Fig. 1.13 (a) No inflammatory and infiltration is detectable (b) Zones of new developed bone and 
bone resorption can be observed (BR bone resorption, NB new bone, OC osteoclast) (Reproduced 
from Ref. [81] with permission. Copyright © 2006, Springer-Verlag)
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notype include type I collagen, ALP, BMP-2, osteopontin (OPN), osteocalcin 
(OCN), and bone sialoprotein (BSP) [82]. Through monitoring the expression of the 
relevant osteogenic genes, researchers found that CPC properties can significantly 
influence osteoinduction; detailed information are listed in Table 1.3.

However, the limited osteogenic capacity of calcium phosphate ceramics and 
CPCs mentioned above is attributed to their biomineralization that is often in direct 
and close contact to a matrix forming carbohydrate structure and adsorbing osteoin-
ductive proteins like BMP-2. The osteoinduction of CPC is insufficient and cannot 
meet the conditions for the repair of large segment of bone defects. The introduction 
of BMP-2 to the materials can efficiently promote bone formation and accelerate 
the resorption of CPC [83].

1.4  Clinical Applications

1.4.1  Bone Repair

By now, CPCs have been widely used as bone replacement materials in orthopedic 
surgery. The most common use of CPC is as bone graft substitutes for filling of bone 
defects and subchondral voids in metaphyseal fractures, where it provides structural 
support and acts as an osteoconductive scaffold. A number of studies have been 
published that explore the possible use in different anatomic locations over the last 
several years. It is of great importance to have a review on the clinical applications 
of CPCs to confirm the superiority of CPC as artificial bone substitutes. Mohit 
Bhandari’s group [77] adopted a meta-analysis of randomized trials to demonstrate 
whether the use of CPC improved outcomes in patients with metaphyseal fractures 
of the upper and lower extremities. The results suggested that the use of CPC for the 
treatment of fractures in patients was associated with a lower incidence of pain, a 
decreased risk of losing fracture reduction, lower infection rates in patients with 
radial fractures, and likely improved functional outcomes.

Based on the data we got in the past research, we also found that CPC used in 
bone defect repair didn’t cause any allergic and toxic reactions. The radiological 
examination showed that the implanted CPC was directly bonded to the bone at the 
interface and the bone contour at the defect sites was successfully restored 

Table 1.3 Key properties of CPCs that influence osteoblastic differentiation

CPC Solubility (~Ksp) Ca/P ratio Osteoinductivity

HAP Poor (10−58) 1.67 +
TCP Fair (10−25–10−29) 1.5 ++
ACP High (10−23–10−25) 1.15–1.67 +++
BCP Variable (dependent on TCP/HAP ratio) 1.5–1.67 ++++

Reprinted from Ref. [84] with permission. Copyright © 2013 Acta Materialia Inc. published by 
Elsevier Ltd
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(Fig. 1.14). From thousands of follow-up cases, the clinical results and feedbacks 
have demonstrated satisfactory treatments for bone tumor treatment, bone trauma 
repairing, or spine surgery.

Nowadays, calcium phosphate cements are attracting more and more interest; the 
properties of the materials are improving continually. Compared to the older gen-
eration of these products, new developments have improved wet-field properties, 
and newer products are much more resistant to shear forces. However, a major prob-
lem of calcium phosphate cements is the deficient osteoinductivity compared to 
autografts, which might cause delayed union or even nonunion in clinic for large 
bone defect. Infection caused during the operation is another mainly cause to limit 
its clinical applications.

1.4.2  Drug Delivery

Due to the non-exothermic setting reaction of CPC, CPC serves as an excellent car-
rier to encapsulate drugs, or proteins, leading to broad applications for local drug 
and biological molecule delivery devices to promote the healing of bone defects and 
treat some bone diseases [85, 86]. Unlike calcium phosphate ceramics employed as 
drug delivery systems, where the drugs are usually absorbed on the surface, in CPCs 
the drugs can be incorporated throughout the whole material volume, by incorporat-
ing them into the powder or liquid phase. Their ability to set at ambient condition 
when implanted within the body, giving a highly microporous material, allows the 
incorporation of many types of drugs and biologically bioactive molecules without 
losing activity and denaturalization.

The pore in CPC matrix is formed by a continuous dissolution-precipitation 
reaction after the mixtures of the composites of an aqueous phase and cement pow-

Fig. 1.14 X-ray images of the bone trauma repair. (a) Pre-operation of the left distal tibial com-
minuted fracture. (b) Post-operation of fracture reduction, plate fixation, and CPC filling in the 
defective site. (c) The patient recovered well in 1 year after surgery
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der. Appropriate porosity can retain the drugs and control its release. Nowadays, 
three basic strategies can be used for the drug incorporation into CPCs, including 
physically dispersing the drugs into cement solid phase or homogeneously dissolv-
ing the active substance in the liquid phase, impregnation of CPC with drug solu-
tion, or modifying the CPC with microencapsulated drug forms. For instance, 
Vorndran [87] proposed a controlled release system which combined a water- 
immiscible carrier liquid with suitable surfactants facilitating as discontinuous liq-
uid exchange in CPC. The results demonstrated that this controlled release system 
appeared an initial burst release of ~7 to 28% antibiotics, followed by constant 
release rates. Uniquely, two antibiotics in this system exhibited two different release 
kinetics, which may be attributed to participation of the sulfate counter ion in the 
cement setting reaction altering the drug solubility. Additionally, Lopez-Heredia 
and his coworkers [88] have developed a local drug delivery system using a CPC as 
carrier of paclitaxel (PX). The results indicated that PX released from CPC remained 
active to influence cell viability and demonstrated that CPC is a feasible delivery 
vector for chemotherapeutic agents.

Antibiotics One of the key factors affecting the success of surgical interventions is 
to implant the osteoconductive material prevented from bacterial infections. Wound 
contamination or postoperative infections can cause serious contamination prob-
lems. For this reason, major attention has been paid to antibiotics due to their wide 
areas of applications [89], either as the treatment of bone infections or as the pro-
phylactics to prevent infections produced during surgical interventions.

Due to the slow degradation rate and high mechanical strength, as an antibiotic 
carrier, CPC shows great advantages in the application of bone repair. Moreover, 
non-exothermic setting reaction of CPC is also a major advantage when used as a 
carrier of drug delivery systems since temperature-sensitive drug such as biological 
molecule will be inactive in the set cement [89]. However, the introduction of drugs 
will affect the hydration and hardening of CPC, such as prolonging the setting times 
and reducing the mechanical strength [89]. Meanwhile, the hydration process of 
CPC is often associated with drug inactivation. Therefore, when CPC is used as a 
carrier for sustained release of drugs, these factors should be considered for screen-
ing appropriate drugs and the dosage. As shown in Table 1.4, it summarizes the 
possible drugs that could be used in CPC system, which indicated the ratio of drugs 
to CPC and the setting time of CPC.

The release behavior of drug from CPC matrix is also important for effective 
treatment. During the drug loading process, the components of CPCs, P/L ratio, 
porosity, and additives will affect the release kinetics of antibiotic [83, 90]. For dif-
ferent indications, multiple CPC formulations need to be established for drug 
release. For prophylaxis, it is important that drug release from the CPC matrix is fast 
enough to reach concentrations above minimum inhibitory and avoid subinhibitory 
concentrations for long times, which may lead to bacterial resistance. Besides, the 
treatment of infectious pathologies such as osteomyelitis or periodontitis requires 
longer and sustained release of the antibiotic.
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The representative Rebone® drug-loaded CPC was presented in Fig. 1.15a, and 
the drug of tobramycin exhibited sustained release behaviors from CPC in vivo ani-
mal study (Fig. 1.15b). The results depicted that the tobramycin-incorporated CPC 
can maintain the effective concentration of drug up to 6–8 weeks, which is very 
important to the treatment of chronic osteomyelitis. On the basis of the results, our 
group further investigated the repair capacity of tobramycin-loaded CPC in the 

Table 1.4 Reference of the usage compatibility of different drugs with CPC

Drug name Content
Solid/liquid 
ratio

Setting 
time 
(min) Classification Remarks

Tobramycin 5% 5 14 Antibiotics 
–aminoglycosides

Maximum 
drug-loaded 
CPC usage: 
40 g

Vancomycin 5% 3.5 10 Antibiotics Maximum 
drug-loaded 
CPC usage: 
100 g

Taineng 
(imipenem and 
cilastatin sodium)

5% 3.2 14 Antibiotics-β-lactam Maximum 
drug-loaded 
CPC usage: 
200 g

Junbizhi 
(ceftriaxone, 
ceftriaxone 
sodium)

5% 6.6 12 Cephalosporin (third 
and fourth 
generation)

Maximum 
drug-loaded 
CPC usage: 
200 g

Pipemidic acid 5% 3.1 5 Antibiotics – 
quinolones

Metronidazole 
(Miediling)

5% 3.3 6 Antibiotics – nitrate 
imidazoles

Methotrexate 
(MTX)

5% 5 5 Antitumor 
drugs – 
antimetabolites

Adriamycin 
(ADM)

5% 4 10 Antitumor drugs – 
antitumor antibiotics

Fluorouracil 
(5-FU)

5% 4 14 Antitumor drugs – 
antitumor 
antimetabolites

Flutamide 5% 4 5 Antitumor drugs- 
antitumor hormonal 
drugs

Lomustine 5% 5 18 Antitumor drugs – 
alkylating agent

Naproxen sodium 5% 3 4 Anti-inflammatory 
agents

Indometacin 5% 3.5 6 Anti-inflammatory 
agents

Rifampicin 10% 3.5 8 Antitubercular agent
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 femora of rabbits. The CPC with a tobramycin dose of 6.5% did not show a side 
effect on the bone formation. Drug-loaded CPC bars were partially absorbed and 
new bone formed in bars without obvious inflammatory 3 months later after opera-
tion [91] (Table 1.4).

In Fig. 1.16, it is the situation that a 29-year-old male patient underwent the treat-
ment of CPC implantation. His left leg was amputated after dropped out the hurt, 
and his right tibia defection was infected by Pseudomonas aeruginosa after open 
fractures. After the local debridement, clearing away the dead bone and tibial med-
ullary cavity expansion, 10 g CPC powder with 0.5 g vancomycin, 0.5 g piperacil-
lin, and some autogenous iliac graft bone were applied to fill the bone defection 
with negative pressure drainage. The patient had good postoperative conditions 
without irritation locally. After 3–5 months, X-ray images started to show a small 
amount of callus growth. 1 year later, the graft bone healed well and the lesions did 
not relapse. There was no recurrence of lesions at 24 months and 36 months after 
operation, and the patient could support the fields. The left leg was installed with 
artificial limb. The patient could re-walk after 45 months. The above results fully 
confirmed the performance of CPC.

Bone Morphogenetic Protein-2 (BMP-2) It is a highly potent osteoinductive growth 
factor and has been considered as the most notable cytokine to enhance bone forma-
tion and bone tissue reconstruction. Recombinant human BMP-2 (rhBMP-2)-loaded 
absorbable collagen sponge has been approved by the FDA in 2002 for interbody 
fusion surgeries, and its osteogenic capacity has been validated in numerous studies 
[92].

To address the drawbacks of low osteogenetic capacity and the prolonged regen-
eration time associated with the materials currently applied in clinic, highly active 
artificial bone repair materials, loaded with rhBMP-2, have been developed. In the 
past clinical application case, the CPC/rhBMP-2 scaffold exhibited an excellent 

Fig. 1.15 The product drug-impregnated CPC and the release curves of tobramycin. (a) 
Representative drug-impregnated CPC products. (b) The changes of drug concentration at 
implanted site over time. The white dot line represents the effective antimicrobial concentration of 
tobramycin (Reproduced from Ref. [91] by permission)
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therapeutic capacity in tibial plateau fracture. In the case of CPC/rhBMP-2 bone- 
repair material by our group, a male patient suffered from fracture of tibial plateau. 
At 1 month after operation, the density of the material was similar to the normal 
bone tissue, and the shape of particles disappeared. After 3 months, trabecular bone 
has appeared and matured; the patient acquired a good active degree of the knee 
joint (Fig. 1.17).

The clinical studies demonstrated the superior overall performances of CPC/
rhBMP-2 scaffold for enhancing bone regeneration in treatment of the bone fracture 
and would also provide an excellent candidate to treat the bone nonunion, delay 
unions, and vertebral fusion. Due to the high cost and the underlying side effect of 
high dose of growth factor, a controlled release profile is particularly important. 
Some researchers proposed that CPC can be modified by employing another drug 
delivery system in cement. By employing other systems, drug release profile can be 
regulated. For example, the growth factor incorporated with biodegradable micro-
spheres containing drug mixed with the cement can significantly avoid burst release 
of the drug. Also, dissolved polymer can be used to create pores; thereafter cells and 
bone tissue can be penetrated into the pores [85].

Fig. 1.16 X-ray images (up) and bone growth conditions (down) of the patient with amputated 
leg, where M means month and Y means year
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Cancer Various antitumor drugs or antibiotics in setting solution are usually incor-
porated into the cement by blending the solution with solid powders of CPC and 
thus achieve a homogenous distribution in CPC, filling in diseased sites. Drugs will 
be located between the entangled crystals after self-setting, kept at specific site, and 
can be released in a continuous way via diffusion, which could maintain a high dose 
at local positions to effectively control and cure the cancer while reducing side 
effects. For example, Liu et al. has explored the optimal ratio between CPC and 
cisplatin [93]. The results revealed that CPC/cisplatin complex was not only benefi-
cial to the repairing of bone defect but also limited the growth of tumor when the 
loading of cisplatin reached 0.1%. In another case, an injectable CPC was estab-
lished for the local delivery of paclitaxel to the bone [88]. Both the in vitro experi-
ment and chemotherapeutic loading model indicated that the burst release of 
paclitaxel was reduced and the drug released remained active to induce the apopto-
sis of cancer cells.

Compared to traditional therapies, the non-exothermic setting reaction of CPC is 
a major advantage when it is used as a carrier of drug delivery systems since 
temperature- sensitive drug and biological molecules can be loaded in the set cement 
[88]. Drug-loaded CPCs could concentrate the drugs at local sites for a much longer 
and more sustainable release. Such release profile could promote the antitumor effi-
cacy of the system while decreasing the side effects. Drug-loaded CPC is now suc-
cessfully and widely used in bone repair and casts new light on the effective 
treatment of chronic osteomyelitis. In addition, when CPC is loaded with current 
drug delivery system, such as polymer microspheres or silicon particle, more com-
plicated and delicate tune of one or multidrugs could be achieved.

Fig. 1.17 Clinic application of CPC in a tibial plateau fracture case
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1.4.3  Dental Applications

Due to its specific strength in injectability and shaping properties, CPC is also 
widely employed in oral and dental applications, such as root canal fillers, pulpot-
omy, and periodontal bone defect repair. Naturally, calcium phosphates serve as the 
main component of oral and dental hard tissues and alveolar. To resolve commonly 
appeared problems, including pathological calcification, periodontal diseases, 
demineralization of dental tissues, and so on, therapeutic applications of CPC are 
possible.

Pulpotomy is an excellent platform for displaying the advantage of CPCs. 
Bijimole Jose employed CPC as an ideal pulpotomy material considering its bio-
compatibility and dentinogenic properties, exploring its suitability for pulpotomy in 
children within 8–12 years old, compared with form ocresol, which indicated that 
CPC offered more favorable results, showing low pulpal inflammation  [94]. 
Meanwhile, CPC contributed to better formation of dentine bridge both in quantity 
and quality.

Root canal therapy is the most effective treatment for dental pulp diseases and 
periapical disease. The selected filler materials could determine the success and 
failure of the treatment. The CPC materials have already substantiated its effective-
ness in root canal therapy. The cement is of great mobility, thus easy to be injected 
into root canal. Meanwhile, an appropriate curing time and suspension stability 
ensure its flexibility in the operation. After setting, the material boosts good com-
pression strength and good integration with surrounding tissues. Figure 1.18 dem-
onstrated the typical case of the CPC injection in pulpitis. CPC was injected into the 
hollow sites in the tooth during operation. Figure 1.18 (d) showed that no adverse 
response occurred even the overfilling of CPC due to the high biocompatibility of 
the material. No gutta-percha point was needed during treatment. The utilization of 
CPC in root canal therapy is of great effectiveness and promising resulting from the 
outperformed efficacy compared to the traditional methods.

Alveolar repairing is another area where CPCs could demonstrate its superiority. 
The defect in alveolar bone is a progressive pathological process, usually induced 
by periodontal diseases, and has long been the focus of clinicians. In one of the 
in  vivo cases, Gutai (porous CPC commercial product) provided by Rebone 
Company was utilized to observe its effectiveness in alveolar repairing [95]. As it 
could be seen from the results, the introduction of CPC into defect sites could pro-
mote the formation of new tissues. The CPC can provide Ca and P with high con-
centration at local sites and facilitate the growth of new bone as the supporting 
scaffold. In another example, CPC was further tested in patients with alveolar 
defects [96]. The CPCs could be easily injected and impacted into defect sites with 
minimal invasion. Wound healing, clinical periodontal parameters, and the distal 
alveolar bone height of mandibular second molars were evaluated, and the condi-
tions were significantly improved with an increase in both bone density and alveolar 
bone height after the usage of CPCs. To sum up, CPCs serve as one of the promising 
candidates in alveolar repairing.
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In addition, self-setting CPCs were applied as adjunctive supportive agents in 
restoration of enamel carious cavities and in other oral and dental areas. With 
decades of practice, encouraging results in clinical use corroborate that the CPC 
acts as a promising selection in the dental areas, for its biocompatibility, good seal-
ing property, and promoting effects on new bone formation.

In spite of the above advantages, several issues still have to be addressed, such as 
the search of an appropriate curing time and the flexible control over degradation 
rate. It is expected that with the deepening on the research of CPC, the physical and 
chemical properties, as well as biological behaviors, will be further enhanced to 
meet with the increasing needs in dental applications.

1.5  Summary and Perspectives

In this chapter, the history and development of CPCs are described. It requires gen-
erational improvements to bring the materials into clinical applications. With the 
joint efforts of scientists, the materials now boost fantastic features, such as easy 

Fig. 1.18 The treatment of pulpitis by root canal filling using CPC. The pretreatment of root canal 
(a, b); X-ray film of the teeth before operation (c); X-ray film after treatment (d). CPC was injected 
into the root canal, showing no adverse response even overfilling of material
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shaping, self-setting properties, controlled biodegradability, and excellent biocom-
patibility, which could largely facilitate the uses in biomedical areas and bring great 
benefits to patients.

To fully understand and further explore the CPC materials, it is also necessary to 
dig into the setting mechanism and kinetics. The fundamental principle of the 
hydration-hardening of calcium phosphate compounds is based on their various 
solubilities in water. The different factors affecting the hydration-hardening process 
have been investigated, which can offer a guide for future material improvement.

The physical, chemical, and biological properties are also discussed. Mechanical 
properties are largely dependent on porosity and could be strengthened by  polymeric 
coatings or infiltration of polymers. Degradability of CPC materials is mainly 
related to the chemical composition, porosity, and particle size, which could be 
tuned to satisfy the patient’s needs as far as possible. Meanwhile, to achieve practi-
cal use as injectable biomaterials, rheological properties are also studied. 
Biologically, CPC materials boost excellent biocompatibility, osteointegration, and 
osteoinductivity. The implanted CPC facilitates the bone healing and possesses 
good integrity with surrounding tissues without severe side effects.

Up to now, the CPCs have been extensively applied in clinic application attribut-
ing to their versatility and flexibility, and the results are quite encouraging. However, 
there still are a number of issues that should be addressed [97]. Firstly, the current 
available products still cannot satisfy every need of the patients. The formulations 
with more specific tuned mechanical and biological properties have remained a 
problem. Secondly, CPCs are not superior to traditional materials in compressive 
loading in load-bearing sites. Another concern in the use of CPCs is that inflamma-
tion and other adverse reactions still exist at surrounding sites due to the incomplete 
hydration and impurities [98]. Considering all the existing issues, there is a great 
potential for further improvements [99]. A more precise control over powder physi-
cal and chemical properties, tunable microstructures, and novel additives is expected 
to meet the increasing needs. Meanwhile, surgeons are still looking forward to 
ready-to-use formulations, which are more convenient to use clinically and at lower 
price. More researches are required, and the perfect substituting material is still on 
the way.
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Chapter 2
Self-Setting Calcium Orthophosphate (CaPO4) 
Formulations

Sergey V. Dorozhkin

Abstract In the early 1980s, researchers discovered self-setting calcium ortho-
phosphate (CaPO4) cements, which are bioactive and biodegradable grafting bioc-
eramics in the form of a powder and a liquid. After mixing, both phases form pastes 
of variable viscosity, which set and harden forming most commonly a non- 
stoichiometric calcium-deficient hydroxyapatite (CDHA) or brushite and rarely 
monetite with possible admixtures of unreacted compounds. As CDHA, brushite 
and monetite appear to be biocompatible, bioresorbable, and osteoconductive 
(therefore, in vivo they can be replaced with a newly forming bone), self-setting 
CaPO4 formulations come out to be very promising bioceramics for bone grafting. 
Furthermore, due to their moldability, such formulations possess an easy manipula-
tion and a nearly perfect adaptation to the complex shapes of bone defects, followed 
by gradual bioresorption and new bone formation, which are additional distinctive 
advantages. Unfortunately, the mechanical properties of the ordinary self-setting 
CaPO4 formulations are poor; therefore, reinforced ones have been introduced. The 
latter might be described as CaPO4 concretes. In addition, porous formulations have 
been developed. The discovery of self-setting properties opened up a new era in the 
medical application of CaPO4, and many commercial trademarks have been intro-
duced as a result. Many more formulations are still in experimental stages. Currently 
such formulations are widely used as synthetic bone grafts, with several advantages, 
such as moldability, pourability, and injectability. Moreover, their low-temperature 
setting reactions and intrinsic porosity allow loading by drugs, biomolecules, and 
even cells for tissue engineering purposes. In this chapter, an insight into the self- 
setting CaPO4 formulations, as excellent bioceramics suitable for both dental and 
bone grafting applications, has been provided.
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2.1  Introduction

According to the statistics, approximately half of the population sustains at least one 
bone fracture during their lifetime [1], and, as a result, surgery might be necessary. 
Luckily, among the surgical procedures available, minimally invasive techniques 
are able to offer special benefits for patients such as fewer associated injuries, 
quicker recovery, and less pain. In addition, shorter hospital stays are needed, often 
allowing outpatient treatments that cheapen the expenses [2]. However, these tech-
niques require biomaterials able to be implanted through small (the smaller, the 
better) incisions, e.g., by means of syringes with needles and/or laparoscopic 
devices. To fulfill such requirements, the potential implants should be in a liquid or 
an injectable state, such as pastes. On the other hand, since all types of the calcified 
tissues are in the solid state, the bone repair biomaterials must be solid. Therefore, 
potential bone grafts applicable to the minimally invasive surgery must combine 
injectability with solidness. Such formulations are known as self-setting (self- 
hardening, self-curing) formulations because, together with an initial softness and 
injectability, they possess an ability to solidify in the appropriate period, giving 
strength to the implantation sites. Since the inorganic part of the mammalian calci-
fied tissues is composed of calcium orthophosphates (CaPO4) of a biological origin 
[3], self-setting formulations based on CaPO4 appear to be excellent candidates for 
bone repair [4, 5]. The list of all known CaPO4, including their chemical formulae, 
standard abbreviations, and the major properties, is summarized in Table 2.1 [6, 7].

Although the entire subject of CaPO4 has been investigated since the 1770s [8, 
9], historically, Kingery appears to be the first who contributed to their self-setting 
abilities. Namely, in 1950, he published a paper on the chemical interactions 
between oxides and hydroxides of various metals (CaO was among them) with 
H3PO4, in which he mentioned that some of the reaction products were set [10]. 
However, the CaPO4 formulations were just a very small section of that study. 
Afterward, self-setting abilities of some CaPO4 formulations were described by 
Driskell et al. in 1975 [11], as well as Monma and Kanazawa in 1976 [12]. Namely, 
the latter researchers found that α-TCP was set to form CDHA when α-TCP was 
hydrated in water at 60–100 °C and pH between 8.1 and 11.4 [12]. Since the reac-
tions took a long time and did not offer any clinical application, the results of those 
early studies were not noticed by coevals. Then, in the early 1980s, scientists from 
the American Dental Association such as LeGeros et al. [13], as well as Brown and 
Chow [14–17], published results of their studies. Since then, this subject became 
known as calcium phosphate cements (commonly referred to as CPC) [18], and due 
to their suitability for repair, augmentation, and regeneration of bones, such formu-
lations were also named as calcium phosphate bone cements (occasionally referred 
to as CPBC) [19–21]. In order to stress the fact that these formulations consist either 
entirely or essentially from CaPO4, this chapter is limited to the consideration of 
CaPO4-based compositions only. The readers interested in self-setting formulations 
based on other types of calcium phosphates are requested to read the original publi-
cations [22, 23].
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Table 2.1 Existing CaPO4 and their major properties [6, 7]

Ca/P 
molar 
ratio Compound Formula

Solubility  
at 25 °C, 
−log(Ks)

Solubility  
at 25 °C, 
g/L

pH stability 
range in 
aqueous 
solutions at 
25 °C

0.5 Monocalcium 
phosphate monohy 
drate (MCPM)

Ca(H2PO4)2·H2O 1.14 ~18 0.0–2.0

0.5 Monocalcium 
phosphate anhydrous 
(MCPA or MCP)

Ca(H2PO4)2 1.14 ~17 a

1.0 Dicalcium phosphate 
dihydrate (DCPD), 
mineral brushite

CaHPO4·2H2O 6.59 ~0.088 2.0–6.0

1.0 Dicalcium phosphate 
anhydrous (DCPA or 
DCP), mineral  
monetite

CaHPO4 6.90 ~0.048 a

1.33 Octacalcium  
phosphate (OCP)

Ca8(HPO4)2(PO4)4·5H2O 96.6 ~0.0081 5.5–7.0

1.5 α-Tricalcium  
phosphate (α-TCP)

α-Ca3(PO4)2 25.5 ~0.0025 b

1.5 β-Tricalcium  
phosphate (β-TCP)

β-Ca3(PO4)2 28.9 ~0.0005 b

1.2–2.2 Amorphous calcium 
phosphates (ACP)

CaxHy(PO4)z·nH2O, 
n = 3–4.5; 15–20% H2O

c c ~ 5–12d

1.5–
1.67

Calcium-deficient 
hydroxyapatite  
(CDHA or ca-def  
HA)e

Ca10-x(HPO4)x(PO4)6- x 
(OH)2-x (0 < x < 1)

~85 ~0.0094 6.5–9.5

1.67 Hydroxyapatite (HA, 
HAp, or OHAp)

Ca10(PO4)6(OH)2 116.8 ~0.0003 9.5–12

1.67 Fluorapatite (FA or 
FAp)

Ca10(PO4)6F2 120.0 ~0.0002 7–12

1.67 Oxyapatite (OA,  
OAp, or OXA)f, 
mineral voelckerite

Ca10(PO4)6O ~69 ~0.087 b

2.0 Tetracalcium  
phosphate (TTCP or 
TetCP), mineral 
hilgenstockite

Ca4(PO4)2O 38–44 ~0.0007 b

aStable at temperatures above 100 °C
bThese compounds cannot be precipitated from aqueous solutions
cCannot be measured precisely. However, the following values were found: 25.7 ± 0.1 (pH = 7.40), 
29.9  ±  0.1 (pH = 6.00), 32.7 ± 0.1 (pH = 5.28). The comparative extent of dissolution in acidic 
buffer is ACP ≫ α-TCP ≫ β-TCP > CDHA ≫ HA > FA
dAlways metastable
eOccasionally, it is called “precipitated HA (PHA)”
fExistence of OA remains questionable
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Due to a good bioresorbability, all self-setting CaPO4 formulations belong to the 
second generation of bone substitute biomaterials [24]. These formulations repre-
sent blends of amorphous and/or crystalline CaPO4 powder(s) with an aqueous solu-
tion, which might be distilled water [13–17], phosphate buffer solution (PBS) [18], 
aqueous solutions of sodium orthophosphates [25–39], ammonium orthophosphates 
[40], H3PO4 [41–48], citric acid [26, 49] and its salts [50], sodium silicates [51–53], 
soluble magnesium orthophosphates [54], chitosan lactate in lactic acid [55], etc. 
Due to the presence of other ions in a number of solutions, some of such formula-
tions are set with formation of ion-substituted CaPO4.

Briefly, the self-setting CaPO4 formulations are used as follows. After the CaPO4 
powder(s) and the solution have been mixed together, a viscous and moldable paste 
is formed that sets to a firm mass within a few minutes. When the paste becomes 
sufficiently stiff, it can be placed into a defect as a substitute for the damaged part 
of the bone, where it hardens in situ within the operating theater. The proportion of 
solid-to-liquid or the powder-to-liquid (P/L) ratio is a very important characteristic 
because it determines both bioresorbability and rheological properties. As the paste 
is set and hardened at room or body temperature, direct application in healing of 
bone defects became a new and innovative treatment modality by the end of the 
twentieth century. Moreover, self-setting CaPO4 formulations can be injected 
directly into the fractures and bone defects, where they intimately adapt to the bone 
cavity regardless its shape. More to the point, they were found to promote develop-
ment of osteoconductive pathways, possess sufficient compressive strengths, be 
noncytotoxic, create chemical bonds to the host bones, restore contour, and have 
both the chemical composition and X-ray diffraction patterns similar to those of the 
bone [56]. Finally, but yet importantly, the self-setting CaPO4 formulations are 
osteotransductive, i.e., after implantation, the hardened formulations are replaced 
by a new bone tissue [57–59].

Since the hardened CaPO4 intend to reproduce the composition, structure, mor-
phology, and crystallinity of bone crystals, the initial self-setting formulations might 
be considered as biomimetic ones [60, 61]. The aim of such formulations is to dis-
turb bone functions and properties as little as possible and, until a new bone has 
been grown, to behave temporarily in a manner similar to that of the bone. Therefore, 
they provide surgeons with a unique ability of manufacturing, shaping, and implant-
ing the bioactive bone substitute biomaterials on a patient-specific base in real time 
in the surgery room. Implanted bone tissues also take benefits from the self-setting 
formulations that give, in an acceptable clinical time, a suitable mechanical strength 
for a shorter tissue functional recovery. Thus, the major advantages of the self- 
setting CaPO4 formulations include a fast setting time, an excellent moldability, an 
outstanding biocompatibility, and an easy manipulation; therefore, they are more 
versatile in handling characteristics than prefabricated granules or blocks. Besides, 
like any other types of CaPO4 bioceramics, the self-setting formulations provide an 
opportunity for bone grafting using alloplastic materials, which are unlimited in 
quantity and provide no risk of infectious diseases [62–64].

Since self-setting CaPO4 formulations have been developed for use as implant 
biomaterials for parenteral application, for their chemical composition one might 
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employ all ionic compounds of oligoelements occurring naturally in a human body. 
The list of possible additives comprises (but is not limited to) the following cations, 
namely, Na+, K+, Mg2+, Ca2+, Sr2+, Zn2+, and H+, and anions, namely, PO4

3−, HPO4
2−, 

H2PO4
−, P2O7

4−, CO3
2−, HCO3

−, SO4
2−, HSO4

−, Cl−, OH−, F−, and silicates [57]. 
Therefore, mixed-type self-setting formulations consisting of CaPO4 and other cal-
cium salts, such as calcium sulfate [65–74], calcium pyrophosphate [75–77], cal-
cium polyphosphates [78, 79], calcium carbonates [18, 29, 31–36, 61, 80–83], 
calcium oxide [84–89], calcium hydroxide [90–92], calcium aluminates [54, 93, 
94], calcium silicates [95–102], bioactive glass [103], etc., are available. In addi-
tion, other chemicals such as Sr-containing compounds [21, 104–107], 
Mg-containing compounds [107–114], Zn-containing compounds [115, 116], etc. 
may be added to CaPO4 as well. Furthermore, the self-setting formulations might be 
prepared from various types of ion-substituted CaPO4 such as Ca2KNa(PO4)2, 
NaCaPO4, Na3Ca6(PO4)5 (so-called calcium alkaline orthophosphates) [117–122], 
magnesium-substituted CDHA, strontium-substituted CDHA, etc. [123–128]. More 
to the point, self-setting formulations might be prepared in the reaction-setting mix-
ture of Ca(OH)2-KH2PO4 system [129], as well as by treatment of calcium carbon-
ate or calcium hydroxide with orthophosphate solutions [130, 131]. In addition, if a 
self-setting formulation consisting of CaPO4 only is set in a chemically reactive 
environment (e.g., in the presence of CO2), ion-substituted CaPO4, such as carbon-
ate apatite, are formed [132]. Finally, self-setting CaPO4-based formulations pos-
sessing special properties, such as magnetic ones due to incorporation of iron oxides 
[133, 134], have been developed as well. However, with a few important exceptions, 
the ion-substituted formulations have not been considered in this chapter, but the 
interested readers are suggested to study the aforementioned publications.

The purpose of this chapter is to evaluate the chemistry, physical, mechanical, 
and biomedical properties of the available self-setting CaPO4 formulations with the 
specific reference to their applications in surgery and dentistry.

2.2  General Information and Knowledge

According to Wikipedia, the free encyclopedia, “In the most general sense of the 
word, cement is a binder, a substance that sets and hardens independently and can 
bind other materials together. The name ‘cement’ goes back to the Romans who 
used the term ‘opus caementicium’ to describe masonry, which resembled concrete 
and was made from crushed rock with burnt lime as binder. The volcanic ash and 
pulverized brick additives, which were added to the burnt lime to obtain a hydraulic 
binder, were later referred to as cementum, cimentum, cäment and cement” [135]. 
Thus, CaPO4 cement appears to be a generic term to describe chemical formulations 
in the ternary system Ca(OH)2-H3PO4-H2O which can experience a transformation 
from a liquid or a pasty state to a solid state and in which the end product of the 
chemical reactions is a CaPO4.
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The first self-setting CaPO4 formulation consisted of the equimolar mixture of 
TTCP and dicalcium phosphate (DCPA or DCPD) which was mixed with water at a 
P/L ratio of 4:1; the paste hardened in about 30 min and formed CDHA. These 
highly viscous and non-injectable pastes could be molded and, therefore, were used 
mainly as a contouring material in craniofacial surgery. Later studies revealed some 
differences between TTCP + DCPD and TTCP + DCPA formulations. Namely, due 
to a higher solubility of DCPD (Table 2.1 and Fig. 2.1), TTCP + DCPD mixtures set 
faster than TTCP + DCPA ones. Besides, injectability of TTCP + DCPD formula-
tions is better [136–140]. In the 1990s, it was established that there were about 15 
different binary combinations of CaPO4, which gave self-setting pastes upon mixing 
with water or aqueous solutions. The list of these combinations is available in litera-
ture [141–143]. From those basic systems, secondary self-setting formulations were 
derived containing additional or even nonreactive compounds [19, 57, 86, 141, 
144–157]. In terms of their viscosity, both pasties [158–163] and putties [164] of a 
very high viscosity [164–167] are known.

According to the classical solubility data of CaPO4 (Fig. 2.1), depending upon 
the pH value of a self-setting paste, after hardening, all formulations can form only 
two major end products: a precipitated poorly crystalline HA or CDHA at pH > 4.2 
and DCPD (also called “brushite”) at pH < 4.2 [168]. Here one should notice that, 
in the vast majority cases, terms “a precipitated poorly crystalline HA” and “CDHA” 
are undistinguishable and might be considered as synonyms [6, 7], while the term 
“brushite” was coined to honor an American mineralogist George Jarvis Brush 
(1831–1912), who was a professor at Yale University, USA. However, in the real 
self-setting formulations, the pH border of 4.2 might be shifted to higher pH values. 
Namely, DCPD might be crystallized at the solution pH up to ~6, while CDHA 
normally is not formed at pH below 6.5–7 (Table 2.1).

In the early 1990s, depending on the type of CaPO4 formed after the setting, five 
groups of self-setting formulations were thought to exist: DCPD, CDHA, HA, ACP, 
and OCP [143, 169]. However, the results of the only study on an ACP-forming 
formulation demonstrated that it was rapidly converted into CDHA [155]; thus, it 
appeared to belong to apatite-forming formulations. With the OCP-forming formu-
lations [170–173], the situation looks as follows. Contrary to the reports in the late 
1980s [170] and early 1990s [171], in which OCP formation was claimed to be 
detected (however, no phase analysis was performed, just initial reagents were 
mixed in proportions to get the Ca/P ratio around 1.33), in recent papers, either 
simultaneous formation of OCP and CHDA was detected [173] or no phase analysis 
was performed [172]. Strong experimental evidences of the existence of a transient 
OCP phase during setting were found in still another study; however, after a few 
hours, the OCP phase disappeared giving rise to the final CDHA phase [52]. 
Therefore, OCP-forming formulations also appeared to belong to apatite-forming 
ones. Finally, according to the aforementioned, CDHA and HA are the synonyms. 
Thus, within the end of the 1990s to the beginning of the 2010s, the amount of the 
groups of the self-setting formulations was shortened to just two groups: apatite- 
forming and brushite-forming formulations [174, 175]. This is a predictable situa-
tion since, in aqueous solutions, HA is the least soluble CaPO4 at pH > 4.2 and 
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Fig. 2.1 Top: A 3D version of the classical solubility phase diagrams for the ternary system 
Ca(OH)2-H3PO4-H2O (Reprinted from Ref. [136] with permission. Copyright © 2009 Elsevier 
Ltd). Middle and bottom: Solubility phase diagrams in two-dimensional graphs, showing two loga-
rithms of the concentrations of (a) calcium and (b) orthophosphate ions as a function of the pH in 
solutions saturated with various salts (Reprinted from Ref. [137] with MDPI permission)
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brushite is the least soluble one at pH < 4.2 (Fig. 2.1). However, in the end of the 
2000s, self-setting monetite (DCPA)-forming formulations were introduced (see 
Sect. 2.3.3 “Monetite-Forming Formulations”). Thus, one can claim that, depending 
on the type of CaPO4 formed after the setting, three groups of the self-setting for-
mulations currently exist: apatite-, brushite-, and monetite-forming ones. The final 
hardened product of the formulations is of paramount importance because it deter-
mines the solubility and, therefore, in  vivo bioresorbability. Since the chemical 
composition of mammalian bones is similar to an ion-substituted CDHA, apatite- 
forming formulations have been more extensively investigated. Nevertheless, many 
research papers on brushite-forming formulations have been published as well, 
while just a few publications on monetite-forming ones are currently available.

All self-setting CaPO4 formulations are made of an aqueous solution and fine 
powders of one or several types of CaPO4. Here, dissolution of the initial CaPO4 
(quickly or slowly depending on the chemical composition and solution pH) and 
mass transport appear to be the primary functions of an aqueous environment, in 
which the dissolved reactants form a supersaturated (very far away from the equi-
librium) microenvironment with regard to precipitation of the final product(s) [176, 
177]. The relative stability and solubility of various CaPO4 (see Table 2.1) is the 
major driving force of the setting reactions occurred. Therefore, mixing of a dry 
powder with an aqueous solution induces various chemical transformations, in 
which crystals of the initial CaPO4 rapidly dissolve and precipitate into crystals of 
CDHA (precipitated HA), DCPD, or DCPA with possible formation of intermediate 
precursor phases (e.g., ACP [33, 155] and OCP [40, 170–173]). During precipita-
tion, the newly formed crystals grow and form a web of intermingling microneedles 
or microplatelets of CDHA, DCPD, or DCPA, thus providing a mechanical rigidity 
to the hardened cements. In other words, entanglement of the newly formed crystals 
is the major reason of setting (Fig. 2.2). For the majority of apatite-forming formu-
lations, water is not a reactant in the setting reactions; it is just a medium for reac-
tions to occur. Therefore, the quantity of water, actually needed for setting of such 
formulations, is very small [24, 176, 179]. Similar is valid for apatite-forming ones. 
However, for brushite-forming formulations, water always participates in the chem-
ical transformations because it is necessary for DCPD formation. Due to this rea-
son, the brushite-forming formulations are always hydraulic, while this term is 
associated with neither apatite- nor monetite-forming ones.

Setting of CaPO4 formulations is a continuous process that always starts with 
dissolution of the initial compounds in an aqueous system. This supplies ions of 
calcium and orthophosphate into the solution, where they chemically interact and 
precipitate in the form of either the final products or precursor phases, which causes 
setting [15, 180, 181]. This was confirmed by Ishikawa and Asaoka, who showed 
that when TTCP and DCPA powders were mixed in double-distilled water, both 
powders were dissolved. The dissolved ions were then precipitated in the form of 
CDHA on the surface of unreacted powders [182]. Since the physical state of the 
precipitates can be either a gel or a conglomerate of crystals, the hardening mecha-
nism is either a sol-gel transition of ACP [33, 155] or entanglement of the precipi-
tated crystals of the final products [57]. Thus, all types of hardened formulations 
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possess an intrinsic porosity within the nano-/submicron size ranges (Fig. 2.2). For 
example, for the classical Brown-Chow formulation, after the initial setting, petal or 
needlelike crystals enlarge epitaxially and are responsible for the adherence and 
interlocking of the crystalline grains, which result in hardening. After ~2  h, the 
newly formed crystals become rodlike, resulting from higher crystallinity with the 
observation of more material at the interparticle spaces. During this period, the set-
ting reactions proceeded at a near-constant rate, suggesting that the reaction rate 
was limited by factors that are unrelated to the amounts of the starting materials and 
the reaction products present in the system. Such factors could be related to the 
surface area of DCPA or TTCP or to the diffusion distances over which the ions 
should migrate to form CDHA [183–185]. At ~24 h, the crystals were completely 
formed, being very compacted in some areas of high density, and well separated in 
areas with more porosity [148, 153, 154].

The chemical reactions occurring during setting depend on the chemical compo-
sition of CaPO4 formulations. However, it can be stated that there are only two 
major chemical types of the setting reactions. The first type occurs according to the 
classical rules of the acid-base interaction, i.e., a relatively acidic CaPO4 reacts with 
a relatively basic one to produce a relatively neutral compound. The first cement by 
Brown and Chow is a typical example of this type because TTCP (basic) reacts with 
DCPA (slightly acidic) in an aqueous suspension to form a poorly crystalline pre-
cipitated HA (slightly basic) [15, 16]:

Fig. 2.2 A typical microstructure of a CaPO4 formulation after hardening. The mechanical stabil-
ity is provided by the physical entanglement of crystals (Reprinted from Ref. [178] with permis-
sion. Copyright © 2010 Elsevier Ltd)
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Ca PO O CaHPO Ca PO OH( ) + = ( ) ( )

 
(2.1)

Initially, it was believed that DCPA and TTCP reacted upon mixing with water 
to form the stoichiometric HA [14–17]. However, further investigations have shown 
that only the first nuclei consist of a nearly stoichiometric HA, whereas further 
growth of these nuclei occurs in the form of CDHA [186]. Besides, there is a study 
demonstrating that the initially formed stoichiometric HA further interacts with 
remaining DCPD to form CDHA [187].

According to Eq. 2.1, formation of precipitated HA releases neither acidic nor 
basic by-products. Thus, the liquid phase of the formulation remains at a near- 
constant pH of ~7.5 for the TTCP + DCPD and ~ 8.0 for the TTCP + DCPA mix-
tures, respectively [183–185]. Various deviations from the stoichiometry of chemical 
Eq. 2.1 were studied in details, and various types of CDHA with Ca/P ionic ratio 
within 1.5–1.67 were found as the final product [188]. The effect of mixing ratio 
and pH on the reaction between TTCP and DCPA is well described elsewhere [189]. 
Furthermore, the influence of Ca/P ionic ratio of TTCP on the properties of the 
TTCP + DCPD cement was studied as well [190].

A blend proposed by Lemaître et al. [191, 192] is another example of the acid- 
base interaction in which β-TCP (almost neutral) reacts with MCPM (acidic) to 
form DCPD (slightly acidic):

 
β− ( ) + ( ) + =Ca PO Ca H PO H O H O CaHPO H O3 4 2 2 4 2 2 2 4 27 4 2· ·

 
(2.2)

In chemical Eq.  2.2, MCPM may easily be substituted by H3PO4 [41–47] or 
MCPA, while β-TCP may be replaced by α-TCP [193, 194], CDHA [195, 196], HA 
[197, 198], or even Ca(OH)2 [32, 38, 44] and CaO. For example,

 
Ca HPO PO OH H PO H O CaHPO H O9 4 4 5 3 4 2 4 23 17 9 2( )( ) ( ) + + = ·

 
(2.3)

Furthermore, self-setting formulations based on mixtures of ACP + α-TCP [199, 
200], ACP  +  DCPD [201, 202], DCPA  +  α-TCP [194], OCP  +  TTCP [203], 
OCP + α-TCP [46, 204, 205], and unspecified “partially crystallized calcium phos-
phate” (presumably, CDHA) +  DCPA [206–208] as the initial reagents are also 
available. In addition, multiphase self-setting compositions such as 
α-TCP + TTCP + DCPA [209], DCPA + α-TCP + β-TCP + CDHA [210], and DCP
A + α-TCP + β-TCP + CDHA + CaCO3 [34, 35] have been developed as well.

The second type of the setting reaction might be defined as hydrolysis of meta-
stable CaPO4 in aqueous media. As a result, both the initial components and final 
products have the same Ca/P ionic ratio. Due to the fact that only one CaPO4 is used, 
the solid part of such formulations might be called a single-phase (or single- 
component) formulation [211]. Namely, self-setting formulations made of ACP + 
an aqueous solution [212, 213], α-TCP + an aqueous solution [25–27, 30, 39, 214–
226], β-TCP + an aqueous solution [218, 227], DCPA + an aqueous solution [51, 
228], CDHA + an aqueous solution [52], OCP + an aqueous solution [53], TTCP + 
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an aqueous solution [54, 229, 230], or γ-radiated TTCP + an aqueous solution [231–
233] are the examples; the majority of them are recrystallized to CDHA during 
setting:

 
Ca H PO nH O H O Ca HPO PO OH nH Ox y z x x x x4 2 2 10 4 4 6 2 2( ) + → ( ) ( ) ( ) +− − −

·
 

(2.4)

 
3 3 4 2 2 9 4 4 5
α − −( ) ( ) + = ( )( ) ( )or Ca PO H O Ca HPO PO OHβ

 
(2.5)

 
3 3 34 4 2 2 9 4 4 5 2
Ca PO O H O Ca HPO PO OH Ca OH( ) + = ( )( ) ( ) + ( )

 
(2.6)

As seen from the amount of publications, α-TCP is the most popular compound 
to produce self-setting single-phase CaPO4 formulations.

An interesting study was performed on the microstructure, mechanical, and set-
ting properties of CaPO4 formulations with variable Ca/P ratio within 
1.29 < Ca/P < 1.77 [234]. The results showed that:

 (a) Only the reactant with Ca/P = 1.50 was monophasic and consisted of α-TCP, 
which transformed during the setting into CDHA.

 (b) Reactants with Ca/P<1.50 were composed of calcium pyrophosphate, α-TCP, 
and β-TCP blends, while those with Ca/P> 1.50 were composed of α-TCP, HA, 
and TTCP blends.

 (c) Formulations with Ca/P ratio other than 1.50 had longer setting and lower hard-
ening properties.

 (d) The formulations’ reactivity was clearly affected by the Ca/P ratio of the start-
ing reactant.

 (e) Depending on the Ca/P ratio of the starting reactant, the hardened formulations 
developed different crystal microstructures with specific features [234].

Similarly, a self-setting formulation might be prepared from the thermal decom-
position products of HA [235]. In addition, there is a study, in which β-TCP pow-
ders were mixed with 1.0 M CaCl2 solution and 0.6 NaH2PO4 solution consecutively. 
The ratio of the powder to CaCl2 solution to NaH2PO4 solution was 4:1:1 (g/ml/ml), 
while the total P/L was 2.0 g/ml and the Ca/P ratio of the mixing liquids was 1.67 
[236].

The experimental details on TTCP hydrolysis under a near-constant composition 
condition are available elsewhere [237]. The details on α-TCP hydrolysis are also 
available. The results indicated that setting of α-TCP was initially controlled by 
surface dissolution; therefore, it depended on the surface area of the reactants [238–
241]. Hydrolysis of DCPD to CDHA was studied as well [242]. Addition of ~2 wt. 
% of a precipitated poorly crystalline HA (i.e., CDHA) as a seed to α-TCP powder 
phase might be useful to accelerate the kinetics of reaction (2.5) [243]. Similar 
results were obtained in another study [244]. The aforementioned information is 
summarized in Fig. 2.3 [245].

Further, there is a single-phase formulation consisting of K- and Na-containing 
CDHA (with the Ca/P ionic ratio of 1.64  ±  0.02) that sets and hardens after mixing 
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with an aqueous solution of sodium citrate and sodium orthophosphate [246]. After 
setting, this formulation gives rise to the formation of a weak cement (the compres-
sive strength of 15 ± 3 MPa) consisting of the ion-substituted CDHA again (presum-
ably, with smaller Ca/P ionic ratio), mimicking the bone mineral. Unfortunately, 
neither the setting reaction nor the setting mechanism of this cement was disclosed 
[246].

The hydration process of CaPO4 formulations is slightly exothermic and under-
goes five periods: initiating period, induction period, accelerating period, decelerat-
ing period, and terminating period [247]. For the classical Brown-Chow formulation, 
the activation energy of the hydration reaction is 176 kJ/mol [248]. The rate of heat 

Fig. 2.3 Classification of CaPO4 formulations with examples of the most common compositions. 
Scanning electron micrographs of set apatite and brushite cements obtained by the hydrolysis of 
α-TCP and by reaction of β-TCP with MCPM, respectively, are also shown (Reprinted from Ref. 
[245] with permission. Copyright © 2012 Elsevier Ltd)
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liberation during the solidification of CaPO4 formulations is low. The results of 
adiabatic experiments showed that the temperature rise reached the highest value of 
37 °C 3 h later, which would cause no harm to surrounding tissues [249]. The results 
showed that the hardening process of that formulation was initially controlled by 
dissolution of the reactants in a 4 h period and subsequently by diffusion through the 
product layer of CDHA around the grains [154]. In general, setting of CaPO4 for-
mulations occurs mostly within the initial ~6 h, yielding ~80% conversion to the 
final products with the volume almost constant during setting (i.e., shrinkage is 
small). However, after hardening, the formulations always form brittle bioceramics 
with the tensile strength of 5–20 times lower than the compression strength [249, 
250]. Since this biomaterial is weak under tensile forces, such formulations can 
only be used either in combination with metal implants or in non-load-bearing (e.g., 
craniofacial) applications [4, 5, 179, 251]. This is confirmed by the mechanical 
characterization of a bone defect model filled with bioceramic cements [252].

To conclude this part, one must stress that chemical Eqs. 2.1, 2.2, 2.3, 2.4, 2.5 
and 2.6 for setting processes are valid for the in vitro conditions only. There are 
evidences that samples of CaPO4 formulations retrieved 12 h after hardening in vivo 
already contained carbonate apatite, even though the initial mixtures did not contain 
carbonate as one of the solid components [253]. The mass fraction of carbonate in 
the 12 h samples was about 1%. The results suggest that under the in vivo condi-
tions, carbonate is readily available and this allows formation of carbonate apatite in 
favor of carbonate-free CDHA [253].

By the end of the previous millennium, the United States Food and Drug 
Administration (FDA) approved several self-setting CaPO4 formulations (Table 2.2) 
for clinical use [24, 254]. The same formulations also received a Conformité 
Européenne (CE) mark for certain maxillofacial indications and for use as bone- 
void fillers in the specific non-load-bearing orthopedic indications [179]. The major 
properties of these formulations are available in literature [24]. An extended list of 
the available formulations is presented in Table 2.3 [167], while even more formula-

Table 2.2 Some self-setting CaPO4 formulations having the 510(k) clearance from the FDA [19, 
179, 254]

Producta Manufacturer Applicationsa

BoneSource™b Stryker Howmedica 
Osteonics (Rutherford, NJ)

Craniofacial

α-Bone substitute material 
(α-BSM®)c

Etex Corporation 
(Cambridge, MA)

Filling of bone defects and 
voids, dental, craniofacial

Skeletal repair systems 
(SRS®)

Norian Corporation 
(Cupertino, CA)

Skeletal distal radius fractures, 
craniofacial

The technical data on these cements might be found in literature [24]
aIn Europe, other applications may apply, and the materials may be sold with a different commer-
cial name
bIn Europe, it is distributed by Biomet Merck (Zwijndrecht, The Netherlands) as Biobon® [160], 
while in North America, it is marketed by Walter Lorenz Surgical (Jacksonville, FL) as Embarc® 
[22]
cBoneSourceTM is the original formulation of CaPO4 cement developed by Brown and Chow
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Table 2.3 A list of the commercial self-setting CaPO4 formulations with the producer, product 
name, composition (when available), and main end product. The end product of the reactions can 
be either an apatite (CDHA, carbonate apatite, etc.) or brushite (DCPD) [167]

Producer Commercial name Composition (when available) Product

Aap Implantate 
(GER)

OsteoCem® Powder: calcium orthophosphates (details 
unknown); Solution: unknown

Apatite

Berkeley 
advanced 
biomaterials 
(US)

Cem-Ostetic™ Powder: calcium orthophosphates (details 
unknown); Solution: water

Apatite

Tri-Ostetic™ Powder: calcium orthophosphates (details 
unknown); Solution: water

Apatite

Biomatlante 
(FR)

MCPC Powder: mainly α-TCP, ACP, BCP 
(HA + β-TCP); Solution: phosphate- 
buffered solution

Apatite

Biomet (US) 
Interpore (US)

Calcibon® Powder: α-TCP (61%), DCPA (26%), 
CaCO3 (10%), CDHA (3%); Solution: 
H2O, Na2HPO4

Apatite

Walter Lorenz 
surgical (GER)

Mimix™ Powder: TTCP, α-TCP, trisodium citrate; 
Solution: citric acid aqueous solution

Apatite

Quick set 
Mimix™

Powder: calcium orthophosphate powders, 
trisodium citrate; Solution: citric acid 
aqueous solution

Apatite

Calcitec (US) Osteofix Powder: calcium orthophosphate and 
calcium oxide powders; Solution: 
phosphate buffer

Apatite

ETEX (US) α-BSM®; Embarc; 
biobon

Powder: ACP (50%), DCPD (50%); 
Solution: un-buffered aqueous saline 
solution

Apatite

β-BSM® Composition: could not be found (it has 
apparently a higher compressive strength 
and better injectability than α-BSM®)

Apatite

γ-BSM® Composition: could not be found (putty 
consistency)

Apatite

OssiPro Composition: could not be found; the 
cement is claimed to be macroporous after 
hardening

Apatite

CarriGen Composition: synthetic calcium 
orthophosphate, sodium 
carboxymethylcellulose, sodium 
bicarbonate, and sodium carbonate

Apatite

Graftys (FR) Graftys® HBS Powder: α-TCP (78%), DCPD (5%), 
MCPM (5%), CDHA (10%), 
hydroxypropylmethylcellulose (2%); 
Solution: 5% Na2HPO4 aqueous solution

Apatite

Graftys® quickset Composition: calcium orthophosphate 
salts, hydroxypropylmethylcellulose, and 
orthophosphate-based aqueous solution

Apatite

INNOTERE 
(GER)

Velox® Powder: α-TCP (60%), DCPA (26%), 
CaCO3 (10%), CDHA (4%); Solution: 
short-chain triglyceride, tween 80, 
Amphisol A

Apatite

(continued)
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Table 2.3 (continued)

Producer Commercial name Composition (when available) Product

Kasios (FR) Jectos Eurobone® Powder: β-TCP (98%), Na2P2O7 (2%); 
Solution: H2O, H3PO4 (3.0 M), H2SO4 
(0.1 M)

Brushite

Jectos+ Composition: could not be found (likely 
to be close to that of Jectos)

Brushite

Kuraray 
Noritake Dental 
(J)

Teethmate™ Powder: TTCP, DCPA; Solution: water, 
preservative

Apatite

Kyphon (US) KyphOs™ Powder: β-TCP (77%), Mg3(PO4)2 (14%), 
MgHPO4 (4.8%), SrCO3 (3.6%); Solution: 
H2O, (NH4)2HPO4 (3.5 M)

Apatite

Merck (GER) 
Biomet (US)

Biocement D Powder: 58% α-TCP, 24% DCPA, 8.5% 
CaCO3, 8.5% CDHA; Solution: 4 wt% 
Na2HPO4 in water

Apatite

Mitsubishi 
Materials (J)

Biopex® Powder: α-TCP (75%), TTCP (20–18%), 
DCPD (5%), HA (0–2%); Solution: H2O, 
Na succinate (12–13%), Na chondroitin 
sulfate (5–5.4%)

Apatite

Biopex®-R Powder: α-TCP, TTCP, DCPD, HA, 
Mg3(PO4)2, NaHSO3; Solution: H2O, Na 
succinate, Na chondroitin sulfate

Apatite

NGK spark 
plug (J)

Cerapaste® Powder: TTCP + DCPA; Solution: sodium 
dextran sulfate sulfur 5

Apatite

Primafix® Powder: TTCP + DCPD; Solution: 
sodium dextran sulfate sulfur 5

Apatite

Produits 
Dentaires SA 
(CH), 
CalciphOs 
(CH)

VitalOs® Solution 1: β-TCP (1.34 g), Na2H2P2O7 
(0.025 g), H2O, salts (0.05 M PBS 
solution, pH 7.4); solution 2: MCPM 
(0.78 g), CaSO4·2H2O (0.39 g), H2O, 
H3PO4 (0.05 M)

Brushite

Shanghai 
Rebone 
Biomaterials 
(CN)

Rebone Powder: TTCP, DCPA; Solution: H2O Apatite

Skeletal 
Kinetics (US)

Callos™ Powder: α-TCP, CaCO3, MCPM; 
Solution: sodium silicate

Apatite

Callos Inject™ Composition: α-TCP and unknown 
compounds (likely to be close to that of 
Callos™)

Apatite

SKaffold™ Powder: α-TCP, CaCO3, MCPM; 
Solution: sodium silicate

Apatite

SKaffold ReNu™ The same as SKaffold™ but with a 
porogen to create macroporosity

Apatite

CAAP Probably similar to SKaffold™ Apatite
OsteoVation EX 
inject

Probably similar to Callos inject™ 
(product produced by SK but sold by 
OsteoMed)

Apatite

(continued)
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tions are in experimental stages. Other lists of the commercially available injectable 
bone cements with their chemical composition (when obtainable) might be found 
elsewhere [5, 185, 255–257]. A general appearance of two randomly chosen com-
mercial CaPO4 cements is shown in Fig. 2.4.

2.3  Three Major Types of The Self-Setting CaPO4 
Formulations

2.3.1  Apatite-Forming Formulations

As indicated by its name, apatite-forming formulations have a poorly crystalline 
precipitated HA and/or CDHA as the final product of setting reactions (chemical 
Eqs. 2.1, 2.4, 2.5 and 2.6), although traces of unreacted starting compounds can be 
present [148]. Self-setting FA-forming formulations are also known; they can be 
prepared by the same way but in the presence of soluble F- ions [258–260]. Due to 

Table 2.3 (continued)

Producer Commercial name Composition (when available) Product

Stryker (US) 
Leibinger 
(GER)

BoneSource™ Powder: TTCP (73%), DCPD (27%); 
Solution: H2O, mixture of Na2HPO4 and 
NaH2PO4

Apatite

Stryker (US) HydroSet™ Powder: TTCP, DCPD, trisodium citrate; 
Solution: H2O, polyvynilpyrrolidone, Na 
orthophosphate

Apatite

Surgiwear 
(India)

G-bone cement Powder: TCP, TTCP; Solution: sodium 
and calcium salts in aqueous solution

Apatite

DePuy Synthes 
(US)

Norian® SRS 
Norian® CRS

Powder: α-TCP (85%), CaCO3 (12%), 
MCPM (3%); Solution: H2O, Na2HPO4

Apatite

Norian® SRS fast 
set putty, Norian® 
CRS fast set putty

Composition: could not be found (likely 
to be close to that of Norian SRS/CRS)

Apatite

Norian drillable Composition: calcium orthophosphate 
powder, bioresorbable fibers, and Na 
hyaluronate solution

Apatite

ChronOS™ inject Powder: β-TCP (73%), MCPM (21%), 
MgHPO4·3H2O (5%), MgSO4 (<1%), 
Na2H2P2O7 (<1%); Solution: H2O, Na, 
hyaluronate (0.5%)

Brushite

Teknimed (FR) Cementek® Powder: α-TCP, TTCP, Na 
glycerophosphate; Solution: H2O, 
ca(OH)2, H3PO4

Apatite

Cementek® LV Powder: α-TCP, TTCP, Na 
glycerophosphate, dimethylsiloxane; 
Solution: H2O, ca(OH)2, H3PO4

Apatite
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the initial presence of carbonates, commercial formulations such as Norian SRS® 
and Biocement D® (Table 2.3) form a non-stoichiometric carbonate apatite or dahl-
lite (Ca8.8(HPO4)0.7(PO4)4.5(CO3)0.7(OH)1.3) as the end product [80, 261]. As both 
CDHA and carbonate apatite are formed in an aqueous environment and have a low 
crystallinity, they appear to be rather similar to the biological apatite of bones and 
teeth. These properties are believed to be responsible for their excellent in  vivo 
resorption characteristics. Conventional apatite-forming formulations contain TCP 
and/or TTCP phases in their powder components [256], while a single-component 
formulation consisting of K- and Na-containing CDHA is also available [246]. The 
reactivity of TCP-based apatite-forming formulations was found to vary as a func-
tion of TCP crystal phase, crystallinity, and particle size [262, 263]. Generally, a 
higher reactivity is observed with a thermodynamically less stable phase (from 
β-TCP to α-TCP and further to ACP) and with a smaller particle size [200, 218]. 
Nominally, it might be stated that formation of apatites through self-setting reac-
tions is a sort of a biomimetic process because it occurs in a physiological environ-
ment and at body temperature [64]; however, both the crystallization kinetics and a 
driving force are very far away from the biomimeticity. A unique feature of the 
hardened apatite-forming formulations is that the force linking the newly formed 
crystals (of both CDHA and carbonate apatite) is weak; therefore, the crystals can 
be easily detached from the bulk of hardened formulations, especially after dissolu-
tion has partly occurred. When this happens, osteoclasts and other cells can easily 
ingest the apatite crystals [264].

Immediately after implantation, any formulation becomes exposed to blood and 
other tissue fluids that delays the setting time. Intrinsic setting time for apatite- 
forming formulations was extensively studied, and it appeared to be rather long. For 
example, for the original formulation by Brown and Chow, it ranges from 15 to 
22 min [15, 16]. This may result in procedural complications. To remedy this, the 
amount of liquid could be reduced to a possible minimum. In such cases, all 

Fig. 2.4 A presentation of two randomly chosen commercial CaPO4 cements
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 apatite- forming formulations look like viscous and easily moldable pastes, which 
tend to be difficult to inject. Besides playing with the P/L ratio, the setting time also 
could be reduced by using additives to the liquid phase (which is distilled water in 
the Brown- Chow formulation [15, 16]). The list of possible additives includes 
H3PO4, MCPM, and other soluble orthophosphates. These additives promote dis-
solution of the initial solid CaPO4 by lowering the solution pH.  In such cases, a 
setting time in the range of 10–15 min can be obtained [212–220, 265]. The influ-
ence of soluble orthophosphates (e.g., Na2HPO4 or NaH2PO4) on the setting time is 
explained by the fact that dissolution of DCPA and formation of CDHA during 
setting occur in a linear fashion, thus avoiding early formation of CDHA. This is 
important because too early formation of CDHA might engulf unreacted DCPA, 
which slows down DCPA dissolution and thus the setting kinetics becomes slower, 
while the presence of sodium orthophosphates prevents DCPA particles from being 
isolated [266]. Particle size [243, 267, 268], temperature, and initial presence of HA 
powders as seeds in the solid phase are other factors that influence the setting time 
[15, 16, 64, 243, 262, 263]; however, in vitro studies demonstrated that these param-
eters did not affect significantly [148]. On the other hand, particle size reduction 
was found to result in a significant decrease in both initial and final setting times 
[243, 267, 268], an acceleration of the hardening rate [243], and hydration kinetics 
of the hardening formulation [268]. In general, smaller crystals or particles result in 
a higher supersaturation degrees achieved in the self-setting CaPO4 pastes, which 
favors crystal nucleation and results in the precipitation of greater many and smaller 
needlelike crystals, instead of the larger platelike crystals formed when bigger par-
ticles are used (Fig. 2.5) [245]. These different microstructures give rise to different 
pore size distributions in the set formulations (bottom part of Fig. 2.5). Besides, the 
crystallite sizes of the final products can be strongly reduced by increasing the spe-
cific surface of the starting powders, which allows developing formulations with 
tailored structures at the micro- and nanoscale levels [243]. Unfortunately, an 
unclear correlation was found between the particle dimensions of the initial CaPO4 
and mechanical properties of the hardened products: namely, a significant increase 
in compressive strength and storage modulus was reported for some formulations 
[267, 268], but a minor effect on compressive strength was discovered for other 
ones [243]. This inconsistence is not surprising because the manufacturing methods 
used to produce test samples varied from one author to the other. Therefore, the only 
remaining fact is that the hardened formulations are brittle and hence worthless for 
load-bearing applications [4, 5].

Setting process of the most types of apatite-forming formulations occurs accord-
ing to just one chemical reaction (see chemical Eqs. 2.1, 2.4, 2.5 and 2.6) and at 
near the physiological pH, which might additionally contribute to the high biocom-
patibility [183–185]. Namely, for the classical formulation by Brown and Chow, 
the transmission electron microscopy results suggested the process for early-stage 
apatite formation as follows: when TTCP and DCPA powders were mixed in an 
orthophosphate- containing solution, TTCP powder quickly dissolved due to its 
higher solubility in acidic media. Then the dissolved ions of calcium and ortho-
phosphate, along with ions already existing in the solution, were precipitated 
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predominantly onto the surface of DCPA particles. Few apatite crystals were 
observed on the surface of TTCP powder. At a later stage of the reaction, an exten-
sive growth of apatite crystals or whiskers effectively linked DCPA particles 
together and bridged the larger TTCP particles causing the setting [269].

However, Norian SRS® and Cementek® (Table 2.3) were found to set according 
to two chemical reactions: precipitation of DCPD, followed by precipitation of 
either CDHA or carbonate apatite:

 
α − ( ) + ( ) + =Ca PO Ca H PO H O H O CaHPO H O3 4 2 2 4 2 2 2 4 27 4 2· ·

 
(2.7)
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Fig. 2.5 A schematic 
drawing of the influence of 
the particle dimensions on 
the properties of self- 
setting formulations 
(Reprinted from Ref. [245] 
with permission. Copyright 
© 2012 Elsevier Ltd)
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The initial chemical reaction (2.7) was very fast and provoked DCPD formation 
and initial setting within seconds. The second step was slower: DCPD reacted com-
pletely within several hours with remaining α-Ca3(PO4)2 and CaCO3 forming car-
bonate apatite according to Eq. 2.8. The latter step caused the hardening. A similar 
two-step hardening mechanism was established for a formulation consisting of 
MCPM and CaO: in the first step, during the mixing time, MCPM reacted with CaO 
immediately to give DCPD, which, in the second step, reacted more slowly with the 
remaining CaO to give CDHA [86].

In addition, the setting mechanism of an apatite-forming formulation was inves-
tigated in details for a three-component mixture of TTCP, β-TCP, and MCPM dry 
powders in convenient proportions and with the overall atomic Ca/P ratio equal to 
1.67. Two liquid phases in a row were used to damp the cement powder; initially it 
was water + ethanol (ethanol was added to slow down the hardening) and afterward 
H3PO4 and sodium glycerophosphate were added to water to prepare a reactive liq-
uid [176]. At the very beginning, DCPD was found to form according to two chemi-
cal equations:

 
Ca H PO H O Ca PO H O CaHPO H O2 4 2 2 3 4 2 2 4 27 4 2( ) + − ( ) + =· ·β

 
(2.9)

 
Ca PO O H PO H O CaHPO H O4 4 2 3 4 2 4 22 7 4 2( ) + + = ·

 
(2.10)

The formation reactions of DCPD were fast and corresponded to the initial set-
ting. Afterward, TTCP reacted with the previously formed DCPD and with β-TCP 
to give CDHA according to the equations:
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The reaction kinetics of the CDHA phase formation was quite slow and corre-
sponded to the hardening stage. Although OCP was not detected in that study, its 
formation as an intermediate phase was postulated [176]. A similar suggestion on 
the intermediate formation of OCP was made for the setting mechanism of Brown- 
Chow classical formulation [143, 148]; however, reliable evidences for its presence 
are still lacking [215, 270]. Strong experimental evidences of the existence of a 
transient OCP phase during setting were found in still another study; however, that 
system contained sodium silicates [52]. In all cases, OCP was suggested to appear 
as an intermediate because it was a faster forming phase than CDHA. This hypoth-
esis is based upon the classical studies performed by Prof. W. E. Brown et al., about 
the precursor phase formation during chemical crystallization of apatites in aqueous 
solutions [271–273].
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Solubility of the hardened apatite-forming formulations in aqueous solutions is 
expected to be rather similar to that of the bone mineral. This means that they are 
relatively insoluble at neutral pH and increasingly soluble as pH drops down; this is 
an important characteristic of normal bone mineral that facilitates controlled disso-
lution by osteoclasts [261].

To conclude this part, one should mention, that in 2000 the US bone substitute 
market for Norian SRS® accounted for ~15% of the total sales, followed by 
BoneSource™ at ~13%, and α-BSM® at ~8.5% [179].

2.3.2  Brushite-Forming Formulations

As indicated by its name, DCPD is the major product of the setting reaction for 
brushite-forming formulations (chemical Eqs. 2.2 and 2.3), although traces of the 
unreacted starting compounds can be present. Mirtchi and Lemaître [191] and inde-
pendently Bajpai et al. [41] introduced this type of the cements in 1987. Up to now, 
several formulations have been already proposed, e.g., β-TCP + MCPM [191, 192], 
β-TCP + H3PO4 [41–43], and TTCP + MCPM + CaO [274]. The full list of brushite- 
forming formulations is available in a topical review on the subject [275]. As seen 
from the chemical composition, all types of the brushite-forming formulations are 
set by the acid-base interaction only. As DCPD can only be precipitated at the solu-
tion pH <6 (Table 2.1), the pastes of the self-setting brushite-forming formulations 
are always acidic during hardening [43, 276]. For example, during setting of a 
β-TCP + MCPM formulation, the formulation pH varies from very acidic pH values 
of ~ 2.5 to almost neutral pH values of ~6.0 [43]. Replacing MCPM by H3PO4 ren-
ders the paste very acidic for the initial ~30 s but then the pH profile follows that 
obtained with MCPM. It is important to notice that β-TCP + H3PO4 formulations 
have several advantages over β-TCP + MCPM ones, namely, (i) easier and faster 
preparation, (ii) a better control of the chemical composition and reactivity, and (iii) 
improved physicochemical properties, such as longer setting times and larger ten-
sile strengths due to a higher homogeneity. However, the use of H3PO4 might impair 
the biocompatibility of the formulations, due to low pH values during setting [43].

As the solubility of CaPO4 generally decreases with increasing of their basicity 
(Table 2.1 and Fig. 2.1), the setting time of brushite-forming formulations much 
depends on the solubility of a basic phase: the higher its solubility, the faster the 
setting time. Therefore, the setting time of formulations made of MCPM + a basic 
CaPO4 increases in the order of HA > β-TCP > α-TCP [4, 5]. For example, HA + 
MCPM mixtures have a setting time of several minutes, β-TCP + MCPM mixtures 
of 30–60 s, and α-TCP + MCPM mixtures of a few seconds [191, 192]. Furthermore, 
if brushite-forming formulations contain an excess of a basic phase, the equilibrium 
pH will be given by the intersection of the solubility isotherms of the basic phase 
with that of DCPD. For example, the equilibrium pH values of β-TCP + MCPM, 
HA + MCPM, and TTCP + MCPM mixtures were found to be 5.9, 4.2, and 7.6, 
respectively [4, 5]. Follow-up of the chemical composition by 31P solid-state NMR 
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enabled to show that the chemical setting process for β-TCP + MCPM formulation 
reached the end after ~20 min [277]. Nevertheless, despite this initial high reactiv-
ity, the hardening reaction of brushite-forming formulations typically lasts 1 day 
until completion [262, 263]. Additives that inhibit the crystal growth of DCPD have 
successfully been used to increase the setting time of β-TCP + MCPM mixtures 
[278]. Interestingly, contrary to apatite-forming formulations, the brushite-forming 
ones can be initially liquid and still set within a short period of time [4, 5].

By itself, brushite is remarkably biocompatible and bioresorbable [276]. Due to 
both a better solubility of DCPD if compared to that of CDHA (Table  2.1 and 
Fig.  2.1) and metastability of DCPD under physiological conditions [279], after 
implantation, brushite-forming formulations degrade faster than apatite-forming 
ones [280–282]. They are quickly resorbed in  vivo and suffered from a rapid 
decrease in strength (although the mechanical properties of the healing bone 
increase as bone ingrowth occurs [62]). Short setting times, low mechanical strength, 
and limited injectability seem to prevent brushite-forming formulations from a 
broader clinical application. However, the major reason why they are not more 
widespread is probably not related to the mechanical issues but just to a later arrival 
on the market. Use of sodium citrate or citric acid as setting retardants is an option 
to get more workable and less viscous pastes of brushite-forming formulations [49, 
283–286]. Similar effect could be achieved by addition of chondroitin 4-sulfate 
[287] and glycolic acid [288]. For the formulations with H3PO4 as the initial reactant 
(chemical Eq.  2.3), acid-deficient formulations were also found to improve the 
workability. In this case, the setting reaction might be described by the following 
chemical equation [286]:

 

3 7 27 8
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Although several studies revealed that too much of DCPD in a given volume was 
not detrimental to the biological properties of brushite-forming formulations [62, 
261, 274], occasionally, when large quantities of them were used, a certain degree 
of tissue inflammation during the first weeks of in vivo implantation was reported 
[282, 286, 289]. Further investigations indicated that the inflammation could be due 
to a partial transformation of DCPD into CDHA with release of orthophosphoric 
acid [290]:
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Transformation of DCPD into CDHA was found to occur via two successive 
processes, dissolution and precipitation [291], and could be retarded by adding 
magnesium ions to the formulations, thus reducing the possibility of inflammation 
[4, 5]. The aforementioned case of acid-deficient formulations (chemical Eq. 2.13) 
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is the second option, because it reduces the amount of unreacted acid [286] with an 
option to consume liberating in chemical Eq.  2.14 H3PO4 by the excess of 
β-TCP. Implantation of previously set brushite-forming formulations might be the 
third option, because a solid bioceramics was found to be better tolerated than paste 
implants. Besides, more bones were formed at the solid implant contact and the 
solid material degraded not so rapidly [292]. For the hardened brushite formula-
tions, a linear degradation rate of 0.25 mm/week was reported [293]. This rapid 
degradation rate might lead to the formation of an immature bone. Adding β-TCP 
granules to the self-setting pastes could solve this problem because the granules 
might act as bone anchors and encourage formation of a mature bone [293, 294].

Additional details on the self-setting brushite-forming formulations might be 
found in a special review on the subject [247].

2.3.3  Monetite-Forming Formulations

The term “monetite” belongs to a CaPO4 mineral, which was first described in 
1882 in rock-phosphate deposits from the Moneta (now Monito) Island (archipel-
ago of Puerto Rico) [295]. It is well known that DCPA (monetite) is crystallized 
under the same conditions as DCPD (brushite) but either from aqueous solutions at 
elevated (t ≳ 90 °C) temperatures or at ambient conditions but in water-deficient 
environments [276, 296]. Therefore, self-setting monetite-forming formulations 
could exist. Indeed, there are several publications, in which formation of monetite 
instead of brushite was detected as the final product [32, 44, 131, 297–302]. For 
example, addition of a big amount of NaCl to a self-setting β-TCP + MCPM formu-
lation was found to result in monetite formation at ambient conditions [300, 301]. 
Furthermore, DCPA was prepared by a chemical interaction between Ca(OH)2 and 
H3PO4 [131]. Moreover, there are self-setting CaPO4 formulations, in which the 
final product strongly depends on the reaction temperature. Namely, setting at dif-
ferent temperatures showed that mainly brushite was formed at 5 °C, a mixture of 
brushite and monetite was formed at 21 °C, and mainly monetite was formed at 
37  °C [299]. Interestingly, that for MCPM  +  β-TCP formulations, an excess of 
β-TCP resulted in brushite formation, while an excess of MCPM resulted in mone-
tite formation [299]. In addition, there are formulations, which, after setting, resulted 
in the formation of a complicated mixture of the products, such as DCPA, DCPD, 
CDHA, and traces of the unreacted initial components [303]. Finally, monetite 
might be formed during a prolonged storage of dry powders of brushite-forming 
formulations in normal laboratory atmosphere (~60% relative humidity) [304].
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2.4  Various Properties

2.4.1  Setting and Hardening

Generally, self-setting CaPO4 formulations must set slowly enough to provide 
sufficient time to a surgeon to perform implantation but fast enough to prevent 
delaying the operation. Ideally, good mechanical properties should be reached 
within minutes after initial setting. Two main experimental approaches are used to 
study the setting process: a batch approach and a continuous approach. In the batch 
approach, the setting reaction is stopped at various times, and the resulting samples 
are analyzed to determine, e.g., the composition and compressive strength of the 
samples [262, 263]. There are currently two standardized methods to apply this 
approach, namely, Gillmore needle method (ASTM C266-89) [305] and Vicat nee-
dle method (ASTM C191-92) [306]. The idea of both methods is to examine visu-
ally the sample surfaces to decide whether the formulation has already set, i.e., if no 
mark can be seen on the surface after indentation. Besides, the setting process might 
be monitored in real time by nondestructive methods (the continuous approach), 
e.g., using pulse-echo ultrasound technique [307, 308], isothermal differential scan-
ning calorimetry [217, 218, 309–315], and alternating current (AC) impedance 
spectroscopy [316]. For example, calorimetry measurements suggested that in 
Eq. 2.2 the endothermic MCPM dissolution and the highly exothermic β-TCP dis-
solution occurred simultaneously, followed by the exothermic crystallization of 
DCPD [313]. Thus, brushite-forming formulations usually warm upon final setting 
[309]. Moreover, acid-base reactions (2.1–2.3) can be and have been analyzed by 
measuring the pH evolution of diluted pastes [262]. In addition, nondestructive 
methods of Fourier transform infrared spectroscopy [51, 52, 54, 314, 317], solid-
state NMR [277], embedded sensors [318], X-ray diffraction [51, 54, 77, 193, 319], 
and energy- dispersive X-ray diffraction [51–54, 320–322] can be applied as well. 
The latter techniques proved to be powerful even though they have limitations such 
as the time required for each measurement (250 s for an X-ray diffraction scan is a 
problem for fast setting reactions). In addition, the analysis is often located at the 
sample surfaces where evaporation and thermal effects can modify the reaction rates 
if compared to those in the bulk. Furthermore, the continuous approaches are indi-
rect, which markedly complicates an interpretation of the collected data, particu-
larly in complex formulations [262].

A way to assess the hardening kinetics is to measure its setting time, which 
means the time required to reach a certain compressive strength, generally close to 
1 MPa. The most straightforward approach is to prepare self-setting samples with a 
well-controlled geometry (e.g., cylinders), incubating those samples for various 
times in the right environment (temperature, humidity) and assessing the composi-
tion and mechanical properties of the samples as a function of time [262]. One 
should stress that setting time for CaPO4 formulations often corresponds to an ear-
lier stage in the overall setting reaction, typically 5–15% of the overall reaction, 
while the end of the hardening process is typically reached after several days [148, 
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215]. Gillmore needles have been used with success to measure the initial (I) and 
final (F) setting times of CaPO4 cements [141]. Namely, a light and thick needle is 
used to measure the initial setting time I while a heavy and thin needle for the final 
setting time F [169]. The clinical meaning is that the cement paste should be 
implanted before time I and that the wound can be closed after time F (Fig. 2.6).

The implanted formulations should not be deformed between times I and F 
because in that stage of the setting any deformation could induce cracks [57]. The 
following handling requirements have been formulated for CaPO4 cements, as a 
result [169, 323]:
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These parameters are represented schematically in Fig. 2.6. The second require-
ment means that the cohesion time (CT) must be at least 1 min before I, so that a 
clinician has at least 1 min to apply and to mold the material. CT is the time from 
which a formulation no longer disintegrates when immersed in Ringer’s solution 
[169]. As the mixing in a mortar is about 1 min, the shortest CT that can be allowed 
is about 2 min, so that a clinician has at least 1 min to collect the paste from the 
mortar and put it on a pallet knife or into a syringe with which it is to be transferred 
to the wound after CT and before I [169]. For dental applications, time I must be 
close to 3  min, whereas for orthopedic applications it must be close to 8  min. 
However, in no case it will be tolerable for the clinicians if time F becomes greater 
than 15 min [57, 169].

implantation
not allowed

implantation
interval 

wound closure

0    CT 3 I 8 F 15

Time (min)

SETTING

Fig. 2.6 A diagram of the setting parameters relevant for a self-setting CaPO4 formulation: CT 
cohesion time, I initial setting time, F final setting time (Adapted from Ref. [6] with permission)
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2.4.2  Phase Mixing

In the clinical situation, self-setting CaPO4 formulations can be either applied by the 
fingertips of a surgeon or injected from a syringe to the defect area of a bone. The 
first type of the application requires formulation of high-viscous self-setting pastes 
and putties, which can be applied manually as dough, while the second type requires 
formulation of low-viscosity compositions, which can be applied by injection from 
a syringe [169]. Currently, injection appears to be the preferred method between 
these two major options. Thus, a compromise must be found between a high viscos-
ity leading to too high injection forces and a low viscosity increasing the risk of 
extravasations. Thus, viscosity values in the range of 100–2000 Pa·s are generally 
considered to be adequate [324].

In any case, before using, a surgeon needs to have a powder and a liquid mixed 
properly and thoroughly (to avoid the powder/liquid encapsulation) within the pre-
scribed time. This process must be performed in a sterile environment. Therefore, a 
mixing procedure is very important because prior to be injected, a self-setting paste 
must be transferred from a mixing chamber into a syringe. Ideally, this should be 
done without trapping air bubbles by the formulation [325]. Earlier, most CaPO4 
formulations were manually mixed with aqueous solutions using a mortar and either 
a pestle or a spatula. That time, some concerns were raised about an insufficient and 
inhomogeneous mixing thus compromising the implant strength, as well as on 
inconsistencies between operators causing unpredictable variations in graft perfor-
mance [326]. Mechanical mixing (such as an electrically powered mixing machine 
of Norian SRS/CRS® (Fig. 2.7) or Minimalax® mixing system for Cementek®, pro-
duced by Teknimed SA) is the modern approach. It allows mixing the pastes within 
60–80 s and enables a rapid and reliable filling of the application syringe [256]. 
Besides, a powder and a solution could be placed into a syringe and mixed inside a 
shaker to produce a consistent self-setting paste of the desired viscosity [325]. A 
mechanical mixing was found to decrease both the mean viscosity of the curing 
pastes and variability in the viscosity at a given time [327]. However, it did not 
improve the mechanical strength of the hardened formulations [4, 5].

Of the commercial formulations listed in Table 2.2, Norian SRS® is sold as a 
reactant pack containing two components: a mixture of dry powders 
(MCPM + α-TCP + CaCO3) and a liquid (aqueous solution of Na2HPO4). The com-
ponents are mixed in the operating room. The paste that is formed is malleable and 
injectable for ~5 min; it hardens within ~10 min after injection [24, 261]. However, 
data are available that out of 4.5 ml Norian SRS® cement paste ~3 ml is injectable 
only, whereas up to 1.5 ml of the paste might remain uninjectable from the syringe 
[57]. This phenomenon is prescribed to the formulation rheology and its interaction 
with the hydraulic forces of the syringe. α-BSM® (Table 2.2) is also a two- component 
system; it is prepared from a mixture of ACP and DCPD powders and a saline solu-
tion [212]. Biopex® consists of four different types of CaPO4: 75  wt. % α-TCP, 
18 wt. % TTCP, 5 wt. % DCPD, and 2 wt. % HA (Table 2.3). The aqueous solution 
contains 12 wt. % sodium succinate and 5 wt. % sodium chondroitin sulfate [328]. 
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Fig. 2.7 Mixing instructions for a Norian rotary mixer
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Effects of liquid phase on the basic properties of Biopex® were investigated. When 
mixed with neutral sodium hydrogen orthophosphate or succinic acid disodium salt 
solution, the initial setting times of the cement were 19.4 ± 0.55 and 11.8 ±  0.45 min, 
respectively. These setting times were much shorter than that of distilled water, 
88.4  ±  0.55 min [329]. Biopex® is mixed with a spatula inside a syringe that can be 
opened from the front. After mixing, the front part is closed, a needle is inserted into 
this front part, and the cement paste can be manually injected [4, 5].

Several systematic studies on the influence of composition and concentration of 
the liquids used in preparing of self-setting CaPO4 formulations were performed as 
well [49, 283, 284]. Unfortunately, the results appeared to be rather unclear. For 
example, for several formulations, mixing with sodium citrate or citric acid resulted 
in some effects on the initial setting time [49, 284], while for other ones the effect 
was insignificant [283]. Concentration increasing of sodium citrate solution resulted 
in initial setting time increase [49, 283], although the injectability variations of the 
cement pastes were inconsistent [49, 284].

2.4.3  Rheological Properties

In terms of the rheological properties, all types of self-setting CaPO4 formulations 
belong to non-Newtonian fluids. The latter means that the viscosity of such fluids is 
dependent on shear rate or shear rate history. Nevertheless, good injectability, ade-
quate viscosity, and satisfactory cohesion are required for the successful biomedical 
applications [330, 331]. Among them, injectability was defined as an ability of a 
formulation to be extruded through a small hole of a long needle (e.g., 2 mm diam-
eter and 10 cm length) [332, 333] (other needles were also applied [334, 335]), and 
for certain applications, injectability is even a prerequisite. However, other defini-
tions are possible. For example, injectability of a paste was also defined as its ability 
to stay homogeneous (without filter pressing) during injection, independently on the 
injection force [332]. Injectability is measured by the weight percentage of the for-
mulation that could be injected without demixing from a standard syringe by either 
a hand or a force of 100 N maximum. The numerical values are calculated by the 
following equation [336]:

 
Inj W W W WF A F E= ( ) ( )×– / – %,100

 

where Inj is the percentage injectability, WE is the weight of the empty syringe, WF 
is the weight of the full syringe, and WA is the weight of the syringe after the 
injection.

Usually, injectability of CaPO4 formulations are varied inversely with their vis-
cosity, the P/L ratio, as well as the time after starting the mixing of liquid and pow-
der [84, 333, 337]. In addition, powder reactivity was shown to influence the 
injectability. Namely, significant differences were observed between the injection 
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behaviors of the nonhardening β-TCP pastes and self-hardening α-TCP pastes, 
α-TCP being less injectable than β-TCP and requiring higher injection loads. What 
is more, the parameters affecting powder reactivity were shown also to affect inject-
ability. Thus, whereas powder calcination resulted in increased injectability, an 
addition of setting accelerants tended to reduce the injectability [336]. Furthermore, 
injectability is improved with smaller particle sizes, with shorter and larger diame-
ter cannula, as well as at smaller flow rates [332]. Moreover, particle shape of the 
powder is also expected to have effects on the injectability. Namely, powders with 
spherical shape or round particles are easy to roll, and thus good handling properties 
and injectability are found when pastes are prepared from such materials. Besides, 
it should be noted that the pastes could become fluid with less amount of liquid 
phase since no captured liquid exists in the case of spherical powder [338].

Unfortunately, when a self-setting formulation, which is a biphasic blend of a 
finely divided ceramic (powder, granules) and a liquid, is submitted to a pressure 
gradient, the liquid may flow faster than the solid, resulting in local changes of the 
paste composition. Specifically, the paste present in the region of the highest pres-
sure (e.g., close to the plunger of a syringe) may become so depleted in liquid that 
the biphasic blend in this zone is no longer a paste but a wet powder [332, 334]. 
Contrarily, the paste in the zone of the lowest pressure (e.g., at the cannula tip) is 
enriched in liquid. As these effects are dynamic, the size of the zone depleted in 
liquid (wet powder) increases during injection, eventually reaching the tip of the 
injection device and plugging it. The phenomenon, in which the pressure applied to 
the paste provokes a phase separation after a certain injection time, is generally 
referred as filter pressing, phase separation, or phase migration [167] (see the afore-
mentioned example for Norian SRS® [57], in which a thick mass remained inside a 
syringe).

Possible mechanisms underlying the limited injectability of the self-setting 
CaPO4 formulations have been discussed in literature [335, 339]. In the case of 
demixing, the exact composition of the extruded part of the paste becomes unknown. 
Moreover, due to a deviation from the initial P/L ratio, it becomes unclear whether 
the setting behavior and the mechanical and histological properties of the extruded 
part are still clinically acceptable. Therefore, a good cohesion of the paste is neces-
sary in order to avoid these problems [340].

Cohesion (cohesiveness, “non-decay”) is the ability of a paste to keep its geo-
metrical integrity in an aqueous solution [167]. It is evaluated by measuring the 
amount of solid particles released from the formulation prior to its final setting. For 
self-setting formulations, a bad cohesion may prevent setting and may lead to nega-
tive in vivo reactions due to the release of microparticles [341]. Since a high cohe-
sion is the result of strong attractive forces among the particles, factors enhancing 
van der Waals forces (attractive) and decreasing electrostatic forces (repulsive) can 
be used to improve cohesion [167]. For example, an appropriate cohesion was 
achieved when no disintegration of the paste was observed in the fluid [169, 340]. 
This can be accomplished by keeping a high viscosity for self-setting pastes [24] or 
using cohesion promoters (e.g., 1–3% aqueous solution of sodium alginate [219, 
342–344], as well as other chemicals [219, 345–348]). Some CaPO4 formulations 
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fulfill both criteria, e.g., Norian SRS®, but others fulfill only one or even none of 
these requirements. For example, BoneSource™ [145] and Cementek® (Table 2.3) 
are not injectable, and blood must be kept away from the implanting site until set-
ting [4, 5]. A poor cohesion has been associated to a poor biocompatibility that 
might lead to inflammatory reactions [341]. Further details on the cohesion proper-
ties of various CaPO4 pastes are available in literature [340].

Viscosity is a measure of the resistance of a fluid, which is being deformed by 
either shear stress or tensile stress. Generally, the viscosity in the range of 100–
1000  Pa·s appears to be ideal [349], and, if possible, a self-setting formulation 
should have a constant viscosity in the indicated range. Unfortunately, viscosity of 
self-setting formulations is not a constant value, which, after a decrease in the first 
seconds after mixing, increases considerably during curing, eventually leading to 
hardening. Furthermore, viscosity should be high enough to prevent extravasation; 
therefore, it is very important to define an adequate injection window [349].

2.4.4  Properties Improving

As written above, the properties of the existing self-setting CaPO4 formulations are 
not ideal. Several ways can be adopted to improve them. The first approach consists 
of injectability improvement. There are numerous options for this. Firstly, the injec-
tion device can be modified. For example, shorter cannulas with a larger diameter, 
as well as smaller injection rates, favor a good injectability. The last option is not so 
straightforward: for example, data are available that large injection rates are not 
detrimental to injectability because of the shear-thinning behavior of many self-
setting formulations [335]. Secondly, an external energy might be applied. For 
example, injectability was improved by ultrasonication, which was believed to 
result from a reduction in the injection force versus the filtration force as a result of 
a lesser reduction in the particle interaction and the paste flowability [350]. Thirdly, 
the composition can also be adapted. Namely, a decrease of the particle size, the P/L 
ratio, and the plastic limit was found to contribute to a better injectability [332, 
337]. For example, injectability was found to be unaffected by P/L ratio within the 
range of 3.85–4.50 g/ml but drops by nearly 100% between P/L ratio of 4.50 and 
5.00 g/ml [49]. However, a decrease in P/L ratio leads to a decrease in the mechani-
cal properties of the self-setting formulations and cohesion might be destroyed. 
Furthermore, both the initial and final setting times decreased markedly with the 
P/L ratio increasing [283, 351]. Therefore, variations in the P/L ratio appear to be 
valid to a certain extent only. That is why the manufacturer of Biopex® suggests 
using a P/L ratio of 2.8 or 3.3 g/ml.

Particle size decreasing of CaPO4 crystals is one more approach of the inject-
ability improvement. For example, α-BSM® is well injectable because it consists of 
small crystals. Even though small particles require a larger amount of mixing liquid 
to obtain a paste, injectability and cohesion of such formulations are generally very 
good [4, 5]. An indirect approach is to add CaPO4 crystals that act as spacers 
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between other particles. For example, DCPA is added to the formulation of 
Biocement D® to improve injectability [4, 5]. Similarly, there is an apatite-forming 
formulation containing spherical particles of TTCP to improve injectability [352].

Using various chemical additives is the second way to improve the properties of 
the self-setting formulations [353]. For example, water demand can be reduced by 
ionically modifying the liquid component, e.g., by adding nontoxic sodium salts of 
α-hydroxy di- and tri-acids [354, 355]. A list of additives that have been already 
studied includes fluidificants, air-entraining agents, porogens, workability- 
improvement agents, setting time controllers, and reinforcing additives [201, 257, 
356]. Besides, various radiopacifiers could be used to simplify an un-invasive 
in vivo monitoring of the implanted cements [357–362]. The main role of fluidifi-
cants is to reduce a mixing time of the formulations. Citric acid is an example of this 
reagent; it retards the dissolution-precipitation reactions, decreases the compressive 
strength during initial setting, but increases its strength in the final stages of harden-
ing [284]. Furthermore, data are available that citric acid decreases the setting time 
and improves the mechanical properties of the hardened formulations [363]. Adding 
of surfactants to the self-setting formulations was found to have two different mean-
ings: they might act as both air-entraining agents by lowering the surface tension 
[364, 365] and interaction modifiers by shifting the isoelectric point [366].

In addition, studies are available, in which self-setting CaPO4 formulations were 
modified by various bioorganic compounds in attempts to influence the bone heal-
ing process [367–370]. For example, there is a study, in which a self-setting formu-
lation was set in the presence of cocarboxylase, glucuronic acid, tartaric acid, 
α-glucose-1-phosphate, L-arginine, L-aspartic acid, and L-lysine, respectively, with 
the aim to influence the formation and growth of CDHA crystals through the func-
tional groups of these biomolecules [370]. Except for glucuronic acid, all these 
modifications were found to result in the formation of smaller and more agglomer-
ated CDHA particles, which had a positive impact on the biological performance 
indicated by first experiments with the human osteoblast cell line hFOB 1.19. 
Moreover, initial adhesion of human bone marrow-derived mesenchymal stem cells 
was improved on the formulations containing cocarboxylase, arginine, and aspartic 
acid. Furthermore, cell proliferation was enhanced on the formulations modified 
with cocarboxylase and arginine, whereas osteogenic differentiation remained unaf-
fected. Besides, the formulations with arginine and aspartic acid, but not with cocar-
boxylase, led to a higher BMP-2 binding [370].

Since a good adhesion to bones and other structures allows better transmission of 
forces at the implant/bone interfaces, a proper adhesion between the set formula-
tions and bones is very important for many surgical procedures. Chemical additives 
might also improve adhesive properties of the self-setting CaPO4 formulations. For 
example, it was observed that brushite-forming formulations set with pyrophospho-
ric acid in the liquid phase had an increased adherence to various surfaces such as 
bone, alumina, sintered HA, and stainless steel [371].

Porosity is a very important property to provide good in vivo bioresorption of 
implanted biomaterials [372]. Thus, various air-entraining agents and porogens are 
commonly used to induce macroporosity of self-setting CaPO4 formulations, 
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ideally, without affecting their normal setting. For example, crystals of mannitol, 
CH2OH(CHOH)4CH2OH, were tested as an air-entraining agent; however, both loss 
of workability during mixing and severe depreciation of mechanical properties were 
discovered simultaneously [373–379]. Other porogenic agents were also tested to 
create porosity. The examples include hydrogen peroxide in the liquid phase [380] 
and/or iced [381], crystals of NaHCO3 and Na2HPO4 [382], calcium sulfate [69], 
calcite [274] and NaCl [383–385], poly(D,L-lactic-co-glycolic acid) microparticles 
[386–395], microspheres of pectin [396] and gelatin [397–399], vesicants [400], 
cetyltrimethyl ammonium bromide [401], polytrimethylene carbonate [402], 
sucrose [385], as well as some immiscible liquids. These additives could be applied 
on preset formulations only, while the solubility degree of the solid porogens during 
setting influences both the content and dimensions of the macroporosity. After hard-
ening, dissolution of the remaining soluble porogens in either water or body fluids 
produces macropores with the dimensions and shapes of the dissolved crystals. One 
important limitation that can be envisaged from this route is the need to add a large 
amount of porogenic agents to guarantee pore interconnectivity, thus compromising 
not only the excellent biocompatibility and bioactivity of self-setting CaPO4 formu-
lations but also their injectability. Another shortcoming is a lack of strength of the 
resulting bioceramics, especially if particulates dissolve quickly, greatly limiting its 
applications. An innovative approach that aims at overcoming the lack of intercon-
nectivity and initial strength consists in using resorbable fibers [39, 403–411]. These 
fibers have the function of initial reinforcing, providing the needed short-term 
strength and toughness, and gradually dissolving afterward, leaving behind macro-
pores suitable for bone ingrowth. One interesting advantage of long fibers over par-
ticulates and short fibers is the fact that once resorbed they can form interconnected 
pores inside the solid structure facilitating bone tissue regeneration [412].

One more approach to create porosity consists in adding solid NaHCO3 to the 
starting powder and using two different liquids: first, a basic liquid to form the 
paste, and second, an acid liquid to obtain CO2 bubbles to create porosity [413]. 
Besides, pore-forming CO2 bubbles appear at the hardening of apatite-forming for-
mulations, consisting of an acidic CaPO4, such as MCPM or DCPD, and either 
CaCO3 [33, 61, 80–82] or NaHCO3 [414–416]. Furthermore, addition of an effer-
vescent porogen formulation comprised from NaHCO3 (54.52%) and citric acid 
monohydrate (45.48%) has been suggested [417]. More to the point, the liquid 
phase of a self-setting formulation might be initially foamed (commonly, addition 
of some accessory reagents, such as emulsifiers, foaming agents, and/or surfactants, 
appear to be necessary) and subsequently mixed with CaPO4 powders. In this case, 
the setting reactions transform the liquid foam into a solid, which ideally maintains 
the geometry, size, and shape of the bubbles (Fig. 2.8). Thus, the liquid foam acts as 
a template for the macroporosity of the solid foam [380, 418–423]. In addition, 
several other porosity creation techniques for self-setting CaPO4 formulations are 
known and, for further details on the subject, the interested readers are referred to 
an excellent review [412]. Finally, there is a study devoted to evaluation of methods 
to determine the porosity of the self-setting CaPO4 formulations [424].
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The major examples of workability-improvement agents, which are added to the 
self-setting formulations, include water-soluble (bio)polymers. Specifically, poly-
saccharides [138, 150, 425–428], gelatin [225, 351, 429–435], and polyacrylic acid 
[436–438] are of interest due to their biocompatibility and good rheological proper-
ties. Only small amounts (a few weight %) are needed to dramatically increase the 
viscosity of the pastes. Besides, the pastes become more cohesive and highly resis-
tant to washout immediately after mixing. For example, a 5 wt. % sodium  chondroitin 
sulfate solution is used as mixing liquid in Biopex® [4, 5]. In the case of gelatin, 
more than a 50% improvement of the compressive strength was detected [431]. The 
gelatin-containing formulations after setting were found to exhibit reduced crystal-
linity, much smaller CDHA crystals, and a more compact microstructure; all these 
phenomena might be accounted for the improved mechanical properties [432]. In 
addition, the presence of gelatin improved mechanical properties of the formula-
tions; in particular, the formulations containing 2 wt. % gelatin were found to harden 
in an acceptable time and were recommended for clinical applications [435]. In 
some cases, addition of a gelling agent might cause an increase in hardening time 
[439], but this was remedied by the use of a sodium orthophosphate solution as the 
liquid phase [184, 185]. Most polysaccharide solutions are thixotropic, i.e., the vis-
cosity of the solution decreases as the shear rate increases. Certain polysaccharides, 
such as sodium alginate, pectize in contact with calcium ions. This property can be 
used to make putty-like cement pastes [24]. However, only few polysaccharides are 
accepted for parenteral use [4, 5]. Nevertheless, the use of gelling agents widened a 
possible application of the self-setting CaPO4 formulations because such formula-
tions can be used even when complete homeostasis is difficult.

Fig. 2.8 A schematic drawing of CDHA foam preparation. Initially a liquid was formed by 
mechanical agitation of an aqueous solution of a soluble surfactant. Then, the foam was mixed 
with α-TCP powder, producing a foamed paste, which was either cast or directly injected into the 
molds. The setting reaction produced hydrolysis of α-TCP to CDHA, which resulted in foam hard-
ening (Reprinted from Ref. [419] with permission. Copyright © 2009 Acta Materialia Inc. and 
Published by Elsevier Ltd)

2 Self-Setting Calcium Orthophosphate (CaPO4) Formulations



74

Of the three groups of the self-setting formulations, monetite- and brushite- 
forming formulations react generally much faster than apatite-forming ones. As a 
result, to satisfy the clinical requirements (Fig. 2.6), setting time of monetite- and 
brushite-forming formulations has to be prolonged, whereas that of apatite-forming 
ones has to be shortened [4, 5]. According to the aforementioned, setting reactions 
of any self-setting CaPO4 formulation consists of three successive stages: (1) dis-
solution of reactants to saturate the mixing liquids by calcium and orthophosphate 
ions, (2) nucleation of crystals from the supersaturated solutions, and (3) growth of 
crystals. Therefore, experimental approaches to modify the setting kinetics are to be 
targeted to these three stages. The available approaches have been summarized in 
Table 2.4 [262]. Furthermore, seven strategies have been described to decrease the 
setting time of CaPO4 formulations [263]. They are:

 (i) Mean particle size decreasing of the initial powders
 (ii) The P/L ratio increasing
 (iii) pH drop of the mixing liquid to increase CaPO4 solubility and hence acceler-

ate the chemical transformations
 (iv) A nucleating phase addition, such as a nano-sized HA powder
 (v) Adding orthophosphate and/or calcium ions into the mixing liquid to acceler-

ate the setting reaction according to the common ion effect
 (vi) Solubility reducing of the reaction end product, for example, by adding fluo-

ride ions into the mixing liquid
 (vii) Solubility increasing of the starting material by amorphization, e.g., by pro-

longed milling

For further details on these strategies and approaches, as well as for application 
examples, the interested readers are referred to the original publications [262, 263].

Various setting time controllers (accelerators and retardants) are used to influ-
ence the setting time. They include sodium hydrogen pyrophosphate (Na2H2P2O7) 
and magnesium sulfate which are added in amounts <1 wt. % [440]. According to 
other studies, ions of citrate, sulfate, and pyrophosphate are necessary [278, 441, 
442]. Application of biocompatible α-hydroxylated organic acids (glycolic, lactic, 
malic, tartaric, and citric acids) and their calcium and sodium salts for modification 
of both rheological and setting properties of CaPO4 formulations is well described 
elsewhere [443, 444]. Besides, aqueous solutions of sodium orthophosphates [138, 
266, 304, 391, 445–447] and gelatinized starch [448] are also known as setting time 
accelerators. An extensive list of the compounds, which might be suitable as accel-
erators, retarders, additives, or reactants in CaPO4 cement formulations, might be 
found in literature [141]. Interestingly that in some cases, a simple thermal treat-
ment of the initial reagents (in that particular case, α-TCP powder) at ~500 °C could 
extend the initial part of the setting reaction from a few minutes to a few hours 
hence providing a potential approach to better control the setting process [449, 450].

The subject of the reinforcing additives is discussed in details in Sect. 2.7 
“Reinforced CaPO4 Formulations and Concretes.”

Concerning storage stability and shelf life, the factors, significantly influencing 
those properties for the initial dry powders of CaPO4 formulations, were found to be 
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temperature, humidity, and a mixing regime of the powders. Various storage condi-
tions appeared to be effective in prolonging the stability of dry brushite-forming 
formulations. In the order of effectiveness, they were ranged as follows: adding 
solid citric acid retardant > dry argon atmosphere ≈ gentle mixing (minimal 
mechanical energy input) ≫ low temperature [304]. Finally, before a clinical use, 
the self-setting formulations must be sterilized. A detailed description of the steril-
ization techniques might be found elsewhere [451].

2.5  Bioresorption and Replacement of the Self-Setting 
CaPO4 Formulations by Bones

Due to the excellent bioresorbability of DCPA, DCPD, and CDHA, a newly form-
ing woven bone might substitute the hardened CaPO4 formulations. Namely, the 
implants made of hardened BoneSource™ (an apatite-forming formulation) were 
found to be partly resorbed and replaced by natural bone, depending upon the size 
of the cranial defect [145]. Replacement of BoneSource™ by bone with a minimal 
invasion of connective tissue was detected in another study, while ChronOS™ Inject 

Table 2.4 List of strategies and approaches to modify reactivity of the self-setting CaPO4 
formulations [262]

Strategy Approach Sub-approaches

1. Dissolution 
rate

1.1. Change contact area between reagent 
and mixing liquid

1.1.1. Change milling 
duration
1.1.2. Use nano- or micron- 
sized powders

1.2. Change solubility in the mixing liquid 1.2.1. Use more/less soluble 
phase
1.2.2. Change of reaction pH

1.3. Change saturation of the mixing liquid
1.4. Use dissolution inhibitors in the mixing 
liquid
1.5. Modify reagent surface 1.5.1. Chemical change 

(pre-reaction)
1.5.2. Physical change 
(dissolution pits)

2. Nucleation 
rate

2.1. Use crystallization nuclei
2.2. Change the saturation of the reaction 
product in the mixing liquid

2.2.1. Change of saturation
2.2.2. Change of end product 
solubility

2.3. Use nucleation inhibitors
3. Growth rate 3.1. Change the saturation of the reaction 

product in the mixing liquid
3.1.1. Change of saturation
3.1.2. Change of end product 
solubility

3.2. Use crystal growth inhibitors
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(a brushite-forming formulation) samples exhibited a higher rate of connective 
tissue formation and an insufficient osseointegration [452]. α-BSM® was evaluated 
in a canine femoral slot model. New bone was found to form in 3 weeks via an 
osteoconductive pathway. After 4 weeks, only ~1.7% of the implanted material was 
observed. The hybrid bone possessed the strength of normal, unoperated bone after 
12 weeks. In 26 weeks, the boundary between old and new bones was virtually 
indistinguishable, with only ~ 0.36% of the implant recognizable [212]. Neither 
influence on general health, limb-specific function and pain, nor associated compli-
cations with α-BSM® application were found past 2 years in another study [453]. 
Norian SRS® was evaluated in canine tibial and femoral metaphyseal defects. The 
hardened formulation appeared to be gradually remodeled over time, with blood 
vessels penetrating through it. However, some amounts of Norian SRS® were 
detected in the medullary area as long as 78 weeks after being implanted in dog 
femurs [60]. An interesting study on the in vitro resorption of three apatite-forming 
formulations (conventional, fast setting, and anti-washout) by osteoclasts if com-
pared with a similar resorption of sintered HA and a cortical bone revealed an inter-
mediate behavior of the formulations: they were resorbed slower than bone but 
faster than HA [454]. Furthermore, bone neoformation was seen 7  days after 
implantation of a self-setting α-TCP formulation [455]. The biodegradation rate of 
the formulations might be influenced by ionic substitutions in CaPO4 [456]. 
Evidences of the direct contact of bone and a hardened CaPO4 formulation without 
soft tissue interposition might be found in literature [457, 458].

Different studies reported on both bioresorption and the progress of bone forma-
tion around hardened CaPO4 formulations which in certain cases demonstrated both 
osteoconductive and osteoinductive properties [459]. However, there are studies in 
which the osteoinductive properties of self-setting CaPO4 formulations were not 
confirmed [460]. Besides, inflammatory reactions were noticed when the  formulation 
did not set [341]. Since the solubility of a non-stoichiometric CDHA is higher than 
that of stoichiometric HA and α- and β-TCP (Table 2.1), while the particle dimen-
sions of a precipitated CDHA is smaller than that of sintered CaPO4, the biodegrad-
ability of apatite-forming formulations is always better than that of dense bioceramics 
made of sintered stoichiometric CaPO4. For example, histologically, at 2 weeks, 
spicules of living bone with normal bone marrow and osteocytes in lacunae could 
be seen in implanted formulations. At 8 weeks, the formulation was almost totally 
surrounded by mature bone. At this stage, no resorption was observed [461]. Only 
~  30% decrease of the implanted amount of Norian SRS® was reported after 
24 months in a rabbit femur [462]. Moreover, several differences could be expected 
depending on the formulation type. For example, as the product of BoneSource™ 
and Cementek® is a crystalline CDHA, both commercial formulations are expected 
to resorb slower than other apatite-forming formulations. Indeed no resorption of 
BoneSource™ was observed after several years implantation, though some resorp-
tion of Biobon® was detected. However, porosity appears to be the main biodegrad-
ability factor at play: the more porous (for cells) hardened formulations degrade 
faster than the less porous ones [463, 464]. For example, as Biobon® is more porous 
than BoneSource™, the discovered diversity could be due to the differences in 
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porosity [4, 5]. The latter conclusion is confirmed by the results of other studies: a 
positive influence of the porosity on resorption rates was found [343]. The inter-
ested readers are referred to a study on the suitability of hardened and porous CaPO4 
formulations as scaffolds for bone regeneration, using a rabbit model [465].

The bioresorption properties of bioceramics are generally believed to relate to 
the solubility of their constitutive phases. The implanted CaPO4 might be biore-
sorbed by two possible mechanisms, namely, an active resorption, mediated by the 
cellular activity of macrophages, osteoclasts, and other types of living cells (so 
called phagocytosis or literally “cell-eating”) [302, 466–468], and a passive resorp-
tion due to either dissolution [6, 7] or chemical hydrolysis (valid for brushite- and 
monetite-forming formulations only, because both DCPD and DCPA appear to be 
metastable phases at the physiological pH) [198, 286] in the body fluids. For exam-
ple, a layer of OCP was found to appear on the surface of hardened brushite formu-
lation [469]. Sometimes, an active resorption is further subdivided into macrophages 
engulfing of CaPO4 debris and osteoclast-mediated resorption [275, 470]. 
Interestingly, that contrary to the brushite-forming formulations, the monetite- 
forming ones do not hydrolyze into a more chemically stable CaPO4, such as CDHA, 
but conserve their chemical composition and degradability, allowing replacement 
by the newly formed bone tissue [385].

Dissolution might be both chemical and physical. The former occurs with CaPO4 
of a low solubility (those with Ca/P ratio ≳1.3) in acidic environments, while the 
latter occurs with CaPO4 of a high solubility (those with Ca/P ratio ≲1.3). For exam-
ple, for MCPM, MCPA, DCPD, and DCPA the solubility product are several times 
higher than the corresponding ion concentrations in the surrounding body fluids; 
therefore, they might be physically dissolved in  vivo, which is not the case for 
α-TCP, β-TCP, CDHA, HA, FA, OA, and TTCP since the surrounding body fluids 
are already supersaturated with regard to these compounds. Therefore,  biodegradation 
of the latter materials is only possible by osteoclastic bone remodeling and is lim-
ited to surface degradation since cells cannot penetrate the microporous ceramic 
structure. Osteoclastic cells resorb CaPO4 with Ca/P ratio ≳1.3 by providing a local 
acidic environment which results in chemical dissolution. In order to investigate 
two bioresorption mechanisms separately, experiments should be performed by 
incubating the samples in a cell culture medium without cells to study the passive 
resorption, whereas the active resorption should be determined during cell culturing 
on the sample surfaces [470]. Unfortunately, the factors concerning the biodegrada-
tion of CaPO4 biomaterials have not been completely elucidated yet. The chemical 
composition, physical characteristics, and crystal structures certainly play an impor-
tant role in their biological behavior. In addition, biodegradation may be influenced 
by the investigational conditions, such as experimental models, implantation sites, 
and animal species [467].

The data are available that macrophages and giant cells decompose quickly 
resorbed CaPO4 (e.g., brushite-forming formulations) [282], while slowly (from 
months to years) resorbed apatite-forming formulations are decomposed by 
osteoclast- type cells [58, 264, 471]. Clearly, a fast resorption of brushite-forming 
formulations can only be achieved if the resorption occurs before conversion DCPD 
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to CDHA according to Eq.  2.14 [75]. Both types of the resorption mechanisms 
(active + passive) might occur almost simultaneously, if a hardened formulation 
consists of two different types of CaPO4, e.g., from DCPD and β-TCP. For example, 
the biphasic brushite-forming ChronOS™ Inject was found to resorb by dissolution 
with cement disintegration and particle formation followed by the phagocytosis of 
the cement particles through macrophages [472]. Similar formulation was found to 
be degraded through a dissolution process associated with a cellular process. The 
observations suggested that cell activities could be influenced by a small particle 
size, without close correlation between the particle size and the cell activities but 
with a correlation between particle concentration and the cell activities [467]. To get 
further details on this topic, the interested readers are referred to an interesting 
review on the cellular degradation mechanisms of CaPO4 bioceramics [473].

The summary of studies on brushite-forming formulations implantation in vari-
ous animal models and defect locations is available in literature [286]. Generally, in 
the same animal model, a degradation rate decreases with an increase in the sample 
size, as does DCPD to CDHA conversion time. Data are available that hardened 
brushite-forming formulations experience an initial linear degradation rate of 
~0.25 mm/week [293], which slightly overwhelms the bone regeneration capacity, 
resulting in small bone material gaps and a reduction in mechanical properties [62]. 
In addition, an in vivo degradation was found to depend on porosity. Namely, the 
hardened brushite formulations of higher porosity were found to be quantitatively 
transformed into crystalline OCP after 10  months of implantation, while lower 
porosity ones appeared to be chemically stable with the absence of reprecipitate 
formation and minor resorption from the implant surface [474]. Additional details 
on the compositional changes of brushite-forming formulations after implantation 
in sheep are well described elsewhere [440, 475].

The kinetics of passive resorption depends on porosity of the samples, ionic sub-
stitutions in CaPO4 (when applicable), crystallinity, and pH at the tissue interfaces. 
The active resorption is due to cellular activity; however, it is also related to the 
passive one. Namely, the solution pH near macrophages and osteoclasts can drop to 
~5 by excretion of lactic acid, which increases the solubility (Fig. 2.1), whereas near 
osteoblasts (bone-forming cells) solution pH can become as high as 8.5 by excretion 
of ammonia [57]. Dissolution chemistry of CDHA (therefore, of hardened apatite- 
forming formulations) in acidic media (CaPO4 are almost insoluble in alkaline solu-
tions (Fig. 2.1)) might be described as a slightly modified sequence of four successive 
chemical equations [476, 477]:
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Obviously, the dissolution chemistry of DCPA and DCPD (therefore, of hard-
ened monetite- and brushite-forming formulations, respectively) in acidic media is 
described by Eq. 2.18 . One should stress, that in Eq. 2.18 water is omitted for sim-
plicity. Therefore, dissolution of DCPA is written only.

Nevertheless, the situation with biodegradation mechanisms appears to be more 
difficult. Namely, in a special study, brushite-forming MCPM/HA and MCPM/β- 
TCP formulations were compared to test the hypothesis that DCPD chemistry 
affected both degradation properties and cytocompatibility of the self-setting for-
mulations [478]. Using simple in  vitro models, the authors found that brushite- 
forming MCPM/β-TCP formulations degraded primarily by DCPD dissolution, 
which was associated with a slight pH drop and relatively low mass loss. 
Cytocompatibility testing revealed no significant change in cell viability relative to 
the negative control for all of the MCPM/β-TCP formulations. In contrast, the 
brushite-forming MCPM/HA formulations were prone to undergo rapid conversion 
of DCPD to CDHA, resulting in a sharp pH drop and extensive mass loss. A stoi-
chiometric excess of HA in initial formulations was found to accelerate the conver-
sion process, and significant cytotoxicity was observed. Presumably, the initial 
excess of HA promoted DCPD → CDHA transformation. The authors concluded 
that, although the product of the setting reaction was the same, brushite-forming 
formulations produced from MCPM/HA and MCPM/β-TCP differed significantly 
in their degradation properties and cytocompatibility [478].

The mechanism of bone healing caused by self-setting CaPO4 formulations is 
very multifactorial because the surface of the formulations is rapidly colonized by 
cells. Several types of these cells degrade CaPO4 by either phagocytotic mecha-
nisms (fibroblasts, osteoblasts, monocytes/macrophages) or an acidic mechanism 
with a proton pump to reduce the pH of the microenvironment and resorb the hard-
ened bioceramics (osteoclasts) [473, 479]. Various types of mesenchymal cells 
located at the implantation sites can induce solubilization of CaPO4. Upon the cell’s 
arrival, various types of active enzymes, such as acid phosphatase, are secreted that 
causes dissolution of the hardened cements [480–482]. Much more biology, than 
chemistry and material science altogether, is involved into this very complex pro-
cess, and many specific details still remain unknown. Nevertheless, the entire pro-
cess of bone defect healing by self-setting CaPO4 formulation might be schematically 
represented by Fig. 2.9 [483].

It is well known that various polypeptides and growth factors present in bone 
matrix might be adsorbed onto HA [484–486] and modulate the local milieu of 
cells. This is supported by many purification protocols of growth factors and bone 
morphogenetic proteins/osteogenins involving HA chromatography [487, 488]. 
However, osteoblasts are not found in direct contact with CaPO4. A complex pro-
teinaceous layer, usually osteoid, directly contacts the osteoblasts. After implanta-
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tion of self-setting CaPO4 formulations, mitogenic events could occur either during 
the initial mesenchyma1 cell contact or after osteoid degradation by osteoblast col-
lagenase. In a dense, mineralized biomaterials such as hardened CaPO4 formula-
tions, which provide a barrier to the free diffusion of circulating hormones, growth 
factors, and cytokines, it is questionable whether the local responses at the  periphery 
of the material regulate osteoconduction [24]. The tissue response to injectable 
CaPO4 formulations is well described in literature [414, 454, 471, 489, 490]. The 
results of histological and mechanical evaluations in a sheep vertebral bone void 
model are available elsewhere [491]. The interested readers are also advised to get 
through a paper on the in vitro biodegradation of hardened brushite-forming formu-
lations by a macrophage cell line [168].

To conclude this part, one should note that self-setting CaPO4 formulations are 
able to provide short-term biologically desirable properties and then be replaced by 
a new bone, which is very important [492]. In general, the growth rate of a newly 
forming bone depends on age, sex, and general metabolic health of the recipient as 
well as on the anatomic site, porosity, bulk site, crystallinity, chemical composition 
(monetite, brushite or apatite), particle sizes, and P/L ratio of the mixture. 
Considering all these factors, it might take from 3 to 36 months for different formu-
lations to be completely resorbed and replaced by bones [254]. However, additional 
sound scientific data to determine the exact degree of biodegradability are still 
needed, viz., animal studies performed in a critical-size defect model. One must 
stress that the resorption kinetics should be balanced with the rate of new bone for-
mation to avoid collapse at the fracture site, which might occur if the resorption is 
too fast. Interestingly that to advance self-setting CaPO4 formulations as bioabsorb-

Fig. 2.9 A schematic drawing of bone defect regeneration by means of a self-setting CaPO4 
cement (CPC): (a) filling of a bone defect with a viscous formulation; (b) formulation setting with 
formation of the end product (CDHA or DCPD); (c) colonization by cells; (d) resorption of CDHA 
or DCPD by osteoclasts and bone formation by osteoblasts; (e) bone regeneration (Reprinted from 
Ref. [483] with permission. Copyright © 2013 The Royal Society of Chemistry)
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able bone replacement materials, it is essential to utilize the patient’s own blood in 
combination with the formulations [493].

2.6  The Mechanical Properties

In general, investigations of the mechanical properties of the hardened CaPO4 for-
mulations revealed that they exhibited large sample-to-sample deviation due to the 
presence of pores, possibility of inhomogeneous mixing, and small specimen size. 
This situation generates difficulties for obtaining accurate results and creates obsta-
cles for testing different compositions where only a small batch size is available. In 
this respect, specimen shape, whether being injected, porosity ratio, and surface 
quality, bearing support design, appear to have significant matter on variability in 
terms of the mechanical tests [494].

2.6.1  Nonporous Formulations

As in most clinical applications self-setting CaPO4 formulations are applied in 
direct contact with human trabecular bones, it may be stated as a mechanical 
requirement that the strength of the formulations must be at least as high as that of 
trabecular bones, which is close to 10 MPa [495]. Due to a combination of different 
forces that may include bending, torsion, tension, and compression, three- 
dimensional (3D) complex load is normally applied to human bones. Unfortunately, 
ordinary CaPO4 cements are strong enough at compression only [249]. In theory, 
after setting, they can reach the mechanical properties comparable to those of CaPO4 
blocks with the same porosity. However, in practice, their strength is lower than that 
of bones, teeth, or sintered CaPO4 bioceramics [185].

Two types of mechanical assessments are usually performed with the hardened 
self-setting CaPO4 formulations: compressive strength and tensile strength tests. 
Compressive strength measurements are performed on cylindrical samples with an 
aspect ratio of 2 until fracture occurs (Fig. 2.10) [496]. On the other hand, direct 
tensile strength is difficult to measure in such brittle materials. Therefore, in many 
studies, the alternative method of measuring the diametric tensile strength has been 
used, despite the fact that this technique gives results that underestimate the true 
tensile strength by a factor of 85% [497].

Having the ceramic origin, the set products of all CaPO4 formulations are brittle 
and have both a low-impact resistance and a low tensile strength (within 1–10 MPa), 
whereas the compression strength varies within 10–100 MPa [182, 249, 250]. The 
latter value exceeds the maximum compression strength of human trabecular bones. 
Furthermore, at 12 weeks after implantation, the compressive strength of the hard-
ened formulations was found to be still significantly higher (60–70 MPa) than that 
of normal bone [62]. In general, hardened brushite-forming formulations are slightly 
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weaker than hardened apatite-forming ones. Namely, a tensile strength of ~10 MPa 
and a compressive strength of ~60 MPa were obtained for brushite-forming formu-
lations [498]. In comparison, apatite-forming ones can reach a tensile strength of 
~16 MPa [499] and a compressive strength of ~83 MPa [500]. However, due to the 
inherent brittleness of ceramics, those values are close to be meaningless. Namely, 
the indication of a mean compressive strength of, say, 50 MPa measured on well- 
prepared (e.g., under vibrations and pressure) and perfectly shaped samples does 
not inform the readers with which probability this formulation will fail in situ under 
a cyclic load of, e.g., 10  MPa. Furthermore, a comparison of the compressive 
strength of hardened formulations with that of cancellous bone is not very helpful 
either because cancellous bone is much less brittle than ceramics [167].

Moreover, the mechanical properties of hardened CaPO4 formulations are not 
narrowly distributed around a mean value (as for metals) but widespread over a very 
large range of values, which strongly reduces their clinical application [501]. In 
vivo, the difference between the hardened apatite- and brushite-forming formula-
tions boosts: namely, the mechanical properties of the former were found to increase 
[447], whereas those of the latter decreased [62]. This is attributed to a higher solu-
bility of DCPD when compared with that of CDHA (Table  2.1). However, the 
mechanical properties of the hardened formulations may vary with implantation 
time. For example, animal studies indicated that the mechanical properties of 
apatite- forming formulations tended to increase continually [447], in contrast to 
those of brushite-forming ones, which initially decreased and again increased when 
bone was growing [62]. Furthermore, shear and tensile forces play a very important 
role. Thus, these parameters should also be considered, for example, using the Mohr 
circle approach [497]. Besides, it is difficult to compare the mechanical properties 
of different formulations. For example, the following numeric values of the com-
pression strength and setting time were obtained: (i) Norian SRS® (~50% porosity), 
33 ± 5 MPa and 8.5 ± 0.5 min; (ii) Cementek®, 8 ± 2 MPa and 17 ± 1 min; (iii) 

Fig. 2.10 Pictorial representation of specimens post critical loading for (a) the control and (b) the 
same formulation reinforced by 5 wt. % of bovine collagen fibers (Reprinted from Ref. [496] with 
permission. Copyright © 2012 Acta Materialia Inc and Published by Elsevier Ltd)
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Biocement D® (~40% porosity), 83 ± 4 MPa and 6.5 ± 0.5 min; and (iv) α-BSM® 
(~ 80% porosity), 4 ± 1 MPa and 19 ± 1 min, respectively [500]. Among them, 
Biocement D® has the highest compressive strength but the lowest porosity, and a 
high compressive strength does not necessarily mean that Biocement D® is the least 
breakable implant [4]. Additional details on the major properties of Norian SRS® 
are available elsewhere [257, 502]. Besides, the interested readers are suggested to 
get through the mechanical characterization of a bone defect model filled with 
ceramic cements [252].

To improve the mechanical properties of the self-setting CaPO4 formulations, 
addition of water-soluble polymers might be considered. For example, in the early 
1990s, Miyazaki et al. [503, 504] used a number of polymers, including polyacrylic 
acid and polyvinyl alcohol, to improve the properties of a TTCP + DCPD formula-
tion. They noted marked increases (up to threefold) in mechanical properties but 
with an unacceptable reduction of workability and setting time. Later, another 
research group reported similar results using sodium alginate and sodium polyacry-
late [505]. Afterward, other researchers added several polyelectrolytes, polyethyl-
ene oxide, and a protein bovine serum albumin into α-BSM® cement pastes to create 
CaPO4-polymer biocomposites [506]. Biocomposites of α-BSM® with polycations 
(polyethylenimine and polyallylamine hydrochloride) exhibited compressive 
strengths up to six times greater than that of pure α-BSM® material. Biocomposites 
of α-BSM® with bovine serum albumin developed compressive strengths twice than 
that of the original α-BSM® [506]. Similar strengthening effect was achieved by 
addition of some commercial superplasticizers [507]. The results showed that small 
additions, i.e., 0.5 vol. %, in the aqueous liquid phase improved the maximum com-
pressive strength (35 MPa) of Biocement-H© by 71%, i.e., till ~60 MPa. Moreover, 
the addition of high amounts of superplasticizers, i.e., 50  vol. %, allowed for a 
 significant increasing of the P/L ratio from 3.13 to 3.91 g/ml, without affecting the 
maximum strength and/or the workability [507]. This effect was explained by an 
inhibiting effect of the aforementioned additives on the crystal growth kinetics of 
newly forming crystals of CaPO4, which resulted in smaller crystallites and, hence, 
a denser and more interdigitated microstructure. However, the increased strength 
was attributed mainly to the polymer’s capacity to bridge between multiple crystal-
lites (thus forming a more cohesive composite) and to absorb energy through a 
plastic flow [506]. Other factors affecting strength are the materials used in the solid 
phase, particle sizes, incorporation of fillers (see Sect. 2.7 “Reinforced CaPO4 
Formulations and Concretes” for details), the P/L ratio, and various additives to the 
liquid phase [148].

The strength of the cement-prosthesis interface might be studied by a pullout 
test. The details are available elsewhere [93].
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2.6.2  Porous Formulations

As the presence of pores simplifies for cracks to run throughout the ceramic mass, 
the mechanical properties of the hardened formulations were found to decrease 
exponentially with porosity increasing [223, 508]. In theory, self-setting CaPO4 for-
mulations can be made with almost any porosity. However, for most commercial 
formulations, the pores are of 8–12 μm in diameter, and, after setting, porosity occu-
pies about 40–50% of the entire volume [509]. To reduce porosity of the hardened 
formulations, pressure can be applied [185, 510, 511]. Usually, the pore dimensions 
in hardened formulations are too small to allow a fast bone ingrowth. Thus, there is 
a lack of macroporosity. Besides, unless special efforts have been performed, the 
available pores are not interconnected. Due to these reasons, after injection, osteo-
clastic cells are able to degrade the hardened CaPO4 layer by layer only, starting at 
the bone/implant interface throughout its inner part (in other words, from the outside 
to the inside). This is the main drawback of the classical self-setting formulations 
when compared to CaPO4 ceramic scaffolds with an open macroporosity [4, 5].

Since strength is reciprocally proportional to porosity [463], the former might be 
adjusted by varying the P/L ratio in the hardening mixtures. At high P/L (i.e., low 
L/P) ratios, the space between particles in self-setting pastes decreases. Considering 
that precipitation of new crystals takes place surrounding the initial powder parti-
cles, this leads to a more compact structure of the crystal agglomerates (Fig. 2.11) 
[245]. Elevated compression strength would be applicable in cranioplasty for 
regions requiring significant soft tissue support. For small bone defects, such as root 
canal fillings, formulations of low compression strength might be used [179]. 
Concerning the tensile strength of self-setting CaPO4 formulations, as a rule of 
thumb, it appears to increase twofold with each 10 vol. % decrease of the porosity, 
i.e., 5, 10, 20, 40, and 80 MPa for 80%, 70%, 60%, 50%, and 40% porosity, respec-
tively [4, 5]. The effect of porosity on the compressive modulus of self-setting 
CaPO4 formulations is shown in Fig. 2.4 in Ref. [511]. Ishikawa and Asaoka showed 
a linear relation (R2  =  0.94) between the natural logarithm of diametral tensile 
strength and porosity of self-setting CaPO4 formulations where porosity was con-
trolled by compaction pressure (up to 173 MPa) [182]. Besides, an empirical rela-
tionship between strength, S, and porosity, P, has been introduced in another study:

 S S e= −
0

bP ,  

where S0 is the theoretical strength at P = 0 (fully dense) and b is an empirical con-
stant [512].

As the porosity is mainly due to an excess of water used in the self-setting for-
mulations, attempts were made to reduce the amount of water. However, the amount 
of water determines the rheological properties of self-setting pastes: a decrease in 
water content leads to a large increase in viscosity, eventually leading to non- 
flowable pastes. As CaPO4 formulations are set at an almost constant volume, the 
final porosity can be predicted from the initial composition [4, 5]. A shrinkage 
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degree of ~1% causes no restrictions on clinical use [247]. Studies on the in vivo 
evaluation of an injectable macroporous CaPO4 formulations revealed a higher bio-
resorption rate due to both a higher surface contact with body fluids (which increases 
dissolution) and enhancing cellular activity due to particle degradation [343, 414].

Besides the addition of porogens [373–402], the porosity level of the self-setting 
CaPO4 formulations might be controlled to a certain extent by adjusting particle 
sizes and the P/L ratio. When the P/L ratio is high, the porosity of the hardened 
formulations is low [4, 5]. According to calculations, the tensile strength of the for-
mulations with zero porosity could be as high as 103 MPa [182]. However, a high 
density and a lack of pores decreases bioresorbability because a newly forming 
bone appears to be unable to grow into the implant; it might grow only simultane-
ously with dissolution of the hardened formulations. Thus, porosity of self-setting 
CaPO4 formulations is a very important factor for their biodegradability [4, 5].

Fig. 2.11 A schematic 
drawing of the influence of 
the L/P ratio on the 
properties of self-setting 
formulations (Reprinted 
from Ref. [245] with 
permission. Copyright © 
2012 Elsevier Ltd)
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2.7  Reinforced CaPO4 Formulations and Concretes

Being aware on the excellent bioresorbability of DCPA, DCPD, and CDHA, 
researchers are focused on attempts to overcome the mechanical weakness of the 
self-setting CaPO4 formulations [513]. Among them, an approach devoted to adding 
of various fillers, fibers, and reinforcing additives, giving rise to formation of vari-
ous multiphasic biocomposite formulations, appears to be the most popular one 
[146, 147, 151, 251, 328, 509, 514–527]. Even carbon nanotubes have been suc-
cessfully tested to reinforce the self-setting CaPO4 formulations [32, 528–531]. 
Although the biomaterials community does not use this term (just one paper has 
been published [532]), a substantial amount of such formulations might be defined 
as CaPO4 concretes. According to Wikipedia, the free encyclopedia, “Concrete is a 
construction material that consists of a cement (commonly Portland cement), aggre-
gates (generally gravel and sand) and water. It solidifies and hardens after mixing 
and placement due to a chemical process known as hydration. The water reacts with 
the cement, which bonds the other components together, eventually creating a 
stone-like material.” [533]. The idea behind the concretes is simple: if a strong filler 
is present in the matrix, it might stop crack propagation. In such formulations, the 
load is transferred through the matrix to the fillers by shear deformation at the 
matrix/filler interfaces. Both fillers and matrix are assumed to work altogether pro-
viding a synergism needed to make an effective composite. However, adding fillers 
always reduced porosity, which negatively influenced the ability of the concretes to 
allow bone ingrowth into the pores. Hence, denser formulations have slower resorp-
tion rates and thus a slower bone substitution [182]. Moreover, due to the presence 
of fillers, injectability and other rheological properties of the reinforced formula-
tions and concretes frequently appear to be worse than the same properties of the 
ordinary formulations [534]. Thus, it is difficult to increase strength of the self- 
setting formulations without having a negative influence on the other properties.

The reinforced formulations and concretes can be prepared from any type of self- 
setting CaPO4 formulations [513]. For example, in an attempt to improve the 
mechanical properties, investigators prepared concretes by adding human cadaveric 
femur bone chips in amounts of 25, 50, and 75% (w/w) to α-BSM® cement [515]. 
The mechanical tests revealed that the specimens of pure cement exhibited a rela-
tively high stiffness but a low ductility. However, for the concretes, an increase of 
bone content was found to result in the decrease of elastic modulus and increase in 
the ductility; however, the ultimate strength showed only small changes with no 
apparent trend [515]. A concrete of Biopex® cement with allografts taken from 
femurs and tibiae of rabbits is also available. Unfortunately, nothing is written on 
the improvement of the mechanical properties, but, surprisingly, by the addition of 
allografts, the hydrolysis process of Biopex® was significantly changed [328]. By 
adding polymers, other researchers succeeded in improving the mechanical strength 
of the formulations up to ~30 MPa; however, both the kinetics of CDHA formation 
and, thus, the bioactivity were decreased [152, 535]. Xu et al. reported that incorpo-
ration of long carbon fibers at a volume fraction of 5.7% increased the flexural 
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strength about four times and work of fracture ~100 times, if compared to unrein-
forced formulations [536]. In another study, DCPD-forming formulations were 
reinforced by poly(propylene fumarate) and, if compared with non-reinforced con-
trols, flexural strength improved from 1.80 ± 0.19 to 16.1 ± 1.7 MPa, flexural modu-
lus increased from 1073 ± 158 to 1304 ± 110 MPa, maximum displacement during 
testing increased from 0.11 ± 0.04 to 0.51 ± 0.09 mm, and work of fracture improved 
from 2.7 ± 0.8 to 249 ± 82 J/m2 [537]. The reinforcement mechanisms were found 
to be crack bridging and fiber pullout, while fiber length and volume fraction were 
key microstructural parameters that determined the concrete properties [538]. 
Although addition of polypropylene, nylon, and carbon fibers was found to reduce 
the compression strength of a double-setting CaPO4 formulation due to increased 
porosity, it strongly increased the fracture toughness and tensile strength, relative to 
the values for the unreinforced formulations [516]. A knitted two-dimensionally 
oriented polyglactin fiber-mesh was found to be effective in improving load-bearing 
behavior of self-setting formulations for potential structural repair of bone defects 
[251]. To make the material stronger, fast setting, and anti-washout, chitosan was 
added [47, 131, 221, 379, 434, 503, 538–548]. Furthermore, anti-washout proper-
ties might appear by adding sodium alginate [549]. CaPO4 concretes containing 
SiO2 and TiO2 particles showed a significant (~80–100 MPa) increase in the com-
pressive strength, while no change in the mechanical behavior was observed when 
ZrO2 particles were added [550]. Additional examples of the properties improving 
comprise addition of silica [38], silk fibroin [83], calcium silicates [95, 525], cal-
cium carbonate [82, 550], polypeptide copolymers [551], gelatinized starches [552], 
fibrin glue [553], magnesium wires [554], and collagen [496, 555–564]. Fig. 2.10 
shows specimens of a hardened unreinforced CaPO4 formulation (a) and the same 
formulation reinforced by 5 wt. % of bovine collagen fibers (b) after compression 
loading up to ~15 % level of strain. The characteristic brittle behavior of the set 
unreinforced formulation can be observed, as the specimen exhibited catastrophic 
failure after critical loading and subsequently broke into fragments. Observing a 
typical compression specimen of the set reinforced formulation after testing clearly 
displays that the failure mechanism was very different, as the specimen maintains a 
degree of cohesive structure and remains capable of supporting a load [496]. 
Additionally, strength improvement was found when DCPA and TiO2 crystals were 
used as fillers for mechanically activated α-TCP formulations [565].

The blending of fibers with the self-setting pastes or precursor powders can be 
carried out using different structures of the fibrous materials, as shown in Fig. 2.12 
[566], and the effects of varying fiber type, fiber length, and volume fraction of 
fiber-reinforced CaPO4 formulations were investigated [539, 567]. Four fiber types 
were studied: aramid, carbon, E-glass, and polyglactin. Fiber length ranged within 
3–200 mm and fiber volume fraction ranged within 1.9–9.5%. The results indicated 
that self-setting formulations were substantially strengthened via fiber reinforce-
ment. Aramid contributed to the largest increase in strength, followed by carbon, 
E-glass, and polyglactin. Fiber length, fiber volume fraction, and fiber strength were 
found to be key microstructural parameters that controlled the mechanical proper-
ties of the concretes [539, 567]. Fiber reinforcement of porous formulations (man-
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nitol was used as a porogen) was performed as well [568]. Namely, reinforcement 
by aramid fibers (volume fraction of 6%) was found to improve the properties of a 
CaPO4 concrete with the strength increasing threefold at 0% mannitol, sevenfold at 
30% mannitol, and nearly fourfold at 40% mannitol. Simultaneously, the work of 
fracture increased by nearly 200 times; however, the modulus was not changed as a 
result of fiber reinforcement [568]. Addition of 20 wt. % of acrylamide and 1 wt. % 
ammonium polyacrylate to the liquid increased the compressive and tensile strength 
of α-TCP formulation by 149% and 69% (55 and 21 MPa), respectively, due to a 
dual-setting mechanism (in which a dissolved monomer is simultaneously cross- 
linked during setting of the CaPO4 components) [569]. Other types of the dual- 
setting CaPO4-containing formulations are known as well [570–574]. The 
advantages of the dual-setting strategy comprise the possibility of a high polymer 
loading into the self-setting CaPO4 formulations without compromising the rheo-
logical properties of the freshly prepared pastes. This is related to the fact that the 
dissolved monomers represent water-miscible liquids of a low viscosity; therefore, 
even high monomer concentrations are not strongly altering the initial rheology 
[513]. A positive influence of polyamide fibers [575], polyhydroxyalkanoate fibers 
[576], and bioactive glass [577–580] is also known. Interestingly that reinforcement 
of self-setting formulations could be performed by infiltration of a preset composi-
tion by a reactive polymer and then cross-linking the polymer in situ [581].

The reinforcement of self-setting CaPO4 formulations by resorbable or biode-
gradable fillers responds to a different strategy. In this case, the rationale is to pro-
vide strength augmentation at the initial stages and, subsequently to filler 
degradation, to facilitate bone ingrowth into the macropores [39, 403–411, 554]. 
For example, the initial strength of a concrete was threefold higher than that of the 
unreinforced control [403]. The work of fracture (toughness) was found to increase 
by two orders of magnitude for other biocomposites of CaPO4 with resorbable 
fibers, such as Vicryl polyglactin 910 (Ethicon, Somerville, NJ) [404] and a mesh of 

Fig. 2.12 Different ways of fiber disposition in the fiber-reinforced CaPO4 self-setting formula-
tions. As seen from this figure, fibers can be introduced as short staple ones (a) or as long fibers 
forming a random bundle (b). The random bundles can also be cut into small pieces and dispersed 
inside the self-setting matrix (c). If fibers are spun into yarns, the latter can also be cut and intro-
duced randomly into the formulation (a, b), oriented (e) or may be woven or knitted into laminar 
textile structures (d) (Reprinted from Ref. [566] with permission. Copyright © 2011 Elsevier Ltd)
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copolymer of polyglycolic and polylactic acids [408]. The addition of fillers with 
higher bioresorption rate than the hardened CaPO4 matrix allows creating macro-
pores to favor cell colonization, angiogenesis, and eventually fostering bone regen-
eration. Ideally, the loss of strength produced by filler degradation should be 
compensated by the formation of new bone. One important advantage of long fibers 
over particulates and short fibers is the fact that once resorbed they form a network 
of interconnected channels inside the set structures, which could facilitate bone 
ingrowth into implants [184, 185, 403, 408]. For example, interconnected macro-
pores were formed in a hardened formulation at 84 days of immersion in a physio-
logical solution [408]. One should note that, apart from the mechanical properties 
of the reinforcing materials, the structure of the incorporated fibers, regular or ran-
dom, appears to be crucial for the resulting flexural strength and modulus of elastic-
ity [406]. A higher strength might help extending the use of CaPO4 formulations to 
larger stress-bearing repairs, while the macropores might facilitate tissue ingrowth 
and integration of the hardened formulations with adjacent bones. To extend this 
idea further, several types of fibers with different rates of bioresorbability might be 
simultaneously incorporated into self-setting formulations.

Besides the aforementioned, it is important to mention on the reinforced formu-
lations and concretes, after hardening consisting of CaPO4 only [293, 294, 472, 
582–590]. The first biphasic concrete consisting of a hardened DCPD matrix filled 
with β-TCP granules was introduced in 1992 [583]. Further development of this 
formulation was well described in other papers [293, 472]; unfortunately, neither 
mechanical nor rheological properties of that concrete were disclosed. Nevertheless, 
the results of still another study showed that, by addition of 20 wt. % the as- prepared 
β-TCP aggregates, the compressive strength of the self-setting concrete was 
increased by about 70%, while the paste itself still maintained injectable, while the 
heat release in the hydration process decreased by ~25% [586].

At physiological pH, the in vitro solubility of DCPD is approximately 100 times 
higher than that of β-TCP (Table  2.1 and Fig.  2.1); roughly, the same order of 
 magnitude applies for the in vivo resorption kinetics of these types of CaPO4. Thus, 
a new bone is formed in the space left after resorption of the DCPD matrix, while 
β-TCP granules act as guiding structures. This feature of the cement can be consid-
ered an inverse scaffolding effect [591]. Another research group invented a formula-
tion that incorporated as major powder components α-TCP, ACP, and BCP 
(HA + β-TCP in various HA/β-TCP ratios) [514]. It was believed that after setting 
such a formulation could provide a porous bioceramics in vivo due to preferential 
dissolution of a better soluble ACP component compared to the other CaPO4 in the 
matrix. Further, this combination was extended to a multiphase concrete composi-
tion consisting of 70% w/w settable matrix (mixture of 45% α-TCP, 5% MCPM, 
and 25% of ion-substituted ACP) with the average particle dimensions of 15 μm and 
30% BCP (HA + β-TCP) granules (ranging between 80 and 200 μm) as a filler 
[582]. The role of BCP granules is quite interesting: after implantation of a formula-
tion without BCP granules, the quality of newly formed bone was not identical to 
the host bone, while implantation of a concrete with BCP granules resulted in for-
mation of a new bone identical to the host bone. The reason of this phenomenon is 
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not clear yet, but, perhaps, it correlates with similar results for β-TCP granules, 
which act as bone anchors and encourage formation of a mature bone [293, 294]. 
Other ACP-containing formulations were elaborated as well [592].

Effects of added α-TCP and β-TCP were investigated to shed light on the setting 
reactions of apatite-forming formulations consisting of TTCP and DCPA [585]. 
Added β-TCP showed no reactivity, and thus resulted in extended setting time and 
decreased mechanical strength. Similar results were obtained in another study 
[589]. In contrast, α-TCP dissolved to supply calcium and orthophosphate ions after 
initial apatite crystal formation by the chemical reaction (2.1). Although setting 
time was delayed because α-TCP was involved only in the latter reaction of apatite 
cement, larger apatite crystals were formed due to its addition. Due to larger apatite 
crystal formation, the mechanical strength of the α-TCP-added formulations 
increased by approximately 30%, as compared to α-TCP-free ones [585]. In another 
study, HA whiskers were used as the reinforcement phase to prepare concretes and 
the maximum strength was achieved when HA whiskers were added in amount of 
4% (wt.) [587]. Besides, self-setting CaPO4 formulations might be reinforced by 
calcium polyphosphate fibers [593, 594]. Additional details on this topic might be 
found in special reviews [566, 595].

To conclude this part, one should briefly mention on the reverse situation: there 
are bone concretes made of various polymeric cements, reinforced by CaPO4 pow-
ders or granules to establish a compromise between the desired mechanical and 
biological properties [596–602]. The CaPO4 presented in such formulations act as 
fillers, which are necessary to both improve the mechanical properties and impart 
bioactivity; however, they do not participate in the hardening mechanisms. For 
example, the higher the amount of HA was in bioactive acrylic bone cements, the 
higher were the compressive and tensile moduli. Furthermore, as the percentage of 
HA increased to 20  wt. %, the heterogeneity of the material was higher [597]. 
Polymerization of monomers is primarily responsible for setting of such types of 
biocomposites and concretes. However, that is another story.

2.8  Biomedical and Clinical Applications

Injectable and self-setting CaPO4 formulations have been introduced as adjuncts to 
internal fixation for treating selected fractures. Different studies have already shown 
that they are highly biocompatible and osteoconductive materials, which can stimu-
late tissue regeneration [24, 603]. The main purpose of the self-setting CaPO4 for-
mulations is to fill voids in metaphyseal bones, thereby reducing the need for bone 
graft, although such formulations might also improve the holding strength around 
metal devices in osteoporotic bone. Bone augmentation (i.e., a reinforcement of 
osteoporotic bone through injection) appears to be a very promising application 
field of the self-setting CaPO4 formulations. Such procedures ease the fixation of 
screws in mechanically poor bone (e.g., for osteosynthesis) and decrease pains asso-
ciated with unstable vertebrae. The combination of a self-setting nature, 
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biocompatibility, lack of any by-products, and a great potential for replacement by 
bones makes CaPO4 formulations very promising materials for clinical and medical 
applications. In addition, they can easily be used by bone remodeling cells for 
reconstruction of damaged parts of bones [144, 145, 282, 490, 604–606]. The abil-
ity to be molded in place also is a very important property because these formula-
tions can easily be delivered into the desired place and can be fitted perfectly with 
bone defects [145]. Besides, some formulations were found to possess an antimicro-
bial activity [84, 87, 89, 96, 607], as well as promote osteoblast cell adhesion and 
gene expression in vitro [608].

Numerous studies reported optimistic results on the clinical application of the 
self-setting CaPO4 formulations. For example, the data on cytocompatibility and 
early osteogenic characteristics are available in literature [609]. The ratio of the 
cases determined to be “effective” or “better” among the 74 cases we found to be 
97.3% [610]. Besides, the results of intra-articular degradation and resorption kinet-
ics of these formulations revealed no signs of pronounced acute or chronic inflam-
mation [611]. Injected Norian SRS® cement was mainly found as a single particle, 
anterior to the cruciate ligaments. Synovial tissues surrounded the cement within 
4 weeks and signs of superficial resorption were found [611]. However, disintegra-
tion or washout of self-setting CaPO4 formulations has been reported as a potential 
clinical problem [182, 265]. Perhaps, this problem could be solved by putting pres-
sure on the paste during the setting period. In addition, sodium alginate could be 
added; however, the mechanical properties (strength) of this formulation are still 
poor [150].

According to the available information, the earliest attempts for biomedical 
applications of the self-setting CaPO4 formulations occurred in 1984 and were 
related to dentistry [612, 613]. However, those were in vitro studies, while the earli-
est animal studies were performed in 1987 [41]. Afterward, in 1991, a TTCP + 
DCPA cement was investigated histologically by implanting disks within the heads 
of nine cats [614]. Simultaneously, another research group evaluated the tissue reac-
tions to this cement in the teeth of monkeys [615]. Some important examples of 
medical applications of the self-setting CaPO4 formulations are given below.

2.8.1  Dental Applications

A group of investigators extracted all mandibular premolar teeth from beagles [616]. 
After 1 month of healing, alveolar bone was reduced to make space for a previously 
fabricated CaPO4 cement block. One more month later, 8 mm HA implants were 
placed in such a manner that the apical half was embedded into alveolar bone and 
the coronal half in the CaPO4 cement block. The investigators observed that the 
cement block was gradually replaced by bone and histopathologic features of the 
cement area were similar to that of natural bone. Moreover, the coronal half of the 
implants, previously surrounded by the CaPO4 cement, was firmly attached by natu-
ral bone [616]. In another study, the same researchers used fluorescent labeling 
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analysis and electron microanalysis to measure the extent of new bone formation 
and elemental (Ca, P, Mg) distribution [617]. The results indicated the presence of 
newly formed bone at ~1 month after surgery and similar elemental distributions in 
the CaPO4 cement and natural bone areas at ~6 months after surgery [254].

A self-setting CaPO4 was injected as a bone filler for gaps around oral implants 
placed on the medial femoral condyles of six goats and found excellent bone forma-
tion around the graft material. Unfortunately, the degradation rate of the formula-
tion appeared to be very slow, and no resorption was observed [618]. In another 
study, a self-setting formulation was placed on artificially created periodontal 
defects, but no significant difference was found between the hardened formulation 
and control. However, the formulation acted as a scaffold for bone formation and 
provided histocompatible healing of periodontal tissues [619]. Still other investiga-
tors used a self-setting formulation for direct pulp capping [620, 621] and compared 
it to calcium hydroxide. Both materials were found to be equally capable of produc-
ing a secondary dentin at ~24 weeks [621]. Positive results were obtained in other 
studies [172, 622, 623]. Besides, self-setting CaPO4 formulations were tried as root 
canal fillers [87, 624, 625] and for pulpotomy [626] and restoration of enamel cari-
ous cavities [260]. Namely, a high alkaline pH value of the setting reaction of 
single- phase TTCP formulations provides a strong antimicrobial potency which is 
of interest for dental applications, e.g., as pulp capping agents or root canal fillers. 
The studies demonstrated a higher potency compared to commercial Ca(OH)2/salic-
ylate formulations against various oral microbial strains, e.g., Streptococcus sali-
varius and Staphylococcus epidermidis, or a clinically isolated plaque mixture 
[607]. Finally, self-setting CaPO4 formulations can be used as adjunctive supportive 
agents for dental implants [627]. Further details on the dental applications of CaPO4 
are available in a topical review [628].

2.8.2  Oral, Maxillofacial and Craniofacial Applications

Bone regeneration in oral, maxillofacial and craniofacial surgery can be divided into 
two main types of procedures: bone augmentation and bone defect healing. The use 
of self-setting CaPO4 formulations for such purposes seems logical, as there is little 
or no stress generated under these conditions. Moreover, the ability to mold the 
material at placement is an enormous advantage from a cosmetics standpoint [254]. 
For example, BoneSource™ is indicated for the repair of neurosurgical burr holes, 
contiguous craniotomy cuts, and other cranial defects with a surface area no larger 
than 25 cm2 per a defect. In addition, it may be used in the sinus region for facial 
augmentation [145, 629], and the formulation can be supported by metal hardware 
[145]. In dogs, BoneSource™ was employed to supplement the supraorbital ridge 
and to augment skull base defects [630]. Another group performed trials to ascertain 
the inflammation around the site and the degree of loss of the implanted BoneSource™. 
The material was found to be osteoconductive with both periosteal and endosteal 
bone formation [631]. Still another group presented excellent results using the 
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material combined with an underlying resorbable mesh in calvarian defects of 
Yorkshire pigs. They found progressive bone ingrowths in all defects at 180 days, 
with nearly complete replacement by host bone [409]. Besides, excellent results for 
over 100 human patients were reported when a self-setting CaPO4 formulation was 
used in cranial defects. The success rate after 6 years was 97% [134]. Furthermore, 
self-setting CaPO4 formulations are used in orbital reconstructions [159, 161, 632]. 
The results of still other medical trials are available elsewhere [275, 633–647].

To conclude this part, one should stress that complications still occur: namely, 
two cases of apatite-forming cement resorption and subsequent seroma formation 
have been reported for patients who had undergone retrosigmoid craniotomy [648]. 
Furthermore, another study describes complications occurred with 17 patients who 
underwent secondary forehead cranioplasty with Norian® CRS [649]. Of 17 
patients, 10 (59%) ultimately had infectious complications. Infection occurred on a 
mean of 17.3 months after surgery, and of the ten patients with complications, nine 
required surgical debridement and subsequent delayed reconstruction. The authors 
concluded that although apatite-forming cements could yield excellent aesthetic 
results, their use in secondary reconstruction yielded unacceptably high infection 
rates leading to discontinuation of their use in this patient population [649].

2.8.3  Orthopedic Applications

Self-setting CaPO4 formulations have successfully been used for the treatment of 
the distal radius fracture [261, 650, 651]. Besides, other successful attempts have 
been made to use these formulations for calcaneal fractures [652], hip fractures 
[653, 654], augmentation of osteoporotic vertebral bodies [655], distal radius frac-
tures [656], tibial plateau fractures [61, 656–661], restoration of pedicle screw fixa-
tion [662, 663], reinforcement of thoracolumbar burst fractures [664], cancellous 
bone screws [665, 666], vertebral body fillings [667], wrist arthrodesis [668], and 
fixation of titanium implants [669]. A study on a cement augmentation of the femo-
ral neck defect might be found elsewhere [670]. Considering their properties, self-
setting CaPO4 formulations might potentially be applied to reinforce osteoporotic 
vertebral bodies [655, 671]. Further details and additional examples on this topic are 
available elsewhere [275, 672–674]. Besides, the self-setting formulations appear to 
be a reliable subchondral replacement biomaterial when the bone defect is adjacent 
to the articular cartilage [675].

2.8.4  Vertebroplasty and Kyphoplasty

Vertebroplasty and kyphoplasty are two surgical procedures that recently have been 
introduced to medically manage osteoporosis-induced vertebral compression frac-
tures. Particularly, both procedures aim to augment the weakened vertebral body, 
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stabilize it, and/or restore it to as much of its normal height and functional state as 
possible. Both procedures involve injection of self-setting CaPO4 pastes into the 
fractured vertebral body, which resulted in a faster healing [134, 257, 675–683]. 
Furthermore, prophylactic injections of such formulations also have been 
performed.

2.8.5  Drug Delivery

In general, a potential substrate to be used as a drug carrier must have the ability to 
incorporate a drug, retain it in a specific target site, and deliver it progressively with 
time in the surrounding tissues. Therefore, a certain level of porosity is mandatory. 
Additional advantages are provided if the biomaterial is injectable, is biodegrad-
able, sets at ambient temperature, and has both near-neutral pHs and a large surface 
area [63, 64]. These properties make self-setting CaPO4 formulations very attractive 
candidates as drug carriers for therapeutic peptides [684], antibiotics [29, 422, 685–
697], anticancer [698–702] and anti-inflammatory [703, 704] agents, cytokines 
[705], hormones [706], bone morphogenetic proteins [546, 707–711], and other 
biologically active compounds [712–721]. For example, a “growth factor cement” 
was reported [722]. In that study, a combination of bone morphogenetic protein-2 
(BMP-2), transforming growth factor-beta (TGF-β1), platelet-derived growth fac-
tor, and basic fibroblast growth factor (bFGF) was used in a CaPO4 cement for treat-
ment of peri-implant defects in a dog model. The findings indicated a significant 
effect of the “growth factor cement” on increased bone-to-implant contact and 
amount of bone per surface area if compared with both the cement-only and no- 
cement treatment groups [722]. Similar data were found for a combination of a 
self-setting formulation with an exogenous nerve growth factor [723]. Even more 
complicated combination of deproteinized osteoarticular allografts integrated with 
a CaPO4 cement and recombinant human vascular endothelial cell growth factor 
plus recombinant human BMP-2 (rhBMP-2) has been studied as well [724]. The 
drug delivery properties of the self-setting CaPO4 formulations might be influenced 
by crystal morphology, porosity, and microstructure [725].

For the self-setting formulations, the first issue that has to be considered and 
which will determine a drug distribution and its interaction with the matrix is the 
incorporation method of the drug. In principle, drugs (as well as hormones, cells, 
and other biomedical or biological compounds) might be incorporated into both 
liquid and powder phases before phase mixing, as well as into the self-setting for-
mulations obtained after both phases have been mixed. This process is schemati-
cally shown in Fig.  2.13 [245]. After setting, the drugs appear to be distributed 
within a porous solid matrix. According to a topical review on the subject [245], 
there are three options of drug existence inside the matrix: (a) dissolved in the 
remaining liquid phase within the existing pores among the newly formed inorganic 
crystals, (b) adsorbed or chemically bound on the surface of the crystals, or (c) in a 
solid form inside pores (Fig. 2.14).
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Studies on drug release are the second most important topic on drug incorpora-
tion into the self-setting formulations [265, 687–690, 726, 727]. This process is 
regulated by the microstructure of the set formulations (i.e., their porosity), as well 
as by the presence or absence of additives able to influence the movement of drug 
molecules within the solid matrix. For example, it was observed that hardened for-
mulations with very low porosity showed much slower drug release patterns than 
those with higher porosities [688]. Moreover, drugs that inhibit the setting reactions 
and reduce the porosity have a slower rate of release. This phenomenon has been 
observed with gentamicin sulfate. The presence of sulfate ions in this drug inhibits 
brushite crystal growth, resulting in a finer solid microstructure with lower porosity 
that slows down drug release [685]. In another study, investigators added flomoxef 
sodium to a self-setting formulation and found that the release of antibiotic could be 
easily controlled in vivo by adjusting the content of sodium alginate [265]. In vitro 
elution of vancomycin from a hardened cement has been studied as well [727]. 
Concerning the possible mechanisms of drug releases, a topical review on the sub-
ject [245] describes three reasonable scenarios:

 (a) If the rate of the matrix degradation is slower than drug diffusion, drug release 
is controlled by diffusion of the drug through the liquid permeating the set for-
mulation (might be valid for apatite-forming formulations).

 (b) If the rate of matrix degradation is faster than drug diffusion, the former con-
trols drug release (might be valid for monetite- and brushite-forming 
formulations).

 (c) In some cases, an apatite layer can be formed on the surface after implantation, 
thus hindering the diffusion of the drug to the surrounding tissue (Fig. 2.15).

Finally, various types of surface coatings might be applied as well to slow down 
the kinetics of drug release.

Studies on drug adsorption appear to be the third most important topic. In gen-
eral, adsorption of any type of bioorganic molecules is related to chemical interac-
tions between their functional groups and the CaPO4 matrix, and the strength of this 

Fig. 2.13 A schematic drawing of the possible ways of drug (denoted as D) incorporation into the 
self-setting formulations. Prior phase mixing a drug can either be distributed within the powder 
phase (a) or solubilized in the liquid phase (b). Drug loading can also be made after setting by 
droplet addition (c) or by imbibition (immersion) in the drug-containing solution (d). The proce-
dures (c, d) do not allow injection since they require formulation pre-setting (Reprinted from Ref. 
[245] with permission. Copyright © 2012 Elsevier Ltd)
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Fig. 2.14 A schematic drawing of the different ways a drug can be found within a solid matrix: (a) 
as individual molecules dissolved in the remaining liquid within the pores; (b) adsorbed or chemi-
cally bound to the crystals surface; (c) in a solid form, as drug crystals or aggregates (Reprinted 
from Ref. [245] with permission. Copyright © 2012 Elsevier ltd)

Fig. 2.15 A schematic drawing of the different ways a drug release from hardened formulations 
(Reprinted from Ref. [245] with permission. Copyright © 2012 Elsevier Ltd)
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interaction influences the release pattern of drugs. Accordingly, bioorganic 
substances with adherent functional groups show a slow release pattern, whereas 
those that do not adhere well to CaPO4 matrices will be more rapidly released. For 
instance, vancomycin release from 3D-printed brushite matrices is complete within 
1–2 days, while only 25% of tetracycline loaded on the same matrix is released after 
5 days of incubation [728]. Therefore, in order to obtain adequate release patterns, 
adsorption of bioorganic molecules to the self-setting matrix needs to be tuned. This 
can be done by either selecting the most appropriate drug for the matrix or modify-
ing the self-setting matrix itself. For instance, doping brushite-forming formula-
tions with Sr was found to reduce the antibiotic adsorption capacity, resulting in an 
increase in the fraction of drug released and in a faster release rate [729].

The laboratory studies on drug incorporation into the self-setting CaPO4 formu-
lations cover different aspects. Firstly, it is necessary to verify that addition of a 
drug does not influence the setting reaction not only in terms of the setting and 
hardening mechanisms but also with respect to the rheological behavior and inject-
ability. Secondly, it is necessary to determine the in vitro kinetics of drug release. 
Thirdly, the drug delivery properties of the formulation must be studied in vivo. 
Finally, but still importantly, the clinical performance of the drug delivery system 
must be evaluated as well [63, 64]. For example, recombinant human transforming 
growth factor β1 (rhTGF-β1) was added to a CaPO4 cement [730–733]. This resulted 
in the formation of a bioactivated formulation that could be used as a bone filler and 
bone replacement [730]. It appeared that after 8 weeks, the addition of growth fac-
tors stimulated and increased bone formation (50% volume) and bone contact 
(65%) in comparison to control calvarian defects in an animal study. Besides, the 
growth factor group reduced the remaining volume of the cement by 20% [731]. 
Examples of rhBMP-2 release from a loaded porous CaPO4 cement might be found 
elsewhere [733, 734], while an experimental study on a self-setting formulation 
impregnated with dideoxy-kanamycin B is also available [735]. In addition, self-
setting CaPO4 formulations could be loaded by other bioactive and/or biological 
compounds, such as ascorbic [736] and nucleic [737] acids. Further details and 
additional examples are well described elsewhere [57, 63, 64, 245]. Thus, the pos-
sibility of using injectable and self-setting CaPO4 formulations as drug delivery 
systems offers an attractive and efficient solution for the treatment of various bone 
diseases, e.g., tumors, osteoporosis, and osteomyelitis, which normally require long 
and painful therapies.

2.8.6  Brief Conclusions on the Biomedical Applications

To conclude the biomedical part, one should stress that despite several encouraging 
results, not every surgeon’ expectation has been met yet [735]. First, self-setting 
CaPO4 formulations are not superior to autografts, despite offering primary stabil-
ity against compressive loading [738, 739]. One of the main concerns of clinicians 
is to reach higher rates of bioresorption, an improvement of bone reconstruction, 
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and, to a lesser extent, higher mechanical resistance [61]. Besides, clinical applica-
tion of the self-setting formulations in comminuted fractures revealed penetration 
of the viscous paste into the joint space [740–742]. The interested readers are 
referred to a paper on cement leakage during vertebroplasty [743]. To date, cadav-
eric studies have already shown that use of the self-setting CaPO4 formulations with 
conventional metal fixation in certain fractures of the distal radius, tibial plateau, 
proximal femur, and calcaneus can produce better stability, stiffness, and strength 
than metal fixation alone. Early clinical results have revealed a reduced time to full 
load bearing when the formulations were used for augmentation of tibial plateau 
and calcaneal fractures, more rapid gain of strength, and range of motion when used 
in distal radius fractures and improved stability in certain hip fractures [605, 650]. 
However, surgeons reported on difficulties in filling the vertebral bodies (a bad 
injectability of present formulations) and other problems, such as filter pressing and 
decohesion, observed during vertebral body injection that resulted in bone instabil-
ity due to low mechanical strength as well as long setting times of the cements 
[744]. This happens due to not only poor mechanical properties of the self-setting 
formulations but also some difficulties of filling vertebral bodies. In order to main-
tain a good cohesion and reduce filter pressing, the CaPO4 formulations need to be 
more viscous (hence, less injectable) [4, 5]. For example, they might be modified 
by addition of polysaccharides [138, 150, 425–428] and/or gelatin [225, 351, 
429–434].

Another type of concerns has been raised that the use of self-setting CaPO4 for-
mulations for the augmentation of fractured and osteoporotic bones might aggravate 
cardiovascular deterioration in the event of pulmonary cement embolism by stimu-
lating coagulation [745]. To investigate these potential problems, 2.0 ml of either 
CaPO4 or polymethylmethacrylate (PMMA) cement was injected intravenously in 
14 sheep. Intravenous injection of CaPO4 cement resulted in a more severe increase 
in pulmonary arterial pressure and decrease in arterial blood pressure compared to 
the PMMA cement. Disintegration of the CaPO4 cement seemed to be the reason for 
more severe reaction that represents a risk of cardiovascular complications. The 
authors concluded that further research efforts should aim at improving cohesion of 
self-setting CaPO4 formulations in an aqueous environment for future clinical appli-
cations such as vertebral body augmentation [745].

The third type of concerns is related to inflammation and other adverse reactions 
from the surrounding tissues. Although such cases are rare, all of them must be 
considered in differential diagnosis of the side effects [648, 649, 746–749]. For 
example, there was a patient who experienced an allergic reaction to Biopex® [748]. 
A patch test was performed and a positive reaction to magnesium orthophosphate 
was obtained. Since Biopex® contains magnesium orthophosphate, that case was 
diagnosed as an allergic reaction. Two publications [648, 649] have been described 
above in Sect. 2.8.2 “Oral, Maxillofacial and Craniofacial Applications.” In addi-
tion, there are cases, such as cochlear implantation surgery [749], in which self- 
setting CaPO4 formulations appear to be unsuitable.
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To conclude the biomedical part of this chapter, one should mention that, 
although the long-term outcomes are still poorly documented, currently there are no 
doubts concerning a very great potential of the clinical applications of self-setting 
CaPO4 formulations for healing of bone and dental defects. For example, a biore-
sorbable CaPO4 cement was once found to be a better choice, at least in terms of the 
prevention of subsidence, than autogenous iliac bone graft for the treatment of sub-
articular defects associated with unstable tibial plateau fractures [750]. Furthermore, 
BoneSource™ was found to be safe and effective when used to fill traumatic metaph-
yseal bone voids and appeared to be at least as good as autograft for treatment of 
these defects [751]. However, in other studies, autologous cancellous grafts were 
demonstrated to lead to a significantly better bone regeneration compared to the 
application of CaPO4 granules produced from a self-setting CaPO4 formulation after 
6 weeks [752]. As this text is intended to be read mainly by chemists and materials 
researchers, the biological, medical, and clinical aspects of self-setting CaPO4 for-
mulations have not been discussed in many details. For additional biomedical 
details, the interested readers are referred to other papers and reviews [24, 57, 63, 
64, 179, 605, 610, 738, 753].

2.9  Non-biomedical Applications

Since a non-biomedical topic is beyond the general subject of current review, this 
section is brief. In literature, there are some reports on brushite cement-based bio-
sensors, one for phenol detection by combing the cement with the enzyme tyrosi-
nase [754] and another for the detection of glucose using the enzyme glucose 
oxidase [755]. Both biosensors have faster signaling and higher sensitivity than 
traditional biosensor systems based on polymeric or clay matrices, opening up 
many possibilities for the future development of these devices.

2.10  Recent Achievements and Future Developments

As the self-setting CaPO4 formulations represent an intriguing group of new bioma-
terials for bone augmentation and reconstruction, there is a great potential for fur-
ther improvement of their properties, in which the ideal characteristics (Table 2.5) 
should be approached by manipulations with the chemical composition, powder 
particle size and distribution, as well as by means of various additives. Several com-
mercial formulations have been already approved for the clinical applications 
(Tables 2.2 and 2.3). New compositions are expected to appear in the market soon. 
The forthcoming commercial products will need to be improved in order to take the 
advantage of a variety of possibilities offered by the self-setting properties. New 
formulations will include (i) injectable and open macroporous compositions to 
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optimize their osteoconduction [351], (ii) formulations containing only one CaPO4 
(single-phase powders) [246], and (iii) drug-loaded and hormone-loaded formula-
tions for the treatment of bone diseases [57, 63, 64]. Furthermore, incorporation of 
autologous or allogenic osteo-progenitor cells into the self-setting formulations will 
be favorable [756–758]. Obviously, the first two directions deal with both chemistry 
and material science, while the last two directions are more related to biology and 
medicine.

Table 2.5 Major advantages and disadvantages of the self-setting CaPO4 formulations [63, 64, 
254]

Advantages Disadvantages

1. Self-setting ability in vivo 1. Mechanical weakness: limited use due to 
potential collapse of material followed by soft 
tissue formation instead of bone formation 
(loaded areas). Until cements with adequate shear 
strength are available, most complex fractures that 
can be repaired with cement also will require 
metal supports

2. Good injectability that allows cement 
implantation by minimally invasive 
surgical techniques, which are less 
damageable than the traditional surgical 
techniques

2. Can be washed out from surgical defect if 
excess of blood

3. Good osteoconductivity and occasional 
osteoinductivity: the initial biological 
properties of the hardened cements are 
similar to those of CDHA or brushite

3. Lack of macroporosity (especially 
interconnected pores), which prevents fast bone 
ingrowth and the cements degrade layer by layer 
from the outside to the inside only

4. Can be replaced by newly formed bone 
after a period of time (osteotransductivity)

4. The in vivo biodegradation of many 
formulations is slower than the growth rate of a 
newly forming bone5. Moldability: the perfect fit to the implant 

site, which assures good bone-material 
contact, even in geometrically complex 
defects
6. Excellent biocompatibility and bioactivity
7. No toxicity
8. Low cost
9. Ease of preparation and handling
10. Setting at body temperature
11. Form chemical bonds to the host bone
12. Clinically safe materials in their powder 
components
13. Can be used to deliver antibiotics, 
anti-inflammatory drugs, growth factors, 
morphogenic proteins, etc. at local sites, 
which are able to stimulate certain 
biological responsesa

aFurther studies are necessary
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Concerning the material point of view, an innovative approach of so-called 
ready-to-use self-setting formulations was introduced relatively recently. The con-
cept was shown to work with both single-phase CaPO4 powders and mixtures of 
several components. For example, the ready-to-use formulations can be obtained by 
stabilizing the CaPO4 reactants as separated liquid or pasty components, with at 
least one of them containing an aqueous liquid, which is needed to initiate the set-
ting reactions after mixing. Such formulations consist of two injectable pastes to be 
mixed together and injected at the time of implantation [759, 760]. The preparation 
process is fast and reproducible since two liquid phases can be mixed more homo-
geneously than powder with liquid as performed for conventional self-setting for-
mulations. This strategy allows usage of dual-chamber syringes equipped with a 
mixing device (e.g., by a static twin-chambered mixer incorporated in the injection 
cannula that allows injection of the paste immediately after mixing), meaning 
reduced paste processing/handling time, lesser contamination risks, enhanced 
reproducibility, and immediate injection of the mixture into the bone defects [761]. 
In such formulations, a wide range of possibilities appears by changing the CaPO4 
components. Furthermore, such formulations can also be modulated by adjoining 
different additives such as setting retardants, polymeric adjuvants, visco-enhancing 
agents, suspension stabilizers, osteoinductive agents, radiopaque fillers, or 
macropore- forming agents [412, 483]. For example, aqueous pastes of α-TCP pow-
der were found to be stabilized for up to a year at room temperature by using of 
0.1 M MgCl2 solution (it was believed that chemical reaction (2.5) was suppressed 
by sorption of Mg cations on the α-TCP surface; therefore, wet α-TCP formulations 
were not set). Then, adding of a CaCl2 solution in a 1:4 volume ratio activated wet 
α-TCP pastes and the formulations were set. This was explained by displacement of 
adsorbed Mg cations from the surface of α-TCP particles by Ca cations, which initi-
ated α-TCP transformation to CDHA according to reaction (2.5) [762].

Another preparation approach of the ready-to-use self-setting formulations com-
prises a water-reactive paste such as a mixture of TTCP and DCPD powders 
 dispersed in a nonaqueous but water-miscible liquid (e.g., glycerol, polyethylene 
glycol, N-methyl-2-pyrrolidone) + a gelling agent (e.g., hydroxypropylmethylcel-
lulose, carboxymethylcellulose, chitosan, sodium alginate) + a hardening accelera-
tor (e.g., MCPM, Na2HPO4, tartaric, malic, malonic, citric or glycolic acids) to form 
a stable paste that can be directly injected into bone defects [299, 694, 763–771]. In 
literature, this type of self-setting pastes is called “premixed calcium phosphate 
cements” (occasionally referred to as PCPC), in which the paste preparation is done 
under defined conditions, while the pastes remain stable during storage and harden 
only after placement into the defect. The pastes can be obtained of different consis-
tencies, from low-viscosity ones to putty-like plastic pastes [164–166]. Setting 
occurs in vivo upon a contact with body fluids or in vitro in a physiological solution. 
Since hardening occurs solely after the paste has been injected into a bone defect, 
this approach works with any formulation. In addition, premixed CaPO4 formula-
tions eliminate the powder-liquid mixing stage during surgery, which might improve 
their performance and allow shortening the surgical time. Besides, a risk of operator- 
induced error is considerably reduced. On the negative side, the setting reaction of 
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the premixed formulations is difficult to control, and the mechanical properties of 
the hardened CaPO4 are poor. Commonly, a hardening process is both slow and 
volume dependent because it relies on the exchange or replacement of a nonaqueous 
liquid by water. Furthermore, the use of additional components makes both produc-
tion and certification more difficult, while the release of large amounts of a foreign 
liquid during injection may result in adverse biological reactions. In addition, pre-
mixed CaPO4 formulations must be protected from the environmental moisture dur-
ing storage [772, 773]. Besides, little attention has been paid to the problem that the 
presence of water impurities in the nonaqueous liquid and/or the powdered solid can 
compromise the stability of the paste. The composition of some premixed CaPO4 
formulations might be found in literature [412].

The earliest premixed self-setting CaPO4 formulations were formed apatite as 
the final product and had a setting time of longer than 1 h and a low mechanical 
strength [763]. Afterward, improved formulations were developed. They exhibited 
a rapid setting when immersed in a physiological solution, yielding a hardened bio-
ceramics with a higher mechanical strength, approached the reported strengths of 
sintered porous HA implants and cancellous bone [764–766]. Such formulations are 
produced commercially, e.g., VELOX® by INNOTERE GmbH (Radebeul, 
Germany). Brushite-forming premixed self-setting formulations have been intro-
duced as well [759, 760, 772, 774–776]; they have shorter setting times than the 
aforementioned apatite-forming ones. In addition, studies appeared on preparation 
of the premixed monetite-forming formulations [297–299], as well as on premixed 
macroporous CaPO4 scaffolds reinforced by slow-dissolving fibers (in other words, 
premixed macroporous concretes) [410]. Similar to the common self-setting CaPO4 
formulations, the premixed ones could be also used for drug delivery applications 
[777]. Furthermore, antimicrobial properties could be created as well [778, 779].

The third approach to manufacture the ready-to-use self-setting CaPO4 formula-
tions applies very low temperatures [45]. According to this approach, powder and 
liquid components of the self-setting formulations are mixed, and the prepared 
pastes are immediately frozen. Thus, premixed frozen CaPO4 “slabs” are obtained, 
which are stored in freezers or even in liquid nitrogen. By freezing, the setting reac-
tions are slowed down or even inhibited (this depends on the temperature), but when 
the formulations have to be applied, the “slabs” are defrosted and the softened pastes 
are molded by hands at ambient temperatures. When frozen and stored at t = –80 °C 
or less, significant degradation in compression strength did not occur for the duration 
of the study (28 days). Interestingly, that in the case of the brushite- forming formula-
tions prepared from a combination of β-TCP with 2 M H3PO4 solution, freezing the 
paste had the effect of increasing mean compressive strength fivefold (from 4 to 
20 MPa), which was accompanied by a reduction in the setting rate of the cement. 
This strength improvement was attributed to a modification of crystal morphology 
and a reduction in damage caused to the cement matrix during manipulation [45].

Using biphasic CaPO4 formulations (such as α-TCP + β-TCP simultaneously) 
instead of α- or β-TCP alone as the initial component of the self-setting formulation 
appears to be the next innovative approach [34, 35, 37, 210]. Due to the differences 
between α- and β-TCP in both the reaction kinetics and reactivity in interactions 
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with other chemicals, depending on the α-TCP/β-TCP ratio in the precursor blends, 
the variability of the handling behavior, physicochemical properties, and degrada-
tion characteristics of the hardened formulations was observed. Namely, after 
hydrolysis of α-TCP phase according to Eq. 2.15, the α-TCP + β-TCP blend trans-
forms to a partially nonabsorbable CDHA and a completely resorbable β-TCP 
phase, providing new properties. In general, biphasic α-TCP + β-TCP formulations 
revealed longer setting and injectability times as compared to monophasic ones. 
During hardening, the amount of apatite formation was found to be inversely pro-
portional to the extent of β-TCP, whereas the predominant morphology of the pre-
cipitated crystals changed from platelets to needles with increasing of the β-TCP 
content. The hardening process appeared to be controlled by the transformation 
reaction of α-TCP into a mixed matrix consisting of CDHA and β-TCP.  In vitro 
degradation studies indicated that the degradation rates of biphasic α-TCP + β-TCP 
formulations containing sufficient amounts of β-TCP were more than twice as high 
if compared to just α-TCP-containing formulations [34, 35, 37, 210]. Furthermore, 
if α-TCP + β-TCP blend is used as a single-phase (or single-component) cement 
powder, hydrolysis of α-TCP phase into CDHA and stability of β-TCP phase results 
in formation of solid BCP (CDHA  +  β-TCP) formulations [37]. Therefore, this 
approach could be considered as a new preparation technique of multiphasic CaPO4 
formulations [780].

A lack of macropores is a substantial disadvantage of many current self-setting 
CaPO4 formulations [343]. As a result, biodegradation takes place layer by layer on 
the surface, from outside to inside. To solve this problem, various types of porogens 
are used [373–402]. Using a hydrophobic liquid instead of soluble particles could 
be an alternative. At the turn of the millennium, an open macroporous structure was 
obtained using a mixture of oil and a self-setting paste [781]; however, since then no 
research papers on this subject have been published. Besides, by means of surfac-
tants, air bubbles might be incorporated into the bulk of the formulations [365]. 
Unfortunately, the mechanical strength and porosity are conflicting requirements. 
As porosity of the CaPO4 formulations appears to be of paramount importance to 
achieve an excellent bioresorbability, other experimental approaches have to be 
developed [782].

In the case of CaPO4-reinforced formulations and concretes, future studies could 
combine in one formulation porogens and biodegradable fibers of different shapes 
and dissolution rates to form after in  vivo hardening scaffolds with sustained 
strength. In such a system, one porogen is quickly dissolved, which creates macro-
pores to start a bone ingrowth process, while the second type of fibers provides the 
required strength to the implant. After significant bone ingrowth into the initial 
pores increased the implant strength, the second set of fibers would then be dis-
solved to create additional macropores for bone ingrowth [403]. Such complicated 
formulations have already been developed. For example, chitosan, sodium ortho-
phosphate, and hydroxypropylmethylcellulose were used to render CaPO4 formula-
tions fast setting and resistant to washout, while absorbable fibers and mannitol 
porogen were incorporated for strength and macropores, respectively. Both strength 
and fracture resistance of this concrete were substantially increased and approached 
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those values for sintered porous HA implants [783]. Turning on a bit of imagination, 
one might predict development of polymeric forms of drugs (already available [784, 
785]), hormones, growth factors, etc. (e.g., prepared by either incorporation into or 
cross-linking with either water-soluble or bioresorbable polymers). Coupled with 
reinforcing biodegradable fibers and porogens, such types of “healing fibers” might 
be added to self-setting CaPO4 formulations, which not only will accelerate the 
remedial process but also will allow simultaneous improvement in both their 
strength and injectability. In addition, graded structures are possible. For example, 
a layered structure was designed by combining a macroporous layer of CaPO4 
cement with a strong fiber-reinforced CaPO4 concrete layer. The rationale for such 
construction was for the macroporous layer to accept tissue ingrowth, while the 
fiber-reinforced strong layer would provide the needed early strength [786].

Stability (insolubility) in normal physiological fluid environment and resorbabil-
ity under acidic conditions produced by osteoclasts appears to be among the most 
important in vivo characteristics of modern types of CaPO4 bioceramics. For some 
clinical applications, such as cranioplasty, a relatively slow resorption and replace-
ment by bone is quite acceptable, whereas in other applications, such as periodontal 
bone defects repair, sinus lift, etc., the ability of the hardened formulations to be 
replaced quickly by bone is crucial. Experimental results suggest that a number of 
parameters of the self-setting CaPO4 formulations, such as the Ca/P ionic ratio, 
carbonate content, ionic substitution, crystallinity, etc., might affect the dissolution 
characteristics in slightly acidic solutions. This gives an opportunity to formulate 
compositions, possessing different resorption rates, which is suited for different 
biomedical applications [184, 185].

Furthermore, the discovery of self-setting CaPO4 formulations has already 
opened up new perspectives in synthesis of bioceramic scaffolds, possessing suffi-
cient mechanical properties and suitable for tissue engineering purposes [375, 380, 
381, 512]. In the past, strong scaffolds could only be manufactured by the sintering 
route at elevated temperatures [787]. Therefore, until recently it was impossible to 
produce resorbable preset low-temperature hydrated 3D bioceramics for various 
applications, e.g., scaffolds and granules, from low-temperature CaPO4, such as 
ACP, DCPA, DCPD, OCP, and CDHA. Currently, using the appropriate techniques 
(e.g., 3D powder printing [728, 788, 789], plotting [721, 790] or robocasting [225]), 
open macroporous 3D scaffolds [208, 374, 412, 418–423, 512, 721, 790–793] and/
or other objects [794, 795] consisting of the aforementioned low-temperature phases 
(currently, excluding ACP and OCP) can be produced via cementitious reactions, 
thus, dramatically widening the biomedical applications of low-temperature CaPO4. 
It is important to stress, that bulk CaPO4 materials produced at or close to room 
temperature commonly have the specific surface areas that are often close to the 
ones of bone mineral (~80 m2/g) which is up to two orders of magnitude higher than 
the values exhibited by sintered CaPO4 bioceramics (typically below 1 m2/g). Such 
high values of the specific surface are believed to stimulate protein adsorption, 
which is a very important event in bone healing. Therefore, the low-temperature 
CaPO4 bioceramics could be very promising for tissue engineering applications, 
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and, among them, CDHA is of a special interest due to its chemical similarity to 
bone material.

Nevertheless one should stress that the most promising direction of the future 
developments of the self-setting CaPO4 formulations is obviously seen in their func-
tionalization by incorporation of (or impregnation by) various hormones, growth 
factors, drugs, other bioorganic compounds, as well as incorporation of living cells 
and/or other tiny biological objects [796–810]. For example, silk fibroin can make 
the mineralization process regular and bond with HA to form fibroin/HA nanodi-
mensional biocomposites with increased gelation properties and, thus, it can be 
used as an additive to improve cohesion of CaPO4 formulations and decrease a risk 
of cardiovascular complications in its application in vertebroplasty and kyphoplasty 
[803].

While the simplicity in the processing of self-setting formulations encourages 
the incorporation of cells, the principal difficulty remains to ensure cell survival. 
The harsh environment in terms of pH and high ionic strength together with the high 
stiffness achieved upon hardening can be thought as the principal threats for cell 
endurance. The initial attempts have already been performed but without a great 
success yet. For example, researchers have already found that unset CaPO4 formula-
tions might have toxic effects when placed on cell monolayers, while the set formu-
lations are biocompatible for the same type of cells (MC3T3-E1 osteoblast-like 
cells were tested). A gel encapsulation in alginate beads was found to be a possible 
solution to protect living cells for seeding into self-setting pastes [757, 811]. In vitro 
cytotoxic effect of α-TCP-based self-setting formulation was also observed [812]. 
In light of these results, the encapsulation approach [390] could potentially be used 
to seed a patient’s ex vivo expanded stem cells into the formulations to create osteo-
inductive bone grafts those could be used to treat that patient. However, this becomes 
more related to tissue engineering and biology, rather than to chemistry and material 
science. A first possibility would be designing self-setting formulations that have 
setting reactions close to the physiological pH or by adding additives into the 
 self- setting pastes able to neutralize the acidic or basic ions released during the 
chemical reactions.

In addition, besides the aforementioned chemical, material, and biomedical 
improvements of the self-setting CaPO4 formulations, one should not forget on a 
better design of both the mixing equipment and delivery (injection) techniques. As 
an example, the interested readers are referred to a new cannula to ease cement 
injection during vertebroplasty [813]; however, this subject is beyond the scope of 
current review.

Finally, one should not forget on the recent progress in self-setting formulations 
used as construction materials. Due to the ceramic nature, industrial concretes are 
very sensitive to crack formation because of their limited tensile strength. Therefore, 
self-healing formulations are developed [814–817]; presumably, some of these prin-
ciples and approaches might be applied for the biomedical formulations as well.
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2.11  Conclusions

Thus, among the diverse range of bone replacement biomaterials, self-setting CaPO4 
formulations undoubtedly represent a distinct group because they are relatively 
simple biomaterials formed by combining of a CaPO4 mixture with an aqueous 
solution [818]. However, they symbolize an important breakthrough in the field of 
bone repair bioceramics, since they offer the possibility of obtaining thermally 
unstable CaPO4 in a monolithic form at room or body temperature by means of a 
cementation reaction. This particular fabrication technique implies that the self- 
setting formulations are moldable and therefore can adapt easily to the bone cavity 
providing a good fixation and the optimum tissue-biomaterial contact, necessary for 
stimulating bone ingrowth into them and their subsequent osteotransduction [57].

Unfortunately, the perfect grafting material does not exist. The self-setting 
CaPO4 formulations are not an exception to this statement. While possessing excel-
lent biological properties (osteoconduction and, occasionally, osteoinduction), ade-
quate setting time, excellent moldability, and the capability to deliver different 
bone-enhancing proteins/antibiotics at a local level, unfortunately, the biomaterial 
lacks adequate mechanical properties for applications other than non-loaded surgi-
cal sites (see Table 2.5 for other details). Nevertheless, even in its present state, the 
self-setting CaPO4 formulations appear to be suitable for a number of applications. 
They can be injected into osteoporotic bone to reinforce it or can be used to make 
granules and blocks out of low-temperature CaPO4. Several types of the self-setting 
formulations are now on the market (Tables 2.2 and 2.3), while scaffolds made of 
low-temperature CaPO4 are being tested. The use of slightly different chemical 
compositions and various dopants affects both the setting time and tensile strength 
that enables further improvements. In addition, new trials are conducted with the 
reinforced formulations and concretes, which represent additional attempts to 
improve the existing products.

It is anticipated that the use of self-setting CaPO4 formulations will enable a 
faster and more aggressive rehabilitation, as the strength of the hardened concretes 
makes it possible to allow full weight bearing earlier than when bone graft is used. 
Although preliminary clinical trials have already confirmed the great potential of 
this novel therapeutic product, the self-setting CaPO4 formulations need to be 
improved further; in particular, their bioresorption needs to be accelerated as well as 
their injectability and mechanical properties need to get better. Besides, extra clini-
cal studies are required to define the most appropriate indications and limitations of 
CaPO4 formulations for fracture repair.

In the author’s humble opinion, mentioning Prof. James M. Anderson’s opinion 
on the history of biomaterials field would be the best way to conclude this subject. 
According to Prof. Anderson, within 1950–1975 researchers studied bioMATERI-
ALS, within 1975–2000 they studied BIOMATERIALS, and since 2000 the time 
for BIOmaterials has come [819]. Here, the capital letters emphasize the major 
direction of the research efforts in the complex subject of biomaterials. Since the 
real history of self-setting CaPO4 formulations started only in 1983, the aforemen-
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tioned periods appeared to be shifted along the time scale. Certainly, the bioMATE-
RIALS epoch for the self-setting CaPO4 formulations is over (every possible 
combination of CaPO4 has been already studied and tested), while the BIOmaterials 
era (where cells are the key factor) is just at the very beginning. Most likely, current 
state of the art of the self-setting CaPO4 formulations corresponds to the final stages 
of the BIOMATERIALS phase with an approximately equal contribution of the 
biological and materials directions. Therefore, still there is much room for versatile 
ideas and approaches.
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Chapter 3
Injectable Calcium Phosphate Cements 
for Hard Tissue Repair

Fangping Chen, Yuanman Yu, Xiaoyu Ma, and Changsheng Liu

Abstract Injectable self-setting biomaterials are conducive to repair the complex- 
shaped bone voids by an invasive technique. With the combination of good inject-
ability, fast setting in situ, easy shaping to complicated geometries, and excellent 
biocompatibility, injectable calcium phosphate cement (ICPC) has become an 
urgent need to repair the hard tissue. This chapter reviews the history and develop-
ment, classification, properties (including injectability, rheological properties, fast 
setting, anti-washout, radiopacity, suspension stability, sealability), and their influ-
ence factors, as well as the applications of ICPC in hard tissue repair.

Keywords Injectable calcium phosphate cement • Minimally invasive treatment • 
Root canal filling • Sealability • Bone repairing

3.1  Introduction

The large number of orthopedic procedures performed each year has led to great 
interest in injectable biodegradable materials for bone regeneration. Osteoporosis is 
one of the three major diseases in the elderly, of which the incidence increases 
sharply year by year. It is estimated that over 100 million people in China suffer 
from osteoporosis, and the number of patients is expected to more than 200 million 
by 2050. Of these, the incidence of women and men over the age of 60 were 68.9% 
and 33% in year 2015, respectively. Additionally, high morbidity and mortality due 
to the increase of accidents and sports injuries bring a heavy burden to individuals 
and society. According to the latest statistics of the World Health Organization, 
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dental diseases have been classified as the third major disease after cancer and cere-
brovascular disease. The prevalence of caries in deciduous teeth of Chinese 5-year-
old children was 66%, and 98.4% for 65–74  years old. Root canal therapy is 
currently the world’s most common treatment of“pulpitis and apical periodontitis.” 
Therefore, suitable biomaterials have become in great need for hard tissue 
repairing.

The repair of hard tissue defects is always an intractable problem perplexing 
surgeons and patients. Owing to their biological and physiochemical similarities to 
human bone and teeth, calcium phosphate cements (CPCs) have been extensively 
used in hard tissue repair and replacement. The biomaterials for replacement are 
available as powders, granules, or blocks. However, these forms are of limited effec-
tiveness when cavities are not easily accessible. Some fractures in orthopedics, such 
as in distal radius, tibial plateau, and vertebral compression, only need to be treated 
by percutaneous injection without open surgery. In addition, nearly 60% of root 
canal filling materials causes the failure of endodontic surgery, especially for some 
small narrow and spindly apical foramens, clearances between root canal walls, and 
lateral accessory root canal. Therefore, injectable biomaterials are excellent candi-
dates for bone grafting treatments in orthopedic and dental clinical.

Currently, the most commonly used injectable bone cement is poly(methyl meth-
acrylate) (PMMA). Because of low viscosity and good injectability, PMMA can be 
applied to improve vertebral intensity and rigidity. Nevertheless, abundant clinic evi-
dences show that there still remain many disadvantages including strong heat release, 
toxic monomers, and nondegradability when PMMA is applied in percutaneous ver-
tebroplasty. For these reasons, there are views against applications of PMMA for 
vertebra only if it is used for palliative care of vertebral metastatic tumors.

With the combination of good injectability, fast setting in situ, easy shaping to 
complicated geometries, and excellent biocompatibility, injectable calcium phos-
phate cement (ICPC) has become an urgent need to repair the hard tissue. In addi-
tion, the strengthening and the stabilization of an osteoporotic bone tissue can be 
carried out solely by injection without excision or destruction of the residual bone 
matrix. Injectable cement has been attempted to use in paste form to minimize the 
invasiveness of surgical procedures and reduce the site of scars and postoperative 
pain. This chapter will provide an overview of injectable calcium phosphate cement 
for use in bone and teeth regeneration.

3.2  History and Development of ICPC

Injectable biphasic calcium phosphate (BCP) bone cement was first studied by 
Frenchman Daculsi et al. in 1996 [1]. The cement was easily injectable with the 
addition of a 2% methyl cellulose carrier gel in BCP particles (60/40 HA/β-TCP 
weight ratio). After 10 weeks implantation in rabbit distal femurs, bone ingrowth 
proceeded from the perimeter inward at a greater rate than in BCP blocks alone [2]. 
However, the low initial mechanical properties of BCP directly lead to difficulty in 
maintenance of the composite within the defect during surgery.
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Since 1997, many kinds of injectable cements have been investigated. Knaack 
et  al. [3] studied injectable calcium phosphate bone substitute(ABS) (a-BSM™, 
ETEX Corporation, Cambridge, MA), which was prepared from calcium phosphate 
precursor powders with an unbuffered physiological saline solution. The result 
showed that the autograft and ABS were associated with similar new bone growth 
and defect filling characteristics, and materials were nearly absorbed after implanta-
tion for 26 weeks.

ChronOS Inject (Synthes AG, Switzerland) consists of a powder mixture of 
brushite-based calcium phosphate and a sodium hyaluronate solution. The chronOS 
Inject as bone void filler was injected in fresh fractures of follow-up for 1 year. High 
patient satisfaction (92%) with treatment was achieved, despite the loss of reduction 
being described in 11% of proximal tibia and 2% of distal radius fractures. Overall, 
the material showed good outcome in the majority of patients and adequate resorp-
tion characteristics. However, stable internal fixation and sufficient bone quality are 
essential requirements for chronOS Inject [4].

Matsumine et al. [5] injected ICPC after bone excision and carried out X-ray 
tracing in 56 patients, showing that ICPC was adaptable to surrounding tissue. The 
HA and ß-calcium phosphate complex was developed as an injectable, bone 
marrow- containing, and two-phase bone repair material with improved osteocon-
ductive property. In vivo histological studies have also demonstrated that nanocrys-
tal HA has better osteogenic property and vascular regeneration performance [6].

Our group developed CPC, composed of TECP and DCPA, as an injectable bio-
material (Injectable CaP, Rebone®) in 1998. Injectable CaP was firstly used in per-
cutaneous vertebroplasty in 2003 [7–9]. Then the biodegradable injectable CaP was 
scaled up for wide clinic applications, and now it has been widely used for more 
than 20,000 cases in 300 hospitals. Clinical studies have shown that the injectable 
CaP can enhance vertebral body strength and stiffness, restore spinal function char-
acteristics, and at the same time significantly reduce the potential serious side effects 
such as intraoperative blood pressure drop, pulmonary embolism, spinal cord and 
nerve root injury, etc.

Zhu XS and Yang HL [10] compared the properties of Injectable CaP, CaS (cal-
cium sulfate), and PMMA by injecting them into the defect vertebrae L2–L5 in 24 
adult female sheep. Animals were sacrificed after 2, 12, and 24 weeks of the bone 
filler augmentation, respectively. The vertebrae of L2–L6 were collected, and their 
biomechanical strength/stiffness, osseointegration activity, and biodegradability 
were evaluated. At all three time points tested, the PMMA-augmented lumbar ver-
tebra had the highest biomechanical strength and stiffness, followed by the intact 
vertebra L6. Injectable CaP (Rebone®) and CaS significantly improved the strength, 
but did not yet restore it to the normal level. Osteogenesis occurred in the injectable 
CaP (Rebone®)-augmented defect vertebrae at 12 and 24 weeks. The result indi-
cated that injectable CaP (Rebone®) and CaS were effective enough to strengthen 
the fractured lumbar vertebrae in a time-dependent manner [10]. Although these 
materials were reported to have good compatibility and excellent injectability, ini-
tial mechanical properties were still low to support the tissue growth. Xu [11] stud-
ied the clinical effect of thoracic and lumbar fractures treated by pedicle screw 
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fixation and vertebroplasty with calcium phosphate cement with the help of 
C-shaped arm X-ray machine. The result showed that all the 21 cases were treated 
successfully without postoperative infection, neurologic symptoms, and internal 
fixation complications. During the period of follow-up, outcomes were satisfactory 
and no injured vertebral lost its height obviously. Furthermore, Xu found that the 
vertebroplasty treated by injectable calcium phosphate cement contributed to the 
reconstruction of the injured vertebra, and the biomechanics of postoperative verte-
bral body restored to the level before fracture [12].

SRS (skeletal repair system; Norian Company, USA) is a typical injectable cal-
cium phosphate bone cement, mainly composed of TCP, calcium phosphate, cal-
cium carbonate, and sodium phosphate. To inject the cement into the porous 
structure easily, an injection gun was applied especially in the osteoporotic vertebral 
body. Carbonated hydroxyapatite was formed after setting for 10 min. The result 
showed that SRS bound closely with surrounding bone, with compressive strength 
of 10 MPa and up to 55 MPa after 12 h. Serraj Siham et al. [13] injected Norian SRS 
in the subchondral bone defect. 15.3% of reduction of the fracture required revision 
surgery after surgery for 8 weeks due to partial bone loss. All other patients had 
complications, and fractures were healed without any displacement. The high 
mechanical strength of the cement allowed early weight bearing after a mean post-
operative period of 4.5 weeks.

Many existing calcium phosphate materials degrade very slowly and have low 
strength, leading to the decreased bone regeneration at the site of the implant [14]. 
In an effort to address these concerns, researchers have chosen to investigate poly-
meric materials for use. Examples of naturally occurring biopolymers used include 
chitosan, alginic acid and hyaluronic acid, polyesters, and PMMA. The frangibility 
and mechanical property of calcium hydrogen phosphate were significantly 
improved by adding PMMA molecules. Compared to macroporous biphasic cal-
cium phosphate, the composites of hydroxypropyl methyl cellulose and calcium 
phosphate as injectable bone materials had improved biological activity at the early 
implantation stage. The poly(propylene fumarate) and calcium phosphate compos-
ites can be injectably used for the treatment of femoral head necrosis. The results 
showed that the mechanical properties of the composites were enhanced with the 
increase of calcium phosphate content in the composites [15, 16].

Some elements or components can improve the bone repair ability of the 
ICPC. The CPC containing strontium carbonate had better injectability and compres-
sive strength, which had an effect on the distribution of pores in the cement [17]. The 
mixture of calcium phosphate and calcium sulfate had not only good injectability, 
appropriate setting time, and mechanical property but also improved degradability 
and osteogenetic ability [18]. Studies found that after hydration, biphasic bone sub-
stitute materials mixed by calcium sulfate and tricalcium phosphate could form cal-
cium sulfate dihydrate and decalcified hydroxyapatite simultaneously [19]. The 
mechanical strength of composite IBS matches the human cancellous bone. 
Therefore, it is suitable for the treatment of the vertebral body and cystic cavities.

In addition to SRS, commercially available injectable bone cements are shown in 
Table 3.1.
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Table 3.1 Examples of commercially available injectable bone cements

Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

Bone 
repair

AlloSource AlloFuse™ Heat-sensitive 
copolymer with 
DBM

Injectable gel and 
putty

Case reports
Animal studies

Cell culture
Biomet 
Osteobiologics

BonePlast® Calcium sulfate 
with or without 
HA/CC 
composite 
granules

Various volumes 
of powder and 
setting solution

Case reports
Animal studies

BonePlast® 
quick set

Calcium sulfate Quick-setting 
paste

Case reports

Animal studies
Exactech Optefil® DBM suspended 

in gelatin carrier
Injectable bone 
paste dry powder 
ready to be 
hydrated

Human studies
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Opteform® DBM and 
cortical 
cancellous chips 
suspended in 
gelatin carrier

Formable putty 
or dry powder 
ready to be 
hydrated

Human studies
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Integra 
Orthobiologics/
IsoTis 
OrthoBiologics

Accell 
Connexus®

DBM, accell 
bone matrix, 
reverse phase 
medium

Injectable putty Human studies
Case reports
Animal studies
Every DBM lot 
tested for 
osteoinduction

Accell Evo3™ DBM, accell 
bone matrix, 
reverse phase 
medium

Injectable putty Animal studies
Every DBM lot 
tested for 
osteoinduction

DynaGraft II DBM, reverse 
phase medium

Injectable putty Human studies
Case reports
Animal studies
Every DBM lot 
tested for 
osteoinduction

(continued)
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Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

OrthoBlast II DBM, 
cancellous bone, 
reverse phase 
medium

Injectable putty Human studies
Case reports
Animal studies
Every DBM lot 
tested for 
osteoinduction

Integra 
Mozaik™

80% highly 
purified 
b-TCP/20% 
highly purified 
type 1 collagen

Strip and putty Human studies
Case reports
Animal studies

LifeNet Health Optium DBM® DBM combined 
with glycerol 
carrier

Formable putty 
(bone fibers) and 
injectable gel 
(bone particles)

Human studies
Case reports

Animal studies

Medtronic 
Spinal & 
Biologics

MasterGraft® 
putty

Biphasic calcium 
phosphate and 
collagen

Moldable putty Animal studies

Osteofil® DBM DBM in porcine 
gelatin

Injectable paste 
and moldable 
strips

Animal studies

Case reports

Progenix™ 
plus

DBM in type 1 
bovine collagen 
and sodium 
alginate

Putty with 
demineralized 
cortical bone 
chips

Animal studies

Case reports

Progenix™ 
putty

DBM in type 1 
bovine collagen 
and sodium 
alginate

Ready to use 
injectable putty

Animal studies
Case reports

MTF/Synthes DBX® DBM in sodium 
hyaluronate 
carrier

Paste, putty mix 
and strip

Human studies
Case reports

Animal studies
Orthovita Vitoss® 100% β-TCP and 

80% β-TCP/20% 
collagen and 
70% β-TCP/20% 
collagen/10% 
bioactive glass

Putty, strip, flow, 
morsels and 
shapes

Published 
human studies 
(level I and III)
Case reports

Animal studies

Table 3.1 (continued)

(continued)

F. Chen et al.



153

Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

Osteotech Grafton® DBM fibers with 
demineralized 
cortical cubes

Packable graft Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)

Crunch®

Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Grafton® gel DBM in a 
syringe

MIS and 
percutaneous 
injectable graft

Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Grafton® 
orthoblend 
large defect

DBM fibers with 
crushed 
cancellous chips

Packable graft Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Grafton® 
orthoblend 
small defect

DBM fibers with 
larger cancellous 
chips

Packable 
moldable graft

Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Table 3.1 (continued)

(continued)
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Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

Osteotech Grafton Plus® 
paste

DBM in a 
syringe

Injectable MIS 
graft, resists 
irrigation

Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Grafton® putty DBM fiber 
technology

Packable 
moldable graft

Peer-reviewed 
published 
human studies 
(incl. level I–II 
prospective 
studies)
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Regeneration 
Technologies

BioSet™ DBM combined 
with natural 
gelatin carrier

Injectable paste, 
injectable putty, 
strips and blocks 
with cortical 
cancellous chips

Human studies
Case reports

Animal studies

Every lot tested 
in vivo for 
osteoinduction

Smith & 
Nephew

Viagraf DBM combined 
with glycerol

Putty, paste, gel, 
crunch and flex

Animal studies

Synthes Norian® SRS® Calcium 
phosphate

Injectable paste Human studies
Case reports

Animal studies
Norian® SRS® 
fast set putty

Calcium 
phosphate

Moldable putty Human studies

Case reports

Animal studies

Table 3.1 (continued)

(continued)
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Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

Wright 
Medical 
Technology

Allomatrix® DBM with/
without CBM in 
surgical grade 
calcium sulfate 
powder

Various volumes 
of injectable/
formable putty

Human studies
Case reports

Animal studies

Cell culture

Allomatrix® 
RCS

DBM with 
Caciplex™ 
technology in 
surgical grade 
calcium sulfate 
powder

Various volumes 
of formable putty

Animal studies

MIIG® X3 High strength 
surgical grade 
calcium sulfate

Minimally 
invasive 
injectable graft 
for compression 
fractures

Human studies

Case reports

Animal studies

PRO-DENSE® 
injectable 
regenerative 
graft

75% calcium 
sulfate and 25% 
calcium 
phosphate

Procedure kits, 
various volumes 
of injectable 
paste

Human studies

Case reports

Animal studies

PRO-STIM™ 
injectable 
inductive graft

50% calcium 
sulfate, 10% 
calcium 
phosphate, and 
40% DBM by 
weight

Procedure kits, 
various volumes 
of injectable 
paste/formable 
putty

Case reports
Animal studies

Zimmer CopiOs® bone 
void filler

Dibasic calcium 
phosphate and 
type 1 collagen

Sponge and paste Case reports
Animal studies

Puros® DBM Allograft DBM 
putty (putty with 
chips includes 
allograft chips 
from the same 
donor)

Putty and putty 
with chips

Every lot tested 
in an in vivo rat 
assay for 
osteoinductive 
potential 
demonstrating 
bone formation 
in an ectopic 
model

(continued)

Table 3.1 (continued)
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Company

Commercially 
available 
product Composition

Commercially 
available forms Current proof

Root 
canal

Morita Vitapex 30% calcium 
hydroxide, 
40.4% 
triiodomethane, 
22.4% silicone 
oil, 6.9% filler

Alone 
(temporarily) or 
in conjunction 
with the Gutta 
Perch 
(permanent). 
Paste

Meta Metapex Barium sulfate, 
calcium 
hydroxide

Exposed pulp of 
pulp capping and 
pulpotomy
Root canal 
leakage
Apexification
Hard tissue 
barrier formation
Root canal filling 
material

Rebone ReboneGutai™ Superfine 
calcium 
phosphate paste

Sponge and paste Human studies
Bone defect 
repair and root 
canal filling

Case reports
Animal studies

PD Pro-Pul-Pan Powder: zinc 
oxide 9.0%, 
thymol iodine 
22.5% solution: 
eugenol

Root canal filling 
paste

A. CaP calcium phosphate, DCPD dicalcium phosphate dihydrate, TCP tricalcium phosphate, 
TTCP tetracalcium phosphate, HA hydroxyapatite, DCP dicalcium phosphate, MCPM 
monocalcium phosphate monohydrate, Bis-GMA 2,2-bis[4-(2-hydroxymehacryloxypropyl)
phenyl] propane, Bis-EMA 2,2-bis[4-(2-methacryloxyethoxy)]phenyl propane, TEGDMA 
triethylene glycol dimethacrylate, 3MPS 3-methylacryloxy-propyltrimethoxysilane, BPO benzoyl 
peroxide, DHEPT di(hydroxy-ethyl)-p-toluidine

Table 3.1 (continued)

3.3  Classification of ICPC

Ideally, ICPC can be injected into the damaged tissues and then mold to the shape 
of the bone cavity in situ filling in the defects. Before injection, the ICPC should 
remain stable, be easy to inject through the percutaneous or small bone window, and 
set rapidly after implantation in defects.

Conventional injectable CPC, taking a variety of aqueous media (e.g., distilled 
water, phosphate-buffered saline solution, sodium phosphate, citrate buffer solu-
tion, carbonate buffer solution, or saline solution) as setting liquid, has proven to be 
an alternative bone substitute [20]. The aqueous phase ICPC has combined charac-
teristics of biocompatibility, osteoconductivity, fast solidifying, high initial mechanical 
strength, and easy shaping for any complicated contours of bone defects [21]. 
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However, several drawbacks of ICPC prevent them from gaining universal accep-
tance. It is worthwhile to note that the aqueous phase ICPC has to be prepared just 
before implantation, since setting starts from the moment that the powder comes in 
contact with water. Clearly, it is difficult for the clinician to mix the powder with 
liquid thoroughly and hard to inject the aqueous phase ICPC into the defect within 
a prescribed time as well. In addition, the operation of on-site powder-liquid mixing 
prolongs the surgical time. It may degrade physical and chemical properties of 
ICPC and even cause potential side effects on tissue repairing because of inhomo-
geneous mixing and insufficient filling stemming from the limited mixing time [22]. 
In order to overcome herein before shortages, ICPCs can be prepared as being aque-
ous injectable calcium phosphate cement (a-ICPC) or nonaqueous injectable cal-
cium phosphate cement (n-ICPC) on the basis of the nature of the liquid phase.

Takagi and Xu [23] made nonaqueous phase setting liquid from nontoxic organic 
liquids which were immiscible with water, such as glycerol, polypropylene glycol, 
and low molecular weight polyethylene glycol (PEG) liquid. The n-ICPC can be 
mixed in advance in a controlled environment to keep the system anhydrous. It 
avoids the temporary mixture of solid-liquid two-phase to shorten the operation 
time and shows the characteristic of long-term preservation.

Premixed acidic CPC was formed by mixing the powder phases with glycerol as 
a delivery system for water-solubilized simvastatin. The lower doses of SVA showed 
an approximately fourfold increase in mineralization as compared to the control. 
The results also demonstrated that premixed acidic CPC is a good option for local 
delivery of SVA leading to a prolonged stimulation of osteogenesis [24]. The 
cements with smaller particle sizes showed higher compressive strength and more 
difficulty to inject. The addition of granules made the cements easier to inject, but 
prolonged the setting time and reduced the strengths. Therefore, the particle size can 
be used to control the handling and physical properties of premixed cements [25].

Our group has developed the n-ICPC root canal paste by well-premixed ultrafine 
calcium phosphate powders with nonaqueous phase organic setting liquid since the 
year of 2003. n-ICPC has a series of excellent properties including good injectabil-
ity, self-setting, excellent biocompatibility, controllable degradation, and proper 
compressive strength. Moreover, the paste can seal root canal effectively and be 
compatible with apical surrounding tissues without root canal filling reaction. The 
success rate of surgery with n-ICPC in clinic applications reached over 98.6%. 
More importantly, it did not need gutta-percha point to close the root canal, indicat-
ing the great potential of ICPC in root canal treatment.

3.4  Properties of ICPC

The ultimate goal of injectable calcium phosphate cement is to offer an ideal bone 
substitute for better clinic performance. Nowadays, the main disadvantages of ICPC 
are:

 1. Anti-washout property of ICPC is so poor that the slurry is easily dispersed by 
blood or tissue fluid.
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 2. Poor injectability for some cements and solid-liquid separation issue.
 3. Contradiction between injectability and setting time still remains. ICPC with 

good injectability has long setting time, while ICPC with short setting time is 
difficult to inject.

Therefore, the improvement of the biomaterial properties or the development of 
related products should obey the clinical demands. ICPC should satisfy the required 
properties as follows.

3.4.1  Injectability

Injectable cement not only has the potential to fill the lesions and stabilizes the 
osteoporotic bone at risk for fracture but also conforms to the defect area such as 
periodontal bone repair and tooth root canal fillings. Injectability is related to the 
ability of a paste to extrude through a syringe or to be filled into the bone defects 
under pressure keeping the homogeneity. It is generally measured by correlating 
either to the force required for complete extrusion or to the quantity of the cement 
extruded during a certain period. Different techniques and parameters were applied 
to measure and quantify injectability of bone cements. However, there is no unified 
standard for measuring injectability. Generally speaking, injectability is measured 
by the percentage of a paste that could be injected from a syringe under a constant 
compressive load. Figure 3.1 shows the device for evaluating the injectability used 
in our group.

Fig. 3.1 Devices for evaluating the injectability of paste
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The injectability of paste is affected by many factors, such as the size and shape 
of particles, the ratio of solid phase to liquid phase, the additives and injection force, 
etc. It has been reported that small crystals favored a good injectability of α-BSM®. 
Although a larger amount of liquid was required to form a paste with small parti-
cles, injectability and cohesion of α-BSM were generally very good [26, 27]. 
Ishikawa found that the cements with round particles, regular shape, and higher 
ratio of liquid to powder could be injected easily.

The lack of inherent viscosity limits the fabrication of injectable cements. When 
injected from a delivery system, the pastes will undergo “filter pressing” or phase 
separation, in which the liquid part gets expelled leaving behind the solid phase 
[28]. An effective method to break through the bottleneck is to incorporate gelling 
agents or viscous media. The choice, however, is limited because of the requirement 
of biocompatibility, as the complex interaction between the ions of the additives 
may lead to the formation of toxic moieties. Moreover, the additives can adversely 
affect the setting and mechanical properties of the cement. Typically, ICPCs with 
good injectability have been successfully fabricated with the use of low quantities 
of glycerol phosphate, chitosan, alginate, cellulose, glycerol, lactic acid, citric acid, 
etc., which have reasonable biocompatibility. These additives not only decreased 
the interactions between particles or increased the viscidity of liquid phase but also 
prevent the phase separation between the solid and liquid. Our experiments have 
demonstrated that the white dextrin, Xanthan gum, and PEG-6000 promoted the 
injectability of ICPC to a certain extent [29, 30].

When the paste was injected into the bone defects, the injection resistance would 
increase due to the pressure inside the body cavity. Therefore, the injectable cement 
was propelled by motor pushers. Obviously, the better the injectability of ICPC is, 
the smaller the propelling force or the injection pressure will be. Moreover, the 
parameters of the injection device also affect the injectability. Namely, shorter can-
nulas with a larger diameter, as well as smaller injection rates were found to contrib-
ute to a better injectability. More importantly, the injectability is time dependent, 
which decreases with the advance of the hydration of CPC. That is the reason that 
injectability should be calculated from the starting point of mixing the solid with the 
liquid.

3.4.2  Rheological Properties

During the whole injection process, the flow characteristics of ICPC are quite 
important. The slurry should be injectable with low resistance, and there is no 
powder- liquid phase separation. These requirements mainly depend on a suitable 
rheological property of ICPC. In this sense, rheological parameters are suitable to 
quantitatively describe the flow or injection process. In such a reactive system of 
ICPC, the internal microstructure changes with the time. These changes affect not 
only the flow and workability but also the mechanical properties of the cement after 
hydration. Therefore, the investigation of the rheological properties of ICPC would 
be beneficial to improve the performance characteristics of the ICPC slurry.
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Rheologies include the steady rheology and dynamic rheology. The steady rheol-
ogy is to measure the shear stresses under consecutive linear increasing and decreas-
ing in the rotational shear rates. Viscosity is an indicator of a fluidic resistance to 
flow, describing internal friction in a moving fluid. Low viscosity favors the inject-
ability of cement. Yield stress is the critical strength that must be applied to a mate-
rial allowing it to flow. The bigger the yield stress, the more difficult a cement is to 
inject. Thixotropy, a phenomenon in steady rheology, is defined as the continuous 
decrease of apparent viscosity with the time under shear and subsequent recovery of 
viscosity when the flow is discontinued. This parameter reflects the complex inter-
action forces of particles and the formation of isolated large flocs or single particu-
late structure throughout the whole materials.

Thixotropic hysteresis loop area was used to evaluate the magnitude of thixot-
ropy of the paste during motion, which is proportional to the energy required to 
break down the thixotropic structure. The larger the thixotropic hysteresis loop area, 
the more energy is required to break down the thixotropic structure. Liu et  al. 
explored the steady rheological properties in ICPC reactive system. The results indi-
cated that the yield stress and the area of the thixotropic hysteresis loop were 
enlarged as the setting process progressed. With the increase of the ratio of solid to 
liquid, structural strength, viscosity within the ICPC improved, and the correspond-
ing thixotropy became larger. It also revealed the microstructure development of 
ICPC during the whole setting process, and the factors affected the rheological 
properties [31]. Chen reported that the change of the hysteresis loop area and stress 
slowdown rate with the increased PEG-6000 content (Table  3.2). The degree of 
thixotropy is judged from the area between the up and down curves. By adding 
PEG-6000 to the cement liquid, the thixotropy loop area of the pastes notably 
increased, thus enhance the stability of ICPC paste. Among these ICPC pastes, the 
ICPC (20%) is with the highest thixotropy, and the pure ICPC paste is least in thix-
otropy. In addition, the addition of PEG-6000 reduced the ∆τ of the ICPC pastes till 
1 wt%. But above 1 wt%, the ∆τ would keep almost constant. It is also clear that the 
stability of the ICPC paste can be improved by introducing proper content of PEG- 
6000 (Fig. 3.2).

Dynamic rheology is the dynamic mechanical oscillatory strain applied to a sam-
ple, allowing the sample to be subjected to a strain and viscous and elastic proper-
ties of the sample and to be measured simultaneously to explore the internal structure 

Table 3.2 Thixotropy loop area and stress slowdown rate of ICPC with different PEG-6000 
contents

Content (wt%) Aτ(Pa s−1) Δτ(%)

ICPC (0) 5100.2 15.61
ICPC (0.5%) 5998.7 9.54
ICPC (1%) 6521.0 8.78
ICPC (5%) 8860.4 11.70
ICPC (10%) 1.208E+04 11.74
ICPC (20%) 1.479E+04 12.61
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of the sample. The recovery of the material after deformation was characterized by 
the storage modulus G′ and loss modulus G″. G′ represents the ability of the mate-
rial to store the energy of deformation, while G″ refers to the ability of materials to 
consume the energy of deformation. Figure 3.3 showed that all the storage modulus 
G′, loss modulus G″ and complex viscosity η* increased with hydration time, fur-
ther verifying that the recovery of ICPC after deformation was involved with the 
components of solids materials [29].

Rheological properties are related to the particle size, distribution of the compo-
nents, the ratio of powder to liquid, and the surface charge of the particles in contact 
with the liquid phase [32]. Gbureck et al. improved the injectability of activated 
α-tricalcium phosphate (α-TCP)-based cement by adding several fine-particle-sized 
fillers and showed that the introduction of inert filler reduced the viscosity signifi-
cantly [33]. Baroud et al. found that P/L, milling time, and additives significantly 
affected the rheological characterization of concentrated aqueous β-TCP suspen-
sions, such as the viscosity and yield stress [34].

To make ICPC easy to operate in the clinic, some rheological additives are added 
to improve the thixotropy and the stability of the slurry, the fluidity, water resis-
tance, the coagulation time, and so on. The effect of lactic acid, glycerol, acetyl 
chitin, glycerin, and sodium phosphate on the ICPC was studied, but the compre-
hensive performance was still not satisfied [35]. Jin et al. [36] investigated the influ-
ence of polyvinylpyrrolidone (PVP) on the rheological characteristics of ICPC 
through an advanced rheometric expansion system (ARES). By introducing the 
PVP with different value of K and different quantity into the setting liquid, the rheo-
logical behaviors of CPC slurry could be improved greatly. The results showed that 
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Fig. 3.2 Thixotropy loop curves of ICPC pastes (Reproduced from Ref. [29] by permission. 
Copyright © 2010 Elsevier B.V)
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the CPC slurry was a typical non-Newtonian shear-thinning fluid, and the addition 
of PVP could not change this property of CPC slurry. But due to the existence of 
PVP, the viscosity of CPC slurry and the area of thixotropic loop were increased, 
and the restorability was also improved (Fig. 3.4), leading to the improved stability 
of CPC slurry. These results were also explained in Tables 3.3 and 3.4. The study 
showed that the 20% PVPK90 and 30% PVPK30 improved the rheological proper-
ties of ICPC slurry, which makes the ICPC more suitable as an injectable material.

In addition, the effect of water-soluble polymer PEG on ICPC was also investi-
gated. Viscosity curves showed that the ICPC containing PEG had obvious shear- 
thinning behavior. With the increase of additive concentration, the viscosity of ICPC 
gradually increased. Curve slope remains unchanged, which illustrates different 
concentrations of additive had the same effect on the shear thinning of the system. 
Thixotropic loop curve showed that the ICPC is characterized with thixotropy. One 
percent PEG would not give much benefit on thixotropy of ICPC. Further increasing 
the PEG content up to 30% and 50%, the area of thixotropic loop significantly 
increased, and the thixotropy enhanced greatly. Therefore, the improvement of the 
structure strength of ICPC lies to the formation of network composed of particles 
and polymer with the interactions between PEG and water. Obviously, the thicken-
ing effect of PEG can increase the viscosity and the stability of the system (Fig. 3.5).

Fig. 3.3 Time-sweep curves of CPC slurry at 1 min after mixing. Stain, 1%; ω, 1 rad s−1; P/L ratio, 
2.0 (Reproduced from Ref. [31] by permission. Copyright © 2006 Elsevier B.V)

F. Chen et al.



163

Table 3.3 Results of thixotropic loop test of CPC slurry with PVP K30

Concentration/% Area of loop Degradation of strain/%

0 (control) 5100.2 15.61
1 6756.1 18.78
5 8297.9 12.61
10 13380.0 15.39
20 15440.0 15.30
30 21740.0 10.57

Reproduced from Ref. [36] by permission
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Fig. 3.4 Effect of K30 and K90 on viscosity curves of ICPC with 1%, 10%, and 30% PVP 
(Reproduced from Ref. [36] by permission)
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Table 3.4 Results of thixotropic loop test of ICPC with PVP K90

Concentration/% Area of loop Degradation of strain/%

0 (control) 5100.2 15.61
1 7538.0 9.97
5 9250.2 12.57
10 11850.0 13.03
20 11320.0 9.78
30 19000.0 17.40

Reproduced from Ref. [36] by permission
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3.4.3  Fast Setting

A good injectability is an important property required for ICPC applications. 
Furthermore, ICPC must set slowly enough to provide sufficient time for a sur-
geon to perform implantation. However, it also required fast setting enough to 
prevent washout and delayed operation. Therefore, setting time should be in a 
suitable range. The environment of ICPC implanted will also affect the setting 
time. For instance, magnesium ions in blood along with many organic materials 
will inhibit the setting of ICPC and thus make the setting time longer in serum 
than in distilled water. In addition, if the liquid phase of nonaqueous ICPC needs 
to exchange with the water or tissue liquid, the setting time thus becomes longer 
than those of aqueous ICPC. Therefore, it is necessary to shorten the setting time 
for the nonaqueous ICPC.

The Gillmore needle test and Vicat needle test define the setting time according 
to such standards as ASTM C266-89 and ASTM C191-92. The initial (I) and final 
(F) setting time are determined using the time required for the penetration of the 
needle into a paste specimen of specific consistency to a specific depth. In particu-
lar, a light and thick needle is used to measure the initial setting time I, while a 
heavy and thin needle for the final setting time F. The clinical meaning is that the 
cement paste should be implanted before time I and that the wound can be closed 
after time F.

In recent years, nondestructive methods have been attempted to online monitor 
the setting process, e.g., using electrical resistivity, ultrasonic, isothermal differen-
tial scanning calorimetry, dynamic rheological test and alternating current (AC) 
impedance spectroscopy, Fourier-transform infrared spectroscopy, solid-state NMR, 
X-ray diffraction, and energy-dispersive X-ray diffraction. An ultrasound through 
transmission is a novel method to analyze the entire setting process in situ about the 
nonaqueous injectable cement (glycerol as setting liquid) changes in body fluids. 
The material constants including the Young’s modulus (E), the Poisson ratio (ν), and 
the shear modulus (G) at each step of the set process were monitored, as well as for 
the comprehensive systematic tracking of changes in the cement paste during the 
setting and hardening process of the cement, starting from the moment of immer-
sion of cement in body fluids to a final product in the form of a hardened cement, 
and even the subsequent degradation process [37]. According to the clinic experi-
ence, 5–15 min is the reasonable range for the setting of ICPC (Fig. 3.6). Longer 
setting time would be conducive to the doctor’s operation, but longer setting than 
necessary tends to make ICPC crumble upon early contact with blood or other flu-
ids. Therefore, it is necessary to regulate the setting time of ICPC in a proper range.

The setting time of ICPC was affected by many factors. Previous literature 
reported that setting time was significantly shortened by decreasing the particle size 
of TECP and DCPA or introduction of HA crystal seeds [38]. The dissolution of 
phosphate or calcium salts (e.g., Na2HPO4 and CaCl2 solutions) increased the super-
saturation of Ca2+ and PO4

3− in the solution during hydration, thus improving the 
impetus of the reaction and accelerating the setting. Citric acid can provide pair 
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electrons and calcium ions have electron vacancies. Thus, citric acid can react with 
calcium in the solution and transform into a chelate compound through chelation, 
accelerating the setting of ICPC.

The shortened setting time with acceptable injectability provides an easy way 
for the surgeon to use such materials in some urgent cases. Related studies showed 
that the injectability and the setting time can be balanced, and ICPC with satisfied 
fluidity and injectability for clinical operation can be prepared by introducing the 
additives and regulating concentration, particle sizes, ratio of powder to liquid, 
and so on.

3.4.4  Anti-washout

Injectable cement washout can occur in vivo when it comes in contact with physi-
ological fluids or when bleeding occurs due to difficulty in achieving complete 
hemostasis. Some cements would be washed out completely when immersed in 
simulated body fluid immediately after mixing. In percutaneous vertebroplasty, par-
ticles are ready to fall off the pastes and enter the cardiovascular system along with 
the blood, which often cause vascular blockage to thrombus, pulmonary embolism, 
or other complications. In this sense, it is necessary to improve the anti-washout 
property of the injectable cements.

Anti-washout property was usually estimated by qualitative analysis and quanti-
tative analysis. Qualitative analysis of the washout resistance for injectable calcium 
phosphate cement relies mainly on the naked-eye observation, such as the disinte-
gration of the pastes and the turbidity of the soaked liquid. Quantitative analysis 

Fig. 3.6 The reasonable 
time range of ICPC
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refers to calculate the washout mass loss rate of the paste during the period of 
immersion according to Eq. 3.1. Anti-washout property is affected by the hydration 
rate, the formation of waterproof membrane, the temperature of the simulated body 
fluid, and the speed of the shaker.

 
Washout mass loss

Mass lost during immersion

Total mass be
% =

ffore immersion
×100%

 
(3.1)

The higher ratio of the liquid to solid and the prolonged setting time tend to make 
ICPCs crumble easily by plasma or other body fluids before the paste hardens. The 
bad resistance to water of ICPCs further prolongs the setting time. All these restrict 
the wide clinic applications of injectable cements. Thus, great efforts have been 
made to improve the washout resistance of ICPC.

Preventing the fluids from spreading to the cement paste is an effective strategy 
to improve the anti-washout property of injectable cement. To attain this goal, gell-
ing agents have been utilized to impart viscosity to cement. Ishikawa [39] revealed 
that sodium alginate in the liquid could prevent the injectable cements from collapse 
and could be set normally. The reason is that calcium ions can react with sodium 
alginate to form insoluble calcium alginate hydrogel, which protect the CPC from 
being washed out. Takechi [40] showed that carboxymethyl cellulose, chitosan ace-
tate, and chitosan lactate improved the operation performances of injectable 
cements, but prolonged the setting time. Although the detailed mechanisms of 
washout resistance for injectable cements with gelling agents have not been fully 
clarified at present, the improvement in anti-washout properties can be attributed to 
the adhesive property and negative charge of gel, which serves as a “glue” to fuse 
the particles together. Wang evaluated the water resistance, setting time, compres-
sive strength, and biocompatibility of ICPC with cellulose as additives [41]. In addi-
tion, modified starch [42], white dextrin, and locust bean gum [43] have been tried 
to prepare the anti-washout type cement. Inositol phosphate was added to improve 
the anti-washout properties by virtue of the strong chelating capability to calcium 
ions in novel CPC system [44]. The development of versatile additives improves the 
anti-washout performance, but they may deteriorate other properties of injectable 
cements.

Speeding up the setting process of ICPC is another alternative way to improve 
the anti-washout property. An amount of wollastonite promoted the hydration reac-
tion and shortened the setting time of ICPC, thus improving the anti-washout. The 
amorphous silica layer was formed by the wollastonite dissolution and absorbed on 
the surface of the CPC particles, which keeps the paste from being eroded by liquid 
[45]. Magnesium phosphate cement (MPC), consisting of magnesium oxide (MgO) 
and calcium biphosphate (Ca (H2PO4)2), is of special interest due to its rapid setting 
and high initial mechanical strength in comparison with the phosphate cement [46]. 
The major components of MPC could react in aqueous environment to form magne-
sium phosphate (Mg3(PO4)2) and calcium triphosphate (Ca3(PO4)2) as final prod-
ucts. Chen et al. [47] developed a fast-setting calcium-MPC by introducing MPC 
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into CPC, which enhanced the anti-washout ability. The reaction may prohibit the 
liquid penetration to the cement, thereafter improving its washout properties, thus 
endowing the CPC/MPC with anti-washout ability.

3.4.5  Radiopacity

Cement leakage needs to be of concern when using injectable bone substitutes. Up 
to 70 distal radius cases on cement leakage have been reported. Thus, the radiologi-
cal evaluation is necessary. Radiopacity refers to the relative resistance for electro-
magnetic radiation, such as X-rays, to pass through a material. The radiopacity 
assists in positioning of injectable implants in the body, detecting of injected implant 
over time, and forecasting possible failure. However, the intrinsic radiopacity of 
CPCs is limited, and typically the addition of a contrast agent is required for certain 
applications. Although ICPC approval for uses in vertebroplasty is considered 
intrinsically radiopaque, the radiopacity is sometimes not enough, and it can be 
troublesome to distinguish them from bone. Furthermore, both over-filling and 
under-filling of ICPC into the root canal often occur, causing serious problems dur-
ing endodontic treatment. To fully fill the root canal, the obturation procedures are 
performed visually with close fluoroscopic monitoring. Radiography enables the 
filling of the canal to be monitored at later stages during root canal therapy and 
improves the clinical performance.

Radiopacifying agents are typically included in injectable biomaterial formula-
tions to improve the radiopaque properties for radiography, computed tomography, 
and/or real-time fluoroscopy. Organic radiopaque agents can be ionic or nonionic 
compounds with covalently bonded iodine. Examples of organic compounds cur-
rently used as contrast agents include diatrizoic acid, metrizoic acid, iopamidol, and 
iohexol. Organic radiopaque agents are administrated orally for visualization of the 
organs, but their use is limited due to high cost and side effects.

Inorganic radiopaque agents (e.g., barium sulfate and zirconium dioxide) were 
also used in bone cements. However, they were not recommended due to the noted 
negative effects, such as causing bone resorption, decreasing the mechanical prop-
erties, and damaging biological functions [48]. Strontium ions have been reported 
to be used as radiopaque agents. Strontium fluoride and strontium chloride are 
mostly used for dental applications; however, they have a very low solubility and 
decrease the mechanical properties of the hardened end product significantly.

Accordingly, a resorbable radiopacifying agent in combination with high 
mechanical strength and biocompatibility is highly desirable for bone repair. Patent 
WO 2014/016707 A2 claimed that SrBr2 and SrI2 provided a better radiopaque 
effect than other strontium halides in injectable cement because of their higher 
molecular mass. This would result in the lower-amount uses of SrBr2 and SrI2 neces-
sary to give the same radiopacity as other radiopaque has. Along with the higher 
intrinsic radiopaque and better water solubility, SrBr2 and SrI2 were biocompatible 
and favored the cell viability.
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Bismuth salicylate basic was also introduced as an alternative radiopaque agent 
to ICPC in root canal fillings. The results showed that the radiopacity and sealability 
of ICPC were improved with the addition of bismuth salicylate basic due to its good 
radiopacity, stability, and insolubility (Fig. 3.7). It was noteworthy that this reagent 
also imparted the potent antimicrobial activity [49].

Radiopacity was always assessed by an X-ray device. After samples were 
exposed to X-ray for a period, the film was imaged in an automatic processor. The 
relative X-ray radiopacities of samples and the control group (e.g., extracted tooth) 
were judged visually. The image contrast between the sample region and the sur-
rounding black region was used to evaluate the X-ray radiopacity of cement, which 
can be calculated according to Eq.  3.2 [50]. The image process software Adobe 
Photoshop® was adopted to test the grayscale of the sample region and the surround-
ing black region [51]. Ten pairs of regions, scattered as far as possible, were selected 
by random in both the sample and the black surrounding to measure their gray-
scales. Each region was averaged over an area of 5 × 5 pixels:
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As shown in Fig. 3.5, the radiographic image of pure ICPC was inhomogeneous 
and doped with some large drop shadows. The result indicated that the brightness of 
all radiographic images of BD-ICPC cements was increased, and the drop shadow 
areas were lessened, which indicated that the addition of BSB helped to improve the 
radiopacity of ICPC.  In addition, contrasts were produced between the extracted 
human teeth and BD-ICPC. Measured contrasts of radiographs of pure ICPC and 
BD-ICPC were 0.55 ± 0.027 and 0.89 ± 0.008.

Fig. 3.7 Radiographic images of extracted human tooth, pure ICPC, and BD-ICPCs with different 
contents of bismuth salicylate basic: (a) extracted human tooth filling with pure ICPC, (b) pure 
ICPC, (c) BD-ICPC (5%), (d) BD-ICPC (10%), (e) BD-ICPC (15%), (f) BD-ICPC (20%), (g) 
BD-ICPC (25%) (Reproduced from Ref. [49] by permission. Copyright © 2010 Elsevier Ltd)
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3.4.6  Suspension Stability

As stated earlier, nonaqueous ICPC facilitates the direct operation without the need 
of mixing on the spot and avoids the uneven performances caused by different oper-
ations. During this minimally invasive injection process, a well-dispersed suspen-
sion, with high solid loading of reasonably low viscosity to facilitate ICPC injected 
to the defect, is required. It was considered to be kinetically stable if the destabiliza-
tion rate of the ICPC suspension is low enough during the expected lifespan. 
However, nonaqueous ICPC is a coexistent suspension system with solid and liquid 
phase. The interfacial energy between two phases is great; thus, the nonaqueous 
ICPC is an unstable system. In addition, CPC powders are easily aggregated in the 
nonaqueous solution due to the small particle size and large specific surface energy, 
which feed directly into inhomogeneity, flocculation, or precipitation of the ICPC 
suspension system. All these affect the injectability and the self-setting of ICPC and 
greatly limit the applications of ICPC in the clinic. Therefore, how to improve the 
long-term suspension stability of ICPC while maintaining the good slurry injection 
is an important issue to be addressed during the storage, transportation, and clinical 
application and the key to realize the large-scale production and applications in 
clinic.

Nonaqueous ICPC is a multicomponent, high viscosity, and opaque concentrated 
suspension, and it is sensitive to temperature and dilution. Two strategies are mainly 
conducted to study on the stable behavior. One is the measurement of the zeta 
potential of the particle surface to predict the stability of the dispersion [52]. This 
predictive method is effective for relatively simple preparations, but it cannot give 
information about the effects of the multiple components dissolved in the continu-
ous phase on the flocculation behavior of particles. Aging tests are often performed. 
The products are evaluated for a long time under specific conditions (temperature, 
light, etc.). However, it is time consuming and cannot obtain objective and accurate 
data.

An instrument called Turbiscan LA-bExpert (Formulation Co., Ltd., France) can 
directly measure the dynamic stability of suspension without dilution based on mul-
tiwavelength reflection. Compared with microscopy, particle size, and zeta potential 
analysis, the Turbiscan presents the advantage of being a nondestructive tool. It 
gives kinetic information on the process leading to phase separation and allows to 
detect two kinds of destabilization phenomena: particle migration which is often 
reversible by mechanical agitation and particle size variations (coalescence, floc-
culation). At the same time, the Turbiscan analyzes the unstable mechanism and 
speed at the beginning of the unstable phenomenon and measures the concentration 
change in the middle and bottom of the suspension with time [53].

The following are three behaviors (flocculation, coalescence, and subsidence) of 
thick suspension. The steady state of suspension indicates the particle size and solu-
tion concentration without change. Particle movement (emulsion oil rise or the solid 
particles settle) caused changes in the concentrations of the sample and the strength 
of the backscattering and transmission. Particle sizes change due to agglomeration 
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of particles or droplets of flocculation, causing strength change of the backscatter-
ing and transmission. Therefore, the transmission and backscattering profiles con-
tain overall (sedimentation and aggregation) kinetics information and the relative 
migration speed of the particles.

The suspension of ICPC is affected by agglomeration, dissolution, and thermal 
motion of the suspended particles. The rate of particle movement, thickness of pre-
cipitation phase, average particle size, the volume concentration of the disperse sys-
tem, and a series of changes of the suspension system such as flocculation, 
emulsification, and sedimentation can be calculated according to changes in the 
transmission light of curve and the intensity of backscattered light. There are several 
ways to improve the suspension stability:

 1. Constructing wettable surface of solid particles by the medium (Fig. 3.8). Solid 
particles are separated by the disperse medium to avoid agglomeration and sedi-
mentation. Solid particles have a good dispersion effect in an aqueous medium, 
while they are poor in a nonaqueous phase. Therefore, new dispersants with 
anchoring groups and solvated chains for nonaqueous system should be explored.

 2. Reducing the density difference between the dispersing medium and suspended 
substance. Sedimentation velocity is directly proportional to the density differ-
ence. Therefore, reducing sedimentation velocity is favored to enhance the sus-
pension stability. A range of dispersants were added to modify stability. The 
result showed that polyacrylates, Darvan C, and Dispex A40 were the most effec-
tive dispersants for HA in water. Solsperse 3000 at low levels and Atsurf 3222 
were the most effective among the 10 dispersants in alcohol. Solsperse 3000, a 
carboxylic acid-terminated polyester, was also the most effective dispersant in 
hexadecane [54].

 3. Increasing viscosity and reducing relative molecular weight and particle diame-
ter by grinding, homogeneity, or enzymatic hydrolysis is a common method to 
improve suspension stability. Sedimentation velocity is in proportion to the 
square of the radius of dispersed particles. To be more specific, the larger the 
particles are, the faster the sedimentation velocity is and vice versa.

Furthermore, the kinetic suspension stability can be attained by adding thixo-
tropic agents [55–57]. Fumed silica formed the network structure when it was incor-

Fig. 3.8 Interactions of dispersant with particles in suspension system
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porated into n-ICPC pastes as a thixotropic agent. The suspension stability of 
p-ICPC was performed on the Turbiscan LA-bExpert, and n-ICPC was used as a con-
trol. After a period of storage, tiny particles tend to settle down to the bottom of the 
sample cell due to the gravitation, which lead to the suspension destabilization. 
Interestingly, no sedimentation occurred in p-ICPC at room temperature (Fig. 3.9) 
even scanning for 10 days. Both T and BS in p-ICPC remained close to zero all 
through the sample cell, even at the top. On the contrary, the n-ICPC under the same 
condition stratified rapidly in two phases. The apparition of the nonaqueous phase 
was reflected by an increase in the T signals. Obviously, the suspension stability of 
p-ICPC was effectively improved. It is mainly due to the formation of the network 
structure [58].

3.4.7  Sealability

As root canal sealers, n-ICPC fills the narrow and irregular root canal. However, 
inadequate filling could lead to the fluid penetrant to the filling defects causing a 
periapical chronic inflammatory reaction and compromising the treatment success. 

Fig. 3.9 (a) Transmission light curves of p-ICPC with sample height, (b) backscattered light 
curves of p-ICPC with sample height, (c) transmission light curves of n-ICPC with sample height, 
(d) backscattered light curves of n-ICPC with sample height (Reproduced from Ref. [58] by per-
mission. Copyright © 2013 Springer Science + Business Media New York)
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Therefore, the detection of leakage in vitro is widely used to evaluate the sealing 
efficiency with high clinical significance.

The leakage testing has a long history, and the first study on leakage was con-
ducted in 1961 [59]. Based on the principles of leakage testing in other dental fields, 
leakage test were adopted and modified to test for implants leakage as well. 
Evaluation of the gap at the interface level with radiographs, SEM, or other optical 
means is a simple method to detect inadequacies in the connection. However, this 
testing is less reliable and could not reflect the real situation as the continuity and 
depth of the gap cannot be evaluated. Other accepted testing techniques are micro-
bial leakage or bacterial seal testing [60], endotoxin or other molecular microleak-
age tests [61], spectrophotometric determination of dye penetration [62], 
electrochemical [63], glucose penetration model [64], and the gas permeability test 
[65]. The latter method not only provides information whether the implant leaks or 
not but also provides the leakage amount over time allowing for quantitative com-
parison among different implants systems.

Dye penetration was the most common method due to its simplicity [66] and 
intuitively observation of the linear penetration of the dye between the root canal 
filling and the walls. Methylene blue dye was used as a leakage marker because it is 
readily detectable under visible light, soluble in water, and easy to diffuse. 
Torabinejad et al. [67] stated that a material that prevents the small molecule’s (dye) 
penetration should prevent larger substances like bacteria and their by-products. 
Camps and Pashley [68] reported that the dye penetration method saved much time. 
Ethylene blue microleakage was also used to estimate the sealability of ICPC in our 
study. The microleakage distance of methylene blue was measured directly with 
vernier calipers from the end of the root filling material to the end point of the dye 
in the canal. The result showed that the mean microleakage lengths of bismuth- 
doped ICPC were lower than that of pure ICPC, indicating that the former possessed 
better resistance against methylene blue dye penetration [69]. The good sealability 
was probably attributed to the improved injectability and formation of the gap- 
filling apatite deposits. On one hand, BSB enhanced the injectability of BD-ICPC 
and made BD-ICPC fill up any gaps induced during the material shrinkage phase 
and the dentinal tubules. On the other hand, the hydration product of ICPC wrapped 
a small amount of fine BSB, formed a closely packed structure, and made the 
BD-ICPC denser.

Rhodamine B was another dye to evaluate the sealability without suffering dis-
coloration from filling materials, as occurs with methylene blue. Furthermore, the 
authors used vacuum to eliminate the air bubbles and make the dye easy to penetrate 
[70]. The result showed Rhodamine B was an effective method to evaluate the seal-
ability of MTA and calcium hydroxide.

Bacteria are microorganisms that cause the infection of the root canal. To better 
simulate the oral environment, bacteria model in vitro is established closer to the 
clinical than the dye and the radioactive elements. Mortensen [71] proposed that 
microleakage can be measured by bacteria in place of dyes and radionuclides as a 
marker. Radionuclide penetration takes radionuclide-labeled particles as a penetra-
tion marker. Particles are protein, salt, urea, and other molecules. The labeled mate-
rials were introduced together with the solution for penetration and finally using the 
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self-development of the radioactive isotope. The depth of penetration usually dis-
plays in the X-ray. The biggest advantage of the liquid flow, microscope, and com-
puter 3D reconstruction is to observe the microgap of the sample repeatedly and 
directly. Lyroudia [72] scanned the cross section of the root canal, studied the 
microseepage by the computer three-dimensional image reconstruction, and 
obtained the results from different visual angles.

3.5  Applications of ICPC in Hard Tissue Repair

3.5.1  Applications of ICPC in Bone Repairing

Due to the intrinsic biocompatibility, degradability of the material itself, and flexi-
bility in shaping and injectability in practical use, CPCs serve as a promising candi-
date in bone tissue repairing and have already been proven as suitable substitutes in 
tissue engineering. Considering the specific chemical composition of CPCs, the 
combination of Ca and P boosts excellent osteoconductivity, which could stimulate 
further tissue regeneration, especially in hard tissue repairing areas such as spinal 
repair, root canal filler, or periodontal defect filling in physically damaged or patho-
logical bone sites. In addition, the better understanding of setting behaviors of CPCs 
enables us to load drugs into the material in a tunable way to achieve a controlled 
release at the local site.

With the coming of aging society, the number of patients with vertebral compres-
sion fractures, vertebral metastasis, radius fracture, etc., triggered by osteoporosis is 
on the rise. The long-term pain or incapability to sit down has severely disturbed the 
normal life of people. Considering the low efficacy of medical treatment and unsuit-
ability of internal screw fixation in patients with decreasing bone mechanical prop-
erties, percutaneous vertebroplasty by the use of ICPC to strengthen diseased 
vertebra could serve as a good therapeutic option.

A number of researchers have explored the superiority of ICPC in the field of 
bone repair. For example, Libicher [73] and coworkers applied resorbable CPCs in 
osteoporotic vertebral fractures and investigated the osseous integration. It was 
observed that the cured CPC materials demonstrated good integration with sur-
rounding tissues and were gradually replaced by autologous bone tissue via osteo-
nal ingrowth. Shigeo Ishiguro [74] applied ICPC in percutaneous vertebroplasty for 
osteoporotic compression fractures. Totally, 36 patients with osteoporotic fractures 
underwent percutaneous vertebroplasty using CPC. The clinical results showed that 
immediate pain relief was achieved, and the risk of vertebral body collapse and 
pseudarthrosis was reduced, demonstrating the effectiveness of ICPC.

Since 2003, our group [75] has carried out the minimally invasive therapy 
research of injectable and degradable calcium phosphate-based inorganic cements 
on vertebral fractures. It was found in the clinical use that ICPC boosted excellent 
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injectability. The pastes could easily pass the syringe needle with 0.33 mm inner 
diameter, and the force needed to inject into centrum was less than that needed for 
PMMA. With synergetic modification of various compositions, the curing time of 
ICPC could be controlled under 18 min to achieve the initial strength and com-
pletely cured at body temperature (37 °C) after 24 h to achieve the highest strength, 
which could satisfy the requirements of surgeries. Meanwhile, the material pos-
sessed good water resistance, with the anti-washout rate of above 98%. The strength 
and tenacity were enhanced, with the increase of compressive strength from 22 MPa 
after 1 h to 47 MPa after 24 h, which was higher than the mechanical strength of 
similar imported products MIIG.

ICPC of TECP/DCPA system prepared by our group has been used in clinical 
trials. The mechanical strength of ICPC is 20 MPa higher than the average com-
mercial products, ranging from natural spongy bone and cortical bone, self-set 
within 3–15 min, and achieves 85% of the highest compression strength after 4 h. 
Meanwhile, the ICPC system exhibits an outstanding injectability with excellent 
bonding to bone tissues after setting.

In one case, ICPC was employed in percutaneous vertebroplasty. As it was 
inferred from the CT image (Fig. 3.10), ICPC materials were well filled into the 
damaged cavity and demonstrated good adhesion to surrounding bone tissues, 
greatly promoting the therapeutic effect.

ICPC was also injected into the vertebral bone trabecular gap of fresh bodies to 
further investigate biomechanics. Only 8–10 psi was needed during the injection, 
which was greatly lower than that of PMMA (20–40 psi), proving again its excellent 
injectability. The CPCs could self-set within 8–15 min at the gap. After injection, 
the loading capacity has increased to 8000 N, 52.4% higher than the original cen-
trum, showing that the mechanical property could satisfy the clinical need.

To sum up, the ICPC could be considered as an outstanding material, especially 
in spinal repairing such as percutaneous vertebroplasty. Of course, to meet with 
clinical requirements, injectable bone cements whose viscosity versus time from 
commencement of mixing characteristics are consistent with the aforementioned 
requirements of various patients still have to be developed [74]. In addition, more 
clinical trials are needed to further identify the effectiveness of ICPC materials.

Fig. 3.10 Compression fracture treatment by injection of ICPCs (a) before surgery, (b) after injec-
tion, and (c) one month after surgery
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3.5.2  Percutaneous Vertebral Device for Minimally Invasive 
Treatment of ICPC

In minimally invasive vertebral body forming technology, designing reasonable 
supporting equipment and establishing an effective working channel are the keys to 
ensure the point injection of bone cement and restore the vertebral body height. In 
recent years, percutaneous kyphoplasty (PKP) rapidly developed, that is, the percu-
taneous and pedicle firstly imbedded the inflatable balloon into the vertebral body, 
expanding the balloon and squeezing the damaged vertebral body to reduce the 
fracture vertebrae with a safe and effective space, followed by venting out of the 
balloon and filling the bone cement at a low pressure (Fig. 3.11). Using the technol-
ogy of PKP can restore the vertebral height, enhance the vertebral strength, and 
reduce postoperative pain. More importantly, filling CPC into the vertebrae under 
low pressure can effectively lessen the leakage of cement to reduce complications. 
However, obtaining a miniature, thin-walled balloon and ensuring the sealing con-
nection between balloon and catheter is very difficult. The existing cardiovascular 
dilatation balloon cannot withstand the high pressure above 350 psi which is consid-
ered to be the minimum pressure of vertebral minimally invasive surgery. 
Additionally, the deformation of balloon should be limited to keep stable dimen-
sions under the desired high pressure. And the cardiovascular dilatation balloon 
cannot meet this requirement.

In order to meet the special requirements of inflatable balloon in the process of 
vertebral minimally invasive treatment, our group invented the process technology 
of multistage ring-shaped rotary expansion and radial double-sided tensile to pre-
pare high-resistive tear balloon [76]. On account of thermoplastic property of poly-
urethane (TPU) elastomer, our group produced the isotropic TPU materials through 
multiple bidirectional expansion orientation techniques. The rotational expansion 
and radial stretching of TPU lead to the orderly alignment of polymer chains in a 
circumferential and radial direction, respectively. This process enhances and stabi-
lizes the tear strength and dimensional stability of the thin-walled balloon. The bal-
loon can still withstand the pressure environment more than 350 psi when the wall 
thickness is about 0.2 μm, and the balloon possesses excellent mechanical strength 

Fig. 3.11 Operating process of percutaneous kyphoplasty
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which can withstand the sharp contact pressure like bone fragments without dam-
age. Moreover, the balloon can rebound back to the size before expansion for facili-
tating removal. On the other hand, the high-frequency (>100  kHz) welding 
technology was utilized to achieve the seal connection between the balloon and the 
catheter (Fig. 3.12). The finally prepared balloon catheter has a maximum tolerated 
pressure of no less than 400  psi, which can meet the requirements of PKP 
operation.

3.5.3  Operational Techniques for Centrum Minimal Invasive 
Treatment in Clinical Use

Posterior pedicle screw is one of the common methods employed in the treatment of 
thoracic and lumbar fractures. However, due to the osteoporosis of elderly patients, 
the implant could suffer from the poor stability, enlarged porosity after resetting of 
fracture, and collapse of the centrum after recovery. All the above defeats could 
induce the rapid increase of stress on the posterior pedicle screw, thus leading to the 
high failure of the fixation due to the loosening and rupture of screw. Meanwhile, 
the screw expands the fixation sites, and only the cortical bones surrounding the 
centrum are restored. By combining the centrum minimal invasive treatment with 
pedicle screw fixation, a new clinical operational technique has been proposed and 
reduced stress of pedicle screw when working alone, lowered the failure rate of 
inner fixation, and maintained better restoration of fractured part. Compared with 
PMMA, ICPC has less influence on the near intervertebral disc after centrum 
strengthening, thus significantly improving the load distribution of spinal stress 
field and displacement field.

Fig. 3.12 The devices and tools for percutaneous kyphoplasty
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Patients with fresh single-segment thoracolumbar burst fracture and without 
neurological symptoms are selected for pedicle screw fixation and percutaneous 
vertebroplasty. The clinical results reveal that the combination of centrum minimal 
invasive treatment with pedicle screw fixation cannot only improve the restoration 
of fractured centrum but also maintain the height after operation to prevent any 
losses that lead to fixation failure. Compared with traditional methods, the new 
approach reduces the operation time and accelerates the recovery, thus opening up 
a new door for the safe and effective treatment of osteoporotic vertebral fractures 
and thoracolumbar vertebral burst fractures. In one typical case (Fig.  3.13), a 
45-year-old female with first lumbar vertebral burst fracture has taken the combined 
treatment of vertebral pedicle screw fixation and percutaneous vertebroplasty (ICPC 
produced by Rebone, Shanghai). Pain score dropped to 2 points immediately and 
fell to 0 after treatment for 3 months. ICPC had a lower occurrence rate of pulmo-
nary fat embolism than PMMA. The central and anterior vertebral body height sig-
nificantly increased, and the strength of catagmatic vertebra restored to two times, 
while rigidity increased 15–20%. It kept shapes and internal structure of the verte-
bra, preventing micromotion in the vertebra and providing a stable internal environ-
ment for recovery. The results confirmed that percutaneous vertebroplasty with 
ICPC is a good choice for the treatment of acute thoracolumbar osteoporotic verte-
bral compression fractures.

Fig. 3.13 45-year-old female, vertebral pedicle screw fixation, and PVP (ICPC from Rebone, 
Shanghai, China) (Reproduced from Ref. [77] by permission. Copyright © 2017)
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Biomechanics in percutaneous vertebroplasty after fracture was also investi-
gated. During the trails on fresh bodies, ICPC was injected into gaps resulted from 
fracture, and cavity formed after the removal of the centrum (Fig. 3.14). After the 
injection of ICPC and thereafter hardening process, the load-bearing capacity of the 
repaired site was 2275 N, a 16.7% increase compared to 1950 N of the original one. 
Meanwhile, the stiffness also increased by 11.1% after the injection of ICPC 
 materials. As we can see from the CT images in Fig. 3.15, the materials presented 
good adhesion to the surrounding bone tissues.

3.5.4  Application of ICPC as Root Canal Fillers

Root canal filler serves as a good therapeutic method for dental-related diseases, 
including periapical or pulposus problems. A careful choice of filler material and a 
good performance in filling process remain the most important factors in clinical 
applications. ICPC, with excellent biocompatibility and osteoconductivity, has also 
been extensively employed in dental field.

An ideal root canal filler is required to be nontoxic, no stimulation, and no obvi-
ous postoperative inflammatory reaction when it contacts with periapical tissue. It 

Fig. 3.14 Injection of ICPC into centrum (Which is reproduced from Ref. [78] by permission)
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should offer adherence to dentinal walls of the retrograde preparation, periradicular 
tissue tolerance, and bioactive promotion of healing. Meanwhile, the filling material 
should not corrode or be electrochemically active. It should also be kept in mind that 
easiness to manipulate, dimensional stability, non-absorbability, as well as no pen-
etration by bacteria must be considered during the selection of materials [79].

A DCPD-CaO-based hydraulic CPC was investigated for its antimicrobial activ-
ity and tightness in root canal filling [80]. In the following studies, it was found that 
in comparison to traditional calcium hydroxide pastes, the CPC material demon-
strated better mechanical properties and provided a fluid-tight sealing [81]. Sealing 
property is considered as one of the most important parameter in root canal filler 
and to some degree determines the final therapeutic effect [82]. As a result, the per-
formance in sealing ability of different fillers was also evaluated in the report. It was 
shown that CPC paste containing dicalcium phosphate anhydrous and dicalcium 
phosphate dihydrate exhibited good sealing ability against dye penetration, suggest-
ing the capability to provide adequate seal of the canal. BD-ICPC exhibited 
improved plasticity, self-setting, radiopacity, sealability, and potent antimicrobial 
activity. In addition, BD-ICPCs afforded a uniform and tight adaptation to the root 
canal wall. It is expected to be used as a novel root canal filling material.

The tissue response of CPC was studied [83]. The results illustrated that, in the 
histological study in dogs, varying tissue reactions in contact with CPCs after 
implantation did not lead to severe inflammation, confirming the biocompatibility 
and nontoxicity of the materials. Hong CY [84] injected ICPC into monkeys’ inci-
sor and overbrimmed it to periapical tissues. Only mild stimulation reaction was 
observed after 1 month of treatment and no adverse reaction after 5 months. Goodel 
[85] made CPC into sealer of root canals and filled the gutta-percha point with 
Grossman’s cement by high pressure. The control group only sealed gutta-percha 
points with Grossman’s cement in pressure. The results of linear dye penetrant test 
in two groups showed that the experimental group had less dye infiltration than the 
control group in the root canal. Then the team used CPC to carry on leak proofness 
tests with zinc oxide eugenol sealer (ZOE) and gutta-percha points sealed with 

Fig. 3.15 CT images of ICPC filling areas (Which is reproduced from Ref. [78] by permission)
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Grossman’s cement, respectively, proving that CPC as root filling material has good 
properties of sealing [86, 87]. Tchaou [88] compared six kinds of dental materials, 
such as CPC, formaldehyde cresol (FC), calcium hydroxide, zinc oxide, etc., for 
antibacterial effect against 21 kinds of bacteria in the root canal. The results indi-
cated that the material containing CPC and FC has the strongest antibacterial ability, 
especially for anaerobic gram-negative bacteria.

Though ICPC has a series of comprehensive advantages and has already been 
applied in practical use, there is still a long way to go to further understand the 
in vivo behaviors and further confirm the therapeutic effect.

3.5.5  Periodontal Defect Filling

The periodontium is a complex anatomical structure composed of both hard (bone 
and cementum) and soft (periodontal ligament) connective tissues [89]. A periodon-
tal wound is always created along with a series of periodontal lesions which have 
shown to be a high risk of disease progression in subjects who had not received 
systematic therapy [90], while deep intraosseous defects represent a major chal-
lenge for the clinician.

CPCs are identified as an emerging bone substitute materials for osseous aug-
mentation due to its unique combination of osteoconductivity, biocompatibility, and 
mouldability. Moreover, the injectable CPC is important for minimally invasive sur-
gery and optimal defect filling in clinical applications of periodontal defect to pro-
vide intimate adaptation to the bone lesions and cracks.

Nowadays, the technologies of periodontal defect repair have become increas-
ingly mature, and a series of preclinical or clinical evaluation criteria and models 
were proposed such as socket healing, supra-alveolar periodontal defects, and fur-
cation and fenestration defects [91]. ICPC was treated for pulpal and periapical 
diseases. The researchers suggested that the materials could close root canal and 
prevent bacteria invasion without adverse reactions. There was no side effects 
including tooth discoloration, volume change, postoperative pain, local gums bleed-
ing, edema, and so on [92]. Yoshinori Shirakata et al. [93] concluded that the filling 
volume and stiffness of CPC may compromise the clinical outcomes for periodontal 
intrabony defects. However, the study failed to demonstrate any superior clinical 
outcomes for the CPC group compared to the open flap debridement group, whereas 
radiographs revealed more favorable results in the CPC group. In addition, the pur-
pose of periodontal regeneration procedures is not just to obtain a bone filling of the 
defect, but a regeneration of all the periodontium. To improve the injectability of 
materials and their stability in the osseous defects, researches developed a compos-
ite based on silanized hydroxypropyl methyl cellulose (Si-HPMC) and biphasic cal-
cium phosphate (HA and β-TCP), which obtained an exciting repair results in dog’s 
critical size furcation defects [93].
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Although injectable CPC has been used in clinical for a long time, however, 
drawbacks still existed such as easy to collapse and low osteogenesis. To address 
these issues, CPC-based composites were developed: some were studied in vivo 
experiments, and some were assessed by preclinical evaluations.

3.6  Summary and Perspectives

Injectable calcium phosphate cements have received much attention in recent years 
due to their numerous potential advantages such as in situ self-setting, precision 
injection, no exothermic heat release during the hydration process, minimal dam-
ages to tissues, and great relief of patients’ suffering.

However, there are still many issues that restrict their wider clinical applications. 
For instance, the requirements regarding viscosity are conflicting. Ideally, the vis-
cosity of ICPCs should be low and easy for injection through the cannula but high 
enough after implantation in bone defect to prevent from the tissue fluid to washout. 
Future research should focus on the improvement of the strength and in the mean-
time the injectability. A injectable cement with good injectability possesses the 
higher ratio of liquid to solid, thereafter having lower strength after setting. Potential 
solutions to overcome the shortcoming are to introduce some setting accelerators. 
Developing an injectable biomaterial for the encapsulation of viable cells and mim-
icking the 3D structure of natural bones are the potentially fruitful direction of 
injectable cements for hard tissue repair. Furthermore, a comprehensive internation-
ally accepted standard should be developed to characterize the injectable bone cements. 
This standard should document procedures for determining not only the properties of 
ICPCs but also the guidance on how to use them in clinical applications.
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Chapter 4
Calcium Phosphate Composite Cement

Jing Wang and Changsheng Liu

Abstract Calcium phosphate cement (CPC) has shown great promise for bone 
regeneration. However, optimizations are still required to improve its comprehen-
sive performance, including mechanical strength, biodegradation rate, cell affinity, 
etc. This chapter gives a general view on modifications of CPCs using the composite 
strategy. Development on elemental doping method, fiber incorporation tactics, and 
inorganic-polymeric hybrid system are elaborated. The chapter will offer inspira-
tion on designing novel calcium phosphate-based cements.

Keywords Calcium phosphate cement • Composite • Fiber • Degradation • 
Interpenetrating Network (IPN)

4.1  Introduction

4.1.1  Requirements of Bone Regeneration

Bone defects and nonunion caused by trauma, resection, or abnormal development 
pose a significant health problem worldwide [1–5]. It is estimated that by the year 
2020, approximately 6.6 million orthopedic surgeries will be performed annually 
[6]. Currently, the best approaches for bone reconstruction are bone grafts either 
from autografts of the patient or allograft provided by the donor [7–10]. However, 
serious disadvantages are associated with the use of bone grafts. Considering the 
limited supply, donor site morbidity, risk of immune rejection, and chronic immune 
response owing to the second surgery at the donor site, strategies have prompted 
interest in artificial bone substitutes. By far, bone substitution is still an unsolved 
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problem, and there is a growing interest in the development of bone-like materials 
which allow for osteointegration into native tissue.

Since discovered in 1982–1983, calcium phosphate cements (CPCs) have been 
successfully used as bone substitute for more than 20  years due to their close 
 semblance to the mineral phase and crystalline structure of natural bone, as well as 
their excellent biocompatibility and osteoconductivity [11–17]. Conventional CPC 
systems consist of a precursor powder containing one or several calcium phosphates 
and an aqueous solution. After mixing with specific ratio, the calcium phosphate 
precursors can transform into a less soluble nanocrystalline hydroxyapatite (HA) 
through a dissolution and re-precipitation reaction procedure, and the self-setting 
paste is formed. Both bulk scaffold and injectable paste can be fabricated [18–20].

Although CPC is highly promising for orthopedic applications, it has inferior 
mechanical properties and can hardly subject to the mechanical loading [21–25]. 
Periodic dynamic loading would lead to cracking and displacement of the surround-
ing bone fragments, which would delay or inhibit bone formation and thus impair 
healing. The relatively low strength and susceptibility to brittle fracture have limited 
its use to only non-stress-bearing applications. In comparison, the cortical bone has 
a true fracture toughness over 20 MPa. Besides low strength, there are still other 
shortcomings with the conventional CPC during the practical application, involving 
its prolonged setting time and washout upon early contact with physiological fluids 
or when bleeding occurs because of the difficulty in some cases to achieve complete 
hemostasis. In addition, its resorbability is comparatively lower, which is difficult to 
match the new bone formation [26–31]. Thus, current studies related to the develop-
ment of “ideal” CPC are focused on the achievement of optimum balance between 
resorbability, porosity, and mechanical properties.

Much attention has been drawn to the optimizations of CPCs, especially the 
availability of novel load-bearing CPC cements. Nevertheless, combination of high 
strength and toughness is rare in engineered materials because these properties are 
antagonistic; single-phase materials are normally either strong and brittle or ductile 
and weak. Moreover, modification with biodegradability is even more challenging 
because biodegradability generally implies weak chemical bonds, which are in con-
sequence rarely mechanically strong.

4.1.2  Strategy of Composite Cement Designing

Since it seems difficult to fulfill all requirements such as load-bearing, degradation, 
fast setting, and anti-washout by single material, the focus of researchers has shifted 
toward composite materials, which combine properties of materials of different nature. 
In fact, bone is a complex nanocomposite of organic / inorganic structures where the 
inorganic component consists of nanoscaled HA crystals embedded between the pre-
cisely arranged organic collagen (Col I) fibers [32–37]. Col I builds the basic three-
dimensional framework of the bone matrix for mineralization and remodeling. Thus, 
different composites with favorable physical, mechanical, and biological properties 
have been investigated as bone substitutes and regenerative materials.
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Therefore, extensive studies have been performed to circumvent such problems 
in recent years, aiming at mechanical reinforcement, degradation promotion, and 
endowing some biological properties. This chapter provides an overview on current 
development of various composite strategies, including the reinforcement through 
addition of either inorganic granules or polymeric compositions, improvement of 
biological properties by doping with bioactive elements, as well as modification of 
resorption capability [38]. The aim of this chapter is to give a critical look on the 
Ca-P-based hybrids, which may pave the way for design of optimized CPC cements.

4.2  Silicate-Substituted Calcium Phosphate Cement

As abovementioned, an ideal substrate for the bone regeneration should not only 
have adaptive mechanical strength but also can promote bone repairing. Numerous 
works have been carried out about the Si-containing CPC since silicon is considered 
to be relevant to the initiation of mineralization and has positive effect on bone 
repairing [39–44]. Hence, both bioactive glass composite cements and silicate cal-
cium phosphate have produced an impressive number of studies, which would sup-
ply better biological properties compared to pure calcium phosphates.

4.2.1  Bioactive Glass-Calcium Phosphate Composite Cement

It has been suggested that bioactive glass (BG) would make good bone forming 
either alone or in combination. Ducheyne et al. reported that mesenchymal stem cell 
(MSC)-seeded BG released Ca, P, and Si ions as part of the cascade of reactions that 
included the calcium phosphate layer formation and the preferential absorption of 
proteins such as fibronectin [45–48]. The latter step is an intermediary step preced-
ing osteoblast cell attachment to the material surface, which affects the osteogenic 
phenotype expression and alkaline phosphatase (ALP) activity. So, it is rational that 
addition of BG to CPC is useful for the design and optimization of degradable 
implant materials in bone tissue repair and regeneration procedures.

4.2.1.1  Fabrication and In Vitro Bioactivity

Generally, the composite BG-CPC cement consists of binary bioglass and calcium 
phosphate powder and liquid phase. In a representative research in Liu’s group [49–
51], calcium phosphate cements have the composition of tetracalcium phosphate 
(TTCP, Ca4(PO4)2O) and dicalcium phosphate anhydrous (DCPA, CaHPO4) in an 
equivalent molar ratio; hydroxyapatite (HA) was used as the hydration crystal seed. 
The Ca/P ratios of CPCs were 1.67, 1.60, 1.50, and 1.40, which were obtained by 
changing the ratio of TTCP and DCPA, and were coded as CPC1.67, CPC1.60, CPC1.50, 
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and CPC1.40. The silicon of the materials comes from traditional bioactive glass 
(BG) 45S5 granules (Wt%: 45% SiO2, 24.5% Na2O, 24.5% CaO, and 6% P2O5). 
Composite CPC-BG powders were prepared by mixing both CPC and BG at certain 
weight ratio. For example, composite materials that contained 80% CPC and 20% 
BG (W/W) were termed as CPC1.67BG.  Deionized water was employed as the 
cement liquid; setting condition was set with 100% relative humidity at 37 °C for 
48 h.

After the composite BG-CPC composites were immersed in Tris buffer, changes 
in microstructure could be observed. Poorly crystallized carbonate apatite could be 
found in the FT-IR spectrum. SEM examinations (Fig. 4.1) revealed that the surface 
of the samples was fully and uniformly covered by densely packed calcium phos-
phate precipitates. At a higher magnification, small crystallites were revealed in the 
granular apatite layer, verifying the formation of apatite layer on the surface, which 
was different from the parent glass. The representative CPC1.50BG sample showed a 
similar crystalline layer which possessed a subtle morphology of rodlike texture 
with directional arrangement apatite as formed during immersion. Further survey 
using ion beam bombardment demonstrated the surface formation of apatite layer. 
With longer immersion periods, microcracks of a tortoise shell character appeared 
on the fresh surface, which was resulted from the contraction during drying 
process.

Fig. 4.1 (A) SEM images of the thickness of the surface layers for cement-bioactive glass com-
posite CPC1.5BG after differential immersion for 14  days. (B) SEM images of the surface of 
CPC1.5BG after differential immersion in Tris buffer solution (containing 10% newborn bovine 
serum) for 14 days. (C) Crystal morphology of CPC1.5BG layer. (D) Surface images of CPC1.50BG 
after immersion for 7 days. The inserted magnification revealed the external superficial granular 
apatite layer. (E) EDX spectrum of the surface of CPC1.50BG after immersion for 14  days 
(Reprinted with permission from Ref. ([49]. Copyright © 2008 Biomedical Materials. Rights 
Managed by IOP)
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A further confirmation conducted by EDX spectrum (Fig. 4.1E) indicated that 
the surface was a calcium phosphate with a Ca/P ratio of about 1.51. Thus, during 
immersion, the bioactive composite CPC dissolved and a new surface formed by 
precipitation and transformation reactions, leading to a poorly crystallized, 
Ca-deficient carbonated apatite. Such result is compatible with supersaturating con-
ditions of the various ions in solution.

4.2.1.2  Effects of Silica Content on Degradation

It is well known that proper degradation in a physiological environment is one of the 
most important characteristics of bone substitute biomaterials. The present study 
demonstrated that CPC-BG composites exhibited noticeable weight loss in Tris buf-
fer solution over time, which indicated its improved degradability. As expected, the 
formation of Ca-deficient carbonated apatite with imperfect crystallization will be 
beneficial to degradation [52]. It was clear that the degradation rate of CPC-BG 
composite increased with the reducing of Ca/P ratio. In contrast, the CPC had lost 
only 7.23% of its initial weight at the end of the experiment, and pure active bio-
glass was recognized as nondegradable material. But, surprisingly, the hybridation 
gave rise to the lower-crystallized Ca-deficient apatite, which had the specialty of 
degradation. In addition, thanks to the microcracks and micropores caused by the 
discrepant contraction between the different phases, which enlarged the surface of 
CPC-BG composite in contact with the liquid, the degradation ratio was improved. 
This cooperative effect is instructive for designing the biodegradable materials and 
can be modulated by varying the Ca/P ratio.

4.2.2  Silicate-Substituted Calcium Phosphate Cements

It is generally noted that Ca and Si ions play an important role in the nucleation and 
growth of apatite and influence the biological metabolism of osteoblastic cells in the 
mineralization process and bone bonding mechanism. In addition, wollastonite 
(naturally occurring calcium silicate) composites as plasma-sprayed coating on tita-
nium alloy substrates or polymeric matrix showed good bioactivity and biocompat-
ibility. As a result, preparation of Si-containing composite cement by doping with 
calcium silicates became a common approach [53–55].

4.2.2.1  Effect of Silicate on Degradation Rate

In a typical research of silicate-doped calcium phosphate cement [52, 56] (termed 
as sdCPC), the existence of calcium silicate can be confirmed from the XRD and 
FTIR spectrum (Fig. 4.2). In addition, HA can be observed in the composites, indi-
cating the occurrence of hydration of CPC. Compared with pure CPC which was 
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composed of many particle-like crystal of HA, the sdCPC formed web structure. It 
looks like that HA crystal particle was completely embedded with calcium silicate 
xerogel. Mentionable, the in vitro weight loss of sdCPCs can be regulated flexibly 
by the amount of silicate. Increasing silicate content leads to accelerated degrada-
tion. Further evidence of many micropores can be found in sdCPC in SEM, indicat-
ing the accelerated degradation rate of sdCPC.

4.2.2.2  Cell Affinity

More attentions have been paid to the Si-doped CPC since Si was reported to have 
positive effect on bone metabolism. As for silicate-doped CPC, superior cell attach-
ment of sdCPC can be obtained compared with CPC, suggesting that introduction 
of Si will facilitate cell adhesion on their surfaces. Since the superficial specialty 
plays a key role in the cell response and behavior [57–59], the improved cell attach-
ing is consistent with the liable formation of apatite layer on the sdCPC surface. 
Moreover, attachment is part of the first phase of cell-material interactions, which 
will influence the capacity for growth, morphology, proliferation, and 

Fig. 4.2 (A–B) XRD, FTIR spectrum of calcium silicate, CPC, and sdCPC (10 wt% silicate). (C) 
Weight loss of CPC and sdCPC soaking in Tris-HCl solution for various periods. (D–G) SEM 
micrographs of CPC and sdCPC before and after immersion in Tris-HCl for 5 weeks
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differentiation upon contacting with the implant. As a result, proliferation of C2C12 
cells revealed the highest OD values of sdCPC specimen which was significantly 
higher than CPC and control after 1 and 4 days (p < 0.05, Fig. 4.3A).

Cell morphology observation under SEM micrographs (Fig. 4.3C) exhibited dif-
ferent morphology of MC3T3-E1 cells cultured onto the CPC and sdCPC disks 
after incubated for 24 h [56]. Cells located on the sdCPC spread better and were 
more closely adapted to the surface compared with CPC. As shown in Fig. 4.3D, 
after cultured for 24 h, MC3T3-E1 cells on the sdCPC disks displayed unique and 
limpid F-actin including microfilaments. In contrast, cells on the CPC disks exhib-
ited mild and poorly F-actin fragment. Moreover, in accordance with the SEM 

Fig. 4.3 Effect of CPC and CPC-BG on proliferation (A) and differentiation (B) of C2C12 with 
different culturing time. Morphology observation (C) and cytoskeleton organization (D) of 
MC3T3-E1 cells on CPC and sdCPC surface (C, D) (Reprinted with permission from Ref. [56]. 
Copyright © 2010 Biomedical Materials. Rights Managed by IOP)
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observation, cells cultured on sdCPC revealed better spread behavior since highly 
organized cytoskeleton with stress fibers is often associated with strong cell adhe-
sion. These results suggest that Si-doping has positive effect on promoting cell 
growth and cell proliferation. Silicon is proven to stimulate the proliferation of bone 
cells and enhance osteogenesis through direct control over genes that regulate cell 
cycle induction and progression. With regard to the sdCPC, cell differentiation was 
evaluated in terms of the ALP activities of MC3T3-E1 cells cultured on both CPC 
and sdCPC at 1, 3, and 7 days (Fig. 4.3B). It was found that both two materials sup-
ported MC3T3-E1 cells differentiation. Obviously, as the culture time progressed, 
significantly greater activity was observed. However, ALP activity significantly 
increased compared with CPC, when cells were cultured on the sdCPC disks at 3 
and 7 days.

4.2.2.3  In Vivo Implantation for Bone Regeneration

In vivo osteogenesis was evaluated through a critical-sized (15 × 6 × 4 mm) man-
dible defect of New Zealand white rabbits. For each animal, sdCPC sample was 
implanted in the left side, while either controlled CPC or blank was inserted in the 
right side.

From the X-ray radiographs [52], regeneration failed in the blank group; little 
new bone was formed at 12 weeks except partial regeneration at the edge of the 
defect. In CPC group, due to the slower resorption, no evident density decreasing of 
the implanted CPC was observed even after implanting for 12 weeks. Despite the 
vacancy length had been almost disappeared, the easier distinguished marginal area 
between material and tissue suggested the weak bony connection. In contrast, the 
density of the defect area in sdCPC group was enhanced, closed to the normal bony 
tissue. The disorganized trabecula was observed after 6 weeks, and some callus as 
well as osteoid tissue had formed at the extremities of the implants. At 12 weeks, 
mass callus had formed and the implanted material was partly degraded. A tendency 
of decreasing could be found around the edge of material, which was more close to 
the density of peripheral bony tissue. Especially, partial boundary between newly 
formed and normal bone disappeared, the bony fusion could be deduced and the 
defects were repaired on the verge of the ambient hard tissues (Fig. 4.4A–C).

The gross inspection revealed that no synostosis but fibrous structure was pre-
dominantly observed at the defect area in controlled blank group. Though the pen-
etrating defect was partially filled with newly bony structure, the defective area had 
not been repaired exactly, remaining the concave of about 6–8 mm. Repairing with 
CPC alone had the similar aspect to the sdCPC. The edge of defect had been cov-
ered with lamella neoformative callus, and a small part of the implanted material 
was degraded. However, bony union only appeared at the extremities of the 
implanted material, and the integration between material and defective tissue was 
not tight enough. In agreement with the radiographic analyses, the gross view of the 
jaw repaired with the sdCPC constructs showed that complete bony union was 
achieved at 12 weeks after surgery (Fig. 4.5). Although part of the implanted mate-

J. Wang and C. Liu



195

rial remained at 12 weeks after surgery, bony union was achieved, and the shapes of 
the repaired mandible closely resembled those of the normal tissue. Locked-in inte-
gration was found between the interface on materials and new bone.

Histological analysis [52] of hematoxylin-eosin staining revealed that there was 
no bony tissue in the specimens from controlled blank group at 6-week time point, 
and the defects were filled with fibrous-like tissue. No obvious formation of bone at 
the central region of the implants had been found even after 12 weeks. This illus-
trated that addition of bone substitute was beneficial to the repairing of massive 
defect. In groups of CPC and sdCPC composite, new bone formation was observed 
in the central and peripheral regions. Especially in group sdCPC, the boundary 
between material and host bone was unclear due to the sufficient formation of 
mature bone tissues. Central osteogenesis could be observed, while scarcely 
ingrowth of new bone was found in the CPC group by contrast, except the coexis-
tence of bony union and fibroblasts (Fig. 4.5). This suggested the osteoconductive 
ability of sdCPC was better than that of pure CPC cement [60–63].

Fig. 4.4 X-ray radiographs of different samples for 6 weeks and 12 weeks: (A) blank, (B) CPC, 
(C) sdCPC
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4.2.3  Summary

The endeavor of Si-doping calcium phosphate cement modified apatite-forming 
ability, which seems to be a favorable surface reaction in forming a bond between 
tissue and materials and plays an important role in the process of attachment, 
spreading, and proliferation of cells on the interface of material. Moreover, Si-doped 
composite system has an improved resorption rate and accelerated bone formation.

4.3  Magnesium-Doped Calcium Phosphate Cement

4.3.1  Design of Magnesium-Doped Calcium Phosphate Bone 
Cement

A typical CPC that initially contains an equimolar mixture of tetracalcium phos-
phate (TECP) and dicalcium phosphate anhydrous (DCPA) can transform into 
hydroxylapatite as final product in about 30  min. However, its poor mechanical 
properties, lower biodegradation rate in vivo, and relatively prolonged setting time 
limit further applications. Particularly, in clinical applications, a long setting time 
may cause the cement to crumble when it comes into contact with physiological 
fluids or when bleeding occurs due to the difficulty in performing entire hemostasis 
in some cases, and a more rapid resorption and replacement by newly formed bone 
is desirable in some clinical situations as well.

Fig. 4.5 General observation and histological analysis of the middle plane of the implanted con-
structs in postoperative 12 weeks (×10, A: bone healing, B: flaked new bone around material, C: 
marrow cavity)
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The magnesium (Mg) is the fourth most abundant cations in the human body and 
is naturally found in the skeleton. In contrast, magnesium phosphate cement (MPC) 
composed of magnesium oxide (MgO) and ammonium phosphate (NH4H2PO4) is a 
kind of fast-setting phosphate cement [64–66]. Moreover, MPC has high initial 
strength and accelerated resorption rate [67–69]. Thus, it is rational that a combina-
tion of MPC with CPC might result in a novel magnesium-doped calcium phosphate 
complex with improved properties.

4.3.2  Effects of Magnesium Content on Properties [70–72]

MCPC can be obtained expediently by mix CPC powder, MPC powder, and cement 
liquid, such as ultrapure water. In a typical XRD analysis (Fig. 4.6A) after setting 
for 24 h in 100% relative humidity at 37 °C, both characteristic diffraction peaks of 
HA, magnesium phosphate, and the residuals of phosphates appeared in the com-
posite. For example, CPC showed classical HA peaks and peaks for unhydrated 
TTCP. For MCPCs, the HA peaks shifted toward wide angles, indicating the forma-
tion of Mg-substituted hydroxyapatite (MgHA). Composite samples with lower Mg 
content (i.e., 5MCPC, which has 5 wt% of MPC) exhibited a similar composition 
phase with CPC except slight MgHA and Mg3(PO4)2. But with the increasing of the 
MPC, the relative intensities of HA peaks decreased, and the intensities of several 
additional peaks corresponding to β-TCP and Mg3(PO4)2 increased, especially for 
the 20MCPC (containing 20 wt% MPC), which could be attributed to the hydration 
of magnesium phosphate cement.

Subtle microstructural difference existed among MPC, CPC, and Mg-doped 
CPC (MCPC) [72]. In SEM micrographs, MPC formed a xerogel-like dense, solid 
network, while CPC formed a particle-like structure with many micropores. In addi-
tion, MCPC exhibited a compact surface morphology, and the MPC xerogel seemed 
to fill into the microporous of CPC matrix (Fig. 4.6B). Lower content of MCPC 
exhibited a similar surface morphology like CPC and a significant surface rough-
ness. Further intuitive survey of Ca and Mg distribution on CPC and MCPC  surfaces 
detected by EDS exhibited similarly well-distributed Ca (shown as blue dots). For 
MCPC groups, magnesium (shown as red dots) was uniformly distributed. With the 
increase of MPC content, the distribution of Mg on the surfaces was more intense. 
The specific EDS spectrum showed the distinct peaks for Mg on MCPCs.

Moreover, superficial properties are influenced by Mg incorporation. Surface 
roughness by AFM analysis showed a relatively higher average of roughness (Ra) 
and increased hydrophobicity (Fig. 4.7). Mentionable, the in vitro degradation rate 
of MCPC can be accelerated and be modulated by MPC content. Higher percentage 
of MPC leads to faster degradation rate [73].

As to the mechanical strength, the composite MCPC samples have obvious 
higher compressive strength either than MPC or CPC after setting for 24 h. In addi-
tion, setting time of MCPC was shorter than those separate CPC or MPC. Specially, 
MCPC1/1 (MPC/CPC  =  1:1) attained the highest compressive strength (of about 
91 MPa) and the shortest setting time of approximately 6 min [70].
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4.3.3  Effects on Cell Response

4.3.3.1  Cell Compatibility

Cells showed well growth and stretched sufficiently on the surface of the 50MCPC 
samples, without any abnormal morphology. After 7 days, cells spread well and 
formed a confluent layer in intimate contact with the sample surface, while main-
taining physical contact with each other. Results from the MTT assay indicated 
normal cell affinity on the CPC, MPC, and composite 50MCPC. In fact, 50MCPC 
exhibited superior proliferation than the other two pure samples.

Fig. 4.6 XRD patterns (A), superficial properties (B), and EDS analysis (C) of CPC and MCPC. 
(^: HA/MgHA. black dot: TTCP. o: beta- Ca3(PO4)2. #: Mg3(PO4)2). EDS mapping of Ca element 
(shown as blue dots) and Mg element (shown as red dots) distribution on CPC and MCPC surfaces 
(Reprinted with permission from Ref. ([73]. Copyright © 2015 Biomaterials. Rights Managed by 
Elsevier)
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4.3.3.2  Influence on Adhesion Behavior of BMSCs

It is worthwhile to note that lower content of Mg has a positive effect on the attach-
ment of cells [74–77]. Under fluorescence staining exploration, obvious differences 
could be observed in terms of the cell amount and morphology on MCPC with 
varied Mg content. Zhang et al. investigated MCPC-induced adhesion and osteo-
genic differentiation of BMSCs [73]. They found the highest cell attachment of 
BMSCs was observed on 5MCPC, which has lower Mg content, and the cells spread 
better. However, higher MPC contents in CPC seemed to be harmful to cell adhe-
sion and spreading (Fig.  4.8A, B). Further study on spatial distribution of focal 
adhesion contacts and actin cytoskeleton of BMSCs exhibited a better spread mor-
phology and more cytoplasmic extensions on 5(10)MCPC surfaces with signifi-
cantly larger average cell area and enriched FA dots (Fig. 4.8C). More FA complexes 
were formed in those lower Mg-contented 5(10)MCPC groups, as well as greatly 
activated intracellular actin filaments. Nevertheless, the increase might be sup-
pressed in higher Mg content; substantially reduced actin filaments were detected in 
20MCPC group.

Intriguing results showed lower content of Mg might have an influence on the 
downstream signaling events to upregulate the osteogenic-related marker gene 
expression [73, 78, 79]. As a result, expression of both COL I and OCN was signifi-
cantly upregulated on 5(10)MCPC compared to CPC. Moreover, ALP activity on 
5(10)MCPC was significantly higher than that of CPC.

Fig. 4.7 Effects of the MPC component on physiochemical properties of CPC. (A–B) The average 
roughness (Ra) of the CPC and MCPC surfaces analyzed by AFM images. (C–D) Contact angles 
of MCPC cements with different MPC content. (E) Weight loss ratio of various CPC and MCPC 
samples after immersing in SBF (Reprinted with permission from Ref. ([73]. Copyright © 2015 
Biomaterials. Rights Managed by Elsevier)
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Similar trend in immunofluorescence staining demonstrated the enhanced signal 
intensity of integrin α5  in the 5MCPC and 10MCPC groups, indicating that the 
5(10)MCPC could mediate cell adhesion and intracellular events through the 
Fn-integrin α5β1 interactions (Fig. 4.9).

4.3.4  In Vivo Animal Test

In a critical-sized calvarial defect model of SD rats, obviously more new bone for-
mation was acquired in 5MCPC from the reconstructed 3D images of implanted 
scaffolds by micro-CT at both 4 weeks and 8 weeks, with extensive bone ingrowth 

Fig. 4.8 (A) BMSCs adhesion on CPC and MCPC. (B) Initial spread and cytoskeletal arrange-
ment of BMSCs after 24 h seeded onto the CPC and MCPC surfaces. (C) Fluorescence images of 
FA formation through vinculin (red) and actin cytoskeleton filaments (green) of BMSCs. (D, E) 
Quantitative analysis data for cell area and FA area. (F–H) Effect of MCPC on the ALP activity 
and gene expression of major osteogenic differentiation makers of BMSCs (Reprinted with per-
mission from Ref. ([73]. Copyright © 2015 Biomaterials. Rights Managed by Elsevier)
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and nearly no gap left between the host bone and the material, and enhanced osteo-
integration was achieved. These results were supported by histological evaluation. 
Obviously more trabecular bone formed in 5MCPC group was generated, suggest-
ing the formation of medullary cavity. Noticeably those Mg-doped CPC scaffolds 
and prominent resorption of materials at the bone interface occurred, suggesting the 
accelerated degradation of the materials (Fig. 4.10).

Fig. 4.9 Cell adhesion-related gene/protein expression on CPC and MCPCs. (A–D) Real-time 
PCR results of integrin subunit gene expressions. Results were standardized using GAPDH as a 
housekeeping gene. (E–G) Western blotting of integrin α5 and β1 in cells cultured for 24 h on the 
cements. (H) Immunofluorescence analysis of integrin α5 expression (red) in BMSCs on CPC and 
MCPCs surfaces (Reprinted with permission from Ref. ([73]. Copyright © 2015 Biomaterials. 
Rights Managed by Elsevier)
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Based on these results, it can be inferred that lower Mg-containing 5(10) MCPC 
could mediate the adhering behavior of Fn and upregulate the expression of integrin 
α5β1 on the cell membrane, which thereby not only promoted adhesion of BMSCs 
but also stimulated the osteogenic differentiation, leading to enhanced bone regen-
eration [80–83].

Fig. 4.10 Bone regeneration in a calvarial defect in SD rats: (A) 3D reconstruction images of the 
defect sites by SRμCT (white: bone tissue, yellow: material residue). (B, C) Quantitative analysis 
of the new bone volume and material residual volume after 2, 4, and 8 weeks of surgery by SRμCT. 
(D) Histological evaluation of orthotopic bone formation (H-E and Masson trichrome staining) 
(Reprinted with permission from Ref. ([73]. Copyright © 2015 Biomaterials. Rights Managed by 
Elsevier)
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4.3.5  Summary

Mg-doped CPC composite cements had a shorter setting time and higher compres-
sive strength compared with pure CPC.  The degradation rate of the MCPC was 
higher than that of CPC both in vitro and in vivo and can be regulated by MPC 
content. The MCPC could support the well attachment and proliferation of cells. 
Furthermore, lower Mg content was considered to mediate desirable adhering 
behaviors of Fn and upregulated the osteogenic expressions, thus led to accelerated 
new bone formation.

4.4  Fiber-Modified Calcium Phosphate Composite Cement

CPC has been widely used in orthopedic surgery and dental procedures, including 
the reconstruction of osseous defects and frontal sinus, augmentation of craniofacial 
skeletal defects, and repairing of periodontal bone defects and tooth defects owing 
to its excellent biocompatibility. However, its relatively low strength and suscepti-
bility to brittle catastrophic fracture have limited its applications in many stress- 
bearing locations and unsupported defects. There is a popular belief that the use of 
CPC is limited to the reconstruction of non-load-bearing applications.

Fibers are widely used for mechanical reinforcement of materials [84–89]. For 
example, poly(methyl methacrylate) bone cements have been reinforced with car-
bon fibers, titanium fibers, and polymeric fibers [90]. Predictably, incorporation of 
fibers can improve the strength and fracture resistance of CPC (Fig. 4.11). Various 

Fig. 4.11 Typical stress-strain curves for brittle behaving CPC and fiber-reinforced cementitious 
composites showing either quasibrittle tension softening or strain hardening behavior (Reprinted 
with permission from Ref. ([91]. Copyright © 2012 Biomaterials. Rights Managed by Elsevier)
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types of fibers can be used, including both degradable and nondegradable types, as 
presented in Table 4.1 [38, 91–94]. The reinforcement depends on the matrix com-
position, strength, and fiber properties, such as fiber volume fraction, orientation, 
aspect ratio, etc., as well as the interface features between matrix and fibers [95, 96].

4.4.1  Effects of Different Fibers on CPC

Hockin Xu summarized two different fiber reinforcement strategies commonly used 
[97]. One is introduction of short fiber for reinforcement in which the fibers had 
lengths much shorter than the matrix size. Fibers were randomly distributed in the 
matrix, resulting in composites with relatively isotropic properties. The other is 
incorporation of continuous fiber in which the fibers were nearly as long as the 
specimen size and were aligned in the matrix in certain directions (e.g., unidirec-
tional). The crack resistance can be highly enhanced in the direction perpendicular 

Table 4.1 Examples for the reinforcement of calcium phosphate cements with either degradable 
or nondegradable fibers

Composition fiber/additive/matrix
Fiber volume 
fraction

Strength 
[MPa]

Work of 
fracture 
[KJ/m2]

Test 
method

Degradable fibers
HA matrix (TTCP + DCPA 
(+Na2HPO4-solution))

– 10–15 0.032–0.05 3 p.b.

Polyglactin 910/-HA (TTCP+DCPA) 25 vol% 17.5–25 2.6–3.6 3 p.b.
Polyglactin 910/-/HA (TTCP+DCPA) Mesh multilayer 8.5–24.5 0.75–3.1 3 p.b.
Polyglactin 910/chitosan lactate/HA 
(TTCP+DCPA)

45 vol% 41 11 3 p.b.

Polyglactin 910/chitosan lactate/HA 
(TTCP+DCPA)

Mesh multilayer 43 9.8 3 p.b.

Polyglactin 910/polycaprolactone/
brushite (β-TCP+H3PO4)

24 vol% random 
short

7.5–20 n.a. 4 p.b.

6–25 long fibers 
UD#

Nondegradable fibers
Carbon/-HA (TTCP+DCPA) 2–10 vol% 32–60 3.5–6.5 3 p.b.
CNT/-HA (α-TCP+HA) 0.2–1.0 wt% 8.2–10.5 n.a. 3 p.b.
Aramid/-/macroporous HA 
(TTCP+DCPA+Na2HPO4)

6 vol% 7.5–13.5 0.8–6.5 3 p.b.

HAw/-/HA(TTCP+DCPA) 10–40 vol% 5.4–7.4 57–102 4 p.b.

Reprinted with permission from Ref. [38]. Copyright © 2015 Materials. Rights Managed by 
MDPI
3 p. b three-point bending, 4 p. b four-point bending, # UD unidirectional fibers, TTCP tetracal-
cium phosphate, HAw hydroxyapatite whiskers
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to the fibers; nevertheless, the fracture resistance of the composite is anisotropic so 
that the crack can propagate easily in the direction parallel to the fibers.

In a representative study, four different fibers with a wide range of properties, 
aramid, carbon, E-glass, and polyglactin, were used to reinforce CPC [98]. Fiber 
length ranged from 3 to 200 mm, and fiber volume fraction ranged from 1.9 to 9.5%. 
The influences of parameters of fibers, such as fiber type, length, and volume 
 fraction, on the mechanical properties of composite CPCs were investigated. Fiber 
types were demonstrated to have significant effects on composite properties. The 
composite ultimate strength (MPa) was 62 ± 16 for aramid, 59 ± 11 for carbon, 
29 ± 8 for E-glass, and 24 ± 4 for polyglactin, with 5.7% volume fraction and 75 mm 
fiber length. For each fiber, the ultimate strength generally increased with volume 
fraction. In comparison, all fiber-modified groups were improved significantly 
higher than unreinforced CPC (13 ± 3 MPa). The work-of-fracture (WOF) and elas-
tic modulus values also increased with volume fraction for each fiber (Fig. 4.12).

Fiber length also played an important role [99–101]. For each fiber, increasing 
the fiber length generally increased the composite ultimate strength and work-of- 
fracture. Comparing the four fibers, aramid fiber composites generally had the high-
est strength and work-of-fracture, followed by those with carbon fibers; E-glass and 
polyglactin fiber composites had lower strengths. For composites containing 5.7% 
aramid fibers, the ultimate strength was (24 ± 3) for 3 mm fibers, (36 ± 13) for 8 mm 
fibers, (48 ± 14) for 25 mm fibers, and (62 ± 16) for 75 mm fibers. At 25 mm fiber 
length, the ultimate strength of CPC composite was found to be linearly propor-
tional to fiber strength (Fig.  4.12). However, two competing factors existed: the 
higher reinforcement associated with longer fibers and the decreased distribution 
uniformity of longer fibers in the CPC composite. Similar condition lies in the effect 
of fiber volume fractions. Increased fiber volume fraction always leads to higher 
reinforcement; however, greater difficulty occurs in mixing and wetting more fibers 
with the CPC paste.

Different from CPCs which are apt to fail by a single crack, fibers can keep the 
multiple-cracked specimen intact (Fig. 4.13). Parallel fibers are embedded in the 
matrix and appeared nearly perpendicular to the fracture surface, consuming energy 
during frictional pullout and the creation of new surfaces. In comparison, the frac-
ture surfaces of CPC control were observed to be relatively flat, as is typical for 
brittle materials. Interestingly, the embedded fibers did not affect the hydration pro-
cess and formation of bone-like apatite of CPC during setting. Both CPC and CPC 
composites have the similar attaching HA crystallites.

Besides the polymeric fibers, inorganic nanofibers can also be introduced into 
CPCs. Guo et  al. reported incorporation of wollastonite nanofibers (WNFs) into 
CPC [102]. According to their research, addition of lower content (<10 wt%) of 
WNFs into CPC had no obvious effect on the setting time or the compressive 
strength of wnf-CPC. However, the hydrophilicity and degradability were signifi-
cantly improved. The preferred dissolution of WNFs caused the formation of micro-
porosity and promoted degradation of the wnf-CPC. In addition, cell affinity and 
in  vivo new bone formation on the wnf-CPC were superior to that on the CPC, 
suggesting improved osteogenesis.
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4.4.2  Effects of Resorbable Fibers on CPC

The composite ultimate strength increased linearly with fiber strength, suggesting 
the vital function of fiber reinforcement. Apart from the traditional polymeric fibers, 
more attentions had been paid on the absorbable fibers, which would endow rein-
forcement and biodegradation simultaneously.

Biodegradable poly-lactic-co-glycolic acid (PLGA) is one of the most frequently 
used reinforcement fibers. Plenty of works have been carried out by Xu’s group 
[103–105]. They investigated the effects of commercial absorbable suture fibers 

Fig. 4.12 Effect of fiber volume fraction and fiber length. The top graph shows composite ultimate 
strength; the middle graph shows work-of-fracture; and the bottom graph shows modulus, as a 
function of fiber volume fraction. Each datum is mean with error bar showing one standard devia-
tion (SD); n = 6 (Reprinted with permission from Ref. ([98]. Copyright © 2000 J Biomed Mater 
Res. Rights Managed by John Wiley & Sons)
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(Vicryl), which possessed a relatively high strength, on mechanical properties and 
biological features of macroporous scaffold. Herein, the large-diameter absorbable 
fibers would supply initial strength and toughness and then dissolve to form long 
cylindrical macropores for spreading and ingrowth by osteoblasts. Undoubtedly, 
increasing the absorbable fiber volume fraction would significantly increase the ini-
tial mechanical strength and the volume fraction of macropore.

According to their research, fiber volume fraction had significant effects on 
strength and work-of-fracture, but not on modulus. Macropores were formed in 
composite CPC from fiber dissolution. The macropore volume fractions were con-
sistent with the fiber volume fractions incorporated into CPC. In elaborated SEM 
image (Fig. 4.14B, C), macropore channels can be observed, indicating the gradual 
absorption of bundles of fibers. Higher magnification suggests that the smaller holes 
might be created from the dissolution of the individual fiber in the bundle. The mac-
ropores are nearly parallel to the specimen surface resulting from fiber dissolution 
(Fig. 4.14D). HA crystallites can be seen, which appeared similar to CPC without 
fibers, indicating that incorporating fibers had not interfered with hydration of CPC 
(Fig. 4.14E).

As to cell affinity, the CPC-fiber formulation was non-cytotoxic and supported 
the adhesion, spreading, proliferation, and viability of osteoblast-like cells. From 
the live-dead survey, the live cells on CPC-fiber appeared to have adhered and 
attained a normal, polygonal morphology on all three materials. Few dead cells 
were visible, similar to both control groups of CPC and TCPS [105]. The enhanced 
osteogenic differentiation and mineralization of stem cells was attributed to the high 
surface area and biomimetic features of the CPC-fiber scaffold. Moreover, in a rep-
resentative in vivo test of repairing fractured canine radii carried out by Lian, com-
posites showed better load-bearing capability than the CPC control samples 
(Fig. 4.15). Macropores evolved from degraded chitosan fibers, and new callus and 
bone formation were observed [91].

Fig. 4.13 SEM images of (A) the polished surface of a specimen with 5.7% carbon fibers at 
75  mm length. The surface shown was placed in tension during flexure. The fibers kept the 
multiple- cracked specimen intact. (B) Fracture surface and fiber pullout, with substantial energy 
consumption during fiber pullout and creation of new surfaces (Reprinted with permission from 
Ref. [98]. Copyright © 2000 J Biomed Mater Res. Rights Managed by John Wiley & Sons)
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4.4.3  Synergistic Reinforcement of Mesh and Chitosan

Cements may also be modified by using fiber meshes instead of single fibers. A 
promising work is dealing with co-incorporation of both chitosan and commercial 
absorbable fiber mesh (Vicryl™) [106, 107]. The mesh fibers appeared to be wetted 
by the CPC paste during mixing, since the fiber mesh can be firmly held by the CPC 
matrix. In fact, the mesh fibers can bridge the cracks to resist their opening and 
propagation. By contrast, the CPC control without mesh failed catastrophically in a 
single crack. The synergistic reinforcement from mesh and chitosan together would 
be more effective than the reinforcement from mesh or chitosan alone; the mecha-
nism of synergistic reinforcement for the dramatic strengthening might be a stron-
ger support for the fiber meshes and more efficient crack bridging. Moreover, the 
absorbable meshes would provide strength and then dissolve to create macropores 
(Fig.  4.16A, B). After immersion, numerous cracks were found in CPC+mesh, 
although the specimens were still intact due to mesh reinforcement. In contrast, the 
CPC+chitosan+mesh had few cracks after extensive deformation (Fig. 4.16C, D). 
As a result, the novel CPC scaffold had a flexural strength 39% higher and WOF 

Fig. 4.14 (A–C) Macropores in CPC-fiber composite after fiber dissolution in immersion in a 
physiological solution for 12 weeks. (A) Shows holes intercepting the specimen surface. (B) A 
higher magnification of pores indicates the smaller holes are created from the dissolution of the 
individual fibers in the bundle perpendicular to specimen surface that was completely empty. (C) 
Shows macropores nearly parallel to the surface resulting from fiber dissolution. (D) The tensile 
surface of a specimen with Vicryl™ fibers bridging the crack, keeping the multiple-cracked speci-
men intact. One braided fiber bundle appeared to have been separated (long arrow). (E) Higher 
magnification SEM showing hydroxyapatite crystallites in the composite specimen, which 
appeared similar to CPC without fibers, indicating that the fibers had not interfered with hydroxy-
apatite crystallization (Reprinted with permission from Ref. ([104]. Copyright © 2002 Biomaterials. 
Rights Managed by Elsevier)
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256% higher than the conventional CPC without macropores. For example, the flex-
ural strength of the reinforced macropores CPC co-incorporated with chitosan and 
mesh can be increased to 43.2 MPa, significantly stronger than either the chitosan- 
modified group (11.9  MPa) or mesh-modified group (21.3  MPa). The work-of- 
fracture (WOF) (toughness) was also increased by two orders of magnitude 
(Fig. 4.16E–G). The composite CPC had an elastic modulus within the range for 
cortical bone and cancellous bone and a flexural strength higher than those for can-
cellous bone and sintered porous hydroxyapatite implants.

4.4.4  Summary

Fiber reinforcement imparted substantial improvements in mechanical properties. 
Parameters of fibers play the vital role in enhancing the effect. In addition to rein-
forcement, biodegradable fibers contribute to the microstructural modification by 
the gradual dissolution and formation of macropores. The strong and macroprous 
CPC scaffold may be useful in stress-bearing craniofacial and orthopedic repairs.

Fig. 4.15 Radiographic observation after 20 weeks in vivo: (A) CPC-fiber implant; (B) CPC con-
trol (Reprinted with permission from [91]. Copyright © 2012 Biomaterials Rights Managed by 
Elsevier)
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Fig. 4.16 (A) SEM micrograph of macropore channels in CPC+chitosan+mesh created   
dissolution of mesh. (B) Higher magnification of a macropore. Arrows indicate connections to a 
neighboring pore. (C, D) Specimen tensile surfaces of CPC+chitosan+mesh (C) and CPC+mesh 
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4.5  Double-Network Hybrid Cements

A major obstacle for development of more efficient CPC is its relative lower 
mechanical strength and susceptibility to brittle fracture. Extensive studies have 
been performed to solve the problems, including addition of polymers. A critical 
challenge is the mixing and interfacial bonding between the two dissimilar matrixes. 
Physical mixtures of organic polymers and inorganic particles may lead to separa-
tion in discrete phases, resulting in small benefit for mechanical performance. 
Recently, a novel dual-setting hybrid has been developed based on the in situ cross- 
linking polymerization and hydration process of CPC synchronously.

4.5.1  Formation of Hybrid Interpenetrating Network

Distinct from the addition of nonreactive polymers, reactive monomer systems are 
used in this dual-setting system. These monomers can be dissolved in the liquid 
phase of CPC cement and simultaneously polymerize during hydration of calcium 
phosphates. Aqueous monomers having reactive groups, e.g., acrylic group, maleic 
anhydride, or polymeric compounds which can be cross-linked by binding calcium 
ions, can be competent for this process.

Polymerization occurs first, antecedent to the hydration of phosphates, depend-
ing on the initiation of chain polymerization, and forms the hydrogel shelter rapidly. 
The inorganic phosphate particles are embedded in the hydrogels, which undergo 
subsequent conversion via continuous dissolution-precipitation reaction. Thus, in 
this system, besides the polymerization of organic moiety, hydration of calcium 
phosphates proceeds simultaneously to form the hybrid double-network system. 
Thus, the hybrid interpenetration network comes into being. The “hard” moiety of 
CPC cement and “soft” hydrogel segment would incorporate each other to make the 
hybrid cement stiff and ductile.

A major concern about this strategy is the forming mechanism of the double 
network. In fact, both chain polymerization and setting of CPCs are concomitant in 
the complex system. The formation of the binary networks is carried out by a 
sequential two-step process. Distinct from the pure CPC system, setting time of the 
dual-setting system can be regulated by either polymerization conditions or hydra-
tion conditions. Rapid formation of hydrogel avoids the macroscopic disentangle-
ment. Furthermore, the initial compressive strength generally originated from the 

Fig. 4.16 (continued) (D) after 1 d immersion and then loading in flexure to a displacement of 
3.5 mm. Numerous cracks were found in CPC+mesh, although thespecimens were still intact due 
to mesh reinforcement. In contrast, the CPC+chitosan+mesh had few cracks after extensive defor-
mation. The short arrows indicate cracks, and the long arrows point to the mesh fibers. (E–G) 
Flexural strength, WOF (toughness), and elastic modulus of each group (Reprinted with permis-
sion from Ref. ([106]. Copyright © 2004 Biomaterials. Rights Managed by Elsevier)
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polymeric network is supplied during the earlier stage. Most of calcium phosphate 
particles subsequently go through hydration in situ and convert into HA crystalline 
in the hydrogel matrix gradually, serving as the inorganic skeleton. The remainders 
disperse therein, acting as the thickening fillers, which cause the elevated viscosity 
of slurry and faster gelation behavior than pure hydrogel (Fig. 4.17).

4.5.2  Effects of Polymeric Network on Hybrid Cement

It is worth noting that introduction of the dual network into CPC possibly can be 
used to improve the mechanical properties of the cement, i.e., overcome brittleness, 
as a higher strain-at-yield can be obtained with an increasing percentage of poly-
meric moieties. In addition, the toughness increases as composites do not fracture 
after reaching the yield strength but keep together by the elongated hydrogel net-
work. A representative work in Liu’s group developed a dual-setting hybrids based 
on glycidyl methacrylate derivatized dextran (Dex-MA) and a cement matrix of 
tetracalcium phosphate/dicalcium [108]. They changed the ratio of the binary com-
ponents from 10:1 to 1:3 (CPC/dextran). As a result, the hybrid cement possessed 
characteristics of both components and displayed ductility but not softness accord-
ing to the ratio of the compositions. The appearance of typical yielding flats revealed 
that the brittle deformation had converted to toughness (Fig. 4.18A, B). Interestingly, 
bimodal fluctuation was observed in compressive strength, and the second peak has 

Fig. 4.17 Hardening mechanism of dual-setting cements with the formation of interconnected 
matrices of hydrogel and precipitated cement crystals (Reprinted with permission from Ref. ([38]. 
Copyright © 2015 Materials. Rights Managed by MDPI)
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the higher compressive strength of about 80 MPa, exceeding the CPC without poly-
meric additives, which was brittle with lower compressive strength at about 24 MPa. 
And the fracture energy was improved by nearly two orders of magnitude from 
0.084 to 8.35 kJ m−2 (Fig. 4.18C, D). Further the survey of microstructure displays 
under high compression CPC/Dex-MA did not fracture into separate smaller pieces. 
The specimens were still intact, although numerous microcracks appeared in the 
matrix (Fig.  4.18F). Despite of the cracks that occurred, the propagation was 

Fig. 4.18 (A, B) Typical compressive stress-strain curves of CPC and CPC/Dex with different 
Dex content. (C, D) Influence of Dex-MA content on compressive strength, modulus, and fracture 
energy of CPC/Dex hybrid. (E) Dependence of compressive strength on the degree of substitution. 
(F) Cross-section morphology at fracture interface of CPC/Dex (r = 0.5) hybrid (Reprinted with 
permission from Ref. ([108]. Copyright © 2010 Adv. Func. Mater Rights Managed by John Wiley 
& Sons)
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retarded, and the crack opening displacement did not grow straightly, but changed 
direction into the Dex-MA moiety, where the crack tip could be absorbed owing to 
the toughness.

Moreover, the substitution degree of methyl acrylate group influences the com-
pressive strength. According to the study, increasing the substitution degree of MA 
from 0 to 8.8 resulted in a dramatic enhancement of compressive strength from 
22.56 MPa to the highest 98.33 MPa (Fig. 4.18E). This is reasonable, because nei-
ther the cross-linked structure nor interpenetrating network can be formed without 
the double bond on MA groups, thus leading to the loss of strength. Nevertheless, 
further increase in DS leads to a gradual decline of mechanical strength.

The incorporated ratio of the inorganic and polymeric moiety can be varied over 
a wide range, from inorganic-based to polymeric-based hybrid. The mass ratio not 
only directly influences the mechanical properties but also has a crucial influence on 
the microstructures. As shown in morphology observation, different micro- 
architectures appeared, such as fluffy agglomerates, needle crystals, flower cluster, 
entrapped blade shaped, etc. (Fig. 4.19). Thus, the polysaccharide hydrogel serves 
as the matrix used for the in situ growth of HA crystalline. The nucleation of apatite 
crystals generates onto its surface, forming a linear growth of apatite crystals (sur-

Fig. 4.19 SEM micrographs of CPC (A) and CPC/Dex-MA composite with different contents (B) 
r = 10; (C) r = 5, The inset bottom right showed that the crystals had grown on the surface of the 
flask; (D) r = 0.33, the magnificent images in the insert showed the arrayed of blade-like crystals 
(arrow) (Reprinted with permission from Ref. ([108]. Copyright © 2010 Adv. Func. Mater Rights 
Managed by John Wiley & Sons)
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face control process) and a potential growth of apatite crystals (diffusion control 
process). As a result, both polymerization and hydration process an entangled net-
work, which is responsible for the mechanical properties.

Due to the introduction of cross-linked hydrogel moiety, CPC/Dex hybrids show 
distinct feature of swelling. The noticeable volumetric shrinkage during deswelling 
process was thought to be crucial. The external layer contracts prior to the inside 
layers, generating the shrinkage force from outside and applying on the inside of the 
hybrid. Therefore, the CPC/Dex can be self-reinforced by behavior of shrinkage in 
the process of drying. This accidental behavior is beneficial to the mechanical 
strength, acting as radial compact.

Similar research by T Christel et  al. modified the CPC with 
2- hydroxyethylmethacrylate (HEMA) to obtain a mechanically stable polymer- 
ceramic composite with interpenetrating organic and inorganic networks [109]. 
Setting time of the hybrid CPC was decreased, and four-point bending strength was 
increased from 9 MPa to more than 14 MPa. The addition of 50% HEMA reduced 
the brittle fracture behavior of the cements and resulted in an increase of the work 
of fracture by more than an order of magnitude.

4.5.3  Dual Inorganic Network

Apart from using organic monomers to form a second network in cements, it is also 
possible to apply the concept of dual-setting cements to entirely inorganic materials. 
Geffers et al. modified a brushite-forming cement paste with a second inorganic sil-
ica-based precursor, which was obtained by pre-hydrolyzing tetraethyl orthosilicate 
(TEOS) under acidic conditions [110]. The addition of the cement powder provoked 
an increased pH value of the silica precursor, so that cement setting by a dissolution-
precipitation process and the condensation reaction of the hydrolyzed TEOS occurred 
simultaneously. Thus, an interpenetrating hybrid CPC is generated, in which the 
macropores of the cement (pore sizes in μm range) were infiltrated by the micropo-
rous silica gel (pore sizes in nm range), leading to a higher density and a compressive 
strength approximately five to ten times higher than the CPC (Fig. 4.20).

4.5.4  Summary

In dual-setting system, the inorganic cement network has a relatively higher modu-
lus but rather brittle. Under compression, stress could easily develop locally inside 
the network to form cracks. The loosely cross-linked hydrogel effectively dissipate 
the crack energy by deforming the network conformation and/or sliding the physical 
entanglement points along the chains to prevent the crack growing to a macroscopic 
level. Such a strategy is highly desirable for bone regeneration and provides insight 
into hybrid cement designing.
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4.6  Others

4.6.1  Porosity Reduction for Reinforcement Using Inorganic 
Granules

The low fracture toughness restricts the use of CPC to non-load-bearing defects. 
CPC is set by a dissolution-precipitation reaction of the supersaturated phosphate 
solutions and forms an entangled cementitious crystal matrix. Hence, porosity that 
originates from the heterogeneous reactants located in the voids of the slurry plays 
an important role in the mechanical strength. In fact, porosity considerably decreases 
the strength and stiffness of the cements. It is known from literature that porosity 
reduction in cements from 50 to 31% by compression can increase compressive 
strength by nearly an order of magnitude. Gbureck et al. summarized the correlation 
between the integrant powder to liquid ratio and the resulting porosity/compressive 
strength for both HA and brushite cements [111–113] (Fig. 4.21).

It is regularly believed that using multimodal size distribution of raw materials 
and modifying the superficial properties with higher ζ-potential are efficient meth-
ods to decrease porosity. Apart from this, porosity can be reduced by filling with 
hard agglomerates using composite methods. In a representative study by Gu et al. 
the dispersion of 20% high-strength β-tricalcium phosphate granules with a size of 
200–450 μm in the cement showed an increase of the compressive strength by 70% 
while maintaining the rheological properties [114] (Fig. 4.22). The high strength or 
high rigidity of the TCP aggregates and good interfacial bonding between the aggre-
gates and the CPC matrix seemed to contribute to the significant improvement in the 
mechanical performance. Another study by Engstrand et al. investigated the effect 
of β-TCP filler particles on the mechanical properties of a brushite-forming cement 

Fig. 4.20 Compressive strength of CPC reference and CPC-silica gel composite. (A) Effect of 
H2O/TEOS ratio, a PLR of 1 g/mL was used. (B) Effect of PLR and H2O/TEOS ratio was constant 
3 (Reprinted with permission from Ref. ([110]. Copyright © 2014 Acta Biomaterialia Rights 
Managed by Elsevier)

J. Wang and C. Liu



217

(β-TCP-MCPM system) [115]. The results showed that the addition of low amounts 
of a filler (up to 10%) in combination with 0.8 M citric acid solution effectively 
increased the powder to liquid ratio and hence decreased porosity from ~30 to 
~23%. This strongly affects compressive strength of the cements with an increase 
from ~23 MPa (no filler and citric acid) to ~42 MPa.

Fig. 4.21 Correlation between powder to liquid ratio and porosity/compressive strength from dif-
ferent studies: (A) Hydroxyapatite cement; (B) Brushite cement. Cements were either set without 
compacting manipulation, processed by pre-compaction, or porogens were added to create artifi-
cial macroporosity (Reprinted with permission from Ref. ([38]. Copyright © 2015 Materials. 
Rights Managed by MDPI)
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Fig. 4.22 (A–D) SEM images of the surface of CPC after hardening for 3 days: (A) CPC without 
b-TCP aggregates; (B) CPC containing 20 wt% of b-TCP aggregates; (C, D) Higher magnification 
images of the cross section of the CPC-β-TCP aggregate interface; (e) Influence of β-TCP content 
on the compressive strength of the cement; (F) Compressive stress vs. compressive strain curves of 
the CPC concretes with different content of β-TCP aggregates (Reprinted with permission from 
Ref. ([114]. Copyright © 2012 J Biomed Res Part B Rights Managed by John Wiley & Sons)
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4.6.2  Elastomers as Enhancers of CPC

One of the limitations of CPC is its insufficient mechanical robustness. More 
recently, novel modification method about incorporation with polymeric elastomer 
has been reported [116–118]. PEGylated poly(glycerol sebacate) (PEGS), a hydro-
philic elastomer, was used to modify a model CPC scaffold. The PEGS pre-polymer 
was coated onto the CPC scaffolds by infiltration and thermal cross-link process 
[119]. Enhanced compression strength and toughness were exhibited as to the CPC/
PEGS composite scaffold, around fivefold and threefold improvement compared to 
the CPC (Fig. 4.23). In addition, in vitro cell affinity indicated the facilitated cell 
attachment and proliferation in a dose-dependent manner. Particularly, osteogenic 
differentiation of BMSCs on PEGS/CPC scaffold was strongly enhanced. In rat 
critical-sized calvarial defect repairing, osteogenic efficacy of PEGS/CPC further 
demonstrated the potential for applications in bone tissue regeneration (Fig. 4.24).

4.6.3  Summary

Improvement of mechanical strength and degradability are both required for devel-
opment of novel CPCs. Introduction of polymeric compositions is one of the conve-
nient approaches for optimizing. Future work should be done on the adjusted 

Fig. 4.23 (A) Relationship between scaffold mechanical strength and PEG content/polymer coat-
ing amount in as-prepared (yellow surface) and hydrated condition (blue surface). (B, C) Effects 
of coating and PEG content on mechanical strength (Reprinted with permission from Ref. ([119]. 
Copyright © 2016 Acta Biomaterialia. Rights Managed by Elsevier)
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Fig. 4.24 Bone regeneration in a calvarial defect in SD rats after various porous CPC and CPX/18 
group implantations in 8 weeks. (A) 3D reconstruction images depicted the different reparative 
effects of CPC, CP0/18, CP20/18, and CP40/18. (B) New bone formation and mineralization were 
determined histomorphometrically by tetracycline, calcein, and alizarin red-labeling analysis. 
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degradation and retain strengthening and toughening effect over the entire degrada-
tion period of CPC.

4.7  Conclusions and Perspectives

This chapter depicts the composite strategy of CPCs, aiming at the reinforcement, 
superficial improvement, and modification for the cell affinity. Ionic effects, includ-
ing doping with Mg and Si, are discussed for degradation and cell behaviors. 
Moreover, cellular behaviors can be modulated for better osteogenesis. Desired 
mechanical properties can be acquired by incorporation with fibers. Especially, 
subtle designing of in situ formation of dual-setting system can provide the obvious 
improvement of mechanical strength. The coordination between the “hard” calcium 
phosphate-based network and “soft” hydrogel network can create a hybrid CPC 
network which is stiff but not brittle, ductile but not soft. In summary, the applica-
tion of CPC composites is still immature, and many important questions have yet to 
be resolved. Future success of these CPC composites can be expected.
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Chapter 5
Accelerating Biodegradation of Calcium 
Phosphate Cement

Hongyan He, Zhongqian Qiao, and Changsheng Liu

Abstract Calcium phosphate cements (CPCs) are extensively used for bone 
replacement and regeneration in orthopedic, dental, and maxillofacial surgical 
applications. Despite their natural bone-like compositions, excellent biocompatibil-
ity and osteoconductivity, and superior clinical handling, they exhibit brittle nature, 
low bending/tensile strength, and poor degradability, prohibiting their use in load- 
bearing sites and limiting bone ingrowth into the implant. In order to accelerate the 
degradation of these biomaterials effectively, the major factors including cement 
composition and porosity are first discussed in this chapter. Small alterations to 
these factors substantially affect the degradation rate of the cement and thus the 
formation of new bone. To face the challenge in the biodegradation investigation on 
CPC without reducing the mechanical strength and losing the self-setting ability, 
several strategies are then proposed to speed up the biodegradation of calcium phos-
phate cements. Especially, the proposed combination strategies allow the CPC 
replacement to achieve the multifunctions.
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5.1  Introduction

Annually, numerous patients worldwide are treated for skeletal complications in the 
areas of orthopedic surgery, dental implantology, maxillofacial surgery, neurosur-
gery, etc. The use of autologous bone grafts is the gold standard in treating these 
bone defects because they are osteoconductive, osteoinductive, and osteogenic. 
However, they require invasive surgery techniques, and the resource of graft mate-
rial is limited. Alternatives based on the synthetic biomaterials for autologous grafts 
become more attractive from the last decades. Within the different materials (i.e., 
bioactive glass, polymers), calcium phosphate (CaP)-based ceramics or cements are 
one of the most desirable candidates for bone replacement and other applications 
[1]. According to the crystal phase, CaP can be classified, e.g., hydroxyapatite (HA), 
β-tricalcium phosphate (β-TCP), biphasic calcium phosphate (BCP), amorphous 
calcium phosphate (ACP), carbonated apatite (CA), and calcium-deficient hydroxy-
apatite (CDHA) [2]. Based on the composition criteria, CaP cements are classified 
into apatite cements, apatite-forming cements, and dicalcium phosphate dihydrate 
(brushite) cements [3]. A list of existing calcium phosphate compounds and their 
abbreviations is summarized in Table 2.1 of Chap. 2.

CaP-based materials have been widely used for the bone tissue engineering and 
regenerative therapies because of their natural bone-like compositions, nontoxicity, 
biocompatibility, excellent osteoconductivity, and good processibility [4–8]. A 
desirable bone substitute may require the following characteristics: (1) good 
mechanical properties, which allow bone remodeling within the porous structure 
[9]; (2) appropriate degradation rate, which should ideally match with the osteo-
genic rate [10]; (3) osteoconductive, thus able to guide bone tissue growth along the 
surface and into pores [11]; and (4) osteoinductive, inducing the differentiation of 
pluripotent stem cells into bone-forming osteoprogenitor cells [12, 13]. All these 
characteristics of the materials are very crucial for bone tissue engineering pur-
poses, and we will focus on the biodegradation properties of biomaterials in this 
chapter.

After injection/implantation, it requires the enough space that the bone and vas-
cular tissues can grow into. Hence, the material biodegradation is necessary and 
critical. Typically, “degradation” represents the decomposition of a compound, 
especially complex substances such as polymers and proteins. The degradation 
mechanism can be summarized as simple hydrolysis, enzymatic degradation, or 
their combination [14]. Biodegradation can be considered as an in vivo process. 
A material breaks down into biologically acceptable molecules that are metabolized 
and removed from the body via normal metabolic pathways. Some researchers have 
proposed the mechanism of biodegradation of CaP based via solution-driven extra-
cellular liquid dissolution and cell-mediated resorption processes [15]. The term 
“resorption” is often used to describe the breakdown of CPC, essentially signifying 
the biodegradation taking place via cellular mechanisms. The fate of implanted CaP 
biomaterials in vivo is dependent on various mechanisms and processes. Therefore, 
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their biodegradation behavior can be regulated via physic-chemical properties of 
materials, the environment conditions around the implanted materials (i.e., pH level, 
ionic concentration, implanted locations), and the patient’s health conditions. To 
make the strategies for accelerating biodegradation of materials, there is a great 
need to get a thorough understanding of the factors influencing the biodegradation.

5.2  Degradation of Calcium Phosphate Cements

As we all know, calcium phosphate cements (CPCs) consist of a powder phase and 
a liquid phase. The powder phase comprises one or more CaP compounds, while 
water or a calcium- or phosphate-containing solution is used as the liquid and may 
contain chitosan, alginate, hyaluronate, gelatin, chondroitin sulfate, succinate, or 
citric acid to allow the dissolution of the initial CaP compounds [16]. The attractive 
property of CPC lies on the self-setting reaction at room/body temperature in which 
a calcium phosphate precipitate is formed. The CPC mixture can self-solidify in the 
simulated in vivo environment in minutes. The solidification process is not exother-
mal without excitant odors and is harmless to the surrounding tissues. Another 
advantage is the easy shaping. When the CPC fills into bone defects, it is easy to 
meet the requirements of various shapes of wounds, achieving optimal tissue-to- 
implant contact and fast operation. Generally, CaP cements can be divided into two 
subgroups: apatite cements (i.e., HA, CA, or CDHA) and brushite cements (i.e., 
dicalcium phosphate dihydrate (DCPD)). According to the literatures, microporous 
apatite cements show slow degrading and good mechanical stability, while brushite 
cements exhibit a lower mechanical strength but a faster biodegradability than the 
apatite cements [17]. As contacting with body fluids, brushite cements will eventu-
ally change into apatite.

Generally, CPC products can be formulated with different CaP compounds. To 
achieve the desirable replacement for bones from the clinical view, the property 
requirements of CPC materials are very critical, especially for the degradation 
behavior. The rate of material degradation should optimally match the rate of new 
bone formation, allowing a gradual takeover of mechanical strength by newly 
formed bone tissue. When the CPC materials are injected/ implanted into the spe-
cific site, the extracellular liquid and surrounding cells/tissues will influence the 
resorption processes of CPC and directly mediate the degradation performances. 
Compared with other common materials, the CaP-based materials show various 
mechanisms and processes (Fig. 5.1).

According to these proposed mechanisms for CaP biomaterials, their biodegra-
dation may be a combination of the following processes: (1) physical effects (i.e., 
abrasion, fracture, disintegration), (2) chemical reactions (dissolution, increases of 
Ca and P locally at the surface), and (3) reductions in pH values due to cellular and 
phagocytic activities [18]. Typically, these activities will promote the rate of biodeg-
radation due to the dissolution of the CaP biomaterials. First, the biodegradation of 
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CPC is influenced by the cement properties, which include chemical composition, 
setting reaction, porosity, crystallinity, and particle size of the calcium phosphate 
compounds [19, 20]. These factors affect each other and are influenced by the 
chemical composition of the material. The patient conditions also play an impor-
tant role in material degradation. Depending on the patient’s age, sex, type of the 
bone, hormone levels, genetic predisposition, and other metabolic health condi-
tions, the speed of degradation can be different [21, 22]. Furthermore, the implan-
tation site influences the biodegradation and bone formation. The implanted 
materials are exposed to the microenvironment around, in which the tissues, 
blood/nutrient supply, and other conditions may play a role in degradation of the 
materials. In this chapter, different factors that influence the biodegradation of 
calcium phosphate cements are discussed. These factors also have impacts on the 
mechanical properties of CPC. Typically, the better biodegradation of materials 
means poor mechanical strength. However, as a fact, bone implants are required 
to provide adequate short- and long-term mechanical support in the defect site in 
clinical applications. Therefore, the feasible strategies are proposed not only for 
promoting the degradation of CPC, but also for maintaining/improving the stress 
of the bone.

Fig. 5.1 The degradation fate of CaP biomaterials after implantation. Here, CaP calcium phos-
phate, DCPD dicalcium phosphate dihydrate, OCP octacalcium phosphate, HA hydroxyapatite 
(Reproduced from Ref. ([18] by permission of MDPI, Basel, Switzerland)
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5.3  Major Factors Influencing CPC Biodegradation

5.3.1  Composition and Structure of Bones

Since the degradation of CPC materials as bone alternatives always occurs after 
implantation, it is necessary to understand the composition and structure of bones 
and the surrounding tissues. The bone (Fig. 5.2) in the human body can be defined 
as a composite of hydroxyapatite, type I collagen, water, cells, and lipids [23]. As 
can be seen, natural bone derives its unique combination of mechanical properties 
from an architectural design that spans macroscopic to nanoscale dimensions, with 
precisely and carefully engineered interfaces [24]. The bone is comprised of two 
distinct forms: dense cortical bone and porous cancellous bone. Cortical bone is the 
outer layer, which gives the support for the shape and form of the bone. Eighty per-
cent of the skeleton is composed of cortical bone [25]. Cancellous bone has a lower 
Young’s modulus and is more elastic compared to cortical bone. Its porous structure 
consists of pore sizes in the range of 200–500 μm, and 30–90% of the porosity, 
which depends on the load, age, and health situation of the bone [26]. More impor-
tantly, the bone is a nanomaterial composed of organic (mainly collagen) and inor-
ganic (mainly nano-hydroxyapatite) components, with a hierarchical structure 
ranging from nanoscale to macroscale. To design and produce the desirable bone 
replacement, many research groups have tried to manipulate the mechanical proper-
ties (e.g., stiffness, strength, and toughness) of scaffolds through the design of nano-
structures (e.g., the inclusion of nanoparticles or nanofiber reinforcements) to mimic 
bone’s natural nanocomposite architecture [27, 28]. However, the good mechanical 
properties are not the only objective for realizing the desirable bone replacement. Its 
biodegradation has to be matchable for the new bone, allowing a gradual takeover 
of mechanical strength. Therefore, it is necessary to balance the mechanical and 
biodegradable properties during the designing and fabricating of nanomaterials.

Fig. 5.2 Hierarchical organization of vascularized bone, from single collagen molecules to com-
pact and spongy bone (Reproduced from Ref. ([24] with permission. Copyright © 2014, Rights 
Managed by Nature Publishing Group)
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5.3.2  Effect of Porous Architecture on CPC Biodegradation

Porosity is a parameter that refers to fraction of the void volume filled with liquid 
phase within a solid matrix. Unlike porosity, pore size directly refers to geometry of 
pores. Surrounding implanted materials, cell adhesion and motility depend on size 
of the pores, rather than porosity. Mean pore size has correlation with porosity for 
many synthetic polymers of simple composition. However, for natural polymers 
like collagenous gels, there is no direct correlation, since the diameter of collagen 
fibrils can vary from few nanometers to a few hundred nanometers [29].

In bone regeneration, permeability for fluid flow and molecular diffusion is 
important, since low permeability may result in a lack of nutrients and ischemia 
[30]. The permeability in  vitro and in  vivo depends on the porous structure of 
implants, including pore size, size distribution, porous morphology, interconnectiv-
ity, and surface area-to-volume ratio [31]. Each of these factors not only influences 
biological response (i.e., cell migration, proliferation, and thus tissue regeneration), 
but also plays roles in the resorption of implanted materials including CPCs. As a 
bone substitute material, CPC also contains an intrinsic high nano-/submicron-sized 
porosity, which may be related with the particle size of the powder phase [19] and 
liquid/powder ratio [20]. Typically, the porous size of dense materials is classified 
in three different types by biomaterial scientists: macropores (>50 μm), micropores 
(0.1–50 μm), and mesopores (2–50 nm). Therefore, we will distinguish these three 
different types of pores and discuss their effects on the material biodegradation and 
the bone ingrowth throughout this section.

5.3.2.1  Effect of Macroporosity

Macroporosity plays a critical role in the regeneration of damaged tissues, allowing 
cell penetration and tissue/blood vessel ingrowth [32]. At the same time, it is the key 
factor for controlling CPC biodegradation/resorbability, the important property of 
implanted materials for clinical usage. Ideally, the CPC will degrade in a short 
period of time matching new bone formation. Suitable pore size and an adequate 
interconnectivity should be required [33, 34]. However, there exist debates about 
the proper pore size for bone repairing materials. Some researchers claimed that a 
pore size larger than 100 μm is sufficient for tissue ingrowth, since macropore size 
determines the efficiency at which cells seed into the scaffold [33], whereas other 
studies suggested that the larger pores (up to 500 μm) are preferred [34]. It is gener-
ally acknowledged that the materials with larger pores will lead to a faster degrada-
tion. However, the structural/functional integrity of materials should be considered 
for different uses. Generally, the optimum pore size for scaffolds lies in the range 
between 100 and 400 μm [35]. This will allow cell ingrowth and vascularization and 
promote metabolite transport. A scaffold with an open and interconnected pore net-
work and a high degree of porosity (>90%) is ideal for the scaffold to interact and 
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integrate with the host tissue [36]. Figure  5.3 describes the typical degradation 
behavior of CPC/biodegradable polymer in vivo [37].

As can be seen, Fig. 5.3 shows the precise micro-CT scan results about the mate-
rial degradation and osteogenesis performance in  vivo at each determined time. 
Obviously, all the samples exhibited varying degrees of degradation ability in vivo 
with the time passing. Specifically, the dense CPC group with several microns or 
less pore size still maintained the original shape and structure after 6 months of 
implantation. Lack of macroporous structure is the main reason. In comparison, 
CPCC groups with average pore size of 250 μm and macroporosity of 45% pre-
sented a certain amount of new bone formation [37]. The implanted materials had 

Fig. 5.3 Micro-CT images of reconstructed cross section of beagle’s molar region and the residual 
materials implanted samples at 3 months (a–d) and 6 months (e–h); (a) and, (e) CPC control; (b) 
and, (f) CPCC; (c) and, (g) CPCCB; (d), and (h) CPCCBV; Note: CPC control, dense CPC; CPCC, 
macroporous CPC with collagen; CPCCB, CPCC with recombinant human bone morphogenetic 
protein-2 (rhBMP-2); CPCCBV, CPCC with VEGF (Reproduced from [37] by permission. 
Copyright @ 2014 Elsevier Ltd. and Techna Group S.r.l)
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been partly absorbed and replaced by newly formed bone trabeculae on its 
peripheral portion. CPCCBV group showed the best new bone formation at both 
peripheral and central areas of the cement. After 6  months, the residual CPC 
material volume fraction of CPCCBV was about 20%, further indicating the fast-
est degradation speed among four groups. These behaviors were attributed to the 
encouraging effect of macroporous structure and macroporosity.

Some other researchers mentioned that CPC products had superiority over sin-
tered HA because CPC could form macroporous HA in situ in the bone site without 
machining [38]. The pores of diameter ~20 to 50 μm are expected to provide favor-
able functionality for physiological liquid exchange, while pores of diameter ~100 
to 350 μm are suitable for cell colonization and vascularization [39]. Thus, pristine 
CPC cannot allow vascular permeation and cell ingrowth. Such bone cement is very 
stable in the body, and the absorption and degradation usually occur only on the 
surface and the absorption rate is very slow [40]. To speed up the degradation rate 
of CPC, one of the feasible ways is to create macropores within CPC by using foam-
ing agents or degradable polymer microparticles.

The degree of macropore interconnectivity is also considered to be critically 
important in a manner similar to pore size. In biodegradable porous ceramics, the 
degree of interconnectivity was noted to be seemingly more important than the pore 
size, while in nonbiodegradable materials (i.e., CPC), interconnectivity and pore 
size were observed to be equally important. Under in vivo conditions, the penetra-
tion of cells and chondroid tissue formation inside macropores occurred when the 
interconnectivity dimensions were greater than ~20 μm, while mineralized bone 
formation occurred when the interconnectivity size exceeded 50 μm [41]. The inter-
connectivity of pores ensures availability of higher surface area for fast resorption, 
enhanced cell adhesion, and proliferation. For bone tissue engineering, the optimal 
pore size for the resorption and osteoblast activity within the material matrix is still 
controversial and undermined.

5.3.2.2  Effects of Microscopic Features (Micropores and Grain Size)

While macropores with pore sizes and interconnections are in the range of hundreds 
of microns, microporous features in the range of nanometers up to several microns 
also play pivotal roles in tissue engineering. It was in 1984 that Klein et al. [23] 
underlined the fact that not only macropores but also micropores (typically close to 
0.1–10 μm) were essential to provide a fast resorption. In 1993, Langer and Vacanti 
[42] devoted to the control of the architecture of CaP bone graft substitutes and to 
the understanding of the relationship between implant architecture and biological 
response. Since then, a number of researchers have investigated the effects of micro-
scopic features such as micropores or grain size on the resorption behavior of CPCs 
(listed in Table 5.1) [43].

For example, Wei et al. [51] implanted magnesium-CaP macroporous scaffolds 
with 9% and 27% microporosity and found that the presence of micropores increased 
the degradation rate and accelerated bone formation. A similar result was found by 
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Table 5.1 List of several studies devoted to the effect of architectural factors on the in  vivo 
performance of resorbable CPC scaffolds (sintered HA is considered to be non-resorbable). 
Various aspects were considered: micro- and macropore size, micro- and macroporosity, grain 
size, and interconnection pore size

Animal 
study Material

Investigated 
factor(s) Resorption

Bone 
formation Remarks

Rabbits 
(1, 2, 4, 
8 w)

β-TCP Macropore size: 
300–400, 400–500, 
500–600, 600–
700 μm; 
interconnection: 
from 72 to 198 μm; 
porosity: 67–79%

NA NA Increase of blood 
vessel ingrowth 
with an increase of 
macropore and 
interconnection size 
[44]

Rabbits 
(2, 4w, 4, 
6 m)

β-TCP Macropore size: 
50–100, 
200–400 μm

2/3 and 5/6 
resorbed after 
6 months for 
groups I and II, 
resp.

≈2× faster in 
group I than 
group II at 2 
and 4 weeks

Very limited 
material 
characterization 
[32]

Rabbits 
(8 w)

BCP Grain size Fourfold 
increase of 
resorption rate 
with an 
increase of 
grain size

No difference Grain size: G1 
roughly 1 μm; G2 
0.1–0.2 μm. Not the 
same raw material 
for the two groups 
[45]

Two groups 
produced according 
to the same method 
but with two 
different raw 
materials

Dogs 
(45, 
90 day)

BCP Grain size (two 
groups):

NA 10–20% more 
bone 
formation in 
group 1

Refer to [46]

Group 1 (86 ± 
20 nm) and group 2 
(768 ± 321 nm)

Rabbits 
(16 m)

β-TCP Microporosity and 
macroporosity

Faster 
resorption of 
the 
microporous 
samples

More bone 
ingrowth in 
the 
macroporous 
samples

Only one 
histological time 
point (16 months). 
Only XRD to assess 
resorption within 
the first months of 
implantation [47]

Four groups without 
or with macropores 
and with a small 
(<5%) and large 
(50–60%) amount 
of micropores

Rabbits 
(3, 6, 
12 m)

β-TCP Microporosity and 
macroporosity

Faster with 
more 
macroporosity 
and 
microporosity

No difference Only qualitative 
results [48]

Five groups; 
microporosity 
between 40% and 
55%; macroporosity 
between 0% and 
20%

(continued)
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other several groups [23, 47, 49, 52]. Klein et  al. [47] reported that changes of 
microporosity played a more important role in the resorption process than changes 
in macroporosity. Recently, the presence of micropores was associated with the 
biological response of cells and osteoinductive potential for bone ingrowth [53–56]. 
These pores are usually few microns in size and are involved mainly on the initial 
adsorption of proteins on the surface of the materials, thus regulating the cell behav-
ior on the implant surfaces as well as cell-material interactions. Some groups have 
revealed that microporosity that incorporated into CaP biomaterials can enhance the 
protein adsorption and cell adhesion due to the larger surface area, the tight inter-
lock between material and tissue. Take an example, the cells spread and adhered 
better on membranes with smaller micropores (0.2 μm diameter) [53]. Once various 
proteins (soluble growth factor, serum proteins, and extracellular matrix proteins) 
and cells are adsorbed onto the surfaces, the interfacial properties will be changed, 
resulting in enhanced degradation in vivo [57, 58].

The influence of grain size on the CPC resorption might be related to the resorp-
tion mechanism. It has been proposed that the biodegradation of CaP-based bioma-
terial takes place via solution-driven extracellular liquid dissolution and 
cell-mediated resorption processes [21]. The dissolution is heavily influenced by the 
solubility of the implanted CaP materials, while the cell-mediated CaP resorption is 
due to the particle formation as a result of disintegration [59]. It has been reported 
that the grain size of the CaP materials affects the rate and effectiveness of cellular 

Table 5.1 (continued)

Animal 
study Material

Investigated 
factor(s) Resorption

Bone 
formation Remarks

Rabbits 
(4, 12, 
24 w)

β-TCP Microporosity ~30% in 
ceramic area at 
24w for group 
1; ~2% for 
group 2

No difference Not clear how a 
ceramic with 0% 
microporosity can 
have a SSA value of 
2 m2/g. No XRD 
data demonstrating 
that both ceramics 
are pure β-TCP. Not 
the same raw 
materials for the 
two groups [49]

Group 1: μPor ≈ 
NA; μPor size 
≈0.2–0.5 μm; 
porosity ≈ 60%; 
MPor size: 
150–400 μm; SSA 
=10 m2/g); group 2: 
μPor ≈ 0%; 
porosity ≈ 57%; 
MPor size: 
150–400 μm; 
SSA = 2 m2/g

Very small 
amount of 
bone

Rabbits 
(4, 20 w)

β-TCP Macroporosity and 
growth factor

Faster 
resorption for 
samples with 
200–300 μm 
macropores at 
20 weeks, 
52.5% of 
materials loss

Higher new 
bone 
formation and 
faster 
resorption for 
samples 
loaded with 
BMP-2

Refer to [50]

Six groups w/wo 
BMP-2, and MPor 
size: 200–300, 
300–450, 
450–600 μm

NA not applicable/no response, MPor macroporosity, μPor microporosity [43]
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resorption activity [60]. Typically, the resorption rate increased with a decrease in 
grain size [11, 47, 48, 61], which can be schematically explained by Fig. 5.4 [62]. It 
was noted that the macrophages and giant cells actively participate in the resorption 
process for rapidly resorbing cements [63]. When the fragments and particles are 
<10 μm in diameter, they are easily internalized in macrophages and rapidly intra-
cellular digested. For larger biomaterials (>100 μm in diameter), the bulk digestion 
is carried out via extracellular degradation by macrophages and giant cells.

Most studies devoted to microscopic features suggest that an increase of micro-
porosity and a decrease of grain size accelerate resorption. However, there still exist 
the contradictory results and the difficulty to draw conclusions about the influences 
of microscopic features, since it is impossible to vary one parameter without 

Fig. 5.4 Macrophage response to biomaterials depending on the size of the implanted materials. 
Macrophages respond to small fragments and particles (<10 μm in diameter) by internalization and 
intracellular digestion. If the particle size is larger than 10 μm and smaller than 100 μm, the mac-
rophages fuse together forming giant cells which in turn engulf the particles and digest them. If the 
particles are larger, the bulk digestion is carried out via extracellular degradation by macrophages 
and macrophage-fused giant cells (Reproduced from Ref. ([18, 62] by permission of MDPI, Basel, 
Switzerland)
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 changing other parameters. Here, we only discussed the effect of porous architectures 
on the in vivo resorption behavior of CPCs quantitatively. Recently, more attentions 
have been paid on the hierarchy structure of tissue scaffolds incorporating mesopo-
rous materials ranging within 2–50 nm. With regard to the biomedical applications, 
mesoporous materials can easily host drug molecules and, therefore, could be useful 
to improve the drug adsorption ability and enhance bone-forming properties, as well 
as promoting resorption of CPCs.

5.3.3  Effect of CPC Composition on Biodegradation

Since commercial CaP bone graft substitutes have been launched for 40 years, many 
different formulations have been commercially available or are still being devel-
oped. Within various CaP compounds, HA, β-TCP, α-TCP, and DCPD can be the 
typical compositions forming CPCs. Among these compounds, HA is the most bio-
compatible. An important in vivo characteristic of HA-forming CPC is that it does 
not dissolve spontaneously in a normal physiological fluid environment, yet is 
resorbable under cell-mediated acidic conditions. β-TCP is the material more suit-
able for promoting synthetic osteoconduction, but its resorption remains slow 
in vivo, which can be regulated via cell-mediated processes. It has a lower strength 
and poorer mechanical properties than other CaPs. Although α-TCP has the same 
chemical composition as β-TCP, the difference in crystallinity makes it much more 
soluble than β-TCP. Therefore, early efforts to speed up the resorption of a CaP 
material were focused on α-TCP. CaP cements made of α-TCP powder have shown 
the excellent biocompatibility and biodegradability [64, 65]. Also, some studies 
have reported the positive performance of implanted α-TCP granules [66]. However, 
α-TCP is considered to be resorbed too fast and has hardly been investigated as raw 
material for larger granules and shaped blocks. DCPD is the most easily synthesized 
CaP compound. DCPD is biocompatible and osteoconductive and is reabsorbed 
faster than the β-TCP/HA-forming CPCs, allowing faster bone formation. However, 
the conversion process of DCPD into HA easily releases amounts of acid, leading to 
a severe inflammatory response.

Rapid resorption does not always indicate better bone formation. Under certain 
clinical situation, rapid resorption was reported to lead to lower quality bone forma-
tion [66]. In order to achieve optimum clinical performance, an appropriate CPC 
resorption rate needs to be modulated by tuning the composition of CPCs for the 
intended clinical applications. For periodontal bone defect repairs and sinus lift, the 
rapid replacement of the implant cement is highly desirable. To promote the resorp-
tion rate of certain CPCs with slow degradation, one of the feasible ways is to add 
the compounds with rapid resorption. These compounds could be small molecules 
(i.e., basic/acidic compounds, specific ions), degradable polymers, or other addi-
tives. For instance, calcium sulfate is biocompatible; however, it is less suitable for 
bone substitution because of its rapid resorption. Interestingly, mixing calcium sul-
fate with TTCP and DCPA leads to a good biocompatibility, enhanced  degradability, 
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and bone ingrowth as compared to CPC consisting of only TTCP and DCPA [22]. 
Small acidic compound also plays a role in the active resorption of the cement. It 
has been reported that a cement produced by a mixture of sodium calcium phos-
phate, tetracalcium phosphate and β-TCP powder, and malic acid or citric acid 
showed an increased number of osteoclasts on the cement [67], which indirectly 
indicates the cement mixed with malic acid has better resorption and is more prom-
ising for bone substitution than the cement mixed with citric acid.

5.3.3.1  Effects of Ions on CPC Degradation

The incorporation of some specific ions plays an important role in the biochemistry 
of bone substitutes, improving some properties such as the stability, solubility, 
porosity, or cytocompatibility of the bone remodeling process [68, 69]. Numerous 
studies have revealed that doping inorganic ions including calcium (Ca2+), silicate 
(Si), magnesium (Mg2+), zinc (Zn2+), strontium (Sr2+), manganese (Mn2+), copper 
(Cu2+), or (Fe3+) may trigger bone cell response, change CPC resorption behavior, 
and show important impact on bone healing strategies.

Calcium is the most abundant mineral in the human body. About 99% of the 
calcium in the body is found in bones and teeth [70]. Ca2+ is a mineral that the body 
needs for numerus functions, especially for bone formation. The mineral phase of 
the bone also contains Si, an essential trace element for metabolic processes associ-
ated with the development of the bone and connective tissues. This mineral is 
responsible for the depositing of minerals into the bones, especially calcium. It has 
been reported that Si can speed up the healing of fractures and also reduce scarring 
at the site of a fracture. Both Ca and Si ions play an important role in the nucleation 
and growth of apatite and then influence the biological metabolism of osteoblastic 
cells in the mineralization process and bone-bonding mechanism. Therefore, both 
ions can make the important contributions for the clinical field of bone regeneration, 
as well as material resorption.

Si has been substituted in different CPC formulations (i.e., HA, α-TCP, HA-based 
cements, β-TCP) to enhance in vivo implant degradation favoring their osteotrans-
duction [71]. In the early stages of mineralization, Si content is higher, while 
decreasing at advanced stages with the increase of the Ca/P ratio toward that of HA 
[72]. Pietak et al. [73] have demonstrated that aqueous Si solutions enhanced osteo-
blast proliferation, differentiation, and collagen synthesis in  vitro. They also 
reported that Si levels below 30 ppm could stimulate the development of osteo-
clasts, whereas higher levels inhibit osteoclast formation. The degradability of the 
Si-TCP scaffold was 90–80% after 1 year of implantation, and its complete resorp-
tion and replacement by new bone tissue had been achieved after 2  years [71]. 
Alkraishat et al. developed a silica-gel-modified CPC that increased the amount of 
remaining graft after implantation in rabbit calvaria [74]. To reveal the in  vivo 
resorption of silicon-substituted CPCs, Aparicio et  al. [75] prepared the sintered 
silicon-doped β-TCP powder first. By well controlling the constant Ca/(P + Si) 
ratio, a powder/liquid ratio, and the powder size, the physicochemical properties 

5 Accelerating Biodegradation of Calcium Phosphate Cement



240

and in vivo degradation of the Si-CPC properties were evaluated. The cement porosity 
was about 40% with a shift of the average pore diameter to the nanometric range, 
whereas the degree of absorption was lower with increasing Si content. Interestingly, 
this Si-CPC provides a high specific surface area of up to 29 m2 g−1 and an enhance-
ment of cell proliferation and cell attachment. Moreover, this bone substitute made of 
Si-CPC with lower Si content could interact efficiently with the surrounding bone and 
induce the formation of bone tissue in vivo.

Some evidences have suggested the body cannot assimilate calcium without the 
presence of silica [76]. Therefore, to improve the bioactivity and degradability of 
CPC, calcium silicate (CS) was added to CPC. Low-crystalline CS prepared by heat 
treatment at low temperature had excellent bioactivity and degradability. Adding CS 
to CPC did not affect the phase composition and chemical structure of CPC and had 
a little effect on the setting time and compressive strength of the composite cement. 
However, CS could effectively improve the in vitro and in vivo bioactivity and bio-
degradation of CPC and enhance the cell proliferation on the CPC material [77]. For 
designing the ideal bone substitutes, it is more challenging to achieve rapid biode-
gradability with maintaining/enhancing the mechanical strength. Liu group has 
explored the development of bioactive mesoporous calcium silicate/calcium phos-
phate cement (MCS/CPC) scaffolds (shown in Fig.  5.5) with high mechanical 
strength and fast degradation rate by micro-droplet jetting [78].

Figure 5.5 illustrates the MCS/CPC scaffolds with various architectures and pore 
structures. The inner pore shape was controlled by adjusting the angle of the process 
pattern. It could be clearly seen that the macropores in the scaffolds were uniform 
and completely open. In addition, scaffolds with different pore structures in Z direc-
tion were prepared precisely (b1–b4). To meet a wide range of individual needs, 
MCS/CPC scaffolds with different outer architectures were also designed and fab-
ricated successfully. Moreover, addition of MCS to CPC not only exhibited out-
standing printability of MCS/CPC paste but also achieved high mechanical strength 
and fast degradation rate (Fig. 5.6). Therefore, Si/Ca doping is a potential way to 
speed up the biodegradation and promote the bone repairing of CPCs.

The magnesium and zinc are also important foreign ions into the structure of 
synthetic calcium phosphate phases used as starting powders. The presence of Mg2+ 
and Zn2+ can alter a series of structural, physicochemical, and biological properties 
of CPC, such as crystallinity, solubility in the setting liquid, resorption, and bone- 
bonding capability [79, 80]. Incorporation of ions into α, β-TCP structures has been 
experimentally proven through quantitative phase analysis and structural refinement 
of the powders. Several groups have reported that the incorporation of Mg2+ and 
Zn2+ into β-TCP structure led to a decreasing trend in the lattice parameter values 
and a contraction of cell volumes [81, 82]. The reason for this contraction in refined 
parameters is due to the lower ionic radii of Mg (0.72 Å) and Zn (0.745 Å) than Ca 
ion. Since the degree of lattice disturbance by the substituted ions had implications 
in terms of thermal stability of the β-TCP phase, Mg2+ has been also reported to 
have a stabilizing role of noncrystalline CaPs, preventing crystallization into other 
more stable CaP phases. Therefore, the presence of Mg had a strong effect on 
cement composition and strength, namely, by increasing the proportion of brushite 
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and decreasing the compress strength. According to these authors [83], Mg could be 
used to adjust the composition and rate of hydration of the cement. For instance, 
magnesium phosphate cement (MPC) composed of magnesium oxide and ammo-
nium phosphate is a kind of fast-setting phosphate cement. Moreover, MPC has 
high initial strength and rapid resorption rate. When combined MPC with CPC, a 
novel magnesium-doped calcium phosphate complex with improved properties was 

Fig. 5.5 SEM images of (a1–a4, b1–b4) and digital camera photographs (c1–c8) of MCS/CPC 
scaffolds (Reproduced from [78] by permission. Copyright @ 2015 Springer)

Fig. 5.6 The compressive stress–strain curve (left) and weight loss (right) in TrisHCl solution of 
CPC and MCS/CPC scaffolds (Reproduced from [78] by permission. Copyright @ 2015 Springer)
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achieved. For Mg-doped materials, the resorption process is closely related to the 
biological behavior of surrounding cells. Numerous research have reported that Mg 
has acted as a surrogate for Ca in transport and mineralization processes [84, 85], 
but it also exerts a large number of other actions, including enzyme co-factor func-
tion and modulation of the action of hormones, growth factors, and cytokines. Mg 
also has direct effects on the bone formation processes of resorption and mineral 
aggregation [86]. For example, our group has demonstrated that the C2C12 cells 
cultured on 5MCPC/rhBMP-2 substrates exhibited dramatically enhanced in vitro 
osteogenic differentiation, compared with CPC/rhBMP-2. Moreover, it was the Mg 
on the underlying substrates that became the main contributor to mediate the adsorp-
tion and conformation of rhBMP-2 bound on the matrix, thus enhancing osteogenic 
activity and the resorption of CPC matrix [87].

Besides the ions above, strontium is an alkaline earth metal accounting for 
approx. 0.02–0.03% of the earth’s crust. Strontium was discovered to follow the 
metabolic pathways and signaling principles known for calcium, although the 
response to Sr2+ tends to be weaker. It has been reported that Sr2+ could exert a dual 
effect on bone remodeling. Sr2+ enhances protein binding capacity and osteoblast 
activity, increasing new bone formation, although the exact mechanism of how Sr 
affects bone cells remains unknown; at the same time, Sr2+ inhibits osteoclast activ-
ity and thus reduces cellular bone resorption [88, 89]. Recently, many researchers 
have focused on the systematic investigation of Sr2+ effect on the biological activi-
ties of CPC including resorption behavior. As we described before, the solubility of 
the cement components affects the CPC degradation. Integration of Sr2+ ions into 
CPCs could increase solubility, and consequently higher degradation was demon-
strated for SrHA and SrHA-forming cements. Sr2+ ions were also introduced into 
β-TCP to produce brushite-forming cements. A zero-order release of Sr during 
immersion of SrTCP in water indicated that Sr2+ was released by bulk erosion [68]. 
In addition, several in  vivo studies revealed an increased degradation of SrCPC 
compared to the respective Sr-free control groups and thus confirmed the above 
findings [90].

To be summarized, ion-substituted bone cements hold great potential for applica-
tions in repair of bony and periodontal defects, owing to their relevant excellent 
properties (i.e., setting time, injectability, good resorption for clinical uses), espe-
cially the Sr-containing cements that exhibited an overall better performance. 
However, there remains a great need for optimization and prospective studies of 
ionic-substituted cements regarding specific clinical applications.

5.3.3.2  Effect of Degradable Polymers on CPC Degradation

As discussed above, an ideal substrate for the bone regeneration should not only 
have adaptive mechanical strength, but also can promote bone repairing with good 
biodegradation. Adding biodegradable polymers into CPC matrix is a feasible strat-
egy to improve the degradability of CPC and alter their mechanical/physical 
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properties. A number of biodegradable polymers have been considered for CPC 
degradation promotion and mechanical reinforcement (as listed in Table 5.2).

Biodegradable polymers are processed in CPC materials with the specific form 
of wires, fibers, or microspheres. For instance, as abundant reinforcing materials, 
PLGA fibers or other degradable polymeric fibers were introduced into CPC to 
enhance the mechanical properties and improve the degradability. The best mechan-
ical properties reported for fiber-reinforced CPC were achieved with PLGA fibers 
and HA matrix, which had a highest bending strength of 40–45 MPa [91]. In physi-
ologic environment, the PLGA fibers degraded within 3–4 weeks, leading to a loss 
of reinforcing effect, while the HA matrix took months to years to degrade.

More interesting, the introduction of PLGA microspheres is proposed for 
mechanical reinforcement and degradation modulation. Adding PLGA micro-
spheres inside CPCs was first done in 2002, and the resulting paste was moldable 
and showed good biocompatibility [92]. By well controlling the physical/chemical 
properties of PLGA microparticles via tuning the molecular weight, L/G ratio, and 
the content of PLGA, PLGA/CPC composites were successfully fabricated and held 
different degradability and mechanical strength [92–97]. Table 5.3 summarizes the 
degradable and mechanical properties of typical PLGA microspheres/CPC 
composites.

As can be seen, the presence of PLGA microspheres can enhance the early com-
pressive strength of CPC [92, 94, 97, 98]. And the acidic degradation products of 
PLGA could accelerate the dissolution of CPC on account of the acidified surround-
ings [95]. Moreover, the generation of macropores by prior degradation of PLGA 
microspheres can provide channels for cell distribution and migration together with 
the ingrowth of blood vessels, promoting the new bone formation [93]. Therefore, 
tissues can easily grow into the PLGA/CPC composites along with the interconnec-
tions among pores formed after microsphere degradation.

Besides the advantages discussed above, these entrapped microspheres can be 
applied as drug delivery vehicles for osteoinductive growth factors or anti- 
inflammatory drugs. Combined these bioactive molecules and degradable micropar-
ticles with CPCs, multifunctional performances could be achieved for bone repairing 
including better resorption and new bone formation, which will be discussed later. 

Table 5.2 Summary of major degradable polymers used in combination with CPCs [17]

Group Polymers

Natural polymer Collagen, gelatin, fibrin, peptides
Polylactic series Polylactic acid (PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic 

acid) (PLGA), poly-ε-caprolactone (PCL)
Carbohydrates Chitosan, cellulose, starch, alginate, hyaluronan, hydroxymethylpropyl 

cellulose (HPMC), amylopectin
Others Polycarbonate, polyalkanoates, poly(ethylene glycol) (PEG), poly(ethylene 

oxide) PEO, polypropylene (PP), poly(allylamine hydrochloride) (PAH), 
poly-trimethylene carbonate (PTMC)
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Obviously, incorporation of PLGA microspheres is a promising way to design the 
resorption rate of bone graft matching for the rate of new bone formation in bone 
defect repair.

5.3.3.3  Effect of Other Additives on CPC Degradation

As mentioned before, one of the advantages of CPC is the low-temperature setting, 
which allows the incorporation of different useful additives/biomolecules: from 
antibiotics and anti-inflammatory drugs to growth factors. After implantation, these 
additives released from CPC cannot only treat the different skeletal diseases or 
speed up the bone repairing but also alter the microenvironment surrounding the 
implants, influencing the resorption behavior of implants.

In most cases, it is supposed that CPCs do not degrade while additive is released. 
However, some authors have shown certain degree of degradation of CPCs during 
drug liberation. For example, Otsuka [99] showed an increase of porosity in a car-
bonated HA cement during the release of indomethacin. Bai [50] revealed that the 
amount of newly formed bone and the rate of biodegradation were higher in porous 
CPC loaded with rhBMP-2, compared to the scaffolds without rhBMP-2. Therefore, 
it should not be neglected the effect of the additives on the resorption rate of 
CPC.  Typically, the additives such as antibiotics, even growth factors, have the 
small size, and their release is considered to be excessively fast. Therefore, the addi-
tives may tend to improve the degradation rate of CPC. And the influences of addi-
tives on the CPC mechanical strength are still controversial: some researchers 
reported the minor variations of mechanical strength due to the antibiotic loading, 
while some found the enhanced mechanical properties due to the effect of loaded 
drugs with substantial interactions with CPCs. To prolong their release behavior and 
modify the properties of CPCs, one possible way is to entrap the polymeric micro-
spheres loaded with additives/drugs into CPC matrix. Polymeric microspheres not 
only provide a carrier for controlled release and better bioactivity of drugs/proteins 
but also reinforce the mechanical strength of CPC as fillers. This has been con-
firmed by many research groups. Ruhe et al. [100] mixed hrBMP-2-loaded PLGA 
microspheres with a CPC. The release rate of rhBMP-2 in PLGA/CPC composite 
was much slower than the rate in the microspheres alone.

As we know, there are many additives available for CPC applications. Various 
additives/drugs have various effects on CPC properties, and this represents a serious 
issue for the implementation of this technology. A lot of work has still to be done to 
establish the general laws to regulate additives and modify the properties of CPC for 
different therapeutic needs.
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5.4  Typical Strategies for Rapid Biodegradation of CaP- 
Based Cements

CPCs are frequently used as synthetic bone graft materials in view of their excellent 
osteocompatibility and clinical handling behavior. However, the degradation rate of 
plain CPC is limited, especially for HA-forming CPCs, thereby limiting complete 
bone regeneration. In the previous section, we have discussed many factors influ-
encing the biodegradation of the CPC, mainly including porous architectures and 
intercompositions. Hence, there are many strategies available for achieving the 
faster biodegradation of CPCs. The most important one is the macroporosity, the 
key factor for controlling CPC biodegradation/resorbability. For a better bone 
regeneration, different approaches have been used to induce macroporosity in CPC, 
such as inclusion of water-soluble additives, foaming agents, a hydrophobic liquid 
(oil), and biodegradable polymeric microspheres. However, it is considered that 
macropores severely degraded the CPC strength. After macroporous materials were 
implanted in  vivo, the strength significantly increased once new bone started to 
grow into the macropores [101]. Therefore, it is in the early stage of implantation 
when the macroporous implant is in the most need of strength [102].

5.4.1  Water-Soluble Additives for Macroporosity Enhancement

The inclusion of water-soluble molecules in CPC is a common approach to induce 
macroporosity. Also known as the particle leaching technique, it is often used to 
create porosity in bone substitute materials such as preset ceramics or polymeric 
scaffolds. Saccharides such as sucrose, chitosan, as well as the salts sodium chloride 
and sodium phosphate are water-soluble compounds to generate macroporosity in 
CPC. Depending on the solubility of these sacrificial materials, these are dissolved 
before implantation or gradually degraded in vivo. Sucrose is a disaccharide derived 
from glucose and fructose. Sucrose crystals with the size in the range of 125–250 μm 
have been included in CPC, and macroporosity was readily generated after dissolu-
tion of the crystals during incubation of the samples in aqueous media. However, the 
mechanical strength of CPC decreased with increasing macroporosity [103]. 
Another approach is the creation of microspheres from a saccharide. As a linear 
polysaccharide, chitosan has been processed in the form of fibers and microspheres, 
embedded in or trapped on the CPC matrix in order to enhance its mechanical prop-
erties in an early stage and to generate porosity after the fiber degradation [104]. 
Several salts have also been used to induce porosity in CPC, such as sodium chlo-
ride crystals, NaHCO3, CaSO4-2H2O, and Na2HPO4. Similarly to when saccharides 
are employed, porosity is generated after the salt is leached out from the CPC in an 
aqueous environment. The degree of solubility of the particular additives during the 
setting reaction of the cement is responsible for the content and dimension of the 
macroporosity [105]. However, the lack of strength of the resulting cement 
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(especially for the additives with quickly dissolving) and compromise requirements 
between CPC handling and its bioactivity due to a large amount of additives limit 
the applications of this technique.

5.4.2  Foaming Agents for Macroporosity Enhancement

The use of foaming agents is another way to generate gas bubbles and form macro-
pores. Typical foaming agents involve hydrogen peroxide and carbon dioxide (CO2). 
CO2 bubbles from sodium bicarbonate have been used during the cement setting to 
generate porosity [106]. Besides, citric acid was employed as porogens for CPC for 
good injectable properties and higher porosity [107]. Furthermore, citric acid has 
combined with sodium bicarbonate as effervescent agents to generate porosity 
[108]. Since no potentially toxic gas is released after implantation of the cement, 
this technique holds great potential for macroporosity enhancement and fast biodeg-
radation. However, the low initial strength and poor reproducibility still remain the 
issues for this technique.

5.4.3  CPC/Synthetic Degradable Polymers

To overcome the issues including the initial strength, degradability, and lack of 
interconnectivity, synthetic degradable polymers in forms of fibers and microparti-
cles have been added in cements. Typical degradable PCL and PLGA fibers 
entrapped in CPCs had the function of reinforcing the cement, providing the needed 
short-term strength and toughness and gradually dissolving afterward, leaving 
behind macropores suitable for bone ingrowth [109, 110]. The fiber parameters (i.e., 
length, volume fraction, type of fiber, and the mass percentage) affected the physio-
chemical properties of cements, especially the resorption behavior. The advantages 
of long fibers over particulates and short fibers are the fact that, once resorbed, they 
can form interconnected pores inside the CPC structure facilitating bone tissue 
regeneration [111]. In vivo results also proved that the introduction of ultrafine 
degradable fibers within a CPC matrix improved macroporosity efficiently and 
enhanced CPC degradation and bone ingrowth largely [110].

Of special interest are also the various works that incorporated PLGA micro-
spheres within the cement paste [92–97]. The rationale was to create a macroporous 
structure through degradation of the PLGA microparticles/microspheres. The 
mechanical strength of the microspheres contributes to the initial strength of CPCs, 
and the degradable nature of microspheres offers the better resorption performance 
of CPCs. Since the degradation of PLGA by nonenzymatic hydrolysis of its ester 
linkages depends on its molecular weight, this allows the easy modulation of mac-
ropore formation.
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These microspheres can be applied as delivery vehicles for osteoinductive growth 
factors or other biofunctional additives. Besides the mechanical enhancement, the 
microspheres could simultaneously release the osteogenic factors for accelerating 
the new bone formation. The in vivo results from subcutaneous implantation in rats 
showed that the PLGA microspheres were completely degraded after 12 weeks of 
implantation, allowing blood vessels to colonize the macropores [100, 112].

Other types of microspheres also showed the similar effects on cement proper-
ties. For examples, self-setting CPCs were produced upon the introduction of 
microspheres composed of gelatin [113] and poly(trimethylene carbonate) 
(PTMC) [114]. In vitro incubation of all these composites in phosphate-buffered 
saline or enzyme-containing media resulted in an interconnected, macroporous 
calcium phosphate matrix after microsphere degradation. Gelatin and PTMC 
microsphere/CPC composites were found to show gradual degradation of the 
microspheres from the outer to the inner parts, as the cement delayed enzyme dif-
fusion through the material [113]. On the other hand, PLGA/CPC degraded simul-
taneously throughout the whole composite as a result of hydrolytic cleavage of the 
polymer chains. Furthermore, compared with the bulk erosion mechanism of 
PLGA and gelatin microspheres, surface erosion of the PTMC microspheres [114] 
resulted in a rapid decrease in compressive strength as they detached from the 
cement skeleton. This trend is also confirmed by subcutaneously implanting of 
CPC composite in vivo [94].

Acid-producing microparticles are also attractive to create macroporosity since 
CPCs degrade by acid dissolution. Félix Lanao et al. [115] incorporated glucono 
delta-lactone (GDL) into CPC for accelerating CPC degradation. After 2 weeks of 
implantation, CPC containing 10% of GDL degraded faster and was replaced by 
more bone tissue than CPCs containing either PLGA or gelatin microspheres. For 
matching the medical use, the degradation rate of CPCs was turned by formulating 
mixtures of PLGA microspheres and GDL microparticles [116]. The animal studies 
revealed that incorporation of 43% PLGA, 30% PLGA-5% GDL, and 30% PLGA- 
10% GDL in CPC significantly increased bone formation and resulted in higher 
bone height compared with both 10% GDL- and 20% GDL-containing CPC sam-
ples. Besides the biodegradable polymers listed in Table  5.2, there exist many 
potential additives, which can be used for tuning the CPC degradation, as well as 
other properties. More contributions should be made for fulfilling the therapeutic 
needs.

5.4.4  Strategy Combinations

In some studies, researchers combined the previously mentioned methods for accel-
erating the degradation behavior of CPCs. For example, CO2 foaming has been used 
to induce porosity in combination with PLGA microparticles embedded in CPC for 
the creation of secondary porosity at a later time point [117]. Acid-producing GDL 
was formulated with PLGA microspheres within CPC matrix for adjusting the CPC 
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degradation [116]. Mannitol crystals were used to generate early macroporosity in 
combination with slower resorbable chitosan fibers, which improved the mechani-
cal properties of the cement at initial time points [118].

Recently, it has already circumstantiated that both micrometer and nanometer 
scale features of a material have marked influence on cell behaviors in vitro and 
in  vivo. Additionally, materials organized on multiple length scales have better 
 conformity to biological matrices than those with single-scale features. Therefore, 
some attempts for fabricating synthetic scaffolds with hierarchical macro-/micro- or 
macro-/nano-architectures have been carried out by using properly mesostructured 
materials. The purpose of such scaffolds is twofold, as they combine the properties 
of traditional CPC-derived scaffolds, i.e., mechanical support in the defect zone, 
bioactivity, favored osteointegration, and bone tissue regeneration, with the unique 
features supplied by mesoporous materials, such as enhanced bioactivity and con-
trolled drug adsorption/release ability for drug therapy in situ.

Our group developed the bioactive mesoporous calcium silicate/calcium phos-
phate cement (MCS/CPC) scaffolds by using micro-droplet jetting. The 3D printed 
MCS/CPC scaffolds with hierarchical architectures (350  μm micropores and 
10–20 nm mesopores) showed fast degradation rate, high mechanical strength, and 
good cytocompatibility [82]. Combined the growth factor rhBMP-2 with the meso-
porous bioactive glass (MBG)/CPC composite, the resultant scaffold not only pre-
sented a hierarchical pore structure (interconnected pores of around 200 μm and 
2–10 μm) and a sufficient compressive strength (up to 1.4 MPa) but also exhibited 
excellent drug delivery behavior. Moreover, this composite scaffold presented a sig-
nificant improvement of osteogenic efficiency, especially at the early stage in vivo. 
Moreover, better resorption was obtained in the rhBMP-2-loaded MBG/CPC scaf-
fold compared to the others [119]. Obviously, it is very challenging to improve the 
properties of CPC satisfying all the requirements for clinical applications via alter-
ing one simple factor. Many research studies have demonstrated that the strategy 
combination will be feasible and hold great potentials.

5.5  Future Perspectives

The ultimate goal of bone reconstruction is the regeneration of the physiological 
bone that simultaneously fulfills both morphological and functional restorations. 
Within the different materials, CPCs are one of the most desirable candidates for 
bone replacement. However, the poor degradation and low mechanical strength 
limit their clinical applications. To overcome the limitations, especially for material 
degradation, different strategies (water-soluble additives, foaming agents, ions 
introduction, and biodegradable polymeric microspheres) can be applied. To meet 
the requirements for bone substitutes, strategy combinations are also suggested to 
obtain the attractive biological performances.

The injectability and moldability of the CPC are promising for less invasive and 
faster surgery as compared to other bone substitutes. The improvement of resorption 
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behavior of CPCs is still an “old new” topic. Many strategies including the introduction 
of polymeric wires, fibers, or microparticles have been applied for accelerating the 
CPC resorption with reinforcing their mechanical properties. Simultaneously, func-
tional biomolecules are loaded/immobilized into the CPC matrix. However, the bio-
compatibility issues caused by the use of large volumes of degradable polymers and 
the difficulties to combine polymers with CPC without compromising the physic/
chemical properties with biological response still prevent the CPC applications for 
desirable clinical uses. Recent studies in the area of hierarchical scaffolds with immo-
bilized growth factors have clearly revealed that the architecture of complicated design 
with well-defined structures has shown the excellent properties (i.e., mechanical, 
degradable, osteoconductive, osteoinductive features) and outstanding in vivo medical 
performances. However, in vivo studies and clinical trials have not yet been investigated 
to their maximum extent. There are still lots of optimization work to do for developing 
desirable CPC products, which have superior clinical performance and are easily appli-
cable in clinical practice.
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Chapter 6
Bioactivation of Calcium Phosphate Cement 
by Growth Factors and Their Applications

Yifan Ma, Baolin Huang, Dan Lin, Yuan Yuan, and Changsheng Liu

Abstract Calcium phosphate cement (CPC) scaffold has been widely used as bone 
graft substitutes. In order to deal with formidable defects in clinic, such as critical- 
sized bone defects or elderly patients with low regeneration capacity, a recombinant 
human bone morphogenetic protein-2 (rhBMP-2) was further loaded into CPC scaf-
fold currently. In this chapter, effects of the surface properties, microstructure, and 
chemical composition on the bioactivity of rhBMP-2 were carried out. The osteo-
genic activity of CPC/rhBMP-2 in vitro and in vivo and the underlying mechanism 
were reported. Additionally, the clinical application of this active CPC/rhBMP-2 
scaffold was also presented. These findings will provide insightful guide for the 
design and fabrication of rhBMP-2-based scaffolds/implants and further promote 
the clinical translation of growth factor-loaded porous scaffolds for bone 
regeneration.

Keywords rhBMP-2/CPC • Surface physicochemical properties • Microstructures 
• Ions incorporation • Clinical application

6.1  Introduction

As previously stated, calcium phosphate cement (CPC) has been an alternative to 
autologous and allogenic bone grafting for bone defects due to its similar composi-
tion to those of natural bones [1, 2] and was firstly reported in 1986 [3, 4]. In gen-
eral, CPC cements are a mixture of powder and liquid and form a paste after mixing. 
The powders of calcium phosphate cements normally consist of the calcium 
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phosphates precipitated from aqueous solutions at low temperatures (e.g., monocal-
cium phosphate monohydrate (MCPM), dicalcium phosphate (DCP), dicalcium 
phosphate dihydrate (DCPD), octacalcium phosphate (OCP), precipitated hydroxy-
apatite (PHA), amorphous calcium phosphate (ACP)) or calcium phosphates 
obtained only at high temperatures (e.g., anhydrous monocalcium phosphate 
(MCP), sintered hydroxyapatite (SHA), α-tricalcium phosphate (α-TCP), 
β-tricalcium phosphate (β-TCP), tetracalcium phosphate (TTCP)) [5–8]. 
Specifically, a typical CPC that initially contains an equimolar mixture of tetracal-
cium phosphate (TECP) and dicalcium phosphate anhydrous (DCPA) that can 
harden in about 30 min after mixing the powder with water to form a paste and 
ensuing changes into hydroxyapatite (HA) has been successfully applied in clinic 
since 1996 [3, 4]. As a preferred substrate for cell attachment and expression of 
osteoblast phenotype, the preformed CPC monoliths have been considered as a 
bone scaffold of choice. However, for critical-sized bone defects resulting from 
nonunion fractures, severe trauma, congenital deficiency, malignancy resection, or 
elderly patients with poor regeneration capacity, CPC often exhibited undesirable 
osteoinductivity and therapeutic efficacy. Therefore, improvement of the osteoactiv-
ity becomes the research focus of the CPC-based bone repair materials.

Besides the physicochemical properties of materials, another effective strategy to 
enhance the osteogenetic bioactivity is to incorporate/immobilize growth factors. 
Among the growth factors, bone morphogenetic protein-2 (BMP-2), belonging to 
the transforming growth factor-β (TGF-β) superfamily, has been known for decades 
as a great osteoinductive growth factor (as shown in Fig. 6.1) [9–11]. In 1965, BMPs 
were first shown by Urist et al. to be implicated in bone formation when implanted 
at an ectopic site [12–14]. The ectopic bone was the result of osteogenic differentia-
tion of circulating osteoblast progenitors or stem cells, which were locally exposed 
to the BMP-2. Subsequently, it was reported that BMP-2 induced bone regeneration 
in a dose-dependent manner, with higher doses of BMP-2 resulting in greater 
amounts of bone formation [9, 15, 16]. Moreover, BMP-2 has FDA approval for 
clinical applications (such as the treatment of acute tibial fractures) and is one of the 
most prevalent growth factors used in tissue regeneration. However, BMP-2 admin-
istrated at a super physiological dose may also lead to unfavorable side effects, 

Fig. 6.1 Structures of BMP-2 molecule
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including excessive bone formation and adverse immune responses [9, 11, 17]. 
Strategies that are capable of locally delivering and then sustaining physiological 
levels of BMP-2 with sufficient bioactivity are still required.

With three dimensions of 7 × 3.5 × 3 nm, BMP-2 (Fig. 6.1) is a homodimer 
linked with interchain disulfide bridges in its biologically active form. BMP-2 exerts 
its function mainly through oligomerizing type I and type II receptors serine/threo-
nine kinases on the cellular membranes [18, 19]. The “wrist” epitope assembled 
around the central α-helix of BMP-2 binds the type IA and type IB receptors 
(BMPR-IA and BMPR-IB), whereas the “knuckle” epitope located at the back of 
the hand near the outer finger segment binds to BMP-2 receptors type II (BMPR-II) 
and active in receptors type II (ActR-II). After binding, the BMP-2/BMPR initiates 
the downstream signaling events. Therefore, from this viewpoint, to achieve a desir-
able osteogenic bioactivity of recombinant human BMP-2 (rhBMP-2), it is there-
fore necessary to ensure the accessibility of the “wrist” and “knuckle” epitopes of 
rhBMP-2 for ligand-receptor interactions.

Based on the above rationale, in the past few years, our group has endeavored to 
load BMP-2 into CPC to enhance the osteogenic bioactivity. The studies mainly 
include (1) the effect of the surface physicochemical properties on the adsorption 
dynamics, conformation, and bioactivity of BMP-2, (2) fabrication and property of 
rhBMP-2/CPC bioactivity scaffold, and (3) clinical application of rhBMP-2/CPC.

6.2  Surface-Mediated Conformation and Bioactivity 
of rhBMP-2

Currently, in the field of protein immobilization, nanoscaled surface-induced 
changes of conformation and bioactivity of protein have attracted great attentions 
[15, 20, 21]. It is well-recognized that the interface, especially in the range of 
nanoscale with comparable size of proteins, plays a critical role in the adsorption, 
conformation, and bioactivity of proteins. Moreover, these phenomena are not only 
related to the nature of adsorbed proteins but also are strongly dependent on the 
physicochemical characteristics of solid surfaces (especially the nanoscaled inter-
face), including topography, chemistry, charge, hydrophilicity, and crystallinity 
[22–25]. For instance, Monkawa et al. found that fibrinogen exhibited different con-
formations and biological activities on gold, tantalum, and hydroxyapatite (HAP) 
surfaces (as shown in Fig. 6.2) with different surface roughness and crystal sizes at 
nanoscale. It was also reported that fibronect intended to an open and highly 
unfolded conformation on the hydroxyapatite surfaces (HAPs) and thereby showed 
higher bioactivity than on the gold surface [5, 7]. Inspired by these previous studies, 
it is hypothesized that the nanoscaled surface properties would affect the way of 
rhBMP-2 binding and in turn influence the conformation and bioactivity of adsorbed 
rhBMP-2 molecules [9, 11]. Considering that the final transformation product of 
CPC is HAP, we first used HAP as substrate to explore the effect of the surface 
physicochemical properties on the adsorption, conformation, and bioactivity of 
rhBMP-2.

6 Bioactivation of Calcium Phosphate Cement by Growth Factors and Their Applications
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6.2.1  Effect of Nanoscaled HAP Surface

The complex interactions between proteins and the CaP surface are primarily gov-
erned by physicochemical properties of the CaP surface, functional groups, and the 
protein conformations [15, 21, 26]. In general, the smaller the CaP particle sizes, 
the higher the total surface area and, thus, the greater the number of available bind-
ing sites for protein adhesion. Numerous studies have reported that CaP with a 
higher surface area could be fabricated by modulating the surface roughness, poros-
ity, and pore size. Pore size and pore distribution have a significant impact on the 
total surface area of CaP and their protein adsorption capacities. Meanwhile, the 
effect of pore size on protein adsorption is size dependent. For example, if the pore 
size is larger than a protein molecule, the protein can enter into the pores, thereby 
increasing protein adsorption [10, 27]. Surface roughness and topography influence 
protein adsorption by affecting the spatial distribution of adsorption sites. 
Independent of the total surface area, increasing surface roughness on the nanome-
ter scale can improve the protein adsorption [5, 22]. This increase is attributed to a 
change in the geometrical arrangement of protein molecules on the surface of mate-
rials, and it has been shown that the adsorption is less correlated to the roughness 
for globular proteins such as bovine serum albumin (BSA). Protein adsorption is 
less influenced by roughness on the micrometer scale as the surface topography 
may appear smooth to proteins. Furthermore, CaPs with lower crystallinity have 
higher solubility, which in turn causes an inevitable increase in ionic strength in the 

Fig. 6.2 AFM images (1.0 × 1.0 μm) of HAPs employed in the QCM-D measurements. The larg-
est z-range value is 100 nm for the HAP-Pol surface and 40 nm for the HAP and HAP-Sin surfaces 
(Reprinted with permission from Ref. [15]. Copyright © 2015 Acta Biomaterialia Inc. Published 
by Elsevier Ltd.)

Y. Ma et al.



261

surrounding medium [9, 28]. Proteins or drugs in solutions with high ionic strength 
undergo structural conformational changes, exposing more polar ionized charges 
on the surface of the protein, which promotes a higher adsorption rate onto the 
material surfaces. Also, proteins are known to favorably adsorb onto a hydrophobic 
surface, by unfolding their hydrophobic core, than a neutrally charged hydrophilic 
surface. Therefore, we systematically study the effect of the surface properties 
(roughness, crystallinity, etc.) of HAPs on the way of rhBMP-2 binding and thus the 
changes of conformation and bioactivity of the adsorbed rhBMP-2 molecules (as 
shown in Fig. 6.2).

To prepare HAP surface with distinct roughness and crystallinity, we strictly 
controlled the synthesis and deposition of HAPNs. By polishing the substrates and 
sintering the HAPN at low temperature, a series of HAPs with single difference in 
roughness and crystallinity were obtained and named as HAP, HAP-Pol, and HAP- 
Sin (Fig. 6.2). The HAP-Pol surface showed a remarkably increased surface rough-
ness. For the HAP-Sin surface, due to the sintering process, apart from a significantly 
increased crystallinity, the WCA and zeta potential were slightly decreased and the 
sintered HAPN was obviously elongated.

The adsorption of rhBMP-2 and the availability of the binding epitopes of 
adsorbed rhBMP-2  for BMP receptors (BMPRs) on HAPs were determined by 
quartz crystal microbalance with dissipation (QCM-D). The results (Fig. 6.3) indi-
cated that the alterations of surface roughness and crystallinity of HAPs exerted 

Fig. 6.3 (a) Δf (blue line) and ΔD (red line) recorded against time for rhBMP-2 (Escherichia 
coli-derived) adsorption onto HAPs and subsequently BMPR-IA binding. The frequency and dis-
sipation data presented are from the fifth overtone. (b) Calculated BMPRs binding availability for 
the rhBMP-2-adsorbed HAPs. Values are shown as mean ± standard error of the mean from 5 data 
points (n = 5). *p < 0.05, compared with the HAP-Sin surface, and #p < 0.05, compared with the 
HAP surface (Reprinted with permission from Ref. [15]. Copyright © 2015 Acta Biomaterialia 
Inc. Published by Elsevier Ltd.)
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remarkable effect on the recruitment of BMPR-IA, but not BMPR-IB and BMPR-II 
[21, 26]. Specifically, compared to the HAP surface, the HAP-Pol surface showed a 
1.5-fold improvement of mass uptake of rhBMP-2 and enhanced the recruitment of 
BMPR-IA by about two times. However, the HAP-Sin surface, although with 
slightly higher adsorption amount of rhBMP-2, significantly undermined this pro-
cess [2, 29]. It can be hypothesized that the interaction of rhBMP-2 and BMPR-IA 
played a pivotal role in determining the bioactivity of rhBMP-2 upon HAPs. And 
the HAP-Pol surface favored the recruitment of BMPR-IA to adsorbed rhBMP-2, 
but the HAP-Sin surface displayed the opposite effect. This noticeable discrepancy 
of the interaction of rhBMP-2 on HAPs with the BMPR-IA should be related to the 
way of rhBMP-2 binding to HAPs. It is also worthwhile to note that, inconsistent 
with the previous report about the weak interaction of BMPR-II to rhBMP-2, the 
rhBMP-2 upon HAPs fabricated here all showed desirable affinity toward the 
BMPR-II, which may play some roles in the bioactivity of rhBMP-2 [9, 15]. This 
could be related to the binding of the N-terminal domain of rhBMP-2 to negatively 
charged HAPNs, which undermine the auto-inhibitory of N-terminal domain of 
rhBMP-2 to BMPR-II binding.

It is well-recognized that the primary interactions between proteins and substrate 
surfaces are dependent on the hydrophobic interaction, electrostatic potential, and 
contact area [17, 30]. For the HAP-Pol surface, the remarkably higher RMS induced 
a significantly larger specific surface area and thus led to a great deal of adsorption 
amount of rhBMP-2. For the HAP-Sin surface, with a slight reduction of WCA and 
zeta potential, the hydrophobic interaction and electrostatic interaction (zeta poten-
tial of rhBMP-2 is 8.1 at pH 7.4) between rhBMP-2 and the HAP-Sin surface were 
weakened, which undermined the adsorption of rhBMP-2 to some extent [15, 21]. 
However, the elongated sintered HAPN induced a slightly higher RMS and larger 
specific surface area, which is favorable for the adsorption of rhBMP-2. Collectively, 
the higher mass density of rhBMP-2 on the HAP-Sin surface should be contribut-
able to the enhanced crystallinity and elongated morphology of the sintered HAPN.

The in vitro cell culture results revealed that the surface roughness and crystal-
linity exerted great effect on the bioactivity of rhBMP-2 upon HAPs [9, 31]. The 
in vitro cellular evaluations showed that the rhBMP-2 adsorbed onto rough surface 
(HAP-Pol) not only exhibited a higher expression of ALP but also showed an 
enhanced BMP-mediated Smad1/5/8 signaling. However, the increasing of the crys-
tallinity (HAP-Sin) undermined the bioactivity of the rhBMP-2 to some extent. ALP 
activity and Smad1/5/8 signaling level showed a distinct surface roughness- and 
crystallinity-dependent trend: HAP-Sin < HAP < HAP-Pol (as shown in Fig. 6.4).

Besides the osteogenic differentiation, we have further investigated the effect 
of  rhBMP-2 on the cellular adhesion. The results indicated that the adsorbed 
rhBMP-2 layers greatly facilitated cellular attachment and cytoskeleton organiza-
tion. Specifically, the  rhBMP-2-adsorbed HAP-Pol surface exhibited the greatest 
cellular area and cellular perimeter of C2C12 cells. Such phenomena signified that 
the presence of rhBMP-2 on HAPs and the surface roughness exert significant influ-
ence on the adhesion of C2C12 cells. Crouzier et al. [32] noticed that rhBMP-2 that 
presented in solution/matrix played crucial roles in early adhesive events, including 
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adhesion and migration. It is reported that nano-submicron hybrid roughed titanium 
surfaces could promote adhesion and differentiation of osteoblasts [33]. Therefore, 
it is plausible that the observed phenomenon may be associated with a synergistic 
effect between the roughness of the HAP-Pol surface (RMS = 17.4 ± 0.8 nm) and 
the adsorbed rhBMP-2 layer on the HAP-Pol surface. It can be found that the cell 
morphology, cellular area, and cellular perimeter on rhBMP-2-adsorbed HAP sur-
face were significantly greater than those on rhBMP-2-adsorbed HAP-Sin surface, 
while the surface mass density of rhBMP-2 on the HAP surface is slightly low as 
compared to that on the HAP-Sin surface. This finding demonstrates that the density 
of rhBMP-2 did not affect cellular binding to HAPs, while the conformation of 
rhBMP-2 could actually affect.

Collectively, the above results revealed that the HAP-Pol surface exhibited an 
increased mass uptake of rhBMP-2 and an upregulated osteoactivity of rhBMP-2, 
while the HAP-Sin surface performed oppositely. Furthermore, the nanoscaled 
HAPs had obvious influences on the conformation and availability to BMPRs of the 
adsorbed rhBMP-2, which in turn governed the bioactivity of rhBMP-2.

Fig. 6.4 (a) ALP expressions of C2C12 cells cultured on rhBMP-2-adsorbed HAPs after 3 days 
of incubation. (b) Relative expressions of p-Smad1/5/8 and Smad1/5/8 signaling. (c) Western blot-
ting of p-Smad1/5/8, Smad1/5/8, and β-actin for C2C12 cells cultured on the rhBMP-2-adsorbed 
and unadsorbed HAPs after 2  days of incubation (Reprinted with permission from Ref. [15]. 
Copyright © 2015 Acta Biomaterialia Inc. Published by Elsevier Ltd.)
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6.2.2  Mg-Substituted HAP Mediate Bioactivity of rhBMP-2

Magnesium is a vital and widely used component for the bone substitutes. Here, we 
further endeavored to systematically study the effects of the magnesium element on 
the conformation and bioactivity of rhBMP-2. To achieve this goal, we both inves-
tigated the adsorption, receptor recruitment, and bioactivity of rhBMP-2 on the 
HAP and Mg-HAP surfaces experimentally and numerically.

Surface topographies of the HAP and Mg-HAP surfaces were evaluated by 
atomic force microscopy (AFM, Fig.  6.5a). It can be found that the HAP and 
Mg-HAP surfaces consist of very delicate nanostructures. EDS patterns of the 
deposited coatings revealed similar element contents as compared to those of 
respective nanoparticles. In particular, the ratio of Mg/Ca was demonstrated as 
2.2% for the Mg-HAP coatings. Moreover, the element distributions of the HAP 
and Mg-HAP surfaces are presented in Fig. 6.5b. It suggested that Mg, Ca, P, and O 

Fig. 6.5 (a) AFM images of the HAP and Mg-HAP surfaces. (b) Element distributions on the 
HAP and Mg-HAP surfaces. N.A represents not available. Scale bar is 5 μm (Reprinted with per-
mission from Ref. [13] Copyright © 2016 Scientific Reports. Rights managed by Nature Publishing 
Group)
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were uniformly located on the respective surfaces. Notably, Mg was sparsely dis-
tributed on the Mg-HAP surface. Our results indicated that the HAP and Mg-HAP 
surfaces exhibited similar water contact angles, zeta potentials, and RMS values.

Next, we measured and compared the adsorption of rhBMP-2 and subsequent 
recognition of BMPRs on the HAP and Mg-HAP surfaces. Typical QCM-D shifts in 
frequency and dissipation for the adsorption of rhBMP-2 and subsequent binding of 
BMPR-IA are shown in Fig. 6.6. The adsorption amounts of rhBMP-2 and BMPRs 
were calculated with the Sauerbrey equation [34]. It was found that the Mg-HAP 
surface showed a slightly lower mass uptake of rhBMP-2 than the HAP surface. 
However, the adsorbed rhBMP-2 on the Mg-HAP surface induced an increased 
recruitment of BMPRs. For example, a nearly 1.9-fold mass uptake of BMPR-IA 
and 1.8-fold mass uptake of BMPR-IB were found. To further compare the capacity 
of the adsorbed rhBMP-2 for recruiting BMPRs, the “BMPR-binding availability” 
was calculated (Fig. 6.6c). As expected, a nearly 2.2-time availability of BMPR-IA 
and 2.1-time availability of BMPR-IB were achieved for adsorbed rhBMP-2 on the 
Mg-HAP surface. There was no significant difference (p  > 0.05) for the binding 
availability of BMPR-II by adsorbed rhBMP-2 on both surfaces [34, 35].

Fig. 6.6 Typical changes in Δf (blue line) and ΔD (red line) recorded against time during the 
adsorption of rhBMP-2 and subsequent binding of BMPR-IA on (a) the HAP surface and (b) the 
Mg-HAP surface. (c) Calculated BMPR-binding availability by adsorbed rhBMP-2 on the HAP 
and Mg-HAP surfaces. Values are shown as mean ± standard error of the mean from 5 data points 
(n = 5).*p < 0.05, #p < 0.05, compared with the HAP surface. (d) CLSM observation of the fluores-
cent staining of adsorbed rhBMP-2 (green).Scale bar is 50 μm. (e) The RFU (relative fluorescence 
units) of BMPRs per RFU of rhBMP-2. Values are shown as mean ± standard error of the mean 
from 50 data points (n = 50). *p < 0.05 and #p < 0.05, compared with the HAP surface (Reprinted 
with permission from Ref. [13] Copyright © 2016 Scientific Reports. Rights managed by Nature 
Publishing Group)
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To further identify the recognition of BMPRs by adsorbed rhBMP-2 on the HAP 
and Mg-HAP surfaces, immunofluorescence staining of rhBMP-2 and BMPRs was 
measured (Fig. 6.6d). Compared with the HAP surface, large recognized BMPR-IA 
clusters were achieved on the Mg-HAP surface. The clusters of BMPR-IB on the 
HAP surface were small (<5  μm) and uniformly dispersed, while that on the 
Mg-HAP surface exhibited large aggregations (10–15 μm). The clusters of BMPR-II 
on both surfaces were comparable (5–10 μm). In addition, the relative fluorescence 
units (RFU) of BMPRs per RFU of rhBMP-2 were calculated (Fig. 6.6e). It showed 
a similar trend as compared to the results of “BMPR-binding availability.” For 
instance, an almost 1.7-time recruitment of BMPR-IA per rhBMP-2, 1.8-time 
recruitment BMPR-IB per rhBMP-2, and comparable recruitment of BMPR-II per 
rhBMP-2 were achieved on the Mg-HAP surface as compared to those on the HAP 
surface. The result indicated that both the HAP/rhBMP-2 and Mg-HAP/rhBMP-2 
samples exhibited no significant difference (p > 0.05) in the adsorption stability of 
rhBMP-2: an initial burst release within the first 24 h and a gradual release after 
that. Notably, more than 85% of rhBMP-2 remained on the HAP and Mg-HAP sur-
faces, which indicated that the growth factors were tightly adsorbed and had good 
adsorption stability.

The osteogenetic bioactivity of adsorbed rhBMP-2 was determined by quantitat-
ing the ALP expressions of C2C12 cells (Fig. 6.7a). It was clearly found that the 
HAP and Mg-HAP samples (as negative control) exhibited little ALP expression. At 
days 3 and 5, the Mg-HAP/rhBMP-2 sample induced significantly (p  <  0.05) 
increased ALP activity of C2C12 cells compared to the HAP/rhBMP-2 sample. 
Importantly, the ALP expression normalized to rhBMP-2 amount (data not shown) 
was significantly higher (p  <  0.05) for C2C12 cells cultured on the Mg-HAP/
rhBMP-2 surface than on the HAP/rhBMP-2 surface. Intriguingly, the bioactivity of 
adsorbed rhBMP-2 on the Mg-HAP surface was notably greater (p < 0.05) than the 
theoretical positive control, most likely due to the contributing synergistic effects of 
the nanostructured Mg-HAP surface and desirable conformation of adsorbed 
rhBMP-2. Moreover, the enhanced bioactivity of rhBMP-2 on the Mg-HAP surface 
was also evidenced by the Western blot (Fig. 6.7b) and quantitative real-time PCR 
results showing significantly (p < 0.05) promoted p-Smad1/5/8 and expression of 
Id1, Runx2, and OCN of C2C12 cells on the Mg-HAP/rhBMP-2 group.

By using immunofluorescence staining, the expression of various BMPRs on 
cellular surface of C2C12 cells cultured on the rhBMP-2-adsorbed surfaces was 
investigated. The results indicated that the expressed BMPRs are uniformly distrib-
uted on the cellular surface of C2C12 cells cultured on the HAP/rhBMP-2 and 
Mg-HAP/rhBMP-2 surfaces. Importantly, significant higher (p < 0.05) BMPR-IA 
and BMPR-IB clusters and comparable BMPR-IB clusters are found on the C2C12 
cells seeded on the Mg-HAP/rhBMP-2 sample than on the HAP/rhBMP-2 sample. 
In addition, the RFU of BMPRs revealed that the BMPR-IA and BMPR-IB were 
more expressed in the C2C12 cells cultured on the Mg-HAP/rhBMP-2 surface.

The cellular morphology, focal adhesion, and cytoskeleton organization of 
C2C12 cells on the respective surfaces were also investigated with an immunofluo-
rescence staining of the actin, vinculin, and nucleus. The results revealed that 
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C2C12 cells were well spread and had intimate contact with the surfaces, especially 
for the HAP/rhBMP-2 and Mg-HAP/rhBMP-2 samples. The cell amounts were 
obviously larger (p < 0.05) on the HAP/rhBMP-2 and Mg-HAP/rhBMP-2 surfaces 
as compared to that on the respective HAP and Mg-HAP surfaces. Moreover, C2C12 
cells cultured on the Mg-HAP/rhBMP-2 surface showed a better spread  morphology 
and a well-organized actin cytoskeleton when compared to those of the HAP/
rhBMP-2 surface.

In order to shed light on the dynamic adsorption of BMP-2 on the HAP and 
Mg-HAP surfaces at atomic level, we performed combined MD and SMD simula-
tions. The binding energy against the distance between BMP-2 and the surface in 
the SMD process is provided in Fig.  6.8. In the End1 orientation, there is no 

Fig. 6.7 (a) ALP activity assay. The HAP and Mg-HAP surfaces without rhBMP-2 were acted as 
negative control. The rhBMP-2 solution represented culture medium contain fresh rhBMP-2 at the 
similar content to that calculated from remained rhBMP-2 and was used as positive control. Values 
are shown as mean ± standard error of the mean from 5 data points (n = 5).*p < 0.05, compared 
with the corresponding surfaces without rhBMP-2; #p  <  0.05, compared with HAP/rhBMP-2; 
@p < 0.05, compared with rhBMP-2 solution. (b) Western blot of p-Smad1/5/8, Smad1/5/8, and 
GAPDH for C2C12 cells cultured on corresponding surfaces. (c) Relative expressions of 
p-Smad1/5/8 and Smad1/5/8 (data are normalized to the total GAPDH content). Values are shown 
as mean ± standard error of the mean from 5 data points (n = 5). Western blot of p-Smad1/5/8, 
Smad1/5/8, and GAPDH for C2C12 cells cultured on respective surfaces. Relative expressions of 
p-Smad1/5/8 and Smad1/5/8 (data are normalized to the total GAPDH content).Values are shown 
as mean ± standard error of the mean from 5 data points (n = 5) (Reprinted with permission from 
Ref. [13] Copyright © 2016 Scientific Reports. Rights managed by Nature Publishing Group)
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Fig. 6.8 Binding energy against the distance between BMP-2 (central of mass) and surface (HAP 
and Mg-HAP) for End1 (a), End2 (b), Side1 (c), Side2 (d), Side3 (e), and Side4 (f) orientations. 
Inserts are illustrations of corresponding configurations of BMP-2 (with wrist and knuckle epit-
opes noted) toward surface (Reprinted with permission from [13]. Copyright © 2016 Scientific 
Reports. Rights managed by Nature Publishing Group)
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 significant difference between the binding energies for the HAP and Mg-HAP sur-
faces. In the Side1 and Side2 orientations, it was found that the binding energy for 
the HAP surface is lower than that for the Mg-HAP surface. However, in the End2, 
Side3, and Side4 orientations, a remarkably lower binding energy was observed on 
the Mg-HAP surface compared to that on the HAP surface. These findings suggest 
that BMP-2 adsorbed in different orientations toward the HAP and Mg-HAP sur-
faces exhibited distinct interactions with these surfaces. Moreover, we recorded the 
minimum binding energy and the separation distance of the adsorption state. 
Basically, the separation distances between BMP-2 and the surface for side-on ori-
entations were notably shorter (p < 0.05) than that for end-on orientations.

The simulation about the radius of gyrate (Rg) of BMP-2 with respect to simula-
tion time indicated that the Rg values of BMP-2 for the whole process were signifi-
cantly lower (p  <  0.05) in all end-on orientations, while it was notably higher 
(p < 0.05) in all side-on orientations. This finding suggests that the configuration of 
BMP-2 was partly folded during the adsorption process in the end-on orientations, 
while it was partly loosened during the adsorption process in the side-on orienta-
tions. Moreover, various Rg shifts indicated that BMP-2 molecules were folded or 
loosened at different extents on the HAP and Mg-HAP models as compared to the 
initial configuration. In addition, the profile of root mean square deviation (RMSD) 
of BMP-2 against the simulation time exhibited a similar trend: a linear increase of 
RMSD from 0 to 600 ps, a rapid upregulation of RMSD from 600 to 750 ps, and a 
slight rise of RMSD in the MD procedure (750–2750 ps). The RMSDs of BMP-2 on 
the HAP and Mg-HAP models varied slightly.

The root mean square fluctuation (RMSF) of residues of BMP-2 was also calcu-
lated in the whole adsorption process. As expected, the values of RMSF are also 
varied on HAP and Mg-HAP surfaces in a same orientation of BMP-2. It was also 
found that a rash of residues showed a high value of RMSF for BMP-2 adsorbed on 
the HAP and Mg-rash HAP surface in the Side2 orientation. Regardless of the ori-
entation of BMP-2, significantly more residues with a high value of RMSF on the 
Mg-HAP surface were found than that on the HAP surface. In particular, it was 
extremely high (>0.6 nm) for the RMSFs of residues Phe23-Ala34 of BMP-2 in the 
Side2 orientation on the Mg-HAP surface, which might lead to denaturation of the 
adsorbed protein. In addition, the values of RMSF of cysteine knots of BMP-2 are 
relatively low. It can be found that the cysteine knots of BMP-2 show different sta-
bilities in six orientations both on the HAP and Mg-HAP surfaces. Together, the 
results indicated that the cysteine knots of BMP-2 on the Mg-HAP surface are more 
stable than that on the HAP surface.

In summary, with experimental and numerical approaches, we have demon-
strated that the recruitment of BMPRs and bioactivity of BMP-2 were remarkably 
increased on the Mg-HAP surface compared to those on the HAP surface. The pres-
ence of a low amount of Mg on the Mg-HAP surface not only induced a slightly 
loosened conformation of BMP-2 but also maintained the integrity of cysteine knots 
of the adsorbed BMP-2. The clear advantages of the Mg-HAP surface for loading 
BMP-2 highlight the potential of Mg-HAP biomaterials in being used as bone 
regeneration implants/scaffolds.
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6.3  Fabrication and Property of rhBMP-2/CPC Scaffold

The design of biomaterials as scaffolds is a foundation for bone tissue engineering. 
An ideal scaffold should meet certain criteria to serve such functions as good bio-
compatibility, biodegradability at a rate commensurate with remodeling, osteocon-
ductivity, osteoinductive, and mechanical properties similar to those of the bone 
repair site. To achieve this, rhBMP-2-loaded calcium phosphate cements (rhBMP-2/
CPC) have been developed as grafts for bone regeneration. A series of researches 
have been launched, including porous structures of CPC substrate and incorporation 
of bioactive ions in CPC, to improve the efficacy of the rhBMP-2 on matrix.

6.3.1  Effect of Porous Structure on rhBMP-2/CPC Bioactivity

It is well accepted that a scaffold with a porous structure favors tissue ingrowth, the 
mass transport of nutrients and osteointegration with the host bone, as well as long- 
term stable fixation of bone implants [36, 37]. Therein, the effect of macropore size 
of scaffolds as an important structural parameter on the degradation, initial cell 
attachment, and subsequently on the guidance of bone tissue formation has been 
widely addressed, but few literatures about the role of the important morphological 
feature in mechanical property and degradation of biomaterials are available.

CPC with different macropore sizes but unchangeable porosity was under assess-
ment, and the degradation behavior was evaluated in  vitro and vivo. The results 
(Fig. 6.9) showed that the increase of macropore size of CPC resulted in a decrease 
in the compressive strength but increase in the degradation rate and porosity of CPC 
significantly in vitro simulation. But the rate of degradation of all porous CPC was 
lower in vitro simulation than that in vivo. In contrast to degradation in vitro, the 
decrease of macropore size of CPC resulted in an increase in the degradation rate of 
CPC significantly in vivo. These results suggest the possibility to the degradation 
rate, and compressive strength of biomaterials can be modulated by varying the 
macropore size while maintaining porosity unchanged. But the role of macropore 
size in degradation of porous CPC scaffold in vitro simulation is different compared 
to that in vivo.

Next, the bone formation of porous CPC/rhBMP-2 and dense CPC/rhBMP-2 
was compared in vivo in an ectopic bone formation model. As illustrated in Fig. 6.10, 
better ossification for each period could be observed in porous CPC/rhBMP-2 com-
pared to dense CPC, including more newly formed bone tissue and higher rate of 
bone formation. The reason could be attributed to the appropriate porous structure 
plunking for the release of rhBMP-2, which would induce more bone formed. 
Moreover, porous structure was believed to induce the migration of mesenchymal 
cells as shown by histological analysis and thereby promoting the ingrowth of bone 
tissue. In addition to better ossification, faster degradation was observed in the 
porous CPC compare to dense one. After 12 weeks implanted in vivo, the mass loss 
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of porous CPC reached 19.6% while 13.6% in dense CPC. Such acceleration of 
degradation could benefit the renewal of bone tissue and improve the efficacy of 
rhBMP-2. Thereby, porous structure can regulate the effectiveness of osteoinductive 
growth factors loaded scaffolds and degradation of biomaterials.

The introduction of porous CPC in various pore size and the comparison of 
porous CPC with dense CPC as mentioned above have indicated that porous struc-
ture plays a critical role in the mechanical behavior, degradation, and biological 
properties of biomaterials. Interestingly, optimal bone substitutes for regeneration 
are prone to be with specific porous structure as well. Considering the combination 
of rhBMP-2 and CPC, it is necessary to study the role of pore size of scaffolds in 

Fig. 6.9 Changing of weight loss (a), porosity (b), and compressive strength (c) of the CPC 
porous scaffolds with three-pore size during 24 weeks soaked in PBS; histological observation of 
new bone formation in porous scaffolds at 2, 8,12 weeks (d)
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osteoinductivity of rhBMP-2 and synergistic effect of pore size and rhBMP-2 on 
osteogenesis.

Furthermore, three CPC cylinders with three different macropore sizes (200–
300, 300–450, and 450–600 μm) mentioned above were used as implanted sub-
strates. The release of rhBMP-2 loaded to porous CPC with different macropores 
size was prior to be investigated in vitro simulation. The data displayed that accu-
mulation release of rhBMP-2 in CPC with 450–600 μm pore size was almost 93% 
in 168 h, which was far ahead of the others. The releasing curves also showed that 
the rhBMP-2 loaded into the scaffold with larger macropore possessed a larger ini-
tial burst release than that in scaffold with smaller macropores. By contrast, the CPC 
delivery system with smaller macropores releases rhBMP-2 in a bioactive form for 

Fig. 6.10 Histological observation of new bone formation in dense and porous scaffolds at 2, 4, 8, 
and 12 weeks (a). Quantitative analysis of the new bone volume and material degradation after 2, 
4, and 8 weeks of surgery by histomorphometric analysis (b, c). Sequential fluorescent labeling (d) 
of TE and CA at 4 (a, b) and 12 (c, d) weeks, respectively. The graph shows the rate of bone forma-
tion for each group
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a prolonged period, which indicates that macropore size plays an important role in 
the kinetics of rhBMP-2 liberation from porous CPC carriers.

Then, CPC/rhBMP-2 with three different macropores size was discussed in ecto-
pic osteoinductivity and orthotopic osteoregeneration, respectively. Three different 
CPCs were analyzed by micro-CT, histology, and histomorphometry. Bone forma-
tion outside the implant could be observed frequently in the initial stage of implan-
tation shown in Figs. 6.11d and 6.12a, c. The increase of the macropore size resulted 
in a statistically significant increase in the total amounts of newly formed bone 

Fig. 6.11 CPC stimulated the ectopic bone formation induced by rhBMP-2 in vivo. SEM images 
(a) of porous scaffolds loaded with rhBMP-2. Cumulative release of rhBMP-2 (b) from three scaf-
folds with different size pore. The 3D reconstruction images depicted the different reparative 
effects of three CPC scaffolds with different size pore at 2 and 12 weeks (c, d)
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mainly from outside scaffolds. In the later stage, the increase of macropore size 
resulted in a statistically significant decrease of the amounts of newly formed bone 
in pores of scaffolds. Compared to porous CPC/rhBMP-2 with larger macropores, 
the scaffold with smaller macropores showed higher rate of bone formation. These 
results suggested macropores size can regulate the release and bone inductive prop-
erties of rhBMP-2 loaded to scaffolds. Compared with porous CPC/rhBMP-2 with 
larger macropores, the CPC/rhBMP-2 with smaller macropores showed better bone 
inductive properties in vivo.

The role of macropores size in the osteoinductive properties and biodegradation 
of porous CPC loaded with rhBMP-2 was sequentially verified in femoral condyle 
defect model of rabbit (shown in Fig.  6.13). Three typical CPC cylinders with 
 different macropore sizes were employed as discussed above. The scaffolds with or 
without rhBMP-2 were implanted into drill hole defects in cancellous bone of rabbit 
for 4, 12, and 20 weeks. The bone formation and degradation of different CPCs 
were analyzed by DR-X ray, micro-CT, histology, and histomorphometry as ectopic 
osteoinductivity. The results showed that the amount of newly formed bone tissue 
and material loss in all implants increased with time. Compared to the scaffolds 

Fig. 6.12 Sequential fluorescent labeling (a) of TE and CA at 2, 8, and 12 weeks, respectively. 
The graph (b) shows the rate of bone formation for each group. Histological observation (c) of new 
bone formation in dense and porous scaffolds at 2, 4, and 12 weeks. Immunohistochemical analy-
sis (d) of newly formed bone 2 and 8 weeks postoperation
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without rhBMP-2, the amount of newly formed bone and the rate of biodegradation 
were higher in porous CPC loaded with rhBMP-2. Moreover, the decrease of the 
macropore size resulted in a statistically significant increase in the total amounts of 
newly formed bone and biodegradation. Samples with 200–300 μm macropores 
were resorbed significantly faster showed more bone formation than other samples. 
At 20 weeks after implantation, the percentage area of material loss in scaffolds 
with 200–300 μm macropores was about 52.5%. However, the area of bone forma-
tion in porous CPC loaded with rhBMP-2 decreased after 12 weeks, which may be 
caused by bone resorption and reconstitution. These results suggested macropore 

Fig. 6.13 Bone regeneration in a cavity defect after various CPC/rhBMP-2 scaffolds implantation 
in the rabbit femur. The 3D reconstruction images (a, b) depicted the different reparative effects of 
three CPC scaffolds with different size pore at 4 and 20 weeks. Immunohistochemical analysis (c) 
of newly formed bones at 20 weeks postoperation. Sequential fluorescent labeling (d) of TE and 
CA at 12 and 20 weeks, respectively
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sizes can regulate bone inductive properties of rhBMP-2 loaded to scaffolds and the 
rate of degradation of scaffolds in vivo. Moreover, the macropores size in coordina-
tion with rhBMP-2 contributes to the new bone formation and resorption of 
scaffolds.

With the investigation in vitro and in vivo, pore size of scaffolds would have 
great impact on the bone formation and degradation of materials in vivo. Additionally, 
osteoinductive efficiency of rhBMP-2 in vivo could also be dramatically influenced 
by the pore size of loading substrate. Interestingly, CPC with diverse pore size pre-
sented apparent difference in bone formation and degradation behaviors, especially 
with loaded of rhBMP-2. In a nutshell, pore size and embarkation of rhBMP-2 
synergistically could modulate the bone formation and degradation of CPC/
rhBMP-2 in vivo. The design of CPC/rhBMP-2 with controllable pore size exerts 
great influence on the bone formation, degradation of implanted scaffold, and effi-
cacy of rhBMP-2, which can be extended to other scaffolds with pore structures and 
are expected to provide new thoughts on the development of future tissue engineer-
ing materials.

6.3.2  Effect of Bioactive Ions on rhBMP-2/CPC Scaffolds

Generally, the chemical composition and microstructure play critical roles in the 
osteogenetic and osteoconductive activity of a scaffold. Incorporation of bioactive 
ions like Si, Mg, Ca, Zn, and Sr has been considered as an effective strategy to 
improve the bioactivity of biomaterials. As a matter of fact, cation ions (such as 
La3+, Mg2+) and interfacial properties of the support have been proven to have great 
effect on the conformation and bioactivity of proteins in recent years. However the 
surface-induced conformational and functional changes of rhBMP-2 onto CPC have 
seldom attracted attentions.

6.3.2.1  Mg Modification Regulates Bioactivity of rhBMP-2/CPC Scaffolds

Magnesium ion (Mg2+), the second most abundant intracellular divalent cation, has 
been known to be involved in diverse cellular functions and plays an essential posi-
tive role in bone biomineralization. The increasing of soluble Mg2+ could upregulate 
the gene expression of COL10A1 and VEGF in human bone marrow stromal cells 
(hBMSCs), consequently leading to the enhanced ECM mineralization [38]. 
Previous study also demonstrated that appropriate magnesium enhanced cell adhe-
sion and osteogenic differentiation of hBMSCs by upregulation of integrin α5β1 
expression [39]. Thereby, more attention was paid on the impact of Mg modification 
on the conformation and osteogenic bioactivity of rhBMP-2 loaded on the 
substrates.

With this respect, Mg modification-induced changes of conformation and osteo-
genic capacity of rhBMP-2 on CPC were focused. Due to the advantages of rapid 
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setting, better mechanical properties, as well as significantly improved biodegrad-
ability [40], magnesium phosphate cement (MPC) was introduced to CPC precursor 
to obtain Mg-doped CPC (MCPC) with various Mg content (coded with 5MCPC, 
10MCPC, 20MCPC). A specific amount of rhBMP-2 could load onto CPC substrate 
that stimulated ALP expression within the dynamic linear range of the pluripotent 
skeletal muscle myogenic progenitor C2C12 cells (Fig. 6.14a). The bioactivity of 
rhBMP-2 upon CPC and MCPC could be examined using an ALP activity assay on 
C2C12 cells as shown in Fig. 6.14b. Obviously, MCPC alone did not stimulate an 
increase in ALP activity compared to CPC. In rhBMP-2-loaded groups, ALP expres-
sion level depended greatly on the Mg/Ca ratio, and 5MCPC induced the highest 
ALP activity normalized to protein concentration (more than 1.5-fold increase com-
pared to the CPC group). Interestingly, with more MPC added into CPC substrate, 
the ALP expression was attenuated slightly. The results suggested that pure magne-
sium contributed little to osteodifferentiation of C2C12 cells, which was different 

Fig. 6.14 (a) Effect of concentrations of free rhBMP-2 on ALP activity in C2C12 cells. C2C12 
cells were cultured for 3 days with different doses of soluble rhBMP-2. (b) Effect of different 
amounts of MPC into CPC loaded with rhBMP-2 on alkaline phosphatase activity in C2C12 cells 
for 3-day culture. Four rhBMP-2-loaded MCPCs induced significantly greater ALP activity than 
unloaded ones. Normalized ALP activity of cells seeded on 5MCPC/rhBMP-2 was the highest. (* 
= p < 0.05 compared to MCPCs; ** = p < 0.01 compared to MCPCs; # = p < 0.05 compared to 
CPC/rhBMP-2). (c) Magnesium-dependent effects on Smad signaling and p38 signaling were 
investigated in C2C12 cells exposed to various MCPC/rhBMP-2 samples for 12 h. The intensities 
of protein bands for Smad pathway were quantified and normalized to GAPDH levels. (* = p < 0.05 
compared to CPC/rhBMP-2; ** = p < 0.01 compared to CPC/rhBMP-2) (Reprinted with permis-
sion from Ref. [42]. Copyright © 2016 Colloids and Surfaces B: Biointerfaces Inc. published by 
Elsevier Ltd.)
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from other reports that moderating Mg ions could stimulate osteogenic responses in 
BMSCs [41].

To evaluate the effect of Mg ion on the key downstream targets (Smads and 
MAPK), total proteins extracted from C2C12 cells were subjected to the detection 
of Smad and MAPK signaling molecules and their phosphorylated forms, 
p-Smad1/5/8 and p-p38 by western blotting. As shown in Fig.  6.14c, rhBMP-2 
adsorbed upon 5MCPC induced more robust phosphorylation of Smad1/5/8 as well 
as more expression of Smad1/5/8 protein. Phosphor-Smad levels were decreased 
when more MPC added to CPC precursor, which was similar to the trend of ALP 
expression. But for the phosphorylation of p38, no obvious expression was observed 
in all samples under the same conditions, either in C2C12 myoblasts (Fig. 6.14c). 
That is to say, the extracellular matrix-bound rhBMP-2 has a preference for the 
complex of BMPR-IA and BMPR-II on the cell surface, which leads to the canoni-
cal Smad transcriptional pathway.

It is well-recognized that BMP signaling is regulated by BMP ligand bioavail-
ability, BMP receptor endocytosis, lateral movement and oligomerization of recep-
tors, as well as the chemical composition and stiffness of the plasma membrane, and 
the underlying cortical actin cytoskeleton [43]. Generally, the two BMP pathways 
were linked to the same receptors, but the endocytic routes of receptors were differ-
ent, including clathrin-dependent Smad pathway and caveolae-dependent non- 
Smad pathway [43]. Both BMPR-IA and BMPR-II undergo internalization via the 
clathrin-coated pits, while only BMPR-II can be endocytosed via caveolae. The 
phosphorylation of Smad1/5/8 takes place independently of endocytosis at the cell 
surface [44]. In our experiment, we speculated that CPC/MCPC samples might 
make for the clathrin-dependent internalization into endosomes and went against 
the caveolae-dependent internalization of C2C12 cells, which correspondingly 
facilitated the phosphorylation of Smad1/5/8, and weakened the phosphorylation of 
p38 protein. Furthermore, the presentation of rhBMP-2 upon MCPCs might affect 
the formation of active heteromeric complexes at the plasma membrane, thus regu-
lating the signaling strength and dynamics of the pathway [23].

There might be various reasons contributing to the above positive osteoinductive 
activity. Generally, there are two existence forms of protein in the biological envi-
ronment: a free form and a matrix-bound form, both of which play an integral role 
in regulating cell behaviors [32]. When seeded on the surface of MCPC, cells are 
supposed to interact with the released free rhBMP-2 and the bound rhBMP-2 on 
substrate simultaneously. In this study, the CPC and MCPC substrates were pre-
pared by the same process and possessed comparable structure properties, and the 
main difference was the introduction of magnesium. Thus, the possible mechanism 
due to the Mg modification on the two states of rhBMP-2 could be explored and 
testified.

In vivo assessment, more new bone tissues were formed in rhBMP-2-loaded 
5MCPC with extensive bone ingrowth throughout the entire volume of the implants. 
The regenerated bone volume and material residuals volume in the defects of the 
two groups were calculated, respectively, to evaluate the repair of bone defects more 
precisely (Fig.  6.15b). The result showed that rhBMP-2-loaded MCPC scaffolds 
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Fig. 6.15 Bone regeneration in a calvarial defect in SD rats after various MCPC porous scaffolds 
implantation for 8 weeks and 12 weeks. (a) The tridimensional reconstruction images of the defect 
sites by micro-CT for 8 weeks (red bone tissue, white material residue). (b) Quantitative analysis 
of the new bone volume and the material residual volume after 8 weeks of surgery by micro-CT  
(* = p < 0.05 compared to CPC; ** = p < 0.01 compared to 5MCPC; # = p < 0.05 compared to 
CPC/rhBMP-2). (c) HE staining of new bone formation in porous scaffolds at 8 and 12 weeks.  
(d) Masson trichrome staining of new bone formation in porous scaffolds at 8 and 12 weeks (M 
materials, B bone, BM bone marrow, F fibrous tissue, Yellow frame blood vessel) (Reprinted with 
permission from Ref. [42]. Copyright © 2016 Colloids and Surfaces B: Biointerfaces Inc.  published 
by Elsevier Ltd.)
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contained higher bone volumes in 8 weeks with less material residuals, indicating a 
faster biodegradation of magnesium-modified CPC. Furthermore, the newly formed 
bone volume for rhBMP-2-loaded 5MCPC increased by 35.73% compared with 
rhBMP-2-loaded CPC, while that percentage for 5MCPC and CPC was only 
21.13%, indicating that the rhBMP-2 played an important role in the osteogenic 
regeneration. Moreover, the enhanced osteogenesis effect of MCPC/ rhBMP-2 was 
not just a sum of the effect of Mg and rhBMP-2, and Mg and rhBMP-2 promoted 
each other.

Figure 6.15c, d showed the histological evaluation of MCPC scaffolds implanted 
in the bone defects of rat calvaria. According to the HE and Masson trichrome stain-
ing results, it could be directly observed that there was hardly any new bone forma-
tion for 8 weeks implantation of both unloaded scaffolds. In contrast, some new 
bone regenerated and penetrated through the interconnected pores into the center of 
the loaded implants. For 5MCPC/rhBMP-2, obviously more trabecular bone formed 
than CPC/rhBMP-2 and the new bone was in direct contact with the material sur-
face. Moreover, some red marrow and blood vessel (Yellow frame in Fig. 6.15d) 
were observed in 5MCPC group, suggesting the formation of medullary cavity and 
vasculogenesis. With increasing time, newly formed bone increased gradually both 
in quantity and maturation (12 weeks).

These analyses presented higher therapeutic efficacy (scored as more extensive 
in vivo bone formation) of 5MCPC/rhBMP-2 compared with CPC/rhBMP-2. Many 
causes would endow the positive outcomes. For one thing, 5MCPC was more favor-
able to the attachment and proliferation of cells, recruiting more osteoblasts to 
accelerate bone mineralization. For another, rhBMP-2-loaded 5MCPC promoted 
the new bone regeneration in vivo. In fact, it is more intriguing and complicated for 
the study of cell-material interactions in vivo. Further experiments will be investi-
gated in the future.

The data obtained and discussed above led us to a proposed schematic illustra-
tion for the mechanism of Mg modification-promoted osteogenic efficacy of 
rhBMP-2, as shown in Fig. 6.16. Compared to the pure CPC, the addition of 5 wt% 
MPC did not interfere with the hydration of CPC and the formation of HAP, only a 
few Mg ions taking the place of Ca ions in the crystalline solid. As a consequence, 
magnesium modification of CPC neither affected the delivery of rhBMP-2 nor 
changed the secondary structure and the bioactivity of the released rhBMP-2. But 
the matrix-bound Mg anchored on 5MCPC not the soluble Mg2+ could mediate the 
adsorption way and spatial conformation of the rhBMP-2 physisorbed on the sur-
face and in turn facilitated the recognition and binding of the preformed receptor 
complexes (PFCs) of BMPR-IA and BMPR-II with higher affinity on cell mem-
brane, which thereby significantly triggered Smad signaling pathway, stimulated 
the osteogenic differentiation, and enhanced bone regeneration.

In summary, the effect of magnesium modification on the osteogenic bioactivity 
of rhBMP-2 with CPC and MCPC is impressive and crucial for the future study of 
rhBMP-2/CPC bioactivity scaffold. Compared with CPC/rhBMP-2, C2C12 cells 
cultured on 5MCPC/rhBMP-2 substrates exhibited dramatically enhanced in vitro 
osteogenic differentiation and phosphorylation of Smad1/5/8. The soluble Mg2+ 
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made little difference to the osteogenic bioactivity of both released rhBMP-2 and 
bound rhBMP-2. It was the Mg on the underlying substrates that became the main 
contributor to mediate the adsorption and conformation of rhBMP-2 bound on the 
matrix, thus facilitating the recognition to BMPRs (type I and type II) and enhanc-
ing osteoactivity (Fig.  6.16). The present study had established that the synergy 
between matrix-bound rhBMP-2 and Mg might endow unanticipated biological 
functions as well as excellent bone tissue regeneration.

6.3.2.2  Si Modification Regulate Bioactivity of rhBMP-2/CPC Scaffolds

Previous study have revealed that incorporating 10–20% low crystalline calcium 
silicate (CS) into CPC could effectively improve the in vitro and in vivo bioactivity 
as well as degradability of CPC [45, 46]. Interestingly, CPC could be simply and 
operatively prepared with simultaneous macroporosity and microporosity by means 
of salting-out method. Loading of BMP-2 into CPC has been largely reported as 

Fig. 6.16 Schematic illustration of the mechanism for better osteogenic efficacy of rhBMP-2- 
loaded 5MCPC. The released rhBMP-2, both from CPC and 5MCPC, exhibited similar osteogenic 
bioactivity. However, matrix-bound Mg anchored on 5MCPC could mediate the spatial conforma-
tion of bioactive rhBMP-2 to bind preformed receptor complexes (PFCs) of BMPR-IA and 
BMPR-II with higher affinity on cell membrane in comparison with CPC, which significantly 
triggered Smad signaling pathway and thereby stimulated the osteogenic differentiation and bone 
regeneration (Reprinted with permission from Ref. [42]. Copyright © 2016 Colloids and Surfaces 
B: Biointerfaces Inc. published by Elsevier Ltd.)
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another efficient way to obtain osteoinductivity and enhance bone repair and 
 reconstruction [47]. Thus, rhBMP-2-loaded calcium silicate phosphate cement 
 scaffold for enhanced bone tissue regeneration was a concern.

The CSPC scaffold, fabricated by particles leaching method (as shown in 
Fig. 6.17a), were designed with specific amount of CaSiO3, and such incorporation 
were not involved in the transformation of CPC to hydroxyapatite as the XRD shown 
in Fig. 6.17b. Then, a specific amount rhBMP-2 was anchored on the CSPC through 
lyophilization as mentioned in Sect. 6.3.2.1. The addition of CS into CPC scaffold 
favored the retention of secondary structure and bioactivity of rhBMP-2 (Fig. 6.18a). 
Compared with the CPC, CPC/rhBMP-2, and CSPC scaffolds, the rhBMP-2-loaded 
CSPC scaffold induced more enhanced osteogenic differentiation in vitro (Fig. 6.18c) 
and significantly promoted the ectopic bone formation (Fig. 6.19) and bone regen-
eration in a rabbit femur cavity defect model (Fig.6.20). Such an impressive conse-
quence is worthful for the further research and discussion.

The crucial factor should be taken into account is the CSPC-induced desirable 
conformation and release behavior of rhBMP-2. It is known that hydrophobic inter-
actions between a protein and the surface of an inorganic material sometimes result 
in deactivation of the protein due to the collapse of its secondary or tertiary structure 
[49, 50]. The CD spectra (Fig. 6.18a) revealed that the immobilization on the CPC 
and CSPC scaffolds indeed resulted in the changes of the secondary structure of 

Fig. 6.17 (a) 3D topology of the porous CSPC scaffold observed by micro-CT (a) and the surface 
morphology of the porous CSPC scaffolds by SEM (b × 40, c × 1000). (b) XRD patterns of CPC 
and CSPC scaffolds (*for peaks of HA and # for peaks of CaSiO3). (c) Degradation profiles of the 
CPC and CSPC scaffolds. (d) Ions released from the CPC and CSPC scaffolds (Reprinted with 
permission from Ref. [48]. Copyright © 2013 Biomaterials Inc. published by Elsevier Ltd.)
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rhBMP-2, especially for the CPC scaffold. Based on the results from in vitro ALP 
activity (Fig. 6.18b), and in vivo ectopic and orthotopic bone formation, the addition 
of CS alone failed to alter the cellular response and osteogenic capacity of CPC, 
while the incorporation of rhBMP-2 could facilitate the osteoactivity of CPC to 
some extent. However, it is interesting to find that the combination of CSPC and 
rhBMP-2 exhibited markedly enhanced osteogenic differentiation in  vitro and 
osteoinductive efficacy in vivo, which revealed a markedly synergistic action of CS 
and rhBMP-2.

The noticeable differences with regard to in  vitro osteogenic differentiation, 
ectopic osteoinductivity, and orthotopic osteoregeneration between CPC/rhBMP-2 
and CSPC/rhBMP-2 arouse our attention. The CPC and CSPC scaffolds were 
designed with similar surface structure. Therefore, it can be inferred that such dif-
ferences between the bioactivity of rhBMP-2 from CPC and CSPC may originate 
from the existence of silicon in the scaffold or released into the culture medium. 
Previous studies have asserted that the rhBMP-2/ceramic interaction was thought to 
depend on hydroxyl, amine, and carboxyl groups in rhBMP-2 and the number of 

Fig. 6.18 (a) Far-UV circular dichroism spectra of rhBMP-2 released from CPC and CSPC scaf-
folds in SBF (the positive peak head upward and the minus peak head downward) and the 
rhBMP-2 in presence of Si ion. (b) Effects of CPC and CSPC scaffolds and Si ions on localization 
of rhBMP-2 on cell layers. C2C12 cells were pretreated with free rhBMP-2, rhBMP-2 released 
from CPC and CSPC scaffolds in culture medium for 3 h and the rhBMP-2 in presence of Si ions. 
RhBMP-2 was detected with anti-BMP-2 antibody and FITC-labeled goat anti-mouse IgG (green), 
and cell nuclei were stained with DAPI (blue) for cell localization (400×). (c) ALP activity of 
C2C12 cells induced by rhBMP-2 released from CPC and CSPC scaffolds and in presence of Si 
ions (*, p < 0.05, Si-rhBMP-2 vsRhBMP-2) (Reprinted with permission from [48]. Copyright © 
2013 Biomaterials Inc. published by Elsevier Ltd.)
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divalent ions present in the ceramic [51]. Additionally, some cation ions, such as 
Mg2+ mentioned in the above chapter, could significantly modulate the secondary 
structure and thereby change the catalytic activity of protein [52, 53]. Based on 
these previous reports, the silicon in the CSPC scaffold might interact directly with 
rhBMP-2 and the dissolved silicon ions in the culture medium might further modu-
late the bio-function of the released rhBMP-2. As speculated, the results showed the 
rhBMP-2 released from CSPC scaffolds exhibited similar CD spectra, comparable 
ALP expression and binding capacity to cellular receptor to the rhBMP-2  in the 
presence of Si ions at the same concentration of which released from CSPC at 
7 days. These results confirmed that it was the Si ion extracted from the CSPC that 
plays critical role in maintaining the secondary structure and promoting the 
rhBMP- 2- induced osteogenic differentiation.

Fig. 6.19 CSPC stimulated the ectopic bone formation induced by rhBMP-2 in vivo. (a) X-ray 
images (left) and digital photos (right) of the ectopic bone. (b) 3D SRmCT reconstructed views of 
ectopic bone formation with different implants at 2 and 4 weeks. (c) Histological staining with 
H&E of the scaffolds and ectopic bone at 2 and 4 weeks postimplantation (B bone, M residual 
materials, BM bone marrow, F fibrous tissue, Arrow blood vessel). (d) Histological observation of 
bone formation over the residual material edges of CPC/rhBMP-2(a) and CSPC/rhBMP-2(b) at 
4  weeks postimplantation (Reprinted with permission from Ref. [48]. Copyright © 2013 
Biomaterials Inc. published by Elsevier Ltd.)
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Besides the preservation of the structural integrity and bioactivity, the controlled 
release of rhBMP-2 is another crux for the scaffolds to deliver rhBMP-2 in an effi-
cient way. Many previous investigations reported that initial burst release followed 
by sustained release is better for promoting new bone formation and the initial burst 

Fig. 6.20 Bone regeneration in a cavity defect after various CPC-based scaffolds implantation in 
the rabbit femur in 8 weeks. (a) Micro-CT images (left) of the bone regeneration in the defects (red 
circle) and tridimensional reconstruction images (right) of the defect sites (red: new bone formed, 
blue: scaffold residue). (b) Quantitative analysis of the new bone volume after 8 weeks of surgery 
by micro-CT (*p < 0.05, compared with CPC; #p < 0.05, CSPC/rhBMP-2 vs CPC/rhBMP-2). (c) 
Histological observation of new bone formation in porous scaffolds (VG staining) (a CPC, b CPC/
rhBMP-2, c CSPC, d CSPC/rhBMP-2, M materials, NB newly formed bone, BM bone marrow). 
(d) Quantitative analysis of the new bone area after 8 weeks of surgery by histological observation 
(*p  <  0.05, compared with all the other groups) (Reprinted with permission from Ref. [48]. 
Copyright © 2013 Biomaterials Inc. published by Elsevier Ltd.)
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release of the growth factor from the implant acted as a chemotactic signal for the 
local recruitment of stem cells [54, 55]. For example, Li et al. evaluated the bone 
repair capacity of rhBMP-2 when delivered in polyurethane scaffolds possessing 
different release kinetics and found improved healing in scaffolds featuring an ini-
tial burst followed by sustained release [55]. Therefore, the release of rhBMP-2 
from the CSPC scaffold with multiscale porosity exhibited typical initial burst and 
ensuing sustained release.

Moreover, the release of rhBMP-2 from CSPC scaffold exhibited the similar 
trend with polyurethanes (PUR)/PLGA large microspheres/rhBMP-2, which was 
confirmed to have better performance than other delivery systems [55]. We believe 
that this satisfactory release rate of rhBMP-2 from CSPC scaffold should be attrib-
utable to the combination of macroporous with microporous structures and the high 
affinity between negatively charged CSPC and the positively charged rhBMP-2. 
Although not fully understood, the above discussion highlighted the fact that CSPC 
could not only effectively maintain the microstructure and the bioactivity of 
rhBMP-2 but also control the release of BMP-2 for a sufficient period. From these 
viewpoints, the CSPC scaffold with multiscale porous structure is a suitable carrier 
for rhBMP-2 delivery.

Another significant factor contributing to the efficient bone regeneration is the 
absorbability of CSPC/rhBMP-2 scaffold in vivo [56]. The biomaterials used for 
bone regeneration should be degradable and gradually replaced by newly formed 
bone tissue [57]. The present CSPC scaffolds exhibited in vitro degradation in Tris- 
HCl solution and lost 16% of its initial weight after soaking for 8 weeks. 3D SRμCT 
images and histological analysis of the implants and ectopic bone (Fig. 6.19) showed 
more materials absorbed in CSPC and CSPC/rhBMP-2 groups at 2  weeks and 
4 weeks in vivo. Micro-CT and histological studies of scaffolds implanted in rabbit 
femur defect for 8 weeks (Fig. 6.20) also indicated much faster degradation in the 
CSPC group than that in CPC group. It was notable that the combination of rhBMP-2 
with CSPC obviously enhanced the degradation rate of the implants when com-
pared to the corresponding implants without rhBMP-2. According to the H&E and 
VG staining histological analysis, the surface of the residue materials was sur-
rounded by a large amount of newly formed bone. Possible explanations might be 
(1) rhBMP-2 accelerates the expression of bone-related proteins and thus regulates 
the microenvironment conditions around the defect site, such as pH value, the con-
centration of enzymes, etc., and (2) the new marrow formation in the rhBMP-2- 
induced bone where a large number of osteoclastic precursors resided stimulates the 
cell-mediated resorption of materials.

The bone tissue scaffold should act not only as a biologically and mechanically 
compatible framework that enhances cell migration, bone ingrowth, and mechanical 
stability but also as an osteoinductive stimulus by delivering bioactive ions and 
growth factors such as rhBMP-2 within the therapeutic window to allow osteopro-
genitor cells to differentiate into osteoblasts. Here, the fabricated CSPC/rhBMP-2 
scaffold showed inspiring properties in terms of cellular attachment, osteoinductiv-
ity, and biodegradability. The results clearly demonstrated the significance of the 
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hierarchically porous structure, CS-mediated efficient rhBMP-2 immobilization, 
and proper biodegradability, which determined the osteogenetic ability of the CSPC/
rhBMP-2 (Fig. 6.21).

6.4  Clinical Applications of rhBMP-2-Loaded CPC Scaffolds

6.4.1  Current Situation and Application of Bone Substitutes 
in Clinic

Considerable bone defects resulting from nonunion fractures, severe trauma, malig-
nancy resection, or infection have raised great demands for clinical bone repair [58]. 
Large bone defects that cannot heal on its own require implantation of suitable bone 
grafts into the defect site [59]. Bone grafts include autografts, allografts, and artifi-
cial bone substitutes. Autograft remains the gold standard in orthopedic surgery due 
to its excellent osteoinductive and osteoconductive capability, yet limited tissue 
availability, donor site morbidity, and additional surgical pain restrict their clinical 
applications [60, 61]. As a suboptimal alternative, allografts have risks of immune 
rejection and disease transmission [62, 63]. These complications necessitate the 
pursuit of synthetic substitutes for treatment of these formidable defects [64].

Fig. 6.21 Schematic diagram of the combinatorial effect of CS and rhBMP-2 of CSPC/rhBMP-2 
on bone regeneration. (1) The hierarchically porous structure of the scaffold favored the cell 
attachment and migration and promoted the transport of nutrient and waste and the bone ingrowth. 
(2) Si ions dissolved from CSPC was beneficial for the preservation of the secondary structure of 
the released rhBMP-2. The synergistic action of CS and rhBMP-2 contributed better binding 
capacity with BMP-2 receptors on cell membrane, which further stimulated the expression of 
osteogenic marker genes and the ALP activity. As a result, the enhanced cell adhesion and osteo-
genic differentiation lead to more efficient bone regeneration. Taken together, the hierarchical 
porosity and the synergistic effect of Si and rhBMP-2 enabled the micro/macroporous CSPC/
rhBMP-2 scaffold to be an ideal substitute for bone repair (Reprinted with permission from Ref. 
[48]. Copyright © 2013 Biomaterials Inc. published by Elsevier Ltd.)
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Bone tissue engineering scaffolds have been widely developed and are consid-
ered as the most perspective among all bone substitutes. Macroporosities of scaf-
folds, comparing to dense materials, have been demonstrated as a prerequisite for 
bone formation in vivo. Based on previous studies [65, 66], the minimum require-
ment of pore size is considered to be ~100 μm for cell migration and nutritious 
transport, and pore sizes >300 μm are recommended, due to enhanced new bone 
formation and formation of capillaries. To date, researchers have developed various 
biomaterials for porous scaffolds, and some of them have been successfully applied 
in clinic, such as β-tricalcium phosphate (β-TCP) and biphasic calcium phosphate 
(HA/TCP) scaffolds [67–69]. As a bioresorbable bone substitute, CPC has been 
widely reported in vitro/in vivo and applied in clinic due to its outstanding proper-
ties [70, 71]. However, a major problem of these artificial scaffolds is their deficient 
osteoinductivity compared to autografts, which might cause delayed union or even 
nonunion in clinic [72, 73]. Another challenging problem that needs to be addressed 
in the clinical translational process is the customization of the scaffold according to 
the defect size and shape of the patient, which often requires a long period and is 
hard to achieve.

Currently, a widely efficient and clinically applicable way to promote endoge-
nous repair mechanism and enhance bone formation is the loading of growth factors 
into biomaterials [74, 75]. Among all growth factors, BMP-2 has been considered 
as the most notable cytokine to enhance bone formation and bone tissue reconstruc-
tion [76, 77]. rhBMP-2-loaded absorbable collagen sponge has been approved by 
FDA in 2002 for interbody fusion surgeries, and its osteogenic capacity has been 
validated in numerous studies [78–80]. However, due to the lack of sustained 
release, low dosage of rhBMP-2 with desirable therapeutic efficacy remains a chal-
lenge in the therapy of bone defects [81, 82]. High dosage not only increases the 
potential risks associated with excessive concentrations of rhBMP-2 but also raises 
the therapeutic costs to an unaffordable level that hampers further applications of 
rhBMP-2 [83, 84]. Although researchers have realized the sustained release of 
rhBMP-2 from different scaffolds, most of the BMP-2-loaded scaffolds are still 
confined to in vitro and animal experiments and still have a long way from bench to 
bedside [85].

6.4.2  Clinical Trials of rhBMP-2-Loaded CPC Scaffolds

By combining CPC and rhBMP-2, two mature clinical applications of material and 
growth factor, Liu’s group has successfully developed a pre-cured CPC/rhBMP-2 
micro-scaffold and further applied it as an easy-to-operate filler for bone regenera-
tion in clinic. The concept of “microffolds” (short for “micro-scaffolds”) was pro-
posed, which means the mass production in advance and easy handling during the 
surgery. The porous structure of microffold and the stacking macroporosities among 
the microffolds ensure the rapid ingrowth of tissues and fast degradation of the 
materials (Fig.6.22). Physicochemical properties and protein release kinetics of the 
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microffolds were characterized in vitro and in vivo. In a rabbit distal femur defect 
model, bone regeneration was achieved in three months after CPC/rhBMP-2 scaf-
fold implantation, with regenerated tissue similar to normal tissue. A pilot clinical 
study was initiated in 81 patients to test safety and preliminary efficacy in humans 
(bone tissue repairing capacity) and to evaluate standard clinical and rehabilitation 
protocols that are not possible in animal models. Compared to traditional therapies 
by CPC paste, the average fracture healing time (for bony reunion) 0.5–2 months 
was shortened, and the repairing qualities were improved by CPC/rhBMP-2 microf-
folds. This bench-to-bedside translation represents a potential development of the 
clinical treatment of bone defects.

CPC microffolds could be designed to fill defect sites of different sizes and shape 
with easy operability and sufficient macroporosities for tissue ingrowth (Fig. 6.22). 
By a salt leaching and molding method, cylindrical CPC microffolds (Ø 4 × 3 mm) 
were massively prepared and then sterilized, immobilized with rhBMP-2 by an 
adsorption and lyophilization process to achieve the final CPC/rhBMP-2  microffolds. 

Fig. 6.22 Massive production route of rhBMP-2-loaded CPC scaffolds and illustration of the 
rapid regeneration process by the scaffolds. The route of CPC/rhBMP-2 microffolds includes 
molding, salt leaching, and rhBMP-2 immobilization; in contrast, traditional scaffolds involve the 
need of customization according to the defect size and shape, which is time-consuming and 
requires specific equipment. In the rapid regeneration process by CPC/rhBMP-2 microffolds, 
abundant porosities allow cell ingrowth and vascularization, which renders rapid formation of new 
bone tissue and synchronous degradation of materials; in contrast, traditional CPC paste undergoes 
bioresorption layer by layer slowly due to its high density and thus cannot be replaced by bone 
tissue until years later (Reprinted with permission from Ref. [86]. AJTR Copyright © 2016. 
Published by PubMed Central (PMC) site)
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The products have confirmed the good preservation for a long-term and 
 doctor-friendly filler during surgeries.

Despite that the great potential of porous scaffolds and growth factors in the field 
of bone repairing has been well-acknowledged, most porous scaffolds are still 
underdevelopment, and most growth factors have very limited clinical application 
due to the lack of proper carriers and the unaffordable cost.

Currently, scaffolds with specific size and shape can be prepared according to the 
protocol of the selected animal model, for example, long cylinder-shaped scaffolds 
for radius defect models [32], oblate scaffolds for cranial defect models [33], etc. 
However, bone defects of clinical patients come in various sizes and shapes, which 
cannot be accurately determined with current imaging techniques, and the duration 
from the occurrence of defect to surgical treatment is too short to order and custom-
ize. The concept of “microffolds” proposed could provide a trajectory to the clinical 
translation of porous scaffolds. The microffolds were designed not only to retain the 
advantageous macroporosities of traditional scaffolds but also for a better operabil-
ity that is not restricted to the defect size and shape, which avoids the needs of 
customization and allows massive production and long-term preservation (Fig. 6.22).

The introduction of rhBMP-2 has greatly accelerated new bone formation and 
material degradation in vivo (Figs. 6.23, 6.24, and 6.25).Current rhBMP-2 produc-
tions for clinical use mainly adopted hydrogel as carrier. However, since hydrogels 
lacked osteoconductivity and controlled release, high doses of rhBMP-2 were 
required to achieve desirable osteogenic efficiency, which had raised the cost to an 

Fig. 6.23 Typical cases of tibial plateau fractures: two cases (case 1 and case 2) repaired by CPC/
rhBMP-2 microffolds and a comparable case (case 3) repaired by traditional CPC paste. Red solid 
arrows indicate the fracture lines; red dashed arrows indicate fuzzy fracture lines, which were 
considered as clinical healing; red dashed circles indicate the disappearance of the fracture lines, 
which was considered as bony reunion (Reprinted with permission from Ref. [86]. AJTR Copyright 
© 2016. Published by Pub Med Central (PMC) site)
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Fig. 6.24 Typical cases of proximal humeral fractures: two cases (case 4 and case 5) repaired by 
CPC/rhBMP-2 microffolds and a comparable case (case 6) repaired by traditional CPC paste. 
Right: typical case of calcaneal fracture (case 7) repaired by CPC/rhBMP-2 microffolds. Red solid 
arrows indicate the fracture lines; red dashed arrows indicate fuzzy fracture lines, which were 
considered as clinical healing; red dashed circles indicate the disappearance of the fracture lines, 
which was considered as bony reunion (Reprinted with permission from Ref. [86]. AJTR Copyright 
© 2016. Published by PubMed Central (PMC) site)

Fig. 6.25 Two cases: nonunion phalangeal fracture (case 8) repaired by CPC/rhBMP-2 microf-
folds and scoliosis (case 9) implanted with CPC/rhBMP-2 microffolds and autografts. Case 9 
applies CPC/rhBMP-2 microffolds (red arrow) and allografts (green arrow) to each side of the 
spine; red dashed circle indicated callus formation on the side of CPC/rhBMP-2 microffolds, 
while green dashed circle exhibited no callus formation on the side of allografts (Reprinted with 
permission from Ref. [86]. AJTR Copyright © 2016. Published by PubMed Central (PMC) site)
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unaffordable level. In addition, since current artificial bone substitutes (e.g., tradi-
tional CPC paste) exhibited no notable advantage in the repairing efficiency com-
paring to autografts, most patients would rather choose autografts for its relatively 
low cost and high efficiency [34]. As a solvation and improvement to current substi-
tutes, the CPC/rhBMP-2 microffolds combined the osteoconductivity of porous 
CPC scaffolds and the osteoinductivity of rhBMP-2 and thus achieved a rapid bone 
repair with relatively low dose of rhBMP-2. Compared to current clinical therapies 
(traditional CPC paste), the average fracture healing time was 0.5–2 months shorter 
after implanted CPC/rhBMP-2 microffolds, and the defect site could rapidly recover 
to a satisfactory functional level within 3–6 months postimplantation. Moreover, 
CPC/rhBMP-2 microffolds exhibited the potential in treating fractures that are most 
challenging for current therapies.

Eighty-one bone defect patients were randomly divided into two groups: treated 
by CPC/rhBMP-2 microffolds or traditional CPC paste (control group). In the CPC/
rhBMP-2 group, 40 patients included 25 males and 15 females, with an average age 
of 46.7; the bone defects were located as follows: tibial plateau in 16 patients, proxi-
mal humerus in 11 patients, and calcaneus in 13 patients; the defects were repaired 
with CPC/rhBMP-2 microffolds. In the control group, 41 patients included 27 males 
and 14 females, with an average age of 44.3; the bone defects were located as fol-
lows: tibial plateau in 15 patients, proximal humerus in 12 patients, and calcaneus 
in 14 patients; the defects were repaired with traditional CPC paste.

Seven to twelve days after operation, skin wound healing by first intention of the 
surgical incisions was acquired in 78 cases; wound exudation occurred in one case 
of control group and two cases of CPC/rhBMP-2 group at 2 weeks postoperation, 
which were all healed after dressing change. These implant rejections were diag-
nosed as idiopathic noninfectious inflammatory, which might be related with blood 
supply deficiency, scar constitution, long time of limb fixation, or heterologous pro-
tein allergy. No toxic effect, skin rash, or high fever was found in all patients; liver 
and kidney functions, routine blood and urine tests, and C-reactive protein were 
normal. All cases were followed up for 12–24 months, average 15.3 months. During 
follow-up, no occurrence of osteomyelitis, fractures, or obvious collapses after the 
bone defect repair was observed; no plate and screw loosening or other  complications 
occurred. The average time of clinical healing and bony reunion by CPC/rhBMP-2 
microffolds was significantly shortened compared to the control group repaired by 
traditional CPC paste; and the average function scores and the excellent rates of 
function scores at each time point also indicated shortened repairing time and higher 
repairing qualities in CPC/rhBMP-2 microffolds group.

Typical cases were selected and shown in Figs. 6.23 and 6.24, including three 
cases of tibial plateau fractures, three cases of proximal humeral fractures, and one 
case of calcaneal fracture. The X-ray films intuitively indicated the acceleration of 
clinical healing (red dashed arrows) and bony reunion (red dashed circles) by CPC/
rhBMP-2 microffolds. Take the typical cases of tibial plateau fractures as examples 
(Fig. 6.23): for 1 month postoperation, the anatomic shapes of the bone defects were 
all recovered after surgery; bone filler materials were closely connected with the 
host bone; there was no gap between the bone and the filling material at the inter-
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face; and facture lines were clearly visible in both groups. In the cases using CPC/
rhBMP-2 microffolds (Fig. 6.23, case 1 and case 2), the fracture lines became fuzzy 
at month 2, progressively faded and total disappeared at week 4. The fuzziness of 
facture lines together with other physical criteria was considered as clinical healing, 
and the disappearance of fracture line was considered as bony reunion. In contrast, 
in case of traditional CPC paste (Fig. 6.23, Case 3), the time of clinical healing and 
bony reunion were postponed to month 4 and month 8. Moreover, CPC/rhBMP-2 
microffolds exhibited a similar density to the host bone due to its abundant porous 
structure, while traditional CPC paste showed a white shadow indicating high den-
sity, which results in slow degradation and clear vision of the material after bony 
reunion. Similar trends could be observed from the typical cases of proximal 
humeral fractures and calcaneal fracture (Fig. 6.24).

Furthermore, we had accepted two additional cases that could not be treated suc-
cessfully by traditional treatment (Fig. 6.25). In case 8, a male patient of age 26, 
with bone nonunion of phalangeal fractures after internal fixation, was treated with 
tradition CPC paste filling therapy and implanted CPC/rhBMP-2 microffolds in 
revision. The X-ray films exhibited gradual degradation of material accompanied 
with trabecular bone ingrowth after one month; after six months, the microffolds 
were replaced by host bone tissue and clinical healing was achieved; after the 
removal of internal fixation at nine months postoperation, the affected finger was 
healed with complete bony reunion. In case 9, a 17-year-old male patient with sco-
liosis received orthopedic surgery of intervertebral fusion and pedicle screw fixa-
tion, using CPC/rhBMP-2 microffolds in the left side and autografts in the right 
side, respectively. The orthopedic outcome 12 months postoperation was satisfac-
tory with internal fixation in place. After removal of internal fixation at 19 months 
postoperation, the X-ray films exhibited obvious callus formation in the side of 
CPC/rhBMP-2 microffolds (red dashed circle) and no callus formation in the side of 
autografts (green dashed circle), indicating a better therapeutic efficacy of CPC/
rhBMP-2 microffolds than autografts.

These results demonstrated that CPC/rhBMP-2 microffolds were superior to tra-
ditional CPC paste in overall performances, with not only shortened repairing time 
but also improved repairing qualities. Moreover, CPC/rhBMP-2 microffolds  exhibited 
the potential in treating fractures that are most challenging for current therapies.

6.5  Summary and Prospectives

The loading of rhBMP-2 has been commonly acknowledged as an efficient way for 
improving osteoinductivity and clinic therapeutic efficacy of bone regeneration 
materials/scaffolds. This chapter has systematically introduced the research devel-
opment and clinical application of the rhBMP-2-loaded CPC scaffold. The interfa-
cial surface, composition, and porous structure all played critical roles on bioactivity 
of rhBMP-2-loaded CPC porous scaffolds.
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In future, efforts are still needed for further research and development of more 
efficient and better osteobioactivity of CPC/rhBMP-2 bone repairing materials. In 
addition to modulating the properties of the material, other approaches, including 
the combinational utilization of small molecular drugs or other growth factors, will 
be developed. Meanwhile, various formulations of the CPC/rhBMP-2 will be devel-
oped according to the clinic needs. The available evidence provided in this chapter 
and obtained from our clinical study could shed light on developing new strategies 
to enhance bone formation using CPC material with rhBMP-2 protein.
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Chapter 7
Drug-Loading Calcium Phosphate Cements 
for Medical Applications

Shuxin Qu, Jie Weng, Ke Duan, and Yumei Liu

Abstract Calcium phosphate cements (CPCs) are uniquely promising drug carri-
ers for orthopedic applications because of their room-temperature setting property 
and injectability. This chapter reviews the basics of CPCs, techniques used for pre-
paring drug-loaded CPCs and composites, effects of drug incorporation on the 
physicochemical characteristics (i.e., strength, handling properties) of the cement, 
the drug release behaviors of drug-loaded CPCs, and medical applications of CPCs 
for the delivery of a variety of drugs. It becomes clear that, with from simple to lat-
est techniques (e.g., mixing, 3D freedom fabrication), CPCs incorporating a large 
number of drugs have been developed including antibiotics, analgesics, anti- 
osteoporotic agents, anti-inflammatory compounds, and anticancer drugs. 
Composites with more advanced structures (e.g., polymer microspheres-in-cement 
design) have also been widely investigated to modulate drug release profiles and 
cement degradation. Additionally, although drug release almost routinely follows 
Higuchi’s diffusion-controlled model, other situations exist and innovations in 
material design can open new possibilities in controlling the rate of drug release. 
Finally, we suggest that development of smarter and multifunctional CPC release 
systems, such as sequential release CPCs for meeting the requirements of each stage 
of bone healing, may be a promising direction for future research.
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7.1  Introduction

Because they are similar to human bone mineral in chemistry and phase structures 
[1], calcium phosphates (CaPs) are ideal biomaterials for bone repair. Currently, 
CaP-related biomaterials are used in clinics with a variety of forms, primarily 
including CaP bioceramics, CaP cements (CPCs), CaP-based bioglasses, CaP-based 
coatings on metallic implants, nano-sized CaP particles carrying drugs, and CaP/
polymer composites [1]. Among these, CPCs are frequently used as bone defect 
fillers because of their excellent biocompatibility, biodegradability, self-setting 
property, and moldability [1–4]. CPCs are uniquely different from the other forms 
of CaP-related materials in that as settable materials, which can be conveniently 
molded into customized geometries to meet the individual requirement of each 
patient [2]. In addition, a critical advantage of CPCs is that they can be injected into 
the defect region to manage skeletal disorders in a minimally invasive manner. For 
example, they have been successfully used in stabilizing spinal fractures (i.e., verte-
broplasty) [1]. Moreover, the degradation products of CPCs are simply inorganic 
ions constituting human bones [2]. In contrast, polymeric bone cements (e.g., poly-
methyl methacrylate bone cement) either are nondegradable or can only degrade 
into organic fragments not found in the human body [5]. CPCs were first commer-
cialized in the 1990s for treatment of maxillofacial defects [6, 7] as well as bone 
fractures [8]. Subsequently, various cement formulations have been developed to 
fulfill specific requirements for other orthopedics applications, e.g., bone augmenta-
tion [9–13], reinforcement of osteoporotic bones [14, 15], fixation of metallic 
implants in weakened bone [16, 17], and stabilization of spinal fractures [18, 19].

Various bone defects can be created by musculoskeletal diseases and traumas, 
e.g., infection, arthritis, osteoporosis, osteonecrosis, tumor, and fracture [20]. 
However, human bones are generally poorly vascularized, and thus, drugs system-
atically administered to manage skeletal diseases (e.g., osteomyelitis) have only 
poor access to bones [21]. This problem is aggravated when vascularization at the 
target site is disrupted by trauma or surgical operation. Therefore, there is a great 
demand in orthopedics for local drug delivery at a site of injury or defect. It may be 
noted that, the concept of “drug” is not limited to traditional therapeutic agents, e.g., 
antibiotic, antitumor, and anti-inflammatory compounds. The scope of “drug’s” 
potential applications in orthopedics has expanded to include growth factors, bioac-
tive proteins, enzymes, nonviral genes (DNAs and RNAs), and inorganic ions with 
biological activities, e.g., Sr2+, Mg2+, Zn2+, Cu2+, Ag+, and F− [2, 22–25]. Even more, 
extracts from traditional Chinese herbal medicines were also studied as potential 
candidates for the treatment of bone disorders [26]. Various growth factors, bioac-
tive biomolecules, ions, and drugs were used in bone tissue engineering to impart 
osteoinductivity to biomaterials, with the goal of accelerating healing process asso-
ciated with musculoskeletal disorders [2, 22–26]. Thus, research into the applica-
tion of drugs and bioactive substances in orthopedics is wide and growing rapidly. 
This further highlights the necessity of developing successful drug delivery systems 
for these musculoskeletal disorders.
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To successfully serve as a drug carrier, the vehicle material must be biocompat-
ible, can incorporate drugs conveniently without destroying their activities, and 
degrade gradually. Importantly, it should control the rate of drug release in a desir-
able manner. CPCs can harden under physiological conditions, thus avoiding affect-
ing the activities of many drugs that can be destroyed by harsh conditions (e.g., high 
temperature in ceramic sintering) [23]. Combined with versatility, biocompatibility, 
bioactivity, and tailorable biodegradability, CPCs are being increasingly explored as 
attractive candidates for orthopedic drug delivery [2, 23]. The concept of drug- 
loaded CPCs was first suggested by Chen and Monroe in 1991 [27]. Since that, 
numerous studies have demonstrated the feasibility of introducing drugs into CPCs, 
e.g., antibiotics, anti-inflammatory compounds, analgesic, anticancer drugs, pro-
teins, growth factors, hormones, and Chinese medicines [2, 25, 28]. After simply 
mixing the drug with CPCs and subsequent setting, it readily forms a viscous mold-
able paste, which in some instances can be injected during surgery by using mini-
mally invasive procedures [29, 30]. More importantly, CPC-based drug delivery can 
maximize the drug access to the target skeletal site while avoiding side effects asso-
ciated with systemic administration [2]. To date, many studies have investigated 
incorporation of drugs in CPCs, and Fig. 7.1 depicts the number of research articles 
published between 1997 and 2016 related to drug-loaded CPCs retrieved by 

Fig. 7.1 Original research articles published between 1998 and 2017 by searching Web of Science 
using keywords “calcium phosphate cement” and “drug”
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 searching Web of Science using keywords “calcium phosphate cement” and “drug.” 
The search shows a clear increasing trend between 2005 and 2014.

Different approaches have been explored to load drugs in CPCs. To fully utilize 
the advantages promised by this family of carriers, it is important to understand the 
effect of drugs on the microstructure, setting time, mechanical properties, and phase 
structure of CPCs. This review summarizes drug-loaded CPCs in terms of drug- 
loading approaches, physicochemical characteristics, drug-release kinetics, and 
medical applications. Challenges for future development of drug-loaded CPC prod-
ucts are also discussed.

7.2  Basic Concepts of CPCs

CPCs are composed of one or more kinds of CaP salts. When used, CPCs’ powers 
are mixed with a liquid (e.g., phosphate buffer saline, deionized water, and blood 
serum) and then harden under the physical conditions [2]. Current CPCs use a vari-
ety of materials and proportions, resulting in different setting reactions, products, 
and physicochemical and biological properties.

In fact, the mineral in the bone is a poor crystalline carbonate and other substitu-
ent containing an analog of geologic apatite. Therefore, several substituents, both 
cations (Mg2+, Sr2+, Fe2+, Zn2+, Na+, K+) and anions (CO3

2−, F−, HPO42−, H2PO4−), 
are studied to be doped into CPCs to improve biocompatibility, antibacterial ability, 
and mechanical properties [1, 2]. Doping of some metal ions (e.g., Mg2+, Sr2+, Zn2+s) 
endows CaP the ability to stimulate osteoblast proliferation and differentiation and, 
thereby, bone formation. In addition, CPCs doped with antibacterial ions, e.g., Ag+, 
Zn2+, and Cu2+, display excellent bactericidal effects. Substitution of PO4

3− in the 
hydroxyapatite (HA) structure with anionic compounds has also been reported [1, 
31, 32]. Table 7.1 lists the common raw materials for CPCs.

Broad possibilities to manipulate CPC compositions provide a unique opportu-
nity to obtain materials with a wide range of physicochemical properties. Table 7.2 
summarizes some typical CPC compositions and loaded drugs. The most adopted 
are α-TCP-, β-TCP-, and DCP-based CaP materials, which have been demonstrated 
to be able to provide the suitable support for cells in a direct contact.

7.3  Preparation of CPCs for Drug Delivery Systems

Drug-loaded CPC delivery systems may be prepared by different approaches, pri-
marily including blending with the powder and liquid phase, entrapment of encap-
sulated drug carriers, and chemical binding of drugs [2, 34, 35, 38, 39, 42, 44, 48, 
49, 52–57]. The most convenient approach is directly blending; however, this often 
results in a heavy initial burst release. The other approaches were developed to over-
come this limitation and produce a more sustained drug release. Various approaches 
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are associated with different loading efficiencies, which also affect subsequent drug 
release. In addition, various drugs may affect the physical and chemical properties 
of CPCs (e.g., mechanical strength, porosity, and setting time), handling character-
istics (e.g., injectability and cohesion behavior), phase composition, and 
degradability.

7.3.1  Blending

7.3.1.1  Addition to Powder Phase

Earlier studies incorporated drugs to CPCs by mixing with the powder phase 
through ball milling or manual milling. By this approach, Otsuka et al. developed 
CPCs containing a variety of drugs (e.g., indomethacin, bovine insulin, and bovine 
albumin). The pristine CPCs were based on an equimolar mixture of tetracalcium 
phosphate and dicalcium phosphate [35, 52]. The powder transformed into HA 
cement after mixing with a dilute phosphoric acid solution. The drug was embedded 
in the set mass, forming a homogeneous drug-loaded material [35, 52].

Otsuka et al. also prepared a self-setting bioactive cement based on CaO-SiO2- 
P2O5 glass [34]. Glass powders containing 2% and 5% indomethacin hardened 
within 5  min after mixing with a phosphate buffer [34]. Ding et  al. develop an 
injectable cement based on 6Na2O-8K2O-8MgO-22CaO-54B2O3-2P2O5 borate 

Table 7.1 Various raw materials used for preparing CPCs as drug delivery systems

Phase name (most common) Acronym Chemical formula

Hydroxyapatite HA or HAP Ca10(OH)2(PO3)6

Alpha, beta-tricalcium phosphate α-TCP/β- 
TCP

α/β-Ca3(PO4)2

Tetracalcium phosphate TTCP Ca4(PO4)2O
Dicalcium phosphate anhydrate DCPA CaHPO4

Dicalcium phosphate dihydrate 
(brushite)

DCPD CaHPO4·2H2O

Monocalcium phosphate 
monohydrate

MCPM Ca(H2PO4)2·H2O

Monocalcium phosphate anhydrate MCPA Ca(H2PO4)2

Calcium carbonate – CaCO3

Calcium-deficient hydroxyapatite CDHA CaXHY(PO4)Z·nH2O, n=3–4.5
Amorphous calcium phosphate ACP Ca10−x(HPO4)X(PO4)6−x 

(OH)2−x(0 < X < 1)
Farringtonite – Mg3(PO4)2

Calcium sulfate hemihydrate CSH CaSO4·½H2O
Calcium pyrophosphate – Ca2O7P2

Magnesium-doped β-tricalcium 
phosphate

Mg-β-TCP β-Ca2.96–xMgx(PO4)2
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 bioglass [38]. Borate bioglass particles were mixed with vancomycin powders, 
which bonded together after mixing with a liquid containing chitosan, citric acid, 
and glucose in the mass ratio 1:10:20 [38].

Inorganic ions with physiological functions (e.g., Mg2+, Sr2+, Ag+, and Ga3+) were 
incorporated into raw materials of CPCs by chemisorption or doping (substitution 
of Ca2+) [1, 31, 32, 39, 48, 53]. Sr2+, known to stimulate bone formation and used in 
systemic osteoporosis therapies, were incorporated into an HA-forming CPCs via 

Table 7.2 Common CPCs with various compositions to be used as drug delivery systems

Solid phase Liquid phase Drug loaded Refs.

HAp, α-TCP 0.5 M Na2HPO4, 0.5 M 
NaH2PO4 solutions

Vancomycin [33]

CaO-SiO2-P2O5 glass PBS Indomethacin, cephalexin [34]
TTCP, DCPD, HAP H3PO4 Indomethacin [35]
β-TCP, MCPM Citric acid and polyacrylic 

acid
Chlorhexidine diacetate [36]

HA/CS composite 
particles, Ca(OH)2, 
CaCO3, NaHCO3

Citric acid, acetic acid, 
NaH2PO4, CaCl2, poloxamer

Lysostaphin [37]

6Na2O-8K2O-8MgO- 
22CaO-54B2O3-2P2O5

Chitosan, citric acid, glucose Vancomycin [38]

α-TCP, DCPA, CaCO3, 
HA, SrCO3, Sr-HA

Disodium hydrogen 
phosphate (Na2HPO4) solution

Sr2+ [39]

Porous biphasic CaP 
granules, Calcium 
sulfate hemihydrates

Water/normal saline Vancomycin hydrochloride 
and tobramycin sulfate

[40]

Mg3(PO4)2 1% of hydroxypropyl methyl 
cellulose (HPMC, sigma) 
dissolved in 30% ethanol

Lysozyme [41]

β-TCP, MCPM Deionized water Gentamicin sulfate [42]
α-TCP, CSH 4 wt.% Na2HPO4 solution Ibuprofen [43]
α-TCP, DCPA, pHA 2 wt.% Na2HPO4 solution Paclitaxel [44]
β-TCP, MCPM, 
Na4P2O7, SPP,

Deionized water or 
hydrolyzed simvastatin 
solution

Simvastatin [45]

CaCO3, MCPM, sodium 
alginate

1 M Na2HPO4 Gentamicin sulfate [46]

DCPA, β-TCP, MCPM, 
TTCP, CaCO3

Deionized water Antibiotics (gentamicin 
sulfate and neomycin 
sulfate separately)

[47]

β-TCP, α-TCP, DCHA, 
Ga-doped CDA, DCPA, 
HPMC

0.5 wt.% Na2HPO4 aqueous Ga3+ [48]

α-TCP, DCPA, pHA 2.5 wt.% Na2HPO4 solution Simvastatin [49]
α-TCP, DCPD, MCPH, 
CDA

5 wt.% Na2HPO4 solution Alendronate (AL) [50]

CaCO3, DCPD 9 wt.% SF aqueous solution Sodium fusidate [51]
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two simple approaches: incorporation of strontium carbonate crystals and substitu-
tion of Ca2+ by Sr2+ ions during cement setting [39]. Different options were explored 
to incorporate Ga3+, a known bone resorption inhibitor, into apatitic CPCs. These 
ions were either chemisorbed onto calcium-deficient apatite (CDA) or inserted in 
the lattice of β-TCP [48, 53]. A new Ag-doped bioactive glass (Ag-BG) was incor-
porated into flowable dental composites to fabricate a new material combining bio-
active and antibacterial properties [54]. Ag-BG was synthesized based on a sol-gel 
technique through incorporating Ag+ into the sol-gel bioactive glass in the solution 
stage. The resulting composite solution underwent a specific heat treatment: aging 
at 60  °C, drying at 180  °C, and final stabilization at 700  °C.  The final sol-gel- 
derived Ag-BG was in the system SiO2 58.6-CaO 24.9-P2O5 7.2-Al2O3 4.2-Na2O 
1.5-K2O 1.5-Ag2O 2.1 wt.% [54].

Besides the blending with CaP and drugs, some studies also immobilized or 
adsorbed drugs on the CaP powder. Alendronate (AL)-doped CDA was obtained by 
suspending the desired CDA (1 g) in an ultrapure water solution of AL and was 
mechanically slowly rotated (16 rpm) for 5 days. After centrifugation, the solid was 
filtered and washed with ultrapure water and allowed to dry at room temperature. 
Cement samples were prepared by mixing solid phase with Na2HPO4 aqueous solu-
tion. The composition of the solid phase is 78 wt.% α-TCP, 5 wt.% DCPD, 5 wt.% 
monocalcium phosphate monohydrate (Ca(H2PO4)2·H2O), 10  wt.% of CDA par-
tially loaded with AL, and 2 wt.% hydroxypropyl methylcellulose [50].

7.3.1.2  Addition to CPC Paste or Liquid Phase

Drugs, especially aqueous soluble ones, can be easily added to CPCs paste or liquid 
phase to produce CPCs containing homogenously distributed drugs. Otsuka et al. 
mixed bioactive bone cement powders with a phosphate buffer, and drug powders 
were mixed with the paste to prepare homogeneously drug-loaded CPCs [55]. Sugo 
et al. incorporated antibiotic drugs (vancomycin hydrochloride and gentamicin sul-
fate) by mixing the drug with the paste [56]. Brushite CPCs containing gentamicin 
were obtained by dissolving the drug in water before mixing with the powder phase 
[42]. Similarly, powdered zoledronate, an anti-osteoporotic drug, was dissolved in 
water before mixing with CPC powders to obtain CPCs containing zoledronate 
[57]. Furthermore, the introduction of an antibiotic, sodium fusidate (SF), into the 
liquid phase of calcium carbonate-calcium phosphate (CaCO3-CaP) bone cement 
was studied by Noukrati et al. [51].

Nonaqueous soluble drugs were generally loaded in CPCs by dissolution in 
organic solvents before mixing with the liquid phase. For example, paclitaxel was 
dissolved in dimethyl sulfoxide (DMSO) and subsequently diluted in Dulbecco’s 
Modified Eagle Media (DMEM) [44]. The solution was pipetted on the top of the 
CPC disks, and the liquid was allowed to be adsorbed for 30 min to accomplish drug 
loading [44].
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7.3.2  CPC-Based Composite

Numerous studies introduced organic or inorganic materials into CPCs as additives 
to further control the drug release. Examples include chitosan, hyaluronan, 
poly(lactic-co-glycolic acid) (PLGA), and poly(ε-caprolactone)-co-polyethylene 
glycol (PCL-co-PEG). These polymers were added in CPCs either by blending or as 
microsphere, fibers, or coating on the CaP particles [37, 40, 46, 49, 58–66]. Other 
inorganic materials were also explored as carriers for loading drug (e.g., carbon 
nanotubes and biodegradable microsphere) [33, 47, 67–69]. Following their intro-
duction, the drug release profiles were modified significantly.

7.3.2.1  CPC/Polymer Composites

Human bone is a composite of inorganic and organic components mainly composed 
of poorly crystallized and ion-substituted HA and collagen. Therefore, various bio-
compatible polymers were composited with CaP-based materials to mimic the 
human bone. For drug-delivering CPCs, these polymer additives also act as modi-
fiers to control drug release [58].

β-TCP and a thermoresponsive hyaluronan hydrogel were mixed to form a paste 
and further blended with 0.1% bovine serum albumin (BSA) solution containing the 
hyaluronan to produce a CPCs [59]. Xue et  al. developed a lysostaphin-loaded, 
control-released porous bone cement [37]. The cement samples were made through 
cementitious reactions by mixing solid powder, mixture of HA/chitosan particles, 
lysostaphin, Ca(OH)2, CaCO3, and NaHCO3. The mixture was set with a liquid con-
taining citric acid, acetic acid, NaH2PO4, CaCl2, and poloxamer [37]. Chen et al. 
compared physicochemical properties and in vitro release behaviors of gentamicin- 
loaded CPCs with and without alginate [46]. The rate of gentamicin release from 
CPCs was retarded by the presence of alginate. The addition of gentamicin did not 
impair cell viability, and alginate actually enhanced the cell viability. Therefore, this 
CPC composite was not only useful as a source for antibiotic delivery but may also 
improve bone regeneration [46].

More complex and functional polymers are used to be prepared as nano- or 
microsphere or fiber for addition in CPCs to load and control the release of drugs. 
Striegler et al. presented two novel drug delivery systems (DDS), a weakly cationic 
dendritic glycopolymer and a cationic polyelectrolyte complex, composed of den-
dritic glycopolymer and cellulose sulfate, for the proteasome inhibitor bortezomib 
(BZM) [60]. Both DDS are able to induce short-term retarded release of bortezomib 
from CPCs in comparison to a burst release of the drug from CPCs alone. The sche-
matic approach released BZM from various DDS/CPCs which is shown in Fig. 7.2. 
In addition, biocompatibility of CPCs, modified with the new drug delivery sys-
tems, was investigated using human mesenchymal stromal cells [60].

He et al. developed platelet-rich plasma (PRP)-PLGA/CPC composite scaffold 
[61]. It is prepared by incorporating PRP into PLGA/CPC scaffold with  unidirectional 
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pore structure, which is fabricated by the unidirectional freeze casting of CPC slurry 
and the following infiltration of PLGA.  The incorporation of PRP into scaffold 
showed more outstanding improvement in osteogenesis as the scaffolds were used 
to repair the segmental radial defects, especially at the early stage [61]. Babo et al. 
added platelet lysate (PL)-loaded hyaluronic acid (HAc) microparticles to CPCs to 
improve the degradation and biological performance [62]. Moreover, CPCs directly 
incorporating PL were also prepared. CPCs incorporating PL (with or without HAc 
microparticles) gave sustained PL release for 8 days. Moreover, the incorporation of 
HAc microparticles largely increased the loading ability and the sustained release of 
PL and significantly improved total porosity, interconnectivity, and weight loss of 
the cement structures [62]. Loca et  al. prepared α-TCP-based CPC modification 
with vancomycin-loaded poly(lactic acid) (PLA) microcapsules [33]. It was found 
the initial burst release of drug decreased down to 7.7%, with only 30.4% of drug 
transferred into medium over 43 days. In contrast, in pure vancomycin- loaded CPCs 

Fig. 7.2 Schematic approach of the determination of BZM released from various DDS/CPC com-
posites in PBS at pH 7.4. The same concentration pairs for BZM-/maltose-modified hyperbranched 
poly(ethylene imine) (PEI-Mal-B) and BZM/PEC complexes were used to prepare CPC compos-
ites: (i) concentration pair I with BZM/PEI-Mal-B 50 mg/100 mg and 100 mg/100 mg; (ii) concen-
tration pair II with BZM/PEI-Mal-B 100 mg/100 mg and 100 mg/200 mg. Both drug carriers, 
PEI-Mal-B and PEC, possessed a cationic surface charge. Polyelectrolyte complexes consisted of 
PEI-Mal-B and CS (Modified from Ref. [60])
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(without microcapsules), 100% drug release occurred in 12  days [33]. Paraben 
nanoparticles were also used as antimicrobial compound in bone cements. They 
were embedded in various types of bone cements (poly(methyl methacrylate) 
[PMMA], hydroxyapatite, and brushite) [63].

Large osseous defects remain a difficult clinical problem in orthopedic surgery 
owing to the limited effective therapeutic options, and bone morphogenetic protein-
 2 (BMP-2) is useful for its potent osteoinductive properties in bone regeneration. 
Wu et al. reported a strategy to achieve prolonged duration time and help inducting 
new bone formation by using water-soluble polymers as a protective film [64]. In 
their study, CPC scaffolds were prepared as the matrix and combined with sodium 
carboxymethyl cellulose (CMC-Na), hydroxypropyl methylcellulose (HPMC), and 
polyvinyl alcohol (PVA) to prevent the digestion of the loaded recombinant human 
bone morphogenetic protein-2 (rhBMP-2). After implantation in mouse thigh mus-
cles, the surface-modified composite scaffolds induced evident ectopic bone forma-
tion. A rabbit radius critical defect model indicated that the modified CPC scaffold 
may be the optimum combination for segmental bone regeneration [64]. Wang et al. 
also explored long hydrogel fibers encapsulating stem cells embedded in CPC scaf-
fold for bone tissue engineering [65].

In addition, adsorption is generally used to load drug in CPC/polymer compos-
ites. Canal et al. investigated the use of biocompatible plasma polymers to provide 
a tool for controlled drug release from drug-loaded CaP scaffolds with complex 
surfaces and intricate 3D structures [49]. Two CaPs displaying great differences in 
microstructure were selected: low-temperature CaP (calcium-deficient HA cement, 
CDHA) and sintered CaP ceramic (β-TCP). PCL-co-PEG copolymer was deposited 
on CaPs by a low-pressure plasma process. The coating covered the micro- and 
nano-pores of the CaP surface and produced complex geometries presenting a nano- 
and micro-sized rough morphology, which produced a low wettability despite the 
hydrophilic nature of the copolymer. Simvastatin acid (SVA, a potential osteogenic 
and angiogenic drug) incorporation was accomplished by immersion in 200  mg 
SVA/mL solution. Plasma coating with PCL-co-PEG on scaffolds loaded with SVA 
delayed and modulated the drug release from the bone scaffolds depending on the 
thickness of the PCL-co-PEG deposited [49]. Mistry et al. soaked porous biphasic 
CaP granules (BCP) in solutions of vancomycin or tobramycin. Then, the granules 
were encapsulated separately with a 2.5% (w/v) PLGA solution and mixed with 
α-CSH to form a gypsum cement carrying antibiotic-loaded granules. The cement 
was settable upon mixing with water or normal saline [40].

In another study, collagen membrane was used to wrap around CPCs containing 
methotrexate to reduce the side effects on soft tissue healing. Significantly improved 
healing was seen in samples wrapped by membrane compared to those without 
wrapping [66].
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7.3.2.2  CaP/Inorganic Composite

Some inorganic vehicles are developed for loading drugs to incorporate into CPCs. 
Halloysite nanotubes (HNTs) are double-layered aluminosilicate tubes found natu-
rally as raw mineral deposits [47]. When dehydrated 15–20 clay layers, they form a 
hollow tubule capable of hosting drugs. Using vacuum loading technique, HNTs 
were loaded with gentamicin and neomycin. Loaded HNTs were then mixed with 
different formulations of CaPs before setting with a liquid phase. Addition of HNTs 
to CPCs increased the compressive and flexural strengths, and gave sustained 
release profiles [47]. Mesoporous silica beads containing an iron oxide core were 
produced to enhance bone magnetic resonance (MR) contrast. The beads were func-
tionalized with silane linkers for anchoring BMP-2 and further coated with CaP 
before embedding in CPCs [67].

Some metal ions with bioactivity have been added in CPCs. It is known that 
strontium increases the solubility of hydroxyapatite as well as exerts both anabolic 
and anticatabolic effects on bone. Therefore, tricalcium silicate (Ca3SiO5) cement, a 
novel self-setting biomaterial, has been shown to exhibit good hydraulic properties 
and excellent bioactivity. Gentamicin sulfate was integrated into cement pastes. The 
results showed that the initial fast release of GS was restricted to a low level, and 
prolonged release of drugs was achieved in water and PBS.  This prolonged GS 
release is attributed to the interaction of GS with the calcium silicate hydrate net-
work and the formation of unique nano-to-microporous structure after hydration. 
The results suggested that Ca3SiO5 cement might be used as bioactive bone implant 
materials with drug loading and prolonged release properties [68]. Lu et al. incorpo-
rate strontium into CPCs to accelerate the degradation rate and enhance the osteo-
conductivity. In conclusion, in the 10% Sr-CPC group, strontium exerts dual effects 
on CPCs: accelerating degradation rate and enhancing osteoconductivity both 
in vitro and in vivo [53]. A hollow mesoporous structure of silica (SiO2) micro-
spheres was first synthesized and loaded with ibuprofen. Poly(1, 8-octanediol-co- 
citrate) (POC) and β-TCP, together with ibuprofen-loaded SiO2, were fabricated by 
a 3D printing technique based on the freeform fabrication system with micro- droplet 
jetting (FFS-MDJ). The developed ibuprofen-loaded SiO2/β-TCP/POC scaffolds 
presented a highly interconnected porous network and proper compressive modulus 
and biocompatibility. The result indicated that the present bone scaffold was prom-
ising for bone regeneration in the clinical case of infected bone defects [69]. A 
series of magnesium phosphate-modified CPCs (MCPCs) loaded with rhBMP-2 
were prepared, and RhBMP-2 was physically absorbed onto MCPCs and dried 
overnight under vacuum. Results demonstrated that all MCPCs exhibited similar 
rhBMP-2 release rates and preserved comparable conformation and biological 
activity of the released rhBMP-2. Also, the ionic extracts of MCPCs made little dif-
ference to the bioactivity of rhBMP-2, either in soluble or in matrix-bound forms. 
In vivo results demonstrated a better bone regeneration capacity of rhBMP-2- 
loaded MCPCs containing 5% (w/w) magnesium phosphate. It provided a novel 
approach to addition of Mg in CPCs that tailored the way of rhBMP-2 bound on 
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MCPCs and thus facilitated the recognition of bone morphogenetic proteins 
(BMPRs) to stimulate osteogenic differentiation [31].

7.3.2.3  Dual or Multiple Drugs in CPCs

As known, many biomolecules are involved in the different processes of angiogen-
esis, inflammation, and tissue remodeling in a spatiotemporal manner. In addition, 
bone defect generally is associated with various bone disease, infection, tumor, and 
osteoporosis. Therefore, concurrent administration of multiple drugs counteracting 
infection, tumor, and osteoporosis is employed clinics [70]. These biomolecules or 
drugs must have a specific localization and orchestration in order to guide a specific 
pathway. The use of a single biomolecule or drug via a delivery system would be 
insufficient for promoting such a complex regeneration process. To date, many stud-
ies fabricate the suitable vehicles with the ability to deliver multiple drugs or growth 
factors with different kinetics, which are considered to have more potential for 
mimicking or treating complex clinical situations [71–73].

Huang et al. prepared a dual-drug release system comprising of icariin, a flavo-
noid isolated from Herba epimedii, vancomycin, and CPCs [74]. The sample was 
filled in Staphylococcus aureus-contaminated bone defects in rabbits. Twelve weeks 
after filling, the defects healed completely with significantly improved formation of 
lamellar bone and recanalization of the marrow cavity compared with blank con-
trols. These results demonstrate that this dual-drug release system has potential for 
the treatment of contaminated bone injury or infectious bone disease [74]. In a study 
by Lin et al., simvastatin and collagenase were loaded in CPCs for dental pulp appli-
cations [75]. Simvastatin can stimulate the differentiation of dental pulp stem cells. 
Collagenase is a matrix metalloproteinase (MMP) capable of removing the extracel-
lular matrix and then allowing cells to return to the progenitor state. The collagenase 
and simvastatin were released via the micro-pinhole channels in the cement to 
regenerate dental pulp stem cells and stimulate the differentiation of pulp cells [75].

Geffers et  al. prepared dual-mechanism-setting cement combining a brushite- 
forming cement paste with an inorganic silica-based precursor [76]. Materials were 
obtained by pre-hydrolyzing tetraethyl orthosilicate (TEOS) following addition of 
CPC powders (mixture of β-TCP and monocalcium phosphate). Cement setting 
occurred via a dissolution-precipitation process, and changes in pH during setting 
initiated the condensation of the hydrolyzed TEOS, producing an interpenetrated 
composite with an excellent mechanical strength. Additionally, the composite with 
the highest silicate content showed a similar cell proliferation to HA and a signifi-
cantly higher activity per cell [76].

To address chronic osteomyelitis, Wu et al. manufactured implants carrying levo-
floxacin (LVFX) and tobramycin (TOB) with a multilayered structure by three- 
dimensional (3D) printing technology (Fig.  7.3) [77]. The implant exhibited a 
sustained and programmed drug release. The two drugs were found to act collabora-
tively in pharmacodynamic action [77].
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7.3.2.4  3D Printing

Recently, addition manufacturing technologies are increasingly used for healthcare. 
Firstly, Gbureck et al. investigated the adsorption-desorption kinetics of antibiotics 
to microporous bioceramics manufactured by a low-temperature 3D powder print-
ing process [78]. 3D printing CaP samples were immersed in the solution of dis-
solved antibiotics [78]. Vorndran et  al. utilized a multijet 3D rapid prototyping 
machine to manufacture bioceramic implants while simultaneously depositing bio-
active compounds with high spatial accuracy for localized delivery [79]. Solution of 
drugs and binder, stored in separate reservoirs, was injected in a controlled manner 
by software. Homogeneous, localized polymer incorporation during printing 
allowed the drug release kinetics to be retarded from first to zero order over a period 
of 3–4 days [79]. Lee et al. produced 3D porous magnesium phosphate (MgP) scaf-
folds with high drug load/release efficiency using a paste-extruding deposition 
(PED) system and cement chemistry [40]. Lysozyme was dissolved in 1% hydroxy-
propyl methylcellulose solution and blended with MgP powders to form a paste. In 
another implementation, the MgP scaffold was placed in 2 mL of PBS containing 
lysozyme (1 mg/mL) to allow adsorption [40]. Wu et al. confirmed that it was fea-
sible and convenient to fabricate a multidrug implant with a complex construction 
by 3D printing technology (Fig. 7.3). The multidrug implant had a sustained and 
programmed drug release property. LVFX and TOB which were released from the 
multidrug implant worked in tandem to enhance pharmacodynamic action which 
was similar to a tumor chemotherapy program and was sufficient to treat chronic 
osteomyelitis [77]. Inzana et  al. fabricated dual antibiotic (rifampin and 

Fig. 7.3 The schematic illustration of the multidrug implant: (a) the external appearance; (b) 
three-dimensional perspective drawing; (c) longitudinal section; (d) cross sections AA′; (e) cross 
sections BB′; (f) cross sections CC′; (g) cross sections DD′. The four layers of the concentric rings 
were composed from the center to the periphery. The first and third layers (the blue part) contained 
LVFX, and the second and fourth layers (the white part) contained TOB (Modified from Ref. [77])
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vancomycin) CaP scaffolds by 3D printing [80]. A phosphoric acid-based solution 
was selectively sprayed rastering over a layered bed of α-TCP powders to initiate a 
dissolution-precipitation reaction. Repeated layer-by-layer binding formed the 3D 
scaffold. Drug loading was performed by premixing vancomycin or rifampin with 
the α-TCP powders. Alternatively, it was accomplished by infusing an antibiotic 
solution in the scaffold [80]. Akkineni et al. fabricated CPC scaffolds by 3D plotting 
using water-immiscible carrier liquid. BSA and vascular endothelial growth factor 
(VEGF) were encapsulated in polymer microparticles and then mixed into the CPC 
paste [81].

7.3.3  Extract of Herb or Chinese Medicine

To improve the bone repair capability of bone scaffolds (e.g., CPCs), osteoinductive 
agents, e.g., growth factors and biological molecules, are usually loaded. However, 
the high cost and rapid degradation of such expensive GFs limit their widespread 
use, particularly in clinics. Therefore, there is an urgent need to develop alternative 
osteogenic products or drugs with higher efficacies and lower costs than GFs. Some 
herbal medicines have been widely used in the treatment of fractures and bone dis-
orders for thousands of years in Asia [82]. The basic principles of traditional Chinese 
medicine for treating bone injuries are enhancing blood circulation, nourishing 
energy, and invigorating the kidney which regulates bone formation.

Icariin (IC) is a flavonoid isolated from Herba epimedii. IC and vancomycin are 
dissolved into ethanol- and phosphate-buffered solution (PBS, pH 8.0), respectively 
[74]. Then CPC powders were added into the mixture of IC-VA solution, subse-
quently casted and freeze-dried to obtain IC-VA/CPC composite [74]. In vivo results 
demonstrated that this dual-drug release system, with its concomitant antibiotic and 
osteoinductive properties, showed significant potential for the treatment of contami-
nated bone injury or infectious bone disease [74]. Danggui Buxue Tang (DBT) is a 
traditional Chinese herbal decoction containing Radix Astragali and Radix Angelicae 
sinensis [83]. Pharmacological results have indicated that DBT can stimulate bone 
cell proliferation and differentiation. DBT was incorporated into porous composites 
(GGT) of genipin-crosslinked gelatin andβ-TCP as bone substitutes (GGTDBT). In 
vivo results revealed that the GGTDBT stimulated the innate regenerative capacity 
of bone, supporting their use in bone tissue regeneration [83]. Xu Duan (XD), tradi-
tional Chinese medicine for hundreds of years as an anti-osteoporotic, tonic, and 
antiaging agent, was incorporated into β-TCP/calcium silicate (CS). In vitro cell 
experiments showed that the amount of cells and osteogenesis protein was stimu-
lated by XD released from β-TCP/CS composites [84, 85]. The present drug release 
strategy with CS-based cements may pave the way for future alternative bone repair 
therapy.

Qu et al. studied the effects of various Chinese medicines (xiangdan injection 
and drynaria) on the properties, such as setting, mechanical strength, and composi-
tion of CPCs. In vitro release of Chinese medicine increased with the increasing 
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concentration of Chinese medicine in CPCs accompanied with the initial burst 
release, which was fit to the Higuchi’s diffusion-controlled model. The effect of 
drynaria-loaded CPCs on osteoblasts was time and dose dependent (Fig. 7.4). CPCs 
loaded with 5 wt.% and 10 wt.% drynaria significantly promoted osteoblast prolif-
eration after culture for 5 days [86, 87]. This CPC-loaded Chinese medicine may 
provide the promising candidate for bone graft.

7.4  Characterization of Drug-Loaded CPCs

7.4.1  Mechanical Properties

Mechanical properties are important considerations in the development and applica-
tion of CPCs. As we expect for ceramics, CPCs are intrinsically brittle materials and 
thus not suitable for bearing major loads or complex stresses (e.g., severe tension 

Fig. 7.4 SEM images of osteoblasts cultured on CPCs loaded with drynaria for 3 days. (a) CPC, 
blank; (b) CPC, 5% drynaria; (c) CPC, 10% drynaria; (d) CPC, 15% drynaria (Modified with 
permission from Ref. [87])
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and torsion) [14]. Nevertheless, it is still desirable that CPCs can match the host 
bone in such mechanical properties as strength and elastic modulus. As a reference, 
the compressive strength of the human trabecular bone ranges approximately 
4–12 MPa and cortical bone 130–180 MPa [88, 89].

A large number of studies have investigated the mechanical properties of blank 
and drug-loaded CPCs, and most studies evaluated compressive strengths because 
of the technical difficulty of reliably measuring the tensile strengths of CPCs [28, 
90, 91]. Materials science teaches that the strength of a material is critically depen-
dent on its microstructural characteristics such as porosity, grain size, crystal geom-
etry, and the nature of defects. Therefore, the effects (or non-effects) of a drug on 
the compressive strength of its CPC matrix must be understood from the perspective 
of structure-property relations. Furthermore, it should be noticed that, strength is 
not an intrinsic property; instead, it is sensitive to experimental conditions such as 
sample geometry (e.g., size, height/diameter ratio), displacement rate, and defects 
(e.g., density and geometry of microcracks) before testing. Therefore, caution 
should be taken when comparing results from different studies.

Driven by a strong demand of skeletal infection control, numerous studies have 
investigated loading antibiotics in CPCs. Joosten et  al. [92] added gentamicin at 
16–32 mg/g to a commercial CPC product-based equimolar mixture of ACP and 
DCP, which hardens to form microporous HA. They tested the compressive strengths 
after hardening for 4 and 24 h. It was found that, compared with the blank cement 
(4 h: 5.2 MPa, 24 h: 7.7 MPa), all gentamicin-loaded samples exhibited only minor 
variations (generally ≤1%) in compressive strength at 4 h and 24 h regardless of the 
drug concentration. Similarly, Hofmann et al. reported that addition of up to 2 wt% 
ciprofloxacin to a cement had no significant effect on the compressive strength. 
Typically, this non-effect may suggest a lack of substantial interactions between the 
drug and the hardened cement particles. These behaviors appear to be explained by 
the molecular structures of gentamicin and ciprofloxacin, which lack sufficient 
groups allowing bonding to Ca2+ on CaP particles [93]. Stigter et  al. studied the 
interactions of seven antibiotics with HA and found that molecules carrying abun-
dant carboxyl groups are more effectively incorporated in HA, presumably by com-
plexing Ca2+ on their surface [94]. McNally et al. observed a different behavior of 
gentamicin-loaded CPCs [95]. They incorporated the drug in another commercial 
CPCs at 3% and tested samples after hardening for 24  h and 48  h in PBS.  The 
gentamicin- loaded cement exhibited compressive strengths of 7.89 MPa at 24 h and 
9.91  MPa at 48  h, both significantly higher than those recorded from the blank 
cement (5.55 MPa at 24 h and 3.87 MPa at 48 h). The strength of the blank cement 
decreased between 24 and 48 h obviously because samples were hardened in PBS 
(instead of air), experiencing dissolution of bonds between CaP particles [95]. 
Interestingly, the gentamicin-loaded samples reversed this strength decay, indicat-
ing that gentamicin effectively prevented this dissolution. This would suggest sub-
stantial interactions between gentamicin and the cement [95]. However, the study 
did not report morphological or structural characteristics of the CPCs; therefore, it 
is unclear whether these different behaviors were attributable to differences in 
cement composition, microstructure, or other experimental conditions. Nevertheless, 
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compressive strengths of CPCs in physiological status may provide potentially rel-
evant information regarding their behaviors in vivo.

Other studies incorporated drugs with well-known strong interactions with CaPs 
in CPCs. Examples include tetracycline (a wide spectrum antibiotic) and bisphos-
phonates (a family of potent anti-osteoporotic compounds). Ratier et al. added tet-
racycline at 0–1% to the solid phase of a commercial CPCs based on tetracalcium 
phosphate (TTCP) and α-TCP [96]. After air hardening for 1  h, samples were 
immersed in water for up to 21 days. Tests found that tetracycline reduced the com-
pressive strength dose dependently and inhibited the hardening reaction strongly. 
Between 2 and 21 days, the strength of the blank cement varied only moderately 
(16.2–14.7  MPa), whereas the cement containing 1% tetracycline attained only 
3.5 MPa on day 2 and subsequently increased to 6.7 MPa on day 21 [96]. This is 
readily explained by the strong adsorption of tetracycline on CaP crystals to block 
dissolution of the starting particles and growth of the product, preventing the forma-
tion of a satisfactorily cohesive structure [96]. Zhao et al. added 2–10% alendronate, 
the currently first-choice bisphosphonate drug used to treat osteoporosis, to the 
solid phase of CPCs based on TCP and TTCP [97]. After hardening for 24 h, all 
alendronate-loaded cements had significantly lower compressive strengths (range: 
5.16–5.54 MPa) compared with the blank cement (13 MPa). It may be the reason 
that alendronate may have inhibited cementing product growth, but scanning elec-
tron microscopy (SEM) indicated that all hardened cements exhibited generally 
similar morphology [97]. Shen et al. similarly added alendronate at 0.1–3.0% to 
CPCs based on partially crystallized TCP and DCPA [98]. They found that addition 
of 0.1–1% alendronate, however, improved the compressive strength (31.62 MPa at 
1%) compared with the blank (19.22 MPa), and further increase in alendronate frac-
tion substantially reduced the strength to approaching the blank (17.57 MPa at 3%). 
According to the SEM images, alendronate reduced the crystal size of the cement-
ing product to produce a more compact structure, and this effect was particularly 
evident at >1% alendronate [98]. Reduction of compressive strength was also 
reported for pamidronate, another bisphosphonate drug [99]. Collectively, these 
results indicate that the effects of drugs on mechanical properties of CPCs are highly 
dependent on the structural characteristics of the drugs and their concentrations. In 
some cases, the effects can be complicated and may involve more factors and struc-
tural features (e.g., interparticle bonding) that may be characterized at even smaller 
scales [99].

In addition to small antibiotics, studies also incorporated macromolecular drugs 
such as proteins and cytokines in CPCs for accelerating bone regeneration. Blom 
et al. incorporated human transforming growth factor-β1 (rhTGF-β1, co-dissolved 
in liquid with BSA) into CPCs based on α-TCP and DCPA [100]. Mechanical test-
ing was, however, performed on samples containing BSA alone, presumably 
because the rhTGF-β1 concentration was so low (vs. BSA) that its effect was 
deemed to be negligible. Nevertheless, the BSA-modified cement gave a signifi-
cantly improved compressive strength only at 4 h (vs blank) during immersion in 
tissue culture fluid for 1  h to 8  weeks [100]. In addition to directly adding a 
 biomolecular drug to CPCs, many studies pre-encapsulated the drugs in polymeric 
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microspheres before incorporating them in CPCs [81]. This was performed partly 
because cement setting creates a harsh environment (e.g., extreme pH, high ionic 
strength, and temperature elevation) easily causing denaturation-deactivation of 
biomolecules, and the microspheres would provide a physical barrier against these 
deleterious forces. In this microsphere-in-cement design, the mechanical properties 
are controlled by microspheres rather than the drug molecules.

7.4.2  Handling Properties

Besides the acceptable strength, a successful CPC product must have satisfying 
handling properties. Being self-settable and injectable are the two major advantages 
of CPCs; consequently, setting time and injectability are critical indicators of their 
handling properties [101].

Numerous studies have measured the initial and final setting times of CPCs by 
Gillmore needle method [102]. Frequently, drug introduction was found to delay 
CPC setting. Haghbin-Nazarpak et al. incorporated gentamicin in CPCs based on 
β-TCP [103]. It was found that the initial and final settings of the blank cement 
occurred at 8.5 and 23.5 min, respectively. When 8 mg gentamicin was added to the 
cement, they were accelerated to 5 min and 20 min, respectively. However, when the 
gentamicin dose was further increased to 16 and 24 mg, they were lengthened sub-
stantially, reaching ~20 min and >40 min, respectively, at 24 mg [103]. The delayed 
setting at the higher doses was suggested to be attributed to the sulfate ions in gen-
tamicin, while the significant decrease in setting at the low dose was not explained 
[103]. Alkhraisat et al. studied a β-TCP-based CPC and two Sr-doped counterparts 
set with doxycycline solutions [91]. The final setting of Sr-free CPCs was consider-
ably delayed (~12 min vs. 7.7 min) by doxycycline, but the samples did not follow 
a simple trend with the doxycycline concentration. In contrast, the final setting of 
Sr-doped counterparts was only slightly affected by doxycycline without a clear 
trend [91]. As would be expected, drugs interacting strongly with CaPs were found 
to substantially delay CPC setting. Alendronate addition (0–4.0%) increased the 
initial setting time from 9.3 to 17.3 min, and the final setting time from 29.3 to 
44.2 min [97]. Pamidronate (1.0 mM in liquid phase) was observed to delay the 
initial and final setting of CPCs from 6 and 15 min to 10 and 27 min, respectively 
[99].

Injectability broadly indicates the handling performance during injecting a CPC 
through the syringe needle [101]. As opposed to setting times, no universal defini-
tion seems to have been given to injectability. Many studies measured by the force 
required to extrude CPCs from the syringe, and other weighed the percentage of 
mass extruded at a given pressure [33, 98]. However, these results reflect the flow 
property without caring for the quality of the extruded paste, such as liquid-solid 
separation during paste injection. Shen et  al. reported that addition of 0.1–3.0% 
alendronate to CPCs improved the injectability (percentage of paste extruded a 
syringe needle in 2  min under 5  kg force) from ~70% to >90% [98]. Haghbin- 
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Nazarpak et  al. measured the injectability (force applied to drive paste flow) of 
gentamicin-loaded CPCs and did not notice major changes [33]. Injectability is 
intrinsically related to rheology, and small molecules are usually not strong modi-
fiers of rheological properties [104]. This is analogous to the situation for OPC used 
in the construction industry, where rheological properties of cement slurry are rou-
tinely modified with polymers. For CPCs, as recently reviewed by Zhang et  al., 
major factors affecting injectability are physical ones such as liquid/solid ratio, par-
ticle size distribution, particle morphology, and viscous component [104].

7.4.3  Release Kinetics

Release of drugs from CPCs can be affected by multiple factors, such as porosity of 
the CPCs, distribution of pore size, drug-CPC interactions, and CPC degradation 
[2]. However, in numerous studies, the release rate was found to follow Higuchi’s 
Eq. 7.1 [28]:

 
Q A M C C D C ts s= × −( )× × ×0 02

 
(7.1)

where Q is the amount of drug released at moment t, A is the surface area of the 
drug-releasing CPC sample, M0 is the total amount of drug, C0 is the initial concen-
tration of the drug in the CPCs, D is the diffusion coefficient of the drug in the 
CPCs, Cs is the solubility of the drug in the CPC matrix, and t represents the time 
[28].

This famous equation was initially developed for the release of a drug from a 
polymer matrix based on the following assumptions: (1) the initial drug concentra-
tion in the matrix is higher than its solubility; thus, the drug is homogeneously dis-
persed in the matrix as solid particles; (2) the drug diffusion through the matrix is 
the rate-limiting step; (3) the diffusion coefficient of the drug is constant and inde-
pendent of time or location; and (4) the matrix is not swelling or dissolving [105].

CPCs are intrinsically porous. The degree of porosity and characteristics of pores 
are also factors influencing drug release from CPCs. When pores in the matrix are 
taken in consideration, Eq. 7.1 is modified to Eq. 7.2 [28]:

 
Q A M C C

D
C ts s= × −( )× × ×0 02

ε
τ  

(7.2)

where ε and τ represent the porosity and tortuosity of the matrix, respectively.
Nevertheless, in both equations, the cumulative release (Q) is proportion to the 

square root of time (t1/2). This relationship explains the ubiquitously observed bipha-
sic release profile (fast initial release followed by a gradually slowed release toward 
a plateau, Fig. 7.5) in a large number of studies, as reviewed in other sections of this 
Chapter. Otsuka et al. [35, 52, 55] performed a series of studies on CPCs containing 
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a variety of drugs (e.g., indomethacin, bovine insulin, and BSA) and confirmed that 
the release rate was in accordance with to Higuchi’s equation.

As would be predicted by Higuchi’s model, the porosity is a key influencing fac-
tor for the rate of drug release, and this has been confirmed by numerous studies. 
Otsuka et al. prepared CPC samples with a range of porosities by varying the liquid/
solid ratio and found that the release rate increased progressively with the porosity 
[106]. Additionally, based on Eqs. 7.1 and 7.2, it may be tempting to think that drug 
release is independent of the chemistry of the drug or the material. However, careful 
observation indicates that this is incorrect, because the characteristics (e.g., solubil-
ity) of the drug and likely drug-material interactions may present additional kinetic 
limiting steps, violating the assumption (2) associated with Eq. 7.1. Under these 
conditions, drug release can be controlled by multiple factors. Yang et al. prepared 
CPCs containing 1% methotrexate (a nonaqueous soluble anticancer drug) and 
observed a continuous drug release lasting for 2–4  months, which is largely 
explained by the insolubility of this drug [107]. Zhao et al. reported that CPCs con-
taining 2%, 5%, and 10% alendronate released only 33.2%, 24.4%, and 20.8% of 
the drug load over 21 days; this slow release is also attributed to the strong binding 
of phosphonate groups of the drug to Ca2+ on the surface of CPC particles [107]. 
Compared with organic polymers, drug incorporation in inorganic materials pres-
ents many challenges, such as the difficulty to tune their encapsulation properties 
and interactions with drugs. Despite this, Ghosh et al. recently discovered that the 
characteristics of the CPC powder, and drug-material interactions, can be used to 
tune the drug release behavior [108]. They synthesized two forms of HA that main-
tained their amorphous nature for different periods before final transformation to 
crystalline HA by controlling the precipitating conditions during synthesis [108]. 
The authors found that, by varying the ratios of the two forms in the CPCs, the 
release kinetics of vancomycin and ciprofloxacin were adjusted. Increasing the pro-
portion of the form maintaining the amorphous state for a shorter period decreased 
the release rates for both drugs and vice versa [108]. These showed that, although 

Fig. 7.5 (a) Cumulative release of gentamicin (GC) (0.5–1.5 wt.%) from CPC. (b) Same results 
plotted as cumulative release vs. square root of time (unpublished results)
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Higuchi’s diffusion-controlled model dominates in the majority of cases, the drug 
release is controlled by additional factors, and innovation in materials development 
can open new opportunities in controlling drug release from CPCs.

7.5  Potential Applications of CPCs as Drug Delivery Systems

CPCs have been demonstrated to bond to bones and degrade progressively to allow 
substitution by newly formed bone tissue [2]. In many cases, it is developed in an 
injectable form to improve the ease of use and allow minimally invasive operations. 
Furthermore, CPC-based release systems can locally deliver drugs with improved 
bioavailability and controlled released profiles [2, 27]. Thus, the drug is retained 
locally at the site of implantation for a prolonged period to achieve desired purposes 
such as modulating the healing process [2, 27].

As mentioned above, drug release from CPCs implanted in  vivo is generally 
believed to be Higuchi’s diffusion-controlled model because the rate of CPC degra-
dation is much lower than that of drug release [27]. Furthermore, drug release from 
the CPCs is affected by two major factors: the porosity of the CPCs and the charac-
teristics of the drug incorporated [27]. Therefore, the use of CPCs in the musculo-
skeletal system for local-controlled drug release is an attractive option to accelerate 
bone fracture and defect healing. To date, in terms of the application of CPC-based 
drug release system, four major categories of CPC-based drug release systems have 
been developed for promoting bone regeneration, preventing bone infections, treat-
ing bone tumors, and managing osteoporosis. Furthermore, Ginebra et al. reviewed 
studies on CPCs as carriers for antibiotics, analgesics, anticancer, anti- inflammatory, 
and growth factors [2, 90].

7.5.1  Promotion of Bone Regeneration

A variety of growth factors have been found to stimulate bone regeneration and 
were therefore introduced into porous bioceramic scaffolds to enhance their osteo-
inductive and vascularization properties [109, 110]. Some extensively studied fac-
tors include bone morphogenic proteins (BMPs), transforming growth factors 
(TGFs), basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF), and 
vascular endothelial growth factors (VEGFs) [27]. The same strategy has been 
applied to CPCs. Bose et al. reviewed approaches of delivering drugs and growth 
factors via various forms of CaP (particles, coatings, cements, scaffolds) for ortho-
pedic and dental applications and then identified critical issues and challenges [25].

Ohura et  al. incorporated BMP-2 to a resorbable CPC at two doses (1.26 or 
6.28 μg) and implanted samples in critical-sized defects created in the femurs of rats 
[111]. Three weeks after implantation, samples carrying 6.28 μg of recombinant 
human BMP-2 (rhBMP-2) resulted in osseous union; 9 weeks after implantation, 
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the experimental femurs recovered 99% of the failure torque and 141% of bone 
stiffness (vs. intact contralateral femurs), confirming an accelerated fracture con-
solidation [111]. Seeherman et al. performed a series of in vivo studies to compare 
the performances of different injectable CPC osteogenic factor combinations in 
large animal models [112–114]. Results showed that 10 weeks after operation, a 
commercial resorbable CPC carrying rhBMP-2 promoted bone healing in a nonhu-
man primate fibular osteotomy model. In their study, bone healing was accelerated 
by approximately 40%, as compared to untreated osteotomy sites [112–114]. 
Ventura et  al. investigated the stages of bone healing of CPC scaffolds carrying 
BMP-2 with three controls (i.e., blank porous CPCs, dense CPCs, autografts) in a 
rat calvarial defect model by positron emission tomography (PET) and computed 
tomography [115]. Eight weeks after implantation, they recorded the highest 18F 
intensity in the BMP-2 group, followed by the controls (order: blank porous 
CPCs  >  dense CPCs  >  autograft). Histomorphometry (bone volume percentage) 
also indicated a significantly higher new bone formation in the BMP-2 group than 
the controls [115].

Kroese-Deutman et al. loaded rhBMP-2 on porous CPC disks and subcutane-
ously implanted them in the backs of rabbits for 10 weeks and found clear bone 
formation and vessel ingrowth into CPCs [116]. In comparison, no bone formation 
was found in blank CPC controls. No signs of CPC degradation were found, and all 
disks maintained their original shape and stability during the study [116]. Seeherman 
et al. loaded rhBMP-2 in CPCs at two levels (0.166 or 0.033 mg/mL CPCs) and 
injected samples into critical-size (20 mm) mid-diaphyseal defects in the radii or 
mature rabbits [117]. Eight weeks after operation, complete cortical bridging and 
reconstruction of the medullary canal were observed in all defects filled with CPCs 
containing 0.166 mg rhBMP-2/mL CPCs [117]. Link et al. mixed CPCs with gelatin 
microparticles containing TGF-β1 and injected the composite cement in circular 
defects in the femoral condyles of rabbits [118]. Twelve weeks after operation, 
defects filled with composite CPCs exhibited increased bone density, remodeling, 
and filler degradation [118].

Lee et al. also investigated CaP-alginate cement composites for drug delivery 
and tissue engineering applications [119]. They mixed a powder based on 
α-tricalcium phosphate (α-TCP) with a sodium alginate solution and injected the 
paste in a Ca-containing bath, forming submillimeter-diametered fibers. The fibers 
were subsequently press molded into different porous scaffolds with different 
porosities. Rat bone marrow-derived stromal cells (BMSCs) seeded on the scaffolds 
proliferated actively and permeated into the porous network, with the highly porous 
scaffolds exhibiting more favorable proliferation and osteogenic differentiation. 
Implantation of the porous scaffolds into rat calvarial defects for 6 weeks indicated 
bone formation inside scaffolds and a nearly complete defect closure [119]. Mause 
et al. studied CPC composite based on β-TCP for BMP-2 release [120]. CPCs con-
taining rhBMP-2 (0.2 mg/cm3) were used to fill distal epiphyseal defects in bovine 
femurs, as compared with controls (i.e., autograft, blank TCP, unfilled defect). It 
was found that defects filled with blank TCP exhibited a significantly increased 
bone content compared with those filled with the composite or autograft. However, 
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the TCP/rhBMP-2 group showed significantly less cement particles compared with 
blank TCP, suggesting that incorporation of rhBMP-2 led to a faster remodeling of 
the defect [120].

In addition to drugs, cells actively participating in bone regeneration are another 
promising factor for incorporation in CPCs. Recently, Weir et al. studied the possi-
bility of combining cells with CPCs [121]. They encapsulated human bone marrow- 
derived stromal cells (hBMSCs) in alginate hydrogel beads and then incorporated 
these beads in scaffolds prepared from CPCs, CPC composite reinforced with chi-
tosan, and CPC composite reinforced with chitosan and polylactide-co- polyglycolide 
fibers. After cultured for 21 days, the percentage of viable cells and cell density 
inside CPC-based composites matched those in alginate without CPCs. Cells 
formed apatitic mineral deposits, indicating that CPC setting did not harm the via-
bility and activity of hBMSCs encapsulated in the beads, and these composites may 
present an interesting option for bone regeneration [121]. Park et al. prepared CPC 
composites containing three different additives and/or viscosity modifiers (e.g., car-
boxymethyl cellulose, silk, and alginate) as vehicles for the delivery of cells (hBM-
SCs) and evaluated cell protection behaviors of the composites [122]. The CPCs 
modified with alginate produced the best cell proliferation, ALP and collagen pro-
duction, and osteogenic transcript increase. These results suggested that, CPC-
alginate composites may serve as delivery vehicles for cells involved in bone 
regeneration [122].

7.5.2  Bone Infection

Bacterial adherence and postoperative infection is one of the most frequent causes 
of bone implant failure. Local use of CPCs carrying antibacterial compounds has 
been proposed to control inflammatory response and reduce the risk of bone infec-
tion. The advantages of this strategy include a high delivery efficiency, sustained 
antibacterial action, and reduced toxicity.

Hamanashi et al. incorporated vancomycin in a CPC based on TTCP and DCPD 
[123]. They observed sustained release in PBS for 2–9 weeks from composites con-
taining 1–5% vancomycin. It was noted that a composite containing 5% vancomy-
cin maintained effective concentration (20 times minimum inhibitory concentration) 
in rabbit tibial condyle bone marrow for 3 weeks [123]. In addition to common 
antibiotics, Stallmann et al. studied the use of CPCs containing a broad-spectrum 
antimicrobial peptide (hLF 1–11) in preventing osteomyelitis with a rabbit femur 
model [124]. Cement containing 50 mg/g peptide was injected in femoral canals 
after inoculated with Staphylococcus aureus. Three weeks after operation, slices 
retrieved from peptide-treated CPCs formed significantly less bacterial colonies 
compared with the untreated control. Early bone ingrowth into CPCs was also 
detected [124].

Apatitic CPCs are typically degraded slowly in vivo, as a result of its thermody-
namic stability [125]. This limits the degree of tissue ingrowth into the CPCs, 
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adverse affecting its replacement by a new bone. To overcome this disadvantage, a 
number of studies have explored compositing CPCs with polymers to modulate the 
degradability of the former [2, 27, 33, 90, 126]. The rationale is that, upon degrada-
tion, polymers release acidic monomers, which accelerate CPC degradation and 
increasing the drug release. Roy et  al. incorporated vancomycin-loaded micro-
spheres (40 or 100 μm in diameter) in a CPC based on α-TCP [126]. The composite 
cements showed controlled releases lasting for >10 weeks. The microsphere-laden 
CPCs produced decreasing pH profiles plateauing after ~400 h in PBS, whereas the 
blank CPCs yielded a slightly increasing pH trend. Porosity and morphological 
characterizations revealed that microsphere incorporation created pores between 
15–30 days in PBS with pore sizes consistent with the microsphere diameters, sup-
porting the starting rationale [126]. Loca et  al. incorporated vancomycin-loaded 
PLA microcapsules, coated or uncoated with HA, in a CPC based on α-TCP [33]. 
The composite cement released 7.7% (uncoated microcapsules) and 25.6% 
(HA-coated microcapsules) of vancomycin in 1 day and released 30.4% (uncoated) 
and 85.3% (coated) in 43 days [33]. However, this study did not investigate whether 
the incorporation of polymer microspheres affected the degradation of the CPC 
matrix.

7.5.3  Bone Tumors

The skeleton is a common site for tumor metastasis, or relocation of cancer cells 
from a primary solid tumor [127]. Tumors mostly frequently spread to bones include 
cancers of the lungs, breasts, and prostate. Bone metastases are regularly treated by 
surgical resection and chemotherapies [127]. After bone tumor resection, drug- 
loaded CPCs can be used to fill the void and serve as a source of chemotherapeutic 
agent release. Commonly used chemotherapeutic agents include the classical cyclo-
phosphamide, methotrexate, and 5-fluorouracil and newer anthracyclines and hex-
anes such as epirubicin, doxorubicin, and paclitaxel [128].

Aimed at local delivery of paclitaxel to bone, Lopez-Heredia et al. developed a 
CPC based on α-TCP, CaHPO4, and HA [44]. Paclitaxel was loaded in hardened 
CPCs by adsorption. In vitro loading model indicated a high retention behavior by 
the CPCs, and cell viability assays indicated that paclitaxel released from CPCs 
remained active to influence the viabilities of osteosarcoma and breast cancer cells 
[128]. Yang et al. fabricated CPCs containing 0–1% methotrexate [107]. The in vitro 
and in vivo release profiles showed an initial burst release and subsequent slower 
release. Release rate was found faster in vivo than in vitro, and the authors sug-
gested that methotrexate could be continuously released for 2–4 months at effective 
concentration without producing apparent toxicity on the host rabbits [107]. 
Tanzawa et al. investigated the possibility of co-delivering two drugs from CPCs 
[129]. They prepared CPCs containing cisplatin and caffeine, with the latter 
expected to enhance the cytocidal effect of the former. In vitro growth inhibition 
assays using rat osteosarcoma cells (SOSN2) found that cisplatin and caffeine 
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released from the CPCs inhibited their proliferation and the degree of inhibition was 
greater than that produced by CPCs containing cisplatin alone, confirming the syn-
ergistic effect. In vivo effect was examined by transplanting SOSN2 to rat tibias, 
tumor excision 3 days later, and implantation of CPCs. It was similarly found that 
CPCs simultaneously containing cisplatin and caffeine have the greatest tumor 
growth inhibition than that containing cisplatin alone [129]. In addition to numerous 
studies using CaPs as the setting phase, Doadrio et al. investigated gypsum-based 
cement containing apatite as a carrier for cephalexin [130]. They found that, pure 
gypsum cement rapidly released 80–90% of the drug load after immersion in simu-
lated body fluid (SBF) for 8 h, whereas gypsum cement containing HA produced a 
more sustained release with only 25% released after 8 h and 90% after 1 week. 
Furthermore, the addition of HA to gypsum also reduced the viscosity of the past, 
offering an improved workability [130].

7.5.4  Osteoporosis

Osteoporosis is an increasingly common skeletal disorder characterized by decrease 
of bone mineral density and accompanying loss of skeletal strength. It is a frequent 
cause of bone fractures, particularly in the elderly [131]. Osteoporosis is attributed 
to the disruption of homeostasis in the skeletal system. The bones are constantly 
remodeled by osteoclasts responsible for resorbing bone mass and osteoblasts pro-
ducing new bony mass. In healthy adults, the two actions are normally balanced, 
thereby maintaining a stable bone mineral density. In an osteoporotic patient, how-
ever, the osteoclastic activity exceeds the osteoblastic activity, resulting in a net loss 
of bone mass [131].

The currently leading pharmaceutical treatment for osteoporosis is the systemic 
use of bisphosphonates [132]. Bisphosphonate drugs are a family of compounds 
with two phosphonate groups bonded to a carbon atom, which also bears a hydroxyl 
group. These drugs potently inhibit the activity of osteoclasts to arrest, and in some 
cases even reverse, the development of osteoporosis. Some commonly used bisphos-
phonates include alendronate, clodronate, pamidronate, and zoledronate [132]. A 
number of studies have studied CPCs containing bisphosphonates as a local treat-
ment for osteoporosis. Panzavolta et  al. developed two bisphosphonate-loaded 
CPCs based on a tri-CaP formulation (i.e., TCP, nanocrystalline HA, DCPD) [99, 
133]. Alendronate and pamidronate were separately incorporated into the CPCs by 
dissolving in the liquid phase (water) at 0.4 or 1 mM. It was observed that either 
bisphosphonate did not affect the CPC setting, transformation to calcium-deficient 
HA, or the microstructure of the final product. Human osteoblast-like cells (MG63) 
cultured on bisphosphonate-loaded cements for 3–7  days exhibited normal mor-
phology and improved osteoblastic proliferation. In comparison, human mononu-
clear cells cultured on all bisphosphonate-loaded samples exhibited significantly 
higher production of osteoprotegerin (a cytokine inhibitor of osteoclast genesis) and 
lower osteoclast counts compared with the blank CPC control. These results suggest 
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that bisphosphonate-loaded CPCs may be a biocompatible and anti-osteoporotic 
material for local use in orthopedics [99, 133]. Zhao et al. prepared CPCs contain-
ing 2–10 wt.% alendronate by blending the drug with the cement powder [90]. The 
alendronate-loaded samples exhibited a fast in vitro drug release for ~5 days, and a 
subsequent slow release up to day 21. At 21 days, samples carrying 2%, 5%, and 
10% alendronate release only 33.2%, 24.4%, and 20.8% of the drug incorporated. 
This remarkably sustained release is expectable from the molecular structures of 
bisphosphonate drugs. With two phosphonate groups, these compounds are strong 
chelators for Ca2+; thus, all clinically used bisphosphonates have strong affinities to 
CaPs, including synthetic CaPs and human bone mineral, explaining the slow 
release of alendronate from the CPCs. Rat mesenchymal cells cultured on all sam-
ples proliferated between 1 and 7 days, and no significant difference was observed 
between cements containing different fractions of alendronate nor between a drug- 
loaded cement and the blank CPC control [90].

Estradiol is a female sex hormone but naturally present in both sexes [134]. It is 
essential for the development and maintenance of multiple organs such as the repro-
ductive tissues, skin, and bone. At the cellular level, estradiol inhibits the differen-
tiation toward osteoclasts, reducing their number. In adults, estradiol deficiency 
leads to accelerated bone resorption [134, 135]. Estradiol replacement therapy has 
been clinically used to prevent osteoporotic bone fracture in women. Therefore, 
estradiol is another potential anti-osteoporotic agent for local release. Otsuka et al. 
incorporated 0.5% estradiol in CPCs and investigated its release in SBF containing 
0–100  mg/L Ca2+ [134, 135]. It was found that estradiol release decreased with 
increasing Ca2+ concentration. Subcutaneous implantation in normal and vitamin 
D-deficient rats (i.e., low plasma Ca2+ level) confirmed that estradiol release was 
significantly faster in the former than in the latter. These findings suggest that estra-
diol from this cement is responsive to the local Ca2+ level, which may be relevant to 
skeletal disorders involving abnormal calcium homeostasis such as osteoporosis 
[134, 135].

7.6  Challenges and Prospectives

The process of bone regeneration in a CPC-filled defect starts with the interactions 
between CPCs and the host tissues. Shortly after implantation, the CPC stimulates 
a cascade of biological responses, such as protein absorption on the CPC surface, 
subsequent cellular adhesion, and migration of mesenchymal bone cells, their 
osteogenic differentiation to osteoblasts, the formation and penetration of new 
blood vessels, and finally the formation of new bony tissues [136]. This biological 
cascade recruits and activates the progenitors of inflammatory cell required for 
effective repair of the damaged tissue. On the other hand, it is critical to avoid any 
adverse response from the host, such as fibrous encapsulation of the CPCs [136]. It 
is generally accepted that bone regeneration occurs following a complex spatiotem-
poral profile. Inspired by this natural process, more advanced CPCs may be equipped 
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with smart release mechanisms to meet the requirement of bioactive agents during 
each stage of defect repair [136].

CPCs used for repairing bone defects should provide an effective structural and 
functional solution to the patient. However, bone defects can be caused by fractures, 
surgical excision of tumors, debridement of skeletal infection, or other disorders 
leading to bone damage. Faced with complex origins and pathological characteris-
tics, even the newest purely inorganic (drug-free) CPCs may not address the demand 
of each situation satisfactorily [22]. Therefore, it is imperative to develop smarter 
and multifunctional CPC release systems incorporating a variety of drug carriers 
and functionalities responding to diverse clinical demands.

Stimulus-responsive polymers have been widely investigated as intelligent drug 
release systems that deliver drugs upon triggering by specific physical, chemical, or 
biological signals [137]. Moreover, multifunctional delivery platforms have estab-
lished in polymeric control system to coordinate the timing, concentration, and spa-
tial distribution of signal molecules (e.g., growth factors) to optimally accelerate 
tissue repair [138]. In the future, CPCs and the composite of CaP and functional 
biopolymer may be developed to produce spatial and sequential release of multiple 
drugs or signal factors targeting inflammatory response, angiogenesis, stem cell 
adhesion, osteoblastic differentiation, and bone matrix synthesis [138].

Inorganic nanoparticles with controlled size, shape, charge, surface chemistry, 
and properties have emerged as a new effective tool for drug delivery [139–142]. A 
variety of nanoparticles have been studied for delivering agents of orthopedic inter-
ests. For example, Slowing et  al. synthesized mesoporous silica nanoparticles 
(MSNs) encapsulated with cytochrome c and demonstrated that these particles were 
internalized by HeLa cells and the protein cargo was released into the cytoplasm 
[143]. This suggests the opportunity of delivering signal molecules into living cells 
involved in bone regeneration. Moreover, when functionalized with folate groups, 
these particles also serve as promising carriers selectively targeting cancer cells, 
suggesting potential use in managing bone tumors [143]. Furthermore, because of 
the remarkable versatility of MSNs, they present the possibility of integrating mul-
tiple stimuli-responsive mechanisms in a single delivery system. Manzano et  al. 
have reviewed the boom of multifunctional MSNs as delivery systems [144].

CPCs have been clinically used for over 40 years, and their applications as bone 
graft substitutes and as delivery vehicles have demonstrated very important suc-
cesses. However, enormous applications of CPCs have not yet been explored to 
their maximum extent. The development of advanced technologies and the clinical 
demand will bring their research and development to next step.
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Chapter 8
Biomimetic Ion-Substituted Calcium 
Phosphates

Jun Ma, Shenglong Tan, and Shengmin Zhang

Abstract Biomimetic approaches have been developed to produce calcium phos-
phate with similar composition and/or structure with bone tissues. Template regula-
tion and ionic substitution can endow calcium phosphate special properties and 
improve their interactivity with bone tissues. In this chapter, the recent progress on 
biomimetic ion-substituted calcium phosphate and its applications as calcium phos-
phate cements are reviewed.

Keywords Biomimetic • Template regulation • Ion substitution • Calcium 
phosphate

8.1  Introduction

After several billion years of evolution, mineralized tissues of vertebrates present 
unique hierarchical structures which are assembled in a complicated way. Till now, 
the assembling mechanisms of these hard mineralized tissues remain mysterious 
and nobody can fully reveal the process of mineral formation in biological systems. 
In the past decade, the structure of mineralized hard tissues including bone and teeth 
has been extensively studied [1]. Through simulated mineralization reaction, the 
formation of hydroxyapatite regulated by biological molecules can reveal part of the 
mineralization process in biological systems [2, 3]. However, the fabrication of 
ideal augmentation biomaterials for bone regeneration is still a challenge for us 
nowadays [4].

Biomimetic methods of preparing calcium phosphate often refer to the imitation 
of the biological mineralization process. Because vertebrates have well-adapted 
bone structures through natural selection, the biomimetic approaches inspired by 
natural mineralization process have brought many novel solutions to produce better 
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materials and devices for biomaterials and tissue engineering applications. In bone 
tissues, collagen fibrils are self-assembled into fibers and they regulate the forma-
tion of calcium phosphate as template. The calcium phosphate mineral in bone is 
mainly calcium-deficient hydroxyapatite phase. From the microscopic observa-
tions, the array of mineralized collagen fibrils with a periodicity of about 67 nm is 
well-organized. In the previous summary, such self-assembling mechanism has 
been well established in detail [5]. Inspired by the composition and hierarchical 
structure of bones, nanostructured biomaterials containing calcium phosphate have 
been paid great attention for fabricating bone graft materials, because such materi-
als can promote cell adhesion and proliferation and stimulate new bone growth, 
which show inherent advantages compared to conventional materials [6].

In bone, the mineral is mainly carbonate hydroxyapatite with a platelet-like mor-
phology. The bone mineral composes of 50–150 nm thick stacks of closely packed 
apatite platelets with a thickness of 2.5–4 nm [5]. It is worth noting that many impu-
rity ions are found in bone minerals. The unit cell of hydroxyapatite is flexible to 
accept other ions besides calcium, phosphate, and hydroxyl ions. These ionic sub-
stitutions such as Mg2+ and F− endow the hydroxyapatite materials special proper-
ties. In average, bone minerals contain 7.4% carbonate, 0.13% Cl−, 0.72 Mg2+, 0.9% 
Na+, and so on. Many other trace elements such as Sr2+, Zn2+, Cu2+, and Fe3+ are also 
found in bone minerals. Bone is considered to be a reservoir for many metal ions; 
thus, some poisonous elements can be found in skeleton bone after many years. In 
general, these elements replace calcium, phosphate, and hydroxyl ions in hydroxy-
apatite besides the adsorption on the crystal surface or extracellular matrix. Cationic 
ions, such as Sr2+ and Zn2+, prefer to replace Ca2+ because they have similar size and 
charge. Anionic ions such as F− and Cl− prefer to substitute OH− in hydroxyapatite 
for the same reason. Silicate ions are considered to replace phosphate ions in 
hydroxyapatite due to the similarity between the silicate ions and phosphate ions 
[7]. Because silicate ions have one more negative charge compared to phosphate 
ions, the charge compensation is needed. The substitution mechanism of silicon in 
hydroxyapatite is influenced by the doping concentration and synthesis process [8]. 
Silicon-substituted phosphate and associated charge compensation occur by gener-
ating a more electronegative surface, which promotes biomimetic precipitation [9]. 
For carbonate ions, the substitution in hydroxyapatite has two possible positions: 
hydroxyl position for A-type and phosphate position for B-type [10]. Raman and 
infrared (IR) spectroscopy can be used to analyze the carbonate substitution in 
hydroxyapatite. For example, the A-type carbonate substation can be recognized 
with a FT-IR band at 1455 cm−1, while the FT-IR band of the B-type carbonate sub-
stitution is at 1425 cm−1 [11].

It is known that many ions play critical roles in the biological system. For exam-
ple, bone is a reservoir of zinc ions which have diverse roles such as enzymatic 
activity, hormonal activity, and mineralization process [12]. Zinc-substituted 
hydroxyapatite has been paid much attention because it promotes bone formation 
around the implants. In addition, Zn2+ is considered to regulate the immunological 
response. The production of cytokines of monocyte cells is influenced by the Zn2+ 
released from the implants [13]. Sr2+ and Mg2+ have been extensively studied 
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because their substitutions in hydroxyapatite can stimulate new bone formation 
[14–18]. In general, the effect of ion-substituted calcium phosphate is induced by 
the degradation and subsequent release of ionic ions. However, the role of silicon 
substitution in calcium phosphate is a little complicated and remains debated. The 
improved biological performance of silicon-substituted calcium phosphate does not 
fully correspond to the release of silicate ions [8]. Although the release of silicon 
does not reach the effective level, the silicon-substituted hydroxyapatite can still 
perform superior biological properties.

Besides hydroxyapatite, calcium phosphate has other phases. Although these 
phases do not have similar composition and structure with hydroxyapatite, they can 
transform into hydroxyapatite or calcium-deficient calcium phosphate in physiolog-
ical conditions. Composed of calcium phosphate precursor powder and curing liq-
uid, calcium phosphate cements (CPCs) can react with water and hydrolyze 
subsequently, forming apatite-like materials, which is called a setting process. 
According to the composition of final products, apatite and brushite can be formed 
after the setting process. For apatite cements, α-TCP was used and formed calcium- 
deficient hydroxyapatite. The other forms of calcium phosphate such as tetracal-
cium phosphate (TTCP) and dicalcium phosphate anhydrous (DCPA) or dicalcium 
phosphate dehydrate (DCPD) can set at physiological environments. For brushite 
cements, β-TCP is the major component. One typical example is the mixture of 
β-TCP and monocalcium phosphate monohydrate. During the setting process, 
brushite crystals are precipitated and form stable cements. Compared to the tradi-
tional polymethyl methacrylate (PMMA) bone cement, the heat generation of CPC 
setting process is much less, which can be negligible. The unreacted monomer of 
PMMA cement is harmful to the surrounding tissues. For CPC, unreacted calcium 
phosphate seemed to be harmless to tissue.

The setting process of CPCs is important to the tissue response. CPCs have 
attracted so much interest because their setting products have similar composition 
to bone minerals and they have bioactivity with bone. The apatite-forming ability at 
the interface of the implant cement materials for bone repairing is critical to the 
performance for long-term applications. Many failures occur because of the interfa-
cial loosening. Osteointegration is used to describe such direct interface between 
the bone implant and bone tissues. Higher apatite-forming ability means more reli-
able performance and good osteointegration. Fabrication of bone cement materials 
with similar composition and structure with bone tissues is a typical biomimetic 
approach. In order to fabricate better biomimetic biomaterials for bone repairing, 
we need to understand the details of bone remodeling process and the related bone 
structures.

Through mimicking the composition of natural bone, CPC materials have shown 
great potential in the orthopedic applications. In this chapter, biomimetic methods 
will be introduced to prepare calcium phosphate with ionic substitutions for bone 
repairing applications, especially as bone cement and defect filling materials. In the 
strategy of fabricating biomimetic ion-substituted calcium phosphate, template 
molecules (soluble, fibrous, structure template) and ionic substitutions (Sr, Mg, Si, 
Se, F, etc.) can be varied to adjust the properties of calcium phosphate obtained. In 
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addition, the reaction factors including pH, temperature, and aging process also 
have important roles in the fabrication process (Fig. 8.1).

8.2  Biomimetic Synthesis of Ion-Substituted Calcium 
Phosphate

Wet chemical precipitation is a typical facile process for the synthesis of calcium 
phosphate. For a typical reaction, calcium ions and phosphate ions are mixed and 
the supersaturation of calcium phosphate is reached in aqueous solution. Different 
calcium phosphate phases have different Ca/P molar ratios. The Ca/P ratio of stoi-
chiometric hydroxyapatite is 1.667. For a typical synthesis of hydroxyapatite, 
0.06 M sodium hydrogen phosphate solution is mixed with 0.1 M calcium chloride 
solution (P/Ca = 0.6) and the pH value is adjusted to 9–11 by alkaline solution at 
80 °C. After aging for 3–5 h, the precipitate in the slurry can be separated by cen-
trifugation or filtration. Using the similar method, different calcium phosphate 
phases can be precipitated according to the conditions such as the Ca/P ratio, tem-
perature, pH value, aging time, and template molecules. The template molecules 
can change the nucleation and crystal growth of calcium phosphate, including the 
phase transition process [1].

The Ca/P molar ratio of DCPD and DCPA is only 1.0. DCPD is obtained by mix-
ing calcium and phosphate solution at room temperature to 60 °C and pH = 4–6. 
After heating above 100 °C, DCPD converts to DCPA. The Ca/P ratio of TCP is 1.5. 
TCP is produced by heat treatment of calcium phosphate. β-TCP can be fabricated 
by solid-state reaction of calcium carbonate with DCPD at 900  °C.  Calcium- 
deficient hydroxyapatite can also be transformed to β-TCP. With the aid of  surfactant, 
the phase transition temperature can be reduced through the biomimetic method. 

Fig. 8.1 The biomimetic approach for fabrication of ion-substituted calcium phosphate
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For example, ovalbumin was used to regulate the formation of calcium- deficient 
hydroxyapatite and the resultant products can be converted to β-TCP at 550 °C [19]. 
At 1300 °C, α-TCP can be converted from the β-TCP phase or other calcium phos-
phate phases. Compared to β-TCP, α-TCP is more soluble and can more rapidly 
hydrolyze to calcium-deficient hydroxyapatite [20]. Other calcium phosphate salts 
can also be fabricated by controlling the reaction conditions [21]. In most studies, 
TCP was prepared by heat treatment at high temperature. Besides the sintering pro-
cess, a sol-gel method could be used to prepare TCP at room temperature. In metha-
nol, nanosized β-TCP was synthesized at room temperature for 8 h by the reaction 
between calcium acetate and H3PO4 [22].

The preparation of ion-substituted hydroxyapatite and TCP can be realized by 
adding related ions. For example, nanostructured hydroxyapatite and Mg-substituted 
brushite and TCP were introduced by simply replacing the calcium salts with mag-
nesium salts [23]. Detailed examples of ionic substitution in calcium phosphate will 
be further introduced in the following sections.

CPCs often contain one part of precursor powder and one part of liquid. Physical 
mixing of calcium phosphate salts is often used to produce CPC precursor powder. 
The curing liquid is mixed with the precursor powder before applying to the bone 
defects and implanted areas. The setting time of the paste mixture is of importance 
to the clinical applications. Typically, biomimetic calcium phosphate cement has a 
setting time from several minutes to half an hour. For example, 58 wt% α-TCP, 
25 wt% DCPA, 8.5% calcium carbonate, and 8.5% hydroxyapatite were intermixed 
using a mortar and pestle and a typical CPC precursor powder was produced. For 
strontium substitution, calcium carbonate can be replaced partially or fully by stron-
tium carbonate. For the preparation of paste mixture, aqueous 4  wt% disodium 
hydrogen phosphate solution was mixed with the precursor powder and subsequent 
setting process occurred [24]. The precursor properties including crystal phases and 
particle size affect the solubility and setting process. The ratio of liquid chemical 
composition containing phosphate to the powder is critical to the property of the 
bone cement, such as setting time, mechanical strength, and injectability. Many 
studies focused on the optimized formulations of CPCs to achieve good mechanical 
properties and biological activity.

8.3  Cation-Substituted Calcium Phosphate

Here, four main types of cationic ions (Mg, Zn, Sr, and alkali ions) substituted in 
calcium phosphate are introduced, which show biological functions for bone tis-
sues. According to the composition, three types of calcium phosphate bone cements 
are involved: brushite [25], apatite [26], and α-TCP cement [27]. Mg2+, Zn2+, and 
Sr2+ ions are all divalent cations, which usually substitute into the Ca (II) site. For 
alkali ions such as K+ and Na+, they substitute into the H (I) site in the structure of 
calcium phosphate. It is well known that ionic substitutions in the lattice of calcium 
phosphates have significant influence on the crystal structure, lattice parameters, 
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crystal shape, solubility, and thermal stability compared to calcium phosphate with-
out substitution. Furthermore, degradability, self-setting characteristics, mechanical 
strength, injectability, and biological properties of CPCs are influenced after the 
cationic substitutions.

In general, there are four possible ways to produce cation-substituted CPCs: (a) 
add cationic ions or salts to an existing cement formulation, (b) substitute calcium 
ions in the cement precursor powder by their cationic analogues (e.g., substitution 
of CaHPO4 by SrHPO4), (c) use cation-substituted calcium phosphate phase as a 
component in the precursor powder (e.g., Sr-substituted α-TCP), and (d) use a cat-
ionic salt-containing solution as liquid phase during the preparation of cement paste 
[14].

8.3.1  Strontium Substitutions

Strontium maintains almost entirely in bone as a level 100–1500 μg/g of the ash 
mass, and it can substitute in many types of calcium phosphates, like amorphous 
calcium phosphate, TCP, hydroxyapatite, octacalcium phosphate (OCP), and 
DCPD. The reported Sr-substituted calcium phosphate contained Sr element in the 
range of 200–1000 μg/g, which overlaps well with the Sr concentration in bone 
[28]. Strontium substitutions cause an increase of apatite lattice parameters and cell 
unit volume because the radius of strontium ions is greater than that of calcium ions 
[29]. The same effect can be found in brushite, apatite, α-TCP, and β-TCP [30–33]. 
In addition, up to 80  mol.% of strontium can enter into the crystal structure of 
β-TCP [31]. The strontium substitution also induces the increased solubility of 
strontium-substituted apatite and brushite [32, 34]. It was reported that the solubil-
ity of strontium-substituted apatite increased with the increasing concentration of 
strontium [34]. Strontium-substituted CPC (SrCPC) can help to enhance in vitro 
degradability and, consequently, osteo-conductivity, as Kuang et al. reported [35].

The setting time of bone cement is important for clinical applications. The 
desired final setting time of bone cement is about 10–15 min [36]. Although the set-
ting process of CPCs depends on the solubility, it is dramatically influenced by the 
physicochemical properties of the cement paste such as the Ca/P ratio, particle size, 
aggregation pattern, and pH value [37]. It was found that when adding nonreactive 
Sr-containing phases like SrCl2 to brushite and α-TCP cement, the final setting time 
increased with the high concentration [32, 38]. Meanwhile, it decreased when the 
reactive Sr-containing phases like SrO were added [39]. Moreover, increasing stron-
tium can reduce the reactivity of Sr-α-TCP and retard the hydration [30], thus 
increasing final setting time. In order to shorten the final setting time to a designed 
range, prolonged milling process with suitable reactants was adopted to increase the 
reactivity of reactants with decreased particle size [40]. Another method is the intro-
duction of a fast chelate reaction by the addition of citric acid, which significantly 
reduced the setting time when 20 wt% citric acid was added [37].

J. Ma et al.



339

The mechanical strength of bone cement is determined by the setting process. 
For α-TCP, the more rapid the dissolution, the higher the supersaturation of the 
solution and the faster the reaction, which results in small platelike crystals. After 
adding strontium, Sr-α-TCP produces larger and needlelike crystals with larger 
voids. These differences of setting process can explain the lower compressive 
strength of Sr-α-TCP bone cement compared to the α-TCP bone cement [30]. It was 
reported that there might exist an optimized Sr content which could improve the 
mechanical strength of Sr-α-TCP bone cement [38] or Sr-containing CPCs [24, 41]. 
The Sr content of 1.0 wt% exhibited a maximum value of 13.0 MPa after 7 days of 
soaking, while large Sr contents led to a reduction in compressive strength.

With the development of minimally invasive surgical techniques, controlled 
injectability of CPCs has stimulated much interest. The main factors to manipulate 
the CPC injectability are particle size [42], particle shape, viscosity of mixing 
 liquid, L/P ratio, and rheology of the paste and additives [43]. S. Pina et al. reported 
that the Sr substitution increased the injectability of α-TCP cement in a relatively 
low L/P ratio up to 0.36 ml/g and explained that Sr enhanced the reactivity of the 
cement. When the L/P ratio was larger than 0.36 ml/g, there was no influence on the 
injectability of α-TCP cement after the Sr substitution [44]. It can be seen that the 
injectability was a result from the combined effects, and no general conclusion has 
been drawn by a single factor.

Sr-containing CPCs have been approved to enhance osteointegration and osteo- 
conductivity both in  vitro and in  vivo [35, 45]. The in  vitro cell cytotoxicity of 
Sr-containing hydroxyapatite bone cement was reported, and no low cytotoxicity 
was observed [46]. Another important merit of the strontium substitution was that it 
effectively attenuates osteoclastic resorption, but does not inhibit osteoclastogenesis 
[47] and osteogenic differentiation [48].

8.3.2  Mg2+ Substitutes

Mg2+ ions have a low content of 0.55 wt% in bone and 0.44 wt% in tooth enamel 
[49], which is much higher than the content of Sr2+ ions. Like Sr2+, Mg2+ can substi-
tute Ca2+ in brushite bone cement [50], apatite bone cement [51–53], and α-TCP 
bone cements [44]. The incorporation of Mg2+ into β-TCP has been reported to 
induce a decreasing trend in a- and c-axis parameter values and a contraction of 
calculated cell volume with increasing Mg concentration. The lattice change can be 
well explained by the different ionic size. Mg2+ ions (72 pm) are smaller than Ca2+ 
ions (100 pm) [49]. Furthermore, a decreased degree of crystallinity was confirmed 
from the X-ray diffraction (XRD) patterns after substitution [54]. The degree of 
crystallinity of Mg-β-TCP decreased with the increasing of Mg content. It was 
found that low crystallinity caused decreased solubility for Mg-doped apatite. 
Moreover, it was interesting that through the low-temperature synthetic process, 
5.7 wt% Mg-doped apatite seemed to perform well in terms of composition, mor-
phology, and crystallinity. The low crystallinity and specific surface area of 
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Mg-doped apatite may induce increased solubility [55]. The XRD patterns of the 
Mg-hydroxyapatite powder were similar to that of natural apatite.

Marc Bohner confirmed that the setting reaction of α-TCP was inhibited with the 
increase of the MgCl2 concentration from 0.1 to 0.5 M and thus prolonged the set-
ting time [56]. Further studies suggested that the ability of cations to block the 
hydrolysis of α-TCP and the conversion to apatite is related to their cationic 
exchange ability with apatite [56, 57]. The increased setting time was also con-
firmed after the addition of magnesium-substituted β-TCP with the general formula 
MgxCa(3 – x)(PO4)2 with 0 < x < 3 to the brushite bone cement [58]. When 
Mg-substituted CPCs contained MgO phase, the setting time decreased with the 
increasing magnesium content [51] for the high reactivity of MgO [59, 60].

It seemed that both Mg-substituted α-TCP cements, fabricated by mainly 
Mg-substituted α-TCP [44] and the addition of MgCl2 solution [56], have no signifi-
cant change in mechanical property. The same results were found in brushite bone 
cement with the addition of Mg-substituted β-TCP [58]. Although the Mg-substituted 
CPCs contained MgO phase, the mechanical strength did not significantly change 
for the Mg-substituted α-TCP and brushite cements with the setting fluid Na2HPO4. 
Another literature reported that the compressive strength was slightly higher in the 
case of Mg-substituted CPC [61]. Moreover, when the setting fluid changed to 
NaH2PO4, the mechanical strength slightly increased with the substitution of Mg2+ 
[51], which may be related to the faster reaction [30] of MgO in a lower pH condi-
tion. Figure 8.2 shows the microstructure of the cement materials obtained using (a) 
liquid 1 (Na2HPO4) and (b) liquid 2 (NaH2PO4). The use of liquid 2 promoted a 
considerable increase in the cement density and the structure became more homo-
geneous. The amorphous phase predominated which led to enhancement of the 
mechanical properties of cement materials.

For lower liquid-to-powder ratios like 0.34 and 0.35  mL/g, Mg-substituted 
α-TCP cement shows good injectability than Sr-substituted α-TCP due to the spe-
cific role of Mg in delaying the setting process, while at the higher liquid-to-
powder ratios like 0.38 mL/g, there was no significate change in injectability and 
full injectability was obtained as α-TCP [44]. The similar result was found in 
Mg-doped brushite cement that the injectability increased with the increasing of 
Mg content [54].

A few literatures reported the biocompatibility evaluation of the Mg-substituted 
CPC. The in vitro cell testing of brushite cement mixed with Mg-substituted β-TCPs 
has shown slight cytotoxicity and enabled the osteoblast cells to proliferate [58]. 
Another in vitro rat BMSC cell adhesion and viability of magnesium-doped apatite 
cement showed that magnesium-doped apatite cement had a better cell adhesion 
than apatite cement in low magnesium content, but higher magnesium contents in 
CPC seemed to be harmful to cell adhesion and spreading [62]. The in vivo bone 
regeneration results also showed that magnesium-doped apatite cement with low 
magnesium content induced more new bone tissue than apatite cement or 
magnesium- doped apatite cement with high magnesium content [62]. Figure 8.3 
shows that the low magnesium content doped apatite cement is good in biocompat-
ibility in vitro (a) and bone regeneration in vivo (b).
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Fig. 8.2 Microstructure of the cement materials with 40 wt% Mg2+ substitution for Ca2+ obtained 
using (a) liquid 1 and (b) liquid 2 (Goldberg et al. [51]) (Reprinted with permission. Copyright © 
2016, Pleiades Publishing, Ltd.)

Fig. 8.3 The influence of 
magnesium content on the 
cell adhesion in vitro (a) 
and bone regeneration 
in vivo (b) of magnesium- 
doped apatite cement 
(Zhang et al. [62]) 
(Reprinted with 
permission. Copyright © 
2015 Elsevier Ltd.)
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8.3.3  Zn2+ Substitutes

Zn is a trace metal element in bone. The average concentrations of Zn were about 
30 ppm and 6 ppm in samples of human bone mineral and collagen matrix, respec-
tively [63]. As a divalent ion, Zn can substitute Ca in α-TCP bone cement [64, 65], 
β-TCP from brushite bone cement [31, 66, 67], and apatitic bone cement [68–70]. 
Zn2+ has lower ionic radii (74.5  pm for sixfold coordination with O) than Ca2+ 
(100 pm for sixfold coordination with O sites in the β-TCP structure). The size dif-
ference leads to that zinc-substituted β-TCP or apatite has a decreased cell param-
eter and contraction in the unit cell volume [31, 67, 71]. It was interesting that 
neither magnesium nor zinc can replace calcium at an extent greater than 20% in the 
β-TCP structure, while β-TCP can host up to 80 atom% of strontium. These differ-
ences suggested that the incorporation of large ions such as Sr2+ does not induce a 
remarkable rearrangement of the unit cell of β-TCP. In contrast, the incorporation of 
small ions such as Zn2+ or Mg2+ induced significant rearrangements of the unit cell 
[31]. The limited Zn substitution concentration has also shown in Zn-doped apatite 
that the substitution limit of Zn was estimated at about 20 mol% for over which the 
precipitates lost their apatite structures and became amorphous phase [72]. The 
same study also showed that the crystal size and the crystallinity significantly 
decreased with an increasing Zn concentration which may distort the crystal struc-
ture of HA and hinder HA crystal growth. A few studies reported that the solubility 
of Zn-substituted TCP changed because of the ionic substitution. Atsuo Ito reported 
that the solubility of Zn-substituted β-TCP decreased steeply with an increase in the 
zinc content [64]. Zinc ions induced destabilization of the α-TCP structure and led 
to an increase in solubility of the Zn-substituted α-TCP phase [73].

Some studies focused on the comparison of Zn-substituted TCP and TCP on the 
setting time. Xia Li reported that α-TCP bone cement incorporating 0.19 wt% zinc or 
less had no adverse effect on the hydrolysis rate of pure α-TCP bone cement [65], 
while the hydrolysis of α-ZnTCP was significantly retarded by incorporating zinc at 
more than 0.26 wt%. The formed apatite decreased significantly compared with the 
hydrolyzed from pure α-TCP [73]. At the same time, the setting time was prolonged 
like Mg2+-substituted α-TCP [56]. Another literature studied the setting time of Zn 
substituted brushite bone cement, but they failed to study the influence of Zn addition 
on the setting time of brushite bone cement due to the use of additives like PEG [74].

Sahar Vahabzadeh reported that zinc-doped brushite cement with 0.25 wt% Zn 
resulted in a notable decrease in compressive strength compared with brushite 
cement after incubation in PBS at 37  °C for 1  day [75]. However, α-TCP bone 
cement incorporating 0.19 wt% zinc or less has no adverse effect on the mechanical 
strength compared with pure α-TCP [65]. These above results indicated that the 
compressive strength of Zn-substituted CPCs may decrease over certain zinc 
content.

In general, limited Zn2+ release had no cytotoxic effect on cell in  vitro. The 
in vitro cytocompatibility test of 0.11 Zn wt% α-ZnTCP showed that no significant 
differences in cell density were found compared to pure α-TCP [73]. The ZnTCP/
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HAP composite ceramics promoted the proliferation of MC3T3-E1 cells without a 
cytotoxic effect up to a zinc content of 1.20 wt%, releasing zinc up to a concentra-
tion of 3.53 mg/L. The cytotoxicity was induced by more release of Zn2+ ions for the 
more soluble zinc oxide [66]. Another study reported that Zn- and ZnSr-substituted 
β-TCP cements with about 2.4 ± 0.1 mol% Zn2+ showed nontoxicity to MC3T3-E1 
cells. It also showed that ZnCPC or ZnSrCPC cements confirmed their biocompat-
ibility and capability of induction of cellular proliferation [76]. The in vivo study 
about zinc-containing α-TCP with different Zn contents from 0.03 to 0.08 wt% indi-
cated that the optimum amount of zinc in the hard tissues is about 0.03 wt%, avoid-
ing inflammatory reaction and significantly promoting more new bone formation 
than that without zinc [65]. The in vivo results showed that brushite cement with 
higher Zn content of 0.25 wt% can effectively enhance early-stage in vivo osteoin-
tegration and bone remodeling properties [75]. In summary, the suitable zinc con-
centration in the CPCs can bring positive effect to the bone integration.

8.3.4  Alkali Ionic Substitutes

Alkali ions like Na+ and K+ were detected mostly in human tendons and bone miner-
als as trace elements with concentrations of 103 and 102  ppm, respectively [63]. 
Alkali ions can substitute H+ ions in many types of calcium phosphates, like 
CaNaPO4 (CSP), CaKPO4 (CPP), Ca2KNa(PO4)2 (CPCP) [77], and Ca2KNa(PO4)2 
(CPSP) [78, 79]. The available alkali ion-substituted CPC reactants were usually 
fabricated though a two-step process. The mixture of potassium or sodium carbon-
ate and monetite was sintered to form element-substituted CPC reactants and then 
milled to produce suitable powder for cement preparation. The enough milling pro-
cess induced not only decrease of particle size but also loss of crystallinity. The 
formation of amorphous phase in the products increased the solubility [78, 80]. 
Moreover, smaller particle size by milling process increased the rate of hydrolysis 
of alkali ion-substituted calcium phosphate cement and then shortened the setting 
time.

The setting process of such cements is considered to be a two-step reaction. At 
first, alkali ion containing apatite is formed according to Eq. (8.1), and this substi-
tuted apatite is converted to calcium-deficient hydroxyapatite (Eq. 8.2) with further 
release of basic by-products [80]:
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A series of alkali ion-substituted calcium phosphate cements were fabricated and 
showed a setting time of approximately 5 min [77]. R. Gildenhaar fabricated a series 
of Ca2KNa(PO4)2 (CPSP) cements mixed with different additives and setting fluids. 
The results showed that the addition of sodium pyrophosphate led to a decreased 
viscosity, extended setting time, and change in solubility behavior [79].

The compressive strength of alkali ion-substituted CPCs was reported to be 
about 5–10  MPa [77, 81]. The addition of additives to the alkali ion-substituted 
calcium phosphate cements may improve the compressive strength up to 14–19 MPa 
[79].

The small particle size by milling also induced strong alkaline pH value of alkali 
ion-substituted CPC, which may provide antimicrobial properties. Uwe Gbureck 
reported that alkali ion containing cements showed a significantly higher and longer 
antimicrobial potency [77]. The inhibition zones around the potassium- and sodium- 
substituted cements increased to values of approximately 3–6 mm, which showed 
that the antimicrobial potency of the alkali containing CPC was significantly higher 
compared to that of the Ca(OH)2/salicylate.

8.4  Anion-Substituted Calcium Phosphate

The anionic substitutions in calcium phosphate contain fluoride, silicate, and car-
bonate ions. Compared to cation-substituted calcium phosphates, anionic substitu-
tions have not been extensively studied because their effect on new bone formation 
is not very significant. However, the other effects induced by the anion-substituted 
CPC have been paid attention. Fluoride is used as an additive in toothpaste for many 
years because it can enhance the property of enamel. Fluoride ions can enter the 
lattice of hydroxyapatite and replace hydroxyl ions. Fluorapatite-based CPCs were 
prepared by 62.8% CaHPO4, 30.8% CaCO3, and 6.4% NaF and then mixed with 
tricalcium silicate (TCS) to form cement materials, which were set by mixing with 
1.5 M phosphate solution. The setting time was about 10 min and tensile strength 
was about 3.9 MPa [82]. The product showed highly crystalline apatite phase and 
the pH value was approximately 11.0. This formulation of fluorapatite-TCS cement 
is designed for endodontic applications.

Selenium can induce the apoptosis of cancer cells. The incorporation of selenium 
into calcium phosphate can produce a material for anticancer therapy, especially for 
filling bone defects after the removal of bone tumors. Selenite ions were incorpo-
rated into hydroxyapatite by wet chemical coprecipitation [83]. The obtained novel 
selenite-substituted hydroxyapatite can slowly release selenite ions and induce the 
apoptosis of osteosarcoma cells in  vitro [84] and in  vivo [85]. The selenite- 
substituted hydroxyapatite is potentially used as bone filler and cement component 
after the resection surgery of bone tumor tissues, which can not only improve the 
healing process of bone tissues but also reduce the recurrence of bone tumor.

Silicon plays important roles during the bone development. The incorporation of 
silicon into calcium phosphate can endow the material enhanced ability for stimu-
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lating new bone formation. In the preparation process of silicon-doped calcium 
phosphate, many methods including co-sintering and coprecipitation can be applied. 
Silica-doped TCP was prepared by co-sintering at 1400 °C. The apatite deposition 
ability of TCP was enhanced after silica doping and degradation rate was reduced. 
The results showed that apatite covered the sample with >20% Si content and the 
weight loss was about 30% after immersing in SBF. The silica doping could also 
improve the hDPC proliferation and differentiation because of the silicon release 
[86]. Calcium silicate can be mixed with calcium phosphate to form precursor pow-
der of bone cement. For example, monocalcium phosphate was added to calcium 
silicate cement to form the precursor powder. The setting rate and compressive 
strength decreased with the concentration of monocalcium phosphate in the cement. 
During the setting process, monocalcium phosphate reacted with the calcium 
hydroxide that was a hydrate product of calcium silicate and formed apatite. This 
process produced a porous microstructure. The composite cement materials showed 
no toxicity to osteoblast cells and promoted the cell proliferation. The animal test 
results suggested that the incorporation of monocalcium phosphate improved osteo-
integration and decreased the degradation rate [87].

In calcium phosphate, cationic and anionic ions can be doped at the same time; 
for example, silicon and zinc are together doped into the brushite cement. The 
results suggested that 0.5 wt% Si did not change the performance of cement such as 
setting time, TCP content, and compressive strength. However, the addition of zinc 
(0.25 wt%) ions greatly reduced the mechanical strength from 4.8 to 3.8 MPa. For 
dual doping of silicon and zinc, the mechanical strength decreased to about 3.3 MPa. 
According to the bone regeneration effect after implantation, silicon-substituted 
brushite cement showed the best performance, which could promote the early-stage 
osteointegration and bone remodeling process [75]. In order to improve the mechan-
ical properties, carbon fibers were used to reinforce the calcium phosphate silicate 
bone cement, which was used to implant into the femoral defect and intramuscular 
pouches of beagle dogs. The incorporation carbon fibers significantly improved the 
mechanical strength, and the composite cement showed good osteo-conductivity 
and osteo-inductivity according to the in vivo results [88].

8.5  Bi-Phase Calcium Phosphate

The development of biphasic calcium phosphate (BCP) attracts much attention 
because of the optimum balance of hydroxyapatite and TCP. Hydroxyapatite is sta-
ble in human body, and TCP can gradually hydrolyze to calcium-deficient hydroxy-
apatite [89]. Gomes reported that silicon can be incorporated into BCP composed of 
a mixture hydroxyapatite and β-TCP and silicate ions prefer to substitute phosphate 
in hydroxyapatite [90]. In another study, a basic colloidal hydroxyapatite was mixed 
with silica and sintered over 800 °C, resulting in a mixture of TCP and hydroxyapa-
tite with silicon substitution. Silicon was found in both TCP and hydroxyapatite 
lattice, and the doping concentration can regulate the phase transformation of α-TCP 
to β-TCP [91].
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Calcium silicate was mixed with calcium phosphate to form biphasic cement 
which contained TCP and DCDP. Human dental pulp cells cultured on this CaSi- 
TCP material showed upregulated ALP and OCN genes. Meanwhile, cells on CaSi- 
DCDP only showed upregulated OCN gene and no effect to ALP [92]. The BCP 
compound prepared by wet chemical precipitation method was mixed with calcium 
silicate as the precursor powder. Saline solution was used as curing liquid. The BCP 
could not harden, while calcium silicate showed good strength [93]. The setting 
process of the bone cement with good injectability can be utilized to produce porous 
scaffolds for bone defect repair by 3D printing. Li et  al. reported that CPC was 
mixed with mesoporous calcium silicate to produce scaffolds with high mechanical 
strength. Various structures of the scaffolds can be designed and produced by 3D 
printing. In this process, the CPCs exhibited good properties for 3D printing [94]. 
The addition of polypeptide in bone materials regulates the bone formation. Casein 
phosphopeptide is proved to enhance the mineral adsorption from food. Amorphous 
calcium phosphate with casein phosphopeptide was added to produce calcium 
silicate- based cement. The addition of 0.5–1 wt% calcium phosphate did not influ-
ence the physical property, but prolonged the setting time. The Ca and P release 
from the cement increased when 1–3 wt% calcium phosphate was added [95]. Zinc 
acetate was selected as zinc source, and zinc-substituted BCP was prepared by a 
sol-gel method. The obtained Zn-BCP was implanted into a femoral defect of rab-
bit, and it was found that an optimum zinc content in BCP was 0.316 wt% to stimu-
late the bone formation [96].

8.6  Biomimetic Hybrid Calcium Phosphate Materials

The mineralization process is very complicated in the biological systems. Although 
we cannot produce bone tissues or a piece of tooth in vitro, many simplified reac-
tions have been studied to reveal the mechanisms based on template regulations. 
Some soluble acidic molecules, such as citrate ions, are involved as inhibitors, 
which cover the surface of mineral crystals and stop the further growth of crystals. 
The recent studies suggest that citrate bridges the mineral plates [97]. The proposed 
bone mineral is a structure of thin hydroxyapatite platelets with octacalcium phos-
phate citrate like sandwich, which has been proved by solid-state NMR spectros-
copy and XRD analysis. In addition, the soluble acidic molecules form calcium 
phosphate clusters in the initial stages of mineralization [3]. The calcium phosphate 
clusters enter the fibrils of collagen by diffusion and solidify into an amorphous 
phase. The mineralization process directed by collagen drives the phase transition 
from amorphous calcium phosphate to hydroxyapatite.

Collagen is often used to regulate the mineralization process, resulting in a com-
posite of collagen and hydroxyapatite. The hydroxyapatite crystals in the composite 
are nanocrystalline and grow along the c-axis of collagen fibers, which is similar to 
the structure in natural bone. In addition, calcium-deficient hydroxyapatite is most 
frequently obtained in this process. The products are also called mineralized 
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 collagen. The hybrid materials of hydroxyapatite and collagen produced using a 
biomimetic mineralization process are widely used as biomaterials because they 
show good biocompatibility to bone. The mineralized collagen can be mixed with 
calcium sulfate hemihydrate and produces an injectable bone cement [98]. By emul-
sification of a calcium phosphate cement paste with collagen, hybrid calcium-defi-
cient hydroxyapatite microspheres are produced. These composite materials were 
evaluated in a femur bone defect model of rabbits. After 3 months of evaluation, 
new bone grew into the implants composed of microspheres with a tenfold increase 
compared to the normal cement materials. The microspheres formed macroporous 
networks, and the large surface area of hybrid microspheres enhanced the osteocon-
duction [99]. By using reverse microemulsion, calcium phosphate nanoparticles 
(Ca/P = 1.5) can be produced. After heat treatment between 600 and 800 °C, cal-
cium-deficient hydroxyapatite and β-TCP with different ratios were obtained [100].

Besides collagen, many kinds of proteins and macromolecules have been used as 
template molecules to regulate the formation of calcium phosphate [1]. Silk fibroin 
is a linear polypeptide which can also regulate the nucleation and crystal growth of 
hydroxyapatite. In the precipitation process of CaCl2 and (NH4)2HPO4, silk fibroin 
was added to regulate the mineralization at pH = 7.4. After aging for 24  h, the 
obtained composite nanoparticle showed needle- or rodlike shapes with a length of 
20–60  nm [101]. Silk fibroin solution was mixed with H3PO4 solution, and the 
mixed solution was added to Ca(OH)2 suspension at 70 °C. The precipitated nano-
materials are dispersible in water [102]. These hybrid nanomaterials containing 
hydroxyapatite and proteins can be used as the main components of CPCs.

The peptide amphiphile nanofibers were assembled into hydrogel scaffolds, 
which served as template to direct the formation of calcium phosphate [103]. The 
nanofibers have a diameter of 5–7 nm to mimic the nanofibrous structure of a col-
lagen matrix. Bi-/multimolecular templates offer more nucleation sites and active 
centers in the mineralization process. Wang et al. combined silk fibroin and albumin 
as chimeric template, and the hydroxyapatite nanospheres produced by this bimo-
lecular template promoted the osteoblastic differentiation of bone marrow stromal 
stem cells [104]. Ma et al. have used silk fibroin and alginate (acidic molecule) to 
regulate the formation of calcium phosphate, and the shape of hydroxyapatite 
nanoparticles changed into sheetlike with a thickness of about 3 nm and a size of 
more than 100 nm [105]. Zinc ions were also found to change the morphology and 
structure of the obtained hydroxyapatite nanocomposites. The synthetic bimolecu-
lar template was fabricated by polymerization of acrylic acid in chitosan, forming 
the spherical nanogels. These nanogels could also regulate the formation of hydroxy-
apatite. The obtained hybrid materials show promising applications as drug delivery 
systems for protein drugs [106]. An organic matrix composed of chitosan and cis- 
butenedioic acid (maleic acid, MAc) was used as structure template to guide the 
mineralization of monetite crystals. After phase transformation, bioinspired orga-
nized structures containing hydroxyapatite materials were obtained [107]. 
Amphiphilic nanogels of 30–40 nm prepared by self-assembling method were used 
as templates for calcium phosphate mineralization in a dilute hydroxyapatite 
 solution. Hierarchical structures were constructed by nanogel-liposomes and cal-
cium phosphate with a size of about 200 nm [108].
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It is known that TCP bone cement changes into hydroxyapatite in the implanted 
area. The setting process was mediated by the environmental factors. The TCP bone 
cement was mixed with gelatin, which could control the setting process and improve 
the mechanical properties. DCPD is added to adjust the phase transition from TCP 
to calcium-deficient hydroxyapatite. The addition of DCPD prevented gelatin 
release during the setting process. Thus, the reported compressive strength reached 
35 MPa [109].

Poly(methyl methacrylate) (PMMA)-based bone cement has been widely used in 
clinic for many years. Bone morphogenetic protein 2 (BMP-2) plays very important 
roles in the formation of new bone and cartilage tissues, which is involved in the 
signaling pathway of TGF-β. BMP-2 is also considered as one of the most useful 
osteoinductive proteins. Polydopamine is positively charged, which can promote 
the mineralization process [110]. Immobilization of osteoinductive molecules can 
be realized using a bioinspired way. A thin layer of polydopamine is applied on the 
scaffold of polymer or ceramics. The polydopamine-modified surface can effi-
ciently immobilize BMP-2 or similar proteins. In vivo bone formation using the 
polydopamine-BMP-2-modified PLGA scaffolds suggested that osteoinduction was 
improved by this biomimetic coating [111]. Hydroxyapatite nanoparticles have 
been decorated with polydopamine and BMP-2-like peptide (serine-serine-valine- 
proline-threonine). The modified nanoparticles were mixed with PMMA cement. 
The obtained composites exhibited excellent interfacial mechanical properties with 
bone tissues. The biomimetic decoration synergistically enhances the bioactivity for 
bone regeneration [112].

8.7  Conclusion and Perspective

Calcium phosphate cements possess many advantages because they show similar 
composition compared to bone tissues. Their integration with the surrounding tis-
sues is fast and the biocompatibility is attractive. After the addition of functional 
element substitutions, the osteo-compatibility is enhanced or special unique proper-
ties are endowed. Sr2+ and Mg2+ substitutions in calcium phosphate cements have 
been paid much attention for their enhanced bone formation after implantation. The 
degradation rate matching the regeneration rate of bone tissues is still a challenge 
for us to design an ideal bone void-filling material. In addition, injectable calcium 
phosphate bone cement materials show promising applications. After setting, porous 
structures with enough mechanical properties formed in the bone defects or between 
the implants and bone tissues. The biomimetic designs are believed to be better 
because they provide similar microenvironments which can mimic the complex 
extracellular matrix for cells. The biomimetic material design following the hierar-
chical structure of bone tissues can create highly tailored environments for bone 
regeneration. The biomimetic ion-substituted calcium phosphate materials have 
great potential in the development of novel bone cement materials.
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Chapter 9
Nanodimensional and Nanocrystalline 
Calcium Orthophosphates

Sergey V. Dorozhkin

Abstract Nano-scaled particles and crystals play very important roles in biological 
systems. For example, calcium orthophosphates (CaPO4) with nano-size dimen-
sions represent the basic inorganic building blocks of bones and teeth of mammals. 
According to recent discoveries in biomineralization, zillions of nanodimensional 
crystals of biological apatites are nucleated in body fluids, and afterward, they are 
self-assembled into these complex structures. In addition, both a greater viability 
and a better proliferation of various types of cells have been detected on smaller 
crystals of CaPO4. All these effects are due to the higher surface-to-volume ratio, 
increased reactivity, and biomimetic morphologies of the nano-scaled particles. 
Thus, the nano-sized and nanocrystalline forms of CaPO4 have a great potential to 
revolutionize the hard tissue engineering field, starting from bone repair and aug-
mentation to controlled drug delivery systems. Therefore, preparation and applica-
tion of nanodimensional CaPO4 are the important topics in modern material science, 
and such formulations have been already tested clinically for various purposes. 
Currently, more efforts are focused on the possibility of combining nano-scaled 
CaPO4 with cells, drugs, and other biologically active substances for multipurpose 
applications. This chapter describes current state-of-the-art and recent develop-
ments on the subject, starting from synthesis and characterization to biomedical and 
clinical applications.
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9.1  Introduction

Living organisms can create the amazing ways to produce various high-performance 
materials, and over 60 different inorganic minerals of biological origin have already 
been revealed [1]. Among them, calcium orthophosphates (CaPO4) are of a special 
importance since they are the most important inorganic constituents of hard tissues 
in vertebrates [2, 3]. In the form of a poor crystalline, nonstoichiometric, ion- 
substituted CDHA (commonly referred to as “biological apatite”), CaPO4 are pres-
ent in bones, teeth, deer antlers, and tendons of mammals to give these organs 
stability, hardness, and function [2, 4, 5]. Though we still do not exactly know why 
the highly intelligent animals use conformable CaPO4 as their crucial biomineral for 
survival [6], current biomedical questions of persistent pathological and physiologi-
cal mineralization in the body force people to focus on the processes, including the 
occurrence, formation, and degradation of CaPO4 in living organisms [7–9].

Biomineralization is a process of in vivo formation of inorganic minerals [1, 2]. 
In the biomineralization processes, organized assemblies of organic macromole-
cules regulate nucleation, growth, morphology, and assembly of inorganic crystals. 
Biologically formed CaPO4 (biological apatite) are always nanodimensional and 
nanocrystalline, which have been formed in  vivo under mild conditions [10]. 
According to many reports, dimensions of biological apatite in the calcified tissues 
always possess a range of a few to hundreds of nanometers with the smallest build-
ing blocks on the nanometer-sized scale [2, 4, 5, 11]. For example, tens to hundreds 
of nanometer-sized apatite crystals in a collagen matrix are combined into self- 
assembled structures during bone and teeth formation [2, 4, 5]. Recent advances 
suggest that this is a natural selection, since the nanostructured materials provide a 
better capability for the specific interactions with proteins [12].

Due to the aforementioned, nanodimensional and nanocrystalline forms of 
CaPO4 are able to mimic both the compositions and dimensions of constituent com-
ponents of the calcified tissues. Thus, they can be utilized in biomineralization and 
as biomaterials due to their excellent biocompatibility [13, 14]. Further develop-
ment of CaPO4-based biomaterials obviously will stand to benefit mostly from nan-
otechnology [15], which offers unique approaches to overcome shortcomings of 
many conventional materials. For example, nano-sized ceramics can exhibit signifi-
cant ductility before failure contributed by the grain-boundary phase. Namely, 
already in 1987, Karch et al. reported that, with nanodimensional grains, a brittle 
ceramic could permit a large plastic strain up to 100% [16]. In addition, nanostruc-
tured ceramics can be sintered at lower temperatures; thereby, major problems asso-
ciated with a high-temperature sintering are also decreased. Thus, nanodimensional 
and nanocrystalline forms of bioceramics clearly represent a promising class of 
orthopedic and dental implant formulations with improved biological and biome-
chanical properties [17].

Many other advances have been made in biomaterial field due to a rapid growth 
of nanotechnology [18]. For example, a theory of “aggregation-based crystal 
growth” [19] and a concept of “mesocrystals” [20, 21] highlighted the roles of 
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 nano- sized particles in biological crystal engineering. In this aspect, the study of 
CaPO4 is a specific area in nanotechnology, because they might be applied readily 
to repair hard skeletal tissues of mammals [22–24].

Herein, an overview of nano-scaled apatites and other CaPO4 in studies on 
biomineralization and biomaterials is given. The available CaPO4 are listed in 
Table 9.1. To narrow the subject of this chapter, with a few important exceptions, 
undoped and unsubstituted CaPO4 are considered and discussed only. The readers 
interested in various nanodimensional and nanocrystalline ion-substituted CaPO4 
are referred to the original publications [25–51]. Furthermore, the details on CaPO4- 
based nanodimensional biocomposites [52–66] or nanodimensional CaPO4-based 
biocomposites [67–76] are available in literature [77].

This chapter is organized into several sections. After a brief introduction (current 
section), general information on “nano” is provided in the second section. The third 
section briefly compares the micron-sized and nano-scaled CaPO4. The fourth sec-
tion briefly discusses the presence of nano-scaled CaPO4 in normal calcified tissues 
of mammals. The structure of nano-scaled apatites is described in the fifth section. 
Synthesis of nano-scaled CaPO4 with various dimensions and shapes is reviewed in 
the sixth section, while biomedical applications are examined in the seventh section. 
Finally, the summary and reasonable future perspectives in this active research area 
are given in the last section.

9.2  General Information on “Nano”

The prefix “nano” specifically means a measure of 10−9 units. Although it is widely 
accepted that the prefix “nano” specifically refers to 10−9 units, in the context of 
nano-scaled materials, the units should only be those of dimensions, rather than of 
any other unit of the scientific measurements. Besides, for practical purposes, it 
appears to be unrealistic to consider the prefix “nano” to solely and precisely refer 
to 10−9 m, just as it is not considered that “micro” specifically and solely concerns 
something with a dimension of precisely 10−6 m [78]. Currently, there is a general 
agreement that the subject of nanoscience and nanotechnology started after the 
famous talk: “There’s plenty of room at the bottom” given by the Nobel Prize win-
ner in physics Prof. Richard P. Feynman on December 26, 1959, at the annual meet-
ing of the American Physical Society held at California Institute of Technology. 
This well-known talk has been widely published in various media (e.g., [79]).

In 2007, an extensive discussion about a framework for definitions presented to 
the European Commission took place. As the result, on November 29, 2007, the 
nanoscale has been defined as being of the order of 100 nm or less. Similarly, a 
nanomaterial has been defined as “any form of a material that is composed of dis-
crete functional parts, many of which have one or more dimensions of the order of 
100 nm or less” [80]. However, on October 18, 2011, the European Commission 
adopted another crosscutting definition of nanomaterials to be used for all regula-
tory purposes: “Nanomaterial means a natural, incidental or manufactured material 
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containing particles, in an unbound state or as an aggregate or as an agglomerate 
and where, for 50% or more of the particles in the number size distribution, one or 
more external dimensions is in the size range 1 nm – 100 nm. In specific cases and 
where warranted by concerns for the environment, health, safety or competitiveness 
the number size distribution threshold of 50% may be replaced by a threshold 
between 1 and 50%” [81]. Thus, since 2011, the presence of coarser particles in 
amounts up to 50% is allowed in nanomaterials.

Other definitions logically follow this approach such as a nanocrystalline mate-
rial is “a material that is comprised of many crystals, the majority of which have one 
or more dimensions of the order of 100 nm or less” (used to be with the presence of 
neither the micron-sized crystals nor an intergranular amorphous phase; however, 
this is not the case after October 18, 2011) and a nanocomposite is a “multi-phase 
material in which the majority of the dispersed phase components have one or more 
dimensions of the order of 100 nm or less” [78]. Similarly, nanostructured materials 
are defined as the materials containing structural elements (e.g., clusters, crystal-
lites, or molecules) with dimensions in the 1–100 nm range [82], nanocoatings rep-
resent individual layers or multilayer surface coatings of 1–100  nm thick, 
nanopowders are extremely fine powders with an average particle size in the range 
of 1–100 nm, and nanofibers are the fibers with a diameter within 1–100 nm [83, 
84]. It also has been proposed to extend the lower size limit to 0.1 nm [85], which 
would include all existing organic molecules, allowing chemists to rightly claim 
they have been working on nanotechnology for very many years [86].

Strictly speaking, there are serious doubts that the term “nanomaterial” has a 
reasonable meaning. For example, let me cite Prof. David F. Williams, the Editor in 
Chief of Biomaterials:

… some words which have no rational basis whatsoever become part of everyday language 
so rapidly, even if so illogically, that it is impossible to reverse the process and their com-
mon use has to be accepted, or perhaps, accommodated. Nanomaterial is one such word, 
where I have argued that it should not exist, but accept that it does through common usage 
and have to recognise its existence [78]. The discussion about nanomaterial provides a hint 
of the analysis of a biomaterial that follows, since a prefix, which is an indicator of scale, 
cannot specify the integer that follows (in this case a material) unless that integer can be 
qualified by that scale. In other words, it is very clear what a nanometre is because nano – 
means 10−9 and a metre is a measure of length. In the case of nanomaterial, what is it about 
the material that is 10−9. Is it the dimension of a crystal within the material, or of a grain 
boundary, a domain, or a molecule, or is it a parameter of a surface feature of the sample, 
or perhaps of the resistivity or thermal conductivity of the material. Clearly this is nonsense, 
but one has to accept that nanomaterials are here to stay, with even some journal titles con-
taining the word [87].

Following this logic, such terms as “nanocomposite,” “nanocoatings,” “nanopow-
ders,” “nanofibers,” and “nanocrystals” are senseless either and should be replaced, 
for example, by “composites with nano-sized (or nanodimensional) dispersed 
phase(s),” “coatings of nano-sized (or nanodimensional) thickness,” “nano-sized (or 
nanodimensional) powders,” “fibers of nano-sized (or nanodimensional) thickness,” 
and “nano-sized (or nanodimensional) crystals,” respectively. At least, this has been 
done in this chapter.
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According to their geometry, all nanodimensional materials can be divided into 
three major categories: equiaxed, one-dimensional (or fibrous), and two- dimensional 
(or lamellar) forms. Selected examples and typical applications of each category of 
nanodimensional materials and their use in biomedical applications are available in 
literature [88]. It is important to note that in the scientific literature on CaPO4, there 
are cases when the prefix “nano” has been applied for the structures, with the mini-
mum dimensions exceeding 100 nm [89–99].

As a rule, nanodimensional materials can be manufactured from nearly any sub-
stance. Of crucial importance, there are two major characteristics conferring the 
special properties of any nanodimensional material. These are the quantum effects 
associated with the very small dimensions (currently, this is not applicable to the 
biomaterial field) and a large surface-to-volume ratio that is encountered at these 
dimensions. For instance, specific surface areas for submicron-sized particles are 
typically 60–80  m2/g, while decreasing particle diameter to tens of nanometers 
increases the specific surface area up to five times more – an amazing amount of 
surface area per mass! Furthermore, all nanophase materials have unique surface 
properties, such as an increased number of grain boundaries and defects on the sur-
face, huge surface area, and altered electronic structure, if compared to the micron- 
sized materials [78, 100]. While less than ~1% of a micron-sized particle’s atoms 
occupy the surface positions, over a tenth of the atoms in a 10-nm-diameter particle 
reside on its surface and ~60% in a 2-nm particle [101]. This very high surface-to- 
volume ratio of nanodimensional materials provides a tremendous driving force for 
diffusion, especially at elevated temperatures, as well as causes a self-aggregation 
into larger particles. Besides, solubility of many substances increases with particle 
size decreasing [102, 103]. What’s more, nanophase materials could have surface 
features (e.g., a higher amount of nanoscale pores) to influence the type and amount 
of adsorption of selective proteins that could enhance specific osteoblast adhesion 
[104]. Finally and yet importantly, the nanodimensional and nanocrystalline materi-
als have different mechanical, electrical, magnetic, and optical properties if com-
pared to the larger-grained materials of the same chemical composition [105–108].

Further, one should stress that there are both nano-sized biomaterials and nano-
structured biomaterials, which should be differentiated from each other. The former 
ones refer to individual molecular level biomaterials such as single proteins (are not 
considered in this chapter), while the latter ones refer to any biomaterials whose 
structure or morphology can be engineered to get features with nanometer-scale 
dimensions [109]. Although both types of biomaterials constitute a bridge between 
single molecules and bulk material systems, this chapter is limited to CaPO4-based 
nanostructured biomaterials only. In general, nanostructured materials can take the 
form of powders, dispersions, coatings, or even bulk materials. Furthermore, they 
usually contain a large volume fraction (greater than 50%) of defects such as grain 
boundaries, interphase boundaries, and dislocations, which strongly influence their 
chemical and physical properties. The great advantages of nanostructuring were 
first understood in electronic industry with the advent of thin film deposition pro-
cesses. Other application areas have followed. For example, nanostructured bioc-
eramics was found to improve friction and wear problems associated with joint 
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replacement components because it was tougher and stronger than coarser-grained 
bioceramics [110]. Furthermore, nanostructuring has allowed chemical homogene-
ity and structural uniformity to an extent, which was once thought to be impossible 
to achieve [111]. In CaPO4 bioceramics, the major target of nanostructuring is to 
mimic the architecture of bones and teeth [111, 112].

9.3  Micron- and Submicron-Sized CaPO4 Versus the Nano- 
scaled Ones

The micron-sized CaPO4-based bioceramic powders suffer from poor sinterability, 
mainly due to a low surface area (typically 2–5 m2/g), while the specific surface area 
of nanodimensional CaPO4 exceeds 100 m2/g [113]. In addition, the resorption pro-
cess of synthetic micron-sized CaPO4 was found to be quite different from that of 
bone mineral [114].

While the nano-scaled features of natural CaPO4 of bones and teeth had been 
known earlier [2, 115–120], the history of the systematic investigations of this field 
has started only in 1994. Namely, a careful search in scientific databases using vari-
ous combinations of keywords “nano” + “calcium phosphate,” “nano” + “apatite,” 
“nano” + “hydroxyapatite,” etc. in the article title revealed five papers published in 
1994 [121–125]. Although no papers published earlier than 1994 with the afore-
mentioned keywords in the title were found, it is very likely that CaPO4 of nanoscale 
dimensions had been prepared long before; however, those samples just did not 
contain the “nano” prefix due to a lack of the modern fashion to “nano”-related 
terms.

Nanodimensional (size ~67 nm) HA was found to have a higher surface rough-
ness of 17 nm if compared to 10 nm for the submicron-sized (~180 nm) HA, while 
the contact angles (a quantitative measure of the wetting of a solid by a liquid) were 
significantly lower for nano-sized HA (6.1) if compared to the submicron-sized HA 
(11.51). Additionally, the diameter of individual pores in nanodimensional HA 
compacts is several times smaller (pore diameter ~6.6 Å) than that in the submicron 
grain-sized HA compacts (pore diameter within 19.8–31.0  Å) [126]. A surface 
roughness is known to enhance the osteoblast functions, while a porous structure 
improves the osteoinduction compared with smooth surfaces and nonporpous struc-
ture, respectively [104]. Furthermore, nanophase HA appeared to have ~11% more 
proteins of fetal bovine serum adsorbed per 1 cm2 than submicron-sized HA [127]. 
Interestingly, that nano-sized HA was found to increase a thermal stability of pec-
tate lyase from Bacillus megaterium, that is, this enzyme could retain a high activity 
at elevated temperatures (up to 90  °C) in the presence of nanodimensional HA 
[128]. Interfacial interactions between calcined HA nano-sized crystals and various 
substrates were studied, and a bonding strength appeared to be influenced not only 
by the nature of functional groups on the substrate but also by matching of surface 
roughness between the nano-sized crystals and the substrate [129]. More to the 

9 Nanodimensional and Nanocrystalline Calcium Orthophosphates



362

point, incorporating of nanodimensional particles of HA into polyacrylonitrile 
fibers was found to result in their crystallinity degree rising by about 5% [130]. In a 
comparative study on the influence of incorporated micron-sized and nano-sized 
HA particles into poly-L-lactide matrixes, addition of nano-sized HA was found to 
influence both thermal and dynamic mechanical properties in greater extents [131].

The nanostructured CaPO4 offer much improved performances than their larger 
particle-sized counterparts due to their huge surface-to-volume ratio and unusual 
chemical synergistic effects. For instance, powders of nanocrystalline apatites 
[132–137] and β-TCP [138, 139] were found to exhibit an improved sinterability 
and enhanced densification due to a greater surface area. This is explained by the 
fact that the distances of material transport during the sintering become shorter for 
ultrafine powders with a high specific surface area, resulting in a densification at a 
low temperature. Therefore, due to low grain growth rates, a low-temperature sinter-
ing appears to be effective to produce fine-grained apatite bioceramics [140]. 
Furthermore, the mechanical properties (namely, hardness and toughness) of HA 
bioceramics appeared to increase as the grain size decreased from sub-micrometers 
to nanometers [141].

More to the point, nano-sized HA is also expected to have a better bioactivity 
than coarser crystals [142–144]. Namely, Kim et al. found that osteoblasts (bone- 
forming cells) attached to the nano-sized HA/gelatin biocomposites to a signifi-
cantly higher degree than to micrometer-sized analog did [145]. An increased 
osteoblast and decreased fibroblast (fibrous tissue-forming cells) adhesion on nano-
phase ceramics [146–150], as well as on nanocrystalline HA coatings on titanium, 
if compared to traditionally used plasma-sprayed HA coatings, was also discovered 
by other researchers [151–153]. Furthermore, incorporation of nanoscale CaPO4 
was found to result in improved mechanical properties and osteogenic behavior 
within the scaffold compared to the microscale CaPO4 additives [154]. Scientists 
also observed enhanced osteoclast (bone-resorbing cells) functions to show healthy 
remodeling of bone at the simulated implant surface [143]. Besides, the prolifera-
tion and osteogenic differentiation of periodontal ligament cells were found to be 
promoted when a nanophase HA was used, if compared to dense HA bioceramics 
[155]. Thus, the underlying material property, responsible for this enhanced osteo-
blast function, is the surface roughness of the nanostructured surface [18]. 
Interestingly, an increased osteoblast adhesion was discovered on nano-sized CaPO4 
powders with higher Ca/P ratios [156], which points out to some advantages of 
apatites over other CaPO4. Furthermore, a histological analysis revealed a superior 
biocompatibility and osteointegration of bone graft substitutes when nano-sized HA 
was employed in biocomposites [157–159]. However, data are available that nano- 
sized HA could inhibit growth of osteoblasts in a dose-dependent manner [160]. 
Furthermore, a cellular activity appeared to be affected by the shape and dimensions 
of nano-sized HA [161, 162]. Namely, the cellular activity of L929 mouse fibro-
blasts on nano-sized fibers with a diameter within 50–100  nm was significantly 
enhanced relative to that on a flat HA surface, while nanodimensional HA needles 
and sheets with a diameter/thickness of less than 30 nm inhibited cellular adhesion 
and/or subsequent activity because cells could not form focal adhesions of sufficient 
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size [161]. Studies are also available, in which nano-scaled CaPO4 did not show any 
significant improvement over the bigger ones [163].

Obviously, the volume fraction of grain boundaries in nanodimensional CaPO4 is 
increased significantly leading to improved osteoblast adhesion, proliferation, and 
mineralization. Therefore, a composition of these biomaterials at the nanoscale 
emulates the bone’s hierarchic organization, to initiate the growth of an apatite layer 
and to allow for the cellular and tissue response of bone remodeling. These exam-
ples emphasize that nanophase materials deserve more attention in improving 
orthopedic implant failure rates. However, to reduce surface energy, all nano-sized 
materials tend to agglomerate, and to avoid self-aggregation of CaPO4 nano-sized 
particles [164–167], special precautions might be necessary [29, 35, 168–171].

Finally, yet importantly, nano-sized crystals of CDHA obtained by precipitation 
methods in aqueous solutions were shown to exhibit physicochemical characteris-
tics rather similar to those of bone apatite [172]. In particular, their chemical com-
position departs from stoichiometry by calcium and hydroxide ions deficiency, 
leading to an increased solubility, and in turn bioresorption rate in vivo [115, 173, 
174]. The nano-sized crystals of CDHA have also a property to evolve in solution 
(maturation) like bone crystals. Namely, freshly precipitated CDHA has been shown 
to be analogous to embryonic bone mineral crystals, whereas aged precipitates 
resemble bone crystals of old vertebrates [172].

9.4  Nano-scaled CaPO4 in Calcified Tissues of Mammals

9.4.1  Bones

Bone is the most typical calcified tissue of mammals, and it comes in all sorts of 
shapes and sizes in order to achieve various functions of protection and mechanical 
support for the body. The major inorganic component of bone mineral is a biologi-
cal apatite, which might be defined as a poorly crystalline, nonstoichiometric, and 
ion-substituted CDHA [2–5, 173–175]. From the material point of view, bone can 
be considered as an assembly of distinct levels of nine hierarchical structural units 
from macro- to micro- and to nanoscale (Fig.  9.1) to meet numerous functions 
[176]. Furthermore, all these levels of bones permanently interact with cells and 
biological macromolecules. At the nanostructural level, tiny platelike crystals of 
biological apatite in bone occur within the discrete spaces within the collagen fibrils 
and grow with specific crystalline orientation along the c-axes, which are roughly 
parallel to the long axes of the collagen fibrils [177]. Type I collagen molecules are 
self-assembled into fibrils with a periodicity of ~67 nm and ~40 nm gaps between 
the ends of their molecules, into which the apatite nano-sized crystals are placed. A 
biocomposite of these two constituents forms mineralized fibers. The fibers also 
may be cross-linked, which provides a highly dynamic system capable of modifica-
tion through the selection of different amino acids to allow for different mechanical 
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properties for different biomaterial applications [178]. This is why bone is usually 
termed a fiber-reinforced composite of a biological origin, in which nanometer- 
sized hard inclusions are embedded into a soft protein matrix [179]. Though dimen-
sions of biological apatite crystals reported in the literature vary due to different 
treatment methods and analytical techniques, it is generally around the nanometric 
level with values in the ranges of 30–50  nm (length), 15–30  nm (width), and 
2–10  nm (thickness) [180]. Some details on the stability reasons of nanodimen-
sional apatites in bones are available in literature [181, 182].

Why does the nanoscale appear to be so important to bones? It was demonstrated 
that natural biocomposites exhibit a generic mechanical structure in which the 
nanometer sizes of mineral particles are used to ensure the optimum strength and 
maximum tolerance of flaws [183, 184]. Furthermore, nano-scaled apatite has 
another crucial function for organisms. It is a huge reservoir of calcium and ortho-
phosphate ions necessary for a wide variety of metabolic functions, which offer or 
consume calcium and orthophosphate ions through a so-called “remodeling” pro-
cess because of a continuous resorption and formation of nanodimensional apatite 

Fig. 9.1 A schematic illustration of the hierarchical organization of bones. Up to level V, the hier-
archical levels can be divided into the ordered material (green) and the disordered material (blue). 
At level VI, these two materials combine in lamellar bone and parallel-fibered bone. Other mem-
bers of the bone family still need to be investigated with respect to the presence of both material 
types; hence, they are depicted in a box without color. Level VII depicts the lamellar packets that 
make up trabecular bone material and the cylindrically shaped lamellar bone that makes up osteo-
nal bone. The fibrolamellar unit comprises the primary hypercalcified layer, parallel-fibered bone, 
and lamellar bone. Abbreviations: c-HAP carbonated HA, GAGs glycosaminoglycans, NCPs non- 
collagenous proteins (Reprinted from Ref.[176] with permission. Copyright © 2014 Acta 
Materialia Inc. Published by Elsevier Ltd)
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by osteoclasts and osteoblasts, respectively, in a delicate equilibrium [2, 5]. 
Additional details on the structure, properties, and composition of bones are avail-
able elsewhere [5, 175, 185].

9.4.2  Teeth

Teeth are another normal CaPO4-based calcified tissue of vertebrates. Unlike bone, 
teeth consist of a bulk of dentin covered with enamel on the crown and cementum 
on the root surface. Taking into consideration that dentin and cementum are rather 
similar, one can claim that teeth consist of two substantially different biominerals 
[186]. Dental enamel contains up to 98% of biological apatite, ~1% of bioorganic 
compounds, and up to 2% of water. Typical rods in enamel are composed of rodlike 
apatite crystals measuring 25–100 nm and an undetermined length of 100–100 μm 
or longer along the c-axis [187–189]. However, the apatite crystals in enamel were 
found to exhibit regular sub-domains or subunits with distinct chemical properties 
[190]. This subunit structure reflects an assembly mechanism for such biological 
crystals [191, 192]. Similar to that for bones (Fig. 9.1), seven levels of structural 
hierarchy have been also discovered in human enamel; moreover, the analysis of the 
enamel and bone hierarchical structures suggests similarities of the scale distribu-
tion at each level [193]. In enamel, nano-sized crystals of biological apatite at first 
form mineral nanodimensional fibrils; the latter always align lengthways, aggregat-
ing into fibrils and afterward into thicker fibers; further, prism/interprism continua 
are formed from the fibers. At the microscale, prisms are assembled into prism 
bands, which present different arrangements across the thickness of the enamel 
layer. These compositional and structural characteristics endow enamel special 
properties such as anisotropic elastic modulus, effective viscoelastic properties, 
much higher fracture toughness, and stress-strain relationships more similar to met-
als than ceramics [194].

Dentin and cementum contain ~50% of biological apatite, ~30% of bioorganic 
compounds (chiefly, collagen), and ~20% of water. In dentin, the nanodimensional 
building blocks (~25 nm width, ~4 nm thickness and ~35 nm length) of biological 
apatite are smaller than those of enamel. Briefly, dentin and cementum are analo-
gous to bone in many aspects, for example, the inorganic part of dentin has a similar 
composition and a hierarchical structure up to the level of the bone lamellae [173]; 
nevertheless, there are some histogenetical differences from bones. Additional 
details on the structure, properties, and composition of teeth might be found else-
where [195].

To finalize this topic, one should briefly mention that nano-scaled CaPO4 clusters 
are also present in biological fluids of mammals, such as blood, saliva, milk, etc. 
[196].
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9.5  The Structure of the Nano-scaled Apatites

Due to the apatitic structure on natural calcified tissues, apatites appear to be the 
best investigated compounds among the available CaPO4 (Table 9.1). Thus, nano- 
scaled apatites have been extensively studied by various physicochemical tech-
niques and chemical analysis methods [40, 166, 197–215] with a special attention 
to the “nano”-effect (i.e., an enhanced contribution of the surface against the vol-
ume). Computer simulations of the nano-scaled apatites are performed as well 
[216]. Unfortunately, no publications on the structure of other nanodimensional 
and/or nanocrystalline CaPO4 were found in the available literature.

Due to a nanocrystalline nature, various diffraction techniques have not yet given 
much information on the fine structural details related to apatite nano-sized crystals 
(assemblies of nano-sized particles give only broad diffraction patterns, similar to 
ones from an amorphous material) [197, 198]. Nevertheless, the diffraction studies 
with electron microprobes of 35 ± 10 nm in diameter clearly indicated a crystalline 
character of the nano-sized particles in these assemblies. Furthermore, high- 
resolution transmission electron microscopy results revealed that nano-sized parti-
cles of HA behaved a fine monocrystalline grain structure [166, 197].

Therefore, a recent progress on the structure investigations of the precipitated 
apatites (nano-scaled CDHA) has relied mainly on diverse spectroscopic methods, 
which are sensitive to disturbances of the closest environments of various ions 
[213]. Namely, the structure analysis revealed an existence of structural disorder at 
the particle surface, which was explained by chemical interactions between the 
orthophosphate groups and either adsorbed water molecules or hydroxyl groups 
located at the surface of nano-sized apatites [199]. More to the point, infrared 
(FTIR) spectra of nanocrystalline apatites, in the ν4 PO4 domain, revealed the exis-
tence of additional bands of orthophosphate ions which could not be assigned to an 
apatitic environment and which were not present in well-crystallized apatites 
(Fig. 9.2). These bands were assigned to non-apatitic environments of PO4

3− and 
HPO4

2− ions of the nano-sized crystals. Thus, FTIR spectra can be used to provide 
a sufficiently accurate evaluation of the amounts of such environments. Furthermore, 
the non-apatitic environments were found to correspond to hydrated domains of the 
nano-sized crystals, which were distinct from the apatite domains [201, 213]. 
Hence, precipitated crystals of nano-sized apatite appeared to have a hydrated sur-
face layer containing labile ionic species, which easily and rapidly could be 
exchanged by ions and/or macromolecules from the surrounding fluids [199, 200, 
208]. For the as-precipitated apatites, such a layer appears to constitute mainly by 
water molecules coordinated to surface Ca2+ ions, approximately in the 1: 1 ratio, 
while the OH groups account only for ~20% of the surface hydration species. The 
FTIR data indicated that water molecules, located at the surface of nanodimensional 
apatites, are coordinated to surface cations and experience hydrogen bonding sig-
nificantly stronger than that in liquid water [207]. The surface hydrated layer is very 
delicate and becomes progressively transformed into a more stable apatitic lattice 
upon aging in aqueous media. Furthermore, it irreversibly altered upon drying 
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[201]. Outgassing at increasing temperatures up to ~300 °C resulted in a complete 
surface dehydration, accompanied by a decrease of the capability to readsorb water. 
Combination of these data with rehydration tests suggested that a significant part of 
the surface Ca2+ ions, once dehydrated, could undergo a relaxation inward the sur-
face, more irreversibly as the outgassing temperature increased [206].

In another study, elongated nano-sized crystals of CDHA of ~10 nm thick and of 
~30–50 nm length were synthesized followed by investigations with X-ray diffrac-
tion and nuclear magnetic resonance techniques. The nano-sized crystals of CDHA 
were shown to consist of a crystalline core with the composition close to the stoi-
chiometric HA and a disordered (amorphous) surface layer of 1–2 nm thick [205, 
206] with the composition close to DCPD [204]. Based on the total Ca/P ratio, on 
the one hand, and the crystal shape, on another hand, a thickness of the DCPD sur-
face layer along the main crystal axis was estimated to be ~1 nm [204], which is 
close to dimensions of the unit cells (Table 9.2). A similar structure of a crystalline 
core with the composition of the stoichiometric HA and a disordered (amorphous) 
surface layer was found by other researchers [217]. Furthermore, in a study devoted 
to nanodimensional carbonate apatites, the same core/surface layer structure was 
proposed as well [48]; however, this model was not confirmed in another study on 
carbonate apatites [218]. Perhaps, this discrepancy could be explained by the pres-
ence of dopants. A lack of hydroxide in nanodimensional apatites was detected; an 
extreme nanocrystallinity was found to place an upper bound on OH− possible in 
apatites [219]. Interestingly, that dry milling of HA powders was found to result in 
a concentration decreasing of structural hydroxyl groups due to the crystal size 
decreasing with simultaneous increasing of the total water content due to an 
 increasing of the surface area of crystallites [214]. The presence of nonstoichiomet-
ric surfaces coexisting in nanodimensional HA was noticed in still another study 
[210].

However, it is possible to address the structure of surface terminations of HA 
nano-sized particles to be amorphous or crystalline by properly selecting the prepa-
ration parameters and, in particular, the temperature; thus, nanodimensional HA 

Fig. 9.2 FTIR spectrum 
for a nanocrystalline 
apatite sample, around the 
ν4(PO4) vibrational region 
(Reprinted from Ref. [213] 
with permission. Copyright 
© 2012 Elsevier Ltd)
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without the amorphous layer on the surface was prepared [220, 221]. The two types 
of surfaces (amorphous or crystalline) of nanodimensional HA appeared to be quite 
similar in terms of their first hydration layer, as well as Lewis acid strength of 
exposed Ca2+ ions. Both features have a strong dependence on the local structure of 
surface sites (well probed by small molecules, such as H2O and CO) that appeared 
essentially unaffected by the organization at a longer range. Interestingly, that for 
the as-synthesized material, it was found that the first hydration layer was essen-
tially made up of H2O molecules, strongly bound to surface Ca2+ cations in the 1: 1 
ratio. However, once treated at 573 K, the crystalline surfaces of nanodimensional 
HA were found to adsorb multilayers of water in a larger extent than the amorphous 
ones [220, 221].

Table 9.2 Crystallographic data of calcium orthophosphates [240, 241]

Compound Space group Unit cell parameters Za

Density, g/
cm3

MCPM Triclinic P 1 a = 5.6261(5), b = 11.889(2), 
c = 6.4731(8) Å,

2 2.23

α = 98.633(6)°, β = 118.262(6)°, 
γ = 83.344(6)°

MCPA Triclinic P 1 a = 7.5577(5), b = 8.2531(6), 
c = 5.5504(3) Å,

2 2.58

α = 109.87(1)°, β = 93.68(1)°, 
γ = 109.15(1)°

DCPD Monoclinic Ia a = 5.812(2), b = 15.180(3), 
c = 6.239(2) Å, β = 116.42(3)°

4 2.32

DCPA Triclinic P 1 a = 6.910(1), b = 6.627(2), 
c = 6.998(2) Å,

4 2.89

α = 96.34(2)°, β = 103.82(2)°, 
γ = 88.33(2)°

OCP Triclinic P 1 a = 19.692(4), b = 9.523(2), 
c = 6.835(2) Å, α = 90.15(2)°, 
β = 92.54(2)°, γ = 108.65(1)°

1 2.61

α-TCP Monoclinic P21/a a = 12.887(2), b = 27.280(4), 
c = 15.219(2) Å, β = 126.20(1)°

24 2.86

β-TCP Rhombohedral R3cH a = b = 10.4183(5), 
c = 37.3464(23) Å, γ = 120°

21b 3.08

HA Monoclinic P21/b or 
hexagonal P63/m

a = 9.84214(8), b = 2a, 
c = 6.8814(7) Å, γ = 120° 
(monoclinic)

4 3.16

a = b = 9.4302(5), c = 6.8911(2) Å, 
γ = 120° (hexagonal)

2

FA Hexagonal P63/m a = b = 9.367, c = 6.884 Å, 
γ = 120°

2 3.20

OA Hexagonal P 6 a = b = 9.432, c = 6.881 Å, 
α = 90.3°, β = 90.0°, γ = 119.9°

1 ~3.2

TTCP Monoclinic P21 a = 7.023(1), b = 11.986(4), 
c = 9.473(2) Å, β = 90.90(1)°

4 3.05

aNumber of formula units per unit cell
bPer the hexagonal unit cell
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Nevertheless, after summarizing the available data, the following statements on 
the structure of nano-sized crystals of apatites have been made:

 1. They involve non-apatitic anionic and cationic chemical environments (in 
another study, the researchers mentioned on “ordered and disordered HA” 
[205]).

 2. At least part of these environments are located on the surface of the nano-sized 
crystals and are in strong interaction with hydrated domains.

 3. Immature samples show FTIR band fine substructure that is altered upon drying 
without leading to long-range order (LRO) modifications.

 4. This fine substructure shows striking similarities with the FTIR spectrum of 
OCP [202].

All these elements favor a model in which nano-sized crystals of apatites are 
covered with a rather fragile but structured surface hydrated layer containing rela-
tively mobile ions (mainly, bivalent anions and cations: Ca2+, HPO4

2−, CO3
2−) in 

“non-apatitic” sites (Fig. 9.3) [40, 202], which is supposed to be ACP [40] or of 
either OCP or DCPD structure [202]. Obviously, the properties (structure, thick-
ness, chemical composition, etc.) of this hydrated layer depend on the experimental 
conditions of apatite preparation, which strongly complicates its characterization 
(regrettably, as the hydrated layer cannot be isolated, it is not possible to standardize 
the methods for detailed studies) [202, 204–206]. Nevertheless, it is known that the 
surface layer might adsorb considerable amounts of foreign compounds (molecules 
and ions) in the percent mass range [222]. In 2014, based on this model, a formation 
mechanism of nano-scaled platelike apatite crystals similar to those found in bones 
was proposed [223]. According to this mechanism, sodium citrate crystals are 
thought to act as a template surface, which, through adsorption of ionic species 
(Ca2+, HPO4

2−, and OH−, neglecting the minor ones), might trigger the heteroge-
neous nucleation process through surface formation of CaPO4 clusters that, laterally 
aggregating, form nano-scaled ACP particles with unusual platy morphology. The 
presence of adsorbed citrate on the surface of ACP platelets slows down their thick-
ening by inhibiting both further ion adsorption and mutual aggregation, while bio-
mimetic apatite crystals start to grow from multiple nuclei within each ACP platelet 
(Fig. 9.4) [223]. Thus, according to this model, the surface hydrated layer shown in 
Fig. 9.3 might represent an untransformed ACP or any other precursor of apatite 
crystallization, while the progressive growth of apatite domains at the expense of 
the surface hydrated layer is referred to as maturation. The maturation process 
(Fig. 9.5) is thought to be linked to the metastability of such poorly crystallized non- 
apatitic sites, which steadily evolve in solution toward stoichiometry and better 
crystallinity. According to another opinion: “The hydrated layer shall not be 
 considered as a Stern double layer but a result of the precipitation process of biomi-
metic apatites. This layer is believed to decrease the water-crystal interfacial energy 
and to favor the formation of the nanocrystals in aqueous media” [224, p.  66]. 
Strictly speaking, all the aforementioned apply to both biological apatite of calcified 
tissues [225] and micron-sized apatites as well [226]; nonetheless, in nano-sized 
crystals, the composition of the hydrated surface layer contributes to the global 
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composition for a non-negligible proportion. The results of electron state spectros-
copy of nanostructural HA bioceramics are available elsewhere [227, 228].

The hydrated surface layer confers unexpected properties to nano-sized apatite, 
is responsible for most of the properties of apatites, and, for example, can help to 
explain the regulation by biological apatites of the concentration in mineral ions in 
body fluids (homeostasis) [229]. These properties are important for living organ-

Fig. 9.3 Two schematic drawings of a surface hydrated layer model for carbonate apatite nano-
crystals, consisting of a well-ordered apatite core covered by a non-apatitic hydrated layer com-
posed of various ionic species (including citrate (Cit) for the top scheme) and structural water. A 
TEM image shows this layered structure (Reprinted from Ref. [40] (top) and Ref. [202] (bottom) 
with permission. Copyright © 2012 Acta Materialia Inc. Published by Elsevier Ltd)
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isms; therefore, they need to be used in both material science and biotechnology 
[201]. The consideration of this type of surface state can help understanding and 
explaining the behavior of biological apatites in participating in homeostasis due to 
a very high specific surface area of bone crystals and in constituting an important 
ion reservoir with an availability that depends on the maturation state. The impor-
tant consequences are that the surface of nanodimensional apatites has nothing in 
common with the bulk composition and that the chemistry of such materials (e.g., 

Fig. 9.4 A schematic representation of a possible formation mechanism of nano-scaled bonelike 
apatite platelets due to an ACP-to-CDHA transformation. A time scale of minutes applies to the 
initial stages and hours to the maturation process. NP means nano-scaled particle, Cit means citrate 
(Reprinted from Ref. [223] with permission. Copyright © 2014 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim)

Fig. 9.5 A schematic representation of a maturation process for a nano-scaled bonelike apatite. 
The Ca/P ratio in the hydrated layer (containing essentially Ca2+ and HPO4

2−) is lower than that in 
the apatite domain. The growth of the apatite domains (the driving force of maturation) induces an 
uptake of Ca2+ ions larger than that of orthophosphate ions. The release of protons in the hydrated 
layer and the excess of orthophosphate lead to a release of H2PO4

− and eventually a rather acidic 
solution (non-congruent dissolution) (Reprinted from Ref. [224] with permission (HAL, open 
access))
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binding of protein molecules) must be reconsidered [202, 204]. Interestingly, in 
response to an electrical potential, the surface of nano-sized HA bioceramics was 
found to exhibit dynamic changes in interfacial properties, such as wettability. The 
wettability modification enabled both a sharp switching from hydrophilic to hydro-
phobic states and a microscopic wettability patterning of the HA surface, which 
may be used for fabrication of spatially arrayed HA for biological cell immobiliza-
tion or gene transfer [230].

Furthermore, dry powders of nanodimensional HA were found to contain an 
X-ray amorphous portion with an unspecified location [231]. After mixing of an 
initial nano-sized HA powder with a physiological solution (aqueous isotonic 0.9% 
NaCl solution for injections), this amorphous portion was fully converted into the 
crystalline phase of HA. The initial crystallite average size (~35 nm) was enlarged 
by a factor of about 4 within the first 100 min after mixing the powder with the 
physiological solution, and no more structural changes were detected during the 
following period [231]. In the light of the aforementioned studies, presumably, the 
discovered X-ray amorphous component of the initial powder was located on the 
surface of nanodimensional HA.

To conclude this section, one should mention studies devoted to the investiga-
tions of nano-scaled CaPO4/water interface [232].

9.6  Synthesis of the Nano-scaled CaPO4

9.6.1  General Approaches of Nanotechnology

The synthesis of nanoscale materials has received considerable attention, and their 
novel properties can find numerous applications, for example, in the biomedical 
field. This has encouraged the invention of chemical, physical, and biomimetic 
methods by which such nano-sized materials can be obtained [100]. Generally, all 
approaches for preparation of nano-scaled materials can be categorized as “bottom-
 up” and “top-down” ones [108, 233]. The bottom-up approach refers to the buildup 
of a material from the bottom, i.e., atom by atom, molecule by molecule, or cluster 
by cluster, and then assembles them into the final nanostructured material. An 
example is production of a nano-sized powder and its compaction into the final 
product (e.g., hot-pressed or sintered nanostructured ceramics). The top-down 
approach starts from a bulk material and then, via different dimension decreasing 
techniques, such as milling, slicing, or successive cutting, leads to the formation of 
nanodimensional materials [100]. Using this approach, a novel two-dimensional 
carbon material graphene of just 1 atom thick has been prepared from bulk graphite. 
Furthermore, environmentally friendly methodologies of nanostructure synthesis 
have been summarized into a special review [234].

Concerning CaPO4, the original creator of the nano-scaled structures, undoubt-
edly, must be honored to the nature (see Sect. 9.4 above). Presumably, all known 
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CaPO4 (Table 9.1) somehow might be manufactured in a nanodimensional and/or a 
nanocrystalline state; however, not all of them (especially those with low Ca/P ionic 
ratios) have been prepared yet. The details on the available preparation techniques 
are given below.

9.6.2  Nano-scaled Apatites

First of all, one should stress that the stoichiometric HA with well-resolved X-ray 
diffraction patterns might be prepared mostly at temperatures exceeding ~700 °C 
either by calcining of CDHA with the Ca/P molar ratio very close to 1.67 or by 
solid-state reactions of other CaPO4 with various chemicals (e.g., DCPA + CaO). 
Thus, with the exception of a hydrothermal synthesis [235–237], in aqueous solu-
tions, only CDHA could be prepared [115, 173, 174, 235–241]. As apatites (CDHA, 
HA, and FA) belong to the sparingly soluble compounds (Table 9.1), simple mixing 
of calcium- and orthophosphate-containing aqueous solutions at pH >9 results in 
the formation of extremely supersaturated solutions and, therefore, a very fast pre-
cipitation of the tremendous amounts of very fine crystals [242], initially of ACP, 
and those afterward are recrystallized into apatites [173, 174, 243–246]. The dimen-
sions of the precipitated nano-sized crystals might be slightly increased by the 
Ostwald ripening approach (maturation), that is, by boiling and/or ambient aging in 
the mother liquid (Fig. 9.6) [121, 135, 172, 202, 236, 245–250]. Heat treatment of 
ACP might be applied as well [251]. Therefore, preparation of nano-scaled apatites 
is not a problem at all and has been known for many years [123, 124, 252–254]; 
however, a prefix “nano” had not been used before 1994. On the contrary, with the 
exception of a thermally stable FA (thus, big crystals of FA might be produced by a 
melt-growth process [255, 256]), manufacturing of big crystals of both CDHA and 
HA still is a challenge.

Many different methodologies have been proposed to prepare nano-scaled struc-
tures [257–265]. Prior to describing them, it is important to stress that in the vast 

Fig. 9.6 Variation of nanocrystalline apatite dimensions with maturation time (Reprinted from 
Ref. [202] with permission. Copyright © 2007 Nova Science Publishers)
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majority of the available literature on apatites, the authors do not tell the difference 
between CDHA and HA. Therefore, getting through scientific papers, an attentive 
reader often finds statements, as: “Because natural bone is composed of both organic 
components (mainly type I collagen) and inorganic components (HA), …” [88, 
p. 357], “The HA nanorods are synthesized via a wet precipitation process …” [133, 
p. 2364], “… (TTCP) has been shown previously to be an essential component of 
self-setting calcium phosphate cements that form hydroxyapatite (HA) as the only 
end-product. …” [266, abstract], etc. The matter with distinguishing between 
CDHA and HA becomes even much more complicated, when researchers deal with 
nanodimensional and/or nanocrystalline apatites because the assemblies of nano- 
sized particles give only broad diffraction patterns, similar to ones from an amor-
phous material [197, 198]. While composing this chapter, I always tried to specify 
whether each cited study dealt with CDHA or HA; unfortunately, the necessary data 
were found in just a few papers. Therefore, in many cases, I was forced to mention 
just “apatites” without a further clarification. Thus, the readers are requested to be 
understandable on this uncertainty.

The greater part of the published reports on synthesizing of nano-scaled apatites 
is focused on the bottom-up approach. Among the available preparation techniques, 
a wet-chemical precipitation is the most popular one [132–135, 144, 170, 172, 252, 
267–306]. This process might occur in the presence of various (bio)organic addi-
tives [269, 277, 282, 293–298, 301, 306], including ionic liquids [303, 304] and 
complexing agents [302]. In the vast majority of the cases, the obtained precipitates 
are aggregates of low crystallinity particles. Various authors discussed the effects of 
synthesis parameters, such as temperature [270–273, 283], time [271], calcium ion 
concentration [273], solution pH [301], presence of surfactants [275–277], calcina-
tion [271], and the use of various reagents [290] on the morphological properties of 
nanodimensional apatites. In general, the shape, stoichiometry, dimensions, and 
specific surface area of nano-sized apatites appeared to be very sensitive to both the 
reaction temperature (Fig.  9.7) and the reactant addition rate [270, 280, 283]. 
Namely, particle sizes of nanodimensional apatites were observed to increase in a 
linear correlation with temperature [272, 283], which is a good indication that sizes 
of nanodimensional apatites can possibly be tailored. Furthermore, the initial pH 
values and reaction temperatures both play important roles in the morphology of the 
precipitated apatites, as well as on the phase formation and degree of crystallinity 
[286]. For example, significant differences in the chemical composition, morphol-
ogy, and amorphous character of nano-sized CDHA produced through the reaction 
between aqueous solutions of Ca(NO3)2 and (NH4)2HPO4 can be induced, simply by 
changing the pH of the reactant hydrogen phosphate solution [287]. Thus, the sol-
vent systems, dispersant species, and drying methods appear to have effects on the 
particle size and dispersibility. However, some conflicting results have been obtained 
on how certain synthesis parameters can affect the morphological properties of 
these nano-sized particles. Nevertheless, it was commonly observed that nano-sized 
crystals of apatites synthesized through the chemical precipitation were often highly 
agglomerated; however, these agglomerates could be clusters of ultrafine primary 
particles [274]. The prepared nano-scaled apatites might be consolidated to trans-
parent bioceramics [289].

S.V. Dorozhkin



375

A hydrothermal synthesis [123, 124, 236, 237, 283, 284, 307–332] seems to be 
the second most popular preparation technique of the nano-scaled apatites. The term 
“hydrothermal” refers to a chemical reaction of substances in a sealed heated solu-
tion above ambient temperature and pressure [333], and this process allows synthe-
sis of highly pure fine-grained single crystals, with controlled morphology and 
narrow size distribution [307]. Extraneous additives, such as EDTA [316], surfac-
tants [317, 328, 329, 334], anionic starburst dendrimer [318], nanodimensional 
liposomes [327], alginate [332], sodium citrate [330, 331], etc., might be utilized to 
modify the morphology of nano-scaled apatites during the synthesis. Most of these 
techniques produced rodlike crystals or whiskers, while platelike shapes were 
obtained in just a few studies [309, 313, 314]. Nevertheless, nano-sized particles, 
wires, and hollow spheres were successfully synthesized on a large scale via a facile 
hydrothermal treatment of similarly structured hard precursors [322]. In addition, 
nano-sized rings of HA with an inner diameter of ~70 nm were grown by a com-
bined high gravity and hydrothermal approach [324].

Other preparation methods of nano-scaled apatites of various states, shapes, and 
sizes comprise sol-gel [155, 198, 199, 248, 288, 335–348], coprecipitation [249, 
307, 308, 349–353], mechanochemical approach (ball milling) [205, 214, 227, 354–
367], mechanical alloying [368, 369], radio-frequency induction plasma [370, 371], 
vibro-milling of bones [372], flame spray pyrolysis [373, 374], liquid-solid-solution 
synthesis [375], electro-crystallization [125, 376, 377], electrochemical deposition 

Fig. 9.7 The influence of the reaction temperature on the crystal dimensions of precipitated 
CDHA: (a) 25 °C, (b) 37 °C, (c) 55 °C, (d) 75 °C
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[378] and synthesis [379], microwave processing [307, 308, 321, 380–388], hydro-
lysis of other CaPO4 [389–395], double-step stirring [396], and emulsion-based 
[278, 315, 397–410], steam-assistant [411], sonochemical [412–414], and solvo-
thermal [415, 416] syntheses. However, still other preparation methods [114, 121, 
253, 320, 417–448], as well as various combined processes, such as sol-gel- 
hydrothermal [449, 450], mechanochemical-hydrothermal [451–453], chemical 
precipitation- hydrothermal [454], high-gravity reactive precipitation-hydrothermal 
[455], and a combination of electrospinning with sol-gel [456], are also known. For 
example, there is a Pechini-based method, a type of homogeneous solid-state tech-
nique, in which a mixture of nanodimensional HA and CaO matrix was first pre-
pared under nonstoichiometric conditions (Ca/P molar ratio >> 1.67) at 1000 °C 
and then the CaO matrix was removed by washing to obtain well-dispersible 
nanodimensional HA [444]. Continuous preparation techniques are also available 
[169, 457–460]. Application of both ultrasound [281, 335, 461–469] and viscous 
systems [470, 471] could be helpful. Furthermore, nanodimensional HA might be 
manufactured by a laser-induced fragmentation of HA targets in water [472–476] 
and in solvent- containing aqueous solutions [312, 339, 477], while dense nanocrys-
talline HA films might be produced by radio-frequency magnetron sputtering [478, 
479]. An interesting approach using a sitting drop vapor diffusion technique should 
be mentioned as well [480–482]. A comparison between the sol-gel synthesis and 
wet-chemical precipitation technique was performed, and both methods appeared to 
be suitable for synthesis of nanodimensional apatite [288]. By means of these meth-
ods, a variety of nanodimensional CaPO4 building blocks with various structures 
and morphologies have been synthesized, including needlelike, spherical, fibrous, 
and mesoporous nano-sized crystals, as well as nano-sized rods, hollow spheres, 
layered structures, and flowers as shown in Fig. 9.8 [432, 445, 483–487]. However, 
nanodimensional and/or nanocrystalline apatites with sphere and rod structures pre-
pared by the simple and low-cost synthetic methods are usually available for practi-
cal applications. Those with sophisticated structures, such as hollow spheres, 
although are endowed with specific functions (e.g., the hollow spheres can become 
the drug carrier) due to their structural advantages, have limited applications due to 
both a low yield and a high cost resulted from their synthetic process.

Table 9.3 presents some data on the chronological development of synthesis of 
nanodimensional apatites for the period of 1995–2004 [114]. Among the methods 
described, the thinnest crystals of apatite (60 × 15 × 0.69 or 0.84 nm) have been pre-
pared by Melikhov et al. and have been called “two-dimensional crystalline HA” 
[267], while the smallest ones (size between 2.1 and 2.3 nm, i.e., around two times 
the HA unit cell parameters) have been found by Biggemann et al. [166]. Liu et al. 
[493, 494] and Han et al. [492] synthesized nano-sized HA via a template-mediated 
and a non-template-mediated sol-gel techniques, respectively. Alkylphosphates, 
such as triethylphosphate [493, 494], might be used to produce nanocrystalline apa-
tites. Besides, nanodimensional ion-substituted CDHA might be precipitated from 
both a synthetic [350] and a simulated [495] body fluids. A relatively simple sol-gel 
process using ethanol and/or water as a solvent was also reported to produce the 
stoichiometric, nanocrystalline single-phase HA [339].
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Fig. 9.8 A variety of nanoscale CaPO4 with different structures and morphologies synthesized by: 
(a, b) sol-gel processing, (c) coprecipitation, (d) emulsion technique, (e) hydrothermal process, (f) 
ultrasonic technique, (g) mechanochemical method, (h–l) template method, (m) microwave pro-
cessing, (n) emulsion-hydrothermal combination, (o) microwave-hydrothermal combination 
(Reprinted from Ref. [432] with permission. Copyright © 2010 Published by Elsevier B.V)
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A combustion technique was employed as well. The attractive features of this 
method were to synthesize materials with a high purity, a better homogeneity, and a 
high surface area in a single step [492, 496]. Namely, nanocrystalline HA powder 
was synthesized at a low calcination temperature of 750 °C by the citric acid sol-gel 
combustion method [492]. An array of highly ordered HA nano-sized tubes of uni-
form length and diameter was synthesized by sol-gel auto-combustion method with 
porous anodic aluminum oxide template [338]. In another study, nano-sized HA 
was synthesized by a polymeric combustion method and a self-propagating com-
bustion synthesis by using novel body fluid solutions [497]. In a still another study, 
nanodimensional HA was synthesized by combustion in the aqueous system con-
taining calcium nitrate + diammonium hydrogen orthophosphate with urea and 
 glycine as fuels [498]. Furthermore, nano-sized particles of both FA and β-TCP 
might be synthesized by a simultaneous combustion of calcium carboxylate- and 
tributylphosphate- based precursors in a flame spray reactor [499]. Nano-scaled HA, 
FA, and chlorapatire [500], as well as nano-scaled HA, β-TCP, and biphasic calcium 
phosphate (BCP) consisting of HA + β-TCP [501], were prepared as well. Both a 
flame-based technique [502] and a spray-drying approach [89, 503] might be 
applied as well. Furthermore, crystalline and phase pure nano-sized HA and CDHA 
were synthesized in a continuous hydrothermal flow system using supercritical 
water at t < 400 °C and 24 MPa pressure [310].

Table 9.3 Synthesis of nanodimensional apatites – a chronological development [114]

Year Process References

1995 Synthesis of nanocrystalline HA (particle size ~20 nm) for the first time 
using calcium nitrate and diammonium hydrogen orthophosphate as 
precursors by solution spray dry method

[488]

2000 Synthesis of biomimetic nanosized CDHA powders (~50 nm) at 37 °C 
and pH of 7.4 from calcium nitrate tetrahydrate and diammonium 
hydrogen orthophosphate salts in synthetic body fluid using a novel 
chemical precipitation technique

[350]

2002 Preparation of nanosized HA particles and HA/chitosan nanocomposite [489]
2002 Direct precipitation from dilute calcium chloride and sodium 

orthophosphate solutions
[490]

2003 Radio-frequency plasma spray process employing fine spray-dried HA 
powders (average size ~15 μm) as a feedstock

[370]

2003 Sol-gel process using equimolar solutions of calcium nitrate and 
diammonium hydrogen orthophosphate dissolved in ethanol

[339]

2003 Chemical precipitation through aqueous solutions of calcium chloride 
and ammonium hydrogen orthophosphate

[271]

2003 Mechanochemical synthesis of nanosized HA and β-TCP powders using 
DCPD and CaO as starting materials

[357]

2003 Synthesis of nanopowders via sucrose-templated sol-gel method using 
calcium nitrate and diammonium hydrogen orthophosphate as precursor 
chemicals

[491]

2004 Hydrolysis method of DCPD and CaCO3 by 2.5 M NaOH (aq) [389]
2004 Citric acid sol-gel combustion process using calcium nitrate tetrahydrate, 

diammonium hydrogen orthophosphate, and citric acid
[492]
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Nanodimensional powders of the stoichiometric HA of ~20  nm particle size 
were synthesized by hydrolysis of a mixture of DCPD and CaCO3 performed with 
2.5 M aqueous solution of NaOH at 75 °C for 1 h. The only product synthesized was 
nanocrystalline HA, and its crystallinity was improved with increasing annealing 
temperature [389]. Similar results were obtained in other studies [390–392]. 
Furthermore, Xu et  al. used radio-frequency plasma spray process to synthesize 
nanodimensional HA powders with particle size in the range of 10–100 nm [370]. 
Kuriakose et al. synthesized nanocrystalline HA of size ~1.3 nm that was thermally 
stable until 1200  °C [339]. Nanocrystalline plate-shaped particles of HA were 
directly precipitated at ambient temperature and pH ~7.4 from dilute aqueous solu-
tions of calcium chloride and sodium orthophosphate. The direct precipitation of 
nano-sized HA was achieved by submitting the aqueous suspension to microwave 
irradiation immediately after mixing [490]. A simple and easy approach for synthe-
sizing thermally stable nanostructured stoichiometric HA powder under invariant 
pH conditions of 7.5, known as the NanoCaP process, was developed. Under these 
conditions, the synthesized HA not only remained in the nanostructured state but 
also did not exhibit any compositional fluctuations that were observed in conven-
tional approaches for synthesizing HA [12]. Other preparation techniques of nano- 
sized apatite might be found elsewhere [253]. Bulk bioceramics made of 
nanocrystalline HA with a grain size of no more than 50 nm and a near-theoretical 
density might be prepared by application of a high (~3.5 GPa) pressure in uniaxial 
compaction of nanodimensional powders with subsequent sintering at 640 °C [134]. 
A similar approach was reported by another research group [380].

Mechanochemical processing is another compelling method to produce nano-
structured apatites in the solid state [205, 214, 227, 354–367]. For example, Yeong 
et al. used the appropriate amounts of DCPA and calcium oxide. The initial stage of 
mechanical activation resulted in a significant refinement in crystallite and particle 
sizes, together with a degree of amorphization in the starting powder mixture. This 
was followed by steady formation and subsequent growth of HA crystallites with 
increasing degree of mechanical activation. Finally, a single-phase HA of an aver-
age particle size of ~25 nm, a specific surface area of ~76 m2/g, and a high crystal-
linity was attained after 20 h of mechanical activation [355].

The use of macromolecules as templating agents to manipulate the growth of 
inorganic crystals has been realized in many biological systems. Namely, in the 
presence of biological macromolecules (such as collagen), nucleation and growth of 
nanocrystalline apatite to form highly organized bone minerals are one of the most 
fascinating processes in nature. These processes might be simulated. For example, 
layers of nanocrystalline apatite were formed in situ on the surface of various films 
at soaking them in aqueous solutions containing ions of calcium and orthophos-
phate. The in situ synthesized particles were found to be less agglomerated which 
was believed to be the result of nucleation of apatite crystallites on the regularly 
arranged side groups located on polymer chains [504, 505]. Another approach com-
prises precipitation of nanodimensional apatites from aqueous solutions in the pres-
ence of dissolved high molecular weight polyacrylic acid [506, 507] that acts as an 
inhibitor for the crystallization of apatite crystals [508, 509]. A similar inhibiting 

9 Nanodimensional and Nanocrystalline Calcium Orthophosphates



380

effect was found for dimethyl acetamide [510], polyvinyl alcohol [269], and several 
other (bio)polymers [511, 512]. This type of synthesis is expected to lead to the 
formation of nanodimensional biocomposites, which might be structurally more 
comparable to bones with closely related mechanical and biological properties. 
Furthermore, a control of particle size of aqueous colloids of apatite nano-sized 
particles was described involving a presence of amino acids [513, 514]. The amino 
acids ensured effective growth inhibition by a predominant adsorption onto the 
Ca-rich surfaces during the initial stages of crystallization. Thus, the nano-sized 
particles were formed by an oriented aggregation of primary crystallite domains 
along the c-axis direction. The size of the domains was shown to be governed by the 
interactions with the amino acid additives, which restricted the growth of the pri-
mary crystallites [513, 514]. Furthermore, nanodimensional apatites might be pre-
cipitated from aqueous solutions of gelatin. The development of nano-sized apatite 
in aqueous gelatin solutions was highly influenced by the concentration of gelatin: 
namely, a higher concentration of gelatin induced the formation of tiny (4 × 9 nm) 
nano-sized crystals, while a lower concentration of gelatin contributed to the devel-
opment of bigger (30 × 70 nm) nano-sized crystals. In this experiment, a higher con-
centration of gelatin supplied abundant reaction sites containing groups such as 
carboxyl, which could bind with calcium ions. This leads to the formation of a very 
large number of nuclei and creation of a large number of tiny nano-sized crystals 
[515].

Although each of the reported approaches to produce nanodimensional apatites 
has both a scientific and a practical relevance, little attention has been dedicated to 
the physicochemical details involved in the careful control of the particle size distri-
bution and particle shape. Indeed, in the case of particle size distribution, most of 
the reported ways to synthesize nanodimensional apatites really produced a particle 
mixture with a wide size distribution from tens to hundreds of nanometers. Moreover, 
the control of particle shape is another problem for these methods, which commonly 
result in pin-like or irregular particles. It is well known that bone consists of homo-
geneous platelike crystals of biological apatite of 15–30 nm wide and 30–50 nm 
long, while enamel consists of rodlike crystals of biological apatite of 25–100 nm 
thick and lengths of 100 nm to microns [2, 5, 175, 176, 185, 193, 195]. The study of 
higher-level biomineralization and biomimetic assembly involves a search for 
advanced methods so that the synthesis of nano-sized apatite can be accurately con-
trolled [516]. Namely, the size-controlled synthesis of materials can be achieved by 
using limited reaction spaces. For example, microemulsions have been shown to be 
one of the few techniques, which is able to produce particle sizes in the range of 
nanometers and with minimum agglomeration [517]. Thus, microemulsions [315, 
399–410], micelles [518], and reverse (inverse) micelles [311, 519–522] have been 
successfully applied to synthesize nanodimensional apatites with minimal agglom-
eration. It was found that experimental conditions, such as aqueous/organic phase 
volume ratio, pH, aging time, aging temperature, and ion concentration, in the aque-
ous phase can affect the crystalline phase, surface area, particle size, and morphol-
ogy of nanodimensional apatites.
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In some cases, special polymers can be used as spatial reaction vessels for fabri-
cation of CDHA.  For example, a poly(allylamine hydrochloride)/PO4

3− complex 
was employed as a source of orthophosphate anions to capture calcium cations and 
make them react in the capsule volume [523]. A spherical-like nanocrystalline 
CDHA powder with particle diameters of ~30 and ~50 nm was synthesized using 
the emulsion route [401]. Furthermore, nano-sized crystals of apatite might be 
aggregated into microspheres [418, 524]. Cetyltrimethylammonium bromide 
(CTAB) was selected as an efficient surfactant to modulate formation of CDHA 
nano-sized particles [519, 520]. For example, three different types of spherical par-
ticles of nano-sized CDHA with average diameters of 20 ± 5, 40 ± 10, and 80 ± 12 nm 
were fabricated using a series of CTAB concentrations to control the particle size. 
The experimental results revealed that the dimensions of the prepared nano-sized 
CDHA were relatively uniform. In the presence of STAB, rodlike particles with 
lengths of hundreds of nanometers and width of tens of nanometers were prepared 
as well [525]. Colloidal formulations are known as well [29, 35, 171]. The nano- 
sized apatites were found to perform crystalline to amorphous phase transformation 
when powders were aged for 5 months in 30% relative humidity [526].

To conclude this part, one should mention that an analysis of the existing litera-
ture reveals that the low-temperature methods seem to be the optimal routes to syn-
thesize nano-scaled apatites analogous to the biogenic ones. Since biogenic apatites 
always contain dopants, a synthesis of bone-mimic apatites should be performed in 
the presence of additives. As an alternative, bone-mimic apatites could be prepared 
from a big variety of natural sources [527]. Furthermore, nano-scaled apatites might 
be functionalized and/or doped by various compounds (even by quantum dots [528, 
529]) to provide new important properties [29, 35, 513, 530–542], e.g., fluorescence 
[534, 535] and luminescence [29, 35, 528, 536, 537, 540]. Both fluorescence and 
luminescence can be used as a tracking property for the nano-sized particles to give 
an observable indication of agent delivery, while the particles are served to protect 
the agent in vivo until it has reached the destination. Additional details on the prepa-
ration techniques of nano-scaled apatites are available in a topical review [543].

9.6.3  Nano-scaled TCP

Many researchers have formulated synthesis of nanodimensional β-TCP. For exam-
ple, Bow et al. synthesized β-TCP powders of ~50 nm particle diameter at room 
temperature in anhydrous methanol as a solvent [544]. With increase in aging time, 
the phase transformation was found to take place from initial DCPA to intermediate 
ACP phases and then to final β-TCP. The authors observed that incorporation of 
carbonates helped in suppressing the formation of ACP phases with apatitic struc-
ture and its transformation into poorly crystalline (almost amorphous) CDHA and 
favored the formation of β-TCP phase [544]. Nano-sized particles of both FA and 
β-TCP were synthesized by a simultaneous combustion of calcium carboxylate- and 
tributylphosphate-based precursors in a flame spray reactor [499]. The same 
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technique was used to synthesize nano-sized particles of amorphous TCP of 
25–60  nm size [545–548]; those after calcinations transformed into α-TCP or 
β-TCP. Nanodimensional β-TCP powders with an average grain size of ~100 nm 
[138, 549] and less [550] were prepared by wet precipitation methods, followed by 
calcining at elevated temperatures. Similarly, nano-scaled α-TCP was prepared by 
calcining of previously prepared ACP at temperatures between 700 and 800 °C, fol-
lowed by cooling [551]. Furthermore, a sol-gel technique [552], a reverse micelle- 
mediated synthesis [553], and a polystyrene template method [554] are also 
applicable. In wet precipitation techniques, dialysis might be applied as a separation 
method [549]. When wet precipitation methods are used, initially nanodimensional 
CDHA with Ca/P ratio of ~1.50 is precipitated, which is further transformed into 
nano-sized β-TCP at calcining [555, 556].

To synthesize nano-sized TCPs, other techniques, such as milling [557, 558], a 
high-temperature flame spray pyrolysis [559, 560], mechanochemical synthesis 
[561], and pulsed laser ablation [562], might be employed as well. Afterward, the 
nanodimensional β-TCP powders can be compacted into 3D specimens, followed 
by sintering to achieve the appropriate mechanical strength [138]. The maximal 
values of the bending strength, elastic modulus, Vickers hardness, and compressive 
strength of the samples fabricated from nano-sized β-TCP powders were more than 
two times higher as compared to those of bioceramics obtained from micron-sized 
β-TCP powders. However, the degradability of bioceramics sintered from nanodi-
mensional powders was just about one fourth of that sintered from micron-sized 
powders. Thus, the degradability of β-TCP bioceramics could be additionally regu-
lated by the particle dimensions [138].

Nano-sized whiskers of several CaPO4 (HA, β-TCP and BCP (HA + β-TCP)) 
were produced by using a novel microwave-assisted “combustion synthesis (autoig-
nition)/molten salt synthesis” hybrid route. Aqueous solutions containing NaNO3, 
Ca(NO3)2, and KH2PO4 (with or without urea) were irradiated in a household micro-
wave oven for 5 min at 600 watts of power. The as-synthesized precursors were then 
simply stirred in water at room temperature for 1 h to obtain the nano-sized whis-
kers of the desired CaPO4 [563]. Similar results were obtained in another study 
[501]. Furthermore, nanostructured and/or nano-sized biphasic (HA + β-TCP) 
 bioceramics was successfully prepared by other techniques, such as microwave syn-
thesis [564–566], a polymer matrix-mediated process [567], and in situ in polyvinyl 
alcohol [568]. Good cellular activities of the biphasic bioceramics have been 
reported.

Layrolle and Lebugle developed a synthesis route of nano-sized FA and other 
CaPO4, using calcium diethoxide (Ca(OEt)2) and H3PO4 [121] (+ NH4F to prepare 
FA [569]) as the initial reagents and anhydrous ethanol as a solvent. By a simple 
variance of the ratio of reagents, CaPO4 of various chemical compositions were 
precipitated in ethanol. The precipitates were characterized and the results indicated 
that those CaPO4 were amorphous and nanodimensional. Furthermore, they had 
large specific surface areas and possessed a high reactivity [121, 569].
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9.6.4  Other Nano-scaled CaPO4

Nano-sized crystals of DCPD (with some amount of CDHA and ACP) of a rela-
tively high monodispersity could be synthesized from aqueous solutions of calcium 
nitrate and H3PO4 in the presence of 2-carboxyethylphosphonic acid. They are pro-
duced in a discoid shape with a diameter of 30–80 nm and a height of less than 
~5  nm. They form stable colloidal solutions displaying minimal agglomeration 
[570]. Nano-sized rods and fibers of DCPD with average diameters of 25 ± 5 nm 
(aspect ratio ~6) and 76 ± 20 nm (aspect ratio ~40), respectively, were synthesized 
by sucrose ester-based reverse microemulsion technique [571]. A similar approach 
was used in another study [405]. Nanodimensional crystals of both DCPD and 
DCPA were prepared by EDTA-assisted hydrothermal method [316]. In addition, 
nanocrystalline DCPD was prepared by a reverse microemulsion technique with 
surfactin [572]. Further, nano-scaled DCPD, functionalized with triethylene glycol 
dimethacrylate (added to one of the reacting solutions, with the purpose of reducing 
agglomeration and improving the compatibility with vinyl-based resin matrices), 
was synthesized at room temperature by sol-gel process through the stoichiometric 
reaction between (NH4)2HPO4 and Ca(NO3)2·4H2O [573].

An interesting approach comprises precipitation of CaPO4 inside nano-sized 
pores of another material. For example, nanodimensional clusters DCPD were 
immobilized into pores of an oxide network by immersion of this network into an 
acidic (pH = 2.7) CaPO4 solution at 50 °C [574]. The acid-base reaction between the 
CaPO4 solution and the hydroxyl groups of the oxide network resulted in formation 
of nanodimensional clusters of DCPD immobilized inside the oxide pores. 
Interestingly, the immobilized nanodimensional clusters of DCPD were further con-
verted into those of ACP and CDHA by supplementary treatment of the oxide net-
work in alkaline solutions [574]. Hollow nano-sized shells of undisclosed CaPO4 
(presumably, of ACP) with a size distribution of (120–185) ± 50 nm and predictable 
mean shell thickness from 10 to 40 nm were prepared by crystallization onto the 
surface of nanodimensional liposomes [575, 576]. Both the suspension stability and 
shell thickness control were achieved through the introduction of 
 carboxyethylphosphoric acid. Variation of shell thickness and stoichiometry may be 
a way of manipulating the dissolution kinetics of ACP coating to control the release 
of encapsulated materials, necessary for drug delivery purposes [575, 576]. Other 
types of CaPO4 shells with Ca/P ratios of 0.97 (DCPD or DCPD-like ACP) and 1.45 
(CDHA or ACP) were prepared using liposome templates [577]. Furthermore, 
nanodimensional CaPO4 with DCPD as the major phase have been synthesized by 
an inverse microemulsion system using kerosene as the oil phase, a cationic surfac-
tant, and a nonionic surfactant [578]. A little bit later, phase pure, stable nanocrys-
talline DCPD with average dimensions in the range of 23–87 nm were obtained by 
the same technique [579]. Microskeletal constructions might be synthesized as well 
[580]. Finally, yet importantly, nano-scaled DCPD was prepared in a continuous 
flow tube reactor [460].
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Concerning preparation of nano-scaled DCPA, roughly spherical particles of 
approximately 50–100 nm in sizes were synthesized via a spray-drying technique 
[89, 581–583], while ribbonlike fibers were prepared upon hydrolysis in urea [391]. 
In addition, nano-scaled crystals of DCPA containing pores of 1–30 nm in diameter 
were prepared by an energy-efficient microwave method [584]. Furthermore, 
nanodimensional DCPA might be synthesized galvanostatically [585] and in reverse 
micelles [586].

When it comes to precipitated ACPs, they are nanodimensional in the vast major-
ity of cases. Approximately spherical nano-sized particles of ACP with a diameter 
of about 50 nm can be prepared by rapid precipitation from water [587] and subse-
quent colloidal stabilization by coating with polymers [588]. Nano-sized clusters of 
ACP [589] or those comprising a spherical core of 355 ± 20 DCPD units with den-
sity of 2.31 g/cm3 and radius of 2.30 ± 0.05 nm surrounded by 49 ± 4 peptide chains 
with a partial specific volume of 0.7 cm3/g, forming a tightly packed shell with an 
outer radius of 4.04 ± 0.15 nm, were prepared by precipitation using 10 mg/ml of the 
25-amino-acid N-terminal tryptic phosphopeptide of bovine β-casein as a stabiliz-
ing agent [590]. Nano-sized particles of ACP were prepared by mixing of solutions 
of Ca(NO3)2·4H2O (450  mmol/L) in acetone and (NH4)2HPO4 (30  mmol/L) in 
deionized water at pH within 10.0–11.0 [591]. Furthermore, nanodimensional par-
ticles of ACP might be prepared by microwave-assisted synthesis [592], microwave- 
assisted hydrothermal synthesis [593, 594], electrostatic spray pyrolysis [595, 596], 
pulsed laser ablation [562], mechanochemical synthesis [597], spray drying [89], as 
well as by flame spray synthesis [437]. By means of the latter technique, one can 
produce nanodimensional ACPs with a broad Ca/P ratio within 0.5–1.5 [437].

Self-assembled shell cross-linked poly(acrylic acid-b-isoprene) micelles and/or 
cross-linked poly(acrylic) acid nano-sized cages in aqueous solutions might be used 
as templates for preparation of polymer/CaPO4 nanodimensional capsules of 
50–70 nm in diameter, which consisted of spherical polymer nano-sized particles 
enclosed within a continuous 10–20 nm thick surface layer of ACP [598]. Synthesis 
of hollow spherical CaPO4 nano-sized particles using polymeric templates has been 
also reported by other researchers [599–601]. Furthermore, bundles of surfactant- 
coated ACP nanodimensional filaments of ~2 nm in width and >300 μm in length 
were synthesized in reverse micelles [602]. Bundles of the nanodimensional 
 filaments were stable in the reverse micelle phase up to around 5 days, after which 
they transformed into 5-nm-wide surfactant-coated CDHA rods. Discrete filaments 
of 100–500 × 10–15  nm in size and a linear superstructure based on the side-on 
stacking of surfactant-coated ACP nano-sized rods were also prepared [508]. A 
double reverse micelle strategy was realized to synthesize amine and carboxylate- 
and polyethylene glycol surface-functionalized CaPO4 nano-sized particles of an 
undisclosed nature [603]. Furthermore, the reverse micelle technique might be 
applied to prepare nanodimensional DCPA [519, 604].

Concerning nano-scaled OCP, it was prepared in a continuous flow tube reactor 
[460]. In addition, an oriented growth of nano-scaled belts of OCP with a clean 
surface was achieved by wet-chemical approach using cetyltrimethylammonium 
bromide [605]. Pulsed laser deposition technique was employed to obtain thin films 
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of nanocrystalline OCP on pure Ti substrates [606]. The deposition was performed 
by a pulsed UV laser source in a flux of hot water vapors. High-resolution electron 
microscopy and X-ray diffraction at grazing incidence investigations indicated that 
the coatings were made of nanocrystalline OCP (unfortunately, the dimensions 
were not indicated). In vitro tests proved that both fibroblasts and osteoblasts 
adhered, reached a normal morphology, proliferated, and remained viable when cul-
tured on the nanocrystalline OCP coatings, supporting a good biocompatibility and 
absence of any toxicity [606].

Agglomerates of spherical well-ordered nano-sized (10–18  nm) particles of 
TTCP were prepared by solid-state reactions between CaCO3 and MCPM powders 
mixed in a molar ratio of 3: 1 and suspended in n-heptane for 16 h, followed by 
filtration, drying, sintering at 1450–1500  °C for 6–12 h, and rapid quenching to 
room temperature [607]. Nanodimensional powders of BCP (both HA + β-TCP 
[608–612] and HA + α-TCP [613]) have been fabricated as well. To get the details, 
the interested readers are referred to the original publications.

Similar to that for apatites (see above), nano-scaled particles of other types of 
CaPO4 might be functionalized and/or doped by various compounds to provide new 
important properties [169, 542, 603, 613–621], such as fluorescence [616, 617, 
621], luminescence [619], or a good dispersibility in organic solvents [613]. 
Furthermore, nano-sized CaPO4 might be used as templates to manufacture nanodi-
mensional capsules [622].

To conclude this part, one should mention a review on patents on the subject 
[623]. Unfortunately, no information on the preparation of nanodimensional or 
nanocrystalline MCPM, MCPA, OA, and TTCP was found in literature. Hopefully, 
they will be manufactured in a near future.

9.6.5  Biomimetic Construction Using Nanodimensional 
Particles

Morphological control of bioinorganic materials is another interesting issue in 
biomineralization, by which inorganic materials with complex morphologies can be 
produced. Complex forms or patterns with a hierarchical structure over several 
length scales are important features of biomineralization. Pattern formation in 
biomineralization is a process in which self-assembled organic templates are trans-
formed by a material’s replication into organized inorganic structures. Needless to 
mention, researchers try to reproduce these processes in laboratories. For example, 
Chen et al. reported a way to create enamel-like structures by modifying synthetic 
nano-sized rods of apatite with a surfactant, bis(2-ethylhexyl)sulfosuccinate salt 
that allowed the nano-sized rods to self-assemble into prism-like structures at the 
water/air interface [191]. A nanometer-scale rod array of apatite having preferred 
orientation to the c-axis was successfully prepared simply by soaking calcium- 
containing silicate glass substrates in Na2HPO4 aqueous solution at 80  °C for 
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various periods [624]. A biomimetic bottom-up route to obtain the first hierarchical 
level of bone was reported [178]. A pH-induced self-assembly of peptide amphi-
phile to make a nanostructured fibrous scaffold reminiscent of extracellular bone 
matrix was obtained. After the cross-linking of the scaffold, the fibers were able to 
direct mineralization of CDHA to form a biocomposite, in which the crystallo-
graphic c-axes of the nano-sized crystals of CDHA were aligned with the long axes 
of the fibers. This alignment was similar to that observed between collagen fibrils 
and crystals of biological apatite in bones [178]. Other attempts to fabricate artifi-
cial materials having bone-like both nanostructure and chemical composition were 
performed, and several significant achievements were obtained [625, 626].

The classical model of biomineralization considers mineral formation as an 
amplification process in which individual atoms or molecules are added to existing 
nuclei or templates [1, 2, 627]. This process occurs in the presence of various bioor-
ganic molecules, which deterministically modify nucleation, growth, and facet sta-
bility. A model involving aggregation-based growth [628] recently challenged this 
conventional concept for the crystal growth. Inorganic nano-sized crystals were 
found to aggregate into ordered solid phases via oriented attachment to control the 
reactivity of nanophase materials in nature [19, 629]. A model of “bricks and mor-
tar” was suggested to explain the biological aggregation of nano-sized apatite [630]. 
In this model, ACP acts as “mortar” to cement the crystallized “bricks” of nano- 
sized HA. Meanwhile, biological molecules control the construction process. By 
using nanodimensional spheres of HA as the building blocks, highly ordered 
enamel-like and bone-like apatites were hierarchically constructed in the presence 
of glycine and glutamate, respectively. It is interesting that, during the evolution of 
biological apatite, the amorphous “mortar” can be eventually turned into the “brick” 
by phase-to-phase transformation to ensure the integrity of biominerals [630].

9.7  Biomedical Applications of the Nano-scaled CaPO4

9.7.1  Bone Repair

Due to advances in surgical practice and a fast aging of the population, there is a 
permanently increasing demand for bone grafts [631]. Modern grafts should not 
only replace the missing bones but also should be intrinsically osteoinductive by 
acting as scaffolds for guided bone growth. Furthermore, an ability to form a bio-
logically active apatite layer to bond to living bone is an essential requirement to 
modern biomaterials [632]. In addition, a good graft should provide a framework to 
support new blood vessels and soft tissues in forming a bridge to existing bones 
[631].

CaPO4 bioceramics of micron dimensions have been used in dentistry, orthope-
dics, and surgery for over 30 years because of their chemical similarity to calcified 
tissues of mammals and, therefore, excellent biocompatibility [115, 173, 174, 238–
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241]. Due to a rapid development of nanotechnology, the potential of nanodimen-
sional and nanocrystalline forms of CaPO4 has received a considerable attention 
[18] because they produce favorable results in repair of bone defects [633–641]. For 
example, due to an improved sinterability, an enhanced densification, and a better 
bioactivity than coarser crystals, they might be chosen as the major components of 
self-setting bone cements [14, 545, 546, 642–645]. However, there is a study in 
which an increase of particle and crystallite sizes of TCP did not prolong but short-
ened the induction time until the cement setting reaction started [548], which was 
against the common physical rules (generally, smaller particles or crystallites should 
enhance reactivity). Nevertheless, two general directions of the biomedical applica-
tion of nanodimensional and nanocrystalline CaPO4 can be outlined: (i) using them 
in powder form as filling materials to impart bioactivity to various biocomposites 
and hybrid biomaterials [52–76, 145, 646–651] and (ii) manufacturing of either 
dense compacts or porous scaffolds, possessing the sufficient mechanical properties 
[625, 626, 652–655]. As nano-scaled CaPO4 tend to agglomerate at heating (Fig. 9.9) 
[165, 279, 656–658], normally a low-temperature [135, 289, 339, 659] and/or a 
rapid consolidation [135, 237, 284, 660–666] techniques must be employed. The 
low-temperature approach comprises gel hardening (at 4  °C) [339] and uniaxial 
pressing at 150–200 °C [135]. In addition, HA plates with nano-sized pores inside 
the plates could be prepared by drying an aqueous dispersion of nanodimensional 
HA on a liquid substrate at 60 °C without binder [289, 659]. The rapid consolidation 

Fig. 9.9 Particle sizes and crystallinity of HA powders after a heat treatment at various tempera-
tures: (a) 300 °C, (b) 500 °C, (c) 700 °C, (d) 900 °C
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techniques comprise spark plasma sintering [135, 237, 284, 660–666], pressure sin-
tering [661], and microwave sintering over the temperature range 1000–1300 °C, 
using a rapid sintering schedule [664–666]. Besides, a two-step sintering process 
might be applied as well [667, 668]. Furthermore, nanodimensional crystals of cal-
cined HA might be fabricated by calcination at 800 °C for 1 h with an anti-sintering 
agent surrounding the original nano-sized CDHA particles (Fig. 9.10). During sin-
tering, this agent prevents the contacts among the particles and, after sintering, the 
agent is subsequently removed by washing [669–671]. These consolidation 
approaches provided a limited alteration of the initial nano-sized crystals, while the 
final bioceramics possessed the mechanical properties similar to those reached with 
sintered stoichiometric HA.

Already in 1990s, implants prepared from nanodimensional apatites, as well as 
biocomposites of nanodimensional apatite with organic compounds, were tested 
in  vivo [672–674]. Cylinders made of both pure nanodimensional apatite and 
organoapatite containing a synthetic peptide were analyzed 28 days after implanta-
tion into spongy bones of Chinchilla rabbits. Both implant types were well incorpo-
rated, and interface events were found to be similar to those observed on human 
bone surfaces with regard to resorption by osteoclast-like cells and bone formation 
by osteoblasts. That study revealed a suitability of such materials for both bone 
replacement and drug release purposes [672]. Similar results were obtained in other 
studies [673, 674].

Among the available commercial formulations, NanOss™ bone void filler from 
Angstrom Medica, Inc., is considered as the first nanotechnological medical device 
to have received the clearance by the US Food and Drug Administration (FDA) in 
2005 [675]. It is prepared by precipitation of nano-sized CaPO4 from aqueous solu-
tions, and the resulting white powder is then compressed and heated to form a dense, 
transparent, and nanocrystalline material. NanOss™ mimics the microstructure, 
composition, and performance of human bone, as well as it is mechanically strong 
and osteoconductive. It is remodeled over time into human bone with applications 
in sports medicine, trauma, and spine and general orthopedics markets [675].

Ostim® (Osartis GmbH & Co. KG, Obernburg, Germany) is another popular 
commercial formulation. This ready-to-use injectable paste received CE (Conformite 
Europeenne) approval in 2002. Ostim® is a suspension of synthetic nanocrystalline 

Fig. 9.10 HA powders calcined (a) without additives and (b, c) with anti-sintering agents for (a, 
b) spherical and (c) rod-shaped nano-sized particles. Bar is 1 μm (Reprinted from Ref. [420] with 
permission. Copyright © 2012 National Institute for Materials Science)
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HA (average crystal dimensions: 100 × 20 × 3 nm3 (a needlelike appearance), spe-
cific surface area ~100 m2/g) in water, prepared by a wet-chemical reaction [676]. 
After completion, the HA content in the paste is ~35%. Ostim® does not harden 
when mixed with blood or spongiosa, so it is highly suitable for increasing the vol-
ume of autologous or homologous material. Simultaneously, its viscosity enables its 
applications to form-fit in close contact with the bone. Ostim® can be used in 
metaphyseal fractures and cysts, alveolar ridge augmentation, acetabulum recon-
struction, and periprosthetic fractures during hip prosthesis exchange operations, 
osteotomies, filling cages in spinal column surgery, etc. [675–689]. It can be incor-
porated into bones and a new bone formation is visible after only 3 months [690]. 
For a number of clinical applications, Ostim® can be combined with other types of 
CaPO4 bioceramics, e.g., with a HA bioceramic core (Cerabone®) [676, 691] or 
with biphasic (β-TCP + HA) granules (BoneSaves®) [692]. Application of such 
combinations of a nanocrystalline Ostim® with the microcrystalline CaPO4 bioc-
eramics appeared to be an effective method for treatment of both tibia head com-
pression fractures [676] and metaphyseal osseous volume defects in the metaphyseal 
spongiosa [691]. Besides, such combinations might be used for acetabular bone 
impaction grafting procedures [692]. Interestingly, that self-setting formulations 
might be prepared by replacement of water by a neutral (pH = 7) phosphate buffer 
solution [693].

Cui et al. developed nano-sized HA/collagen biocomposites, which mimicked 
the nanostructure of bones [176, 694]. After implantation, such biocomposites can 
be incorporated into bone metabolism. Due to processing difficulties and poor 
mechanical properties of bulk CaPO4, their applications are currently confined to 
non-load-bearing implants and porous bodies/scaffolds. Porous 3D biocomposites 
of nanodimensional HA with collagen or other (bio)polymers (chitin, chitosan, gel-
atin, etc.) mimic bones in composition and microstructure and can be employed as 
a matrix for the tissue engineering of bone.

Owing to their low mechanical properties, the use of CaPO4 in load-bearing 
applications is rather limited: CaPO4 are too stiff and brittle for such use. Today’s 
solutions for weight-bearing applications rely mostly on biologically friendly met-
als, like cobalt-chromium alloys, titanium and its alloys, as well as stainless steel 
316L, but problems with stress-shielding and long-term service can cause failures. 
All these metals, although nontoxic, are always bioinert and cannot bond to bone 
directly. In order to improve the biological properties of the metallic implants, nano-
structured CaPO4 (mainly, apatites) are deposited on their surface to accelerate bone 
growth and enhance bone fixation [152, 153, 419, 606, 695–703]. There are about 
50 deposition techniques to put down CaPO4 onto the surface of various substrates 
[704], and in the case of apatites, the deposits are commonly composed from uni-
form nanodimensional particles or crystals (Fig.  9.11). They are capable of per-
forming bone formation and promoting direct osseointegration with juxtaposed 
bone [707–710]. For example, an enhanced new bone formation can be clearly seen 
on nanophase HA-coated tantalum compared to microscale HA-coated tantalum 
and non-coated tantalum (see Fig. 9.2 in Ref. [88]). Furthermore, nanostructured 
CaPO4 might be used as a coating material to impart surface bioactivity to other 
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materials, e.g., glasses [711], polymers [712, 713], xenografts [714], and even other 
types of CaPO4 [715]. Finally, but yet importantly, such coatings might be  patterned, 
e.g., by laser direct writing [624] or electrohydrodynamic atomization spraying 
technique [716]. However, the deposition of nano-sized CaPO4 on the implant sur-
faces does not always improve early tissue integration [717, 718].

9.7.2  Nano-scaled CaPO4 and Cells

It is well accepted that bone-related cells (especially, osteoblasts and osteoclasts) 
play the key roles in the physiological formation of calcified tissues. Bone-related 
cells not only are speculated to take part in the formation of biominerals and mac-
rostructure constructions of bones, but they also continuously modulate the density, 
regeneration, and degradation of bones. Therefore, understanding the relationship 
between the bone-related cells and nano-sized CaPO4 has been paid much attention 
in order to elucidate the formation mechanism of bones, to prevent and cure bone- 
related diseases, and to design novel biomaterials. Better structural biomimicity and 
osteoconductivity can be achieved using nano-scaled CaPO4 [144, 145, 151, 152, 
719–723]. Biocompatibility of such biomaterials is the key question for their 

Fig. 9.11 (a) A photo of a 
titanium implant coated 
with electrochemically 
deposited HA at 37 °C 
(Cenos® BoneMaster); (b) 
a micrograph of a titanium 
implant surface coated 
with electrochemically 
deposited HA at 37 °C 
(Reprinted from Ref. [705] 
with permission. Copyright 
© 2007 Carl Hanser Verlag 
GmbH & Co. KG; other 
micrographs of 
nanodimensional CDHA 
coatings biomimetically 
deposited on NaOH-treated 
Ti6Al4V surfaces might be 
found in Ref. [706])
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application possibility for clinical use. For example, adhesion, proliferation, and 
differentiation of mesenchymal stem cells were studied on nano-sized HA/polyam-
ide biocomposite scaffolds. The results indicated that such biocomposites exhibited 
a good biocompatibility and an extensive osteoconductivity with host bone in vitro 
and in vivo and proved that nano-sized HA/polyamide scaffolds had a potential to 
be used in orthopedic, reconstructive, and maxillofacial surgery [724–726].

Most results demonstrate that nanostructured CaPO4 can improve cell attach-
ment and mineralization in vivo, which suggests that they may be a better candidate 
for clinical use in terms of bioactivity [151, 152, 157, 727–732]. The size effects of 
nanodimensional HA on bone-related cells, as well as the influence of crystallinity 
of nano-sized HA, were studied [733–736]. Namely, different nano-sized particles 
of HA, typically of 20 ± 5, 40 ± 10, and 80 ± 12 nm in diameter, were prepared, and 
their effects on the proliferation of two types of bone-related cells, bone marrow 
mesenchymal stem cells (MSCs) and osteosarcoma cells (U2OS and MG63), were 
studied. The cell culture experiments showed an improved cytophilicity of the nano-
phase HA if compared to the submicron-sized HA. A greater cell viability and pro-
liferation of MSCs were measured for nano-sized HA, remarkably for 20-nm-sized 
particles. However, the opposite phenomenon occurred for bone tumor cells when 
nano-sized HA were cocultured with cells. Nano-sized HA can inhibit proliferation 
of U2OS and MG63 cells, and the inhibited strengths were inversely proportional to 
the particle size, i.e., smaller particles possessed a greater ability to prevent cell 
proliferation. This suggests that nano-sized HA can exhibit favorable cell prolifera-
tion to optimize biological functionality, in which the particle dimensions are 
believed to play a key role. These in vitro findings are of a great significance for the 
understanding of cytophilicity and biological activity of nano-sized particles during 
biomineralization [733]. Furthermore, an early osteogenic signal expression of rat 
bone marrow stromal cells appeared to be influenced by nanodimensional HA 
 content [737]. On the other hand, there is a study on early bone healing, in which an 
importance of nanometer-thick coatings of nanodimensional HA on titanium 
implants appeared to be insignificant if compared to the control [738]. In addition, 
it was found that large quantities of nano-sized HA entered into cells and damaged 
their morphology; therefore, it was concluded that not all the types of nano-sized 
HA could be considered for clinical applications [735].

In still another study, an interaction mechanism of nano-scaled HA with cells 
was investigated [739]. A real-time polymerase chain reaction analysis revealed that 
the expression of bone morphogenetic protein BMP-2 increased upon stimulation 
with nano-scaled HA in both dose- and time-dependent manners. Concentrations of 
calcium and orthophosphate ions in culture supernatants were found to be 
unchanged, suggesting that nano-scaled HA functioned as just nanoparticles rather 
than as a source for extracellular releasing of the ions. This novel interaction mecha-
nism could be important for the rational design of future periodontal regeneration 
[739].

Studies confirmed that nano-sized ACP had an improved bioactivity if compared 
to nano-sized HA since a better adhesion and proliferation of osteogenic cells had 
been observed on the ACP substrates. However, in order to understand the influence 
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of crystallinity of the nano-sized CaPO4 on the osteogenic cells correctly, it was 
critical to use nano-sized ACP and HA of the same size distribution [734]. Thus, 
ACP and HA particles of ~20 nm size were synthesized, and the effects of crystal-
linity were studied. The adhesion, proliferation, and differentiation of MSC cells 
were measured on both ACP and HA films and compared at the same size scale. 
Surprisingly, more cells were adsorbed and proliferated on the films of the well- 
crystallized nano-sized HA than those on the films of nano-sized ACP.  Alkaline 
phosphatase activity assay and RT-PCR assay were also used to evaluate the dif-
ferentiation of MSC cells. The results showed that the differentiation of MSC cells 
from osteoblasts was promoted significantly by nano-sized HA. These experimental 
phenomena clearly demonstrate that the crystallized phase of HA provides a better 
substrate for MSC cells than ACP, when the factor of size effect is removed. This 
new view on the relationship between the crystallinity of CaPO4 and the responses 
of cells emphasized the importance of both size and phase control in the application 
of biomedical materials [734–738].

On the other hand, the chemical composition of the samples appears to be impor-
tant. Interestingly, in spite of the fact that the biological apatite of bones contains the 
substantial amount of carbonates, among investigated samples of nanocrystalline 
apatites, osteoclastic differentiation was found to be constrained on carbonate-rich 
samples, leading to smaller numbers of osteoclast-like cells and fewer resorption 
pits. Furthermore, the highest resorption rate was found for nanodimensional HA 
with a low carbonate content, which strongly stimulated the differentiation of 
osteoclast- like cells on its surface [740].

Cells are sufficiently sensitive and nanoscale alterations in topography might 
elicit diverse cell behavior [741–743]. How cells can recognize the particle size and 
other very small differences in the properties of nano-sized HA in these experiments 
remains unclear. Actually, determining the mechanisms whereby nano-sized 
 particles of CaPO4 and their sizes exert effects on bone-related cells will require 
further systematic studies.

To conclude this part, one should note that the entire aforementioned is devoted 
to bone-related cells. However, nanodimensional CaPO4 start to be applied to other 
parts of the bodies. For example, a possible protective effect of nano-sized HA was 
investigated against nerve injury, and it appeared to be not neurotoxic for the elec-
trophysiology activity of cells [744]. Additional details on the interactions between 
nano-scaled CaPO4 and cells are available elsewhere [484].

9.7.3  Dental Applications

Dental caries is an ubiquitous and worldwide oral disease. At the initial stage of 
caries lesions, bacteria cause damage of dental enamel, which is the exterior coating 
of teeth and possesses remarkable hardness and resistance. As the most highly min-
eralized structure in vertebrate bodies, enamel is composed of numerous needlelike 
apatite crystals of nanodimensional sizes, which are bundled in parallel ordered 
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prisms to ensure unique mechanical strength and biological protection. As a nonliv-
ing tissue, the main constituent (~97 wt.%) of mature enamel is inorganic nanodi-
mensional apatite so that enamel is scarcely self-repaired by living organisms after 
substantial mineral loss. Filling with artificial materials is a conventional treatment 
to repair damaged enamel. However, secondary caries frequently arise at the inter-
faces between the tooth and foreign materials [745].

Nanodimensional HA and CDHA are often considered as model compounds of 
dental enamel due to the chemical and phase similarities [115, 173]. Therefore, 
enamel remineralization by using nanodimensional apatite or other CaPO4 is sug-
gested in dental research [746]. For example, toothpastes containing nanodimen-
sional apatite could promote a partial remineralization of demineralized enamel 
[747–752], as well as possess some whitening effect [753]. Furthermore, nano-sized 
HA might be added to methacrylate-based root canal sealers [754], as well as to 
mouth rinses [752, 755]. A remineralization potential of sports drink, containing 
nano-sized HA, was also investigated [756, 757]. A positive influence of addition of 
nanodimensional β-TCP against acid demineralization and promoted remineraliza-
tion of enamel surface was detected as well [758]. In addition, nanodimensional 
ACP could be added to various dental biocomposites to reduce secondary caries 
[759–761]. Unfortunately, these chemically analogous compounds of enamel are 
not widely applied in clinical practices. The native structure of dental enamel is too 
complex to be remodeled, and the synthesized apatite crystallites often have differ-
ent dimensions, morphologies, and orientations from the natural ones, which result 
in a poor adhesion and mechanical strength during dental restoration. Recent 
advances in biomineralization also indicate that features of smaller particles of 
nano-sized HA might approximate features of biological apatite more closely than 
features of the larger HA particles that are conventionally used [13]. For example, it 
has been demonstrated that nano-sized HA can be self-assembled to form 
 enamel- like structures in the laboratory [191]. Therefore, a biomimetic technique is 
suggested as follows: the localized repair of the enamel surface can be improved by 
nano-sized HA (dimension of ~20 nm), analogues to the basic building blocks of 
enamel rods. Furthermore, it is found that nano-sized HA can adsorb onto the 
enamel surface strongly and can even be integrated into the natural enamel structure 
[762].

It is surprising that nano-sized HA of ~20 nm can inhibit significantly a mineral 
loss from the enamel surface [194]. Without any treatment, the demineralization of 
the natural enamel surface was remarkable in acidic solution (pH ~4.5 ± 0.1, experi-
mental period of 2 days), and damaged sites were observed. The mass loss rate was 
about 0.12 ± 0.04 mg/mm2 per day. In contrast, a layer of nano-sized HA on the 
treated enamel surface was almost unchanged in acidic solution. The rate of mass 
loss of enamel coated by nano-sized HA approached zero (<0.02 mg/mm2 per day), 
which was beyond the sensitivity of the detection methods. Since the coating by 
nano-sized HA appeared to be insensitive to dissolution, the underlying enamel 
surface was well protected under slightly acidic conditions. Furthermore, the enamel 
surface coated by ~20-nm-sized HA had a hardness of 4.6 ± 0.4 GPa and an elastic 
modulus of 95.6  ± 8.4 GPa. These data appeared to be very similar to those of natu-
ral enamel samples, which are 4.2 ± 0.2 and 94.1 ± 5.4 GPa, respectively [194].
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The similarity between ~20-nm-sized HA and building blocks of dental enamel 
results in a good fixation of artificial biomaterials to natural tissues. Moreover, the 
enamel structure appears to be reinforced by nano-sized HA since secondary caries 
formation is suppressed and hardness is retained [745, 763, 764]. This strategy may 
have prospective applications in dentistry as it offers an easy but effective method to 
reconstruct tooth enamel that is suffering from mineral losses. Generally, these stud-
ies also suggest that analogues of nanodimensional building blocks of biominerals 
should be highlighted in the entire subject of biomineralization.

In the case of nanodimensional DCPA, decreasing of DCPA particle dimensions 
was found to increase the Ca and PO4 ion releases from DCPA-based biocompos-
ites. Therefore, biocomposites based on nano-sized DCPA, possessing both a high 
strength and good release of Ca and PO4 ions, may provide the needed and unique 
combination of stress-bearing and caries-inhibiting capabilities suitable for dental 
applications [583]. Further details on dental applications of CaPO4 might be found 
in topical reviews [748, 765].

9.7.4  Other Biomedical Applications

Several other biomedical applications of nano-scaled CaPO4 are in progress, some 
of which are described here. For example, there is a report on a successful prepara-
tion of a multimodal contrast agent based on nano-sized crystals of HA, which was 
engineered to show simultaneous contrast enhancement for three major molecular 
imaging techniques such as magnetic resonance imaging, X-ray imaging, and near- 
infrared fluorescence imaging [766]. Furthermore, various compositions based on 
nanodimensional CaPO4 have been already tested for cancer treatment [35, 168, 
319, 617, 767–778]. For example, a relationship between the suppression and apop-
tosis of osteosarcoma cells and the size of the HA nanoparticles was established 
[772]. In another study, biocomposites consisting of a nano-sized HA core with a 
combination of an oleic acid and 1,2-distearoyl-sn-glycero-3- phosphoethanolamine-
N-[carboxy(polyethylene glycol)-2000] lipid shell were studied as delivery vehicles 
for docetaxel in the treatment for hormone-refractory prostate cancer. The study 
reported cytotoxicity of the formulations in both the PC3 and DU145 prostate can-
cer cell lines [771]. Besides, nanodimensional HA was found to be effective for 
proliferation inhibition of highly malignant melanoma cells [779] and human 
chronic myeloid leukemia K562 cells [780].

Surface modification of nanodimensional CaPO4 was performed in order to mod-
ulate their colloid stability, prevent dissolution in the case of low pH, avoid inflam-
mation, serve as an intermediate layer to allow strong bond formation between 
CaPO4 and polymer matrices, and potentially enhance its bioactivity or improve its 
conjugation ability with special functional groups [12, 781–790]. Such surface- 
modified nano-sized particles might be applied for oral insulin delivery [791].

In another aspect, many strategies have been employed to load various agents, 
i.e., therapeutic, bio-imaging, etc., to nanodimensional CaPO4 (mainly, apatites) 
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[792]. In summary, these strategies can be broadly categorized into two main 
approaches. One approach is to load these agents during the synthesis  – the so- 
called in situ loading. This is done by adding the desired agent(s) to the reaction 
mixture before the formation of a nanodimensional CaPO4 is completed. The sec-
ond approach is to load the agent(s) only after a nanodimensional CaPO4 has been 
fully synthesized or, in other words, after the synthesis process – the so-called ex 
situ loading. This is mainly done through surface adsorption where the agents are 
adsorbed onto the surfaces of pre-synthesized nanodimensional particles [793]. The 
Coulomb force between –COO− groups of proteins and Ca2+ of solid HA appears to 
be the main adsorption mechanism [794]. Therefore, due to established biocompat-
ibility, ease of handling, and notorious adsorption affinity, nano-sized CaPO4 have 
been applied as nonviral carriers for drug delivery and gene therapy [97, 172, 268, 
285, 530, 576, 603, 767, 795–812]. After loading with genes and/or drugs, nanodi-
mensional CaPO4 provide a protective environment that shields them from degrada-
tion while providing a convenient pathway for cell membrane penetration and 
controlled release of the genes or drugs [531]. The experimental results proved that 
nanodimensional CaPO4 possessed a higher penetration rate into cell membranes, 
and their transfection efficiency could be 25-fold higher than that of the micron- 
sized particles. Namely, the size increase from 100 nm in length and 20 nm in diam-
eter to 150 nm in length and 50 nm in diameter yields zero uptake of HA particles 
[813]. Furthermore, due to the larger specific surface areas, nanodimensional CaPO4 
can hold larger load amounts of drugs than coarser particles. These results indicate 
the potential of nano-sized CaPO4 in gene delivery and as drug carriers [531, 813–
819]. Since a charge of the particles influences their ability to pass through the cel-
lular membrane and a positive charge is beneficial [788], positively charged 
nano-sized particles of CaPO4/polymer biocomposites were successfully applied 
for photodynamic therapy [820]. Furthermore, nanodimensional CaPO4 can be sta-
bly loaded with radioisotopes [800, 821].

A transfer of functional foreign nucleic acids (DNA or RNA) into nuclei of living 
cells (transfection) with the aim of repairing missing cell function and providing 
means to enhance or silence gene expression is currently used extensively in the 
laboratory and is fastly becoming a therapeutic reality. Since DNA and RNA are 
negatively charged, the electrostatic repulsion with the anionic cell membrane 
reduces their transfection efficiency [822]; efficient carriers are required [823, 824]. 
Nanodimensional CaPO4 can be represented as a unique class of the nonviral vec-
tors, which can serve as efficient and alternative nucleic acid carriers for targeted 
delivery of genes [268, 768, 792, 798, 825–841] and cells [614, 842–851]. For 
example, by means of nanodimensional CaPO4, an efficient and safe strategy to 
introduce suicide genes into colon cancer cells was developed [770]. In addition, the 
pH-dependent solubility profiles of CaPO4 make this class of nano-sized particles 
especially useful for in vitro and in vivo delivery purposes. Therefore, after trans-
fection, these particles dissociate into calcium and orthophosphate ions, i.e., physi-
ological components found in every cell. The standard transfection method using 
CaPO4, first introduced by Graham and van der Eb in 1973 [849], is still used in 
biochemistry. It involves a straightforward in situ coprecipitation of CaPO4/DNA 
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aggregates (Fig. 9.12) [832]. During this process, DNA gets readily condensed and 
adsorbed onto the precipitate and thereby changes the characteristics of the parti-
cles. A similar experimental approach is used to load CaPO4 by drugs [804]. 
Schematic drawings of the various types of functionalized nano-sized CaPO4 parti-
cles suitable for both imaging and drug delivery purposes are shown in Fig. 9.13 
[852] and Fig. 9.14 [853], while a schematic representation of a gene delivery pro-
cess into the cell nucleus through a double-shell nano-sized CaPO4 particles is 
shown in Fig. 9.15 [854]. It is interesting to note that nano-sized CaPO4 appear to 
be applicable for DNA extraction from cell lysates [855].

Fig. 9.12 Schematics of the formation of CaPO4/DNA complexes via coprecipitation method. 
Calcium ions readily bind to anionic DNA and forms Ca-DNA complexes. As orthophosphate 
anions are mixed into the solution, Ca-DNA complexes react with the anions and form CaP-DNA 
complexes by precipitation as the DNAs are condensed into and around the calcium phosphate 
particulates (Reprinted from Ref. [832] with permission. Copyright © 2012 John Wiley & Sons, 
Inc)
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Fig. 9.13 A generalized schematic setup of a nanodimensional particle of a CaPO4 suitable for 
both imaging and drug delivery purposes (Reprinted from Ref. [852] with permission. Copyright 
© 2010 Royal Society of Chemistry)

Fig. 9.14 A schematic of CaPO4 (CaP) nanodimensional particles for drug delivery applications: 
single shell (a, b), multi-shell (c), and surface functionalization approach (d). Fluorophore agents 
can be entrapped/doped into CaPO4 core as shown in (b) for imaging. The multi-shell approach (c) 
is more effective for nuclear transfection than the single shell as in (a). Drugs or biomolecules that 
are poorly adsorbed on CaPO4 can also be adsorbed on the surface-functionalized polymer coating 
as shown in (d) (Reprinted from Ref. [853] with permission. Copyright © 2011 Acta Materialia 
Inc. Published by Elsevier Ltd)
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When these particles are added to the cells, the pH of the medium defines the 
degree of saturation and hence the fate of the precipitate, which normally gets endo-
cytosed by cells within ~1 h after contact. Furthermore, after being delivered inside 
cells, it is hypothesized that dissolution of nanodimensional CaPO4 particles occurs. 
Large quantities of Ca2+ and orthophosphate ions are released into the endosomal 
mixture inside vesicles. As a result, rapid increase of osmotic pressure inside the 
vesicle ensues leading to massive influx of water into the vesicles, which ruptures 
the vesicle, and the nucleic acids into the cytosol [832, 853]. Interestingly, the trans-
fection efficiency of nanodimensional CaPO4 was found to depend on Ca/P ionic 
ratio: namely, CaPO4 with Ca/P = 1.30 ratio exhibited a fourfold increase in the 
transfection efficiency over the ones with Ca/P = 1.65 ratio composition [268]. This 
data emphasizes the importance of understanding the interaction between CaPO4 
and DNA to optimize the DNA uptake and its channeling to the nucleus of the cell. 
Besides, it has been demonstrated that surface-modified particles of nano-sized 
CaPO4 can be used in vivo to target genes specifically to a liver [855]. Attachment 
of galactose moiety onto the particle surface has increased the targetability of the 
nano-sized particles. Furthermore, this surface modification makes it possible for 
site-specific gene delivery [855, 856]. Assemblies of block-copolymer/nano-sized 
CaPO4 were prepared and used for cell transfection; a high biocompatibility of this 
system was emphasized [857]. Structures that are even more complex are known as 
well [858–860]. Furthermore, vaccination to protect against human infectious dis-
eases may be enhanced by using adjuvants that can selectively stimulate immuno-

Fig. 9.15 A schematic of transfection/intracellular delivery of drugs and biomolecules by nanodi-
mensional CaPO4. Cellular uptake of nanodimensional CaPO4 loaded with DNAs/RNAs is caused 
by endocytosis through lipid bilayer cellular membrane. Afterward, DNAs or RNAs escape from 
the endosome following the dissolution of CaPO4 in an acidic environment of the endocytic vesicle 
(Reprinted from Ref. [853] with permission. Copyright © 2011 Acta Materialia Inc. Published by 
Elsevier Ltd. Additional schematic illustrations of this process are available in literature [832])
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regulatory responses, and nano-sized particles of CaPO4 were found to be suitable 
for such purposes [861, 862].

In all these new applications of nano-sized CaPO4, knowledge of the exact inter-
nalization pathways into the cells represents the first necessary step toward the 
detailed investigation and optimization of the functional mechanisms [863]. The 
main groups of pathways into the cell are diffusion, passive and active transport, as 
well as a number of endocytic mechanisms [767]. Bigger particles of far above 
10 nm are internalized by eukaryotic cells through the endocytic pathways includ-
ing phagocytosis, macropinocytosis, clathrin-mediated endocytosis, and non- 
clathrin- mediated endocytosis such as internalization via caveolae. To date, the 
exact internalization pathway of nano-sized CaPO4 into cells has not been deter-
mined, and there are many questions that remain to be answered, particularly, con-
cerning possible interactions of CaPO4 with nucleic acids. Furthermore, the 
mechanisms of cellular uptake and transport to the cell nucleus of CaPO4/DNA 
nanodimensional complexes remain unclear either. Therefore, there is a need to 
conduct a focused study on the synthesis of various forms of nano-sized CaPO4 that 
could elucidate the mechanisms of binding, transport, and release of attached plas-
mid DNA for understanding the gene delivery method. Research is also warranted 
to understand the tracking of DNA intracellularly [846] to understand the release 
and transport of DNA into cellular nuclei.

Concerning the healing abilities of nano-sized CaPO4, an in  vitro inhibiting 
effect and even apoptotic action of un-functionalized nano-sized HA of about 50 nm 
diameter on a hepatoma cell line in the concentration range of 50–200 mg/1 were 
reported [864]. Similar effects were discovered for nano-sized HA particles, which 
appeared to cause inhibition and/or apoptosis of leukemia P388 cells, C6 cells 
[865], macrophages [866, 867], and osteoblasts [720, 868]. This effect might be due 
to a harmful increase in the intracellular calcium concentration. However, the cor-
relation between the particle dimensions and the apoptotic action of nano-sized 
CaPO4 appears not to be straightforward. Namely, the apoptosis efficacy of nanodi-
mensional particles of HA of various sizes was found to decrease in the order of 
45 nm > 26 nm > 78 nm > 175 nm [869]. Furthermore, the needle-shaped and the 
short rodlike particles induced greater cellular injury than the spherical and long 
rodlike particles, respectively [868].

Hollow nano-sized structures are extremely attractive constructions because they 
can greatly enhance the load quantity. Though these novel biomaterials can improve 
the total intake of drugs, they also bring new problems, e.g., uncontrolled release 
kinetics and unreasonable metabolism pathway of the carriers [870]. In order to 
solve these problems, CaPO4 were selected as suitable biomaterials to construct 
nanodimensional spheres [167, 575, 576, 802, 871–874] and ellipsoidal capsules 
[875] hollow inside. Such hollow structures with dimensions ranging from 110 to 
180  nm were synthesized by an ultrasonic-assisted wet-chemical reaction in the 
presence of a modifier [876]. In addition, they might be prepared through emulsions 
[877] and by electrophoresis [878]. Transmission electron microscopy investiga-
tions revealed that the uniform nanodimensional spheres were formed, and they 
were well dispersed in the solutions. Thickness of the shells was about 45 nm; thus, 

9 Nanodimensional and Nanocrystalline Calcium Orthophosphates



400

they always had ~ 60-nm-sized internal cavities, which could be used to load drugs. 
The hollow spheres appeared to be stable in both air and aqueous solutions without 
ultrasonic application. However, when an ultrasonic treatment (40 kHz, 150 W) was 
applied, the hollow structures deconstructed to form pin-like nano-sized crystals of 
CaPO4 [876]. During this transformation, the encapsulated drugs and chemicals are 
released [603, 876]. Different from a free and slow diffusion of encapsulated drugs 
from the cavity through the shells [168], the release kinetics in this system was trig-
gered and controlled by ultrasound. Furthermore, the power density of ultrasound 
can conveniently regulate the release dynamics. Besides, the formed pin-like nano- 
sized crystals of CaPO4 had similar behavior to the biological apatite of bones. 
Thus, a combination of the hollow CaPO4 nanospheres and ultrasonic treatment 
might provide a good system for drug delivery and release [876].

To conclude this part, one should note that nanodimensional CaPO4 seem to be 
the only inorganic materials that are biocompatible, bioresorbable, and benignly 
cleared from the body. Therefore, the use of them, particularly combined with drug 
and imaging agents already FDA approved, likely faces far fewer regulatory hurdles 
than new materials, either organic or inorganic. Obviously, in the near future, bio-
composites based on nano-sized CaPO4 will begin clinical trials for both bioimag-
ing and drug delivery with a high probability of positive outcomes for the diagnosis 
and treatment of human diseases [879–881].

9.8  Non-biomedical Applications of the Nano-scaled CaPO4

Not many publications are yet available on non-biomedical applications of the nano-
scaled CaPO4 [450, 882–903]. For example, CaPO4 particles with a mean size of 
150 ± 20 nm filled with a solution containing luminol, hematin, and fluorescein were 
found to improve the ease and accuracy of H2O2 sensing [882]. Other examples of 
sensors based on nano-scaled CaPO4 are known as well [896–898]. Besides, nanodi-
mensional HA particles were tested as a component of a green slow-release fertilizer 
composition [883]. Also, addition of nano-scaled HA remarkably inhibits desorption 
of heavy metals from soils, which increases their geochemical stability in metal-con-
taminated soils [884]. Furthermore, nano-scaled HA was found to hold a great poten-
tial to remove cationic metal species [885–891] and some organic compounds [900] 
from industrial wastewater, as well as fluorides from drinking water [450, 902, 903]. 
Finally, yet importantly, nanodimensional and nanocrystalline CaPO4 might possess a 
catalytic activity [892–895] and be used in gas sensors [896] and ion detectors [901].

9.9  Summary and Perspectives

As the basic building blocks of calcified tissues of mammals, nano-sized CaPO4 of 
the apatitic structure play an important role in the construction of these biominerals. 
Therefore, they appear to be almost the ideal biomaterials due to their good 
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biocompatibility and bioresorbability. Even more enhanced applications are 
expected in drug delivery systems [904]. However, there is still an unanswered 
question concerning their structure: whether the majority of nanodimensional 
CaPO4 appear to be almost amorphous (according to numerous results of X-ray dif-
fraction studies) due to their nanoscopic dimensions of well-crystallized structures 
or due to a really amorphous (i.e., retaining only a short-range order at the scale of 
few atomic neighbors) matter? A good attempt to discuss this topic is available in 
literature [905], where the interested readers are referred to.

In the future, an ability to functionalize surfaces with different molecules of 
varying nature and dimensions by means of their attachment to cells will enable 
them to act selectively on biological species such as proteins and peptides. The 
capability of synthesizing and processing of nanodimensional and nanocrystalline 
CaPO4 with the controlled structures and topographies, in attempts to simulate the 
basic units of bones and teeth, will provide a possibility of designing novel proac-
tive bioceramics necessary for enhanced repair efficacy. The various primary posi-
tive results on the biocompatibility and biomimicity of novel nanostructured 
bioceramics merit further confirmations. Namely, much work remains to be under-
taken to address the following key challenges and critical issues of nanodimensional 
and nanocrystalline CaPO4 [906]:

• Consistency of the processing technologies
• Optimization the structure and properties mimicking bones
• Matching the strength of nanodimensional and nanocrystalline constructs with 

those of bones in order to provide a uniform distribution of stresses (load 
sharing)

• Optimizing bioresorption without comprising the mechanical properties
• Assessing the inflammatory response to validate their biosafety

Furthermore, substantial research efforts are required in the analysis of cells 
and their different behaviors with regard to their interactions with nanodimen-
sional and nanocrystalline CaPO4 [906]. An important but still unsolved question 
is how the cells can recognize the particle dimensions and crystallinity of nano-
sized CaPO4. What is the signal for nanodimensional biomaterials to promote cell 
proliferation and differentiation and how can the pathways be found out? 
According to the experiment results on transfection, nano-sized particles can 
enter into cells readily, but many details of this process remain unclear. Namely, 
the pathways for the nano- sized particles to enter the cells through the membranes 
should be revealed [907]. A greater influence of the hydrated surface layer with 
labile ionic species of smaller particles and crystals (see Sect. 9.5. “The Structure 
of the Nano-scaled Apatites” for the details) might be another possible option, to 
be confirmed experimentally. Then, it is important to examine the metabolism 
process of nano-sized CaPO4 inside cells, so the existing forms of these particles 
during the biological processes could be understood. Further, a critical step will 
be the investigation of possible changes of gene or protein expression in the 
absence and presence of various nano-sized CaPO4, which may directly be related 
to cell proliferation and differentiation [13].
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Understanding of the interactions between nano-sized particles and living cells is 
still a great challenge [906]. Namely, elucidating mechanisms, by which cells inter-
nalize and process nanodimensional particles, is of great importance for under-
standing their potential toxicity and for improving the targeted delivery of 
nanodimensional particles for biomedical applications. Already, some data are 
available that clathrin-mediated endocytosis might be responsible for the uptake of 
nano-sized HA [767]. In another study, nanodimensional particles of HA were 
sequestered within a specialized membrane-bound surface-connected compartment, 
directly connected to the extracellular space [908]. Future studies will focus on (1) 
the detailed interfacial structure of nanodimensional CaPO4 and the specific adsorp-
tion of proteins [909] or other matrices, (2) uptake processes of the nano-sized par-
ticles by cells, and (3) metabolism of nano-sized CaPO4 inside the cells and its 
possible interference with physiological reactions. Another important topic is a bio-
logical security of nano-sized particles in general [111, 112, 910, 911] and those of 
CaPO4 in particular [144, 343, 735, 912, 913]. For example, toxicity of nano-sized 
HA was found to vary considerably, which was related to their physicochemical 
properties [914, 915]. Besides, the toxicity of nano-sized HA appears to be both 
crystal shape and cell dependent [914]. Toxicity of an undisclosed nano-scaled TCP 
was detected as well [867]. Furthermore, cell death correlates strongly with the load 
of nano-sized particles. Namely, the biological effects of rod-shaped apatite, 
50–80 nm in length, were investigated on human monocyte-derived macrophages 
[144]. High concentrations of apatite (200 nano-sized particles per cell) were incu-
bated for 24 h with the macrophages in both serum and serum-free conditions. This 
induced high levels of lactate dehydrogenase release, which is an indicator of cel-
lular damage. However, lower concentrations (20 and 2 nano-sized particles per 
cell) of the rod-shaped apatite did not affect the cell viability similarly to the control 
group that did not contain nano-sized apatite [144]. Similarly, intracellular dissolu-
tion of nano-sized HA as a function of time suggests that increased cytoplasmic 
calcium load is likely to be the cause of cell death [912]. Furthermore, nano-sized 
CaPO4 were found to interfere with cell cycle of cultured human ovarian granulosa 
cells, thus increasing cell apoptosis [916]. That pilot study suggested that effects of 
nano-sized particles on ovarian function should be extensively investigated. A time- 
dependent toxicological effect of inhaled nanodimensional HA on a natural pulmo-
nary surfactant lining layer was noticed [917]. A biotoxicity of nano-scaled HA to 
the plant growth was detected as well [918]. Additional examples of cytotoxicity 
experiments of nanodimensional CaPO4 are well described in a special review 
[793].

To finalize this topic, one should stress that in vivo evaluation of nano-sized par-
ticles includes the particle’s activity, biodistribution, and pharmacokinetic proper-
ties [919]. Ultimately, all these properties are determined by dimensions, surface 
charge, morphology, and surface chemistry. Furthermore, it is very important and 
necessary to trace and clarify the localizations of nanodimensional CaPO4 in vivo 
[920]. It is already known that nano-sized particles penetrate and leave biological 
organisms more readily using a number of pathways. Namely, very small (<10 nm) 
particles are generally eliminated from the body via renal clearance, i.e., being fil-
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tered through the kidneys and eliminated through urine, while nano-sized particles 
of larger dimensions are phagocytized by tissue macrophages of the reticuloendo-
thelial system in the liver and spleen [797]. For example, intravenously adminis-
tered nanodimensional (~40 nm and ~200 nm) rod-shaped crystals of apatite showed 
clearance from the bloodstream within 2 h, with ~90% of them being cleared in the 
first 10 min postinjection; those nanodimensional crystals of apatite were observed 
primarily in the liver with a minority seen in the spleen [800]. These results indicate 
that bloodstream clearance occurs rapidly for a wide range of nanodimensional 
sizes. The accumulation of nanodimensional (50–100 nm in size) apatite in the liver 
was also noted in another study [528].

Thus, understanding the biological influence of nano-sized and nanocrystalline 
CaPO4 is essential for a future development of bionanotechnologies, which are 
modeled after biological substances and structures or combine nanomaterials with 
biological substances. They include materials such as biochips, drug release sys-
tems, nanofibers, hybrid nanobiodevices, molecular electronics, and biomimetics 
(synthetic genes, proteins, and viruses) [921]. This interdisciplinary approach is 
very complicated, and the effective collaboration of scientists from different disci-
plines is the key [13].

9.10  Conclusions

With a high surface area, un-agglomerated nano-scaled particles are of interest for 
many applications including injectable or controlled setting bone cements, high- 
strength porous or nonporous synthetic bone grafts, and the reinforcing phase in 
biocomposites that attempt to mimic both the complex structure and superior 
mechanical properties of bone. Therefore, nano-sized and nanocrystalline CaPO4 
have already gained much regard in the biomedical field due to their superior bio-
compatibility and biomechanical properties. This is easily seen from a permanent 
increasing of the amount of publications. At present, apatites (HA and CDHA) and 
β-TCP are the major CaPO4 used in clinics. Currently, nanodimensional apatites are 
used primarily as bioactive coatings on bioinert materials like titanium and its 
alloys, in bone tissue repairs and implants, as well as for drug delivery purposes. 
The nano-sized β-TCP exhibits a significant biological affinity and activity and 
responds very well to the physiological environment. A lot of research is expected 
for much enhanced applications of the nanodimensional and nanocrystalline CaPO4 
for both drug delivery systems and as resorbable scaffolds that can be replaced by 
the endogenous hard tissues with the passage of time [114, 922].

Although the nanostructured biomaterials may have many potential advantages 
in the context of promoting bone cell responses [564, 565, 567, 743], it is important 
to remember that studies on nanophase materials have only just begun; there are still 
many other issues regarding human health that must be answered. Since particles of 
very low size have higher reactivity and effectiveness, a rapid technical develop-
ment of nanometer-scaled particles in the biomedical field leads to concerns regard-

9 Nanodimensional and Nanocrystalline Calcium Orthophosphates



404

ing the unknown risks of such materials [910, 911]. These nano-sized particles 
might induce inflammatory reactions [923], cytotoxicity, oxidative stresses, or 
thrombogenesis when injected for drug delivery purposes. Namely, nano-sized par-
ticles may enter the human body through pores and may accumulate in the cells of 
the respiratory or other organ systems (when becoming dislodged through wear 
debris), and the health effects are yet to be largely known. This could happen during 
commercial-scale processing of the nano-sized particles as well as using these 
materials as implants [924]. Besides, nano-sized particles might be the objects 
whose existence has not been assumed by living body defense system [18, 111, 
112]. Up to now, only a small number of short-term and small-scale health effects 
of single nanodimensional materials have been examined in toxicological studies, 
usually of the lungs [911]. Therefore, prior to clinical applications, any toxicity 
concerns of the nanophase materials in general [925–930] and nano-scaled CaPO4 
in particular [931, 932] need to be overcome. Namely, the European Union’s 
Scientific Committee on Consumer Safety (SCCS) opinion on hydroxyapatite 
(nano), adopted 16 October 2015, concludes: “Based on the information available, 
SCCS considers that the safety of nano-hydroxyapatite materials … when used up 
to a concentration of 10% in oral cosmetic products, cannot be decided on the basis 
of the data submitted … and that retrieved from literature search. The available 
information indicates that nano-hydroxyapatite in needle form is of concern in 
 relation to potential toxicity. Therefore, needle-shaped nano-hydroxyapatite should 
not be used in cosmetic products” [932].

In summary, despite the challenges that lie ahead, significant evidences now exist 
elucidating that nanophase biomaterials represent an important growing area of 
research that may improve bonding between the implants and the surrounding tis-
sues. It has proven to be a versatile approach that can increase bone cell functions 
on a wide range of orthopedic implant chemistries. Even if the nanodimensional and 
nanocrystalline CaPO4 do not provide the ultimate answer for increasing bone cell 
responses (due to some potential problems as mentioned above), researchers have 
learned a tremendous amount of information concerning bone cell recognition with 
nanostructured surfaces that will most certainly aid in improving orthopedic implant 
efficacy [111, 112].
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Calcium Phosphate-Silk Fibroin Composites: 
Bone Cement and Beyond
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Abstract Calcium phosphate cements (CPCs) are promising substitute materials 
for current nonbiodegradable poly(methyl methacrylate)-based bone cements due 
to their outstanding biocompatibility, biodegradability, and osteoconductivity. 
However, the applications of calcium phosphates (CaPs) are relatively limited due 
to the inferior mechanical strength. Silk fibroin (SF), a natural fibrous protein that 
originated from silkworm or spider which has good biocompatibility, biodegrad-
ability, and mechanical properties, has been used to reinforce the mechanical prop-
erties and improve the performance of CPCs. In addition to bone cement, CaP-SF 
composites have also been used as bone-repairing materials and carrier systems. In 
this chapter, we aim to provide a brief overview of recent progress in the use of 
CaP-SF composites as bone cement and for other purposes. The properties, process-
ing techniques, and applications of CaPs and SF are first introduced, and the emerg-
ing challenges for CPCs are also discussed. Then the application of CaP-SFs as 
reinforced bone cements as well as the reinforcing mechanisms is reviewed. Finally, 
other applications of CaP-SF composites in bone tissue engineering are also dis-
cussed. We also provide our perspectives on the future development of CaP-SF 
composites for clinical applications.
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10.1  Introduction

Aging-related osteoporosis prevalence has gradually evolved into a global concern 
because of the improved life expectancy. Especially, the osteoporosis with subse-
quent vertebral compression fractures (VCFs) has become a serious worldwide 
healthcare problem. For example, the annual incidence of osteoporotic fractures 
exceeds 1.5 million in the USA, with more than 50% being VCFs, which is almost 
twice the incidence of hip fractures [1]. About 20% of individuals over 50 years old 
and 45% of women over 50 experience osteoporotic VCFs (OVCFs). If left 
untreated, OVCFs may result in dramatic physical, functional, and psychological 
consequences which significantly impair the life quality of patients [2]. OVCF 
patients usually suffer from severe back pain. Moreover, restrictive lung diseases 
may develop if there are multiple thoracic fractures [3]. In the worst cases, female 
OVCF patients may have a 23% higher mortality rate compared to those without 
OVCFs [4]. Besides conservative treatments, two minimally invasive surgery proce-
dures to treat OVCFs, vertebroplasty (VP) and kyphoplasty (KP), have been devel-
oped to reduce the morbidity of patients with acute OVCFs. An essential component 
of VP and KP treatments includes the injection of bone cement to stabilize the 
fractured vertebrae.

In general, bone cements as the filling material are self-curing compounds that 
can be injected in flowing state and subsequently fully harden in the body. They 
should have considerable mechanical strength and toughness to achieve long-term 
sustainability as well as appropriate setting time and injectability for conducting 
surgeries. In addition, radiopacity and clear contrast under fluoroscopy are also 
important features of bone cements. Currently, the two main categories of bone 
cements are nondegradable acrylic bone cements (ABCs) and biodegradable cal-
cium phosphate cements (CPCs). To date, the most popular bone cements are 
poly(methyl methacrylate) (PMMA)-based ABCs. However, the application of 
PMMA-based ABCs is highly limited due to several drawbacks including nonbio-
degradability, monomer toxicity, heat generation during curing, and leakage of 
monomer. Moreover, while bone cements are often combined with antibiotics that 
are released systematically or locally at the affected site to treat chronic bone infec-
tion caused by the implants, PMMA bone cements show only limited antibiotic 
release due to incompatibility with many antimicrobial agents [5].

To overcome the disadvantages of PMMA-based bone cements, CPCs and other 
types of biodegradable bone cements have been developed. The first kind of CPCs 
was invented by Brown and Chow in the early 1980s [6]. Compared to ABCs, CPCs 
are biocompatible and osteoconductive materials with great potential in orthopedic 
applications. The interest in this material is still rapidly rising for the following 
reasons. First, the need for CPCs in dental and orthopedic applications is increasing 
as the life expectancy of the population increases [7]. Second, CPC powder can be 
mixed with other liquid to form a paste that can intimately adapt to the neighboring 
bone at the defects and then harden in vivo without generating heat [8, 9]. Third, 
implants with bone-like calcium phosphate (CaP) minerals may beneficially bond to 
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host bone because the biomimetic CaP minerals can act as a preferred substrate for 
cell attachment and proliferation of osteoblastic cells [10]. Especially for vertebral 
augmentation, CPCs can be used as biodegradable fillers to achieve balanced cement 
resorption and new bone formation, avoiding the potential risks of traditional non-
biodegradable PMMA-based bone cements. Interestingly, the compressive strength 
of CPC-treated vertebra was reported to continuously increase, whereas PMMA- 
treated VBs presented decreasing compressive strength, indicating both short-term 
and intermediate effects of CPC injection on treating vertebral defects [11]. Hence, 
CPC is considered as a highly promising candidate material for bone tissue engi-
neering for its outstanding moldability, in situ self-setting ability, and excellent 
osteoconductivity.

On the other hand, the relatively poor fracture toughness, tolerance to damage, 
and mechanical reliability of CPCs compared to natural bone tissue and other types 
of bone cements significantly limit their wide applications in bone tissue repairing, 
especially in repairing high load-bearing bone defects [6]. Therefore, mechanical 
reinforcement of CPCs to meet or exceed clinical requirements is of the highest 
research priority in CPCs development. Recently, compositing CPCs with natural 
and synthetic polymers provides a new strategy to meet this challenge. Among 
them, silk fibroin (SF), a natural fibrous protein produced from silkworms and spi-
ders, appears to be a promising material due to the remarkable mechanical proper-
ties and biocompatibility.

10.2  Calcium Phosphate Cements

In general, CPCs are produced by mixing a powder phase, which contains a combi-
nation of different CaP compounds, and a liquid phase of water- or calcium- or 
phosphate-containing aqueous solutions [12]. Calcium orthophosphates are the 
most commonly used CaPs in CPCs (Table 10.1) [13–16]. Upon mixing, the two- 
phase mixture forms a semisolid paste and progressively cures into a solid mass.

Despite numerous formulations, all CPC systems share the same setting chemis-
try, dissolution-reprecipitation, and entanglement of precipitated crystals [6]. 
Depending on the pH of the paste, the final products of CPCs can be categorized 
into apatite (HA or CDHA, formed at pH >4.2) and brushite (DCPD, formed at pH 
<4.2) [16, 17]. At a physiological pH, apatite is thermodynamically more stable 
than brushite [15]. As brushite cement has short setting time, low mechanical 
strength, and inferior injectability, its application in bone tissue engineering is much 
limited compared to apatite [18]. Figure 10.1a illustrates the synthesis of CPCs by 
hydrolyzing α-TCP powder, a component in most commercialized CPC formula-
tions. Upon contact with water, α-TCP dissolves and releases Ca2+ and PO4

3−, whose 
concentration exceeds the solubility of CDHA. Therefore, the solution is supersatu-
rated with respect to CDHA, resulting in the precipitation of CDHA crystals. These 
precipitated CDHA crystals entangle with each other and gradually form a solid 
paste. A different combination of calcium phosphates forms various CPCs. As an 
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example, a mixture of equimolar TTCP and DPCA will lead to the formation of HA 
crystals (Fig. 10.1b). Since the first CPC was commercialized in the 1990s, there 
have been many CPCs with different compositions being developed and made com-
mercially available.

Table 10.1 Characteristics of generally used CaPs in CPCs [14–16]

Compound Formula
Ca/P 
ratio

Solubility at 25 °C, 
-log(Ks)

Amorphous calcium phosphate 
(ACP)

Ca10-xH2x(PO4)6(OH)2 1.2–2.2 Highly soluble

Calcium-deficient hydroxyapatite 
(CDHA)

Ca10-x(HPO4)x(PO4)6-x(OH)2-x 1.5–1.67 ~85

Dicalcium phosphate anhydrous 
(DCPA)

CaHPO4 1.0 ~6.9

Dicalcium phosphate dihydrate 
(DCPD)

CaHPO4·2H2O 1.0 ~6.59

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 1.67 ~116.8
Monocalcium phosphate 
anhydrous (MCPA)

Ca(H2PO4)2 0.5 ~1.14

Monocalcium phosphate 
monohydrate (MCPM)

Ca(H2PO4)2·H2O 0.5 ~1.14

Octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4·5H2O 1.33 ~96.6
Tetracalcium phosphate (TTCP) Ca4(PO4)2O 2.0 ~44
α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 1.5 ~25.5
β-Tricalcium phosphate (β-TCP) β -Ca3(PO4)2 1.5 ~28.9

Fig. 10.1 Schematics of (a) synthesis of CDHA cements using α-TCP and (b) synthesis of HA 
cements using TTCP and DCPA
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10.2.1  CPCs as Bone Cements

The application of CPCs as bone cements can be traced back to the 1980s [19, 20]. 
To date, CPCs are still attracting research interest as cement materials for dental 
[21, 22], craniofacial [23], orthopedic [24, 25], and VP and KP applications [14, 
26]. Numerous previous studies have demonstrated the biocompatibility and osteo-
genic properties of CPCs [27]. Although CPC products specific for VP and KP pur-
poses are not yet commercially available, there have been many off-label uses of 
CPCs for vertebral augmentation and spinal fusion. It was reported that CPCs could 
restore the strength but not the stiffness of vertebra when vertebra was filled with 
CPCs by VP/KP procedures [28]. In the treatment of fractured vertebra, CPCs could 
restore the strength and stiffness and result in similar anterior vertebral height res-
toration [29]. Using a canine VP model, Turner et al. found that CPCs were well 
integrated to vertebra bone tissue and remarkable vascular invasion and bone 
ingrowth happened, demonstrating that CPCs had excellent biocompatibility and 
osteoconductivity [11].

In some applications, CPCs were also loaded with drugs and used as bone 
cements. CPCs were abundant in nano-/micro-sized pores with approximately 
30–50% porosity [30]. This porous structure enables fluid exchange and inclusion 
of growth factors, matrix proteins, and cells. Due to their inherent porosity, CPCs 
have also been used as carriers for controlled drug delivery [30, 31]. To improve the 
osteogenesis performance of CPCs, some supplements were added into them [32, 
33]. In a research, recombinant bone morphogenetic protein-2 (BMP-2) was incor-
porated into CPC/SF cement, and the materials showed excellent osteoconduction 
and osteoinduction capability [32]. Recently, we found that α-TCP/SF cement could 
sustain controlled release of an osteogenic reagent, N-Acetyl cysteine (NAC) [33]. 
It should be noted that the porosity may also become a limitation for CPCs to be 
used in high load-bearing sites as high porosity weakens the mechanical strength of 
CPCs [34].

10.2.2  CPCs for Bone Regeneration

With CaP crystals resembling the HA in native bone tissue, CPCs are also utilized 
as biocompatible and osteoconductive materials for bone regeneration. The osteo-
conductivity of CPCs can facilitate attachment, proliferation, and phenotypic 
expression of bone cells at the implant site, eventually leading to formation of new 
bone. In addition, the bone-like elastic modulus of CPCs can help prevent stress 
shielding as well as maintain adequate toughness to prevent fatigue fracture under 
cyclic loading [35]. Yi et al. incorporated electrospun ultrafine polymer fibers into 
CPCs for bone regeneration [36]. The incorporated fibers were shown to form a 
connected channel-like structure in the CPCs, and interconnected channel-like 
pores could be achieved after degradation of the fibers. CPCs were also combined 
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with alginate to form a porous 3D matrix for bone regeneration in another study 
[37]. Mesenchymal stem cells (MSCs) cultured on the CPCs/alginate scaffold dem-
onstrated active proliferation and subsequent osteogenic differentiation. In vivo 
study also showed that CPCs/alginate scaffolds promoted new bone formation. 
Moreover, with the intrinsic micropores, CPCs can also be used as a delivery system 
for controlled release of bioactive substances or cells, making it a promising mate-
rial for bone regeneration [32, 33].

When implanted, CPCs may undergo passive and/or active resorption in vivo. 
The passive absorption mainly depends on the solubility and dispersion of the mate-
rials, while the active resorption is largely determined by the activity of osteoclasts. 
For successful bone regeneration, a balance between CPC resorption and new bone 
formation is required, and new bone tissue is expected to form along with the 
resorption of CPCs. By controlling the characteristics of CPCs, complete bone 
regeneration at the implanted site can be achieved within a few months to a couple 
of years [38]. However, the inconsistently reported degradability of CPCs, possibly 
due to the composition complexity, setting chemistry, and environment, may pres-
ent a major challenge toward their clinical applications. For example, BoneSource 
was observed to be stable with little resorption after several years of implantation 
[39]. In contrast, Turner et al. found evident degradation of implanted BoneSource 
in a canine VP model [11]. In another study, replacement of approximately 30% of 
BoneSource with new bone tissue was observed 40 weeks after implantation [40].

10.2.3  Emerging Challenges with CPCs

Clinically, the mechanical strength of ideal bone cement should be similar to or 
greater than that of bone tissue at the defect site. The mechanical properties of CPCs 
can be affected by a number of factors including chemical composition, granularity, 
crystal type, powder/liquid ratio, and porosity. For example, decreasing the porosity 
of CPCs by compacting the cement paste prior to hydration could significantly 
boost their mechanical properties, while high pore density and size contributed to 
mechanical strength loss [41]. High porosity could also lead to poor injectability, 
making it difficult to be used in minimally invasive surgery procedures [6]. However, 
when the porosity of CPC reached a critical level (~30%), the enhancement effect 
was no longer apparent [42]. Therefore, optimizing the balance among mechanical 
properties, porosity, handling convenience, and bone replacement performance is 
still an important challenge for the development of CPCs. Recently, compositing 
CPCs with natural and synthetic polymers provides a new strategy to deal with this 
challenging issue.
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10.2.4  CaP-Based Composites

To improve the performance of CPCs, various CaP-based composites were prepared. 
Incorporation with organic additives, biocompatible polymers, proteins, polysaccha-
rides, and inorganic materials like bioceramics, bioglass, and fiber has been proven 
to effectively improve the mechanical properties of CPCs. For example, citrate ions 
could facilitate the sliding and dispersion of apatite crystals. Adding citric acid into 
apatite cement paste, therefore, increased both the injectability and strength of CPCs 
[43]. In another study, addition of a silanized-hydroxypropyl methylcellulose 
(Si-HPMC) hydrogel was also found to improve the mechanical and handling prop-
erties of CPCs [44].

Compositing with fibers is an effective approach to improve the mechanical 
properties of CPCs, probably through a crack-arresting mechanism [6, 45]. 
Commonly used fibers include nondegradable ones like polyamides, carbon fibers, 
and glass fibers and biodegradable ones including natural biomolecules like pro-
teins and polysaccharides and synthetic polymers such as poly(glycolic acid) 
(PGA), polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolac-
tone (PCL). In a previous study, absorbable polyglactin fibers were added at a vol-
ume fraction of 25% to reinforce CPC. The flexural strength increased from ~5 to 
13 MPa at a powder/liquid mass ratio of 2, and it further increased to 25 MPa at a 
powder/liquid mass ratio of 3 [17]. In another study, the flexural strength of CPC 
reached 26 MPa with addition of 15% chitosan and 20% polyglactin fibers [16]. It 
has been demonstrated that the fiber length, volume fraction, and fiber strength are 
the key microstructural parameters determining the mechanical properties of CPC 
composites. In a study, four different fibers, including aramid, carbon, E-glass, and 
polyglactin, with fiber length ranging from 3 to 200 mm and fiber volume fraction 
of 1.9–9.5%, were used to reinforce CPCs [46]. The ultimate strength of unrein-
forced CPC was 13 ± 3 MPa while that of the composites increased to 62 ± 16 MPa, 
59 ± 11 MPa, 29 ± 8 MPa, and 24 ± 4 MPa with addition of 5.7 vol% 75 mm-long 
aramid, carbon, E-glass, and polyglactin fibers, respectively. Fiber length is also an 
important factor. For composites containing 5.7% aramid fibers, the ultimate 
strength increased with fiber length [46]. We also prepared CPC/SF composites in 
which the supplement of SF markedly improved the mechanical strength and wash-
out resistance of CPCs [33].

CPC-based composites containing whiskers made of HA, calcium carbonate, 
silicon nitride, silicon carbide, or bioglass have also been fabricated, which show 
substantially improved mechanical properties [47, 48]. CPCs with gelatin micro-
spheres were formulated to comply with mechanical stability, osteoconductivity, 
biodegradability, and porosity. The in vitro degradation study revealed that degrada-
tion of microspheres first started at the surface of composite and gradually pro-
ceeded to the inner part, resulting in the in situ generation of macropores in CPCs 
after complete microsphere degradation [49].
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10.3  Silk Fibroin

SF, a type of fibrous protein produced from silkworms and spiders with remarkable 
mechanical properties and biocompatibility, has been used as biomedical materials, 
especially as sutures, for centuries. In natural silk, SF is coated with hydrophilic 
proteins called sericin [50], which constitute 25–30% of the silk cocoon mass. 
Sericin may cause immunological response in the body [51], and thereby they are 
usually removed through the degumming process by boiling silk cocoons in an alka-
line solution. Afterward, the degummed or purified silk fibers can be fabricated into 
silk cords by twisting [51] or nonwoven silk mats by partial dissolution in formic 
acid and salt-leaching treatment [52]. Regeneration and purification of SF solutions 
by degumming process significantly broaden its application as biomaterials [50]. SF 
can also be dissolved in lithium bromide solution, dialyzed, and formed into aque-
ous SF solution for further preparation of biomaterials with different morphologies 
(Fig. 10.2) [53]. Till now, SF has been prepared into biomaterials including films 
[54], hydrogels [55], nonwoven fabrics [56], and 3D porous scaffolds [57] by vari-
ous methods, e.g., freeze-drying [53], salt leaching [58], gas foaming [53], and elec-
trospinning [59].

The spider silk is also an attractive material for biomedical applications for its 
outstanding mechanical properties [60]. However, the insolubility and unique prop-
erties hinder the purification and preparation of silk protein and limit its applica-
tions. In recent studies, hexafluoro-2-propanol and concentrated formic acid were 
used to dissolve and purify spider SF.  Electrospun spider SF-poly(D,L-lactide) 
composite nonwoven mats were successfully prepared using this method [61, 62].

10.3.1  Characteristics of SF

The domesticated silkworm SF fibers are about 10–25 μm long in diameter and 
consist of light chain proteins (~26  kDa) and heavy chain proteins (~390  kDa) 
linked by disulfide bond [63]. The primary amino acid composition of SF is ~43% 
glycine (Gly), ~30% alanine (Ala), and ~12% serine (Ser) [50]. Silks generally 
consist of β-sheet structures for the abundance of hydrophobic domains formed by 
short side chain amino acids in the primary sequence. The combination of large 
hydrophobic domains and interspaced small hydrophilic domains facilitates the 
assembly of silk and evidently promotes the strength of silk fibers [64]. Surface 
modification of SF can be achieved by chemical reaction with the amino acid side 
chains, which can be used to immobilize cellular growth factors and improve the 
cell recognition and mineralization properties of SF [50].

SF derived from silkworm cocoon has good biocompatibility and biodegradabil-
ity, remarkable humidness, excellent air permeability, and satisfactory mechanical 
properties. Aside from properties as above, controlled hydroxyapatite mineraliza-
tion on SF has also been reported [65]. For example, SF that blended with 
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 poly(L- aspartate) was successfully used as a template for the growth of apatite crystals 
[65]. Besides, enhanced attachment and proliferation of different kinds of cells includ-
ing human skin fibroblasts, keratinocytes, and human MSCs were also reported for SF 
scaffolds [66, 67].

Control over the degradation rate is essential for tissue reconstruction, such that 
the rate of scaffold degradation should match the rate of tissue growth. SF is a long- 
term degradable biomaterial. SF is susceptible to proteolytic degradation as a func-
tion of a foreign body response in vivo, and it has been reported to lose the majority 
of the mechanical strength within 1 year in vivo after implantation and fail to be 
recognized at the implantation site after 2 years [67]. Degradation rate of SFs can be 
controlled for specific applications by manipulating the scaffold design and surface 
modification [68]. A previous study modified the surface of SF by covalent coupling 
of arginine-glycine-aspartic acid to enhance the cell-SF interactions. This strategy 
likely altered the degradation rate as a function of macrophage/cell recognition and 
binding [69]. The degradability of SF can also be controlled by the processing pro-
cedures and the resultant percentage of β-sheet crystallinity. SF degrades via the 
action of proteases, and its degradation rate depends upon the morphology,  structure, 

Fig. 10.2 Degumming process of silk to obtain purified silk fibroin and fabrication of silk fibroin 
into biomaterials with different morphologies

10 Calcium Phosphate-Silk Fibroin Composites: Bone Cement and Beyond



458

and mechanical and biological environment. Several types of proteolytic enzymes 
including protease, α-chymotrypsin, and collagenases were proved to effectively 
degrade SF films or fibers in vitro [68, 70]. Interestingly, a cocoon shell- associated 
trypsin inhibitor (CSTI) isolated from the water-soluble extract from silkworm 
cocoons was shown to protect the light chain of SF against tryptic degradation [71], 
which could be a useful tool to control the degradation of SF. The morphology and 
structure also affect the degradation rate of SF. When exposed to similar enzymes, 
SF films were shown to degrade faster than SF fibers [70]. Porous SF sponges also 
showed different degradation rate depending on the processing conditions. In a 
report, solvent-processed SF sponges degraded at a slower rate than the water-pro-
cessed systems with similar pore sizes, which might be attributed to increased sur-
face roughness or different content or distribution of crystallized phase [72]. The 
degradation rate of SF could also be modulated by changing crystallinity, porosity, 
and molecular weight distribution (MWD) [73]. For example, decrease in MWD 
may disrupt ordered structures and reduce cross-links, potentially resulting in faster 
degradation. In general, SF may be an advantageous material over rapidly degrading 
biomaterials such as collagen and polyester synthetics as it can maintain tissue 
integrity while continually and gradually transferring the load-bearing burden to 
developing tissue.

Sericin from the original silk cocoon is known to cause hypersensitivity [51], but 
purified SF by degumming shows little immunological response. The inflammatory 
response of SF in vitro showed less adhesion to immunocompetent cells compared 
to polystyrene and poly(2-hydroxyethyl methacrylate) [74]. In another study, SF 
films were found to induce weaker inflammatory response in vivo than collagen 
films and PLA films [75]. Invasion by lymphocytes was not observed in  vivo 
6 months after implantation, and upregulation of inflammatory pathways was negli-
gible at the implantation site [52]. Compared with other fibrous protein such as 
collagen [76], SF was also easier to sterilize using autoclaving [77, 78], ethylene 
oxide [51], and γ-radiation or ethanol [79, 80].

10.3.2  SF for Bone Regeneration

SF can be used as biomaterials for bone regeneration. Osteoblast-like cells cultured 
on SF hydrogels demonstrated excellent cell adherence [81]. Electrospun nonwoven 
SF mats implanted in calvarial defects of rabbits also contributed to complete bone 
healing within 12 weeks [82]. When SF hydrogels were injected at critical-sized 
femur defects of rabbits, greater trabecular bone volume and thickness, significantly 
higher mineralization, and faster bone formation were seen compared to injection 
with PLGA [83]. Porous SF scaffolds were also loaded with human BMP-2 gene- 
activated MSCs to promote bone regeneration [84]. In vitro test showed the scaffold 
supported the osteogenic differentiation of MSCs, and successful regeneration of 
bone tissues at critical defects was observed by in vivo experiments. While these 
studies suggested the potential of SF for applications in bone regeneration, SF is 
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more often composited with inorganics or other natural or synthetic polymers to 
achieve improved performance. As an example, electrospun SF scaffolds containing 
hydroxyapatite nanoparticles showed upregulation of BMP-2 gene expression and 
significant osteogenesis [80].

10.3.3  SF as a Reinforcing Material

Due to the excellent biocompatibility, degradability, and mechanical properties, 
SF is also usually used as reinforcing materials to strengthen the mechanical 
properties of other materials. For example, the mechanical properties of electro-
spun spider SF-poly(D,L-lactide) (PDLLA) composite fibers improved with the 
content of SF as a result of the formation of more helix structure and retention of 
β-sheets [62]. SF was also used to enhance chitosan, resulting in the improvement 
of tensile strength from 5 to 13 MPa and decrease of strain at break from 22.5% 
to 8.3%. This is likely due to the strong hydrogen-bonding interactions between 
chitosan and SF [85]. Micro-sized SF fibers were also applied to reinforce a 
porous silk scaffold to fabricate a bone composite material with compressive 
strength as high as ~13 MPa [86]. The scaffold showed an optimal combination 
of roughness, porosity, and mechanical strength and significantly promoted 
osteogenic differentiation of MSCs.

10.4  CaP-SF Composites as Bone Cements

Natural bone is a typical inorganic/organic composite composed of approximately 
80% HA and 20% collagen matrix. Therefore, a growing interest has been focused 
on compositing HA ceramics with biocompatible polymers, such as gelatin [87], 
polylactic acid [88], and SF [89–91] for bone defect repair and bone regeneration. 
CaP-SF composites are promising bone cement materials with good biocompati-
bility. For example, CPCs combining SF and α-TCP promoted the adhesion, 
spreading, and proliferation of MSCs. They also markedly promoted improved 
osteogenic differentiation of MSCs, as shown by the upregulated gene expression 
of alkaline phosphatase (ALP), collagen type I, and osteocalcin [92]. Recently, our 
group prepared injectable SF/CPC composites supplemented with HA-SF com-
plex, which showed good biocompatibility both in vitro and in vivo [93]. In another 
study, SF/nano-CaP composites showed decent self-mineralization capability and 
no cytotoxicity [94].
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10.4.1  Injectability

The injectability is essential for the clinical applications of CaP-SF composites as 
bone cements. The setting time is a critical parameter of bone cements. Prolonged 
setting may cause cement leakage and insufficient mechanical strength, while too 
rapid setting may result in difficulty during injection. Ideally, the initial setting time 
is 3–8 min, and the final setting time should be less than 15 min [95]. Faster setting 
within acceptable range is more desirable because the graft can attain geometric 
integrity and enhanced mechanical strength within a short period of time. While the 
setting time and microstructure of CPC are largely affected by the ratio between Ca 
and P [96], addition of SF may accelerate the hydrolysis process and therefore 
shorten both the initial and final setting times of α-TCP [33]. However, further addi-
tion of N-acetyl cysteine (NAC) led to slightly extended setting time of α-TCP/SF 
composites by rupturing the disulfide bonds to increase the fluidity of SF [33]. 
Increasing the concentration of NAC in 6% SF solution was found to produce nega-
tive effects on the initial and final setting time of α-TCP/SF-NAC cements. 
Increasing the NAC concentration to 50 mM was found to increase the initial setting 
time from about 18.61 ± 1.09 min to approximately 23.47 ± 1.34 min and the final 
setting time from 28.96 ± 1.11 min to 35.01 ± 1.32 min.

The anti-washout property is another property affecting the application of CPCs. 
During procedures, direct contact between cements and blood or other body fluid 
may lead to cement collapse and leakage, which can result in severe complications 
such as fatal pulmonary embolism [97]. The addition of SF was demonstrated to 
significantly enhance the anti-washout property of CPCs [33]. In a previous study, 
our group applied a coprecipitation method to synthesize HA-SF complex and sup-
plemented it to an injectable CPC/SF composite [93]. The setting time of CPC/
HA-SF/SF composites was found to decrease with increasing HA-SF content, and 
no apparent effect on injectability was observed [93]. The initial setting time and 
final setting time of CPC/HA-SF/SF composites with 3 wt% were 25.9 ± 0.8 min 
and 32.5 ± 0.5 min, respectively [93]. This optimized injectability and setting times 
make CPC/HA-SF/SF composites suitable VP/KP filler materials.

SFs, by promoting HA formation and reducing fluid penetration, can improve the 
stability of CPCs in fluids. For instance, SF was reported to induce HA deposition 
at 37 °C in 1.5 SBF, and the authors evaluated the effect of pH and initial Ca2+-
H2PO4

− (CaP) concentration on the crystal growth of HA on the surface of SF [90]. 
They demonstrated that a pH of 7 promoted the transition of DCPD to HA. Kong 
et al. found that SF could accelerate the phase transmittance of amorphous calcium 
phosphate to the crystal hybrid between DCPD and HA [98]. Li et al. prepared SF/
calcium phosphate composite with addition of a different amount of Na2SiO3 to 
assess the effect of silicon on the HA formation in the composite [99]. And the HA 
crystal formation was revealed to be significantly accelerated in the presence of sili-
con. H. Zhu et al. prepared SF/Wollastonite composite scaffolds via freeze-drying 
method. The composite scaffold was shown to be in  vitro bioactive, because it 
induced the formation of carbonated HA on the surface after soaking in SBF for 
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5  days [100]. SF can also regulate the mineralization process of HA and form 
fibroin-HA nanocomposites with better gelation properties by bonding with 
HA.  The incorporation of SF reinforced the cohesion of CPC and consequently 
reduced the risk of cardiovascular complications in VP/KP treatments [101].

10.4.2  Reinforcing Effect

With excellent bone replacement capability and osteoconductivity, CPC is of prom-
ising potential for a wide range of clinical applications in bone regeneration. 
Unfortunately, however, the application of CPC is currently limited to non-stress- 
bearing defects due to its relatively low mechanical strength and high susceptibility 
to brittle catastrophic fracture. SF was believed to supplement excellent biome-
chanical properties to CPC. Recently, we found that supplementing SF to CPCs 
could improve the mechanical strength and washout resistance of CPCs [32]. In 
another study, SF was added into α-tricalcium phosphate cements, and the flexural 
strength of prepared CPC/SF scaffold (8.9 ± 1.8 MPa) was significantly higher than 
that of pure CPC (5.2 ± 0.3 MPa) [92], which exceeded the tensile strength of can-
cellous bone (3.5 MPa) [102]. Reinforced by SF, the compressive strength of α-TCP/
SF reached 29.86 ± 4.66 MPa, which was much higher than that of pure α-TCP 
(11.59 ± 3.50  MPa) [33]. Interestingly, addition of NAC in the cements also 
enhanced the mechanical property of α-TCP and α-TCP/SF. And the highest com-
pressive strength of 24.25 ± 4.86 MPa and 42.41 ± 7.99 MPa for α-TCP and α-TCP/
SF were reached in the presence of 50 mM NAC [33].

Although the mechanical strength of CPCs could be improved by supplementing 
with SF, the compressive strength of CPC/SF composites required further enhance-
ment especially for VP/KP purposes, which needed compressive strength around 
50–90 MPa [32, 103]. Interfacial adhesion between incompatible phases is believed 
to be a critical factor which largely determines the mechanical properties of 
inorganics- polymer hybrid composites [104, 105]. Hence, improving interfacial 
compatibility between CPC and SF phases may further reinforce their mechanical 
properties. To enhance the interfacial integration between the inorganic and organic 
phases, a mineralized HA-SF complex prepared through coprecipitation method 
was supplemented to CPC/SF composites as an interfacial coupling reagent [93]. 
Even at a small amount, the complex remarkably improved the mechanical strength 
of the composite, likely because of the enhanced interfacial integrity and more ori-
ented growth of hydroxyapatite crystals in the composite. The compressive strength 
of the CPC/HA-SF/SF composite increased with increasing HA-SF content within 
3 wt%, and the highest compressive strength of CPC/HA-SF/SF could reach 50.2 ± 
1.9 MPa which was obviously larger than that of CPC/SF without HA-SF (33.4 ± 
0.9  MPa) [93]. Further, we developed stronger CPCs using calcium hydroxide- 
treated silk fibroin as curing solution, the mechanical strength of which was found 
to dramatically improve with increasing pH.
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10.4.3  Reinforcement Mechanisms

Since silk is the strongest fiber known in nature with a strength up to 4.8 GPa [106], 
SF can provide high mechanical properties when applied as a reinforcement mate-
rial. Several mechanisms have been proposed for reinforcement of CaP-SF compos-
ite bone cements. For CPC/HA-SF/SF, the addition of HA-SF evidently increased 
the mechanical properties compared with CPC/SF, and optimal reinforcement of 
CPC/SF was achieved with addition of about 3 wt% HA-SF [93]. Functioning as a 
coupling agent, the HA-SF complex containing both organic and inorganic compo-
nents can bridge the incompatible CPC and SF phases. Moreover, the HA-SF com-
plex may also act as nucleation seeds to improve the crystallinity of HA in CPC 
[93]. With a small amount of apatite seeds such as HA-SF, precipitating apatite 
would preferentially nucleate around the seeds, and the oriented growth would 
enhance the mechanical strength of the CPC/HA-SF/SF composite. However, 
excessive HA seeds might limit the dissolution rate of TTCP or DCPA, resulting in 
weak mechanical strength [93].

It has been reported that NAC could be used to improve the mechanical proper-
ties of CPC. For example, the highest compressive strength of 42.41 ± 7.99 MPa 
was achieved at the presence of 50 mM NAC [33]. The mechanism of reinforcement 
might be the oriented HA crystal growth induced by the interactions among NAC, 
SF, and α-TCP [33]. The presence of NAC with SF induces oriented growth of HA 
crystals, and NAC can further expand the three-dimensional networks of SF, which 
can restrict and tightly bond with HA crystals [33].

In addition, the reinforcement mechanisms of SF fibers to CPCs were suggested 
to be (1) bridging of the cracks to resist their further propagation, (2) friction 
between SF and CPC matrix, and (3) stretching of SF during pullout [92]. A rela-
tionship was found between fiber strength and composite strength, and the strength 
of CPC-fiber scaffold was found to increase linearly with the fiber strength [46].

10.5  CaP-SF Composites as Bone Tissue Engineering 
Scaffolds

10.5.1  Preparation of CaP-SF Composites

CaP-SF composites in various forms such as microspheres and porous scaffolds are 
promising candidates for bone tissue engineering applications. Various techniques 
have been applied to fabricate CaP-SF composites, including in situ crystallization 
of CaPs and deposition of CaPs on SF scaffolds (Fig. 10.3). Strong chemical interac-
tions were observed between HA and SF, and these bonds could be detected from the 
blue shift of amide II bond [78]. Based on that, silk powder/HA nanocomposites 
could be prepared with a coprecipitation method [91, 107]. For instance, Wang et al. 
applied this method to deposit HA on SF microspheres, and the prepared composites 
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showed 3D network morphology and increased hardness [107]. SF scaffolds with 
highly dispersed CaP nanoparticles in the matrix were also successfully developed 
for bone tissue engineering [94]. In this study, nano-CaP was synthesized in situ in 
a concentrated aqueous SF solution (16 wt%), and then a salt-leaching/lyophiliza-
tion approach was applied to fabricate silk/nano-CaP scaffolds [94]. In another 
study, macro-/microporous silk/nanosized calcium phosphate scaffolds (SC16) and 
silk fibroin scaffolds (S16) were prepared for bone tissue engineering with SC16 
scaffolds showing better bioactivity than the S16 scaffolds [108]. New bioactive 
nanocomposite scaffolds based on silk fibroin nanofiber, porous starch, and cal-
cium phosphate were presented for potential bone tissue regeneration in another 
study. SF electrospun nanofibers were first fabricated and then chopped. The 
chopped SF nanofibers for inducing calcium phosphate deposition were then incor-
porated into the starch matrix to obtain composites of porous starch-silk fibroin 
nanofiber-calcium phosphate followed by particulate leaching and freeze-drying 
[109]. Kong et al. demonstrated that SF could promote HA nucleation and crystal 
growth on the fiber surfaces in simulated body fluid (SBF) solution to directly form 
a SF/HA nanocomposite, and the nucleated HA crystals are carbonate-substituted 
HA (CO3HA) [89]. In a report, composites of SF and calcium phosphate silicate 
(CPS) ceramic in the 15CaO-6SiO2-0.5P2O5 system were prepared by mixing CPS 
powder with SF solutions. High concentration of HA phase was observed on the 

Fig. 10.3 Fabrication of CaP-SF composites by in situ CaP crystallization (upper) and direct 
deposition of CaP crystals (lower)
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composite surfaces after in vitro soaking test in SBF, demonstrating the enhanced 
in vitro bioactivity with incorporation of CPS ceramic powder [19].

10.5.2  Degradation and Mechanical Properties of CaP-SF 
Composites

The in vitro degradation behavior of a silk/nano-CaP composite in isotonic saline 
solution was evaluated in a report [94]. About 5% weight loss after 30 days was 
observed for the composites. Another study evaluated the in vitro biodegradation of 
a biphasic calcium phosphate (BCP) scaffold coated with nanofibrous SF and PCL 
in simulated body fluid [110]. Nanosized holes were observed on the scaffold sur-
face after 14 days, and surface nanofibrous SF layer became disrupted after 28 days. 
The weight loss of the scaffold after 28 days was measured to be ~10%, which was 
significantly less than that of pure BCP (~30%).

Composting CaP with SF is an effective approach to fabricate materials for bone 
regeneration with improved mechanical properties. Our group previously fabricated 
CPC/HA-SF/SF composite, and the highest compressive strength of CPC/HA-SF/
SF was measured to be 50.2 ± 1.9 MPa with addition of 3 wt% HA-SF, compared to 
that of HA-SF (33.4 ± 0.9 MPa) [93]. Jiao et al. investigated the mechanical proper-
ties of BCP scaffolds with multiple silk coatings [111]. BCP scaffolds with more 
than five layers of silk coating demonstrated significant improvement in mechanical 
properties, exhibiting greatly improved elastic behavior and toughness than pure 
BCP.  The hMSCs cultured on silk-coated BCP scaffolds in  vitro also showed 
enhanced osteogenic responses. Andrew et al. fabricated macroporous SF/CaP scaf-
folds by infiltrating a frozen phosphate-containing SF gel with calcium chloride 
solution and cross-linking using hexamethylene diisocyanate [112]. These scaffolds 
demonstrated excellent tolerance and ductile deformation under compressive load-
ing, suggesting its potential application in repairing load-bearing bone defects.

10.5.3  In Vitro Osteogenesis of CaP-SF Composites

The biocompatibility and osteogenesis capacity of a semaphorin 3A-loaded chito-
san microspheres/SF/α-TCP (CMs/SF/α-TCP) composite were evaluated in a study. 
The MC3T3-E1 cells were shown to well spread and present an elongated shape on 
the surface of the composite, and ALP activity and the osteogenic-related gene 
expression indicated promoted osteoblastic differentiation of MC3T3-E1 cells on 
Sema3A CMs/SF/α-TCP composite than those on CMs/SF/α-TCP and SF/α-TCP 
composites [113]. A porous bilayer scaffold integrating an SF layer and a silk-nano 
calcium phosphate (silk-nano-CaP) layer for osteochondral defect regeneration was 
developed [114]. In vitro test by culturing rabbit bone marrow mesenchymal 
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stromal cells (RBMSCs) demonstrated good adhesion and proliferation of the 
RBMSCs on both the surface of the silk layer and the silk-nano-CaP layer. And the 
interface was also fully covered by the cells and the extracellular matrix. In vitro 
tests in osteogenic conditions showed increasing ALP activity from day 7 to day 14, 
with significantly higher ALP activity observed on the silk-nano-CaP layer than the 
silk layer.

10.5.4  In Vivo Osteoconductivity of CaP-SF Composites

CaP-SF composites also demonstrate outstanding in vivo osteoconductive capaci-
ties. In a study, the in vivo bone formation ability of porous SF and SF/nano-CaP 
was evaluated by implantation into the rat femur defects for 3  weeks [108]. 
Regenerated bone with higher density was observed on the SC16 surface than S16 
scaffolds, demonstrating that the osteoconductivity of SC16 hybrid scaffolds as 
potential candidates for bone tissue engineering [108]. Another study reported the 
evaluation of in vivo bone regeneration of an injectable calcium phosphate cement/
silk fibroin/human recombinant bone morphogenetic protein-2 composite (CPC/
SF/rhBMP-2) using an ovine interbody fusion model [32]. The fusion rates of 
CPC/SF/rhBMP-2 composites attained 55.56% and 77.78% at 6 and 12 months, 
respectively, and at the same stiffness, the autograft was reached in 12 months. 
Besides that, significantly smaller ceramic residue volume was observed for CPC/
SF/rhBMP-2 composite compared with CPC/SF and CPC/rhBMP-2, demonstrat-
ing that more degradation occurred along with new bone formation. These results 
indicated the excellent osteoconduction and osteoinduction capacities and bal-
anced degradation and osteogenesis of CPC/SF/rhBMP-2 composite for applica-
tions in bone regeneration. Yan et  al. evaluated the in  vivo bone formation 
performance of a bilayer silk/silk-nano-CaP scaffold [114]. After implantation in a 
rabbit knee critical size osteochondral defect model for 4 weeks, the bilayer silk/
silk-nano-CaP was found to well integrate with the host tissue from the macro-
scopic images, and micro-CT analysis also showed less void space and more regu-
lar morphology at the bilayer-scaffold- filled defect sites compared with the control. 
Histological and immunohistochemical analysis also demonstrated presence of 
collagen II-positive cartilage and glycosaminoglycan regeneration in the silk layer, 
as well as the formation of new bone and vessel in the silk-nano-CaP layer. These 
suggested the potential of these bilayer scaffolds for osteochondral defect regen-
eration. In another study, the in vivo osteogenetic capacities of pure silk and hybrid 
CaP/silk scaffolds were evaluated by implanting them in osteoporotic defects of 
Wistar rats [115]. More significantly increased regeneration of bone tissue and 
mineralization were detected at the defects filled with hybrid CaP/silk scaffolds 
compared to pure silk scaffolds, together with dynamic scaffold degradation and 
reduced osteoclastic bone resorption.
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10.5.5  Other Applications of CaP-SF Composites

In addition to being used as bone cement, CaP-SF composites have also been used 
as an effective carrier system for delivering cells and drugs to facilitate bone regen-
eration. Different kinds of osteoconductive drugs have been incorporated into 
CaP-SF cements. For instance, in a report, Sema3A-loaded chitosan microspheres 
(SLCM) and silk fibroin (SF) mixed with calcium sulfate cement (CSC) were 
applied as drug carriers for bone repairing [116]. Cumulative drug release rate of 
44.62% was observed for CSC/SF/0.5SLCM in 28 days, and the scaffold was also 
found to support the growth of MC3T3 cells. Three other osteogenic supplements 
(β-glycerophosphate, ascorbic acid, and dexamethasone) were also reported to be 
successfully incorporated into CPC/SF scaffolds [92]. An injectable CPC/SF com-
posite incorporated with rhBMP-2 showed excellent osteoconductive and osteoin-
ductive performance and balanced degradation and osteogenesis [32]. We have also 
incorporated N-Acetyl cysteine (NAC), a water-soluble aminothiol containing car-
boxyl and acylamino groups and possessing diverse functionality including osteo-
genic property, into α-TCP/SF cement, in which sustained release of NAC was 
achieved [33].

10.5.6  Further Supplementation to CaP-SF Composites

Although compositing CaP materials with SF has been one of the most effective 
strategies to obtain bone materials with improved mechanical properties and bone 
regeneration performance, further supplementations to CaP-SF composites to 
endow them with properties, like better osteoinductivity, anti-washout property, 
antimicrobial activity, and immunomodulation, are still needed for the their devel-
opment toward clinical applications. The osteoinductivity of CaPs can be enhanced 
with appropriate morphology, especially high porosity with macro- and micropores 
[16, 17]. In a study, CaPs with varying physicochemical and structural properties 
were synthesized, and the CaPs with the highest microporosity exhibited the highest 
propensity to induce bone formation in vivo [19]. Modification of CPC with mag-
nesium was reported to modulate the behaviors of bone marrow stromal cells. This 
strategy demonstrated the feasibility to regulate the adhesion and osteogenic dif-
ferentiation of BMSCs by changing the content of magnesium in the CPC [20]. To 
improve the anti-washout performance, several gelling agent for rheological con-
trol, including xanthan gum hydroxypropyl methylcellulose, lactic acid, and glyc-
erol, was added also into CPCs in previous reports [21, 22, 27]. Antimicrobial 
activity was incorporated within CaPs by doping with silver or antimicrobial pep-
tides [23, 24]. Addition of magnesium was also reported to modulate the activity of 
macrophage and the interaction between immune cells and bone cells to achieve 
improved osteogenesis [25]. Recently, strontium attracts much interest due to its 
capability to stimulate bone regeneration and inhibit bone resorption [26]. Various 

F. Han et al.



467

methods have been applied to modify CPCs with strontium to combine the 
advantages of both materials. All the approaches above for CPCs can possibly be 
applied to CaP-SF composites to render them with desired characteristics for 
bone tissue engineering.

10.6  Concluding Remarks

To date, a broad range of CaP-SF composites have been developed as bone cements 
or bone regeneration materials. However, the mechanical properties of CaP-SF 
composites still need more reinforcement for bone tissue engineering applications, 
especially for repairing the bone defects at high load-bearing sites. Despite the 
improved biodegradability, osteoconductivity, and moldability of CaP-SF compos-
ites compared to CPCs, further enhancement of the properties, including osteogen-
esis, osteoinductivity, antimicrobial activity, and immunomodulation, is still highly 
desirable. Not only are these cements required to be accepted by the body with little 
risk of side effects, they should also act as resorbable scaffolds for the formation of 
new bone at the defect sites. Further studies in this area should target at controllable 
degradation, mechanical reinforcement, and osteoinductive enhancement for bone 
regeneration applications.
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Chapter 11
Importance of Biomaterials In Vivo 
Microenvironment pH (μe-pH) 
in the Regeneration Process of Osteoporotic 
Bone Defects

Wenlong Liu, Xiuli Dan, William Weijia Lu, and Haobo Pan

Abstract In scenario of osteoporotic fracture, significantly higher activity of osteo-
clasts than osteoblasts may lead to continuous loss of bone in fracture/defect site. 
Impaired bone regeneration efficiency is the major barrier that influences endosse-
ous implants to get a better performance, and this substantially increases the risk of 
a second fracture, nonunion, and aseptic implant loosening. Although great effects 
have been made, there are still no clinically approved biomaterials specifically tai-
lored for applications in osteoporotic bones. The key issue for developing such bio-
materials is to reestablish normal bone regeneration at the fracture site. Acid-base 
property could directly influence the behavior of bone cells, thus making it an 
important factor to modulate the unbalanced activity between osteoclast and osteo-
blast in osteoporotic conditions. More importantly, it is adjustable through implant 
biodegradation. Therefore, a rational strategy to reconstruct the regeneration bal-
ance in the fracture site is to regulate the microenvironmental pH (μe-pH) through 
the application of biodegradable materials. The present chapter provides an over-
view on how pH change influences bone cells behaviors as well as recent develop-
ment on revealing the role of μe-pH in guiding the localized bone regeneration. We 
proposed that the μe-pH is an important and accessible factor which should be taken 
into consideration in the development of orthopedic biomaterials, in particular for 
repair of osteoporotic bone fracture/defect.
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11.1  Biomaterials for Osteoporotic Bone Defect/Fracture

Osteoporosis is a disease characterized by low bone mass with deterioration of bone 
microstructure; it leads to nearly nine million fractures annually worldwide [1]. In 
osteoporotic bone, the unbalanced activity of osteoblasts and osteoclasts generates 
a hostile microenvironment, which in turn causes the continuous loss of bone min-
eral [2]. Pharmaceutical therapies are suggested after the surgeries in the treatment 
of osteoporotic fracture, since they could modulate the unbalanced osteoblasts and 
osteoclasts activities. Anti-osteoporotic agents applied in pharmacological therapy 
may work either by reducing bone resorption rate or by directly stimulating the 
increase of bone mass [3]. For example, bisphosphonates are antiresorptive com-
pounds which are capable of suppressing the activation of osteoclast [4], whereas 
recombinant human parathyroid hormone (PTH) is a parathyroid hormone that 
could strongly stimulate bone formation and increase bone mass [5]. Besides, some 
of the anti-osteoporotic agents may contribute to bone remodeling by both increas-
ing bone formation and decreasing bone resorption, such as strontium ranelate [6]. 
Depending on the drug and patient populations, the intervention of treatment could 
decrease the risk of vertebral fracture by 30–70% and nonvertebral fractures by 
15–20% [7, 8].

Though various treatments have been developed to reduce the impact of bone 
fragility, no effective alternatives to recover bone strength have been proposed [9]. 
Current pharmaceutical therapies for osteoporosis appear to rely on modulating the 
communication between osteoblasts and osteoclasts, generally by focusing on one 
or the other while ignoring their microenvironment. In this context, implants gener-
ate their own milieu through biodegradation, that is, control of this might be used to 
influence favorably the bone remodeling microenvironment. Also, drugs used for 
osteoporosis treatment are not suitable for postfracture rehabilitation use, that is to 
say, the efficiency of systematic administration of osteoporotic drugs toward bone 
defect regeneration is expected to be very low. One of the reasons is that these drugs 
are not developed with the capability to target the fracture/defect region – the most 
fragile region requiring early recovery. It is documented that PTH treatment exhibits 
no effect on trabecular bone formation without mechanical stimulation [10]. This is 
of particular importance, because when the defect region suffers from immobiliza-
tion, the most efficient place for the drug may be coordinated to other load-bearing 
regions [11].

Clinically, the challenges for the treatment of osteoporotic fractures come from 
two aspects which are, respectively, mechanical and biological concerns. Mechanical 
problems are mainly attributed to the weakness of bone mechanical strength, 
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 deteriorated microstructure, comminuted fracture, and trabecular collapse. 
Biologically, in osteoporotic bones, the osteoblastic differentiation capacity of mes-
enchymal stem cells and the angiogenesis ability in the fracture regions are usually 
attenuated, whereas the activities of osteoclasts are enhanced. Based on these facts, 
the following two conditions are required in the application of biomaterials in clini-
cal practice: (1) the materials could provide appropriate mechanical support to 
allow adequate movements of patients as soon as possible after the operation, and 
(2) the materials could contribute to a fast restoration of fractured bones.

In the aspect of materials, metallic materials are able to provide good mechanical 
support for the fracture. Unfortunately, they are basically bio-inert. On the contrary, 
ceramic materials may not possess such superior mechanical properties, but they 
could be developed with a bioactive property. Moreover, their bioactivity could be 
modulated by their compositions and stimulate the recovery of fractured bones by 
promoting osteogenesis and angiogenesis. Composite materials are then accord-
ingly designed by spreading ceramic materials (e.g., by plasma spray) on the sur-
face of metallic materials to combine their advantages. The present fact is that, 
although great effects have been made, there are still no clinically approved bioma-
terials specifically tailored for applications in osteoporotic bones [9]. The main 
problems are that in short terms, the unstable osteoporotic bone microstructure 
strongly impairs the primary stability of implants; in long terms, biomaterials 
develop poor biological fixation with osteoporotic bone. The reason for these prob-
lems may be the impaired tissue response to the biomaterial under osteoporotic 
condition, such as insufficient osteogenesis around the implant [12].

In order to realize this objective, we believe that a proper design of ceramic mate-
rials with outstanding surface properties for bone recovery is one of the most funda-
mental and important points. Considering that implants could generate their own 
milieu through biodegradation and the degradation products (debris, loaded drugs, 
ions, etc.) may directly influence the defect regeneration process, we proposed to 
control this microenvironment by properly designed material surface to induce 
favorable effect on regeneration-related cells.

11.2  Acid-Base Balance in Bone Homeostasis

11.2.1  Acid-Base Balance in Human Body

The human body has the ability to maintain and regulate pH at different levels in 
different organs, which allows optimal function of most cellular enzymes. Acid- 
base balance of tissues/organs is maintained by different buffering systems, respira-
tory exchange, and renal compensation. The circulation blood and interstitial pHs 
usually stay in a narrow range from 7.35 to 7.45 under normal circumstance. At the 
same time, in order to keep normal cellular function, the pH of intracellular matrix 
should be strictly regulated by transmembrane ion exchange with extracellular envi-
ronment [13].
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Among different H+ buffering systems for extracellular pH equilibration (e.g., 
phosphate buffered, protein buffered, etc.), CO2/HCO3

− buffering system is the most 
general one which accounts for 80–90% of total metabolic acid buffering. Acid- 
base balance of the human body that is accommodated by CO2/HCO3

− buffering 
system could be expressed by the following equation:

 H O CO H CO H HCO2 2 2 3 3+ ++ −
   (11.1)

Based on this system, systematically acid-base disorders could be classified into 
four categories: metabolic acidosis, respiratory acidosis, metabolic alkalosis, and 
respiratory alkalosis (Table  11.1). Respiratory acidosis/alkalosis is caused by an 
increase/decrease level of CO2, while metabolic acidosis is generally caused by 
decreased H+ excretion, increased H+ load, or loss/dilution of bicarbonate. In addi-
tion, acidosis can also happen locally, which is influenced by inflammation, infec-
tion, or wound healing process [18]. The relationships between acidosis/alkalosis 
and bone response play crucial roles in calcium equilibration of the human body.

11.2.2  Role of Bone in Regulation of Acid-Base Balance

Bone is an active organ which has the capability to modulate systematical pH both 
in cellular level and in physicochemical level. Studies carried out on neonatal mouse 
calvaria by Bushinsky show that acute metabolic acidosis induces a net influx of 
protons into the bone and a calcium efflux out of the bone [14, 19]. This trend is not 
the same with respiratory acidosis which shows no proton influx and less calcium 
efflux from the bone, indicating a lower buffering capability of bone under respira-
tory acidosis condition. Furthermore, impaired bone formation and improved bone 
resorption are observed under acidosis condition [20, 21]. On the contrary, alkalosis 
decreases bone calcium efflux, and it is correlated with a decreased osteoclastic 
β-glucuronidase production and an increased osteoblastic collagen synthesis [16]. 

Table 11.1 Responses of bone toward systematical acid-base imbalance

pH HCO3
− CO2 Bone response

Metabolic acidosis ↓ ↓ – Calcium efflux (++) [14, 15]
Protons influx (++)
PTH (+)

Metabolic alkalosis ↑ ↑ – Calcium efflux(−) [16, 17]
PTH (−)

Respiratory acidosis ↓ – ↑ Calcium efflux (+) [14, 15]
No protons influx
PTH (+)

Respiratory alkalosis ↑ – ↓ Calcium efflux(−) [17]
PTH (−)
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However, compared with acidosis, fewer studies are conducted regarding the effect 
of alkalosis on buffering compatibility of bone. The responses of bone toward sys-
tematical acid-base imbalance are listed in Table 11.1.

Parathyroid hormone (PTH) and calcitonin (CT) are peptide hormones that work 
reversely in calcium homeostasis. They also play important roles in regulating the 
function of bone cells [22]. PTH increases blood calcium level by stimulating bone 
turnover rate; conversely, CT could bind to its receptors on osteoclasts and inhibit 
their bone resorption activity [23]. Interestingly, both PTH and CT have been 
approved for clinical use for osteoporosis, and this may be because different PTH- 
delivery ways generate different tissue response toward bone [24].

Escolastico’s group used dogs as animal models and demonstrated the role of 
PTH in response to acid-base disorder. They found that the PTH level was markedly 
decreased under acute metabolic/respiratory alkalosis [17] and was increased under 
acute metabolic/respiratory acidosis [15] (Table 11.1). It is reasonable to suspect 
that the increased/decreased PTH level will further influence the activity of osteo-
blasts/osteoclasts, so that the level of calcium remains relatively constant.

11.2.3  Bone Cells in Response to Extracellular pH Change

11.2.3.1  Osteoblasts

Bushinsky’s group revealed that chronic metabolic acidosis completely prevented 
the increase of matrix Gla and osteopontin mRNA levels of primary bone cells [25]. 
Similarly, the research group of Timothy found that acidosis generated progressively 
reduced primary osteoblast mineralization. More than 90% of osteoblastic ALP 
activity was lost when they were cultured in pH 6.9 in comparison with that in pH 
7.4 [20]. The differentiation of osteoblasts was negatively correlated with concentra-
tions of protons but was independent of the change of extracellular bicarbonate [26].

On the contrary, bone formation process is postulated to happen in a relatively 
high local pH condition [27]. Study shows that mouse osteoblastic collagen synthe-
sis is increased in alkalosis condition [28]. Similarly, in human osteoblast, collagen 
synthesis, ALP activity, and thymidine incorporation are increased when pH is 
raised from 7.0 to 7.6 [29]. Furthermore, when bone marrow stromal cells are cul-
tured in higher pH culturing conditions for 48 h, ALP activity, collagen gene expres-
sion, and collagen synthesis are found to be significantly increased [30]. In addition, 
ALP activity toward inorganic pyrophosphatase is optimized at pH 8.5 (about 67% 
increase compared with a “physiological” value of pH 7.5) [31].

11.2.3.2  Osteoclast

The calcium efflux under elevated [H+] conditions is demonstrated to be mediated 
mainly by osteoclastic bone resorption activity [32]. It is documented that osteo-
clasts are almost inactivated at physiological pH level of 7.4, while bone resorption 
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increases apparently as pH decreases and reaches the peak near pH 7.0 [33]. Rat 
osteoclastic activity is sharply increased when pH value of the culturing media 
drops from pH 7.25 to pH 7.15, presenting a “switch on/off” response pattern 
in vitro [34]. This elevated osteoclastic activity in response to pH decrease contin-
ues throughout a culture time of 7 days or more. Arnett believes that HCO3

− acidifi-
cation mainly acts on mature osteoclasts instead of promoting new osteoclasts 
formation [35].

The elevated osteoclast activity could be explained by a higher activity of matrix 
catabolic enzymes and increased osteoclasts sensitivity toward stimulation factors. 
The mRNA levels of carbonic anhydrase II (CA II) and calcitonin receptor of osteo-
clasts are upregulated by acid stimuli [36], increasing the sensitivity of osteoclasts 
toward resorptive signals. Upregulated level of TRAP and enhanced activity of 
cathepsin K, a collagenolytic enzyme secreted by osteoclast, on organic matrix are 
achieved at slightly acidic pH [33, 37]. Another explanation suggests that since 
osteoclasts could be activated by RANKL (secreted by osteoblastic linage cells), 
they could also respond indirectly to a pH change through communication with 
osteoblast via RANK/RNAKL/OPG signaling. During this process, transcription 
factor NFATc1 is expected to play an important role [38].

Researchers have also tried to find out the effect of proton and bicarbonate on the 
activity of osteoclasts during process of acid stimulation, respectively, and the 
results demonstrated an increased osteoclasts activity could be directly stimulated 
by proton [39]. Furthermore, by replacing CO2 buffering system with HEPE buffer-
ing system, a more recent study demonstrated proton concentration is actually play-
ing the major and independent role in regulating osteoclasts/osteoblast differentiation 
[26]. On the contrary, alkalosis inhibits osteoclastic resorption activity and inhibits 
its β-glucuronidase secretion of osteoclast [28].

11.3  Implication from Biomaterial Extraction pH

One of the advantages of utilizing ceramic/glass materials for the treatment of 
osteoporotic bone defect is that these materials are capable of releasing beneficial 
elements throughout their biodegradation process. By adulterating different types of 
ions (e.g., Mg2+, Sr2+, Zn2+, Si4+, etc.) into silicate/phosphate framework, these mate-
rials usually acquire promoting effect toward bone defect regeneration. However, 
previous studies usually attribute these effects to the released ions, while less effort 
has been put into evaluating the microenvironment change after material implanta-
tion. For example, due to the blood/tissue fluid circulation, the concentration of the 
released ion at implant surface may be significantly different from that examined by 
a static in vitro extraction system. In addition, the μe-pH level may also be signifi-
cantly influenced by these released products, whereas the effect of this localized 
extracellular pH change on bone cells behaviors has seldom been discussed.

45S5 glass was developed by LL Hench in the 1970s. It shows the capability to 
form an apatite-like layer which binds directly to the bone on the surface [40]. This 
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may be realized by its ability to release alkaline ions which drive the nucleation of 
the apatitic material by raising the local pH [41]. The change of pH in the extracts 
of SiO2-Na2O-CaO-P2O5 glass system influences the formation of a calcium phos-
phate film as well as the viability and differentiation of osteoblast. The pH value of 
homogeneous bulk extraction increases with time in 45S5 (46.1% SiO2, 2.6% P2O5, 
26.9% CaO, and 24.4% Na2O) and 52S4.6 (52.1% SiO2, 2.6% P2O5, 23.8% CaO, 
and 21.5% Na2O) glasses (Fig. 11.1a); and when the pH reaches a value higher than 
7.9, the formation of calcium phosphate film on their surface could be detected by 
IRRS. At the same time, the pH value of 60S3.8 (60.1% SiO2, 2.6% P2O5, 19.6% 
CaO, and 17.7% Na2O) remains constant throughout the immersion period 
(Fig. 11.1a), and it is not sufficient to form a stable calcium phosphate film on its 
surface [42]. In addition, when the concentration of P2O5 in a SiO2-Na2O-CaO-P2O5 
system increases, the pH values of their extracts are decreased [44]. The downregu-
lated osteoblast viability and differentiation in the presence of higher P2O5 incorpo-
ration (lower μe-pH) are recorded in another study [45]. Similarly, in the borosilicate 
glass system (SiO2-Na2O-K2O-MgO-CaO-P2O5-B2O3-based glass), a higher B2O3 
content generates a higher pH value (Fig.  11.1b) and possesses better new bone 
formation ability when examined in vivo [46]. Our previous study also indicates 
that a weakly alkaline surface pH of borosilicate shows the potential to stimulate 
osteoblast viability and activity, thus further facilitating apatite nucleation [47].

It seems that a higher in vitro pH generated by biomaterial degradation (with 
similar degradation products) is associated with a better in vivo performance; and at 
the same time, this trend is consistent with the behavior of bone cells cultured in 
pH-adjusted media (discussed in Sect. 11.2.3). Therefore, it is reasonable to hypoth-
esize that change of in vivo μe-pH during materials biodegradation process may 
play a critical role in the bone regeneration process. In order to verify this hypoth-
esis, techniques for direct detecting pH values at material surface are necessary; 

Fig. 11.1 (a) Time-dependent pH change of solutions exposed to 45S5, 52S4.6, or 60S3.8 glass 
(Tris buffer; figure is reproduced from Ref. [42] by permission of John Wiley and Sons). (b) Time- 
dependent pH change of solutions exposed to 13–93, 13-93B1, or 13-93B3 glass (Simulated body 
fluid; figure is reproduced from Ref. [43] by permission of Elsevier)
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also, considering that μe-pH changes influenced by materials biodegradation could 
not be simply explained by the concentration change of proton and/or HCO3

−, their 
effect should be evaluated in different material systems, specifically.

11.4  Techniques for Detecting Biomaterial Interfacial pH

In vitro/in vivo pH detection is important for a better understanding of organ/tissue 
metabolism under normal or pathological conditions. In material science, in vitro 
leaching method is widely used to predict change of implants pH in vivo [48, 49]. 
However, interaction between implants and surrounding tissues may generate a cas-
cade of tissue responses and makes it impossible to predict in vivo result by in vitro 
simulation, so that a direct in vivo detection is necessary. Also, ordinary bulky glass 
pH electrode is not suitable for measuring material interfacial pH due to its large 
sensor size. There is a great need for developing pH sensors with good biocompat-
ibility, short response time, high precision, and continuous monitoring properties 
for in vivo μe-pH detection.

It has been said to be difficult to evaluate rapid μe-pH change near the surface of 
biomaterials [50], and the knowledge of material μe-pH change after implantation 
remains sketchy. Currently, techniques used for in vivo pH detection are of three 
kinds [51]: electrochemical (e.g., convention glass pH electrode [52]), gravimetric 
[53], and spectroscopic (e.g., nuclear magnetic resonance (NMR)-based spectros-
copy [54]; near-infrared (NIR)-based fluorescence spectroscopy [55, 56]). The 
gravimetric pH detection system is based on precise detection of mass changes fol-
lowing concentration changes but has the drawback of a long response time, which 
limits its wide application [51]; besides, NMR-based pH monitoring systems are 
too sophisticated to be employed for routine detection [51]. In this section, we 
mainly discuss florescence- and electrode-based pH detection systems used for 
in vivo/in vitro pH detection.

11.4.1  Noninvasive pH Monitoring System: NIR 
Fluorescence Dye

Fluorescence spectroscopy provides better spatial and temporal in  vitro images 
when compared with NMR or microelectrode monitor systems. It is sensitive and 
requires simple operation. Most importantly, it is nondestructive to cells. The pH-
sensitive NIR fluorescence dyes play important roles in the detection of in vivo/in 
vitro pH distributions [57–59]. The principle of qualitative fluorescent pH indica-
tors is that they could be activated when pH changes to a specific threshold. However, 
they may also be influenced by the length of optical path, change of temperature, 
alteration of excitation intensities, and emission collection efficiencies [60]. There 
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are two main ways to avoid these errors: fluorescence ratio imaging and fluores-
cence lifetime imaging.

Ratiometric method requires that fluorescence molecular probe should be excited 
at a specific wavelength range and has at least two emission wavelengths [61, 62]. The 
two emission wavelengths are carefully chosen according to their enhanced and 
diminished pattern in relevance to pH change. The fluorescent intensities of these two 
signals are recorded, and the ratio between which is calibrated. This ratio is expected 
to correlate with pH value in a restricted pH region [60]. Take carboxy seminaphtho-
rhodafluor (SNARF)-1 and LysoSensor Yellow/Blue DND-160 as examples, when 
carboxy SNARF-1 is excited at 488 nm, the emission wavelengths which are sensitive 
to pH change are typically at about 580 nm and 640 nm, while LysoSensor Yellow/
Blue DND-160 shows characteristic emission wavelengths at about 440  nm and 
540 nm when it is excited at 360 nm. In addition, different probes have different pH 
detecting ranges, and a pilot estimation is needed before choosing appropriate probes 
for specific detections. Most used near-neutral pH indicators include SNARF [63] and 
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), while LysoSensor Yellow/Blue dye is 
usually employed as an acidic pH indicator [64]. Another choice to overcome uncer-
tainties in the calibration of responses toward pH (e.g., probe concentration, heteroge-
neities medium) is the use of time-resolved fluorescence pH probe [65]. Fluorescence 
lifetime imaging is based on the measurement of fluorescence decay time at respective 
spatially resolvable location. The fluorescence lifetime of a pH probe is pH dependent 
and could be converted into a pH map of the detected tissue accordingly [66].

The in  vitro pH distribution in polymer microspheres could be monitored by 
blending pH-sensitive fluorescence dye with polymers. The probe-enraptured 
microspheres are prepared by a w/o/w double emulsion-solvent evaporation micro-
encapsulation method [63, 64]. Different probes are chosen at different pH levels. 
Based on our knowledge, there is at least one attempt that uses the optical method to 
detect biomaterial local pH in a subcutaneous implantation region. The tissue pH 
surrounding the implant was monitored indirectly but noninvasively by a fluores-
cence dye, seminaphthorhodafluor (SNARF) [67]. Using ratiometric method, the 
study compared in  vitro and in  vivo fluorescence ratio change by SNARF-1  in 
response to a standard pH solution or in response to subcutaneously implanted 
Mesofol (acid degradation products) or magnesium hydroxide (alkaline degradation 
products) powders. Hairless but immunocompetent mice were used as the animal 
model to avoid autofluorescence signals [68], and the florescent dye was injected 
intravenously in their system. The authors concluded their method was noninvasive 
and suitable for studies on interaction between degrading biomaterials and the tissue 
environment. However, due to the low sensitivity, the result is far from satisfactory.

At last, pH detection based on fluorescence ratio imaging microscopy is suscep-
tible to photo-bleaching and variation in light scattering, since the interaction of pH 
indicators with intracellular proteins may change the fluorescence intensity ratio 
[66], thus introducing bias in the results of pH measurement. Besides, there is a lack 
of data on longtime in vivo biological toxicity and biocompatibilities for these small 
molecular probes. These drawbacks strongly limit their experimental and clinical 
applications.
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11.4.2  Direct pH Monitoring System: pH Microelectrode

Direct pH measurement by a pH electrode would get rid of most of the drawbacks 
of optical-based pH detecting systems. The pH-sensitive membrane-solution inter-
face of a pH electrode could respond to the concentration change of hydrogen ions 
in the detected solution. A pH-sensitive membrane separates the standard solution 
from the test solution, and the potential E across the membrane is determined by the 
Nernst equation:

 
E RT F H= + ( )  

+constant In/
 

(11.2)

where R represents gas constant, T represents temperature (K), F represents Faraday 
constant, and [H+] represents hydrogen ion concentration (mol/L). According to pH 
= − log [H+], Eq. 11.2 changes to a form as follows:

 
E F= −( ) +2 303. /RT pH constant

 
(11.3)

where −(2.303RT/F) is the slope of the line and is 59.16 mV/pH at 298 K. According 
to this calibration equation, the relationship between solution pH and potential 
could be calibrated in standard solution, while the constant could be determined by 
adding a reference electrode [69]. The electrode sensitivity (in mV/pH) is deter-
mined by the slope, and generally, the absolute value of the slope gets lower after 
longtime use or get contaminated [70].

The linear response range of a pH electrode is generally from a pH of 2 to 9. Acid 
error occurs when the electrode is used to detect high [H+] (low pH; pH = 2) solu-
tion. At high pH (low [H+]; pH = 8–11), alkaline ions (e.g., Na+ or K+) interfere the 
final reading, and the electrode gives a lower result than the actual pH. Therefore, 
there may be small variations between individual calibration slopes at different pH 
levels, and it is suggested to calibrate the slope by a two-point calibration that is 
close to the detection range.

However, ordinary bulky glass pH is not suitable for in vivo detection, especially 
for the detection in a small microenvironment. Table 11.2 lists some primary param-
eters of commercially available glass-made pH microelectrode or electrode. The 
diameter of a pH microelectrode sensor is about one-tenth of that of ordinary glass 
electrode, so that the minimum test volume could be three orders of magnitude 
smaller, which makes the detection of a μe-pH possible. The minimum response 
volume of the detection solution is calculated by the equation as follows:

 
V R Rmin /= −8 4 33 3π

 
(11.4)

where R means the radius of the electrode or microelectrode. Therefore only a small 
amount (~1 μL) of the solution is needed for each detection with a pH 
microelectrode.
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The sensitivity, response time, reproducibility, selectivity, stability, and reliabil-
ity are most important parameters for a good pH microelectrode. Furthermore, there 
are two more factors that should be considered for in  vivo detection: one is the 
biocompatibility of the sensor-tissue interface, which could be achieved by encap-
sulating the sensor with biocompatible materials [71, 72]; the other one is that the 
salts and proteins in the biological fluid make in vivo test solution a corrosive envi-
ronment which may shorten the life of the device [73, 74]. A cleaning procedure to 
remove adherent proteins is suggested after each test, and this will prolong the 
working life of the microelectrodes.

Based on the format of pH-sensitive materials, the pH microelectrodes could be 
classified into glass-based pH microelectrodes, polymer membrane-based pH 
microelectrodes, silicon-based pH microelectrodes, metal/metal oxide-based pH 
microelectrodes, and so on [51]. Glass breakage [75] and miniaturization [76] are 
the major limitations of glass-based pH microelectrodes, while polymer membrane- 
based pH microelectrodes have the problem of poor biocompatibility [77]. 
Compared with glass-based pH microelectrodes and polymer membrane-based pH 
microelectrodes, the ion-sensitive field-effect transistor (ISFET) which is a kind of 
silicon (Si) water-based pH sensors has some unique features, such as dry storage, 
fast response, and capability of miniaturization [78]. It finds continuing applications 
in detecting bacterial activity [79] and pH gradient across a cell membrane [80]. It 
is also widely applied in areas of food, cosmetic, pharmaceutical, and water purifi-
cation industries. Even though, ISFET pH sensor is still confronted with the chal-
lenges of encapsulation of Si sensor chip and dissolution of gate material for 
detection of corrosive in vivo tissue fluid, especially when it is employed for long- 
term in vivo pH detection or as an implantable sensor [51].

The pH microelectrode is a reliable detection technique widely applied in detec-
tion pH of normal tissue (e.g., brain [81], heart [82], skin [83], eyes [84], etc.) or 
diseased tissue (e.g., cancer [85]). Using a pH microelectrode, Chakkalakal et al. 
detected changes of tissue pH during the bone healing process and concluded that 
the pH of repair tissue fluids may play a regulatory role in bone healing and miner-
alization process [86]. However, the change pattern of μe-pH of different biodegrad-
able implants during tissue regeneration and its influence on the performance of 
biomaterials remain uncertain.

Table 11.2 A comparison between commercially available glass-made pH electrode and pH 
microelectrode

Needle (sensor) 
diameter

Minimum 
immersion depth

Response 
time

Theoretical minimum 
response volume

pH electrode 12 mm 20 mm <20 s 823.68 μL
pH microelectrode 1.3 mm 1 mm 5–15 s 1.047 μL
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11.5  Influence of Biomaterial μe-pH on Bone Regeneration

By employing pH microelectrode, the detection of orthopedic artificial biomaterials 
interfacial pH has been realized both in vitro and in vivo. In vitro, there is a signifi-
cant difference between pH at the surface of a material and that of a homogeneous 
bulk extract at an early stage [47, 87]. For example, the interfacial pH of a well- 
studied biomaterial developed in the 1970s, 45S5 bioactive glass, is found to be 
appreciably higher than that of the bulk medium and the “standard” physiological 
value of 7.4 (Fig. 11.2a, b). The surface pHs of a series of Sr-B-Si-based glasses are 
further checked by the same method, and the results indicate that although there is 
no significant difference between borosilicate glasses with (SrBSi) or without (BSi) 
6% Sr adulteration at any time points, the pH difference is apparent between mate-
rial surface and their bulk solutions (Fig. 11.3a) within 24 h. The bulk pH increases 
steadily and becomes indistinguishable from the surface value by about 24 h. It is 
believed that this μe-pH change, instead of a diluted bulk extraction pH, may directly 
influence the behavior of the surrounding bone cells.

By adjusting extraction solutions of a series of Sr-containing CaCO3 to their 
interfacial pH values (pH >8), both proliferation and alkaline phosphatase (ALP) 
activity of MG-63 cells are significantly enhanced [87]. In addition, pH 8 has a 
distinct effect on promoting MC3T3-E1 pre-osteoblast proliferation, compared with 
the control at pH 7.4 (Fig. 11.2c). After that, effect of beneficial elements, such as 
Sr, Si, and B, is examined in different pH-adjusted media. According to the results, 
both strontium and silicon enhance cell proliferation at pH 7.4, with peak values at 
5 and 1 mmol·L−1, respectively, while boron has no beneficial effect at any concen-
tration at pH 7.4 (Fig. 11.4). The promoting effect of pH (at pH 8–8.5) on the viabil-
ity of MC3T3-E1 is not significant in 1 mmol·L−1 Si-containing medium but is 
detectable at 5 mmol·L−1 Sr-containing medium (p = 0.047 vs. pH 7.4) and at 1 
mmol·L−1 B-containing medium (p = 0.035 vs. pH 7.4) (Fig. 11.3). At last, by cul-
turing cells into the extraction of Sr-B-Si-based glasses, both OD and ALP activities 
for the SrBSi extracts are significantly higher than that for BSi at pH 8.6 but lose 
their significance at pH 7.4 (Fig. 11.3b).

The activity of osteoporotic bone marrow stromal cells (oBMSCs) and RAW 
264.7 osteoclast precursors that influenced by μe-pH change has been further 
checked by a recent work. Osteoporotic bone marrow stromal cells are extracted 
from the established ovariectomized (OVX) rat model [88], and their proliferation 
is significantly inhibited when they are cultured in either a higher or a lower pH 
condition in the extract of 10% strontium-substituted calcium silicate (Sr-CS) in 
α-MEM (200 mg/mL and 1:16 diluted) (Fig. 11.5a). The alkaline-adjusted osteo-
genesis medium with Sr-CS extract (pH 7.57–7.73) shows higher ALP activity after 
a culture time of 1 week (Fig. 11.5b). With increasing culture medium pH, the pro-
liferation of RAW 264.7 cells is significantly suppressed (Fig. 11.5c). The osteoclast- 
formation capability of RAW 264.7 cells, examined by a RANKL stimulating test, 
is decreased and vanished in the extreme alkaline condition (pH 8.00 ± 0.04) 
(Fig. 11.5d). All these results indicate that both chemistry and μe-pH of the solid- 
liquid interface are critical factors that influence the bone cell behaviors.
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The in vivo μe-pH detection of different biomaterials is realized by placing the 
sensing tip of the microelectrode on the surface of the blood-saturated packed pow-
ders. The average of the stable values is used for analysis. Protein contamination on 
the sensor is removed after each measurement by immersing the sensor in enzy-
matic detergent (1% Tergazyme). As shown in Fig. 11.6, after implantation, in vivo 
μe-pH for β-tricalcium phosphate (β-TCP), calcium silicate (CS), and 10% 
strontium- substituted calcium silicate (Sr-CS) increase immediately in comparison 
with the Blank group (7.42 ± 0.02), with CS (8.17 ± 0.06) and Sr-CS (9.16 ± 0.11) 

Fig. 11.2 (a) The measurement of in  vivo μe-pH on the surface of biomaterials. (b) Time- 
dependent surface pH change of 45S5 glass in vitro. (c) Effect of pH on the MC3T3-E1 viability 
(Figure is reproduced from Ref. [47, 87] with the permission of American Chemical Society and 
The Royal Society of Chemistry)
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giving a significantly higher value compared with β-TCP (7.77 ± 0.15) (P < 0.01), 
that is, Sr-CS > CS > β-TCP (Fig. 11.6). The significant elevation of μe-pH persists 
to day 3 (P < 0.05) but has faded by 9 weeks, so that the early stage may be the most 
important stage for μe-pH change to take effect. Besides, Sr-CS has higher μe-pH 
values than both CS and β-TCP at all time points (Fig. 11.6).

According to the histological examination, there is significantly more new bone 
(NB) that formed in defect regions in the higher μe-pH conditions (CS and Sr-CS) 
at week 9; also, during material degradation, an intermediate (assumed apatitic) 
calcium phosphate layer, but without osteocyte lacunae, is also observed in these 
groups (Fig. 11.7a). For β-TCP, TRAP+ osteoclast-like cells are found as early as 
week 1 and then reach the highest levels at week 4, whereas in the higher μe-pH 
groups, a late response of TRAP+ osteoclast-like cells is observed: none is found at 
week 1, appearing at week 4, and could still be seen at week 9 (Fig. 11.7b).

The in vivo μe-pH could be influenced by, but not restricted to, biodegradation of 
implants, formation of apatite, tissue fluid, and blood circulation. Therefore, it 
should notice that the μe-pH is an intermediate variable that different materials 
could generate a similar μe-pH by releasing different types of ions. The influence 
from beneficial ions released from biomaterial extraction in vitro has been widely 

Fig. 11.3 (a) Interfacial and bulk pH variation of the medium in contact with the SrBSi and BSi 
scaffolds. (b) Proliferation (top) and ALP activity (bottom) of MC3T3-E1 with respect to pH and 
scaffold material in contact. Significant comparisons: * p < 0.05, p < 0.01 (Figure is reproduced 
from Ref. [47] with the permission of The Royal Society of Chemistry)
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reported, whereas the present works demonstrate the importance of μe-pH during 
the bone regeneration under osteoporosis conditions. Since both of degradation 
products and μe-pH are critical to guarantee a fast bone regeneration process, 
 biomaterials should be carefully designed with proper composition ions to provide 
a favorable μe-pH without generating any adverse effects.

Fig. 11.4 Effect of the concentration of solution Sr, Si, and B and pH on the MC3T3-E1 osteoblast 
activity (Figure is reproduced from Ref. [47] with the permission of The Royal Society of 
Chemistry)
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To summarize, the detection of in vitro/in vivo μe-pH is realized by utilizing a 
pH microelectrode. The impaired regeneration process under osteoporotic or immo-
bilized conditions may be ameliorated by adjusting the materials to generate a 
weakly alkaline microenvironment, since it has the effects on promoting osteoblast 
differentiation and inhibiting osteoclast formation. It has been demonstrated that the 
μe-pH differs from that of the homogeneous peripheral blood and exhibits varia-
tions over time particular to each biodegradable material. Higher μe-pH is associ-
ated with better overall performances: greater new bone formation and a later 

Fig. 11.5 (a) oBMSC proliferation in α-MEM by MTT assay (optical density difference, ΔOD = 
OD650–OD570); n = 5. (b) oBMSC differentiation in osteogenesis medium by ALP activity in terms 
of rate of p-nitrophenol production (μmol·mL−1 mg−1 hour−1; n = 4; 95% prediction interval for 
linear regression on −, 0, and + points shown dashed). (c) RAW 264.7 proliferation in DMEM by 
MTT assay (optical density difference, ΔOD = OD650–OD570); n = 5. (d) Semiquantitative image 
analysis for osteoclast surface area (OC/mm2); n = 5 (Figure is reproduced from Ref. [89] with the 
permission of Springer)
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Fig. 11.6 Variation of 
μe-pH with time 
postimplantation. Data are 
expressed as the mean ± 
standard deviation; n = 4 
(Figure is reproduced from 
Ref. [89] with the 
permission of Springer)

Fig. 11.7 (a) Undecalcified tissue section results, Toluidine Blue staining. Implant materials (M) 
appear black or gray; new bone (NB) is stained blue (osteocyte lacunae can be clearly observed). 
“Apatitic” intermediate layer (M′), lacking lacunae, found for CS and Sr-CS. Scale bar: 100 μm. 
(b) In TRAP staining, TRAP-positive osteoclast-like cells (magnified view) were stained red- 
purple. The osteoclast-like cells are multinucleated, attached to the bone or implant surface, and 
TRAP positive. None were found for CS and Sr-CS at 1 week. Scale bar: 100 μm (Figure is repro-
duced from Ref. [89] with the permission of Springer)
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response of TRAP+ osteoclast-like cells as well as the formation of an intermediate 
“apatitic” layer. Therefore, alkaline biodegradable materials with a μe-pH higher 
than physiological condition are advocated for better regeneration, in particular, for 
osteoporotic bone defect regeneration.

Finally, it is proposed that the scheme of the general tissue response process that 
is influenced by μe-pH change appears to be as follows, given that osteoclast activ-
ity is higher than normal in the context of osteoporotic bone (Fig. 11.8). Initially, 
fibroblasts attach to the surface of the implant and develop the fibrous capsule. 
Mesenchymal stem cells then migrate to the bone defect under some biochemical 
cue, proliferate, and differentiate into osteoblasts which then attach to the surface of 
the implant, secreting bone matrix (osteoid). These osteoblasts are embedded in that 
matrix, becoming osteocytes, and the matrix is mineralized, with this new bone 
growing out and attaching to the trabecular bone. If the implant material is biode-
gradable, it is gradually replaced by new bone, along with remodeling of the exist-
ing structures by osteoclasts. All these processes are considered to be influenced by 
the change of biomaterials’ μe-pH spatiotemporally, whereas the present works 
only demonstrated the effect of μe-pH on oBMSCs, osteoblast, and osteoclasts at 
the early stage after their implantation. Further studies on how μe-pH is taking its 
effect throughout this process are needed, and it is suggested that the μe-pH should 
be used as one of the indices for biomaterial evaluation to better guide the design of 
biomaterials used for osteoporotic patients.

During the bone regeneration process of osteoporotic bone defect/fracture, a 
weak-alkaline μe-pH that is created by biodegradable material implantation may 
suppress the abnormal osteoclasts activity, stimulate osteoblast differentiation from 
BMSCs, and thus reestablish the normal bone regeneration process for these patients.

Fig. 11.8 Sketch map of the μe-pH and the performance of biomaterials
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3D Printing of Calcium Phosphate Bio- 
scaffolds for Bone Therapy and Regeneration
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Abstract Bone cancer brings patients great sufferings and puts an end to normal 
activities in life. In clinic, the most common treatment for bone cancer is the com-
bination of surgery and chemo-/radiotherapy. However, surgery is difficult to elimi-
nate tumor cells completely and results in large bone defect. Chemo-/radiotherapy 
is associated with chemo-/radioresistance and evident short-/long-term toxic effects. 
Therefore, the development of a novel bio-scaffold for local treatment of residual 
tumor cells and regeneration of bone defect induced by surgery has become a very 
urgent need. Some progress has been made in the development of scaffolds with the 
ability of both tumor therapy and bone regeneration. These scaffolds function as 
local agents and selectively kill the tumor cells via photothermal/magnetothermal 
therapy or local chemotherapy. Compared with traditional treatment, they have no 
side effects. In addition, scaffolds possess satisfactory biocompatibility, stimulating 
the migration, adhesion, proliferation, and differentiation of bone marrow stroma 
cells. Furthermore, they can promote gene expression of BMSCs and formation of 
new bone. Therefore, to bone tumor-suffering patients, it is a very meaningful prog-
ress in the biomedical application. Hopefully, more efforts and progress will be 
made in the development of scaffolds for the treatment of tumor-induced bone 
defects, and more research will continue to inform and guide this field.
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12.1  Introduction

12.1.1  Origin of Bone Cancer

Cancer is a serious threat to people’s health. Malignancies in the bone can be of 
different origin. The bone cancer cells are either derived from the bone tissue or 
marrow itself or are affected by metastatic cancer. The most common sorts of pri-
mary bone cancer are osteosarcoma, chondrosarcoma, and Ewing’s sarcoma [1]. 
Although primary bone cancers are rare events, once settled, a complicated process 
is started including a large amount of factors and interactions.

The bone is the most favored organ for metastatic cancer, especially for breast 
cancer and prostate cancer. The metastatic process involves highly specific interac-
tions between tumor cells and the bone microenvironment [2, 3]. Stephen Paget first 
proposed “soil and seed” concept that the environment of the bone supplied a fertile 
ground for the aggressive behavior and growth of the tumor cells [4]. In the bone 
microenvironment, tumor cells overproduce osteoclast-activating factors, leading to 
osteoclastic bone resorption [5]. Resorbed bone releases active growth factors, 
thereby stimulating the proliferation of tumor cells and production of the osteoclast- 
activating factors, which, in turn, results in more bone resorption [6, 7]. In this way, 
a “vicious cycle” is set up between the bone and tumor cells. Ever since the “seed 
and soil” [8] and the “vicious cycle” conceptions, scientists have made great efforts 
to get a lot more insight into the complicated interactions between the bone and 
metastatic tumor.

12.1.2  The Treatment of Bone Cancer in Clinic

12.1.2.1  The Treatment of Primary Bone Cancer in Clinic

The current treatment in clinic for newly diagnosed primary bone cancer mainly 
comprises neoadjuvant chemotherapy followed by surgical resection of the primary 
tumor tissue and then adjuvant chemotherapy after surgery [9]. Current surgery 
concentrates on refining the scope and nature of resection to preserve healthy bone 
tissues [10]. Despite advances in imaging techniques, it has been reported that the 
local recurrence rate got to 2–3% after amputation and 5–7% after conservative 
surgery [11, 12]. Indeed, it is difficult to remove tumor tissue completely with clear 
margins due to the site of origin or the extension of tumor [13]. In addition, surgery 
intervention results in large bone defects, which are very difficult to be healed by 
itself. Although autologous bone grafting is the most effective and safest treatment, 
it has obvious limitation in clinic due to insufficient amount of donor tissue and fol-
lowed by donor-site morbidity [14]. On the other hand, xenogeneic or allogeneic 
bone grafts are limited by immunological rejection in the host recipient [15]. 
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Therefore, surgical strategy needs to focus on the adoption of bioactive materials 
with optimized function to repair the large bone defects [16].

The preoperative chemotherapeutic treatment provides sufficient time for plan-
ning conservative surgery and reconstructive procedures [17]. However, the chemo-
therapy treatment of bone cancer is associated with evident short-/long-term toxic 
effects, such as myelosuppression, alopecia, nausea, vomiting, and mucositis [18]. 
Additionally, 35–45% of patients may be not suitable of this treatment because 
tumors are inherently resistant to these agents or become unresponsive to chemo-
therapy drugs [19, 20].

For some patients, the combination of chemotherapy and radiotherapy may 
achieve the aim of long-term remission and prolong survival [21]. However, like 
chemotherapy, radiotherapy also has the problems of radioresistance and side effect 
[22]. Moreover, the radiotherapy induces apoptosis of the bone and endothelial 
cells, causing a decrease of blood flow and matrix and reduction of relative amounts 
of phosphorus and calcium, which lead to bone atrophy [23–25].

12.1.2.2  The Treatment of Metastatic Bone Cancer in Clinic

There is still no final agreement on the optimum treatment of metastatic bone can-
cer. Although the management of metastatic bone cancer is primarily palliative, 
surgery still deserved to be adopted according to the possible complications and the 
expected life quality of the patients [26]. In some patients, skeletal complications, 
including bone pains, pathological fracture, hypercalcemia, and dural compression, 
result in the final death and significantly decline the quality of life [27]. Since the 
improvements in oncological treatment, there are more and more long-term survival 
of patients suffering from skeletal complications [28]. Therefore, for patients with 
metastatic bone cancer, the aims of surgery are to relieve pain, improve function, 
and prolong survival. Overtreatment of deadly ill patients should be avoided; how-
ever, if patients may benefit greatly from surgery and survive for some years with 
less pain, it deserves to adoption of an operation.

Conventional surgery intervention with the assistance of chemo-/radiotherapy is 
effective to improve the survival of patients. However, it has reached a plateau phase 
and there exist a lot of problems. Therefore, more effects need to be made in con-
tinuing exploration into novel therapeutic modalities and target-selective treatment 
to achieve more efficient therapy.

12.1.3  Development of Thermal Therapy

In the nineteenth century, the benefits of thermal therapy were first observed, and it 
is based on increasing the temperature of a part of the body beyond its normal 
degree for a certain period of time. It was found that a partial tumor regression 
would be caused by the administration of living bacteria to cancer patients, only 
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when the bacteria infected in the patients resulting in the appearance of fever [29]. 
At the same time, the treatment of uterine cervix cancer was successfully achieved 
when fixed with circulating heat water [30]. However, the applications of thermal 
therapy in clinic were not accomplished because the rate of success and reproduc-
ibility of such treatments was reduced by the fact that temperature-measuring 
technologies and heating methods were not advanced enough at that time [31]. In 
the 1980s, the interest of understanding and development of novel thermal therapy 
was reactivated [32]. For the last few years, great efforts have been made in the 
development of novel techniques for localized and controlled heating and further 
exploring the mechanism of thermal therapy based on temperature-induced cell 
ablation [33–35].

The magnitude of the temperature increase and the duration of the treatment are 
considered to be two main factors of the efficacy of thermal treatments [36]. Slightly 
higher temperature (41–45 °C) results in irreversible cell damage only after expo-
sure for a very prolong time (from 30 to 60 min), and the increased blood flow 
causes the increment of reactive oxygen species, which further lead to oxidative 
damage to proteins, lipids, and nucleic acids [37]. When the tumor temperature is 
above 50 °C, a drastic activation of cell death is achieved resulting from cell mem-
brane collapse, a halt in enzyme activity, protein denaturation, DNA polymerase 
function, and mitochondrial dysfunction [37] (shown in Fig. 12.1).

Fig. 12.1 Schematic diagram of the variety of effects caused by the different thermal treatments 
as classified by the corresponding operating temperature (Reproduced from Ref. [31] by permis-
sion of The Royal Society of Chemistry)
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12.1.3.1  Mechanism of Photothermal Therapy

As a noninvasively or minimally therapeutic method, photothermal therapy has 
attracted great attentions in recent years [38, 39]. Compared with traditional chemo-/
radiotherapeutic approaches, the well-designed phototherapeutic agents could 
selectively ablate tumor cells via either active or passive tumor targeting [40–42]. 
And the light beam could be spatially and temporally controlled to irradiate only the 
tumor site, without damaging the surrounding healthy tissue. Such selectivity 
offered by phototherapy could significantly reduce the systemic toxicity.

When a photothermal agent is irradiated by laser, some of the incident photons 
are absorbed, while others are scattered by the nanoparticle (shown in Fig. 12.2). 
The energy absorbed by the photothermal agent can be released by emission of 
luminescence and production of heat. For the purpose of large light-to-heat conver-
sion efficiency, photothermal agents with low luminescence quantum yields and 
large absorption efficiency are expected to obtain efficient photothermal therapy 
effect [31].

Because of the limitation of penetration depth, considerable attention is attracted 
on the so-called biological windows, where tissues become partially transparent due 
to a reduction in both absorption and scattering [43, 44]. In the first biological win-
dow (700–980 nm light), absorption strongly reduces, while optical extinction still 
exists because of the residual scattering. The second biological window extends 
from 1000 to 1400 nm. In this spectrum, although optical absorption does not van-
ish entirely, optical scattering is minimized due to the longer wavelengths with 
respect to the first biological window (Fig. 12.3). Therefore, an ideal photothermal 
agent should have large absorption and light-to-heat conversion efficiency in the 
spectrum of first or second biological window.

Fig. 12.2 Schematic 
representation of the 
different processes 
activated when a light 
beam interacts with a 
nanoparticle. The presence 
of scattering, 
luminescence, and heat 
generation is included. 
Heat and luminescence 
occur as a result of light 
absorption (Reproduced 
from Ref. [31] by 
permission of The Royal 
Society of Chemistry)
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12.1.3.2  Mechanism of Magnetothermal Therapy

In 1957, Gilchrist et  al. first outlined the concept of magnetic therapy treatment 
based on γ-Fe2O3 magnetic nanoparticles [45]. Under oscillating magnetic field, 
the mechanisms of heat generation in magnetic nanoparticles include hysteresis 
loss, Brown relaxation, and Néel relaxation [46]. When these magnetothermal 
agents are introduced into the tumor sites, they interact with the magnetic field to 
generate heat on the basis of any of mentioned mechanisms above [47, 48]. 
Compared with photothermal therapy, magnetothermal therapy has no limitation on 
penetrating depth in the application of bone tumor therapy.

12.2  Preparation and Properties of Bio-scaffolds 
with the Ability of Tumor Therapy

With the improvement of people’s quality of life, the traditional amputation of bone 
tumor surgery has been inclined to shift to the limb salvage surgery and comprehen-
sive treatment model which center on surgery and combine postoperative chemo-
therapy and radiotherapy; however, the postoperative tumor recurrence and the 
induced bone defect influence the treatment effects of bone tumor surgery and con-
strain the development of bone tumor surgery. With the rapid development of nano-
technology in the past decade, various nanomaterials with excellent photothermal or 
magnetothermal effect have been designed and fabricated to enhance therapeutic 
efficacy, showing great promise in the treatment of cancer. However, in the applica-
tion of bone cancer, these nanomaterials are difficult to fill the bone defects and 
further stimulate new bone formation after the surgical resection of bone tumors. 
Therefore, the development of a new scaffold for bone regeneration and local treat-
ment of tumor has become a very urgent need. However, there are still few researches 

Fig. 12.3 Extinction 
coefficient of a 
representative tissue. The 
different effects leading to 
light attenuation (such as 
the presence of 
hemoglobin, water and 
optical scattering) have 
been indicated. The 
spectral extensions of the 
two biological windows 
are also indicated 
(Reproduced from Ref. 
[31] by permission of The 
Royal Society of 
Chemistry)
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on scaffolds with the ability of both killing the residual tumor cells and repairing 
bone defects after surgery.

Ideal bio-scaffolds for the treatment of tumor-induced tissue defects had better 
possessed the following characteristics: (1) ablating tumor cells selectively via 
tumor targeting, (2) having lower side effect and better biosafety compared with 
traditional treatments, (3) exhibiting excellent mechanical strength and longtime 
stability, and (4) having satisfactory biological biocompatibility and osteogenic 
activities, stimulating the migration, adhesion, proliferation, and differentiation of 
bone mesenchymal stem cells and, further, promoting the formation of new bone.

The research and development of biomaterials aim to organically integrate the 
ability of the local treatment of bone tumors and bone regeneration so that in sur-
gery process, possible residual tumor cells are also killed, which can avoid postop-
erative systemic chemotherapy and radiotherapy, prevent tumor recurrence, improve 
the quality of life of patients, and prolong survival.

12.2.1  Bio-scaffolds with Photothermal Therapy Ability

12.2.1.1  Fabrication of 3D-Printing Bio-scaffolds

Wu group outlined an idea that combines the photothermal therapy with tissue engi-
neering to repair the large bone defects after surgery and kill the possibly residual 
tumor cells [49]. And a bio-scaffold with excellent photothermal effect and osteo-
genic activity is prepared. First, pure β-TCP scaffolds were fabricated by 3D-printing 
method, and then graphene oxide (GO) was introduced to modify the surface of 
β-TCP scaffolds by soaking method. As shown in Fig. 12.4, the obvious wrinkles of 
GO can be observed on the surface of the scaffolds, due to the formation of valence 
bond between COO− in GO and Ca2+ in β-TCP [50, 51].

Fig. 12.4 Photograph of 3D-printing β-TCP scaffold and GO-TCP scaffold with well-designed 
morphology (Reproduced from Ref. [49] by permission of John Wiley & Sons Ltd)
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GO-TCP scaffolds exhibited excellent photothermal performance due to the 
strong absorption and high thermal conversion of graphene oxide in near-infrared 
light (700–900 nm) [52–54]. With the increase of concentration of graphene oxide 
(0.25, 0.5, 0.75, 1  mg/mL), the final temperature of the GO-TCP scaffolds also 
increased (Fig. 12.5), while pure β-TCP maintained room temperature under the 
irradiation at the power density of 0.36 W/cm2. The scaffold also exhibits power- 
density, soaking-time dependent photothermal effect.

12.2.1.2  Photothermal Effect for Killing Bone Tumor Cells

Benefiting from the high temperature induced by GO-TCP under the NIR laser 
irradiation, the viability of bone tumor cells (MG-63) in GO-TCP scaffolds 
decreased by 80% after irradiation for 10 min at the power density of 0.36 W/cm2 

Fig. 12.5 Heating curves of β-TCP scaffolds and GO-TCP scaffolds with different concentration 
of GO solution in dry state (a) and in PBS (b) with 808 nm laser irradiation, exhibiting excellent 
photothermal effect of GO-TCP scaffolds (Reproduced from Ref. [49] by permission of John 
Wiley & Sons Ltd)

Fig. 12.6 Relative 
viability of MG-63 cells in 
β-TCP and GO-TCP 
scaffolds treated with 
different irradiation 
duration (Reproduced from 
Ref. [49] by permission of 
John Wiley & Sons Ltd)
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(Fig. 12.6). In comparison, there were still a large amount of MG-63 cells presenting 
active morphology with affluent pseudopods in pure β-TCP without irradiation, 
GO-TCP scaffolds without irradiation, and GO-TCP scaffolds with irradiation. As 
the irradiation duration extended, the photothermal effect of GO-TCP scaffolds on 
viability of tumor cells was enhanced.

The photothermal therapy effect in vivo is assessed by implanting the scaffolds 
in the center site of the tumor tissue of the nude mice. As shown in Fig. 12.7, the 
intensity of bioluminescent and area of the tumor in GO-TCP scaffolds with irra-
diation group were obviously decreased at day 7 in comparison with the other three 
control groups (β-TCP without irradiation, GO-TCP scaffolds without irradiation, 
and GO-TCP scaffolds with irradiation). The high temperature of GO-TCP scaf-
folds under irradiation effectively inhibited the growth of tumor tissue. Further 
hematoxylin and eosin (H&E)-stained images showed that the nucleus of tumor 
cells in GO-TCP scaffolds disappeared after NIR laser (Fig.  12.8). Due to the 
excellent photothermal effect of GO-TCP scaffolds and fast heat conduction, the 
high temperature spread and covered almost the whole tumor tissues, resulting in 
long- term cell inactivation, and thus the obvious photothermal therapy effect was 
achieved.

Fig. 12.7 (a) The whole-body fluorescence imaging of tumor in four groups (GO-TCP with or 
without irradiation, β-TCP with or without irradiation, respectively.) at day 0 and day 7; (b) 
Relative tumor volume changes with increasing days in four groups. (c) Photograph of Saos-2 
tumor-bearing mice implanted with GO-TCP scaffolds at day 0 and day 14 (Reproduced from Ref. 
[49] by permission of John Wiley & Sons Ltd)
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12.2.1.3  Osteogenic Activity In Vitro and In Vivo

For the treatment of bone tumor-induced defects, as a bio-scaffold, bone-forming 
ability in vitro and in vivo is an important issue. GO-TCP scaffolds exhibited satis-
factory cytocompatibility. rBMSCs attached and proliferated well with spread mor-
phology on the pore walls of both β-TCP and GO-TCP scaffolds (Fig. 12.9). In 
contrast with the blank control and β-TCP scaffolds, GO-TCP scaffolds obviously 
stimulated the specific ALP activity and bone-related gene expression of rBMSCs 
(Runx2, OCN, and BSP), which are related to bone mineralization [55, 56].

Fig. 12.8 Histological analysis of bone formation ability in vivo for β-TCP and GO-TCP scaffolds 
after implanted in rabbits for 8 weeks. GO-TCP promoted the in vivo bone formation as compared 
to β-TCP. The scale bar is 100 μm (Reproduced from Ref. [49] by permission of John Wiley & 
Sons Ltd). Therefore, in this work, the selectivity of a bio-scaffold was achieved by localized pho-
tothermal agents (implanted GO-TCP scaffolds) and the controlled laser irradiation. In comparison 
with traditional chemo-/radiotherapy, photothermal therapy of GO-TCP scaffolds is an effective 
treatment of bone tumor disease without side effects. Simultaneously, the bio-scaffolds enhanced 
bone-forming activity by promoting osteogenic differentiation of rBMSCs and in  vivo bone 
formation

Fig. 12.9 Schematic illustration for the process of magnetic bio-scaffolds for the treatment of 
tumor-induced bone defect (Reprinted from Ref. [60], with kind permission from Springer)
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The further in vivo study confirmed that TCP scaffolds modified with graphene 
oxide promoted more new bone formation than β-TCP scaffolds (Fig.  12.8). 
Bioactive groups, OH− and COO− in GO, are one of the main factors to stimulate 
the differentiation of stem cells [57]. In addition, through hydrophobic and electro-
static interactions, proteins in the culture media adhered to the surface of GO-TCP 
scaffold [58, 59]. Thus, the specific bioactive groups and protein absorbance of GO 
resulted in the improved osteogenic differentiation of rBMSCs, seeding in GO-TCP 
scaffolds, and further led to the enhancement of in vivo formation of new bone.

12.2.2  Bio-scaffolds with Magnetothermal Therapy Ability

Implantable magnetic scaffolds can be designed to prevent tumor recurring after 
tumor resection via magnetothermal therapy. As shown in Fig. 12.9, the success of 
fabricating superparamagnetic scaffolds makes it possible to kill the residual tumor 
cells locally under an oscillating magnetic field, without damaging the healthy tis-
sue. In addition, magnetic scaffolds can support the adhesion, proliferation, and 
differentiation of BMSCs and further promote the formation of new bone.

12.2.2.1  Traditional Preparation Methods of Magnetic Scaffolds

With the aim of exploring new biomaterials that combine magnetic function and 
biological compatibility, PMMA-based bone cements were fabricated by casting 
the mixture of PMMA, Fe3O4 powder, MMA, benzoyl peroxide, and N,N-dimethyl- 
p-toluidine into cylindrical mold (Fig.  12.10). PMMA-based bone cements with 
high mechanical strength would be useful for magnetothermal therapy of bone 
tumors, especially for tumors occurring in vertebrae [61].

Benefiting from biological properties of natural biomaterials like hydroxyapatite 
(HA), magnetic scaffolds were synthesized by chemically doping of HA scaffolds 

Fig. 12.10 SEM photographs of the cross-sectional areas of the magnetic cement sample with the 
composition of 50% Fe3O4, 20%PMMA, and 30%MMA (wt.%) (Reprinted from Ref. [61], 
Copyright 2012, with permission from Elsevier)
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crystal nanostructure with Fe ions [62]. This approach of synthesizing magnetic 
scaffolds led to a rather low-crystalline apatite. The superparamagnetic-like behav-
ior of the Fe-HA nanopowders was typical of single-domain magnetic nanoparticles 
(shown in Fig. 12.11).

On the basis of production of Fe-HA, nanocomposite substrate was designed by 
embedding Fe-HA nanoparticles into a poly(ε-caprolactone) (PCL) matrix via 
molding and solvent casting method. The saturation magnetization values of PCL/
Fe-HA were strictly proportional to Fe-HA content [63].

12.2.2.2  3D Printing of Magnetic Bio-scaffolds

Compared with conventional approaches to prepare magnetic bio-scaffolds, 
3D-printing technique is more beneficial to control mechanical strength and pore 
structure of the scaffolds. The interconnected macropores of 3D-printing scaffolds 
are essential to provide sufficient space for nutrient transport, bone cell penetration, 
adhesion, and proliferation, further leading to bone ingrowth and vascularization 
after implantation [64].

Polycaprolactone-based magnetic scaffolds can be printed by 3D printing with a 
mixture of polycaprolactone and functionalized magnetic Fe-HA and then heated at 
the temperature of 110–130 °C to harden the scaffolds [65] (Fig. 12.12).

Fig. 12.11 Magnetic curves in function of the applied magnetic field up to 2NA−1 m−1 for Fe-HA 
synthesized by simultaneous addition (continue line) and by oxidative process (dotted line) at 
T = 300 K (Reprinted from Ref. [62], Copyright 2012, with permission from Elsevier)
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Considering the shielding effect of the bulk matrix on Fe-doped scaffolds, 
magnetic scaffolds modified with a sandwich layer of GO-Fe3O4-GO was fabri-
cated via a layer-by-layer self-assembly method (Fig. 12.13) [66]. Compared with 
incorporating Fe into scaffolds, this sandwich-like scaffold exhibited superior 
magnetothermal effects with only a small amount of Fe3O4 on the surface of the 
scaffolds (Fig. 12.14). In addition, the existence of GO on the strut surface of the 
scaffolds is beneficial to transport the heat to inner parts due to its excellent ther-
mal conductivity.

Fig. 12.12 Optical micrographs of β-TCP (a), β-TCP-4Fe-GO (b), and β-TCP-8Fe-GO (c) scaf-
folds. The fracture surface of β-TCP-GO (d), β-TCP-4Fe-GO (e), and b-TCP-8Fe-GO (f) scaffolds 
showed that the magnetic scaffolds had sandwich-like layers. The green arrows show the GO layer 
of thickness of about 100 nm. The yellow arrows show the Fe3O4/GO particles layer of thickness 
of about 1 mm (Reproduced from Ref. [66] by permission of The Royal Society of Chemistry)

Fig. 12.13 Magnetothermal curves of β-TCP-Fe-GO scaffolds in an alternating magnetic field (a) 
the influence of different magnetic field intensities on the magnetothermal ability of β-TCP- 
8Fe-GO scaffolds, (b) the influence of graphene oxide on the magnetothermal ability of different 
scaffolds (Reproduced from Ref. [66] by permission of The Royal Society of Chemistry)
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12.2.2.3  Magnetothermal Effect for Killing Tumor Cells

Benefiting from the excellent magnetothermal effect of superparamagnetic scaf-
folds, the viability of tumor cell decreased by 75% after magnetothermal treatment 
for 20 min, and the morphology of the tumor cells had been damaged because of the 
changes of the disruption and permeability of the plasma membrane (Fig. 12.15). In 
addition, hyperthermia induced DNA repair deficiency and apoptosis in tumor cells. 
All above suggest superparamagnetic scaffolds are promising biomaterials for bone 
tumor therapy.

Fig. 12.14 β-TCP- 
8Fe-GO scaffold-induced 
magnetothermal effects 
distinctively killed bone 
tumor cells. (**P < 0.01) 
(Reproduced from Ref. 
[66] by permission of The 
Royal Society of 
Chemistry)

Fig. 12.15 SEM images of rBMSCs after seeding on β-TCP (a and e), β-TCP-GO (b and f), 
β-TCP-4Fe-GO (c and g), and β-TCP-8Fe-GO (d and h) scaffolds for 1 day (a–d) and 7 days (e–h) 
(Reproduced from Ref. [66] by permission of The Royal Society of Chemistry)
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12.2.2.4  Osteogenic Activity In Vitro and In Vivo

Compared to pure HA, the magnetic Fe-HA substrate maintained satisfactory bio-
compatibility for osteoblasts [62]. In addition, the inclusion of Fe nanoparticles 
modified the topography of the scaffolds and induced cell response. Fe ions pro-
moted the attachment, proliferation, and osteogenic differentiation of rBMSCs and 
hBMSCs; the cell proliferation and differential can be guided by magnetic forces 
(Figs.  12.16 and 12.17) [67, 68]. Furthermore, magnetic forces generated in the 
vicinity and inside the scaffold may control specific processes at cell level, resulting 
in transportation of growth factors (BMPs and VEGF) and biomolecules by mag-
netic carriers, and further stimulate vascular remodeling and bone regeneration [65].

Therefore, 3D-printed magnetic bio-scaffolds possess excellent magnetic and 
osteogenic capabilities and have a great potential application in the bone tumor 
therapy and regeneration of large bone defects induced by surgery. Compared with 
NIR laser, magnetic field has no limit on penetration depth; thus magnetic scaffolds 
show the unique advantage in the treatment of tumor-induced large bone defects.

12.2.3  Bio-scaffolds with Chemotherapy Ability

In many cases, due to nonspecific release and the limited absorption by the target 
cancer tissue, large doses of the drug have to be applied [69, 70]. This problem is 
also the risk of chemotherapy in oncological diseases. Biomaterials, which consist 
of robust tunable matrices with the ability to repair the bone defect induced by 
resection of tumor tissue, can be regarded as a carrier locally delivering chemo-
therapy drugs to improve therapeutic effects and reduce the side effect.

Zoledronic acid (ZOL) is the common anticancer drug used to control tumor 
progression and prevent skeletal complications [71]. Kun et al. managed to prepare 

Fig. 12.16 The proliferation of rBMSCs on the scaffolds containing different Fe contents (a). The 
ALP activity of rBMSCs cultured on scaffolds at day 7 (b). (**P < 0.01, *p < 0.05) (Reproduced 
from Ref. [66] by permission of The Royal Society of Chemistry)
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Fig. 12.17 A photograph showing that the zoledronic acid-loaded bone cement was handmade 
into ball shapes of unequal sizes, approximately 1–2 cm3 (Reprinted from Ref. [72], with kind 
permission from Springer ). Those ZOL-loaded balls were placed into the bone defects of the 
sacrum after the tumor had been removed by surgery. After 28 months of following investigation, 
all four patients who suffered from cauda equina syndrome recovered after intralesional curettage 
of tumor with mean tumor volume approximately of 472.8 cm3. The recurrence of the tumor was 
successfully inhibited, and new bone formation was observed on radiograph

Fig. 12.18 (a) Sacral anteroposterior radiograph taken postoperatively. (b) Sacral anteroposterior 
radiograph 28 months postoperative showing new bone regeneration and increased bone density 
(black arrow) (Reprinted from Ref. [72], with kind permission from Springer )

a drug-loaded bone cement as a local adjuvant therapy to avoid the high recurrence 
rate after the intralesional curettage of the giant cell tumor and repair of the large 
bone defect [72]. The zoledronic acid-loaded bone cement realizes targeted drug 
delivery and hence improves the efficacy of drugs and reduces the toxicity of drugs. 
The ZOL-loaded cement containing ZOL, bone cement, vancomycin, and PMMA 
was mixed with their hands under sterile conditions without vacuum and then was 
shaped into balls of approximately 1–2 cm3 (Fig. 12.18).

H. Ma et al.



513

12.3  Conclusion and Perspective

With the improvement of people’s quality of life, more and more attention has been 
focused on the novel and efficient treatment of bone cancer. Since the problems of 
tumor recurrence and large bone defects induced by surgery, it is of great impor-
tance to design and develop novel biomaterials for killing the residual bone tumor 
cells via a safe and effective protocol and simultaneously repairing the large bone 
defect after surgical resection of bone tumor by harnessing the bioactivity of 
biomaterials.

Some progress has been made in the development of bio-scaffolds. These bio- 
scaffolds function as local agents and selectively kill the tumor cells via photother-
mal/magnetothermal therapies or local chemotherapy. Compared with traditional 
treatments, they have no side effects. In addition, bio-scaffolds possess satisfactory 
biocompatibility, stimulating the migration, adhesion, proliferation, and differentia-
tion of bone marrow stroma cells. Furthermore, they can promote gene expression 
of BMSCs and formation of new bone. Therefore, to bone tumor-suffering patients, 
it is very a meaningful progress in the biomedical application.

However, there are still some limitations at present and a great need for further 
investigation. First, the application of bio-scaffolds in different sites of bone calls 
for the fabrication of novel scaffolds with specific functionalities. Second, some 
other therapy treatments, such as photodynamic therapy and immunotherapy, can 
also be explored and introduced to bio-scaffolds. Different therapy methods can be 
considered to function simultaneously to pursue more efficient tumor therapy 
effect. Third, the idea that combines tumor therapy and tissue regeneration can also 
be expanded to skin cancer, meaning the fabrication of biomaterials with the abil-
ity of both skin cancer therapy and skin wound healing. Hopefully, more efforts 
and progress will be made in the development of bio-scaffolds for the treatment of 
tumor- induced bone defects, and more research will continue to inform and guide 
this field.

Acknowledgments Funding for this study was provided by the Recruitment Program of Global 
Young Talent, China (Dr. Wu), National Key Research and Development Program of China 
(2016YFB0700803), the National High Technology Research and Development Program of China 
(863 Program, SS2015AA020302), Natural Science Foundation of China (Grant 81430012, 
31370963), Key Research Program of Frontier Sciences, CAS (QYZDB-SSW-SYS027), and 
Program of Shanghai Outstanding Academic Leaders (15XD1503900).

References

 1. Driel M, Leeuwen JPTM (2014) Cancer and bone: a complex complex. Arch Biochem Biophys 
561:159–166

 2. Mundy GR (2002) Metastasis: metastasis to bone: causes, consequences and therapeutic 
opportunities. Nat Rev Cancer 2:584–593

12 3D Printing of Calcium Phosphate Bio-scaffolds for Bone Therapy and Regeneration



514

 3. Buenrostro D, Mulcrone PL, Owens P, Sterling JA (2016) The bone microenvironment: a fertile 
soil for tumor growth. Curr Osteoporos Rep 14:151–158

 4. Paget S (1889) The distribution of secondary growths in cancer of the breast. Lancet 1:571–573
 5. Guise TA, Yin JJ, Taylor SD et al (1996) Evidence for a causal role of parathyroid hormone- 

related protein in the pathogenesis of human breast cancer-mediated osteolysis. J Clin Invest 
98:1544–1549

 6. Yin JJ, Selander K, Chirgwin JM et al (1999) TGF-β signaling blockade inhibits PTHrP secre-
tion by breast cancer cells and bone metastases development. J Clin Invest 103:197–206

 7. Hiraga T, Williams PJ, Mundy GR, Yoneda T (2001) The bisphosphonate ibandronate pro-
motes apoptosis in MDA-MB-231 human breast cancer cells in bone metastases. Cancer Res 
61:4418–4424

 8. Fidler IJ (2003) The pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis revisited. 
Nat Rev Cancer 3:453–458

 9. Chou AJ, Geller DS, Gorlick R (2008) Therapy for osteosarcoma: where do we go from here? 
Paediatr Drugs 10:315–327

 10. Yasko AW (2009) Surgical management of primary osteosarcoma. Cancer Treat Res 
152:125–145

 11. Marulanda GA, Henderson ER, Johnson DA, Letson GD, Cheong D (2008) Orthopedic sur-
gery options for the treatment of primary osteosarcoma. Cancer Control 15:13–20

 12. Errani C, Longhi A, Rossi G et  al (2011) Palliative therapy for osteosarcoma. Expert Rev 
Anticancer Ther 11:217–227

 13. Grimer RJ, Taminiau AM, Cannon SR (2002) Surgical outcomes in osteosarcoma. J Bone Joint 
Surg Br 84-B:395–400

 14. Healy KE, Guldberg RE (2007) Bone tissue engineering. J Musculoskelet Neuronal Interact 
7(4):328–330

 15. Bird JE (2014) Advances in the surgical management of bone tumors. Curr Oncol Rep 
16:392–397

 16. Chao P-HG, Grayson W, Vunjak-Novakovic G (2007) Engineering cartilage and bone using 
human mesenchymal stem cells. J Orthop Sci 12:398–404

 17. Smeland S, Bruland ØS, Hjorth L et al (2011) Results of the Scandinavian Sarcoma Group 
XIV protocol for classical osteosarcoma. Acta Orthop 82:211–216

 18. Janeway KA, Grier HE (2010) Sequelae of osteosarcoma medical therapy: a review of rare 
acute toxicities and late effects. Lancet Oncol 11:670–678

 19. Chou AJ, Gorlick R (2014) Chemotherapy resistance in osteosarcoma: current challenges and 
future directions. Expert Rev Anticancer 6:1075–1085

 20. Hattinger CM, Pasello M, Ferrari S et al (2010) Emerging drugs for high-grade osteosarcoma. 
Expert Opin Emerg Dr 15:615–634

 21. Ozaki T, Flege S, Liljenqvist U et al (2002) Osteosarcoma of the spine. Cancer 94:1069–1077
 22. Meijer TWH, Kaanders JHAM, Span PN, Bussink J  (2012) Targeting hypoxia, HIF-1, and 

tumor glucose metabolism to improve radiotherapy efficacy. Clin Cancer Res 18:5585–5594
 23. Zhuang Q, Zhang Z, Fu H et al (2011) Does radiation-induced fibrosis have an important role 

in pathophysiology of the osteoradionecrosis of jaw? Med Hypotheses 77:63–65
 24. Da Cunha SS, Sarmento V, Ramalho LMP et al (2007) Effect of laser therapy on bone tissue 

submitted to radiotherapy: experimental study in rats. Photomed Laser Surg 25:197–204
 25. Rabelo GD, Beletti ME, Dechichi P (2010) Histological analysis of the alterations on cortical 

bone channels network after radiotherapy: a rabbit study. Microsc Res Tech 73:1015–1018
 26. Mavrogenis AF, Angelini A, Vottis C et al (2016) Modern palliative treatments for metastatic 

bone disease. Clin J Pain 32:337–350
 27. Böhm P, Huber J (2002) The surgical treatment of bony metastases of the spine and limbs. 

J Bone Joint Surg (Br) 84-B:521–529
 28. Harrington KD (1997) Orthopedic surgical management of skeletal complications of malig-

nancy. Cancer 80:1614–1627

H. Ma et al.



515

 29. Habash RW, Bansal R, Krewski D, Alhafid HT (2006) Thermal therapy, part 2: hyperthermia 
techniques. Crit Rev Bioeng 34:491–542

 30. Wunderlich CA, Woodman WB (1871) On the temperature in diseases: a manual of medical 
thermometry. The New Sydenham Society, London

 31. Jaque D, Maestro LM, del Rosal B et  al (2014) Nanoparticles for photothermal therapies. 
Nanoscale 6:9494–9530

 32. Habash RW, Bansal R, Krewski D, Alhafid HT (2006) Thermal therapy, part 1: an introduction 
to thermal therapy. Crit Rev Bioeng 34:459–489

 33. Hildebrandt B, Wust P, Ahlers O, Dieing A et al (2002) The cellular and molecular basis of 
hyperthermia. Crit Rev Oncol Hemat 43:33–56

 34. Fisher JW, Sarkar S, Buchanan CF et al (2010) Photothermal response of human and murine 
cancer cells to multiwalled carbon nanotubes after laser irradiation. Cancer Res 70:9855–9864

 35. Takahashi HT, Nariai A, Niidome Y, Yamada S (2006) Photothermal reshaping of gold 
nanorods prevents further cell death. Nanotechnology 17:4431–4435

 36. Oleson JR, Samulski TV, Leopold KA, Clegg ST et al (1993) Sensitivity of hyperthermia trial 
outcomes to temperature and time: implication for thermal goals of treatment. Radiat Oncol 
Biol Phys 25:289–297

 37. Chu KF, Dupuy DE (2014) Thermal ablation of tumours: biological mechanisms and advances 
in therapy. Nat Rev Cancer 14:199–208

 38. Chen Q, Wen J, Li H et al (2016) Recent advances in different modal imaging-guided photo-
thermal therapy. Biomaterials 106:144–166

 39. Young JK, Figueroa ER, Drezek RA (2012) Tunable nanostructures as photothermal theranos-
tic agents. Ann Biomed Eng 40:438–459

 40. Cheng L, Wang C, Feng L et al (2014) Functional nanomaterials for phototherapies of cancer. 
Chem Rev 114:10869–10939

 41. Wang Z, Huang P, Jacobson O et al (2016) Biomineralization-inspired synthesis of Copper 
Sulfide–Ferritin Nanocages as cancer theranostics. ACS Nano 10:3453–3460

 42. Yang Y, Liu J, Liang C et al (2016) Nanoscale metal–organic particles with rapid clearance for 
magnetic resonance imaging-guided photothermal therapy. ACS Nano 10:2774–2781

 43. Smith AM, Mancini MC, Nie S (2009) Bioimaging: second window for in vivo imaging. Nat 
Nanotechnol 4:710–711

 44. Weissleder R (2001) A clearer vision for in vivo imaging. Nat Biotechnol 19:316–317
 45. Gilchrist RK, Medal R, Shorey WD, Hanselman RC et al (1957) Selective inductive heating of 

lymph nodes. Ann Surg 146:596–606
 46. Pankhurst QA, Connolly J, Jones SK, Dobson J (2003) Applications of magnetic nanoparticles 

in biomedicine. J Phys D Appl Phys 36:167–181
 47. Mornet SP, Vasseur SB, Grasset F, Duguet E (2004) Magnetic nanoparticle design for medical 

diagnosis and therapy. J Mater Chem 14:2161–2175
 48. Hergt R, Dutz S, Röder M (2006) Effects of size distribution on hysteresis losses of magnetic 

nanoparticles for hyperthermia. J Phys Condens Matter 18:2919–2934
 49. Ma H, Jiang C, Zhai D et al (2016) A bifunctional biomaterial with photothermal effect for 

tumor therapy and bone regeneration. Adv Funct Mater 26:1197–1208
 50. Zhang Y, Nayak TR, Hong H, Cai W (2012) Graphene: a versatile nanoplatform for biomedical 

applications. Nanoscale 4:3833–3842
 51. Lee WC, Lim CHYX, Shi H et al (2011) Origin of enhanced stem cell growth and differentia-

tion on graphene and graphene oxide. ACS Nano 5:7334–7341
 52. Yang K, Zhang S, Zhang G et al (2010) Graphene in mice: ultrahigh in vivo tumor uptake and 

efficient photothermal therapy. Nano Lett 10:3318–3323
 53. Robinson JT, Tabakman SM, Liang Y et al (2011) Ultrasmall reduced graphene oxide with 

high near-infrared absorbance for photothermal therapy. J Am Chem Soc 133:6825–6831
 54. Gonçalves G, Vila M, Portolés M-T et al (2013) Nano-graphene oxide: a potential multifunc-

tional platform for cancer therapy. Adv Healthc Mater 2:1072–1090

12 3D Printing of Calcium Phosphate Bio-scaffolds for Bone Therapy and Regeneration



516

 55. Ivaska KK, Hentunen TA, Vaaraniemi J et al (2004) Release of intact and fragmented osteocalcin 
molecules from bone matrix during bone resorption in vitro. J Biol Chem 279:18361–18369

 56. Alford AI, Hankenson KD (2006) Matricellular proteins: extracellular modulators of bone 
development, remodeling, and regeneration. Bone 38:749–757

 57. Wu C, Xia L, Han P et al (2015) Graphene-oxide-modified β-tricalcium phosphate bioceram-
ics stimulate in vitro and in vivo osteogenesis. Carbon 93:116–129

 58. Hong J, Shah NJ, Drake AC et al (2012) Graphene multilayers as gates for multi-week sequen-
tial release of proteins from surfaces. ACS Nano 6:81–88

 59. La W-G, Park S, Yoon H-H et al (2013) Delivery of a therapeutic protein for bone regeneration 
from a substrate coated with graphene oxide. Small 9:4051–4060

 60. Andronescu E, Ficai M, Voicu G et  al (2010) Synthesis and characterization of collagen/
hydroxyapatite: magnetite composite material for bone cancer treatment. J Mater Sci Mater 
Med 21:2237–2242

 61. Kawashita M, Kawamura K, Li Z (2010) PMMA-based bone cements containing magnetite 
particles for the hyperthermia of cancer. Acta Biomater 6:3187–3192

 62. Tampieri A, D’Alessandro T, Sandri M et al (2012) Intrinsic magnetism and hyperthermia in 
bioactive Fe-doped hydroxyapatite. Acta Biomater 8:843–851

 63. Gloria A, Russo T, D’Amora U et  al (2013) Magnetic poly(ε-caprolactone)/iron-doped 
hydroxyapatite nanocomposite substrates for advanced bone tissue engineering. J  R Soc 
Interface 10:20120833

 64. Wei G, Ma PX (2008) Nanostructured biomaterials for regeneration. Adv Funct Mater 
18:3568–3582

 65. Bañobre-López M, Pineiro-Redondo Y, Sandri M et al (2014) Hyperthermia induced in mag-
netic scaffolds for bone tissue engineering. IEEE Trans Magn 50:1–7

 66. Zhang Y, Zhai D, Xu M et al (2016) 3D-printed bioceramic scaffolds with a Fe3O4/graphene 
oxide nanocomposite interface for hyperthermia therapy of bone tumor cells. J Mater Chem B 
4:2874–2886

 67. Zhang J, Zhao S, Zhu M et al (2014) 3D-printed magnetic Fe3O4/MBG/PCL composite scaf-
folds with multifunctionality of bone regeneration, local anticancer drug delivery and hyper-
thermia. J Maters Chem B 2:7583–7595

 68. Wu C, Fan W, Chang J (2013) Functional mesoporous bioactive glass nanospheres: synthesis, 
high loading efficiency, controllable delivery of doxorubicin and inhibitory effect on bone 
cancer cells. J Mater Chem B 1:2710–2718

 69. Tsai HC, Chang WH, Lo CL et al (2010) Graft and diblock copolymer multifunctional micelles 
for cancer chemotherapy and imaging. Biomaterials 31:2293–2301

 70. Verstappen CCP, Heimans JJ, Hoekman K, Postma TJ (2003) Neurotoxic complications of 
chemotherapy in patients with cancer. Drugs 63:1549–1563

 71. Meazza C, Scanagatta P (2016) Metastatic osteosarcoma: a challenging multidisciplinary 
treatment. Expert Rev of Anticancer 16:543–556

 72. Chen KH, Po-Kuei Wu PK, Chen CF, Chen WM (2015) Zoledronic acid-loaded bone cement 
as a local adjuvant therapy for giant cell tumor of the sacrum after intralesional curettage. Eur 
Spine J 24:2182–2188

H. Ma et al.



517© Springer Nature Singapore Pte Ltd. 2018 
C. Liu, H. He (eds.), Developments and Applications of Calcium Phosphate 
Bone Cements, Springer Series in Biomaterials Science and Engineering 9, 
DOI 10.1007/978-981-10-5975-9_13

Chapter 13
Development of Biodegradable Bone Graft 
Substitutes Using 3D Printing

Zhidao Xia, Yunsong Shi, Hongyan He, Yuanzhong Pan, and Changsheng Liu

Abstract New manufacturing technologies using rapid prototyping or 3D printing 
enable the fabrication of free-form biomaterials/scaffolds for tissue regeneration. The 
printing technology can produce materials with computer-aided design of architec-
ture, additives of inorganic/organic compositions, and connective pores with suitable 
pore sizes that are particularly important for bone tissue ingrowth and vascularization. 
Therefore, the available 3D printing techniques including vat polymerization (VP), 
powder bed fusion (PBF), material extrusion, and binder jetting are summarized in 
this chapter. The potential biomaterials for 3D printing are also discussed. Finally, 3D 
printing techniques are applied for various medical applications. Obviously, such 
techniques have paved ways in bone tissue engineering and regeneration and also in 
personalized medicine of clinical orthopedic and orthodontic practices.

Keywords Rapid prototyping/3D printing • Bone graft substitutes • Biodegradation 
• Bone tissue engineering

13.1  Introduction

Bone tumor, diseases, and trauma may cause various bone loss issues including 
delayed unions, nonunions, and malunions and other problems, which severely 
affect life quality and even lead to disability of the human body [1]. To solve these 
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skeletal issues and make the effective treatment, the orthopedic surgeon currently 
has several options: auto-, allo-, and xeno-bone graft as well as artificial bone sub-
stitutes [2]. Although autogenous graft has remained to be the golden standard in 
restoring bone defects, the insufficient bone donor, a certain amount of morbidity, 
or potential risk of infection in harvesting limit its applications [3, 4]. The allo- and 
xeno-options are also restricted due to the risks of disease transmission by viruses 
or bacteria [5, 6]. With the development of biomaterials and biological analysis, the 
artificial bone grafts become more promising for improved compatibility at graft 
sites and hold great potential for bone regeneration due to their mimic composition 
and structure of natural bone. Typically, artificial bone materials do not contain any 
pathogens or alloantigens. Although they lack osteoinductive or osteogenic proper-
ties at the initial stage, synthetic biomaterials and substitutes are already used in 
clinical practice.

In the process of bone regeneration, scaffold-assisted bone tissue engineering 
aims to rebuild the configuration of defected bone tissues and its physiological func-
tions [7]. Degradable scaffolds with 3D porous structures have received numerous 
attentions. For instance, it has been reported that demineralized bone matrix (DBM) 
and collagen were used as bone graft extenders for the minimal structural support 
[8]. A number of synthetic bone substitutes have been provided in the market, 
mainly including bioglass ceramics and calcium phosphate cements (CPCs) [8, 9]. 
Especially, CPCs have absorbed much attraction for many years [10, 11]. A calcium 
phosphate cement formed by tetracalcium phosphate [TTCP, Ca4(PO4)2O] and 
dicalcium phosphate anhydrous (DCPA, CaHPO4) or dicalcium phosphate dihy-
drate (DCPD, CaHPO4·2H2O) can produce hydroxyapatite (HA) as the final product 
[12, 13]. This property has led to the development of injectable CPC. Moreover, 
CPC has demonstrated the excellent osteoconductive response in animal models 
[14–16] and therefore has been used for a wider range of clinical applications [17, 
18]. Our group developed a series of novel CPC products with unique advantages of 
self-setting and easily shaped capability. Under physiological conditions, the CPC 
is able to set and harden to form HA after mixed with aqueous solution [19]. The 
mechanical strength of CPC is improved due to the formation of HA [20]. However, 
the low degradation rate of HA might hinder the fast formation and restoration of a 
new bone after implanted in the human body [21].

For certain clinical applications, it is highly desirable for a scaffold with fast new 
bone formation and matchable resorption rate. Therefore, it is better to develop new 
CPC-based biomaterials with higher degradation rate. There are many strategies 
available for achieving the faster biodegradation of CPCs. The most important one 
is the macroporosity, the key factor for controlling CPC biodegradation/resorbabil-
ity [22]. Macroporous CPC scaffolds can be prepared by conventional approaches 
including sintering, fiber bonding, solvent casting and particulate leaching, mem-
brane lamination, melt molding, and gas foaming [23–26]. However, these tech-
niques might be limited by such drawbacks as high sintering temperature, low 
mechanical strength, long fabrication periods, poor repeatability and labor intensity, 
incomplete removal of residuals in the polymer matrix, irregularly shaped pores, 
and insufficient interconnectivity of pores. Moreover, most of these methods bear 
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restrictions on the shape control. For example, casting is dependent on the shape of 
the mold and may not suit the resultant scaffold architecture, porosity, or pore size 
of the scaffolds [27]. Therefore, it is necessary to develop new manufacturing pro-
cesses to overcome some of these disadvantages and to fulfill the requirement of the 
desired scaffolds.

Three-dimensional (3D) printing has been developed in the medical field includ-
ing porous scaffolds, with extensive research objectives focusing on the develop-
ment of multi-functionality and the reduction of costs [28]. As additive manufacturing, 
3D printing holds great advantages over the traditional techniques: creation of com-
plex design, well-controlled spatial heterogeneity, customized structures, excellent 
repeatability, and short fabrication periods. Therefore, this technique has been used 
to fabricate CPC scaffolds with controllable porous structure directly from powder 
materials [29, 30]; however, the entrapped powder and mechanical strength still 
remain the issues. It is well known that low strength along with brittleness makes 
the porous scaffolds difficult to handle and even undermine their biologic perfor-
mances. Other issues also include limited processible materials, questionable accu-
racy, and difficulty in small size. Therefore, the typical 3D printing techniques are 
first reviewed in this chapter. The chapter also discusses the major materials used in 
3D printing, focusing on the CaP-based scaffolds for tissue engineering. It also 
summarizes the applications of 3D printing for artificial bone substitutes, with the 
demonstration of therapeutic performances in vitro and in vivo.

13.2  Three-Dimensional (3D) Printing Technology

3D printing (3DP) technologies, as rapid prototyping (RP) techniques, are a group 
of advanced manufacturing processes and can produce custom-made objects directly 
from computer data such as computer-aided design (CAD), computed tomography 
(CT), and magnetic resonance imaging (MRI) data [31–33]. This revolutionary 
technology can be applied to produce three-dimensional objects directly from 3D 
models primarily through a material additive process, where successive layers of 
material are laid down and stacked under computer control. Generally, the available 
3DP techniques include vat polymerization (VP), powder bed fusion (PBF), mate-
rial extrusion, and binder jetting [34–37]. Their schematics have been summarized 
in Fig. 13.1 [38]. These processes have been widely used for the traditional manu-
facturing applications and also absorbed great attention for their medical uses and 
clinical applications [39]. In the beginning, 3DP technique was mainly used to fab-
ricate drug delivery devices [40]. Recently, this capability of creating 3D structures 
has attracted tissue engineers to apply it to design and fabricate tissue scaffolds. 
Both constructions with controllable design and complex internal architecture with 
appropriate mechanical properties fabricated by using 3DP have demonstrated the 
scaffold potential of the 3DP technology [41].
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13.2.1  Vat Polymerization (VP)

Vat polymerization, or stereolithographic processes, represents a group of additive 
manufacturing techniques. This technique can be applied to convert photocurable 
liquid polymers into solid and highly cross-linked structures under a radiation of a 
low-power ultraviolet light [42]. Since the process uses liquids to produce objects, 
there is no structural support from the material during the building phase. As the 
curable polymer is selectively polymerized on the surface of a vat, correlated with 
down-moving of the z-axis, a thin layer of material is formed. This process is 
repeated until a desired solid is built. To accelerate the printing process, Tumbleston 
et al. [43] developed continuous liquid interface production (CLIP) 3D printing as a 
novel vat polymerization technique. Besides the UV laser as photo-curator, oxygen 
was introduced to create a non-polymerized dead zone, which made it possible to 
project continuous solid objects without the lamination.

Vat polymerization techniques have been widely explored for creating various 
products in medical applications (i.e., bone tissue engineering) due to their high 
accuracy, fine resolution, well-controlled stiffness of scaffold, and ability to process 
the biological molecules and even living cells in a pretty short time. However, VP 
technique is restricted to photosensitivity of the liquid polymers.

Fig. 13.1 Schematic depiction of the major technologies used in 3D printing of pure or composite 
calcium phosphate (CaP) scaffolds for bone regeneration and drug delivery (Reproduced from 
Ref. [38] by permission. Copyright @ 2016 Biomedical Engineering Society)
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13.2.2  Powder Bed Fusion

Different from vat polymerization using liquid polymers, powder bed fusion (PBF) 
employs solid particles of various materials to print. In order to bind the particles to 
a mass material, this process needs laser or electron beam to achieve selective ther-
mal binding of materials of each layer, through complete melting, partial melting, or 
sintering. The candidate materials for PBF are not limited to liquid-phase polymers. 
Rather, biopolymers, bioceramics, biomedical composites, and even titanium alloys 
are all suitable for processing [44–46]. Because of the ability of selective bounding, 
PBF can be applied for achieving fine-tuning of pattern and flexible structure. The 
strong strength is also an attractive characteristic of PBF process, while its resolu-
tion is correlated with the diameter of the laser or electron beam for bounding. PBF 
process includes the following commonly used techniques: direct metal laser sinter-
ing (DMLS), electron beam melting (EBM), selective heat sintering (SHS), selec-
tive laser melting (SLM), and selective laser sintering (SLS).

For nonbiodegradable polymers, polyetheretherketone (PEEK) [47] and ultra-
high molecular weight polyethylene (UHMWPE) [48] have been successfully sin-
tered into scaffolds. Since these polymers are nonbiodegradable, they are used for 
permanent implantation, such as PEEK for maxillofacial, cranial, or dental defects 
and UHMWPE for joint replacement. Biodegradable polymers, including PCL [44] 
and PLLA [49], have also been processed into 3D scaffolds. To improve the mechan-
ical/biofunctional properties of scaffolds, biodegradable polymers combined with 
bioactive ceramics were successfully processed into composite scaffolds (i.e., HAp/
PCL, HA/PLGA, and β-TCP/PLGA) by using SLS technique [50, 51]. SLS technol-
ogy has been used for fabricating osteoconductive, nanocomposite scaffolds for tis-
sue engineering without the introduction of cells or growth factors. Just like other 
PBF techniques, high-energy involvement leads to the high local temperature dur-
ing processing, inhibiting the simultaneous incorporation of other bioactive factors 
such as cells, growth factors, and other heat-labile molecules, which are commonly 
used to enhance the functions of the scaffolds.

A modified and enhanced SLS procedure, namely, surface-selective laser sinter-
ing (SSLS), was also developed to prevent the degradation of the biopolymer and to 
facilitate the incorporation of bioactive agents or cells [52, 53]. This technique uti-
lizes specific laser irradiation parameters, in which the most part of polymer parti-
cles is not heated during polymer sintering. For example, Duan et  al. [54] used 
SSLS technique to prepare two types of nanocomposite scaffolds. The benign pro-
cess conditions in SSLS allowed the maintenance of the biological properties of 
biomaterials, which was experimentally demonstrated in terms of the improved cell 
proliferation and alkaline phosphatase activity for the scaffolds.
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13.2.3  Material Extrusion

Material extrusion refers to processes depositing materials as continuous strands 
through a nozzle or a dispensing orifice, followed by solidification of the material. 
The techniques are one of the most commonly used 3D printing strategies for tissue 
engineering and related regenerative fields. A spate of material extrusion techniques 
have been described by such growing terminologies as 3D plotting, dispense plot-
ting, or bioprinting. Due to the mild condition and highly detailed pattern with 
essential and sacrificial contents, living cells and bioactive molecules can be 
included during the process [55]. Therefore, a number of materials have been adapt-
able to bone applications via extrusion-based techniques. These materials involve 
synthetic polymers (i.e. polyester), natural polymers, polymer/ceramic composites, 
and photo-curable hydrogels [56, 57].

These techniques not only offer the ability to manufacture matrices with com-
plex structures such as defect site matched outer shape, as well as designed internal 
channel network to mimic bone structures, but also process the bioactive materials, 
including biological factors and even cells. However, post-processing is sometimes 
required to fully complete the item formation. For example, when ceramics are 
involved, a secondary heat treatment or sintering may be needed. The resolution of 
extrusion-based methods depends on the diameter of the dispensing nozzles and the 
stability of the material after extrusion.

13.2.4  Binder Jetting

The binder jetting (BJ) process uses particulate raw materials and a binder. The 
binder in liquid form acts as an adhesive between powder layers. Instead of fusing 
the materials with relatively high-energy sources, proper solutions are sprayed from 
the inkjet in a layer-by-layer way. As can be seen in Fig. 13.1d, the printhead moves 
horizontally along the x and y axes of the machine and deposits alternating layers of 
the build material and the binding material. After each layer, the object being printed 
is lowered on its build platform [58].

CaP-based materials (i.e., TCP and HA) are the widely used powder phase in 
bone repairing and regenerating grafts, and the binding solutions for CaP are usu-
ally an aqueous solution, i.e., dilute phosphoric acid with a concentration range of 
5–30 wt.%. Another research group used a 12 wt.% PVA aqueous solution as the 
binder and successfully fabricated porous calcium silicate (CaSiO3, CS) scaffolds 
by using 3D biojetting technique [59]. The result indicated that the mechanical 
strength of the porous scaffold was improved because of the viscidity of polyvinyl 
alcohol aqueous and the increased density of the paste. Since the binder for CaP- 
based materials is usually an aqueous solution, the solubility of CaP in the binder 
significantly inferences their printability. Introduction of reactive minerals,  selection 
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of more soluble CaP materials, and regulation of powder size may be the feasible 
strategies for improving the printability.

Binder jetting can print pure CaP scaffolds simultaneously with other bioactive 
factors such as growth factors in ink cartridges. Therefore, this technique holds 
great potential for bone tissue engineering. However, it is still challenging to print 
the cells directly via using BJ technique. Moreover, due to the method nature of 
binding, the material characteristics are not always suitable for structural parts, and 
despite the relative speed of printing, additional post-processing can add significant 
time to the overall process.

13.3  Potential Materials in 3D Printing

Since biomaterials strongly influence the overall properties of a scaffold, it is neces-
sary to comprehend their individual characteristics to allow for appropriate selec-
tion in specific applications. Biomaterials not only offer the different printable 
ability but also show the different affinity to cells, which affects adhesion, growth, 
proliferation, and the overall regeneration performance. Thus, several categories of 
potential biomaterials for 3D printing are summarized as follows.

13.3.1  CaP-Based Materials

For bone repairing and regenerating applications, one of the most important bioma-
terials is calcium phosphate bioceramics, which are inorganic biomaterials consti-
tuting different categories. CaP bioceramics mainly include hydroxyapatite, 
tricalcium phosphate, and biphasic calcium phosphate, all of which can also be in 
the form of injectable materials that are moldable and easy to handle and harden in 
situ [60]. Combined with their other excellent characteristics, injectable and easy 
handling ability makes them more attractive in bone regeneration.

With the development of rapid prototyping, numerous research groups would 
like to integrate these “old” materials with 3D techniques to endow these materials 
with well-controlled structures and better biological performances. The most widely 
used CPC in bone tissue engineering is HAp, which positively influences adhesion 
and proliferation of osteoblasts. However, due to the slow degradation, applications 
of crystalline HAp are being eventually substituted by amorphous hydroxyapatite 
with a faster degradation rate. Modification of HAp degradation rate can be achieved 
by its combination with other biomaterials of faster kinetics or foaming agents for 
microporosity enhancement [61].

β-tricalcium phosphate (β-TCP) is also the widely studied CaP-based material, 
because of its ability to form a strong bone-calcium phosphate bond and its improved 
degradation rate. Interestingly, when tricalcium phosphate is combined with HAp, a 
mixture termed biphasic calcium phosphate (BCP) is produced. In comparison to 
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other calcium phosphate ceramics, BCP has significant advantages in terms of con-
trolled bioactivity and stability, while promoting bone ingrowth especially in large 
bone defects, and controllable degradation rate as BCP has a higher degradation rate 
than HAp, yet slower than that of ß-TCP [62, 63]. Although calcium phosphate 
bioceramics have attractive properties, they are extremely brittle and difficult to 
shape into the desired structures. They also have weak mechanical strength, which 
limits their applications to non-load-bearing areas. To improve their properties and 
extend their applications, combination with mechanically strong biomaterials (i.e., 
nanoparticle of synthetic polyesters) might be the potential way.

13.3.2  Biodegradable Polymers

Collagens and gelatins are widely used natural biomaterials in pharmaceutical 
applications and tissue engineering [64]. Collagen is the most copious protein pres-
ent in the human body being the major component of skin and musculoskeletal tis-
sues. Gelatin is a denatured collagen and is typically isolated from bovine or porcine 
skin or bone by acid or base extraction. Gelatin and collagen have been employed 
to generate 3D scaffolds. These inorganic/organic materials can be used alone or as 
composition to produce 3D printing bone graft substitutes. However, low bioactiv-
ity and weak mechanical properties may limit their applications.

Apart from the natural materials, there are many synthetic biodegradable materi-
als and/or polymers used for bone graft substitutes as well. Saturated poly-α- 
hydroxy esters are the most commonly used biodegradable synthetic polymers for 
3D printing scaffolds, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 
poly(lactic-co-glycolide) (PLGA), and poly-ε-caprolactone (PCL) [65, 66, 67].

In general, PLGA degrades faster than PLA; their degradation rates decrease in 
the following order: PLGA>PLLA>PCL. PLA, PLGA, and PGA have been used 
for preparing various medical products and devices, such as degradable sutures that 
have been approved by the US Food and Drug Administration [65]. PLA and PGA 
can be easily processed and their degradation rates; physical and mechanical prop-
erties can be adjusted over a wide range by using various molecular weights and 
copolymers. The racemic mixture of D,L-PLA (PDLLA) has excellent implant per-
formance which has been extensively investigated as a biomedical coating orthope-
dic material [68].

Besides the materials discussed above, PCL is also an important member of the 
aliphatic polyester family and an excellent candidate for bone tissue engineering 
applications due to its biocompatibility, suitability for various scaffold fabrication 
techniques, remarkably slow degradation rate, and mechanical stability. Especially, 
the latter two traits might allow for a better maintenance of generated bone volume 
and its contour over time. However, PCL is hydrophobic in nature, which is respon-
sible for the inferior cell affinity and poor cellular responses and interactions to the 
surface [54]. In general, aliphatic polyesters display a slow degradation rate in cor-
relation with natural polymers and bioceramics. Most of the available polyesters 
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degrade by the bulk degradation, while the size is maintained for a considerable 
amount of time. This feature is considered appealing for scaffold utilization as a 
bone graft substitute and less suitable for drug delivery purposes. Moreover, ali-
phatic polyesters are easily moldable for fabrication into the required shapes and 
have good mechanical properties.

13.3.3  Supplementing Materials

13.3.3.1  Drugs and Proteins

In clinical use, the osteoconductivity and osteoinductivity of the CaP itself are often 
not sufficient to rapidly complete the reparation and regeneration. Therefore, certain 
drugs, biomolecules, and proteins are sometimes introduced to improve the bioac-
tivity of the printed scaffolds. These cofactors could be, but not limited to, antibiot-
ics that can prevent infection, growth factors that can promote cell proliferation and 
differentiation and regulate local inflammation, and inorganic compounds that can 
serve as source of ions helping regeneration. It is a feasible way to absorb growth 
factors and drugs onto the 3D-printed CaP scaffolds after post-processing. This 
approach normally results in burst release of the surface-absorbed molecules, unable 
to prolong the release to a desirable period [69, 70]. This elicits the necessity of 
incorporating drugs in a homogeneous volumetric way or creating a spatial gradi-
ents or site-specific drug localization using 3D printing techniques. Specifically, 
biological molecules including proteins are highly sensitive to the surrounding con-
ditions. The harsh fabrication conditions, such as high temperature, organic solvent, 
or acidic/basic may lead to denaturation, degradation, or loss of bioactivity. 
Therefore, it is highly required to choose the appropriate fabrication approach and 
well control the process conditions.

Bone morphogenetic proteins belong to the large transforming growth factor- 
beta (TGF-β) superfamily of structurally related signaling proteins. To date, more 
than 20 members have been identified in humans with varying functions during 
developmental and physiological processes. Among these growth factors, BMP-2 
and BMP-7 (also called osteogenic protein-1) have been largely used as recombi-
nant proteins for their ability to repair bone defects in different animal models [71, 
72]. Liu et  al. [73] have elucidated the exact mechanism by which BMPs affect 
MSCs. These proteins generate the transcription factor Smads by combining with 
type I or II serine/threonine receptor on the MSC membrane to activate 203 gene 
loci which control the osteoblast differentiation of MSCs. Thus, introduction of 
BMP-2  in 3D-printed scaffolds with well-designed structures can significantly 
enhance the bone ingrowth, osteointegration, and vascularization. Vascular endo-
thelial growth factor (VEGF) is also a commonly used factor in 3D-printed scaf-
folds for its potent effect on angiogenesis, which is pivotal for bone growth and 
achievement of full bone function. It has been confirmed that fast release of VEGF 
protein in vivo was less effective, and a slow release formulation of VEGF applied 
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locally at the site of bone damage could be an effective therapy to promote human 
bone repair [74]. Thus, it needs to take the consideration for the distribution and 
location of VEGF with the scaffold matrix.

Depending on the medical applications, there are many drugs available for incor-
porating into 3D-printed scaffolds. The amount of drug loading and its release 
kinetics hinge on the CaP phase and the approach used for drug loading. To main-
tain the bioactivity and enhance the mechanical strength of scaffolds, other materi-
als in microsphere or microcapsule form can be incorporated into scaffolds and 
serve as carriers or controllers for highly manipulated control of biomolecular 
drugs. These materials mainly involve PLGA, gelatin, and poly(trimethylene car-
bonate) [75, 76]. Combined with 3D printing techniques, biomolecular drugs with 
the assistance of these degradable materials can be directly incorporated into scaf-
folds during printing or during post-processing.

13.3.3.2  Living Cells

Instead of drugs, loading cells into material scaffolds can serve as an artificial organ 
to achieve bone repairing and tissue regeneration. It has been reported to introduce 
living cells into 3D-printed repairing materials [77]. Mesenchymal stem cells and 
osteoblasts are potential candidate cells that are considered to be helpful in this 
context. However, compared with the case of drugs or proteins, printing process 
involving cells is more challenging since it is very difficult to maintain the required 
microenvironment for cell survival and bioactivity stability. As a result, despite sev-
eral attempts, direct incorporation of living cells in 3D printing is still a great chal-
lenge for many researchers. The feasible way used is seeding cells on the scaffolds 
after printing prior to implantation.

13.4  Applications of 3D Printing Techniques

A variety of 3D printing techniques have been used to produce artificial bone graft 
substitutes, which are summarized in Table 13.1. Each technique requires specific 
manufacturing processes and materials and holds some advantages and 
disadvantages.
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13.4.1  Basic Requirements for 3D Printing

13.4.1.1  3D Structure Design

3D structure design can be obtained by both software (such as CAD and ProE) and 
imagine acquisition such as multidetector computed tomography (MDCT) and 
magnetic resonance imaging (MRI). The 3D scaffold designed for bone substitute 
requires a high porosity (75% and 90%) and inner interconnecting pores. The pore 
size between 250 and 500 μm has been reported ideal for bone cell attachment and 
vascularization [100]. Image acquisition can be achieved at ultrahigh spatial resolu-
tion (400–600 μ). MDCT or MRI data can be transferred into 3D imagines by seg-
mentation tools if needed [101]. MDCT gives more details of calcified hard tissue, 
whereas MRI provides balanced details of both soft and hard tissues.

13.4.1.2  Materials

The ultimate target for 3D-printed bone graft substitutes is mimicking the bone 
structure and composition. Calcium phosphate, the component in natural bone, is 
probably still the best material for 3D printing of bone graft substitutes. By combin-
ing with suitable binders, working temperature and correct parameters are applied 
and optimized for 3D printing techniques. Take examples, the choice of suitable 
particles is important in SLS and bioplottor. In SLS, particle sizes between 25 and 
100 μm are preferable so that the particles can flow freely. Smooth powder flowing 
to form new layers is required in SLS processing [102]. The more uniformed the 
particle size and shape, the better the produce specimen. Irregular particles may 
reduce the binding strength and generate brittle products with lower mechanical 
integrity in SLS. Besides, a thorough mixing of the particles and binders plays an 
important role in mechanical strength of the produced scaffolds [102].

13.4.1.3  Biodegradation

Biodegradation in vivo is a combination of material solubilization in body fluid and 
resorption by macrophage/osteoclast. Even though it is desirable to produce a bone 
graft substitute which can be biodegraded completely after implantation, the control 
of the period of biodegradation to match bone remodeling cycle is still a challenging 
subject which needs further study and optimization. The biodegradation of synthetic 
bone graft substitutes is primarily determined by material composition. Adding the 
water-soluble molecules may change the composition of raw materials and thus 
enhance the resorption behavior of produced scaffolds. Controlling the porous 
structure and adding the degradable polymers can also accelerate the 
biodegradation.
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13.4.2  3D-Printed Scaffolds Based on CaP Materials for Bone 
Regeneration

As we discussed in Sect. 2, CaP-based scaffolds can be fabricated via thermal mate-
rial extrusion and binder jetting at high temperatures. These processes, together 
with the post-processing techniques, allow the printed scaffolds with enhanced 
mechanical strength. However, it is very challenging to incorporate biological mol-
ecules or cells with stable bio-functions at high temperature. Usually, the CaP-based 
scaffolds were 3D printed and then evaluated for their biological performances in 
terms of biocompatibility, cell proliferation, and differentiation in vitro and in vivo. 
A number of different cells have been applied for these kinds of studies.

Many research groups have reported the good biocompatibility of CaP-based 
scaffolds. For instance, Castilho et al. [103] demonstrated the enhanced viability 
and proliferation of osteoblasts seeded on the biphasic TCP and HA scaffolds pro-
duced by binder jetting, compared to pure TCP scaffolds. Once the scaffolds pro-
duced at high temperature were implanted in  vivo, the biocompatibility and 
enhanced mechanical properties have been confirmed. However, the 3D-printed 
pure scaffolds did not show the comparable osteoconductivity as the autologous 
grafts. To improve the osteoconductivity potential, osteoinductive agents or surface 
modification was proposed for treating 3D-printed scaffolds. The osteoinductive 
agents include inorganic ions (i.e., calcium, silicate, magnesium, zinc, strontium, 
manganese, copper, or ferrum), mesoporous glass, and some compounds of ECM.

As comparison, there are many techniques available for fabricating the scaffolds 
at low temperature (desirable at room temperature). These techniques involve binder 
jetting approaches and some processes in material extrusion. By choosing the 
appropriate binder solution, CaP powders can be made the pure scaffold at low 
temperature, while CaP slurries or cements are extruded through a non-heated noz-
zle under mild conditions in material extrusion. Typically, post-fabrication treat-
ments are required for solidifying the extruded materials. For example, Liu group 
fabricated CPC scaffolds incorporated mesoporous calcium silicate (MCS) by using 
micro-droplet jetting (MDJ) at room temperature. The architectures of the scaffold 
including pore structure, pore size, and porosity were designed by turning the oper-
ation parameters and nozzle sizes. Figure 13.2 shows CAD-designed images (A1–
H1) and corresponding printed photograph of MCS/CPC scaffolds with different 
geometries (A2–H2).

With the addition of MCS, the printable time of MCS/CPC extended to about 
120 min, in comparison with 10 min of pure CPC. The longer printable time made 
MCS/CPC paste extruded continuously and homogeneously. The inner pore shape 
of the MCS/CPC scaffold was first controlled by adjusting the angle of the process 
pattern. Figure 13.3a1–a4 presents diverse pore structures of MCS/CPC scaffolds 
with −15°/15°, −30°/30°, −45°/45°, and −45°/45°/0°/90° patterns in X-Y direc-
tion. It can be clearly seen that the macropores in the scaffold were uniform and 
completely open. In addition, scaffolds with different pore structures in Z direction 
were prepared precisely in Fig. 13.3b1–b4. With 12 wt.% PVA aqueous solution as 
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Fig. 13.2 CAD-designed images (A1–H1) and corresponding printed photograph of MCS/CPC 
scaffolds with different outer architectures (A2–H2) (This figure is kindly provided by Prof. 
Changsheng Liu and the copyright is held by East China University of Science and Technology)

Fig. 13.3 SEM images of MCS/CPC scaffolds printed with different angles of the process pattern 
(Reproduced from Ref. [100] by permission. Copyright @ 2015 Springer Science+Business 
Media, New York)
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the binder, tight bonding within different layers was observed from the cross section 
of scaffolds. To meet a wide range of individual needs, MCS/CPC scaffolds with 
different outer architectures were designed and fabricated successfully 
(Fig. 13.2A2–H2).

In binder jetting techniques, additives to the binder solution or CaP powders have 
played an important role on the cell behavior. As described in [105], mixing MCS 
with CaP powder not only increased the mechanical strength and extended the print-
able time but also speed up the degradation behavior of the composite scaffold and 
increased the cell viability. This has been experimentally confirmed by Liu group 
[104]. As can be seen in Fig. 13.4, C2C12 cells spread well with an intimate contact 
on the scaffold surface and almost covered the whole surface of the MCS/CPC 
strands. Combined with other evaluations, the MCS/CPC scaffolds with pore size of 
350  μm showed properly interconnected macropores via MDJ approach, high 
mechanical strength due to MCS addition, fast degradation rate, and good cytocom-
patibility. Another research reported that mixing CaP powder with alginate could 
enhance both cell viability and cell proliferation, while vacuum infiltration of algi-
nate into the printed scaffold reduced both cell viability and proliferation of the 
osteoblastic cell line MG63 [105].

CaP bone grafts fabricated by using 3DP at low temperatures have been con-
firmed to be osteoconductive in vivo. The osteoconductivity of the binder jetting 

Fig. 13.4 Observation of cytoskeleton stained with FITC phalloidin (green) and nuclei stained 
with DAPI (blue) of C2C12 cells after 3 days of culture on the MCS/CPC scaffold. White columns 
inside the scaffold were caused by the light that penetrated the macropores from confocal laser 
scanning microscope (Reproduced from Ref. [105] by permission. Copyright @ 2015 Springer 
Science+Business Media, New York)
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3D-printed TCP scaffolds has been shown to be better than that of HA scaffolds 
[106]. However, the CaP-based scaffolds still showed lower osteoconductivity than 
autologous grafts. To further improve the bone regeneration in vivo, one feasible 
way is to incorporate the functional biomolecules (i.e., growth factors) or even liv-
ing cells into scaffold structures. It is known that biomolecules (protein, growth 
factor, hormone, etc.) can maintain their structures and bioactivities under the phys-
iological conditions. The closer the process condition is to the physiological envi-
ronment, the more stable the biomolecule is. Thus, the 3D printing techniques 
operated at low temperature hold the potential to directly print the drugs, proteins, 
and even the living cells suspended in printable inks.

13.4.3  3D-Printed Scaffolds Incorporating Drugs or Proteins 
for Bone Regeneration

As just discussed, 3D printing techniques at high temperature have limitation of 
incorporating biomolecules and cells. To solve the issues, additional post- processing 
steps are typically required to introduce an osteoinductive element by physical 
absorption or surface modifications (i.e., chemical binding, surface coating). The 
most popular growth factor, rhBMP-2, has been widely studied and applied during 
the post-processing for repairing the bone defects. In several studies, rhBMP-2 mol-
ecules were absorbed on the SLS-printed CaP construct surface via heparin surface 
modifications [54] or on the BJ-silicon-doped CaP via physical absorption [107]. 
The in vivo data demonstrated the bone ingrowth, osseointegration, and vasculariza-
tion of the bone construct due to the combination of rhBMP-2. In contrast with the 
high temperature techniques with several post-processing steps, 3D printing at low 
temperature seems easy to use and biomolecule-friendly.

Theoretically, CaP scaffolds produced by 3DP at low temperature can realize the 
incorporation of bioactive molecules for localized and sustained delivery. Just like 
other techniques at high temperature, biomolecules are able to adsorb onto the CaP 
scaffolds at low temperature during the post-processing step. Li et al. [109] devel-
oped a CPC-based scaffold combining the properties of mesoporous silica (MS) 
with rhBMP-2. 3D printing techniques in mild conditions allowed the scaffolds 
with a defined macroporous structure and optimized silicon ion release profile to 
promote the ingrowth of vascular tissue at an early stage after implantation, which 
can be demonstrated in Fig.  13.5. As can be seen, abundant vessels labeled by 
yellow- colored Microfil (the radiopaque contrast agent, Flowtech, USA) were viv-
idly displayed inside the macropores of the MS/CPC and MS/CPC/rhBMP-2 scaf-
folds and around the defects, whereas few blood vessels were seen inside the CPC 
scaffolds. The 3D reconstructed images of new blood vessels (red and yellow) 
formed in the macropores and around the scaffolds (green) are presented in 
Fig. 13.5d–i. From the top view, the newly formed vessels could be seen to have 
grown straight along the pore structure and deep inside the middle of the MS/CPC 
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and MS/CPC/rhBMP-2 scaffolds, while from the side view, to have grown through 
the entire MS-doped scaffolds from top to bottom.

The absorbed rhBMP-2 on the scaffold microstructure was released in a con-
trolled manner, which in turn significantly stimulated the osteogenesis of human 
bone marrow stromal cells (BMSC) in vitro and of bone regeneration in vivo in a 
rabbit femur defect repair model. As shown in Fig. 13.6, during the regeneration 
process, newly formed bone tissue grew gradually into the central region as well as 
into most macropores of the scaffolds and bound tightly with the material. After 
implantation for 12 weeks, MS/CPC/rhBMP-2 scaffolds showed a greater quantity 
of new bone formation than the other two groups (P  <  0.01). Moreover, newly 
formed blood vessels could be clearly observed inside the macropores of MS/CPC 
and MS/CPC/rhBMP-2 scaffolds. Combined HE staining, Masson trichrome stain-
ing, with VG staining, it is confirmed that MS/CPC/rhBMP-2 scaffolds displayed 
the best osteogenesis in comparison to the other groups without rhBMP-2 mole-
cules [108].

However, the burst release of the surface-adsorbed biomolecules is still a critical 
issue for medical applications. To minimize the burst effect and extend the therapeu-
tic time, the biomolecules are highly desirable to be entrapped homogeneously or 
localized specifically within a scaffold with well-control geometry. Take examples, 
antibiotics were mixed with a-TCP and then directly binder-jetted along with spe-
cial binder to form scaffolds [109]. In vitro data confirmed the reduced burst effect 
and sustained release behavior due to the homogenous incorporation of bioactive 
molecules.

In material extrusion, drugs or biomolecules can be easily mixed with slurries or 
raw cements and then extruded at the physiological conditions. After harden and 
self-setting, these additives can be homogeneously entrapped into the matrix. This 
kind of 3D printing technique has been utilized for loading rhBMP-2, BSA, VEGF, 
and various antibiotics. Akkineni et al. [110] fabricated α-TCP-based scaffold by 

Fig. 13.5 The (a–c) digital camera photographs of PMMA-embedded blocks from longitudinal 
sections and 3D reconstructed μCT images of blood vessels from (d–f) side view and (g–i) top 
view of CPC, MS/CPC, and MS/CPC/rhBMP-2 scaffolds after 4 weeks of implantation. White 
arrow: newly formed blood vessels (Reproduced from Ref. [108] by permission. Copyright  
© 2017 Nature Publishing Group)
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extruding the CaP cement premixed with chitosan/dextran sulfate microparticles 
encapsulating VEGF and BSA.  The cytocompatibility of the scaffolds was 
 successfully demonstrated by the viability and alkaline phosphatase activity of mes-
enchymal stem cells cultivated for up to 21 days. And the maintenance of the VEGF 
bioactivity during the fabrication procedure was confirmed in the culture experi-
ments with endothelial cells. Obviously, the mild conditions of the 3D printing tech-
niques allow the precise and localized integration of biological components without 
change of structures and loss of bioactivities. However, the consideration related to 
the printing resolution should be taken for some specific designs, since the high 
viscosity of raw material mixture usually requires a printed head or nozzle with 
large size.

Fig. 13.6 Histological evaluation of longitudinal sections of orthotopic bone formation within 
CPC, MS/CPC, and MS/CPC/rhBMP-2 scaffolds. (a) HE and Masson trichrome staining (×10, 
×20) after 4 and 12 weeks of implantation. M materials, NB newly formed bones, F fibrous tissue, 
O osteoid, Black arrow: newly formed blood vessels. (b) Quantitative analysis of the new bone 
area in HE stained sections after 12 weeks of implantation. **P < 0.01, MS/CPC/rhBMP-2 vs. 
CPC and MS/CPC scaffolds. (c) VG staining (×5: bar = 500 μm, ×10: bar = 250 μm) after 12 weeks 
of implantation (Reproduced from [108] by permission. Copyright © 2017 Nature Publishing 
Group)
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13.4.4  3D-Printed Scaffolds Incorporating Living Cells 
for Bone Regeneration

Some researchers have found that pre-loading living cells into scaffold matrix may 
be favorable to activate the biological response of surrounding cells at the implanted 
sites. Therefore, a variety of cells was introduced into the raw printable “inks” or 
patterned scaffolds before implantation. The large porous structure and intercon-
nectivity of the scaffold allow the easy seeding of cells and enough transport of 
nutrients for cell survival. However, it is very difficult to ensure the homogeneous 
distribution and good attachment of cells or achieve the multi-seeding of different 
cells. Many researchers have made attempts to precisely layout cells in “layer-by- 
layer” assembly in turn bio-mimicking the bone tissues by using bioprinters. One of 
the typical bioprinters is 3D bioplotter (EnvisionTEC GmbH, Germany) showed in 
Fig.  13.7, which enables to fabricate scaffolds with suitable porosity and strong 
mechanical properties for mimicking human organs [111]. Theoretically, bioplotter 
can print two types of materials at very different temperature and mechanical prop-
erties, when two nozzles containing different materials are printed sequentially or 
simultaneously. Thus, this bioprinter can be extended for medical applications, such 
as combination with stem cells, growth factors/cytokines, and other reagents to pro-
mote bone regeneration/induction.

The generation of bio-artificial bone using 3D printing technique requires isola-
tion of autologous cells, which is then proliferated in the laboratory to obtain the 
desired cell numbers followed by layering of cells via a 3D bioprinter. Gao’s group 
loaded human mesenchymal stem cells (hMSCs) into different bioinks and investi-
gated the effect of the ink composition on the cell viability. According to the experi-
ments, the hMSC viability was highest in a mixed bioink of PEG-dimethacrylate 
and HA, while PEGDMA-BG had a pretty lower cell viability. Moreover, the pres-
ence of HA enhanced the differentiation toward the osteoblastic lineage [77]. 
Obviously, the composition of bioinks played a vital role on the viability and func-
tion of hMSCs cells, which should be suspended in bioinks with low viscosity.

Bioprinting of living cells has offered the promising possibility in the area of 
bone regeneration and drug screening and held such advantages as the ability to 
organize the cell distribution within the scaffold, enhancement of cell attachment 
and biological ability, and improvement of bone defect management. However, the 
delicate characteristics of living cells, especially for human cells, require the cell- 
friendly operation conditions and experienced technical skills.

To further achieve the precise placement of blood vessels, nerves, or muscles 
during the surgery, in situ bioprinting is proposed to treat the injured patients for 
using in hospitals and clinics for civilians. This special technique can directly print 
the bioactive tissue constructs with porous structures in the defects or lesions. 
Because of completely matchable architectures and precise placement of construct 
at the injured sites, this technique can facilitate the repair of large bone defects 
through better media exchange, tissue engraftment, and vascularization [113].
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Prof. Ozbolat and coworkers developed a novel approach to print multi-tissue 
constructs into calvarial defects for bone regeneration (shown in Fig. 13.8a). BMSCs 
and plasmid DNA were bioprinted within a bioink composing collagen and block 
copolymer F-127. In this design, plasmid DNA can transfect BMSCs and encode 
the different growth factors, which promote the differentiation of BMSCs into func-
tional components of bones at the deposited site. Moreover, the collagen matrix also 
can improve the proliferation and differentiation of BMSCs. Thus, highly promising 
results were achieved in the regeneration of bony tissues in critical-sized calvarial 
defects in vivo [114]. The great hope of transplant surgeons is that they will be able 
to order replacement body parts on demand (shown in Fig. 13.8b). To achieve this 
ultimate goal, many researchers and scientists are working on the in situ bioprinting 
area. However, there still exist challenging problems. More research and further 
clinical studies are needed for integrating biomaterial characteristics, design of 
printed architectures, and 3D printing techniques in operation room for bone 
regeneration.

Fig. 13.7 (a) A typical bioprinter, Envision Bioplotter, (b) a porous scaffold produced containing 
calcium phosphate cement, (c) 3D-printed external ear, and (d) artificial human liver tissues pro-
duced by Wake Forest Institute for Regenerative Medicine (Figs. (c) and (d) are reproduced from 
the website [112] with open access)
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13.5  Conclusion and Perspectives

The 3D printing technology has the potential to pave a way in producing biodegrad-
able bone graft substitutes to suit the mechanical property, porosity, surface struc-
ture, cellular attachment, and differentiation. The interconnective porous 3D 
structure is essential for cell ingrowth and vascularization. The printed materials are 
expected to be designed and fabricated to fit with the structure of patients’ bone 
defects. Traditional modeling methods failed on building such specific structures, 
whereas 3D printing can produce personalized, tailor-made bone implants loaded 
with bifunctional components, in particular at desired microstructure entrapped 
drugs, proteins, and even living cells.

There are also certain issues of currently used 3D printing technology, such as 
poor biomechanical properties, relatively low resolution for bioplotting, unmatch-
able degradation behavior, burst release of drugs and proteins, and integration of 
functional components. Future perspectives of the application of this technology are 
expected to be on the development of more sophistic image analytic tools and 
computer- aided design, simplified modeling for printing processes, and bioink/
material mixture formulations with improved composition to mimic the physio-
chemical as well as mechanical properties of natural bone.

Fig. 13.8 (a) In situ bioprinting in operation rooms, where a composite bioink loaded with plas-
mid DNA and stem cells is printed for cranial bone regeneration, (b) a machine that prints organs 
is coming to the market, which is illustrated by David Simonds (Here, Fig. (a) is reproduced from 
[115] by permission. Copyright © 2016 Quintessence Publishing, UK, and Fig. (b) is reproduced 
from the website [116] with open access)
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Chapter 14
Preparation of Collagen/Calcium Phosphate 
Coatings and Evaluation of Their Biological 
Performances

Cheng Kui, Jun Lin, and Wenjian Weng

Abstract Collagen/calcium phosphate nanocomposite coating similar to the natu-
ral bone structure is a promising material in surface modification of metallic 
implants to accelerate the osseointegration. In this chapter, electrochemical deposi-
tion was utilized to prepare collagen/calcium phosphate coating on titanium sub-
strates successfully. A modified method called alternating potential-assisted 
electrochemical deposition (AP-ECD) was further proposed to modulate coating 
microstructures, making it possible to effectively achieve a controlled preparation 
of the collagen/calcium phosphate coating for different purposes. In vitro tests dem-
onstrated that the desired cytocompatibility, loading/release behavior, and antibac-
terial property of the coatings were realized, intensifying its biological role as 
differentiation inducer and promoting the osteogenic differentiation. In vivo tests 
further confirmed that the implant with the collagen/calcium phosphate coatings 
showed higher new bone density and pull out strength, and the significantly acceler-
ated osseointegration was realized. The AP-ECD method could provide a basis for 
function design and controlled preparation of collagen/calcium phosphate compos-
ite coatings, favoring for different biological applications.
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14.1  Introduction

14.1.1  Surface Modification of Metallic Implants

The increasing number of cases of hard tissue replacements and repair due to bone 
lesions and damages make it necessary to seek suitable biomaterials. Initial research 
focused on the substitute biomaterials required to bear and transfer the load. Medical 
metals such as stainless steel, Co-base alloys, and titanium alloys are the most 
widely applied replacement materials in the clinical surgery because of their good 
mechanical properties and resistance performance. Among these metals, titanium 
and its alloys have relatively low modulus; good fatigue strength, formability, 
machinability, and corrosion resistance; as well as good biocompatibility; they are 
widely used in biomedical devices and components, especially as hard tissue 
replacements.

However, the “native” surface of titanium is bio-inert, which is clearly not appro-
priate for osseointegration. Since the biomaterial surface plays an extremely impor-
tant role in the response of the biological environment to the artificial implants, 
surface modifications are often required for better biological integration. The meth-
ods of surface modifications are classified into chemical and physical methods 
according to the formation mechanism of the modified layers on the material 
surface.

The physical modification refers to the changes of surface properties, such as 
surface morphology, microstructure, roughness, and so on. The surface roughness is 
one of the principle factors that has influence on the biological effects of biomateri-
als. Rough surface with large specific surface area is able to promote cell adhesion, 
to enhance the bonding strength between implants and host bone. Nanoscale surface 
roughness with higher surface energy accelerates protein adsorption, cell prolifera-
tion, and differentiation and finally improves the osseointegration ability of bioma-
terials. Blasting, plasma spraying, acid etching, and anodic oxidation are the 
common methods to change the surface roughness. However, changing the rough-
ness of titanium is often accompanied by the changes in the chemical composition 
of the surface, forming a new structure.

Constructing micro-/nanostructures such as TiO2 nanodots and nanorods on the 
titanium implant surface is a research hotspot of titanium surface modification now-
adays, which can regulate the microenvironment around the implants, make the 
osteoblasts interact with more sites, and facilitate their attachment and proliferation. 
Puckett et al. [1] prepared TiO2 with different nanostructures and sizes by anodic 
oxidation on the surface of titanium and found that these micro-/nanostructured 
surfaces could not only promote adsorption and proliferation of osteoblasts but also 
had the ability to kill bacteria, which provided a good way for titanium surface 
modification.

Chemical modification refers to preparation of bioactive coatings on the implants 
by some technologies, such as sol-gel and electrochemical deposition, which accel-
erate osseointegration between implants and host bone. Inorganic coatings, organic 
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coatings, and composite coatings of inorganic and organic polymer are often applied 
in the surface modification of implants. Calcium phosphate is the primary inorganic 
component in the hard tissue of the human body, and calcium phosphate bioceram-
ics coatings are proven to promote osseointegration very well because of its good 
biological activity and biocompatibility. Pan et al. [2] prepared a CaP coating on the 
metallic implant by micro-arc oxidation in the solution containing Ca and P. When 
immersed in the SBF, the implant with CaP coating further formed needlelike or 
spherical CaP again compared to the implant without coating on its surface, which 
revealed that the bioactivity was enhanced by preparing a CaP coating on the 
implant surface. In addition, bioglass and bioceramics with CaO-SiO2 as the main 
component also raised extensive attention. Bioglass and bioceramics react with the 
body fluid and tissue around the implant, forming the Si-OH groups that are con-
ceived to nucleation and growth of calcium phosphate, and cells will respond to the 
released silicon ions, promoting osseointegration.

Although the abovementioned inorganic coatings are bioactive, they still have 
limits, such as low toughness and lack of communication with cells, which greatly 
restrict the application of inorganic coating.

In the process of contact between osteoblasts and implant, cells will selectively 
communicate with extracellular substances through the receptors on the mem-
branes, further activate a series of physiological and biochemical reactions intracel-
lularly, and finally accomplish osseointegration. In recent years, surface modification 
researches increasingly focus on the relationship between the surface substances of 
implants and signal pathways of osteocytes. Receptors on the surface of undifferen-
tiated pre-osteoblasts are capable of recognizing and selectively binding to signal-
ing molecules. When combined with a ligand, signaling molecules convert the 
extracellular signal into intracellular chemical and physical signal-by-signal trans-
duction, followed by synthesis of osteoblast-associated proteins, and finally pre- 
osteoblasts differentiate into osteoblasts.

Bioactive macromolecules can provide pre-osteoblasts with the corresponding 
signal substances and can be divided into growth factor and cell adhesion mole-
cules. Growth factors include bone morphogenetic protein (BMP-2), transforming 
growth factor, fibroblast growth factor, etc. For promoting cell proliferation and 
differentiation, they play an important role in the osteogenesis process. Cell adhe-
sion molecules include fibronectin, osteopontin, and vitronectin, containing argi-
nine, glycine, and aspartic acid (RGD) sequences, which regulate cells, serum, and 
extracellular matrix protein adhesion on the surface of implants. To accelerate the 
required biological reaction process, titanium modification needs to realize the spe-
cifically adsorption of beneficial proteins. Hence, a typical surface biochemical 
modification strategy is to immobilize specific proteins, enzymes, or polypeptides 
onto the surfaces of titanium implants with micro-/nanostructures to induce specific 
cell differentiation and tissue transformation. Compared to other modification 
methods, this approach focuses on the application of the biologically active macro-
molecules, the decisive organic components of bone formation, to control tissue 
response, because bone integration is primarily dependent on the adhesion, prolif-
eration, and differentiation of osteoblasts to promote new bone formation.
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Therefore, to accelerate the integration of the implant with the host bone, the 
bioactive coating on the implant surface needs to provide the corresponding signal-
ing molecules besides the conditions required for the proliferation and adhesion of 
osteoblasts, so the protein synthesis related to osteoblast differentiation can be pro-
moted, and ultimately the growth of new bone to complete the process of osseointe-
gration is accelerated.

14.1.2  The Function of Extracellular Matrix (ECM)

The primary microenvironment that cells connect with is extracellular matrix 
(ECM). ECM plays a key role in the induction and promotion of bone growth, and 
its main components are collagen, fibronectin, laminin, elastin, aminoglycan, and 
proteoglycan. ECM is not only the framework surrounding cells but also regulates 
cell morphology, growth, division, differentiation, and apoptosis by changing its 
three- dimensional structure and composition.

The ECM of bone tissue is composed of one-third of the organic and two-thirds 
of inorganic substances, and collagen I is accounted for 80–90% of organic sub-
stance, which is crucial to maintain integrity of bone structure and its biomechanical 
properties. The three-dimensional network structure of collagen fibers, as the scaf-
fold of bone growth, provides a natural three-dimensional space for cell prolifera-
tion, differentiation, and bone formation in bone healing process. As the main 
component of bone, type I collagen, which contains a variety of molecular amino 
acid residues that are crucial for the cell adhesion, is an ideal active substance that 
carries and transmits biological signals [3] by combining with other signal mole-
cules, which can effectively promote cell adhesion, proliferation, and differentia-
tion. Meanwhile, because of its high porosity, excellent hydrophilicity, low 
immunogenicity, and easy absorption by the human body, collagen I is considered 
as a good biomaterial. Therefore, how to introduce collagen onto the implant sur-
face to create imitational extracellular matrix environment has been widespread 
concerned.

14.1.3  Grafting of Collagen on the Surface of Metallic 
Materials

The study of imitational extracellular matrix coatings on the surface of implants 
focuses on how to graft the collagen onto the surface of metal implants in order to 
obtain better cell compatibility and cell responsiveness and ultimately accelerate 
bone integration. There are a few ways to introduce collagen onto the surface of 
metal implants, which can be divided into physical and chemical methods. Because 
of the denaturation of collagen, the usual physical introduction of collagen is 

C. Kui et al.



551

essentially physical adsorption. Stefan Rammelt et  al. [4] centrifuged and sedi-
mented the collagen solution, then the titanium rod was placed in the precipitate for 
15 min, and then a collagen layer in 3–6 μg/cm2 was formed on the titanium rod. 
Four days after implantation into the mice, better proliferation of osteoblasts was 
found on the surface of the implanted collagen-coated implant compared with the 
titanium implant without the collagen coating; after 4 and 7 days of implantation, a 
larger number of osteoblasts were observed around the coating. The BIC (bone-to- 
implant contact) value of a group with collagen coating increased significantly after 
4 weeks of implantation compared with the group without the collagen layer, and 
the results of micro-CT showed a collagen-coated group had a higher bone 
density.

Organic grafting and inorganic grafting are the conventional chemical methods. 
Organic grafting methods include sol-gel method, electrostatic adsorption method, 
and so on. Stefan Rammelt et al. [5] prepared a pure collagen coating on the tita-
nium implant surface by sol-gel method and implanted it into mice. Four weeks 
after implantation, there were more nascent bone structures around the implanted 
collagen-coated implants than titanium implants, with higher BIC values for the 
implant and the host bone, resulting in faster bone integration. Morra et al. [6] first 
introduced a layer of hydrocarbon onto the surface of the titanium implant by 
plasma spraying, followed by introducing a layer of acrylic acid. Finally, the colla-
gen was immobilized onto the surface of the titanium by electrostatic coupling with 
a pore size of 1–2 μm. Bone marrow mesenchymal stem cells’ (BMSCs) culture 
results indicated that the collagen coating promoted adhesion and proliferation of 
BMSCs. The collagen-coated samples were implanted into the fibula of New 
Zealand white rabbits for 4 weeks. It was found that the collagen-coated implants 
showed a higher BIC value.

However, neither the physical method nor the organic grafting in the chemical 
method can construct a similar structure to the human bone tissue on the implant 
surface. Since bone is composed of collagen fibers and hydroxyapatite (HA) in a 
form of mineralized collagen composition, a mineralized collagen or HA/collagen 
composite coating is suggested as a feasible method to introduce collagen onto the 
implant surface.

The main methods of preparing HA/collagen composite coatings are spray coat-
ing, bionic deposition, sol-gel, electrochemical deposition, etc. Jonge et  al. [7] 
obtained HA/collagen coating on the Ti substrate by electrostatic spraying deposi-
tion. The coating had strong adhesion strength with the substrate, and the thickness 
of the coating could be adjusted by controlling the electrostatic spraying time. The 
results showed that the coating could significantly improve the osteoblast differen-
tiation on the implant surface. Cai et al. [8] prepared apatite/collagen fiber coating 
using biomimetic deposition by immersing the NiTi shape memory alloy in 
collagen- contained SBF solution for 3–7 days. Manara et al. [9] prepared HA/col-
lagen coating and carbonate-apatite/collagen coating on the surface of titanium sub-
strate by electrochemical deposition. Good biological activity was proved by 
comparing the binding strength between the coating and fibronectin. Wang et al. 
[10] prepared HA/collagen coating on the surface of titanium with TiO2 bioactive 
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layer on it, and TiO2 bioactive layer can effectively promote the formation of HA/
collagen coating. In vitro study showed good biological activity. Above results indi-
cated that the HA/collagen coating on the surface of metal implants confers rich 
biological signals on the surface of metal implants and improves the bioactivity 
significantly, which induces and promotes bone tissue growth.

14.2  Controllable Preparation of Collagen/Calcium 
Phosphate Coating with Electrochemical Deposition

Because of the instability of collagen, a lot of coating technologies cannot be applied 
to the preparation of mineralized collagen coating. At present, the modest deposi-
tion of collagen and calcium phosphate coating methods include electrochemical 
deposition [10], spin coating [11], and bionic deposition [12]. Electrochemical 
deposition generally includes two types, electrophoretic deposition and electrolytic 
deposition. The preparation process of calcium phosphate/collagen composite coat-
ing combines the electrophoretic deposition of collagen molecules and the electro-
lytic deposition of calcium phosphate. Substrate conductivity is only required in this 
method for preparation of mineralized collagen coating, without strict control of the 
substrate surface biological activity, solution supersaturation, or pre-calcium 
phosphate particles. The preparation process is efficient with simple equipment and 
operation and takes generally only 10 min to an hour for a more uniform coating. 
At the same time, since a small pH gradient is generated around the cathode during 
the electrolytic deposition, it is possible to achieve a high pH near the metal sub-
strate while keeping the bulk pH of the solution small, which is advantageous for 
co-deposition of the biomolecule (such as collagen, chitosan) that dissolves only at 
low pH and calcium phosphate crystal that nucleates and precipitates at high pH. 
Therefore, the electrochemical deposition is a very efficient method for preparing 
mineralized collagen coating. Researches showed that the mineralized collagen 
coating prepared by this method has good biocompatibility, which could promote 
cell adhesion, proliferation, and differentiation and induce new bone formation.

The microstructure and composition of the implant surface have a very signifi-
cant effect on cell adhesion and tissue formation [13]. Therefore, in order to further 
optimize the biological response of the mineralized collagen coating, it is necessary 
to realize the controllable preparation of the coating. Studies have shown that cer-
tain surface porosity and roughness of the implants assist the new bone tissue to 
grow into the surface of the implant, facilitating the osseointegration process at the 
implant/host tissue interface [14]. The chemical composition of the surface also has 
important implications for protein adsorption, cell adhesion, and proliferation dur-
ing osseointegration. As to mineralized collagen coating, the surface morphology 
and chemical composition will be changed by the different preparation methods and 
preparation parameters, thus affecting the biological effects of coating. For exam-
ple, the degree of mineralization of the coating is directly related to the relative ratio 
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of collagen and calcium phosphate, which is present in a variety of different phases 
that have different biological responsiveness.

In addition to the high biological responsiveness of the implant coating, it is 
necessary to have favorable drug/growth factor loading and release capacity, and 
growth factors (such as BMP) promote cell differentiation by sustained release; 
sustained release of drugs (antimicrobial drugs) is to eliminate biological interfer-
ence (such as fungi) during the bone formation, with the aim of establishing an 
excellent biological environment, promoting bone formation, thereby speeding up 
the process of osseointegration. Biological coatings, due to their thin and porous 
properties, limit the loading ability of drug and present burst release in spite of high 
biological responsiveness. There are a number of reasons for the poor performance 
of thin- layer materials to carry and release drugs/growth factors, but they can be 
divided into two main aspects: (1) limited spatial distribution and single diffusion 
path of the drug/growth factor during the release process and (2) poor affinity of the 
coatings for the drug/growth factor. At present, the ways to optimize the loading/
release capability of coatings are as follows: (1) improving the distribution of drugs/
growth factors in the coatings, which requires a highly controllable fabrication tech-
nique and a suitable micro-/nanostructure of the coating and (2) enhancing the affin-
ity of the coating for the drugs/growth factor, which reduces their diffusion rate. For 
thin coatings, enhancing the affinity of the coating for the drug/growth factor and 
loading the nano-sized drug/growth factor carrier into the coating will be excellent 
choices. Therefore, it is a key scientific and technical problem how to realize the 
controllable preparation of micro-/nanostructure of mineralized collagen and the 
controllable loading of drug/growth factor carrier, thus archiving controlled distri-
bution of drug/growth factor and maximizing the bio-efficiency of coatings in accel-
erating osseointegration.

Depending on the parameters, the electrochemical deposition can be carried out 
under constant voltage or constant current conditions. Electrochemical deposition 
parameters include environmental factors (temperature, humidity, etc.), the value of 
current and voltage, and electrolyte composition (pH, ion concentration, additives, 
etc.). The crystal phase, morphology, and composition of the coating can be adjusted 
by controlling the parameters to achieve controllable preparation. For example, 
altering voltage can significantly adjust pore size and mineralization degree of col-
lagen in the network structure, and programmed application of voltage can control 
the deposition of different constituents. These changes in microstructure and com-
position will affect the ability of inducing bone formation and drug release behavior 
of the coatings.
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14.2.1  Mechanism of Electrochemical Deposition

14.2.1.1  Mechanism of Constant Potential Electrochemical Deposition 
(ECD)

To reveal the microstructure of the porous mineralized collagen coating, it was torn 
off from the titanium substrate, and the peeled coating and the remaining coating on 
the titanium substrate were observed (Fig. 14.1) [15]. For the dense coating, the 
layer near the titanium substrate after stripping still had dense morphology, and 
compared with the outermost layer, collagen bundles were more unapparent in this 
layer. The residual layer on the titanium substrate was a calcium phosphate layer. 
For the porous coating, the peeling surface still had a porous structure with high 
mineralization degree of collagen near the bottom layer. Residual calcium phos-
phate on titanium substrate had smaller grain size, which indicated faster deposition 
rate of calcium phosphate, and mineralized collagen might combine with the sub-
strate by the mineralized bonding between underlying calcium phosphate layer and 
the mineral on the collagen bundles.

Fig. 14.1 Dense and porous coating morphology. (a) The reverse side of stripping layer of dense 
coating, (b)the residual layer of dense coating. (c) the reverse side of stripping layer of porous 
coating, (d) the residual layer of porous coating (Reprinted from Ref. [15], with kind permission 
from Springer)
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Two types of coatings were observed by TEM to study the differences in the 
mineralization of collagen fibers. Figure 14.2 showed the TEM and SAED images 
for dense and porous coatings. Dense coating showed low mineralization degree, 
close combination of collagen, and less nucleation of calcium phosphate on the col-
lagen fibers with weak diffraction peak of calcium phosphate on the electron dif-
fraction pattern, while the mineralization degree of collagen in the porous coating 
was higher, which was accompanied with obvious calcium phosphate diffraction 
peaks and single mineralized collagen fibers. Calcium phosphate particles could be 
seen on the surface of collagen fibers with distinct macroscopic porous structure.

After electrodeposition, the cross section of the coating was characterized by 
EDS, and the compositional distribution of the coating in the longitudinal direction 
was obtained (shown in Fig.  14.3). The mineralized collagen coating formed by 
electrochemical deposition was composed of calcium phosphate and collagen 
(Fig. 14.4). The bottom layer contained a large amount of calcium and phosphorus, 
mainly calcium phosphate. The carbon content was relatively large in the mineral-
ized collagen layer, and the relative content of collagen and calcium phosphate pre-
sented a gradient distribution.

According to the synthesis and characteristics of mineralized collagen coating, 
the structure of the coating obtained by electrochemical deposition on a titanium 
substrate was shown in Fig.  14.4c. The coating consisted of a layer of calcium 

Fig. 14.2 TEM images of dense (a) and porous (b) coatings

Fig. 14.3 The cross-section morphology of mineralized collagen coating and the corresponding 
energy spectrum analysis
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 phosphate in close contact with the titanium substrate and mineralized collagen 
layer that connected with calcium phosphate layer. The distribution of elements in 
the mineralized collagen layer showed a certain mineralization gradient. From the 
calcium phosphate layer to the surface of the coating, the mineralization was weak-
ened, and the content of calcium phosphate gradually reduced with organic sub-
stance content gradually increased.

Figure 14.5 showed the morphologies of the coatings deposited on the Ti sub-
strates with different deposition times [16]. In the early ECD period, CaP crystals 
first nucleated and grew on the cathode, and few collagen fibers had attached to the 
cathode (Fig. 14.5a, b). As the deposition continued, collagen fibers with a few CaP 
crystals, which were weakly mineralized collagen, were deposited on the substrates 
(Fig. 14.5c), and then the collagen was gradually wrapped by calcium phosphate 
with the final diameter of 1–2 μm (Fig. 14.5d).

The morphologies (Fig. 14.6) of collagen localized to the cathode in the electro-
lyte at different deposition times demonstrated that the collagen had self-assembled 
into interconnected fibers (with an average diameter of 200–400  nm) or sheets 
(Fig. 14.6a, b), and the mineralization characteristic appeared as the deposition time 
increased (Fig. 14.6c).

Based on the above experimental results, an ECD process for mineralized coat-
ing preparation is proposed to have five steps: initial CaP deposition (Fig. 14.7a), 
collagen fibril self-assembly (Fig. 14.7b) and mineralization (Fig. 14.7c) near the 
cathode, mineralized collagen deposition (Fig. 14.7d), and post-growth of mineral-

Fig. 14.4 (a) XRD pattern, (b) FTIR pattern, (c) schematic diagram of the mineralized collagen 
coating
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ized collagen in the coating (Fig. 14.7e). When an electric field is activated, the pH 
local to the cathode increases due to OH− generation according to the following 
electrolytic reaction:

2H2O + 2e− → H2(g) + 2OH−

A pH gradient is spontaneously produced near the cathode. CaP crystals are easy 
to nucleate and grow on the cathode due to their high sensitivity to increases in pH, 
and the initial CaP deposition is shown in Fig. 14.7a. Collagen fibrils are originally 
positively charged in the electrolyte with pH 4.5 and are driven toward the cathode. 
The collagen fibrils adjacent to the cathode begin to self-assemble into fibers or 
sheets (Fig.  14.7b) due to the isoelectric point [15] that resulted from the pH 
increase. Since the negatively charged carboxylate groups of collagen serve as key 
nucleation sites for CaP crystals, the high pH near the cathode leads to the mineral-
ization in the collagen fibers or sheets (Fig. 14.7c). Subsequently, the deposition of 
the mineralized collagen fibers or sheets onto the cathode (Fig. 14.7d) takes place 
under the electrical field. It is suggested that CaP in the mineralized collagen after 
deposition continues to grow due to the existence of Ca and phosphate ions as well 
as the appropriate pH value. This post-growth results in the connection of as- 
deposited collagen with the bottom CaP layer or other mineralized collagens, form-
ing a well-constructed coating (Fig. 14.7e).

Fig. 14.5 SEM images of coatings deposited on the Ti substrates for (a) 1 min, (b) 5 min, (c) 
30 min, (d) 60 min (Reprinted from Ref. [16], with kind permission from Springer [16])
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14.2.1.2  Mechanism of Alternating Potential-Assisted Electrochemical 
Deposition (AP-ECD)

Figure 14.8 revealed that the degree of mineralization (Fig. 14.8a-1) of the coating 
was higher when the last stage deposition potential was negative (Fig. 14.8a-2) [17]. 
This showed that positive potential was conducive to reducing the degree of miner-
alization coating. It was also found that the surface porosity decreased with the 
increase of positive potential time (Fig.  14.8b), which indicated that combining 
negative potential deposition with positive potential effectively reduced the porosity 
of the coating surface as well as the degree of mineralization of the coating as a 
whole.

Figure 14.9 showed the surface morphology of the coating at each deposition 
stage. It revealed that the weakly mineralized collagen layer was deposited on the 
calcium phosphate coating after the first positive potential application (Fig. 14.9a) 
followed by the highly mineralized collagen depositing after applying negative 
potential (Fig. 14.9b). When the positive potential was applied again, the weakly 
mineralized collagen layer deposited again, and the subsequent negative potential 
resulted in highly mineralized collagen layer deposits (Fig. 14.9c).

Fig. 14.6 Morphologies of collagen fibrils near the cathode from the electrolyte after electric field 
activation. (a) 0 min, TEM image of the collagen fibrils as a raw material. (b), (c) SEM images of 
the collagen fibrils of the coatings after 1 min and 5 min, respectively (Reprinted from Ref. [16], 
with kind permission from Springer)
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The strong mineralized dense collagen coating (blue arrow) was sandwiched 
between two weakly mineralized collagen coatings (red arrows), as seen from the 
cracks in the coating (Fig. 14.10a-1). The alternating positive and negative potentials 
made the mineralized collagen deposit to form a sandwich structure (Fig. 14.10a-2). 
In order to further explore the way of mineralized collagen assembly, different 
 coatings were subjected to decalcification treatment (Fig. 14.10b); we could see that 
the diameter of highly mineralized collagen fibers deposited by the negative poten-
tial was significantly larger than the weakly mineralized ones, indicating that the 
highly mineralized collagen fibers underwent a higher degree of assembly, while the 
weakly mineralized collagen had no obvious self-assembly process. Comparing the 
diameter of weakly mineralized collagen layer after decalcification and the original 
sediment (Fig. 14.10c), it was found that they are of comparable size, which further 
demonstrated that the collagen fibers in the weakly mineralized collagen layer had 
not undergone significant self-assembly.

The scratches on the coatings showed that there was only one acoustic signal in 
the coating obtained by the constant potential method, while the coatings that 
obtained by the alternating potential-assisted method showed many acoustic signals 
before the fracture (Fig. 14.11). It revealed that the internal structure of the coating 
was not homogeneous compared with the coating obtained by the constant potential 

Fig. 14.7 Mineralized collagen coating formation process by ECD (Reprinted from Ref. [16], 
with kind permission from Springer)
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method, which indirectly confirmed that the coating obtained by the AP-ECD had a 
multilayer structure.

For the deposition by negative potential, the mechanism has been put forward in 
our previous work. Firstly, pH near the electrode increases due to cathode electroly-
sis, subsequently collagen self-assembly and mineralization occur, and finally the 
mineralized collagens are deposited onto the electrode (substrate) to form mineral-
ized collagen coatings.

Since the increasing pH induced by cathode electrolysis is gradient, negatively 
charged collagen fibrils in the vicinity of the substrate will appear when the pH is 
higher than the isoelectric point. In the deposition at negative potential, these nega-
tively charged collagen fibrils are repelled from the substrate to a location with a 
relative lower pH, i.e., the isoelectric point, and the collagen fibrils undergo self- 
assembly, mineralization, and deposition. If these negatively charged collagen 
fibrils under positive potential are directly deposited on the substrate without self- 
assembly, low mineralized collagens should be increased in the resulting coatings. 
When an alternating potential-assisted electrochemical deposition is adopted, the 
resulting coatings show an increase in low mineralized collagens as expected, and 
the low mineralized collagens appear in the coating in a multilayer form, consistent 
with applying alternative potentials.

Fig. 14.8 SEM images of the coating prepared with different parameters. a The coating prepared 
with negative (a-1) and positive (a-2) potential at the last deposition stage, respectively. Scale bar, 
10 m. b The coating prepared with different deposition time of the penultimate deposition stage 
with positive potential, (b-1) 0 min, (b-2) 8 min, (b-3) 10 min, (b-4) 12 min. Scale bar, 25 μm 
(Reprinted from Ref. [17] with permission, Copyright @ Elsevier 2012)
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Here, the alternating potential-assisted electrochemical deposition process is 
proposed as below. When an electrode is applied with negative potential, increase in 
pH near the electrode appears due to cathode electrolysis. The pH increase firstly 
results in nucleation and growth of apatite onto the electrode due to their high sen-
sitivity to increase in pH to form an initial apatite layer (Fig.  14.12a). Although 
collagen fibrils are originally positively charged in the electrolyte with pH 4.5, near 
the electrode, they tend to be uncharged or even become negatively charged because 
of the pH increase with a gradient curve. For the uncharged collagen fibrils, they 
began to self-assemble and mineralize to form a highly mineralized collagen layer 

Fig. 14.9 SEM images of the coating deposited at different stages. After first deposition at posi-
tive potential (a), after second deposition at negative potential (b), after third deposition at positive 
potential again (c). Scale bar, 25 μm (Reprinted from Ref. [17], Copyright 2012, with permission 
from Elsevier)
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as proven in Fig. 14.12b. When a positive potential is applied, the negatively charged 
collagen fibrils are difficult to self-assemble and mineralize because they move to 
the substrate which is kept away from the isoelectric point and then deposit onto the 
electrode to form a weakly mineralized collagen layer directly as proven in 
Fig. 14.12c, of which the decalcified collagen fiber diameter becomes the same as 
the original one in electrolyte solution. Since the highest pH exists nearest the elec-

Fig. 14.10 (a) SEM images of coating showed layers with different microstructures, (a-1) crack 
of the coating showed weakly mineralized collagen layer (red arrow) and highly mineralized col-
lagen layer (yellow arrow). Scale bar, 10 μm. (a-2) The cross section of the coating. Scale bar, 
25 μm. (b) SEM images of the collagen after decalcification of the coating from (b-1) highly 
mineralized layer, (b-2) weakly mineralized layer. Scale bar, 5 μm. (c) TEM image of the collagen 
in the weakly mineralized layer (c-1), the collagen in the initial electrolyte (c-2). Scale bar, 100 nm. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article) (Reprinted from Ref. [17], Copyright 2012, with permission from Elsevier)
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trode during the positive potential, the weakly mineralized collagen fibrils are 
deposited on the CaP layer constantly, along with the formation of highly mineral-
ized collagen layer at the location of isoelectric point (Fig. 14.12c). Next, the nega-
tive potential makes the highly mineralized collagen layer deposit on the substrates, 
which are shown in Fig. 14.12d, e. If the cycle of the potential change repeats, the 
weakly and highly mineralized collagen layers are deposited again, and a multilayer 
structured coating is formed (Fig. 14.12f).

14.2.2  Regulation of Micro-/Nanostructures of Coating

14.2.2.1  Regulation of Crystal Phase of CaP

The temperature had a great influence on the crystal phase of calcium phosphate in 
the coating. Figure 14.13 showed that the primary phase of calcium phosphate was 
dicalcium phosphate dihydrate (DCPD) at 20 °C. When the temperature reached 
30 °C, the main phase was brushite and HA phase appeared at 37 °C. The charac-
teristic peak of the (002) plane presented that HA grew along the c axis of collagen. 
When the temperature rose to a higher level, the main phase was HA. The results 
showed that the temperature had a significant effect on the electrochemical deposi-
tion of the mineralized collagen coating. Collagen is loosely packed with the cal-
cium phosphate layer, resulting in a few collagen molecules deposited on the 
substrate at low temperature, while high temperature failed collagen and calcium 
phosphate co-deposition [15].

Fig. 14.11 Scratch testing of coatings prepared using constant potential (a) and alternating poten-
tial (b) method. One dot presents that just one and three acoustic signals appeared in the scratch 
testing of coatings prepared by constant potential and alternating potential, respectively (Reprinted 
from Ref. [17], Copyright 2012, with permission from Elsevier)
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Fig. 14.12 A proposal mechanism of AP-ECD method. (a) When negative potential is applied 
first, pH gradient appeared next to the substrate and CaP began to deposit on the substrate. (b )The 
uncharged collagen fibrils began to self-assemble at the location of isoelectric point. (c) The 
moment that positive potential is enforced, negatively charged collagen fibrils move to the sub-
strate and deposited on the substrate forming a weakly mineralized collagen layer. (d) When a 
negative potential is applied again, mineralized collagen bundles are enlarged and a little CaP is 
deposited on the weakly mineralized collagen layer. (e) Mineralized collagen bundles are depos-
ited on the substrate forming a highly mineralized collagen layer. (f) When a positive potential is 
enforced again, weakly mineralized collagen layer is deposited in the same way (Reprinted from 
Ref. [17], Copyright 2012, with permission from Elsevier)

Fig. 14.13 XRD patterns 
of coatings prepared at 
different deposition 
temperatures: (a)20 °C, (b) 
30 °C, (c) 37 °C, (d) 40 °C, 
(e) 50 °C (Reprinted from 
Ref. [15], with kind 
permission from Springer)
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14.2.2.2  Regulation of Mineralization Degree

14.2.2.2.1 Regulation of Electrolyte on the Degree of Mineralization

Changing the type of cathodic reaction is an important method to regulate the pH 
gradient of cathode. Adding redox agent in the electrolyte, which increases the elec-
tron transfer rate of the cathode, will enlarge the pH gradient, and the redox agent 
does not modify the collagen molecules and the calcium phosphate in the electro-
lytic solution. H2O2 is a strong oxidant, and its decomposition rate is greater than 
water in the electrolysis conditions, without modification on the collagen, so we 
chose H2O2 as redox agent that added to the electrolyte. Figure 14.14 showed that 
the degree of collagen mineralization was high, showing porous structure when the 
deposition potential was 2.1–2.5 V.

Considering the introduction of H2O2 and the regulation of potential control and 
the self-assembly behavior of collagen by the change of the pH gradient of the cath-
ode, different concentrations of H2O2 also had an effect on mineralized collagen 
deposition. Figure 14.15 showed the morphology of the coating at different concen-
trations of H2O2. The coating showed a porous structure with visible mineralized 
collagen bundles on the surface under high concentration of H2O2. As H2O2 

Fig. 14.14 Different voltage deposition results with 18 mM hydrogen peroxide (Reprinted from 
Ref. [16], with kind permission from Springer)
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 concentration decreases, the mineralization of collagen in the coating was weak-
ened obviously.

14.2.2.2.2 Regulation of Potential on the Degree of Mineralization

Figure 14.16 showed the morphology of the mineralized collagen coating under 
deposition potential of 1.9–2.3 V, when the deposition temperature and the compo-
sition of the electrolyte were kept unchanged. It could be seen that the mineralized 
collagen coating became porous and the degree of mineralization increased with the 
deposition potential increasing, accompanied by the decreased amount of collagen 
fibers exposed on the surface.

14.2.2.2.3 Regulation of Deposition Time on Mineralization Degree

Figure 14.17 showed the morphology of the coating with deposition potential of 
2.3 V and deposition time of 45 min and 60 min, respectively. With the deposition 
time increased, the coating was still porous, but the degree of mineralization was 
further aggravated. The relative content of calcium phosphate on the surface of the 
coating increased, but the pore size of the coating decreased.

Fig. 14.15 Different deposition results with hydrogen peroxide at different concentrations 
(Reprinted from Ref. [16], with kind permission from Springer)
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Fig. 14.16 SEM micrographs of mineralized collagen coatings with different deposition voltages, 
(a) 1.7 V, (b) 1.9 V, (c) 2.1 V, (d) 2.3 V

Fig. 14.17 SEM images of mineralized collagen coating at different deposition times (deposition 
potential 2.3 V), (a) 45 min, (b) 60 min
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14.2.2.2.4  Regulation of Bovine Serum Albumin (BSA) on the Mineralization 
Degree

Figure 14.18 showed the morphology of the coatings prepared with the molar ratio 
of BSA and collagen in the electrolyte solution at 0, 1:20, 1:10, 1:5, and 1:2.5, 
respectively, when the deposition temperature was kept constant; the deposition 
potential was kept at 2.5 V and the deposition time was 30 min. It could be seen 
from the SEM images that the addition of BSA weakened the degree of mineraliza-
tion. Mineralized collagen without BSA showed a porous morphology with visible 
collagen bundles. However, the porosity of the coating decreased after the addition 
of BSA. With the increase of BSA concentration, the degree of mineralization was 
further weakened with the porous structure gradually disappeared, and the exposed 
bare collagen gradually increased until it was completely covered with naked col-
lagen [18].

14.2.2.3  Regulation of Composition Distribution of Coating

The controllable distribution of the bioactive factors can be realized by the alternat-
ing potential-assisted deposition method [19].

Fig. 14.18 The morphology of coating prepared with different molar ratios of BSA and collagen 
(a) 0, (b) 1:5, (c) 1:20, (d) 1:10 (Reprinted from Ref. [18], Copyright 2012, with permission from 
Elsevier)
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During AP-ECD process, the deposition parameters including potential values 
and negative/positive alternations and their durations were designed as shown in 
Table 14.1. Three alternations were set to ensure the sufficient coating thickness so 
that the spatial distribution of HACC can be controlled.

Relatively, longer negative potential durations in alternations led HACC to exist 
in the inner part of coating, while shorter ones to repulse more HACC and locate 
them in the outer part. HACC concentrations in electrolyte at 48, 64, and 80 M were 
chosen to prepare coatings. According to deposition manner (producing different 
HACC locations) and HACC concentrations, the coatings obtained via AP-ECD 
were labeled as HACC-IN48/64/80 and HACC-OUT48/64/80. The COL coating 
prepared following our previous work was used as control [20].

Based on measurements of HACC density in the coatings for each alternation 
(Fig. 14.19), HACC-IN64 coating showed that HACC density only increased by 
27.5% after the second and third alternation (Fig. 14.19a), while HACC-OUT64 
coating showed that HACC density increased obviously by 57.4% after the third 
alternation and post-alternation (Fig. 14.19b). This indicates effective control on the 
spatial distribution of HACC has been realized.

Table 14.1 Deposition parameters of HACC-IN and HACC-OUT

Stage
Samples
Pre Alternation 1 Alternation 2 Alternation 3 Post

HACC-IN −1.5 V −2.4 V 2 V −2.4 V 2 V −2.4 V 2 V −
60 s 120 s 60 s 480 s 120 s 720 s 180 s

HACC-OUT − −2.4 V 2 V −2.4 V 2 V −2.4 V 2 V −2.4 V
120 s 60 s 360 s 120 s 480 s 180 s 480 s

Reprinted from Ref. [19], Copyright 2012, with permission from Elsevier

Fig. 14.19 Cumulative density of HACC in coatings after different deposition stages: (a) 
HACC-IN64, (b) HACC-OUT64 (Reprinted from Ref. [19], Copyright 2012, with permission 
from Elsevier)
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Fig. 14.20 (a) SEM images of COL coating, (b) HACC-IN64 coating, and (c) HACC-OUT64 
coating (Reprinted from Ref. [19], Copyright 2012, with permission from Elsevier)

HACC-IN and HACC-OUT coatings showed a similar porous morphology 
(Fig. 14.20), demonstrating that HACC incorporation and different locations hardly 
influence the coating morphology. The XRD patterns indicated that both of the coat-
ings contained apatite phases (Fig.  14.20d). Hence, the coatings with different 
HACC locations have similar surface morphology and mineralization.

14.3  Loading/Release Behaviors of Collagen/Calcium 
Phosphate Coatings

14.3.1  Drug Loading/Release Properties of Mineralized 
Collagen Coatings

14.3.1.1  Drug Release Behavior of Mineralized Collagen/PLGA-PEG- 
PLGA Coatings

PLGA-PEG-PLGA nanocomposites have excellent drug delivery/drug release prop-
erties and can be used to improve the drug loading/release behavior of mineralized 
collagen coatings [21]. Micelles can be prepared by direct dissolution (Dis) or 
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solvent-dialysis (Dia). Drug-loaded micelles were obtained by dissolving the vanco-
mycin hydrochloride (VH) in the micellar solution (Dia Pi, i = 1, 2, 3 and Dis Pi, i = 1, 
2, 3, respectively) and ensuring the concentration of the drug was 4 mg/mL. Mineralized 
collagen/PLGA-PEG-PLGA coating was obtained by dropping 50-μL-drug-loaded 
PLGA-PEG-PLGA micelles onto the mineralized collagen coating.

Figure 14.21 showed the morphology of the coating (MC + Dis Pi, i = 1, 2, 3) 
obtained by assembling different PLGA-PEG-PLGA micelles into mineralized col-
lagen. When the PLGA-PEG-PLGA concentration was appropriate, the coating 
remained porous (Fig. 14.21a, b). However, as the concentration of PLGA-PEG- 
PLGA increased, the micelles might accumulate, covering the surface of the miner-
alized collagen coating, resulting in a denser structure (Fig. 14.21c).

Figure 14.22 showed the morphology of the coating (MC + Dia Pi, i = 1, 2, 3) 
obtained by assembling different PLGA-PEG-PLGA micelles that is prepared by 
the solvent-dialysis method into mineralized collagen. Similar to the micelles pre-
pared by direct dissolution method, increasing the concentration of PLGA-PEG- 
PLGA micelles prepared by the solvent-dialysis method, the coating changed from 
porous to dense morphology.

Fig. 14.21 Morphology of the coatings with different PLGA-PEG-PLGA concentration micelles 
were assembled into mineralized collagen (micelles were prepared by direct dissolution method), 
(a) MC+Dis P1, (b) MC+Dis P2, (c) MC+Dis P3 (Reproduced from Ref. [21] by permission of 
John Wiley & Sons Ltd)
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Figure 14.23 showed the in vitro release profiles of VH from different coatings. 
The MC coatings showed an early burst release of nearly 81% of the total VH loaded 
in 8 h. This serious burst effect led to the result that the following sustained release 
of the remaining VH only lasted for about 3 days. In comparison, approximately 
70.8% and 58% of the total VH released from the dissolved-micelle- immobilized 
and dialyzed-micelle-immobilized coatings in 8 h, respectively, and the sustained 
release continued for at least 7 days. Thus, by the regulation of the micelles, the 
release behaviors could be controlled.

14.3.1.2  Drug Release Behavior of Chitosan/Mineralized Collagen 
Coatings

Chitosan is the only basic polysaccharide in many natural polysaccharides. It has 
many advantages, such as rich source, nontoxic, easy chemical modification, good 
biocompatibility and reproducibility, and unique molecular structure. The chitosan 
microspheres can be embedded into the mineralized collagen coating to improve its 

Fig. 14.22 Morphology of the coating obtained by assembling micelles of PLGA-PEG-PLGA at 
different concentrations into mineralized collagen (micelle was prepared by solvent-dialysis 
method), (a) MC+Dia P1, (b) MC+Dia P2, (c) MC+Dia P3 (Reproduced from Ref. [21] by permis-
sion of John Wiley & Sons Ltd)
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Fig. 14.23 Release 
behaviors of mineralized 
collagen/PLGA-PEG- 
PLGA coating prepared by 
different methods 
(Reproduced from Ref. 
[21] by permission of John 
Wiley & Sons Ltd)

drug-loading and drug-releasing properties by utilizing the large specific surface 
area of the chitosan microspheres and the excellent binding ability to the drug and 
collagen fibers [22].

Different concentrations of chitosan microspheres (0.04 mg/mL, 0.24 mg/mL) 
were prepared by ion-gel method. The electrochemical co-deposition process was 
used to prepare chitosan microspheres by ion-gel method and then mixed with col-
lagen solution; a coating of chitosan/mineralized collagen was prepared on the sur-
face of the titanium substrate by electrochemical co-deposition and VH was added 
to the coating by drowsed addition (Fig. 14.24).

The morphology of the coatings prepared under different concentrations of 
microspheres was observed. The coatings with different chitosan concentrations (0, 
0.04, 0.24 mg/mL) were abbreviated as MC, MCC-1, and MCC-2, respectively. It 
could be seen that the content of chitosan microspheres in the mineralized collagen 
coating increased with the increasing of the content of chitosan microspheres in the 
electrolyte under the same deposition conditions. The microspheres mainly adhered 
to the collagen fibers with low mineralization. On the other hand, the porosity of the 
originally porous mineralized collagen coating was reduced by the introduction of 
microspheres.

The VH released from the unincorporated (MC) and the incorporated coatings 
(MCC-1 and MCC-2) were shown in Fig. 14.25. In the first 24 h, significant differ-
ences were observed as a result of the incorporation of chitosan nanospheres. During 
the first 1 h, the overall released of VH from unincorporated coatings was nearly 
65%, and the extent of release was reduced greatly with the addition of chitosan 
nanospheres. When the weight ratio of chitosan nanospheres to collagen was 0.1:1, 
the overall release percentage was 51.6%, and this percentage was reduced to 37.2% 
when the weight ratio was 0.6:1. It is well known that the drug-loading capacity of 
chitosan is better than that of collagen. As more nanospheres were incorporated into 
the coating, the release rate of VH was reduced. After 24 h, the released VH from 
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Fig. 14.24 SEM images of the coatings, (a) mineralized collagen coating (MC), (b) mineralized 
collagen coating (MCC-1) with less microspheres, (c) mineralized collagen coating (MCC-2) with 
more microspheres.

Fig. 14.25 Comparative drug release kinetics of VH from MC, MCC-1, and MCC-2 coatings. (a) 
Burst release, (b) sustained release. Data shown are means ± SD of triplicate assays (Reprinted 
from Ref. [22], Copyright 2012, with permission from Elsevier)
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MC coating was nearly 100%, whereas the incorporated coatings showed sustained 
release during the following days. After 96 h, release of VH from incorporated coat-
ings could still be observed.

14.3.2  RhBMP-2 Loading/Release Behavior of Composite 
Coatings

14.3.2.1  RhBMP-2 Loading/Release Behavior of Mineralized Collagen 
Coatings

The rhBMP-2 loading/release behavior showed that the higher content of weakly 
mineralized collagen resulted in the increasing loading of rhBMP-2 (Fig. 14.26a). It 
was also due to the presence of naked collagen, which improved the binding ability 
of the coating and rhBMP-2, thus improving its release behavior (Fig. 14.26b). The 
combination of weakly mineralized collagen and rhBMP-2 effectively inhibited the 
burst release of the coating. The above work not only shows the need for controlled 
preparation of the coating but also provides a basis for assembling the auxiliary 
additives into the coating subsequently [17].

14.3.2.2  RhBMP-2 Loading/Release Behavior of BSA/Mineralized 
Collagen Coatings

The rhBMP-2 was loaded into the BSA/mineralized collagen coating by soaking. 
As can be seen from Fig. 14.27, the loading amount of rhBMP-2 was gradually 
promoted with the increasing of BSA content in the coating, which effectively 
improved the rhBMP-2 carrying capacity of the coating [18].

Fig. 14.26 (a) Evaluation of the rhBMP-2 loading capacity of the mineralized collagen, (b) 
rhBMP-2 release behavior from the mineralized collagen (Reprinted from Ref. [17], Copyright 
2012, with permission from Elsevier)

14 Preparation of Collagen/Calcium Phosphate Coatings and Evaluation of Their…



576

14.3.2.3  RhBMP-2 Loading/Release Behavior of Chitosan/Mineralized 
Collagen Coatings

The chitosan microspheres-rhBMP-2 mixed solution with rhBMP-2 concentration 
of 2 μg/mL was prepared by ion-gel method. The implants that are coated with 
mineralized collagen were used as electrode cathodes, so that the chitosan micro-
spheres loaded with rhBMP-2 moved from the anode to the cathode under the action 
of potential and finally assembled into the mineralized collagen coating [23].

The as-prepared mineralized collagen coating was porous in morphology and 
approximately 40–50 μm in thickness (Fig. 14.28a, a-1). After electrophoretic injec-
tion, chitosan nanospheres were incorporated into the pores of the mineralized col-
lagen coating by electrophoresis (Fig. 14.28b), and the morphology and thickness 
of the resulting coating were not markedly changed (Fig. 14.28b, b-1), which proved 
that the chitosan nanospheres fully entered into the inner pores of the mineralized 
collagen rather than just stayed on the surface of the coating.

As shown in Fig. 14.29, the loading amount of rhBMP-2 in the Col/BMP coating 
was approximately 446 ng/cm2, but in the Col/Cs/BMP coating, it increased 2.7- 
fold to reach 1,186 ng/ cm2 with the addition of chitosan nanospheres.

The release behavior of rhBMP-2 has a great influence on the process of 
 osteogenesis. The emergency of burst release of rhBMP-2 may cause ectopic 
 osteogenesis. If the release amount of rhBMP-2 is not enough, the implant and host 
bone will not complete the osseointegration process at short notice. After soaking 
for 11 days, approximately 58.5% of the rhBMP-2 had been released from the Col/
BMP coating, while only 39.5% was released from the Col/Cs/BMP coating, dem-
onstrating that this coating showed sustained release behavior (Fig. 14.30).

Fig. 14.27 RhBMP-2 
loading capacity of BSA/
mineralized collagen 
coating (Reprinted from 
Ref. [18], Copyright 2012, 
with permission from 
Elsevier)
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Fig. 14.28 SEM images of the coatings: (a) surface morphology of Col/BMP coating, (a-1) cross- 
section morphology of Col/BMP coating, (b) surface morphology of Col/Cs/BMP coating, (b-1) 
cross-section morphology of Col/Cs/BMP coating. The arrows point to chitosan nanospheres 
(Reproduced from Ref. [23] by permission of The Royal Society of Chemistry)

Fig. 14.29 RhBMP-2 
loading amount in Col/
BMP and Col/Cs/BMP 
coatings. Data shown are 
means±SD of triplicate 
assays. Asterisks denote 
significant differences 
between different coatings 
(* P < 0.05) (Reproduced 
from Ref. [23] by 
permission of The Royal 
Society of Chemistry)
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14.3.2.4  RhBMP-2 Loading/Release Behavior of HACC/Mineralized 
Collagen Coatings

The HACC density in both HACC-IN and HACC-OUT coatings increased along with 
the concentration of HACC in the electrolyte (Fig.  14.31), and HACC-IN manner 
showed higher HACC incorporation efficiency than HACC-OUT manner. As shown in 
Fig.  14.31, a higher HACC density in the coatings favored rhBMP-2 loading. 
Considering the loading amount per HACC content incorporated, HACC in HACC-
OUT coatings presented more contribution to rhBMP-2 loading than that in HACC-IN 
coating. Interestingly, the differences in HACC incorporation efficiency and HACC 
contribution to the rhBMP-2 loading resulted in that HACC-IN64 (4,644 ng/cm2) and 
HACC-OUT64 (4,563 ng/cm2) coatings had a similar rhBMP-2 loading amount, and 
the two coatings were adopted to evaluate releasing behavior [19].

Fig. 14.30 Cumulative release profiles of rhBMP-2 of Col/BMP and Col/Cs/BMP coatings: (a) 
release profile (ng/cm2) of rhBMP-2 from the coatings, (b) release profile (%) of rhBMP-2 from 
the coatings (Data shown are means ±SD of triplicate assays. Reproduced from Ref. [23] by per-
mission of The Royal Society of Chemistry)

Fig. 14.31 RhBMP-2 loading capability evaluation (Reprinted from Ref. [19], Copyright 2012, 
with permission from Elsevier)
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As shown in Fig. 14.32, HACC-IN64 coating exhibited a more sustained releas-
ing behavior than HACC-OUT64 and COL coatings; 14% (667 ng/cm2) rhBMP-2 
was released at the first day and as low as 25% (1,191 ng/cm2) was released for 
14 days, while HACC-OUT64 and COL coatings exhibited burst release with 24% 
(967 ng/cm2) and 27% (1,116 ng/cm2) for the first day, and a relatively fast release 
of 44% (1,670 ng/cm2) and 47% (2,044 ng/cm2) was induced for 14 days. This dem-
onstrated that the HACC distribution had a significant influence on rhBMP-2 load-
ing/release behavior, and the HACC located in the inner part facilitated a persistent 
and expected performance.

14.4  Biological Performance of Collagen/Calcium Phosphate 
Coatings

14.4.1  Antibacterial Properties and Osteoblast Response 
of Composite Coatings

14.4.1.1  Antibacterial Properties of Composite Coatings

14.4.1.1.1  Antibacterial Properties of PLGA-PEG-PLGA/Mineralized 
Collagen Coating

Compared with other means, drug-loaded coatings not only could inhibit bacterial 
adhesion and proliferation but also could effectively kill the bacteria. Antimicrobial 
test was designed to evaluate anti-infection ability of the present VH-loaded coat-
ings. The amount of colonies of S. aureus cultured on the VH-loaded coatings were 
significantly less than that on the negative control group in the first 3 and 6 h, and 
almost disappeared after 16 h (Fig. 14.33), which indicated that the released VH 

Fig. 14.32 RhBMP-2 
release behavior of the 
HACC/mineralized 
collagen coating 
(Reprinted from Ref. [19], 
Copyright 2012, with 
permission from Elsevier)
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had exerted antimicrobial activity. On the other hand, the PLGA-PEG-PLGA 
micelle- modified coating slowed the initial release of VH and decreased the amount 
of drug released at the same time. From the results of antimicrobial experiments, it 
was found that the initial drug release did not significantly affect the initial antibac-
terial effect of the coating. The sustained drug release ability of the coating is 
strengthened, which will be beneficial to inhibit the adhesion and proliferation of 
the bacterial in the later stage of implantation, so as to effectively prevent the occur-
rence of infection and improve the success rate and quality of the implantation 
operation [21].

14.4.1.1.2  Antibacterial Properties of Chitosan/Mineralized Collagen 
Coatings

As can be seen from Fig. 14.34, in the first 3 h and 6 h after incubation, the colonies 
of S. aureus were significantly less in the culture capsule of the VH-loaded coatings 
than that of the control, whereas the amount of colonies exceeded 1000 CFUs on the 
coatings with no antibiotic. After an incubation for 16 h, the colonies of S. aureus 
disappeared in the case of VH-loaded coatings, whereas the amount of colonies 
exceeded 1000 CFUs on the coatings without VH. From this result, it can be con-
cluded that the VH loaded in the chitosan nanosphere-incorporated coating could 
inhibit the growth of the S. aureus in vitro in the first 16 h and that the local concen-
tration of the VH released from the coating exceeded the minimal inhibitory con-
centration (MIC) of the S. aureus [22].

The results in Fig.14.35 showed that the colonies of S. aureus in the case of chi-
tosan nanosphere-incorporated coatings (MCC-1, MCC-2), especially the MCC-2 
coatings, were less than those in the plain coatings (MC). These results indicated 
that the sustained release amount of the antibiotic (VH) from the chitosan 

Fig. 14.33 Antimicrobial 
activity of coatings 
cultured for (a) 3 h and 
6 h, (b) 16 h. Asterisks (**) 
indicate significant 
differences (p < 0.01) 
compared with samples 
without VH (Reproduced 
from Ref. [21] by 
permission of John Wiley 
& Sons Ltd)
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Fig. 14.34 Antibacterial results of different coatings: (a) MC coating loaded with VH, (b) MCC-1 
coating loaded with VH, (c) MCC-2 coating loaded with VH, (d) MCC-1 coating with no VH, (e) 
MCC-2 coating with no VH. Data shown are means ± SD of triplicate assays (S. aureus suspension 
dilution ratio: 1:10,000) (Reprinted from Ref. [22], Copyright 2012, with permission from 
Elsevier)

Fig. 14.35 Antibacterial results of different coatings after a 48-h immersion in PBS: (a) MC coat-
ing loaded with VH, (b) MCC-1 coating loaded with VH, (c) MCC-2 coating loaded with VH, (d) 
MCC-1 coating with no VH, (e) MCC-2 coating with no VH. The data shown are means±SD of 
triplicate assays. Asterisks denote significant differences between (d) and (a–c) and (e) (**p < 0.01) 
(S. aureus suspension dilution ratio: 1:2 × 109) (Reprinted from Ref. [22], Copyright 2012, with 
permission from Elsevier)
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nanosphere- incorporated coatings (MCC-1 and MCC-2) could also exert an anti-
bacterial effect after the initial burst release (following immersion in a PBS solution 
for 48 h before seeding the S. aureus).

The antibacterial test showed that the mineralized collagen coatings with incor-
porated chitosan nanospheres could be used for loading and releasing antibiotics 
such as VH to kill specific bacteria during implantation. In combination with the VH 
release tests, it can be concluded that the incorporation of nanospheres into coatings 
is a good way to slow down the release rate and extend the antibacterial effect.

14.4.1.2  Osteoblast Response to Composite Coatings

14.4.1.2.1 Osteoblast Response to the Mineralized Collagen Coating

When the sample is implanted in the body, the first reaction with the tissue is cell 
adhesion and proliferation. Figure 14.36 showed that after 1 day of culture, the MTS 
relative value of the collagen-coated experimental group was higher than that of the 
pure Ti and HA coating groups. As demonstrated by the adhesion of the pre- 
osteoblast to the substrate (Fig. 14.37), the amount of cells on the dense and the 
porous coating was also relatively high, indicating that the weakly mineralized col-
lagen coating facilitated early cell adhesion. After 72 h of incubation, mineralized 
collagen coating also had a higher MTS value, revealing that collagen coating can 
promote cell proliferation.

The cytocompatibility of mineralized collagen coating prepared by alternating 
potential-assisted electrochemical deposition was shown in Fig. 14.38. The multi-

Fig. 14.36 Bioactivity test mineralized collagen coating (MTS method) Ti Ti metal substrate, HA 
hydroxyapatite coating, PC porous mineralized collagen coating, DC dense mineralized collagen 
coating (Reprinted from Ref. [15], with kind permission from Springer)
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Fig. 14.37 Cell attachment on different substrates after 1 day of incubation (Reprinted from Ref. 
[15], with kind permission from Springer)

Fig. 14.38 CCK-8 activity after incubation for 1, 3, and 5 days of different groups (Reprinted 
from Ref. [17], Copyright 2012, with permission from Elsevier)
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layered mineralized collagen contributed to an increase in cellular responsiveness 
(Figs. 14.38 and 14.39). Higher content of weakly mineralized collagen was condu-
cive to the promotion of cell proliferation because the naked collagen would expose 
more active site that can be identified by cells. The coating with high content of 
weakly mineralized collagen was more favorable for cell spreading and pseudopod 
extension, which further indicated that the coating prepared by our method could 
promote the cell proliferation (Fig. 14.40), and the effect was enhanced with the 
increased content of weakly mineralized collagen.

Fig. 14.39 The CLSM images of cells on different coatings. Scale bar, 100 μm (Reprinted from 
Ref. [17], Copyright 2012, with permission from Elsevier)

Fig. 14.40 Alkaline 
phosphatase expressed 
levels of MC3T3-E1 cells 
cultured on different 
coatings after culture for 
7 days and 14 days, 
respectively (Reprinted 
from Ref. [17], Copyright 
2012, with permission 
from Elsevier)
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14.4.1.2.2 Osteoblast Response to the BSA/Mineralized Collagen Coatings

Figure 14.41 showed that the adhesion behavior of cells on the coating had no obvi-
ous difference as the BSA content increases, but the cell proliferation of coatings 
with high content of BSA was significantly better than that of coating with lower 
BSA content and pure mineralized collagen coating, which was caused by the 
release behavior of BSA. BSA was mainly located in the bottom layer of the coat-
ing. With the prolongation of cell culture, the BSA in the coating was gradually 
released, so the difference of cell behavior was more obvious in the period of pro-
liferation. This was also illustrated by the amount and the morphology of the cells 
on different samples (Fig. 14.42).

14.4.1.2.3 Osteoblast Response to the HACC/Mineralized Collagen Coatings

The cytocompatibility of mineralized collagen coatings could be controlled by dif-
ferent distributions of HACC. As shown in Fig. 14.43, the higher concentration of 
HACC in the electrolyte decreased the cell compatibility of the coating, but when the 
HACC was distributed to the inner layer of the coating, the cell compatibility was 
improved and even exceeded that of the collagen coating. For HACC-IN64 and 
HACC-OUT64 coatings soaked in cell culture medium for 7 h before cell culture, 
the CCK-8 results were showed in Fig. 14.43b. The OD values of HACC-IN64 and 
HACC-OUT64 coatings increased by 40% and approximately twofold after soaking, 
respectively, higher than COL coatings. This suggested that HACC in the coatings 

Fig. 14.41 Cytocompatibility of different coatings (Reprinted from Ref. [18], Copyright 2012, 
with permission from Elsevier)
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Fig. 14.42 The CLSM images of cells on different coatings (Reprinted from Ref. [18], Copyright 
2012, with permission from Elsevier)

Fig. 14.43 Cytocompatibility of the coatings with different treatments (Reprinted from Ref. [19], 
Copyright 2012, with permission from Elsevier)

C. Kui et al.



587

had a strong ability to interact with proteins from culture medium, and consequently 
the negative influence on initial cytocompatibility could be eliminated.

HACC-IN64 and HACC-OUT64 coatings with similar rhBMP-2 loading amount 
showed differences in ALP expression levels. The level of 2-week cultured cells on 
HACC-IN64 coatings was increased by 37% compared with that on HACC-OUT64 
coatings. The ALP levels of the cells cultured on rhBMP-2-loaded HACC-IN64 and 
HACC-OUT64 coatings were higher than that on rhBMP-2-loaded COL coatings. 
OCN expressions of the cells cultured on all coatings for 1 week presented no sig-
nificant difference. However, for the 2- and 3-week cultured cells, the expressions 
of OCN on rhBMP-2-loaded HACC-IN64 coating were increased by 7% and 21% 
compared with that on rhBMP-2-loaded HACC-OUT64 (Fig. 14.44). The findings 
above suggest that the coating with HACC located at the inner part supports 
rhBMP-2 to create a remarkable osteogenic differentiation.

14.4.1.2.4 Osteoblast Response to Chitosan/Mineralized Collagen Coatings

Figure 14.45 showed the proliferation behavior of cells (measured by the MTS test) 
in the presence of the coatings. After 6 h, 24 h, and 2 days of incubation with the 
cells, the incorporated coatings (MCC-1, MCC-2) resulted in higher OD values than 
that of the unincorporated coatings (MC). After 5 days of culture, the different coat-
ings (MC, MCC-1, MCC-2) produced no obvious difference in the OD values. 
These results showed that the incorporation of chitosan nanospheres had no obvious 
influence on the proliferation of cells on mineralized collagen coatings.

The initial attachment of the cells to the different coatings (MC, MCC-1, MCC- 
2) was shown in Fig. 14.46. The SEM images showed that the pre-osteoblastic cells 
were all well spread and that the pseudopodia of the cells penetrated fully into the 
coatings. This observation indicated that the incorporation of chitosan nanospheres 
did not affect the initial attachment of the cells to the coatings.

Figure 14.47 showed the adhesion and proliferation of cells on the different 
 coatings. Cells were cultured for 6 and 24 h in order to observe differences in cell 

Fig. 14.44 Osteogenic differentiation evaluations (Reprinted from Ref. [19], Copyright 2012, 
with permission from Elsevier)
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attachment and for 3 days and 5 days to observe differences in cell proliferation. 
When incubated for 6 and 24 h, there was no obvious difference in cell attachment 
among the different groups. After culture for 3 and 5 days, the OD value of the cells 
cultured on the coatings increased with rhBMP-2 loading, with the Col/Cs/BMP 
coating showing the highest OD value.

Intensive and extensive vinculin expression signals appeared within the cyto-
plasm and around the edges of cells grown on the Col coating (Fig. 14.48b), and the 

Fig. 14.46 MC3T3-E1 adhesion on different coatings for 3 h, (a) MC coating, (b) MCC-1 coat-
ing, (c) MCC-2 coating

Fig. 14.45 MTS results for different coatings
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Fig. 14.47 Cck-8 activity in 6 h, 24 h, 72 h, 3 days, and 5 days for different groups. Data shown 
are means ± SD of triplicate assays. Asterisks denote significant differences between different 
groups (* P < 0.05) (Reproduced from Ref. [23] by permission of The Royal Society of Chemistry)

Fig. 14.48 Representative vinculin fluorescence images of cells on different groups: (a) Ti, (b) 
Col coating, (c) Col/BMP coating, (d) Col/Cs/BMP coating (the scale bar is 10 μm) (Reproduced 
from Ref. [23] by permission of The Royal Society of Chemistry)
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cells spread well with filopodia embedded into the coating (Fig. 14.49b, b-1). On 
Col/BMP and Col/Cs/BMP coatings, vinculin was also well distributed in the cells 
(Fig. 14.48c, d), with filopodia embedded deeply into the coatings (Fig. 14.49c-1, 
d-1), which implies that cell attachment was good. In contrast, only weak vinculin 
expression (Fig. 14.48a) and discrete cells with no extended pseudopodia could be 
observed on the Ti surface (Fig. 14.49a, a-1).

As can be seen from Fig. 14.50, the level of ALP expressed by cells cultured on 
all coatings increased over the period from 7 to 14 days. The ALP expression level 
of cells cultured on the Col/Cs/BMP coating for 7 days was significantly higher (by 
approximately 20%) than that of cells on Col alone and approximately 50% higher 
than those grown on Ti (P < 0.01), and this increase in ALP expression indicated the 

Fig. 14.49 SEM images of cell morphology on different groups: (a) Ti, (b) Col coating, (c) Col/
BMP coating, (d) Col/Cs/BMP coating (the scale bar is 5 μm) (Reproduced from Ref. [23] by 
permission of The Royal Society of Chemistry)

Fig. 14.50 Alkaline 
phosphatase expressed 
level of MC3T3-E1 cells 
cultured on different 
groups after culture for 7 
and 14 days, respectively; 
data shown are means ± 
SD of triplicate assays. 
Asterisks denote significant 
differences between 
different groups  
(** P < 0.01) (Reproduced 
from Ref. [23] by 
permission of The Royal 
Society of Chemistry)
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increased differentiation of cells cultured on the Col/Cs/BMP coating. However, 
there were no significant differences among cells cultured on the different coatings 
for 14 days, which could be attributed to the fact that ALP is an early marker of dif-
ferentiation, indicating that cells on the Col/Cs/BMP coating differentiated more 
rapidly but that cells on the other coatings later caught up so that the difference 
weakened with time. For the later indicators of differentiation osteocalcin (OC) and 
collagen I (Col I), the expression of OC in cells cultured on the Col/Cs/BMP coating 
for 7 and 14 days was higher than that of cells cultured on Col or Col/BMP coatings 
or Ti control (Fig. 14.51a). The Col/Cs/BMP coating also resulted in a higher level 
of expression of Col I than any of the other groups (Fig. 14.51b).

14.4.2  In Vivo Tests of Composite Coatings

14.4.2.1  In Vivo Tests of Chitosan/Mineralized Collagen Coatings

To evaluate the role of different coatings in the growth of bone tissue on implants, 
spiral CT was employed to characterize bone density around the implant, a param-
eter which is considered to be the key to the assessment of new bone formation after 
implantation. As shown in Fig. 14.52, the bone density around the implant increased 
with time, and the density around the implants with Col, Col/BMP, and Col/Cs/
BMP coatings was higher than that around Ti implants after 4 and 8 weeks. The 
density around the Col-/Cs-/BMP-coated implants at both 4 and 8  weeks after 
implantation demonstrated significant differences (P < 0.01 and P < 0.05) from the 
Ti group at the same time points. Although the artifacts of implants were present, 
the results here were only to show the enhancement trend of the osseointegration 
process with the help of chitosan nanospheres.

Fig. 14.51 Relative mRNA expression of different groups: (a) osteocalcin, (b) Col I. The value 
was normalized to GAPDH. Data shown are means ± SD of triplicate assays. Asterisks denote 
significant differences between different groups (*P < 0.05) (Reproduced from Ref. [23] by per-
mission of The Royal Society of Chemistry)
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Hematoxylin and eosin (H&E) staining of decalcified samples was employed to 
evaluate osteogenesis at the interface between the implant and the host bone. After 
implantation for 4 weeks, a mass of fibrous and non-connective tissues could be 
seen around the implant in the Ti (Fig. 14.53a-1) and Col groups (Fig. 14.53b-1), 
while these tissues were replaced by a dense bone matrix (fewer small blue arrows 
and more small black arrows) in the groups with Col/BMP (Fig. 14.53c-1) and Col-/
Cs-/BMP-coated implants (Fig. 14.53d-1). After implantation for 8 weeks, the den-
sity of the bone matrix increased in all groups in comparison with the results at 
4 weeks; however, the bone matrix (stained red at the interface) was still sparse in 
the Ti group (Fig. 14.53a-2), while the connective and compact bone matrix could 
be seen in the Col, Col/BMP, and Col/Cs/BMP groups (Fig. 14.53b-2, c-2 and d-2). 
The results also show that no ectopic bone formation was observed in any of the 
groups. Importantly, the boundary between the host bone and the new bone disap-
peared 8 weeks after implantation (Fig. 14.53d-2), indicating that osseointegration 
had been basically completed.

The biomechanical properties of an implant are key parameters affecting osseo-
integration after surgical implantation. In biomechanics, the maximum pull-out 
force is often used to mechanically evaluate the bone bonding strength between the 
bone and the implant. In this study, the pull-out test results revealed that the pull-out 
force increased over time for all groups (Fig. 14.54). Col coating on the implant 
resulted in a greater bonding strength between the implant and the bone (53.09 N at 
4 weeks and 74.89 N at 8 weeks) compared to the Ti group (45.80 N at 4 weeks and 
74.89 N at 8 weeks). When rhBMP-2 was incorporated into the coatings, the pull- 
out force increased (63.13 N at 4 weeks and 85.13 N at 8 weeks), while enhanced 

Fig. 14.52 CT values of different groups. Data shown are means ± SD of triplicate assays. 
Asterisks denote significant differences between different groups (* P  <  0.05, ** P  <  0.01) 
(Reproduced from Ref. [23] by permission of The Royal Society of Chemistry)
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rhBMP-2 loading resulted in the coating with the highest pull-out strength (89.67 N 
at 4 weeks and 107.01 N at 8 weeks). This increase of pull-out strength in compari-
son with the Ti control group (48.92% increase at 4 weeks and 30.16% increase at 
8  weeks) indicates a significant effective improvement in osseointegration com-
pared with the previous work.

The aim of incorporating rhBMP-2 is to accelerate new bone formation. In 
in vivo tests, the quantity of new bones formed was found to significantly increase 

Fig. 14.53 Histological observations (H&E staining): (a) Ti, (b) Col, (c) Col/BMP, (d) Col/Cs/
BMP. Large picture, 100; inset picture, 400. The blank part represented the location of the implant. 
The big arrows point to the fracture of the plant pitter. The small black arrows point to the dense 
bone matrix. The small blue arrows point to the unconnective tissues. The red line represents the 
boundary of the new bone and the old bone (Reproduced from Ref. [23] by permission of The 
Royal Society of Chemistry)

Fig. 14.54 Pull-out 
strength of different groups 
after 4 weeks and 8 weeks 
of implantation. Data 
shown are means ± SD of 
triplicate assays. Asterisks 
denote significant 
differences between 
different groups  
(*P < 0.05, ** P < 0.01) 
(Reproduced from Ref. 
[23] by permission of The 
Royal Society of 
Chemistry)
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with increasing rhBMP-2 loading. The boundary between the host bone and new 
bone disappeared in 8 weeks after implantation in the Col/Cs/BMP group, indicat-
ing that the implant had basically become integrated with the host bone. Here, the 
coating was biodegradable and finally the coating would be biologically trans-
formed into the new bone. The results of pull-out tests showed that the degree of 
osseointegration was enhanced dramatically with rhBMP-2 loading, with the 
increase in pull-out strength being greater after 4 weeks of implantation than that 
after 8  weeks. This implies that the incorporation of chitosan nanospheres with 
rhBMP-2 could make a significant contribution to early bone formation (4 weeks) 
and that this plays an important role in shortening the osseointegration process to 
almost 8 weeks. The new bone growth would be extremely limited after the comple-
tion of the osseointegration process as the space for tissue growing around coating 
was very limited. The BMP loading-dependent increase in the pull-out strength 
could imply that the BMP released from the coating played the key role in 
 osseointegration. The Col/Cs/BMP coating group demonstrates good ability to 
induce bone formation at its surface.

Based on the results from both in vitro and in vivo tests, the enhanced amount of 
loaded rhBMP-2 of 1,186 ng/cm2 in the Col/Cs/BMP coating not only shows the 
highest loading value in this work but also demonstrates that it is necessary to reach 
a desired value range in order to significantly accelerate the osseointegration pro-
cess, which is essential to shorten recovery time after implantation surgeries.

14.5  Summary and Outlook

Applying the electrochemical deposition method, a collagen/calcium phosphate 
nanocomposite coating similar to the natural bone structure can be prepared on the 
surface of the metal implant, and an ameliorate electrochemical deposition method 
called alternating potential-assisted electrochemical deposition method can be 
designed by programmatically changing the deposition potential and time. The 
alternating deposition of highly and weakly mineralized collagen and the control-
lable distribution of the active carriers make it possible to effectively achieve a 
controlled preparation of the collagen/calcium phosphate composite coating. The 
results of cell culture show that the collagen/calcium phosphate nanocomposite 
coating had a good biological response, which could obviously promote the adhe-
sion, proliferation, and differentiation of osteoblasts and finally accelerate the 
osseointegration process. In addition, the collagen/calcium phosphate coating can 
act as an antibacterial drug or growth factor carrier, so as to prolong the effective 
antibacterial time on the implant surface and further accelerate the implant-host 
osteoconjunctive process.

In summary, collagen/calcium phosphate composite coating is a promising bone 
implant material; in addition to its osteoinductive compositions, the use of optimal 
preparation techniques can realize the purposeful control of its structure and com-
ponents, such as in line with different disease needs; the porous structure can load 
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the corresponding drug or growth factor, so as to achieve the purpose of effective 
treatment. In addition, the utilization of electrochemical deposition technology is 
expected to achieve the assembly between protein and protein or protein and gene, 
by which the function of mineralized collagen is optimized to enhance the ability of 
the coating at the molecular level to promote osteogenesis. Taking an insight into 
the process of bone formation, the role of implanted coating materials and the way 
of regulation will provide guidance for the functional design and preparation of the 
coating, which is in favor of further enhancing the biological function of implants.
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Chapter 15
Preclinical and Clinical Assessments 
of Calcium Phosphate Bone Cements
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Abstract With the increasing development of biomaterials and tissue engineering, 
many novel biomaterials have been successfully explored. Before they are put into 
clinical applications, it is obligatory to appropriately and adequately evaluate the 
biocompatibility/biological performance in vitro and in vivo. Calcium phosphate 
cement (CPC), a bioactive and biodegradable grafting substance, has attracted great 
attention in recent years because of its self-setting and hardening after mixing the 
powder with a liquid phase to form a viscous paste. In order to fulfill the require-
ments in the clinical applications, it is necessary to make the preclinical and clinical 
assessments of CPC-based materials. Hence, the preclinical and clinical evaluations 
of biomaterials as medical devices are introduced in this chapter. The related testing 
protocols, standards, and guidelines are also summarized. Specifically, the biocom-
patibility of CPCs is evaluated and discussed in detail. Moreover, the actual and 
potential clinical applications of CPCs are highlighted, particularly in the fields of 
oral and maxillofacial repair, cranioplasty, orthopedic applications, as well as other 
usages including as a drug delivery carrier and medical biosensors.
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15.1  Introduction

In the past half century, an explosive growth concerning the clinical use of medical 
implants has been witnessed by clinicians, researchers, patients, and industry. 
Orthopedic, plastic, and oral maxillofacial/dental surgeons are the typical examples 
of the medical specialties in which implantable devices are applied for millions of 
patients every year. The economic burden of treating the related diseases and prob-
lems has been estimated to exceed US$39 billion in the United States alone [1]. In 
China, the treatment expenses are also expected to increase rapidly due to the fast 
growth of the aging population and an increase in life expectancy. Thus, tissues and 
organs may be forced to function longer than they may be able to independently 
withstand, and more artificial tissues/organs with adequate biological responses 
have to be developed for clinical applications.

In order to solve these issues, the scientists and researchers in the fields of mate-
rials, chemical engineering, pharmaceutical engineering, etc. have made numerous 
efforts in recent years. They have built a close collaboration with medical doctors 
for monitoring and evaluating the performances of biomaterials in vitro and in vivo. 
These evaluations provide the essential information about biological responses, 
gauge efficacy, and the stability over time of biomaterials, which enable the optimi-
zation of the biomaterials and implants, and realize the desirable bone substitutes. 
Therefore, it is necessary to understand what the basic evaluations of biomaterials/
medical devices are in the preclinical and clinical studies. Moreover, the related test 
protocols, standards, and guidelines are discussed in this chapter. Take calcium 
phosphate cement (CPC) as a typical biomaterial example. Its biocompatibility and 
characteristics of the CPCs are evaluated and discussed in detail. The potential clini-
cal applications of CPC are highlighted in this chapter.

Calcium phosphate (CP)-based materials are relatively “old” but attractive bioma-
terials, which have also experienced great development throughout the years. It has 
been hypothesized that the implants/medical devices composed of calcium and phos-
phate at a proportion similar to the one of the bone tissues would not be rejected by the 
organism; the ability of CP-based materials to trigger bone formation in biological 
systems continues to be unmatched by other recently developed biomaterials. However, 
there still exist limitations of CPC in clinical applications. To achieve complete substi-
tution and fulfill the regeneration of a damaged or lost tissue, it still needs more opti-
mization work on CP-based biomaterials as well as in-depth clinic assessments.

15.2  Preclinical Evaluations of Biomaterials and Medical 
Devices

In a medical sense, biocompatibility is used to refer to the ability for the materials 
to interact with the body without causing damages. Thus, it is necessary for materi-
als to be tested for the biocompatibility before medical applications. As a desired 
property of a product, biocompatibility covers many features of the product and the 
biological response from the host. The materials/medical devices have to meet the 
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basic requirements of the biocompatibility. If the biomaterials/medical device shows 
the  adverse  effects  on  the  host,  it  indicates  the  biocompatibility  deficiency. An 
attempt has been made in this section to give a summary over the anticipated major 
hazards during the production and sourcing phase. The existing guidelines and stan-
dards concerning safety evaluation of medical device and the individual compo-
nents of biomaterials are also reviewed.

One of major goals of a scaffold  is  to offer proper structure support  for cells. 
Recent attention has been focused on the role of a scaffold in mimicking the natural 
microenvironment of the cells. The more similarities between the natural extracel-
lular matrix and a scaffold, the more possibility it will achieve biocompatibility. 
Typically, a scaffold can be made with the combination of synthetic materials (i.e., 
polylactic-co-glycolic acid, polylactic acid) and natural materials (such as fibronec-
tin, collagen, elastin, and hyaluronic acid derivatives). Such natural materials pos-
sess a relative high variation of the characteristics, influencing the quality of the 
final product. For instance, these materials hold the advantages in terms of degrad-
ability, physiological properties, and also the inherent ability to contact with the 
receptors and proteins on cells and in the natural extracellular matrix, while the 
synthetic materials could reduce the variation of the materials characteristics.

Any significant host responses or immunological reactions, such as the irritation 
and sensitization of the materials and additives (i.e., coupling agents, blowing agents, 
and ceramic fillers), are supposed to be determined [1, 2]. Furthermore, it is necessary 
to evaluate the short-term and long-term influence of the materials over the living tis-
sue at both the macroscopic and microscopic levels. There are some parameters which 
should be taken into account, including presence of necrosis, distribution and number 
of inflammatory cell types, degeneration, extent of fibrosis, and tissue ingrowth.

Toxicity is another required biological parameter for biomaterial evaluation. The 
release of substances and materials are supposed to be examined for systemic and 
local toxicity. The degradation products might compose metabolites with non- 
immunogenic and toxic effects. The biological responses of mammalian cells to 
toxic agents are evaluated by using the cytotoxicity assays. Some endpoints, such as 
cellular metabolism, cell proliferation, and cell damage, can be then determined. 
After determining the reproductive and developmental toxicity, carcinogenicity and 
possible genotoxicity need to be taken into consideration. The blood compatibility 
will be created through a set of testing over particular categories like complement, 
hematology, platelets, coagulation, and thrombosis, once the scaffold interacts with 
the blood. The tests are supposed to be selected according to the intended applica-
tion and duration of the contact.

It is also of great importance to consider pyrogenicity testing. The presence of 
bacterial  endotoxins  serves  as  the major  cause  for  the  pyrogenic  reactions. And 
some evidences have shown that there are some material-related pyrogens. The 
limulus amoebocyte lysate (LAL) is the most exclusively applied assay to examine 
bacterial endotoxins. However, the material-related pyrogens cannot be detected in 
the assay. Moreover, interferences impose great suffer to LAL, resulting in either 
false-negative or false-positive outcomes. Thus, some other tests have to be carried 
out. Taking the rabbit pyrogen test as an example, the pyrogens in both assays are 
supposed to be eluted, while materials should be firmly attached by pyrogens. For 
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solid materials, there is “Human Whole Blood Pyrogen Assay,” which is based on 
the pro-inflammatory cytokine interleukin 1β’s production after being exposed to 
pyrogens. However, this is still under validation now [3].

The structure features of scaffolds including pore size and porosity also affect 
their biological performances since the vascularization and the ingrowth of host 
cells mainly rely on the porous features. The biological behavior of the host cells 
will be impacted by the transmission of the mechanical forces via the scaffold [4]. 
The resorption and degradation process for both synthetic and natural materials will 
be helpful for the regeneration of host tissues. Ideally, the implanted material is 
resorbed during controlled time period, which hence makes it possible for the host 
cells to establish a new extracellular matrix with adequate structural strength. 
Eventually, the materials can be degraded and removed instead of accumulating in 
the body. Therefore, it is necessary to determine the effect of the excretion of 
degraded products on human body and the metabolism process.

By using related animal models, the implantation studies over the final product 
can offer the information what the researchers need. However, these researches are 
impeded by the fact that a xenogeneic immune response will be induced by the 
human cellular components. This issue can be solved by performing studies in 
immunocompromised mice which are reconstituted with human leukocytes and 
immune-privileged sits [5].

15.3  Test Protocols for Preclinical Evaluations

Generally, test protocols can be divided into short-term and long-term tests. 
Normally, the safety evaluations of medical devices are carried out to determine the 
risk of adverse effect on health. As the exposure of the materials will lead to adverse 
effects, preclinical evaluation of toxic potential for these materials is required, and 
hence the potential hazard to the patient can be minimized. The potential range for 
biological hazards is pretty wide and can be determined through the testing shown 
in Table 15.1.

15.3.1  Short-Term Tests

According to the Wikipedia Website, acute toxicity represents the adverse effects of 
a biomaterial exposing to animal models in a short period of time. In contrast, 
chronic toxicity describes the adverse health effects from repeated exposures over a 
longer time period (months or years). Experimentally, nonpolar, polar, and other 
extracting media can be injected in mice by either the intraperitoneal (IP) route or 
the intravenous (IV) route. Observations of such toxicity signs are immediately 
made in 24-, 48-, and 72-h intervals. Because of the ethical issues, most acute toxic-
ity data are collected from animal testing or on similar substances.
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For medical devices, pyrogenicity testing is required because of the contaminant, 
surface characteristics, immune reaction of the host cells, and batch dependence. 
However, the risk of febrile reaction has been limited by a program test to accept-
able level of patients as an outcome of administration through the injection of the 
product’s extraction. The test includes the measurement of the temperature increase 
in rabbits after the IV injection of the test solution. Every 30 interval, the tempera-
ture is recorded, and then the temperature change will be compared.

The hemolytic potential is assessed through the hemolytic properties. The mate-
rials used for medical devices interact with the blood. Under static or dynamic con-
ditions, rabbit blood serves as the test specimens, in comparison with the control 
materials. Changes in the plasma hemoglobin are measured for indicating the 
hemolytic properties.

To evaluate the intracutaneous/intradermal reactivity, the nonpolar and polar 
extracts  are  intradermally  injected  on  both  sides  of  rabbits  at  24,  48,  and  72  h. 
Observations  are  immediately  made  after  the  injection.  Then,  tissue  reaction  is 
graded for edema and erythema. To examine the skin irritation, the researchers use 
albino rabbits of either a single strain or sex. After closing and clipping of the dorsal 
side, the material is covered with and applied with a dressing, which is nonocclusive 
for 4 h. Skin will be observed at 24, 48, and 72 h for the sake of the edema and 
erythema.

15.3.2  Long-Term Tests

The skin sensitization in guinea pigs can be determined through various methods. 
The most exclusively used methods for delayed hypersensitivity include maximiza-
tion test (MT) and closed patch test (CPT). In MT, the guinea pigs are administrated 
by  injections  of  test material  extracts  followed  by  the  induction  phase  just  after 
7  days.  The  challenge  phase  with  the  test  material  just  starts  after  14  days  of 

Table 15.1 Typical test protocols for preclinical evaluations

Test Classification Testing Notes

Short-term tests Thrombogenicity Tendency of forming a thrombus or clot 
in contact with the blood

Sensitization Progressive amplification of a response
Hemolysis Rupturing red blood cells
Irritation Skin irritation for the sake of the edema 

and erythema
Toxicity Acute toxicity via IV route

Long-term tests Sensitization Maximization test and closed patch test
Genotoxicity Genetic damages

Supplementary  
tests

Subchronic and chronic toxicity Adverse effects for long term
Carcinogenicity Agents involving in causing cancer
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injection. The sensitization potential of the test compound is then observed at 24, 
48, and 72 h. For CPT testing, the test material extract has been applied in the dorsal 
area of guinea pigs or rabbits. This procedure is conducted weekly repeatedly in 
3 weeks. After 14 days of the last application, the challenge phase with test material 
begins. The sits are then tested in 24 h, 48 h, and 72 h for the sensitization potential 
of the materials.

To examine the biological safety of the materials at the local site, the specimens 
are implanted in living animals for achieving the abnormal response of the tissues. 
Depending on the specific site, the specimens have different dimensions. As subcu-
taneously implanted, the material specimen has a millimeter dimension ranging 
from 10 to 12 mm in length and from 0.3 to 1 mm in thickness. The animals are then 
examined and euthanized for any response and reaction. The material specimen 
with 10 mm in length and 1–3 mm in width is also implanted in muscle. The follow-
ing steps are then carried out:

 1.  If there is any infection in the presence of the sample, it would be recorded.
 2.  Assessment of tissues for giant cell proliferation, fibro-endothelial proliferation, 

plasma cell proliferation, eosinophil proliferation, and inflammation.
 3.  Muscle sample has been taken for the microscopic examination.
 4. Observations for the appearance of the muscle surrounding the implant.

For bone implantation, the size of specimen depends on the size of the animal. 
Cylindrical implants with 6 mm in length and 2 mm in diameter are placed in the 
fibula and femur. The implantation is conducted by intermittent drilling with pro-
fuse irrigation at a low drilling speed via saline suction, hence avoiding the local 
tissue necrosis.

Genotoxicity describes the property of materials that damages the genetic infor-
mation within a cell. The exclusively used genotoxicity tests for the medical devices 
involve in vitro and in vitro testing. The former one includes a number of assays: 
reverse mutation assay (Salmonella typhimurium), reverse mutation assay 
(Escherichia coli), in vitro sister chromatid exchange, in vitro mammalian cell gene 
mutation, and in vitro mammalian cytogenetic tests, while in vivo testing includes 
mouse heritable translocation assay, mouse spot test, chromosomal aberration anal-
ysis, germ cell cytogenetic assay, and micronucleus test.

15.3.3  Supplementary Tests

For medical devices, it is required to ensure the safety issues and no toxicity for long 
term. Thus, repeated doses have been given to these animals during the part of their 
life span (within 10%). This test has offered the information on the impact over the 
estimate of a no-effect level, the possibilities of accumulation, and target organs. 
And the appropriate dose levels are then determined for the following chronic stud-
ies. Besides, the safety criteria should be established for human exposure. The 
effects of single and multiple exposures to materials and devices are evaluated 
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during the entire life span of the test animals for chronic toxicity (more than 90 days 
in rats).

To evaluate the potential of carcinogenicity, some specific tests are carried out to 
assess whether either singe implant or multiple implants have effects on tumorige-
nicity and chronic toxicity during a part of the total life span of the tested animals. 
When the devices have the potential to impact the reproductive system, it is recom-
mended to carry out the developmental and reproductive toxicity studies, which 
could provide the evidences about the impact over reproduction function, embry-
onic development (teratogenicity/malformations), and the fetus early and prenatal 
developmental toxicity.

15.4  Clinical Evaluations of Biomaterials and Medical 
Devices

Since there still exist some issues with regard to effectiveness and safety, which can-
not be confirmed adequately by laboratory or preclinical testing, a series of clinical 
trials are performed to evaluate these characteristics of implantable biomaterials/
medical devices. The clinical evaluation is most closely connected with the prospec-
tive  and  randomized  clinical  trials. Depending on  the  requirements  for  safety or 
effectiveness with a device, the investigation might cover lots of clinical literatures 
and double-blind, prospective, randomized, and multicenter studies.

Historically, two kinds of clinical trials are available for manufacturing a device. 
The first actually is a feasibility study or a pilot study. Its goal is to collect safety 
data over the device in some human subjects. Usually, these trials should include 
10–40 patients. For the device with significant risk, an investigational device exemp-
tion (IDE) must be approved by FDA. Otherwise, it’s not allowed to be used in a 
clinical study for collecting safety and effectiveness data. By building the safety 
profile of the device to FDA, the device can be applied to a comparatively larger 
study afterward.

Pivotal trial serves as the following stage of the clinical trials, allowing a manu-
facturer to collect enough data and hence to support their marketing submission. 
Usually,  it would be a premarket approval. This  research  is powered  to  illustrate 
some statistical assurance which can guarantee that the investigational device 
 performs very rather good or at least much better in comparisons with the control. 
A pivotal trial should be 100–1000 patients. The trial is designed to illustrate the 
effectiveness and safety of the device based on the pre-specified endpoints. Finally, 
the subject number is based upon the difference in clinically relevant endpoints and 
the power of the study from the control and the subject device. Placebos have been 
used by the pharmaceutical world to control the investigational drugs. There is more 
flexibility in the device in terms of trial design. It is rather common to adopt histori-
cal data or the device non-operational version as the control.
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The FDA has approved  the  introduction of a new clinical  trial modality. This 
stage serves as the first step in the early feasibility studies or in human. There are 
five to ten subjects being in the first-in-human study. It gives manufacturers a chance 
to characterize and understand their device in an earlier during the development 
phase compared with what was possible previously. It is required to illustrate 
whether the device is safe (for instance, preclinical data in vivo analysis). However, 
the total amount of data needed in the test might be less than that of data in the fea-
sibility study. Such kind of study is especially useful for biomaterial manufacturers. 
This program actually is a pilot one during the publication time. The Center for 
Device and Radiological Health (CDRH) has selected a handful of devices. It would 
be a rather exciting new option if the pilot program actually goes well. This can be 
very beneficial to the new products.

The development stage of the clinical trials between devices and drugs begins to 
become parallel because of the introduction of the first-in-human clinical trial 
option. The general process  is analogous even  though  the objectives of  the stage 
dramatically differ between the device models and drugs. One growing difference 
from the model for the pharmaceutical development is that the clinical trials do not 
have to be linear. Without conducting a feasibility study, manufacturers could ask 
for launching a pivotal research with no any other experience with humans. If suc-
cessful, clearance with a single investigation can be achieved.

It is of great importance to conform to the expectations of the FDA before initiat-
ing any kind of clinical evaluation if the objective is to launch some products on the 
US market. Guidance documents have been published by the FDA on clinical trial 
expectations for various devices. As the guidance document might be absent, it is 
necessary  to  have  direct  feedback  from  the  agency. Early  contact with  the FDA 
serves  as  a  key  to  collect  sufficient  safety  data  and  tackle  the  concerns  of  FDA 
before the approval of IDE application. Frequently, insufficient bench and/or pre-
clinical tests may lead to the failures of the IDE applications in the USA. The early 
contact with  the FDA can be  realized via a  formal pre-IDE meeting or  informal 
discussions with the FDA representatives. Regardless of the method, all discussions 
actually are non-binding and hence are supposed to be adopted to confirm the cur-
rent thinking and expectations of the agency. A final guidance document has been 
issued by the agency over the pre-submission meetings. This document can be seen 
from their website.

The agency is going to be very helpful to solve questions together with the manu-
facturers in terms of both protocol development and trial design. However, a request 
might be turned down, and remarkets will be provided through an e-mail because of 
overwhelming demand and limited resources. CDRH has over 400 pre-IDE meet-
ings every year per division. Useful information has also been provided by this draft 
on pre-submission conferences which involve over one center (for instance, the 
Center for Biologics Evaluation and Research (CBER)). During the pre-submission 
meeting, the guidance collected from the agency serves as not binding. However, it 
has been stated by the agency that it will try to obey the agreements and then make 
decisions where the desired indication has been changed by the manufacturer for the 
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adoption of the pre-submission meeting or if new safety questions have come up 
during the clinical research.

15.5  Standards and Guidelines

Standards and guidelines supporting a regulatory system for biomaterials or medi-
cal devices should contain requirements for performance and safety evaluation of 
products. Methods should be described identifying and evaluating potential adverse 
effects. Depending on  the  specifications of  the  standards and guidelines, general 
techniques or specific assays may be assigned as tools for the identification and 
quantification of the associated risks.

To evaluate and identify the possible adverse effects of medical products, appro-
priate approaches are supposed to be used. Specific assays or general techniques 
might be taken as tools in the quantification and identification course, depending on 
the specifications of standards and guidelines. Related parties like physicians, gov-
ernment, and manufacturers could reach a consensus over the testing type that is 
about to be implemented. Besides, they need to reach a consensus about the stan-
dards they are going to set before the entering of the product into the market. These 
requirements of the product can be set in the international or the national standards. 
At this moment, standards that are designed specifically for  the products  loading 
with viable cells are still not released yet. As increasing innovative products are put 
on the market, harmonization of biocompatibility-related aspects has shown a pretty 
important role. This has been shown from the case that EUCOMED, who stands for 
the interest of most of the non-pharmaceutical European medical technology indus-
try, published a position paper, which focuses on the need of the entire European 
market according to these products’ risk/benefit approach.

Besides the safety and quality aspects of the biocompatibility, the standardiza-
tion related to the product safety needs to be discussed. EN ISO 10993 series is very 
helpful for the assessment of the biocompatibility aspects. The medical device 
directive is supported by the standard norms, which have been published by 
European Committee for Standardization (CEN) and the International Organization 
for Standardization (ISO).  It has been classified  into 20 different parts, and each 
division is based upon the duration and frequency of the implant, the application 
site, as well as many other factors. Part 1 depicts how the appropriate examinations 
are selected, and the following parts depict particular testing or evaluation types. 
This standard applicability adopted in medical devices and biomaterials is at the 
moment hampered by the fact that scaffolds adopted in the tissue engineering are 
intended mostly to degrade with the passing of time. The specific guidance for the 
biocompatibility testing of the biodegradable materials has been started quite 
recently  in  the EN ISO 1993 framework. The evaluation of undesired pyrogenic, 
immunological, or toxicological reactions of nonviable animal tissues and their 
derivatives is provided in the 12,442 series standard.
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The majority of the existing European documents have covered the safety and 
quality issues of the biomolecules because Council Directive 65/65/EEC marketed 
these biomolecules as medical products. These documents described the require-
ments for these biomolecules published by the ICH or CPMP. The ICH and the 
COMP documents concentrate on the safety evaluation for pharmaceutical-deriving 
biotechnologies. Besides, it also focuses on the impurities and contaminations of 
the product, the characterization specifications, and the selection of other related 
animal models for the immunogenicity and toxicity testing. The genetic tests are not 
involved in the description of these documents. Apart from ICH and CPMP guid-
ance, the European Pharmacopoeia includes monographs depicting a great of test 
methods and quality requirements for some biologically active compounds, taking 
growth factors and interferon as examples.

One of the pioneers for the biomaterial standardization is the division on the 
Committee F04 on the Medical and Surgical Devices and Materials under the super-
vision of ASTM (American Society for Testing and Materials). This division has 
about 40 different  task groups, covering  the quality and safety  issues of medical 
devices and biomaterials. These task groups include biomolecules and normal biol-
ogy, tissue characterization, as well as many other things terminology. Usually, the 
terminology, classifications, and test methods should be adopted in a consensus 
process featured by input from the government, manufacturers, academic, and other 
interested parties.

The CEN Healthcare Forum (CHeF) has established a task group to explore the 
demands of the shareholders for the European standard development in terms of 
human tissues. The start of standardization over the horizontal subjects is connected 
with the medical devices or biomaterials like microbiological safety, biological 
safety, quality system, risk management system, and terminology. Standards such as 
CEN/TC 285-Non-active surgical implants, CEN/TC206-Biocompatibility of med-
ical and dental materials and devices and CEN/TC206-Biocompatibility of medical 
and dental materials and devices, have been established by the technical committees 
(TCs). Apart from the ISO/TC 150, the necessity to promote the standards specifi-
cally was discussed by the task force that was gathered by the “implants for sur-
gery.”  According  to  their  conclusion,  the  standardization  activities  of  other 
organizations should be closely followed by the ISO, taking the CEN and the ASTM 
as examples. On the contrary, the ISO should not start any activity at its own.

Moreover, EMEA forecasted the increasing amount of products containing via-
ble cells through Points to Consider document, which focuses on therapy products 
of human somatic cell (which serve as viable somatic cell preparation used suitably 
for the transfer), when the cells have been subjected to a specialized facility manu-
facturing process.

The process is supposed to be in those cases which encompasses expansion or 
over minimal manipulation which are designed to change the functional, physiolog-
ical, and biological features of the resulting cells. It has been demonstrated that the 
combination of the noncellular matrix might be concluded in this manipulation. In 
addition, the resulting cell product is supposed to be definable in lights of  quantitative 
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and qualitative composition. This draft document focuses on characterization, 
source, and suitability of other materials adopted in the manufacturing course, such 
an antibiotics and immunoglobulin as well as the cell culture procedures with no 
description over the generic tests. Note for guidance is closely connected with this 
subject in terms of the gene-transferred medical products. It has been deemed that 
the genetically modified cells will grow in appropriate matrices. It demonstrates that 
the separate components and final product’s quality are supposed to be documented 
and characterized.

At last, provisions concerning the clinical trials especially connecting with the 
performing  of  the  good  clinical  practice  are  established  by  Council  Directive 
2001/20/EEC. This directive demonstrates that the competent written authorization 
is supposed to be required before the commencement over the clinical trials about 
somatic cell therapy. This legal framework can then be adopted to prepare extra 
guidelines for the preclinical safety and quality assessment.

15.6  Biocompatibility Evaluation of Calcium Phosphate 
Cements

Calcium phosphate cements have attracted great attention due to their excellent 
biological behavior (e.g., biocompatibility, bioactivity, and osteoconductivity). The 
biocompatibility of CPC has been investigated systematically, including the implant 
histological evaluation, the DNA damage assay (unscheduled DNA synthesis test), 
chromosome aberration assay (micronucleus test), gene mutation assay (Ames test), 
and cell culture cytotoxicity assay. The outcomes illustrated that CPC had been 
proven having no toxicity. Moreover, all tests for potential carcinogenicity of CPC 
are negative. The femurs of rabbits were implanted with CPC in a no-load condi-
tion. The histology of the specimen suggested that the implant actually joined the 
surrounding bone slightly. Quite a limited histological inflammatory reaction took 
place. Therefore, CPC serves as a very biocompatible material. Its application in 
humans seems to be safe [6].

The FDA has approved some CPC formulations which are used in the clinical 
sector [7, 8]. The Conformite Europeenne (CE) also marked the same formulations 
for specific maxillofacial indications and also for the adoption of the bone-void 
filler in particular non-load-bearing orthopedic indications [9]. The major properties 
of these formulations actually are available. A variety of bone fillers and cements 
have been listed in the review [9]. Moreover, there are more cement formulations 
which are still in experimental stages.
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15.7  In Vivo Appraisement and Clinical Applications 
of CPCs

Many researches have already proved that CPCs are quite biocompatible as osteo-
conductive materials used to regenerate tissues [7, 10]. With available references so 
far, since 1987, CPCs have been investigated in vivo using different animal models 
[11–13] to validate the function variety and some typical medical applications.

15.7.1  Oral and Maxillofacial Applications

As bone filling materials, the injectable CPCs have been used to block up the gaps 
surrounding the oral implants. Although there was non-obvious resorption occur-
ring, this kind of CPC induced excellent formation of new bone surrounding the oral 
implants  [14]. Within the artificially created periodontal defects, CPCs acted as 
scaffolds for bone formation and provided histocompatible healing of periodontal 
tissues [15]. CPC blocks have also been applied for alveolar bone repair. Generally, 
the animal model is built by extraction of beagles’ mandibular premolar teeth fol-
lowed by a 1-month healing. The alveolar bone was then reduced to make space for 
the implants with being healed for another month [16]. It has reported that [16, 17] 
HA implants with coronal half embedded  into  the CPC block  induced new bone 
formation within  the  initial  cement  areas  at  1 month post-operation  and  showed 
pretty fixed attachment with the natural bone. The identical elemental distribution 
with natural bone was found within CPC site after 6 months detected by electron 
microanalysis and fluorescent labeling analysis. Our group has already started the 
clinical study on CPC scaffold loaded with BMP-2 for functional recovery of dental 
implant (Fig.  15.1), which displayed effective bone repair capacity on patients. 
Moreover, applying CPCs to pulp capping [18], maxillary sinuses’ lifting, defects’ 
repair of buccal dehiscence and atrophic areas [19], and root canal fillers [20, 21] 
were also reported. Some studies showed that CPCs would generate a secondary 
dentin within 24 weeks when used for pulp capping [22].

Utility of CPCs in oral and maxillofacial applications significantly reduced the 
use of  autologous grafts  and alloplastic  implants  [23]. High bioresorbability and 
biocompatibility of CPCs were also illustrated with none or little inflammation [24–
31]. CPCs osteoconduction make them function feasibly as mandibular augmenta-
tion devices to induce subperiosteal and endosteal osteonal bone formation [32]. In 
clinic, CPCs have already been applied for 38 patients with reconstruction of front 
facial skeleton and frontal sinus. According to the report [33], the success rate was 
82% for the reconstruction by the calcium phosphate cement, superior than acrylic 
implants. Our unpublished data also showed CPC scaffolds loaded with osteoblast 
cells have been already successfully applied in vivo for maxillofacial bone regen-
eration and segmental bone defect repair (Fig.15.2). CPC doped with magnesium 
phosphate was also used in the maxillary sinus floor elevation in vivo. The great 
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Fig. 15.1  Clinical trials of CPC scaffolds loaded with BMP-2 for alveolar site preservation and 
functional recovery of dental implant. (a) X-ray tooth film of alveolar resorption. (b, c) After den-
tal extraction, the extraction socket was immediately filled by BMP-2 loading CPC scaffolds for 
alveolar site preservation. (d, e) After 6 months, the dental implant was implanted at the preserved 
site. (f) At 3 months post-implantation, the custom crown is cemented onto the implant

Fig. 15.2 In vivo application of CPC scaffolds for bone repair: (A1, A2) Osteoblast cells loaded 
CPC, (B1, B2) CPC, and (C1, C2) autologous bone grafts were, respectively, implanted for maxil-
lofacial bone regeneration in dogs. The zoomed in views of top row images were showed in the 
bottom row
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biodegradability and excellent osteoconductivity exemplified the CPC as a potential 
alterative graft for maxillofacial bone regeneration (Fig.15.3) [34].

15.7.2  Cranioplasty

CPCs have been examined at cranial defects in many animal models. It’s reported 
that  modified  CPC  combined  with  a  PLA mesh  underlay  was  applied  to  repair 
10-mm diameter  full-thickness  calvarial  defects  of Yorkshire  pigs  and  displayed 
extensive bony ingrowth at 6 months after implantation without compromise to its 
biocompatibility,  osteoconductivity,  or  remodeling capacity  [35]. Kim et  al.  [36] 
surgically created bilateral subcritical-sized (8-mm diameter) defects in the parietal 
bones of each rabbit and randomly filled either the new fiber-reinforced CPCs or 
conventional CPCs (positive control). The results indicated that there was no severe 
inflammatory response or osteolysis but new dural and pericranial bone formation 
along the implants and excellent bone-to-implant interfaces in all of the CPC-filled 

Fig. 15.3 Maxillary sinus floor elevation with calcium-magnesium phosphate cement (CMPC) 
and bone mesenchymal stem cells (BMSCs) in rabbits. (a) Scanning electron microscopic images 
of BMSCs attached on CMPC in vitro; (b) HE staining image of newly formed bone in CMPC/
BMSCs group at 8 weeks after operation; (c) Sequential fluorescent labeling was used to determine 
the rate of bone formation and mineralization in CMPC/BMSCs group. The rabbits were injected 
with the fluorescent labeling reagent, respectively, at 2, 4, and 8 weeks after operation; (d) micro-
scopic view of bone formation in the maxillary sinus from non-decalcified slide in CMPC/BMSCs 
group at 8 weeks after operation
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defects. Eight-millimeter cranial defects of rats were repaired with human umbilical 
vein  endothelial  cells  (hUVECs)  co-cultured  with  human  umbilical  cord MSCs 
(hUCMSCs), MSCs  from  induced  pluripotent  stem  cells  (hiPSC-MSCs), MSCs 
from embryonic stem cells (hESC-MSCs), and human bone marrow MSCs (hBM-
SCs) delivered via CPC scaffold [37]. Finally, the complex scaffold achieved excel-
lent osteogenic and angiogenic capabilities in vivo. Apart from cells, CPC scaffolds 
with suitable modification, such as improving the porous structure [38], also could 
load growth factor or composited with polymers to accomplish the defect regenera-
tion. Actually, the molding capacity of CPC material at placement possesses a great 
advantage [8]. For instance, BoneSource™, as one kind of the commercial product 
of hydroxyapatite cement, has already been introduced for the fixation of cranial 
defects like contiguous craniotomy cut and neurosurgical burr holes, whose defect 
surface area is less than 25 cm2. In dogs, the supraorbital ridge was supplemented 
by BoneSource™, and hence the skull base defect was augmented [39].

In clinical studies, CPCs were applied to parietal craniotomies to avoid the tem-
poral  depression.  Excellent  findings  were  obtained  from more  than  100  human 
patients when a CPC was applied in the treatment of cranial defects. After 6 years, 
the cement’s success ratio increased to 97% [40]. Rebone Gutai® (CPC-based pow-
ders)  (Shanghai Rebone Biomaterials Co.,  Shanghai,  China)  developed  by  Prof. 
Changsheng Liu has also been used for filling and adhering to the skull defect. 
Figure 15.4 shows the clinic case treated with Rebone Gutai powders. As can be 
seen, the male patient (53 years old) had a skull defect on the forehead. After the 
craniotomy, Rebone Gutai  powders were  applied  to  fill  the  bone  defection with 
negative pressure drainage. The patient had good postoperative conditions without 
irritation locally. After 1 year,  the digital and X-ray images showed the perfectly 
filled skull.

To compare the complication rates of CPCs and Ti-mesh cranioplasty in patients, 
Foster  et  al.  [41]  reviewed  the  clinical  data  from  672  consecutive  patients  who 
underwent retromastoid craniectomy at a single institution for microvascular 
decompression or tumor resection. For Ti-mesh group, there were 38 complications 
(11.4%)  related  to  the  surgical  site, while  2  patients  (0.6%)  experienced wound 
infection, no patients (0%) had CSF leak, and 2 patients (0.6%) had other wound 
complications for the CPC cement cranioplasty group. Obviously, the CPC cement 
cranioplasty could significantly decrease the rate of wound infection and CSF leak 
and holds great potentials as an alternative replacing the titanium cranioplasty with 
better patient satisfaction.

However, there was significant heterogeneity in the estimated rate of major com-
plications, infection, and reoperation (p < 0.001), while minor complications and 
secondary contour correction had less heterogeneity (p = 0.58 and p = 0.78, respec-
tively), which was showed in the clinical meta-analysis on CPCs in skull recon-
struction [42]. Using methyl methacrylate or autogenous bone, calcium phosphate 
fared no better, and sometimes fared worse, when mean complication rate and com-
plication range of CPCs were compared with the other large cranioplasty studies 
than these other modalities. Calcium phosphate, therefore, should only be used 
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selectively, and prospective long-term studies are needed to further refine its role in 
skull reconstruction.

Recently, the tree-dimensional printing (3DP) technique enables the production 
of a properly fitting implant with complicated shape and personalized design for 
craniofacial defects. Klammert et al. generated CPC-based skull specimen as pre-
cise patient-oriented craniofacial implants by using a 3D powder printing system. 
Since the original human cadaver skulls were mirror-imaged into the printed skull 
via using computer-aided designed, the individual implants showed a high degree of 
accuracy and suitable physical/mechanical characteristics [43]. Therefore, combi-
nation of CPC materials with these flexible manufacturing processes will realize the 
patient-specific implantable parts for various clinical applications.

15.7.3  Orthopedic Applications

15.7.3.1  Restoration of Metaphyseal Defects

The application of CPCs in bone reconstruction has been detailed and elaborated in 
Chap. 1. Treating bone defects in the proximity of joints still remains as a challenge 
in the field of orthopedic surgeons, especially for those aged patients. Internal fixa-
tion of metaphyseal fractures may be difficult because of the low strength in the 
cancellous bone that makes up the major part of  the metaphysis.  In addition,  the 
fragment closest to the joint is often short, and the fracture frequently has an intra- 
articular component. Two factors frequently complicate stabilization of metaphy-
seal fractures. The first is the crushing of subchondral cancellous bone by depressed 
articular fragments at the time of injury. Reducing the fracture during surgery cre-
ates a metaphyseal defect that must be filled to prevent the joint surface from sub-
siding when the bone is subjected to loading. Most commonly, the subchondral void 
is filled with autologous bone graft. However, this procedure has serious drawbacks, 
such as donor site morbidity and the limited immediate mechanical stability afforded 
by cancellous autograft. The second factor is the presence of osteoporosis, which 

Fig. 15.4  Skull defect filled with Rebone Gutai powders: (a) before operation, (b) in surgery, (c) 
1-year follow-up of post-operation, and (d) X-ray image of 1-year follow-up
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increases the risk that a fracture will become displaced before it heals. Formulation 
improvement allows CPC a better candidate in bone regeneration. It has been 
reported [44] when applied to supracondyle hole defect (5 mm in diameter) in the 
femurs of New Zealand white rabbits, CPC could induce 12.4 ± 2.7% of new bone 
formation within 12 months, while that of its composite group containing addition 
of chitosan fiber and gelatin was 46.5 ± 3.2% (p < 0.05). Both CPC and the compos-
ite had osteoconductive characteristics and good biocompatibility with no adverse 
response. Strontium modification to CPC (SrCPC) is also an effective way to induce 
the enhanced new bone formation in a critical-size metaphyseal defect in the femur 
of ovariectomized rats [45, 46].

15.7.3.1.1  Hip Fractures

Surgical treatment is generally accepted for patients with hip fracture. However, the 
stability of internal fixation of displaced femoral neck fractures is often poor since 
most patients who experience a hip fracture are elderly and suffering from osteopo-
rosis. Apart  from  improvement of deficient blood flow, good primary  stability  is 
also helpful with reducing the complications of internal fixation. For trochanteric 
fractures, generally referring to the two-part fractures, healing is often not difficult. 
As  to  the multifragmentary  fracture,  it  is  indeed  a  technological  challenge. The 
demand for mechanical properties prompts solutions when attempting to achieve 
the fracture stability. A sliding screw device in combination with CPC was applied 
to treat the trochanteric fractures with a detached minor trochanter in a cadaver 
model for the mechanical evaluation [47, 48]. The CPC-augmented group showed 
significantly higher stiffness, stability, and strength and less shortening at the frac-
ture site. Moreover, the CPC-augmented group showed closer strain on the medial 
bone surface to normal than that of the metal device alone group. CPC has also been 
evidenced to be useful for augmentation of unstable trochanteric fractures in a pro-
spective, randomized multicenter clinical trial [49]. Surgical fixation using a con-
ventional sliding screw system together with CPC filling was adopted for patients 
with a trochanteric fracture including a detached posteromedial fragment. The 
results demonstrated that augmentation with CPC might be an attractive option for 
better fracture stability and reduced pain during the early phase of the rehabilitation 
compared with using sliding screw system alone, when treating severely unstable 
trochanteric fractures.

However, although the treatment of CPC augmentation combined with cannu-
lated screws fixation can significantly enhance stability in the cement-augmented 
fractures, CPC was still not recommended for void filling agent to patients with 
displaced  femoral  neck  fractures  [50]. The possible reason is that the cement 
inserted at the fracture void might harm the vulnerable circulation to the femoral 
head and lead to an increased risk of complications.
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15.7.3.1.2  Proximal Humerus

It often needs no operation for majority of fractures through the proximal humerus. 
However, minimally invasive techniques are required for reduction and fixation to 
reduce the risk for further impairment of the blood circulation to the humeral head 
caused by the trauma. As there is an inadequate fixation, secondary displacement 
becomes the common problem. One possible reason for the altofrequent secondary 
displacement is the lack of cancellous bone support due to the bone defect and the 
void created behind  the  reduced humeral head.  In a case series  [51], CPCs were 
filled into the subchondral voids in 29 patients with severely impacted valgus frac-
tures with open reduction. Besides, fixation by either screw or a buttress plate was 
adopted. The results showed that all fractures united and all the reductions were 
maintained. Until final follow-up at between 1 and 2 years, no patient had any signs 
of osteonecrosis of the humeral head.

15.7.3.1.3  Distal Radius

In clinic, closed reduction and plaster are often used to heal fractures of the distal 
end of the radius. However it usually shows notable curative effect on patients who 
have little initial displacement, limited comminution, and good bone quality. Plaster 
alone may lead to a high risk for secondary displacement and malunion since its 
poor stabilization of fractures with severe comminution, bone loss at the fracture 
site, or involving osteoporotic bone. Hence, injectable CPCs may be a good choice 
to fill the metaphyseal defect, improve fracture stability, and reduce immobilization 
time.

Fresh fractures of distal radius have been treated with CPC [52, 53]. Enough fill-
ing of the fracture void by CPC can be achieved by means of percutaneous injection. 
A significantly faster gain in grip strength and range of movement at 8 weeks was 
found in the group treated by CPC augmentation combined with a short period of 
plaster immobilization compared with conventional external fixation. Fractures to 
be displaced after primary treatment with closed reduction and plaster are also indi-
cations for CPC [54]. It is recommended that an open cementing technique, which 
includes evacuating the organized hematoma before injecting the cement, should be 
applied to patients who need a secondary procedure after redislocation while wear-
ing a plaster cast. Clinical researches have illustrated 76% success rate of brushite 
cements during reconstruction of distal radial metaphysic fractures. It has been 
found the  leakages of  the cement  in some adjacent  tissues. However,  it has been 
resorbed eventually with nondramatic complications. Besides, clinical failures in 
these processes have been found to have close connections with poor bone quality, 
lack of stable fixation, and contact between joint and cement [55].
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15.7.3.1.4  Calcaneus

It is still controversial to take surgical treatment for restoring the anatomy of the 
subtalar joints because of the technical difficulties. The challenges of such surgeries 
are often related with the unstable metal fixation on the fracture fragments. The 
crushed cancellous bone usually made calcaneus fractures worse by reducing can-
cellous bone density. Hence, it is beneficial for patients to choose injectable, bioac-
tive cements for curing calcaneal fractures. In a clinical study, 36 calcaneal fractures 
with joint depression were treated with a combination of internal fixation and CPC 
[56]. The shortest  time to full weight bearing was 3 weeks after surgery, and the 
patient showed no radiological evidence of loss of reduction, while the recom-
mended time to full weight bearing for traditional surgery is 8–12 weeks. In another 
clinical series, a similar technique using conventional metal hardware and CPC to 
fill in the defect below the posterior facet after open reduction was adopted on the 
15 patients with displaced  intra-articular calcaneal  fractures [57]. No patient had 
any visible loss of reduction based on radiographs until healing. Obviously, aug-
mentation with CPC holds the potential to provide a more stable fixation compared 
with metal fixation alone.

15.7.3.1.5  Tibial Plateau

For fractures of the tibial plateau, surgery is often necessary to elevate the depressed 
articular fragments and restore the joint stability. The metaphyseal void outlined by 
crushed cancellous bone is usually filled with autologous or allogenic bone graft or 
with preformed blocks or granules composed of sintered, highly crystalline hydroxy-
apatite. Although autograft is the clinical golden standard with desirable osteocon-
ductive and osteogenic properties, its mechanical stability is not adequate for the 
full weight bearing during the healing process of the fracture. The injectable bioac-
tive cements such as CPCs can fill the defect perfectly and provide good stability 
with enough compressive strength. Compared with bone graft filling, CPCs can help 
patients  to get earlier active  joint motion and shorter  time  to  full weight bearing 
[58]. A clinic study including 30 patients with a lateral tibial plateau fracture was 
carried out by filling either autologous bone or CPC into the subchondral void to 
evaluate the stability of the elevated articular fragment until healing and also to 
determine the actual weight bearing [59]. The results showed that patients treated 
with CPC got  earlier  full weight  bearing  (6 weeks)  than  the bone-grafted group 
(12 weeks).

15.7.3.2  Ligament Anchor

The ligaments, muscles, tendons, and bones actually belong to the musculoskeletal 
tissues, which possess various kinds of properties. The physiological interfaces that 
connected  such  tissues  have  been  adapted  to  permit  the  minimal  injury’s  force 
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transmission. Current approaches to tissue-engineered ligaments and tendons do not 
involve  such  interfaces,  constraining  their  future  success. Recent  studies  in vitro 
have evaluated the potential of brushite cements in getting the ligaments anchored 
over the bone. Therefore, a mechanical suitable interface is generated [60]. To real-
ize this goal, the shape of the anchor system and the cement composition need to be 
optimized carefully. Thus, more researches conducted recently have explored the 
application of 3D printing techniques so that it can be used to optimize the cement 
ligament  sinews.  The  3D  technology  is  used  to  print  the monetite  and  brushite 
brackets for one-ligament-bone replacement. The monetite brackets and brushite 
have been checked in vitro and showed a great compressive force being alike to the 
artificial brackets [61].

Another method to prepare ligament sinews is to connect the ceramic anchor of 
the cast brushite with a fibrin gel, which is contained in the fibroblasts. It is reported 
that the interface between the sinew and ceramic became more powerful with the 
passing of time because of the production of collagen and cellular proliferation. The 
tensile  forces were  resisted  by 42 kPa. The Young’s modulus  of  this  sinew  type 
could increase to 5.5 MPa when the cells have been surrounded by growth factors. 
The bone-tendon interface is anchored through the brushite cements in the recon-
struction of anterior cruciate in rabbits. An implanted tendon has been secured in the 
tunnel, which is perforated via this technique. It has been shown that placing the 
brushite cement in the tunnel indeed reduced the number of intratunnel mechanical 
failures and promoted the bone-tendon interface strength [62].

15.7.3.3  Reinforcement of Osteosynthesis Screws

It is obvious that the stability of the osteosynthesis screws is of great importance in 
realizing successful treatment in patients who suffer from serious complicated bone 
fractures. The fixation of the osteosynthesis screws indeed poses a great challenge 
to victims whose bone quality is poor. Taking those patients who have to suffer 
osteoporosis as examples, there is a therapy treating this disease, which is to use 
polymer cement (PMMA, named polymethyl methacrylate) to stabilize the screws. 
However, this cement is in exothermic setting and is not resorbable in  vivo. 
Considering the reasons above, brushite cements have been deemed as another 
choice. Landuyt et al. [63] have conducted the research in vitro to evaluate the pull-
out power of the removed osteosynthesis screw. The pullout force of brushite cement 
was found to be increased by three times. CPCs have also been used for augmenta-
tion of anterior vertebral screw fixation [64]. Its pullout force was enhanced by 50 
± 37% compared with the untreated group. In eight cases of CPC-augmented verte-
bral arch, only one case occurred as vertebral fracture. It indicates there is pretty 
feasibility of applying CPC to strengthen the osteoporotic vertebral screw.
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15.7.3.4  Vertebroplasty and Kyphoplasty

Vertebroplasty and kyphoplasty are two surgical procedures that have been intro-
duced to medically manage of osteoporosis-induced vertebral compression frac-
tures. Both procedures involve injection of self-setting CPC pastes into the fractured 
vertebral  for  a  faster  healing  [40, 65–71]. With a canine model, Turner TM and 
colleagues  claimed  that  CPCs  served  as  viable  alternatives  to  PMMA  cements, 
which  can  be  applied  into  the  treatment  of  large  vertebral  defects  [72]. Positive 
results would be obtained with no complications if the vertebroplasty procedures 
were conducted with amount of CPC, namely, the correct powder to liquid ratio 
[72–74]. CPCs have been applied successfully in kyphoplasty which promoted 
patient mobility, reduced pain, and increased vertebral height [75]. As filling materi-
als, brushite cement was injected to the body to fix the osteoporotic damaged verte-
brae. According  to  cadaver  studies,  brushite  cement  is  capable  to  promote  the 
density of the mineral in the bone with a rate of 20–50%. The vertebral stiffness was 
increased  by  120%  and  the  maximum  force  was  113%  after  the  vertebrae  was 
injected  with  the  brushite  cement.  Cement  extrusion  occurred  in  12%  of  cases. 
However, the cement had no dramatic impact over healthy vertebra [68]. Nowadays, 
injectable CPCs are used widely in clinics in china, showing good cure effect. The 
detailed results can be found in Chap. 3.

In order to obtain a desirable clinical effect, surgical technique is important, 
including selection of indications as well as operation protocol, which should be 
paid more  attention. Uncorrected  operation will  result  in  the  cement  leakage  of 
vertebroplasty [76], even aggravating the cardiovascular deterioration in pulmonary 
cement  embolism  through  the  stimulation  of  coagulation  [77].  Research  efforts 
should be devoted to improving cohesion of CaP cements in an aqueous environ-
ment for future clinical applications such as vertebral body augmentation.

In addition, CPCs were also used in wrist arthrodesis [78], thoracolumbar burst 
fractures’  reinforcement  [79],  and  restoration  of  pedicle  screw  fixation  [80]. 
Moreover, CPCs serve as a reliable subchondral replacement material next to the 
articular cartilage [81]. For all these cases, CPC addition allows the achievements of 
some advantages, including no complications and radiological consolidation for 
23-month  follow-up,  augmented  anterior  column  stability,  or  enhanced  pedicle 
screw fixation. Clearly, CPCs may offer an alternative to currently used materials 
for the enhancement of fixation clinically.

15.7.4  Other Applications

Calcium phosphate cement can act as a carrier of drugs, having the capacity of pro-
viding accommodation for the drugs. It also has the ability to deliver this drug with 
time in neighboring tissues and keep it in a specific site. CPCs are biodegradable 
and injectable, which offered many advantages over other materials, such as self- 
setting at ambient temperature, having a large surface area and neutral pHs [82, 83]. 
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Such properties held by CPCs, making them very active as the carriers of drugs, 
growth factors like morphogenetic proteins of bone [84–87], hormones [88], cyto-
kines [89], anti-inflammatory drugs [90, 91], anticancer drugs [92], antibiotics [93–
102], therapeutic peptides [103], etc. Although the majority of materials currently 
applied as carriers of drugs are polymers, CPCs possess added value because of 
their injectability and bioactive character in the sector of pharmacological treatment 
over skeletal disorders.

Injectable CPCs could work as fillers to block up the defects of the bone, which 
are generated by pathological tumors. The defects of the bone existed in the distal 
femoral  condyle. According  to  in  vivo  studies,  the  formation  of  the  bone  was 
achieved via the brushite cements, superior to the formation obtained via the PMMA 
cements and collagen gels [104].

Amperometric biosensors  can quantify  and detect  specific molecules  in  small 
numbers in either solutions or gases. The typical sensitive amperometric biosensors 
are mainly based upon the reactions over the enzyme. Judging from this perspective, 
brushite cements possess two critical properties, allowing it as an interesting device: 
(1) the capacity on electricity conduction via a mechanism, which is also named as 
proton  conduction,  and  (2)  the  capacity  in  protein  adsorption.  Correspondingly, 
there are two recent studies concerning brushite-based biosensors. One study 
focuses on the glucose detection via the glucose oxidase of enzyme [105], while the 
other focuses on the phenol detection through the combination of the enzyme tyros-
inase and the cement [106]. These two biosensors have been proven to have higher 
sensitivity and faster signaling compared with the traditional biosensor systems in 
terms of clay or polymeric matrices, which create more possibilities for future 
development of these devices.

15.8  Summary and Perspectives

To be summarized, there are truly impressive advances achieved in the past years in 
the field of CPCs for clinical applications. Not only did the knowledge of funda-
mental investigations assessing preclinical and clinical performances for CPC- 
based biomaterials/devices grow tremendously but also their applications as 
synthetic bone graft substitutes and delivery vehicles have demonstrated to be very 
important. CPCs have already been established  for  implanting/injecting/filling of 
voids in various types of bone defects. Especially, with the development of rapid 
manufacturing techniques and new functional additives in CPC formulations, much 
more attentions have been paid on these “old” biomaterials again in recent years 
because of excellent clinic performances, user-friendly, personalized design, etc. 
These materials will most certainly be part of the future armory when dealing with 
bone-related treatment. However, lots of efforts have to be devoted to the preclinical 
and clinical assessments of CPC-related products for achieving the diversity appli-
cations to their maximum extent since numerous researchers are developing/opti-
mizing the material properties and exploring their potentials. It is really important 
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and highly challenging to devise or revise the biological response tests, which can 
appropriately, adequately, and rapidly identify biological responses to CPC bioma-
terials and CPC-engineered scaffolds which may contain various components such 
as new materials, cells, and proteins. With the technological developments by inter-
disciplinary experts, it is believed that CPC-based research and development will be 
marched to the next step, which fits well for damaged and diseased bone in our 
aging population.
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