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Preface 

A broad variety of biomaterials is available for different clinical approaches. 
Moreover, different developments in the field of biomaterials have recently been 
conceived. This book provides a comprehensive overview of available biomaterials 
and future trends in biomaterial development. Furthermore, cell and tissue 
reactions and related regenerative pathways of different classes of biomaterials 
in regenerative medicine are described. Finally, the use of biomaterials for tissue 
engineering strategies is described, including the different cells and the application 
of stem cells. Altogether, the present book should give insights into the different 
biomaterial classes used for tissue regeneration and the beneficial effects of newly 
developed materials. 

The authors of this book are experts of their respective contents. Thus, the book 
will provide interested readers with comprehensive knowledge of many different 
biomaterials. Personally, as the editor, I have learned a great deal on each subject 
and expect the readers will also learn many new facts of the evolving field of 
biomaterials. Please enjoy its broad variety! 

Mike Barbeck, PhD 
University Medical Center Hamburg-Eppendorf, 

Department of Oral Maxillofacial Surgery, 
Division for Regenerative Orofacial Medicine, 

Hamburg 
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Chapter 1

Synthesis of Nanostructured 
Hydroxyapatite via Controlled 
Hydrothermal Route
Andrea Ruffini, Simone Sprio, Lorenzo Preti 
and Anna Tampieri

Abstract

Hydroxyapatite represents the natural inorganic component of the bone and
may be considered an essential element required for the development of bone
substitutes in the field of regenerative medicine. Hydroxyapatite bone substi-
tutes own biomimetic, osteoconductive, and osteoinductive properties thanks
to their chemical-physical properties and nanostructure that play a critical role
for the reconstruction of calcified tissues. Controlling the structure of hydroxy-
apatite nanocrystals is vital for obtaining a sustained product, and it should
be an advantage on the final materials suitable for bone replacement, in terms
of adsorptive activity, drug delivery system, etc. Compared to other synthesis
techniques, hydrothermal processing (refers to a synthesis in aqueous solution at
elevated pressure and temperature, in a closed system) has the ability to precipi-
tate the hydroxyapatite from overheated solution, regulating the rate and uni-
formity of nucleation, growth, and maturation, which affect size, morphology,
and aggregation of the crystals. This chapter wants to provide an overview of
realization of nanosized hydroxyapatite-based bioceramics (e.g., powder and 3D
structures) with desired morphology of crystallites, by hydrothermal processing.
In this way, some critical hydrothermal parameters fundamental on the control
of the crystal shape and dimension (pH, temperature, starting precursors, etc.)
are discussed.

Keywords: hydrothermal synthesis, nanostructured hydroxyapatite,
crystal growth, morphology control, regenerative medicine

1. Introduction

Calcium phosphates (CaP) are the main mineral constituent of human bones
and teeth. For this reason, synthetically CaP-based materials nowadays are the most
ubiquitous family of biomaterials for their use in biological applications and tissue
engineering. These attractive biomedical materials possess excellent biocompat-
ibility, osteoconductive properties, nontoxicity, and chemical similarity to the
inorganic component of the natural bone [1].

The realization of CaP biomaterials  reproducing the calcified tissue (dense
and porous block, granules, and powders) is clinically needed as an alternative to
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1. Introduction 

Calcium phosphates (CaP) are the main mineral constituent of human bones 
and teeth. For this reason, synthetically CaP-based materials nowadays are the most 
ubiquitous family of biomaterials for their use in biological applications and tissue 
engineering. These attractive biomedical materials possess excellent biocompat-
ibility, osteoconductive properties, nontoxicity, and chemical similarity to the 
inorganic component of the natural bone [1]. 
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Biomaterial-supported Tissue Reconstruction or Regeneration 

autologous- and heterologous-derived scaffolds [2]. The majority of CaP biomateri-
als shall be applicable for bone reconstruction and replacement in tissue engineer-
ing when the bone has no self-regenerative capacity following severe illness or 
trauma, as well as other applications, like drug delivery agents, prosthetic coatings, 
and gene carriers [3, 4]. 

Among the CaP family compounds, hydroxyapatite Ca5(PO4)3OH (HA) is the 
most extensively used in medicine for implant fabrication as an alternative to the 
human bone; it is the thermodynamically most stable phase in physiological condi-
tions and owns the most similarity in mineralogical phase and chemical composi-
tion to the mineral part of the bone tissue [5]. The in vivo formation of this mineral 
occurs through the biomineralization process, where nanometer-sized crystals of 
HA are precipitated on collagen fibrils into mineralized self-assembled hierarchical 
and calcified structure. The thickness of the HA crystals ranges from about 5 to 
20 nm, while the length from 15 to 200 nm [6]. 

Biological HA is a nonstoichiometric, carbonated, and calcium-deficient form 
of apatite (Ca/P atomic ratio lower than 1.67), containing various amounts of 
positively charged ions (e.g., Mg2+, Na+ and K+) and negatively charged ions (e.g., 
CO3

2−, Cl− and F−), in substitution of Ca2+ or PO4
3−/OH− ions, respectively [7, 8]. 

Present-day researches concern new route or improving preexisting methods 
to accurately engineer HA-based materials with characteristics closer to the living 
bone, aiming more effective applications in the field of biomaterials. The in vivo 
and in vitro performance of HA biomaterials remarkably depends on the develop-
ment of their properties during the manufacturing process, such as microscopic 
characteristic (e.g., grain size topography, particles size distribution, nanostruc-
ture), morphology (e.g., porosity, pore size, 3-D architecture), chemical composi-
tions, crystallographic structure, etc. 

It is well known that biological and mechanical properties of biomaterials are 
strongly affected by its nanostructural characteristics. Compared to conventional 
ceramic formulations, the nanophase of HA materials can significantly affect their 
mechanical strength and the solubility that has a substantial effect on resorption 
and bioactivity. Furthermore, nanostructures can enhance osteoblast adhesion 
and affect the surface wettability for the selective control of protein interactions 
[9]. The mechanical properties and microstructures of the resulting HA ceramics 
are mostly influenced by the microstructure of the produced powder, including 
crystallinity, agglomeration, stoichiometry, and substitutions and the processing 
conditions [10]. 

The control over HA crystallization through a precise control of crystal nucle-
ation and growth is a major challenge in the synthesis of crystalline particles, 
with defined geometry, morphologies, orientations, sizes, and composition. 
These intrinsic features are closely related to their properties and may affect their 
applications. 

Many methods have been proposed in the literature to prepare nanostructured 
HA materials (e.g., nanoparticles or 3-D scaffolds with various shapes and sizes), 
such as coprecipitation, sol-gel synthesis, mechanical milling, hydrothermal reac-
tion, etc. [11]. Between them, hydrothermal synthesis method allows more choice 
of variable factors that affect the morphology of the final material, such as nature 
of precursors and their concentration, saturation, temperature, pH, process time, 
and the presence of potential agents used for controlling the final morphological 
structures [12, 13]. 

This chapter focuses on the synthetic hydrothermal strategy employed in the 
preparation and design of different HA nanoparticles and nanostructured materials 
and reviews about the roles of important parameters on the HA nanostructured 
realization. 
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2. Nanostructured hydroxyapatite 

CaP exhibit different characteristics as Ca/P atomic ratios, crystal systems, and 
solubility (in physiological conditions, T = 37°C, pH = 7.3) [14, 15]; some most 
common CaP used for biomedical applications are summarized in Table 1. CaP 
materials which have Ca/P atomic ratio external to 1–2 range are not suitable for 
implantation into the body because of their high acidity (low Ca/P), basicity (high 
Ca/P), and solubility. As a result, among the known CaP compounds, OCP, α/β-
TCP and CDHA/HA are significantly most useful for biomedical applications, like 
orthopedic surgery and dentistry. 

The different crystal morphologies of CaP exhibited in the various biologi-
cal hard tissue have addressed the research to develop these materials with high 
control of nanostructural properties, as particle size, nano-surface, dimensional 
anisotropy, etc. For example, in the bone tissue, the HA crystallites have rod shape 
owning dimension of about 50 × 25 × 4 nm; in contrast, in the tooth enamel, larger 
hexagonal prism crystallites have the dimension of about 100 × 70 × 25 nm, with 
c-planes that are preferentially parallel to the collagen fibrils or enamel surface, 
respectively [16]. For this reason, crystals exhibit enhanced adsorption properties 
because of their higher charging surface and with plate-like and hexagonal mor-
phologies, may find promising application in dental implants. 

Lee et al. reported enhanced bioactivity of nanostructured HA compared to sin-
tered and coarser ceramics: nanophase HA promotes the osteogenic differentiation 
of periodontal ligament cells and more efficiency of osteoclast-like cell adhesion 
[7]. Besides, HA nanoparticles are used for cell targeting, gene transfecting, and 
drug delivery thanks to their strong molecular adsorption property and increased 
surface area [17]. The size of HA particles also play critical roles in biological 
response, including cell proliferation modification, oriented cell differentiation, 
and cell apoptosis [18]. HA nanowires and nanosheets are capable for moderated 
reinforcement of the biomaterials and can be used as mechanical components to 
stiffen isotropic composite materials. In the case of sinterability of bioceramics, 
nanoparticles exhibit improved feature if compared to coarser particles [19]. 

Stoichiometric HA has typically hexagonal crystal system with the P63/m space 
group and two principal crystal planes: a-plane and c-plane (see Figure 1); its crys-
tal unit cell is characterized by a = b = 0.942 nm and c = 0.688 nm, α = β = 90° and 
γ = 120°. Positively charged calcium ions (Ca2+) are mainly present in the a-planes, 

Calcium phosphates Acronym Ca/P ratio Crystal system Kps (log) 

Monetite, CaHPO4 DCPA 1 Triclinic 7.02 

Brushite, CaHPO4·2H2O DCPD 1 Monoclinic 6.63 

Amorphous calcium phosphate, CaxHy(PO4)z·nH2O; ACP 1.2–2.2 — <4 
3 < n < 4.5 

Octacalcium phosphate, Ca8(HPO4)2(PO4)4·5H2O OCP 1.33 Triclinic 95.9 

α-Tricalcium phosphate, α-Ca3(PO4)2 α-TCP 1.5 Monoclinic 25.5 

β-Tricalcium phosphate, β-Ca3(PO4)2 β-TCP 1.5 Rhombohedral 29.5 

Calcium-deficient hydroxyapatite, CDHA 1.5–1.67 Hexagonal <42.6 
Ca5−x(HPO4)x(PO4)3−x(OH); 0 < x < 0.5 

Hydroxyapatite, Ca5(PO4)3(OH) HA 1.67 Hexagonal 58.6 

Tetracalcium phosphate, Ca4(PO4)2O TTCP 2 Monoclinic 37–42 

Table 1. 
Main CaP compounds used for biomedical applications. 

5 

http://dx.doi.org/10.5772/intechopen.85091


 
 

  
 

 

 

 
 

  

 
 

          

 

 
  

 
 

 

 

 

Biomaterial-supported Tissue Reconstruction or Regeneration 

Figure 1. 
Hexagonal crystal structure of stoichiometric HA, where a-plane is Ca site (positive charge) and c-plane is 
PO4 site (negative charge). 

and hence negatively charged phosphate (PO4
3−) and hydroxide (OH−) ions are 

present in the c-planes. That is, HA surfaces present anisotropic characteristics such 
as adsorption profiles for electrolytes or biomolecules [16]. 

3. Hydrothermal synthesis of calcium phosphates 

The preparation of HA crystals with controlled morphology and phase pure 
(both in powder or scaffold forms) has been the object of intensive research over 
the last decades. Sadat-Shojai and Earl et al. [13, 20] summarized three main 
processing routes (which include specific techniques) developed for synthesizing 
nanosized HA: 

• Dry methods (i.e., mechanochemical, solid-state reaction processes) 

• Wet methods (i.e., precipitation, hydrolysis, sol-gel, hydrothermal, solvo-
thermal, emulsion, sonochemical, microwave, chemical vapor deposition 
processes) 

• High-temperature processes (i.e., combustion preparation, synthesis from 
biogenic sources) 

Wet chemistry techniques are widely used for their particularly effective con-
trol of particle size, morphology, and crystallinity. Among this, the hydrothermal 
technique is a promising and convenient way to easily control the reaction conditions, 
through a one-step synthesis of a desired phase under gentle reaction conditions [21]. 

Byrappa and Yoshimura defined hydrothermal processing as any heterogeneous 
chemical reaction developed in a closed system, in the presence of an aqueous sol-
vent and above to its boiling temperature and pressure (T > 100°C; P > 1 atm) and 
able to dissolve and recrystallize materials that are relatively insoluble under normal 
conditions. Other authors established hydrothermal conditions as a chemical pre-
cipitation in which the dissolution, crystal growth, and aging steps are conducted 
at a high temperature and pressure (typically above the water boiling point) inside 
an apparatus consisting of a steel pressure vessel called reactor/autoclave [21, 22]. 
Classically, a temperature gradient is maintained between the opposite ends of the 
vessel by using an external heater jacket with controlled temperature, and the pres-
sure is measured by a gas pressure transmitter [23]. 

The hydrothermal technique can be effective in processes aimed to the produc-
tion of highly homogeneous and monodispersed nanoparticles but also used as 
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attractive techniques for processing of nanostructured 3D materials. Specifically, 
recent studies in hydrothermal conditions were carried out on the realization of 
HA ceramic generated, partially or entirely, starting from various biogenic sources, 
such as marine algae, shell, corals, or wood [24–27]. The biomorphic transforma-
tions in hydrothermal conditions enable to create a material with the preservation 
of natural-starting 3D structure (similar to that human bone) and appropriate 
nanostructural characteristics, use as a bone graft substitute for bone implants [28]. 

The achieving of a precise controlling of morphology, geometry and size, over 
the crystallographic and chemical structure of HA in hydrothermal conditions is 
related with a largest range of useful work conditions, in particular the tempera-
ture. The literature reports many variety of hydrothermal methods for the realiza-
tion of HA-nanostructured materials, in a wide range of dimension and 
variety of morphological features of the crystals, for example, rods [20, 29–46], 
needles [29, 30, 32, 47–53], wires [18, 54–57], whiskers/fibers [23, 47, 49, 58–60], 
sheets [55, 61, 62], plates [23, 44, 47–49, 54, 63, 64], and organized rod spheres 
[18, 31, 44, 54, 65, 66] or sheet spheres [19, 61, 67, 68], etc. (see Table 2 and 
Figure 2). Aldrich and Smith defined a geometric nomenclature for nanopar-
ticles [69], frequently described in ambiguous way in many scientific works; for 
example, the geometry indicating elongated HA as rod, needle, and fibers should 
be named according to well-defined dimensional aspect ratio and c-axial length. 

This study is mainly focused on the correlation between the different HA 
morphologies and stoichiometries obtained and the various parameters that affect 
crystallization in the hydrothermal process, with their complex relationship. 
Appropriate operating conditions can be carried out and adjustment to induce in 
the crystallization pathway and produce the desired morphology [70, 71]. Size 
and morphology of nanoparticles can be tailored by varying the most important 
synthesis conditions (described in Sections 3.1–3.7), including thermodynamic and 
non-thermodynamic processing variables (nature and stoichiometry of reactants, 
temperature, pH, pressure, process time, and additives). 

3.1 Supersaturation, nucleation, and crystal growth 

Supersaturation is the most critical crystallization parameter, and, at a given 
temperature, it is commonly related to a higher amount of a substance in solution 
than that required for saturation. 

Long shape (L1 < L2) Size range L2/L1 ratio 

Rod 
Needle 
Wire 

L1 = 3 nm–300 μm 
L2 = 10 nm–800 μm 

L2/L1 (rods) = 5–15 
L2/L1 (needles) = 20–80 
L2/L1 (wires) = 50–100 

Whisker/fiber L1 = 100–1000 nm 
L2 = 30–100 μm 

L2/L1 = 100–300 

Large shape (L1 > L2) Size range L1/L2 ratio 

Sheet 
Plate 

L1 = 40 nm–50 μm 
L2 = 5 nm–3 μm 

L1/L2 = 10–20 

Spherical shape Size range — 

Organized rod sphere 
Organized sheet sphere 

Ø = 500 nm–100 μm — 

Table 2. 
Various HA nanoparticle shapes and achievable size range by hydrothermal processes (where L1 is the width 
and L2 is the high, (see Figure 1)). 
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Figure 2. 
Typical shapes of nanostructured HA. 

It is the thermodynamic driving force that governs the formation mechanism of 
HA crystals, through nucleation and growth processes, and dictates the final crystal 
size distribution [44]. Nucleation and crystal growth are often competing mecha-
nisms determining for the final crystal size and size distribution. 

The thermodynamic driving force that induces the precipitation of HA under 
hydrothermal conditions is defined by the free energy variation in supersaturated 
solutions, which is given by the following relation in Eq. (1): 

ΔG = −(RT/n) ln(A/Ksp) = −(RT/n) ln(S) (1) 

where ΔG is the molar Gibbs energy; R is the universal gas constant; T is the 
absolute temperature; n is the number of ions in HA molecule (for Ca5(PO4)3(OH) is 
n=5+3+1=9); and S is the supersaturation degree that is defined by the activity prod-
uct of ion units (A) to the corresponding solubility product (Ksp) ratio, at a given 
temperature. Equation (1) also leads to the conclusion that the trend of absolute ΔG 
is directly related to the temperature. For example, if the temperature decreases, a 
slower precipitation rate of HA occurs and could lead to a larger crystal size. 

The supersaturation degree (S) is defined as Eq. (2) where aA, aB, etc. are the 
activity of ionic species and Ksp is the solubility product constant. In the case of HA 
(Ca5(PO4)3(OH) or half unit cell), the supersaturation (SHA) is given by Eq. (3), 
while its saturation index (SI) is defined as Eq. (4) [59]: 

S = aA
a × aB

b × aC
c × /Ksp (2) 

5 3 − 
2+) 3−) SHA = ((aCa × (aPO4 × (aOH ))/KspHA (3) 
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SIHA = log(SHA) (4) 

The control of supersaturation is critically prominent in hydrothermal condition 
to design HA crystals of the desired size, because it has a linear dependence with 
growth rate [72]. 

If SI < 0 the solution is undersaturated, and the mineral will dissolve into the 
solution; if SI = 0, the process dissolution and precipitation are in equilibrium. 

When SI > 0 the solution is supersaturated, and the mineral will preferentially 
precipitate from the solution and grow. At positive and low SI, crystals can grow 
faster than their nucleation, resulting in a larger crystal formation; however, at higher 
SI crystal, nucleation prevails over crystal growth and smaller crystals are formed. 

Some authors have shown that different morphologies ranging from rod-like, 
to plate-like to spherical HA nanoparticles could be obtained by varying the super-
saturation values of the chemical reaction in hydrothermal conditions [31, 73]. 
SI value can also define a two-dimensional or layer-by-layer growth (−ΔG2D), in 
which two particles share a common crystallographic orientation and the growing 
interface can shift only transversely, leading the final structures to thin sheets and 
plate shaped. Alternatively, SI value can define a three-dimensional or continuous 
growth (−ΔG3D) where the interfaces can move without constraint [74]. 

3.2 Calcium- and phosphate-based precursors 

HA is usually formed in the Ca–PO4–H2O hydrothermal system through a 
reaction between starting precursors, which contain Ca2+ (preferentially salts) and 
PO4

3− ions, respectively. Each combination between Ca2+ and PO4
3− sources can be 

used to create a specific method for preparing HA. Both ionic sources are mainly 
chosen as salts, to avoid the competitive formation of other CaP phases at external 
pH range of HA stability; for example, the use of phosphoric acid as phosphate 
source could precipitate the brushite phase [75, 76]. 

The most common chemical reactants used for the hydrothermal synthesis of 
HA are shown in Table 3, where the column of Ca2+ sources is split into soluble or 
insoluble forms. 

Various synthetic strategies to form HA crystals were developed, and the related 
processes can be classified into two main types, based on the nature of Ca-based 
precursors that can be soluble or insoluble. 

The mechanism of these processes follows several steps, which are schematically 
illustrated in Figures 3 and 4. In both cases, the hydrothermal treatment begins 
after the mixing of the precursors (and any additives). 

By using the soluble calcium sources (Figure 3), the first step is the mixing of all 
soluble precursors in supersaturated conditions, followed by rapid nucleation, up to 
the formation of small nuclei (step of reaction between ions). The subsequent steps 
in hydrothermal conditions are the continuous growth of the nuclei and increasing 
of nanoparticle dimension by Ostwald ripening or maturation to reduce the overall 
energy (step of hydrothermal treatment) [73, 95]. 

Compared to synthesis with soluble salts, the alternative way (Figure 4) pro-
vides for an initial step of mixing of the precursors, by immerging the insoluble 
calcium salt in a phosphate solution. Then a dissolution-recrystallization mecha-
nism proceeds at the solution/calcium sources interface in hydrothermal condition, 
through continuous nucleation-growth-ripening steps. 

Calcium material undergoes a slow and gradual dissolution at the nanoscale, 
followed by the reaction between calcium and phosphate ions and by the nucle-
ation/precipitation of HA crystals on the surface of dissolving calcium precursor. 
This process is thermodynamically favored due to the lower solubility product of 
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Ca2+ PO4
3− 

Soluble sources Sources 

Ca(CH3COO)2 + NaH2PO4 [61, 62]; 

CaCl2·2H2O + K2HPO4 [48, 77]; NaH2PO4 [67]; Na2HPO4 [18, 34]; (NH4)2HPO4 [78]; 
C8H10NO6P (PLP) [35]; Na5P3O10 (STPP) [31] 

Ca(NO3)2·4H2O + KH2PO4 [23]; K2HPO4 [47]; NaH2PO4 [58, 63]; Na2HPO4 [36, 64]; Na3PO4 

[32, 37, 38]; NH4H2PO4 [39, 65, 68]; (NH4)2HPO4 [20, 29, 40–45, 49, 50, 54, 56, 
59, 60, 66, 70, 79–83] 
(NH4)2HPO4 + NH4H2PO4 [71, 84] 

Ca2+ 

Insoluble 

3− PO4 

Sources 
sources 

Ca(OH)2 + (NH4)2HPO4 [85, 86] 
CaHPO4·2H2O [51] 

CaSO4 + (NH4)2HPO4 [87, 88] 

CaCO3 + (NH4)2HPO4 [89]; CaHPO4 [46] 

CaCO3 (3-D) + NH4H2PO4 [90]; (NH4)2HPO4 [25, 91–93]; Na3PO4 [28]; K2HPO4 [94] 
(NH4)2HPO4 + NH4H2PO4 [26] 

β-TCP + CaHPO4·2H2O (insolub.) [53] 

Table 3. 
Most popular precursors in the Ca–PO4–H2O hydrothermal system for HA production. 

Figure 3. 
Synthesis scheme by using soluble calcium-based precursor (powder form). 

Figure 4. 
Synthesis scheme by using insoluble calcium-based precursor (powder or 3-D block forms). 

HA compared to calcium sources (KpsHA << KpsCaCO3 < KpsCaSO4 < KpsCa(OH)2). The 
solution where calcium source is soaked is initially undersaturated with respect to 
calcium; when source dissolves, it releases Ca2+, and corresponding negative ions 
(e.g., CO3

2− or OH−) at the interface and a supersaturated condition, relating to HA, 
are created, and so it can start to precipitate and replace the original material. 

The orientation of formed HA crystals may or may not have relationship 
with the parent calcium source crystal, with consequences on the structural control 
on the transformation from insoluble calcium source. But if calcium source has 
similar symmetry and unit cell dimensions of HA, the mineral replacement can 
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occur by an epitactic or topotactic growth of HA crystals on the surface of dis-
solving precursor crystals, so that its orientation determines the disposition of HA 
nanocrystals. This mechanism is particularly evident during the conversion process 
of biogenic source made of calcite, where PO4

3− ions replace CO3
2 at the interface 

to produce a 3-D structure of HA which accurately reproduces and preserves the 
whole complex morphology (external and internal) of the original calcite template 
[28]. Therefore, the greater versatility in tailoring of HA crystal size and morphol-
ogy could be achieved through precipitation from homogeneous solutions contain-
ing both soluble calcium and phosphate sources. By adopting an insoluble salt of 
calcium as precursor, the degree of dissolution/precipitation, accompanied by 
interface reaction rate control, shall facilitate the formation of anisotropic particles 
which constitute the 3D structures. 

3.3 Temperature 

By shifting the dielectric constant and density with respect to temperature, 
water provides an excellent reaction medium for hydrothermal processing of HA 
nanostructured, leading to higher reaction rates and smaller particles than con-
ventional processing route. According to the reaction temperature, hydrothermal 
synthesis can be classified into subcritical (T < 374°C) and supercritical (T > 374°C) 
synthesis, although these syntheses are typical subcritical, because they are easily 
applicable to industrial and laboratory operations. Subcritical conditions can be 
classified as mild (temperatures near to 100°C) or elevated (temperature up to 
250°C). Many studies are done with synthesis temperature in the range from mild 
to elevated subcritical conditions (~100–240°C), showing the formation of various 
morphologies of particles with different sizes [18, 19, 21, 37, 39, 48, 53, 55, 60, 80, 
86, 87, 89]. 

Hydrothermal processes carried out at work temperature higher than 250°C are 
rarely documented in literature; for this purpose, rapid and continuous hydrother-
mal synthesis could be considered an appropriate technique [41, 80]. This could 
lead to the deterioration of the internal vessel (frequently made of inert polymer) 
or potential additives used during the process. Furthermore, high pressure and spe-
cific volume of water in the proximity to the supercritical point could damage the 
hydrothermal device. Anyway, the advantage of syntheses at very high temperature 
was not yet clearly evidenced in literature. 

The synthesis temperature significantly affects the precipitation/dissolution 
of HA, and it is a crucial crystal growth parameter, because it regulates the super-
saturation by means of solubility products Kps, that is temperature dependent. The 
following equation (Eq. (5)) can express the solubility product of HA as a function 
of temperature [21, 96]: 

logKspHA = −(a/T + bT + c) (5) 

where a, b, and c are constant. 
As a general rule, high temperature leads to the formation of large and long 

fibers/particles, while at low temperature small dimensions are preferred 
[12, 46, 81]. This depend on predominant growth, according to specific kinetic of 
crystallization and colloidal stability of particles [72]. 

Increasing hydrothermal temperature affects the significantly improving phase 
purity and Ca/P ratio of HA precipitate [93]. Crystallinity features are also affected 
by the change of synthesis temperature; an increased crystallinity with increased 
temperature occurs compared with those prepared at a low temperature because 
nuclei growth tends to happen at higher temperatures [18, 47]. 
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Du et al. described the hydrothermal process through two transition temperatures 
to particle growth can be at 160°C and a temperature between 200 and 220°C: the 
first transition is for uniformity, where particles synthesized at temperatures above it 
are more uniform, while the second limits the expansion of the particle length [97]. 

3.4 pH: phosphate equilibrium 

pH is an important parameter that can be modified from alkaline to acidic 
condition to obtain the desired morphology of HA nanostructures. 

pH condition performs the synthesis through two different ways: (i) by affecting 
the distribution of phosphate species in solution, according to the distribution of 
phosphate species (H3PO4, H2PO4 

−, HPO4
2−, and PO4

3−) against the pH value, as 
well as (ii) the modification of the electrical charge on the HA crystal surface. 

i. Different calcium phosphate intermediates are formed by adjusting the 
pH value; among them, the precipitation of HA may occur preferentially 
from slightly acidic condition up to basic pH conditions (approximately in 
the range of 5–11). Therefore, the solubility (or instability) of HA is highly 
affected under acidic conditions and decreases with increasing pH. The 
solubility isotherms of the CaP phases as a function of pH value and calcium 
(or phosphate) concentration from room temperature to hydrothermal con-
ditions (e.g., T = 200°C) are shown in Figure 5. At 25°C the HA stability field 
exists at equilibrium pH > 4.8 (Figure 5a), whereas at 200°C the HA stability 
field extends to an equilibrium pH as low as 2.9 (Figure 5b). 

An increment of pH value shifts the phosphate species equilibrium from H3PO4 
➔ H2PO4 

− ➔ HPO4
2− ➔ PO4

3−, respectively, and increase the saturation index of 
HA according to Eq. (6) [74]: 

logSIHA = 4 pH − 72.08 (6) 

This means that at pH~5 the SI = 1, while at higher pH the solution, is supersatu-
rated and at lower pH is undersaturated. In other words, an increase in pH from about 
5 results in increases in the nucleation rate of HA and its subsequent crystal growth. 

ii. The pH affects the electric charge of the HA crystal surface by changing the 
distribution of hydroxyl groups or protons. It was experimentally estimated 
that the zero charge point for HA in solutions occurs close to neutral pH, for 
which, in basic or acidic conditions, the crystal surface will be negatively 
or positively charged, as result of preferred absorption of Ca2+ and PO4

3− 

ions on the a-axis or c-axis; pH value results in anisotropic growth of the 
crystallites that will be into one-dimensional nanorods or two-dimensional 
nanoplates. 

Alkaline conditions produce smaller and less elongated particles at any certain 
orientation, while the formation of rod-like or needle-like and c-axis elongated 
HA particles with hydrothermal process occurs at acidic conditions [20, 42, 43]. 
The variation in acidic pH has a pronounced influence on the length of the rod-like 
particles, due to the protonation trend of the a-axis. 

More complex HA particles, including three-dimensional feathery, microfiber, 
and microcube structures were obtained by modulating pH during the synthesis [13]. 

In addition to temperature, the degree of crystallinity of final HA is also affected 
by difference in pH that can modify the nucleation and growth rates of the nuclei 
[42]; for example, higher crystallinity was observed in samples that were prepared 
at low pH conditions [8, 13]. 
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Figure 5. 
Diagrams for the Ca–PO4–H2O system at 25°C (a) and 200°C (b) as a function of the equilibrium solution pH. 

Sadat-Shojai et al. have recently reported that HA nanorods having high crys-
tallinity and high aspect ratio could merely be prepared through precipitation at 
approximately neutral conditions followed by hydrothermal treatment at 200°C for 
60 h. In this case, the nanoparticles show high dispersion stability, indicating their 
high surface charge and a low tendency for agglomeration [98]. 

The aspect ratio of HA particles is significantly affected by the pH of the reaction 
mixture; the mean aspect ratio of nanoparticles greatly decreases with increasing pH. 

3.5 Process time 

Process time, if prolonging, would enlarge the size of HA particles and also 
contribute to increasing the crystallinity. Its less significant factor affects the 
structural and morphological characteristics of HA nanoparticles, if compared with 
temperature and pH. 

As temperature and pH affect the dissolution of HA, by maintaining these con-
ditions as constants, it can be seen that this HA property is determined as a function 
of time. The concentration in hydrothermal solution of ionic species constituting 
HA is in relationship with process time, in accordance with classical parabolic 
behavior, expressed by Eq. (7), 

[C]2 = Kt + A ≈ Kt (7) 

where [C] is the concentration of ions, A is a constant, K is the parabolic rate 
constant, and t is the process time. For various hydrothermal temperature, a dis-
solution equilibrium time up to the achievement of plateau could be reached. 

This equilibrium time of the reactions would be shortened with the increasing of 
hydrothermal temperature. For example, at neutral pH, Zhang et al. had observed 
an equilibrium time after 10 h at 300°C and after 12 h at 200°C [96]. 

Several studies report the linear increasing of the synthesized length of HA 
nanoparticles up to a synthesis time limit. At 150 and 200°C, respectively, Jin et al. 
and Earl et al. observed the elongation of nanorods within 24 h; for the range of 
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24–72 hours of synthesis, crystallinity and size are not significantly affected by the 
differences in synthesis duration [20, 37]. 

Over the equilibrium time, self-assembly phenomena can occur toward more 
complex forms, i.e., flower-like morphologies [68], while in 3-D biomorphic conver-
sion, prolonged heating time could influence the aggregation and morphology of HA 
through a rearrangement of the building blocks such as nanosheets and nanorods. 

Hydrothermal treatment can be done in various time-temperature profiles 
designed as serious, stepwise, slow, intervallic thermal heating, etc. By carefully 
changing these profiles, the final morphologies of the resulting powder can be 
plates, hexagonal prisms, needles, and fine-plates, respectively [29]. 

The prolonged time can affect the colloidal stability and decomposition of any 
additives that will further be discussed in Section 3.7. 

3.6 Concentration/ion ratio 

The final HA morphologies are sensitive to the concentration of ions during the 
reaction, defining the degree of supersaturation (Eqs. (2) and (3)). 

Depending only by the concentration of the precursors, the HA nanostructures 
can form different morphologies. Hao et al. have observed that HA particles could 
have irregular or uniform plate-like forms, which tend to aggregate into small 
fibrous bundles, by increasing calcium concentration in solution [59]. 

Some authors claim that the diameter of the particles increases with the increment 
of reactant concentration because less concentrated chemical material limits the ion 
transportation. The increments of the mean length of the particles are also concluded 
to be significantly affected by the concentration of the initial material [42]. 

It is known that HA powders can be prepared with controlled Ca/P molar ratio 
(stoichiometric value is 1.67) in accordance to the starting amount of Ca2+ and 
PO4

3− in solution [29, 98]. If the starting calcium precursor is CaCO3, the resulting 
HA products will be not stoichiometric, due to partial substitutions of the anions 
(PO4

3−, and OH−) by CO3
2− groups. 

3.7 Additives 

Recently, it was found that additional components are usually included with the 
precursors to modify the morphology and size of the produced HA nanostructures, 
during hydrothermal synthesis. Some of the most popular additives used in many 
hydrothermal syntheses are listed in Table 4 and classified on the basis of their 
chemical characteristic. They include organic or inorganic matrices. 

The intrinsically different surface reactivity of HA crystals (positively charged 
Ca2+-rich c-surface and negatively charged OH−- and PO4

3−-rich a-surface) can 
selectively adsorb various ions, organic compounds, and proteins. 

Long HA whiskers can be prepared by homogeneous hydrothermal precipitation 
using acetamide, as a result of hydrolysis at elevated temperature and following 
interaction between acetic ions with their negative charges and the a-sites of HA 
[60]. This match also characterizes citrate salts [38]. 

Urea influences the increase of the diameter of HA nanoparticles because its 
hydrolysis introduces CO3

2− ions, incorporated inside the HA crystal structure; 
therefore, it controls the pH value through NH3 release, affecting the nucleation and 
growth of HA crystals. Intensive decomposition of urea increases supersaturation 
and subsequently produces more nuclei and smaller crystals [42]. 

Chelating agent (e.g. EDTA or tartrate) can induce the formation of a ring-like 
structure through the complex with Ca2+ contained in HA. Final particles can be 
obtained after decomposition of these structures in controlled hydrothermal treatment. 
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Properties Additive 

Electrolytes Acetamide (AA) [60], urea [29, 42, 58, 68], Na-citrate [37, 38, 44], propionamide 
(PA) [59], etc. 

Chelating agents Ethylenediaminetetraacetic acid (EDTA) [36], 
K-Na-tartrate [67], etc. 

Organic modifiers/ 
surfactants 

Cetyltrimethylammonium bromide (CTAB) [77, 99], 
glutamic acid (Glu) [31, 66], liposome [83], polyethylene glycol (PEG) [43], 
polyvinylpyrrolidone (PVP) [39], macromolecule (HTCC) [33], etc. 

Proteins Hemoglobin [62], lysine (Ly) [56], etc. 

Table 4. 
Various additives commonly used during hydrothermal synthesis of calcium phosphate. 

As a result of complexation, the concentration of free calcium ions dramatically 
decreases, leading to the HA nuclei with smaller size and quantity. During the hydro-
thermal treatment, calcium ions are released, and each nucleus will grow to the distinct 
single needle-like particles and finally to well-separated long fibers. It is well known 
that increasing pH value has a considerable improvement on complexes stability. The 
subsequent hydrothermal treatment leads to the Ca-complex decomposition and HA 
crystals are grown on the previously formed pattern, according to anisotropic growth 
along the c-axis. 

Surfactants are usually used as the controlling reagent to prepare 3-D architec-
ture of HA-based materials. Contrary to anionic reactant like EDTA, the cationic 
surfactant CTAB can bind with PO4

3− of reaction system by the ionic charge and 
stereochemistry due to their complementarity tetrahedral structures, so that phos-
phate anion can be incorporated to the formed nuclei, and the final HA and size of 
HA particles can be well controlled. During the hydrothermal process, CTAB-HA 
complexes are created, and their controlled coalescence produce nanorods with 
uniform morphology and controllable size [99]. 

Some attempts have been made to exploit the developed organic materials in 
controlling the crystal growth of HA. Zhu et al. [33] synthesized rod-like HA 
nanoparticles of various aspect ratios by means of the hydrothermal method in 
the presence of HTCC as a cationic polymer template. HTCC molecules are first 
incorporated into PO4

3− and OH− anions by charge and stereochemical comple-
mentarily, and the rigid chains of polymer molecules are then converted to 
extended chains, connected through the ion bonds of PO4

3− to form a 2D struc-
ture, followed by formation of a 3D rod-like morphology through self-assembling 
process via hydrogen bond interactions. Nucleation and subsequent crystal 
growth can occur upon adding the Ca precursor and hydrothermal treatment, 
respectively. 

Recently, a novel hydrothermal method based on the liquid-solid-solution 
strategy has been developed to synthesize surface-modified HA nanorods of various 
aspect ratios. According to this strategy, controlled growth of HA nanorods with 
tunable morphology can be achieved by adequately tuning the interfaces between 
surfactants and the central atoms of HA. Nanostructured HA with desired char-
acteristics can be fabricated by using organic modifiers, such as PEG, Tween-20, 
sorbitol, etc., in various hydrothermal conditions. For example, they favor the 
formation of HA nanorods with a larger aspect ratio, or small-sized, or long length, 
respectively, at high or low synthesis temperature. 

Some proteins have an affinity to a specific face of HA crystals, and they are 
strong inhibitors for perpendicular growth to the adsorbed face, in hydrothermal 
conditions at low temperature. For example, if the c-plane is covered by proteins 
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(e.g., hemoglobin molecules), the crystal will preferentially grow in the direction of 
the a-axis to form HA nanosheets. Then the hemoglobin could adsorb on the surface 
of newly formed HA nanosheets to increase their dimension. At high temperature, 
the hemoglobin could be hydrolyzed and decomposed under the hydrothermal 
conditions, and the degraded products could be differently adsorbed by the formed 
HA nanosheets up to the formation of different structures (e.g., flower-like or 
dandelion-like morphologies) [62]. 

4. Conclusions 

The hydrothermal method is particularly appropriate for the realization of 
good-quality crystals and allows tailored HA nanosized particles to be synthesized 
or characteristic of 3-D structures. 

This chapter discussed about the most influencing variables in the hydro-
thermal synthesis of HA and their effects to prepare a wide range of crystal 
morphologies. 

Among the considered variables, temperature and pH seem to be the most sig-
nificant factors affecting the dimensional, geometry, and crystalline characteristics 
of HA nanoparticles, e.g., through face-selective interaction and anisotropic growth 
processes. 

Table 5 summarizes the process parameters discussed and their effects and 
contribution on the final structures, which can have the form of hexagonal prisms 
(rods, needles, wires), sheets, plates, whiskers, fine spherical-shaped, etc., of vary-
ing sizes. 

This extensive range of morphologies may be useful for developing various 
and improved types of nanostructured biomaterials, which could have potential 
application for repairing bone defects and tissue regeneration. 

Conditions Effects Low values High values 

Supersaturation Crystal size, size 
distribution 

Large particles, 2D growth Small particles, 3D 
growth 

Selection of 
precursors 

HA precipitation, 
crystals orientation 

— — 

Concentration Saturation, Ca/P 
molar ratio control 

— Increase particle 
dimension 

Temperature Solubility, nucleation, 
growth 

Small particles, low 
crystallinity 

Large particles, high 
phase purity, high 
crystallinity 

pH Crystal growth rate, 
anisotropic growth of 
crystals 

Small particles, 
preferential growth along 
c-axis (rod shape), high 
crystallinity 

Large particles, 
preferential growth 
along a-axis (plate 
shape) 

Process time Ripening Small size Large size, high 
crystallinity 

Additives Structures control, 
complex geometry 

Various effects Various effects 

Table 5. 
Summary scheme of the hydrothermal parameters contribution on the final HA nanostructure. 
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Chapter 2 

Dentin Materials as Biological 
Scaffolds for  Tissue Engineering 
Masaru Murata, Naoto Okubo, Mamata Shakya, 
Md Arafat Kabir, Kenji Yokozeki, Bowen Zhu, 
Masahiro Ishikawa, Ryuji Kitamura and Toshiyuki Akazawa 

Abstract 

Vital tooth-derived demineralized dentin matrix (DDM) has a bone-inductive 
ability, while non-vital tooth-derived DDM lost it. Acid treatment for dentin pro-
vides the increase of surface area, the release of matrix-binding growth factors such 
as BMPs, and the decrease of the infection risk. Human autograft of vital tooth-
derived DDM was achieved first in Japan 2002, while first bone autograft was noted 
in Italy 1820. This paper introduced dentin/bone biology and a unique clinical case, 
combined with two types of non-vital tooth-derived DDM (roots, granules) for lat-
eral bone augmentation. A 63-year-old woman revealed highly atrophic mandible in 
2015. Three non-vital teeth were extracted, changed in shape, demineralized in 2% 
HNO3, were rinsed, and were grafted immediately. The CT images at 3 months after 
the graft showed remarkable lateral augmentation. DDM scaffolds were received to 
host, and two fixtures were placed into the DDM-augmented bone. The patient was 
successfully restored with their own DDM scaffolds and implant surgery. 

Keywords: dentin, bone, material, scaffold 

1. Introduction 

Regenerative medicine is based on applied biomaterial science. Biomaterials have 
a strong impact on the patient cure for improving the quality of life. Recently, absorb-
able materials have been needed in the field of tissue engineering. We have been 
challenging to develop bioabsorbable dentin scaffolds [1–13], harmonized with bone 
remodeling, by using the ultrasonic acid-etching technology [14–17] (Figure 1). 

2. History of bone graft 

First bone graft was allograft from dog to human in 1682. While xeno-or 
allograft of bone was a major in the Western countries during the Middle Ages, 
human bone autograft was noted first in 1820, Italy. The use of bovine-deminer-
alized bone matrix (DBM) was reported first in 1889. The xenogenic DBM was 
grafted into human skeletal defects caused by osteomyelitis. Many DBM papers 
were published in the twentieth century [18]. Generally, fresh autogenous bone 
remains the gold standard of treatment for nonunion and large bone defects [19]. 
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Figure 1. 
Types of dentin materials. 

However, cortical bone block inhibits the invasion of cells and blood vessels, 
because the calcified structure is highly dense like a castle wall [20]. 

3. History of dentin graft 

First dentin autograft in human was achieved in 2002 in Japan for bone augmen-
tation and reported in 2003, 81th IADR, Sweden [21]. The first clinical case was a 
sinus lifting, using demineralized dentin matrix (DDM) granules, derived from 
nonfunctional vital upper molars (#17, embedded #18) for implant placement [21]. 
We consider that the nonfunctional teeth are medical resources and can be recycled 
for transplant and bone regeneration. Recently, DDM graft has become a standard 
technique in South Korea. The unique service system in Korea Tooth Bank is the 
preparation and delivery of the tooth-derived materials on demand [4, 7, 8]. The 
tooth-derived materials were named as auto-tooth bone (ATB), which is divided into 
the block-type and powder-type [22]. The demineralized dentin, hydrated in 0.9% 
NaCl solution for 15–30 min before use, can be cut by operators with a surgical knife 
or scissors. We have thought of nonfunctional teeth as innovative resources and have 
advocated the medical recycle of the patient’s own tooth as novel materials for bone 
regeneration. This matrix-based therapy is “dental innovation,“early in twenty-first 
century. Our advanced technique will expand from East Asia to the world, and 
dentin graft has been becoming a realistic alternative to the bone autograft. 

4. Characteristics of dentin and bone 

Dentin and bone are mineralized tissues. Dentin is cell-free matrix without a 
blood vessel, while bone includes osteocytes and vessels. However, dentin and bone 
are almost the same in chemical components. They consist of biological apatite 
(HAp: 70%), collagen (18%), non-collagenous proteins (NCPs: 2%), and body fluid 
(10%) in weight volume (Table 1). BMPs and FGFs are matrix-binding proteins, 
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Table 1. 
Chemical components (wt/v%) of human dentine and bone. 

Figure 2. 
DDM and DBM. BMPs and FGFs, matrix-binding proteins in NCPs. Collagen, mainly type I collagen. 

while OCN is a mineral-binding protein in NCPs [13]. The small integrin-binding 
ligand, N-linked glycoprotein (SIBLING) family, including dentin sialophos-
phoprotein (DSPP), dentin matrix protein 1 (DMP1), bone sialoprotein (BSP), 
and osteopontin (OPN), are secreted into the ECM during the biomineralization 
[23–26]. The SIBLING phosphoproteins (DSPP, DMP1, BSP, OPN) bind to titanium 
beads [27]. DDM and DBM are mainly type I collagen (95%); the remaining is made 
up of NCPs, including a small amount of growth factors. Briefly, DDM and DBM 
are acid-insoluble collagen-binding bone morphogenetic proteins (BMPs) [28–30] 
and fibroblast growth factors (FGFs) [31–34] (Figure 2). 

5. Advantages of demineralization 

There are several advantages about demineralization process of dentin and 
bone. In our preparation, 2% HNO3-demineralized dentin (DDM) is sterile mate-
rial. The strong acid solution (pH < 1) can kill bacteria and decelluralize organ. 
Therefore, the strong acid treatment has antiseptic properties and decreases 
antigenicity. Bacteria-free DDM was detected after the culture for 7 days in blood 
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agar medium of dentin granules demineralized in 2% HNO3 for 20 min [35]. 
HAp crystals inhibit the release of BMPs along with growth factors [36]. After 
the removal of HAp crystals by ultrasonic demineralization, the surface area of 
dentin and bone increases remarkably [16]. In our study, human DDM and human 
DBM induced bone and cartilage independently at 4 weeks in the subcutane-
ous tissues of nude mice [34]. In addition, adult rat cortical bone plate treated 
with ultrasonic demineralization induced bone at 2 weeks, while fresh cortical 
bone plate never induces bone until 6 weeks [20]. These results indicated that 
highly calcified tissues such as cortical bone and calcified dentin did not have a 
better capability in bone induction than DDM and DBM. The delayed inductive 
properties of highly calcified dentin and bone may be related to the inhibition of 
BMP release by HAp crystals [36]. We never think, therefore, fresh bone is a gold 
standard. DDM and DBM have a better performance in bone induction than fresh 
dense bone. 

6. Ultrasonic demineralization for dentin scaffold 

Dense structure without pores inhibits the cell invasion and the body fluid 
permeation into the inside of the biomaterials. This situation is so-called mate-
rial’s wall. Material’s wall means the exclusion of cells and body fluid. Dentin 
has compact structure with dentinal tubes. We have been challenging to create 
biological dentin scaffolds, using ultrasonic demineralization technology [14, 16, 
37]. The whole structure design of dentin by the artificial pores and the ultra-
sonic treatment might produce functional 3D scaffolds, which control the bioab-
sorption rate and the adsorption ability for proteins and cells [2, 38] (Figure 1). 
The innovative technology can create the adequate 3D geometry and the surface 
structure of commercially available materials [14, 15](Figure 3). 
Geometrical factors will improve the performance of biomaterials for bone 
regeneration [39–42]. 

Figure 3. 
SEM views of HAp dense plate before and after dissolution for 20 min in 2.0% HNO3 by ultrasonic treatment 
at 600 W and 28 kHz. (a, c) Normal HAp dense plate (Cell-yard®); (b, d) ultrasonic demineralized plate; 
(a) dense flat plate; (b) knife cut-like grooves; (c) dense round crystals; (d) crater-like holes. 
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7. Biochemistry of DDM and DBM 

Both DDM and DBM are composed of predominantly type I collagen (95%) 
and matrix-binding proteins such as BMPs [39, 43, 44]. BMPs bind to type I col-
lagen of dentin and bone, even after complete demineralization (Figures 1 
and 2). The fact is a reason why DDM and DBM induce bone and cartilage. 
Completely demineralized rabbit dentin matrix induced bone in the muscle at 
4 weeks, while calcified dentin induced bone at 8–12 weeks after implantation 
[45, 46]. Many researchers made effort to discover dentin-derived BMPs [31, 
47–49]. In 1990, BMPs, transforming growth factor beta (TGF-β), insulin growth 
factor-I (IGF-I), and IGF-II, were detected in human dentin [50]. Moreover, 
DDM and DBM possess the ability to coagulate blood plasmas [51]. The coagula-
tion action of blood plasma by DDM should become advantageous for surgical 
operations. Interestingly, antibacterial activity within degradation products 
of biological scaffolds composed of extracellular matrix was published [52]. 
Additionally, extracellular matrix extracts from the dentin and pulp showed 
antibacterial activity against three types of anaerobic bacteria associated with 
dental disease [53]. 

8. Dentin scaffolds 

DDM is defined as an acid-insoluble dentin collagen with natural cross-links 
and is a cell-free absorbable biomatrix with dentinal tube structure. DDM from 
autogenous tooth can be applied for bone grafts and tissue engineering as its 
own biomaterial, thus allowing improvement of bone induction while reducing 
the risk of infection. Human DDM can be recycled as cross-linked collagen in 
familial graft and allograft, because DDM is a cell-free matrix without antigenic-
ity. We published bone regeneration in sheep iliac bone defect by human DDM 
root-type scaffold or β-TCP block [2, 54] (Figure 4). Bovine- and pig-derived 
collagenous materials are available as medical devices for the human body all over 
the world. 

Figure 4. 
Human DDM scaffold in sheep iliac bone defect at 2 months (HE). 

29 

http://dx.doi.org/10.5772/intechopen.85452


 
 
 
 

 
 

 

 
  

 
 

   
  

  
 

  

 

Biomaterial-supported Tissue Reconstruction or Regeneration 

9. Comparison of dentin scaffolds and biomaterials 

Dentin scaffolds are composite materials of organic and inorganic components 
with natural cross-linking. Active 3D structure can be created in dentin scaffolds 
by using ultrasonic demineralization method and/or handmade technique under 
doctor’s idea. Collagenous materials and ceramics are commercially available for 
medical use. Collagenous materials are a single component (mainly type I collagen) 
or a mix of type I collagen and gelatin. The collagen fibers are derived from bovine 
or pig. Hydroxyapatite (Figure 3), carbonate apatite, and β-TCP are bio-ceramics 
without growth factors and organic matter (Table 1). 

10. Clinical case with DDM scaffolds for onlay graft on atrophic 
mandible 

10.1 Patient 

A 63-year-old female presented with missing teeth (#35-#37). Root apical legion 
was found in #34, and periodontitis was observed in #14 and 15 regions (Figure 5a). 
A clinical examination revealed highly atrophic bone in the mandible. Her medical 
history was unremarkable. 

10.2 Surgical procedure 1 

X-ray photos were taken before surgery. Non-vital teeth with lesion (#14, 15, 34) 
were extracted, and the debris and foreign body were removed carefully. Two teeth 
were prepared for root-type DDM (Figure 5b). The roots were perforated by a round 
bur, using the medical device (FIX®, Tokyo Iken Co., Ltd), and demineralized in 2% 
HNO3 solution for 30 min. The other was crushed with saline ice by an electric mill 

Figure 5. 
Case: 63-year-old woman, lateral augmentation (#35 and 36 regions) by DDM. (a) Initial X-ray view; (b) 
DDM materials (roots, granules); (c) immediate DDM graft; note, lateral augmentation; (d) view after 
placement of fixtures. 
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Figure 6. 
X-ray CT before and after augmentation by DDM in 63-year-old woman. (a) Initial X-ray CT (#35, 36 
region); note, ridge of atrophic bone; (b) 3 months after DDM graft; note, DDM combined with original bone. 

(Osteo-Mill®, Tokyo Iken Co., Ltd) at 12,000 rpm for 30 s (Japan Patent: 4,953,276; 
USA Patent: 8,752,777). Next, the crushed tooth granules were decalcified in 2% HNO3 
for 20 min [55]. Two types of DDM were rinsed in cold distilled water. Perforations 
were performed into the atrophic bone (#35, 36) [43, 56]. DDM scaffolds were grafted 
for lateral augmentation (Figure 5c), covered by collagen membrane, and immediate 
implant placement (∅3.7 mm) was done into #34 socket under intravenous sedation. 

10.3 Surgical procedure 2 

X-ray CT was taken at 3 months after DDM graft. DDM residues did not get out 
during the drilling, and two fixtures (∅3.7 mm) were implanted into the augmented 
bone (#35, 36)(Figure 5d). 

10.4 Results and discussion 

The CT images at 3 months showed remarkable lateral augmentation, compared 
with that of preoperation (Figure 6). Non-vital teeth-derived DDM scaffolds were 
received to host, and two fixtures (∅3.7 mm) were placed into the DDM-augmented 
bone. Partially demineralized dentin matrix from non-vital tooth is acellular 
composite of collagen and hydroxyapatite without BMP activity. As original bone 
contains BMP activity, bone managements such as ultrasonic scaler treatment and 
perforations into cortical bone must be essential. 

This patient was successfully restored with her own teeth and implant surgery. 
This case was a unique DDM onlay graft, combined with two types of DDM (roots, 
granules) for lateral bone augmentation in 2015. 

11. Conclusion 

Vital- or non-vital tooth-derived DDM can be recycled as natural scaffolds for 
local bone engineering. DDM graft is a matrix-based therapy without cells. Doctors 
can use patient’s own teeth as bone graft materials. Biomaterial science should 
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support and develop the advanced regenerative therapy using tooth-derived materi-
als for patients in the near future. 
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Advanced Surface  Treatments on  
Titanium and Titanium Alloys  
Focused on Electrochemical 
and Physical Technologies for  
Biomedical Applications 
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Lucía Mendizabal and Virginia Sáenz de Viteri 

Abstract 

Titanium and its alloys are becoming very promising materials in biomedi-
cine due to their excellent properties. However, their poor tribological behavior 
characterized by high friction coefficient and severe adhesive wear is their main 
limitation. Surface modification technologies based on electrochemical and 
physical techniques have been successfully employed to improve the tribological 
performance and osseointegration of Titanium materials, ensuring an effective 
protection against both wear and corrosion. For instance, anodizing and plasma 
electrolytic oxidation (PEO) are two electrochemical techniques that allow the 
growth of an oxide film of high hardness and good adhesion. The formation 
of these oxide films in electrolytes with bioactive elements has been reported 
to enhance cell functionalities and improve the tribocorrosion performance of 
Titanium surfaces considerably. Similarly, physical vapor deposition (PVD) 
technologies such as cathodic arc evaporation (CAE) and magnetron sputtering 
(MS) are commonly used today for the growth of protective hard coatings on 
different Titanium components in the biomedical field. Diamond-like-carbon 
(DLC) and transition metal nitride (MeNx) and carbide (MeCx) protective 
films grown by PVD have proven to be excellent candidates to enhance Titanium 
and Titanium alloys performance and durability, owing to their excellent adhe-
sion, high hardness, low friction coefficient and enhanced wear and corrosion 
resistance. 

Keywords: Titanium, Titanium alloys, surface treatments, anodizing, 
plasma electrolytic oxidation, physical vapor deposition, osseointegration 

1. Introduction 

Biomaterials are of great importance in medicine because of their ability to treat, 
improve, or replace damaged tissues, organs of body functions. Apart from ceram-
ics, polymers, and composites, metallic materials rank distinguished in the field 
of biomaterials. Titanium (Ti) is considered the most biocompatible of all metals 
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because of its superior resistance to corrosion from bodily fluids, bio-inertness, 
capacity for osseointegration, and high fatigue limit. Titanium develops a very 
strong passivating oxide layer which forms naturally in the presence of oxygen on 
its surface. This protective oxide film, with a thickness of 3–10 nm [1] is strongly 
adhered, insoluble, and chemically impermeable, preventing reactions between the 
metal and the surrounding environment. 

Titanium was first used in surgery in the 1950s and in dentistry a decade earlier. 
Recently, Titanium-based materials are attracting much interest as implantable 
materials because of their superior corrosion resistance, better mechanical proper-
ties such as remarkably high specific strength, low elastic modulus, and excellent 
biocompatibility compared to other competing biomaterials like stainless steel, 
Co-Cr alloys and nitinol alloys. They are now extensively and routinely accepted 
by medical professionals as the material of choice for prosthetics, internal fixation, 
inner body devices and instrumentation. 

Ti6Al4V is the most commonly used Titanium alloy in orthopedic applications, 
for knee and hip prosthesis bone screws, and plates. It is as strong as steel and twice 
as strong as aluminum, but it is 45% lighter than steel and only 60% heavier than 
aluminum. This alloy is widely used as hard-tissue replacements in artificial bones 
and joints because of their outstanding characteristics such as high strength, low 
density, immunity to corrosion, complete inertness to body environment, enhanced 
compatibility, relatively low Young’s Modulus and high capacity to join with bone 
or other tissues. However, the most important limitation of this and other Titanium 
alloys is their poor tribological behavior characterized by a high friction coefficient, 
and a low wear resistance, suffering from a severe adhesive wear [2]. 

Research and development on Titanium’s medical applications are concentrated 
on new alloys, production technologies and surface treatments that improve 
biocompatibility and prevent fretting fatigue. Nowadays, the relatively poor tribo-
logical properties and possible corrosion problems of orthopedic devices made of 
Titanium alloys have led to the development of suitable surface treatments to effec-
tively increase near-surface strength, improving the hardness and abrasive/adhesive 
wear resistance, thereby reducing the friction coefficient as well as avoiding or 
reducing the transference of ions from the surface or bulk material to the surround-
ing tissue, and improving biocide capacity and osseointegration of implants. Some 
surface treatment methods prone to be applied to achieve these objectives could be 
mechanical, chemical, electrochemical and physical methods. Mechanical meth-
ods such as machining, grinding, polishing and blasting produce specific surface 
topographies to improve adhesion in bonding. Chemical methods include acidic or 
alkaline treatments, hydrogen peroxide treatment and sol-gel, whose main objective 
is to improve biocompatibility, bioactivity or bone conductivity as well as chemical 
vapor deposition (CVD) for improving wear and corrosion resistance and blood 
compatibility, and biochemical techniques for inducing specific cell and tissue 
responses. Electrochemical methods include anodic oxidation, cathodic deposition 
and plasma electrolytic oxidation for improving corrosion resistance, biocompat-
ibility, bioactivity or osseointegration. Physical methods involve thermal spray, 
physical vapor deposition (PVD), ion implantation/deposition and glow discharge 
plasma treatments for improving mainly wear and corrosion resistance. 

In this chapter, two very promising surface modification methods, electrochemi-
cal and physical techniques, have been considered to develop highly corrosion- and 
wear-resistant and totally biocompatible coatings with improved osseointegration 
properties that extend the performance of Titanium alloys-based systems, several 
times beyond its natural capacity. 

Electrochemical techniques such as anodizing and plasma electrolytic oxida-
tion (PEO) have been employed to synthesize well-controlled ceramic-like oxide 
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TiO2 films with improved features. Both techniques are simple, cheap and effective 
electrolytic passivation processes used to increase the thickness of the natural 
oxide layer on the surface of Titanium-based materials parts. In both techniques, 
a biocompatible and corrosion resistant oxide layer of high hardness and good 
adhesion is generated on the surface of the alloy. In anodizing, the part to be treated 
forms the anode electrode of an electrolytic cell. A direct current is passed through 
the part to be anodized while submerged in a water-based electrolyte. The water 
breaks down, liberating oxygen at the surface of the part, which then combines 
with the Titanium to form the thick Titanium oxide layer. Thickness is determined 
by the level of electrical current and the process duration applied. In PEO method, 
the layers are formed by polarizing the Titanium-based part to the dielectric 
breakdown voltage in a suitable electrolyte. A wide range of polarization conditions 
are available for formation of the coatings, including DC (direct current) and AC 
(alternating current), with control of the current, voltage or power supplied to the 
cell. The main differences between anodizing and PEO techniques rely on the lower 
voltage that is used for anodizing with no discharges/plasma generation during the 
process, and higher thickness in case of PEO. Despite the similarities between both, 
the lower voltage applied during anodizing significantly influences the properties of 
the anodic film grown during the process in what regards morphology, topography, 
chemistry and crystalline structure. The formation of Titanium oxides by anodizing 
in electrolytes composed of bioactive elements, has been reported as a very promis-
ing method either to enhance cell functionalities or to improve the tribocorrosion 
performance of Titanium surfaces. The ceramic oxide layers generated by PEO 
technique are characterized by a high corrosion and wear resistance. The oxide 
layers generated by PEO on Titanium alloys have been observed to have a suitable 
topography for cellular proliferation, and improve the wear-corrosion response of 
the substrate considerably. 

As well, physical vapor deposition (PVD) technologies are commonly used today 
for the growth of protective hard coatings on different Titanium components in the 
biomedical field. Among them, cathodic arc evaporation (CAE) and magnetron 
sputtering (MS) techniques are the most popular ones. Diamond-like-carbon 
(DLC) and transition metal nitride (MeNx) and carbide (MeCX) protective films 
grown by PVD techniques have proven to be excellent candidates to enhance 
Titanium and Titanium alloys performance and durability in biomedical applica-
tions, owing to their excellent adhesion, high hardness, low friction coefficient 
and enhanced wear and corrosion resistance in body fluids. Besides this, PVD 
process parameters can be tuned to develop biomedical protective coatings with 
tailored properties. Particularly, Ti-C-N, Ti-C-N + Ag, Ti_DLC, (Ti,Zr)CN, TaN 
and TaN_Ag films performance to enhance Titanium and Titanium alloys features 
is described in this chapter, but the number of possible PVD coating materials 
(including completely different characteristics) is huge and continuously increases. 

2. Problematics related to Titanium alloys in biomedical implants 

A successful clinical implantation depends on the initial primary stability 
provided by the distribution of bone tissue around the implant, its quality and its 
amount. The integration of the implant in the bone is affected by several factors 
[1, 3–9]. The implant material, the design characteristics of the implant and its 
surface features, the implant loading conditions, the surgical technique employed, 
or the microbial adhesion and colonization are some examples. Also, the state of the 
host, i.e., the quantity and quality of the bone, and the mismatch of the mechanical 
properties of the bone and the implant are of great importance. Finally, the release of 
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the wear particles of metal ions from the implant during implantation is a key issue 
concerning the durability of the implants. In this context, wear, corrosion, and their 
synergistic interaction is a concerning issue to deal with, once it might influence the 
durability and clinical success of biomedical implants, and this chapter provides a 
brief insight into these phenomena and their detrimental effects. 

2.1 Wear 

One common degradation mechanism of orthopedical materials is wear. The 
integration of the implant in the bone tissue involves a relative movement between 
both surfaces. Furthermore, once the implant has been placed, the loads generated 
by the daily activity of the human body will result on micromovements on the 
implant/bone interface (fretting) [7, 10, 11]. One of the principal drawbacks of 
Titanium alloys relay on their low fretting-fatigue resistance and their poor tribo-
logical properties because of their low hardness [12–14] and the poor mechanical 
integrity of the TiO2 passive film formed on their surface [15, 16]. Titanium-based 
alloys are characterized by a high coefficient of friction and severe wear either 
against themselves or other materials [2, 17]. Titanium has tendency for moving 
or sliding parts to gall and eventually seize. This causes a more intensive wear as a 
result of creation of adhesion couplings and mechanical instability of passive layer 
of oxides, particularly in presence of third bodies. This implies the liberation of 
metallic particles or wear debris from the implant material into the surrounding 
tissues that results in an inflammation and gives rise to the bone resorption (oste-
olysis), which ultimately leads to loosing of the implant and hence the implant has 
to be replaced by a new one. 

2.2 Corrosion 

On the other hand, the human body comprises a highly corrosive environment, 
which might accelerate the degradation of metallic implants, regardless of their high 
corrosion resistance [18]. Corrosion is a degradation mechanism resulting from the 
electrochemical processes of oxidation and reduction taking place on a metal in a 
hostile electrolytic environment [19, 20]. The corrosion characteristics of implant 
alloys are influenced by the passive film that is formed on their surface [8]. This 
passive layer, of about 3–10 nm [1] and composed of TiO2, is the responsible for 
the adequate corrosion resistance of Titanium alloys, by acting as a physical barrier 
between the metal and the surrounding environment [21]. However, the presence 
of chloride ions (Cl−) makes human fluids considerably aggressive. Due to the small 
size of these ions, they can penetrate through the passive film and break down this 
protective layer by inducing localized corrosion [9, 22]. The corrosion of Titanium 
alloys has been found to be influenced by several factors, either accelerating or 
inhibiting their degradation. Some examples are the pH levels [23], the presence of 
proteins [24], the presence of bacterial colonies [25], or human cells [26], among 
others. Corrosion of biomedical implants would lead to the liberation and accumu-
lation of metallic ions and corrosion products [10, 17, 27]. 

2.3 Tribocorrosion 

Since implants are simultaneously subjected to wear and corrosion solicitations, 
the degradation mechanism expected is a combination of both phenomena [28, 29]. 
When wear and corrosion take place simultaneously, the process is known as 
tribocorrosion [20, 30, 31]. Tribocorrosion involves a complex synergism between 
wear and corrosion, since the material loss when both processes take place together 
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is higher than when they occur alone [10, 32–36]. This synergism is schematically 
represented in Figure 1. When the passive layer generated on the surface of the 
alloy is destroyed and removed (depassivation), fresh material is exposed to the 
electrolyte where corrosion reaction take place (wear-accelerated corrosion). On 
the other hand, the wear debris generated can oxidize and accumulate in the tribo-
logical contact increasing the wear extent (corrosion enhanced wear). The material 
degradation by tribocorrosion depends on different variables, such as the properties 
of the materials involved in the systems (composition, microstructure, roughness, 
mechanical properties…), the electrochemical parameters (composition of the 
corrosive media, pH, conductivity, temperature…), and the mechanical parameters 
(load, frequency of the contact, vibrations…). 

All in all, the release of metallic ions and corrosion products coming from both 
wear and corrosion and their interaction will enhance the likelihood of biological 
complications. This can result in peri-implant inflammatory reactions and aseptic 
osteolysis leading to the loss of the implant [16, 37, 38]. Therefore, tribocorrosion 
is one significant clinical issue that can compromise the osseointegration process 
as well as the further mechanical integrity and the biomechanical stability of the 
implant [21, 39, 40]. 

2.4 Infection 

Certain microorganisms can grow in layers, forming biofilms on medical 
surfaces like implants. Biofilm-associated infections on implants are responsible 
for 15–25% of implant failures as biofilms are resistant to most of the conventional 
anti-microbial agents. So far, implant coatings with biocidal properties have been 
generated, which release silver ions or conventional antibiotics to inhibit biofilm 
formation. The need to resolve biofilm-associated infections is urgent to reduce the 
necessity for revision surgery. Besides, higher medical costs such infections lead to 
significant pain and distress in patients. 

2.5 Challenges of Titanium in biomedicine 

For all the aforementioned reasons, a primary goal on implantology research is 
the mitigation of wear and corrosion debris formation during the implantation. For 
this aim, the improvement of the wear-corrosion resistance of the implant mate-
rial is a key factor. Functionalization of implant surfaces has been recognized as a 
promising approach to overcome current problematics [41]. In this context, the use 
of surface modification techniques that allow the modification of features such as 

Figure 1. 
Schematic representation of the synergism in tribocorrosion. 
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morphology, topography, structure, or chemistry has been gaining attention of the 
biomedical sector. In this sense, electrochemical techniques are simple, cheap and 
effective alternative methods used to improve the tribological and electrochemical 
properties of Titanium-based materials for biomedical applications, increasing 
their durability. 

3. Electrochemical surface modification techniques 

3.1 Introduction 

Degradation of Titanium-based implant materials is feasible to occur in vivo con-
ditions through corrosion and tribocorrosion processes, therefore being an issue of 
high clinical significance. One must be expected that the release of wear particles/ 
corrosion products through tribocorrosion processes taking place during implanta-
tion, may seriously compromise the osseointegration process [41]. Degradation 
and inflammatory processes may also contribute to the loss of mechanical integrity, 
influencing the magnitude of micromovements at implant/bone interface, thus 
compromising the biomechanical stability of the implant as well as the long-term 
health of peri-implant tissues [39, 40, 42]. Wear debris resulting from tribocorro-
sion, besides trigger locally aggressive biological reactions at peri-implant tissues, 
can go into bloodstream and subsequently be disseminated into human organs, 
leading to adverse effects at a systemic level, and therefore presenting serious risks 
for human health [43]. To overcome these problems, surface treatments have been 
widely employed to Titanium and its alloys, among which anodic oxidation (anod-
izing) at low and high voltage processing conditions is found. 

The high biocompatibility and corrosion resistance of Titanium and its alloys are 
associated with the ability of Titanium to spontaneously form a stable and adher-
ent TiO2 thin film on its surface, named as passive film, when exposed to oxidizing 
conditions [42]. The characteristics of this oxide film of around 3–10 nm thick [1], 
such as its morphology, topography and chemical composition play an important 
role on its osseointegration ability [44, 45]. Titanium oxide, i.e., Titania (TiO2) can 
be found on three polymorphic forms: rutile, anatase, and brookite. Anatase and 
brookite can convert to rutile upon heating, achieving the unique properties of 
rutile at room temperature. Recently developed high voltage techniques allow the 
generation of oxide films composed of crystalline rutile/anatase phases [8], which 
play a crucial role on their tribocorrosion responses [46]. 

Among the many methods of Titanium surface modification, electrochemical 
techniques are simple, cheap and effective. While anodizing is an anodic electro-
chemical technique, electrophoretic and cathodic depositions are cathodic electro-
chemical techniques. By anodic oxidation it is possible to obtain oxide films with 
the desired roughness, porosity and chemical composition. This technique once 
employed at high voltages can improve the crystallinity of the oxide. Also, it allows 
the doping of the coating with the bath constituents and the incorporation of these 
elements can improve the properties of the film. Electrophoretic deposition may use 
hydroxyapatite (HAP) powders dispersed in a suitable solvent at a specific pH. Under 
these operating conditions these particles acquire positive charge and coatings are 
obtained on the cathodic Titanium by applying an external electric field. These coat-
ings require a post-sintering treatment to improve their properties. Cathodic deposi-
tion is another type of electrochemical method where HAP is formed in situ from 
an electrolyte containing calcium and phosphate ions. It is also possible to alter the 
structure and/or chemistry of the obtained deposit. Nano-grained HAP has higher 
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surface energy and greater biological activity and therefore emphasis is being laid to 
produce these coatings by cathodic deposition [47]. 

As abovementioned, electrochemical techniques such as anodizing and plasma 
electrolytic oxidation (PEO) have been employed to synthesize ceramic-like oxide 
films with improved features. These treatments have been claimed to enhance the 
tribocorrosion behavior of Titanium-based materials, as well as their osseointegra-
tion by the incorporation of certain chemical elements into the oxide composition 
(e.g., calcium, phosphorus, zinc, etc.). In this section, anodizing and PEO processes 
are described, and some interesting findings on their tribocorrosion and biological 
performances are reported. 

3.2 Anodizing 

3.2.1 Definition and influence of anodizing parameters on anodic oxide film 
features 

Anodizing has attracted considerable attention as a simple and fast electro-
chemical method to modify Titanium surface features, by promoting the growth of 
an oxide film on its surface [37, 48, 49]. Conventional anodizing process relies on 
the application of a predetermined current or voltage between Titanium material 
(anode) and an unreactive/inert material (cathode, e.g., platinum and graphite), 
previously immersed in a conductive solution. When polarized, a flux of electrons is 
generated between both materials, and the oxide film is grown on Titanium surface 
through oxidation reactions, along with field-driven ion diffusion [50–52]. 

The anodizing process is rather complex and depends on various parameters 
such as applied current density, concentration and composition of the electro-
lyte, the electrolyte temperature, duration of the process, the agitation speed of 
the solution during treatment and the cathode to anode surface area ratios [53]. 
Investigations have been carried out demonstrating that the features of Titanium 
oxide films generated by anodizing (e.g., morphology, topography, chemical com-
position and thickness) are strongly dependent on processing conditions, as below 
described in this section. In particular, over the last decades, many efforts have been 
done to develop nanoscale features on Titanium substrates to mimic the micro/ 
nanostructures of natural bone and so, increase implants biocompatibility. In this 
field, anodizing technique is receiving a growing importance because of its con-
venience to create surfaces with biologically-inspired topographies with different 
chemical compositions according to the electrolyte used during the process [54–56]. 

Among various nanostructured materials, the decoration of Titanium-based 
surfaces with well-aligned TiO2 nanotubes (NTs) has received special attention. 
Among the existing methods for TiO2 NTs synthesis, anodizing has emerged as 
one of the most effective due to its versatility, easy operation, and commercial 
feasibility [52, 57, 58]. This technique is already widely used in industry to produce 
large-scale low-cost protective oxide coatings [52]. The anodizing process for NTs 
synthesis is commonly carried out by applying a constant voltage of 1–30 V in aque-
ous electrolytes, or 5–150 V in non-aqueous electrolytes, containing 0.1–1 wt.% 
fluoride ions (F−) [51]. The anodizing setup for synthesis of TiO2 NTs is illustrated 
in Figure 2(a). The mechanisms of TiO2 NTs growth by anodizing in a fluoride con-
taining electrolyte, have been conventionally accepted as a result of a field assisted 
dissolution process consisting of three main stages: (1) the oxidation of Titanium 
metal involving Ti4+ ions formation/liberation; (2) the growth of an oxide film on 
Titanium surface, through recombination of Ti4+ and O2− ions (provided by depro-
tonation of H2O or OH−) moving under the action of the electric field; (3) the local 
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Figure 2. 
(a) Anodizing setup for synthesis of TiO2 NTs in a fluoride containing electrolyte. In (b) the mechanisms 
underlying nanotube growth evolution by anodizing are shown. Adapted from Refs. [51, 60, 61]. 

chemical dissolution of the growing oxide by fluoride ions and subsequently pore 
nucleation, with formation of water-soluble [TiF6]2− species. This process assumes 
that nanotubes growth takes place through the balance established between the 
formation of the oxide film and its enhanced dissolution at the base of the pores/ 
tubes, where the electric field is stronger, as schematically depicted in Figure 2(b) 
[50–52, 57, 59, 60]. 

The resulting features of TiO2 NTs, namely morphology, chemistry, and length, 
may vary over a wide range according to the processing anodizing parameters, 
such as the applied voltage, duration, and electrolyte composition. As reviewed by 
Roy et al. [51], anodizing time and etching rate define tube length, while nanotube 
diameter is controlled linearly by the applied voltage. In general, thinner films are 
produced in acidic electrolytes as compared to neutral, mostly ascribed to the faster 
dissolution rate of the oxide in a lower pH solution [57]. Accordingly, Macak et al. 
[62] reported that by using a neutral NaF-based electrolyte, significantly thicker 
porous layers were obtained than in acidic solution. Furthermore, Shankar et al. 
[63] showed that by using non-aqueous organic electrolytes containing fluoride 
ions, such as ethylene glycol, highly ordered TiO2 nanotube arrays up to 220 μm in 
length were grown, and depending on the anodic voltage, the inner pore diameters 
ranged from 20 to 150 nm. A remarkable advance has been reported by Han et al. 
[64], who fabricated TiO2 nanotube arrays with enhanced self-ordering level by 
multistep anodic oxidation of Titanium in an organic electrolyte containing fluoride 
ions, and this methodology has been widely adopted for self-templating anodizing 
processes [65–67]. Generally, the structure of TiO2 NTs grown by conventional 
anodizing is amorphous, however, it can become crystalline (e.g., anatase or a mix-
ture of anatase and rutile) by thermal treatments at 280–800°C, for 2–3 h. Although 
this method is currently used to achieve enhanced surface bio-functionality, it is not 
standardized yet [51, 68]. 

3.2.2 Modification of Titanium and Titanium-alloys surface features by anodizing 
to improve the tribocorrosive and biological performances of osseointegrated 
implants 

To achieve a good and fast osseointegration both the surface chemistry and 
topography of the implant material are of upmost importance. As abovementioned, 
various attempts have been made for the development of surfaces mimicking the 
hierarchical structure of bone which varies from micro- to nano-scale structures 
together with the inclusion of bioactive elements [69]. Zhao et al. [70, 71] observed 
that the conjunction of micro and nano-topographies on Titanium surfaces had a 
synergistic role on multiple cell functions, through the enhancement of multiple 
osteoblast functionalities, as compared to micro-textured surfaces. Furthermore, 
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micro/nano-textured surfaces showed enhanced ability to induce mesenchymal 
stem cells (MSCs) osteogenic differentiation. The benefit of a hierarchical micro/ 
nano-topography on promoting MSCs adhesion was also demonstrated by Zhang 
et al. [72]. 

In particular, anodic nanotubular structures made out of TiO2 have demon-
strated unique morphological and physicochemical features with potential to stimu-
late implant-bone integration, either in vitro or in vivo, by modulating osteoblasts 
and human MSCs functions such as adhesion, proliferation, and differentiation 
[73–75], when compared to conventional Titanium surfaces. Furthermore, TiO2 NTs 
have demonstrated ability, not only to control bone-forming cell functions, but also 
other types of cells that might have a major role in osseointegration process such as, 
osteoclasts, endothelial cells, and immune system cells (e.g., macrophages) [76, 77]. 
An additional exciting feature of TiO2 NTs is their ability to prevent microbial adhe-
sion and colonization, and therefore to avoid implant-related infections, which may 
end up in failure [78–80]. As demonstrated by Ercan et al. [80], Titanium surface 
features including chemistry, crystallinity, nanotube size, and hydrophilicity, sig-
nificantly influence the responses of S. epidermidis and S. aureus pathogens. Several 
studies have reported that nanotube diameter besides influence the microbial adhe-
sion and colonization, also modulate biological responses [81–83]. Furthermore, 
TiO2 NTs display an improved corrosion resistance as compared to Titanium-based 
surfaces [84, 85]. Demetrescu et al. [55] studied the electrochemical behavior of 
TiO2 NTs in Fusayama’s artificial saliva (AS) and concluded that very low corrosion 
current densities were recorded for TiO2 NTs due to a strong passive oxide film 
formation. Electrochemical impedance spectroscopy (EIS) results indicated that 
TiO2 NTs consisted of a bi-layered oxide made up of an inner barrier layer associ-
ated to high impedance and responsible for corrosion protection, and a porous outer 
layer (NTs) of lower impedance. 

An additional particularity of TiO2 NTs is their potential to behave as a platform 
for drug-eluting and local delivery, due to their excellent controllable dimensions, 
surfaces chemistry and large surface-to-volume ratio. Easily by changing the 
nanotube diameter, wall thickness, and length, the kinetics of specific drugs can be 
adjustable to achieve stable and controlled release [86–88]. Bio-functionalization 
of TiO2 NTs may be easily achieved by conventional techniques already used for 
surface modification of biomaterials. In this way, TiO2 NTs may behave as effective 
bio-selective surfaces by incorporating different elements in its structure, hence 
inhibiting bacterial functions and concomitantly promoting osteoblast responses. 
Recently, Alves et al. [89] have also synthesized anodic TiO2 NTs incorporating Ca-
and P-based compounds, through a novel methodology that resembles on reverse 
polarization anodizing processes in an electrolyte composed of those bioactive 
species. Results showed that hydrophilic Ca/P-NTs improved osteoblast-like cells 
adhesion and proliferation, as compared to Titanium smooth surfaces. Furthermore, 
the corrosion resistance of these surfaces in AS was significantly improved, when 
compared to conventional NTs and Titanium surfaces. A step forward, aiming to 
address, simultaneously, the lack of tissue integration and infection problems, Alves 
et al. [90] incorporated Zn in TiO2 NTs by anodizing of nanotubular structures in an 
electrolyte containing Ca, P and Zn elements. Results show that bio-functionalized 
TiO2 nanotubular surfaces are biocompatible and modulated cell morphology. In 
particular, NTs enriched with Ca, P, and Zn, induced to significantly up-regulated 
levels of bone morphogenetic protein 2 (BMP-2) and osteopontin (OPN) genes of 
human MSCs, when compared to conventional NTs. TiO2 nanotubular surfaces 
induced human MSCs to release a higher amount of vascular endothelial growth fac-
tor (VEGF), and showed the ability to impair S. aureus viability, therefore behaving 
as bio-selective surfaces. 
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The growth of TiO2 NTs on Titanium surfaces has demonstrated potential 
to reduce stress shielding effect, in accordance with their mechanical proper-
ties determined by nanoindentation. An elastic modulus of 4 − 43 GPa has been 
determined for TiO2 nanotubular structures [91–93], which is much closer to that 
of natural bone (i.e., 0.02 − 30 GPa) [94–96] when compared to Titanium (i.e., 
143 ± 23 GPa) [27, 97]. The mechanical behavior of TiO2 NTs was studied by Xu 
et al. [93] by nanoindentation. In summary, the authors observed that TiO2 NTs 
break as long as the indentation depth increases, interacting with neighboring 
NTs and causing them to bend and fracture, with formation of smaller frag-
ments that become gradually compacted, resulting in densification. Furthermore, 
Crawford et al. [91], observed that TiO2 NTs inelastically deform by tube crushing 
in the immediate vicinity of the indenter tip, accompanied by local densification. 
However, these studies provide very limited information to predict the in vivo 
degradation mechanisms that TiO2 NTs undergo, when submitted to tribocorrosive 
actions. To emphasize the importance of this knowledge, it has been reported that 
nanotubular films are prone to peeling off from the Titanium substrate due to 
poor adhesion between them [98–100]. Therefore, tribocorrosion studies become 
of fundamental importance, not only because of the high probability of adhesion 
failure of the nanotubular systems, but also because of their high clinical relevance, 
since implant degradation in vivo can seriously compromise osseointegration or 
even its long-term stability. In the attempt to construct effective nanotubular 
systems based on an integrated and multidisciplinary approach that addresses the 
development of tribocorrosion resistant implant surfaces with potential to avoid 
infection, and simultaneously, promote osseointegration, Alves and co-workers 
have recently reported, for the first time, important findings on the tribocorrosion 
field [101, 102]. 

Alves et al. [101] studied the tribo-electrochemical behavior of bio-function-
alized TiO2 NTs in AS, providing a first insight on their degradation mechanisms 
under reciprocating sliding conditions. Titanium surfaces decorated with TiO2 
NTs of 50–90 nm diameter were bio-functionalized by anodizing in an electrolyte 
containing Ca, P and Zn. The results showed that the tribo-electrochemical behav-
ior of TiO2 NTs was significantly improved after bio-functionalization treatments, 
which was correlated with their improved adhesion strength to the Titanium 
substrate, granted by the formation of a nano-thick oxide film at the interface 
region. The authors found out that after conventional anodizing process used for 
NTs growth, there was the formation of a non-continuous interface characterized 
by a hollow space between the nanotubular film and the Titanium substrate. After 
bio-functionalization treatments by reverse polarization anodizing, remarkable 
changes were observed at the Ti/TiO2 NTs interface region, due to the formation of 
a nano-thick oxide film (230–250 nm) during the second step anodizing process, 
which appeared to improve NTs adhesion to Titanium [103], as depicted in Figure 3. 
The adhesion properties and degradation mechanisms of TiO2 NTs were investi-
gated by tribo-electrochemical tests carried out in AS under single and multiple 
sliding actions, to better mimic real in vivo conditions that dental implants might be 
exposed to in real life [101, 102]. From these studies the poor adhesion of conven-
tional TiO2 NTs was undoubtedly confirmed, and bio-functionalization came out as 
a very promising approach to overcome it. Besides the more active electrochemical 
state, conventional TiO2 NTs suffered catastrophic destruction right after 100–300 s 
sliding actions accompanied by significantly higher wear volume loss as compared 
to bio-functionalized NTs, either when submitted to single or multiple sliding 
actions in AS. The improved tribo-electrochemical behavior after bio-functional-
ization was correlated with the significantly higher adhesion strength of the NTs 
to the substrate, granted by the nano-thick interfacial film formed by anodizing. 
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Figure 3. 
SEM micrographs of (a) NTs and (b) NT-Ca/P/Zn surfaces. Dark-field STEM micrographs at the interface 
of (c) NTs and (d) NT-Ca/P/Zn nanotubular films. In (c) the inset arrow shows the hollow gap between 
Titanium substrate and NT film while in (d) shows the nano porosity at the interface as well as the nano-thick 
oxide film grown during bio-functionalization (230–250 nm) [102]. 

The high adhesion strength was correlated with the higher hardness measured for 
these films, which consequently enhanced their mechanical wear resistance. From 
these studies a first insight on the main degradation mechanisms of TiO2 NTs was 
proposed that relies on tube smashing and densification, along with delamination 
and detachment of the tubes, through cracks formation and propagation from the 
surface to subsurface regions of the film [101]. 

An additional important outcome from the study performed by Alves et al. 
[102], is the ability of TiO2 NTs to induce the formation of a protective P-rich 
tribo-film with lubricating properties during tribo-electrochemical solicitations. 
This film may help to explain the open circuit potential (OCP) evolution during 
sliding, both for conventional and bio-functionalized NTs, as well as the high 
electrochemical stability observed in both cases when submitted to multiple 
sliding actions. Beyond the improved electrochemical properties, the formation 
of this tribo-film is believed to synergistically improve the wear resistance ability 
of TiO2 NTs. Conventional NTs showed similar degradation by mechanical wear 
after sliding tests carried out for 300 and 1800 s, and furthermore, this trend 
was kept after two-cycle sliding periods undertaken for 1800 s each. As concerns 
bio-functionalized NTs, a trend of a gradual degradation was observed for sliding 
tests carried out for 300 and 1800 s, and no significant differences were registered 
when two-cycle sliding tests were carried out. These results highlight the ability of 
NTs to withstand multiple cycles of mechanical solicitations, and suggest that the 
degradation induced by mechanical wear in the beginning of sliding actions, dictate 
their long-term degradation. This ability of nanotubular films to avoid further 
mechanical degradation as long mechanical solicitations take place, is believed to be 
strongly related with the formation of the compact P-rich tribo-film, which grants 
both protection against corrosion and wear [101, 102]. 

In summary, anodizing has emerged as a very promising technique to modify 
the surface features of Titanium-based materials at a micron- to nano-scale level, 
providing them key functionalities for osseointegrated implant applications. Easily, 
by varying processing parameters such as the applied anodic voltage, process dura-
tion and electrolyte composition, surfaces with different designs may be fabricated 
through the growth of oxide films with different morphological/topographical and 
chemical features, which in turns modulate biological and bacterial responses, as 
well as their corrosion and tribocorrosion performances. 

47 

http://dx.doi.org/10.5772/intechopen.85095


   
  

  
 

 
  

 
 

  
  

 
  

 
 

 
 

 
 

 
 

 
 
 

 
 

 

 
 

  
 

Biomaterial-supported Tissue Reconstruction or Regeneration 

3.3 Plasma electrolytic oxidation (PEO) 

3.3.1 Definition of the process and features of the anodic oxide films 

Plasma electrolytic oxidation (PEO), also known as micro arc oxidation (MAO), 
is an electrochemical process of oxidation with which a ceramic oxide coating is 
generated on the surface of light alloys such as Titanium, Aluminum, or Magnesium 
(Figure 4). The oxide layers created with this process are characterized by a high 
hardness, adhesion and improved wear and corrosion resistances [104–108]. In this 
process, the samples are anodically polarized to high voltages exceeding the dielec-
tric breakdown voltage, generating discrete short-living plasma micro-discharges 
on the surface [104–107]. The process is based on conventional anodizing, with 
similar configuration, but higher voltages (300–600 V) and current densities (10– 
50 A/dm2) [109]. The high voltages facilitate the diffusion of oxygen ions through 
the discharge channels present in the oxide film to the substrate surface where they 
react to form the anodic film [110, 111]. Since the development and extinction of 
the micro-discharges takes place within microseconds (10−4–10−5 s), the substrate 
does not exceed 100–150°C and thus is not subjected to thermal damage [2]. 

One difference between conventional or hard anodizing coatings and those 
obtained through PEO technique, is the thickness of the coating. Also, PEO is a 
high temperature process, which results in the formation of an oxide with a crystal-
line structure composed of rutile or anatase [112]. The improved wear resistance of 
the PEO generated layers is attributed to the presence of high temperature oxides 
and complex compounds, specially rutile, generated during the rapid melting by 
the micro-discharges and cooling in contact with the refrigerated electrolyte [2]. 
These oxide layers present excellent bonding adhesion to the substrate, and high 
hardness. 

The PEO layer generated on Titanium alloys usually consists of two crystallo-
graphic phases, i.e., anatase and rutile. While anatase might present poor corrosion 
resistance against certain acids and halide solutions, rutile generally exhibits better 
protective properties [113]. Also, rutile has higher stability and mechanical proper-
ties than anatase, due to its higher hardness and denser morphology. For all these 
reasons, the presence of rutile in orthopedic implants is desired in order to improve 
tribological and corrosion properties of the Titanium alloys. 

The microstructure of the PEO coating depends on the substrate material, 
the electrolyte composition and temperature, the dielectric breakdown, and the 
process parameters [106, 108, 110]. These coatings are characterized by a porous 

Figure 4. 
Schematic illustration of the Plasma Electrolytic Oxidation process and the plasma generated on the surface of 
a Titanium sample during the process. 
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microstructure resulting from the gas trapped into the material and the discharge 
channels created during the process. The higher discharge energy generated by 
larger spark voltages leads to larger pores in the anodic oxide layer [114]. The oxide 
layer generated by PEO technique usually consists of two or three layers of different 
porosity, i.e., an outer porous layer, an intermediate and a denser inner layer. The 
morphology of the intermediate and outer layers in terms of porosity, thickness, 
and composition can be tailored controlling the process parameters and the electro-
lyte composition. The pore diameter in the outer porous layer ranges from 3 to 8 μm 
in diameter, which results in a relatively high surface roughness [2]. The rough and 
porous surface of TiO2 grown by PEO process makes these coatings appropriate for 
cell adhesion [115]. 

Furthermore, one of the main reasons for such a good osseointegration of 
Titanium alloys relay on the mechanical properties of the oxide layer. The elastic 
modulus of anodic Titanium oxide layers has been reported to be around 40 GPa, 
which is close to the values for human bones [97]. The low modulus of the oxide 
layer compared to those of Titanium alloys might be attributed to the porous 
morphology of this layer. 

The use of alkaline electrolytes makes the PEO process sustainable and environ-
mentally friendly. Furthermore, the chemical composition of the electrolyte can 
be accurately controlled and formulated, in order to control the composition of the 
resulting oxide layer. For instance, some previous studies on the generation of PEO 
coatings on Titanium alloys for biomedical implants have incorporated bioactive 
elements such as phosphorous and calcium on their composition to enhance their 
osseointegration and favor cell growth [113, 116, 117]. Also, the addition of other 
elements such as silver, copper, or fluoride to provide the coating with antibacterial 
ability has also been developed [113, 118–120]. 

Finally, the easy and rapid operation, and its ecological friendliness make the 
PEO process a promising technique for industrial applications related to surface 
modification of Titanium alloys. Furthermore, it is a versatile technique that can be 
used to coat samples and components of variable size and geometry [121, 122]. 

3.3.2 Enhancement of Titanium biomedical implants properties by PEO technique 

Several investigations have already corroborated the improvement of the tri-
bological properties of Titanium alloys, as well as osseointegration and bactericide 
properties achieved by means of the PEO technique. In this section, the findings of 
some studies are presented and briefly described. 

The tribological performance of a Ti6Al4V alloy treated by PEO in dry abrasion 
conditions was investigated by Ceschini et al. [123]. They found the treatment to 
enhance the behavior of the alloy reducing both the wear extent and the friction 
coefficient, even under high applied loads up to 35 N. They ascribed this improve-
ment to the high hardness and thickness of the coating, which could appropriately 
support the applied load protecting the substrate as long as there was a presence of 
the oxide layer. 

The biological response in vivo of Titanium alloys treated by PEO technique was 
confirmed in a study carried out by Ravanetti et al. [124]. They observed the anodic 
oxide film to promote the early osteoblast adhesion, and the osseointegrative prop-
erties in vivo. The primary osteogenic response was accelerated during the extensive 
bone-implant contact after 2 weeks of study. 

Alves et al. [125] developed anodic oxide layers on pure Titanium in an electro-
lyte composed of β-glycerophosphate (β-GP) and calcium acetate (CA). The Ca/P 
ratio in the resulting films was observed to increase for higher calcium acetate con-
centrations. In this study, they analyzed the influence of calcium acetate content 
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on the tribocorrosion behavior of the coatings in a sodium chloride solution. The 
results showed the crystallographic structure of the oxide layer to be affected by 
the calcium acetate concentration, presenting better tribocorrosion response for 
higher contents. This was the case of the films with higher Ca/P and rutile/anatase 
ratios. 

Alves et al. [116] employed the PEO technique to develop anodic oxide films on 
a cp-Ti grade 2 used for dental implants. They evaluated the influence of process 
parameters on the coating properties, i.e., morphology, roughness, thickness, 
elemental composition, etc. The corrosion and tribocorrosion tests in artificial 
saliva (AS) revealed an improvement on the performance of the Titanium after the 
PEO treatment, in terms of higher corrosion and wear resistances. Also, they stated 
that the better response was obtained for the samples that were treated under higher 
current density, which possessed higher layer thickness. Alves et al. [117] continued 
the previous work by incorporating calcium and phosphorous into the TiO2 layer 
of the cp-Ti grade 2 to enhance the osseointegration of the coating. For this aim, 
they modified the electrolyte composition, and compared the coatings achieved 
in two electrolytes with two process parameters. Similarly to that observed in the 
previous work [116], higher process currents and times led to larger pore sizes, and 
roughness. Also, the electrolyte composition and process time led to variations on 
the chemical composition and crystalline phases of the coating. The corrosion and 
tribocorrosion tests in AS revealed the sample with higher rutile/anatase ratio to 
possess the best performance, with increased mechanical and corrosion resistance. 
Finally, the cell-material interaction studies carried out with human osteosarcoma 
cells revealed an improvement on the cell viability/proliferation of the PEO coating 
compared to the substrate. 

Ribeiro et al. [126] employed the PEO technique to develop an oxide layer 
composed of a mixture of anatase, rutile and amorphous phases. The coating 
consisted of an outermost nanometric amorphous oxide layer rich in Ca and P. They 
found this amorphous layer to improve the fibroblast viability and the metabolic 
activity, as well as the osteoblast adhesion. They observed the osteoblast adhesion to 
take place preferentially on the amorphous regions with higher Ca content. All the 
features observed in the layers containing both crystalline and amorphous phases 
showed a faster osteointegration than those with just crystalline phases. 

Oliveira et al. [46] incorporated magnesium together with calcium and phos-
phorous in the structure of the anodic films, in an electrolyte containing β-GP, 
CA, and magnesium acetate (MA). They confirmed the addition of magnesium 
ions to enhance the formation of rutile in the crystalline structure, which also 
improved the tribocorrosion performance of the developed coating in simulated 
body fluids (SBF). 

Saenz de Viteri et al. [112] developed TiO2 coatings on Ti6Al4V biomedical alloy 
used in hip joint stem implants by PEO technique. Apart from Ca and P to generate 
suitable surface characteristic for cell adhesion and improve the osseointegra-
tion, they also incorporated iodine into the composition of the oxide layer to gain 
antibacterial properties. Iodine has been previously reported to be highly antibacte-
rial, biocompatible and no cytotoxic [127]. However, due to the complexity of its 
manipulation at room temperature where it sublimes, no previous attempts in its 
use in PEO coatings has been found in literature. In this work, two process condi-
tions were employed, 5 A/dm2 for 19 min (PEO-1) and 15 A/dm2 for 5 min (PEO-2). 
Similarly to previous results obtained by Alves et al. [116] and Alves et al. [117], 
the thickness of the coating increased and the pore size and density were higher 
with higher current density applied. However, the roughness of the oxide was not 
influenced by this parameter. A typical morphology of the topmost layer of the 
TiO2 layer, showing high porosity adequate for cell proliferation is presented in the 
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Scanning Electron Microscopy (SEM) image of Figure 5. The Energy Dispersive 
Spectroscopy (EDS) and X-Ray Fluorescence (XRF) analysis performed on the 
samples confirmed the presence of phosphorous, calcium, and iodine in the coat-
ings. Furthermore, the anatase/rutile ratio was quantified by X-Ray Diffraction 
(XRD), being 21/79 and 46/54 for the PEO-1 and PEO-2, respectively. On the other 
hand, the tribocorrosion tests in phosphate buffered solution (PBS) showed little 
influence of sliding on the electrochemical response of the coatings, compared to 
the Titanium substrate. The OCP lectures were more stable, especially for the PEO-1 
coating (see Figure 5), and the corrosion resistance of the coatings was not affected 
after siding. Finally, the antibacterial ability of Titanium against S. epidermidis was 
enhanced by the incorporation of iodine into the coatings. 

Marques et al. [118] developed coatings with calcium, phosphorous, silicon, and 
silver on commercially pure Titanium (Cp-Ti) used in dental implants. The higher 
presence of rutile in the coatings with higher calcium concentration presented 
better corrosion properties in AS, also showing antibacterial and biocompatibility 
properties. They also observed little influence on the coatings performance with 
the incorporation of silicon and silver into its composition. Finally, the spreading 
and proliferation of human mesenchymal stem cells on the coatings was optimal, 
even in the presence of silver nanoparticles that were added to provide antibacterial 
properties. 

Marques et al. [128] evaluated the tribocorrosion behavior of the oxide films 
containing P, Ca, Si, and Ag, developed in the previous work [118]. Coherently 
with the former results, the higher amount of Ca led to higher rutile crystalline 
phase formation on the coating, which was found to possess higher corrosion and 
tribocorrosion resistances. Also, this coating presented lower material loss, and no 
detriment was observed in the results with the incorporation of Ag nanoparticles 
into the coating. 

More recently, Chen et al. [129] developed PEO coatings on a Ti-39Nb-6Zr alloy 
in a KOH solution. They evaluated the corrosion and wear performance of the 
coated alloy in PBS and studied the biocompatibility by osteoblast cells culturing. 
The corrosion and wear performance of the alloy was considerably improved after 
the treatment, showing higher corrosion resistance and lower material loss. The 
morphology of the oxide layer was found to be beneficial for protein adsorption, 
and the cell adhesion and osteoblast cell proliferation was also improved by the 
porous and rough surface. 

Figure 5. 
SEM micrograph of the TiO2 coating generated by PEO technique on Ti6Al4V presenting adequate morphology 
for cell proliferation (left) and evolution of the OCP lecture before during and after tribocorrosion for the 
Ti6Al4V alloy and the two coatings generated by PEO technique [113]. 
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Summarizing, PEO treatment has been found to be a promising surface modi-
fication technique for Titanium biomedical alloys. On the one hand, the surface 
morphology of the resulting TiO2 layer presents adequate properties for cell pro-
liferations. Furthermore, the electrolyte composition can be tailored modified to 
successfully incorporate several elements into the oxide composition, to improve 
different properties. Several researchers used Ca and P to enhance osseointegra-
tion, and I or Ag to provide the coating with antibacterial properties. Finally, the 
corrosion and tribocorrosion properties of Titanium alloys have been found to 
considerably improved in several biological fluids, e.g., SBF, PBS or AS. The higher 
enhancement of the TiO2 layers has been confirmed to occur for greater rutile/ 
anatase ratios. 

4. Physical vapor deposition (PVD) technologies 

4.1 Definition of PVD technology 

Titanium and its alloys exhibit the highest biocompatibility, corrosion resis-
tance, and specific strength (ratio of the tensile strength to density) among differ-
ent biomaterials [130]. However, they exhibit poor wear resistance and high friction 
coefficients. Poor abrasive wear resistance results in the formation of wear debris at 
the implant area, inducing metal ion release, inflammation and pain. Besides this, 
human life expectancy is steadily growing up, which demands the development 
of new generation of implants with higher durability. In this sense, significant 
improvements can be obtained by the application of protective hard coatings by 
PVD techniques characterized by high hardness and toughness, low elasticity 
modulus, low friction coefficient and enhanced wear and corrosion resistance in 
body fluids along with good biocompatibility. PVD techniques are very versatile in 
terms of the selection of coating material since any type of inorganic material can 
be deposited. 

Physical vapor deposition (PVD) technology refers to a variety of thin film 
deposition techniques where a solid material (target) is vaporized in high vacuum 
environment and then transported towards the substrate where it condenses to 
form a film [131, 132]. 

PVD processes takes place inside a vacuum chamber where the solid material is 
evaporated to form a plasma of atoms and molecules that are deposited on a wide 
range of substrates. As a process that transfers the coating material on a single atom 
or molecule level, it provides extremely pure and high-performance coatings com-
pared with more conventional techniques. Besides, PVD is an eco-friendly technol-
ogy in contrast to chemical and galvanic surface treatment methods. It is clean and 
dry, with no hazardous materials involved, and does not generate chemical waste 
or water pollution. A wide range of coating materials can be deposited by PVD 
technologies; including metals, alloys, semiconductors, and ceramics (nitrides, 
carbides, borides…). 

PVD technologies can be divided into different categories regarding the mecha-
nism to vaporize solid material: vacuum evaporation, cathodic arc evaporation, 
magnetron sputtering and pulsed laser deposition. Among them, cathodic arc 
evaporation (CAE) and magnetron sputtering (MS) are the most common and 
industrialized ones for the development of hard protective films. 

Cathodic arc evaporation (CAE) is a low voltage, high current plasma discharge 
that takes place between two metallic electrodes inside a vacuum chamber [133, 134]. 
The arc discharge current is concentrated at the cathode surface, forming the cathode 
spots, which are characterized by extremely high current and power densities that 
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produce a localized phase transformation of the solid target (cathode material) 
to an almost fully ionized deposition plasma with high ion energies. The plasma 
expands rapidly into the vacuum towards the substrate to form a film. The high 
number of energetic ions generated in the CAE processes are the main advantage 
of this technique, which leads to the deposition of extremely dense (suppression of 
columnar growth) and well-adherent protective films compared with other PVD 
methods. However, CAE process produces also the so-called “macroparticles” along 
with the deposition plasma. Macroparticles (molten particles) range in size from 
less than 1 to about 10 μm in diameter, which adhere to the growing film causing 
defects, pinholes and rough surface coatings, representing an important disadvan-
tage of CAE technique. 

Magnetron sputtering technique relies on ejection (sputtering) of atoms from 
a solid source (target) by bombardment of gaseous ions from a plasma as shown 
in Figure 6 [135–137]. Direct current magnetron sputtering (DCMS) is the basic 
sputtering process where a DC voltage is applied between the anode (chamber 
walls) and cathode (target) to ionize the sputtering gas (argon). The positively 
charged ions (Ar+) are accelerated towards the cathode leading to an energetic 
bombardment against the target and ejecting target atoms by momentum transfer 
mechanism. 

The main advantage of magnetron sputtering technology is that almost any 
material can be sputtered by simply introducing reactive gases such as nitrogen, 
oxygen or acetylene to form compound materials or by using a radio frequency 
(RF) power supply to sputtered insulating materials. Besides, there is no mac-
roparticle generation during magnetron sputtering which leads to the development 
of smoother films compared with CAE technique. The principal drawback of DC 
magnetron sputtering is that only a small fraction of the sputtered atoms is ion-
ized (<5%) which leads to the deposition of poor adhesion and low-density films 
characterized by columnar growth. 

In order to overcome this problem, high power pulsed magnetron sputtering 
(HPPMS) was developed in the 1990’s as a variation of conventional sputtering 
by simply changing the power supply used for the generation of plasma discharge 

Figure 6. 
Schematic illustration of sputtering process. 
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[138–140]. During HPPMS discharge, the power is applied to the cathode in very 
short pulses of low duty cycle and frequency which prevents target overheating 
while increasing peak power density values up to several kW cm−2 (two orders of 
magnitude higher than during dcMS discharge). Such high peak power density 
values lead to the generation of ultra-dense plasmas, characterized by high ioniza-
tion degree of sputtered particles. Consequently, thin film growth can be assisted by 
energetic ion flux bombardment from sputtered material, allowing the modification 
and densification of film microstructure and development of coatings characterized 
by excellent adhesion and extremely flat surface [141]. 

PVD coatings are therefore an excellent alternative to improve surface char-
acteristics of Titanium and its alloys while increasing its durability. Protective 
biocompatible coatings with high hardness, smooth surface, high corrosion and 
wear resistance and low friction coefficient can be deposited by PVD techniques 
[142, 143]. Moreover, they can act as effective barriers to minimize ion release due 
to tribocorrosion. In addition, antibacterial agents such as silver and/or copper can 
be incorporated into the coating matrix to try to overcome bacteria colonization 
problem that occurs on implant devices. PVD process parameters such as pressure, 
reactive gas flows, power, current and voltage applied during discharge, process 
temperature…can be tuned to tailor the coating properties and develop an ad-hoc 
coating material for a specific application. 

4.2 PVD coatings to improve Titanium and its alloys surface characteristics and 
performance 

Protective coating materials applied by PVD techniques for Titanium and its 
alloys in biomedical applications generally fall into the following categories: 

• diamond-like-carbon (DLC) 

• transition metal carbides (MeCx) 

• transition metal nitrides (MeNX) 

• hydroxyapatite (HAP) 

DLC is a carbon-based coating composed of diamond (sp3) and graphite (sp2) 
bonds that is commonly applied for the enhancement of Titanium and its alloys 
performance in biomedical applications [144, 145]. DLC coatings are excellent in 
both bio- and hemocompatibility, and exhibit very high corrosion resistance and 
chemical inertness. They can present superior hardness and toughness, besides very 
low friction coefficient and wear rates depending on the sp3/sp2 ratio. The ability to 
modify the DLC coating surface by doping and changing the compositional varia-
tion is an added advantage in improving the coating characteristics [146, 147]. 

Saenz de Viteri et al. [148] studied the performance of Ti-C-N films deposited on 
Ti6Al4V alloy by cathodic arc evaporation technique. Five Ti-C-N films were grown 
using metal Titanium as cathode material and evaporated under different nitrogen 
(N2) and acetylene (C2H2) flows and arc currents in order to develop Ti-C-N films 
with different compositions. Tribological study was carried out on Ti6Al4V substrate 
and Ti-C-N coatings under fretting conditions in the solution of fetal bovine serum 
(FBS) with sodium azide and EDTA. All coatings reduced the friction coefficient of 
uncoated Ti6Al4V (μ = 0.8) to values between 0.24 and 0.43 depending on Ti-C-N 
composition. All coatings could also reduce the wear shown by uncoated Titanium 
alloy. The coating deposited under lower C2H2 flow exhibited the best tribological 
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performance likely due to the higher sp3/sp2 fraction which provides the necessary 
hardness (10 GPa) and the nanocrystalline graphite (nc-G) and amorphous carbon 
(a-C) structure that confers the lowest friction coefficient and best wear resistance 
to the coating. Afterwards, Saenz de Viteri et al. [149] did also explore the deposition 
of silver (Ag) topcoat by magnetron sputtering on Ti-C-N surface to include the anti-
bacterial property on the coating system. Bacterial adhesion tests showed that silver 
layer has broad-spectrum of anti-adherence activity. However, its low wear resistance 
makes the layer disappear during rubbing contact, and then their application should 
be limited to the avoidance of infection during the initial time of coating application. 

Bayón et al. [150] investigated the influence of carbon content on the tribocor-
rosion performance of Titanium DLC (diamond-like-carbon) films deposited on 
Ti6Al4V alloy. Tribocorrosion analysis was carried out using a ball-on-disc set-up 
immersed in PBS (phosphate buffer solution) using an alumina ball as a counter-
part. Three different deposition processes were accomplished in order to develop 
three different Ti_DLC coatings by varying some process parameters such as gas 
flows (nitrogen and acetylene) and arc intensity. DLC1 and DLC3 had same argon 
and nitrogen content but arc intensity of the process varied from 100 A in case 
of DLC1 to 75 A in case of DLC3. DLC2 had no nitrogen content on its structure. 
Corrosion response of uncoated Ti6Al4V and Ti_DLC coatings was very good before 
wear processes took place. However, high wear rates were measured on Ti6Al4V 
after tribocorrosion tests due to poor mechanical properties of this material. 
Ti_DLC films could considerably reduce the friction and wear of substrate material 
and there was no mechanical contribution to the total material loss due to tribocor-
rosion, demonstrating the excellent tribological properties of Ti_DLC. Noticeable 
differences were not detected between the three tested Ti_DLC films. 

Braic et al. [151] analysed (Zr, Ti) CN hard coatings deposited by DC magnetron 
sputtering on Ti6Al4V alloy using Ti and Zr targets sputtered in Argon, nitrogen 
and methane atmosphere. They compared these films with ZrCN reference coat-
ings. They correlated the composition and crystallographic phase of the films with 
their mechanical and corrosion properties and surface wettability and cell viability. 
Two coatings, with different non-metal/metal ratios ((C + N)/(Zr + Ti) ~1.1 and 
(C + N)/(Zr + Ti) ~2.6) were deposited. Smaller grain size and smoother surface 
was observed for higher non-metal content coating. Contact angle measurements 
and corrosion tests demonstrated that the deposited coatings were hydrophobic 
and had improved corrosion resistance as compared with the Ti6Al4V substrate. 
The coating with higher non-metal/metal ratio exhibited the best performance 
and higher cell viability. The quaternary (Ti, Zr) CN films were found to have 
better characteristics than ZrCN reference films being better candidates to protect 
Ti6Al4V in orthopedic implants. 

Transition metal nitrides (MeNx) are generally used as protective hard coatings 
due to their high hardness and toughness, low elasticity modulus, enhance wear and 
corrosion resistance and excellent chemical stability. Among them, tantalum nitride 
(TaN) is particularly interesting for Titanium protection in biomedical applica-
tions owing to its outstanding biocompatibility. Tantalum metal is one of the most 
chemically inert and biocompatible material, showing an outstanding corrosion 
performance in many corrosive environments, even comparable to that of noble 
metals [152]. 

Mendizabal et al. [153] presented an investigation about TaN films deposited by 
HPPMS technique on pure Titanium (Ti-cp) grade 2 to be applied on biomedical 
implants. They investigated three different TaN films; i.e., monolayer TaN and two 
multilayer TaN films characterized by different bilayer periods were developed 
by alternatively switching two different HPPMS pulses within one overall deposi-
tion process. The microstructural analysis of the TaN films (Figure 7) revealed 
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Figure 7. 
Cross-sectional SEM and TEM micrographs of monolayer and multilayer TaN films [153]. 

extremely dense microstructures and suppression of columnar growth for all 
deposited samples confirming the importance of highly ionized plasmas developed 
during HPPMS discharges on the densification of the films. 

Since the natural physiological environment contains not only inorganic spe-
cies but also organic molecules such as serum proteins [154], Phosphate Buffered 
Solution (PBS) plus 1 g of albumin was chosen as experimental electrolyte to 
perform corrosion and tribocorrosion testing. The corrosion resistance of Ti-cp and 
TaN coatings before sliding was incredibly high (~MΩ) and increased with time. 
TaN coatings exhibit similar electrochemical responses and slightly enhanced the 
Ti-cp resistance. The corrosion resistance of Ti-cp during sliding decreased up to 
1 kΩ and TaN coatings exhibited one order of magnitude higher resistance values. 
The friction coefficient was reduced from 0.58 to 0.25 by all TaN coatings. The wear 
rate of Ti-cp was considerably reduced, and total material loss caused by tribocorro-
sion reduced up to 96% by best-performing TaN multilayer film. 

Huang et al. [155] studied the incorporation of Ag on a TaN coating deposited on 
pure Titanium by co-sputtering of Ag and Ta targets in Ar/N2 atmosphere in order 
to evaluate the antibacterial property of the system. They also investigated the bio-
compatibility of different TaN-Ag coatings grown with different Ag contents. The 
pure TaN showed a dense columnar structure with smooth surface and possessed 
the highest contact angle showing hydrophobic characteristics. The incorporation 
of Ag on the TaN matrix lowered the contact angle of the system. The TaN-Ag com-
posite coatings with the highest Ag content (21.4 at.%) showed the most significant 
short-term antibacterial effect. All TaN_Ag films met the requirements in terms of 
cell viability independently from Ag content. 

Hydroxyapatite (HAP) is the most common phase among calcium phosphate 
(CaP) ceramics studied for biomedical applications due to its similarity to natural 
bone and owing to their characteristics such as high biocompatibility, osteocon-
ductivity, chemical stability at a neutral pH, and osseointegration [156]. HAP is, 
therefore, frequently considered as an adequate coating on Titanium orthopedic 
implants, which has been proven to promote and accelerate the osseointegration 
of an implant device into the body [157]. However, a major concern regarding 
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the application of HAP coatings is the low mechanical properties and high rate 
of decomposition of this material, which hinders its commercial application in 
high durability demanding devices. In order to overcome this problem, Vranceanu 
et al. [158] studied the addition of silicon carbide (SiC) into hydroxyapatite films 
deposited by RF-magnetron sputtering technique on Ti6Al4V for orthopedic 
applications. Previous results showed the improvement of wear and corrosion 
resistance of HAP films due to Sic incorporation in Titanium for dental implants 
[159, 160]. They studied the performance of base HAP and three HAP + SiC 
with different SiC contents by varying power applied to SiC sputtering target. 
They found that the SiC addition into the HAP matrix considerably improved 
the adhesion of the coating to the Ti6Al4V substrate and corrosion resistance 
compared to both base HAP film and uncoated Ti6Al4V. The biocompatibility tests 
demonstrated better cell proliferation and viability of all coatings compared with 
uncoated Ti6Al4V. 

Summarizing, PVD technology is very versatile in terms of the available type of 
coating materials and properties that can be selected and tailored to enhance the 
performance and durability of Titanium and its alloys. Particularly, 

• DLC and carbon-based films can strongly reduce the friction coefficient and 
wear rate of Titanium and its alloys in simulated body fluids. 

• TaN films can considerably reduce the total material loss due to tribocorrosion 
observed for uncoated pure Titanium. 

• The incorporation of silver into any of these coating matrixes can add the 
antibacterial property to the films without affecting their biocompatibility. 

• Hydroxyapatite (HAP) films with enhanced adhesion and corrosion resistance 
due to SiC incorporation can be deposited by magnetron sputtering. Besides, 
HAP + SiC exhibited better cell proliferation and viability than uncoated 
Ti6Al4V. 

The broad type of coating materials that can be deposited by PVD techniques, 
along with the possibility to tune their properties by fine adjustment of process 
parameters, presents these technologies as excellent candidates to enhance the 
durability of Titanium and its alloys for biomedical applications. 

5. Conclusions 

In summary, among the various electrochemical surface modification technolo-
gies nowadays available to enhance Titanium-based materials features for biomedi-
cal applications, anodizing and PEO techniques are among the most promising 
ones, for the following reasons: 

• By varying processing parameters such as the process voltage, duration and 
electrolyte composition, surfaces with different designs may be fabricated by 
changing their topographical/morphological features, as well as their chemical 
composition. 

• The electrolyte composition can be tailored to successfully incorporate several 
elements into the oxide film composition, to improve different properties. 
The enrichment of the oxide film structure with bioactive and antimicrobial 
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agents may induce to the production of new bio-selective functional surfaces 
for osseointegrated Titanium implants, by improving osseointegration and 
simultaneously avoiding infection. 

• The growth of an oxide film on Titanium surfaces may improve considerably 
their corrosion and tribocorrosion properties in simulated body fluids, such as 
artificial saliva. In the case of PEO, which generally induces to the growth of an 
oxide film with a crystalline structure, the improved corrosion and tribocor-
rosion performances of TiO2 films have been confirmed to occur for greater 
rutile/anatase ratios. 

Furthermore, PVD technologies are very versatile and they are characterized for 
the development of well-adherent, hard, dense and high durability films. A broad 
range of coating materials can be grown by PVD, made of different compounds or 
in multilayer structures under low temperature deposition processes. Fine-tuning 
of process parameters enables the development of completely different surface 
features making possible the deposition of ad-hoc protective coatings. It must be 
highlighted: 

• Very low friction coefficient and wear resistance carbon-based films are depos-
ited by PVD techniques to protect Titanium from mechanical degradation; 

• Transition metal nitride films with high corrosion and wear resistance are 
grown by PVD techniques, which considerably improve tribocorrosion perfor-
mance of Titanium; 

• The incorporation of silver into any of these coating matrixes can add the 
antibacterial property to the films without affecting their biocompatibility; 

• Mechanical properties of hydroxyapatite films can be enhanced by SiC incor-
poration using PVD techniques, maintaining the excellent osseointegration of 
HAP while increasing its durability. 

To conclude, this chapter is focused on promising electrochemical and physical 
technologies to modify the surface features of Titanium-based materials aiming to 
improve their functionalities for biomedical implant applications. In general, the 
implant surface requirements are defined based on its final application. Therefore, 
the most adequate technique for surface treatment must selected considering 
the required surface features of the implant, namely topography, morphology, 
thickness, chemistry, hardness, as well as its response regarding corrosion and 
tribocorrosion processes. Based on this approach, implants with single or multiple 
functionalities may be designed, namely osseointegrable implants with antimicro-
bial properties, simultaneously displaying improved corrosion and tribocorrosion 
responses. 
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Chapter 4

Bioprinting
Patrick Rider, Željka Perić Kačarević, Sujith Retnasingh, 
Said Alkildani, Ole Jung and Mike Barbeck

Abstract

Bioprinting is an emerging field in the areas of tissue engineering and regenera-
tive medicine. It is defined as the printing of structures consisting of living cells, 
biomaterials and active biomolecules. The ultimate aim is to produce implant-
able organs and tissues to replace the use of autografts, which cause donor site
morbidity and require two invasive surgeries. Not only is bioprinting aimed at
the restoration of tissue, it has significant potential for drug delivery and cancer
studies. Bioprinting provides control over cell placement and therefore creates a
homogenous distribution of cells correlating to a uniform tissue ingrowth. Another
attribute of bioprinting is the production of patient-specific spatial geometry, 
controllable microstructures and a high degree of reproducibility and scalability
between designs. This book chapter will discuss the many parameters of bioprint-
ing; manufacturing techniques, precursor materials, types of printed cells and the
current research.

Keywords: inkjet printing, extrusion, stereolithography, laser-assisted,
tissue engineering, hydrogel, bioink, additive manufacture, 3D printing

1. Introduction

There are more organ donors and recipients than there have ever been, however, 
in the UK, up to one in six patients requiring either a liver, heart or lung transplan-
tation becomes too ill or dies while waiting for a donor organ [1]. When a donor
organ becomes available, the recipient and clinicians have to make a fast decision
whether to accept the organ, which can lead to an improper assessment of the
associated risks. Risks associated with the donor organ include the age of the donor, 
retrieval of the organ after circulatory death and the potential to transmit blood-
borne disease or cancer [1].

Bioprinting has the potential to eradicate the problems associated with organ
donation and provide implantable organs on-demand. Bioprinting is a subcategory
of additive manufacture, a process by which small scale objects are printed from
a bottom up approach, through the deposition of successive layers of material. 
Using this approach enables the production of very precise and accurate designs
and shapes to be built using minimal amounts of material. Designs are made on a
computer which is then sent to a printer, meaning that designs are highly repeat-
able. The processes for developing a bioprinted tissue are outlined in Figure 1.

Although additive manufacturing uses a variety of materials to fabricate objects
with different functions and purposes, bioprinting is specifically the printing of
structures consisting of living cells, biomaterials and active biomolecules. First
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Figure 1. 
Flow chart depicting the individual process involved with producing a bioprinted tissue. 

patented attempts of bioprinting started with filling cartridges of table-top inkjet 
printers with bioinks, consisting mainly of cell-laden hydrogels [2]. Although 
research using inkjet technology was an early adapter for bioprinting, many other 
additive manufacturing techniques have also been utilized. 

Common techniques include inkjet printing, stereolithography and extrusion 
printing, demonstrated in Figure 2. Although these techniques are well established, 
it is only in the last decade that these processes have been properly developed for 
applications in the field of regenerative medicine and tissue engineering. Compared 
to the conventional techniques of producing tissue engineering scaffolds, additive 
manufacture has the ability to consistently produce highly repeatable designs with a 
precise, well-defined micro and nanoscale structure [3, 4]. 

The ultimate goal of bioprinting is to produce an entire complex organ capable 
of being implanted. This will provide an alternative source of organs so that patients 
will no longer require long waiting periods to receive a donor organ. Additionally, 
by being able to fabricate organs on demand, the ethical issues surrounding the 
supply and use of human or animal tissues is removed. 

Another possibility for bioprinting is to provide an alternative to animal testing. 
The potency and dosages of pharmaceuticals can be tested on bioprinted organoids 
or on an “organ-on-a-chip”. This could prove to be a more efficient and effective 

Figure 2. 
Bioprinting techniques: (a) extrusion-based, (b) inkjet-based, (c) stereolithography and (d) laser-assisted. 
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method for the testing of pharmaceuticals, as the translation from an animal model 
in to humans is not without its flaws, as an animal system cannot fully replicate a 
human system. 

Common tissue engineering manufacturing techniques are capable of producing 
tissue specific scaffolds; however they require to be seeded with cells post-fabrica-
tion. Cell seeding post-fabrication can lead to a poor distribution of cells, especially 
in larger scale 3D scaffolds. Homogeneous distribution of cells is not a problem 
with bioprinting, as printing can be used to control the positioning of cells during 
fabrication [5]. 

Simple tissues have been repaired in a clinical setting using tissue engineering 
scaffolds, such as the larynx [6], bladder [7] and urinary tract [8], however through 
bioprinting, the ability to build a more complex tissue scaffold for implantation 
becomes a greater prospect. 

2. Printing techniques 

2.1 Inkjet printing 

Inkjet printing is a non-contact method of fabrication, which limits the risk of 
contamination during printing. Scaffolds are constructed using the deposition of 
droplets and can achieve excellent resolution ranging between 20 and 100 μm [9–11]. 
Droplets are ejected from a printhead via thermal, piezoelectric or microvalve pro-
cesses. Thermal inkjet printing uses the nucleation of an air bubble to induce droplet 
formation, but a localized temperature between 100 and 300°C could inflict damage 
on cells and limits its use for printing natural polymers [10, 12]. Piezoelectric-based 
inkjet printing uses acoustic waves to eject a droplet, however this limits the use of 
viscous and therefore more concentrated inks, as these will dampen out the acoustic 
waves before they can expel a droplet [13]. Microvalve printing uses pneumatically 
controlled pistons to eject droplets. Inkjet printing can print multiple inks at once 
that can be used to interact with each other to control scaffold properties and create 
complex structures with multiple types of cells [14–16]. 

2.2 Extrusion 

Bioink is extruded from a micro-nozzle to build a three-dimensional structure in 
layer-by-layer fashion. Extrusion-based printing is either mechanically (piston or 
screw) or pneumatically driven [9]. This fabrication technique uses highly viscous 
bioink and does not require any chemical additives to enable the curing of the 
material [9]. As inks are viscous, and therefore more concentrated, fabrication rates 
are relatively quick. However, the more viscous a bioink is, the higher the induced 
shear-stress during extrusion, which can result in a higher cell apoptotic activity. 
Out of the different extrusion bioprinting techniques, pneumatic systems have 
demonstrated the best cell viability post printing [17]. Extrusion-based techniques 
are promising as they create scaffolds with high structural integrity using bioinks 
containing high cell densities and can achieve resolutions around 200 μm [9, 18]. 

2.3 Laser-based printing 

There are two laser-based techniques used for bioprinting. The first is stereo-
lithography (SLA), which is a nozzle-free technique that depends on photocuring 
with ultraviolet light (UV). The UV energy is directed at a reservoir of photosensi-
tive polymers to formulate 3D structures in a layer-by-layer fashion. This technique 
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is known to have quick fabrication times as its speed depends on the height of the 
print rather than on the print complexity [19]. A resolution ranging between 5 and 
300 μm can be achieved using SLA [20, 21]. This technique is not limited by the 
viscosity of the bioink, however, photoinitiators are often added to the bioink to 
improve polymer photosensitivity, and can affect the viability of the cells. The type 
and concentration of photoinitiator will influence cell viabilities differently [19]. 
Another concern is UV-induced damage to the cells, and has led to the development 
of alternative visible light-based and initiator-free techniques [22, 23]. Collectively, 
the short fabrication time and the absence of shear stress-induced apoptosis make 
SLA a good candidate for bioprinting. 

Another laser-based bioprinting technique is laser-assisted bioprinting (LAB), 
which is a scaffold-free and nozzle-free technique where droplets of biomaterial/ 
cells/peptides are propelled from a donor material slide onto a receiver material. Laser 
energy induces a vaporization effect used to transfer material from the donor mate-
rial slide onto the receiver. This technique can achieve a micro-scale resolution with 
multicell positioning [24, 25]. The accurate positioning of multiple cell types using 
this technique has great potential in creating biologically relevant complex designs, 
yet the main drawbacks of this technique are its low stability and scalability [24]. 

3. Bioinks 

Bioink is a term given to the precursor material used during printing. The main 
component of the bioink usually consists of a hydrogel. Hydrogels are used as they 
are highly hydrated, enable cell encapsulation and provide a cushioning effect 
during fabrication. Furthermore, hydrogels have adaptable rheological properties 
making them suitable for processing and printing [15]. Hydrogels used in tissue 
engineering applications are either naturally derived or synthetically derived 
polymers. 

3.1 Naturally derived hydrogels 

Collagen, gelatin (denatured collagen), silk, alginate and chitosan are the most 
commonly used naturally derived polymers in bioprinting with collagen being used 
in 26% of the bioprinting-relevant literature [26]. Natural polymers provide great 
bioactivity and high adhesiveness, resulting in high cell viability and proliferation. 
However, a lack of mechanical competence and reproducibility limit their use in a 
non-composite form. 

3.2 Synthetically derived hydrogels 

Aliphatic polyesters and poly(ethylene glycol) are the most commonly used 
synthetic polymers in bioprinting [27]. Synthetic polymers have a high printing 
fidelity and controllable degradation kinetics and mechanical properties. However, 
their inert properties result in low cell viability and proliferation rate [28]. Aliphatic 
polyesters used in tissue engineering are usually poly(lactic acid), poly(glycolic 
acid) and poly(caprolactone). Refer to Table 1 for a comparison of their different 
properties. 

3.3 Characteristics 

When processing bioinks, three main parameters must be considered: viscosity 
of the precursor hydrogel, gelation and network stiffness post-processing [30]. 
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Aliphatic Hydrophilicity/hydrophobicity Degradation Young’s 
polyester time modulus [29] 

PCL Very hydrophobic Lowest 0.4 GPa 

PLA Hydrophobic Medium 2.7 GPa 

PGA Hydrophilic Fast 7.0 GPa 

PLGA Ratio of different polymers will influence rate of degradation and water Amorphous 
affinity; PLA percentage means mixture has lower degradation rate and 
is more hydrophobic. 

Table 1. 
Correlation between water affinity and degradation rate for aliphatic polyesters. 

The latter two points can affect cell viability, proliferation, migration and even 
differentiation. The three parameters are mainly affected by the type of polymer, its 
concentration and molecular weight. Other factors that can have an adverse effect 
on cells are the shear stress induced during printing and the time period during 
which the cells are exposed to non-physiological conditions (fabrication time). 

Rheology of the bioink, particularly viscosity, is an important consideration for 
printing. Viscosity affects printing fidelity and also influences the shear stresses 
induced during printing. High shear stresses during printing can damage cells in 
nozzle-based techniques leading to higher cell apoptotic activity. Each printing 
technique requires a different viscosity range; inkjet-based printers require low 
viscosity solutions [31], extrusion-based printers require a high viscosity [9], while 
laser-assisted bioprinting requires a medium viscosity [5]. However, stereolitho-
graphic techniques are not as limited by hydrogel viscosity ranges. Recent research 
has shown that the sheer stresses induced by the applied pressure in extrusion 
printing can be alleviated if the bioinks are prepared as isotonic solutions [32]. 

The objective to have a 3D structure laden with cells that are viable, proliferative 
and differentiative, along with a structure that exhibits mechanical competence, 
stability and biologically relevant complexity is dependent on the bioink and the 
printing process. Ultimately, the type of polymer, its chemical properties, viscos-
ity, gelation, stiffness and fabrication time will affect the cells’ status and the print 
fidelity. 

4. Bioprinted tissues 

4.1 Neural 

Injuries of the central and peripheral nervous system can be challenging to 
repair. The central nervous system does not regenerated under normal conditions, 
and any injuries it sustains can lead on to neurogenerative disease. Damage to the 
peripheral nervous system is mostly treated with autografts and allografts, however 
motor and sensory recovery rates are poor. In a review of studies recording sensory 
recovery after digital nerve repair, only 67% of patients reported good sensory 
repair or better with a nerve graft, which increased to 79% of patients with artificial 
conduits [33]. This result indicates the potential for synthetically made nerve guid-
ance conduits and therefore the use of bioprinting. 

Some of the initial work involving bioprinting of mammalian cells was performed 
using Chinese hamster ovary (CHO) and rat embryonic motoneuron cells [34]. 
It was established that using an inkjet printer to print the cells did not affect cell 
proliferation or the polarized morphology of the motoneuron cells. However, 
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evaluation of cell lysis immediately after printing indicated that ~8% of the cells 
were damaged due to the printing process. Further work with rat primary embry-
onic hippocampal and cortical neurons demonstrated a cell viability of 74.2 ± 6.3%, 
as well as the maintenance of basic function, phenotype and electrophysiological 
properties [35]. 

Lorber et al. inkjet printed cells from the mature adult nervous system [36]. 
Monitoring the cells during droplet ejection, the cells did not undergo major distor-
tion and hence destruction caused by shear forces. It was shown that printed glia 
cells retained their ability to support the growth of the seeded retinal ganglion cells, 
which is an essential interaction for maintaining proper nerve function. Tse et al. 
printed a combination of neuronal and glial cells [37]. High cell viabilities >86% for 
neuronal cells and >89% for Schwann cells were achieved. Not only did the printed 
cells exhibit early neurite growth in comparison to non-printed cells, neurites also 
grew longer in length. 

Using an extrusion printing process, neural stem cells (NSCs) have been printed 
embedded in polyurethane (PU) [38]. The bioprinted scaffolds restored nerve 
function when used to treat Zebra fish with a traumatic brain injury. Owens et al. 
developed the extrusion bioprinting process to produce purely cellular nerve grafts 
[39, 40]. Mouse bone marrow stem cells (BMSCs) and Schwann cells (SC) were 
extruded alongside agarose rods. The agarose rods were removed after a 7 day matu-
ration period leaving a tubular cell structure. Implanted to repair a sciatic nerve 
injury in rats, both motor and sensory function was restored after 40 weeks. 

SLA has been used to print human neural stem cells (hNSCs) [41]. Scaffolds 
were made containing GelMA and graphene nanoplatelets. GelMA content had a 
negative effect on cell proliferation rates, while the presence of graphene, known to 
stimulate hNSCs into neural differentiation [42], improved the cellular response. 
By monitoring glial fibrillary acidic protein (GFAP) expression, which is associated 
with the development of ependymal cells, and ß-tubulin III, which is associated 
with neurons, it was determined that the printed cells had differentiated over a 
14 day period post-printing. 

4.2 Skin 

In the repair of deep partial thickness and full thickness burns a new epidermal 
barrier needs to be established, this is usually achieved through transplantation 
[43]. Current treatment techniques, including split thickness grafts, lack the inclu-
sion of structures such as hair follicles, subcutaneous glands or sweat glands and do 
not provide the full restoration of sensory and motor neurons [43]. This can cause 
problems for the patient, especially the lack of sweat glands, which can prevent 
proper thermo-regulation. Bioprinting can be used to develop a complex tissue as 
multiple inks can be printed at once. Although the production of replica human 
skin has yet to be achieved, there have been many promising advances for the treat-
ment of full thickness wounds. 

Laser-assisted bioprinting was tested for the printing of different skin cells: 
fibroblasts and keratinocytes, as well as human mesenchymal stem cells (hMSCs) 
[25]. Printing was shown not to induce apoptotic activity and cell viabilities were 
measured as >90%. The hMSCs maintained their phenotype, implying that the 
transfer process did not induce differentiation of the cells. 

Kim et al. bioprinted a skin model using both extrusion and inkjet technologies 
[44]. A collagen/PCL ink was extruded to form the basis of the scaffold, followed 
by the inkjet printing of primary human dermal fibroblasts (hFBs) and primary 
human epidermal keratinocytes (hKCs). Using inkjet printing to deposit the cells 
provided a controllable and even distribution. When placed in cell culture over a 
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14 day period, the bioprinted construct developed biological characteristics such as 
elongated hFB, and dermal and epidermal layers. 

A PEG based skin model was produced by Rimann et al. [45] using a microvalve 
droplet system. Alternate layers were printed of a PEG-based ink followed by the 
hFBs ink suspension. Each layer of the PEG based ink was immediately polymerized 
using UV light. Due to the use of UV light the cells were analyzed for UV damage. 
By comparing printed and unprinted cells, it was shown that the cell DNA was not 
damaged during the printing process. The cells adhered to the structure, maintain-
ing a typical morphology and were well dispersed within the polymer matrix. After 
a 3-week period, the cells continued to proliferate and produce their own extra cel-
lular matrix, however, subsequent seeding of hKCs on top of the printed scaffolds 
did not achieve a fully stratified epidermis when exposed to the air-liquid interface 
for 14 days. 

A more complex bioprinted skin model has been achieved by printing multiple 
cell types [16, 46, 47]. Using a microvalve droplet system, initial investigatory work 
used both hFBs and hKCs suspended in cell media that were printed in-between 
layers of a printed collagen gel [46, 47]. Using a droplet based technique enabled 
the precise placement of cells, with a recorded 68 ± 13 hKCs per droplet and 93 ± 13 
hFBs per droplet for each respective ink suspension. Compared to skin tissue scaf-
folds that had used a manual seeding technique, the bioprinted scaffolds retained 
their shape better and developed denser epidermal layers. The epidermal layers 
formed tight junctions between neighboring cells, an important feature of the 
epidermis for providing an effective barrier. 

Further work included pigmentation of the printed skin model by printing 
human epidermal melanocytes (hMCs) into the epidermal layer [16], demonstrated 
in Figure 3. The hKCs reached a terminal differentiation to form a stratum cor-
neum-like structure. hMCs started producing melanin which accumulated at hKC 
interfaces, causing a light pigmentation. When the hMCs were printed as a uniform 
layer, they formed nevus-like structures (freckles), however it was suggested that 
this could be prevented by controlling hMC cell densities to create a more even 
spatial distribution. 

A collagen skin scaffold containing hFCs and printed human dermal micro-
vascular endothelial cells (hMVECs), that was subsequently seeded with neonatal 
hKCs mixed in collagen, was compared to a commercial graft (Apligraf®) for 
treating full thickness skin wounds in mice [48]. After 14 days, the bioprinted scaf-
folds had adhered to the wound while the Apligraf® had dried out and detached 
from the implant site, although no infections were recorded for any of the test 
groups. Complete closure of the wound occurred first for the bioprinted scaffold 
after 21 days, followed by the Apligraf® after 28 days. Wound sites treated with 
either the commercial graft or the bioprinted graft developed epidermal and dermal 

Figure 3. 
Bioprinted pigmented skin model fabricated using a microvalve droplet technique [16]. Fibroblasts are used for 
a dermal layer, and keratinocytes and melanocytes for an epidermal layer. 
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layers, however the bioprinted skin graft was shown to have the most histologically 
similar appearance to native skin, and developed a micro-vessel network. 

Skardal et al. successfully demonstrated in-situ bioprinting to repair full thick-
ness skin wounds on the backs of mice [49]. Amniotic fluid-derived stem (AFS) 
cells and bone marrow-derived mesenchymal stem cells (MSCs) were separately 
suspended in fibrinogen-collagen solutions and printed into the wound sites. The 
fibrinogen-collagen solution was crosslinked by printing a thrombin solution 
between each layer. Printing the skin graft directly into the wound site achieved 
complete coverage of the wound and a tight seal between the skin and graft. At all 
points during the study, wound contraction and re-epithelialization were signifi-
cantly higher in wound sites treated with bioprinted cells. Printed scaffolds exhib-
ited re-epithelialization of up to 89% which had organized, well defined layers, 
while the control only exhibited a 51% re-epithelialization with a poor structural 
quality. 

4.3 Cardiovascular 

Cardiovascular disease is one of the major causes of death globally. According to 
World Health Organization (WHO), cardiovascular disease accounts for more than 
one third of the total deaths each year [50, 51]. Depending on severity, treatment 
solutions may require replacement of damaged vital vasculature, or even heart 
transplantation. Problems such as organ shortages or requirements for multiple 
invasive surgeries mean that alternative solutions need to be found. 

Different methods have been explored for the bioprinting of a 3D vascular 
network. Endothelial cells have been successfully printed with a high degree of 
accuracy using an inkjet printer. It was shown that during printing, a precise num-
ber of cells were ejected per drop [52]. Boland et al. used inkjet printing to print a 
crosslinking agent (calcium chloride) into an alginate/gelatin solution to produce 
vascular structures [53]. By printing a crosslinking agent into the polymer solution, 
a structure was formed out of hollow shells providing a microscopic porosity that 
proved beneficial for cell migration. 

Cui et al. used inkjet printing to encapsulate human microvascular endothelial 
cells (hMVEC) in a fibrin hydrogel [54]. Scaffolds were fabricated with micron-
sized fibrin channels that had similar mechanical properties to other tissue 
engineered blood vessels. In cell culture, the cells aligned along the channels in a 
confluent lining, and had formed a ring-shaped microvasculature that sealed the 
fibroin channel with a high level of integrity. 

Extrusion bioprinting has been used to print heart valve conduits [55]. Scaffolds 
were fabricated using a bioink of methacrylayed hyaluronic acid (Me-HA) and 
methacrylated gelatin (Me-Gel) with suspended human aortic valvular interstitial 
cells (hAVIC). In cell culture, cells adhered and formed a monolayer on the surface 
of the bioprinted structure while the encapsulated cells below the surface started to 
remodel the hydrogel after 3 days. 

Initial work into printing cardiac tissue was performed using alginate hydrogel 
and primary feline adult and human H1 cardiomyocytes [56]. Inkjet printed in a 
half heart shape, scaffolds had a 1 cm inner diameter and two connected ventricles. 
Due to the printed porosity, the large structure enabled the transportation of 
nutrients, and meant that the cells remained viable when placed in cell culture. 
Using electrical stimulation, the cardiac cells were observed to contract rhythmi-
cally which in turn caused the whole structure to beat periodically. 

The generation and use of human pluripotent stem cell (iPSCs) is of grow-
ing interest for many applications as they can differentiate into multiple cell 
lineages [50]. Zhang et al. demonstrated a bioprinting methodology to fabricate 
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endothelialized myocardium using iPSCs [57]. GelMA and iPSC scaffolds were 
extruded and seeded with cardiomyocytes to induce the formation of myocardium. 
The fabricated scaffolds were capable of spontaneous and synchronous contraction 
using low level electrical stimuli. 

4.4 Bone 

An aging population and the use of bone grafts to augment bone for repair and 
regeneration, have led to an increasing demand of functional bone grafts. The 
current gold standard of treatment involves autologous bone retrieved from the 
patients’ iliac crest, however this requires multiple surgery sites, is expensive to 
perform and increases the associated risks involved with a second surgery site [58]. 
Therefore an alternative solution, such as the development of bioprinted bone grafts, 
presents an attractive alternative. 

Using SLA, stem cells derived from mouse bone marrow stromal cells (OP-9 
cells) were embedded in crosslinked PEGDA hydrogels [59]. After 24 h, the 
cells remained viable and subsequent seeding of mouse mesenchymal stem cells 
(mMSCs) onto the scaffold showed intensive mineralization. 

Catros et al. used LAB to position osteosarcoma cells (MG63) onto 
poly(caprolactone) (PCL) scaffolds [60]. Cells were printed either between lay-
ers of electrospun PCL or only as a final layer. In vitro testing initially showed no 
difference in proliferation rate between the two groups, however, after 14 days, the 
scaffolds that included printed cells between layers of PCL exhibited a significantly 
higher proliferation rate. When implanted in calvarial defects in mice, significant 
bone tissue ingrowth was observed that had an organized structure. Extruded PCL 
scaffolds containing decellularized bone matrix and human adipose-derived stem 
cells (hASCs) used for craniofacial regeneration in mice, showed improved bone 
regeneration in comparison to a pure PCL scaffold [61]. 

Using a bioink consisting of either a matrigel or matrigel and alginate, endothe-
lial progenitor cells (EPCs) and multipotent stromal cells (MSCs) were extruded 
into bone tissue scaffolds [62]. Implanted into subcutaneous dorsal pockets of mice, 
the scaffolds without the inclusion of alginate performed better, as they developed a 
bone-like tissue structure. 

Zhou et al. employed a table-top stereolithographic printer to create biomimetic 
bone matrices to study metastasis of bone cancer in bone tissue [63], as shown 
in Figure 4. Scaffolds containing osteoblasts and hMSCs suspended in hydrogels 
containing different concentrations of GelMA and nanocrystalline hydroxyapatite, 
were subsequently seeded with breast cancer cells (BrCas). Placed in cell culture, 
osteoblast proliferation rates were observed to decrease, while BrCas proliferation 
rates increased. Interactions between the cell types within the bioprinted model 
led to the conclusion that the osteoblasts and MSCs secrete macromolecules that 
promote BrCas growth. 

4.5 Cartilage 

Because of its avascular nature and the presence of low cell densities, cartilage 
defects will not completely self-regenerate [64]. It is therefore important that differ-
ent treatment possibilities are investigated to initiate its’ regeneration. 

Xu et al. fabricated a loadbearing cartilage scaffold using an inkjet printer to 
bioprint rabbit articular chondrocytes suspended in a fibrin–collagen hydrogel 
onto an electrospun PCL matrix [65]. It was found that by including a PCL fibrous 
network within the scaffold, mechanical properties were significantly increased. 
Scaffolds implanted subcutaneously in mice developed a dense, well organized 
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Figure 4. 
Stereolithographic process to fabricate a cell-laden bone model to study breast cancer metastasis. 
(1) Homogenous suspension of MSCs and osteoblasts in a photocurable hydrogel; (2) cell-laden 3D structure 
that is seeded with breast cancer cells; (3) a close-up of homogeneously adhering MSCs/osteoblasts and a 
suspension of breast cancer cells. 

collagen, not present in the control group (unseeded scaffolds). The cartilage tissue 
formation within the bioprinted scaffolds appeared histologically similar to normal 
elastic cartilage. 

The use of PCL to provide structural support was also employed by Schuurman et al., 
who extruded bioprinted GelMA embedded with chondrocytes [66]. For improved 
cartilage development, scaffolds were also fabricated with a GelMA/hyaluronic acid 
hydrogel. The inclusion of hyaluronic acid improved cell viability in vitro, however 
when implanted in mice, both scaffolds types achieved similar levels of cartilage tissue 
formation. Other extruded PCL-alginate gel scaffolds that contained chondrocytes also 
reported the formation of cartilage after being implanted into the dorsal subcutaneous 
space of mice [67]. 

In situ bioprinting has been investigated by Cui et al. using human chondrocytes 
suspended in a poly(ethylene glycol) dimethacrylate (PEGDMA) solution [68, 69]. 
Scaffolds were printed directly into osteochondral plugs that had been harvested 
from bovine femoral condyles. Compared to scaffolds fabricated outside of the 
defect, the in situ bioprinted scaffolds had enhanced tissue integration. Another 
in situ bioprinting method has been developed by O’Connell et al. [70]. Based on 
an extrusion bioprinting technique, an “in-situ biopen” has been made comprising 
of two ink chambers and an extruder nozzle with a UV source that enables direct 
application of a bioink during surgery. Using the biopen, a human infrapatellar 
fat pad adipose stem cell (IPFP) laden gelatin-methacrylamide/hyaluronic acid-
methacrylate (GelMA/HAMa) hydrogel scaffold was fabricated for in vitro testing. 
It was observed that the viability of biopen printed cells was 97% after 7 days. 

4.6 Muscle 

Bioprinting has shown great potential for building highly hierarchically orga-
nized cellular structures that comprise muscle tissue. Miri et al. created hierarchical 
cell-laden structures to mimic multicellular tissues [71]. Using extrusion-based 
bioprinting, multiple bioinks were deposited onto microfluidic chips. Structures 
resembling musculoskeletal junctions were printed using poly(ethylene glycol) 
diacrylate (PEGDA) and GelMA that were loaded with NIH/3T3 fibroblasts and 
C2C12 skeletal muscle cells. In vitro, the chips retained their printed interfaces 
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and demonstrated adequate proliferation rates. PEGDA-framed chips that had a 
concentration-gradient of methacrylated gelatin (GelMA) ranging from 5 to 15%, 
were implanted subcutaneously in rats. After 30-days, enhanced cell proliferation 
was reported for regions containing 10% GelMA, signifying a great potential for 
angiogenesis. This study demonstrates the possibility to create hierarchically cell-
laden structures to mimic multicellular tissues. 

Bajaj et al. used stereolithography to bioprint muscle tissues composed of mouse 
embryonic stem cells (mESCs) and mouse myoblast cell line (C2C12), embedded 
in PEGDA [72]. Live/dead staining showed a slight decrease in cell viability for the 
bioprinted scaffolds, possibly due to the non-adhesive properties of PEGDA. 

4.7 Periodontal 

Periodontitis is a chronic inflammatory condition resulting in total destruction 
of the periodontium consists of alveolar bone, cementum, gingiva and periodon-
tal ligaments and if left untreated, can result in tooth loss [73, 74]. Periodontal 
ligament stem cells (PDLSCs) have been shown to support the regeneration of 
periodontal tissues [75]. Ma et al. investigated cell viability of extruded PDLSCs 
encapsulated in a GelMA/PEG hydrogel [76]. It was shown that cell viabilities were 
around 94% after 24 hours post printing. Extrusion printing has also been used to 
reconstruct the maxillary bone in a 12-year-old dog, and is believed to be the first 
case of maxillary bone reconstruction using a 3D printed scaffold [77]. 

4.8 Corneal 

Diseases of the cornea have a significant impact on visual health worldwide. 
Corneal opacity is the fourth leading cause of bilateral blindness globally [78, 79]. 
A total of approximately 50,000 corneal transplantations were performed in the 
United States in 2013 [80–82], yet drawbacks to this procedure include a reduced 
quality of visual recovery due to an early endothelial cell loss, detachment of the 
posterior lamellar grafts and vascular in-growth into the lamellar plane [79]. 
Using sodium alginate and methacrylated type I collagen mixed with corneal 
keratinocytes, Isaacson et al. extruded corneal scaffolds [83]. To produce a concave 
structure, gelatin was used as a support material and had a hollowed out shape. 
Cell viability of cornel keratinocytes were 90% after 1 day post-fabrication which 
dropped to 83% after 7 days. 

The limbus borders the cornea and provides it with limbal epithelial stem cells 
(LESCs) for regeneration. Damage caused to it by disease or injury can impair a 
person’s vision [84]. Using laser-assisted bioprinting Sorkio et al. printed human 
embryonic stem cell derived limbal epithelial stem cells (hESCs-LESCs) and hASCs 
for the repairing of the limbus [85]. Ex vivo assessment of the structures was per-
formed on porcine corneal tissue, with results compared to commercially available 
acellular Matriderm® sheets as a control. The bioprinted scaffolds exhibited strong 
adhesion with the host tissue enabling hASCs migration, while control group had a 
more limited response. 

5. Conclusion 

Bioprinting has been used to create a variety of complex tissues and has dem-
onstrated great potential as an alternative to autologous, allogeneic and xenogeneic 
organ and tissue transplantation. Progress towards a complete implantable organ is 
at various stages of development depending on the organ or tissue to be fabricated. 
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Some of the greatest developments have been with neural and skin tissues. It has 
been shown that neuronal cells can be printed without affecting their function or 
phenotype. In one investigation using an inkjet printer, the printed neuronal cells 
demonstrated faster and longer neurite growth in comparison to non-printed cells 
[37]. When implanted, bioprinted neural scaffolds have been able to restore nerve 
function [38–40]. 

Complex structures such as skin have been fabricated that include both dermal 
and an epidermal layers. By using bioprinting technology, it is possible to create a 
skin model with pigmentation [16]. Bioprinted skin scaffolds have been successfully 
applied via direct in situ printing [48]. Used to repair full thickness wounds in mice, 
in situ bioprinted scaffolds have regenerated skin tissue with a histologically similar 
appearance to native skin. 

A potential use for bioprinted tissues could be in modeling diseased tissues. 
Research has already been conducted studying the metastasis of bone cancer in 
a bioprinted bone tissue model [63]. Using bioprinted tissue models it could be 
possible to gain a greater understanding of the interactions between infected and 
diseased cells with healthy tissues. By doing so, new treatments can be produced 
and tested to determine the most effective solution. 

Each bioprinting technique has demonstrated the potential to generate fully 
functional organs, which in the future can be used for applications such as: direct 
implantation, to fill the gap for much needed donor organs; provide a model system 
for pharmaceutical testing, and replace the necessity for animal testing; or be used 
for disease modeling and enable different treatments to be easily explored. Overall, 
bioprinting is gaining substantial interest in the field of tissue engineering and 
regenerative medicine due to its capability to produce complex organs and tissues. 
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Chapter 5

Application of Bone Substitutes
and Its Future Prospective in
Regenerative Medicine
Ujjwal Ranjan Dahiya, Sarita Mishra and Subia Bano

Abstract

Bone is a hard and dense connective tissue that supports and maintains the
body structure and functions. Several factors like aging, drugs, hormonal changes, 
and physical activities lead to several kinds of bone injuries/fracture. To address
these problems, autologous bone graft is considered an ideal material. However, 
limited availability and complications related to its harvesting process like donor
site morbidity and pain limit the use of autologous bone graft in bone regeneration. 
With increasing advances in technology, several bone substitute materials such as
synthetics, bioceramics, and polymers are emerging as a substitute of auto- or allog-
enous bone for the treatment of bone defect. These bone substitute materials should 
be biocompatible, bioresorbable, osteoconductive, osteoinductive, and support the
ingrowth of new bone. In this chapter, we summarize the currently available bone
graft and bone substitute materials including biological and bio-inorganic factors. 
An overview of the associated advantages, challenges, and future perspectives to
clinical implication is also discussed.

Keywords: autograft, allograft, growth factors, bone graft substitute,
tissue engineering

1. Introduction

Bone is a part of vertebrate skeleton. It plays a multitude of important roles in
the body like imparting structural support, protection of organs, acting as a site
for production of blood cells, and also as repertoire of minerals. Bones comprise
differentiated cell types, blood vessels, protein, minerals, and vitamins that facili-
tate their growth and repair system [1]. Bones have an inner and outer layer. The
hard-outer layer of bone which is called “cortical bone” is usually tough and strong, 
whereas the inner spongy part is called “trabecular bone” and is lighter and less
dense. Each of these parts comprises different cell types, nonmineral proteinaceous
matrix (osteoid), and matrix-deposited inorganic minerals. Another important
concept in bone biology and understanding its transformational changes is that
of modeling and remodeling. The scenario where the sites of bone formation and 
resorption are different surfaces of the bone is called bone modeling. This is respon-
sible for increased length and girth of long bone, leading to skeletal development
and changes. Bone remodeling on the other hand is important for maintenance of
bone mass in adults by replacement of old bone tissue with new ones [2]. Several 
factors which affect bone, muscles, and joints are responsible for causing diseases
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like osteoarthritis (degenerative joint disease), rheumatoid arthritis (autoimmune 
disease), fibromyalgia (chronic condition of pain in bones, muscles, and tender 
areas with fatigue) and bone fractures. Aging plays an important role in mani-
festation of bone-related diseases along with other sub-factors like lifestyle, level 
of activity, family history, level of physical activity, drug usage, etc. However, in 
certain clinical situations, the natural bone repair may be too slow or inadequate; 
therefore, an alternative bone grafting strategy is required to address this problem. 

2. Bone graft 

In 1861, a surgeon from Lyon, France named Leopold Ollier was the first to 
describe the term bone graft (French: “greffe osseuse”) in his document “Traité de 
la régénération des os” [3]. It was considered a surgical procedure to promote bone 
healing for several reasons, like injury and disease utilizing a bone transplant. 

Bone graft is the alternative choice to address the problem associated with 
bone disease. Bone grafts are basically bone-like materials that come from living 
donor, post mortem donors, or artificially constructed, which are used for healing, 
strengthening, or improvement of bone function in disease or injury. 

2.1 Properties of ideal bone graft 

The ideal bone substitute material should exhibit several important properties [4, 5]. 
This includes: 

i. Biocompatibility—The graft should not evoke an immune response against 
the implanted tissue. 

ii.Durability—The graft should be able to maintain its shape and volume over time 
without loss of its structural properties. 

iii. Vascularity and angiogenesis—Porosity is important to maintain the proper 
transport of nutrients and oxygen for survival of the cells and tissues. A 
porous structure of at least 100 μm diameter is recommended. It has also 
been shown that supports with multiple apertures are preferred over one 
large pore. Also, a polymeric, ceramic, or composite material is preferred 
over a metallic one as the latter might not fuse completely and dissociate 
after implantation. Although most scaffold (structural support) materials 
do not induce angiogenesis, it is an indispensable requirement to meet high 
blood demands in bone tissue. The initial inflammatory response activates 
neovascularization, yet it takes several steps to form a vascular network. 
The established role of proinflammatory response is their catabolic effect 
on bone and premature failure of bone implants. However, recently in 
opposition to the conventional unregulated, destructive effect of inflam-
matory cytokines, its regulated role aiding towards fracture healing has 
been suggested [6–8]. The acute inflammation initiates the recruitment of 
MSCs, fibroblasts, and osteoprogenitor cells to promote bone regeneration 
[9]. The early phase of bone injury includes the inflammation phase where 
IL-1, prostaglandins, TNF-α, and other proinflammatory molecules recruit 
inflammatory cells and induce angiogenesis. IL-6 triggers angiogenesis by 
stimulating release of VEGF [8]. A recent study by Anghelescu et al. shows 
tissue formation exceeding the catabolic action of inflammation and it might 
be limited to specific allografts only. 
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iv. Bio-absorbability—Another important feature of a substitute material is that it 
should get absorbed and provide the space for new bone formation. However, 
the duration of availability largely depends upon the site of surgery. The spi-
nal fusion requires the material to be degraded after 9 months or longer while 
in skull or maxillofacial bone the required time period is around 3–6 months. 

v. Cost efficiency and availability—The material should be reasonable to be 
purchased and used. 

Besides the above-mentioned characteristics, the ideal bone substitutes must 
strengthen bone healing by following the mechanism which involves osteogenesis, 
osteoinduction, and osteoconduction [10], which are mentioned here: 

vi. Osteogenesis (acts as the origin or source)—The process where cellular ele-
ments from the host or graft donor provide the material to synthesize new 
bone at the graft site is called osteogenesis. Various autografts and stem cell 
transplants fall under this category. 

vii. Osteoinduction (acts as initiator)—The process resulting in differentiation of 
recruited mesenchymal stem cells into chondroblast and osteoblast, which 
forms the new bone, is called osteoinduction. It is regulated essentially by 
various factors like bone morphogenetic proteins (BMP)-2, -4, -7, platelet-
derived growth factor (PDGF), parathyroid hormone (PTH), etc. 

viii.Osteoconduction (provides direction)—A degradable support or scaffold mate-
rial which provides the surface for the production of new bone. It also exhibits 
osteoconductive properties. These may include metals and synthetic polymers, 
and most frequently used osteoconductive materials include calcium phosphate 
ceramics such as hydroxyapatite, calcium sulfate, and bioactive glass-ceramics. 

Most widely used bone grafts (Figure 1) are mentioned below in detail. 

Figure 1. 
Classification of bone grafting substitutes. 
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3. Autograft 

The autologous bone grafting as the name suggests ‘auto’ (self) involves tak-
ing up tissue from one anatomical location and transplanting it to another in the 
same patient. The method dates back to 1821 when Walther repaired the holes in a 
patient’s skull using the original bone plug [11, 12]. The method is still considered to 
be a ‘gold standard ‘as there is no immunogenic response against patient’s own tissue 
[13]. Thus, no graft rejection or histocompatibility issues are conferred. Moreover, 
it manifests the properties of an ideal bone graft, that is, osteogenesis, osteoinduc-
tion, and osteoconduction. However, it is not a straightforward path to follow 
and comes with a set of limitations associated with it. This includes an additional 
operative pain at donor site, increased blood loss, and also possible injury to nearby 
blood vessels. Besides, the inappropriate availability of tissue amount especially 
from infants and older patients results in added trouble [14, 15]. 

3.1 Autograft-based substitute 

It is considered as a gold standard to treat bone defects due to their established 
osteoconductive and osteoinductive properties with reduced histocompatibility 
issue. Although it also has inherent drawbacks associated with issues of high post-
operative pain, donor site morbidity, muscle weakness, infection, high cost, and 
longer recovery periods limit its application. 

Some of the common advantages and disadvantages associated with autograft 
are listed in Table 1. 

3.2 Types of autografting commonly used are 

3.2.1 Cancellous autograft 

This is the most common procedure among autografts and has shown suc-
cess for various purposes majorly nonunions. It starts with hematoma formation 
resulting in recruitment of mesenchymal stem cells (MSCs), while simultane-
ously, necrotic graft is eliminated by macrophages [16, 17]. Neovascularization 
also takes place along with this, and finally, osteoid produced by osteoblasts lining 
the dead trabeculae forms new bone through mineralization, which takes a period 
ranging from 6 to 12 months post-operation [18]. The most common donor site 
is the iliac crest due to large surface of trabecular architecture and availability of 
growth factors [19, 20]. Recent report showed superior osseous bridging after 
bilateral tibial tuberosity advancement (TTA) over no graft in dogs [21]. Earlier, 
bone union was observed in graft harvested from scaphoid nonunion distal radius 
or iliac crest and headless compression screw to treat scaphoid nonunion [22]. 
Although being the gold standard, the limitation of the amount and donor site 
morbidity hinders its use. 

Advantages Limitations 

Osteogenic Donor site pain 

Osteoconductive Increased blood loss 

Osteoinductive Inappropriate amount of tissue availability 

No graft rejection Increased risk of nerve injury 

Table 1. 
Common advantages and disadvantages associated with an autograft. 
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3.2.2 Cortical autograft 

It shows creeping substitution, that is, deposition of new bone along with slow 
resorption of the graft. The process provides distinguished structural support. This 
graft also faces limited supply of osteoblasts and revascularization is impeded too. 

3.2.3 Vascularised autograft 

This type of graft promotes fracture healing and minimizes loss of bone strength 
after post-implantation. However, this graft also faces technical challenges for the 
preservation of graft’s osteocytes and osteoprogenitor cells. 

4. Allograft 

The second category of natural bone grafts is allograft, where tissue from another 
individual (donor) has to be taken for grafting. The term allograft (‘allo’ (other)) 
means harvesting tissue from different individuals to transplant in the subject. Bone 
harvested from cadavers in different bone banks is the major source of different 
allografts. Apart from the above-mentioned category, freeze dried (lyophilized) and 
frozen bones are also used in spine graft surgeries. Allografts are considered more 
advantageous as they are considered less stressful to the patient. However, they are 
also plagued with problems of availability and immune rejection. The first report of 
allograft usage can be dated back to 1800s, when Macewen reported the grafting of 
tibial fragments to a child [23]. Experimentation reported by Bauer in the beginning 
of twentieth century marks the starting of the bone bank concept, where he stored 
bone tissues for weeks in refrigerated condition and then used them for implantation 
in dogs. It was also established that chilling and boiling of bone tissues before using 
them as allografts led to destruction of their endogenous proteins and other factors 
resulting in poor and slow recovery [24]. The necessities posed by the devastation of 
World War II resulted in advancement and growth in the bone banking approach, 
with refinement of methods like autoclaving, freeze-drying, irradiating, demineral-
izing, and chemical treatment of the bone [25]. The advancement made during the 
war period continued with focus on civilian need and further refinement of the 
banking approach [23]. Pros and cons of allografts can be summarized in Table 2. 

Advantages Disadvantages 

Less chance of donor morbidity Chances of disease transmission 

No size limitation Possibility of host immune response 

Less surgical intervention High cost 

Cosmetically better results Delay in incorporation 

Reduce period for rehabilitation Local bone resorption 

Table 2. 
Common advantages and disadvantages associated with an allograft. 

4.1 Types of allografting commonly used are 

4.1.1 Cancellous bone graft 

This is primarily an osteoconductive graft, devoid of growth factors (not osteo-
inductive), and like cancellous autograft, it also provides less mechanical support 
[26]. It is prepared in small cubicle form, thus sometimes called ‘croutons’ and is 
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now marketed in varied sizes as chips or crushed form. It involves an initial cascade 
of inflammatory events leading to formation of a fibrous tissue around the graft, 
preventing complete integration of the graft. The survival and efficiency depend 
a lot on processing and storage conditions of the grafts. Freeze drying is the most 
common method of preservation of cancellous graft, which may result in destruc-
tion of osteoprogenitor cells and osteoinductive factors [27, 28]. 

4.1.2 Cortical bone graft 

This shows a creeping substitution like its autograft counterpart, thus leading 
to bone healing in spite of an initial inflammatory response. It also provides struc-
tural support and thus can be utilized for load-bearing areas [10]. 

Both allograft and autograft have their own advantages and disadvantages. 
However, research is being carried out to search the materials which can be used as 
a substitute to replace the function of auto- and allograft. These substitutes pos-
sess the properties of one’s own bone, which stimulate bone healing and provide a 
strong and biologically compatible environment for the growth of new bone. 

5. Bone graft substitute 

The bone graft substitute is basically a synthetic inorganic or biologically 
organic combination, which guides to stimulate bone healing and fill bone defects. 
A good bone grafting substitute should have low immunogenicity and higher 
biocompatibility, and at the same time, it should be able to mold itself according to 
grafting needs. Bone grafts find application and are primarily used for linkage and 
splintage and help in promoting ontogenesis. In the case of linkage, bone grafts are 
utilized for filling cavities or defects in bone, replacement of crushed bone, and 
arthrodesis. While splintage-related grafting protocols are utilized for nonunion 
bone deformities and arthrodesis [29]. An understanding of bone formation, 
process of osteogenesis, osteoinduction, and osteoconduction is a prerequisite 
for appreciating the biology of graft substitution. The type of graft used and its 
physicochemical properties play an important role in its success. On a global scale, 
around 2.2 million graft substitutions are performed annually with 9 out of 10 
falling under the category of allograft or autografts. This bone grafting procedure 
typically follows the multistep cascade: 

• Accumulation of inflammatory cells takes place due to induction by exogenous 
graft material, which is followed by chemotaxis reaction by mesenchymal stem 
cells. After that, the host cells differentiate into chondroblasts and osteoblasts 
with the stimulation of several osteoinductive factors [30]. 

• The osteoinductive matrix serves as a scaffold for supporting progenitor cells and 
osteoblasts. It also provides a porous structure, which helps in migration of new 
cells. 

• The osteoblast cells start the formation of new bone under suitable conditions. 

• Lastly, the osteoinductive proteins start stimulating the differentiation of osteo-
blasts. This leads to initialization of bone graft revascularization and necrotic 
graft resorption. As a result, bone production followed by bone remodeling 
started from the osteoblasts on the graft’s three-dimensional structure [31]. An 
outline of bone graft substitute process is shown in Figure 2. 
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Figure 2. 
Schematic representation shows the process of bone graft substitues. 

Broadly, the substitute materials can be categorized as natural and synthetic 
grafts. Under the natural grafting substitutes fall autografts and allografts. 

5.1 Natural substitute material 

5.1.1 Factor-based substitutes 

Factor-based bone grafts include natural and recombinant growth factors and 
hormones, which are generally used alone and/or together with other materials. 
The bone morphogenetic proteins (BMPs), platelet-derived growth factor (PDGF), 
parathyroid hormone (PTH), transforming growth factor-beta proteins (TGF-β), 
and many more come under this category. This group too does not come without 
associated disadvantages, such as protein instability, risk of uncontrolled prolifera-
tion or cancer, and high cost. 

5.1.1.1 Bone morphogenic proteins 

Nearly 30 human proteins fall under the BMP name and this group comprises the 
largest division of transforming growth factor (TGF)-β family of ligands. Since the 
last 40 years, the significance of BMP signaling in skeletal development has received 
immense approval [32]. It was first identified as a substance in extracellular matrix 
of bone, which stimulates new bone formation by Marshall R. Urist, and later named 
BMPs. In the United States, in 2002, the Food and Drug Administration (FDA) 
approved the first bone graft substitute, which was the recombinant human (rh) 
BMP-2 for single-level anterior lumbar interbody fusion (ALIF) within a titanium 
cage of implant grade. Subsequently, the increased use of BMP-2 for various spine 
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fusion injuries as an alternative to autograft acted to be a savior as bone substitute. 
Despite that, starting from 2006, independent research groups started reporting 
complications associated with the use of rhBMP-2. The side effects ranged from 
seroma formation [33, 34], ectopic bone growth [35–37], osteolysis [38, 39], and 
increased risk of cancer [40, 41]. This led to a systematic review and meta-analysis, 
which was reported in Annals of Internal Medicine in June 2013. It was conducted 
as joint work of Medtronic and Yale University Open Data Access Project (YODA), 
and reported biased results in earlier industry-funded publications [42, 43]. Now, 
the use of rhBMP-2 (INFUSE) is limited to oblique lateral interbody fusion (OLIF) 
and anterior lumbar interbody fusion (ALIF) upon nonavailability of autograft. 
Also, BMP-7 or human osteogenic peptide-1 (OP-1) was given an FDA Humanitarian 
Device Exemption in 2004 [44, 45], but later studies [46] ultimately led to the FDA 
rejection of Pre-Market Approval of OP-1 in April 2009. 

5.1.1.2 Platelet-derived growth factor (PDGF) 

Platelets, monocytes, and endothelial cells are responsible for production of 
PDGF. They recruit various inflammatory cells at the fracture site resulting in 
increased cellular proliferation and collagen deposition. The potential use of PDGF 
has been suggested in the treatment of osteoporosis and bone healing. It is thought 
that recombinant PDGF-BB form assists to release the pericytes from the abluminal 
side to release free and activated MSCs [47, 48]. 

5.1.1.3 Parathyroid hormone 

It is produced by parathyroid glands and is involved in calcium and bone 
metabolism. It is suspected that it might accelerate fracture healing and might 
reduce overall fracture risk [49, 50]. According to reports, PTH can exert anabolic 
as well as catabolic effect on bone metabolism. This feature depends extensively 
on the duration of administration wherein continuous administration results in 
bone resorption, while intermittent administration leads to increased bone deposi-
tion and induction of IGF-1 [51, 52]. Thus, it is speculated as a potential agent for 
osteoporosis treatments. 

5.1.1.4 Insulin-like growth factor (iLGF) 

The recombinant human insulin-like growth factor-1 (rhIGF-1) is also called 
mecasermin (International Nonproprietary Name (INN)). Children who are very 
short of their age are the target group of the product [53] and are FDA approved 
for the mentioned condition called severe primary Insulin IGF-1 deficiency under 
the trade name of INCRELEX. The FDA approval (in Aug, 2005) was based on five 
clinical trials of the drug (subcutaneously injected), of which four were open-label 
studies and one was double-blinded and placebo-controlled. The integrated results, 
followed up each year for 8 years, showed a considerable increase in height velocity 
(HV) with reference to pre-treatment [54]. HV is calculated between consecutive 
annual study visits as the difference in height, divided by the difference in age [55]. 

5.2 Synthetic grafts 

Synthetic materials that are used for grafting should also possess the properties 
of biocompatibility, bioresorbability, osteoconductivity, osteoinductivity, cost-
effectiveness, and the ease of use to make an ideal grafting material. It should also 
possess the similar features of cortical or cancellous bone which include toughness, 
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modulus of elasticity, and compressive strength. With all these specificities and 
different mechanism of actions, a large number of synthetic bone alternatives have 
emerged which can be used for orthopedic applications. 

5.2.1 Ceramic-based bone grafts 

Ceramic-based grafts are ionically bonded inorganic preparations, which can 
be described as a family of materials with a wide variety of composition, porosity, 
manufacturing, and structure. Calcium sulfate, hydroxyapatite, tricalcium phos-
phate, bioactive glasses (silicon dioxide, calcium oxide, phosphorous pentoxide, 
and sodium oxide), and synthetic hydroxyapatite come under this category. Not 
only this group of materials varies in terms of material properties, but also differs in 
biodegradability, mechanistic strength, and binding. Glass ionomers have been used 
to seal defects in the skull, sinus augmentations, and otorhinolaryngologic surgeons 
for auditory ossicular reconstructions [56]. They are also used for the application of 
orbital implants, ossicular replacements, and prosthetic joint linings [57]. Calcium 
phosphate does not show any osteogenic properties; however, this material is used 
with the combination of hydroxyapatite and tricalcium phosphate and calcium 
carbonate and monocalcium phosphate monohydrate. This mixture is used as an 
injectable into the bone defect site, to harden. This product undergoes long-term 
remodeling, and the graft is eventually replaced with the in-growth of new bone 
[58, 59]. Hydroxyapatite-based materials are used for coat implants because of their 
great osteo-integrative capabilities [60, 61]. 

Over all, ceramic-based bone grafts are specifically found useful in iliac crest 
bone grafting and as a bone graft extender in lumbar spine fusion procedures 
[62]. The special feature of ceramic-based graft is their porosity, which is helpful 
in adhesion of mesenchymal cells, and later gets differentiated into osteoblasts. 
Further, this group of grafts is superior as the benefits of its different constituents 
can be availed simultaneously leading to better bone regeneration [63]. Some of the 
commercially available synthetic bone graft substitutes are mentioned in Table 3. 

5.3 Polymer-based bone grafts 

Polymer-based grafts can be broadly grouped as synthetic or natural polymer-
based grafts and can further be classified as biodegradable and nonbiodegradable 
substitutes. This category of grafting materials is specifically utilized for dental 
implants, as they are found helpful in restoring of edentulous site in the lost tooth. 
In the case of long bone-related congenital defects, or cases requiring bone segment 
replacements after invasion of malignant tissues, polymer-based grafts (vascular fib-
ulas) are found helpful in restoring skeletal integrity. Other polymers like chitosan, 
collagen, gelatin, and poly lactic acid (PLA) are reported to exhibit improved bone 
regeneration capabilities both in vitro and in vivo when combined with hyaluronic 
acid [64]. Another advantage shown by these materials is that of better bone-matrix 
interference since they also act as bio-mimetic, thus helping in deposition, precipita-
tion, and enhancing formation of calcium phosphate [65]. The type of commercially 
available polymer-based bone graft substitute is mentioned in Table 4. 

5.4 Tissue engineering and cell-based bone graft 

The interdisciplinary field of tissue engineering seeks to combine the bone graft 
substitutes to stimulatory effects of growth factors, (bone morphogenetic proteins 
and osteogenic proteins) to provide structural support and promote more rapid bone 
growth and healing. The prime aim of the bone tissue engineering approach is to 
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Biomaterial-supported Tissue Reconstruction or Regeneration 

Commercial 
product 
(name) 

Substitute materials Properties Applications 

Osteograf Ceramic Osteoconductive, limited 
osteoinductive when 

Bone void filler 

mixed with bone marrow 

NovaBone Bioactive glass Osteoconductive, limited 
osteoinductive when 
mixed with bone marrow 

Filling surgical or traumatic 
bone gaps 

Osteosat Surgical grade 
calcium phosphate 

Osteoconductive and 
bioresorbable 

Hip and knee joint repair 

Calceon 6 Calcium sulfate Osteoconductive and 
bioresorbable 

Bone void filler; provides 
strength 

Norian Monocalcium 
phosphate, tricalcium 
phosphate, and 
calcium carbonate 

Good compressive 
strength 

Skull bone defect; injectable 
paste, craniofacial 
reconstructions 

Hard tissue-
replacement 
(HTR) 

Poly methyl 
methacrylate 
(PMMA) 

Good strength, 
durable, and surface 
osteoconductive 

Craniofacial reconstruction 

Alpha BSM Calcium phosphate 
cement 

Good compressive 
strength 

Dental application for bone 
and cartilage defects 

Mimix Synthetic 
hydroxyapatite tetra-
tricalcium phosphate 

Good compressive 
strength 

Cranial defects 

ELIZ (Kyeron) Composed of 
(40%) β-tricalcium 
phosphate and of 
(60%) hydroxyapatite 

Ultrahigh porosity, 
biocompatible, and 
osteoconductive 

It has been successfully 
implanted in more than 
1200 patients without any 
side-effects. 

OSIQ (Kyeron) Fully synthetic 
ultrapure 
nano-hydroxyapatite 

Ready to use, injectable, 
and biodegradable 

Filling or reconstruction 
of small and medium bone 
defects 

AXOZ QS 
(Kyeron) 

Resorbable 
phosphocalcic 
compounds and a 
polymer 

Injectable and fully 
resorbs 

Supports bone growth 

COLLAPAT II 
(Symatese) 

Composed of a 
collagen structure 
in which ceramised 
hydroxyapatite 
granules are dispersed 

Strong hemostatic power, 
completely resorbable 
in a few weeks, and 
osteoconductive 

Induces bone substance 
replacement in 
maxillofacial surgery and 
odontostomatology 

CopiOs 
(Zimmer 
Biomet) Bone 
Void Filler 

Calcium phosphate, 
dibasic (DICAL), and 
highly purified Type I 
bovine collagen 

DICAL provides 
significantly more 
calcium and phosphate 
ions at equilibrium than 
either β-TCP or HA 

CopiOs paste acts as an 
osteoconductive scaffold for 
the growth of new bone 

Table 3. 
List of some commercially available synthetic materials and their applications. 

guide and enhance osteogenic differentiation of stem cells into 3D constructs, so that 
later it can be engineered successfully into applicable bone constructs. The limitation 
in availability of both allografts and autografts can be addressed to a great extent by 
tissue engineered bones or healing of fracture critical defects. The tissue engineering 
approach for bone grafts differ from other approaches, in the fact that in earlier case, 
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Commercial 
product (name) 

Substitute material Properties Applications 

Cortoss Polymer system with 
reinforcing particle 
bioactive glass 

Forms biological 
interface 

Augmentation of screws 
in osteoporotic bone (hip, 
spine, etc.) 

Open porosity 
polylactic acid 
polymer (OPLA) 

Polylactic acid Osteoconductive and 
bioresorbable 

Articular cartilage 
regeneration 

Collagraft Mixture of tricalcium 
phosphate, bovine 
collagen, and 
hydroxyapatite 

Bioresorbable and 
osteoconductive 

Use for the treatment of 
long bone fracture and 
void filling 

DynaGraft Demineralized bone 
matrix 

Heat sensitive 
copolymer, injectable 
gel, limited 
osteo-induction 

Dental bone graft 
substitute 

MedPor Porous polyethylene Higher porosity Orbital reconstruction 
and facial contouring 

Collapro/matrix Human collagen in 
lyophilized strip 

Lack of immunogenic 
property 

Use in development 

Healos Hyaluronic acid-coated 
collagen sponge 

Osseo-inductive 
property 

Replacement of 
autograft/autograft 
extender for spinal fusion 

Immix PGA/PLA polymer to be 
produced in chip, flex 
forms 

Provides structural 
support 

Bone graft extender 

OsteoScaf 
(Bonetec) 

Macroporous 
poly(lactide-co-
glycolide)/calcium 
phosphate (PLGA/ CaP) 
foam matrices 

Fully resorbable, 
osteoconductive, and 
mechanically robust 

Heal tissue defects 

Table 4. 
List of some commercially available polymer-based graft materials and their applications. 

integration of engineered bone with patients takes place, thus providing specific 
and more resilient treatment for condition [66]. Further tissue engineering is more 
convenient in the case of bone regeneration therapies, as osteogenic differentiation 
can be achieved through multiple stem cell types [67]. The type of scaffolds and cells 
used for tissue engineering graft is discussed in more detail. 

5.4.1 Scaffolds 

One important requirement for bone tissue engineering is the scaffold, which 
helps in the migration, proliferation, and differentiation of osteogenic cells promot-
ing new bone formation and regeneration [68]. In this regard, it is required that the 
scaffold must be stable, biocompatible, and biodegradable and should be porous 
and permeable for cell seeding, nutrient transport, tissue ingrowth, and vascular-
ization. It should also be osteoconductive, osteoinductive, and osseo-integrative 
in nature. In clinical settings, a wide range of synthetic and natural scaffolds have 
been explored for bone repair and bone tissue engineering. Broadly, these materi-
als can be categorized as composites, ceramics, and polymers, with each having 
specific properties and limitations. Type I collagen polymer matrix serves as a good 
natural material but suffers from low mechanical modulus. 
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Market 
name 

Allograft 
type 

Form of/additive with Carrier used 

Grafton DBM Gel, putty, and flexible 
sheets 

Glycerol carrier 

Opteform DBM Cortical bone chips Gelatin carrier 

Osteofil DBM Injectable bone paste Collagen-based hydrogel matrix 

Dynagraft DBM Syringe Pleuronic reverse phase copolymer 

Orthoblast DBM Cancellous bone Bioresorbable reverse phase copolymer 

Table 5. 
Marketed DBM-based bone graft substitutes. 

One important group of scaffold, which has been extensively used for tissue 
engineering, is demineralized bone matrix (DBM). DBM is typically produced 
from allograft bone by the acid extraction method (known as decalcification). 
Based on manufacturing techniques, DBM may be presented in different forms like 
sponges, freeze-dried powder, gel, paste, injectable putty, or strips. It is basically 
a decalcified allograft retaining collagen and noncollagenous proteins [69]. It is 
osteoconductive as well as osteoinductive but has no osteogenic property due to its 
processing. Recently, it is being used in conjunction with cancellous/cortical bone 
chips. The unlimited availability and reduced immune response owing to acidic 
demineralization give it superiority while it is generally used as a bone graft additive 
in spine fusions [70]. The types of DBM bone graft substitute which is commer-
cially available are mentioned in Table 5. 

5.4.2 Cell type involved in bone tissue engineering 

A variety of in vitro culture protocols are used in bone tissue engineering, which 
requires use of growth factors and cytokines along with specialized dynamic bio-
reactors. It also requires a large scale of bone extracellular matrix-producing cells, 
primarily the MSCs. In this regard, the adult bone marrow stem cells (BMSCs) are 
the cells of choice for tissue engineering. The quantity of the isolated stem cells var-
ies between patients and is indirectly proportional to patient’s age [71, 72]. Also, the 
isolated cells should have high biosynthetic activity, expression of osteogenic mark-
ers, and right cell phenotype. Another source for cell-based bone tissue engineering 
is the adipose tissue which consists of adipose stem cells (ASCs). They undergo 
differentiation into several cell lineages such as osteogenic, chondrogenic, and 
endothelial. Comparative studies of ASCs and BMSCs have shown that they share 
their surface antigen expression pattern involving CD44, CD71, CD90, and CD105 
[73]. However, there are differences too, such as the BMSCs mark the absence of 
hematopoietic and endothelial lineage markers [74–76]. Researchers are currently 
investigating the ability of other multipotent cells such as periosteum, umbilical 
cord, cord blood, and fetal tissues to be used for bone tissue engineering [77]. 

5.4.3 In-vitro culturing 

In this approach, bone marrow is harvested from the patient, followed by in vitro 
culturing and seeding them on scaffolds prior to implantation into the same patient 
for tissue regeneration. The bone repair process required many cell types. These 
cell types are involved in many inflammatory and angiogenic responses and play 
an important role in development of the bone formation mechanisms. They release 
cytokines and various growth factors like PDGF, BMPs, VEGF, and interleukins 
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that attract and simulate the mesenchymal stem cells (MSCs), which are directly 
involved in bone repair. However, cell sourcing for bone regeneration is still a 
critical issue for cell-based therapies that need to be addressed. Also, for the sake 
of achieving homogenous growth in 3D environment, a new bioreactor cultivation 
system with mass transport capabilities has been explored [78]. 

5.4.4 In-vivo studies on bone graft applications 

Multiple reports have been published showing not only the application of bone 
tissue engineering in the case of ectopic bone formation (nonbone environment) 
[79] but also in orthotropic bone formation (bone environment) [80]. In 1991, 
Caplan first reported the usage of autologous stem cells for fast and specific skeletal 
tissue repair. Mesenchymal stem cells (MSCs) or mesenchymal colony-forming 
cells (CFU-F) were identified as cell type present in the bone marrow, which have 
the capability to differentiate into different cell types of bone [81]. In 2004, first 
time successful transplantation in humans was reported, where lamellar bone was 
regenerated and repaired by infusing periosteum-derived osteoblasts for 90 days 
[82]. Thus, bone marrow has been recognized as a source of MSCs and other 
osteogenic cells, with relative ease of cell collection using the aspiration method 
[83]. Ever since the identification and recognition of MSCs for repair and engineer-
ing of mesenchymal tissues like cartilage and bone, new cell types and putative 
strategies have been explored vastly. Among newly developed cell types for bone 
tissue engineering, deciduous dental pulp-derived stem cells and adipose derived 
cells were the prominent one showing osteogenic potential [84]. Successful tissue 
engineering-based bone regeneration depends on multiple factors like the number 
of healthy osteogenic cells transplanted, the use of proper scaffold for seeding the 
cells at the site of regeneration, enough vascularization of repair site, and osteo-
genic differentiation factors. The report provided by Coventry and Tapper [62] 
has proved successful regeneration of ectopic bones in rodent models, fulfilling 
all the above-mentioned requirements using ceramic based scaffolds [85]. Further 
bone marrow aspirate and plasmid-rich plasma approaches have been explored for 
facilitating effective tissue engineering-based grafts. 

In addition to these materials, research is still continuing to modify the products 
for the production of graft materials, which possess all the properties of ideal 
bone graft. A multidisciplinary approach will be required to improve implanted 
cell survival on biomaterial substrate with addition of cytokines and other growth 
factors for prompt new bone ingrowths. This will yield a bony union that resembles 
natural form and structure. However, the unavailability of widely accepted specific 
guidelines, standardizing minimum standard for bone grafts, is one of the limiting 
factors. Also, the size of in vitro grown tissue grafts is often found to be small, in the 
case of critical size defects. 

6. Conclusion and future perspective 

The challenge of bone loss and other musculoskeletal complications during 
surgeries is well recognized, and to address the same issue, different grafting 
substitutes have emerged. These bone regeneration grafts can be broadly catego-
rized as natural and synthetic grafting materials. Autograft and allograft comprise 
natural grafting substitutes and between these, allografts are gaining ground 
and more acceptability with time. There have been revolutionary changes during 
the past decade, which bring allograft as a first alternative after autograft, which 
were subsequently interchanged and/or replaced by demineralized bone matrix in 
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certain circumstances [83]. The selection of ideal bone graft substitute materials is 
a difficult task and often lacks substantial scientific backing. However, it is a very 
fast and broad field of investigation. Current trends remarkably increase the use of 
synthetic bone graft as alternatives. The introduction of cost-effective, biologically 
improved synthetic materials that owe the property of ideal bone graft addresses 
the present clinical needs for the optimal treatment. It is not mandatory to use these 
synthetic materials alone for reconstructive procedures. However, when it used in 
the right situations and in combination with autologous, allograft, or other synthet-
ics, in combination with growth factors, they give potentially more desirable results. 

With the advancement of biomechanical research, an interdisciplinary field of 
tissue engineering has emerged. Limitations associated with the autologous bone 
grafting method can be addressed to a great extent with the help of bone tissue 
engineering. However, selection of optimized combinations of cells, synthetic 
materials (scaffolds) and factors will remain a challenging and complex process. 
One of them is the selection of materials and cells. This may include the materials, 
which possess appropriate mechanical properties, degradation rates, and chemical 
functionality; likewise, for stem cells, it should be isolated from patient-specific 
cells from the appropriate lineage and directed down on a scaffold construct to heal 
the proper bone tissues. Cheaper and safer alternatives will probably emerge with 
a better understanding of the inherent ability of material to induce bone formation 
after bone graft implantation. 

Thus, these developments must also be nurtured and monitored by the group of 
clinicians and researchers with the knowledge of medical necessity, basic biological 
principles, and commercial practicality. This may be used for the production of 
versatile, and easy to implement, allowing for bioengineered bone grafts to more 
quickly make the leap from bench to bedside. This will help to improve the quality 
of life of pediatric and adult patients suffering from bone disease and/or disorder. 
This may be helpful for bridging the gap between bone tissue engineering research 
and its clinical implications. 
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Abstract 

In dentistry, biomaterials are used in restorative procedures, such as dental 
restorations; in dentures; dental implants; surgical procedures; and endodontic 
materials. Most dental biomaterials are classified as devices, including filling 
materials, diagnostic aids, cements, bonding agents, and implants, in addition to 
mouthwashes. In the field of health, the use of natural products for dental bioma-
terials and curing diseases has always emphasized, rather than depending on the 
conventional allopathic medicine. Brazil has an advantage in this market, because it 
has the greatest biodiversity in the world, especially in the Amazonian Region, and 
a genetic heritage of great potential for the development of new herbal products, 
especially in dentistry. Given the growth of products derived from medicinal plants 
in Brazil, it was necessary to implement a statute that covered the requirements 
for all medicines and biomaterials to ensure the quality, efficacy, and safety of 
these products. Thus, researches in dentistry have been developed with the aim of 
searching for new bioactive principles for the formulation of drugs with different 
types of applications, capable of acting in both preventive strategies and curative 
treatments. This has encouraged the use of phytotherapic agents such as Copaifera 
multijuga, Apis mellifera (propolis), and Libidibia ferrea. 

Keywords: medicinal plants, Copaifera multijuga, Apis mellifera, Libidibia ferrea, 
dentin surface, orabase, mouthwash 

1. Introduction 

According to the American National Institute of Health (NIH), biomaterial is 
defined as “any substance or combination of substances, other than drugs, synthetic 
or natural in origin, which can be used for any period of time, which augments or 
replaces partially or totally any tissue, organ or function of the body, in order to 
maintain or improve the quality of life of the individual” [1]. The advances led to 
a pronounced increase in the range of use and efficacy of biomaterials over time. 
Thus, biomaterials have become critical components used in many industries, 
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including medical devices, dental restoratives, and drug delivery, and are increas-
ingly being used in technological applications such as in vitro diagnostics [2, 3]. 

These materials must be biocompatible at the material-tissue interface: “ability 
of a biomaterial to perform its desired function with respect to a medical therapy, 
without eliciting any undesirable local or systemic effects in the recipient or benefi-
ciary of that therapy, but generating the most appropriate beneficial cellular or tissue 
response to that specific situation” [1]. In dentistry, biomaterials are used in restor-
ative procedures, such as dental restorations; dentures; dental implants; surgical pro-
cedures; and endodontic materials. Most dental biomaterials are classified as devices, 
including filling materials, diagnostic aids, cements, bonding agents, and implants 
[1, 4, 5]. In addition, commercial mouthwashes are used as antiseptics for better oral 
hygiene. Therapeutic mouthwashes reduce bacterial counts, have antiplaque effects, 
work as an astringent, and help to reduce gingivitis and carious lesions [6, 7]. 

Dental materials should not be toxic, irritant, or corrosive and should be easy to 
use. The biomaterials used in dentistry can be metals (amalgam of silver, titanium, 
and gold), ceramics (feldspar, alumina, zirconia, porcelain reinforced with silica), 
composites [1], materials that can optimize dentin bonding, and mouthwashes. 
However, in the field of health, the use of natural products for dental biomateri-
als and curing of diseases has always emphasized, rather than depending on the 
conventional allopathic medicine [7]. 

Following this trend, in addition to the devices and materials themselves, bio-
logical advances have revolutionized the methods used in the chemical and material 
industries to produce and transform raw materials. Living plants can be processed 
in large quantities to produce a much larger variety of liquids and materials, without 
the cost of energy or effluent streams—typical by-products of the chemical indus-
try. Nature is not only capable of allowing the synthesis of new chemical substances 
but also significantly reducing the costs and environmental impacts associated with 
the manufacture of current chemicals and drugs [3]. 

In 1978, the World Health Organization (WHO) recognized medicinal plants as a 
therapeutic resource [8]. The Ordinance No. 971 dated May 03, 2006, approved the 
National Policy on Integrative and Complementary Practices (PNPIC) in the Unified 
Health System (SUS) in Brazil, including the use of phytotherapy [9]. At present, phy-
totherapy is defined as a science-based practice for the treatment of diseases, which 
uses medicinal plants, plant drugs, and preparations, not including substances from 
another source [10]. Therefore, biomaterials made today are routinely information rich 
and incorporate biologically active components derived from nature [2, 3, 5, 7]. Today, 
the variety of natural products used in the biomaterials for dental and oral health 
care may include natural silk [11], propolis [12–15], chitosan [16], herbal tea [17], and 
miswak [18], as well as natural products for bone repair such as dolomite [4]. 

Since phytotherapy is a feasible method for the control and prevention of the 
development of oral pathologies, with the additional possibility of incorporating 
phyto-derived compounds into biomaterials, the discovery of new phytotherapic 
compounds has been of high relevance to dentistry [5, 14, 19–22]. Brazil has an 
advantage in this market because it has the greatest biodiversity in the world, 
especially in the Amazo nian Region, and a genetic heritage of great potential 
for the development of new herbal products [23], especially in dentistry. Given 
the growth of products derived from medicinal plants in Brazil, it was necessary 
to implement a statute that covered the requirements for all medicines and/or 
biomaterials to ensure the quality, efficacy, and safety of these products. In this 
sense, the Brazilian National Health Surveillance Agency (ANVISA) establishes 
product quality control requirements, involving stages ranging from obtaining of 
raw materials through to the qualitative and quantitative characterization of their 
active principles [24, 25]. 
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The official recognition of phytotherapy in dentistry in Brazil was accompanied 
by several gaps in scientific research on medicinal plants, specifically for plant spe-
cies with applications in diseases of the oral cavity. The state of Amazonas, specifi-
cally the city of Manaus, did not have a diagnosis of the applicability of medicinal 
plants in dental services. In this sense, these researchers conducted an ethnobotani-
cal study to identify the main plants used for pathogenesis of the oral cavity, with 
the aim of reducing their empirical use and favoring the use of medicinal plants 
based on scientific evidence [10]. 

The search for the biomaterials, their development, and pharmaceutical forms 
comprises products derived from medicinal plants with compounds that are safe 
and have proven quality. Thus, researches in dentistry have been developed with 
the objective of searching for new bioactive principles for the formulation of drugs 
with different types of applications, capable of acting in both preventive strategies 
and curative treatments, thus encouraging the use of phytotherapic agents such as 
Copaifera multijuga, Apis mellifera (propolis), and Libidibia ferrea. 

2. Copaifera multijuga—copaiba oil 

According to the growing interest in antimicrobial agents derived from medicinal 
plants, natural products are considered an excellent alternative to synthetic chemi-
cals. Amazonian biodiversity products that have been used for years in folk medicine 
have emerged as feasible and promising alternatives for inhibiting microorganisms 
in dental biofilm. Copaiba oil—as it is popularly called—a phytotherapeutic agent 
widely used by the Amazonian population, is known for its antibacterial, anti-
inflammatory, anesthetic healing and antitumoral medicinal properties. 

The studies developed with copaiba oil have complied with all the norms 
required. The Copaifera multijuga Hayne species were collected from official 
research institutions (National Research Institute of Amazonian—INPA) to guar-
antee the legitimacy of the species. The exsiccata was stored in the INPA Herbarium 
under No. 270709. 

2.1 Antibacterial activity of copaiba oil formulations 

The first reports demonstrated the use of copaiba oil as an effective agent 
against the etiological agents of caries disease, as seen in Ref. [26]. This research 
demonstrated the antibacterial activity of calcium hydroxide and zinc oxide pastes 
associated with essential oil and C. multijuga resin against Streptococcus mutans. 
The bacteriostatic and bactericidal activities of the oil in natura against the same 
microorganism were also reported, giving rise to a line of research in dentistry in 
the search of scientific evidence. 

C. multijuga Hayne has presented promising antibacterial activity against S. 
mutans, S. mitis, S. salivarius, S. constellatus, and S. sanguinis from the copaiba gel 
production for the dental biofilm control [27]. In addition, evidence was shown of 
antibacterial activity against Enterococcus faecalis and Candida albicans present in 
endodontic flora, biological compatibility test in the teeth of rats and dogs using 
the copaiba oil as vehicle for calcium hydroxide [26], biological compatibility test 
in gingival tissue and a physical-chemical study and antibacterial activity dental 
cement to suit the conditions of the oral environment [28], and antibacterial activ-
ity in copaiba oil emulsions, as shown in Table 1 [22]. 

The results of the chromatographic analysis of C. multijuga oil revealed that the 
structures of its components are made up of various sesquiterpenes, primarily being 
constituted of β-caryophyllene and its oxide, forming its biological activity [26–28]. 
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Tested copaiba 
emulsions 

MIC of the copaiba emulsions (μL/mL) against the bacteria 

S. mutans S. oralis S. salivarius 
(μL/mL) (μL/mL) (μL/mL) 

L. casei 
(μL/mL) 

Emulsion 10% 12.5 12.5 12.5 12.5 

Emulsion 10% + PB 1% 

Emulsion 30% 37.5 37.5 37.5 37.5 

Emulsion 30% + PB 1% 

Table 1. 
Minimum inhibitory concentration (MIC) of copaiba emulsions against microorganisms. 

In [29], a high proportion of sesquiterpenes (88.55–98.05%) was revealed in the 
copaiba oils analyzed, with β-caryophyllene being the main type. 

2.2 Copaiba oil emulsion as dentin biomodifier 

Different approaches have been proposed to improve the restorative material 
bond to the dental structure by optimizing the infiltration of resinous monomers into 
the demineralized dentin and reduce the rate of water absorption and collagen deg-
radation, by means of such as the application of an additional layer or multiple layers 
of a hydrophobic adhesive agent [30], vigorous solvent evaporation [31], polymeriza-
tion, and the use of electric current to improve impregnation of the monomers [32]. 

Metalloproteinases (MMPs) trapped in the extracellular matrix are calcium-
dependent and zinc-activated enzymes that mediate the denaturation of the 
extracellular matrix through collagenase (MMP-8 is the major collagenase in human 
dentin) and gelatinase (MMP-2 and MMP-9), as well as the enamelysin MMP-20 
and the stromelysin MMP-3, which are naturally entrapped in the mineralized 
dentin during odontogenesis [33]. Since the bonding process occurs as a result of 
encapsulation of the collagen by the adhesive system, it is necessary to inhibit these 
enzymes to preserve the adhesive interface from proteolytic and hydrolytic degra-
dation, by forming the hybrid layer [34]. 

Figure 1. 
Effect of copaiba oil on metalloproteinase (MMP) activity (gelatin zymography). 

116 

https://88.55�98.05


  
 

 

  
  

 
   

 
 

  
 

 

Biopharmaceutical Products and Biomaterials of the Amazon Region Used in Dentistry 
DOI: http://dx.doi.org/10.5772/intechopen.82056 

In recent studies, a zymography assay was performed with HT1080 cells. This 
demonstrated that the copaiba oil emulsion (CO) as dentin biomodifier showed the 
potential to inhibit matrix metalloproteinases −2 and −9 (Figure 1). 

In the time of 30 seconds, statistical difference in the decrease of the MMP-9 activ-
ity was observed among all solutions tested when compared with the control group 
without treatment. In the time of 10 minutes, there was a statistical difference only 
between chlorhexidine (CLX), 10% CO + 0.3% CV, and 10% alkaline CO. At 20 min-
utes, the only solution that presented a statistical difference in the decrease of MMP-9 
activity was the 10% CO + 0.3% CV. The best result obtained was with 10% alkaline 
CO in a time of 10 minutes, with a 35% decrease in MMP-9 activity (Figure 2A). 

A decrease in the MMP-2 enzymatic activity was also observed. At 30 seconds, 
there was a statistical difference between the CLX solution and the copaiba oil 
emulsion at 0, when compared to the control group. At 10 minutes, a statistical 
difference was observed in the CLX solution and the alkaline CO, each presenting a 
44 and 67% reduction in enzyme activity, respectively. Finally, at 20 minutes, there 
was a statistical difference in the CLX solution (21%), in the COs 0.3% (42%) and 
0.6% (53%), and in the alkaline CO (Figure 2B). 

Figure 2. 
Anti-proteolytic activity of the copaiba oil emulsions on (A) MMP-9 and (B) MMP-2. 
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2.3 Influence of copaiba oil emulsions as dentin surface biomodifiers 

Bandeira et al. [5] used scanning electron microscopy (SEM) to investigate the 
morphology of the dentin surface, cut and treated with CO and ethanolic extract of 
propolis, with the aim of using them as bioactive agents for cleaning teeth. For the 
formulations of 10% CO, 10% CO + PB, 30% CO, and 30% CO + PA emulsions, the 
same cleaning pattern was obtained as that obtained with 2% chlorhexidine, which 
is considered the gold standard, because it had substantivity and showed bacterio-
static and bactericidal activities (Figure 3). 

The bond of polymer-based materials to dentin is still considered a significant 
challenge because the latter is a complex substrate, predominantly tubular, and 
intrinsically moist. The use of disinfectant and anti-proteolytic solutions may be 
an alternative for reducing these effects. In a histological evaluation, 10% CO was 
used on the exposed collagen of the dentin matrix, with the purpose of verify-
ing whether there was interference in the adhesive system. Thus, 80 specimens 
(CPs) were prepared from healthy third molars, and after the induction of caries 
lesions, the specimens were treated with test materials for 3 months of aging. The 
CPs treated with the copaiba emulsions presented higher exposed and hybridized 
collagen thickness values than the groups treated with CLX 2% and AD. Relative to 
caries-affected dentin, the group treated with CLX 2% showed a higher proportion 
of CPs with hybridized collagen. The emulsion presented 100% specimens with 
hybridized collagen and improved hybrid layer homogeneity (Figure 4). 

Figure 3. 
Photomicrograph of the group (A) without dentin surface treatment, (B) air/water spray treatment, 
(C) chlorhexidine, and (D) copaiba oil emulsion treatments. 
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Figure 4. 
Hybrid dentin specimen stained with Goldner’s Trichrome. (A) Chlorhexidine treatment and (B) copaiba oil 
emulsion treatment; (a) hybridized collagen, (b) mineralized dentin, (c) adhesive. 

Given the biological properties of C. multijuga Hayne, a copaiba oil emulsion was 
formulated for use before applying the adhesive to improve the quality of dentin 
bonding. The morphological characteristics of the dentin surface and the hybrid 
layer formed with etch-and-rinse and self-etching adhesive systems in healthy and 
caries-affected dentin after using the 10% copaiba oil emulsion were analyzed. A 
total of 96 third molars from Biobank of the School of Dentistry, Federal University 
of Amazonas (FAO-UFAM), were used. Half of the teeth underwent artificial 
induction of dental caries and the other half formed the group of healthy teeth. 
The roots of all the teeth were removed, yielding dentine disks that were divided 
into groups according to test substances (CLX 2%, copaiba oil emulsion, calcium 
hydroxide solution, and distilled water), the dentin (sound or caries-affected), and 
the adhesive system (Adper Single Bond 2® and Clearfil SE Bond®). 

SEM was used to analyze the dentin surface and hybrid layer of the specimens 
obtained, according to the experimental groups. The dentin surface treatment with 
copaiba oil emulsion showed no physical barrier to adhesive penetration. The dentin 
surface treated with 2% chlorhexidine showed phosphate salts in two types of dentin. 
Dentin surface treatment with calcium hydroxide solution resulted in the deposi-
tion of mineral precipitate obstructing the lumen of the tubules in sound dentin. 
The result of calcium hydroxide solution applied on the conditioned sound dentin 
differed from those of the other substances (p < 0.05). On the smear layer surface, 
the result of distilled water on sound dentin showed a significant difference from 
the results of all experimental groups (p < 0.05). There was no statistical difference 
between the hybrid layer formed with the Single Bond® adhesive in otherwise healthy 
dentin specimens and those of caries-affected dentin treated with the test substances. 

In the dentin-rich and caries-affected dentin treated with CLX 2%, the hybrid 
layer formed with Adper Single Bond® was thick, regular, and homogeneous, with 
long resin tags, but in smaller quantity than those in the distilled water group. The 
hybrid layer formed with Clearfil SE Bond® on the dentin treated with CLX showed 
few irregular resin tags with little adhesive infiltration into the dentin (Figure 5). 

The hybrid layer formed with the Clearfil SE Bond® adhesive on the caries-
affected dentin and caries-affected dentin treated with the copaiba oil-based 
emulsion presented regular and homogeneous hybrid layer with a large number of 
resin tags (Figure 6). 

The CO application showed no morphological change in sound and caries-
affected dentin, irrespective of phosphoric acid etching, and presented a uniform 
hybrid layer, regular, and extensive monomer infiltration into sound and caries-
affected dentin, irrespective of the adhesive system. 
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Figure 5. 
Hybrid layer formed with Single Bond in the dentin treated with chlorhexidine: (A) Healthy dentin and (B) caries-
affected dentin. Hybrid layer formed with Clearfil on the dentin treated with chlorhexidine: (C) Healthy dentin 
and (D) caries-affected dentin. (a) Adhesive, (d) Dentin, (CH) Hybrid layer. The arrows point to the resin tags. 

Figure 6. 
Hybrid layer formed with Single Bond in dentin treated with copaiba oil: (A) healthy dentin and (B) caries-
affected dentin. Hybrid layer formed with Clearfil in dentin treated with copaiba oil: (C) healthy dentin and 
(B) caries-affected dentin. (a) adhesive, (d) dentin, and (CH) hybrid layer. The arrows point to the resin tags. 
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The hybrid layer formed with Adper Single Bond® in the carious-affected and 
caries-affected dentin treated with copaiba oil-based emulsion was thick, regular, and 
homogeneous, with long resin tags, but in smaller quantity than those in the distilled 
water group (Figure 6). 

Thus, the copaiba oil emulsion as dentin biomodifiers with their antibacterial 
activity and property of inhibiting MMPs may contribute to stability of the hybrid 
layer, perhaps because they prevent the enzymatic hydrolysis of collagen due to 
their oily nature similar to that of mineral oil. Further studies must be conducted 
to show the mechanism of action of the oil on the MMPs and the formation of the 
hybrid layer. In the present work, it was shown that the MMPs were resistant to the 
time-dependent destruction of the hybrid layer and that the use of inhibitors could 
improve the durability of the composite resin-dentin bond [35]. 

3. Apis mellifera—Propolis 

Propolis is a resinous substance, collected and transformed by the Apis mellifera 
bees, used in the hives as sealant. The vegetation, climate, and other factors influ-
ence the characteristics and composition of the propolis of each region. Studies have 
shown that propolis is composed of more than 300 (three hundred) substances, 
among them the most important are flavonoids and their phenolic compounds. Its 
biological properties include anticancer, antioxidant, anti-inflammatory, antibiotic, 
and antifungal activities [12, 13]. 

Worker bees of the A. mellifera species remove propolis from the shoots and 
resinous secretions present in the trees. By using their jaws and their legs, they mix 
these secretions with the wax synthesized by them. The mandibular glands of the 
workers secrete 10-hydroxydecanoic acid, which enables the finishing of propolis. 
Factors such as plant ecology of the region where the propolis was collected and 
even the genetic variability of the queens also influence the chemical composi-
tion of propolis. According to CONAPIS (information body of CONAP, National 
Council of Apiculture Ltda.), the ideal propolis is the type produced in regions 
where there is as little environmental pollution as possible, away from urban centers 
and factories that emit pollutants [14]. 

Almeida et al. [15] reported that propolis is a complex mixture of resinous, 
gummy, and balmy substances collected by A. mellifera bees. It has a bactericide, 
antimicrobial, antioxidant, anti-inflammatory, immunomodulatory, hypoten-
sive, anesthetic, anti-cancerous, anti-HIV, and anti-carious biologic function. 
These biological activities are related to their chemical components present in the 
propolis of the Amazon region. 

Ishida et al. [14] analyzed the ethanolic propolis extracts from four propolis 
samples (E1–E4) from Manaus (Brazilian Amazon) by HPLC/DAD/ESI–MS/MS 
and GC/EIMS. The main components of E2 and E4 were polyprenylated benzo-
phenones: 7-epi-nemorosone, 7-epi-clusianone (major E4 constituents), xan-
thochymol, and gambogenone (major E2 constituents), making up a chemical 
profile so far unreported for Brazilian propolis. Aristhophenone, methyl insigni-
none, 18-ethyloxy-17-hydroxy-17, 18-dihydroscrobiculatone B, and derivatives 
of dimethyl weddellianone A and B, propolones, and a scrobiculatone derivative 
were detected as minor constituents. Triterpenoids (b-amyrins, b-amyrenone, 
lupeol, and lupenone) were ubiquitous and predominant in E1 and E3. The 
extracts E2 and E4 were highly active against the cariogenic bacteria S. mitis, S. 
mutans, and S. salivarius. E2 was more active than E4, probably due to a higher 
content of 2-epi-nemorosone, while the latter was more abundant in dihydroxyl-
ated compounds. 
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By histological analysis of the extracts in subcutaneous connective tissue in rats, a 
propolis solution for cavity cleansing and its toxicity was investigated through hemo-
lytic and Artemia franciscana tests. Fifteen male rats were selected and randomly 
distributed into three experimental time intervals (07, 30, and 45 days), in which 
each animal received the four groups of treatment in rounds: Group I, Propolis I; 
Group II, Propolis II; Group III, calcium hydroxide water; and Group IV, 2% CLX; 
the sides of the tube were the control group. As regards biocompatibility, the results 
showed that all materials presented a significant reduction in inflammatory infiltrate 
and an increase in collagen fiber thickness values (Figure 7). In decreasing order 
of biocompatibility, the use of the following materials may be suggested: calcium 
hydroxide-water, 2% chlorhexidine®, Propolis I, and Propolis II. In the cytotoxicity 
test using Artemia franciscana, the propolis extract showed high toxicity in the tested 
concentrations, and in the hemolytic activity test, the Propolis I extract showed 
more activity than Propolis II. Therefore, the present study suggested the use of 
propolis as a cavity cleansing solution for shallow and medium cavities similarly to 
the use of 2% chlorhexidine® [15]. 

In continuing studies of the application of biomaterials in dentistry, the 
response of inflammatory periodontal disease (PD) induced in rat periodontal 
tissue was histologically evaluated after the use of 0.1, 1, and 10% aqueous suspen-
sions of propolis (SAP) for subgingival irrigation. A total of 84 Wistar rats (Rattus 
norvegicus) were distributed into the following experimental groups: Group I 
(n = 14, 0.1% SAP), Group II (n = 14, 1% SAP), Group III (n = 14, 10% SAP), Group 
IV (n = 14, 5% Tween 80 solution), Group V (positive control, n = 14, with induced 
and untreated PD), Group VII (n = 14, 2% CLX), and Group VI (n = 84, negative 
control, non-induced and unprocessed contralateral teeth of Groups I, II, III, IV, 
V, and VII). After induction of PD by the ligation technique in the cervical portion 
of the mandibular left first molar for 15 days, the periodontal pocket was irrigated 
three times (first, fourth, and seventh days). The animals were sacrificed at 15 
and 30 days after the treatment. The results suggested that SAP demonstrated an 
effective inflammatory response in the short term (15 days) and in the concentra-
tion of 0.1% was associated with the presence of dense gingival fibers, blood vessels 

Figure 7. 
(A) Anatomical shape of rat molar (H.E. 40x): (RM) mesial root, (RD) distal root, (F) furca, (GM) mesial 
gingiva, and (GD) interproximal gingiva. (B) Furcation region of the tooth treated with aqueous suspension 
of 0.1% propolis at 30 days (H.E. 200x): (E) epithelium of the exocytosis purse-string, (F) moderate collagen 
fibers, (O) bone tissue, and (arrow) moderate, chronic, and focal inflammatory infiltrate. 
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without congestion, absence of dental resorption and bone loss, and may be an 
alternative treatment of PD. However, future studies are required to demonstrate 
the biological feasibility of the use of propolis as an adjuvant to periodontal therapy. 

4. Libidibia ferrea 

4.1 Plant species and its applicability 

Among the vast biodiversity of medicinal plants, Libidibia ferrea—popularly 
referred to as Jucá or ironwood—is another plant from the Brazilian biome noted for 
several therapeutic properties [20]. Characterized as belonging to the Leguminosae 
family tree, its scientific name is Libidibia ferrea (Mart. ex Tul.) L.P.Queiroz var. ferrea, 
ex Caesalpinia ferrea Mart. ex Tul. (International Plant Names Index, 2009) [36]. 

The fruits (pods) of this species are used for the treatment of diabetes and can-
cer prevention, in addition to wound healing [37]; the roots have been documented 
as having antipyretic effects, being used in the treatment of diarrhea, and having 
anticancer properties [38, 39]; and the bark has been used for treatment of entero-
colitis and rheumatism [40]. Therefore, these parts of this species have shown anti-
inflammatory [36], antifungal [19], antihistaminic, antiallergic, anticoagulant [41], 
antiproliferative, cytoprotective, and antimutagenic effects [42]. Furthermore, 
L. ferrea has been used for biosynthesis of silver nanoparticles (AgNPs), thereby 
preserving its antimicrobial activity, reducing its toxic effects on human cell lines 
and increasing its practical use without the impact on the environment. AgNPs are 
one of the most important nanomaterials among several metallic nanoparticles that 
are involved in biomedical applications [23]. 

In dentistry, L. ferrea has demonstrated potential antibacterial activity against 
oral microorganisms [20, 21], in addition to anti-inflammatory and analgesic prop-
erties [41, 43]. Nevertheless, several tests are still necessary to improve new dental 
products and prove their efficacy when used in the oral cavity, with the aim of using 
them in the dental clinic. 

4.2 Preliminary studies—standardization of the extract 

Initially, taking into consideration the vast biodiversity of medicinal plants of 
the Amazon region (Brazil), which have been used empirically due to their antibac-
terial action, these species have been screened with regard to their antimicrobial 
activity against microorganisms isolated from dental biofilm [44]. 

Since the research began, there has been constant concern to ensure the legiti-
macy of plant species used to obtain the study extracts. The species were collected 
from official research institutions (Brazilian Agricultural Research Corporation, 
EMBRAPA; Federal University of Amazonas, UFAM; and Brazilian Institute of 
Environment and Renewable Natural Resources, IBAMA) and were stored at the 
Lauro Pires Xavier Herbarium in the Systematic and Ecology Department/Federal 
University of Paraíba, according to the Genetic Heritage Component Sample Access 
and Delivery Authorization (No. 044/2004–IBAMA/MMA). From this initial 
screening, both L. ferrea and C. multijuga extracts exhibited antimicrobial activity 
against S. sobrinus, S. mutans, S. mitis, S. sanguis, and Lactobacillus casei strains and 
inhibited microbial adherence of these tested strains (Table 2) [44]. 

Sequentially, studies have shown L. ferrea fruit extract inhibited the in vitro 
growth of the following oral pathogens (C. albicans, S. mutans, S. salivarius, 
S. oralis, and L. casei) on planktonic cells and multispecies biofilm models, sup-
porting the use of this extract for the treatment of oral infections [19]. On the other 
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Microorganisms 

Tested substances/MIC S. S. S. S. L. 
mutans mitis sanguis sobrinus casei 

L. ferrea (Jucá) 1:8 (62.5 mg/mL) 15 14 14 15 15 

A. chica (Crajiru) (500 mg/mL) 0 0 0 13 13 

O. micranthum (alfavaca) (1000 mg/mL) 0 0 16 12 0 

C. multijuga (copaíba) (1000 mg/mL) 20 19 19 20 22 

Chlorhexidine 0.12% 1:8 (0.15 mg/mL) 12 13 13 12 13 

A. nitidum (carapanaúba) 0 0 0 0 0 

C. guianensis (andiroba) 0 0 0 0 0 

E. ayapana (Japana-branca) 0 0 0 0 0 

S. acmella (jambu) 0 0 0 0 0 

Table 2. 
Diameter of the inhibition halos (mm) of the substances against the microorganisms. 

hand, L. ferrea stem bark extract exhibited better antimicrobial activity than fruit 
extract when tested against the same oral microorganisms in planktonic cells [45]. 

Dental biofilm is a dense, whitish, noncalcified aggregate of bacteria, with 
desquamated epithelial cells and food debris creating conditions for an imbalance 
of resident oral microflora, favoring the destruction of hard and soft tissues by the 
development of oral pathologies such as caries and gingivitis. Recently, an L. ferrea 
extract was standardized according to the current Brazilian legislation with regard 
to pH, sedimentation, density, and stability, along with microbiological tests of the 
extract. The microbial test was used to verify the presence of Staphylococcus aureus, 
Pseudomonas aeruginosa, fungi, yeasts, coliforms, and minimum inhibitory concen-
trations of S. mutans and S. oralis strains. Thus, this L. ferrea extract was shown to 
have antibacterial activity against the oral microorganisms tested and satisfactory 
stability and quality, enabling the formulation of a mouthwash using this extract to 
control dental biofilm [20]. 

4.3 Standardization of the orabase and mouthwash formulations 

After the preliminary studies of the L. ferrea extract, orabase and mouthwashes 
based on this extract were analyzed. 

The use of oral antimicrobial formulations as an adjunct treatment to mechani-
cal means of dental biofilm and gingival inflammation control has been well 
established [46]. However, acceptance of the use of plant-based oral products still 
faces obstacles due to a lack of quality control, since the profile of the end-product 
constituents has implications in phytotherapeutic efficiency and safety [47]. Thus, 
the Brazilian ANVISA [48] has established that all phytotherapeutic medication 
must be submitted to formulation stability tests. Production operations must follow 
operational procedures with clearly defined and approved standards, in conformity 
with the notification or registration of traditional phytotherapeutic products with 
the competent sanitary agency. The final objective is to obtain products that are 
within the quality standards demanded. 

Therefore, Marreiro et al. [20], in a preliminary study, evaluated the antimicro-
bial activity of aqueous extracts of the fruits, stem bark, and an orabase formulation 
of L. ferrea against biofilm microorganisms by the agar diffusion and broth micro-
dilution methods and evaluated cytotoxicity by hemolysis assay on fibroblast cell 
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culture. This study endeavored to find an alternative material as a way to guarantee 
the supply of raw vegetable matter independent of the seasonality of the fruits. The 
microorganisms used for determining the MICs were S. salivarius, S. mutans, S. oralis, 
L. casei, and C. albicans. The extract of the stem bark and the orabase formulation of 
L. ferrea showed antimicrobial activity against microorganisms of the biofilm and 
were not toxic when tested on erythrocytes and in cell cultures (Figure 8). 

In addition to these results, Venâncio et al. [21] evaluated the in vitro pharma-
cological stability of a phytotherapeutic mouthwash based on L. ferrea extract with 
regard to the microbiological parameters of control, organoleptic characteristics, 
sedimentation, pH, and density. Using methods in accordance with the legislation, the 
study determined the total number of microorganisms and Salmonella sp., Escherichia 
coli, Pseudomonas aeruginosa, and Staphylococcus aureus; stability characteristics (color, 
odor, brightness, and consistency); sedimentation test (centrifuge); the pH measure-
ment (pH meter); and density evaluation (pycnometer). The results demonstrated 
the L. ferrea mouthwash was shown to be free of contamination for the tested micro-
organisms and was within the standards of safety demanded for its use. 

In addition to the reported studies, with the aim of finding another purpose for 
its use, Matos [49] evaluated a formulation of L. ferrea orabase for use in the healing 
of oral ulcers. The overall aim of this study was the physical-chemical quality control 
of an orabase ointment formulation of L. ferrea. For physicochemical evaluation, 
centrifugal tests, pH, mass, relative density, microbiological assessment, and organo-
leptic character of contaminant tests were performed. The physical conditions tested 
were storage at room temperature (±25.9°C), room temperature, protected from light 
(±28.8°C), and air conditioning (±23.7°C); the experimental time intervals were 0, 30, 
and 60 days. The results showed that in the centrifugation test, phase separation was 
observed at all times and in all storage environments. In the pH test, only the formula-
tion stored at room temperature obtained a lower pH value, mean (1.95) after 60 days 
of manipulation. The density test showed the mean value of 0.809 g/cm3 when tested 
at time 0 and after 30 days of formulation values under air conditioning (0.746 g/cm3), 
room temperature (0.702 g/cm3), and room temperature, protected from light, dark 
(1.022 g/cm3). The evaluation of contaminants showed that there was no bacterial 
growth in any environment and experimental time, but macroscopically, the increase 
in cotton wool colonies compatible with fungal colonies was observed in the formula-
tion stored under air conditioning in the time interval of 30 days and under all storage 
locations in the time interval of 60 days. In the organoleptic assessment, the ointment 
showed changes at 60 days after formulation. Based on the results, the formulation 
tested maintained the best stability of the tested characteristics when stored at room 
temperature in the dark. However, after 60 days of storage, the formulation presented 
chemical and physical instability and growth of contaminants. 

Figure 8. 
Hemolysis assay: Triton™ X-100 (positive control). *** Statistically significant in comparison with the positive 
control (P < 0.05). 
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5. Conclusions 

Given the growth of the products derived from medicinal plants in Brazil, it was 
necessary to implement a statute that covered the requirements for all medicines 
and biomaterials to ensure the quality, efficacy, and safety of these products. Based 
on the researches, C. multijuga, in the form of copaiba oil, was an effective agent 
against the etiological agents of caries disease. Copaiba oil emulsions as dentin 
biomodifiers with their properties of antibacterial activity and inhibition of MMPs 
may contribute to the stability of the hybrid layer in caries-affected dentin treated 
with this emulsion. 

Propolis demonstrated an effective and controlled inflammatory response in 
the periodontal tissue such as the absence of bone resorption, blood vessels without 
congestion, and presence of dense gingival fibers. 

The L. ferrea extract showed antibacterial activity against the oral microor-
ganisms tested, and satisfactory stability and quality, enabling the formulation 
of a mouthwash using this extract to control dental biofilm. The results dem-
onstrated that the L. ferrea mouthwash was shown to be free of contamination 
for the tested microorganisms and was within the standards of safety demanded 
for/to allow its use. 

As propolis showed a reduction in bone resorption, and the other medicinal 
plants studied were in compliance with the safety standards, future investiga-
tions into the effectiveness of adding these herbal medicines to bone substitutes 
will be conducted. Via an effective biodegradation delivery system, the release 
of phytotherapic agents is expected to promote the growth of bone tissue. 
Pharmacological tests will examine the phytotherapic ability to generate an 
osteotropic effect, stimulating bone cell proliferation and differentiation while 
decreasing osteoclast activity. Thus, future studies will be in search of herbal 
devices that stimulate the innate regenerative capacity of bone and can be used in 
the regeneration of bone tissue. 
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Chapter 7

Innovative Biomaterials for Tissue
Engineering
Anna Dolcimascolo, Giovanna Calabrese, Sabrina Conoci 
and Rosalba Parenti

Abstract

In the field of regenerative medicine, biomaterials play a crucial role since
they may serve as a support (scaffold) to promote cell growth and differentia-
tion in order to promote the healing of tissue lesion. The aim of this chapter
will be to analyze the properties of more recent biomaterials suitable for tissue
engineering strategies, to end to define better and innovative materials for scaf-
fold production. To this purpose, we will analyze the main materials (natural
and synthetic) and their characteristics, such as biocompatibility, bioactiv-
ity, and biodegradation, and it will be discussed how their chemical-physical
properties (surface morphology, porosity, stiffness, and mechanical strength)
could affect the interaction with cells and living system. Moreover, the chapter
will be focused on methods of extraction or production of biomaterial suitable
for scaffolds.

Keywords: biomaterial, scaffold, polymers, biocompatibility, surface, porosity,
synthesizing

1. Introduction

The promising field of tissue engineering (TE) purposes to restore damaged 
tissues by combining cells with biomimetic materials able to act as templates for
tissue regeneration and to drive new tissue growth. The term “tissue engineering” 
was formally conceived at a National Science Foundation workshop in 1988 as “the
application of principles and methods of engineering and life sciences toward the
fundamental understanding of structure-function relationships in normal and 
pathological mammalian tissues and the development of biological substitutes to
restore, maintain or improve tissue function” [1].

According to the definition of Langer and Vacanti, tissue engineering is “an
interdisciplinary field of research that applies the principles of engineering and the life 
science toward the development of biological substitutes that restore, maintain or improve 
tissue function” [2].

The tissue engineering is a highly multidisciplinary field that associates several 
areas including clinical medicine, mechanical engineering, materials science, genet-
ics, and related disciplines to both engineering and the life sciences. This field is
based principally on the use of biomimetic materials (3D scaffolds) that provide not
only a suitable environment for the new developing tissue but also offers a structure
for cell adhesion, proliferation, and extracellular matrix (ECM) deposition until 
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new tissue is totally restored [3]. Furthermore, the scaffolds are often combined 
with cells and signaling molecules or growth factors representing the key elements 
of tissue engineering. 

2. Biomaterials for tissue engineering 

The first definition of biomaterial was developed in the 1980s, during the 
Consensus Development Conference (Chester, UK, 1982) in which the biomateri-
als were defined as “any substance, other than a drug, or a combination of substances, 
synthetic or natural in origin, which can be used for any period of time, as a whole or 
as a part of a system, which treats, augments or replaces any tissue, organ or function of 
the body” [4]. Since ancient times, men searched in nature animal or plant-derived 
materials able to heal wounds, maintain, or restore body functions. In fact, the 
ancient Egyptians and Romans used vegetable fibers to sew skin lesions, and they 
were able to model wooden limb prostheses. Later, the industrial revolution allowed 
the development of a series of synthetic biomaterials (first metallics and then 
polymerics) with characteristics more and more suitable for the development of 
medical devices. 

More recently, natural and synthetic biomaterials have become one of 
the important elements for regenerative medicine and tissue engineering 
strategies. 

Nowadays, several types of scaffolds have been produced with a multiplicity of 
manufacture systems but the main challenge for tissue engineering is represented 
from the choice of appropriate materials for the scaffold production. To this aim, 
different types of biomaterials have been currently used, such as, natural or syn-
thetic polymers, ceramics, metals, composites, and hydrogels. Furthermore, it is 
important when planning or determining the suitability of a scaffold to evaluate 
that it fulfills the following key requirements: (i) biocompatibility, (ii) bioactivity, 
and (iii) biodegradability. 

The main requirement of the scaffold for tissue engineering is its biocompat-
ibility or capability to promote cellular adhesion, proliferation, and migration 
onto the surface and eventually through the scaffold in vitro and in vivo. Moreover, 
after implantation, it must integrate into the host tissue without eliciting immune 
response in order to avoid an important inflammatory reaction that might decline 
healing or induce rejection [5]. 

The bioactivity represents the ability of a biomaterial to interact with surround-
ing tissue ensuring cell adhesion, proliferation, and differentiation [6]. Generally, 
biomaterials with chemical composition comparable to the host tissue have a higher 
bioactivity and can promote cellular recognition evoking specific cellular response 
to support tissue growth. To this aim, it is possible to modify the surface of the 
biomaterial by adding extracellular matrix macromolecules, including collagen, 
fibronectin, and laminin, to produce a biomimetic environment equivalent to the 
native tissue able to modulate cellular behavior and response [7]. 

On other essential property of scaffold for tissue engineering is the biodegrad-
ability. The biomimetic scaffolds are not permanent implants but they must be 
biodegradable to allow cells to produce their own extracellular matrix. Further, the 
by-products of this degradation must also be nontoxic and easily eliminable from 
the body without interfering with other tissues [8]. On the other hand, it is critically 
important to also know the in vivo degradation kinetics of a biomaterial to avoid an 
excessively rapid or slow elimination. In the first case, the scaffold could not satisfy 
its function of support for cells, while in the second one, it could cause necrosis or 
inflammation [9]. 
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3. Scaffold design: the importance of structural and mechanical 
properties 

The scaffold for tissue engineering must possess structural and mechanical 
characteristics appropriate to the anatomical site in which it must be implanted and, 
moreover, must be strong enough to allow its surgical manipulation during implan-
tation. The structural features include macro- and micro-structural properties. 
The macro-structural properties refer to a temporary 3D architecture, of critical 
importance, which mimic the ECM and allows cell to maintain their native differen-
tiated phenotypes; while, the micro-structural properties refer to scaffold porosity, 
pore shape, pore size, and interconnectivity. The mechanical properties include 
mechanical strength and stiffness. 

3.1 Structural properties 

Scaffold micro and macro architecture critically influences cell survive and 
surface adhesion, but also cellular proliferation, differentiation, vascularization, 
and specific gene expression [10]. 

If on the one hand, a scaffold may be strong enough to support the physiological 
load of the body and to allow surgical handling during implantation, on the other 
hand, it is important to obtain a porous structure to avoid cellular colonization. It is 
clear that a balance between mechanical strength and high porosity is a significant 
challenge in scaffold production. 

3.1.1 Pore interconnection, porosity, and pore size 

Pore interconnection, porosity, and pore size represent very important param-
eters for the scaffold production. All three features allow cellular penetration, 
vascularization, adequate diffusion of nutrients and oxygen to cells within the 
construct, and neo-formed extracellular matrix ensuring cell viability [5, 11]. 

In particular, pore size is a key element for the scaffold efficiency. In fact, the 
pores must be large enough to allow cells to penetrate and migrate within the 
scaffold structure, but also small enough to allow the binding of a critical number 
of cells at the same. Pores can be classified into micropores (0.1–2 nm), mesopores 
(2–50 nm), and macropores (>50 nm) according to their dimension. All the scaf-
folds used for tissue engineering may have a macroporous structure with a specific 
pore size as a function of the type of host tissue. In particular, a pore size of 20 
micron is required for hepatocyte and fibroblast growth, while the dimension is 
around 20–150 micron for soft tissue healing. For bone tissue engineering, research-
ers propose a pore size range between 200 and 400 micron. 

The most common techniques used to obtain a porous structure are gas foaming, 
salt leaching, phase separation, sintering, and freeze-drying. 

3.2 Mechanical properties 

The scaffold for tissue engineering must have adequate mechanical integrity, so 
that it can offer support from the time of implantation until the remodeling process 
is fully completed. 

3.2.1 Mechanical strength and stiffness 

The mechanical strength depends on the bonding forces that hold together 
the atoms in scaffold architecture. It is an important parameter to avoid the 
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solid structure deformation due to cellular loading on the scaffold or caused by 
scaffold handling. 

Another important feature of the scaffold surface is the stiffness that is mea-
sured by Young’s modulus. Cells respond to scaffold stiffness via different mecha-
nisms such as activation of ion channels or protein unfolding, and by this way, 
stiffness affects cell proliferation and differentiation. Hadjipanayi et al. demon-
strated that the increasing of free-floating collagen matrix stiffness led to a higher 
proliferation rate for human dermal fibroblasts [12]. 

4. Biomaterials for scaffold production 

Biomaterials for tissue engineering have a considerable importance for the 
success of a tissue replacement or regeneration. In addition to interacting with the 
implant site, they have the ability to influence biological processes that are impor-
tant for tissue regeneration. 

Different kinds of biomaterials have been used for scaffold production such as 
ceramics and polymers, naturals and synthetics, metals, composites, and hydrogels. 

4.1 Ceramics 

For several decades, ceramic biomaterials have been used to reconstruct dam-
aged body parts and for skeletal repair. 

Ceramic biomaterials are inorganic compounds of natural or synthetic origin, 
which may contain metallic and nonmetallic elements. These biomaterials are 
generally made of polycrystalline solids, rarely of monocrystals and sometimes have 
an amorphous structure. Generally, their mechanical properties, including hard 
surface, high mechanical stiffness, low elasticity, low thermal expansion, chemical-
physic refractoriness, depend on the way they are produced or extracted, but their 
properties can also depend on the composition and particle size of the starting 
powders. 

Ceramic scaffolds are commonly used for bone regeneration practices because 
they are highly biocompatible, rarely evoke an immune response, and hardly cause 
the formation of fibrous tissue around the scaffold; instead they are osteoinductive, 
considering their high ability to recruit cells from the biological environment and 
promote osteogenic differentiation. Although the ceramics present these advan-
tages, their use in tissue engineering applications is limited due to their fragility and 
slow degradation [1, 13, 14]. 

On the basis of their main features, they can be distinguished into three catego-
ries: (a) bio-inert ceramics: completely inert to biological environment; (b) resorb-
able materials: subjects to in vivo degradation for phagocytosis or dissolution of 
the material in biological fluids; and (c) bioactive ceramics: able to form chemical 
bound with the cell surface [15]. 

The most common ceramic biomaterials used for tissue regeneration are: 
(1) CaP, including hydroxyapatite (HA) (Ca10[PO4]6[OH]2), beta-tricalcium phos-
phate (BTF) (Ca3[PO4]2), biphasic calcium phosphate (mixture of hydroxyapatite 
and beta-tricalcium phosphate), (2) bioglass, (3) alumina (Al2O3), and (4) zirconia 
oxide (ZrO2). 

CaP biomaterials are often selected for bone graft since they mimic bone tissue 
composition. One of the first used ceramic biomaterials for skeletal repair was BTF 
in 1920 by Albee and Morrinson [16]. 

HA may be natural or synthetic. Natural HA derives from particular species 
of coral or bovine bone and can contain traces of other elements such as Mg, Na, 
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CO3, and F. Synthetic HA is prepared by sintering in dense or macroporous form as 
granules or blocks [17]. Ray and Ward, first, showed the high biocompatibility and 
biomimicry of synthetic HA in their study in which they used this material for bone 
tissue engineering application in the long bones and iliac wings of dogs [18]. Later, 
numerous other studies on HA have been carried out. Calabrese et al. in their stud-
ies tested a composite bi-layer type-1 collagen-HA/Mg scaffold for osteochondral 
regeneration, both in vitro and in vivo. They showed that the combination of this 
scaffold with mesenchymal stem cells (MSC) derived from adipose tissue (hAD-
SCs) in the presence of specific differentiation conditions induce osteochondro 
differentiation both in vitro and in vivo [19–23]. 

Bioglass is composed by 45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O, and 
6.0 wt% P2O5. The first one (45S5 Bioglass) has been developed by Hench, which 
used it for biomedical applications in vitro and in vivo [24]. 

Bioglass materials can be synthesized through different methods such as poly-
mer foam replication, thermal bonding of particles or fibers, and sol-gel process-
ing. Similarly to HA, it is suitable for bone graft due to the high ratio of calcium to 
phosphorus promoting the formation of apatite crystals on its surface after grafting. 
Bioglass materials offer high osteoinductivity, control of rate of degradation, and 
excellent bioactivity even if they can present poor mechanical properties such as 
low strength and toughness [25, 26]. 

Alumina (Al2O3) is a ceramic biomaterial with a crystalline structure. Generally, 
a low porosity and reduced grain size increase its mechanical strength. Like other 
ceramic materials, alumina is fragile but it has good tribological properties such as 
resistance to wear. 

Zirconia is characterized by a polymorphic structure and offer has a hard 
surface, a low thermal conductivity, and a high coefficient of thermal expansion. 
Its excellent biocompatibility and high breaking load make it a good candidate for 
prosthesis and bone grafting. 

4.2 Polymers 

Various biological polymers such as collagen, alginate, proteoglycans, chitin, 
and chitosan have been used to produce scaffolds. They are biocompatible and 
bioactive promoting cellular adhesion and growth on their surface. However, they 
often show poor mechanical properties and fast biodegradability, which limit 
their use. 

Collagen and its derivatives are good candidates for osteochondral regeneration 
but also tendon and ligament reconstruction since the extracellular matrix of these 
tissues is mostly made of type-1 collagen fibers [27–29]. 

Collagen scaffolds are highly bioactive ensuring excellent cellular adhesion to 
their surface. However, since they have low resistance to mechanical stress often are 
coupled with other materials, which improve their mechanical properties. 

Several studies have been focused on the use of collagen scaffolds for tissue 
engineering strategies. Aravamudhan et al., for example, reported the fabrica-
tion and characterization of cellulose and collagen-based micro-nanostructured 
scaffolds exhibiting mechanical features similar to those of trabecular bone that 
promoted good adhesion of human osteoblasts to their surface. Moreover, they 
underwent a progressive calcium deposition process compared to control polyester 
micro-nanostructured scaffolds [30]. 

In another study, Schneider et al. developed a collagen I/III hydrogel scaffold 
and used it to seed hMSC isolated from bone marrow of femoral head spongiosa 
and from umbilical cord. When stimulated with osteogenic induction medium, 
both cell types showed comparable osteogenic gene expression, migration, and 
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scaffold colonization [31]. Collagen scaffolds may also be used to deliver osteogenic 
differentiation factors as demonstrated by Lu H. et al, who immobilized BMP4 in a 
collagen-PLGA hybrid scaffold to promote osteogenesis [32]. 

Polysaccharides such as chitin, chitosan, and alginate are suitable for both hard 
and soft tissue regeneration. In particular, chitosan scaffolds can be manufactured 
by freeze-drying techniques, which allow obtaining a porous scaffold with high 
pore interconnectivity. Chitosan ensures good cellular adhesion and thank to its 
positive charges can interact with glycosaminoglycans and proteoglycans present in 
living tissues. Costa-Pinto et al. cultured human bone marrow MSC on melt-based 
porous chitosan scaffolds using an osteogenic differentiation medium. They found 
an increase of cell viability and ALP activity after 21 days. They also investigated the 
capacity of the cell seeded scaffold to repair a cranial defect in mouse, and 8 weeks 
after implantation bone formation in the scaffold was analyzed using Bone μCT 
[33]. Chitosan may also be used as an injectable biomaterial as demonstrated by Bi 
et al., who produced a composite scaffold of tricalcium phosphate (TCP), chitosan, 
and platelet rich plasma (PRP). MSC seeded on injectable biomaterial was used 
in vivo to test its capacity to repair bone fracture in goat femora [34]. 

Synthetic polymers are high molecular weight compounds composed of a series 
of monomeric units. On the basis of their structure, they can be linear, branched, 
or cross-linked. Considering their thermo-mechanical properties, they are thermo-
plastic or thermosetting. Polymeric materials can be produced in the form of fibers, 
films, bars, and viscous liquids, and they offer the important advantage to modulate 
their mechanical properties and biodegradation by varying synthesis process and 
reactants used. However, they could have low biocompatibility and mechanical 
strength and show in vivo toxicity due to the release of ions and other residual 
particles of polymerization. 

Among the different synthetic polymers, the most suitable for scaffold produc-
tion is the bio-erodible. These kinds of polymers undergo surface degradation with 
production of nontoxic low molecular weight compounds. 

Numerous synthetic polymers have already been used such as: polystyrene, 
thermoplastic aromatic polymer with a linear structure; poly-l-lactic acid (PLA), 
hydrophobic polymer with slow degradation rate due to microorganisms; poly-
glycolic acid (PGA), hydrophilic polymer with good mechanical properties and fast 
degradation; poly-dl-lactic-co-glycolic acid (PLGA), biocompatible copolymers 
with fast degradation rate; and polycaprolactone (PCL), highly hydrophobic 
polymer with good permeability. 

In particular, PGA and PLA and their copolymers are natural polyesters nor-
mally present in the organism and therefore well tolerated. They have been used 
for suture threads, orthopedic screws, and prostheses manufacture since 1970, 
and more recently, they have been evaluated for scaffold production and tissue 
engineering strategies. About this, Eğri et al. combined PLA and PGA to obtain a 
PLA-PEG-PLA scaffolds able to release VEGF and BMP-2 in bone tissue lesion. In 
relation to its chemical composition, the scaffold allows fast release of VEGF in 
about 1 week and slower constant release of BMP-2 [35]. 

4.3 Metals 

Metals are particularly suitable for tissue engineering strategies for their good 
mechanical properties such as high elastic module, yield strength, and high ductil-
ity allowing them to bear a load without being deformed. If mechanical resistance 
makes them excellent candidates for scaffold production, however, the reduced 
cell adhesion to their surface could be a considerable limit to their use. Moreover, 
metal implants can release toxic metallic ions and/or particles, and biological fluids 

138 



 

  
 
 

 
 

  

  

 
 

  
 

 
  

 
   

 

 
  

 

 
 

 
 

 
 

 

 
  

  

 

Innovative Biomaterials for Tissue Engineering 
DOI: http://dx.doi.org/10.5772/intechopen.83839 

can show corrosive action on their surface that can alter their function. Among the 
different metals used for scaffold production, there are stainless steel, cobalt, and 
titanium alloys. 

Stainless steels are iron-based alloys with a low content of carbon and a high 
content of chromium. The presence of carbon ensures good mechanical properties 
but determines carbides formation that makes the scaffold subject to corrosion in a 
biological environment. 

Cobalt-based alloys are of two types: cobalt/chromium/molybdenum alloy 
obtained with casting/melting methods and cobalt/nickel/chromium/molybdenum 
alloy worked by forging. Generally, the high level of chromium and molybdenum 
typical of these alloys increase granule size and improve mechanical properties. 

Titanium alloys can be alpha, beta or alpha/beta biphasic. Alpha alloys contain 
alpha stabilizers such as aluminum and gallium and are characterized by good 
strength, hardness, resistance sliding, and weld ability; Beta alloys contain beta 
stabilizers such as vanadium, niobium, and tantalus molybdenum and show good 
ductility. Alpha/beta biphasic alloys show a mix of alpha/beta stabilizers, and they 
are quite ductile even if little resistant to high temperatures, and the most suitable 
one for biomedical application is Ti 6Al 4 V. 

Wohlfahrt et al. tested the osteoinductivity and osteointegration capabilities of 
Ti and TiO2 scaffolds in rabbit tibia peri-implant osseous defects. After 4 weeks, the 
implant was removed and the new bone formation was observed. Moreover, a gene 
expression analysis was performed considering different osteogenesis differentia-
tion markers such as osteocalcin and collagen-I [36]. 

In another study, Zuchuat et al. developed Cr-Co-Mo membranes and placed 
them in rabbit tibiae to analyze the volume of new bone formation. After the 
explant, histological analysis showed a huge number of osteoblasts and osteocytes 
on the scaffold [37]. 

4.4 Composites 

Composite scaffolds are developed combining different biomaterials such as 
natural or synthetic polymers (PGA, PLA, gelatin, chitin, and chitosan), ceramics 
(hydroxyapatite and beta-tricalcium phosphate or bioglasses), and metals. They 
have technological, industrial, and applicative importance since they combine 
biocompatibility, biodegradation, and appreciable mechanical strength. Moreover, 
these kinds of scaffolds could be applied for both hard and soft tissue regeneration 
and greatly mimic tissue architecture being composed of cells and extracellular 
matrix. 

Several studies displayed the efficacy of composite scaffolds (polymers/ceramics 
and synthetic/natural polymers) for tissue engineering strategies [38, 39]. 

Other researchers demonstrated that another interesting solution may be the 
combination of metallic implants with polymer coating or metal/ceramic scaffolds 
[40, 41]. 

4.5 Hydrogels 

Hydrogels are hydrophilic polymers rich of polar moieties such as carboxyl, 
amide, amino, and hydroxyl groups, held together by chemical bounds or physical 
intra-molecular and inter-molecular attractions. Their main feature is the abil-
ity to absorb enormous amounts of water or biological fluids and swell without 
dissolving. 

According to their origin, hydrogel can be classified into natural (made of poly-
peptides and polysaccharides), synthetic (obtained by traditional polymerization), 
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Table 1. 
Advantages, disadvantages, and main clinical uses of different kinds of biomaterials. 

and semi-synthetic. Moreover, they can present an amorphous or semi-crystalline 
structure that can be cationic, anionic, neutral, or ampholytic. Depending on their 
stability in a biological system, they can be considered durable if they do not undergo 
chemical-physical modification or biodegradable if they degrade into oligomers, 
which are subsequently eliminated from the body. In the last decades, smart hydro-
gels have been developed featured by the possibility to modify their structure and 
mechanical properties according to environmental stimuli such as pH or tempera-
ture. Already 50 years ago, these materials have been appreciated for their chemical-
physical characteristics by Wichterle and Lim, who developed a poly(2-hydroxyethyl 
methacrylate)-based hydrogel for contact lens [42]. Since they present a soft and 
rubbery consistency very similar to that of ECM of different tissues, they have been 
recently studied for tissue engineering strategies. In particular, hydrogels used for 
scaffold production may respond to important requirements such as biocompatibility 
and controlled in vivo biodegradation. It is very important to modulate parameters 
such as hydrogel cross-linking density, porosity, pore size, and interconnectivity to 
obtain a suitable structural for cellular colonization and proliferation. Hydrogels 
can be modified at the surface by peptides or growth factor, which can promote cell 
attachment and differentiation process. Generally, natural hydrogels are less toxic 
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and more tolerated than synthetic ones, and Pasqui et al, for example, developed a 
natural cellulose-hydroxyapatite hybrid hydrogel for bone tissue engineering. For the 
chemical synthesis procedure, the freeze-dried hydrogel was immersed in a solution 
containing HA microcrystals, and then an in vitro study demonstrated that MG63 
osteoblast-like human cell seeded into hydrogel samples adhered and proliferated 
rapidly. Moreover, an increase of ALP activity was identified at 3, 7, and 14 days 
[43]. Synthetic hydrogels could have limitations in the biocompatibility, but they 
offer the possibility to modulate their mechanical features and rate of degradation in 
biological environment. Kinard et al. developed a biodegradable oligo[poly(ethylene 
glycol)fumarate] hydrogel to deliver demineralized bone matrix (DBM) in a rat bone 
defect. They found that the in vivo degradation rate of the hydrogel depend on the 
DBM content, higher was the rate of DBM faster was the degradation. Moreover, 
high content of DBM could affect the mechanical properties of the hydrogel even if it 
increases its osteoinductivity in vitro and in vivo [44] (Table 1). 

5. Processing techniques for scaffold production 

After the choice of the biomaterial to use for scaffold production, it is quite 
important to select an adequate processing technique that allows to maintain high 
levels of control of the macro- and micro-structural properties of the same. The 
processing methodology must satisfy key requirements such as: process accuracy 
and repeatability. The scaffolds obtained will present regular shaped pores with 
consistent pore size and interconnectivity and should not show any physical-
chemical variations when produced by the same method. Moreover, the processing 
conditions must not alter the mechanical properties of the biomaterial, and any 
toxic solvent used during the process must be totally removed not to limit scaffold 
clinical use [3, 11]. Among the most spread processing techniques, probably the 
most known are those that foresee the employment of a porogenous organic or inor-
ganic agent such as sodium chloride, sodium tartrate, sodium citrate, citric acid, or 
saccharose. However, the use of porogens limits the scaffolds to thin membranes 
with a thickness of 2 mm to facilitate complete porogen removal [45]. 

Mikos et al. described solvent casting/particulate leaching for the first time, and 
it is chosen for the fabrication of porous scaffold used for bone tissue engineering. 
In this case, the porous agent is dispersed in appropriate solvent and then the dis-
persion is processed by casting or by freeze-drying. This technique allows obtaining 
thin membranes with 30–300 micrometer pore size and 20–50% porosity even if 
the pores have a shifting shape and the interconnectivity is quite low. However, the 
method presents some disadvantages like time consuming (it is necessary to wait for 
days or weeks for solvent evaporation) and the use of toxic organic solvents [46]. 

In melt molding/particulate leaching, an unrefined thermoplastic polymer 
is mixed with the porous agent and then the blend is poured in a mold with an 
appropriate shape. The mold is then heated above the glass transition temperature 
of the polymer and at last the obtained solid is immersed in a solvent to promote the 
dissolution of the porogens. The advantage of this methodology is the possibility to 
monitor the pore size and porosity (generally 80–84%) by varying the amount of 
porogenous [47]. A good variant of melt molding is extrusion or injection mold-
ing proposed by Gomes et al., who replaced the porous agent with a blowing agent 
based on citric acid. During the heating process, the blowing agent degraded pro-
ducing carbon dioxide which formed interconnected and well-shaped pores [48]. 

Gas foaming is an high pressure processing technique described by Mooney 
et al who produced sponges of poly(D,L-lactic-co-glycolic acid) without the use 
of organic solvents. Solid disks of the polymer are exposed to high pressure CO2 
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(5.5 MPa) at room temperature followed by a decreasing of gas pressure to reduce 
its solubility in the polymer bulk. It brings CO2 to abandon the polymer forming 
well-shaped pores [49]. 

Phase inversion/particulate leaching is a valid method to obtain polymeric scaf-
folds. After the polymer solubilization in a suitable solvent, the solution is dissolved 
in water that provokes the polymer precipitation. Obviously, it is possible to modu-
late the characteristics of the scaffolds obtained through this method by varying 
the polymer concentration but also the temperature of the solution. Holy et al. used 
this technique to develop porous PLGA scaffold with architecture similar to osseous 
trabecular for bone tissue engineering [50]. 

Another interesting method is the fiber bonding. It allows obtaining scaffolds 
containing a dense frame of synthetic fibers that form a sufficiently porous three-
dimensional structure. This technique provides the alignment of the PGA fibers in 
the desired orientation and subsequently they are covered with a PLLA/methylene 
chloride solution and heated above the melting temperatures of both polymers. 
When PLLA is removed through a dissolution process, the PGA fibers remain 
attached to each other forming a thick net. 

In the freeze-drying method, the polymer solution is first frozen rapidly at tem-
peratures below 0°C followed by solvent removal by vacuum sublimation. It can be 
applied to obtain both natural and synthetic scaffolds [51]. At last, the progress of 
computer technology led to the development of new techniques like solid freeform 
fabrication (SSF) whose introduction has signed a new era for manufacturing 
industry. These techniques allow to produce layer-by-layer 3D objects starting 
from information generated by CAD system or computer-based medical imaging 
modalities. Obviously, the use of a computerized production system saves time 
and modulates with extreme precision parameters related to the micro and macro 
architecture of the scaffold. 

The first SFF technique used for tissue engineering purpose was 3D printing. This 
technique uses a printer head that places a liquid binder onto thin layers of powder 
following the object shape generated by a CAD system. Using this technique, Kim 
et al. obtained porous PLGA scaffolds [52], while Zeltinger et al. created poly(l-lactic 
acid) disk shaped scaffolds with two different porosities (75% and 90%) and four 
different pore size distributions (<38, 38–63, 63–106, and 106–150 μm) [53]. 

Another interesting SFF methodology is fused deposition modeling (FDM). In this 
case, a filament of thermoplastic material is fed and melted inside a heated liquifier 
head and then it is forced out by an extruder and deposited on a platform. Layer by 
layer, the 3D object is then obtained. By varying the direction of material deposition 
for each layer, it is possible to change the pore size and interconnectivity of the scaf-
fold. Using this methodology, Hutmacher et al. obtained polycaprolactone scaffolds 
with honeycomb-like structure and a porosity of 61 +/− 1% and proved their in vitro 
ability to promote proliferation of primary human fibroblasts and periosteal cells [54]. 

6. Biomaterials for bone tissue engineering: current applications and 
new perspectives 

One of the current problems in orthopedic clinic is represented by bone lesions 
caused by traumas, cancer resection degenerative diseases, or nonunion of frac-
tures, which do not heal spontaneously but require surgical procedures. Today, the 
gold standard for osseous replacement is the autologous bone graft. This technique 
employs cells of the same patient generally taken from different sites such as 
fibula or iliac crest that are implanted in bone defect to promote a rapid healing. 
Although it minimizes the risk of autoimmune response, which was the critical side 
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of xenogenic grafts, it presents some disadvantages such as donor site morbidity, 
infections, and post-surgery chronic pain [55–57]. In sight of this, science aims to 
find innovative solutions like application of biomaterials to orthopedics in order to 
develop medical implant useful to accelerate the healing, restoring the physiological 
functions of bone. 

The design of an implant for skeletal defects may consider the main character-
istics of bone tissue which is divided into two different forms: cortical bone, almost 
solid with less than 10% porosity and trabecular bone organized in a sponge-like 
pattern with a porosity of 50–60% [58]. According to the classification of Hanch 
and Navarro, the evolution of bone implant devices has marked three different 
generations: (a) bio-inert materials (first generation), (b) bioactive and biode-
gradable materials (second generation), and (c) biomaterials capable of inducing 
specific cellular responses by incorporating into a 3D scaffold bone progenitor cells 
and growth factors [59, 60]. 

The purpose of first generation of implants was the integration with host 
tissue without eliciting specific immune response. These implants include metals 
(Stainless steel, Ti-based, and Co–Cr-based alloys), ceramics (natural and synthetic 
HA), and polymers (silicone rubber, PE, acrylic resins, polyurethanes, polypropyl-
ene PP, and polymethylmethacrylate). 

The second generation of implants was developed between 1980 and 2000 and 
intends to improve both the bioactivity and in vivo biodegradation. To this purpose, 
one of the possible strategies was to modify the first generation by strategic coat-
ing such as HA, beta-tricalcium phosphate (b-TCP), or bioactive glass. Another 
innovation was the use of natural or synthetic polymers like, poly(p-caprolactone), 
polylactide, polyglicolide, and chitosan with controlled in vivo biodegradation rate. 

Third generation of implants combines biomaterials useful to develop 3D porous 
bioactive, biodegradable scaffolds with the integration of progenitor cells, and 
specific growth factors. This innovation laid the foundations for modern bone tissue 
engineering strategies. Even if an ideal combination of biomaterials for scaffold 
production has not been identified yet, recent studies have demonstrated the great 
efficiency of ceramics in mimic chemical-physic characteristics of bone tissue 
ECM. Also, our group tested in vitro and in vivo potential of collagen type-1/Ha-Mg 
combination to promote bone injury healing. We demonstrated that although 
biomimetic scaffolds are “per sè” able to promote tissue regeneration thanks to their 
high osteoinductivity, their combination with progenitor cells and growth factors 
would be more efficient [19–21]. Generally, osteogenic cells such as adult stem cells 
(ASC) isolated from adult tissues like bone marrow, adipose tissue, or muscle are 
good candidate to be transplanted in skeletal lesion together with an appropriate 
scaffold. These kinds of cells are characterized by high capacity of self-renewal and 
potential of osteogenic differentiation. Moreover, it has been suggested that ASC 
possess immunosuppressive effects, which make them particularly privileged for 
transplantation in vivo. 

Growth factors are cytokines normally secreted by different cell types. Acting 
on their own receptors, they induce intracellular pathways, which promote 
proliferation, cellular adhesion, and differentiation. Bone tissue produces differ-
ent growth factors such as bone morphogenetic proteins (BMPs), transforming 
growth factor beta (TGFb), fibroblast growth factors (FGFs), insulin growth 
factor I and II (IGF I/II), and platelet-derived growth factor (PDGF), which 
have been proposed for tissue engineering strategies. In particular, BMP2 and 7 
have been cloned and are commercially available as recombinant proteins. The 
interest in them for bone regenerative practices has increased since 1965 when 
Urist discovered that demineralized bone transplanted in subcutaneous tissue 
induces bone formation [61]. This potential was later attributed to the presence of 
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Figure 1. 
Schematic representation of bone tissue engineering. 

BMP. Obviously, the choice to include a growth factor in the scaffold requires the 
use of biomaterials that can act as drug delivery systems protecting the cytokine 
from in vivo proteolysis and ensuring a progressive and controlled release over 
time. In this sense, a good alternative is the physical immobilization of the growth 
factor in a biodegradable hydrogel. In this case, the release will be controlled by 
the in vivo degradation of hydrogel cross-linked with generation of water-soluble 
hydrogel fragments [9] (Figure 1). 

7. Conclusions 

Recently, the interest in natural and synthetic biomaterials for medical devices 
production has increased, and more and more in-depth studies are carried out to better 
detect their possible applications linked to chemical-physical features and the extrac-
tive or synthetic methods, which do not alter their structural properties and biocom-
patibility. Moreover since tissue engineering strategies have become a valid alternative 
for body structure and function restoring, biomaterials are also used for the fabrication 
of 3D porous biomimetic bioactive scaffolds with controlled degradation rate in vivo. 

As previously mentioned, the main classes of biomaterials for scaffold production 
are ceramics, natural and synthetic polymers, metals, composites, and hydrogels. In 
vitro and in vivo studies have showed the advantages related to their use in regenera-
tive medicine field but they have also highlighted the possible negative sides. 

Regarding the application of biomaterials to tissue engineering, the current aim 
of science is to find the natural or synthetic substance or the combination with the 
most satisfactory performance in vivo, able to promote cell proliferation and dif-
ferentiation in a tissue lesion in order to restore the normal architecture of ECM. 

In conclusion, tissue engineering strategies especially in orthopedic clinic field 
represent an effective and sophisticated alternative for the future, but their suc-
cess strictly depends on an ever deeper knowledge about the characteristics of the 
biomaterials and the potentialities of their combinations. 
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