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Recent research trends

A vast number of research trends are currently active in the field of bioceramics. 
However, in this book, the student has been shown the first steps in the rapid progress 
in bioceramics research and development. The content of this chapter is limited to 
aspects of nanotechnology in hard tissue engineering and drug delivery, including 
various materials and processes.

Nanotechnology is not merely using nanosized materials and the fabrication of 
nanostructures. Nanotechnology embraces the noticeable rise of properties quantita-
tively and/or qualitatively. The student will see that nanotechnology gives surprising 
flexibility in tailoring the microstructure and final properties of biomaterials. Apart 
from the alumina and zirconia implants fabricated from nanostarting powders, tissue 
hard engineering has benefited considerably from nanotechnology.

Well-controlled 3D pore architectures and high porosity (90% and above) scaffolds 
are achieved by utilizing nanohydroxyapatite (nHAP)/polymer composites dissolved 
in dioxane or benzene and applying the thermally induced phase separation technique, 
as detailed in Ref. [1]. Nanohydroxyapatite–poly(l-lactic acid) (nHAP/PLLA) with 
a dioxane/water mixture solvent system develops scaffolds of fibrous morphology, 
as seen in Fig. 6.1. The figure shows the difference in pore morphology between the 
pure PLLA scaffold, microhydroxyapatite (μHAP)/PLLA 50:50 scaffold and nHAP/
PLLA 50:50 scaffold. The nHAP/PLLA scaffold shows a regular internal ladder-like 
pore structure, and the hydroxyapatite (HA) particles are uniformly distributed within 
the pore walls of the scaffolds and are free of large aggregates. On the other hand, HA 
particles in the μHAP/PLLA scaffold are randomly distributed in the PLLA matrix.
The tubular pore architecture for the nHAP/PLLA scaffolds is obtained using benzene 
as a solvent and controlling the heat transfer direction.

When the PLLA of inherent viscosity of 1.4–1.8 dL/g is replaced with another 
copolymer (poly(lactic acid) [PLA] and poly(glycolic acid) copolymer [PLGA], 
LA:GA = 85:15), of inherent viscosity of 0.6 dL/g, an interconnected pore structure 
and leaf-like morphology results, as seen in Fig. 6.2. The regular ladder-like pore struc-
ture is replaced with smaller pores and random pore structure when small amounts of 
water are added to the solvent, as is obvious in Fig. 6.3. Fetal bovine serum/phosphate 
buffered saline (FBS/PBS) solution incubation of the scaffolds is used to investigate 
protein adsorption. The results show that the protein adsorption for the fibrous tex-
tured scaffolds is about four times greater than of that of the smooth pore walls, which 
indicates excellent cell attachment and migration in the fibrous textured scaffolds.

The aforementioned phase separation process starts by mixing the polymer with 
a proper solvent and heating up the mixture; then, the solution is cooled to achieve 
solidification of the solvent and phase separation takes place. Another process is called 
the phase inversion technique, in which the mixture is thermodynamically unstable 

6

6: Recent research trends
    Bioceramics: For Materials Science and Engineering, 2019, Pages 159-208
    Saad B. H. Farid



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.1 Scanning electron microscope micrographs of plain poly(l-lactic acid) PLLA, 
nanohydroxyapatite (nHAP)/PLLA, and microhydroxyapatite (μHAP)/PLLA scaffolds fabri-
cated from 5% dioxane (a–e) and benzene (f and g) solution. (a and b) Pure PLLA scaffold, 
×50, ×400; (c and d) μHAP/PLLA 50:50 scaffold, ×100, ×500; (e and f) nHAP/PLLA 50:50 
scaffold, ×100, ×1000; (g) Tubular nHAP/PLLA scaffold, cross-section, ×200; (h) Tubular 
nHAP/PLLA scaffold, longitudinal section, ×100.
Reused from G. Wei, P.X. Ma, Structure and properties of nano-hydroxyapatite/poly-
mer composite scaffolds for bone tissue engineering, Biomaterials 25 (2004) 4749–4757. 
https://doi.org/10.1016/j.biomaterials.2003.12.005 after license via (copyright.com) number 
4275170434034.

https://doi.org/10.1016/j.biomaterials.2003.12.005
http://copyright.com
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and a phase inversion of the solvent can be induced thermally, in some cases by cool-
ing and in other cases by heating. The phase inversion technique is utilized with an 
nHAP/polyamide composite mixed with alcohol by heating the system to 80°C to let 
the phase inversion of the liquid alcohol to the gaseous phase take place [2]. The resul-
tant microstructure is highly porous (70% porosity) and consists of micropores located 
on the pore walls of macropores. The resultant scaffolds show good biocompatibility 
and extensive osteoconductivity with the bone of rabbit mandibles. When the scaffolds 
are seeded with mesenchymal stem cells derived from bone marrow of neonatal rab-
bits, the mineralization and regeneration of bone are accelerated.

Almost the same methodology of Ref. [1] is followed by two separate studies 
[3,4] for the synthesis of rod-like or needle-like nHAP/PLLA composite scaffolds. 
Practically, equivalent conclusions are drawn concerning the resultant microstructure, 
in vitro cell attachment, and proliferation. In addition, it is shown that the compressive 
strength of the nanocomposite scaffolds is higher than that of the microcomposite 
scaffolds, and both of them are far higher than that of pure PLLA scaffolds. These two 
studies also add X-ray diffraction (XRD), Fourier transform infrared (FTIR), energy 
dispersive X-ray, and porosimetry analysis.

Once more, as the polymer ceramic composites are recurrently encountered in 
ceramic materials science and engineering, the development in polymer processing 
reflects directly on the processing of the polymer ceramic composites. Electrospinning 
of polymer solution emerged as a successful and tunable method for the formation 
of polymer nanofibers. In this method, the selected polymer solution is pumped to a 
metallic needle called the spinneret. The polymer jet is charged and collected on a rap-
idly rotating grounded collector. Controlling the process parameters fabricates a prede-
signed micro-/nanofiber mat. The details, advantages, and applications of the polymer 
electrospinning fabrication process can be found in these excellent reviews [5,6].

The electrospinning technique is utilized to fabricate PLGA and PLGA/colla-
gen nanofibers before incorporating nHAP via a procedure detailed in Ref. [7].  

(a) (b)

Figure 6.2 Scanning electron microscope micrographs of nanohydroxyapatite /poly(glycolic 
acid) copolymer 85 (30:70) scaffolds fabricated from 10% dioxane solution quenched at 
−70°C, (a) ×150 and (b) ×500.
Reused from G. Wei, P.X. Ma, Structure and properties of nano-hydroxyapatite/polymer com-
posite scaffolds for bone tissue engineering, Biomaterials 25 (2004) 4749–4757. https://doi.org/ 
10.1016/j.biomaterials.2003.12.005 after license via (copyright.com) number 4275170434034.

https://doi.org/10.1016/j.biomaterials.2003.12.005
https://doi.org/10.1016/j.biomaterials.2003.12.005
http://copyright.com
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Fig. 6.4 shows that the electrospun nanofibers are smooth and almost of uniform thick-
ness, and the PLGA/collagen nanofibers are of smaller average diameter. nHAP is 
more uniformly distributed on PLGA/collagen nanofibers than that of PLGA nanofi-
bers alone, as seen in Fig. 6.5. Cell culturing is studied using human fetal osteoblasts, 
which are an embryonic osteoblast cell line, i.e., nontumor cells. Fig. 6.6 shows that 
the cells adhere to the nanofibers in mineralized and nonmineralized regions. The 
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Figure 6.3 Scanning electron microscope micrographs of nanohydroxyapatite/
poly(l-lactic acid)(30:70) scaffolds fabricated using dioxane/water mixture solvents. 
(a) Dioxane:water = 95:5, ×500. (b and c) Dioxane:water = 90:10, ×500, ×8000. (d–f) 
Dioxane:water = 87:13, ×45, ×500, ×10,000.
Reused from G. Wei, P.X. Ma, Structure and properties of nano-hydroxyapatite/poly-
mer composite scaffolds for bone tissue engineering, Biomaterials 25 (2004) 4749–4757. 
https://doi.org/10.1016/j.biomaterials.2003.12.005 after license via (copyright.com) number 
4275170434034.

https://doi.org/10.1016/j.biomaterials.2003.12.005
http://copyright.com
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(a)
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Figure 6.4 Morphology of electrospun (a) pure poly(glycolic acid) (PLGA) and (b) PLGA/
collagen nanofibers.
Reused from M. Ngiam, S. Liao, A.J. Patil, Z. Cheng, C.K. Chan, S. Ramakrishna, The 
fabrication of nano-hydroxyapatite on PLGA and PLGA/collagen nanofibrous composite 
scaffolds and their effects in osteoblastic behavior for bone tissue engineering, Bone 45 (2009) 
4–16. https://doi.org/10.1016/j.bone.2009.03.674 after license via (copyright.com) number 
4276390071938.

https://doi.org/10.1016/j.bone.2009.03.674
http://copyright.com
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Figure 6.5 Distribution of nanohydroxyapatite (nHA) on nanofibers. (a–c) denote nHA 
 deposition on poly(glycolic acid) (PLGA) nanofibers. (d–f) represent nHA deposition on 
PLGA/collagen nanofibers.
Reused from M. Ngiam, S. Liao, A.J. Patil, Z. Cheng, C.K. Chan, S. Ramakrishna, The 
fabrication of nano-hydroxyapatite on PLGA and PLGA/collagen nanofibrous composite 
scaffolds and their effects in osteoblastic behavior for bone tissue engineering, Bone 45 (2009) 
4–16. https://doi.org/10.1016/j.bone.2009.03.674 after license via (copyright.com) number 
4276390071938.

https://doi.org/10.1016/j.bone.2009.03.674
http://copyright.com
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existence of nHAP enhances cell spreading. Also, cell spreading is encouraged in 
the case of PLGA/collagen nanofibers compared with PLGA nanofibers alone. Other 
details and a discussion in the same study should be found valuable for the reader. 
Also, an nHAP composite of a chitosan (CS)/poly(vinyl alcohol) (PVA) mixture 
matrix [8] may be found informative to students.

(a) (b) (c)

(d) (e)

(g)
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Figure 6.6 Osteoblasts on mineralized and nonmineralized nanofibers. (a) Poly(glycolic 
acid) (PLGA) (day 1), (b) PLGA + nanohydroxyapatite (nHA) (day 1), (c) PLGA + nHA 
(day 4), (d) is the enlargement of the central part of (c), (e) PLGA/collagen (day 1), (f) PLGA/ 
collagen + nHA (day 1), (g) PLGA/collagen + nHA (day 4).
Reused from M. Ngiam, S. Liao, A.J. Patil, Z. Cheng, C.K. Chan, S. Ramakrishna, The 
fabrication of nano-hydroxyapatite on PLGA and PLGA/collagen nanofibrous composite 
scaffolds and their effects in osteoblastic behavior for bone tissue engineering, Bone 45 (2009) 
4–16. https://doi.org/10.1016/j.bone.2009.03.674 after license via (copyright.com) number 
4276390071938.

https://doi.org/10.1016/j.bone.2009.03.674
http://copyright.com
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Before proceeding, it may be the right place for a short summary of the process of 
research and development study of bioactive ceramic–polymer composites to fabricate 
scaffolds for hard tissue engineering:

 1.  The selection of polymer, copolymer, or polymer blends and also the selection of synthetic 
or natural polymers. The type of polymer may contribute to the final properties of the scaf-
folds, as reviewed in Ref. [9].

 2.  The selection of the bioactive ceramic, such as HA or other calcium phosphate, ready-to-use 
bioceramics or their precursors, or micro-/nanobioceramics. A helpful review can be found 
in Ref. [10].

 3.  The selection of the fabrication process of the scaffold. A variety of suggested processes can 
be found in the literature and it is useful to start with this review [11].

 4.  Determination of the necessary characterizations needed to accomplish a complete study. 
Example characterizations are position-sensitive detector, XRD, FTIR, and scanning elec-
tron microscope (SEM). The references mentioned in Chapter 5 and and in this chapter 
contain a number of characterization examples.

 5.  Examination of cell proliferation and attachment, which is normally contained in research 
concerning engineering. More comprehensive studies also contain histology examination.

In situ precipitation, a distinguishable composite preparation process, is used to 
prepare a chitosan–polylactic acid/hydroxyapatite (CS–PLA/HA) nanocomposite 
scaffold [12]. The process starts with dissolved CS solution, dissolving the HA 
precursors in the CS solution, adding dissolved PLA solution, adding a cross-linker 
agent, and finally precipitation of the nHAP by soaking with ammonia solution. The 
chitosan/hydroxyapatite (CS/HA) nanocomposite scaffold is also prepared using 
the same steps without adding PLA. In this process, the polymer matrix acts as a 
template that controls the morphology of the inorganic phase. In this case, the resul-
tant morphology is a rod-like shape composed of aligned spheres. The diameter of 
rods is about 50 nm, and the length is about 300 nm. The rod-like nHAP nanopar-
ticles are homogeneously distributed in the polymer matrix. Compressive strength 
and elastic modulus are improved when PLA is incorporated. Fig. 6.7 shows the 
morphology of both CS–PLA/HA and CS/HA composites. The interconnected net-
work of the HA rods can be visualized after calcination of the composite, as shown 
in Fig. 6.8. The polymer network is revealed by removing the inorganic phase by 
adding hydrochloric acid, as shown in Fig. 6.9. The figure shows that the polymer 
network is not interconnected. The porous scaffolds are then obtained after the 
freeze-drying process that yields scaffolds of 85% porosity. The scaffolds have a 
hierarchical porous morphology that also contains primary pores (100–200 μm) and 
subpores (2–10 μm).

In dental or maxillofacial surgery, the surgeon may encounter a situation where 
there is insufficient space for bone growth. Thus bioactive biodegradable membranes 
are used to direct the growth of the hard tissue, and the process is called guided bone 
regeneration (GBR). Guided tissue regeneration is also known for gingival esthetics 
or prosthetic restoration.

In a novel study, N-carboxyethylchitosan/nHAP nanocomposite films were fabri-
cated for potential application in GBR [13]. Cell adhesion and growth were investi-
gated, utilizing the rabbit tracheal cartilage cells. Carboxyethylchitosan (CECS) films 
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have shown compatibility with cartilage cells and improved cell growth behavior was 
shown with the nanocomposite films. The addition of nHAP to the CECS improved 
both cell density and morphology.

A different attempt to fabricate films or membranes for GBR is done utilizing an 
nHAP/CS cross-linking composite [14]. The cross-linker was a natural water-solu-
ble cross-linking agent called genipin. Genipin is usually used for the cross-linking 
of proteins, collagen, gelatin, and CS because it is much less toxic than other com-
monly used synthetic cross-linkers. In this study, the choice of genipin is to adjust the 

(a) (b)

(c) (d)

Figure 6.7 Scanning electron microscope (SEM) micrographs of (a) the chitosan–polylactic 
acid/hydroxyapatite (CS–PLA/HA) composite (the inset shows the calibrated energy disper-
sive X-ray area analysis of the composite); (b) a highly magnified SEM image of the CS–
PLA/HA composite; (c) the CS/HA composite; and (d) a highly magnified SEM image of the 
CS/HA composite.
Reused from X. Cai, H. Tong, X. Shen, W. Chen, J. Yan, J. Hu, Preparation and characteriza-
tion of homogeneous chitosan–polylactic acid/hydroxyapatite nanocomposite for bone tissue 
engineering and evaluation of its mechanical properties, Acta Biomaterialia 5 (2009) 2693–
2703. https://doi.org/10.1016/j.actbio.2009.03.005 after license via (copyright.com) number 
4276730600480.

https://doi.org/doi:10.1016/j.actbio.2009.03.005
http://copyright.com
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hydrophobic properties of CS that only dissolve in acidic solution and activate the 
cross-linking to improve its mechanical properties.

nHAP was synthesized by a hydrothermal precipitation process, and the resul-
tant particle morphology was needle-like rods (or nanorods) of dimensions of about 
20 nm × 100 nm, as shown in Fig. 6.10. The composite membranes were made with 
different amounts of nHAP content, as shown in Table 6.1, and the resultant morphol-
ogy of the upper and lower surfaces is shown in Fig. 6.11 for each composition listed 

(a) (b)

(c) (d)

Figure 6.8 Scanning electron microscope (SEM) micrographs of (a) the profile morphology 
of the chitosan–polylactic acid/hydroxyapatite (CS–PLA/HA) composite; (b) the inner struc-
ture of the inorganic block after calcining; (c) the surface of the remaining CS–PLA matrix 
after removal of the inorganic phase; and (d) a highly magnified SEM image of the surface of 
the remaining CS–PLA matrix.
Reused from X. Cai, H. Tong, X. Shen, W. Chen, J. Yan, J. Hu, Preparation and characteriza-
tion of homogeneous chitosan–polylactic acid/hydroxyapatite nanocomposite for bone tissue 
engineering and evaluation of its mechanical properties, Acta Biomaterialia 5 (2009) 2693–
2703. https://doi.org/10.1016/j.actbio.2009.03.005 after license via (copyright.com) number 
4276730600480.

https://doi.org/doi:10.1016/j.actbio.2009.03.005
http://copyright.com
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in Table 6.1. The figure shows that increasing nHAP leads to an increase in roughness 
of both surfaces, especially the lower surface because of the settlement of the nHaP 
particles. When the nHAP content exceeds 15%, cracks start to appear at the lower 
surfaces. These results encourage future attempts to improve the fabrication process.

The HA nanorods were again synthesized via the hydrothermal process but this 
time with the assistance of a triblock copolymer P123, also called pluronic. A simple 

(a) (b) (c)

Figure 6.9 Scanning electron microscope micrographs of freeze-drying chitosan– polylactic 
acid/hydroxyapatite composite: (a) primary pores; (b) subpores; (c) nanocomposites of 
 subpore walls.
Reused from X. Cai, H. Tong, X. Shen, W. Chen, J. Yan, J. Hu, Preparation and characteriza-
tion of homogeneous chitosan–polylactic acid/hydroxyapatite nanocomposite for bone tissue 
engineering and evaluation of its mechanical properties, Acta Biomaterialia 5 (2009) 2693–
2703. https://doi.org/10.1016/j.actbio.2009.03.005 after license via (copyright.com) number 
4276730600480.

100 nm

Figure 6.10 Transmission electron microscopy photograph of the nanohydroxyapatite.
Reused from X. Li, K. Nan, S. Shi, H. Chen, Preparation and characterization of 
nano-hydroxyapatite/chitosan cross-linking composite membrane intended for tis-
sue engineering, International Journal of Biological Macromolecules 50 (2012) 43–49. 
https://doi.org/10.1016/j.ijbiomac.2011.09.021 after license via (copyright.com) number 
4278671343254.

https://doi.org/doi:10.1016/j.actbio.2009.03.005
http://copyright.com
https://doi.org/10.1016/j.ijbiomac.2011.09.021
http://copyright.com


Table 6.1 Nanohydroxyapatite (nHAP)/chitosan cross-linking 
composite membrane made from various HA contents

Samples
Chitosan concentration 
(mg/mL) nHAP content (%)

Genipin 
concentration (mM)

S-1 20 0 0.5
S-2 20 5 0.5
S-3 20 10 0.5
S-4 20 15 0.5
S-5 20 20 0.5
S-6 20 30 0.5

Reused from X. Li, K. Nan, S. Shi, H. Chen, Preparation and characterization of nanohydroxyapatite/chitosan cross- 
linking composite membrane intended for tissue engineering, International Journal of Biological Macromolecules 50 
(2012) 43–49. https://doi.org/10.1016/j.ijbiomac.2011.09.021 after license via (copyright.com) number 4278671343254.

(a-1) (a-2)

(b-1) (b-2) (e-1) (e-2)

(d-1) (d-2)

(c-1) (c-2) (f-1) (f-2)

Figure 6.11 Scanning electron microscope micrographs: (a-1) upper surfaces of S1; (b-1) 
upper surfaces of S2; (c-1) upper surfaces of S3; (d-1) upper surfaces of S4; (e-1) upper 
 surfaces of S5; (f-1) upper surfaces of S6. (a-2) Bottom surfaces of S1; (b-2) bottom surfaces 
of S2; (c-2) bottom surfaces of S3; (d-2) bottom surfaces of S4; (e-2) bottom surfaces of S5; 
(f-2) bottom surfaces of S6.
Reused from X. Li, K. Nan, S. Shi, H. Chen, Preparation and characterization of nano-hydroxy-
apatite/chitosan cross-linking composite membrane intended for tissue engineering, International 
Journal of Biological Macromolecules 50 (2012) 43–49. https://doi.org/10.1016/j.ijbiomac.2011. 
09.021 after license via (copyright.com) number 4278671343254.

https://doi.org/10.1016/j.ijbiomac.2011.09.021
http://copyright.com
https://doi.org/10.1016/j.ijbiomac.2011.09.021
https://doi.org/10.1016/j.ijbiomac.2011.09.021
http://copyright.com
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description of P123 is a central ethylene oxide chain (hydrophobic) surrounded by two 
ethylene oxide chains (hydrophilic). The mean diameter and length of the synthesized 
HA nanorods is reduced by increasing the addition of P123 (0, 1, 2 g) to the recipe, 
as shown in Table 6.2 and Fig. 6.12. The detailed methodology and chemistry are 
described in the source article [15]. The authors show that the N2 adsorption–desorp-
tion isotherms of the HA nanorods exhibit a type III isotherm with an H3 hysteresis 
loop, as shown in Fig. 6.13. These results signify primary large pores and secondary 
slit-shaped pores within the aggregates of nanoparticles. The reader is referred to the 
review article [16] for self-learning of porosimetry and interpretation of the results. 
Finally, composite films of poly(d,l) lactic acid (PDLLA)–HA nanorods were pre-
pared. SEM micrographs of the composite film of 2P123, after incubation in simulated 
body fluid (SBF) (7 days), show early formation of flower-like apatite composed of 
tiny needle-like crystallites, which is typical in bone-like apatite.

In addition, an innovative process is introduced and called the salt leaching–phase 
inverse process to fabricate porous scaffolds. It is a delicate process and is described 
in Refs. [17,18]. In short, controlled polymer transformation from a liquid phase to a 
solid phase, called phase inversion, creates micropores, while subsequent salt leaching 
is the dissolving of a type of salt, called the porogen, from the set molded polymer to 
create larger pores.

The salt leaching–phase inverse technique has been utilized to fabricate nanohy-
droxyapatite/poly(ester-urethane) (nHAP/PU) composite scaffolds [19]. The produced 
scaffolds with this method, Figs. 6.14 and 6.15, have interconnected micropores, and 
the macropores are not interconnected (Fig. 6.16).

Other than phase inversion, solvent casting is also used to synthesize polymeric 
scaffolds. In solvent casting, the polymer is dissolved via a suitable solvent and then 
the solution is cast in a mold. Various preparation processes for polymeric scaffolds 
are described in an informative article [20]. A combined solvent-casting–salt-leaching 
method is utilized for the synthesis of HA nanorod/PDLLA scaffolds [21]. The HA 
nanorods were prepared using the same methodology described earlier. The produced 
scaffolds mimic the structure of natural bone because of the macropore networks 
(117–183 μm), high porosity (80%–84%), and high HA content (30%). Yet again, a 
rapid formation of flower-like apatite takes place after 7 days of incubation in SBF.

Table 6.2 Characteristics of representative hydroxyapatite nanorod 
samples

Sample 
codes

Mean diameter 
±SD (nm)

Mean length ±  
SD (nm)

Aspect 
ratios Ca/P Morphology

0P123 103 ± 26 585 ± 315 5.68 1.55 Rod-like shape
1P123 74 ± 25 383 ± 152 5.18 1.61 Rod-like shape
2P123 28 ± 5 120 ± 32 4.29 1.66 Rod-like shape

Reused from N.K. Nga, L.T. Giang, T.Q. Huy, P.H. Viet, C. Migliaresi, Surfactant-assisted size control of hydroxy-
apatite nanorods for bone tissue engineering, Colloids and Surfaces B: Biointerfaces 116 (2014) 666–673. 
https://doi.org/10.1016/j.colsurfb.2013.11.001 after license via (copyright.com) number 4278951234804.

https://doi.org/10.1016/j.colsurfb.2013.11.001
http://copyright.com
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In most nanoceramic/polymer scaffold studies, different types of solvents are 
added that depend on the type of polymer. Polymer dilution is necessary in most cases 
to create pores and/or to decrease the polymer viscosity to encourage homogeneous 
distribution of the ceramic nanoparticles within the polymer matrix. However, incor-
porating solvents has negative effects such as reducing the mechanical properties 
of the composite and the harmful effects of residual solvents to cells and tissues, as 
claimed by some authors. Fabrication of nHAP/poly(3-hydroxybutyrate) composite 
scaffolds has been successfully performed without the use of organic solvents [22]. 
The incorporation of nHAP was successful to produce interconnected porosity, high 
porosities, and optimized pore size range for 10% and 15% content of nHAP; never-
theless, agglomerates are formed at a content of 20%. Improved mechanical properties 
have been reported, which are in the range of those of cancellous bone.

Another promising method for creating an interconnected pore network in the body 
of bioceramic scaffolds is the space holder technique. In this method, a bioceramic–
porogen powder mixture is compacted via, e.g., uniaxial pressing. The porogen is 
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Figure 6.12 Field-emission scanning electron microscope images of representative hydroxy-
apatite samples synthesized at different concentrations of P123: (a) 0P123, (b) 1P123, and 
(c) 2P123 calcinated at 500°C for 1 h. The inset shows the particle size distribution of 2P123.
Reused from N.K. Nga, L.T. Giang, T.Q. Huy, P.H. Viet, C. Migliaresi, Surfactant-assisted 
size control of hydroxyapatite nanorods for bone tissue engineering, Colloids and Surfaces B: 
Biointerfaces 116 (2014) 666–673. https://doi.org/10.1016/j.colsurfb.2013.11.001 after license 
via (copyright.com) number 4278951234804.

https://doi.org/10.1016/j.colsurfb.2013.11.001
http://copyright.com
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not dissolved but withdrawn by heat treatment of the compact to leave pores behind. 
The space holder technique allows better control of the resultant pore network and 
because of this the pore size and distribution represent, to a high degree, a replica of 
the particle size and distribution of the porogen. HA–bredigite (Ca7MgSi4O16) scaf-
folds have been fabricated using the space holder technique [23]. Fig. 6.17 shows that 
the scaffolds contain interconnected pores with suitable pore sizes for tissue ingrowth 
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Figure 6.13 (a) Nitrogen adsorption–desorption isotherms of hydroxyapatite (HA) samples 
synthesized at different concentrations of P123: (i) 0P123, (ii) 1P123, and (iii) 2P123. (b) Pore 
size distributions of HA samples.
Reused from Reused from N.K. Nga, L.T. Giang, T.Q. Huy, P.H. Viet, C. Migliaresi, Surfactant-
assisted size control of hydroxyapatite nanorods for bone tissue engineering, Colloids and 
Surfaces B: Biointerfaces 116 (2014) 666–673. https://doi.org/10.1016/j.colsurfb.2013.11.001 
after license via (copyright.com) number 4278951234804.
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Figure 6.14 Field-emission scanning electron microscope micrographs of poly(d,l) lactic 
acid/hydroxyapatite composite film of 2P123 after soaking in simulated body fluid for  
(a and b) 1 day, (c and d) 3 days, and (e–h) 7 days.
Reused from Reused from N.K. Nga, L.T. Giang, T.Q. Huy, P.H. Viet, C. 
Migliaresi, Surfactant-assisted size control of hydroxyapatite nanorods for bone tis-
sue engineering, Colloids and Surfaces B: Biointerfaces 116 (2014) 666–673. 
https://doi.org/10.1016/j.colsurfb.2013.11.001 after license via (copyright.com) number 
4278951234804.
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Figure 6.15 Representative 3D microcomputed X-ray tomography reconstructions of (a) a 
nanohydroxyapatite/poly(ester-urethane) and (b) poly(ester-urethane) scaffold. Note that both 
scaffold types exhibit a comparable porous macrostructure. Scale bars: 1 mm.
Reused from M.W. Laschke, A. Strohe, M.D. Menger, M. Alini, D. Eglin, In vitro and in vivo 
evaluation of a novel nanosize hydroxyapatite particles/poly(ester-urethane) composite scaf-
fold for bone tissue engineering, Acta Biomaterialia 6 (2010) 2020–2027. https://doi.org/ 
10.1016/j.actbio.2009.12.004 after license via (copyright.com) number 4278370323931.

(a) (b)

(c) (d)

Figure 6.16 Representative scanning electron microscope micrographs of (a) a poly(ester- 
urethane) (PU) and (b) a nanohydroxyapatite/poly(ester-urethane) (nHAP/PU) scaffold. Note 
that the nHAP/PU scaffold exhibits a decreased microporosity when compared with the PU 
scaffold. Scale bars: 1 mm. (c and d) Higher magnification of the nHAP/PU scaffold imaged 
in (c) SE and (d) BSE mode indicates the presence of nHAP particle aggregates (light gray) 
distributed within and on the PU matrix. Scale bars: 100 μm.
Reused from M.W. Laschke, A. Strohe, M.D. Menger, M. Alini, D. Eglin, In vitro and in vivo 
evaluation of a novel nanosize hydroxyapatite particles/poly(ester-urethane) composite scaf-
fold for bone tissue engineering, Acta Biomaterialia 6 (2010) 2020–2027. https://doi.org/ 
10.1016/j.actbio.2009.12.004 after license via (copyright.com) number 4278370323931.
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and exchanging body fluid. Macropore sizes, according to the attached histograms, 
were decreased with the increase in bredigite in the composite. In addition, micropore 
sizes were also decreased with the increase in bredigite nanopowder, as seen in Fig. 
6.18. The compressive strength, shown in Fig. 6.19, of HA and the composite was in 
the range 1–1.7 MPa. The moduli were in the range 150–215 MPa. These results are 
close to those reported for cancellous bone in Ref. [24]. HA–bredigite composites also 
show improved bioactivity with the increase in bredigite content via soaking in SBF 
solution and culturing in SaOS2 cells.
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Figure 6.17 Scanning electron microscope micrographs (two different magnifications) of 
fractured surfaces of hydroxyapatite (HA) (a), HA-5 wt% bredigite (b), HA-10 wt% bredig-
ite (c), and HA-15 wt% bredigite (d) scaffolds, as well as their macropore size distribution 
histograms. The average sizes are 311.1 ± 8.7, 256.7 ± 18.7, 232.8 ± 17.1, and 227.5 ± 20.2 μm, 
respectively.
Reused from M. Eilbagi, R. Emadi, K. Raeissi, M. Kharaziha, A. Valiani, Mechanical and 
cytotoxicity evaluation of nanostructured hydroxyapatite-bredigite scaffolds for bone regener-
ation, Materials Science and Engineering: C 68 (2016) 603–612. https://doi.org/10.1016/ 
j.msec.2016.06.030 after license via (copyright.com) number 4283570758472.
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The space holder method is also used in subsequent studies to prepare composite 
scaffolds and reach nearly equivalent results in the case of diopside/biphasic calcium 
phosphate nanocomposite scaffolds [25] and diopside/forsterite nanocomposite scaf-
folds [26].

One of the recent research trends is the incorporation of graphene oxide (GO) and 
the study of its effect on the final properties of the scaffolds. Graphene is a 2D car-
bon nanosheet and can be visualized as an opened carbon nanotube. However, there 
are versatile procedures to prepare graphene directly or GO as an intermediate stage. 
Graphene, particularly of high purity, is preferred for electronic material applications, 
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Figure 6.18 The average micropore size (a) and grain size (b) of the sintered scaffolds versus 
bredigite content.
Reused from M. Eilbagi, R. Emadi, K. Raeissi, M. Kharaziha, A. Valiani, Mechanical and 
cytotoxicity evaluation of nanostructured hydroxyapatite-bredigite scaffolds for bone regener-
ation, Materials Science and Engineering: C 68 (2016) 603–612. https://doi.org/10.1016/ 
j.msec.2016.06.030 after license via (copyright.com) number 4283570758472.
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Figure 6.19 Compressive modulus and strength of scaffolds as a function of bredigite 
content.
Reused from M. Eilbagi, R. Emadi, K. Raeissi, M. Kharaziha, A. Valiani, Mechanical and 
cytotoxicity evaluation of nanostructured hydroxyapatite-bredigite scaffolds for bone regener-
ation, Materials Science and Engineering: C 68 (2016) 603–612. https://doi.org/10.1016/ 
j.msec.2016.06.030 after license via (copyright.com) number 4283570758472.
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whereas the cheaper GO gives better mechanical properties when incorporated in a 
composite, mainly of polymer matrix.

Scaffolds of PVA/GO have been prepared incorporating GO in the polymer pre-
cursor of the electrospinning process [27]. Scaffolds of nanofibers have been loaded 
with GO that improves the mechanical properties up to 1% content. MC3T3-E1 cells 
are successfully spread on these scaffolds. Another incorporation of graphene is that 
performed via the chemical precipitation method [28]. Functionalized graphene was 
prepared via the reduction of GO in the presence of biocompatible ethylenediamine. 
The results show successful grafting of exfoliated graphene nanosheets (GNS) on HA 
without destroying their structure.

An outstanding work is the synthesis of GNS/HA composite via spark plasma sin-
tering (SPS) [29]. SPS involves the application of pressure and electrical current at the 
same time. Densification is accomplished in a few minutes; thus there is not enough 
time for grain growth and the mechanical properties are improved. GNS survive under 
these conditions, as seen in Fig. 6.20(a). An improvement in fracture toughness (80%) 
as compared with pure HA was attained with the incorporation of 1% in the  composite. 
The major toughening mechanisms may include crack deflection caused by sheet-like 
reinforcement [30], grain bridging by GNS, as shown in Fig. 6.20(b), GNS pullout 
from the interface between GNS ridge and matrix grain, as illustrated by Fig. 6.21, and 
crack bridging, as seen in Fig. 6.22. The results also show that osteoblast spreading is 
preserved during incorporation of GNS. However, incubation in SBF for 7 days yields 
a thicker apatite layer in the case of the composite compared with that of HA alone. In 
addition, the needle-like-shaped apatite morphology found on the incubated HA sur-
face is changed to curled sheet-shaped apatite in the case of the incubated composite.

Coating with a bioactive ceramic may represent a solution in cases such as unsat-
isfied mechanical strength of the bulk bioceramic or the lack of bioactivity of e.g. 

Figure 6.20 Scanning electron microscope micrographs showing (a) wrinkled surface texture 
of a graphene nanosheet (GNS) wrapped around the hydroxyapatite (HA) grain (wrinkles are 
pointed out by black arrows and ridges are pointed out by red arrows [gray in print version]) 
and (b) grain bridging by GNS on the fracture surface of 1.0 wt% GNS/HA composite.
Reused from L. Zhang, W. Liu, C. Yue, T. Zhang, P. Li, Z. Xing, Y. Chen, A tough 
graphene nanosheet/hydroxyapatite composite with improved in vitro biocompatibility, 
Carbon 61 (2013) 105–115. https://doi.org/10.1016/j.carbon.2013.04.074 after license via 
(copyright.com) number 4284681227882.
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titanium alloy implant. CaO–SiO2-based ceramics are usually used for bone bioac-
tivity and high bonding strength to titanium alloys. Thus a plasma-sprayed coating 
of wollastonite, dicalcium silicate, and diopside is usually found in the literature and 
reviewed in this work [31]. The bioactivity of CaO–SiO2 ceramics in the body fluid 
environment is explained in [32]. In short, the dissolution of CaO–SiO2 in the body 
fluid provides calcium ions needed for the formation of the apatite that found favor-
able sites on the hydrated silica on the surfaces of CaO–SiO2 ceramics.

(a) (b)

Crack

Crack

Graphene

Ridge pullout

Ridge

Figure 6.21 (a) Scanning electron microscope micrographs showing Vickers indentation-in-
duced radial crack of 0.5 wt% graphene nanosheet/hydroxyapatite (GNS/HA) composite, in 
which wrinkled texture (pointed out by black arrows) and GNS pullout (pointed out by red 
arrows) are visible on the crack surface. (b) Schematic illustration of GNS pullout in the GNS/
HA composite.
Reused from L. Zhang, W. Liu, C. Yue, T. Zhang, P. Li, Z. Xing, Y. Chen, A tough 
graphene nanosheet/hydroxyapatite composite with improved in vitro biocompatibility, 
Carbon 61 (2013) 105–115. https://doi.org/10.1016/j.carbon.2013.04.074 after license via 
(copyright.com) number 4284681227882.

Figure 6.22 Scanning electron microscope micrographs of (a) inhibition of the Vickers 
 indentation-induced crack by a graphene nanosheet (GNS) and (b) crack bridging by GNS.
Reused from L. Zhang, W. Liu, C. Yue, T. Zhang, P. Li, Z. Xing, Y. Chen, A tough 
graphene nanosheet/hydroxyapatite composite with improved in vitro biocompatibility, 
Carbon 61 (2013) 105–115. https://doi.org/10.1016/j.carbon.2013.04.074 after license via 
(copyright.com) number 4284681227882.
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A GO/HA nanorod composite coat was synthesized by the one-pot hydrothermal 
process, as described in Ref. [33]. The coating was deposited on glass slides by the 
method of spin coating. Nanoindentation was utilized for mechanical characterization 
of the coat. The technique of nanoindentation utilized a special set of nanoindent-
ers, actuators, and sensors that can obtain the load displacement curve, hardness, and 
Young’s modulus. Fig. 6.23 compares the results of the nanoindentation measure-
ment for the HA coat and the GNS/HA composite. The figure clearly shows enhanced 
mechanical properties of the composite coat compared with those of HA alone. In 
addition, bioactivity is confirmed via incubation in SBF solution and MC3T3-E1 
osteoblast cell culturing.

Electrophoretic deposition (EPD) is also used as a technique for coating. It is dif-
ferent from electrochemical deposition or electrodeposition in that it does not include 
ionic species (salts). EPD includes ceramic particles that are charged in a suspension; 
then, an electrical field is utilized to force migration of the charged particles to one 
of the electrodes (electrophoresis) to perform coating. The cathodic EPD process is 
utilized for the coating of Ti substrate by GO/HA. The resultant coat represents HA 
nanoparticles uniformly decorated on GO sheets [34]. The EPD process in this work is 
illustrated in Fig. 6.24. The weight versus deposition time for the coatings is increased 
with deposition time and reaches almost a plateau for pure HA, 2% GO/HA, and 5% 
GO/HA, as seen in Fig. 6.25(a). Increasing the deposition voltage also increases the 
coating weight and reaches almost saturation plateaus.

The results also show that the coating adhesion strength is increased from about 
1.55 MPa for pure HA to 2.75 MPa for 2% GO/HA and 3.3 MPa for 5% GO/HA. Cell 
proliferation is improved with the incorporation of GO, and it is optimum at 2% GO/
HA composite coat, as seen in Fig. 6.26, with two types of cell lines. In this figure, 
the notation “positive” means the “positive control.” The positive control is a type of 
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Figure 6.23 (a) Typical load–displacement curves of hydroxyapatite (HA) and graphene 
nanosheet/hydroxyapatite (GNS/HA) coatings obtained by nanoindentation at a fixed displace-
ment of 200 nm. (b) The values of hardness and Young’s modulus of HA and GNS/HA coat-
ings, respectively. HA and GNS/HA labels are added to part (a) of the figure for clarity.
Reused from Z. Fan, J. Wang, Z. Wang, H. Ran, Y. Li, L. Niu, P. Gong, B. Liu, S. Yang, 
One-pot synthesis of graphene/hydroxyapatite nanorod composite for tissue engineering, 
Carbon 66 (2014) 407–416. https://doi.org/10.1016/j.carbon.2013.09.016 after license via 
(copyright.com) number 4284990666443.
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Stainless steel
Titanium Anode

GO/HA coatings suspension

GO/HA coatings
on Ti sheets

+ Cathode–

Figure 6.24 Schematic illustration of the electrophoretic deposition process.
Reused from M. Li, Q. Liu, Z. Jia, X. Xu, Y. Cheng, Y. Zheng, T. Xi, S. Wei, Graphene oxide/
hydroxyapatite composite coatings fabricated by electrophoretic nanotechnology for biolog-
ical applications, Carbon 67 (2014) 185–197. https://doi.org/10.1016/j.carbon.2013.09.080 
after license via (copyright.com) number 4285281406018.

25

20

15

10

5

0

0

C
oa

tin
g 

w
ei

gh
t/ 

(m
g/

cm
3 )

(a)

pure HA
HA containing 2 wt% GO
HA containing 5 wt% GO

2 4 6 8

C
oa

tin
g 

w
ei

gh
t/ 

(m
g/

cm
3 ) (b)

25

20

15

10

5

0

0 2 4 6 8

Deposition time/minDeposition time/min

Deposited under 10 V
Deposited under 20 V
Deposited under 30 V

Figure 6.25 The weight versus deposition time for the coatings prepared from 5 mg/mL GO/
HA suspension with different GO contents at a deposition voltage of 30 V (a) and with 2 wt% 
GO at a different deposition voltage (b). GO, graphene oxide; HA, hydroxyapatite.
Reused from M. Li, Q. Liu, Z. Jia, X. Xu, Y. Cheng, Y. Zheng, T. Xi, S. Wei, Graphene oxide/
hydroxyapatite composite coatings fabricated by electrophoretic nanotechnology for biolog-
ical applications, Carbon 67 (2014) 185–197. https://doi.org/10.1016/j.carbon.2013.09.080 
after license via (copyright.com) number 4285281406018.
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material that receives the same treatment with known response. Thus the response 
of the positive control can be compared with that of the material under test. Also, a 
“negative control” is the response that is expected with it. It is used in complicated 
experiments for certain purposes, e.g., the detection of contamination.

The frequently encountered problem where Ti or its alloys are coated with HA is 
the mismatch of the coefficient of thermal expansion between the coat and the sub-
strate. In an attempt to overcome this problem, a graded coating of Ti6Al4V sub-
strates by TiO2 and HA is performed by atmospheric plasma spraying (APS) [35]. The 
process parameters of APS are versatile, and the interested reader is referred to the 
original work for details of obtaining the optimum process parameters. Here, we point 
to graded coating, especially via APS, which continues as an active field of research 
and development. The microstructure of the graded coating before heat treatment is 
shown in Fig. 6.27. The TiO2 layer is directly deposited on the Ti alloy and appears as 
light gray. HA is included within the TiO2 layer and its content is increased gradually 
away from the substrate. Then, a mere HA layer appears at the outermost of the coat. 
This configuration greatly reduces the stresses accompanied by mismatch of the ther-
mal expansion. Fig. 6.28 (scale bar = 100 μm) shows the microstructure of the coat at 
different annealing temperatures. The residual porosity at the HA layer appears to be 
increased at an annealing temperature of 850°C. Residual porosity is caused by the 
melting and recrystallization of HA at this annealing temperature. However, the higher 
magnification micrograph of Fig. 6.29 (scale bar = 20 μm) shows that the cracks start 
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Figure 6.26 The cell proliferation rates of L929 cell lines and MG63 cell lines cultured in 
media for 1, 3, and 5 days with prepared samples. * represents P < .05.
Reused from M. Li, Q. Liu, Z. Jia, X. Xu, Y. Cheng, Y. Zheng, T. Xi, S. Wei, Graphene oxide/
hydroxyapatite composite coatings fabricated by electrophoretic nanotechnology for biolog-
ical applications, Carbon 67 (2014) 185–197. https://doi.org/10.1016/j.carbon.2013.09.080 
after license via (copyright.com) number 4285281406018.
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to initiate at an annealing temperature of 750°C. Thus the optimum annealing tem-
perature for this type of graded coat is 650°C, which gives an optimal microstructure.

The concept of functionally graded materials is not limited to coating applications. 
A bulk HA–alumina-stabilized zirconia functionally graded material (FGM) biocom-
posite has been synthesized to combine bulk properties, strength, toughness, and hard-
ness with the known bioactivity of the HA surface [36]. The fracture toughness of 
the utilized HA–Al2O3– yttria-stabilized zirconia FGM materials is around 1.5–3.5–
6.2 MPa·m1/2, respectively. Accordingly, Al2O3 represents a transition layer to reduce 
the gradient of the mechanical properties. SPS is utilized for the fabrication of FGM. 
SPS is performed at 1200°C under a vacuum of 6 Pa to drive out any possible CO2. The 
sintering duration is 5 min. Obtaining an optimum hardness profile guided the choice of 
sintering parameters. The hardness and toughness profiles are shown in Figs. 6.30 and 
6.31, respectively. It can be seen that the stepwise variation of toughness of the prepared 
FGM may help to reduce the probability of crack propagation along the interfaces. In 
addition, Fig. 6.32 shows that the interfaces are free of cracking even with the polished 
samples. In addition, the fracture surfaces elucidate that an integrated microstructure is 
obtained with the utilized parameters of SPS. This work also contains an in vitro cyto-
compatibilty examination of the prepared FGM using L929 fibroblast cells and SaOS2 
osteoblast cells that proves their adhesion and growth.

The aforementioned work, as far as the author knows, may be the best bio-FGM 
report. The nanostructured HA–biphasic calcium phosphate [37] FGM is also 

HAp-rich area

TiO2-rich area

Ti-6A1-4V substrate 50 mm 

Figure 6.27 Cross-section of the TiO2–hydroxyapatite-graded coating.
Reused from V. Cannillo, L. Lusvarghi, A. Sola, Production and characterization of plas-
ma-sprayed TiO2–hydroxyapatite functionally graded coatings, Journal of the European 
Ceramic Society 28 (2008) 2161–2169. https://doi.org/10.1016/j.jeurceramsoc.2008.02.026 
after license via (copyright.com) number 4285560238619.
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illuminating and educating because the starting materials are the stoichiometric 
HA and the calcium-deficient HA that are converted to biphasic calcium phosphate 
(HA + β-tricalcium phospate [β-TCP]) after sintering to the final FGM. However, a 
great deal of FGM work can be found in the literature and the review paper [38] is 
comprehensive and useful.

Calcium phosphate cements (CPCs) have known applications as bioceramics 
because of their biocompatibility, osteoconductivity, and in situ setting capability. 
However, research work always attempts to improve their performance. Thus incor-
poration of Bioglass (BG), with or without PLGA, has shown advantages in in vitro 
physicochemical studies. In addition, biological performance studies [39] showed 
improved in vivo performance for bone regeneration. The prepared CPCs and their 
composites are shown in Table 6.3. The morphology of the starting materials, CPCs, 

Graded coating, as sprayed Graded coating, 650°C 1h

Graded coating, 750°C 1h Graded coating, 850°C 1h

Figure 6.28 Effect of different heat treatments on the graded coating.
Reused from V. Cannillo, L. Lusvarghi, A. Sola, Production and characterization of plasma- 
sprayed TiO2–hydroxyapatite functionally graded coatings, Journal of the European Ceramic 
Society 28 (2008) 2161–2169. https://doi.org/10.1016/j.jeurceramsoc.2008.02.026 after 
license via (copyright.com) number 4285560238619.
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20.0 µm

Figure 6.29 Cracks induced by hydroxyapatite recrystallization in the sample heat treated at 
750°C for 1 h.
Reused from V. Cannillo, L. Lusvarghi, A. Sola, Production and characterization of plasma- 
sprayed TiO2–hydroxyapatite functionally graded coatings, Journal of the European Ceramic 
Society 28 (2008) 2161–2169. https://doi.org/10.1016/j.jeurceramsoc.2008.02.026 after 
license via (copyright.com) number 4285560238619.
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Figure 6.30 Hardness profile of functionally graded materials across the cross-section.
Reused from M.A.F. Afzal, P. Kesarwani, K.M. Reddy, S. Kalmodia, B. Basu, K. Balani, 
Functionally graded hydroxyapatite-alumina-zirconia biocomposite: synergy of toughness and 
biocompatibility, Materials Science and Engineering: C 32 (2012) 1164–1173. https://doi. 
org/10.1016/j.msec.2012.03.003 after license via (copyright.com) number 4285890235235.
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Figure 6.31 Toughness profile of functionally graded materials across the cross-section. A 
load of 500 g was applied on hydroxyapatite–Al2O3 and a 2 kg load on Al2O3–yttria-stabilized 
zirconia (YSZ) layer and YSZ layer.
Reused from M.A.F. Afzal, P. Kesarwani, K.M. Reddy, S. Kalmodia, B. Basu, K. Balani, 
Functionally graded hydroxyapatite-alumina-zirconia biocomposite: synergy of toughness and 
biocompatibility, Materials Science and Engineering: C 32 (2012) 1164–1173. https://doi.org/ 
10.1016/j.msec.2012.03.003 after license via (copyright.com) number 4285890235235.
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Figure 6.32 (a) and (b) show the polished surfaces of functionally graded materials (FGM) 
cross-section depicting the two interfaces. (c) and (d) show the fractured surfaces of FGM 
cross-section.
Reused from M.A.F. Afzal, P. Kesarwani, K.M. Reddy, S. Kalmodia, B. Basu, K. Balani, 
Functionally graded hydroxyapatite-alumina-zirconia biocomposite: synergy of toughness and 
biocompatibility, Materials Science and Engineering: C 32 (2012) 1164–1173. https://doi.org/ 
10.1016/j.msec.2012.03.003 after license via (copyright.com) number 4285890235235.
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and their composites is shown in Fig. 6.33. The figure shows the BG and PLA particles 
are uniformly distributed in the CPC matrix. The incorporation of BG into CPCs and 
CPC/PLGA shows higher degradation and bone formation, as indicated in Fig. 6.34.

Biphasic dicalcium phosphate-rich cement is fabricated from tetracalcium phos-
phate (TTCP) and surface-modified dicalcium phosphate anhydrous (DCPA). The 
surface modification of DCPA is performed via deposition of TTCP nanocrystals of 
the particle surfaces of the DCPA by a method described in Ref. [40]. An injectable 
bone graft substitute is produced with adequate mechanical strength, nondispersibil-
ity, and biocompatibility, as shown in the original article. It is claimed that the TTCP 
nanocrystals help in stabilizing the Ca ion concentration. In addition, the nanocrystals 
encourage the nondispersive behavior that leads to the rapid growth and interlocking 
of particles, as illustrated in the graphical abstract of the article (Fig. 6.35).

Brushite (CaHPO4·2H2O) cement is modified by the incorporation of Mg2+ ions by 
introducing magnesium phosphate 3-hydrate (MgHPO4·3H2O), as described in Ref. 
[41]. The aim of the study is to increase the bioactivity of the brushite scaffolds. The 
addition of Mg seems to accelerate the degradation of the CPC cements that improve 
osteoblast proliferation and provide higher new bone formation. Thus the employment 
of magnesium ions assists controllable biodegradable properties and improved bone 
regeneration.

In another study, brushite-forming CPCs based on β-TCP/phosphoric acid were 
developed with PLGA fiber reinforcement [42]. The fibers were of small diameter 
(25 μm) and different lengths (0.25, 1, or 2 mm). The cements contain different weight 
ratios (2.5%, 5%, or 7.5%). The aim of the study is to develop cement with better 
mechanical properties. The PLGA fiber reinforcement increased the diametrical tensile 
strength, biaxial flexural strength, and flexural strength by up to 25%. Concurrently, 
the injectability and biocompatibility of the cements are preserved.

The injectability of CPCs is the core of various studies. For example, it is found that 
the partially aggregated particles enhance injectability [43]. High-energy ball milling 
improves injectability, bioactivity, and strength because of smaller powder particle size 

Table 6.3 Composition and porosity values of preset composite 
materials

Groups Ca/P wt% BG wt% PLGA wt% Macroporosity
Total 
porosity

CPC 100 0 0 – 40.6 ± 0.7
CPC/BG 70 30 0 – 41.6 ± 0.8
CPC/PLGA 70 0 30 40.5 ± 1.2 55.7 ± 0.9
CPC/PLGA/BG 40 30 30 41.2 ± 0.8 56.5 ± 1.5

BG, Bioglass; CPC, calcium phosphate cements; PLGA, poly(glycolic acid) copolymer.
Reused from A.C.M. Renno, F.C.J. van de Watering, M.R. Nejadnik, M.C. Crovace, E.D. Zanotto, J.G.C. Wolke, J.A. 
Jansen, J.J.J.P. van den Beucken, Incorporation of bioactive glass in calcium phosphate cement: an evaluation, Acta 
Biomaterialia 9 (2013) 5728–5739. https://doi.org/10.1016/j.actbio.2012.11.009 after license via (copyright.com) number 
4286900390737.

https://doi.org/10.1016/j.actbio.2012.11.009
http://copyright.com
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Figure 6.33 Scanning electron microscope (SEM) micrographs of (a) Bioglass (BG) par-
ticles, (b) dense poly(glycolic acid) (PLGA) microparticles, (c) calcium phosphate cement 
(CPC), (d) CPC/BG, (e) CPC/PLGA, and (f) CPC/PLGA/BG. BG (arrow) and PLGA micro-
particles (arrowheads) are indicated in the SEM micrographs. Bar represents 1, 10, or 100 μm.
Reused from A.C.M. Renno, F.C.J. van de Watering, M.R. Nejadnik, M.C. Crovace, E.D. 
Zanotto, J.G.C. Wolke, J.A. Jansen, J.J.J.P. van den Beucken, Incorporation of bioactive 
glass in calcium phosphate cement: an evaluation, Acta Biomaterialia 9 (2013) 5728–5739. 
https://doi.org/10.1016/j.actbio.2012.11.009 after license via (copyright.com) number 
4286900390737.

https://doi.org/10.1016/j.actbio.2012.11.009
http://copyright.com
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and crystal size that lead to higher dissolution rate [44]. From materials science we 
have learned that high-energy ball milling, blast milling, and similar milling techniques 
lead to higher concentrations of defects within solid particles, which are responsible 
for higher chemical reactivity, i.e., higher bioactivity. Apart from this, the high concen-
tration of defects enhances active diffusion coefficient during the sintering of powder 
compacts. Syringe foaming via hydrophilic viscous polymeric solution (silanized-hy-
droxypropyl methylcellulose) has also been used to improve injectability [45].  
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Figure 6.34 Results of histomorphometrical evaluation of different formulations, i.e., CPC, 
CPC/BG, CPC/PLGA, and CPC/PLGA/BG. (a) The amount of remaining implant and (b) the 
amount of newly formed bone after 2 and 6 weeks are expressed as a percentage of the region 
of interest (i.e., a standardized region of interest with similar dimensions as a created defect). 
Error bars represent means ± standard deviation. (i) P < .05 compared to CPC; (ii) P < .05 
compared to CPC/BG; (iii) P < .05 compared to CPC/PLGA; (⋆) P < .05 compared to 2-week 
equivalent. BG, Bioglass; CPC, calcium phosphate cement; PLGA, poly(glycolic acid); ROI, 
region of interest.
Reused from A.C.M. Renno, F.C.J. van de Watering, M.R. Nejadnik, M.C. Crovace, E.D. 
Zanotto, J.G.C. Wolke, J.A. Jansen, J.J.J.P. van den Beucken, Incorporation of bioactive 
glass in calcium phosphate cement: an evaluation, Acta Biomaterialia 9 (2013) 5728–5739. 
https://doi.org/10.1016/j.actbio.2012.11.009 after license via (copyright.com) number 
4286900390737.
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The study shows the adequate initial mechanical properties. In addition, a preliminary 
in vivo study shows that there is evidence of new bone growth in the central zone of 
the implantation site.

The composition of CPCs is also subjected to various studies. In an innovative 
study, the Ca/P ratio and solubility of calcium silicate phosphate cement are tailored 
to improve the setting properties, biocompatibility, and bioactivity [46]. The cement is 
a mixture of brushite with amorphous hydrated calcium silicate phosphate or annealed 
calcium silicate phosphate. The final setting times of the composite cements decreased 
by 50% from 25 to 17 min with the incorporation of the amorphous hydrated cal-
cium silicate phosphate. On the other hand, reducing the content of the amorphous 
phase to 10% results in a rougher microstructure because of coarser particles of plate-
like morphology, which encourage better in vitro cell adherence and proliferation. 
In a different study [47], bioactive glass is reacted with milled Ca(H2PO4)2 powder 
obtaining a Ca/P ratio of 1.33, which is the stoichiometry of octacalcium phosphate 
(Ca8(HPO4)2(PO4)4·5H2O) and 2.5% Na2HPO4 solution with a liquid-to-powder ratio 
of 0.70 mL/g. It is shown that a minimum of 4 mol% of P2O5 is necessary for the bio-
active glass to produce cement. The authors of this study claimed that this procedure 
to produce cement has the advantages of flexibility of the starting glass composition 
(but maintaining the Ca/P ratio of 1.33), tailorable dissolution rate and reactivity based 
on the bioactive glass composition, and the possibility of the incorporation of a wide 
variety of therapeutic ions into the glass.

Wollastonite has been incorporated into CPCs, and various properties have been 
studied, as detailed in Ref. [48]. It is found that the setting time is shortened with the 
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PO4
3-

PO4
3-

Surface modified
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Fast crystal growth
and linking

Nanocrystals
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Figure 6.35 Graphical abstract illustrating the function of the TTCP nanocrystals incorpo-
rated in the CPC. CPC, calcium phosphate cement; DCPA, dicalcium phosphate anhydrous; 
TTCP, tetracalcium phosphate.
Reused from C.-L. Ko, J.-C. Chen, C.-C. Hung, J.-C. Wang, Y.-C. Tien, W.-C. Chen, Biphasic 
products of dicalcium phosphate-rich cement with injectability and nondispersibility, Materials 
Science and Engineering: C 39 (2014) 40–46. https://doi.org/10.1016/j.msec.2014.02.033 after 
license via (copyright.com) number 4286991461263.

https://doi.org/10.1016/j.msec.2014.02.033
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incorporation of wollastonite. In addition, better antiwashout property, more compact 
microstructure, compressive strength, slowing down of the degradation of the cement 
(Fig. 6.36), and favorable attachment, proliferation, and differentiation are obtained. 
On the other hand, injectability was rapidly reduced for wollastonite in excess of 20%.

Another alternative to CPC is biphasic cement composed of carbonate apatite and β-
TCP [49]. Carbonate apatite is known to have a faster dissolving rate in the body fluid. 
A mixture of α-TCP/β-TCP powder (ratio 40%) is treated with 1.0 M NaHCO3 solution 
to obtain the biphasic cement. The mechanical property and composition ratio of car-
bonate apatite are tailorable by varying the treatment time with 1.0 M NaHCO3 solu-
tion. These cements were examined for in vitro bioactivity using MC3T3-E1 cell lines 
[50]. It is found that cell proliferation could be enhanced via increasing the β-TCP con-
tent. PLLA microfillers are incorporated in CPCs for mechanical reinforcement [51].  
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Figure 6.36 Influence of wollastonite amount on (a) the weight loss of the cements during 
in vitro degradation and variation of the concentrations of (b) Ca, (c) P, and (d) Si ions 
released from the cements immersed in phosphate buffered saline solution with the soaking 
time.
Reused from J. Liu, J. Li, J. Ye, F. He, Setting behavior, mechanical property and biocom-
patibility of anti-washout wollastonite/calcium phosphate composite cement, Ceramics 
International 42 (2016) 13670–13681. https://doi.org/10.1016/j.ceramint.2016.05.165 after 
license via (copyright.com) number 4287520017320.
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The initial setting time is reduced but there is no observed improvement in the mechan-
ical properties.

To promote surface degradation of an injectable CPC, the porosity of the cement 
should be increased. Incorporation of fast-dissolving glucose porogen is one of the 
strategies to increase porosity [52]. The introduced porosity and distribution can be 
tailored according to the selection of the porogen properties. The initial setting time 
is decreased, but the compressive strength is also decreased, which suggests further 
research on the use of porogen materials with cement. The use of porogens is more 
successful when associated with sintered ceramics, as mentioned earlier in this chap-
ter. In conclusion, research trends in the development of CPCs are improving the 
current strategies or developing new methodologies to improve the injectability, bio-
degradation, bioactivity, and final mechanical properties of bone regeneration.

The story of cements does not end here; bone cements can be loaded with drugs 
and become a medium for drug delivery in addition to their original function in bone 
regeneration. Much of the literature includes the drug delivery capabilities of various 
cements. However, for education purposes, the distinguishing work that appears in 
Ref. [53] is quite useful and it is advised to read the full article. Among the important 
points that are highlighted in this article are the following:

 1.  There are two major types of CPCs; for details, see Ref. [54]. The first is the HA-forming 
cements, which consume little or no water during setting reaction. The second type is the 
brushite-forming cements, which consume a lot of water during setting.

 2.  The second type has fast-setting reaction that needs to include a retardant, normally citric 
acid. On the other hand, it can produce reduced porosity after setting, which would depress 
the burst release profile of incorporated drugs.

 3.  Accordingly, adjusting the final porosity via particle size, particle size distribution, pow-
der-to-liquid ratio (PLR), and citric acid concentration can minimize drug release rates. The 
solubility of the incorporated drugs also contributes to drug release rates.

The brushite cement system in this study was composed of sintered and crushed β-
TCP and monocalcium phosphate monohydrate (MCPM) powder. Equimolar amounts 
of β-TCP and MCPM powders are mixed to prepare cements, as shown in Table 6.4. 
The table also shows the measured physical and mechanical properties of the fabri-
cated cements. An obtained relation between the compressive strength and the relative 
density is shown in Fig. 6.37. Vancomycin or ciprofloxacin (2 wt%) is included to 
study the drug release of these cements as detailed in the original article. Vancomycin 
and ciprofloxacin are antibiotics that are used to treat a number of bacterial infections, 
including bone and joint infections. The results for cumulative release of these antibi-
otics, with two different PLRs, are shown in Fig. 6.38.

A nonsteroidal (contains no hormone) antiinflammatory drug, indomethacin (IM), 
is loaded to both CPC and a composite of 50 wt% calcium sulfate + 50 wt% nanocrys-
talline apatite [55]. It was found that IM release reached 97% after 48 h in the case of 
loaded CPC. On the other hand, only 80% of IM is released in the case of the loaded 
composite over a longer time (144 h).

Controlling the porosity of α-TCP (HA-forming) cements by modifying the pro-
cessing parameters is the subject of another study [56]. The prepared cements were 
of different open porosities (35%–55%) because of different PLRs and of different 
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Table 6.4 Properties of brushite cements produced with unfractioned monocalcium phosphate 
monohydrate (MCPM) and different particle size fractions after hand mixing and pressureless setting at 
different powder-to-liquid ratios (PLRs) (n ≥ 5)

Cement made with

Molarity of 
retardant 
liquid (mM)

PLR  
(g/mL)

Compressive 
strength (MPa)

Initial setting 
time (min)

Apparent dry 
density (g/cm3)

Strut density 
(g/cm3)

Relative 
porosity (%)

Unfractioned MCPM 
(d50 = 62 μm)

500 2.5 18.5 ± 2.4 4.5 ± 0.5 1.57 ± 0.03 2.39 ± 0.02 34 ± 1
500 3.3 22.8 ± 2.7 2.5 ± 0.5 1.72 ± 0.03 2.42 ± 0.02 29 ± 1
800 3.3 21.4 ± 2.4 6.5 ± 0.5 1.73 ± 0.03 2.37 ± 0.02 27 ± 1
800 4.0 36.4 ± 3.6 3.5 ± 0.5 1.97 ± 0.03 2.35 ± 0.02 16 ± 1

Sieved <45 μm 
(d50 = 32 μm)

800 4.0 46.7 ± 6.6 3.0 ± 0.5 2.01 ± 0.03 2.33 ± 0.02 14 ± 1

Sieved <63 μm 
(d50 = 42 μm)

500 4.0 45.7 ± 9.8 3.5 ± 0.5 2.00 ± 0.03 2.28 ± 0.02 12 ± 1
800 4.0 51.6 ± 6.9 4.5 ± 0.5 2.02 ± 0.03 2.26 ± 0.02 11 ± 1

Sieved 45–63 μm 
(d50 = 54 μm)

800 4.0 37.7 ± 8.9 5.0 ± 0.5 1.95 ± 0.03 2.33 ± 0.02 16 ± 1

Sieved >63 μm 
(d50 = 99 μm)

800 4.0 20.0 ± 2.3 4.5 ± 0.5 1.89 ± 0.03 2.41 ± 0.02 22 ± 1

Reused from M.P. Hofmann, A.R. Mohammed, Y. Perrie, U. Gbureck, J.E. Barralet, High-strength resorbable brushite bone cement with controlled drug-releasing capabilities, Acta 
Biomaterialia 5 (2009) 43–49. https://doi.org/10.1016/j.actbio.2008.08.005 after license via (copyright.com) number 4290620751714.

https://doi.org/10.1016/j.actbio.2008.08.005
http://copyright.com
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specific surface areas (∼20 and ∼37 m2/g) because of different starting particle sizes. It 
was found that, e.g., protein-based drugs and high-intrinsic porosity are not sufficient. 
An adequate pore size distribution is necessary for protein macromolecule penetration.

Biodegradable polymer microspheres, loaded with a selected drug, in the cement 
are one of the strategies for drug delivery. The synthetic polymer PLGA is usually 
used for this purpose [57–60]. The polymer–bioceramic composite as a scaffold for 
drug delivery is reviewed in depth in Ref. [61].

However, the use of pectin, a water-soluble fiber that becomes gel-like when mixed 
with water and found in a variety of fruits and vegetables, is attractive because of its bio-
compatibility (nontoxic) and biodegradability. Low-methoxy amidated pectin (LMAP) 
is used as a drug envelope because it can gel with an “egg-box” configuration in certain 
chemical environments, as described in Ref. [62]. LMAP is loaded with ibuprofen (an 
analgesic and antiinflammatory drug) and incorporated in CPC in three ratios: 2, 4, 
and 6 wt%. Fig. 6.39 shows the morphology of the unloaded and loaded LMAP with 
ibuprofen. The composition of the used CPC was not stated in the original article, but 
the results seem applicable for most known compositions. Encapsulation of the drug in 
LMAP was found to control drug release rates, as seen in Figs. 6.40 and 6.41.

Paclitaxel is a chemotherapy medication used to treat a number of types of cancer. 
Including paclitaxel in calcium cement has been performed in an injectable formula 
of the cement [63]. The cement composition was 85% α-TCP, 10% DCPA, and 5 wt% 
precipitated HA. The paclitaxel was loaded in a drop of 100 mL Dulbecco’s Modified 
Eagle Medium solution on the CPC discs and allowed to adsorb for 30 min; then, 
the CPC discs were freeze dried. The cell viability tests indicated that the paclitaxel 
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Reused from M.P. Hofmann, A.R. Mohammed, Y. Perrie, U. Gbureck, J.E. Barralet, High-
strength resorbable brushite bone cement with controlled drug-releasing capabilities, Acta 
Biomaterialia 5 (2009) 43–49. https://doi.org/10.1016/j.actbio.2008.08.005 after license via 
(copyright.com) number 4290620751714.
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Figure 6.38 (a) Cumulative release of vancomycin (2 wt% addition to the paste) for up to 96 h 
from brushite cement for two different powder-to-liquid ratios. (b) Release of ciprofloxacin 
(2 wt% addition) for up to 14 days (336 h). B-Spline fits are included to illustrate the overall 
trend in drug release.
Reused from M.P. Hofmann, A.R. Mohammed, Y. Perrie, U. Gbureck, J.E. Barralet, High-
strength resorbable brushite bone cement with controlled drug-releasing capabilities, Acta 
Biomaterialia 5 (2009) 43–49. https://doi.org/10.1016/j.actbio.2008.08.005 after license via 
(copyright.com) number 4290620751714.

minimal lethal dose is 90 μg/mL. One of the outcomes of this research is that pacli-
taxel did arrest breast cancer MDA-MB-231 cell proliferation completely.

Mesoporous material contains pores with a size range of 2–50 nm. If the pore size 
is below the lower bound, the material is called microporous; and if the pore size 
is above the upper bound, the material is called macroporous. Mesoporous silica is 

https://doi.org/10.1016/j.actbio.2008.08.005
http://copyright.com
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Figure 6.39 Scanning electron microscope photographs of low-methoxy amidated  pectin 
(LMAP) microspheres: (a) LMAP microspheres; (b) LMAP microspheres loaded with 
ibuprofen–LMAP.
Reused from S. Girod Fullana, H. Ternet, M. Freche, J.L. Lacout, F. Rodriguez, Controlled release 
properties and final macroporosity of a pectin microspheres–calcium phosphate composite bone 
cement, Acta Biomaterialia 6 (2010) 2294–2300. https://doi.org/10.1016/j.actbio.2009.11.019 
after license via (copyright.com) number 4291041118795.
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Figure 6.40 Ibuprofen (IBU) in vitro release from composites in simulated body fluid, pH 
7.25 (▲, CP/IBU–LMAP6% composite; □, CP/IBU–LMAP4% composite; ◆, CP/IBU–
LMAP2% composite). CP, calcium phosphate; LMAP, low-methoxy amidated pectins.
Reused from S. Girod Fullana, H. Ternet, M. Freche, J.L. Lacout, F. Rodriguez, Controlled release 
properties and final macroporosity of a pectin microspheres–calcium phosphate composite bone 
cement, Acta Biomaterialia 6 (2010) 2294–2300. https://doi.org/10.1016/j.actbio.2009.11.019 
after license via (copyright.com) number 4291041118795.
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widely included in tissue engineering and drug delivery. It allows the regulation of 
drug release via a variety of stimuli such as temperature and magnetic field. The reader 
is referred to the informative articles in Refs. [64,65] for calcium phosphate–based 
cements. Mesoporous silica also proves superior to HA nanorods and carbon nano-
tubes in PMMA-based bone cements [66].

In hard or bone tissue engineering, the loaded drug in the implanted biomaterials 
becomes wider to promote osteoinductivity, the healing process, and to treat vari-
ous musculoskeletal disorders. Accordingly, the concept of the drug is extended to 
include growth factors. Growth factors are biomaterials capable of stimulating cellular 
growth, proliferation, healing, and cellular differentiation such as proteins or certain 
hormones. The drug can also include bioactive proteins, enzymes, and nonviral genes 
(DNAs, RNAs). This revelation of loaded drugs makes tissue engineering a rapidly 
growing field of research. A well-organized review that appears in Ref. [67] describes 
that revelation in calcium phosphate ceramics. In addition, the article that appears in 
Ref. [68] reviews different aspects of calcium phosphates as cements and drug carriers 
for the three drug groups: low-molecular weight drugs, high-molecular weight bio-
molecules, and ions. This review is excellent for self-study.

As is usual in materials science and engineering, the evolved microstructure affects 
the final properties. In the case of CPCs, the microstructure is developed during the 
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Figure 6.41 Ibuprofen (IBU) in vitro release from composites in simulated body fluid, pH 
7.25, comparison with the same quantity of IBU (4 mg) encapsulated into LMAP micro-
spheres or directly incorporated into CPC reference (●, IBU–LMAP microspheres; □, CP/
IBU–LMAP4% composite; ▼, IBU–CPC). CP, calcium phosphate; CPC, calcium phosphate 
cement; LMAP, low-methoxy amidated pectins.
Reused from S. Girod Fullana, H. Ternet, M. Freche, J.L. Lacout, F. Rodriguez, 
Controlled release properties and final macroporosity of a pectin microspheres–cal-
cium phosphate composite bone cement, Acta Biomaterialia 6 (2010) 2294–2300. 
https://doi.org/10.1016/j.actbio.2009.11.019 after license via (copyright.com) number 
4291041118795.
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setting reaction and thus determines its drug release properties. The evolution of the 
microstructure may also be affected by the liquid part of the cement; accordingly, 
including the drug within the liquid phase may affect the final microstructure and drug 
release. These effects are studied with the incorporation of doxycycline hyclate in 
the α-TCP CPC [69]. Doxycycline hyclate, of the family of tetracyclines, is a broad- 
spectrum antibiotic commonly used in the treatment of bone infections. It is found 
that the drug acts as a nucleating agent for the heterogeneous precipitation of HA 
crystals modifying the final microstructure to be nanoporous rather than macroporous, 
as seen in Fig. 6.42. This situation moderates the burst release of the drug in the case 
of fresh CPCs (1 h incubation at 37°C in 100% relative humidity in the setting media) 
and the preset CPCs (7 days of incubation), as shown in Fig. 6.43. This work is further 
improved by tailoring the macroporosity of the prepared self-setting CPCs [70]. These 
cements were prepared by foaming the liquid phase at 6000 rpm for 30 s followed by 
mixing with the solid phase. It is shown that macroporosity enhances osteoconduction 
and material resorption in addition to the tuning of drug delivery rates.

A novel cement paste formulation is formulated by including a water-immiscible 
carrier liquid combined with suitable surfactants to control the water supply to the 
CPC and perform better cement-setting reaction, as detailed in Ref. [71]. The newly 
formulated set cement has controlled release of antibiotics (gentamicin, vancomy-
cin). The highly developed methodology of this study is well described in the original 
article.

Another strategy for drug delivery is to include the drug in porous granules. 
Methotrexate (a chemotherapy agent of multiple uses, including the treatment of can-
cer) is successfully loaded in octacalcium phosphate–HA composite spherical porous 
granules [72]. The composite porous granules are prepared via immersing α-TCP 
spherical granules in a pH 5.0 buffered solution at 60°C. It is shown that the prepared 
porous granules release the drugs continuously.

Silver-containing bioactive glass powders in a PMMA matrix is another trend in 
the synthesis of scaffolds with drug delivery functionality [73]. In vitro testing with 
SBF is successful but further cell culturing and/or in vivo tests are necessary to vali-
date the usefulness of such a drug delivery system.

It seems that there is no limit to the number of alternatives for CPC compositions 
for drug delivery. A brushite-forming cement is loaded with novel PLA/vancomycin 
microcapsules [74]. The microcapsules are coated with nanosized HA. Vancomycin 
release is slowed down with this composition, and only 85.3 ± 3.1% of the incorpo-
rated vancomycin is released within 43 days. To conclude regarding drug delivery, an 
all-inclusive review on the design of calcium phosphate ceramics for drug delivery 
appears in Ref. [75] and it is a must read in the field of drug delivery.

The last topic in this chapter is a brief description of a manufacturing process called 
“additive manufacturing” (AM). The ASTM definition of AM is “a process of joining 
materials to make objects from 3D model data, usually layer upon layer, as opposed to 
subtractive manufacturing methodologies” [76]. The same reference states the follow-
ing synonyms for AM: additive fabrication, additive processes, additive techniques, 
additive layer manufacturing, layer manufacturing, and freeform fabrication. As far as 
hard tissue engineering is concerned, AM is a process for the production of freeform 
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Figure 6.42 Field-emission scanning electron microscope micrographs of the fracture sur-
faces of cements prepared with different liquid-to-powder ratios (C35 or C65), using either 
water or a doxycycline hyclate solution as liquid phase. Low magnification in the left column 
and higher magnification in the right column.
Reused from C. Canal, D. Pastorino, G. Mestres, P. Schuler, M-P. Ginebra, Relevance of 
microstructure for the early antibiotic release of fresh and pre-set calcium phosphate cements, 
Acta Biomaterialia 9 (2013) 8403–8412. https://doi.org/10.1016/j.actbio.2013.05.016 after 
license via (copyright.com) number 4292070453184.
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porous scaffolds with custom-tailored architectures. A simple image of the AM is the 
printing, layer by layer, of a 3D object using biomaterial composite ink. This is why 
the term “3D printing” is frequently found in publications. However, AM may start 
with 3D CAD design followed by a type of rapid prototyping that utilizes a 3D printer. 
Note that the rapid prototyping represents a collection of techniques, including 3D 
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Figure 6.43 Accumulated doxycycline release (%) from calcium phosphate cements (CPCs) 
prepared with liquid phase (L/P) containing antibiotic at L/P ratios of 0.35 and 0.65. Release 
curves of the (a) fresh CPCs, (b) preset CPCs with the corresponding fitting (red lines [gray in 
print version]) and zoom of the first 8 h for (c) fresh and (d) preset CPCs. A schematic repre-
sentation of the evolution of the microstructure of fresh and preset CPCs with time is included. 
α-TCP, α-tricalcium phosphate; CDHA, calcium-deficient hydroxyapatites.
Reused from C. Canal, D. Pastorino, G. Mestres, P. Schuler, M-P. Ginebra, Relevance of 
microstructure for the early antibiotic release of fresh and pre-set calcium phosphate cements, 
Acta Biomaterialia 9 (2013) 8403–8412. https://doi.org/10.1016/j.actbio.2013.05.016 after 
license via (copyright.com) number 4292070453184.
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printing, that builds 3D objects. These techniques are fully described in a comprehen-
sive book [77]. Definitions found in the literature are not necessarily consistent, thus 
the above ASTM definition is a good start for AM.

CAD design takes into account the model microstructure (architecture) of the 
printed object and the desired final mechanical properties. Thus there are various 
architectures based on a selected “unit cell,” as seen in Fig. 6.44. Each unit cell in the 
figure has its particular pore size and shape. Thus the choice of unit cell is reflected 
in the final mechanical properties. In addition, the choice of unit cell material and 
porosity also affects the resultant mechanical properties, as seen in Fig. 6.45. The 
figure compares the effective Young’s modulus between the unit cell materials of HA, 
poly(l-glutamic acid), and PLLA at different porosities [78].

AM is largely applicable via printing molten polymers and metals. On the other 
hand, ceramics and glasses are difficult to melt. Therefore robocasting has emerged 
as an alternative AM process that is based on extruding a filament of paste/ink via 
a 3D printer nozzle [79]. The process of robocasting is successfully applied in fab-
rication of biphasic calcium phosphate scaffolds (HA/β-TCP ≈ 1.5) [80]. Codoped 
composite scaffolds with Sr and Ag improve the mechanical strength, provide antimi-
crobial activity, and induce cellular proliferation. The reader is referred to the exten-
sive review in Ref. [81] for current trends in AM utilizing bioceramics. This review 

Figure 6.44 A library of designed scaffold unit cells based on different feature primitives.
Reused from W. Sun, B. Starly, J. Nam, A. Darling, Bio-CAD modeling and its applica-
tions in computer-aided tissue engineering, Computer-Aided Design 37 (2005) 1097–1114. 
https://doi.org/10.1016/j.cad.2005.02.002 after license via (copyright.com) number 
4292631251448.
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provides excellent classification of the methodologies and discusses the optimization 
strategies to compromise between mechanical and biological properties. However, the 
door is wide open for new innovations in this field and it is expected that the field of 
AM for ceramic biomaterials will be the subject of extensive research activity for a 
long time.

Review questions

 1.  Prepare a report that contains brief descriptions of the processes mentioned in this chapter 
for the fabrication of scaffolds. Add extra methods from the literature if necessary.

 2.  Prepare a report that classifies the materials used for the scaffolds as ceramic–ceramic 
composites and polymer–ceramic composites.

 3.  Prepare another report that discusses the materials and process selection of the scaffolds 
and their effects on the final pore size and shape.

 4.  Discuss the characterization methods that are utilized to evaluate the fabricated scaffolds 
and the benefit of each characterization technique.

 5.  How does nanotechnology improve cell proliferation and growth of the scaffolds? Write a 
complete report.

 6.  Discuss the differences in the utilization of sintered bioceramics and cement bioceramics.
 7.  Discuss the differences between the two major types of CPCs and their applicability.
 8.  Tabulate the loaded drugs mentioned in this chapter as a core of a new report that contains 

a brief description, the method of loading, and the resultant release rate.
 9.  Discuss the learned strategies in this chapter to control drug release. Refer to additional 

literature if required to write a self-contained report.
 10.  Discuss the relations between these concepts: 3D printing, rapid prototyping, AM, and 

robocasting.
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Figure 6.45 Effect of unit cell material and porosity on the effective Young’s modulus. L-
PGA, L-Poly(glycolic acid); L-PLA, L-poly(lactic acid).
Reused from W. Sun, B. Starly, J. Nam, A. Darling, Bio-CAD modeling and its applications in 
computer-aided tissue engineering, Computer-Aided Design 37 (2005) 1097–1114. https://doi.org/ 
10.1016/j.cad.2005.02.002 after license via (copyright.com) number 4292631251448.
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