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Biomaterials are often designed to act as scaffolds, i.e., 3D porous templates that 
support and stimulate the growth of healthy tissue and then safely dissolve once they 

have performed their functions. This book provides a picture of the current state of the 
art in the field of scaffolds for tissue engineering, highlighting the potential associated 

to the latest scientific and technological advancements. The former part of the book 
focuses on the repair of “hard” tissues (primarily bone) by means of bioceramic/

glass scaffolds, and the latter deals with the applications of polymeric scaffolds for 
regenerating “soft” tissues and structures including the peripheral nerve, heart, gastric 
mucosa and pancreas. Special emphasis is given to the challenges associated to scaffold 

manufacturing, biomimetic properties and cell-scaffold interactions.
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Preface

Over the last few decades, we have assisted to an impressive increase of elderly population
worldwide associated with age-related pathologies. Therefore, there is more than ever the
need for new biomaterials and clinical strategies that can substitute damaged tissues, stimu‐
late the body’s own regenerative mechanisms, and promote tissue healing.

Biomaterials used in regenerative medicine are often designed to act as scaffolds, i.e., porous
templates that support and stimulate the growth of new healthy tissue in three dimensions
(3D) and then safely dissolve once they have performed their functions, thus leaving the
body to remodel the tissue to its natural form. The rate and quality of tissue integration are
related both to the physical, chemical and biological properties of the scaffold material and
to the scaffold 3D architecture, including pore/strut size, pore volume fraction, pore distri‐
bution and pore interconnectivity. Strut microstructure and pore geometry also deserve to
be carefully taken into account during scaffold design since they play a pivotal role in influ‐
encing the entrapment and recruitment of growth factors and cells and strongly determine
the biomechanical properties of the scaffold alone as well as of the scaffold-tissue construct
in vivo. Scaffolds can also act as multifunctional systems for the controlled release of thera‐
peutic agents in situ, such as ionic dissolution products, drugs, or other biomolecules that
can elicit an appropriate response in the organism, when required to treat a specific disease.

This book intends to provide the reader with a comprehensive overview of the current state
of the art in the field of tissue engineering scaffolds, highlighting the potential associated to
the latest scientific and technological advancements, as well as giving a picture of present
and future clinical applications. Given the high multi- and transdisciplinary nature of these
topics, the book will be of interest to both academic and industrial scientists working in the
broad field of biomaterials for tissue engineering.

The book is divided into two sections: the former focuses on the repair of “hard” tissues
(primarily bone) by means of bioactive glass and ceramic scaffolds, and the latter deals with
the applications of polymeric scaffolds for regenerating “soft” tissues and structures such as
the peripheral nerve, heart and blood vessels, gastric mucosa and pancreas. Special empha‐
sis is given to the challenges associated to scaffold manufacturing, biomimetic properties,
cell-scaffold interactions and the role of nanotechnology.

Finally, I would like to express my sincere appreciation and gratitude to all the authors who
have contributed to this book.

Francesco Baino
Department of Applied Science and Technology

Politecnico di Torino
Italy
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Fabrication Methodologies of Biomimetic and Bioactive 
Scaffolds for Tissue Engineering Applications

Mythili Prakasam, Madalina Popescu, 
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Additional information is available at the end of the chapter

Abstract

Tissue engineering has offered wide technologies for developing functional biomaterials 
substitutes for repair and regeneration of damaged tissue and organs. Biomimetic mate-
rials with their inherent nature to mimic natural materials are possible through the recent 
advances in the fabrication technology. With the help of porous or dense implants made 
with biodegradable materials, it is possible to incorporate different vital growth factors, 
genes, drugs, stem cells and proteins. In this review, we presented various fabrication 
methodologies of biomimetic and bioactive scaffolds for tissue engineering applications. 
An overview of the nanocomposites of biomaterials is presented. Further an example of 
one of the hybrid nanocomposite material is given for additive manufacturing.

Keywords: biomimetic scaffolds, bioactive ceramics, fabrication technology, tissue 
engineering, 3D printing

1. Introduction

Inspired by the natural evolution mechanisms and their structural, physical and chemical 
characteristics of biological organisms, researchers worldwide are looking for synthetic mate-
rials that mimic the function of the natural materials. Nature offers solutions to many complex 
technological and materials solutions due to the billon of years of technological evolution. 
Biomimetics [1] is considered as a future of materials design and productions. The history 
of biomimetics exploration by humans dates back to early fifteenth century by Leonardo da 
Vinci speculating the clues of possibility of human air travel following the mechanics of flight 
of birds. Biomimetic materials have potential applications in various domains such as biology, 
chemistry, materials science and electronics. In the present scenario, the need for synthetic bone 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



substitutes [2] in the last few decades have increased owing to the number of accidents/trauma 
and inherent bone defects. The current state-of-art enables the successful fabrication of the 
materials [3] for biomimicking applications especially for biological applications. Mimicking 
the 3D structure and extracellular matrix (ECM) [4] of native tissue is critical for successful 
cell transplantation and growth of artificial tissue. Biomimetic scaffolds are therefore neces-
sary to recapitulate this natural environment and provide various cues to direct cell processes 
and differentiation. For examples, when considering a biomaterial to be used in implants or 
bone grafts, various aspects such as biocompatibility, osteogenic properties, bioactivity and 
its mechanical functions, based on its functionalities have to be studied. To replicate an ideal 
scaffold as biomimetic for tissue applications, fabrication methodologies play a very major 
role. Especially, tissue engineering has a great promise in using the biomimetic technologies 
for organ transplantation [5], reconstructive surgery [6] and artificial extracellular matrices [7] 
for three dimensional tissue formation. In the field of tissue engineering various approaches 
are followed such as cell substitution for specified functions, delivery of induced substances 
such as cell growth and differentiation and growth of cells in three dimensional scaffolds. 
Bone reconstruction is clinically important due to the large number of patients who have bone 
defects of critical size, leading to decrease in overall health and quality of life. The main treat-
ment for bone defects remains bone grafting [8]. Approximately, 600,000 bone graft proce-
dures are performed each year in the United States, and about 2.2 million of such procedures 
are performed worldwide annually, generating a sale of about 2.5 billion dollars per year and 
representing the second most common tissue transplantation procedure after blood [9–13].

There are a variety of scaffold fabrication methods in tissue engineering, including gas foam-
ing, solvent casting and particulate leaching, emulsion freeze-drying, phase separation, melt 
molding, membrane lamination, electrospinning, fiber bonding, polymer/ceramic composite 
foam fabrication or a combination of these techniques [9, 14–16]. In order to replicate the 
natural bones, scaffolds are engineered to be bioactive or bioresorbable to enhance tissue 
growth. Scaffolds are often porous that supports mechanically. There are various criteria such 
as biocompatibility, mechanical properties, pore size and bioresorbability that have to be con-
sidered as requirements of an ideal scaffold. Different classes of materials are used for fabrica-
tion of scaffolds such as polymers, bioglass, composite and metals. Significant progress was 
achieved in terms of scaffolds for mechanical support with better osteogenesis and angiogen-
esis. Various material fabrication methodologies enable the possibility to fabricate scaffolds 
with complex design [17] to ensure mechanical integrity and scaffold interconnectivity. The 
objective of this chapter is to review the different fabrication methodologies and the recent 
advances in the fabrication of biomimetic and bioactive scaffolds are presented with a case 
study and the possible improvements envisaged are discussed.

2. Biomimetic nanocomposites types and fabrication methodologies

2.1. Various biomimetic nanocomposites based on their design

Human body being a complex and sensitive biological system requires the scaffold materi-
als with diverse and challenging characteristics. Scaffold must combine structural, material,  
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bioactivation, signaling molecules, cells and biological requirements satisfied for different 
applications. Human bone [18] is classified as the long bones (femur and tibia), short bones 
(vertebrae and metacarpal bone), flat bones and the spongious bone [19]. The structural prop-
erty of the corresponding bones is strongly interdependent on the mechanical property [20]. 
The cortical bone contains 10% porosity and is mostly dense, whereas the spongy bones are 
highly porous and has less mechanical property. The spongy bones act as a host to soft tissues, 
cartilage, and meniscus and prevent the stress concentration. The fibrous tissue surrounding 
the bones is ligaments, which are highly organized fiber tissue composed of collagens, elastin, 
proteoglycan, water and cells. The mineral inorganic part will be assisting in compression and 
shear and the collagen matrix provides tensile strength. Anisotropic compact bone has com-
pression strength in the range of 130–225 MPa along the longitudinal direction and has the 
compression strength in the range of 105–135 MPa in transverse direction [21]. The cancellous/
spongy bone has compression strength of 5–10 MPa and elastic modulus of 50–100 MPa. In the 
current state of art, it can be observed that the mechanical integrity of the synthetic scaffolds 
is inadequate. Polymers have yielded results close to the cancellous bone properties. Bimodal 
architectures [22] matching the natural bone is yet in progress. Scaffolds should provide suffi-
cient strength [23] for cell ingrowth in in vitro conditions and integrate completely under in vivo 
conditions. In order to fabricate the biomimetic materials various systems [24] such as poly-
saccharides, proteins, nanocomposites based on calcium phosphates (CaPs) (e.g., β-tricalcium 
phosphate, hydroxyapatite) with good osteoconductivity, resorbability and biocompatibility 
are employed. The polymers [25] employed usually assist in structural integrity and promotes 
cell adhesion. Whereas, CaPs are biocompatible, osteoconductive and biodegradable with limi-
tations on mechanical strength that forbids the load-bearing applications. β-TCP is the high 
temperature phase of CaPs, but has the chemical similarities with HAp, with different resorb-
ing capability [26]. Resorption of HAp is slow in the biological medium and β-TCP has good 
reabsorption. Ionic co-substitutions in calcium phosphates are also used that can influence the 
structure, microstructure, crystallinity and dissolution rate. Various ions [27] such as Sodium, 
Strontium, Magnesium, Manganese, Silver, Barium Potassium, Zinc, Fluoride, Chlorides and 
Carbonates are substituted in hydroxyapatite. The substitution of these aforesaid ions have sig-
nificant role in causing alterations to bone resorption, bone formation, solubility, structure and 
morphological changes and enhanced surface microstructure. There are also Calcium phos-
phate based cements [28] that can be used as injectable pastes in the defect bone site for cell 
delivery and is an upsurging topic of research. Nanocomposites [29] consisting the component 
of polymer and nanosized CaPs improves the tissue bonding, cell adhesion and cell differentia-
tion. Designing of the 3D scaffold [30] should stimulate the adhesion, proliferation and differ-
entiation mechanisms in addition to the structural complexity of natural bones. The synthetic 
bone should also enable vascularization to enable biointegration with transport and support 
of signaling molecules, passage of nutrients and blood vessels. Hence the critical aspects such 
as highly porous interconnected microstructure and degree of porosity for uniform cell dis-
tribution, proliferation and migration in vitro. Critical pore sizes [31] are necessary to adjudge 
their function, because when the pore size is small the cell adherence can block the pores and 
matrix formation of the scaffold. An optimal pore size of ~150–400 μm can help in bone tissue 
regeneration. On the other hand, the high porous scaffold will have low Young’s modulus 
and compressive strength. It was reported that the tangent elastic modulus of natural bones 
decreases with the increase in porosity such as in porous tantalum [32]. The Young’s modulus 
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value of wet compact bone is in the range of 6–11 GPa, a porous scaffold of Ni-Ti with porosity 
in the range of 20–50 Vol % was fabricated by powder metallurgy.

Equally the pore shape, size and orientation are important in adjudging the mechanical prop-
erties of the scaffolds. Variation of the mechanical properties [33] of the scaffold with two 
different pore structures was reported earlier. It was observed that the mechanical properties 
of the scaffold with spherical pore structure have higher elastic modulus in comparison to the 
scaffold with cylindrical pore [34]. Similar alteration in the mechanical properties was also 
reported in the case of polycaprolactone [35]. From the aforesaid it can be concluded that the 
mechanical properties of the fabricated scaffold can be altered by the variation of the pore 
shape. Similar influence was reported on the pore size, where an increase in the pore size 
reduces the mechanical properties. The orientation of the pores also significantly altered the 
mechanical properties of the scaffold irrespective of the matrix of the material chosen ranging 
from metals to polymers. When the pore geometry was parallel or aligned in the same direc-
tion, the mechanical strength of these scaffolds were high. The mechanical stability of the 
multiscale porosity can be interesting in terms of crack propagation. This multiscale porosity 
can be achieved by combining two or three scaffold fabrication methods.

2.2. Materials for fabrication of scaffolds

Materials for fabrication of scaffolds [36] are selected based on their degradability, chemi-
cal and physical properties. Materials can be classified based on their source and mode of 
origin/preparation. Animal and plant based materials such as starch, alginate, chitosan, hyal-
uronic acid, gelatin, collagen, fibrin, silk, etc., are used as natural biomaterials. Due to the 
disease transmission and purification, synthetic biomaterials are attracting the interest of the 
researchers. Synthetic organic and inorganic materials such as HAp, CaPs, glass, polyesters 
are actively studied for usage as scaffold material. Autograft bone scaffold [37] was consid-
ered to the gold standard for bone repair defect. Lack of donors and possible disease infection 
are few of the major disadvantages of autograft scaffolds. Bone allograft [38] was considered 
as an alternative to the autograft, but still the transmission of diseases, inflammatory reac-
tions and rejection by the recipient body is prevalent. Hence artificial scaffolds have been pro-
posed as an alternative to the autograft and allograft scaffolds. Usage of metallic implants [39] 
dates back to 1920. Currently synthetic bone implants made of metals, ceramics, composites 
and glasses are employed for bone regeneration and bone reconstruction. There are several 
issues such as poor strength of the polymer scaffolds, poor ion release of ions from the metal-
lic scaffolds, brittleness of the ceramics and difficulty in controlling degradation rate of the 
composite scaffold to be addressed. Langer and Vacanti [40] were the pioneers of the tissue 
engineering concept in early nineties. They introduced the concept of introducing the bone 
marrow cells, different growth factors, gene and drug delivery in to the artificial bone scaf-
folds. Further investigations by various researchers enabled the possibility of improving the 
biocompatibility by changes in the topology, nanostructure, chemistry and structural aspects 
of the scaffolds. Metallic biomaterials are especially preferred for their usage in load-bearing 
applications due to their good mechanical properties. The porous metallic scaffolds [41] based 
on the stainless steel, titanium and magnesium are used to eliminate stress shielding and 
reduce the stiffness to match the natural bone. Interconnected porous metallic scaffolds [42] 
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are actively studied for usage as scaffold material. Autograft bone scaffold [37] was consid-
ered to the gold standard for bone repair defect. Lack of donors and possible disease infection 
are few of the major disadvantages of autograft scaffolds. Bone allograft [38] was considered 
as an alternative to the autograft, but still the transmission of diseases, inflammatory reac-
tions and rejection by the recipient body is prevalent. Hence artificial scaffolds have been pro-
posed as an alternative to the autograft and allograft scaffolds. Usage of metallic implants [39] 
dates back to 1920. Currently synthetic bone implants made of metals, ceramics, composites 
and glasses are employed for bone regeneration and bone reconstruction. There are several 
issues such as poor strength of the polymer scaffolds, poor ion release of ions from the metal-
lic scaffolds, brittleness of the ceramics and difficulty in controlling degradation rate of the 
composite scaffold to be addressed. Langer and Vacanti [40] were the pioneers of the tissue 
engineering concept in early nineties. They introduced the concept of introducing the bone 
marrow cells, different growth factors, gene and drug delivery in to the artificial bone scaf-
folds. Further investigations by various researchers enabled the possibility of improving the 
biocompatibility by changes in the topology, nanostructure, chemistry and structural aspects 
of the scaffolds. Metallic biomaterials are especially preferred for their usage in load-bearing 
applications due to their good mechanical properties. The porous metallic scaffolds [41] based 
on the stainless steel, titanium and magnesium are used to eliminate stress shielding and 
reduce the stiffness to match the natural bone. Interconnected porous metallic scaffolds [42] 
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were fabricated by combining the various rapid prototype techniques such as solvent leaching 
and 3D printing was reported in the fabrication of Ti scaffolds. Other fabrication techniques 
such as powder metallurgy, sintering and rapid prototyping to modulate the scaffold design. 
The mechanical properties of the Ti scaffolds can be used to mimic the human cancellous bone 
due to its structural flexibility. The elasticity and other vital properties such as deformation 
force, stress and strain can be modified by alloying with a suitable metal. NiTi alloys were 
reported to exhibit good in vivo compatibility than pure Ti porous scaffolds [43]. The porous 
metallic scaffold assisted in rapid formation of new bone tissues for load-bearing conditions.

Bioactive glasses [44] were reported to have good osteoconductivity, controlled biodegradabil-
ity, cell delivery capabilities and inducing osteogenic gene expression for formation of bone 
minerals and capability for drug delivery. But bioactive glasses yield poor results for load-
bearing applications due to their lack of superelastic performance, mismatch of compressive 
strength and Young’s modulus of the natural bone. In order to improve the mechanical prop-
erties of the bioactive glasses, modification of structure and composition is achieved during 
bioglass scaffold fabrication. Biomorphic and mesoporous bioactive scaffolds [45] were shown 
to have better mechanical properties than in comparison to the classical bioactive glasses. The 
inorganic component phase in the bioactive glass scaffold is important in addition to the struc-
tural design of these bioactive glass scaffolds. Biopolymers and its derived composites are 
also used for fabrication of scaffold for tissue engineering applications. However their poor 
mechanical strength makes it difficult to use them in load bearing applications. Biopolymer 
based composites and hybrids for bone scaffold applications [46] with required strength are 
prepared by varying the volume fraction of polymer in the composites. ECM structure [47] pro-
vides the structural and biochemical support, hence ECM like biopolymers, ECM-HAp com-
posites and ECM bioglass scaffolds are studied for tissue engineering applications. In order 
to replicate the biomimetic conditions, surface modifications are also carried out. Controlled 
release of biological molecules is also a key function that the scaffolds play.

2.3. Biomimetic porous scaffolds

Porous biomimetic scaffolds [48] with their 3D structure is advantageous for (1) better cell bio-
material interactions, cell adhesion and growth (2) interconnected porosity for angiogenesis 
and transport of nutrients, regulatory factors for cell survival, proliferation and differentiation 
(3) Sufficient structural integration with good tensile strength and elasticity (4) Control deg-
radation and minimal toxicity in vivo. Nanocomposites of CaPs and natural polymers such as 
collagen and gelatin are well known for tissue engineering. Techniques such as foam replica 
method [49], freeze casting [50], freeze drying [51], phase separation [52], gas foaming [53], 
rapid prototyping [54] and electrospinning [55] are employed for fabrication. The challenge 
of nanocomposite scaffolds lies in the ensuring the retention of chemical phases and retaining 
the porous structure without disturbing their porous structure. A combination of different 
method of fabrications such as freeze casting and electrospinning are used for fabrication of 
scaffolds. Other polymers such as poly lactic co-glycolic acid (PLGA), Sodium dodecyl sulfate 
(SDS), cellulose, poly glycolic acid (PGA), poly (ethylene glycol) and poly l-lactic acid (PLA) 
are also used for fabricating the nanocomposites due to their excellent biodegradability and 
biocompatibility. Collagen of type I, the predominantly available protein in mammals can be 
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readily obtained from animal tissues and from human tissues. This extracellular matrix pro-
tein collagen can be reconstituted in a different morphology into fibrillary matrix by changing 
the pH and temperature of precursors. Due to the lack of mechanical strength in collagen for 
in vivo applications, several strategies are employed such as crosslinking with hydrogels [56] 
or compression so that it can sustain or resist cell-induced contraction. Inherent characteris-
tics of collagen such as dipole moment and alignment under strong magnetic field [57] were 
demonstrated to induce cell migration and allow preferential growth of neurites along the 
alignment of the fibril direction. Collagens can hold several cellular receptors that can vari-
ate the cell behavior and their biological function can be induced by combining with growth 
factors for example, vascular endothelial growth factor (VEGF) to improve cardiac function 
was observed.

Fibrin [58] is a specialized protein network clinically available from autologous sources such 
as human blood plasma. In the presence of thrombin protease, fibrin matrix is formed spon-
taneously by polymerization of fibrinogen. Cell migration in fibrin is dependent on the cell-
associated proteolytic activity from plasmin and MMPs due to their small diameter. This 
indeed assists in strong fibril-fibril interaction and the natural network formation and stabili-
zation through covalent bond stabilization. As fibrin matrices are poorly active for most of the 
cell types, functionalization with ECM peptides or growth factors is necessary. The controlled 
release of the growth factors and hormones can be efficiently done by covalent bonding of 
biomolecules. This possibility of delayed/controlled release of the growth factors/hormones 
[59] is currently employed for clinical evaluation for local bone repair.

Hyaluronan or Hyaluronic acid [60] is a structural protein that is noncovalently attached to 
the protein core and entwine ECM. Due to their strong anionic nature, these polymers absorb 
water and hence providing the compressive strength to the ECM. Various chemical hyal-
uronic acid derivatives have been prepared by controlling the functional group and the type 
of covalent bond. It is possible to create a wide range of materials with diverse properties. 
Hyaluronic acid [61] is used for various applications for dermal wound healing, chondrocyte 
transplantation for tissue repair and for incorporation of other functional biomolecules for 
improved fibroblast proliferation and wound healing. Other self-assembling polypeptides 
are also used to form nanofibrillar matrices in situ. Self-assembled peptide hydrogels [62] are 
used as a tool for developing 3D cell culture plates.

To have properties similar to natural ECM, it is necessary to have facilities for cell seeding, 
adhesion, proliferation, differentiation and new tissue generation. Essential characteristics 
such as biodegradability and mechanical properties are important to be studied. The bio-
degradation of the scaffold should be in coherence with the rate of the formation of the new 
tissue formation that it supports initially to act as a scaffold material to serve as a template. 
Elastomeric properties of scaffolds [63] are studied to improve their applications in tissue 
engineering applications. Other than the natural ECM materials, synthetic polymers such as 
poly (ɛ-caprolactone) (PCL) and polyurethanes (PU) [64] are investigated for vascular and 
other tissue engineering applications. Tensile modulus and strength are critical parameters 
necessary for tendons and ligaments. Natural fibrous protein from silk worm cocoon is a 
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material with excellent tensile and mechanical strength [65]. Though Sericin present in the 
natural silk causes adverse immune responses and is disadvantageous for tissue engineering 
applications, natural silk’s biocompatibility is improved upon Sericin removal. Silk fibroins 
have hydrophobic and hydrophilic blocks which forms crystals through hydrophobic inter-
actions and hydrogen bonding resulting in the improved tensile strength. Spider silk fibroin 
polymers [66] are used for genetic engineering due to their excellent mechanical and cell 
adhering capacity.

As extracellular proteins have a fibrous structure with diameters in the nanometer or sub-
micrometer scales, various advanced material shaping techniques were developed. Techniques 
such as electrospinning, self-assembly and phase separation are a few worthy-to-mention. 
Electro-spinning technique were used to produce nanofibers, but the disadvantage of this 
technique is to fabricate the complex 3D scaffold structure or to produce intricate pore struc-
tures. Various cells were reported to proliferate, differentiate and attach on these electro-spun 
nanofibers [67]. Phase separation arises when homogeneous multicomponent system tends to 
be unstable resulting in multiphase system due to the system free energy. This technique is 
employed in generating porous structures as tissue engineering scaffolds. The physical form 
of the porosity (closed/open) depends on the system of phase separation. The huge disad-
vantage of this technique is the lack of interconnected porosity and the lack of control over 
3D shapes. Biological effects of nanofibrous scaffold [68] were found to adsorb more human 
serum proteins in comparison to the scaffolds of smooth pore wall morphology. The cell adhe-
sion proteins were comparatively well detected than the conventional scaffolds.

Hydroxyapatite being the major inorganic compound used in most of the composite scaffolds, 
it provides good osteoconductivity. In the presence of the composite structures with poly-
mers hydroxyapatite provides structure and design flexibility. Further it assists in improving 
the protein adsorption capacity, microstructure favoring the bone tissue regeneration and 
diminishing the cell death. These nanocomposites mimic the features similar to the natural 
bone with improved mechanical properties. However regarding the biodegradation rate of 
stoichiometric HAp are less efficient than the partially carbonated apatite. The surface of scaf-
folds affect cellular response and in turn also the tissue regeneration [69].

2.4. Biomimetic scaffold fabrication

Composites of scaffold materials with organic and inorganic components were designed 
for mechanical and physiological requirements in tissue engineering. However the brittle 
nature of ceramics and low mechanical strength inhibits their usage in clinical applications. 
Composite structure of HAp with porous polymers alongside their pore size, shape and 
morphology has improved the mechanical strength for tissue engineering applications. With 
the recent advances in the biodegradable polymers [70], glass and ceramics, it is possible 
to cater degradation kinetics and resorption in vivo after stimulating cellular responses at 
the molecular level. It is expected that the new generation of scaffolds can perfectly mimic 
the natural bone in terms of mechanical and structural aspects. With the advances in the 
manufacturing techniques such as selective laser sintering and rapid prototyping should 

Fabrication Methodologies of Biomimetic and Bioactive Scaffolds for Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70707

9



be helpful in bone tissue engineering applications. These techniques are widely used in the 
fabrication of temporomandibular joints [71], craniofacial [72] or periodontal structures [73]. 
The fabrication methodology allows the flexibility of the combination of different materi-
als for increasing mechanical strength. The current state-of-art, however, does not allow 
to exactly replicate the natural architecture of the extracellular matrix or the natural bone. 
There is a continuous demand for the improvement and functioning of the scaffold fabrica-
tion. Here we will discuss few of the fabrication techniques such as solvent casting, particu-
late leaching electrospinning, gas foaming, phase separation, fiber meshing and bonding, 
self-assembly, rapid prototyping, melt molding, lamination and freeze drying.

2.4.1. Solvent casting

A nineteenth century technology, which was initially used for production of thin films, is cur-
rently employed for diverse applications ranging from optical applications, photographical 
film base flexible printed circuits and high temperature resistive films. Solvent casting [74] 
are generally produced by evaporation of the solvent in order to form the scaffolds. In order 
to successfully employ the solvent casting, it is necessary that the polymer used should be 
soluble in a volatile solvent or in water. A stable solution with an adequate solid content and 
viscosity should be formed. Formation of homogeneous film after removing from cast sup-
port must be possible. The main disadvantage of this technique is the denaturation of the pro-
tein caused due to the solvent if toxic and influence of the organic material on the solvent. To 
remove the toxicity of the solvent left over in the scaffold, they are usually dried by vacuum 
process and dried completely. To make it time efficient, other techniques such as particulate 
leaching were combined for the fabrication of scaffolds.

2.4.2. Particulate-leaching technique

Being one of the popular techniques in the fabrication of scaffolds for tissue engineering [75] 
is relatively a technique of ease. Usage of porogens such as salt, sugar and wax is common to 
produce the pore channels by this technique. Mixture of porogen of the desired size is mixed 
with the material, then after leaching the porogen, the pores are left behind in the matrix. 
The control of the pore size is possible by choosing the required size and shape of the poro-
gen. Pore sizes in the range of 300–500 μm is possible with a porosity percentage of around 
94–95%, however the control of the interconnected pore is not possible. Thin layers of up to 
3 mm thickness is feasible with this technique.

2.4.3. Gas foaming

Gas foaming process uses the utilization of high pressure gases for the fabrication of highly 
porous scaffolds [53]. While the polymers are used, they get saturated and gets nucleated as 
a gas bubble with the gas bubble size ranging in the order of 100–500 μm are used. When the 
gas is injected the gas bubble starts to create the phase separation. A three dimensional porous 
structure can be obtained by using the gas foaming technique. But the control over the inter-
connectivity is highly lagging behind in this technique, though is advantageous in terms as a 
solvent free technique. The porosity will be frequently absent on the external surface.
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2.4.4. Phase separation

This technique involves quenching of the polymers which can cause two phases of polymers 
to separate as polymer rich and polymer poor phases [76]. The polymer poor phase will cause 
the porous structure network to be formed. The control of the porous microstructure is pos-
sible with the help of parameters such as polymer concentration, quenching rate and temper-
ature, solvent concentration, solvent type and dispersion of the solute molecules. The solvent 
can be removed by extraction, evaporation and sublimation after integrating the bioactive 
molecules in the scaffold. Nanofibers can be prepared by liquid-liquid phase separation to 
replicate the architecture similar to type I collagen molecules and other extracellular matrix 
architectures for 3D cell culture environment. As these experiments are carried out at low 
temperatures, the incorporation of bioactive molecules is feasible. The phase separation meth-
odology can be used in conjunction with other techniques that can control the porous archi-
tecture and also with other rapid prototyping techniques for tissue engineering applications.

2.4.5. Sintering/heat molding

This technique [77] involves filling the mold with the mixture of powder/polymer and porogen 
and heating/sintering above the glass transition temperature of the polymer or at the porogen 
evaporation or melting temperature. The external shaping of the sample will take form of the 
die set up/mold used for sintering or heat molding. When the porogen is leached out and then 
the scaffold is formed. The inconvenience of this technique is that the possibility of residual 
porogen and impossibility to incorporate biological molecules due to the involvement of high 
temperature processing.

2.4.6. Freeze casting

This technique [78] involves the mixing the solvent and the solute followed by decrease of 
temperature until to reach negative temperature to fabricate ice crystals. The solute mol-
ecules are segregated around the ice crystals forming a porous network. In order to remove 
the solvent, lyophilization is carried out which involves applying lower pressure than the 
equilibrium vapor phase of the frozen solvent. After sublimation of the solvent ice crystals, 
the porous network remains intact. The beneficial factors of this technique is the possibil-
ity of changing the morphology of the pores by modulating the temperature of ice crystals 
and the possibility to incorporate bioactive molecules due to the low processing temperature 
involved in this fabrication methodology. The pore size distribution and the homogeneity 
of the porosity formed can be controlled with the aid of the processing temperature of the 
process. Freeze casting can also be used to protect other dry biological samples to retain their 
bioactivity.

2.4.7. Fiber Mesh

This technique [79] involves interweaving or weaving individual fibers into a three dimensional 
scaffold with varying pore size. This technique enable the availability of the cell attachment 
and allows transport of the nutrient for the cell survival and cell growth. Though the practical 
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difficulties such as lack of structural stability exists. In order to increase the structural stability 
and increase the crystallinity heat treatment is sometimes employed to overcome the structural 
instability in Fiber Mesh technique.

2.4.8. Fiber bonding

This technique [80] involves combining the nonfiber polymer mixing with a solvent, when the 
solvent is removed then the solute molecules will be embedded in the polymer matrix. The 
scaffolds are fabricated by bonding the collagen matrix to polymers with threaded collagen 
fibers. The fiber bonding encapsulation takes place due to the heat treatment. The resulting 
scaffold structure has large surface area that allows the cell proliferation by replicating the 
extracellular matrix. The disadvantage of this technique involves the poor controlling ability 
of the porosity and the pore size, unavailability of suitable solvents and appropriate melting 
temperature of the polymers.

2.4.9. Electrospinning

This technique [81] is highly used for fabricating the nanofibrous architecture. Nanofibrous 
architecture highly favorises cell binding and other cell behavior activities. Electrospinning 
was successfully employed in fabricating porous scaffolds of nano- and microscale fibers 
that can replicate the structural and biological functions of the natural extracellular matrix. 
The method involves electrostatic spraying of polymer coatings. Scaffolds with >90% were 
obtained by this methodology. An appropriate solvent is required for dissolving the poly-
mer to be loaded in a syringe. The rate of control of polymer flow can be adjusted by constant 
syringe flow rate. Various parameters are necessary for scaffold fabrication by electrospin-
ning such as viscosity, conductivity, molecular weight and surface tension of the polymers 
and the processing parameters such as applied voltage, flow rate and temperature. The 
main advantage of this technique is that it can produce 3D scaffold configuration adaptable 
for cell and tissue organization, adhesion and spatial cell regeneration with suitable physi-
ological conditions. The main disadvantage of this technique is the impossibility of cell 
seeding, but cryospinning and templated sacrificial scaffold can create the pore of desired 
size in the electrospun matrices. Electrospinning is also used in conjunction with other scaf-
fold techniques such as solvent casting and rapid prototyping techniques. Favorable results 
were observed in cell culture for cartilage and bone tissue engineering applications with 
electrospun scaffolds.

2.4.10. Rapid prototyping

The group of techniques [82] involving the assistance of computer assisted design (CAD) and 
computer assisted manufacturing (CAM) such as stereolithography, selective laser sintering, 
fused deposition modeling, three dimensional printing and three dimensional plotting. The 
choice of materials ranges from polymers, ceramics to metals. These fabrication techniques are 
frequently used for fabrication of biomimetic tissue scaffolds. Most of these techniques are capable 
of yielding scaffolds with good mechanical strength, high accuracy and possibility of incorpora-
tion of cells and proteins. There are few limitations such as elevated temperatures, weak bonding 
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between the powder particles, trapped powders in the pores (requiring post treatment measures) 
and slow fabrication processing in few cases. These materials are prevalently employed in bone, 
heart valves, adipose tissues and cartilages. Hybrid materials based on calcium phosphates with 
polymers is also widely used with rapid prototyping also known by terminology as additive 
manufacturing. In the following section, we will focus on one of the widely used rapid prototyp-
ing technique called as 3D printing with an elaborate example as a case study.

2.5. Hybrid materials based on calcium phosphates and polyurethanes for bone tissue 
engineering – a case study

Additive manufacturing (AM), also known as rapid prototyping or solid freeform fabrica-
tion, was developed in the mid-1980s as an advanced technology to overcome the limitations 
of these conventional methods and have received much attention in recent years due to its 
ability to deliver a high level of control over the architecture of the construct [13]. With AM 
techniques, scaffolds with precise geometries can be prepared, using computer-aided design 
combined with medical imaging techniques (either computed tomography – CT, scanning or 
magnetic resonance imaging – MRI) to make anatomically shaped implants [83].

According to ISO/ASTM52900-15, there are seven categories of ALM type processes: Binder 
Jetting, Directed Energy Deposition, Material Extrusion, Material Jetting, Powder Bed Fusion, 
Sheet Lamination and Vat Photopolymerization [84]. AM techniques may be divided into three 
sub-groups: (1) laser or other directed energy beam, (2) print or “ink,” and (3) nozzle systems 
[85]. C.K. Chua and W. Y. Yeong have classified AM techniques for the fabrication of tissue 
scaffolds in two types of methods: (1) direct methods and (2) indirect methods [16], summa-
rized in Table 1.

Several Rapid Prototyping (RP) techniques, such as selective laser sintering (SLS), fused deposition 
modeling (FDM), precision extrusion deposition (PED) and 3-D fiber deposition (3DF) have been 
used to fabricate polymer–calcium phosphate composites based on poly(hydroxybutyrate-co-
hydroxyvalerate), PLLA, PCL or poly(ethylene oxide terephthalate)/poly(butylene terephtalate) 
(PEOT/PBT) co-polymer and different calcium phosphates, such as carbonated hydroxyapatite, 
HA or β-tricalcium phosphate (β-TCP) [85].

In 2014, Zhou et al. [86] proposed a new method to increase the printability of calcium phop-
shate powders, by mixing it with CaSO4 (HA: CaSO4 = 25:75 weight ratio) for scaffold fabri-
cation through 3D printing method. 3D printing technique has been used for fabrication of 
3D scaffolds based on hydroxyapatite (HA) and organic polymers such as polyvinyl alcohol 
(PVA) [87] or collagen [88].

A scaffold made of composite material based on calcium phosphate and collagen was obtained 
by 3D printing method at low temperatures. For this purpose, 5–20% phosphoric acid was used 
as binder and Tween 80 was added as a non-cytotoxic surfactant in the proportion of 0.25% 
in the binder solution. The optimal concentration of the binder solution (8.75%) for which the 
cytocompatibility and mechanical strength are maximized has been established. Collagen has 
previously been dissolved in the binder solution to further enhance the fabrication of calcium 
phosphate-collagen composites by 3D printing.

Fabrication Methodologies of Biomimetic and Bioactive Scaffolds for Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70707

13



In 2013, Nandakumar et al. [88] reported the production of two types of polymer-hydroxyapatite 
composite scaffold by 3D deposition using a Bioplotter. PolyActive ™ (PA), a commercial copo-
lymer of poly (ethylene oxide-terephthalate)/poly (butylene terephthalate) (PEO/PBT) was used.

In the first embodiment, polymer-ceramic composite filaments with the desired mass ratio 
(maximum 15% HA) were extruded and further used for scaffold fabrication using a Bioplotter. 
In the second approach, polymer scaffolds were obtained by 3D deposition, while the ceramic 
particles were made in the form of columns by sintering the ceramic paste through stereo-
lithography. The two components were then manually assembled by pressing HAp into the 
pores of the polymer scaffold, thus creating the composite material.

Among 3D printing techniques, bioplotting is the most used method in printing of 3D tissue 
constructs. Bioplotting, first developed in 2000 at the Freiburg Research Centre, is an extru-
sion-based printing method that is spatially controlled by a robotic system (x, y, and z direc-
tions) with microscale resolution, which uses STL files to guide the extrusion head. Nozzles of 
various diameters are used for dispensing highly viscous or pasty materials applying differ-
ent actuation mechanisms – mainly screw – or piston based mechanical and pneumatic. The 
dispensing head moves in three dimensions, while the fabrication platform is stationary. The 
printed construct from the bioplotter occurs in a laminar fashion by the computer-controlled 
deposition of material on a surface and could be relatively large (several centimeters in length, 
width, and height) [82, 89].

Type of method

Direct Indirect

Melt-dissolution deposition 
techniques

Particle bonding techniques

Fused deposition modeling (FDM) Selective laser sintering (SLS) Droplet deposition

Precision extruding deposition (PED) Three dimensional printing (3D 
printing) or color jet printing (CJP)

Melt deposition

3D fiber deposition technique (3DF) TheriForm Photo-polymerization: 
– stereolithography 
– two-photon polymerization

Precise extrusion manufacturing (PEM)

Low-temperature deposition 
manufacturing (LDM)

Multi-nozzle deposition manufacturing 
(MDM)

Robocasting

Pressure-assisted microsyringe (PAM)

3D bioplotter

Rapid prototyping robotic dispensing 
system (RPBOD)

Table 1. Classification of additive manufacturing (AM) techniques for scaffold fabrication.
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Since heating is not required, the system can process thermally sensitive biocomponents, and 
even cells. The strand thickness can be modulated by varying material viscosity, deposition 
speed (speed in the planar field), tip diameter, or the applied pressure. The main advan-
tages of bioprinting using a Bioplotter system are the room temperature processing, direct 
incorporation of cells, and homogenous distribution of cells. The main disadvantages are 
limited mechanical stiffness, critical time of hardening, specific matching of material, and 
low resolution [90].

2.5.1. Fabrication of 3D scaffolds based on hydroxyapatite-polyurethane hybrids

Hydroxyapatite—polyurethane 3D scaffolds have been obtained using system BioScaffolder 
SysEng, Germany, (Figure 1) connected to a computer on which the Bioscaffolder SW version 
3.0 software is installed.

HAp-PU nanostructured hybrid powders synthesized in high pressure hydrothermal 
conditions (1000 bar and 100 bar, respectively) were mechanically mixed with a carefully 
selected commercial polymer (Mowiflex, Kuraray Poval) 20% solution, and a crosslinking 
agent (Baymedix® FD103, Covestro), to obtain HAp-PU-based pastes used as a feedstock in 
the 3D Bioprinting technique. Some examples of 3D hybrid structures obtained with differ-
ent nozzles and rotation angle between 2 successive layers (90° and 45°, respectively) are 
given in Figure 2.

2.6. Hydrothermal synthesis of hybrid organic-inorganic nanostructures in high  
pressure conditions

Hydrothermal method is a well-known and attractive technique for producing pure nano-
crystalline, highly homogeneous nanoparticles in a single step, in aqueous medium, with low 
energy consumption [91–94]. The hydrothermal method has proven to be an effective, con-
venient and environmentally friendly process. Hydrothermal synthesis at high pressure is 
characterized by three main advantages: (i) low energy consumption, developed by applying 

Figure 1. (a) System BioScaffolder, SYSENG and (b) low temperature deposition head.

Fabrication Methodologies of Biomimetic and Bioactive Scaffolds for Tissue Engineering...
http://dx.doi.org/10.5772/intechopen.70707

15



pressure (for a liquid phase, the same energy is involved on five units for the temperature 
scale than on 4000 units for the pressure scale); (ii) negative ΔV value between the total molar 
volume of reaction products and the total molar volume of reactants and (iii) improvement of 
the chemical reactivity.

2.6.1. Hydrothermal synthesis at 100 bar using Ar gas

In a first step, Ca(NO3)2*4H2O (Sigma Aldrich) was dissolved in distilled water. Ammonium 
dihydrogen phosphate (Sigma Aldrich) was added dropwise into the calcium nitrate solu-
tion under continuous stirring. In parallel, the viscous polyurethane-diol solution was dis-
solved in water, and thus obtained solution was transferred into the initial vessel along 
with the other reagents. A precipitate was obtained whose pH was adjusted to 10 using 25% 
ammonia solution. In the second step, the hybrid precursor thus resulted was transferred to 
the Berghof autoclave, Germany and subjected to hydrothermal treatment at a pressure of 
100 bar and a temperature of below 120°C for 3 hours. Pressure is created above the solu-
tion vessel of the autoclave using an argon gas bottle [93, 94]. After hydrothermal treatment, 
the nanostructured powder was washed with distilled water until neutral pH was reached, 
mixed with polyvinyl alcohol (PVA) 5% solution and spray dried in LabPLANT, United 
Kingdom spray dryer.

2.6.2. Hydrothermal synthesis at 1000 bar isostatic pressure

In a first step, Ca(NO3)2*4H2O (Sigma Aldrich) was dissolved in distilled water. Ammonium 
dihydrogen phosphate (Sigma Aldrich) was added dropwise into the calcium nitrate solu-
tion under continuous stirring. In parallel, the viscous polyurethane-diol solution was dis-
solved in water, and thus obtained solution was transferred into the initial vessel along 
with the other reagents. A precipitate was obtained whose pH was adjusted to 10 using 
25% ammonia solution. In the second step, the hybrid precursor thus resulted was trans-
ferred to the high pressure autoclave HP Systems, France and subjected to hydrothermal 
treatment in isostatic pressure conditions (1000 bar) and a temperature below 120°C, for 
3 hours. Isostatic pressure is created uniformly inside the autoclave by a hydraulic system. 

Figure 2. 3D printed scaffolds using three types of nozzles: (a) Ø 0.8 mm; (b) Ø 0.6 mm; and (c) Ø 0.4 mm [95].
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The reaction mixture is perfectly sealed in a special synthesis bag, leading to formation of 
nanohybrids in microbiologically safe conditions.

After hydrothermal treatment, the nanostructured hybrid powder was washed with dis-
tilled water to a pH of 7, mixed with polyvinyl alcohol (PVA) 5% solution and spray dried in 
LabPLANT, United Kingdom spray dryer.

2.7. Structural characterization

2.7.1. Chemical analysis

Nanostructured hydroxyapatite-polyurethane hybrid powders were characterized by 
chemical quantitative analysis. Ca content was determined using Flame Atomic Absorption 
Spectrometry (FAAS) method. P content was measured using Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES) method according to ASTM E 1479/2011.

Ca and P content of some investigated hybrid samples is presented in Table 2.

Results presented in Table 2 confirmed the formation of hydroxyapatite as the major phase of 
nanostructured powders, namely: Ca:P molar ratio is between 1.54 and 1.75, while in HPU-4 
and HPU-8 samples is equal to theoretical value from pure hydroxyapatite.

2.7.2. FT-IR analysis

Powders characterization using Fourier transform infrared spectroscopy (FT-IR) revealed the 
presence of the following vibration bands: (i) the OH stretching vibration at 3550 cm−1 (sharp 
band) in the HA sample. In the HA-PU hybrid sample the intensity of this band is highly dimin-
ished; (ii) stretching vibration of the water molecule (3300 cm−1). It is a broad band, seen in 
both the HA sample and the hybrid sample; (iii) the deformation vibration of the –OH group 
(1630 cm−1) from HA, which completely disappears in the case of HA-PU sample. This, corre-
lated with the decrease of the OH band at 3350 cm−1, could be due to the interaction of the two 
components through the hydroxyl group; (iv) stretching vibrations of (PO4)3-group at 1094, 

Sample name Sample type Ca, % P, % Ca:P molar ratio (calculated)

HPU-1 80% HA-20% PU 32.9 16.2 1.58

HPU-2 80% HA-20% PU 35.6 17.4 1.59

HPU-4 80% HA-20% PU 35.3 16.5 1.66

HPU-5 50% HA-50% PU 35.2 17.8 1.54

HPU-6 80% HA-20% PU 28 12.5 1.75

HPU-7 50% HA-50% PU 38.4 17.1 1.74

HPU-8 80% HA-20% PU 37 17.1 1.67

Note: The bold values represents the experimental molar ratio equivalent to theoretical values hydroxyapatite.

Table 2. Chemical analysis results.
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Figure 3. FT-IR spectra of one hybrid sample compared to pure hydroxyapatite.

1040 and 962 cm−1, being characteristic for hydroxyapatite spectrum (IR fingerprint), can also be 
observed in the hybrid spectrum. The FT-IR spectra of the analyzed powders (hydroxyapatite, 
respectively hydroxyapatite-polyurethane based hybrids) are shown in Figure 3.

2.7.3. Thermal analysis (DSC-TG)

Powders characterization using thermal analysis (DSC-TG) revealed the presence of sev-
eral endothermic peaks, as shown in Table 3. Figures 4 and 5 show thermal analyses of HA 
and HA hybrid samples. Peak 1 could be attributed to the elimination of surface adsorbed 
water. Peak 2, observed only for HPU hybrid powder, could correspond to the removal of 
OH groups from water of constitution. Peak 3 in the hybrid sample, although characterized 
by a very low enthalpy (0.251 J/g), could be associated with breakage of polyurethane chain 
links. Peak 4 (466°C) of the HPU sample corresponds to the decomposition of soft polyure-
thane segments. The last two peaks of the hybrid sample are due to the burning of the organic 
phase. The total mass loss is 14.5%, which means that the polyurethane from the composition 
of HPU sample has almost completely decomposed. Endothermic peaks at 276 and 336°C 
observed in the case of hydroxyapatite (HA sample) can be explained by decomposing of the 
polyvinyl alcohol traces left after drying the sample in the spray dryer. The weight loss for 
the HA sample is 8.5%.

2.7.4. Particle size distribution by DLS technique

Particle size distribution determination with Malvern Zetasizer ZS90 granulometer is based on 
a non-invasive dynamic light scattering (DLS) emitted by a laser. The particle assimilated with 
a sphere is constantly displaced by Brownian motion as a result of statistical collisions with 
the liquid molecules. In this movement, small particles will move faster than large particles. 
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Figure 4. DSC graph and mass loss of pure hydroxyapatite.

Figure 5. DSC-TG graph and mass loss of one hybrid sample.
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Figure 5. DSC-TG graph and mass loss of one hybrid sample.
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The particle size distribution obtained by DLS is a function of the relative intensity of light 
scattered by particles of different dimensional classes. The time dependence of the intensity 
fluctuations for the determination of the translational diffusion coefficient (D), as well as the 
hydrodynamic diameter (DH) are measured by using equation (1). η is the viscosity of the inves-
tigated suspension.

   D  H   =   kT _____ 3𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋D    (1)

The result is a distribution of intensity.

Sample preparation: stable, aqueous dispersions with known optical properties (required for 
size measurement) are prepared. Results are presented in Table 4 and Figure 6.

It can be observed a decrease in the mean particle size of the hybrid material compared to 
pure hydroxyapatite, both for the filtered and the initial samples.

There is a slight tendency for agglomeration of the hybrid material (Figure 6).

Sample name Mean particle size 
[nm]

Polydispersity index Observations

HA 167.5 0.133

HA filtered 146.3 0.061 Sample filtered through Millipore 
membrane (d = 0.22 μm)

HPU 119.7 0.238

HPU filtered 64.65 0.229 Sample filtered through Millipore 
membrane (d = 0.22 μm)

Table 4. DLS analysis results.

Figure 6. Particle size distribution of one hybrid sample filtered through 0.22 μm Millipore membrane.
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2.7.5. HRTEM analysis

HRTEM analysis was performed with a High Resolution Transmission Electron Microscope 
(HRTEM) Tecnai F30, G2S Twin (1 Å line resolution) – FEI Company.

It can be observed rod like structures of hydroxyapatite inside hybrid structure, typical for 
hydrothermally prepared HA, as well diffraction lines which confirms sample crystallinity 
(Figure 7).

EDX spectrum (Figure 8) reveals Ca, P, O and C content of the investigated sample, in accor-
dance with chemical analysis results. Moreover, it confirms the presence of organic phase 
(polyurethane), through C and O content.

Figure 7. TEM images for one hybrid sample with 80% HA and 20% PU.

Figure 8. EDX spectra of one hybrid sample with 80% HA and 20% PU.
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2.8. Biocompatible properties

MSC cells were characterized in terms of their multipotent potential, demonstrating their 
ability to differentiate in vitro into adipocytes and osteoblasts (Figure 9). Dilutions tested 
were: 1/10, 1/20, 1/50, 1/100 and 1/200. Diluted solutions were added to both cultured fresh 
cells and after they were maintained at 37°C under 5% CO2 (pH equilibration). Also, for each 
condition, cell interaction studies were performed in culture, both 24 hours after cell adhesion 
and 48 hours after cell adhesion (assuming that in the first case we can see the effect of HAp 
on cellular proliferation, and in the latter case, HAp effect on cell viability).

3. Conclusion

The current chapter deals with the various fabrication methodologies of biomimetic and 
bioactive scaffolds that can be employed for the tissue engineering applications. Biomimetic 
nanocomposites scaffolds have the ability to mimic the structural and mechanical properties 
of native tissues. Various fabrication methodologies are available to replicate and produce 
the biomimetic biomaterials for tissue engineering applications. Various advantages and dis-
advantages of these fabrication methodologies are discussed here. Different classes of mate-
rials are used for biomimetic applications and designing of these biomimetic materials are 
cited with examples. Recent advances and research on scaffolds with controlled nano/micro 
architecture, pore distribution and pore density reveal the potential of the nanocomposites 

Figure 9. Optical microscopy illustrating the ability of human MSC to generate osteoblasts (up) and adipocytes (down) 
in vitro. UP: (left) Human MSC cultivated in normal growth medium (DMEM + 10% SBF-MSC qualified) and von Kossa 
stained; (Middle and right) human MSCs increased 2 weeks in osteogenic differentiation environment; The formation 
of aggregates strongly colored with silver nitrate is observed (von Kossa method). Down: (left) Human MSC cultured 
in normal growth medium (DMEM + 10% SBF-MSC qualifies) and stained with Oil Red O; (Middle and right) human 
MSCs increased 2 weeks in adipogenic differentiation environment; There is evidence of accumulation of red-colored 
lipid charges with Oil Red O.
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for tissue engineering applications. Technologies such as additive manufacturing, electros-
pinning and other combined recent advanced manufacturing technologies holds promise for 
new advances in the field of tissue engineering. Due to space constraints the present chapter 
has given one of the examples of the possibility to fabricate biomimetic materials by additive 
manufacturing. Further developments are required in the field of biomaterials fabrication to 
exactly replicate the biomimetic conditions.
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Abstract

Synthetic biomaterials mimicking bone morphology have expanded at a tremendous 
rate. Among all, one stands out: bioactive glass. Bioactive glasses opened the door to 
a new genre of research into materials able to promote the regeneration of functioning 
bone tissue. However, despite their ability to promote cell attachment, proliferation and 
differentiation, these materials are mainly used as granules. However to promote loaded 
and sustained bone repair, a 3D structure, with open and highly interconnected pores, is 
desirable. 3D scaffolds are generally produced into green bodies via various techniques. 
The particles are then bound together via sintering. However, the highly disrupted silica 
network of the typical bioactive glasses composition leads to crystallization. Therefore, 
sintering of the most commonly used bioactive glass compositions (i.e. 45S5 and S53P4) 
leads to partly to fully crystallize bodies. The impact of crystallization on bioactivity still 
leads to large debate among the scientific community. Does crystallization reduce or 
suppress the materials bioactivity? Within this chapter, the processing routes for scaf-
fold manufacture are presented, as well as an introduction to the thermal processing 
of glasses to form glass and glass-ceramics and the consequent effect on bioactivity is 
discussed.

Keywords: scaffold, bioactive glass, crystallization, glass-ceramic, in-vitro dissolution

1. Introduction

With the ageing and continuous growth of the population, surgeons face an increas-
ing number of operations aiming to replace and/or repair tissue that has been damaged 
through disease and trauma [1]. According to the International Osteoporosis Foundation, 
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incidence of fracture, for example, is anticipated to increase by 240% in women and 310% 
in men by 2050 [http://www.mdbuyline.com/research-library/articles/bone-graft-substi-
tutes-bone-matrix-cost/, visited last April 2016]. This factor is expected to drive the rise in 
the global bone graft market. Bone regeneration market was evaluated at USD 2.35 billion 
in 2014 and is expected to rise to USD 3.48 billion by 2023, as reported in transparency 
market research [http://www.transparencymarketresearch.com/pressrelease/bone-grafts-
substitutes-market.htm, visited June 2017]. The gold standard in bone grafts is, at present, 
the use of allograft. An allograft is a tissue received from a donor which is demineralised 
before use, thus, genetically different than an autograft (where tissue comes from the 
patient itself). However, a risk of infection is associated with such practices. To overcome 
the infection risk, the allograft tissue must be pre-treated. Techniques used are tissue freez-
ing, freeze drying and sterilization. The average cost per procedure was estimated to be 
USD 3154.

Bioceramics, pertaining to their excellent biocompatibility and higher mechanical properties 
compared to polymers or metals, have always been regarded as the most promising bioma-
terials for hard tissue repair. The advantage of bioceramics lies in their wide tissue/implant 
response: from being nearly inert to bioactive depending on their composition. A subset of 
bioceramics which have expanded at a tremendous rate in the past decade are bioactive glasses. 
These materials support not only osteoconduction (growth of bony tissue at the surface of the 
implant) but also osteoinduction (acceleration of new bone formation by chemical means) [2]. 
Bioactive glasses have, now, been used widely clinically especially in dental and bone repair 
applications.

For the repair and regeneration of bone defects, tissue engineering strives to produce 3D con-
structs that can support mechanical load and provide a template in which cells can migrate 
and colonized. The optimum attribute of a 3D scaffolds are summarized as follow:

• The biomaterials should not only be biocompatible but must support cell adhesion and prolif-
eration. The material should be at minimum osteoconductive but ideally osteoinductive.

• The biomaterials should resorb over time. The resorption rate of the implant should match 
as closely as possible the regrowth of the new tissue.

• The implant should be porous with an open interconnect structure to allow fluid penetra-
tion, angiogenesis and cell proliferation. In general, interconnected pores of at least 100 μm 
and an open porosity of over 50% is considered the minimum requirement for tissue 
 ingrowth [3-5]. Optimally, it is reported that the construct should have pores within 100–
500 μm and an overall porosity of over 90%. However an increase of porosity comes at the 
expense of mechanical strength [6].

• The mechanical properties, which is mainly function of the porosity and the pores or-
ganisation, should be tailored to the site of implantation, i.e. similar to cancellous bone 
in non-load bearing applications and similar to cortical bone in load-bearing applica-
tions. In all case, the mechanical properties should be maintained throughout the bone 
reconstruction.
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2. Scaffold fabrication

2.1. Foamed morphology processing

2.1.1. Porogen

Porogen processing is a method in which glass powders are mixed with a polymer bead used 
as a ‘space holder’, and packed into a mould. The polymer is then burnt away in a two stage 
sintering process to create porous scaffold. This process relies on using a combustable poly-
mer and sufficient oxygen flow to gain complete burn out during sintering, if complete burn 
out is not achieved it can result in inhomogeneous scaffolds being formed with a porosity 
gradient. The scaffolds tend to have limited porosity of up to 50% [7].

2.1.2. Freeze casting

Freeze casting is a traditional ceramic foam processing method, which is based upon the for-
mation of an aqueous slurry where ice crystals are formed in the direction of freezing. Under 
vacuum, the ice crystals are then sublimated to leave a porous green body which is then sin-
tered [8]. This was initially developed in 2011 for use with hydroxyapatite, but has since been 
used with various glass and glass-ceramic compositions [9-11]. The scaffolds produced tend 
to have small pores (up to 100 μm) with low levels of interconnection, with consequently high 
strengths. Due to the small pores, they have not been significantly investigated in either the 
glass or glass-ceramic field for bone repair.

2.1.3. Foam replica process

The foam replica process employs a polymeric foam, commonly made of polyurethane, to 
act as a template for a glass slurry to create scaffolds with a foamed morphology. The foam 
is soaked in a glass suspension, and dried. By completing multiple cycles of infiltration and 
drying the wall thickness of the scaffolds can be increased, however, the shape obtained is still 
dependent upon the foam itself. The sintering process is then completed in two stages, firstly to 
burn out the polymer foam, and secondly to sinter the particles to form a continuous construct. 
The foam template is key within this process, its pore shape, size, and distribution all control 
the outcome of the scaffolds produced. The mechanical properties of the scaffolds produced 
via this technique are predominately dependent upon the particle distribution within the foam 
prior to burnout, which is controlled by the stability and concentration of the suspension used.

The process was first adopted to produce glass ceramics from the 45S5 composition in 2006. 
Scaffolds were produced from 45S5 glass powder, then sintered at 1000°C for 1 hour, form-
ing fine crystals of Na2Ca2Si3O [12]. It was then adapted by Fu et al. [13] using the 13-93 glass 
composition which were kept amorphous post sintering (54.6 SiO2, 22.4 CaO, 6 Na2O, 1.7 P2O5, 
7.9 K2O, 7.7 MgO in mol%). The scaffolds met many of the requirements for bone regenera-
tion, with a reported porosity of 85 ± 2%, interconnected pores between 100 and 500 μm, and 
compressive strengths of 11 ± 1 MPa. These values are similar to those of human trabecular 
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bone and outperformed other glass-ceramic foams reported in literature at the time [13]. This 
could be attributed to their optimisation of glass loading within the slurry. Their particle size 
distribution (modal size of 2 μm) allowed for good particle packing within the green body 
enhancing sintering. Combining this with the sintering window provided by the 13-93 com-
position allowing viscous flow without crystallisation during sintering, leads to the formation 
of dense struts with limited distortion of the foams morphology.

Table 1 summarises the variety of glass and glass ceramics that have been produced via this 
method; as shown there are large differences between the properties obtained but it high-
lights the flexibility of the processing method. A limitation of the foam replica process is that 
excess slurry can become trapped inside the sacrificial polymer foam after infiltration, which 
can be difficult to remove prior to burnout and sintering. It has to be squeezed out and if 
excess slurry remains, the structure produced will be heterogeneous with a porosity gradient 
being formed. Even with optimum processing, the foam replica method can leave struts with 
hollow centres which reduce the mechanical properties and performance of the scaffolds [14].

2.1.4. Gel-cast foaming

Sepulveda and Binner [15] first used gel-cast foaming to create porous ceramics. Rather than 
using a foam template, as used within the foam replica process, the ceramic slurry was foamed 
under vigorous agitation with the aid of a surfactant. The process used in-situ polymerisation 
of an organic monomer, such as methacrylamide, to form a gel and stabilise the foam. The 
polymer was then burnt out during the sintering cycle. Wu et al. [16] adapted this gel-casting 
process to manufacture scaffolds using the composition ICIE16 (49.46% SiO2, 36.27% CaO, 6.6% 
Na2O, 1.07% P2O5 and 6.6% K2O, in mol%). The process was based upon in situ polymerisa-
tion of acrylamide by using a cross-linker, surfactant and initiator. Although this alternative 
processing method avoided the ‘hollow strut’ issues associated with the foam replica process 
it was limited in its ability to be scaled up to higher volume manufacture due to the small gela-
tion window of the polymer used, it was also shown to precipitate sulphur rich crystals upon 
the glass surface. The scaffolds produced by Wu et al. [16] had porosities of 79%, with modal 
pore diameters of 379 μm and compressive strength of 1.9 MPa. These values were a factor of 10 
lower than those reported by Fu et al. for foam replica scaffolds manufactured from 13-93 [13].

The gel-casting process was later adapted by Nommeots-Nomm et al. by using the thermally con-
trolled gelation of gelatin to increase the processability of the system and stop unwanted sulphur 
byproducts. Amorphous scaffolds with foam morphologies were produced with porosities of 
75% with modal pore interconnects between 100 and 150 μm. Scaffolds were produced from three 
glass compositions ICIE16, PSrBG (44.5 SiO2, 17.8 CaO, 4 Na2O, 4.5 P2O5, 4 K2O, 7.5 MgO and 17.8 
SrO mol%) and 13-93 with compressive strengths of 3.4 ± 0.3, 8.4 ± 0.8 and 15.3 ± 1.8 MPa respec-
tively, higher than values presented in literature for equivalent foamed scaffolds. In-vivo analysis 
within a femoral head defect in a rabbit model supported growth across 12 weeks; however, the 
rate of scaffold degradation raised some questions about its suitability for a human model [26].

This process has also been adapted for the production of glass ceramics and more recently glass 
ceramics from pre-ceramic polymers. Fiocco et al. used pre-ceramic polymers to  produce wollas-
tonite diopside scaffolds with 77% open porosity and compressive strengths of 1.8 ± 0.3 MPa [27].
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Composition name Composition used/
mol %

Pore size/μm Porosity/% Compressive 
strength/MPa

Reported bioactivity

Glass-ceramics

CEL2 [17] 45% SiO2, 3% P2O5, 26% 
CaO, 7% MgO, 15% 
Na2O, 4% K2O

100–300 75 1 ± 0.4 HA reported after 1 
week

Borosilicate® [18] P2O5–Na2O–CaO–SiO2 200–500 95 0.06 ± 0.01 HA reported after 
with 72 hours

[19] 57SiO2–34CaO–
6Na2O–3Al2O3 crystal 
formation: CaSiO3

Mean: 240 56 ± 6 18 Not reported

45S5 [12] Crystallised phase: 
Na2Ca2Si3O9

510–720 89–92 0.27–0.42 HA reported after 
3 days

45S5 [20] Crystallised phase: 
Na2Ca2Si3O9

Not reported 90 0.4 Not tested

45S5 [21] Na6Ca3Si6O18 and 
Na2Ca4(PO4)2SiO4

25–600 61 ± 3 13.78 ± 2.43 HA reported after 
7 days

Glass

Zn-doped 
borosilicate [22]

6Na2O, 8K2O, 8MgO, 
22CaO, 36B2O3, 18SiO2, 
2P2O5;

Zn substitution at 1.5, 5 
and 10 wt.% ZnO

200–400 80–92 ± 7 Not reported HA reported after 
90 days,8 weeks in a 
rat calvarial defects, 
glass doped with 5% 
Zn enhanced bone 
formation

13-93 doped with 
copper [23]

6Na2O, 8K2O, 8MgO, 
22CaO, 36B2O3, 18SiO2, 
and 2P2O3 (mol%)

Copper doping at 0, 1 
and 3 wt.%

100–300 85 ± 3 Not reported HA reported after 
90 days

13-93 doped with 
cobalt [14]

wt.%: 53SiO2, 6Na2O, 
12K2O, 5MgO, 20CaO, 
and 4P2O5

Cobalt doping at 0 
wt.%, 1 wt.% and 5 
wt.% CoO

200–400 89–91 2.3–4.2 HA reported after 
3 days

13-93 [13] 53SiO2, 6Na2O, 12K2O, 
5MgO, CaO, 4P2O5 
wt.%

100–500 85 ± 2 11 ± 1 Within 7 days

13-93B1 [24] 6% Na2O, 8% K2O, 8% 
MgO, 22% CaO, 18% 
B2O3, 36% SiO2, 2% P2O5

Mean 500 78 5.1 ± 1.7 HCA within 30 
days, to non critical 
osseous defect model 
in a rabbit, one in 
the femoral head, 
one in radius bone 
supported regrowth

[25] 22 CaO, 6 Na2O, 8 
MgO, 8 K2O, 18 SiO2, 36 
B2O3, and 2 P2O5

250–500 72 ± 3 6.4 ± 0.1 HA reported after 
7 days

Table 1. Summary of the glass and glass-ceramic scaffolds reported in literature produced via the foam replica method.
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2.2. Additive manufacturing techniques

2.2.1. Selective laser sintering

Selective laser sintering (SLS) is a layer-by-layer additive manufacture technique capable of 
manufacturing green bodies. Glass particles are most commonly mixed with a thermoplastic 
binder after which, a laser locally heats the areas of interest creating a layered green body, the 
powder bed then drops down and another layer of particulate is dispersed and then selec-
tively bound. Unbound particles are removed and the green body is sintered using a two 
stage process to remove the binder and merge the particles together. As with most powder 
based 3D printing technique, its advantages are that complex or challenging geometries can 
be manufactured. However, it is limited by the accuracy of the laser, the size of construct that 
can be produced, the detail of the features that can be formed, and the ability to completely 
burn out the binder without leaving residual porosity [28].

One study utilising SLS by Velez et al. reports scaffolds of 13-93 glass, with particles of sizes up 
to 75 μm, using stearic acid as a binding agent. The scaffold with 50% porosity had strengths 
of 40 ± 10 MPa post-sintering [29]. Work by Kolan et al. [28] reported mechanical properties 
within the same range as Velez et al. [29] of 41 MPa for 50% porosity. Their work looked at 
optimising the process by reducing the binder concentration and particle size, and increasing 
the laser power to increase processing speed. However, the time to produce scaffolds com-
pared with competing 3D printing techniques, such as direct ink writing was still much longer.

2.2.2. Stereolithography

Stereolithography is a slurry-based 3D printing technique; a bed is flooded with a homog-
enous dispersed slurry of particles containing a photocurable polymer. A laser is then used to 
cure the polymer locally to build a layer of the desired design. The bed is then dropped down 
and flood again with the slurry, and a second layer is cured into place. The stereolithography 
process offers the freedom to design and fabricate very complex shapes, but again as with 
selective laser sintering the processing times are slow.

45S5 glass-ceramic scaffolds have been successfully printed into a variety of pore design and 
geometries [30]. They found that, for a diamond-like structure, reducing the pore size from 
700 to 400 μm while maintaining the same overall porosity (~60 vol%) increased the mechani-
cal strength from 3.5 to 6.7 MPa respectively.

2.2.3. Robocasting

Robocasting is another ‘3D printing’ method being used to manufacture porous scaffolds 
from bioactive glasses. Originally developed in 1998 by Cesarano et al., it can be described as 
a solution based extrusion process controlled by computer aided design [31]. The robocast-
ing technique relies on the formulation of glass loaded inks which can be extruded through 
fine diameter nozzles. An example of the scaffolds produced is shown in Figure 1. The first 
development of this technique relied on manipulating the interparticle forces within particle 
loaded suspensions to create inks with the correct rheological properties for printing [31]. 
Now binder ‘inks’ are formulated with the correct rheological properties to act as a carrier of 
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the particles which bind them together prior to sintering. An ideal ink would be easy to mix, 
allow for high glass powder loadings while maintaining a printable viscosity, have pseudo-
plastic rheological properties, and yield strength and storage modulus high enough to be able 
to withstand the weight of multiple layers of scaffolds and the spanning distance.

Robocasting is the most commonly used 3D printing technique for bioactive glasses. This is for 
a number of reasons: the speed of fabrication; the ease at which inks can be produced; and the 
capability and accessibility of the machines. This enables the printing of inks with high glass 
loading, which produce scaffolds with low strut porosity, enhancing their mechanical properties.

The first robocasting paper published from a bioactive glass was by Fu et al. using 13-93 
glass and Pluronic F-127 surfactant as a carrier ink [32]. Pluronic F-127 is a block co-poly-
mer surfactant with thermally reversing rheological behaviour, made up of poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethyleneoxide) tri-blocks (PEO-PPO-PEO) (HO(C2H4O)
a(C3H6O)b(C2H4O)c). Pluronic F-127 can be dissolved in water, forming a stable suspension 
via steric repulsion of the –OH groups [33-35]. Due to its thermally reversible properties it 
enables easy mixing of glass particle at low temperatures while enabling the formation of 
high modulus, and high stiffness pseudoplastic inks at room temperature. Since Fu’s initial 
work, groups have worked with a variety of different glass and binder chemistries, sum-
marised in Table 2.

Figure 1. An example of robocast scaffolds produced from ICIE16 bioactive glass (authors own).

Glass used Max glass 
loading/vol %

Ink chemistry and 
(dispersant)

Strut size/μm Pore size/μm Porosity/% Compressive 
strengths/MPa

6P53B [32] 30 F-127 (water) 100 500 60 136 ± 22

13-93B3
13-93 [38]

45 Ethyl cellulose/PEG 
(ethanol)

300 ± 20 420 ± 30 48 ± 3 65 ± 11
142 ± 20

13-93 [39] 40 F-127 (water) 330 300 47 86.9 ± 9

45S5 [40, 41]* 45 Carboxymethyl 
cellulose (water)

250–300** Not available 63 ± 3 13 ± 1

*Not amorphous post sintering.
**Values not reported, therefore, measured using imageJ from the published SEM images available.

Table 2. Summary of current literature on scaffolds produced via direct ink writing.
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The homogeneity of the ink, particle packing, sintering process, strut size and spacing all con-
tribute to the scaffolds overall mechanical properties. Due to the periodically arrange struc-
ture the strengths achieved are substantially higher than other scaffold processing methods, 
offering strengths in the range of cortical bone instead of cancellous [36].

Glass-ceramic scaffolds have also been produced via this technique. Roohani-Esfahani et al. 
produced scaffolds of various designs from a heat treated sol-gel Sr doped Ca2ZnSi2O7 (HT) 
composition. They reported high strengths in excess of 100 MPa with high fatigue and crack 
resistance created by the multiphase composition [37].

3. Sintering and crystallization

One point, that all scaffold processing technique have in common, is the necessity for a sin-
tering step. Sintering is a thermally induced phenomenon where, initially, the particles will 
undergo viscous flow. Viscous flow will ultimately lead to reorientation of the glass particles 
and neck growth. At a later stage, the contact between particles will grow and the pores will 
shrink resulting in a dense body where, usually, some closed pores will become trapped. 
Trapped pores are characteristically in the sub-micron range. However, in the case of glass 
and more particularly bioactive glasses, the heating process may induce crystallization.

The crystallization of the two most used and FDA approved glass, i.e. 45S5 and S53P4, has 
been studied in details by Massera et al. [42]. In this study, the activation energy for viscous 
flow as well as the activation energy for crystallization was quantify for fine (<45 μm) and 
coarse (300–500 μm) glass particles. As expected, the activation energy for viscous flow was 
independent of the glass particle size and ranged between 750 and 800 kJ/mol. On the other 
hand, the activation energy (Ec) for crystallization was found to be constant with respect to 
glass particles size, for the glass S53P4 with a value around 300 kJ/mol. In the case of the glass 
45S5, Ec was found to decrease, from 338 to 230 kJ/mol, with increasing particles size. This 
is typically an indication of a change in the crystallization dimensionality with respect to the 
crystal size. The Jonhson-Mehl-Avrami exponent, which gives an indication of the dimension-
ality of the primary crystal phase, was calculated. While a value of ~1 was constantly derived 
for the glass S53P4, independently of the technique used (Augis and Bennett equation, Ozawa 
and isochronal method), the value was found to change from 0.8 to 2.8 when using the Augis 
and Bennett equation. Not only the ‘n’ exponent was found to change as a function of particles 
size but it also varied depending on the method employed. Such variation in the JMA expo-
nent calls for questioning the Johnson-Mehl-Avrami crystallization model. The JMA model 
validity was tested using the methods proposed by Malek and Mitsuhashi [43]. While the JMA 
model was validated for the glass S53P4, the JMA model was found to be unsuitable to the 
crystallization of glass 45S5. Overall, both glass S53P4 and 45S5 were found to be fragile glass, 
i.e. a small change in temperature leads to a significant change in viscosity. The activation 
energy for viscous flow is high indicating that sintering or fibre drawing at moderate temper-
ature will be virtually impossible. Crystallization is surface initiated (n ~ 1) for the glass S53P4. 
Figure 2a presents a SEM image of the glass surface after a heat treatment at 730°C for 2 hours 
and Figure 2b presents the crystallized layer thickness as a function of heat treatment time.
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As shown in the SEM image the crystallization initiates at the glass surface with a growth rate 
of about 3.5 μm/min. Such crystallization kinetic will prevent proper sintering of the glass 
particles. Furthermore, one should keep in mind that during scaffolds processing, it is gener-
ally accepted, that small particles size should be used. Decreasing the particles size leads in an 
increase in the surface area and therefore an increase in nucleation sites. Therefore, this glass 
may not be suited for the sintering of amorphous scaffolds.

The crystallization of the glass 45S5, described in [42] seemed to be initiated within the bulk. 
However, it appears that the glass becomes phase separated, with one amorphous phase crys-
tallizing at lower temperatures than the secondary phase. Upon increasing the duration of the 
heat treatment the crystals grew via surface controlled crystallization thereby the elements 
of the secondary phase, at the interface with the crystals, ‘feeds’ the crystal. The formation of 
large pores was also evident during sintering of this glass composition.

The kinetics driving the crystallization of the two most known and clinically used bioactive 
glasses does not permit complete sintering of scaffolds without formation of crystallites.

4. Impact of crystallization on bioactivity

The impact of crystallization on the bioactivity or, more precisely, on the ability of the glass 
to precipitate a HA layer, has been first studied by Peitl Filho et al. [44]. Their conclusion was 
that below 60% crystallinity the ability of the glass 45S5 to precipitate a reactive layer was not 
impaired whereas above 60% crystallinity the reactive layer precipitated at a slower rate. This 
was then confirmed with glass S53P4 by Fagerlund et al. [45]. They demonstrated that when the 
glass particles were heat treated at temperature to maintain the glass fully amorphous a clear 
formation of Si-rich layer, a mixed layer and a Ca–P with a Ca/P = 1.6–1.7 was formed. When 
the glass started to crystallize, the precipitated reactive layer was much thinner and disappeared 
with an increase in heat treatment temperature. Interestingly, at temperature above 750°C a sec-
ondary crystal phase was formed. Upon immersion in simulated body fluid the primary crystal 

Figure 2. SEM image of a glass S53P4 heat treated for 2 hours at 730°C (a) and layer thickness as a function of heat 
treatment time at 730°C (b) (authors own).
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phase, belonging to the combeite composition dissolved, leading to the formation of thick mixed-
layer. However, no Ca–P reactive layer precipitated at the surface of the particles. Furthermore, 
the secondary phase was found insoluble in simulated body fluid. Therefore, it can be concluded 
that while the bioactivity is not fully suppressed in this silicate-bioactive glasses a clear decease 
in the ability of the glass to form a HA layer was greatly slowed down. One should keep in mind 
that the precipitation of such layer is only a small contribution of the glass towards the bioactiv-
ity and, as such, is not sufficient to make firm conclusion regarding the bioactivity of the materi-
als in-vivo. Nonetheless, it remains that one of the most interesting aspects of bioactive glasses is 
the release of therapeutic ions in a control fashion and this cannot be controlled when the glass is 
crystallized in an uncontrolled manner, as it is the case during sintering of rapidly crystallizing 
glasses. Such uncontrolled crystallization also raises the question about the ability to confidently 
reproduce similar microstructure, which would be key in production for the clinic.

Other well-known and promising bioactive glasses for bone regeneration belongs to the phos-
phate composition. Ahmed et al. [46] Neel et al. [47], as well as Massera et al. [48–50], have 
developed phosphate glass composition that not only can promote cell attachment and pro-
liferation but that can also be shaped into fibres. Nevertheless, a thorough understanding of 
the glass crystallization is necessary in order to understand the possibilities and limitations of 
these glasses. Massera et al., developed a glass within the 50P2O5–(40–x)CaO–xSrO–10Na2O 
that can promote the activity of human gingival fibroblasts [49]. The crystallization kinet-
ics of these glasses along with the in-vitro dissolution in simulated body fluid of partially to 
fully crystallized glasses has been studied in [50]. If heat treated at temperature below their 
crystallization, the reactive layer precipitation rate remained unchanged. Particles that were 
partially crystallized were ground to 125–250 μm particles size. The crystallization was found 
to initiate at the surface of the glass particles. During the grinding process the particles were 
fractured and revealed surfaces that were crystallized and some surfaces that were amor-
phous. Figure 3 shows the SEM image of crushed glass particles with an amorphous surface 
and a rounded crystallized surface after 72 hours of immersion in simulated body fluid.

Figure 3. SEM micrograph of glass with composition 50P2O5–20CaO–20SrO–10Na2O heat treated at 40°C below the 
crystallization temperature Tp (from DTA) for 30 min and immersed for 72 hours in simulated body fluid (reproduced 
from Massera et al. [49] with permission).

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications40



phase, belonging to the combeite composition dissolved, leading to the formation of thick mixed-
layer. However, no Ca–P reactive layer precipitated at the surface of the particles. Furthermore, 
the secondary phase was found insoluble in simulated body fluid. Therefore, it can be concluded 
that while the bioactivity is not fully suppressed in this silicate-bioactive glasses a clear decease 
in the ability of the glass to form a HA layer was greatly slowed down. One should keep in mind 
that the precipitation of such layer is only a small contribution of the glass towards the bioactiv-
ity and, as such, is not sufficient to make firm conclusion regarding the bioactivity of the materi-
als in-vivo. Nonetheless, it remains that one of the most interesting aspects of bioactive glasses is 
the release of therapeutic ions in a control fashion and this cannot be controlled when the glass is 
crystallized in an uncontrolled manner, as it is the case during sintering of rapidly crystallizing 
glasses. Such uncontrolled crystallization also raises the question about the ability to confidently 
reproduce similar microstructure, which would be key in production for the clinic.

Other well-known and promising bioactive glasses for bone regeneration belongs to the phos-
phate composition. Ahmed et al. [46] Neel et al. [47], as well as Massera et al. [48–50], have 
developed phosphate glass composition that not only can promote cell attachment and pro-
liferation but that can also be shaped into fibres. Nevertheless, a thorough understanding of 
the glass crystallization is necessary in order to understand the possibilities and limitations of 
these glasses. Massera et al., developed a glass within the 50P2O5–(40–x)CaO–xSrO–10Na2O 
that can promote the activity of human gingival fibroblasts [49]. The crystallization kinet-
ics of these glasses along with the in-vitro dissolution in simulated body fluid of partially to 
fully crystallized glasses has been studied in [50]. If heat treated at temperature below their 
crystallization, the reactive layer precipitation rate remained unchanged. Particles that were 
partially crystallized were ground to 125–250 μm particles size. The crystallization was found 
to initiate at the surface of the glass particles. During the grinding process the particles were 
fractured and revealed surfaces that were crystallized and some surfaces that were amor-
phous. Figure 3 shows the SEM image of crushed glass particles with an amorphous surface 
and a rounded crystallized surface after 72 hours of immersion in simulated body fluid.

Figure 3. SEM micrograph of glass with composition 50P2O5–20CaO–20SrO–10Na2O heat treated at 40°C below the 
crystallization temperature Tp (from DTA) for 30 min and immersed for 72 hours in simulated body fluid (reproduced 
from Massera et al. [49] with permission).

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications40

It appears clear on the SEM micrographs that the precipitation of the reactive layer is not sup-
pressed. However, the reactive layer is only visible at the amorphous surface. This indicates 
that fully crystallized phosphate glasses will not support the precipitation of reactive layer.

A fully crystallized phosphate glass (50P2O5–40CaO–10Na2O) was also immersed in simu-
lated body fluids. No reactive layer could be detected at the surface of the glass particles. 
The phosphate and calcium ions released within the solution were quantified by ICP and are 
presented in Figure 4.

As expected the amorphous glass released phosphate ions and consume the calcium. This is 
attributed to the congruent dissolution of the phosphate glass and subsequent precipitation 
of a calcium phosphate reactive layer with a Ca/P ratio of 1. The crystallized glass, however, 
released a greater amount of P whereas the Ca remained constant within the accuracy of the 
measurements. From XRD the fully crystallized glass is composed of NaCa(PO3)3 crystals and 
Ca(PO3)2. The NaCa(PO3)3 crystals which is the primary crystal phase is more soluble than the 
secondary phase. The large release of phosphorus ions leads to a drastic decrease in the pH, 
which suppress the precipitation of the reactive layer [50].

Therefore, one can say that the impact of crystallization on the in-vitro dissolution can either 
reduce or suppress the precipitation of the CaP reactive layer. Also, one should keep in mind 
that the ion release of the partially to fully crystallized glass will be different than the origi-
nal amorphous composition. The impact of crystallization on the bioactivity is a function of 
the crystal composition, crystal density and the composition of the remaining amorphous 
phase.

Alternative composition, which can be processed into amorphous porous scaffolds, are avail-
able. One example, among others, is the glass 13-93 [51]. This glass has been found to be bioac-
tive and to have a wide hot forming window and a viscosity/temperature relationship enabling 
sintering prior to the crystallization. More recently, another family of glass composition which 
is gaining interest are borosilicate. Fu et al., taken as an example, processed 13-93 glass com-
position were the SiO2 was partially to fully replaced by B2O3 [52]. They demonstrated that the 

Figure 4. [P] (a) and [Ca] (b) concentration in the simulated body fluid when the glass and the corresponding crystallized 
are immersed for various times (authors own).
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precipitation of the hydroxyapatite was accelerated with the presence of boron. However, the 
cell proliferation, in-vitro, was greatly reduced both in static and dynamic test. Nevertheless, 
the in-vivo outcome of these materials was positive [52]. Other researcher are attempting to 
develop borosilicate glass based on the fast dissolving bioactive 45S5 and S53P4 [53].

5. Conclusion

The current need for an off the shelf bone repair product is evident, and due to the current 
ageing demographic that need is growing. Literature presents a wide variety of bioactive 
glass and glass-ceramic compositions with tailored bioactivity and therapeutic effects suitable 
for bone repair. A huge wealth of different scaffold processing methods have been employed 
in the last 10 years, offering different morphologies, porosities and mechanical strengths. 
Previously these materials have been limited by their mechanical strength - porosity rela-
tionships. However, since 2011, with the growth of 3D printing, scaffolds with compressive 
strengths in the range of cortical bone have now been developed.

The common point of all scaffolds processing technique is the need for a sintering step at 
medium to elevated temperature. Sintering of bioactive glass is known to often lead to glass 
crystallization. Understanding the relationship between crystallization and bioactivity of bio-
active glasses is of paramount importance. The available results demonstrate that the impact of 
the crystallization can have various effect on bioactivity depending upon the glass  composition 
in question. While partial to full crystallization of the most known and widely used silicate 
bioactive glasses (S53P4 and 45S5) leads to a decrease in the bioactivity. Metaphosphate bioac-
tive glasses have been shown only to precipitate HA on remaining amorphous surfaces.

Regardless of the glass composition, partial to full crystallization leads to drastic change in 
the ions releasing rate and the dissolution mechanism. The dissolution behaviour of the crys-
tallized phases is then different to that of the original glass. The crystallization of bioactive 
glasses is difficult to control, therefore leading to large variation from samples to sample 
disabling full prediction of the materials degradation.

The impact of glass crystallization on the bioactivity is dependent upon the crystals composi-
tion, size and density. Therefore, a better understanding of the crystallization mechanism of 
these glasses may allow for predictable ion release and enhanced mechanical properties.
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Abstract

Millions of peoples in the world suffer from their bone damage tissues by disease or 
trauma. Every day, thousands of surgical procedures are performed to replace or repair 
these tissues. The availability of these tissues is a big problem, and their costs are expen-
sive. The repair of these defects has become a major clinical and socioeconomic need with 
the increase of aging population and social development. The emerge of tissue engineering 
(TE) is considered as a glimmer of hope to contribute in solving this problem. It aims at the 
regeneration of damaged tissues with restoring and maintaining the function of human 
bone tissues using the combination of cell biology, materials science, and engineering prin-
ciples. In this chapter, the current state of the tissue engineering in particular bioceramic 
scaffolds was discussed. Concept of tissue engineering was explored. Bioceramic scaffold 
materials, their processing techniques, challenges taken into consideration the design of 
the scaffolds, and their in-vitro and in-vivo studies were highlighted. The scaffolds with 
extra-functionalities such as drug release ability and clinical applications were mentioned.

Keywords: bioceramics, scaffolds, classifications, processing, in-vivo, in-vitro, 
applications, challenges

1. Introduction

Bone defects and its functional disturbance have become a huge health care problem in the 
worldwide [1, 2]. The repair of these defects has become a major clinical and socioeconomic 
need with the increase of aging population and social development [3, 4]. Every day, thousands 
of surgical procedures are performed to replace or repair tissue that has been damaged through 
disease or trauma. The availability of these tissues is a big problem and their cost is expensive. 
The emerge of tissue engineering (TE) is considered as a glimmer of hope to contribute in solv-
ing this problem. It aims to regenerate damaged tissues. Through this approach, the regenera-
tion of damaged tissue is achieved by combining cells from the human body with highly porous 
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biomaterial scaffolds. These biomaterials scaffolds are metal, polymer, or ceramics which act 
as templates for growing the new viable tissues [5]. The suggested materials for tissue engi-
neering (scaffolds) must interact with cells and culture media from the in-vitro stage to their 
implantation. They have to (i) host a sufficient amount of cells and (ii) support their viability 
for several weeks. Like any implanted biomaterials, there are some characteristics that must be 
found in the ideal scaffolds such as: (1) they are porous structure to allow cell penetration, tissue 
in-growth, (2) biocompatible, i.e., compatible without causing any toxic reactions or an inflam-
matory response, (3) bioactive, i.e., form strong bonding with the host bone, (4) has sufficient 
mechanical properties. A major difficulty in the design of scaffolds is to simultaneously tailor 
these requirements due to their competing nature in fulfilling host tissue demands. Namely, 
if a specific requisite is achieved, another one is negatively affected. It can be said, although 
some scaffolds have a highly porous structure with interconnected pores and have features 
like degradability, biocompatibility, and bioactivity, they cannot be used under a heavy load 
because of their poor mechanical properties. Thus, the biomaterials scaffolds with suitable 
mechanical properties, bioactivity, biocompatibility, and biodegradability in order to become 
the bottleneck. Therefore, recently many researchers have tried to find new solutions that tackle 
this bottleneck for achieving abovementioned requirements. They have tried to achieve that 
through many ways for example, (i) proposing new biomaterials like bioceramics, or com-
posite based bioceramics (bioceramic-polymers composites, or bioceramic metal composites),  
(ii) using new processing techniques or developing the current processing techniques [6–9].

To verify the bone job of TE tissue engineering in restoring and maintaining the function of 
human bone tissues using the combination of cell biology, materials science, and engineering 
principles, the scaffolds must have the following criteria:

Biocompatibility: The biocompatibility of the scaffolds means that their ability to perform as the 
3D substrates that will have surface chemistry (with the facilitation of molecular and mechanical 
signaling system) to promote cell adhesion, proliferation, and migration in vitro [10]. And after 
implantation, the scaffold must not induce any undesirable immune reaction that may reduce 
healing or cause rejection by the body [11].

Biodegradability: The gradual degradation of scaffolds helps to make space for new grow-
ing tissues to deposit their own matrix and hence avoids the necessity of second surgery to 
remove the implant [12]. Thus, it is one of the crucial factors for scaffolds. The degradation 
of an ideal scaffold must occur with time in-vivo, and its rate must proportional to the rate of 
the tissue formation. The biodegradation products should be nontoxic to other tissues in-vivo.

Bioactivity: Stimulation of rapid tissue attachment to the implant surface (without formation 
of fibrous tissue) and creation of a stable long-term bonding that prevents micromotion at the 
interface and the onset of an inflammatory response [13].

Structural requirements: An ideal scaffold should have void volume for vascularization, neo 
tissue formation and remodeling, necessary to facilitate host tissue integration on implanta-
tion [14]. Biomaterials should be processed to provide a highly porous structure with inter-
connected porosity for transporting oxygen, nutrients, and waste metabolites in and out of 
the scaffold without significantly compromising the mechanical stability of the scaffold [14]. If 
a scaffold has too small pore size, it may enact the cells to penetrate the scaffold initially and 
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subsequently to migrate through these pores to the other regions of the scaffolds. But, if it has 
too large pore size, it may inhibit the effective neo-tissue regeneration by disabling the cells to 
bridge pores during cell proliferation [13].

Manufacturing technology/commercialization potential: The fabrication technique of the scaf-
folds is a crucial factor in the production of TE scaffolds. It is a challenge to produce a large quan-
tity of scaffolds at a relatively low or reasonable cost, i.e., to be easily offered to the market [13, 14].

This chapter defines the current state of tissue engineering regarding bioceramic scaffolds. In 
addition, the complexity of this field. In other words, the following items will be highlighted 
in details:

It discusses

• Concept of tissue engineering

• Bioceramic scaffold materials

• Processing techniques

• Challenges

• In vitro and in vivo studies of bioceramic scaffold materials

• Scaffolds with extra-functionalities such as drug release ability

• Clinical applications

2. Concept of tissue engineering

Over 8 million surgical operations for treating the organ failure or tissue loss are performed annu-
ally in the US [15]. Despite of the success made by the organ transplantation and reconstruction 
surgery in the life quality, and in some cases the life save, there are still problems associated with 
the patients. These operations, in most cases, need either organ donation from donor individual 
or tissue transplantation from a second surgical site in the individual being treated. The gener-
ated problems from the use of organ transplantation are the drastic shortage of donor organs. For 
example, in 1996, 20,000 donor organs were only available, and the number of patients waiting 
the organs were 50,000. This means that patients are more likely to die while they are waiting for 
a human donor than in the first 2 years after transplantation [15]. The problems associated with 
the second surgical sites are pain and morbidity. Accordingly, organs development, tissues, and 
synthetic materials outside of the body ready for future transplant use have emerged [5, 15–21]. 
The estimated market of these products is approximately $5 billion worldwide [16].

Tissue engineering may be defined as the application of biological, chemical, and engineering 
principles toward the repair, restoration, or regeneration of living tissue by using biomaterials, 
cells, and growth factors alone or in combination. In the early 1990s, the emerged tissue engi-
neering started to address the limitations of tissue grafting and alloplastic tissue repair. The con-
cept was to transplant a biofactor like cells, genes and/or proteins within a porous degradable 
material known as a scaffold. The biofactors are used to stimulate tissue repair. They include 
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Figure 1. Tissue engineering triad [11].

stem cells and gene therapy approaches. The tissue/organ repair has been considered the ulti-
mate goal of surgery from ancient times until now. Generally, repair is achieved through two 
approaches: (i) tissue grafting and organ transplantation and (ii) alloplastic or synthetic mate-
rial replacement. Since 2000 BC gold has been used in cranial defects as repair; however, the 
grafting of the tissue has been used at the earlier of 1660s. Both approaches mentioned above 
have limitations. The grafting needs second surgical sites with associated morbidity and is con-
fined by finite amounts of material, especially for organ replacement. One of the efforts made to 
solve the problems associated with the use of the autologous allograft, and bone cements is the 
finding appropriate materials to replace lost or missing tissues from the human body [22, 23].

The definition of ‘Tissue Engineering’ term according to the NSF workshop held in 1988 is “the 
application of principles and methods of engineering and life sciences toward the fundamen-
tal understanding of structure-function relationships in normal and pathological mammalian 
tissues and the development of biological substitutes to restore, maintain, or improve tissue 
function” [24]. This definition hold some promises such as (1) driving out the re-operations by 
using biodegradable biological substitutes, (2) encourage the use of biological substitutes as a 
natural regeneration process to repair or replace lost or damaged tissues i.e. to provide long 
term solutions, (3) solving the generated problems from the immune rejection of implants, 
infections or diseases transmission pertinent allografts and xenografts, and organ donation 
shortage, (4) offering practical solutions for currently untreatable cases [25, 26].

Since emergence of tissue engineering in the mid-1980s, it has continued to evolve as an 
exciting and multidisciplinary field that aiming to develop biological substitutes to restore, 
replace, or regenerate defective tissues. Key component of tissue engineering are cells, scaf-
folds, and growth-stimulating signals which are generally referred to as the tissue engineer-
ing triad (Figure 1) [27]. Porous 3D scaffolds are generally seeded with cells and occasionally 
with signaling molecules or subjected to biophysical stimuli in the form of a bioreactor [28]. 
These cell-seeded scaffolds are either subjected to a pre-implantation differentiation culture 
in-vitro to synthesize tissues and then transplanted or are directly implanted into the injured 
site, using the body’s own systems, where tissue regeneration is induced in-vivo [11]. These 
approaches with porous scaffolds are shown in below by Figure 2 [29].
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function” [24]. This definition hold some promises such as (1) driving out the re-operations by 
using biodegradable biological substitutes, (2) encourage the use of biological substitutes as a 
natural regeneration process to repair or replace lost or damaged tissues i.e. to provide long 
term solutions, (3) solving the generated problems from the immune rejection of implants, 
infections or diseases transmission pertinent allografts and xenografts, and organ donation 
shortage, (4) offering practical solutions for currently untreatable cases [25, 26].

Since emergence of tissue engineering in the mid-1980s, it has continued to evolve as an 
exciting and multidisciplinary field that aiming to develop biological substitutes to restore, 
replace, or regenerate defective tissues. Key component of tissue engineering are cells, scaf-
folds, and growth-stimulating signals which are generally referred to as the tissue engineer-
ing triad (Figure 1) [27]. Porous 3D scaffolds are generally seeded with cells and occasionally 
with signaling molecules or subjected to biophysical stimuli in the form of a bioreactor [28]. 
These cell-seeded scaffolds are either subjected to a pre-implantation differentiation culture 
in-vitro to synthesize tissues and then transplanted or are directly implanted into the injured 
site, using the body’s own systems, where tissue regeneration is induced in-vivo [11]. These 
approaches with porous scaffolds are shown in below by Figure 2 [29].
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3. Bioceramic scaffold materials

Today, tissue engineering has emerged as a rapidly expanding approach to overcome the 
drawbacks of the classical treatments by regenerating damaged tissues, instead of replac-
ing them [11, 30]. This approach leads to the development of biomaterials to prepare porous 
3D scaffolds as biological substitutes to restore, maintain, or improve defective tissues [14]. 
Various materials have been proposed for tissue engineering including different types of bio-
materials (metal, polymers, and ceramics) to overcome the problems associated with natural 
bone grafts in reconstructive surgery. Although porous metallic scaffolds are considered as 
the most suitable implants for hard tissue engineering in load bearing areas, they have some 
limitations such as (1) lacking of biological recognition or bioactivity [31, 32], (2) lacking of 
the integration of biomolecules [33], (3) nonbiodegradable [33], (4) releasing of toxic ions [33], 
(5) corrosion or wear, and (6) The architecture control [34]. One of the essential requirements 
for using a biocompatible metal in tissue engineering scaffold is the surface modification by 
coating with bioactive ceramic materials, where it reduces some of the limitations of metallic 
scaffolds.

Another primary materials studied mostly to fabricate scaffolds are polymers such as poly-
lactic acid [35, 36], polyglycolic acid [37], polyurethane [38], and a number of copolymers [39–
41]. Natural polymer-based scaffolds have excellent bioactivity, biodegradability but poor 
mechanical properties. These characteristics reveal their successful use in soft tissue engineer-
ing and limit their use in the load bearing applications. Moreover, there is still immunological 
concern associated with naturally derived polymers. An additional problem limits the appli-
cation of the natural polymeric materials scaffolds, there are still a question mark on their 
structure homogeneity and reproducibility [11, 35–37, 42–48]. Metal and polymer drawbacks 

Figure 2. Tissue engineering approaches with porous scaffolds [30].
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mentioned above lead to emerging of a new type of materials prevent the production of the 
wear debris and can be designed to more closely match the material properties of natural 
bone. Such materials must be mechanically stronger than polymers and play a critical role in 
providing mechanical stability to construct prior to synthesis of new bone matrix by cells. The 
materials nominated to fit this purpose are called bioceramics.

Ceramic scaffold possesses many aspects like being bioactive, biocompatible, biodegrad-
able, mechanically stiff (Young’s modulus) [49], less elastic and brittle. They also exhibit 
shaping difficulties. Bioceramics can be classified into three groups as given in the following 
Table 1 [50]: 

Later group (3) is used in bone tissue engineering, various calcium phosphates (CaPs) spe-
cially HA, β-TCP, and biphasic calcium phosphate, BCP (mixture of HA and β-TCP) has long 
been studied as porous scaffold materials. As natural bone composed of large amounts of HA 
(Ca10(PO4)6(OH)2), so it might be useful to use HA, β-TCP as they closely simulate the chemi-
cal and crystalline nature of the mineral phase of the native bone [51, 52], and hence, they 
will be biocompatible. Hydroxyapatite (HA) is known by its bioactivity, biocompatibility, 
nontoxicity, noninflammatory, osteoconductivity, and biodegradability. By its comparison 
with β-TCP, it degrades slowly in following order: OCP > α-TCP > β-TCP > u-HA> > s-HA [53] 
and after implantation, it undergoes little conversion to a bone like material [54]. For the same 
porosity, β-TCP scaffolds often exhibit lower mechanical strength than HA scaffolds, limiting 
their use in the load bearing applications [55]. The degradation rate and other properties can 
be influenced by varying HA to β-TCP ratios in BCP. Interestingly, researchers have shown 
that dopant addition in the scaffolds of CaPs can control the biocompatibility, densification 
behavior, dissolution rates, and mechanical strength [33, 56].

Recently, calcium phosphates containing materials used for tissue engineering are nominated 
as bioactive glasses, silicate bioactive glasses, borate bioactive glasses, phosphate bioactive 
glasses, and akermanite. Each one will be explained as the following:

Bioactive glasses have already shown their excellence as promising biomaterials for tissue 
engineering due to their ability to enhance bone cell growth, bonding to both hard and soft 
tissues [27], ability to restore defect sites and controllable degradation rate in vivo. Glass com-
positions and of the scaffolds and their microstructure play an important role in the determi-
nation of the degradation rate and conversion to an HA-like material, mechanical properties, 
and response to cells.

Groups Phases

1. Bioinert e.g., Aluminum oxide (Al2O3) and zirconium oxide (ZrO2).

2. Surface bioactive e.g., Sintered hydroxyapatite(s-HA) at high temperature, bioglass

3. Bioresorbable e.g., Sintered hydroxyapatite(u-HA) at low temperature, tricalcium phosphate (α-TCP and 
β-TCP), tetracalcium phosphate (TTCP), octacalcium phosphate (OCP).

Table 1. Bioceramics classification.
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Recently, doped bioglasses with various elements, such as Cu, Zn, and Sr, promote the healthy 
bone growth that have been developed [58]. These types of the bioglass showed an enhance-
ment of angiogenesis (formation of blood vessels) [55, 59] and soft tissue wound healing [55]. 
And this capacity of bioglasses has provided an alternative approach to the use of expensive 
growth factors for stimulating neovascularization of engineered tissues [55].

45S5 glass has long been established as highly bioactive, biocompatible [60], and biodegrad-
able. The composition of 45S5 glass is 45% SiO2, 6% P2O5, 24.5% CaO, 24.5% Na2O and the low 
SiO2 content (<55% SiO2), high content of network modifiers like Na2O and CaO, high CaO/
P2O5 ratio contributes to the bioactivity of 45S5 glass. The immersion of this form of glass is 
body fluid, and it forms HCA layer (carbonate substituted HA, typical bone composition) 
on its surface that significantly promotes osteoblast activity. However, there is a difficulty 
in the processing of this glass into a porous 3D scaffold due to its low mechanical strength, 
slow degradation rate, and conversion to an HA mineral [52]. Recently, it was found that by 
heating this type of glass to high temperatures (>950°C), its phases crystallize with strong 
mechanical strength and become bioactive glasses. In addition, it converts to a biodegradable, 
amorphous calcium phosphate at the body temperature, and in a biological environment [61]. 
This process enables the mechanical competence and biodegradability to be incorporated in a 
single scaffold, making it promising as tissue engineering scaffold [51].

Borate bioactive glass: Researchers have indicated that borate or borosilicate bioactive glasses 
promote cell proliferation and differentiation in vitro, as well as tissue infiltration in vivo [55]. 
Borate bioactive glasses degrade as faster as than 45S5 glasses. They completely convert to an 
HA-like material because of their lower chemical stability [62]. The degradation rate can be 
controlled by manipulating the glass composition [62, 63]. Besides, there is a concern about 
the toxicity of boron released into the solution as borate ions (BO3)3 [55].

Phosphate Bioactive glass: [55] It forms networks, where CaO and Na2O act as network modifi-
ers. It shows a chemical affinity toward bone due to the existed ions in the organic mineral phase 
of the bone. The degradability of this glass can be controlled by modifying their composition. Its 
flexibility displayed has made it potential resorbable biomaterials for tissue engineering.

Akermanite (Ca2MgSi2O7): Recently, it has received more attention due to its controllable 
mechanical properties and degradation rate [64, 65]. In previous studies, marrow-derived 
or adipose-derived stem cells and osteoblasts have displayed good activities of proliferation 
and osteogenesis on akermanite compared by β-TCP [66–70]. The recent studies suggest that 
this Mg-containing silicate ceramic as a bone graft material may meet the requirement of 
bone regeneration than b-TCP. However, the mechanism of akermanite’s bioactivity is still 
unknown. The materials chemistry of biomaterials is one of the main factors in the proliferation 
and differentiation of various cells.

In tissue engineering, biomaterials play a critical role. They act as a 3D template, supply 
mechanical support and allow artificial extracellular matrix environment (ECM) for neo-
tissue formation. This means that one type of biomaterials is not sufficient to compromise 
hard and soft tissue engineering. Therefore, each type from the biomaterial types such as 
metals, ceramics, and polymers has its own importance in making tissue engineering scaf-
folds. Therefore, the composite materials have been emerged. Sometimes biocompatibility 
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and biodegradability of ceramics are not sufficient. Moreover, ceramics are very brittle, and 
too stiff, while the polymers are found to be biocompatible and biodegradable with low 
mechanical strength. So, this biological and mechanical mismatch can be overcome by blend-
ing the ceramics with natural or synthetic polymers or metal. Recently, various composites 
were explored such as synthetic polymers/natural polymers, synthetic polymers/bioceramics, 
polymers/metals, metals/ceramics, …etc. However, novel metal/polymer/ceramic composites 
have also been suggested for load bearing applications [34]. Composite materials are neces-
sary approach to obtain optimal biological, structural, mechanical, and chemical properties of 
scaffolds. Thus, bioceramics/polymers are commonly used composites.

Finally, needless to say, yet, there exists no polymers or metals that can effectively bond to 
bone. On the other hand, it does not exist ceramic materials that can sufficiently in mechanical 
properties. Therefore, composites of biodegradable polymers and hard metals with bioactive 
ceramic composites are still a promising approach.

4. Processing techniques

It is a key point to obtain porous structure with proper mechanical properties to create a micro-
environment for cell adhesion and proliferation. Nature bone has multi-level 3D pore structure 
size ranging from several nano to hundreds of micrometers [71]. This level of pore sizes meets 
the requirements of a tissue growth. Pore sizes in the range of 150–800 μm prevent the growth 
of the bone tissue and the vessels of the blood. However, pore sizes in the range of 10–100 μm 
are useful for the growth of the blood capillaries, nutrients exchange, and waste products 
excretion. Nano pores are larger specific surface area and more active targets. They are good 
for the formation of apatite and the attachment of protein or osteoblast [72]. Meanwhile, they 
are also important for the adjustment of cell adhesion and proliferates.

Many fabrication techniques are available to produce ceramic scaffolds with varying architec-
tural features. There are two main types of fabrication techniques: conventional techniques 
and advanced techniques. Conventional techniques for the fabrication of porous structure 
mainly include replica; sacrificial template; and direct foaming as seen in Figure 3 [3].

Figure 3. Calcium phosphate–based scaffold (Willis [57]).
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The replica technique employs a synthetic or natural template that is impregnated with a 
ceramic suspension. After drying, the template is removed thus creating a replica of the origi-
nal template structure [73]. Many synthetic and natural cellular structures can be used as 
templates to fabricate macroporous ceramics through the replica technique [74].

The sacrificial template method incorporates some sort of pore former or sacrificial material 
to act as a place holder within the ceramic powder or slurry. Once the green body is formed, 
the pore former is removed to leave behind pores which are empty (Figure 1(b)) [73]. This 
method leads to porous materials displaying a negative replica of the original sacrificial tem-
plate, as opposed to the positive morphology obtained from the replica technique described 
above [74].

Direct foaming is a process where gas bubbles are incorporated into a ceramic suspension, and 
once the slurry is set and dried, the ceramic retains the resulting spherical pores (Figure 4(c)) 
[73]. To obtain high-strength ceramic foams, the dried objects are then sintered at high tempera-
tures. The total porosity of the obtained foam is proportional to the amount of gas incorporated 
into the suspension or liquid medium during the foaming process. The sizes of the pores depend 
on the stability of the wet foam before setting [74].

Freeze casting is considered as one of the promising techniques for manufacturing of porous 
structure. It utilizes growing ice crystals in a ceramic slurry to form the pores in a ceramic 

Figure 4. Scheme of possible processing routes used for the production of macroporous ceramics [77].

Bioceramic Scaffolds
http://dx.doi.org/10.5772/intechopen.70194

57



Figure 5. Freeze cast process for bioceramic preparation [78].

body. It is a simple technique to produce porous complex-shaped ceramic or polymeric parts. 
It has first been developed as a near net shape forming technique, yielding dense ceramics 
parts with fine replicate of the mold details. In this technique, a ceramic suspension is poured 
into a mold and then frozen. The frozen solvent acts as a temporary binder to hold the part 
together, see Figure 5. The de-molded part is subjected to freeze drying to sublimate the 
frozen solvent under vacuum, avoiding the stresses and shrinkage that might lead to cracks 
and warping during normal drying. After drying, the parts are sintered to obtain a scaffold 
with (1) a complex and often anisotropic porous microstructure and (2) proper strength and 
stiffness. By controlling the direction of ice crystals growth direction, it is possible to tailor a 
preferential orientation for the porosity in the ultimate products [75].

Human cortical bone has a compressive strength of 100–150 MPa and toughness of 2–12 MPa m1/2,  
while human trabecular bone has a compressive strength of 2–12 MPa and toughness of 0.1–
0.8 MPa m1/2. The question is: How can design ceramic scaffolds and mimic the structure and 
properties of natural bone as closely as possible? This means the scaffold fabrication must be 
carried out with high accuracy taking into consideration the effective and functional proper-
ties such as the microstructure, mechanical properties as well as the biocompatibility [73].

In some cases, it is difficult to achieve the targeted pore for tissue growth such as intercon-
nectivity, pore size, and pore geometry when traditional processing techniques are used. The 
limited control over the pore characteristics generates closed pores and leads to lack of inter-
connecting pores. In addition, it gives low strength and variable properties. Recently, additive 
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manufacturing (AM) techniques, the rapid prototyping (RP) and electrospinning, have been 
proposed for the fabrication of porous ceramic scaffolds. They have several potential benefits 
over traditional techniques [73].

The rapid prototyping (RP) techniques: RP techniques are referred to as a solid free-form 
(SFF) manufacturing. They are precise and reproducible for controlling the internal pore size, 
porosity, pore interconnectivity, mechanical performance, and overall dimensions of tissue 
engineering scaffolds [76, 77]. Based on programmed 3D images, they are defined as auto-
mated deposition of each tomographic layer sequence into the desired architecture through 
an additive layer-by-layer method [78]. One of the main requirements for translational appli-
cations is a high productivity using automated method and possibility to produce patient-
specific constructs; therefore, an RP-based method can potentially be used to fabricate such 
customized tissues [79]. The benefits of RP technology are numerous, e.g. the versatility of 
modeling software allows for the fabrication of the desired parts without the need for expen-
sive molds, and the process is usually achieved in only a few steps. It could easily be used 
in the manufacturing bio-scaffolds with fit needs of a specific individual and match the sur-
rounding bone which may vary from person to another depending on the age, health, condi-
tion of the surrounding bone, or location within the intended recipient, see Figure 6 [73].

The most relevant RP techniques in the design of 3D scaffolds for tissue engineering are 3D 
printing (3DP), selective laser sintering (SLS), stereolithography (SLA), robocasting (RC), and 

Figure 6. Main RP-based techniques relevant for tissue engineering applications [93].
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Figure 7. Schematic of a typical electrospinning system.

fused deposition modeling (FDM). Figure 6 shows a schematic diagram of the processing of 
each RP based-technique [80].

3D printing (3DP): The inkjet head of this device prints droplets of a binder fluid onto a pow-
der bed. This process is repeated for every layer until the 3D scaffold structure is printed, 
and the remaining powder is removed. It has been used to create scaffolds for use in bone 
tissue engineering. One of the important benefits of this method is the powder bed sup-
port by itself for each successive layer. The fragility of the obtained parts is considered a  
drawback [81–88].

Selective laser sintering (SLS): It is a heat dependent. This method uses a CO2 laser beam to 
selectively sinter polymer or composite powders to form material layers. The laser beam is 
directed onto the powder bed by a high precision laser scanning system [89].

Stereolithography (SLA): This technique is light dependent. The laser beam selectively initi-
ates solidification in a thin layer of liquid photopolymer [90].
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Robocasting (RC): This technique is slurry dependent. It consists of the robotic deposition of 
a highly concentrated colloidal suspension (inks) [91, 92].

Electrospinning: This technique is easy to use. It is used to produce nano to microfibers by 
subjection of a solution of polymeric materials or ceramic/polymeric composites to an electric 
field. Solid fibers are produced from electrified jets using high voltage. These fibers are con-
tinuously elongated because of the electrostatic repulsion between the surface charges and 
the solvent evaporation, see Figure 7 [94].

This technique allows obtaining high surface area scaffolds, which simulate the size scale of 
fibrous proteins found in the natural ECM [95–97]. One of the great interests in this methodol-
ogy is the capacity to easily produce materials at the biological length scale for tissue engineer-
ing and drug delivery applications [98]. Also, this technique is able to form nonwoven fibrous 
mats, which ensure fiber production from a broad range of precursor materials including syn-
thetic polymers, natural polymers, semiconductors, ceramics, or their combinations [99, 100]. As 
mentioned above, the strength and the great merit of electrospinning technology are the ability 
to conduct fiber size, porosity, and shape using processing variables, such as applied voltage, 
polymer melt flow rate, capillary/collector distance, polymer/ceramic concentration, and solvent 
conductivity and volatility [94]. Figure 7 displays schematic of a typical electrospinning system.

Recently, inorganic nanoparticles, such as HA, bioactive glass, and carbon nanotubes, have been 
widely co-electrospun into polymer nano fibers to enhance their mechanical properties and their 
biocompatibility response [101–106]. Although the bioceramic needle oriented in polymer fiber 
is challenging, but it is very important for enhancing the mechanical properties of the scaffolds.

5. Challenges

The design and fabrication of the synthetic tissue scaffold and the engineering of tissue con-
structs in vitro and in vivo are big challenges. Various materials like metals, ceramics, natu-
ral and synthetic polymers, and even their composites have been explored as TE scaffolds. 
Bioceramics and polymers are suitable for bone TE, where the native bone composed mainly 
of a naturally occurring polymer and biological apatite. Since ceramics are brittle and the 
mechanical properties of the polymers are not sufficient, the applications of these materials are 
limited, in particular, in load-bearing areas. Although metals have high mechanical strength 
are suitable for load-bearing applications, but they are bio-inert and their biodegradability are 
none. Therefore, they are not suitable for soft tissue engineering. Generally, the most impor-
tant challenge of tissue engineering is to mimic what happens in nature. Attempts are being 
made to engineer in vitro practically every tissue and organ in the body [11]. In addition, the 
following items are playing an important role in the properties of the bioceramic scaffolds:

(1) Macrostructure: It is important to determine the geometry of the regenerating tissue and 
in turns to be capable to re-shape it.

(2) Mechanical properties: the scaffolds should have sufficient mechanical strength to provide 
temporary function in a defect until the tissue regenerates. If the mechanical properties 
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of the native bone are used as a guideline in the scaffolds designing, they must exhibit 
linear elastic properties with a moduli of hundreds of megapascals and microstructures 
of preferred orientations due to bone anisotropy. In addition, it is important to know that 
the scaffold mechanical properties will decrease with the scaffold degradation. Thus, if the 
scaffolds have sufficient mechanical properties at the time of implantation, the change of 
their mechanical properties during the degradation could be expected and affected on the 
function within the tissue defect [107, 108].

(3) Pore size, porosity and interconnectivity: The pore size is an important variable to stimu-
late cell ingrowth and new bone formation [109, 110], while the interconnected porous 
network and porosity are critical in maintaining spatially uniform cell distribution, cell 
survival, proliferation, and migration in vitro. Moreover, the scaffold’s porosity (exceed-
ing 60%) and degree of pore interconnectivity directly affects the diffusion of physiologi-
cal nutrients and gases [111, 112]. Interestingly, the pores with smaller sizes than 1 μm are 
appropriate to interact with proteins and are mainly responsible for inducing the forma-
tion of an apatite-like layer in contact with simulated blood fluids. Pores of sizes from 1 to 
20 μm are important in cellular development, where the cells are attached and the orienta-
tion and directionality of cellular in-growth. Pore of sizes between 100 and 1000 μm are 
essential to assure nutrient supply, waste removal of cells and promoting the in-growth 
of bone cells. Finally, the presence of pores of sizes >1000 μm will play an important role 
in the implant functionality [113, 114].

6. In-vitro and in-vivo studies of bioceramic scaffolds

The in-vitro and in-vivo responses of bioceramic scaffolds are dependent on their composi-
tion and their pore architecture (microstructure). Various studies were handled biological 
response of the bioceramic scaffolds, some of them discussed below.

6.1. In-vitro and in-vivo studies of bioactive glass scaffolds

The ability of bioactive glass scaffolds to support cell proliferation and function in-vitro and 
tissue ingrowth in-vivo has been shown in numerous studies [115–122]. Fu et al. showed that 
13–93 bioactive glass scaffolds prepared using a polymer foam by replica method supported 
the attachment and proliferation of MC3T3-E1 preosteoblastic cells both on the surface and 
within the interior pores of the scaffold [115].

Poh et al. prepared and estimated the in-vitro response of two different types of bioactive glass 
composite scaffolds. They are polycaprolactone with 45S5 glass (PCL/45S5) and strontium-
substituted glass with polycaprolactone (PCL/SrBG). These two types of bioactive glasses 
were incorporated into polycaprolactone (PCL) and fabricated by additive manufacturing 
technology. The in vitro results showed that the rates of degradation of these scaffolds were 
PCL/SrBG > PCL/45S5 > PCL scaffolds. It was found that the degradation rate of PCL/SrBG 
scaffolds was faster than PCL/45S5 scaffolds. This is due to the substitution of Sr2+ of larger 
ionic radius (1.12A°) by Ca2+ of lower ionic radius (0.99 A°) leading to the expansion of the 
silicate glass network [7, 35, 36]. Such expansion weakens the glass network and increases the 
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of the native bone are used as a guideline in the scaffolds designing, they must exhibit 
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dissolution rates of the SrBG. The cytotoxicity test indicated that all scaffolds (PCL, PCL/45S5, 
and PCL/SrBG) were noncytotoxic and are able to support cell attachment, growth, and pro-
liferation; at day 7 and 14, PCL/SrBG (control and osteo group) show a significantly higher 
degree of mineralization compared to all other groups (PCL/45S5 and PCL); indicating that 
PCL/SrBG can stimulate earlier matrix mineralization [123]. Melchers et al. investigated the 
effect of alumina from 0.5 to 15 mol% in mesoporous bioactive glasses based on composition 
80% SiO2–15%CaO -5% P2O5. Sol–gel method in combination with a structure directing agent 
for the formation of mesopores was used. It was found that the incorporation of Al2O3 in a 
range of 1 to 10 mol% reduces the order of the mesostructure, while the further increase of 
doped amount of Al2O3 to 15 mol% creates well-ordered mesopores again. In addition, pore 
diameter, pore volume, and specific surface area decrease only slightly on the incorporation 
of Al2O3. In-vitro bioactivity tests of these glasses, a decrease in their bioactivities upon the 
incorporation of small amounts of alumina was observed, while a sudden drop was noticed 
beyond the addition of 3 mol% of Al2O3. These results back to the strong interaction of Al3+ 
and PO4

3−, which could be proven by multinuclear single and double resonance solid state 
nuclear magnetic resonance (NMR) spectroscopy [124].

6.2. In-vitro and in-vivo studies of hydroxyapatite scaffolds

Generally, hydroxyapatite (HA) is a material which most often induces osteogenesis both 
in-vivo and in-vitro. Adding HA to other materials (either natural or synthetic) could, there-
fore, modulate the osteogenic potential and mechanical properties of the subsequent mixture. 
Therefore, many papers have been devoted for a combinatorial approach of HA with another 
supporting material [45]. The choice of supporting material is often paramount. The main 
reasons of combination of HA with another material are improved strength, increased poros-
ity, altered cell binding abilities, and so forth. These materials are divided to natural materials 
and synthetic materials. Natural materials (collagen, gelatin, fibrinogen) tend to have good 
cellular adhesion remodeling properties but can also carry a high risk of immune response. 
On the other hand, synthetic materials, however, are less immunogenic and more custom-
izable but carry higher risks of toxicity. Furthermore, MSCs can be included in such scaf-
folds for differentiation to osteogenic lineages and/or implantation for bone defects purposes, 
although differentiation media are often required. Therefore, HA scaffolds containing MSCs 
can be used as a combinatorial modality for treating bone disease and degeneration. The com-
bining of stem cells, in particular, MSCs, into the various HA-based scaffolds increases the 
scaffolds potential use for bone regeneration. Adding the benefits of MSCs immunomodula-
tory, immune inert, and immune-privileged state to a synthetically or naturally enhanced HA 
scaffold has demonstrated superior results than the scaffolds alone [125].

In another study, porous chitosan/hydroxyapatite (C/HA) scaffolds were fabricated via freeze-
drying with desired pore size. The in-vitro proliferation of Human osteoblasts (hOBs) on 
the scaffolds were evaluated. Then, these scaffolds were combined with the adenoviral vec-
tor encoding vascular endothelial growth factor and green fluorescence protein (Ad-VEGF). 
In-vivo studies were conducted by subcutaneously implanting inactivated and gene-activated 
C/HA sponges containing hOBs into the epigastric fasciovascular flaps of Wistar rats. The 
results show that, in the in-vitro investigation, the adenovirus encoding VEGF gene-activated 
macroporous C/HA composite scaffold supports transfection of human primary osteoblasts 
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and bone-like tissue formation. In-vivo findings demonstrate that C/HA + AdVEGF + hOBs 
promote abundant neovascularization during ectopic bone formation, while viral gene ther-
apy has some drawbacks. Generally, all findings support the notion that gene-activated C/HA 
scaffold could have potential in vascularized bone tissue engineering [126].

Campos et al. studied the synthesis of three-dimensional (3D) scaffolds composed of 50 wt.%HA 
and 50 wt.% collagen for bone tissue engineering. Self-assembly method with a 0.125% glutar-
aldehyde solution as cross-linked was used a synthetic route. The in-vitro evaluations are cyto-
toxicity using MC3T3 cells, proliferation and differentiation. Proliferation and differentiation 
were tested using STRO-1A human stromal cells for time up to 21 days. The results show that no 
cytotoxicity was observed in the scaffold by MC3T3 cells. STRO-1A cells were found to adhere, 
proliferate, and differentiate on the 3-D scaffold, but limited cell penetration was observed [127].

Porous composite bioceramics of hydroxyapatite and dicalcium phosphate dehydrate (HAp/
DCPD) were prepared using polyurethane foam. They were designed for application in osteo-
conductive and osteoinductive scaffolds. In-vitro and in-vivo examinations were performed to 
evaluate the biological responses of the prepared porous composites. In-vitro studies were per-
formed by immersion of the samples in SBF. The in-vivo test was conducted by inserted porous 
composite samples into defects in the medial femoral condyle of rabbits. From in vitro and in-
vivo studies, it can be concluded that the scaffolds are biocompatible without inflammation. After 
implementation, necroses or rejection of the tissue was noticed. The application success of the 
combined HAp and DCPD scaffolds for generating a new bone tissue is attributed to the merge 
of the biocompatibility property and the formation ability of a favorable 3D matrix for human 
osteoblast cells to adhere and spread, taking into consideration the advantage of TCP osteoinduc-
tion to the superior bioactivity and osteoconduction of HAp. Finally, the prepared scaffolds seem 
to be a promising biomaterial for low-weight-bearing orthopedic applications [128, 129].

The obtained data from literature indicate that biphasic calcium phosphate is the optimal 
cell-supporting material. Biphasic calcium phosphate should be recommended as the most 
suitable matrix for osteogenic cells expansion and differentiation in tissue engineered systems 
[130]. I.E. biphasic calcium phosphate (BCP) ceramics composed of HA and ß-TCP with vary-
ing HA/ß-TCP ratios have been extensively studied in the past two decades, because they 
combine the excellent biocompatibility and bioactivity of HA and a degradation rate of ß-TCP 
that matches the growth rate of newly formed bon.

6.3. In-vitro and in-vivo studies of calcium phosphate cement (CPC) scaffolds

It has been reported by Kent et al. in vitro and in vivo measurements of commercial calcium 
phosphate cement is considerably stronger in vivo compared to in vitro, the cause of this attrib-
uted to bone formation within the cement pores and a high degree of osseointegration [131].

Chen et al., 2013 proved that when hUCMSCs and hBMSCs were seeded onto a CPC scaffold. 
Then, they implanted into the defects, new bone formation increased with time. Compared 
with CPC control without cells, 88% and 57% increases in new bone were achieved when 
hBMSCs and hUCMSCs were seeded with CPC, respectively (see Figure 8) [132]. These 
results confirmed by Zeng et al., 2012, whereas he found when h-BMSCs seeding with CPC, 
the greater new bone was generated greater than in a model without cells in a rabbit maxillary 
sinus floor elevation model [133].
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7. Scaffolds with extra-functionalities such as drug release ability

Scaffolds are implants or injects, which are used to deliver cells, drugs, and genes into the 
body. Scaffold matrices can be used to achieve drug delivery with high loading and efficiency 
to specific sites. This means that the scaffolds must be designed to provide not only the struc-
ture integrity required for bone regeneration but also for controlling dose of drug release.

Figure 8. Bone regeneration in critical-sized cranial defects in nude rats with 3 groups (CPC control without cells; CPC 
with hUCMSCs; CPC with hBMSCs).
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Zhao et al. designed and prepared porous scaffold, which composed of a newly designed 
polylactone, poly(e-caprolactone)-block-poly(lactic-co-glycolic acid) (b-PLGC) copolymer, 
and β-tricalcium phosphate (β-TCP). Then, this scaffold was loaded with an antituberculous 
drug (rifampicin, RFP) to cure serious bone tuberculosis from two points of views (bone regen-
eration and antituberculous drug therapy). The in-vitro drug release experiment showed that 
hydrophobic RFP could be released from the b-PLGC/TCP scaffold in a sustained manner 
for 84 days. Accordingly, RFP concentrations obtained in blood and tissues surrounding the 
implant could reach a high value in 12 weeks, which was above the effective level needed for 
the treatment of tuberculosis. The cytological assay proved that the RFP-loaded scaffold has 
a good cell cytocompatibility. In another trial, it was found that the composite system gave a 
good regeneration ability for bone. Therefore, the b-PLGC/TCP scaffold can perform a local 
long-term drug release as well as osteogenesis capability. These achievements are suitable for 
clinical applications [134].

In another study, Zhu et al. proved that a mesoporous silica nanoparticulate/β-TCP/bioactive 
glass (BG) composite drug delivery system for osteoarticular tuberculosis therapy much higher 
antituberculous drugs (rifampicin (INH) and isoniazid (RFP)) loading capacities than pure 
β-TCP scaffold. The best concentrations of drugs (INH and RFP) for treating tuberculosis (TB) 
in-vivo can be maintained for an extra-long duration over 42 days without significant long-
term lesions to liver and kidney [135].

It has been reported by Kundu et al. that HAp exhibited better drug release than β-TCP when 
CFS (ceftriaxone sodium and sulbactum sodium in 2:1 w/w ratio) drug was used. HAp and 
pure β-TCP based porous scaffolds were prepared by applying together starch consolidation 
and foaming techniques. A bilayered coating was also applied to the pore surfaces of some 
samples using chitosan and b-lactamase–cephalosporin derivative to assess their effect on 
sustained drug releasing. The result of bilayered coating of chitosan with CFS provided pro-
longed release pattern for more than 5 weeks irrespective of the scaffold material, a period 
that is considered to be sufficient for local drug delivery to combat osteomyelitis [136].

8. Clinical applications

Ceramics include a broad range of inorganic and non-metallic compounds. Although their 
applications in tissue engineering is recent, they demonstrate good results, whatever they 
are a single phase or composite. Herein, we will explored the clinical application of the most 
common examples of bioceramic (HA, TCP, BCP, and bioactive glasses) that are used as in 
tissue engineering applications.

Hydroxyapatite: By insertion porous HA wedges into the tibias of ten knees in seven patients 
having high tibial osteotomies, it was found that pores located at the interface, at the time of 
hardware removal, were completely filled with bone, and the bone depth formed increased 
consistently with time [137]. In another study, the transverse sections of porous HA implants 
placed in rabbit tibias demonstrated a new bone growth through the pores. After 8 weeks, a 
formed concentric lamellae by osteon structure was observed around a single vessel in the 
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pores of sizes 50 and 100 μm of the cylindrical HA implants. Also, similar structures were dis-
played around the multiple vessels in the pores of sizes 300 and 500 μm of the implants [114]. 
The examination of 103 patients suffering from cranial defects in which Bone SourceTM was 
used, a success rate of 97% was recorded [138]. Such high record was achieved by the implant 
maintenance for 24 months.

Tricalcium phosphate (TCP): TCP has become one of the first calcium phosphates to be used 
in bioceramics for bone substitution and repair. Thanks to its stability at high temperature 
and ease of processing as tricalcium phosphate–based ceramics 339 ceramics. β-TCP contain-
ing ceramics are one of the major bioresorbable synthetic bone that used daily by orthopedic 
surgeons and dentists. They are used in the form of porous ceramic pieces and granules to 
reconstruct all kinds of bone defects, from augmentation of alveolar ridge defects after a tooth 
extraction and before implant positioning to sinus reconstruction correction of various defor-
mities and bone reconstruction following injury or disease. Recently, α-TCP has also been 
proposed as ceramic materials for similar applications [139].

Tricalcium phosphate/hydroxyapatite biphasic ceramics (BCP): The BCP concept is based 
on an optimum balance between the more stable phase (HA) and the more soluble phase 
(β-TCP). BCP bioceramics of various sizes and shapes are used in maxillofacial surgery, den-
tistry, ear, nose and throat (ENT) surgeries, and orthopedics. For example, BCP granules with 
HA/TCP of 60/40 were placed in the alveolar cavity immediately after tooth extraction and 
followed up radiographically from 0 to 5 years [140].

Bioactive glasses: Bioactive glasses have a wide range of clinical applications in both medi-
cine and dentistry. It is used as bone graft material, a coating materials, and disinfectants.

As bone graft material: Bioglass has been used clinically as a synthetic bone graft material for 
over 10 years under two different product names: Novabone_ for orthopedics and Perioglass 
for maxillofacial surgery. The first reported clinical application of bioactive glass was the 
treatment of conductive hearing loss for the reconstruction of the bony ossicular chain of the 
middle ear.

As a coating materials: More researchers use bioactive glasses as a coating materials for den-
tal implants. Bioactive silicate glass has also been used for implant coatings, as a bone graft, 
in dentifrices, and as air-abrasive particles to remove carious enamel and dentin. Goudouri 
et al. indicated that bioactive glass could be used as a dental material to improve the bonding 
of the restorative material to dentin [139].

As disinfectants: Bioactive glasses can serve as topical endodontic disinfectants with no effects 
on dentin stability. Bioactive glass can raise the pH of an aqueous environment to produce its 
antimicrobial effects. For example, when implanted in areas of periodontal defects, Bioglass 
can inhibit bacterial colonization at the surgical site by increasing the pH and calcium levels.

As a bone regeneration: Bioactive glass can promote bone regeneration, with osteostimulatory 
effects in vitro. Similarly, in primate models, bioactive glass filled bony defects by stimulating 
osteoproduction. Felipe et al. reported that bioactive glass particles were able to treat periodon-
tal defects and triggered the development of mineralized bone in dogs [141, 142].
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9. Conclusion

This chapter discussed the bioceramic scaffolds which considered as one-third of the tissue 
engineering triad. It dealt with the most effective materials that were used in the bioceramic 
scaffolds. All traditional and advanced techniques for scaffolds manufacturing, their require-
ments, and challenges taken into consideration the design of the scaffolds were explored. In 
additions, several examples of the most common bioceramic scaffolds were highlighted from 
different corners, e.g., their testing in in-vitro and in-vivo, their extra functionalities such as 
drug release ability and their clinical applications.
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Abstract

Bone scaffolds with graded porosities or graded cellular bone scaffolds are new inno-
vations of bone replacements and biomedical bone implants, especially in cases of 
long-bone defects, multitissue regenerations, and functional-controlled bone prosthe-
ses. The concepts of graded cellular bone scaffolds are based on the complexity of bone 
characteristics (graded hierarchical structures and heterogeneity), which aims to closer 
replicate the multifunctions of bone tissues. The designs of graded cellular bone scaf-
folds are highly fascinating with the relative anatomical, biological, and mechanical 
similarity to the replaced bones. While it is difficult for the graded designs to replicate 
the actual bone models, additive manufacturing (AM) techniques with computer-aided 
designs successfully create well-controlled models with comparable bone properties. 
Potential advantages of graded cellular bone scaffolds are enormous. Graded pores 
can direct types of cell regenerations for multitissue regenerations. Furthermore, 
graded pores promote a greater load-sharing to adjacent bone tissues than conven-
tional scaffolds do, while both mechanical properties are similar. To summarize, bone 
implants with graded cellular structures can be fabricated using AM techniques, and 
their mechanical and biological performances can be tailored by modifying the internal 
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1. Introduction

Bone tissue engineering (TE) scaffold has been considered to be a potential technology for 
repairing and/or replacing damaged bone tissues and organs. The main function of a scaffold 
serves as a three-dimensional (3D) template for cell organization and tissue development to 
eliminate the drawbacks of autologous and allogeneic bone transplantations [1]. The major 
requirements for the scaffolds are biocompatibility, suitable pore size, and porosity for cell 
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attachment and proliferation, and an adequate mechanical strength under physiological load-
ing conditions. Such scaffolds have been successfully utilized in broad areas including repair 
of long-bone and osteochondral defects, maxillofacial and spinal surgery, cranial reconstruc-
tion, and drug delivery systems.

Although bioceramics and polymers are commonly used to make bone-tissue scaffolds, their 
mechanical strengths are inadequate to withstand a high loading. Metallic cellular structures, 
however, have been attractive for application in orthopedic bone implants, since the porous 
architecture promotes bone anchorage and provides suitable stiffness [2]. On the other hand, 
dense metals, such as those used for total hip replacement (THR), are often too stiff and can 
shield the adjacent bone tissue and cause loosening of the implants [3]. The implants based 
on the concepts of bone TE scaffolds would shift the trend of using porous metallic implants.

A functionally graded structure for bone tissue engineering is a porous biomaterial where 
the porosity changes with a specific gradient in space [4]. This gradient porosity similarly 
behaves as a graded structure of bones [5]. Anatomically, graded structures of bone are illus-
trated with the surface cortical bone toward the inner cancellous bone. The porous struc-
ture inside the cancellous bone promotes nutrient and waste transportations for biological 
functions. Furthermore, the graded structures of bone are also controlled by the mechanical 
functions required for each area. Many studies have demonstrated that graded cellular bone 
TE showed the advantages to engineer material with specific structural, morphological, and 
mechanical properties [6, 7].

2. Fabrications of graded cellular bone scaffold

The scaffolds behave as a structure that promotes tissue formation, therefore the types of cell 
formations (fibroblast, chondroblast, and osteoblast) are controlled by the pore size, porosity, 
and surface properties of the scaffolds. The production of implant materials with high poros-
ity allows good and fast bone growth, while the low-porosity materials can withstand early 
physiological mechanical stress [8].

Pompe et al. [9] reported that functionally graded material could give the implant a suit-
able strength to withstand the physiological loading, and that the graded porosity structure 
can optimize the material’s response to external loading. A similar feature of graded cellular 
bones might prove favorable to an artificial bone implant. Bone TE scaffolds with the graded 
cellular structures like bone structures could be fabricated using conventional and additive 
manufacturing techniques [10].

2.1. Conventional techniques

The porous materials can be created using porogens as a void spacer. The possible spac-
ers [11] used are various, depending on the particle size and removing techniques, such as 
sodium chloride, carbomide, poly (methyl methacrylate), magnesium, and so on. The spacers 
used are subsequently removed by dissolving with solvents or burning-out (Figure 1).
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Porous materials created with this technique use porogens to create the voids. The pore size 
is related to the porogen size. There are many types of porogens used as shown in Table 1.

Using magnesium as a spacer is suitable for porous metal fabrication during powder compac-
tion and sintering process, since it has a relatively high strength and elastic modulus (45 GPa) 
and high melting temperature (650°C) compared to polymeric spacers [11]. Graded porosity 
scaffolds are further created as the composite-laminated materials. Material-porogen mix-
tures of different porosities are prepared with paste and filled into a mold layer by layer to 
form laminated multiporous layers (Figure 2) [17].

Although the pore sizes are related to sizes of a spacer, an uncontrolled microstructure contrib-
utes to internal stress concentrations located around the structural defects [18]. This technique 
is, therefore, applied to create biomaterials with pores in nano- to micro-scale, and is combined 
with an additive manufacturing technique to control the micro- to macro-scale architectures.

2.2. Additive manufacturing (AM) techniques

AM techniques have been introduced to TE, recently. The benefits of AM techniques improve 
the well-defined architectures of the scaffold fabrications according to the designs controlled 
by computer-based methods. Mimicking the porous structures of bone tissues, an internal 

Figure 1. Schematic diagram illustrating fabrication of porous titanium with controlled porous structure and net shape.

Materials Porogens Pore sizes (μm) References

Mesoporous bioactive glasses Methylcellulose 100 [12]

Bioglass Polyurethane 300–600 [13]

Hydroxyapatite/tricalcium phosphate Polyurethane [14]

Titanium Magnesium 100–300 [11]

Hyaluronic acid Salt 100–600 [15]

Polylactide Salt 600 [16]

Table 1. Porous materials created with conventional techniques.
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architecture of the scaffolds, significantly affects nutrient diffusion, cell adhesion, and matrix 
deposition of the regenerated tissues. Scaffolds have to be carefully designed to match specific 
mechanical, mass transport, and biological requirements; however, customizing the architec-
ture to better suit these requirements remains a challenging issue.

Computer-aided designs (CAD) and computational simulations using finite element analy-
sis (FEA) have played a major role in the reduction of in vitro and in vivo experimental 
efforts and costs. Furthermore, the accuracy of FEA results is acceptable to predict a design 
optimization before the manufacturing. An overview of this design paradigm is reported in 
Figure 3.

The images in STL file are directly processed with computer-aided manufacturing (CAM) in 
order to print the specimens in layer. Selective laser melting (SLM) techniques have shown 
capability of 3D cellular structure production through printing of layered structures based 
on CAD (Figure 4) [19–21]. During SLM, metallic powder is melted by a scanning laser beam 
[21], featured by excellent reproducibility and efficiency [22]. The limitations of SLM are the 
quality of the print which depends on the process setting parameters. Poor setting param-
eters such as layer thickness, laser-beam spot, laser power, and hatching space contribute to 

Figure 2. Diagram of material-porogen mixtures of  different porosities which are filled into a mold layer by layer to 
form laminated multiporous layers.
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incomplete melting of the metal powders. Furthermore, the minimum scale that can process 
is limit the lattice thickness and pores in hundreds micrometer. Although, the scale limitation 
of the print is larger than nano-scale of the real bone, these SLM-processed structures are 
adequately to allow bone ingrowth (>300 μm).

The methodological approaches for the design of scaffold architectures are classified into the 
architecture formed by the repetition of unit cells (cellular structures) or that consisting of lat-
tices (lattice domain). This collection of unit cells is also known as computer-aided system for 
tissue scaffolds (CASTS). Chua et al. [23, 24] and Cheah et al. [25] have developed a paramet-
ric library of scaffold structures and an algorithm to automate the entire process of matching 
desired anatomical shapes in order to reduce the time-consuming processes. Figure 5 shows 
examples of the unit cells used in CASTS.

Limmahakhun et al. [26] emphasized that the internal architectures of scaffolds play a crucial 
role in determining the overall mechanical and biological performances. It is interesting to 
note that the mechanical response from a cellular structure depends on the loading modes. 
The cubic structure [0° ± 90°] has much higher compression stiffness but lower shear and 
torsion stiffness than that in octahedron-type structures [±45°]. The pillar octahedron com-
bined with the strut characteristics featured along 0° and ±45° demonstrates high compres-
sion, shear, and torsional stiffness (26.94, 18.93, and 9.52 MPa, respectively). To this end, for 
axially loaded applications, such as bone implants to fix long-bone defects, the cubic structure 

Figure 3. Flowchart steps in the design of tissue-engineering scaffolds.

Figure 4. SLM processing techniques. Reprinted from Ref. [31] with permission from Elsevier.

Graded Cellular Bone Scaffolds
http://dx.doi.org/10.5772/intechopen.69911

79



is the best choice because of its high stiffness under compressive force. High fatigue life under 
compression loading was observed in cubic unit cells [19]. On the other hand, when subjected 
to a combined loading (compression, shear, and torsion), such as femoral hip implants, the 
pillar octahedron is an appropriate architecture as it provides the greatest shear and torsional 
stiffness and high compressive stiffness. Note that the pillar octahedral structure also has the 
greatest accumulated stress during the stress relaxation test [26].

Unit geometry directly controls the tortuosity, a measure of flow distance that travels in the 
porous materials [27]. The strut intersection in the middle of octahedral types diverts the 
fluid from the straight direction and slows down the flow rate (Figure 6b). The low flow rate 
when pipetting a cell suspension onto the pillar octahedral shapes would favor cell adherence 
(Figure 6d–f), while the high flow rates of cubic and truncated octahedral shape contribute to 
cell deposition at the bottom of the well. The greater cell proliferation of the pillar octahedron 
could be attributed to the greater surface areas of these polyhedral structures that are printed 
with 3D printing techniques, compared with the cubic and octahedron (Figure 6a). Together 
with its better cell proliferation rate, pillar octahedral structure has demonstrated balanced 
mechanical and biological properties.

CAD-based methods [28, 29] and implicit surface modeling (ISM) methods [18, 30] are com-
mon to create the cellular structures with porosity-graded structures, since the internal archi-
tectures are fully controlled with no hanging edge [18, 31]. For the CAD-based methods, 
graded structures of the pillar octahedral scaffolds could be attained by varying the architec-
tural parameters, such as lattice diameter (t) and unit size (L) (Figure 7).

The graded cellular bone scaffolds with desired porosity and pore size on each location could 
be done using manual or automatic algorithm processes. The primitive unit cell that is recom-
mended by the author’s works is the pillar octahedral shape [26]. Our findings proved that 
this unit has balanced mechanical and biological performances for bone tissue regenerations. 
Figure 8 shows an example of pillar octahedral unit cells with different porosities and graded 
patterns; axially and radially graded patterns, fabricated with cobalt chromium (CoCr) alloys 

Figure 5. Unit-cell replications of bone tissue engineering scaffolds. Reprinted from Ref. [26] with permission from 
Elsevier.
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using SLM techniques. Manually mating the unit cells inside the graded cellular bone scaf-
folds could be fully controlled with no error, however it is time-consuming.

On the other hand, ISM allows scaffold architectures to be easily described using a single 
mathematical equation, with freedom to introduce different pore shapes and architectural 

Figure 6. SEM images showing surface roughness of (a) cubic and (b) octahedral unit cells, (c) smaller pores (40 μm) on 
the surface after printing on the overhanging features, (d) cell adhesion and (e) and (f) cell coverage after 4 and 7 days. 
Reprinted from Ref. [26] with permission from Elsevier.

Figure 7. Assembling of different unit porosities.
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features, including pore-size gradients. Although, automatically processing time based 
on the algorithm is more convenient compared to the CAD-based method, the algorithm 
that could perfectly serve the required graded internal architectures of the scaffolds with 
no internal defect is more complexity. While many of the ISM are available, both of the 
Schwarz’s Diamond and Schoen’s Gyroid shapes are preferable in promoting cell migration 
and tissue ingrowth [18]. Furthermore, these techniques are suitable to create the graded 
cellular structures.

3. The effects of graded cellular bone scaffolds

Designing an architecture of the scaffolds that mimics the complex structure of bone tis-
sue is the new generation of bone tissue engineering [32]. Scaffolds with graded cellular 
structures behave similar to the bone that is replaced. Furthermore, porosity gradation 
affects the types of cell regeneration and promotes the environment to be more suitable 
for cell functions. While the biological cell interactions are directly influenced by the 
porosity gradation, the mechanical performance which is affected by porosity and cel-
lular structures could be modified to match the desired functionalities. The improved 
tissue regeneration rate of graded cellular structures led the research community to 
find the possible models of bone tissue engineering. However, such model has not been 
developed yet.

Figure 8. Cellular structures and graded cellular structures (FGMs) built by pillar octahedral unit (L and t are unit and 
strut size, respectively). Reprinted from [31] with permission from Elsevier.
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3.1. Biological cell interactions

Different layers of the tissue perform different roles in maintaining the organ functions. Each 
cell type has individual specific functions and is important for tissue formations. Bone, carti-
lage, and ligament are formed simultaneously as a bone and joint structure, as a result of tis-
sue formation by osteoblast, chondrocyte, and fibroblast cell-types, respectively. The graded 
cellular bone scaffolds are critical for multitissue regenerations such as bone and cartilage tis-
sues [33] and ligament-bone interface [34]. These cell types have obviously different environ-
ments, thus scaffolds should be tailored with different pore sizes and porosities. For example, 
fibroblasts (cell size 20–50 μm) can span void spaces up to 200 μm [35]. On the other hand, the 
preferred pore diameter for osteoblast (cell size 20–30 μm [36]) is 100–350 μm [37].

Beside the pore size, porosity and pore interconnection also facilitate bone ingrowth. The 
scaffold with porosity >90% and pore interconnection promotes more cell infiltration, pro-
liferation and extracellular matrix deposition, since it has a better flow mechanic for nutrient 
and waste transportation [38] and allows cellular signals between interconnecting networks 
[39]. Furthermore, the graded cellular structures also increase the fluid permeability and flow, 
which enhances the cell diffusion throughout the whole scaffolds [40, 41].

Since different pore sizes affect the type of cell formations, graded cellular scaffolds poten-
tially produce the multi-tissue grafts on the bone-ligament interface by following the phe-
notypic gradients that exist at the natural ligament-bone interface. In addition to the graded 
features in architectures, graded features in terms of different material compositions also pro-
mote biologic functions like bone materials. Two materials with spatially graded fraction of 
polymer and hydroxyapatite (HA), fabricated with co-electrospinning techniques, are found 
to be metabolically active from the study of rat bone marrow stromal cell cultures [34]. Gene 
expression of bone morphogenic protein-2 and osteopontin was elevated on mineral-contain-
ing regions as compared to regions without mineral, which confirmed osteoblastic pheno-
typic maturation of this polymeric-HA graded scaffolds by day 28.

Computational study has been utilized to optimize the best porosity distribution in function-
ally graded scaffolds for bone tissue engineering [42]. Based on the porosity distribution law, 
the graded scaffolds with tri-linear law promote larger amounts of bone formation compared 
to the models of bi-linear, linear, and constant laws. Alternatively, the more the complexity of 
porosity distribution laws (i.e., with increasing number of coefficients, Ai), the better the scaf-
fold geometry can be tailored. A larger number of design variables increases the probability 
that optimizes a geometry to match the specific boundary and loading conditions.

The effect of the loading conditions appears more critical. Boccaccio et al. [42] showed that 
the loading conditions are essential in determining optimal porosity distribution. For a pure 
compression loading, it was predicted that the changes of the pore dimension are marginal, 
and using a graded cellular bone scaffold allows the formation of amounts of bone slightly 
larger than those obtainable with a homogeneous porosity scaffold. For a pure shear load-
ing, instead, bone formations of graded cellular bone scaffolds are significant compared to 
a homogeneous porosity scaffold. While increasing the pore diameters leads to an increased 
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value of the scaffold Young’s modulus, increasing a porosity distribution law makes a scaf-
fold generate larger amounts of bone formations. Graded porosity characteristics contribute 
to optimized loading distributions, which enhances sensing signal to maximize osteoblastic 
cellular activities, as termed as mechanobiologic signal.

3.2. Mechanical performances

A scaffold should have the mechanical properties sufficient to maintain integrity until the 
new tissue regeneration. Bioceramics (hydroxyapatite, bioglass, etc.) and metals (titanium, 
tantalum, cobalt chrome, etc.) have been commonly used as a biomaterial for bone tissue 
regeneration. The limitation of bioceramics is their brittleness and contributes to easily break 
after replacements. While greater stiffness, endurance, and strength of metals are preferred, 
the higher stiffness of metals shields the stress distributed to the adjacent bone tissue and 
leads to bone resorption called “stress shielding.” Therefore, the mechanical properties of 
the scaffolds should match that of the native tissue to both prevent stress shielding and give 
proper mechanical performances.

Despite the types of materials used for fabrications, the relative modulus of cellular materi-
als (E/Es) has a power law relation to the relative density (ρo/ρs), based on Gibson and Ashby 
model [43]:

    E __ Es   =  ϕ   (    
ρo

 ___ ρs   )     
n

   (1)

where E and Es are the moduli of base and cellular materials and ρo and ρs are the density of 
base and cellular materials. This relationship depends on the unknown coefficients (ϕ and n) 
which are a factor of each cellular unit.

The cellular structures with various relative densities can be created by varying the diameter 
of the beam thickness (Figure 7). The moduli and strength of those cellular scaffolds can be 
predicted upon the relative density, as shown in an example of cobalt chrome (CoCr) cellular 
structures (Figure 9). It is clear that the elastic modulus (stiffness), yield stress, and ultimate 
compressive strength of cellular structures increase with decrease in the porosity. The CoCr 
cellular structures of pillar octahedron have stiffness and compressive strengths between 
2.33–3.14 GPa and 113–523 MPa, respectively, which are comparable to those of cortical bone 
tissues (2.73–17 GPa [44] and 100–150 MPa [45]). In addition, these CoCr cellular structures 
also demonstrated a greater energy absorption (24.6–116.86 MJ/m3) than bone tissues.

Unfortunately, the quality of the SLM-built is a major concern that affects the scaffold repro-
ductions. Although FEA could predict the modulus of cellular scaffolds, the accuracy of the 
prediction is low [46]. Poor correlation between FEA and physical testing results from an 
incomplete melting of the metal powders. Internal voids of the printed scaffolds increase 
the stress concentration, and crack may occur, weakening the scaffold constructs (Figure 10). 
Completely selective-melting process in each layer of the manufacture plays a main role to 
minimize such error of the prediction.

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications84



value of the scaffold Young’s modulus, increasing a porosity distribution law makes a scaf-
fold generate larger amounts of bone formations. Graded porosity characteristics contribute 
to optimized loading distributions, which enhances sensing signal to maximize osteoblastic 
cellular activities, as termed as mechanobiologic signal.

3.2. Mechanical performances

A scaffold should have the mechanical properties sufficient to maintain integrity until the 
new tissue regeneration. Bioceramics (hydroxyapatite, bioglass, etc.) and metals (titanium, 
tantalum, cobalt chrome, etc.) have been commonly used as a biomaterial for bone tissue 
regeneration. The limitation of bioceramics is their brittleness and contributes to easily break 
after replacements. While greater stiffness, endurance, and strength of metals are preferred, 
the higher stiffness of metals shields the stress distributed to the adjacent bone tissue and 
leads to bone resorption called “stress shielding.” Therefore, the mechanical properties of 
the scaffolds should match that of the native tissue to both prevent stress shielding and give 
proper mechanical performances.

Despite the types of materials used for fabrications, the relative modulus of cellular materi-
als (E/Es) has a power law relation to the relative density (ρo/ρs), based on Gibson and Ashby 
model [43]:

    E __ Es   =  ϕ   (    
ρo

 ___ ρs   )     
n

   (1)

where E and Es are the moduli of base and cellular materials and ρo and ρs are the density of 
base and cellular materials. This relationship depends on the unknown coefficients (ϕ and n) 
which are a factor of each cellular unit.

The cellular structures with various relative densities can be created by varying the diameter 
of the beam thickness (Figure 7). The moduli and strength of those cellular scaffolds can be 
predicted upon the relative density, as shown in an example of cobalt chrome (CoCr) cellular 
structures (Figure 9). It is clear that the elastic modulus (stiffness), yield stress, and ultimate 
compressive strength of cellular structures increase with decrease in the porosity. The CoCr 
cellular structures of pillar octahedron have stiffness and compressive strengths between 
2.33–3.14 GPa and 113–523 MPa, respectively, which are comparable to those of cortical bone 
tissues (2.73–17 GPa [44] and 100–150 MPa [45]). In addition, these CoCr cellular structures 
also demonstrated a greater energy absorption (24.6–116.86 MJ/m3) than bone tissues.

Unfortunately, the quality of the SLM-built is a major concern that affects the scaffold repro-
ductions. Although FEA could predict the modulus of cellular scaffolds, the accuracy of the 
prediction is low [46]. Poor correlation between FEA and physical testing results from an 
incomplete melting of the metal powders. Internal voids of the printed scaffolds increase 
the stress concentration, and crack may occur, weakening the scaffold constructs (Figure 10). 
Completely selective-melting process in each layer of the manufacture plays a main role to 
minimize such error of the prediction.

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications84

Figure 9. Normalized elastic modulus (a), normalized yield strength (b), normalized ultimate compressive strength (c) of 
CoCr cellular structures vs. relative density. Reprinted from [31] with permission from Elsevier.

Figure 10. Internal voids of the CoCr laser-melted specimens.
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The mechanical properties of titanium alloys fabricated with SLM have been extensively 
studied under static and fatigue loadings [19, 21, 47–51]. Although titanium cellular struc-
tures have similar stiffness as bone tissues, fatigue is still a technical issue, which mainly 
resulted from poor design of the internal architectures [19, 52]. Naturally, the implant is 
expected to have similar properties as bone. Structural gradient has been observed in bone 
tissues, depending on required functions, such as load-bearing capacity and biological prop-
erties [5]. However, under axial compression, there is no benefit of graded cellular bone scaf-
folds over a uniformed bone scaffold with the same relative density [31]. Figure 11 shows 
that CoCr graded cellular structures have similar elastic modulus, yield strength, and com-
pressive strength as the uniformed cellular structures. CoCr cellular scaffolds and graded 
cellular scaffolds with the porosity ranging from 40 to 70% exhibit elastic modulus around 
2.7–3.1 GPa, which is in the same level of bone stiffness [44, 53]. Therefore, mechanical prop-
erties of the cellular bone scaffolds are mainly related to the relative density rather than the 
porosity-graded characteristics.

The opposite findings were noticed with the bioceramic graded cellular scaffolds. Wang et al. 
[17] studied a novel calcium polyphosphate bioceramic scaffold with a graded pore structure 
similar to the bimodal structure of cortical and cancellous bones (Figure 12). The compressive 
strength of porosity-graded calcium polyphosphate (PG-CPP) scaffolds was better than that 
of homogeneous calcium polyphosphate (H-CPP) scaffolds, which was significant (p < 0.05) 
at each time point. This fact is also noted that, after 28 days of degradation, the compressive 
strength of PG-CPP scaffolds was even greater than that of primary H-CPP.

Figure 11. Relationships of compressive mechanical comparisons between graded cellular strcutrues (FGMs) and 
cellular structures. The lines represent the upper and lower predictive values of the cellular structures. Reprinted from 
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It is still controversial whether the graded cellular scaffolds can improve the mechanical prop-
erties of the constructs compared to homogeneous scaffolds. The bioceramic scaffolds with 
a porosity-graded structure in this study have a much better mechanical property. PG-CPP 
gives a prolonged deflection besides the elastic deformation which indicates that the porosity-
graded scaffolds exhibit a different fracture behavior from that of the homogeneous scaffolds. 
Furthermore, PG-CPP exhibits nonbrittle fractures whereas the H-CPP fractures catastrophi-
cally. Hence, it may be inferred that the mechanical properties of the porosity-graded scaf-
fold can be substantially improved by a graded porous structure [17]. To end this, types of 
materials used for fabrications, internal structures of the scaffolds, and the design of graded 
scaffolds play an important role to control the mechanical properties of the graded cellular 
scaffolds.

Although both homogeneous and porosity-graded metallic bone scaffolds show a reason-
able mechanical strength, the benefits of cellular graded structures optimized the functions 
required for such scaffold. Metallic cellular structures have lighter weight than solid metals, 
since an introduction of pores inside the materials. The stiffness of cellular structures can be 
tailored to match that of bone, according to the design and density of the scaffold’s architec-
tures. The stiffness of the cellular bone scaffolds is related to the porosity, following a nonlin-
ear relationship as reported by Gibson and Ashby [43]. Therefore, the cellular bone scaffolds 
share more of the stress to an adjacent bone tissue than the solid counterpart due to the lower 
stiffness of the scaffolds.

Basically, the cellular structural implants with low stiffness properties reduce the peri-pros-
thetic bone-stress shielding, yet increase the bone-implant interface failure. Figure 13 shows 
that more peri-implant bone-stress shielding occurs with the high-stiffed implant, and finally 
increases higher risks of the implant loosening. The initial stability of a femoral stem is neces-
sary for biological bony ingrowth, which can be secured by minimizing relative micromotion 

Figure 12. Bioceramic graded cellular scaffolds with different graded porosities: (a) porous scaffold with a hollow center, 
(b) two graded porous layers, and (c) three graded porous layers [17]. Reprinted with the permission of a creative 
commons attribution license.
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at the bone-implant interfaces. Excessive micromotions (>150 μm) allow fibrous connective 
tissue to grow, which prevents bone ingrowth between the contact surfaces and leads to asep-
tic loosening and failure of the implant [54–56]. Although homogeneous cellular implants 
increase stress sharing to peri-prosthetic bone due to lower construct stiffness, the greater 
interface failure due to excessive micromotions (>150 μm) adversely causes an initial implant 
instability and inhibits bone osseointegration.

According to computational study [57], the porous femoral stem with uniform relative density 
of 50% is approximately three times more flexible than the titanium stem. This implant can 
qualitatively simulate the behavior of an implant made out of tantalum foam using the well-
defined cellular structures. The amount of bone resorption and the interface failure index of 
this stem are about 34% and 2.87, respectively, and the interface failure is maximum (0.71) at 
the edge of the proximal region. Compared to the solid titanium implant, the amount of bone 
resorption decreases by 50%, whereas the maximum interface failure increases about 40%. 
This shows that a decrease in the implant stiffness with uniform porosity distribution aiming 
at reducing bone resorption has the undesirable effect of increasing the risk of interface failure 
at the proximal region.

Kuiper and Huiskes [58] showed that the use of a graded material in an orthopedic stem 
can lead to a reduction of both stress shielding and bone-implant interface failure. The bone 
resorption and interface failure of graded cellular stems are 16% and 1.15, respectively [57]. 
The peak value of the local interface failure is 0.25. Compared to the titanium stem, both 
the amount of bone resorption and the peak of interface failure were decreased by 76 and 
50%, respectively. With respect to the uniformly distributed cellular implant, the decrease in 
bone resorption and interface failure peak is of 53 and 65%, respectively. A graded cellular 
implant with optimized relative density distribution is thus capable of reducing concur-
rently both the conflicting objective functions. In particular, bone resorption reduces as a 
result of the cellular material which makes the implant more compliant; the interface stress 
and micromotions, on the other hand, are minimized by the optimized gradients of cellular 
material.

Figure 13. Influences of graded cellular structures on bone resorption. Reprinted from Ref. [31] with permission from 
Elsevier.

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications88



at the bone-implant interfaces. Excessive micromotions (>150 μm) allow fibrous connective 
tissue to grow, which prevents bone ingrowth between the contact surfaces and leads to asep-
tic loosening and failure of the implant [54–56]. Although homogeneous cellular implants 
increase stress sharing to peri-prosthetic bone due to lower construct stiffness, the greater 
interface failure due to excessive micromotions (>150 μm) adversely causes an initial implant 
instability and inhibits bone osseointegration.

According to computational study [57], the porous femoral stem with uniform relative density 
of 50% is approximately three times more flexible than the titanium stem. This implant can 
qualitatively simulate the behavior of an implant made out of tantalum foam using the well-
defined cellular structures. The amount of bone resorption and the interface failure index of 
this stem are about 34% and 2.87, respectively, and the interface failure is maximum (0.71) at 
the edge of the proximal region. Compared to the solid titanium implant, the amount of bone 
resorption decreases by 50%, whereas the maximum interface failure increases about 40%. 
This shows that a decrease in the implant stiffness with uniform porosity distribution aiming 
at reducing bone resorption has the undesirable effect of increasing the risk of interface failure 
at the proximal region.

Kuiper and Huiskes [58] showed that the use of a graded material in an orthopedic stem 
can lead to a reduction of both stress shielding and bone-implant interface failure. The bone 
resorption and interface failure of graded cellular stems are 16% and 1.15, respectively [57]. 
The peak value of the local interface failure is 0.25. Compared to the titanium stem, both 
the amount of bone resorption and the peak of interface failure were decreased by 76 and 
50%, respectively. With respect to the uniformly distributed cellular implant, the decrease in 
bone resorption and interface failure peak is of 53 and 65%, respectively. A graded cellular 
implant with optimized relative density distribution is thus capable of reducing concur-
rently both the conflicting objective functions. In particular, bone resorption reduces as a 
result of the cellular material which makes the implant more compliant; the interface stress 
and micromotions, on the other hand, are minimized by the optimized gradients of cellular 
material.

Figure 13. Influences of graded cellular structures on bone resorption. Reprinted from Ref. [31] with permission from 
Elsevier.

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications88

Furthermore, for designing the scaffolds with functionally graded structures to mimic the 
graded structures of the host bone, the stress sharing to the adjacent bone is increased around 
50% compared to the uniformed cellular bone scaffolds [31]. The degree of proximal bone-
stress sharing depends on a porosity-graded orientation. In case of intramedullary implants, 
such as femoral stems, the scaffolds with porosity gradient along a longitudinal plane present 
the maximum stress distribution to the proximal bone (Figure 14).

Graded cellular implants are functionally designed to match the mechanical and morphologi-
cal properties of bones. While the graded metallic cellular implants exhibit mechanical prop-
erties similar to the uniformed cellular implants, the graded one is more capable of preventing 
bone-stress shielding and promoting larger amounts of bone ingrowth to the implants. The 
optimized designs of biomimetic graded cellular implants are complex depending on the 
functional objectives of the constructs.

4. Conclusion

The graded cellular bone scaffolds show logical concepts for bone tissue engineering. Cellular 
structures with graded pore sizes and porosities could mimic the graded structure in bones [5]. The 
advantage of graded cellular structures over the uniformed cellular structures is that the former 

Figure 14. Strain (a) and stress (b) distributions along the proximal, middle, and distal parts of the tube surfaces under 
compression loads. Reprinted from Ref. [31] with permission from Elsevier.
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provide more realistic environment for biological and mechanical functions. For stress-sharing 
orthopedic applications, the axially graded cellular structure demonstrated balanced mechani-
cal performances and maximized proximal stress transfers around a peri-implant material [31]. 
Instead of using the uniformed cellular structures, we believe incorporating graded cellular struc-
tures in a structure like femoral prosthesis that will improve the load distribution in adjacent 
bones, greater bone osteointegration, and optimum nutrient permeability of the components [17].
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Abstract

Autogenous cancellous bone is the most effective material in promoting rapid healing
and still considered the “gold standard” for evaluation of bone graft substitutes. The
harvesting process to collect autologous bone is associated with complications and its
availability is limited. Allogenic bone is another alternative with osteoconductive
properties, and it act as a structural graft when applied in defects of long bones, but
some disadvantages are also associated. The development of the bone grafts substi-
tutes has gained tremendous popularity over the last two decades. Osteoconductive
materials act as scaffolds were cells from the surrounding tissues with osteogenic
capacities can lay new bone, and may be produced using different types of agents,
such as bone products, ceramics, bioactive glasses, collagen, polymers, and compos-
ites. Bonelike® is produced by the incorporation of P2O5–CaO glass-based system
within a hydroxyapatite matrix. Bonelike® Poro consists of polygonal granules with
2000–2800 μm and 4000–5600 μm of diameter with pore sizes range from 100 to 400 μm.
This chapter will focus on the different techniques were this ceramic synthetic bone
substitute was used to promote bone regeneration with special attention in both experi-
mental and clinical cases of veterinary orthopaedics in dogs and cats, horses and rumi-
nants, including results obtained with Bonelike®.

Keywords: bone regeneration, bone graft, bone substitutes, synthetic bone substitutes,
orthopaedics, veterinary, clinical cases
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1. Introduction

The bone healing process shares many similarities with soft tissues’ healing, but, in contrast,
the bone is the only tissue that has the capacity of healing without scar formation. Neverthe-
less, incomplete healing may occur, and the tissue other than the bone may be found at the
healing site. Bone healing depends on adequate vascular supply and stability of the bone
fragments. Proper bone healing can only occur after restoration of mechanical stability to
achieve an ideal biomechanical environment. Many clinical situations may require additional
osteosynthesis surgical procedures to acquire the biomechanical stability and immobilization
necessary for correct bone regeneration and future functional recovery. Intrinsic mechanisms
present unique histological characteristics that appear isolated or in association, depending on
the bone fragment mobility [1–4]. The amount of bone callus produced depends on the stability
of the fracture sides and usually increases with fracture instability. Spontaneous healing of
complete fractures often occurs with highly unstable fragment ends and high interfragmentary
strain (deformation occurring at the fracture site relative to the size of the gap), to a limit of 2%
strain [1, 4]. Fracture healing under restricted motion induces an initial reduced amount of
bone callus formation. This type of healing relies on fracture configuration and the implant’s
rigidity and may be achieved by external coaptation of the fracture or after gliding implant
fixation with intramedullary pins and nails. With these surgical reconstructive methods, the
amount of the callus produced is highly variable and dependent on the fracture configuration
and the rigidity of the frame used [1, 3]. When the fixation is performed with a bone plate, the
amount of callus formation will be different if the plate is not applied on the tension side of the
bone, if the reduction is not perfect or when the plate lacks rigidity. In stable fractures using a
rigid plate for osteosynthesis, there is significantly decreased callus formation between the
bone fragments [1, 2]. This phenomenon is called ‘primary healing’, referring to the direct
filling of the fracture site with the bone, without formation of significant callus (periosteal or
endosteal). Healing under these conditions occurs by direct osteonal proliferation with inter-
digitation of bone fragments providing a very stable union. In opposition when the bone ends
are separated by a gap inferior to 0.01 mm and the interfragmentary gap is less than 2%, the
primary osteonal reconstruction results in direct formation of lamellar bone, oriented in the
normal direction [1, 3]. This is termed contact healing and is initiated by osteoclasts from
osteons near the fracture line. Another context for direct bone healing is observed in gaps from
800 μm to 1 mm and interfragmentary strain less than 2%, and gap healing is designated.
Here, bone union and Haversian remodellation are separated by sequential process steps.
Fracture site is filled directly by intermembranous bone formation, but the newly formed
lamellar bone is oriented perpendicular to its long axis, and, later on, it undergoes secondary
osteonal reconstruction (remodellation). In this way, the fracture repair depends on two
important events: the rate of new bone growth (that replaces the stiffness and strength of the
bone) and the strength and duration of the implant (maintenance of its function until it
collapses and fails) [1–4]. When new bone formation is compromised and/or a risk of implant
failure is expected, promotion of fracture healing is indicated, in order to enhance new bone
formation, allowing for corrected bone structure formation and organization [1]. Fractures
with impaired bone repair mechanisms or fixation failure will result in a non-union condition.
Adequate bone repair depends on four crucial elements: an osteoconductive matrix, an
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osteoinductive signal, an osteogenic cell acting in response to that signal and an adequate
blood supply [1, 3, 4]. There are several clinical situations where it is important to promote
and enhance bone healing process in order to restore the original bone structure and function,
both in human and veterinary medicine. These include traumatic injuries or tumour resections
with substantial and irregular bone loss, gap filling following corrective osteotomy, arthrodesis
or arthroplasty, spinal fusion, non-union or delayed bone union, metabolic diseases and local
or systemic disease in aged patients. In these situations, bone regeneration is compromised,
and the bone defect exceeds the intrinsic biological restoration mechanisms. These clinical
cases occasionally result in unsatisfactory outcomes and are a challenging scenario to ortho-
paedic surgeons. When facing such clinical problems, different treatment strategies can be
used to improve new bone formation, avoiding the formation of bone with inferior quality to
the original [1, 3, 5–7].

Autogenous cancellous bone grafting (ACBG) is used in veterinary orthopaedic surgery as a
bone void filler to improve bone healing in the treatment of bone defects in low-grade
fractures in both mechanical and biological assessment score, arthrodesis, delayed unions
or non-unions, enhancement of fracture healing, periprosthetic coating, spinal fusion pro-
cedures and void filler of bone gaps resulting from fractures, osteotomy, ostectomy, arthrod-
esis or tumour resection [1, 7]. The ‘gold standard’ when evaluating bone graft substitutes is
still considered to be ACBG. Cancellous bone graft provides osteoconductive properties,
acts as a scaffold for osteoprogenitor cells and delivers viable cells without the risk of
immune reactions or infectious disease transmission. However, its use is associated with
some limitations including the need of an additional surgery for harvesting cancellous bone,
donor-site morbidity and limited amount of bone graft. The last point can result in an
insufficient amount to completely fill the defect which may implicate the need for
harvesting from more than one donor site. In humans, the second surgery for autologous
bone graft collections is associated with 25% of morbidity, with major complications
occurring in 3–4% of the patients. Complications include pain, sepsis, stress fractures,
intraoperative haemorrhage, increased anaesthetic and surgical times and limited sup-
ply [8, 9]. Limited supply is more critical in small dogs and toy breeds, in cats or in animals
that have been previously submitted to bone graft harvest. In those cases, the harvesting
from the humerus may be the best option, because higher amounts of bone can be collected
when comparing to the tibia while also presenting accelerated healing and complete resto-
ration cancellous bone. Another drawback is its lack of strength of ACBG, hampering its use
as a structural graft [1, 10]. Cortical allograft could be an alternative, which provides
structural strength along with osteoinductive and osteoconductive properties. Nevertheless,
the transmission of infectious diseases and adverse immune reactions are important risks to
consider [11].

In the case of human patients, demineralized bone matrix (DBM) is the most common source
of partially purified bone-inducting factors used. During the demineralization process, allo-
genic bone is chemically sterilized to preserve its osteoinductive properties from the original
bone collagen network and molecular signalling. Commercial forms of DBM are also available
for canine patients, where immune reactions are reduced by the removal of the periosteum,
cartilage and bone marrow and by freezing process [6, 7, 12–14].
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In the last decades, the well-known disadvantages of autografts and allografts have encour-
aged the development of bone synthetic substitutes to be employed as bone grafts, reflecting
in the increase of the clinical application of these types of biomaterials. An ideal bone
substitute should be biocompatible/safe; should be resorbable, with a similar mechanical
resistance as the cortical bone; should have osteoconductive, osteoinductive and osteogenic
properties; and should be easily handled and sterilized. The bone substitute should not
cause any adverse systemic or local reaction; should provide a favourable environment to
be colonized by blood vessels, cells and growth factors; and should be obtained at a low
cost [7, 9].

These biomaterials are available for use in veterinary orthopaedics, alone or in combination
with other strategies, such as osteoinductive bone morphogenetic proteins (BMPs) or cell-
based treatments [6, 7, 11, 14]. They are composed of different materials with osteoconductive
properties, such as bone products, ceramics, polymers and composites. The clinical applica-
tion of each material is defined by its properties, which depend on composition and phys-
ical characteristics (e.g. granulometry, shape, pore size and interconnective porosity). The
latter is determined by the manufacturing technique used [7, 9]. The synthetic bone sub-
stitutes offer an ideal substrate for bone cell colonization and consequent new bone forma-
tion [7].

Osteoconductive materials are grouped in two main categories. The first category includes
ceramic-based bone substitutes, and the second category includes polymer-based bone graft
substitutes (less commonly used). The most popular ceramic-based bone substitutes are
calcium sulphate, bioactive glass and calcium phosphate. Calcium sulphate was the first
material used as a bone graft substitute in clinical field, where it showed to be user-friendly,
inexpensive, readily available and stable for filling-in bone defects, without a negative
effect in bone healing. However, it presents fast absorption rates, leading to the loss of
mechanical properties before equivalent new bone formation, constituting its main disad-
vantage and limiting its use in relevant clinical cases. Bioactive glass was designed as a
bone graft for dental applications. Its use in orthopaedic surgery seems to be limited by its
brittleness, radiopacity (which compromises radiographic evaluation of bone healing) and
prolonged resorption times. Compared to bioactive glass, calcium phosphate is less radi-
opaque with faster reabsorption, but its osteointegration rate is highly variable, depending
on its crystal size and stoichiometry. Tricalcium phosphate compounds are available in
different presentations, including tricalcium phosphate, hydroxyapatite and a combination
of the two.

Regardless of the mineral detail of its composition, the final formulations/presentation forms
are of extreme relevance, concerning both its external shape and internal architecture. Exter-
nal shape and granule size will determine its suitability for particular lesion applications,
considering effective size and ease of access for implantation. Its architecture is determinant
for the resolution of the bone defect since bone ingrowth is dependent on the pore size.
According to Ragetly et al., a minimum pore size of 100 μm is required for bone ingrowth
and for optimal promotion of ingrowth pores should have a granulometry between 300 and
500 μm [7, 9, 15].
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2. Preclinical trials

A series of regulatory steps are essential in the development of biomaterials, requiring its physical-
chemical characterization; in vitro validation, and at an intermediate stage, in vivo suitability;
safety; and performance assessment: biocompatibility, osteoconduction, osteointegration and
osteoinduction [16]. In sight of the ethical issues associated to the use of animals for experimen-
tal purposes, extensive efforts aim at refining in vitro methods as valid alternatives. Unfortu-
nately, current in vitro models still underachieve in replicating the tissue response of a live
animal to a bone substitute [16–18].

The preparation and conduction of preclinical studies are bound to a number of sequential
phases. First, the proposed materials ought to be tested in noncritical-sized defects, allowing
for the preliminary assessment of multiple material samples’ behaviour in defined in vivo
conditions. This feature is very important on the initial screening of a biomaterial’s in vivo
behaviour, enabling the choice of the chemical composition and format of the biomaterial with
the most potential for more challenges [19–21]. Furthermore, noncritical-sized defect ensures
fast and reliable healing process, allowing for the observation of the various stages of bone
healing and biomaterial degradation [21, 22]. Once the ideal composition is chosen and bio-
compatibility is analyzed, the material may be used directly in clinical trials, or if found
necessary, in increasingly critical defects, to confirm the results obtained in the first approach
with noncritical defects, and to determine its limits of efficiency and performance [21].

One of the fundamental aspects when choosing the most adequate animal models to test bone
replacement materials is the size of the bone defect amenable to assess [23, 24]. A critical-sized
bone defect (CSBD) is defined as the smallest bone defect that will not heal spontaneously
during the lifetime in a particular bone and species of animal [23, 25]. In a more detailed
description, a CSBD has been referred to as a defect that has less than 10% bony regeneration
during the lifetime of the animal or duration of the experiment [26, 27]. Although the smallest
size that creates a defect designated as ‘critical’ is not a well-established concept, it has been
defined as a segmental bone deficiency of length exceeding 2–2.5 times the diameter of the
affected bone [28]. Some animal studies suggest that CSBD in sheep could be approximately
three times the diameter of the diaphysis. Therefore, a critical defect in long bone cannot
simply be defined by its size, but may also be dependent on the species phylogenetic scale,
the location in the skeleton, the surrounding soft tissue envelope and the load bearing on the
affected limb.

Bone colonization of macroporous biphasic calcium phosphate (MBCP) ceramics implanted in
different sites (femur, tibia and calvaria) on a critical-sized defect in two animal models (rats
and rabbits) showed bone ingrowth in all MBCP-implanted sites but with distinct rates. Bone
colonization appeared statistically higher in the femur of the rabbits (48.5%) compared to the
tibia (12.6%) and calvaria (22.9%) sites. As such, the comparison of results between animals or
different bone defect locations is subject to bias, so a well-conducted study and fully validated
animal models are essential in the development of new synthetic bone substitutes [29]. Fur-
thermore, the host’s age, metabolic and systemic conditions and comorbidities also affect the
defect’s healing potential [30].
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Attempts to repair a CSBD only lead to the formation of fibrous connective tissue rather than
the bone [31]. For practical purposes, if there is no more than 30% of the mineralization area
after 52 weeks, lifelong incomplete bone healing is to be assumed [32]. The incapacity of
natural healing when left untreated represents the negative control, so that the osteogenic
potential of the material being tested can be considered unequivocal. Furthermore, CSBD
should heal with appropriate treatment, and the autologous cancellous bone grafts are still
named as the gold standard or positive control. Any new treatment based on bone tissue
engineering should be tested and compared with these two landmarks [25]. Given the clinical
targets of such applications (mostly aged or health-impaired patients), animals should be
skeletally mature, in order to avoid misleading results deriving from the superior potential of
the young animals to regenerate bone defects [23].

Recently, the osteoinductive ability of porous calcium phosphate ceramics was studied in four
animal species through the implantation of cylinders of hydroxyapatite/tricalcium phosphate
(HA/TCP) (in the proportion of 60 and 40%, respectively) in dorsal muscles in dogs, rabbits,
rats and mice. After 1 year, the implants were removed, and histopathology tests were
conducted with haematoxylin/eosin staining and Masson’s trichrome staining to observe the
new bone tissue formation. The study concluded that the material is biocompatible and
biologically safe (no tumour or any atypical cells were present) and would be considered as a
potential for bone substitute. Apart from the rat’s groups, there was new bone and bone
marrow tissue development in large amounts. The osteogenic ability of the implant was
superior in mice, followed by dog and rabbit [33].

Small rodents, rabbits, dogs and small ruminants are the most popular model species for bone
regeneration studies, bracing several of the target species for veterinary clinical applications.
Allografts and bone graft substitutes have not been fully evaluated in cats, and for that reason,
Dorea et al. compared the efficacy and safety of a Bioglass® with that of autogenous and
allogeneic cancellous bone graft in this species. Four defects in the lateral diaphyseal cortex of
the femur with a diameter of 4.0 mm were created in each animal. One hole was filled with
autogenous CBG, another with allogeneic CBG and a third one with Bioglass®. The fourth
defect was left unfilled. The healing process was monitored every 2 weeks by X-ray. After 6
weeks, cats were euthanized, and the resolution of the defects was appreciated. The study
indicated an acceptable bone regeneration in all defects. Although with a slower healing rate,
Bioglass® showed to be an acceptable alternative to ACBG in cats [34].

3. Clinical cases

The use of synthetic bone grafts, in veterinary medicine, has been increasing in the last years, but
even so its application is substantially lower than in human medicine. This is mainly due to the
costs involved in the use of biomaterials, but nowadays with the development of society and
consequent attention given to the animals, there was an increase in the availability of owners to
invest in the treatment of their animals. Besides the sentimental value of certain animals, it is not
to be despised the growth of the economic valuation of certain types of animals.
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(HA/TCP) (in the proportion of 60 and 40%, respectively) in dorsal muscles in dogs, rabbits,
rats and mice. After 1 year, the implants were removed, and histopathology tests were
conducted with haematoxylin/eosin staining and Masson’s trichrome staining to observe the
new bone tissue formation. The study concluded that the material is biocompatible and
biologically safe (no tumour or any atypical cells were present) and would be considered as a
potential for bone substitute. Apart from the rat’s groups, there was new bone and bone
marrow tissue development in large amounts. The osteogenic ability of the implant was
superior in mice, followed by dog and rabbit [33].

Small rodents, rabbits, dogs and small ruminants are the most popular model species for bone
regeneration studies, bracing several of the target species for veterinary clinical applications.
Allografts and bone graft substitutes have not been fully evaluated in cats, and for that reason,
Dorea et al. compared the efficacy and safety of a Bioglass® with that of autogenous and
allogeneic cancellous bone graft in this species. Four defects in the lateral diaphyseal cortex of
the femur with a diameter of 4.0 mm were created in each animal. One hole was filled with
autogenous CBG, another with allogeneic CBG and a third one with Bioglass®. The fourth
defect was left unfilled. The healing process was monitored every 2 weeks by X-ray. After 6
weeks, cats were euthanized, and the resolution of the defects was appreciated. The study
indicated an acceptable bone regeneration in all defects. Although with a slower healing rate,
Bioglass® showed to be an acceptable alternative to ACBG in cats [34].

3. Clinical cases

The use of synthetic bone grafts, in veterinary medicine, has been increasing in the last years, but
even so its application is substantially lower than in human medicine. This is mainly due to the
costs involved in the use of biomaterials, but nowadays with the development of society and
consequent attention given to the animals, there was an increase in the availability of owners to
invest in the treatment of their animals. Besides the sentimental value of certain animals, it is not
to be despised the growth of the economic valuation of certain types of animals.
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3.1. The use of synthetic bone grafts in small animal clinical cases

Some isolated case reports in small animals using ceramic-based bone graft substitutes have
been published in the last decades.

The application of β-tricalcium phosphate (TCP) has already stepped out of preliminary
preclinical assays to veterinary patients’ applications. Izumisawa et al. successfully solved pes
varus in two miniature Dachshunds using a wedge of synthetic β-TCP to fill the gaps created
by tibial corrective open osteotomies. According to the authors, 2 months after the surgery, the
edge of osteotomies was integrated with the bone. The bone plates and screws were removed
after 4 months, and, by then, the TCP wedges were completely resorbed and the osteotomy
bone was remodelled. In both cases the use of synthetic bone graft TCP avoided the need of a
second surgery to harvest autologous cancellous bone graft. In both cases, the postoperative
angles were corrected and maintained during the follow-up period, and, morphologically, the
body of the tibia in the affected hind limb nearly equalled that found in healthy limbs. Dogs
were able to walk a few days postoperatively, and the authors concluded that the corrective
transverse-opening osteotomy together with synthetic bone graft substitute β-TCP and veter-
inary T plate fixation is an effective method for the treatment of pes varus in small-breed
dogs [35]. A single case of tarsal joint fusion with β-TCP and platelet-rich plasma (PRP) was
reported by Hauschild et al., and ACBG, and hence the need of additional surgery to harvest
the bone graft, was successfully avoided. The healing process was uneventful and was com-
plete at 4 months after surgery, at which time the dog presented no signs of lameness [36].

Another report on the clinical use of β-TCP as synthetic cancellous bone graft in veterinary
orthopaedics was presented by Franch et al. They retrospectively studied 13 clinical cases,
where granules of β-TCP, with an irregular form and interconnected porous structure (without
dead ends, mean porosity of 60% and mean pore size of 250 μm), were mixed with fresh blood
and used as void filler in subcritical-sized bone defects in long bones. The β-TCP used in these
clinical series was commercially available in sterile vials containing 2 g of granules with 99% of
pure phase. The clinical cases are summarized in Table 1. All but one case achieved complete
bone union, and radiographic bone ingrowth was at 100% in 10 cases, 90% in 1 case and 75% in
another case. The publication reported excellent clinical results confirming the biocompatibil-
ity and usefulness of β-TCP as a synthetic bone graft for moderate to large subcritical bone
defects with initially expected good biological conditions (blood supply, cellular activity, etc.),
on which the main problem is to provide a structural scaffold to allow bone and capillary
ingrowth and the healing of the defect [37]. The same author described the treatment of a distal
radius atrophic non-union in a 1-year-old male Yorkshire terrier using a 3D-printed β-TCP
scaffold with rhBMP-2 (TruScient®) to create a scaffold with the same shape as the defect. After
the removal of the bone plate (10 months), load started to transmit along the bone axis,
reducing the potential risk of stress protection. Eighteen months after surgery, the scaffold
was no longer visible, and complete corticalization of the regenerated bone area was observed
on computed tomography (CT) scan evaluation. Given the results, the author suggests that the
3D-printed β-TCP scaffold with rhBMP-2 is an excellent bone substitute, due to good
osteoinductive properties given by rhBMP-2 complemented with good osteoconductive poten-
tial provided by the open-interconnected macroporosity from the β-TCP scaffold [38].

Clinical Application of Macroporous Ceramic to Promote Bone Healing in Veterinary Clinical Cases
http://dx.doi.org/10.5772/intechopen.70341
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Treatment of long bones affected with large segmental defects is challenging in human and
veterinary medicine [39]. Different surgical approaches have been developed, but most of
these techniques present major complications. Cortical allografts are prone to infection and
are rarely fully incorporated [11, 39]. Distraction osteogenesis should only be used in docile
animals and cooperative owners because it needs a lot of adjustments and cleaning of the
fixator besides having to be kept in place for prolonged periods that could lead to loss of
stability and discomfort [40]. Osteoconductive materials and osteoinductive substances, such
as canine-demineralized bone matrix, canine autogenous bone grafts and bone morphogenetic
proteins, have been used for the treatment of bone defects and comminuted fractures, alone or
in combinations with bioceramics [6, 12]. Another alternative treatment that has been used
with success is the clinical application of titanium mesh cages [41], nevertheless with extreme
variable outcomes [42].

One case report in a dog with large segmental femoral and radial bone defects that failed in the
first attempt of surgical stabilization and finally treated with a combined approach with
titanium mesh, β-TCP, ACBG into the defects and fractures was stabilized with locking plates.
Titaniummesh allowedmaintaining bone fragments and grafts within the defect being further,
between 22 and 63 weeks, surrounded by a bony bridge. Clinical outcome was successful
without visible lameness in pace, but it was visible, while running and reduction in range of
motion with crepitation were noticed on the stifle joint. Those limitations could be associated
with original trauma or complications of fixation methods. Long-term follow-up (greater than
1 year) shows a satisfactory active mobilization of the limb. In this case, the technique has been
simple and should be an alternative for treatment of long segmental bone defects. However,
further systematic clinical studies are needed in order to evaluate the efficacy, complications
and spectrum of the clinical use of this method [41].

A case report of successful reconstruction of a long segmental tibial defect in a 5-year-old 5 kg-
spayed female Maine Coon cat were transverse distraction osteogenesis in the contralateral
tibia was used to create free autograft for filling the defect. After fixation of the bone fragments
with a locking plate, the autograft was transferred to the defect in the contralateral tibia, and
the remnant space was filled with silicate calcium phosphate bone graft substitute. By 27
months, both tibias were healed; implants had been removed with an excellent functional
outcome [43].

Combination of BMPs for augmentation of bone regeneration associated with bioceramics in
the treatment of non-union fractures of long bones was mentioned in a review as a single case
of non-union of the distal radius in a Pomeranian [44] and in a distal radius atrophic non-union
in a 1-year old male Yorkshire terrier by Franch [45]. A recent prospective longitudinal cohort
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with healing time from 7 to 20 weeks (median 10 weeks) and return to full or acceptable
function in all dogs [46].

Non-weight-bearing bone lesions can also greatly benefit from the application of synthetic bone
substitutes, such as those resulting from dental procedures. Boudrieau et al. published in 2004
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one case report of treatment of severe mandibular malocclusion after partial mandibulectomy in
a 14-month-old golden retriever using fenestrated, monocortical rib grafts with rhBMP-2 in a
collagen-TCP sponge that showed new bone formation after 3 months with reconstruction of the
defect. One year later, the bone was collected, and the new bone was robust with evidence of
continued remodelling. No major complications were noticed, and bony remodelling was evi-
dent at 4-year follow-up [47].

According to the authors’ knowledge, those are the first reports of the use of rhBMP-2 deliv-
ered via adsorption into a CRM for regenerating bone in chronic defect non-union fractures in
dogs. Its radiographic appearance seems to have a normal bone density and was integrated to
native bone. The combined surgical and regenerative strategies reported achieved predictable,
timely reconstruction of defect non-union fractures in small-breed, older dogs. The use of
rhBMP-2 should be done with caution due to its very potent effect that is very versatile and
with a wide range of functions and dose dependent. Finally, the incorporation of a regenera-
tive strategy into the surgical resolution of non-union fracture defects avoided the morbidity
associated with autologous bone grafting and provides fast return to normal function [48].

CRM is made of a collagen sponge with implanted granules of hydroxyapatite and tricalcium
phosphate generating a semi-rigid framework that can resist to compressive forces in vivo, and
it has been successfully used to fill bone defect in several studies [46, 48, 49]. In a prospective
case series published by Arzi et al., CRM was used with rhBMP-2 in immediate reconstruction
of segmental mandibulectomies (mandibular defects ≥5 cm) in four dogs for treatment of
benign or malignant tumours. After tumour recession, the critical-sized bone defects were
stabilized with titanium locking plates, and CRM, soaked with 0.5 mg/ml rhBMP-2 15 min
before implantation at a volume equivalent to half of the calculated volume of CRM (with a
half to three quarters of the mandibular height and a length 2 mm greater than the defect), was
tightly implanted. Radiographic evaluations were made postoperatively at weeks 2, 4, 8 and 12
after surgery. In two clinical cases, a CT scan of the mandible was acquired 3 months after
surgery. All dogs had proper occlusion after surgery and in the follow-up evaluation and
returned to normal activity. After 2 weeks the entire defect site was covered with gingiva, and
at 4 weeks, it was completely solid. There was no recurrence of the tumour or fractures during
the controls at 2 and 3 months after surgery, and all owners reported an excellent quality of the
life of their dogs [49]. The radiodensity of regenerated mandible increases throughout radio-
graphic controls from postoperative radiographs to 4 weeks after surgery. The CRM scaffold
had evidence of new bone formation connecting the adjacent mandible and smooth margins at
4 weeks post-surgery. At 8 weeks the scaffold continued to increase its radiodensity, and a
mineralized union with the mandible was noticed. New bone formation and complete integra-
tion of CRM material with native mandible tissue were evident on CT image evaluation. The
authors concluded that this surgical and regenerative approach achieved a rapid return to
normal activity, with normal anatomy and occlusion, bone regeneration and re-established
biomechanical function [49].

Verstraete published another case series in six dogs where CRM and rhBMP-2 were used as a
regenerative approach to fill non-union mandibular fracture defects stabilized with locking
titanium miniplate. All dogs were adopted from a shelter, and, apart from two dogs, it was not
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possible to know the duration of the non-union. In all cases the non-union defect was debrided
and cleaned from fibrous and devitalized tissues and old implant materials. The volume of the
defects was estimated with a CT with three-dimensional reconstruction, and an amount of
CRM enough to fill a half to three quarters of the mandibular height with a length of 2 mm
greater than the mandibular gap was prepared. The CRM was soaked with a volume of
rhBMP-2 (0.5 mg/ml) corresponding to 50% of the CRM volume used to fill the defect. As an
example, with a CRM piece of 2 cm length, 0.5 cm width and 1 cm height (2� 0.5� 1), the total
CRM volume is 1 cm3, corresponding to 0.5 ml of rhBMP-2 solution with 0.5 mg/ml concentra-
tion. An extra-oral approach was used to counter the plate in ventrodorsal position. The
wedges of the non-union were debrided to remove sclerotic and devitalized bone and attached
soft tissues, and the plate was then fixed to the bone with two to three locking titanium screws
in each segment of the mandible and CRM was implanted. Radiograph follow-ups of the
mandible were started immediately after surgery and 2, 4, 8 and 12 weeks after surgery. All
dogs healed the soft tissues over the defects and with immediate to normal function and
correct occlusion, and solid cortical bone formation was noticed within 3 months. There were
no recurrence fractures on the follow-up period [48].

Synthetic bone graft (Bonelike®) is produced by the incorporation of P2O5–CaO glass-based
system within a hydroxyapatite (HA) matrix. Bonelike® macroporous (BL® Poro) consists of
polygonal granules with 2000–2800 and 4000–5600 μm of diameter with pore size range from
100 to 400 μm (Figure 1). Its osteoinductive and osteoconductive properties have been con-
firmed in experimental models of bone regeneration in sheep, have been used in clinical
orthopaedic application and recently are being used in small animals [50–54].

We used Bonelike® in small granules and Bonelike® presenting macroporous structure (BL®

Poro) in vivo in combination with ACBG (Figure 2(A)), PRP (Figure 2(B)) and rigid internal
fixation with bone plates and screws to treat atrophic non-union of long bones in two adult
dogs that were referred to the veterinary medicine teaching hospital, Vasco da Gama Uni-
versity, Coimbra, Portugal, for surgical correction of atrophic non-union that fails in at least
one previous surgery. After clinical and orthopaedic examination, two orthogonal views of
the affected and contralateral bone were obtained with a standard marker to calibrate
magnification. Informed consent to use BL Poro® was obtained from all clients. Clinical cases
were classified according to Weber-Cech terminology, as defect, dystrophic, necrotic or
oligotrophic-atrophic non-union, and were labelled as infected if this was suspected due to
either radiographic evaluation or appearance and tissue culture at surgery. For both clinical
cases, autologous cancellous bone grafts were harvested from the uppermost proximal
humerus as described by Innes [5]. One dog had a large femoral diaphyseal bone defect and
is not able to apply loading to the affected pelvic limb. The second dog had an oligotrophic
non-union in the proximal radius and two non-unions in the ulnar diaphysis caused by a
gunshot trauma. Revision surgery was performed to remove all the failed implants, debride-
ment, ischemic bone fragments and other avascular soft tissues. Sclerotic and atrophic bone
ends of the biologically inactive non-unions were osteotomized with a bone. Rongeur until
bleeding is seen to expose medullary cavity and improve vascularity in a bone defect. Prior
to copious flushing, samples of the removed tissues and deep wound swabs were collected
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for bacterial culture and sensitivity antibiogram. Joints are aligned, bone segments are pulled
apart trying to restore original length of the bone and the fracture was stabilized with a bone
plate and screws maintaining a rigid fixation for a prolonged time with minimal discomfort
to the animal during postoperative period. The bone defect created after cleaning and the
fracture fixation was filled with a homogenous mixture of ACBG and BL® Poro in 1:1
proportion in a PRP gel to maintain the aggregation of the components. The mixture was
applied gently avoiding rupture and consequent collapse of the macroporous architecture of
BL® Poro (Figure 3). Soft tissues were closed routinely and contribute to maintain the bone
graft in situ with created soft tissue envelope. All the animals returned to acceptable or good
function and decrease lameness grades. All cases achieved bone union between 2 and
8 months without major complications [54].

Our research group also has been using Bonelike® and a BL® Poro mixed with fresh blood to
fill voids in noncritical-sized bone defects in dogs and cats with good clinical and radio-
graphical outcomes without any adverse local nor systemic reaction (Figures 4 and 5). A

Figure 1. Scanning electron microscope image of a Bonelike® Poro granule showing the interconnected pore architecture
with macropores and micropores.
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clinical case of an 8-year-old, 21 kg, female Collie with a mandibular fracture along the root of
canine teeth. The loose teeth exodontia and improved dental occlusion with an external
skeletal fixator where fixation pins were placed along the aboral bone surface avoiding tooth
roots were performed. The pins were bended and fixed together with a mouldable-stage
application of methyl methacrylate. After hardening of the acrylic, the bone gap was
approached directly from the oral mucosa and filled with mixture of Bonelike® (spherical
granules of 250–500 μm) and blood. The soft tissues were surgically routinely closed and
healed uneventfully. On radiographic evaluation 5 weeks post-surgery, the osteointegration of
the biomaterial was visible, and fracture line was no longer visible. The fixator was removed 4
months later, and there was no story of mandible retraction or other types of complications
(Figure 6) (unpublished data).

Figure 2. BL® Poro granules (white) mixed with autologous cancellous bone graft (red) (A). Mixture of BL® Poro granules
with autologous cancellous bone graft and platelet-rich plasma, ready for implantation (B).

Figure 3. Femoral bone defect after fracture bridging plate fixation (A). Careful filling of defect to avoid the collapse of
BL® Poro macroporous architecture (B).
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Figure 4. Immediate postoperative radiographs of the tibia of a 7-year-old 35 kg male german shepherd dog with a non-
union fracture stabilized with a 3.5 mm 12-hole broad DCP plate. Bone defect was filled with Bonelike® 250–500 μm,
autologous cancellous bone graft and platelet-rich plasma: cranio-caudal view (A) and mediolateral view (B). Radiolucent
lines were visible within the graft and between the graft and the edges of the bone defect.

Figure 5. Postoperative radiographic evaluation. Mediolateral view at 2 months of control showing complete bone union
on the caudal edge of the defect and not on the cranio-distal edge; here, a radiolucent line was noticed but with a grey
colour compatible with new bone formation (A). Cranio-caudal view at 2 months of control, complete bone bridge was
observed in lateral and medial cortices with irregular pattern within the bone defect (B). Mediolateral view at 8 months of
control (C) and cranio-caudal view at 8 months of control. In both radiographs completed, bone union and remodellation
were visible without radiolucent lines in the bone defects (D).
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3.2. The use of synthetic bone grafts in equine clinical cases

Besides the majorly emotionally driven small animal clinics, other veterinary medicine fields
are growing regarding the clinical application of the biomaterials, as economic implications are
added to the scenario. For example, equines are the ‘driving force’ of an industry that moves
enormous financial amounts, with competition prizes and price of some animals reaching
astronomical values. With this set of constraints, the use of biomaterials in animals no longer
restricts to preclinical trials carried out before their application in humans and is now part of
the procedures available to veterinary clinicians. These techniques can be used in a number of
clinical situations in veterinary medicine, where there is a bone defect, including fractures such
as comminuted fractures, filling of bone cysts and arthrodesis [6, 55–59].

Equine patients are challenging in terms of orthopaedic pathologies and viable treatment
options. While most of the small animal cases referred for orthopaedic treatment relate to
fractures, and surgical reduction leads to expected full recovery, but even if this is not possible,
they can survive with minimal complications with unsupported limb. Contrarily, in result of
their weight, equine patients with unsupported limb have a high risk of developed severe
secondary pathologies at contralateral limb, like laminitis. Other problems can surge in these
equine patients; these animals cannot spend long periods lying down due to complications of
myositis, nerve paralysis and decubital scars, so they weight injured limb for prolonged
periods. For all those situations, fracture cases are seldom amenable of medical or surgical
correction, often resulting in the decision of euthanasia. Other clinical situations are however
indicated for grafting and/or biomaterial application, such as arthrodesis procedures.

Arthrodesis techniques were developed for treatment of debilitating osteoarthritis. These are
also indicated for treatment of (stable) articular fractures, unstable joint injuries, septic arthritis
and osteochondrosis. It is a surgical procedure used to promote the fusion between opposite
bones in the joint, resulting in immobilization. Surgical arthrodesis involves the destruction of

Figure 6. Bone defect resulting from canine teeth exodontia and mandibular fracture along the root of canine stabilized
with a methyl methacrylate external skeletal fixator (A); immediate postoperative image of the defect filled with
Bonelike® 250–500 and blood. The biomaterial was noticeable due to its multiple radiopaque spherical structures inside
the bone defect. Radiolucent lines were visible within the spheres and between the graft and the edges of the bone defect.
Fracture line was visible near by the fixation pin (B); 5 weeks of radiographic control, loss of radiopaque appearance of the
biomaterial and radiopaque fracture lines was no longer visible due to new bone formation (C).

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications112



3.2. The use of synthetic bone grafts in equine clinical cases

Besides the majorly emotionally driven small animal clinics, other veterinary medicine fields
are growing regarding the clinical application of the biomaterials, as economic implications are
added to the scenario. For example, equines are the ‘driving force’ of an industry that moves
enormous financial amounts, with competition prizes and price of some animals reaching
astronomical values. With this set of constraints, the use of biomaterials in animals no longer
restricts to preclinical trials carried out before their application in humans and is now part of
the procedures available to veterinary clinicians. These techniques can be used in a number of
clinical situations in veterinary medicine, where there is a bone defect, including fractures such
as comminuted fractures, filling of bone cysts and arthrodesis [6, 55–59].

Equine patients are challenging in terms of orthopaedic pathologies and viable treatment
options. While most of the small animal cases referred for orthopaedic treatment relate to
fractures, and surgical reduction leads to expected full recovery, but even if this is not possible,
they can survive with minimal complications with unsupported limb. Contrarily, in result of
their weight, equine patients with unsupported limb have a high risk of developed severe
secondary pathologies at contralateral limb, like laminitis. Other problems can surge in these
equine patients; these animals cannot spend long periods lying down due to complications of
myositis, nerve paralysis and decubital scars, so they weight injured limb for prolonged
periods. For all those situations, fracture cases are seldom amenable of medical or surgical
correction, often resulting in the decision of euthanasia. Other clinical situations are however
indicated for grafting and/or biomaterial application, such as arthrodesis procedures.

Arthrodesis techniques were developed for treatment of debilitating osteoarthritis. These are
also indicated for treatment of (stable) articular fractures, unstable joint injuries, septic arthritis
and osteochondrosis. It is a surgical procedure used to promote the fusion between opposite
bones in the joint, resulting in immobilization. Surgical arthrodesis involves the destruction of

Figure 6. Bone defect resulting from canine teeth exodontia and mandibular fracture along the root of canine stabilized
with a methyl methacrylate external skeletal fixator (A); immediate postoperative image of the defect filled with
Bonelike® 250–500 and blood. The biomaterial was noticeable due to its multiple radiopaque spherical structures inside
the bone defect. Radiolucent lines were visible within the spheres and between the graft and the edges of the bone defect.
Fracture line was visible near by the fixation pin (B); 5 weeks of radiographic control, loss of radiopaque appearance of the
biomaterial and radiopaque fracture lines was no longer visible due to new bone formation (C).

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications112

the articular cartilage of the bones to promote a bone-to-bone contact and subsequent fusion.
Then, the joint must be aligned and stabilized into a stable, weight-bearing position [60–63].
Synthetic bone grafts can be used in the arthrodesis technique as void filler, improving the
bone contact, helping the joint stabilization and avoiding the autologous bone graft collection.
Since synthetic bone grafts deliver important osteoconductive and osteoinductive proprieties,
the healing process is improved and shortened [50, 52]. Surgical arthrodesis is used in clinical
situations that it is not possible recover the joint. With this technique the joint is stabilized,
relieving the pain and improving horse’s quality of life. In this species, the proximal
interphalangeal, the intertarsal and the tarsometatarsal joints are the joints where more
arthrodeses are performed, due to these joints that only have little range of movements, and
their permanent immobilization does not affect normal locomotion of the horse. In these cases,
the goal of the surgical procedure is to return the horse to its activity. Although the permanent
immobilization does not affect normal locomotion, this procedure can weaken the joint region,
due to loss of shock absorption capacity of the joint, and fracture risk may be increased [64–66].
Arthrodesis technique is also used in joints that have important movements (like metacarpo-
phalangeal joint), knowing that in these cases the horse will have a mechanical lameness. The
use of this technique in these types of joints allows to decrease pain and to increase comfort
and the use of the affected limb, thus preventing the appearance of lesions in the contralateral
limb overhead [64–66].

As examples of the use of synthetic bone grafts, it will be described in three clinical cases,
where Bonelike® was applied in the arthrodesis of metacarpophalangeal joint, in the proximal
interphalangeal joint and in the distal intertarsal joint together with tarsometatarsal joint.

The first clinical case is a newborn donkey, born with a severe metacarpophalangeal joint
flexural deformity. The flexural deformity is so severe that it is impossible to manipulate and
move the metacarpophalangeal joint and the dorsal surface of the fetlock supported the
animal’s weight. Due to this situation, the dorsal aspect of the fetlock presented an ulceration
that communicated with the joint (Figure 7). It was decided, as the first approach, the surgical
treatment, to quickly as possible resolve the situation and prevent the worsening of the
complications [67, 68]. In this type of surgery, to relieve flexor forces, the tightened tendons
can be cut [67, 69, 70]. In this clinical case, both the superficial flexor tendon and the deep flexor
tendon were involved in the contracture of the joint, as well as the extensor digital tendon,
which was displaced caudally, working as a flexor, further forcing the joint to adopt the flexor
position (Figure 8(A)). Tenotomy of the three involved tendons was undertaken, in order to
reposition the joint into a physiological alignment (Figure 8(B)). With this aggressive
approach, the metacarpophalangeal joint stayed without support; so, a surgical arthrodesis of
metacarpophalangeal joint was also performed to stabilize the joint in a physiological position.
To do the arthrodesis, first the joint cartilage was removed with a curette to promote a bone-to-
bone contact between the metacarpal bone and the first phalange; after that the joint space was
filled with Bonelike® spherical granules mixed with autologous blood. A plate with cortical
screws was used to stabilize the joint in a physiological position (Figure 8(C and D)) [68].
Although arthrodesis is not commonly used on flexural limb deformities, it was decided to
apply this technique in the described clinical case, considering the lack of structural support of
the joint after the tenotomy of the three tightened tendons. This approach was previously
described by [71] that performed arthrodesis in a llama, in a miniature horse and in a
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miniature donkey, with severe bilateral congenital flexural deformities of the metacarpo-
phalangeal joint. The arthrodesis of the fetlock joint was not aimed at full recovery for future
athletic activity but rather having in mind the animal’s life quality [68].

The second clinical case was an adult horse that suffered an accident that resulted in the
laceration of the medial aspect of the pastern. With this laceration, a medial ligament that
causes instability to the pastern joint and consequently lameness was damaged. In clinical
examination, a biomechanical instability of this joint was observed, and in X-ray examination,
radiologic signs of subluxation and an increase in the medial joint space can be seen. Towards
that it was decided to do the arthrodesis of proximal interphalangeal joint [68]. To approach
the proximal interphalangeal joint, an I-shaped incision was performed in the skin over the
dorsal aspect of the joint, and then a Z-incision was performed over the digital extensor tendon
to expose the proximal interphalangeal joint. During the procedure, it was confirmed that this
joint was not stable and there was an increased articular gap between the first and the second
phalange on the medial aspect of the joint (Figure 9(B)). The cartilage from proximal
interphalangeal was removed using a curette, and the joint space (Figure 9(A)) was filled with
Bonelike® (Figure 9(C)). Three lag screws 3.2 mm were placed from the first to the second

Figure 7. Newborn donkey with a severe metacarpophalangeal joint flexion deformity. The donkey supported the right
hind limb with the dorsal aspect of fetlock (A). Large cutaneous ulcer on dorsal aspect of fetlock (B).
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phalange crossing the joint space. The head screws stayed in a shelf made previously with an
osteotome (Figure 9(D)). On the follow-up X-rays performed after the surgery, an important
bone proliferation, with evidence of bone fusion and gradual reduction of the joint space, was
noticed (Figure 10) [68].

The third clinical case was a report of a horse with chronic and intermittent lameness of the
right hind limb, with a slight biomechanical instability of the tarsal region during walking,
posing clinical and radiological signs of bone spavin. After the confirmation of joint pain by
clinical examination with the positive nerve blocks, it was decided to do the distal intertarsal
joint together with tarsometatarsal joint arthrodesis. The surgical approach to those joints was
made by an incision over the medial aspect of the tarsus perpendicular to the cunean tendon.
The cunean tendon was transected, and joints were identified with two needles (Figure 11(A)
and (B)). A 3.2 drill bit was inserted into the joint space of each joint and forced in three
different directions, using a single entry point (Figure 11(C) and (D)) [68]. Drilling paths were
filled with Bonelike® (Figure 11(E) and (F)). The objective of drilling the joint space was to
destroy the cartilage and to promote the contact between the bones and subsequent bone
fusion. Due to the osteoconductive proprieties of Bonelike®, the application of this bone graft

Figure 8. Metacarpophalangeal joint arthrodesis. Extensor digital tendon (yellow arrow) displaced caudally (A).
Tenotomy of extensor digital tendon (yellow arrows) and flexor digital tendon (red arrows) (B). Removal of joint cartilage
with a curette (C). A plate and screws to stabilize the joint and fill joint space, using a syringe, with Bonelike® spherical
granules (D).
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Figure 10. X-ray analysis follow-up of the proximal interphalangeal joint arthrodesis. The X-rays were taken at day 0 (pre-
surgery), at day 155 and at day 250, with two projections. Lateral projection (A–C). Dorsoproximal projection (D–F).

Figure 9. Proximal interphalangeal joint arthrodesis. Removing cartilage from proximal interphalangeal joint using a
curette (A). A subluxation gap between the first and the second phalange at medial aspect of the joint (B). Applying with a
syringe Bonelike® in proximal interphalangeal joint space (C). Three lag screws were placed from the first to the second
phalange crossing the joint space (D).
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in the void space of the performed holes improved the biomechanical stability of the distal
intertarsal and tarsometatarsal joint, and the bone bridging was accelerated, improving the
joints’ ankylosis. At the arthrodesis technique, it should be removed as much joint cartilage as
possible to allow a greater bone-to-bone contact. But in this specific technique of the distal
tarsal joint arthrodesis, as no additional surgical fixation is advised, the excessive drilling
causes instability and severe pain [72]. It can be argued that the limited drilling of the distal
tarsal joints involved in the three-drill-tract technique does not induce complete arthrodesis,
but results in multiple focal areas of arthrodesis and the biomechanical stability of the distal
tarsal joints are usually observed, and lameness is eliminated [73]. Using Bonelike® as a bone
substitute that will fill the drilled paths, these focal areas of arthrodesis are improved and
reinforced [68]. Arthrodesis using Bonelike® as a bone graft promotes bone fusion that permit-
ted the horse to return to the athletic activity and improved the horse quality of life, decreasing
the pain and increasing the joint stability. The Bonelike® application can enhance the bone
production due to osteoinductive and osteoconductive proprieties, shortening the healing
period after the arthrodesis and promoting the joint fusion in a shorter period [68, 74].

Figure 11. Arthrodesis of distal intertarsal joint together with tarsometatarsal joint. Needle is placed to identify the
tarsometatarsal joint (A). Confirmation of correct position of the needle into joint space was made by X-ray (B). Create a
hole with 3.2 drill bit in both joints, in three different directions using a single entry point, with a continuous flushing in
order to minimize thermal damage (C) and remove any residual bone and cartilage (D). The hole created at the joint after
drilling (E). Lateral X-ray of the tarsus showing the created hole (F). Hole filled with Bonelike®.
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These three clinical cases were strongly evidenced that Bonelike® is an appropriate synthetic
bone graft substitute with osteoconductive and osteoinductive properties to be used in surgical
arthrodesis, as void space filler, associated or not with standard orthopaedic procedures of
stabilization of the joints, in order to promote a faster bone fusion without any local or
systemic adverse reaction. This procedure permits the horse to return to the athletic perfor-
mance faster or, at minimum, improves the horse’s quality of life, decreasing the pain and
increasing the joint stability with positive clinical outcomes [68].

3.3. The use of synthetic bone grafts in ruminant clinical cases

Although the use of synthetic bone grafts in companion animals and horses is becoming a
reality, its application in production animals is yet marginal.

Most of the surgery cases in large production animals (ruminants, mostly) are performed in the
field settings, and the number of surgical cases referred to specialized veterinary centres is
considerably small [75]. Constraints for orthopaedic surgery and bone grafts use in ruminants
include the economic (cost of the treatment) and legal issues, the value of the individual in
contrast to the group value and the size and weight of the animal [75, 76]. Nevertheless, the
high genetic performance and value of some of these animals and the recent improvements in
surgical management of production animals, concerning chemical restrain, pain management
and surgical techniques, could be accompanied by the use of some biomaterials.

Fractures commonly occur in ruminants. Limbs, digits and skull fractures are often reported in
bovine and small ruminants, often subsequent to trauma. The most common limb fractures
occur especially in calves, as consequence to incorrect handling of dystocia or injuries due to
falls on slippery floors in livestock facilities. Metacarpus and metatarsus fractures represent
50% of the limb fractures cases, tibia fractures represent 12% and radius and ulna almost 7%.
Humerus fractures are rare and represent less than 5% of the cases. Still, fractures of the femur,
of the pelvis and of the axial skeleton are more uncommon [75, 76].

The selection of the osteosynthesis procedure is influenced by the bone site of fracture, the
degree and severity of soft tissue and neurovascular trauma of the status of the environment
fractures (close or open), the patient temperament and the surgeon skills. The selected proce-
dure must provide the patient the return to weight-bearing and normal mobility [75–77].

In many cases, it’s advisable to do a prompt temporary fracture stabilization with external
coaptation (splints or casts), avoiding additional trauma and clinical status worsening
(preventing the closed fracture from becoming open or further fracture fragmentation and
reducing eburnation of the fracture ends) prior to fracture fixation or during convalescence [75–
77]. External coaptation is inadequate in oblique, spiral and comminuted fractures, and with
extensive soft tissue trauma. In these cases, surgical procedures are advisable (internal or
external fixation) [76].

In ruminants, the most common fractures’ surgical procedures include external skeletal fixa-
tion (transfixation pin casts and external skeletal fixators) and internal fixation (intramedullary
pinning, intramedullary interlocking nail and bone plates). The former procedure can be easily
done in the field settings; it’s less expensive and allows load bearing in the traumatized limb,
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and it’s indicated in open fractures and wounds, but fracture reduction and reconstruction
may fail and may not accomplish ideal fracture stabilization leading to non-union. The latter
procedure, although more expensive as it requires specialized equipment and surgeon perfor-
mance, allows more stability during the osteosynthesis process [76, 78, 79].

Autologous cancellous graft can be collected from the sternum, proximal tibia, proximal
humerus and ilium. However, in cattle with chronic non-healing fractures, the lack of move-
ment and the lack of alternating weight support, due to the strong lameness, lead to medullar
atrophy, which limits the amount of cancellous bone graft that can be harvested from long
bones. To perform the collection of a significant amount of cancellous bone graft from the
sternum, general anaesthesia is advised, to avoid thorax trauma [78]. The use of synthetic bone
grafts in ruminants’ fractures with impaired bone repair mechanisms due to compromised
vascular supply after severe trauma, with large long bone defect with septic non-union,
infected open fractures, or in fixation failure, will promote and enhance bone healing process
in order to restore the original bone structure and function.

The clinical case presented refers to a dwarf goat with sequence of a trauma event, resulting in a
tibia open fracture, with soft tissue trauma (Figure 12(A) and (B)). The patient was 2 months into
gestation, in risk of developing complications that could worsen the clinical situation. Surgical
treatment, with internal fixation was considered as a first-choice treatment option. Also, it was of
importance to restore normal weight-bearing function in a short period of time, as the gestation
was close to the end. To stabilize the fracture, an intramedullary pin was applied, and the defect
in the fracture ends was filled with Bonelike® spherical granules of 250–500 μm, mixed with
autologous blood collected from the jugular vein during the surgery (Figure 12(C)).

On the follow-up, X-rays were performed at 2 (Figure 13(A)) and 4 (Figure 13(B)) weeks after the
surgery; bone proliferation and bone fusion were noticed. The intramedullary pin was removed
at 5 weeks after surgery (Figure 13(C)), presenting complete bone union and good ossification.
The intramedullary pin was removed. The patient returned to its normal function. No local or
systemic adverse reaction or rejection of the material during the healing process was observed.

Figure 12. The patient was attended for consultation. The X-ray image showed a spiral fracture in the distal third of tibial
bone (A). After hair clipping an open wound was evident. An internal fixation was considered as a first-choice treatment
option to avoid additional tissue trauma and further fracture stress (B). An intramedullary pin was applied, and the defect
in the fracture ends was filled with Bonelike® spherical granules of 250–500 μm, mixed with autologous blood collected
from the jugular vein (C).
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4. Conclusions

Although ceramic-based graft substitute materials and calcium phosphate ceramics such as
hydroxyapatite, β-tricalcium phosphate and Bioglass® were used for a long time (since the
1970s in dentistry and 1980s in orthopaedics), its use alone or in combination with osteogenic
or osteoinductive strategies still has a place in veterinary surgery. Macroporous granular forms
with intrinsic osteoinductive properties could be a practical alternative to a customized 3D-
printed scaffold or edges that allow filling of different shapes of bone defects as naturally
occurs in the clinical cases. Another presentation of HA and TCP involved in a collagen
membrane that resists to compression and could be cut with defects’ size before the implanta-
tion is also available. Those synthetic bone substitutes offer an adequate alternative allowing
the replacement of autologous cancellous bone grafts in management of fractures, vascular
non-unions, noncritical-sized bone defects and arthrodesis. Nevertheless, basic surgical princi-
pals such as biomechanical stability, vascular preservation and infection control are still vital
for providing an ideal environment for bone healing. However, when the local biology is
compromised as previously mentioned, the bioceramics scaffold should be complemented
with growth factors, cell-based therapies or a combination of those, in order to provide
osteoinductive and osteogenic properties to increase the likelihood of bone healing. Experi-
mental and clinical examinations are needed in veterinary surgery, as well as in human field to
adequately compare the outcome of the novel treatment options and its combinations,
establishing the most appropriate treatment protocols for each clinical presentation.
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Abstract

In the present paper, we investigate the biological performance of the tricalcium phos-
phate ceramic (β-TCP) bone substitute combined with the fluorapatite (Fap). Porous 
biocomposites consisting of β-tricalcium phosphate (β-TCP) with 26.5% fluorapatite 
(Fap) were elaborated and characterized in order to evaluate its potential applica-
tion in bone graft substitute. Bioactivity was determined with in vivo and in vitro tests 
by immersion of samples in simulated fluid body (SBF) for several periods of time. 
Clinical, radiological, and histological assessments were then carried out to evalu-
ate the biological properties of developed β-TCP-26.5% Fap composites. An in vivo 
investigation revealed the biological properties of the prepared macroporous scaffolds, 
namely, biocompatibility, bioactivity, biodegradability, and osteoconductivity. The 
morphological characteristics, granule size, and chemical composition were indeed 
found to be favorable for osseous cell development. All histological observations of 
the preliminary in vivo study in the tibia of rabbits proved the biocompatibility and 
the resorption of the investigated bioceramic. In contrast, the implantation period will 
have to be optimized by further extensive animal experiments.

Keywords: bone substitute, tissue engineering, bioceramic, tricalcium phosphate, in vivo, 
in vitro, implant

1. Introduction

Tissue engineering applies methods from materials engineering and life sciences to create 
artificial constructs for regeneration of new tissue. Even though a range of tissues has been 
studied, the translation of engineered tissues to clinical applications has been limited [1]. 
Researchers in bone tissue engineering are working to develop alternatives to allogenic and 
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autologous bone grafts in order to address the growing needs of the population, and much of 
the research is scaffold based [2–7].

Calcium phosphate ceramics have been extensively used to produce porous scaffolds due 
to their bone-like chemical composition as well as excellent biological properties, includ-
ing biocompatibility and osteoconductivity [8–11]. The use of these bioceramics was always 
restricted because of its fragility and the weak rupture resistance [12]. Hence, there was 
a need for maximizing mechanical properties of tricalcium phosphate β-TCP suitable for 
orthopedic applications. In recent investigation, a β-TCP-fluorapatite (Fap) composite has 
been developed for biomedical applications [13]. These β-TCP-Fap have shown a good com-
bination of compressive strength (95 MPa), flexural strength (15 MPa), and fracture tough-
ness (2.9 MPa m1/2) [14]. Pure fluorapatite is known to possess a potential advantage with its 
high chemical stability and aptitude to delay caries’ process without the biocompatibility 
degradation [15]. In addition, it has a much lower solubility in biological fluid than hydroxy-
apatite. In several studies, it has been proved that the amount of the released fluoride ions F− 
affects directly cell attachment, proliferation, morphology, and differentiation of osteoblast 
cells [16, 17]. It is known that the fluorine ion itself enhances mineralization and crystalliza-
tion [17]. Since such bioceramic β-TCP-26.5% wt% Fap composition has never been investi-
gated in vitro and in vivo response as bone substitute. Among various properties, biological 
response of the developed composites should be evaluated in the light of its potential used 
in tissue engineering. It worth to note that all newly developed biomaterials are subjected 
to be approved based on their in vivo response results. In fact, in vitro experiments cannot 
produce significant evidences toward the biocompatibility of the investigated materials due 
to the absence of several hormones and enzymes [18].

In view of the above, the aim of this study is to investigate the bioactivity response of the new 
biphasic ceramic in vitro in simulated fluid body (SBF) and to evaluate its biocompatibility 
and also the process of bone regeneration in rabbits. The clinical, radiological, and histological 
assessments were performed.

2. Materials and methods

2.1. Materials

In order to elaborate β-TCP-Fap composites, the used materials are the commercial trical-
cium phosphate (Fluka) and synthesized fluorapatite. The Fap powder was synthesized 
by the precipitation method [19]. In order to improve the biocompatibility of the fluor-
apatite and the strength of tricalcium phosphate effectively and to search for an approach 
to produce high performances of the tricalcium phosphate-fluorapatite ceramics. In this 
study, Fap has been used with a fixed 26.5 wt% amount because the human bone contains 
1 wt% of fluorine approximately [20]. Estimated quantities of each powder were milled 
with absolute ethanol and treated by ultrasound machine for 20 min. The milled powder 
was dried in a low temperature oven at 80°C to eliminate the ethanol and generate a finely 
divided powder.
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The sintered samples used in in vitro study [21] were prepared using a molding process to 
form pellets of 10 mm ϕ × 2 mm of thickness (Figure 2a). The details of process optimization, 
density value, and microstructure could be found elsewhere [22]. All the samples used in the 
study had almost the same surface area and volume. It is worth noting that the experiments 
were repeated at least three times. At the end of experiments, all the samples were charac-
terized by various technical tools. Scanning electron microscopy (SEM) was done to reveal 
the changes in topographical features and to visualize calcium phosphate crystals, the final 
products for the β-TCP-Fap reaction.

In order to obtain three-dimensional bioceramic for the in vivo evaluation, the β-TCP-26.5% 
Fap samples were prepared using polymeric sponge replication method [23–27]. This tech-
nique is based on the reproduction of a polymer foam with open cells by impregnation of a 
ceramic slurry and removing the support by thermal treatment (Figure 1b). This later was 
optimized based on thermal analysis [28]. Based on previous studies [13], the composite 
samples were sintered at 1300°C for 90 nm. Helium porosimetry and the Archimedes method 
were used for investigating density and porosity (both open and closed) of sintered samples.

The mechanical strength of the obtained macroporous biphasic ceramic β-TCP-26.5% Fap was 
also determined by Lloyd testing machine. The specimens used for compression test were 
prepared into cylinders (9.0 mm in diameter and 18.0 mm in length) as instructed in ASTM 
standards C1424-15.

Figure 1. Photograph of the tested specimens: (a) for in vitro tests and (b) for in vivo tests.
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2.2. Scanning electron microscopy

The microstructure of the sintered samples was observed by scanning electronic microscopy 
(SEM) (JSM-5400). The observations were performed on gold-coated specimens and investi-
gated at an acceleration voltage of 15 kV for all samples.

2.3. In vitro bioactivity assessment in SBF

Bioactivity was checked through tests of immersion in simulated body fluid (SBF) [21]. In 
order to study the dissolution behavior of the β-TCP-Fap in physiological environment, the 
in vitro dissolution study was carried out by immersing batches of samples for six differ-
ent time periods of 4, 24, and 49 h and 6, 12, and 30 days. The initial pH of the solution was 
kept at 7.42 with tris(hydroxymethyl)-aminomethane and hydrochloric acid. The solution 
temperature was maintained at body temperature, i.e., 37°C using an incubator. 100 ml of 
SBF solution was used for each sample. The ion concentration of the SBF is shown in Table 1.

2.4. In vivo implantation experiments

2.4.1. Surgical procedures

Given the closeness of the metabolism of rabbit s to humans, we estimated that the resorption 
kinetics in rabbits can fairly be assumed to be similar to that in humans.

Figure 2. Digital camera images: (a and b) showing the implantation site and (c and d) β-TCP-26.5% Fap scaffold 
implanted inside the tibia of rabbit.
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In this experiment, two New Zealand white rabbits with an average weight of 2.1 kg were 
used. The β-TCP-26.5% Fap pellets were sterilized by irradiation from a 60Co gamma irradia-
tion source at a dose of 25 Gy (Equinox, UK) using standard procedures for medical devices. 
The surgical procedure earned approval from ethical committee of the Tunisian Association 
of Laboratory Animal Sciences according to the ICLAS ethical guidelines for researchers to 
committee. All animals were subject to general, backed with local, anesthesia through intra-
muscular administration of 10 mg/kg ketamine hydrochloride (Ketaminol®, Germany) and 
0.1 mg/kg xylazine (Rompun®, France).

In each animal, one lower limb was prepared aseptically for surgery. After shaving the lower 
limb segment and disinfecting it with Betadine®, a 4 cm skin incision was made medially over 
the leg, and the tibia was exposed subperiosteally. A 10 mm bony segmental defect was then 
created by two osteotomies in the middle portion of the tibia. The osteotomy was performed 
with an oscillating saw at a right angle to the axis of the bone. The defect was then filled with a 
suitably shaped bioceramic (Figure 2(a–d)). To stabilize the tibia and maintain a direct contact 
between bioceramic and the bone, a mini-stainless steel monoplanar fixator was used. Four pins 
were inserted through the skin into the bone and then attached to a steel rod outside the limb. 
Next, the wound was closed for the periosteum and the subcutaneous tissues using a resorbable 
suture. Finally, a postoperative bandage was made with a sterile compress after local applica-
tion of Betadine gel®. After the surgical procedure, all the animals were given postoperative care.

Radiographic images were taken at 4 days, 6 weeks, and 12 weeks after implantation to assess 
the stability of the bioceramic and follow the general structural health of the operated bone; 
anteroposterior and lateral radiographs of each operated leg were made. Radiographs were 
obtained using an X-ray machine.

2.4.2. Histological evaluation

For microscopic evaluation and to evaluate composite biocompatibility and the biological 
response of the bone tissue in contact, histological studies were conducted after 12 postoperative 

Ion Concentration (mmol/l)

SBF Human plasma

Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl− 103.0 147.8

HCO3− 27.0 4.2

HPO4
2− 1.0 1.0

SO4
2− 0.5 0.5

pH 7.2–7.4 7.4

Table 1. Ion concentrations of the human blood plasma and the SBF solution.
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weeks. The animals were euthanized, and then the sites of implantations were grossly exam-
ined for any evidence of tissue reaction, and tibia bones with the test implant materials were 
removed and fixed in 10% formaldehyde during 24 h to immobilize the cells for subsequent 
histological studies. The timing was selected to assess the performance of the biomaterial bone 
formation before degradation. The samples were then dehydrated in three successive acetone 
baths. Next, they were placed in methyl methacrylate (MMA) with decalcification. Sections of 
4 μm thick were debited along a transverse plane using a sliding microtome (Reichert-Jung). 
Once colored with hematoxylin eosin, the cut was mounted between slide and slip cover. The 
colored cuts were observed through a binocular microscope (Olympus® CX-21i), and the obser-
vations were photographed with various magnifications using the digital camera.

3. Results and discussion

3.1. Bioactive surface characterization (in vitro test): SEM results

To investigate the dissolution behavior of the samples, SEM was performed. It has been seen 
(Figure 3b) that the surface of soaked sample becomes more porous after 4 h immersion, 
which is a signature that dissolution has occurred. The dissolution affects the strength by 

Figure 3. SEM micrographs: (a) sintered β-TCP-26.5% Fap before immersion in SBF, (b) development of porous regions 
after 4 h of dissolution process, (c) nucleation of apatite crystals after 24 h, and (d) pores filled with formed apatite after 48 h.
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increasing the porosity and weakening the grain boundary. After 24 h immersion, the micro-
structural observation indicates that the surfaces of grains appear mottled.

SEM (Figure 3c) indicates precipitation of nodular apatite on the biocomposite grains. With the 
increase in immersion time, the quantity and size of these apatite particles increase gradually. 
We note the formation of apatite agglomerate. The apatite formation fills the pores and increases 
the density and strength of the material (Figure 3d). Moreover, EDS analysis also performed on 
the surface of the soaked sample revealed the presence of calcium and phosphorous elements 
on the surface, with Ca-P equal to 1.67. This Ca-P ratio is in accordance to stoichiometric bio-
logical apatite and indicated that the deposit form during SBF conditioning is apatite layer.

SEM images depict the change in the topographical features recorded for various time intervals 
during experiment. In fact, the precipitation is more prevalent after immersion showing the for-
mation of bone-like apatite layer due to the dissolution of Ca2+ and PO4

3−, followed by deposition 
of Ca-P (Figure 4a). Higher magnification SEM micrograph reveals that particles of apatite grow 
in a flake-like form and many of these formed agglomerates on the surface of sample (Figure 4c). 
After soaking for 12 days, in the surface of sample, tiny ball apatite particles that formed porous 
agglomerates were found (Figure 5b and c). This outcome has been found by previous studies 
that proved that the apatite formation occurs in two stages: a formation of globular particles fol-
lowed by appearance of aggregate which joined together to form a covering layer [29].

Figure 4. SEM images show the topographic features of β-TCP-26.5% Fap sample after 6 days of dissolution period, 
(b) is a magnified image of a selected zone from (a), and (c) apatite grows in a flake-like form.
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After 30 days of immersion in SBF, a thick and dense mineral layer was formed on the spec-
imen surface, and mineral crystals covered almost the surface of the specimen. Figure 6b 
reveals higher magnification micrograph of the region marked in Figure 6a showing typical 
entanglement of the reprecipitated leaf-like or plate-like crystals (Figure 6c).

It is well known that the dissolution of the initial Ca-P compounds has occurred until the 
oversaturation of the solution, thus inducing the reprecipitation of crystals [10, 30]. The bioac-
tivity of calcium phosphate and other materials has been related to their propensity to nucle-
ate apatite crystals [31]. The presence of bone-like apatite agglomerate on the surface of any 
implant is always considered as a positive biological response. Therefore, the findings that 
β-TCP-26.5% Fap shows extensive precipitation of apatite are a clear indication of bioactivity.

3.2 Preliminary in vivo evaluation

3.2.1. Microstructure and mechanical characterization of bioceramic scaffolds

The SEM analysis for β-TCP-26.5% Fap scaffolds presented highly porous and interconnective 
pore architecture with porosity of 75% which has an open porosity 71%. As can be observed in 
Figure 7, the ceramic foams appeared to be macroporous with different pore sizes. The pore 
size distribution seemed to be uniform. Pore sizes were roughly about 300 μm, which is above 
the critical value of 100 μm to allow bone [32].

Figure 5. SEM micrographs of sample surface after 12 days of immersion (a) showed the deposit apatite layer, (b) porous 
agglomerates of apatite particles, and (c) needle-like apatite crystals.
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The mechanical strength of the β-TCP-26.5% sintered foam was plotted as function of poros-
ity (Figure 8). At least six samples were tested under compression test condition. Average 
strength values were calculated. The maximum error obtained was found to be less than 5%. 
As expected, the compressive strength decreased with increasing porosity. Moreover, the 
compressive strength presented a sharp decrease as soon as macropores are introduced.

Figure 6. SEM images of β-TCP-26.5% Fap sample after soaking in SBF for 30 days: (a) joined aggregate forms a covering 
layer, (b) showing needle-like and plate-like crystals, and (c) is a magnified image of selected zone from (b).

Figure 7. (a) SEM images of porous β-TCP-26.5% Fap and (b) zoom.
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3.2.2 Clinical control and radiological findings

During the postoperative, the daily clinical evaluation exhibited no sign of surgical site infec-
tion (i.e., swelling, redness, or wound disunion) on the operated rabbits, which had overcome 
the tibia osteotomy. After 6 weeks postimplantation, the radiographs showed healing of the 
host bone and mild degeneration of the implanted bioceramic. The bioresorption is partly 
revealed by the change in implant dimension (Figure 9b).

At 12 postoperative weeks, the radiograph showed complete healing of the host bone and 
disappearance of the implanted biomaterial (Figure 9c). In fact, bone consolidation was noted 
in the two rabbits.

3.2.3. Organ harvesting and general observations

After completion of the expected implantation time (12 postoperative weeks), the operated rab-
bits were sacrificed, and the samples were extracted immediately and then stored in an ethanol 
or BBS solution prior to the histological study. The explants were then transferred to the labora-
tory of histology and embryology for inclusion in resin and histological study. Given the small 
amount of data currently being processed, we cannot conclude on the osteoconductive potential 
of our implant. However, it should be noted that no major problems occurred during the opera-
tion or during the implementation periods. In addition, observation of the explants also showed 
almost complete dissolution of the elaborated implant and the formation of a new neoformed 
bone (Figure 10). This observation will be confirmed by the histological study.

3.2.4. Histological analysis

Although tricalcium phosphate and fluorapatite are reported to be biocompatible in vivo, 
the combination of these phases is not yet tested in vivo. Therefore, the biocompatibility 

Figure 8. Compressive strength versus open porosity of β-TCP-26.5% bioceramics.
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Figure 9. X-ray radiographs of postimplant rabbit’s tibia: (a) after 4 days, (b) after 6 postoperative weeks, and (c) after 
12 postoperative weeks.

Figure 10. Extraction of the implant after 12 postoperative weeks.

TCP-Fluorapatite Composite Scaffolds: Mechanical Characterization and In Vitro/In Vivo Testing
http://dx.doi.org/10.5772/intechopen.69852

139



evaluation of this biphasic material would be of great interest. It is to be noted here that in 
the investigated composite, the major phase is β-TCP, which is well known for its bioresorb-
ability. However, in our case, the resorption is limited due to the presence of second-phase 
fluorapatite.

Figure 11 illustrates the representative optical microscopy images of the histological sections 
of bone implant interface. A cellular infiltrate, predominantly composed of macrophages, 
was observed. Although the short-term implantation of 12 weeks is being carried out in 
this investigation, the experimental observations should provide clear indication about the 
biocompatibility in vivo. These findings revealed that β-TCP-26.5% Fap is biocompatible and 
appears to induce acceptable in vivo response. However, it appeared that the resorption rate 
of this bioceramic was far too low to induce neobone formation after 12 weeks postimplan-
tation. Despite these results, the proposed material presented markedly better mechanical 
properties than monophasic β-TCP [14]. Hence, the incorporated fluorapatite can be used 
to modulate the biological and the mechanical properties. Thus, the challenge is to find a 
balance between the biological performance and the changes in mechanical behavior pro-
voked by both the macroporosity and the composite effects. Further encouragement from 
these results is that the novel bioceramic should have an attracted potential as bioactive 
coating for orthopedic. Such application required long-term and sufficient mechanical sta-
bility when under physiological stresses associated with locomotion to not detach from the 
implant surface [33].

Considering the importance of the time required for integration and osteointegration, which 
is determined by the newly formed bone at the host bone-material interface, we should inves-
tigate the biological response according to ISO-10993 guidelines. Additionally, the implanta-
tion period will have to be optimized by further extensive animal experiments. An in vitro cell 
culture model can be also an alternative to study the cytocompatibility of the novel bioceramic 
as well as other research [34–36].

Figure 11. Histological sections of β-TCP-26.5% Fap scaffold after 12 weeks of implantation in rabbit. (A) Fibrous tissue 
surrounding the biomaterial. (B) Inflammatory infiltrates around degradated biomaterial ( ).
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4. Conclusion

In this study, a novel biphasic material that consisted of two major phases of tricalcium 
phosphate and fluorapatite was investigated. During bioactivity experiments, the bone sub-
stitute material exhibited to be able to produce porous apatite layer in vitro. The combina-
tion of dissolution and precipitation is found to be the mechanism of apatite formation. The 
results showed that fluoride released ion decreased the dissolution rate by improving the 
crystallization.

A preliminary in vivo investigation revealed that the new bioceramic scaffold with highly 
porous architecture exhibits biocompatibility. It can be concluded that β-TCP-26.5% Fap may 
take few more weeks for deposition of neobone. Besides, there are many aspects related to 
in vivo behavior that need further in vivo results in order to confirm or improve the formu-
lation of the porous bioceramic that should promote both osteoconductive and resorption 
processes.
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Abstract

Tissue engineering scaffolds attempt to mimic the stem cell environment by creating dif-
ferent biophysical and chemical signals. On the other hand, stem cells are able to sense 
these characteristics and change their destiny. Scientists try to explain these phenomena 
through scaffold design and in vitro experiments, but the mechanisms implicated remain 
unclear. Moreover, environment-cell interactions are a key process to get organs and tissues  
arrangement. Therefore, this chapter deals with the mechanical signals and mechanism 
involved in cell behaviour through scaffolds as a strategy in tissue engineering.

Keywords: stem cells, extracellular matrix, tissue engineering, scaffold, mechanical cues

1. Introduction

It has been more than 300 years since Robert Hooke first observed a cell and more than 150 
years that the cell theory was postulated. Although all living organisms are made up of cells, 
not all cells are the same. There is a great variety in their shape and most importantly in their 
function [1, 3]. Different aspects have been revealed about how cells communicate, differen-
tiate and respond to certain stimuli. Nevertheless, the answers remain incomplete and cell 
responses can be catalogued as dynamic and complex.

Individual cells sense and respond to the environment at different levels (micro- and 
nanoscale). In multicellular organisms, cells interpret signals of the micro-environment and 
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neighbouring cells. All these signals end up coordinating the growth and development of 
organs and tissues [1]. According to Bissell et al. [2], the function of a tissue is regulated recip-
rocally and dynamically. The micro-environment is formed by the extracellular matrix (ECM) 
and is able to send signals to the cells. These signals can reach the nucleus and direct the 
cellular behaviour. The above is supported by the theory called ‘dynamic reciprocity’. These 
concepts are important for tissue engineering, which is defined as a multidisciplinary science 
that applies principles of engineering and life sciences to the development of biological sub-
stitutes that restore, maintain and improve the functions of tissues. The concept that cellular 
behaviour can be directed by modifying cell micro-environments implies that biomaterials 
need to build and imitate the ECM. Since each cell resides in a different micro-environment, 
the biomaterials or scaffolds should be available with precise characteristics [3].

In particular, mechanical forces in cell behaviour have only recently begun to receive atten-
tion. For example, mechanical overloading can induce deformation and remodelling of cells, 
which significantly affects the cellular function. Also, living cells support or create forces; 
mechanical loading induces deformation and remodelling, which influence many aspects of 
human health and disease.

Therefore, more importance has been given to stress in cell behaviour [4]. Modelling the con-
stitutive behaviour of cells through biophysical signals poses a challenge. The stimuli reside 
in vivo, but the challenge is mimicking the properties in vitro [5]. Imitating stem cell biophysi-
cal niches with biomaterials could facilitate the production of large numbers of stem cells 
needed for in vitro regenerative medicine. In recent years, researchers have tried to evaluate 
the significance of physical cues that influence stem cells; such as stiffness of cell culture sub-
strates and other applied mechanical forces [6]. Several studies explore the regulation of stem 
cells via fluid shear stress, hydrostatic pressure, ECM elasticity, substrate topography and 
tension [5]. However, how cells can sense mechanical forces or deformation and convert them 
into signals is not well understood. Also, the mechanism and the communication pathways 
remain unclear.

2. Mechanical properties of natural extracellular matrix

ECM is a macromolecular aggregate where the cells reside, proliferate and perform different 
functions. Their components are normally produced by cells or provided by bloodstream 
[7]. ECM can also be defined as secreted molecules (including grown factors, cytokines and 
cell adhesion molecules) that are immobilized outside the cell. Macromolecules of ECM are 
collagen, elastic fibres and proteoglycans; they are mainly responsible for tissue-type specific 
extracellular architecture [7, 8].

Collagen and elastic fibre system constitute the architecture of ECM [7].Collagen is a large 
family of molecules having the ability to aggregate making a supramolecular structure. It 
is composed of three polypeptide chains forming a triple helix. Elastic fibres are assembled 
by elastin, an insoluble polymer. Additionally, glycoproteins act as adhesion molecules of 
intercellular substrates, which are very important in cell-cell and matrix-cell interactions. 
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Basically, proteoglycans are macromolecules covalently associated between polypeptide 
chains and glycosaminoglycans [8]. They contribute to cellular adhesion through interaction 
between matrix components and cellular surface [8, 9]. Principal multifunctional glycopro-
teins include: laminin, fibronectin, tenascins and thrombospondin. They interact with other 
molecules, such as integrins, cadherins, immunoglobulins and selectins, and serve as a union 
between ECM and cytoskeleton [8].

ECM has an important role in regulating the development, function and homeostasis of all 
eukaryotic cells. This matrix provides physical support for cells and participates in establish-
ment and maintenance of differentiated tissues and organs. Also, it regulates the presence of 
growth factors and receptors, the level of hydration and pH of the local environment [8, 9]. 
Interactions between cells and the environment (i.e. ECM) are important in processes such 
as development, homeostasis and pathogenesis [9]. ECM composition and topography are 
generated through a dynamic biochemical and biophysical interplay between the various 
cells in each tissue. The mature ECM can also undergo dynamic remodelling in response 
to environmental stimuli, such as applied force injury, which enables the tissue to maintain 
homeostasis [10].

Biophysical considerations of native ECM include the mechanical properties, which vary 
depending on the tissue. For example, animal connective tissues (tendons and the dermis 
of the skin) can be rough and flexible, or hard and dense like bone. The range of elasticity in 
tissues is very wide (~0.1 kPa to 20 GPa) (Table 1). For instance, the variation in stiffness can 
have deep effect in cells (spreading, migration, signalling, differentiation and tumour forma-
tion) [7, 8]. Differences in the mechanical properties of tissues may depend on the presence of 
a disease process or the age. For example, while normal breast tissue has an elastic modulus 
on the order of 1.2 kPa, breast tumours are significantly stiffer (2.4–4.8 kPa). Another example 
is the progression of carcinomas, where matrix stiffness increases due to an increased deposi-
tion of collagen [8].

The theory of tensegrity states that there is a balance of compression and tension. In this 
context, the elements resist compression and bring the system into a self-sustained state that 
maintains size and form. The cytoskeleton is a complex structure that supports and responds 
to mechanical forces and changes depending on the extracellular forces or conformational 
alterations in the membrane. Forces can be transmitted, due to modifications, directly to the 

Tissue Elastic modulus (kPa)

Pre calcified bone [7] ~80

Trabecular bone [7] 2 × 107

Muscle [7, 9] ~10–13

Brain [7, 9] ~0.2–1

Adipose [9, 11] ~2–4

Table 1. Elastic modulus of different tissues in human body.
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cell nucleus and alter shape, rearrange centromeres and modify gene transcription. Therefore, 
structural alterations and remodelling of the cytoskeleton in response to mechanical forces 
might be essential in mechanosensing and cell behaviour. Moreover, stem cells can change 
from quiescence into differentiated cells in response to biophysical signals such as mechanical 
forces [5, 6].

Force application to a single element results in the distribution of forces and rearrangement of 
elements that can span across long distances and different scales. Actomyosin filaments can 
generate tensions, which are driven by molecular motors that convert the chemical energy 
of adenosine triphosphate into mechanical forces [5]. Different cytoskeletal filament systems 
are interconnected with each other. Therefore, a tensile stress is generated in cytoskeleton 
through a balance between opposing forces. Depending on the level of the tensile stress, cell 
stiffness increase in a proportional manner, this is called prestress. The prestress in cells can 
be elevated internally by stimulating actomyosin-based contraction, disrupting microtubule 
compression struts, or externally increasing the ability of the ECM or other cells to resist con-
tractile forces.

Living cytoskeleton is stabilized by a tensile prestress that is generated and maintained 
through a force balance between contractile actomyosin filaments. Actin cytoskeleton has a 
prestress transmitted by traction forces that act at cell-anchoring points. There is a coupling 
between the cytoskeletal contractile actin network and microtubules analogue to tension-
compression coupling in tensegrity structures. Stiffening in living cells is mainly due to geo-
metrical rearrangements, bending or buckling of the structures of the cytoskeleton [6, 12].

Overall, mechanical forces play a central role in understanding how biological patterns and 
morphologies emerge and vary along evolution. In multicellular organisms, tensional forces 
applied by cells to the ECM are balanced by equal and opposite forces. Stress is defined as force 
per unit area. Several studies explore the regulation of stem cells via fluid shear stress, hydro-
static pressure, extracellular matrix (ECM) elasticity, substrate topography and tension [5, 11].

There is a challenge in the characterization of the mechanical properties of natural ECM that 
arise from their complexity and dynamic nature. For instance, the heterogeneous characteristics 
of ECM complicate the task. Also, the variability of a biological structure depends on several fac-
tors (i.e. tissue type, age, etc.). Simple methods used to measure mechanical properties are those 
based on the analysis of deformations without association with actual forces. More sophisticated 
methods include the use of tools such as atomic force microscopy (AFM) [13]. For example, Wu 
et al. [14] described a protocol to measure the membrane plasticity and mechanical dynamics of 
individual hippocampus neurons in a murine epilepsy model with AFM.

3. Cell matrix interactions

Cells are surrounded by ECM and are responsible for its composition, structure and 
mechanical properties. For example, fibroblasts build the ECM in soft connective tissues. At 
the same time, ECM is fundamental in many cellular processes (spreading, migration, pro-
liferation and differentiation) and tissue functions [15]. Therefore, a type of communication 
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is generated between cells and ECM. In the tissues, cells adhere to ECM or to nearby cells 
through the formation of (cell-matrix and cell-cell). These junctions allow a transmission of 
signals (i.e. mechanical) among the different biological structures (Table 2) [16, 12].

Cell-ECM interactions are mediated by an integrin family of migration-promoting recep-
tors that interact with the actin cytoskeleton in the cell. The integrins are heterodimeric 
receptors consisting of α and β chains with large ligand-binding extracellular domains and 
short cytoplasmic domains. Humans have at least 24 different kinds of integrins, which 
recognize different extracellular structures and have distinct functions depending on the 
type of cell in which they reside. Recent studies have identified a set of integrin-associated 
cytoplasmic proteins such as talin, vinculin and p130Cas [13, 18, 19]. Integrins themselves 
do not have catalytic activity and do not initiate signalling cascades; therefore, signals 
are transmitted through direct and indirect interactions with several integrins. Nowadays, 
there are many questions related to the molecular mechanisms mediated by integrins, 
although it is clear that integrin-mediated adhesions can sense the properties and charac-
teristics of the ECM [14].

On the other hand, actin is an abundant protein, which can be found in globular (G-actin) or 
filamentous (F-actin) form. Actin proteins are well known as an essential component of the 
cytoskeleton. Cells have an actin layer coating the plasmatic membrane that has a critical role 
in controlling changes in cell morphology [6, 14]. Integrins and actin are separated by a high 
focal adhesion core-region consisting of specific protein layers. It is suggested that the first 
section includes a signalling layer consisting of cytoplasmic tails, focal adhesion kinase (FAK) 
and paxillin. The second layer is an intermediate stratum related to force transduction it con-
tains talin and vinculin. The third layer is composed of an actin-regulatory surface containing 
vasodilator-stimulated phosphoprotein, zyxin and α-actinin [6, 20].

Focal adhesions and actin proteins have important functions in various cell-signalling path-
ways and cell fate. The signalling and mechanosensory system of the adhesions are orga-
nized in a nanoscale manner. Focal adhesions are flat and elongated structures often located 
near the periphery of cells [21].Recent studies have revealed a set of proteins responsible for 

Cell-cell Associated proteins

Tight junction Transmembrane proteins, actin

Adherens junction Actin micro-filaments

Desmosome Intermediate filaments

Gap junction Connexins

Hemidesmosome Intermediate filaments

Cell-matrix

Focal adhesion Actin micro-filaments, integrin

Hemidesmosome Intermediate filaments, integrin

Table 2. Cell junctions and associated proteins [12, 13].
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sensing mechanical force and regulating cell-ECM and cell-cell adhesions. They are a part 
of the linkage between cytoskeleton and cell adhesions and are subject to tensile forces pro-
duced by actomyosin contraction [22]. Biomaterials (synthetic or natural) can modulate the 
effects of these soluble factors by temporally or spatially controlling their delivery. They pro-
mote the organization of focal adhesions. For example, Sequeira et al. [23] investigated the 
influence of scaffolds surfaces in cell attachment, tissue morphology and formation of focal 
adhesion complexes. In this study, they used an adult mouse submandibular salivary gland 
ductal epithelial cell line. It was a relationship between the focal adhesions complexes formed 
and the type of substrate used. Moreover, cells seeded in nanofibre scaffolds showed the few-
est focal adhesion complexes; meanwhile in polymer films were abundant. Focal adhesions 
complexes are mechanisms for scaffold-cell communication. Therefore, they are important to 
sense biomaterial cues that can direct their fate.

Several authors have discussed and trying to explain the communication pathways between 
the cells and the micro-environment. Bissell et al. [24] have shown in previous studies that 
some pathways can be turned on and change gene or protein expression indicating a dialogue 
between the components of the tissues.

4. Understanding mechanical stimulation through scaffold design

Mechanotransduction is the process by which physical cues are translated into biochemical 
signals. This route is mediated by focal adhesions. There are two types of forces that the cells 
can experience, those applied from the environment and those that the cell generates itself. In 
response to external forces or other stimuli, cells can produce internal forces either by extend-
ing membranes or by rearranging their actin cytoskeleton. In this way, they produce endog-
enous contractile forces [25]. It has been suggested that mechanical forces applied to proteins 
may perturb the conformations and expose the hidden binding sites, resulting in mechanical 
signalling processes [12, 13].

Externally applied forces are detected by numerous cell-surface adhesion receptors, such as 
integrins and cadherins. The ability of these receptors to respond to external forces directs 
cell behaviour and tissue homeostasis. The force that is applied to integrins is sensed and 
supported by cytoplasmic components, which at the same time are capable of generating a 
response [6, 16]. Forces applied trigger actin cytoskeletal rearrangements, activating the small 
GTPase RhoA and enhancing the activity of myosin II. Subsequently, contraction forces are 
generated through actin and myosin II filaments. These events create a response through the 
association of adhesion complexes and the establishment of an internal force. This process is 
known as reinforcement or cell stiffening [16].

An important theory has been introduced, Extracellular Matrix Tethering Hypothesis. In this 
case, the cells do not directly sense the bulk stiffness of the underlying substrate; instead, 
respond to the mechanical feedback presented by covalently anchored ECM molecules 
such as collagen. The exact sequence of events and molecular mechanisms remain to be 
unrevealed [9]. Despite this, it has been well established that the mechanical properties of 
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4. Understanding mechanical stimulation through scaffold design

Mechanotransduction is the process by which physical cues are translated into biochemical 
signals. This route is mediated by focal adhesions. There are two types of forces that the cells 
can experience, those applied from the environment and those that the cell generates itself. In 
response to external forces or other stimuli, cells can produce internal forces either by extend-
ing membranes or by rearranging their actin cytoskeleton. In this way, they produce endog-
enous contractile forces [25]. It has been suggested that mechanical forces applied to proteins 
may perturb the conformations and expose the hidden binding sites, resulting in mechanical 
signalling processes [12, 13].

Externally applied forces are detected by numerous cell-surface adhesion receptors, such as 
integrins and cadherins. The ability of these receptors to respond to external forces directs 
cell behaviour and tissue homeostasis. The force that is applied to integrins is sensed and 
supported by cytoplasmic components, which at the same time are capable of generating a 
response [6, 16]. Forces applied trigger actin cytoskeletal rearrangements, activating the small 
GTPase RhoA and enhancing the activity of myosin II. Subsequently, contraction forces are 
generated through actin and myosin II filaments. These events create a response through the 
association of adhesion complexes and the establishment of an internal force. This process is 
known as reinforcement or cell stiffening [16].

An important theory has been introduced, Extracellular Matrix Tethering Hypothesis. In this 
case, the cells do not directly sense the bulk stiffness of the underlying substrate; instead, 
respond to the mechanical feedback presented by covalently anchored ECM molecules 
such as collagen. The exact sequence of events and molecular mechanisms remain to be 
unrevealed [9]. Despite this, it has been well established that the mechanical properties of 
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materials regulate cell behaviour. Although it is unclear how physical properties (i.e. stiff-
ness and viscoelasticity) are capable of controlling different functions in cells, biophysical 
aspects of the ECM are associated with different cellular actions in vitro and in vivo [26].

Since biophysical and biochemical properties of native ECMs are difficult to control, synthetic 
materials are important to recreate mechanical characteristics of ECM. Several studies have ana-
lysed cell behaviour depending on different mechanical properties controlled through synthetic 
substrates. For example, Chaudhuri et al. [19] investigated the influence of hydrogel viscoelas-
ticity and stress relaxation on spreading, proliferation and differentiation of mesenchymal stem 
cell (MSC). MSC differentiation depended strongly on the initial elastic modulus of 3D hydro-
gel matrices, with osteogenesis occurring only when the initial elastic modulus was 17 kPa. 
In this work, an approach to modulate stress relaxation properties in alginate hydrogels was 
showed and demonstrated that substrate stress relaxation influences cell behaviour [19, 25].

Also, Baker et al. [27] explain mechanisms of how cells interpret ECM stiffness in fibrous net-
works, which are synthesised by electrospinning and soft lithography and coupled with RGD 
peptides. They found that fibrillar topography had a stronger influence on cell morphology 
than the biochemical nature of these interactions. Moreover, Huebsch et al. [28] studied the 
response of mouse mesenchymal stem cells (mMSC) seeded on injectable void-forming hydro-
gels. The morphology of mMSC was initially similar in standard and void-forming hydrogels. 
But, after void formation, cells neighbouring to pores exhibited extended, spread morphol-
ogy, whereas cells in standard hydrogels maintained a rounded morphology. Furthermore, 
Fusco et al. [17] studied the existence of a relationship between substrate stiffness and charac-
teristics of focal adhesions with mouse embryo fibroblast NIH/3T3. They developed two dif-
ferent materials: polydimethylsiloxane and polyacrylamide. Their results suggested that focal 
adhesions are sensitive to elastic properties of the materials while cell spreading is dependent 
of substrate viscoelasticity.

Other studies have been focused on techniques to stimulate cultured cells with mechanical 
cues. Special attention has been given to the bone cell lineage since skeleton is responsible 
for withstanding load bearing. Techniques such as mechanical compressive forces have been 
shown a variety of cell responses in vitro that include cell proliferation and differentiation. 
Compressive loading of stem cells, in particular, mesenchymal stem cells, has been studied and 
related to chondrogenic differentiation. For example, Steinmetz et al. [29] demonstrated that in 
a dynamic in vitro environment, human mesenchymal stem cells (hMSC)seeded on hydrogels 
showed high expression of collagen (I, II and X). This study suggested that mechanical stimu-
lation has a positive impact on hMSC differentiation. Also, some studies have been focused 
on the effects of mechanical stimulation on diseases states of cells. For instance, Tse et al. [30] 
suggested that compressive stress accumulated during tumour growth could enable migration 
of cancer cells, therefore promoting cancer cell invasion.

The mechanical stimulation in vitro has been studied with the addition of molecules that 
are able to induce expression of genes involved in differentiation processes. Also, some 
studies demonstrated that mechanical loading is able to induce differentiation of cells with-
out the help of biochemical molecules. For instance, a recent study showed the effects of 
mechanical strain in mesenchymal stem cells seeded on silicon substrates. In this study, 
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the mechanical stimulation was the main variable. There was not any addition of chemicals 
to promote proliferation or differentiation. Their finding suggested that mechanical strain 
enhances the proliferation of MSCs [31].

Despite several studies have been documented the effects of mechanical properties on cells 
with the help of synthetic materials, several questions concerning the mechanisms remain 
unclear. For example, it is not known the specific pathways that regulate the switching 
between homeostatic and disease states. Moreover, these states are related to the progression 
from soft to stiff characteristics in tissues.

5. Tissue engineering and scaffold mechanical properties

Tissue engineering is an interesting approach aimed to reconstruct or create new tissues. However, 
building new tissues is an enormous challenge, for instance, several tissues are composed of dif-
ferent cell populations [32]. An advantage is the self-repair ability of cells that can be used in 
favour of tissue engineering scientist. However, the poor understanding of cell repair mecha-
nisms and the additional challenges of biomaterial design have been slowed the progress in this 
area. When some circumstance (age, wound size, inflammation or chronic disease) inhibits the 
natural repair process, an alternative method to healing is required. Tissue engineering considers 
the use of biomaterials and cells from autologous or external sources. Basically, biomaterials or 
scaffolds are aimed to help cells in the proliferation and differentiation processes. Then, bioma-
terials and cells are the beginning formulae to create a new organ or tissue. However, we have 
to remember that cells need to get the right instructions to start the process of self-repair. These 
instructions are delivered through physical or chemical cues included in biomaterials [3, 23].

The inspiration of biomaterial design is the ECM, which properties are crucial for cell behav-
iour as discussed before. All cells receive signals from ECM, so scientists have attempted to 
mimic the physical and chemical characteristics [23]. Some scientists have been focused on 
imitating patterns, forms, textures and specific characteristics such as mechanical resistance 
and chemical structure. For example, Zhang et al. [33] constructed a three-dimensional system 
to create tissue architecture. The scaffold systems were synthesised with an elastic modulus 
similar to brain tissue. Additionally, they encapsulated a laminin protein, which is a neural 
ECM component. A rapid maturation of neurons from human induced pluripotent stem cells 
was associated with the physical properties of the scaffold systems, which are similar to the 
mechanical properties of the natural extracellular matrix in the brain.

On the other hand, stem cells are widely employed in the tissue engineering area due to 
their potential to give rise to different cell types. Also, stem cell differentiation through 
biomaterial mechanical properties remains a critical goal [34]. For example, changes in the 
bulk stiffness of ECM-coated hydrogels elicit different cell responses. In the case of mesen-
chymal stem cells, bone differentiation is favoured by stiffer substrates, whereas adipocyte 
differentiation is promoted by softer substrates. The influence of mechanical properties 
on stem cell differentiation has been demonstrated on a range of substrates, including col-
lagen and hyaluronic acid gels, Poly(D-lactide-co-glycolide acid) electrospun nanofibres 
and polydimethylsiloxane, among other biomaterials [35]. For example, Shih et al. [31] 
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studied the mechanisms of osteogenic differentiation from bone marrow mesenchymal 
stem cells. Polyacrylamide substrates with different young´s modulus were synthesised to 
analyse secretion of molecules involved in cell differentiation. They found that production 
of collagen type I increased in cells seeded in stiffer substrates. Also, they demonstrated a 
higher level of mineralization and a higher FAK and RAK activation (mechanoresponsive 
elements) when stiffer matrices were used. The expression of integrin was also different 
depending on the elastic modulus of the biomaterial. For instance, integrin expression per 
cell was statistically higher on stiffer matrices.

In the same way, Banerjee et al. [36] examined the behaviour of neural stem cells encapsu-
lated in three-dimensional scaffold (alginate hydrogels) with a variable elastic modulus. 
They analysed the differentiation of cells with neural marker β-tubulin III. Proliferation 
of cells increased significantly with a decrease in the elastic modulus of hydrogels. The 
maximum intensity of β-tubulin III staining was observed in cells grown in the hydrogel 
with the lowest modulus. The modulus ~180 Pa promotes neuronal differentiation which 
is related to the elasticity of brain tissues. Overall, these results demonstrated the influ-
ence of the mechanical characteristics of the biomaterials on cellular behaviour in vitro. 
Moreover, there is a diversity of biomaterial systems that can be used to investigate cellular 
behaviours to mimic native ECM. Stem cells in these different biomaterials had a diverse 
behaviour related with mechanical properties of the scaffold and confirm that stiffness is 
an important factor [37].

In the 1980s, the main function of a biomaterial was limited to support cells. However, as 
stated above, biomaterials can influence different cellular processes depending of the physical 
characteristics such as young’s modulus [32]. As an example, biomaterial stiffness has been 
found to affect the transcriptional process [38]. In this context, studies have been shown that 
certain cell lines develop larger focal adhesions on stiffer surfaces. Also, cell migration speed 
had showed a dependence on mechanical properties. Other studies had demonstrated that 
cells migrate preferentially to stiffer surfaces. However, the influence of substrate mechanical 
properties on cell phenotype also depends on the cell type [23, 38].

The cellular behaviour and mechanical stimuli in vivo models have also been analysed. For 
example, Moshayedi et al. [37] developed a hydrogel material to control neural cells fate  
in vivo. In this study, an injectable hydrogel was designed and showed to promote survival 
and differentiation towards immature states of human neural progenitor cells. Another study 
employed magnetically responsive ferrofluid microdroplets to measure local mechanical 
properties in developing embryos. Their results suggested that tissue mechanics might play a 
critical role in morphogenesis [39].

6. Additional considerations about cell biomechanics: the case 
of the adipocyte

As shown in this chapter, cells respond to external environmental forces. Such understanding about 
cell behaviour would also benefit from studying how cells react to biomechanical disturbances 
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inside them. In this section, a source of physical strain within the cell is presented. The case is made 
for the fat overload in adipose cells, a common condition in people with obesity.

Adipocytes are cells specialized in storing triglycerides in the form of lipid droplets [40].
The adipocyte can form one giant lipid droplet as large as 100 µm, this constitutes the most 
efficient cellular packaging of energy per volume, which is a favourable trait to conserve 
energy that could be used when energy supply decreases [41]. However, there are factors 
in modern life such as frequent intake of energy-dense food that contribute to adipocyte 
hypertrophy [42].

A question is why the adipocyte continues accumulating fat even when it is unhealthy [43]. 
One possibility is that triglyceride accumulation may be part of adaptive mechanisms that 
prevent toxicity induced by high levels of lipids [44].

Despite the high resilience of adipose cells to fat overload, excessive accumulation of triglycerides 
within the adipocyte impairs its cellular functions [45]. For instance, a negative effect of excessive 
packing of fat by the adipocyte includes induction of cellular hypoxia through inhibition of effec-
tive oxygen supply from the circulation [46]. Another negative intracellular effect of adipocyte 
hypertrophy is a mechanical stress on the endoplasmic reticulum, condition that impairs protein 
folding [47]. Indeed, the adipocyte displays a potent inflammation as effect of the high storage 
of fat [48]. The impact of hypertrophy can be so adverse as to trigger adipocyte apoptosis [49]. 
Nevertheless, before such ultimate death phase occurs, the adipocyte enacts a series of responses 
to improve its own functioning as fatness accumulation increases in its intracellular space.

It has been proposed that adipocytes contribute to sense the levels of body energy (fat con-
tent) and are able to signal such state to the central nervous system that in turn modulates 
individual's intake and expenditure [41]. Although the somatic influence on appetite seems 
to be not as strong as needed to reduce overeating behaviour [50], to deal locally with lipid 
accumulation, the adipocyte increases its metabolic pathway for fat oxidation [51, 52] In addi-
tion, the adipocyte signals immune cells that phagocyte and oxide fat [53].

There is on-going research showing promising findings that adipocytes are a ready body 
source of cells that could be used for tissue-engineering reconstruction [54]. For instance adi-
pose stem cells (ASCs) are a great promise for regenerative medicine applications. The use 
of de-cellularized human adipose tissue ECM combined with ASCs is a strategy that can be 
employed in the tissue engineering area [55]. Kim and collaborators designed a free-cell scaf-
fold for adipose tissue regeneration; the aim was creating a specific scaffold to recruit cells 
into a desire cell type [56].Hence, research on adipocyte biomechanics has potential for evi-
dence that could be applied to the development of methods for tissue construct. Indeed, a 
high proportion of reconstructive procedures involve repairing adipose tissue.

This case of adipocyte behaviour in the face of overload of fat illustrates how cells of the 
body are highly specialized systems that display impressive responses against mechanical 
forces outside and inside them. Thereby, any engineered treatment related to biomaterials 
for cells and tissues should rely on proper understanding of cell behaviour under unfavour-
able stimuli. In particular, biomaterials characteristics should aim to act in synergy with the 
natural cell systems in order to improve the conditions in which healing of cells and tissues 
can occur.
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7. Future directions

Since tissue engineering appeared in the 1990s, research on biomaterials has increased and 
advanced greatly. Now these materials have specific characteristics depending on the tissue 
in which they want to be applied. Moreover, the physical characteristics (i.e. mechanical) of 
living systems are important in order to create artificial scaffolds. It is possible to reprogram 
cells through mechanical cues and synthetic constructs. However, the challenges consist of 
controlling such properties according to certain outcomes in cell behaviour. Also, the inte-
gration of more than one mechanical characteristic (i.e. external dynamic stimuli and matrix 
stiffness) imitating the in vivo conditions is required. Finally, further studies of mechanisms 
that direct cells to create new tissues are important to understand the way cells behave and 
respond to external and internal mechanical forces.
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Abstract

The repair of peripheral nerve traumatic lesions still represents a major cause of perma-
nent motor and sensory impairment. In case of substance loss, a nerve guide should be 
used to bridge the proximal with the distal stump of the severed nerve. The effectiveness 
of hollow nerve guides is limited by the delay of axonal growth due to the absence of a 
regeneration substrate inside the conduit. To fasten up nerve regeneration, nerve guides 
should thus be enriched by a luminal filler. In this study, we investigated, in a 12-mm rat 
sciatic nerve defect experimental model, the effectiveness of chitosan-based conduits of 
different acetylation filled either with a hyaluronic acid gel (NVR gel) or with a magnetic 
fibrin hydrogel, in comparison with traditional autografts. Results showed that all types 
of artificial nerve conduits led to functional recovery not significantly different from auto-
grafts. By contrast, morphological and morphometrical analyses showed that the best 
results among nerve guides were found in medium degree of acetylation (DAII: ∼5%) 
chitosan conduits enriched with the NVR gel.

Keywords: peripheral nerve injury, chitosan guidance conduit, conduit acetylation, 
hyaluronic acid gel, magnetic fibrin hydrogel

1. Introduction

Chitosan is a biopolymer derived from chitin that can be extracted in large quantities 
from the shells of the crustaceans. Among the different applications, the use of chitosan 
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as a scaffold for neural repair is receiving growing interest from the scientific commu-
nity and, in particular, many experimental studies have shown that chitosan-based con-
duits provide an effective scaffold for the reconstruction of peripheral nerve defects [1]. 
Recently, chitosan hollow nerve guides have been approved for clinical use (Reaxon® 
Nerve Guide) [2].

In spite of these positive results, the early growth of axons along hollow nerve guides is 
delayed since the conduit’s lumen should first be colonized by connective tissue and Schwann 
cells migrating from the distal nerve stump [3, 4]. To prevent this occurrence, a luminal filler 
must be used for providing a substrate for early nerve fiber regeneration [5–7]. A number of 
different materials have been investigated as luminal fillers for nerve guides, including bio-
logical or artificial substrates [8–11].

The aim of the present study was to investigate rat sciatic nerve reconstruction with chitosan 
conduits filled up with two types of substrates which might potentially improve axon regen-
eration, namely (i) NVR gel and (ii) magnetic fibrin hydrogel.

NVR gel is a gel based on hyaluronic acid (HA), a non-immunogenic biopolymer that has 
been proposed for various tissue engineering applications [12, 13]. HA is a glycosamino-
glycan composed of disaccharide D-glucuronic acid and N-acetyl-D-glucosamine produced 
by hyaluronan synthases, a membrane-bound enzyme. It is a component of ECM where it 
modulates cell adhesion, migration, and neuronal sprouting, and it controls tissue homeo-
stasis and absorbs mechanical shock. HA action is related to its molecular weight; a long 
polymer (>500 kDA) is generally known as high molecular weight HA (HMW HA) and is 
found predominantly in the brain where it has a structural role and takes part in various 
biological process like silences inflammation, angiogenesis and neural differentiation [14]. In 
the peripheral nerves, HA is one of the prominent components of the Bunger band formed 
during Wallerian degeneration, and the ablation of HA receptors can reduce cell adhesion 
and migration [15]. Several studies showed that HA has a positive effects on peripheral nerve 
regeneration [16, 17].

Fibrin hydrogels are natural polymers made by mixing two blood coagulation components, 
fibrinogen and thrombin, which form a clot upon mixing.

In previous studies, it was demonstrated that appropriate conjugation of thrombin to iron 
oxide (γ-Fe2O3) magnetic nanoparticles preserved the thrombin-clotting activity, stabilized 
the thrombin against its major inhibitor, antithrombin III, and improved its storage stability 
[18, 19]. Moreover, these thrombin-conjugated γ-Fe2O3 nanoparticles were used to fabricate 
novel magnetic fibrin hydrogel scaffolds [20].

2. Materials and methods

2.1. Chitosan tube preparation

Chitosan conduits were provided by Medovent GmbH (Mainz, Germany). They were produced 
under ISO 13485 conditions from chitin tubes made by extrusion process. Distinctive washing 
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and hydrolysis steps were then carried out to adjust the required low, medium, and high degree 
of acetylation (DA): (1) DAI tubes (low DA, ∼2%); (2) DAII tubes (medium DA, ∼5%); and (3) 
DAIII tubes (high DA, ∼20%). Tubes were finally cut and sterilized by electron beam.

2.2. Preparation of NVR gel

NVR gel was prepared by mixing high molecular weight hyaluronic acid (3×106 Da, BTG 
Polymers, Kiryat Malachi, Israel) and laminin (Sigma, Rehovot, Israel). The NVR gel was then 
diluted with nutrient medium (composed of 86% Dulbecco’s modified Eagle medium-nutri-
ent mixture F-12), 10% heat-denatured fetal calf serum (FCS), 6 g/L D-glucose, 2 nM gluta-
mine, 25 μg/mL gentamycin, and 50 ng/mL IGF-I, all purchased from Biological Industries, 
Israel, to a final concentration of 0.5%. NVR gel was then injected into the chitosan tubes 
immediately before surgical implantation.

2.3. Preparation of the magnetic fibrin hydrogel

Magnetic fibrin hydrogel was prepared by mixing 30 μL of bovine fibrinogen (from stock 
solution of 100 mg/mL, in PBS without Ca2+ and Mg2+), 460 μL of a culture medium, and 10 μL 
of a CaCl2 aqueous solution (from stock solution of 25 mM). To achieve coagulation, thrombin 
was conjugated to iron oxide nanoparticles [19–21] and added to the gel (50 μL from a stock 
solution of 100 μg/mL). The final liquid mixture was then injected into the chitosan conduits 
immediately before surgical implantation.

2.4. Experimental design and surgical technique

All animal experiments were approved by the Institutional Animal Care and Usage 
Committee (IACUC) and adhered strictly to the Animal Care Guidelines of University 
Tel Aviv Sourasky Medical Center (number of approval for animal testing 9-3-12). Female 
Wistar rats were brought to the vivarium 2 weeks prior to the surgery and housed two 
per cage with a 12-h light/dark cycle, with free access to food and water. The study was 
conducted on 45 female Wistar rats (weight 200–250 g), using an experimental model for 
producing a complete peripheral nerve injury with massive nerve defect that has been 
recently described [22].

General anesthesia was induced with intraperitoneal injection of xylazine (15 mg/kg) and 
ketamine (50 mg/kg). Surgical procedures were performed using a high magnification micro-
scope. The left sciatic nerve was exposed and separated from biceps femoris and semimem-
branosus muscles beginning from the area of branches to the glutei and hamstring muscles 
and distally to the trifurcation into peroneal, tibial, and sural nerves. The sciatic nerve was 
completely transected at the third femur level using microsurgical scissors and a 6-mm nerve 
segment was removed. A 14-mm chitosan hollow conduit of different degrees of acetylation 
(DAI ~2%; DAII ~5%; DAIII ~20%) filled with 0.5% NVR gel was placed between the proximal 
and the distal parts of the transected nerve for reconstruction, enabling the nerve to enter the 
conduit 1 mm on each side, while providing a 12-mm gap between the proximal and distal 
ends. Two 9–0 non-absorbable sutures were used to anchor the conduit to the epineurium at 
the proximal and distal nerve stumps (Figure 1).
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Only one experimental group was used for testing magnetic fibrin hydrogel injected inside 
DAI tubes.

Autologous nerve graft reconstruction was adopted as control. The left sciatic nerve was 
exposed as described above and then sharply incised with microscissors at the femur level 
below the superior gluteal nerve and above the division of the sciatic nerve to the tibial 
nerve and the peroneal nerve. A nerve segment of 12 mm was harvested, turned upside 
down, and immediately replaced to bridge the nerve gap using 2–3 non-absorbable 10-0 
sutures for each stump. Coaptation of nerve fascicles was carried out to preserve all the 
fascicles within the epineural sac. The muscular, subcutaneous and skin layers were 
closed.

Experimental groups can be then summarized as follows: DAI tubes filled with NVR gel  
(n = 10); DAII tubes filled with NVR gel (n = 10); DAIII tubes filled with NVR gel (n = 10); DAI 
tubes filled with magnetic fibrin hydrogel (n = 10); and autologous nerve grafts (n = 5).

2.5. Functional analysis and electrophysiological evaluation

Preoperative evaluation and postoperative follow-up were performed and consisted of 
motor assessment of the sciatic nerve utilizing sciatic functional index (SFI) (data not shown) 
and somatosensory evoked potentials (SSEP). SFI and SSEP were tested preoperatively and 
retested at 90 and 120 days postoperatively.

All assessments were carried out in a blinded manner without disclosure of rat’s affiliation to 
the evaluating team.

SSEP were recorded in both the operated and intact hind limbs using a Dantec™ KEYPONT® 
PORTABLE. Conductivity of rat sciatic nerve and spinal cord was studied by stimulation of 
the sciatic nerve at the level of the tarsal joint with simultaneous recording from the skull 
over the somatosensory cortex in anesthetized rats. Two subcutaneous needle electrodes 
were inserted under the skin of the scalp with the active electrode over the somatosensory 
cortex along the midline and reference electrode between the eyes. The ground electrode 
was placed subcutaneously on the dorsal neck. The sciatic nerve was stimulated by a set 
of two polarized electrodes placed on the lateral aspect of the tarsal joint. Three hundred 

Figure 1. In vivo image of sciatic nerve reconstruction using chitosan-based scaffold immediately after its implantation.
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stimulation pulses of 0.2 ms in duration were generated at a rate of 3 Hz. The stimulus inten-
sity was set on 2–5 mA, and a slight twitching of the limb was noted in all rats. The appear-
ance of an evoked potential in at least two consecutive tests as a response to a stimulus was 
considered positive.

2.6. Morphological and stereological analysis

Nerve samples were collected 120 days after surgery. The complete conduits were harvested 
together with parts of proximal and distal nerves, and the whole specimens were fixed for 4–6 h  
at 4°C in 2.5% glutaraldehyde prepared in 0.1 M phosphate buffer (pH 7.4). A postfixation was 
then performed using 2% osmium tetroxide for 2 h, followed by dehydration in ethanol from 
30 to 100%. After two washings with propylene oxide of 7 min each, samples were left for an 
hour in a mixture of propylene oxide and Glauerts’ mixture of resins (50% Araldite HY964, 50% 
Araldite M, and 0.5% dibutylphthalate) mixed in equal parts. Then, samples were immersed 
in Glauerts’ mixture of resins and left overnight. A second immersion with Glauerts’ mixture 
of resin was then performed, leaving samples at 37°C for 1 h. Samples were then immersed 
twice for 30 min in resin with the addition of 2% of accelerator 964 and finally left in resin 
for three days at 60°C. Resin-embedded nerves were then processed for stereological analysis: 
transverse sciatic nerve sections were prepared starting from the distal part of the samples. For 
optical analysis, semi-thin sections (2.5 μm of thickness) were prepared using Ultracut UCT 
ultramicrotome (Leica Microsystems, Wetzlar, Germany) and stained with 1% toluidine blue.

The stereological analysis [23] was performed on semi-thin transverse nerve section stained 
with toluidine blue using DFC320 digital camera on DM4000B microscope. A random 
selected semi-thin section was analyzed for each sample with the help of specific image soft-
ware (IM50 image manager system, Leica Microsystems). The total cross-sectional area of 
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2.7. Statistical analysis

Functional and electrophysiological analyses were done using MATLAB software (v.2008b, The 
MathWorks, Inc.). Non-parametric statistics were used in this study. Hence, all figures are 
presented with Median ± MAD. Significance levels were calculated using a Mann-Whitney U 
test and a Wilcoxon signed-rank test. SSEP responses were analyzed as categorical parameters 
using χ2 test.

For stereological analysis, one-way ANOVA followed by Bonferroni post hoc test was performed 
using SPSS Statistic Program. The GraphPad software was used to obtain the regression line 
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in scatter plot and to test whether slopes are significantly different. Results are reported as a 
mean ± standard deviation.

3. Results

3.1. Functional analysis and electrophysiological evaluation

Due to autotomy which often occurs in the operated hind limb [25], the number of rats avail-
able for meaningful SFI testing was not sufficient for reliable statistics (data not shown). The 
group of low acetylation conduit (DAI) filled with NVR gel had the lowest number of autoto-
mies (4 out of 10), while the group of low acetylation (DAI) conduit filled with magnetic fibrin 
hydrogel had the highest number of autotomies (8 out of 10 rats).

For the electrophysiological evaluation, the SSEP peak-to-peak (P2P) amplitude was calcu-
lated. Two consecutive electrophysiological recordings were performed on 38 and 39 rats 
during 90 and 120 days, respectively. In order to evaluate P2P amplitude in the operated 
and intact limbs, we calculated the results from each limb separately. No significant differ-
ences were found between limbs (data not shown). Rats with P2P measurement in only one 
of the limbs were ignored in calculations from limb comparison. Regarding the operated 
limb, no significant differences were observed between all groups after both 90 and 120 days 
(Figure 2).

The P2P values of the intact limb were subtracted from the values of the operated limb in 
order to evaluate the effectiveness of the various conduits and fillers. A value closer to “0” 
indicates similar activity in both intact and operated limbs, while a major shift is an indicator 
of neurological dysfunction. As can be seen in Figure 3, all groups evolved with a value close 
to “0,” and no significant difference among the various acetylation conduits and fillers was 
detected.

3.2. Morphological and stereological analysis

During harvesting (120 days postoperation), a macroscopic observation was performed in 
order to evaluate the degradation conditions of the conduit and the presence of nerve filaments 
inside the conduit reconnecting the two nerve stumps. This qualitative analysis showed that  
2 rats out of 9 of DAI-NVR gel group and 6 rats out of 10 of DAIII-NVR gel group showed con-
duits with sign of degradation. Moreover, 5 rats out of 7 of DAI-magnetic fibrin clot group,  
7 rats out of 9 of DAI-NVR gel group, 8 rats out of 10 of DAII-NVR gel group, and 8 rats out of 
10 of DAIII-NVR gel group showed macroscopically signs of regeneration. This macroscopic 
observation was then confirmed after histological analysis.

The morphological evaluation was carried out on regenerated nerves immediately down-
stream to the conduit, 120 days after nerve repair. Representative high-resolution light 
microscopy images of transverse semi-thin sections of regenerated sciatic nerves of all 
experimental groups are shown in Figure 4. A good regeneration was observed in most of 
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the samples for each experimental group: autologous nerve graft (Figure 4A); DAI-magnetic 
fibrin clot (Figure 4B); DAI-NVR gel (Figure 4C); DAII-NVR gel (Figure 4D); DAIII-NVR 
gel (Figure 4E).

Semi-thin sections were also used to perform stereological analysis for the evaluation of the 
number of myelinated fibers, the axon and fiber size, and the myelin thickness.

Figure 3. Evaluation of the effectiveness of various acetylation conduits and fillers. The P2P values of the intact limb were 
subtracted from the values of the operated limb.

Figure 2. Somatosensory evoked potentials (SSEP) peak-to-peak (P2P) amplitude in operated limbs in various treatments 
during 90 and 120 days postoperatively. Values are presented with median ± MAD.
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Figure 5. The graphs show the results of stereological analysis on semi-thin sections of the distal part of regenerated 
nerves. The number of myelinated fibers (A), axon diameter (B), the myelin thickness (C), the fiber diameter (D), and 
the g-ratio (E) were evaluated 120 days after surgery. All data are presented as means±SD; statistical analysis: one-way 
ANOVA with post hoc Bonferroni test.

Figure 4. Representative semi-thin sections of the distal part of a sciatic nerve repaired with (A) autologous nerve graft; 
(B) low acetylation (DAI) conduit filled with magnetic fibrin clot; (C) low acetylation conduit (DAI) filled with NVR gel; 
(D) medium acetylation (DAII) conduit filled with NVR gel; (E) high acetylation (DAIII) conduit filled with NVR gel. A 
good regeneration after nerve repair is detectable in all groups. Scale bar: 20 μm.
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As we can observe from the graph (Figure 5A), the total number of myelinated fibers in DAI 
magnetic fibrin clot group is about two-thirds smaller than the autograft group (p = 0.05). 
Moreover, the number of myelinated fibers in all NVR gel groups is similar to each other 
and about one-third reduced compared to the autograft group. Although the differences are 
evident, they can only be interpreted as a statistical trend of p < 0.1 due to the high standard 
deviation (that is probably due to the high variability in the regeneration success observed for 
all-gel-filled conduits).

Axon and fiber diameter, myelin thickness, and g-ratio are not statistically different among 
all groups (Figure 5B–E).

Scatter plot graphs in Figure 6 represent the correlation between g-ratio and axon diameter of 
individual fibers. All groups are compared to the autograft, considered as control. Data show 
that in DAI-magnetic fibrin clot, DAI-NVR gel, and DAIII-NVR gel group, the slope of the 
regression line is significantly different from the autograft (Figure 6A, B, D). Contrary, there is 
no difference between autograft and DAII-NVR gel group (Figure 6C) since the slope of the 
two regression lines is not significant different.

Figure 6. Scatter plot graphs display g-ratio (y-axis) in relation to axon diameter (x-axis) of individual fiber. More than 
250 myelinated axons were considered for each group. All the experimental groups are compared to autograft. The 
slope of linear regression for (A) DAI conduit filled with magnetic fibrin clot, (B) DAI conduit filled with NVR gel, 
and (D) DAIII conduit filled with NVR gel is significantly different from the autograft. On the contrary, there are no 
significant differences between autograft and the group DAII conduit filled with NVR gel (C). The statistical analysis 
was performed using Prism Program, comparing the slope of the linear regression.

Peripheral Nerve Reconstruction Using Enriched Chitosan Conduits
http://dx.doi.org/10.5772/intechopen.69882

171



4. Discussion

Peripheral nerves are very often subjected to traumatic lesions both because of accidents 
(e.g., at work, on the road, and at home) and also because of iatrogenic damage (e.g., onco-
logic surgical excisions) [26, 27]. When the lesion causes substance loss, the two nerve stumps 
must be connected by a nerve guide in order to allow regenerating axons to bridge the gap 
[28, 29]. The nerve guide can be represented by an autologous nerve segment (traditional 
autograft), e.g., from the sural nerve or by a non-nervous conduit [5, 30]. Along the last years, 
an increasing number of papers describing innovative bio-artificial nerve guides has been 
published [7]. In general, nerve guides are composed of two main components: a tubular 
scaffold which can be sutured (or glued) to the nerve stumps and a luminal filler which pro-
vides the substrate for cell migration and axon regeneration inside the conduit.

In this study, we selected the chitosan as the biomaterial of choice for fashioning the nerve 
conduit based on the previous in vitro and in vivo experimental evidences. In vitro, it has 
been shown that chitosan membranes are a suitable substrate for survival and orientation of 
Schwann cell growth as well as survival and differentiation of neuronal cells [31, 32]. In vivo, 
studies showed that chitosan tubes can efficiently bridge peripheral nerve defects [33–36].

On the other hand, two types of luminal filler have been investigated in this study: (i) NVR 
gel and (ii) magnetic fibrin hydrogel.

The selection of NVR gel as a potentially bioactive luminal filler has been based on a number of 
studies that have proposed his employment for various tissue engineering applications [12, 13]. In 
peripheral nerves, HA has positive effects on peripheral nerve regeneration modulating glial cell 
adhesion and migration and neuronal sprouting [15–17]. Yet, topical application of HA is able to 
reduce the scar formation and create a more favorable environment for nerve regeneration [37, 38].

The results of this study, which compared HA gel enrichment of three different types of 
chitosan conduits with traditional autografts, showed no significant inter-group differences 
in the electrophysiological functional outcome and with respect to all histomorphometrical 
predictors of axon regeneration. By contrast, g-ratio and axon diameter correlation plots (a 
strong predictor of nerve fiber maturation) showed significant differences between auto-
graft and all groups of conduits except for NVR gel-enriched medium degree of acetylation 
(DAII). The better performance of DAII (w5%) conduits is in line with a previous report 
which compared chitosan hollow conduits with different degrees of acetylation in the rat 
sciatic nerve model [35] and might be explained with the need of a medium-degree degrada-
tion time (several months). In fact, the degree of acetylation is directly related to the degrada-
tion velocity of the biomaterial, resulting in too slow degradation (more than 1 year) under 
low acetylation conditions and too fast degradation (several weeks) under high acetylation 
conditions [35].

As regards the choice of magnetic fibrin hydrogel, the second potentially bioactive luminal 
filler investigated in this study, this has been based on its previous successful use for tis-
sue engineering applications in various tissues and organs [39–43]. Fibrin hydrogels combine 
some important advantages such as inherent flexibility, soft, high seeding efficiency, and they 
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cast easily into three-dimensional shapes, can be injected directly into the site of an injury, and 
contain cell-binding sites which enhance cell adhesion [44, 45].

In this study, thrombin-conjugated γ-Fe2O3 nanoparticles were used to fabricate the magnetic 
fibrin hydrogel in order to enrich low acetylation (DAI) chitosan conduits. The selection of 
DAI conduits instead of DAII conduits, which showed a better performance in other experi-
ments (35), was due to the fact that, when these experiments started, full data on the compari-
son among different acetylation chitosan scaffolds were not available yet.

Results of the electrophysiological assessment showed that no significant difference in func-
tional recovery can be detected between magnetic fibrin hydrogel-enriched DAI conduits, 
NVR gel-enriched DAI conduits and traditional autografts. By contrast, as regards morpho-
metrical analysis, magnetic fibrin hydrogel-enriched DAI conduits showed significantly less 
fibers than autograft.

5. Conclusion

Altogether, the results of our study showed that the enrichment of chitosan tubes with both 
NVR gel and magnetic fibrin hydrogel for the repair of 12 mm long rat sciatic nerve gaps 
leads to a degree of functional recovery (measured by electrophysiology) not significantly 
different from traditional autograft. The functional results were not completely matched by 
the histomorphometric investigation of nerve fibers that showed that best results were found 
in medium degree (w5%) of acetylation chitosan conduits enriched with the NVR gel. This 
occurrence, which is not surprising since several studies previously showed that morphologi-
cal and functional predictors of nerve regeneration are often unrelated [46], must be taken 
into consideration when translating experimental results to the clinics.
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Abstract

Human adult peripheral nerve injuries are a high incidence clinical problem that greatly 
affects patients’ quality of life. Although peripheral nervous system has intrinsic regen-
erative capacity, this occurs in an incomplete or poorly functional manner. When a nerve 
fiber loses its continuity with consequent damage of the basal lamina tubes, axon spon-
taneous regeneration is disorganized and mismatched. These phenomena translate in an 
inadequate nerve functional recovery and consequent musculoskeletal incapacity. Nerve 
grafts still remain the gold standard in peripheral injuries treatment. However, this 
approach contains its disadvantages such as the necessity of primary surgery to harvest 
the autografts, loss of a functional nerve, donor site morbidity and longer surgery pro-
cedures. Therefore, biomaterials and tissue engineering can provide efficient resources 
and alternatives to nerve injury repair not only by the development of biocompatible 
structures but also, introducing neurotrophic factors and cellular systems to stimulate 
optimum clinical outcome. In this chapter, a comprehensive state-of-the art picture of 
tissue-engineered nerve grafts scaffolds, their application in nerve regeneration along 
with latest advances in peripheral nerve repair and future perspectives will be discussed, 
including our own large experience in this field of knowledge.

Keywords: nerve regeneration, peripheral nerve, biomaterials, hydrogels, tube-guides, 
neurotrophic factors, cell-based therapies, functional assessment, mesenchymal stem 
cells, Schwann cells, tissue engineering, scaffolds
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1. Introduction

Tissue engineering was originally defined by Skalak and Fox, in 1988 [1] as ‘the application 
of the principles and methods of engineering and life sciences towards the fundamental 
understanding of structure-function relationships in normal and pathological mammalian 
tissues and the development of biological substitutes to restore, maintain, or improve func-
tions’. Later, Langer and Vacanti [2], in a widespread review paper, defined three main pil-
lars of tissue-engineering principles, the (a) isolated cells and substitutes—cellular systems; 
(b) tissue-inducing substances—bioactive molecules; and (c) scaffolds, biomaterials and/or 
matrices.

The first strategy concerns cell-based therapies in which cells in a small volume or in cell 
sheets are transplanted into the body. Cellular system includes a wide range of cells and 
most significantly stem cells [3–7]. Stem cells are responsive undifferentiated cells with 
varying degrees of self-proliferation and differentiation plasticity [8]. Although the number 
of stem cells is higher before birth, in adults there are still several ‘niches’ with significant 
number of stem cells [9]. The second pillar focuses on the [5, 7, 10] bioactive molecules that 
can be signalling molecules, proteins and oligonucleotides that can enhance cell migra-
tion, cell growth and/or differentiation. These bioactive molecules are roughly divided into 
mitogens, growth factors and morphogens. Finally, the third pillar is the three-dimensional 
structure that provides shelter and structure for the cellular system [5–7, 11]. Usually, the 
biomaterials or scaffold mimics the environment and natural extracellular matrix (ECM) of 
the place of implantation and should be biocompatible such as their metabolites. Also, scaf-
folds can be used as drug-delivery system in the controlled release of bioactive molecules 
[9, 12, 13].

Biomaterials according to the American National Institute of Health describes ‘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’. 
Earlier, the Williams Dictionary of Biomaterials [14] defined biomaterial as ‘any substance 
intended to interact with the biological system in order to replace living matter which has 
lost its function. It can serve as a vehicle or not, matrix, support, or for stimulating new tis-
sue growth’. The selection of the most adequate material for a given application should fulfil 
several requirements of physical, mechanical, chemical and biological properties. The most 
important features of biomaterials must be [7] (i) biocompatibility, that is, the biomaterial itself 
must not cause any harm in the living system; (ii) biofunctionality, since the biomaterial must 
feature mechanical and physico-chemical properties adequate to the function and intended 
application; and (iii) sterilizability, while materials must be able to undergo sterilization pro-
cedures, especially the polymeric materials. Biocompatibility is considered the main feature 
of a biomaterial and represents the response of the living system to the introduction of a for-
eigner material. It can be defined as the ‘ability of a biomaterial to perform its desired function 
with respect to a medical therapy, without eliciting any undesirable local or systemic effects in 
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the recipient or beneficiary of that therapy, but generating the most appropriate beneficial cel-
lular or tissue response to that specific situation, and optimizing the clinically, relevant perfor-
mance of that therapy’ [14]. However, biocompatible biomaterials are not useful if they are not 
biofunctional. Similarly, bioactive devices cannot be used if they are not biocompatible. The 
term biofunctionality can be simply explained as the suitability to the function [7]. Scaffold 
porosity is an important desirable feature in the majority of scaffolds, as it promotes cell seed-
ing and cell-matrix interaction and leads to increased neovascularization. However, the exact 
pore size depends on application, the average pore diameter of 20–125 µm is adequate of 
skin tissue and >300 µm, in bone tissue [11, 15]. The macro- and micro-topography and other 
physico-chemical properties of the scaffolds influence cell attachment, migration, prolifera-
tion and differentiation and promote protein and other factors adsorption and therefore the 
success of the system [11, 16]. The mechanical properties and specially the degradation kinet-
ics also is a key feature, especially for musculoskeletal and neuromuscular repair due to the 
slower repair rates.

In this chapter, a comprehensive state of the art of tissue engineering focused on peripheral 
nerve repair and the advances on materials and nerve grafts will be discussed, as well as our 
own large experience in this field of knowledge and the future perspectives.

2. Peripheral nerve regeneration

Peripheral nerve injury remains a major public health problem with an estimated incidence of 
13–23 cases per 100,000 persons [17, 18]. These injuries may have a traumatic or an iatrogenic 
cause and usually are associated with pain, decrease of function and sensory sensibility with 
devastating effects on patients and family lives [3, 17, 19, 20].

Aegineta et al. [21] for the first time performed nerve repair and wound closure in wounded 
soldiers, as a military surgeon. Then, in 1873, Hunter [22] first described the epineural nerve 
repair procedure, still in use today. Sunderland portrayed the principles of nerve repair 
resourcing to microsurgical techniques, and Kurze and Smith were able to apply those prin-
ciples in 1964, thanks to the advance in microscopy [23–25].

Peripheral nerve injuries treatment understands the most challenging surgical procedures, 
and despite the major breakthroughs in this area, complete nerve recovery and nerve func-
tion in all clinical cases have not yet been achieved [17, 20, 26]. Despite the exquisite surgi-
cal techniques, poor recovery outcome results from nervous system intrinsic and extrinsic 
factors, such as the integrity of the surrounding tissues post lesion, type and level of the 
injury itself, the effect on the spinal cord and neurons, the compromising of end organs 
and with key importance the timing of the surgery [17, 27–29]. Also, although periph-
eral nervous system has spontaneous regeneration ability, there is a very limited prospec-
tive of spontaneous recovery, mostly concerning the complete functional neuromuscular 
recovery [20].
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2.1. Peripheral nerve anatomy

The peripheral nerve system is composed by neurons, Schwann cells (SCs), fibroblasts, mac-
rophages and interconnected blood system [20, 30]. Motor and sensory neurons are polar-
ized cells whose bodies reside in the spinal cord and with long cytoplasm called axon. Their 
terminations, called dendrites, target a site of innervation. The signal conduction originates 
in the axon hillock, in the cell body and projects itself in synapses with target end organs. 
Axons plasma membrane is partially enclosed by the SCs that produce myelin that encap-
sulates the axon and helps with signal transmission. Myelin is therefore an insulator that 
enhances the signal transmission efficiency down the axon. Then, there is a connective tis-
sue net that surrounds the individual axons called the endoneurium. An arrangement of 
axons, designed fascicles, is surrounded by the perineurium, and groups of fascicles are 
separated by the epineurium. External to this layer is the blood supply derived from major 
arteries and the latter involved by the mesoneurium (Figure 1). The conservation of fascicles 
patterns and connective tissue is vital for optimal nerve repair and regeneration. Therefore, 
more commonly, the epineurium is sutured in end-to-end suture (called epineural end-to-
end suture), and all nerve surgical interventions are strictly directed at these connective 
tissue layers. The most important feature is the fact that these sutures must be tension free; 
otherwise, they will compromise the nerve blood supply and the process of regeneration 
itself [20, 30–32].

Figure 1. Peripheral nerve anatomy. The figure was adapted from Ref. [30].
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2.2. Nerve response to injury

Nerve injuries can be from a chronic or acute nature, and SCs are the major cause of chronic 
injuries [20, 30]. Acute injuries are mediated by axonal degeneration and occur in a sequence 
of events proximally and distally from the zone of trauma. The initial stages of degenera-
tion occur proximally to the lesion as programmed cell death, called chromatolysis [33, 34], 
and distally to the lesion, through Wallerian degeneration of the distal axonal segment [35, 
36]. Within 24–48 h of the injury, SCs degrade the myelin and phagocytes debris from distal 
axons [37, 38]. The proximal portion of the axon also degenerates up to the node of Ranvier, 
where the axonal regrowth occurs. Then macrophages recruitment occurs, originating growth 
factor release and fibroblast and SCs proliferation. The SCs form organized longitudinal 
structures inside the endoneurium—called bands of Büngner [30, 34]—that are critical to the 
axonal regeneration. At the distal site of lesion, the node of Ranvier, around 50–100 finger-like 
sprouts, starts to form a growth cone directed to the distal nerve stump [39]. Proteases are also 
released from the growth cone by the influence of several factors, clearing the way towards 
the target tissue. Nerve growth factor (NGF), brain-derived growth factor (BDNF) and other 
neurotrophic factors are upregulated by SCs, and their expression is increased which pro-
motes the migration and proliferation of the SCs [20]. Axon existing actin allows axon elonga-
tion and which occurs in a 1–3 mm/day rate [36] until a receptor is reached. If no receptor or 
endoneurial tube is reached, axon continues to grow but in a disorganized manner, causing 
neuroma and clinically painful lesions [40]. In severe nerve injury, axon regeneration is fur-
ther disorganized with additional scaring and pourer regeneration.

2.3. Nerve injury grading

Nerve injuries were firstly classified into neuropraxia, axonotmesis and neurotmesis by 
Seddon [41], after his World War II experience in treating nerve-injured soldiers. Neuropraxia 
is characterized by the segmentation of the myelin without disturbance of the axon, usually a 
consequence of a compression. Typically, it resolves itself, once the myelin is restored, within 
12 weeks. Axonotmesis concerns axonal injury and occurs from a crush mechanism. In this 
case, connective tissue and nerve continuity are not affected but are followed by Wallerian 
degeneration. Axonal regeneration occurs at 1–3 mm/day rate [36], and depending on the 
distance of the lesion, an incomplete recovery may happen. Neurotmesis comprehends the 
anatomical and physiological section of the axons and connective tissues. Therefore, no spon-
taneous regeneration may occur and needs surgical reconstruction [30, 42]. Sunderland later 
expanded this classification by including five types of injury, based on histological knowl-
edge that allowed further distinction between axonotmesis injuries [25, 43]. Sunderland grade 
Type I classification is equivalent to neurapraxia. The Type II, III and IV classifications dif-
ferentiate axonotmesis injuries based on the commitment of the connective tissues. In Type II 
class injury, there is axonal damage without commitment of the endoneurium, and therefore, 
it is possible to achieve a full recovery. In Type III lesions, we find axon impairment affect-
ing the endoneurium, and in Type IV besides endoneurium, there is perineurium damage. 
Sunderland grades III and IV may heal spontaneously, but there is attendant scaring and 
increasing axon and connective tissue damage that causes incomplete recovery. Type IV 
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lesion usually implies surgical intervention and results in extensive scaring. Scars are associ-
ated with pain and nerve conduction impairment and may require reconstructive surgery. 
Type V Sunderland classification corresponds to neurotmesis [30, 42]. Finally, Mackinnon 
and Dellon [44] described a mixed type of lesion degree, a Type VI addition to the Sunderland 
classification. This classification represents probably the most common type of lesions, with 
several layers of injury and not necessarily traditional model as described by Sunderland. 
The recovery potential and also the treatment approach vary, according to the type of lesion, 
considering the three classifications mentioned earlier.

In Table 1, the major findings in nerve injury grading according to Seddon [41], Sunderland 
[25, 43] and Mackinnon and Dellon [44] addition are described.

2.4. Diagnosis

Nerve injury may involve variable lengths of nerve impairment, and the degree of the lesion 
is affected by the type of lesion [45]. Also, the prognosis is dependent on the age of the patient, 
location of the lesion—distal fare better than proximal lesions—and also demographics [42]. 
In terms of nerve electrical signal and electrophysiology, the absence of electrical conduc-
tion may not indicate severe nerve damage, since conduction may be recovered after just 
1 week. Clinical examination (including the functional evaluation) and surgical inspection 
still are the most accurate means to obtain diagnosis. However, non-invasive procedures 
such as nerve conduction studies (NCSs) and electromyograms (EMGs) have a diagnostic 
role in the delayed setting, when muscle fibrillation occurs [30, 42]. NCS assesses both motor 
and sensory functions through a voltage stimulator applied to the skin at different points of 

Sunderland Seddon Characteristics Spontaneous recovery 
potential

Type I Neuropraxia Injury to myelin sheath 
only

Full

Type II Axonotmesis Injuries involve the axon 
only

Full

Type III Axonotmesis Injuries involve the 
axon and disrupt the 
endoneurium

Usually slow or incomplete

Type IV Axonotmesis Injuries involve the 
axon and disrupt the 
endoneurium and 
perineurium

Poor to none

Type V Neurotmesis Complete disruption of the 
nerve; with the epineurium

None

Type VI* Mixed Combination of Types II, 
III and IV

Variable, can be poor to 
none

*Mackinnon and Dellon [44] addition to the Sunderland [25, 43] classification.

Table 1. Nerve injury classification according to Sunderland and Seddon.
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Sunderland Seddon Characteristics Spontaneous recovery 
potential

Type I Neuropraxia Injury to myelin sheath 
only

Full

Type II Axonotmesis Injuries involve the axon 
only

Full

Type III Axonotmesis Injuries involve the 
axon and disrupt the 
endoneurium

Usually slow or incomplete

Type IV Axonotmesis Injuries involve the 
axon and disrupt the 
endoneurium and 
perineurium

Poor to none

Type V Neurotmesis Complete disruption of the 
nerve; with the epineurium

None

Type VI* Mixed Combination of Types II, 
III and IV

Variable, can be poor to 
none

*Mackinnon and Dellon [44] addition to the Sunderland [25, 43] classification.

Table 1. Nerve injury classification according to Sunderland and Seddon.
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the nerve. A sensor detects response at the muscle (motor function) or nerve (sensory func-
tion). This is the initial screening test for the presence or absence of conduction signal. The 
EMG assesses only the motor function, and in this test, a needle is inserted in the muscle to 
assess the resting electrical activity and voluntary motor unit analysis [30]. In Figure 2, the 
representation of an algorithm of best treating approach selection according to the type of 
lesion, length and also complementary diagnostic results is shown. Sciatic Function Index 
(SFI) is one of the most widely used forms of functional assessment. It compares parameters 
from footprints and mathematically infers about sensory-motor gait function mediated by 
the sciatic nerve, without requiring terminal assessment [46, 47]. Sciatic Static Index (SSI) 
was first introduced by Bervar [48, 49] and is another way of assessing recovery of function 
after sciatic injury in animal models. It also uses the footprints in a static position and mini-
mizes bias related to gait’s velocity. Also, the SSI improves the acquisition of footprints and 
is more repeatable and accurate than the SFI. Other motor performance index is measuring 

Figure 2. Peripheral nerve repair treatment diagram.

Scaffolds for Peripheral Nerve Regeneration, the Importance of In Vitro and In Vivo Studies...
http://dx.doi.org/10.5772/intechopen.69540

185



the extensor postural thrust (EPT) and nociceptive function using the withdrawal reflex 
latency (WRL). EPT is induced by lowering the affected hindlimb towards the platform of 
a digital balance supporting the animal by the thorax. During the test, the rat extends the 
hindlimb and the distal metatarsus and digits connect with digital platform balance [50–54]. 
Nociceptive function using the withdrawal reflex latency was described by Masters and 
colleagues [55] and is based on the fact that rats without sciatic nerve injury withdraw their 
paws from the hotplate within 4.3 s or less, when this period of time is increased, it is a 
symptom of impaired nerve conduction [51–53, 56–61]. Nuclear magnetic resonance (RMN) 
imaging could become a valuable tool in nerve injury diagnosis since it allows fine, detailed 
evaluation nerve anatomy and pathology due to excellent image resolution [42]. Also, func-
tional diffusion tensor imaging (DTI), a new diagnosis tool, has been showing peripheral 
nerve sheath tumours; however, its application on differentiating various grades of injuries 
remains to be tested [42].

2.5. Timing of medical intervention

After peripheral nerve injury, repair events begin to take place. Primary repair events occur 
within the first couple of days. However, the rate of axon regeneration is very slow, as previ-
ously referred—it is 1–3 mm/day [36]—and no therapeutic methods have yet improved this 
regeneration rate [30]. However, it is consensual that early nerve repair results in improved 
functional outcomes, as described by Mackinnon and Dellon [44]. Furthermore, there is a set 
period of 12–18 months in which muscle re-enervation can occur before irreversible motor 
end-plate degeneration occurs, and the neurogenic atrophy takes place [30]. Slow axonal 
regeneration associated with muscle structural changes and increasingly degraded stromal 
environment contribute for an incomplete functional recovery. Muscle fibrosis and atrophy 
phenomena begin immediately after denervation and are called neurogenic atrophy. After 
4 months, a plateau is reached, when 60–80% of muscle mass is lost, and although motor 
end plates increase, beyond a 12-month period, a functional muscle re-enervation is highly 
unlikely [30, 39, 62]. The time frame for sensory re-enervation is longer but not endless, and 
early repair also grants better results [30, 39]. In Figure 2, we present the peripheral nerve 
injuries repair algorithm which helps to understand the variables taken into account in the 
selection of best nerve repair strategy.

2.6. Nerve repair strategies

2.6.1. Direct nerve repair

Direct nerve repair with epineural end-to-end sutures using microsurgery techniques is still 
the gold-standard surgical treatment for severe neurotmesis injuries, but only in cases where 
well-vascularized tension-free coaptation can be achieved [30, 37, 63–65]. The procedure 
involves rough fascicular matching between proximal and distal nerve ends and the align-
ment of nerve fascicles and epineural blood vessels [30, 66]. Other types of direct repair consist 
in fascicular repair or grouped fascicular repair. This requires intranerval dissection and direct 
matching and suturing of fascicular groups. Despite better fascicle alignment, this procedure 
is no better than epineural repair in functional outcomes and in fact is associated with more 
traumas and scaring [30, 63, 66]. Complementary assistance techniques of histologic staining 

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications186



the extensor postural thrust (EPT) and nociceptive function using the withdrawal reflex 
latency (WRL). EPT is induced by lowering the affected hindlimb towards the platform of 
a digital balance supporting the animal by the thorax. During the test, the rat extends the 
hindlimb and the distal metatarsus and digits connect with digital platform balance [50–54]. 
Nociceptive function using the withdrawal reflex latency was described by Masters and 
colleagues [55] and is based on the fact that rats without sciatic nerve injury withdraw their 
paws from the hotplate within 4.3 s or less, when this period of time is increased, it is a 
symptom of impaired nerve conduction [51–53, 56–61]. Nuclear magnetic resonance (RMN) 
imaging could become a valuable tool in nerve injury diagnosis since it allows fine, detailed 
evaluation nerve anatomy and pathology due to excellent image resolution [42]. Also, func-
tional diffusion tensor imaging (DTI), a new diagnosis tool, has been showing peripheral 
nerve sheath tumours; however, its application on differentiating various grades of injuries 
remains to be tested [42].

2.5. Timing of medical intervention

After peripheral nerve injury, repair events begin to take place. Primary repair events occur 
within the first couple of days. However, the rate of axon regeneration is very slow, as previ-
ously referred—it is 1–3 mm/day [36]—and no therapeutic methods have yet improved this 
regeneration rate [30]. However, it is consensual that early nerve repair results in improved 
functional outcomes, as described by Mackinnon and Dellon [44]. Furthermore, there is a set 
period of 12–18 months in which muscle re-enervation can occur before irreversible motor 
end-plate degeneration occurs, and the neurogenic atrophy takes place [30]. Slow axonal 
regeneration associated with muscle structural changes and increasingly degraded stromal 
environment contribute for an incomplete functional recovery. Muscle fibrosis and atrophy 
phenomena begin immediately after denervation and are called neurogenic atrophy. After 
4 months, a plateau is reached, when 60–80% of muscle mass is lost, and although motor 
end plates increase, beyond a 12-month period, a functional muscle re-enervation is highly 
unlikely [30, 39, 62]. The time frame for sensory re-enervation is longer but not endless, and 
early repair also grants better results [30, 39]. In Figure 2, we present the peripheral nerve 
injuries repair algorithm which helps to understand the variables taken into account in the 
selection of best nerve repair strategy.

2.6. Nerve repair strategies

2.6.1. Direct nerve repair

Direct nerve repair with epineural end-to-end sutures using microsurgery techniques is still 
the gold-standard surgical treatment for severe neurotmesis injuries, but only in cases where 
well-vascularized tension-free coaptation can be achieved [30, 37, 63–65]. The procedure 
involves rough fascicular matching between proximal and distal nerve ends and the align-
ment of nerve fascicles and epineural blood vessels [30, 66]. Other types of direct repair consist 
in fascicular repair or grouped fascicular repair. This requires intranerval dissection and direct 
matching and suturing of fascicular groups. Despite better fascicle alignment, this procedure 
is no better than epineural repair in functional outcomes and in fact is associated with more 
traumas and scaring [30, 63, 66]. Complementary assistance techniques of histologic staining 

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications186

using acetylcholine esterase and carbonic anhydrase, electrical stimulation during the proce-
dure in awaken patients and visual observation of surface vessels, are visual orientations to 
the surgeon that grant the success of the procedure [63, 67]. Another possible approach is the 
use of tissue adhesives such as fibrin glue to supplement or replace sutures, creating a gel-like 
clot at the nerve ends. The advantages of this procedure are the efficiency and practicality, the 
reduced trauma and scaring due to a barrier effect. The major disadvantage of this technique 
is the inferior holding strength more subject to stress [63, 68].

2.6.2. Nerve grafts

When peripheral nerve injury originates a significant gap (>3 cm) between the nerve ends with 
excessive tension for direct epineural repair and reversed interposition, nerve grafts are required 
[30, 63]. Such gaps may occur in severe neurotmesis lesions or in axonotmesis stretch injuries in 
which long regions of the nerve may be damaged in the setting of a lesion-in-continuity [63, 69]. 
Nerve grafts are single, cable, trunk, interfascicular or vascularized portions of the nerve with 
similar diameter to the affected [30, 70, 71]. Nerve grafting may be from autologous or allograph 
origin. Xenografts have been described as viable alternatives but require extensive immuno-
suppression and prionic diseases transmission if they are from ruminants [72, 73]. Nerve auto-
grafts are considered the gold standard since they provide appropriate neurotrophic factors and 
viable SCs, both essential for axonal regeneration without immune compromise [63, 74]. For the 
choice of the autologous grafts, many factors must be taken into account, such as the size of the 
nerve gap, the location of proposed nerve repair and associated donor-site morbidity [63, 74]. 
Grafts are either sutured to the epineurium of single nerves or more commonly to the perineu-
rium of individual fascicles, depending on nerve calibre, type and location [30, 63, 74]. The inter-
fascicular nerve graft was described by Millesi et al. [75]. Vascularized nerve graft was designed 
by Taylor and Ham, whereby the donor nerve is transposed with its arterial and venous supply 
into the graft site [76]. Terzis and Kostopoulos [71] clinically demonstrated that medium-sized 
trunk grafts, which would normally undergo central necrosis, could be transferred as vascu-
larized nerve grafts and survive. However, autografts sacrifice a functioning nerve, usually 
a sensory nerve, to substitute a more important injured motor nerve. Therefore, sensory loss 
and scarring at the donor site, where neuroma and pain phenomena, are expected [30, 63, 77]. 
Autologous nerve graft undergoes Wallerian degeneration and therefore just provides support 
and guidance for the ingrowing axon. Also, fascicle mismatch, scarring and fibrosis of the repair 
site is unavoidable and is caused by the injury, tissue handling and suture itself. [30, 63, 77]. 
An alternative to autologous nerve grafting is the use of nerve allografts. The advantages of 
allografts are no donor supply limitations or donor-site morbidity, accessibility and unlimited 
supply of neuronal tissue. However, there are significant costs and complexity with their use, 
such as immunosuppression [30, 63, 72, 73, 77]. Several techniques have been used to reduce 
allograft antigenicity, such as cold preservation, irradiation and lyophilization and certainly 
patients’ immunosuppressive therapy. However, it is proven that immune response is caused 
by SCs, and once their migration has occurred, approximately 24 months after nerve repair, 
systemic immunosuppression can be withdrawn [74, 78]. To avoid immunosuppression, nerve 
allografts are decellularized by a process of chemical detergent, enzyme degradation or irradia-
tion, resulting in an acellular nerve scaffold [30, 63, 79]. Similarly, in tendon transfer, a distal 
function is treated at the expenses of a secondary function [30, 63, 79].
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2.6.3. Nerve transfers and free-functioning muscle transfer

The definition of nerve transfer is the surgical coaptation of a healthy nerve donor to a dener-
vated nerve [30, 63, 80]. The procedure was first described by Harris in 1921 [81], in the treat-
ment of low median nerve injury suffered during World War I. The major disadvantage is 
finding an expendable donor nerve near the target muscle with a large enough motor fibre 
population [30, 63]. Free-functioning muscle transfer (FFMT) is another treatment approach, 
in severe injuries and especially in secondary reconstructions. The procedure entails the 
transfer of a healthy muscle and its neurovascular pedicle to a new location to assume a new 
function [71, 82]. Since it is a complex procedure, it is only considered as a secondary recon-
structive surgery.

2.6.4. Nerve conduits

Nerve gap repair and nerve grafts have its complications. In the procedures described ear-
lier, the nerve repair requires a second incision site for autograft harvest, donor-site mor-
bidity, loss of a functional, usually sensory nerve, and long-surgery procedure [63, 65]. The 
described disadvantages triggered the development of nerve conduit or nerve guides to 
bring a new approach for nerve gap repair [40, 83]. Also, developments in tissue engineering 
and regenerative medicine, and research in artificial and natural biomaterials have enabled 
the development of the first nerve conduits [73]. Nerve tubulation approach to the repair 
of peripheral nerve gaps can be traced back to the nineteenth century. Gluck (Gluck, 1881) 
performed the first experiment of nerve tabulation, with a tube of decalcified bone to aid the 
approximation of transected nerve ends, in animals [78, 84, 85]. Later, Dahlin and Lundborg 
[86] developed the first synthetic tube, made of silicone. Their work was also pioneer in 
the characterization of the mechanism of regeneration within the lumen of the engineered 
tube [78, 86]. A nerve conduit is a tubular structure made of biological or synthetic mate-
rials designed to bridge the gap of a sectioned nerve. It is used when primary end-to-end 
direct repair is not possible, to protect the nerve from scar formation, to prevent fluid from 
leaking from the nerve stump and to guide the axon nerve cone into the distal nerve stump 
[63, 65, 78]. The fluid formed from the transected nerve ends is essentially made of fibrin, 
which forms a matrix or a hydrogel matrix between the nerve ends that is able to support 
cell migration. Cell migration within the fibrin matrix creates some linear bands—bands of 
Büngner—that steer the growth of the nerve cone [78, 86]. The mechanism through which 
neurite growth cone forms within the lumen of the conduit depends on the volumetric ratio 
[87, 88]. If the gap is too long or the diameter of the inner lumen is too large, the growth cables 
are too thin, and due to the fibrin matrix, the growth cone takes on an hourglass figure that 
affects axonal regeneration. Nectow et al. [89] also studied the effect of the defect size in the 
regenerative process through nerve conduits. Nerve conduits provide control environment to 
outgrowing axons, migration of SCs and neurotrophic stimulation by the distal stump crucial 
for optimal regeneration of nerve function [40, 90]. This approach is usually reserved for gap 
defects between 1.5 and 3 cm [91, 92]. As early as 1994, Brunelli et al. [91] defined four factors 
for an ideal nerve conduit material: (i) biocompatibility, (ii) easy preparation and tailoring, 
(iii) incorporation of neurotrophins and stimulating substances, and (iv) protection against 
scaring. Recently, Arslantunali et al. [93] defined the desirable features for a nerve conduit, as 
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flexibility, biocompatibility, biodegradability, high porosity, neuroinductivity, neuroconduc-
tivity, easy handling and sufficient endurance. Nowadays, the second- and third-generation 
nerve conduits are becoming Food and Drug Administration (FDA) approved and reaching 
the marked, so, many more pre-clinical and clinical trials are demonstrating major break-
through in this area. In Figure 3, we represent the major features of nerve conduits, and the 
modification researchers have made to introduce neurotrophic elements that enhance nerve 
regeneration and peripheral nerve repair.

2.6.5. Biological conduits

The use of non-neuronal tissue as conduits was first reported by Büngner (Büngner, 1891), 
when he successfully used a segment of human brachial artery to regenerate a gap in sciatic 
nerve [84]. The use of arterial grafts has been demonstrated [94, 95] but is associated with high 
morbidity. Also, lack of donor vessels makes this a less popular approach in nerve repair. 
However, it has been described that neurovascular injuries in the hand have benefited from 
the use of homolateral arteries in the repair [40, 84]. Frerichs et al. and Kim at al. [96, 97] have 
used acellular allogenic nerve grafts effectively in the regeneration nerve gaps in a rat sciatic 
model. A similar approach was approved by such Food and Drug Administration and is com-
mercially available as Avance®, by AxoGen, Inc. (Alachua, FL, USA) (Table 2). Veins have 
also been a viable option for nerve repair. The risk of vein collapse led to their filling with 

Figure 3. Different types of nerve conduits and their main features. Nerve conduits modification that functions as nerve 
regeneration enhancers.
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nerve or muscle tissue. This supplementation has the added advantage of supplying neuro-
trophic factors and ECM (muscle fibres) and has been described to facilitate nerve regenera-
tion across longer gaps by promoting SCs migration, cell proliferation and guidance of the 
axonal growth cone [84]. Another type of biological conduit is tendon autograft. Although 
with only theoretically and historic interest, ECM macrostructure and the presence of hyal-
uronic acid have been described to enhance regenerating in the nerve cone [84]. AxoGuard™ 
is the only FDA-approved device composed by small intestine submucosa (SIS) extracellular 
matrix (Table 2). Preliminary studies in rat sciatic model showed distally directed growth of 
the proximal nerve [98]. Later further in vivo studies revealed better EMG response for distal 
motor latency and amplitude [99].

2.6.6. Manufactured conduits

Manufactured nerve conduits can be divided as first-, second- and third-generation conduits. 
The first-generation conduits are non-resorbable, synthetic tubes made of silicone or polytet-
rafluoroethylene (ePTFE, Gore-Tex®) [65]. These conduits require a second surgery in order 
to remove the non-resorbable material. The original idea was to provide support, structure 
to guide axonal regrowth and form a stable barrier against connective tissue infiltration [73, 
100, 101]. Synthetic nerve conduits made of ePTFE were successfully applied in a 4-cm nerve 
gap, in human [102]. Second-generation nerve conduits are resorbable, biocompatible tubes 
and are FDA approved and commercially available through different materials. The main 
advantage of these conduits is their permeability and resorbability that spares patients of a 
second surgery procedure. Third-generation nerve conduits contrary to second-generation 
may incorporate controlled release/delivery of neurotrophic factors, electroconductive mate-
rial, stem cells or SCs, extracellular matrix proteins, surface micropatterning or luminal fillers 
[73, 103]. Already, two third-generation products have been approved by the FDA, namely 
NeuraGen® 3D from Integra LifeSciences Corporation and Nerbridge from Toyobo Co., 
Ltd. NeuraGen® 3D (K130557, approved in 2014) is a bovine Type I collagen conduit with 
a porous inner hydrogel matrix of collagen and glycosaminoglycan (chondroitin-6-sulfate). 
Nerbridge™ (K152967, approved in 2016) is a flexible, resorbable and semipermeable tubular 
membrane matrix filled with porous collagen that provides a non-constricting encasement for 
injured peripheral nerves for protection of the neural environment.

2.7. Materials

2.7.1. Collagen

Denaturated collagen conduits are available from a wide number of manufacturers and are in 
fact the most exploited material in nerve conduits [73, 78]. Collagen is a structural protein ubiq-
uitous in the human body, particularly in the peripheral nerve system. Also, collagen supports 
cell proliferation and tissue regeneration [65, 73, 104]. As nerve conduits collagen allows the 
establishment of topographical cues that guide axons to regrow [105, 106] and has shown excel-
lent cell adhesive properties that encourage cell attachment and proliferation [106, 107]. The 
degradation time of the collagen conduits is relatively prolonged and takes up to 48 months 
which can cause nerve compression and fibrosis [84]. The first commercially available collagen 
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nerve conduit was NeuraGen®, from Integra Lifesciences, Princeton, NJ, FDA approved in 2001 
(Table 2). Several studies regarding the efficacy of collagen conduits in peripheral nerve inju-
ries have been stated. Bushnell and colleagues [108] performed in 2008 a retrospective study of 
the utilization of collagen conduits in digital sensory nerve gaps of up to 20 mm and demon-
strated a significant recovery rate of 89%. In a retrospective review, Wangensteen and Kalliaine 
[109] reported on a large number of sensory nerve gaps of 2.5–20 mm repaired with collagen 
conduits in multiple body regions and concluded that clinically successful outcomes were only 
observed in 43% of the cases. A prospective cohort study was performed by Lohmeyer and col-
leagues in 2009 [110] in digital and palmar nerve gaps of 6–18 mm, and results showed mean-
ingful recovery in 75% of patients. Later, in 2011, Taras et al. [111] reported a 73% meaningful 
recovery in 5- to 15-mm isolated digital nerve lacerations repaired with collagen conduits. In a 
niche approach, collagen conduits have been used in children suffering from plexus brachialis 
injury during birth [112]. Also, a significant number of in vivo studies on collagen conduits 
showed good functional outcomes in nerve reconstructions in rat, cat, dog and primate models 
[113–115]. Researchers and surgeons have, however, raised their concern about these conduits 
due to its high cost, conduit stiffness, lack of flexibility and poor enhancement of nerve regen-
eration [116, 117]. Also, collagen conduit application on major peripheral nerve injuries is lim-
ited to median and ulnar nerve repairs at the wrist and only observed as an alternative to the 
classic epineural suture repair [78]. In a recent study, Monaco and colleagues [118] investigated 
the effect of three different sterilization methods, dry heat, ethylene oxide and electron beam 
radiation, on the properties of cylindrical collagen scaffolds with longitudinally oriented pore 
channels, specifically designed for peripheral nerve regeneration. Ethylene oxide exposure 
demonstrated to be the most suitable method for the sterilization of the proposed scaffolds, 
since β-sterilization significantly augmented scaffold enzymatic degradation. Currently, there 
are 10 commercially available and/or FDA-approved collagen nerve conduits (Table 2).

2.7.2. Fibrin

Fibrin is a fibrous, non-globular protein involved in the clotting of blood. It is a commonly 
used biomaterial as fibrin glue in nerve repair. Nonetheless, it can also be engineered into a 
hydrogel with aligned matrix or shaped into tubular conduits [84]. As fibrin glue, it is widely 
used in sutures, thanks to its semisolid structure that enhances haemostasis and integrity of 
the repair and also due to its angiogenesis, chemotaxis, leucocytosis and macrophage pro-
liferation stimulation [119, 120]. When used in a conduit, fibrin has shown to promote axon 
regeneration and functional recovery in small gaps [116, 121, 122]. Rafijah and colleagues 
[123] have reported the use of collagen conduits filled with fibrin glue in 10-mm rat sciatic 
nerve defect. After 12 weeks, no inhibitory effect was observed on function, axonal regenera-
tion and compound motor action potential compared to hollow collagen conduit.

2.7.3. N-fibroin

N-fibroin is a soluble protein, derived from silk with great potential due to their superior 
biocompatibility and low immunogenicity and mechanical stability upon degradation [73, 
124]. Several studies have demonstrated the potential of N-fibroin in the regeneration of 
peripheral nerve injuries [124–128]. Silk fibroin-based nerve guidance conduit with oriented 
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filaments was produced by Yang and colleagues [129] and originated successful results in rat 
sciatic model. Researchers have also shown that silk-based conduits [130] and silk nanofibres 
[131] enhance cell-material interactions like cell adhesion, proliferation and differentiation. A 
new approach entails the development of conduits with multi-walled silk fibroin/silk sericin 
internal lumen, beneficial to nerve regeneration and outer sheath (the hollow poly(lactic-co-
glycolic acid) conduits that provide strong mechanical protection. Engineered bionic conduit 
showed promising in vivo results [132]. Research has also reported the development of silk 
fibroin conduits loaded with nerve growth factors [133–138]. Despite the promising results, 
no silk conduit has yet been FDA approved.

2.7.4. Chitosan

Chitosan is a natural polymer currently under investigation as nerve conduits due to its 
favourable biocompatibility, biodegradability and bioactivity [139]. Our group research 
tested the nerve-regenerative potential of chitosan membrane with N1E-115 cellular system in 
rat sciatic nerve crush injury. Results showed that freeze-dried chitosan Type III without N1E-
115 cell addition was the only type of membrane that significantly improved post-traumatic 
axonal regrowth and functional recovery [52]. Recent study showed meaningful motor and 
sensory recovery in 30-mm defect in the nerve of the distal right forearm [140].

2.7.5. Polyglycolic acid

Polyglycolic acid (PGA) was the first FDA approved and commercially available nerve con-
duit—NeuroTube®, from Synovis Micro Companies Alliance, Birmingham, Ala. PGA is a com-
mon suture material and is more flexible and porous than silicone. PGA is degraded into lactic 
acid in 6–12 months [73, 90]. Therefore, critics claim that PGA may degrade faster than the 
regeneration process and resulting lactic acid may a have toxic effects [84, 141–143]. Dellon 
and Mackinnon [144] were the first to report the use of PGA conduits as secondary reconstitu-
tion of digital nerve defects 3 cm or smaller in 15 clinical cases in monkeys. After 1 year, 86% 
meaningful recovery was reported. Later, in an attempt to compare PGA conduit results to 
conventional autograft repair, Weber et al. [145] conducted a randomized prospective multi-
centre trial in the reconstruction of long sensory nerve gaps up to 3 cm. After 1 year, 74% mean-
ingful recovery was noted in the PGA group compared with 86% in the standard techniques 
group (P > 0.05). Further analysis showed that PGA conduits were equivalent or superior to 
traditional autografts in less than 4- and 9–30-mm gaps [145]. Other researchers also compared 
PGA conduits and vein grafts to repair digital nerve gaps up to 4 cm and equivalent or supe-
rior recovery was obtained [146, 147]. Further experiments have demonstrated the success of 
bioabsorbable PGA nerve conduits in the regeneration of nerve defects [148–151]. The most 
recent FDA-approved PGA conduit is Nerbridge®, from Toyobo Co., Ltd., which is a flexible, 
semipermeable tubular membrane filled with porous Type I and III collagens (Table 2).

2.7.6. Poly (d, l lactide-co-ε-caprolactone)

Poly-d, l lactide-co-epsilon-caprolactone (PCL) consists in lactic acid and caprolactone mono-
mers. Their nerve conduits are resolvable polyester with the advantage of being transparent and 
with less acidic degradation product that therefore causes less toxic reaction [60, 84, 116, 152]. 
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Also, PCL conduit is easy to produce, has a low-cost processing and has a long degradation 
time up to 16 months. However, resulting conduits have higher rigidity and more difficult to 
handle in clinical settings [84]. Also, Duda et al. [153] reported a strong foreign body response in 
PCL conduits. Currently, Neurolac® [154–156] is the only FDA-approved caprolactone conduit 
(Table 2). Several reports have been made in the application of PCL conduits in sciatic rat nerve 
repair [157–162]. Bertleff et al. [154] performed a randomized prospective multicentre study 
where PCL conduits were comparable to either primary end-to-end repair or nerve autograft. 
However, latter research showed no meaningful recovery in digital nerves repair [155, 156]. 
Secer and colleagues [163] studied the use of PCL in the recovery of 455 patients with ulnar 
nerve injuries. PCL conduits filled with muscle tissue showed superior results in comparison to 
single PCL conduits in 10- and 15-mm gap in sciatic nerve rat model [36, 156, 164–168].

2.7.7. Polyhydroxybutyrate

Polyhydroxybutyrate (PHB) is a polyester polymer, also used in sutures and wound dress-
ings [116, 169]. PHB has a long degradation time, up to 24–30 months [116, 169]. It has been 
reported that PHB has a neuroprotective effect and can help axon regeneration [170, 171]. 
Recently, Axongen Pharmaceuticals has a pending approval order of a PHB conduit. A study 
in which PHB wrap implants were used in human patients showed promising results com-
pared to epineural suture [172].

2.7.8. Polyvinyl alcohol

Polyvinyl alcohol (PVA) [36, 89, 93] is the only nondegradable synthetic nerve conduit 
approved by the FDA—SaluBridge and SaluTunnel, from SaluMedica LLC, Atlanta, GA, USA 
(Table 2).

2.7.9. Polyhedral oligomeric silsesquioxane

Polyhedral oligomeric silsesquioxane (POSS) can be described as the smallest particles of silica 
[116]. The combination of POSS and PCL has been employed in the fabrication of peripheral 
nerve conduits and in vivo clinical studies to show the potential translation into clinics [117].

2.8. Optimizing nerve regeneration

Although nerve conduits provide sufficient guidance for regeneration of nerve defects, the 
development of new generation of scaffolds is under way. Third-generation conduits include 
artificial conduits that may incorporate controlled release/delivery of neurotrophic factors, 
electroconductive material, stem cells, SCs, extracellular matrix proteins, surface micropat-
terning, luminal fillers and guidance structures [73, 103].

2.8.1. Conduits structure modulation

Surface micropatterning and the inclusion of extracellular matrix proteins are new approaches 
that can provide suitable nanostructure topography for adequate neural growth and simulate 
topographical dimensions that mimic native nerve extracellular matrix [103, 173]. Coating of 
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peripheral nerve conduits can enhance nerve regeneration process and solve longer nerve 
gaps repair. Resource to extracellular matrix materials, such as fibronectin, laminin and col-
lagen, give naturally hydrophobic scaffolds a hydrophilic surface that promotes cell adhesion 
[73, 116, 174]. Collagen Type I conduits coated with laminin and fibronectin have shown 
improved neural regeneration [175, 176]. With that intend, new peptides have been engi-
neered to mimic the active binding domains of various extracellular matrix molecules [177, 
178]. Coating with arginylglycylaspartic acid (RGD) sequences (the tripeptide Arg-Gly-Asp) 
also obtained very good results [117, 179–182]. Structure pore design is a great strategy to 
promote nerve regeneration. Controlling the architecture of the conduit wall is possible to 
develop a microporous inner layer and macroporous outer layer and obtain a bidirectional 
permeability [86, 103]. The diameter of the pores plays a critical role in the efficiency of the 
scaffolds since it influences cell attachment, axon regeneration and diffusion of nutrients [183, 
184]. Electrospinning is a frequently used technique in bioengineering to produce imprinted 
micropatterns and can be used as a luminal guidance strategy. The advantages associate with 
electrospun conduits are (i) highly flexible and porous materials; (ii) high surface area-to-vol-
ume ration, thereby great availability for protein absorption, stem cells migration and regen-
eration of axons; (iii) fibers can be preferentially aligned, resulting in increased SC alignment, 
proliferation and growth, and the promotion of guided axonal growth [116, 185, 186]. Uneven 
fibre distribution and nerve growth inhibition caused by fibre overlapping are some of the 
disadvantages associated with this type of conduits. However, association with wall guides 
helps to avoid this problem [105, 187, 188].

2.8.2. Luminal fillers

Biomaterials and other strategies as conduits luminal fillers aim to change its microenviron-
ment in a favourable way. The goal of this strategy is to promote axon regeneration inside the 
conduit and the restoration of motor and sensory nerve function.

2.8.2.1. Cellular systems

Stem cell therapies have received increased attention in regenerative medicine [189–201]. 
The use of cellular systems inside nerve conduits is intended to promote axon regeneration 
[202–206]. Several cells have been used with this intention, SCs, bone marrow stem cells 
(BMSCs) including more specifically the mesenchymal stem cells (MSCs). SCs are the natu-
ral glia of the peripheral nervous system and have been used successfully with beneficial 
effects in nerve reconstruction [204, 207–210]. However, there is limited availability, and 
it requires previous surgery. Stem cells have the opportunity to show their potential since 
they are able to secrete neurotrophic factors and provide a favourable microenvironment 
for neurogenesis and the proliferation of SCs in peripheral nerve repair [211] and also are 
able to differentiate into Schwann cell-like phenotype [200, 212, 213]. MSCs therefore seem 
the most attractive approach as cellular system in peripheral nerve regeneration. MSCs all 
share mesenchymal markers that differentiate them from other cells that are positive stain-
ing for CD10, CD13, CD29, CD44, CD90 and CD105, and negative expression of haemato-
poietic markers [214]. Their main feature is their ability to proliferate and self-renew in a 
sustained manner, high plasticity and low immunogenicity, and differentiate into multiple 
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mesodermal cells,  including neuron-like cells [215, 216]. Also, they are major histocompat-
ibility complex (MHC) class II negative and also their MHC class I expression levels can be 
manipulated; therefore they do not require the use of immunosuppressive drugs [217, 218]. 
MSCs can be isolated from several origins, including skin, hair follicle, periosteum, amniotic 
fluid, umbilical cord blood adipose tissue and dental pulp [53, 56, 200, 215, 219–221]. Bone 
marrow represents the most commonly used tissue source of adult MSCs. BMSCs have lim-
ited availability especially in adult life and there is donor-site morbidity associated with its 
harvesting. Therefore, alternative sources have been reached. MSCs exist in the connective 
tissue (Wharton’s jelly (WJ)) of human umbilical cord and can be harvested easily [214, 218, 
222, 223]. Several researchers have demonstrated that umbilical cord–derived stem cells can 
be differentiated into neuronal phenotype [214, 218, 222, 223] and have demonstrated poten-
tial utility in neurodegenerative diseases [224, 225]. Our group research has vast experience 
in the application of mesenchymal stem cells in peripheral nerve regeneration [50, 52, 53, 
56–61]. In our most recent work [56], we report the therapeutic value of MSCs isolated from 
the Wharton jelly in nerve repair associated to different tube guides made of biodegradable 
and biocompatible biomaterials. Biomaterials like PVA, PVA loaded with functionalized car-
bon nanotubes (PVA-CNTs), PVA loaded with polypyrrole (PVA-PPy) and PLC associated to 
MSCs were tested in terms of cytocompatibility and in vivo in the rat sciatic nerve neurotme-
sis injury model. The functional recovery was assessed serially for gait biomechanical analy-
sis, by EPT, SFI and SSI, and by WRL. Results showed that MSCs enhanced the recovery of 
sensory and motor function in neurotmesis injuries showing a thicker myelin sheath. Other 
authors have reported the application of bone marrow stem cells and Schwann-like cells in 
the regeneration of facial nerves in rats [219].

Other sources of stem cells have been used in peripheral nerve injuries, such as adipose-derived 
stem cells [203, 206, 212, 226–231] and dental pulp stem cells (DPSCs) [232–236]. Dental pulp 
stem cells have also demonstrated differentiation capacity towards multiple other mesoder-
mal and endodermal lineages, under appropriate conditions: adipogenic, osteo/dentinogenic, 
chondrogenic, neurogenic, endothelial, myofibroblastic [237] and hepatocytes [238]. DPSCs 
can be isolated from both the perivascular and the sub-odontoblastic compartments (the inner 
surface of the tooth and the outer part of the pulp tissue), by separate digestion of the tooth 
and extracted pulp tissue. Both populations presented identical cell size, doubling times and 
karyotype stability, differing only in morphology with rounder cells in the sub-odontoblastic 
compartment versus spindle-shaped cells with long processes in the perivascular one [239]. 
Pre-clinical experiments have demonstrated that stem cells show promising results in differ-
entiation into neuronal-like cells [226, 228, 232, 233, 240] and their secretion of growth factors 
[229, 241, 242]. Shi and colleagues [243] stated the potential of glia-derived neurotrophic fac-
tor expressing neural stem cells in the regeneration of facial nerve gap in rats.

2.8.2.2. Neurotrophic factors

Growth factors and cytokines have a complex enhancing effect in tissue regeneration which 
can be exploited with great potential in nerve regeneration [73]. To date, several neuro-
trophic factors have been identified: transforming growth factor beta superfamily (TGF-β), 
nerve growth factor, neurotrophins 3, 4 and 5 (NT-3/4/5), ciliary neurotrophic factor (CNTF), 
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 neuregulin-1 (NRG1), brain-derived neurotrophic factor, glial cell line–derived neurotrophic 
factor (GDNF) and vascular endothelial growth factor (VEGF). The controlled release of the 
neurotrophic factors in nerve conduits may take several approaches, namely topical appli-
cation, subcutaneous injection, microosmotic pump and diffusion or affinity-based polymer 
microspheres [244–251]. In another approach, Cui and colleagues [252] loaded the neuro-
trophic factors into the wall of the nerve conduit with controlled diffusion into the lumen. 
NGF has been reported to promote neurite outgrowth in vitro in co-culture of neurons and 
astrocytes [253] and in vivo–enhanced axonal regeneration in sciatic nerve in rat model [248, 
254]. Several researchers have demonstrated BDNF efficacy in the regeneration of rat motor 
nerves [253, 255, 256]. The dosage of BDNS has also been studied [257]. A high dosage, set 
as 12–20 mg/day, has been stated to interact with p75 receptors and therefore inhibits axo-
nal regeneration. In fact, single exogenous dosage of BDNF has shown better results than 
continuous long-term applications [258]. It is reported that muscle regeneration causes the 
overexpression of GDNF which increases the number of motor axons in the neuromuscular 
junctions in vivo [259–266]. Also, GDNF is a potent protective factor against axotomy-induced 
motor and sensory neuron death [267–270]. CNTF has the ability to improve and regener-
ate muscle function after nerve injury in vivo [271, 272]. It has also demonstrated to enable 
peripheral nerve regeneration by promoting axon elongation and sprouting from axon distal 
stump [273]. Six main isoforms of NRG-1 are described. Due to their importance in nerve 
regeneration isoforms I, II and III are the most studied in the last few years [274]. Nerve-
regenerative effect of NRG-1 is highly dependent on the isoform and its dosage [275, 276]. 
Several studies indicate that NRG-1 isoforms are capable of stimulating SCs proliferation a 
remyelinization [275–278]. Gambarrota and colleagues [279] recommended that initial high 
dosages of NRGA-1 stimulate SCs differentiation.

2.8.2.3. Pharmacological agents

Until now, there is no pharmacological method that can effectively enhance nerve regeneration. 
However, as mentioned earlier, neurotrophic and growth factors have demonstrated potential 
in enhancing nerve repair and regeneration by reducing neuronal death and promoting axonal 
outgrowth. Recent advances in molecular biology have indicated that targeting specific steps 
in molecular pathways may allow for purposeful pharmacologic intervention, potentially 
leading to a better functional recovery after nerve injury [63, 280]. Major molecular pathways 
implicated in neuron survival and neurite outgrowth include PI3K (phosphatidylinositol-3 
kinase)/Akt (protein kinase B)-signalling cascade, Ras-ERK (rat sarcoma-extracellular signal-
regulated kinase) pathway, the cyclic adenosine monophosphate (cAMP)/protein kinase A 
(PKA) and Rho-ROK signalling [280]. PI3K/Akt cascade seems to provide trophic support 
for neurons, block apoptosis, facilitate signal transmission and mediate cell growth and dif-
ferentiation in neurons. Also, it is reported that NGF is mediated by PI3K/Akt/mTOR path-
way [281–283]. Ras-ERK pathway is a key promoter of neurite outgrowth and also has been 
found to enhance axonal survival [284]. Rho–ROK pathway participates in neural growth and 
modulates neurite outgrowth [285]. Nectins and nectin-like molecules are cell-cell adhesion 

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications198



 neuregulin-1 (NRG1), brain-derived neurotrophic factor, glial cell line–derived neurotrophic 
factor (GDNF) and vascular endothelial growth factor (VEGF). The controlled release of the 
neurotrophic factors in nerve conduits may take several approaches, namely topical appli-
cation, subcutaneous injection, microosmotic pump and diffusion or affinity-based polymer 
microspheres [244–251]. In another approach, Cui and colleagues [252] loaded the neuro-
trophic factors into the wall of the nerve conduit with controlled diffusion into the lumen. 
NGF has been reported to promote neurite outgrowth in vitro in co-culture of neurons and 
astrocytes [253] and in vivo–enhanced axonal regeneration in sciatic nerve in rat model [248, 
254]. Several researchers have demonstrated BDNF efficacy in the regeneration of rat motor 
nerves [253, 255, 256]. The dosage of BDNS has also been studied [257]. A high dosage, set 
as 12–20 mg/day, has been stated to interact with p75 receptors and therefore inhibits axo-
nal regeneration. In fact, single exogenous dosage of BDNF has shown better results than 
continuous long-term applications [258]. It is reported that muscle regeneration causes the 
overexpression of GDNF which increases the number of motor axons in the neuromuscular 
junctions in vivo [259–266]. Also, GDNF is a potent protective factor against axotomy-induced 
motor and sensory neuron death [267–270]. CNTF has the ability to improve and regener-
ate muscle function after nerve injury in vivo [271, 272]. It has also demonstrated to enable 
peripheral nerve regeneration by promoting axon elongation and sprouting from axon distal 
stump [273]. Six main isoforms of NRG-1 are described. Due to their importance in nerve 
regeneration isoforms I, II and III are the most studied in the last few years [274]. Nerve-
regenerative effect of NRG-1 is highly dependent on the isoform and its dosage [275, 276]. 
Several studies indicate that NRG-1 isoforms are capable of stimulating SCs proliferation a 
remyelinization [275–278]. Gambarrota and colleagues [279] recommended that initial high 
dosages of NRGA-1 stimulate SCs differentiation.

2.8.2.3. Pharmacological agents

Until now, there is no pharmacological method that can effectively enhance nerve regeneration. 
However, as mentioned earlier, neurotrophic and growth factors have demonstrated potential 
in enhancing nerve repair and regeneration by reducing neuronal death and promoting axonal 
outgrowth. Recent advances in molecular biology have indicated that targeting specific steps 
in molecular pathways may allow for purposeful pharmacologic intervention, potentially 
leading to a better functional recovery after nerve injury [63, 280]. Major molecular pathways 
implicated in neuron survival and neurite outgrowth include PI3K (phosphatidylinositol-3 
kinase)/Akt (protein kinase B)-signalling cascade, Ras-ERK (rat sarcoma-extracellular signal-
regulated kinase) pathway, the cyclic adenosine monophosphate (cAMP)/protein kinase A 
(PKA) and Rho-ROK signalling [280]. PI3K/Akt cascade seems to provide trophic support 
for neurons, block apoptosis, facilitate signal transmission and mediate cell growth and dif-
ferentiation in neurons. Also, it is reported that NGF is mediated by PI3K/Akt/mTOR path-
way [281–283]. Ras-ERK pathway is a key promoter of neurite outgrowth and also has been 
found to enhance axonal survival [284]. Rho–ROK pathway participates in neural growth and 
modulates neurite outgrowth [285]. Nectins and nectin-like molecules are cell-cell adhesion 

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications198

molecules that participate in cell communication. Nectin-like molecule 1 (NECL1) is restricted 
to the nervous system and is responsible for the synapses formation, axon bundles, myelin-
ated axons and cerebellar morphogenesis [286, 287]. In a recent study, Xu and colleagues [288] 
developed a PLGA scaffold coated with NECL1 to enhance adhesion of rat SCs and applied 
in the treatment of transected sciatic nerve in rat. Results also revealed that the final outcome 
of both motor and sensory regeneration and reinnervation. Other molecules with different 
clinical applications have, however, demonstrated beneficial effect in nerve regeneration pro-
cess: erythropoietin (EPO) [289], tacrolimus (FK506) [290], acetyl-L-carnitine (ALCAR) [291], 
N-acetylcysteine (NAC) [292], ibuprofen [293], melatonin [294] and transthyretin [295].

2.8.2.4. Channels

The use of longitudinal channels inside nerve conduits is the usual strategy to promote axon 
guidance towards distal stump. The artificial micro-tubular structure mimics the endoneural 
tubes and fascicles of a peripheral nerve anatomy and therefore enhances neuroregeneration 
[296–298].

2.8.2.5. Hydrogels

As described earlier, conduits lumen can be filled with ECM components such as collagen 
and laminin which are involved in the process of regeneration by forming a substrate for 
neuron cell migration. Laminin-filled silicone conduits have demonstrated enhanced nerve 
regeneration [299, 300]. Collagen has also demonstrated to increase nerve regeneration [301]. 
BD Matrigel® and other lamini and collagen gels have been widely used as conduit fillings to 
incorporate or support cells and neurotrophic factors [302–304].

2.8.2.6. Conductive conduits

Electrical stimulation as a therapeutic in nerve injuries has been widely discussed in the aca-
demic community [305–313]. External electrical stimulation as peripheral nerve regeneration 
strategy has been demonstrated. Several conductive polymers such as polyaniline (PANI) 
and polypyrrole have been described with great potential for nerve regeneration due to their 
biocompatibility, tuneable conductivity, environmental stability and facility to produce. The 
great advantage of this material is the ability to continue to transmit the electrical signal in 
impaired nerves and physically stimulate cell growth and regeneration [314–316].

2.9. Future perspectives

Gene therapy involves the introduction of a foreign gene into living cells with the inten-
tion to overcome a disease [317]. The most efficient way to deliver transgenes into cells is 
through a vector, such as herpes simplex, adenovirus, lentivirus and adeno-associated viral 
vectors [318, 319]. Gene can reprogramme cells to produce neurotrophic factors, cell adhesion 
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or extracellular matrix molecules, and transcription factors. Therefore, in peripheral nerve 
injury, Schwann cells, fibroblasts and denervated muscle are potential targets for this break-
through approach [63].

Bioactive glasses have been widely used as bone-filling materials and dental implants and 
have demonstrated its potential in soft-tissue regeneration. A comprehensive study on the 
application of bioactive glass in peripheral nerve regeneration has been conducted by Novajra 
and colleagues [320, 321]. Polymer-glass composite devices are made with bioactive glass 
powder and successfully applied in peripheral nerve repair. In other approach, this material 
can be used as fibres to produce nerve wraps, topographic patterns at conduit lumen or guid-
ance channel to guide axonal growth. Their major advantage is the ions release from bioactive 
glasses, which have demonstrated angiogenic effects and the possibility of manipulation of 
glass composition; I order to include antibacterial ions, such as silver, gallium, zinc and cop-
per, that can be useful in the prevention and treatment of infections resulting from the clinical 
intervention.

In conclusion, the vast field for improvement in peripheral nerve regeneration strategies has 
been well recognized. The ideal therapeutic alternative should be readily available, able to 
confine and direct axonal growth and be biofunctional, by the supplementation with bioactive 
molecules and/or cellular systems. Therefore, there is scope for improvement in the develop-
ment of new and better alternatives of bioactive peripheral nerve repair complexes.
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BMSCs Bone marrow mesenchymal stem cells

cAMP Cyclic adenosine monophosphate

CNTF Ciliary neurotrophic factor

DTI Diffusion tensor imaging

DPSCs Dental pulp stem cells
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ePTFE Polytetrafluoroethylene

FDA Food and Drug Administration

FFMT Free-functioning muscle transfer

GDNF Glial cell line-derived neurotrophic factor
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NCS Nerve conduction studies

NGF Nerve growth factor

NRG1 Neuregulin-1

NT-3/4/5 Neurotrophins 3, 4 and 5
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PCL Poly d, l lactide-co-epsilon-caprolactone

PGA Polyglycolic acid

PHB Polyhydroxybutyrate
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Abstract

Dilated cardiomyopathy (DMC) of ischemic or non-ischemic aetiology remains a lethal 
condition nowadays. Despite early percutaneous or medical revascularization after an 
acute myocardial infarct (AMI), many patients still develop DMC and severe heart fail-
ure due to cardiac remodelling. Possibility of regenerating myocardium already dam-
aged or at least inducing a more positive cardiac remodelling with use of biodegradable 
scaffolds has been attempted in many experimental studies, which can be cellular or 
acellular. In the cellular scaffolds, the cells are incorporated in the structure prior to 
implantation of the same into the injured tissue. Acellular scaffolds, in turn, are compos-
ites that use one or more biomaterials present in the extracellular matrix (ECM), such as 
proteoglycans non-proteoglycan polysaccharide, proteins and glycoproteins to stimu-
late the chemotaxis of cellular/molecular complexes as growth factors to initiate specific 
regeneration. For the development of scaffold, the choice of biomaterials to be used must 
meet specific biological, chemical and architectural requirements like ECM of the tissue 
of interest. In acute myocardial infarction, treating the root of the problem by repair-
ing injured tissue is more beneficial to the patient. Inducing more constructive forms of 
endogenous repair. Thus, patches of acellular scaffolds capable of mimicking the epicar-
dium and ECM should be able to attenuate both cardiac remodelling and adverse cardiac 
dysfunction.

Keywords: tissue regeneration, myocardium regeneration, acellular scaffold, biomaterial
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1. Introduction

Cardiomyopathy was originally defined as heart muscle disease of unknown cause, and was dis-
tinguished from other disease caused by a specific aetiology, such as ischemic heart disease. It is 
well known that cardiovascular disease is a main cause of morbidity and mortality worldwide, 
and many lives are lost due to heart attack. The understanding of cardiomyopathies in both 
the public and medical communities has been impaired by persistent confusion surrounding 
definitions and nomenclature. Generally, the cardiomyopathies are associated with mechanical 
or electrical dysfunction that exhibit inappropriate ventricular hypertrophy or dilatation [1, 2].

Many definitions of heart failure (HF) have been put forward over last 60 years or more. These 
highlight one or several features of this complex syndrome such as hemodynamic, oxygen 
consummation and exercise capacity [3]. HF is characterized by breathlessness, ankle swell-
ing and fatigue that may be accompanied by elevated jugular venous pressure, pulmonary 
crackles and peripheral oedema caused by a structural and/or functional cardiac abnormal-
ity, resulting in a reduced cardiac output and/or elevated intra-cardiac pressures at rest or 
during stress [4]. The cell loss in the myocardium leads to dilation of ventricular wall and 
remodelling of the heart and, eventually, to congestive HF [5]. New-onset HF may also pres-
ent acutely, for example, as a consequence of acute myocardial infarction (AMI), or sub-acute 
in a way, in patients with a dilated cardiomyopathy (DCM). The history is key in making the 
diagnosis of HF, grading symptom severity and not only establishing the underlying cause 
but also identifying factors that may have precipitated decompensation [6, 7].

DCM is the most common cardiomyopathy and has many causes. In the absence of abnormal 
loading condition and severe coronary artery disease, the DCM is characterized by abnormal 
findings of chamber size and wall thickness, left ventricular dilation and impaired contraction 
of the left or both ventricles [8]. This reorganization results in abnormal levels of resting ten-
sion with activation of the cell death pathway and a further reduction in myocardial perfor-
mance thus establishing a vicious feedback loop [9, 10]. The DCM ischemic or non-ischemic 
aetiology remains a lethal condition and the most common indication for heart transplanta-
tion. This disorder occurs mostly in adults and for 60% of childhood cardiomyopathies, with 
infants younger than 12 months having the highest incidence [11]. Although genetic causes 
are important at all ages of primary cardiomyopathies, the DCM is predominantly of acquired 
cause. However, familial disease with a genetic origin has been reported in a minority of cases 
[1]. The DCM phenotype with sporadic occurrence may derive from a broad range of primary 
and secondary causes, including infectious agents and parasitic. Other causes include toxins, 
chronic excessive consumption of alcohol, chemotherapeutics agents, autoimmune disorders, 
collagen vascular disorders, neuromuscular disorders caused by mutations in the structural 
protein dystrophin [12, 13], muscular dystrophy caused by mutations in the nuclear mem-
brane proteins, lamin A/lamin C rate, metabolic, endocrine and nutritional disorders [14].

DCM is a mixture of primary cardiomyopathies acquired (no genetic) and genetic causes, and it 
is related to left ventricle (LV) dysfunction. Following myocardial infarction (MI), the LV under-
goes a series of cardiac wound healing responses that involve stimulation of robust inflamma-
tion to clear necrotic myocytes and tissue debris and induction of extracellular matrix (ECM) 
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protein synthesis to generate a scar. The LV is a complex mixture of cell types, including car-
diomyocytes, fibroblasts, immune cells, endothelial and vascular smooth muscle cells, as well 
as ECM that surrounds these cell types. Cell death was less studied, and whether myocyte cell 
loss participated in the initiation and evolution of heart failure remains to be established [10].

The cardiac fibrosis is the main event after myocardial infarction, which is characterized by 
deposition in the infarcted area, with a consequent increases of stiffness, the contraction as relax-
ation behaviour of the heart are affects resulting in a decrease in cardiac function. The continu-
ous increase of cardiac fibrosis leads to a progressive decrease in heart tissue contractility and 
heart failure [15–17]. No efficient therapies that can inhibit cardiac fibrosis from progressing in 
the infarcted hearts to preserve cardiac function and prevent heart failure are available.

Myofibroblasts are widely accepted to be responsible for cardiac fibrosis. Thus, rationally 
designed anti-fibrotic therapies are likely to be invaluable in curbing this health problem. 
However, there is no therapy for fibrotic disease in general largely because the underlying basis 
of fibrosis is unclear, but may result from growth factor-mediated differentiation of resident 
mesenchymal cells or recruitment of microvascular pericytes-like progenitor cells [18]. The myo-
fibroblasts also express highly contractile protein smooth muscle actin (α-SMA) that remodels 
the surrounding ECM because they are connected to ECM trough specialized cell surface struc-
tures called focal adhesion. In the context of the heart, excessive scarring can cause increases in 
tissue stiffness, cardiomyocyte atrophy, arrhythmia and hypoxia. Abundant data suggest that 
a complex interaction involving TGF-β (transforming growth factor β), ET-1 (endothelin-1), 
Ang-II (angiotensin II) and PDGF (platelet-derived growth factor) causes fibrogenesis [19–21].

2. Cardiac repair

The adult mammalian heart has negligible regenerative capacity, and thus, normal cardiac 
repair, for example, post infarction, is dependent on the clearance of dead cells and on the for-
mation of a scar tissue to help preserve heart integrity. Myofibroblast is of mesenchymal origin, 
it has a key role in cardiac fibrogenesis, and after heart attack, it promotes connective tissue 
remodelling. Myofibroblasts contract fibroblasts that express α-smooth muscle actin (αSMA) to 
facilitate wound closure [22]. Different approaches have been explored to treat cardiac fibrosis, 
such as systemic delivery of anti-fibrotic drugs, localized transplantation of biomaterials, local-
ized delivery of antibiotic drugs using biomaterials and localized delivery of cells. Localized 
transplantation of biomaterials controls cardiac fibrosis by decreasing left ventricular wall 
stress to decrease the elevated wall stress-induced inflammation. Selection of biomaterials with 
suitable mechanical properties is critical to decrease wall stress. The ideal biomaterials with 
suitable physical, chemistry and physio-mechanical properties are critical to decrease wall 
stress. It should have elasticity and stiffness matching those of the heart tissue. The biodegra-
dation of this material should occur slowly from 6 to 8 weeks and simultaneously the cells from 
surrounding tissue may penetrate into the infarcted area for attenuation of cardiac fibrosis.

Many people survive myocardial infarction. If help happens quickly, treatment can limit dam-
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after a myocardial infarction, but a delay of 2 hours or more after symptoms start can result 
in lasting heart damage or death. However, medical follow up as lifestyle changes, medi-
cines to control chest pain or discomfort and anticlotting medicines will help prevent another 
heart attack, but this will not rehabilitate cardiac function. Additionally, the biomaterial may 
provide adequate mechanical support to prevent tissue rupture, and high efficacy can be 
achieved to prevent new myofibroblast formation and ECM synthesis especially collagen.

3. Tissue regeneration

Therapeutic potential of heart transplant is limited by very small numbers of donor hearts 
available relative to the need and is complicated by long-term allograft vasculopathy. 
Interventional cardiology for acute MI has yielded significant advances over the past two 
decades, while there is still a considerable number of patients who either arrive too late to 
the clinics or are resistant to angioplasty. Localized drug delivery, yet the widespread clinical 
application of current approaches, is obstructed by the low therapeutic efficacy. Development 
of new and translational delivery approaches to improve therapeutic efficacy is essential to 
push the anti-cardiac fibrosis therapy towards clinical applications.

The human body is a complex system and has very large surface area in which multitude of 
cell-based interactions contribute to the viability and function of its parts. Complexity is obvi-
ously creating an environment that favours the interactions between a cell for sharing and 
propagation of important information exchange, often leading to complex and every detail 
very carefully planned from a target issue or cell [23]. Classic examples of such cell-based 
information exchange in the body include as just a few examples [24] as satellite cells (myo-
blasts), cardiomyocytes and cardiac pacemaker cells.

The heart possesses regenerative capacity attributed to endogenous and exogenous progeni-
tor cell populations [25]. Thus, there is a growing interest in developing new approaches to 
treat MI, cardiovascular tissue engineering is currently considered as a promising alternative 
therapy to restore the structure and function of infarcted adult myocardium via application 
of a biological device, onto the ischemic tissue [26].

Cellular cardiomyoplasty is considered a novel therapy, in which stem cells are used for car-
diac repair. Stem cells are potential therapeutic approach that could be the ultimate solution 
for salvaging damaged cardiomyocyte. However, more evidence is needed to widely advance 
the use of this modality. The concentration of stem cells, dose-effect relationship and safety 
of therapy need to be further investigated. One particular topic in regard to stem cell safety is 
the tumorigenicities of embryonic stem cells [27].

Unlike heart valves or blood vessels, heart muscle has no replacement alternatives. Evidence 
suggest that stem-cell-based cardiac therapy has centred on the premise that functional myo-
cardium may be restored by transplanting cardiovascular cells derived from exogenous stem 
cells into injured hearts [28, 29]. Recent advances in methods of stem cell isolation and culture 
in bioreactors, the synthesis of bioactive materials and the use of proteomics to better under-
stand matrix metalloproteinase role in post myocardium infarction LV remodelling show 
promise to contribute to creation of engineered cardiac tissue in vitro [30–32].
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New discoveries in stem cell biology suggest that stem cells are a potential source of heart 
muscle cells and blood vessels and can be used by clinicians to rebuild or replace damaged 
heart tissue [18]. The ideal clinical intervention would either avoid such scar formation, 
or simply replace formed scar tissue with functioning cardiac muscle tissue [33]. In a first 
approach to such therapy, investigators have used injections of new cells into damaged 
areas of cardiac tissue [34]. These studies have met with limited success due to cell death, 
exit of cells from the heart, and poor cellular integration with the receiving heart tissue [29, 
35]. However, multiple attempts have been made at injecting stem cells into myocardial 
tissue and injection of bone marrow cells after acute MI has even been tested in various 
clinical studies [27].

The possibility that adult stem cells can repair infarcted myocardium was indicated in 
experiments using animal models [36, 37]. Initial results from trials in human patients 
using autologous bone marrow cells were encouraging improvements in cardiac function 
that were only temporary [38–40]. In light of this enormous clinical burden, strategies for 
prevention, molecular genetics and cell therapy for cardiac repair and regeneration have 
attracted the attention. Regenerative strategies have moved rapidly for clinical application 
to patients. With aims repair or replacement of dysfunctional substrate, results from various 
animal models of MI and cardiomyopathy suggest that therapy with adult bone marrow 
cells (BMCs) improves LV function and attenuate LV remodelling [41]. Moreover, because 
the basis for improved recovery is unlikely mediated by (re)muscularization of damaged 
myocardium, the need to evaluate cells capable of differentiating into contractile tissue has 
been emphasized.

Contractile restoration of myocardial scars remains a challenge with important clinical impli-
cations. A unique feature of the cardiac muscle is the presence of transverse lines responsible 
for the contraction force and velocity of propagation of the cardiac impulse. Soler-Botija et 
al. developed a bioactive implant of biodegradable elastomeric membranes that act as a scaf-
fold. These membranes filled with a self-assembling peptide hydrogel and cell with cardiac 
potential were fully vascularized with functional vessel and observed via echocardiography 
positive effects on global cardiac motility [42]. The results suggested, in this case, that the ben-
efits of biodegradable scaffolds were not only due to local reduction in scar size, but to a more 
general event [43, 44]. Recent experimental studies have failed to answer important aspects 
of cell therapy. Cell therapy has more safety, improved cardiac function, increased healing, 
vascular density and increased regional circulation [45]. However, the efficiency of delivery 
and retention is lower than expected, and the retention and survival of cells at sites of delivery 
has been limited [5, 46, 47].

4. Tissue regeneration: a biomimetic design

In native tissue, cell growth and structural development are supported by an ECM that con-
sistently assists in coordinating the contractility and maintenance of cardiac shape and size, as 
well as the function of cardiomyocytes. The common interactions and orchestrated information 
exchange between cells associated into precise temporal and spatial context are the system-
atic presentation of biomolecules from biomaterials able to send biomolecular signals. Further, 
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even the size, shape and mechanical properties of a cell may be essential to the proper presenta-
tion of these signals to elicit the appropriate response and build the devices to cells orchestral 
arrangement [24]. Tissues organics repair is an exciting therapeutic conceit in the field of tissue 
engineering and biomaterial engineering. In the cardiac repair area, the most challenging aim 
is the creation of an engineered heart muscle. Tissue engineering is a hybrid technological sci-
ence, in which overall approach combines biology with materials science and has concentrated 
its efforts on the development of biomedical devices compatible with the ECM of target tissue. 
Similar to the matrix, the scaffolds must be able to anchor the cells of the native tissue.

Biomimetic design has started innovation in design as well as pointed to ways of improving 
existing biological devices. A method for finding and using these ideas would make biomi-
metic innovation more accessible by use of biomaterials that mimics the cardiac ECM, or 
other tissues. Biomimetic design is that, fully or partially, imitates or to make remember any 
biological natural phenomenon include all levels of organization belonging to the biological 
phenomenon that wishes to mimic the health tissue [48].

The major challenge of biomimetic design and develop of 3D devices biologically compatible, 
highly porous with interconnected porous that favour the transport of both nutrients and 
metabolic products while providing the analogous function, and mechanical stability. These 
devices are so-called scaffolds [49, 50]. The scaffold manufacturing design should take into 
account its purpose and represent important components for tissue engineering; in any case, 
it must achieve structures exhibiting the aforementioned characteristics. In the architecture 
of scaffold used for tissue regeneration, the choice of biomaterial is of critical importance. 
The variety of processes used in the manufacture of scaffolds modifying the surface and bulk 
properties influences both the architectural and the similarity of the scaffold with the native 
organic tissues, and may actively provide bioactive cues to the residing cells for regulations 
of the activities [50, 51].

The ECM is made up collagen type I (80%) and collagen type III (10%). The collagen serves 
to maintain normal cardiac architecture by surrounding and bridging myocytes, which con-
sistently assist in coordinating the contractility and maintenance of cardiac shape and size as 
well as the function of the cardiomyocytes [52]. In order of importance, the aim of regenera-
tive medicine is the use of synthetic, natural or composites biomaterial scaffolds to replace or 
repair damaged tissues, which have been investigated as candidates for cardiac regeneration. 
These natural and composite scaffolds are modelled on the natural extracellular matrix, which 
is a porous hydrogel consisting of collagen, fibroin, chitosan, gelatine, fibrin glue, alginate, 
glycosaminoglycans associated with biocompatible synthetic co-polymers as poly(lactic-co-
glycolic acid), polycaprolactone, ePTFE, PET, PUs, titanium, stainless steel and gold silver. 
These scaffolds provide both biomechanical support and biochemical signals to cells, and 
provide a biodegradable physical environment so as to allow neo-vascularization and remod-
elling in response to developmental, physiological and pathological challenges during tissue 
dynamic process morphogenesis, homeostasis and the built of a new tissue, inhibit apoptosis 
and attenuate LV dilatation and disease progression. Implantation of a novel biodegradable 
polyester urethane urea (PEUU) patch onto a sub-acute myocardial infarction promoted con-
tractile phenotype smooth muscle tissue formation and improved cardiac remodelling and 
contractile function at the chronic stage [53].
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Synthetic or natural biomaterials application in cardiovascular tissue repair and regeneration 
has shown increasing potential as a tool for such procedures, due its properties favourable 
for implantation while eliciting minimal side effect. Somewhat ambiguous, the biomaterial 
needs biocompatible and must interact organically and synergistically with the healthy part 
of the organ in order to reconstruct a new and neo-vascularized tissue over the area damaged 
by ischemia [54–57].

Separating the synthetic biomaterials is a shadow in comparison with the functional capa-
bilities of natural biomaterials, especially the biopolymers. Synthetic biomaterials are 
constructed of polycaprolactone, polylactic acid, polyglicolid, metals (titanium, stainless 
steel, gold silver) or a composite, for example poly(L-lactic acid)/poly(ε-caprolactone)/
collagen to mimic the native microenvironment of the myocardium [5]. A nanoscale PLA-
co-poly(ε-caprolactone)/collagen biocomposite scaffold was used to culture and support 
isolated rabbit cardiomyocytes. The results showed that adult rabbit cardiomyocytes 
attached to the scaffold exhibited growth and cell organization comparable to that found 
in native myocardium [5]. The main benefits of synthetic materials are their strength and 
durability, although their biocompatibility tissues and surface properties, which are gen-
erally poor to achieve a favourable environment for cell attachment [58]. Toxicity is the 
outmost concern with synthetic materials, especially in the case of biodegradable materi-
als, which can release potentially harmful by-products of degradation into the body. The 
linear aliphatic polyesters as PGA, PLA, poly(lactide-coglycolide) (PLGA) degrade through 
hydrolysis and are the most used for tissue engineering [59].

Each of tissue in the body is uniquely optimized to its specific organ system and offers an 
innate biocompatibility. Autologous tissue, or tissue harvested from and used for the same 
patient, is the current best solution for its superior functionality and no immunogenicity, 
these tissue are called homograft’s a utopia in the cardiac regeneration. Main ECM materials 
such as collagens, hyaluronan, fibronectin, elastin, fibrillin and proteoglycans among others 
are natural biomaterials for damaged tissue to repair in and around the area. In cardiovas-
cular applications, bovine porcine and equine tissue sources are playing a prominent role in 
establishing and maintaining an ideal microenvironment for tissue regeneration [54, 60].

Although the self-regeneration capacity of adult myocardium is insufficient to prevent the 
progression towards heart failure after various insults. To deal with limitation, the strategy 
can transfer progenitor cells from healthy area to disease heart area through scaffold implan-
tation. The utility of this approach is called into question by human and murine studies 
showing that progenitor cell quantities are in fact normal or increased in diseased versus 
healthy hearts. Evidence supports the existence of endogenous cardiac renewal and repair 
mechanisms in adult mammalian hearts that could contribute to normal homeostasis and 
the responses to pathological insults [60–62]. Studies demonstrate there is some amount of 
cardiac turnover, both in healthy and injured tissues, and this subject is important on cardiac 
regeneration after IM [63], as it also occurs cardiac pressure overload and idiopathic dilated 
cardiomyopathy [49, 64]. Naqvi et al. reported that cardiac cell proliferation is highest in 
youth, but in an average healthy adult, the cardiomyocyte turnover rate is controversial [65]. 
In an average healthy adult, the cardiomyocyte turnover rate is controversial with reports 
predicting annual turnover rates to more than 50% [66, 67]. Even although, it has been pro-
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posed that limited cardiac regeneration mechanism is pathways of to protect the heart from 
developing cancer, in fact, primary cardiac tumours are extremely rare [68]. Methods have 
been questioned in studies where turnover is on the higher end, in the meantime, regenera-
tive biology will bring together basic scientists and clinicians, developmental biologists and 
engineers, compelling us to expand our understanding of cell biology in order to grow new 
tissues [69, 70].

Biomaterials that mimic the ECM are used as a feasible alternative to cellular and molecu-
lar therapy in the field of tissue engineering. Biomaterials can be delivered alone, or serve 
as a scaffold or carrier for cells or growth factors. Scaffolds carefully design to support 
cellular growing has been development with finally of make a propitious environment 
for cardiomyocyte renewal. The biomaterials having individual, purpose-specific cues that 
can stimulate cells to behave in a predictable manner and in a pre-determined time course 
would have tremendous benefit to tissue engineering. When cells adhere and grow on the 
polymers substrates, cells sense, interpret and integrate extracellular signals through elec-
trical connections between cardiomyocyte and surface of protein biomaterial and respond 
to them [27].

Cardiac scaffold is a therapeutic intervention with low cost and efficacy and has significantly 
improved patients’ quality of life and prolonged their longevity [71–74]. The scaffold must reduce 
local micro-environment hostility persist for a sufficient time period over injured area to facilitate 
native cell migration and integration with native tissue to be feasible for cardiac repair/remodelling.

Delivery of cells using biomaterials has been shown to be an effective approach to control car-
diac fibrosis [33]. Fibrosis is a dynamic process, at the molecular and cellular levels, changes 
are characterized by generation of ROS, and data suggest fibrogenesis is a result of the com-
plex interaction involving TGF-β, ET-1, Ang-II and PDGF. Notably, TGF-β plays important 
roles in other biological processes, including homeostasis and normal repair. Pirfenidone 
(multiple target) and Nintedanib (BIBF-1120) inhibit multiple tyrosine kinases, a broad anti-
inflammatory and anti-fibrotic effect and have an effect blocking TGF-β and Ang-II–induced 
fibrosis [21, 75, 76]. While a new tissue is growing, it may release anti-inflammatory factors to 
control inflammation thus indirectly controlling cardiac fibrosis, released angiogenic factors 
promote tissue vascularization and regeneration [16]. To control of cardiac fibrosis for long-
term, high rate of cell survival in the infarcted hearts, high nutrition, high oxygen environ-
ment and catabolites’ elimination it is a necessary condition.

4.1. Effect of acellular scaffold on ventricular function and cardiac remodelling

A human cardiac organoid injury model reveals innate regenerative potential [77]. Under 
normal conditions, the ECM provides structural support for the heart, acts as a reservoir 
for cytokines and growth factors and provides a connection with surrounding cells that is 
important for transmission of extracellular cues [27, 78]. Following pathologic stimulation, 
the ECM undergoes remodelling of its structural components and matricellular protein lev-
els, for example; fibroblasts are influenced by autocrine and paracrine signal, and they are 
responsible for secretion and regulation of the ECM.
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Myofibroblasts secret important ECM proteins including collagens, fibronectin, periostin, 
metalloproteinases and tissue inhibitors of metalloproteinases, which collectively regulate 
ECM components in the process of cardiac remodelling. The ECM plays a critical role in the 
maintenance of the functional myocardium as well as the regulation of the heart’s response to 
stress or injury [27, 78]. Intelligent scaffolds that mimic ECM have recently emerged as a way 
to elucidate the interaction of native ECM molecules with living cells, to further understand 
how the ECM regulates their environment. Tissue engineering will open new avenues to sup-
port regeneration of diseased or damaged tissue.

Study provides novel insight into the endogenous regenerative capacity of the immature 
human heart, which cannot be investigated in the in vivo setting and is consistent with aspects 
of neonatal heart regeneration observed in vivo: lack of fibrosis, lack of hypertrophy, high 
baseline proliferation rates and functional recovery after injury. This model of study there-
fore provides an opportunity to interrogate the molecular and cellular mechanism governing 
regeneration of immature human heart tissue [73, 77].

Attempts to repair the injured myocardium with endogenous regeneration require an orga-
nized participation from various cell types including cardiac myocytes and local and periph-
eral stem cells. It is naive to think that only one cell type can participate in this regenerative 
process and may actually limit therapeutic opportunities. In summary, these approaches 
appear to have a sufficient effect on their target, a few is known on the strategies and the tissue 
regeneration [63, 79]. To date, a human model of acute cardiac injury has not been achieved. 
Instead, most research into regeneration following cardiac injury has relied on the use of 
animal models. However, recent studies suggest that reactivation of neonatal cardiac regen-
erative pathways to drive cardiomyocyte proliferation in the adult heart may be possible. 
Porrelo et al. found in neonatal mice suggest that therapeutic strategies aimed at restoring the 
proliferative potential of adult mammalian cardiomyocyte will be an important component of 
attempts to reactivate the dormant regenerative capacity of the adult mammalian heart after 
MI [80]. Voges et al. reported that immature human heart tissue possesses an innate ability to 
regenerate following injury. In addition, myocytes possess an endogenous ability to recover 
contractile force following injury, which occurs independently of other infiltrating/resident 
cell types, and that immune cells are not required for functional recovery of immature heart 
tissue. Furthermore, the addition of monocytes in our studies did not have any impact on car-
diomyocyte proliferation. This study suggests that immature human heart muscle may pos-
sess an intrinsic ability to mount a regenerative response, which occurs even in the absence 
of inflammation and angiogenesis [77]. Other studies have emerged documenting complete 
functional recovery of newborn human hearts following MI [63, 67, 81–83].

Adult cardiac myocytes represent a highly specialized and structured cell type; therefore, 
it is not surprising that complex and often overlapping systems have evolved to regulate 
cardiomyocyte growth. Typically, adult cardiac myocytes do not re-enter the cell cycle when 
exposed to growth signals, and further increases in cardiac mass are achieved through an 
increase in cell size or hypertrophy [84]. Due to the absence of understanding and the poten-
tial of how the heart cells can be migrated from health tissue to necrosis area, an intervention 
has not yet been developed that can regenerate the damaged myocardium after an infarct. 
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However, several groups have described the presence of a progenitor or steam cell that can 
differentiate into cardiac myocytes [15, 36, 61, 74, 85]. Thus, evidence has accumulated over 
the past 20 years to demonstrate that there is some amount of cardiac turnover, both in healthy 
and injured tissues [63, 77], and this has prompted efforts to devise cardiomyocyte replace-
ment therapies by the promotion of endogenous regenerative process [60, 62]. Evidence from 
rodent [86], axolotls, newts, zebrafish [77] and human studies challenges the view of the heart 
as a terminally differentiated organ and unable to regenerate [67]. The ability of ECM bioma-
terials to stimulate robust endogenous cardiac regeneration without adding exogenous cells 
would avoid these issues, today more and more studies show that this utopia is not more the 
‘holy grail’ of heart regeneration. The direct reprogramming of non-muscle cells into cardio-
myocyte-like cells by infecting or treating the heart with defined factors has improved. This 
approach was reviewed by Sadahiro et al., quoted by Foglia et al. [74, 82, 87, 88] that shows 
evidences about cardiac regeneration without exogenous cells.

We believe that the structure and function of cardiac tissues are regulated by weak nanoscale 
signals provided by ECM, which are exerting control over the function of cells and tissues. 
Thus, in the design of scaffolds, it is important to evaluate the effects of dialysis at the cell-
biomaterial interface for the creation of truly biomimetic cardiac constructs that replicate the 
structural and functional aspects of ventricular organization in vivo.

4.2. Scaffolds

ECM was commonly viewed as a rather inert scaffold, merely providing structural support 
for the cells embedded in its environment. However, ECM plays a critical and crucial role in 
the maintenance of the myocardium function, it is now recognized that the ECM forms in fact 
a very dynamic and plastic milieu also to regulation of the heart’s response to stress and a 
wide variety of cellular events and [78, 89].

A principal goal of regenerative medicine is the use of scaffolds to replace or repair damaged 
tissues. The scaffolds are modelled on the natural extracellular matrix, which is a 3D porous 
hydrogel that provides both mechanical support and biochemical signals to cells. Microscopic 
and ultra-structural scaffold topography is the key for cellular homing and migration to the 
target tissue.

For the increasing interest in tissue engineering to create a device for human tissues and 
organs, innovative techniques have been developed to generate scaffolds that arrange and 
form micro-architecture mimicking physiological structures. Tissue engineering requires the 
ability to promote the production and accumulation of ECM component. Alternative therapies 
with biomimetic scaffold expand the option of adult patient care; efficient means for repair-
ing, reconstructing or regenerating damaged tissues reduce the need for scarce donor organs.

In the field of myocardial tissue engineering, many efforts by the scientific community are ded-
icated to identify materials possessing specific mechanical properties that play a pivotal role.

Cells, biomaterials, scaffolds and growth-stimulating signals are referred to as the tissue engineer-
ing triad. Scaffolds typically made of polymeric biomaterials represent important components for 
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a very dynamic and plastic milieu also to regulation of the heart’s response to stress and a 
wide variety of cellular events and [78, 89].

A principal goal of regenerative medicine is the use of scaffolds to replace or repair damaged 
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hydrogel that provides both mechanical support and biochemical signals to cells. Microscopic 
and ultra-structural scaffold topography is the key for cellular homing and migration to the 
target tissue.

For the increasing interest in tissue engineering to create a device for human tissues and 
organs, innovative techniques have been developed to generate scaffolds that arrange and 
form micro-architecture mimicking physiological structures. Tissue engineering requires the 
ability to promote the production and accumulation of ECM component. Alternative therapies 
with biomimetic scaffold expand the option of adult patient care; efficient means for repair-
ing, reconstructing or regenerating damaged tissues reduce the need for scarce donor organs.

In the field of myocardial tissue engineering, many efforts by the scientific community are ded-
icated to identify materials possessing specific mechanical properties that play a pivotal role.

Cells, biomaterials, scaffolds and growth-stimulating signals are referred to as the tissue engineer-
ing triad. Scaffolds typically made of polymeric biomaterials represent important components for 
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tissue regeneration. They are biopersistent (6 or 8 weeks), biodegradable, provide the structural 
support for cell attachment and growth and subsequent for tissue development [50, 90]. The stiff-
ness of native heart tissue ranges from 10 to 20 kPa at early diastole and increases to 50 kPa at the 
end of diastole, which may shoot up 200 kPa or more in infarcted heart [5]. The bioengineered 
scaffold matches as closely as possible those of the heart ECM in terms of stiffness, since the scaf-
fold should be flexible enough to promote the contraction of the growing cells.

In the scaffolds, nanoscale features must be included that replicate some of the functions of 
the ECM. In many cases, control of cell alignment and growth direction is essential to obtain 
functional tissues. Scaffolds 3D are able to control the growing of the cells. Hydrogel scaffold 
with oriented channels has been used with some success [91]. An injectable myocardial matrix 
hydrogel, derived from decellularized porcine ventricular ECM increase endogenous cardio-
myocytes, preserves cardiac function and is shown to reduce negative LV remodelling in both 
rat and pig models when delivered weeks after MI [92, 93].

Biomaterial has shown increasing potential as a tool for such procedures, due to its proper-
ties favourable for implantation while eliciting minimal side effect. Somewhat ambiguous, 
the biomaterial needs biocompatibility to interact organically and synergistically with the 
healthy part of the organ in order to reconstruct channels by cell migration a new and neo-
vascularized tissue over the area damaged by ischemia. If designed appropriately, biomateri-
als scaffolds can be delivered through minimally invasive approaches and stimulate cardiac 
repair, while avoiding many of the complications associated with a living product.

Biomaterial scaffolds are expected to provide a compliant and highly hydrated environment, 
similar to soft tissues having high water contents, thus facilitating diffusion of nutrients and 
cellular waste. The diverse nature of the organic tissue architecture requires pores sized in 
specific ranges compatible to each tissue. Since the myocardial tissue is subjected to cyclical 
and constant deformation, thus scaffolds are requested to show elastomeric properties and 
possibly long-term elasticity. The dimensions of the cardiac scaffold pores must be compat-
ible with the size of the heart cell phenotype, and the porosity should be above 85%, with pore 
interconnectivity favouring cell attachment.

Lim et al. related that their results on poly(L-lactic acid)-polystyrene blends reveal that cell 
adhesion is affected by surface chemistry, topography, and wettability simultaneously and 
that nanotextured surfaces may be utilized in regulating cell adhesion [94]. Therefore, chemi-
cal and physical signals from biomaterial surfaces (chemistry, topography, charge, energy 
and wettability) are critical extracellular stimulators that have the potential to regulate cell 
behaviour. The ability to robustly and reproducibly generate uniformly controlled (both 
structurally and functionally) and precisely defined engineered cardiac tissue will likely be 
necessary for eventual therapeutic products. This makes fabrication of biomaterials for myo-
cardial tissue engineering an attractive strategy. An effective scaffold for myocardial repair is 
a critical unmet need, where combining elasticity and strength without compromising heart 
cell viability and contractility have proved challenging.

Bioengineered cardiac tissue constructs can be divided into two categories: scaffold-cell-
based and scaffold-free. A number of 3D devices have been fabricated from natural biological 
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materials, such as collagen, fibrinogen, elastin, hyaluronic acid, fibrin, alginate fibronectin, 
laminin, from naturally occurring ECM and also fibroin, chitosan, gelatine, fibrin glue, associ-
ated with biocompatible synthetic or decellularized heart matrix.

Collagen is the most prevalent extracellular component of the myocardium and has used as 
a matrix for studying myocardial electrophysiology and contraction. Collagen is the primary 
force-conducting component of the ECM coupling cells to their force environment [90]. Cardiac 
myocytes are attached by integrin at specific sites near the Z band to an interconnected colla-
gen network containing other mechanically and biologically active extracellular matrix (ECM) 
components, including glycoproteins, proteoglycans, growth factors, cytokines and proteases 
A key property of collagen hydrogel-based engineered heart muscle (EHM) is its contractile 
performance, which reproduces many, but not all, aspects of contractile performance in native 
myocardium [95]. Some of the ECM protein collagens contribute the major tensile strength 
and viscoelasticity. In tissues, cells are anchored in a stationary, 3D network of collagen in a 
highly characteristic spatial arrangement. This spatial order arises from vectoral deposition of 
matrix and its subsequent tractional organization by cells. Bhatnagar et al. have shown that 
P-15 (mimic the bioactivity of type I collagen) bearing matrices mimic the physiological inter-
actions of collagen with cells. For example, the interstitial collagens are subjected to a myriad 
of post-translational modifications, including covalent and non-covalent cross-linking, leading 
to haptotactic cell migration, activation of signalling pathways, induction of growth factors, 
cell differentiation, tissue remodelling and morphogenesis in vitro and in vivo. Up-regulation 
of collagen cross-linking because of excess LOX activities can change various cellular behav-
iours. The authors describe such scaffolds as collagen substitute matrices [90, 96–98].

The plateau phase of the time trace at later times of the coagulation process, the fibrinogen is 
cleaved and cross-linked by exposure to thrombin and clotting factor XIII to form an insoluble 
fibrin mesh that captures blood cells to form a blood clot stiffness via thrombosthenin pro-
tein. Fibrin meshes can also be used to capture any target cell for tissue engineering [53]. 
Fibrinogen can also be conjugated with polyethylene glycol (PEG) to generate scaffolds that 
covalently bind growth factors and other proteins [99].

Elastin is a major fibrous protein in the extracellular matrix of organs and tissues that exhibit 
stretch and recoil, such as vessel walls. The elastic property maintains heart’s structural and 
biological functions. After an MI, the loss of elastin is the main factor adversely affecting ECM 
remodelling of the infarcted heart. The restoration of the elastic properties of the infarct region 
can prevent ventricular dysfunction [54]. The elastic properties of tissues are essential to main-
tain their structural and biological functions. The lack of elastic recoil contributes to the thinning 
and expansion of the infarct region, which frequently progresses after a myocardial infarc-
tion and results in cardiac enlargement and cardiac failure with time [100]. When the tissue is 
stretched, the elastin molecule is elongated, and when the stretching force is released, the mol-
ecule returns to its more stable random-coil structure and maintains the organ structure [85]. 
Most cells, such as fibroblasts, endothelial cells and smooth muscle cells, synthesize and secrete 
glycoproteins to form a microfibrillar scaffold on top of which tropoelastins, the soluble precur-
sors of elastin. Restoration of the elastic properties of the infarct region can prevent progressive 
cardiac dilation and deterioration of ventricular function following an MI [101]. Expression of 
elastin in the myocardial scar may be able to change the composition of the extracellular matrix 
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of the infarct region, preserves the elasticity of the infarcted heart, stabilizes an infarct and pre-
serves ventricular function [100]. Many other molecules, though lower in quantity, function as 
essential components of the extracellular matrix in soft tissues. Besides their basic structures, 
biochemistry and physiology, their roles in disorders of soft tissues are discussed only briefly.

Fibrous protein, including as well as collagen and elastin the fibronectin, laminin, fibrillin and 
integrins get a multi-domain structure plays a role of ‘master organizer’ in matrix assembly as 
it forms a bridge between cell surface receptors. Then these proteins contribute to the struc-
ture of the ECM, and modulate cellular functions such as adhesion, differentiation, migration, 
stability of phenotype, and resistance towards apoptosis. Integrin also plays an essential role 
in the assembly of fibrillin-1 into a structured network [78, 89]. Fibulins are tightly connected 
with basement membranes, elastic fibres and other components of extracellular matrix and 
participate in formation of elastic fibres [83, 86].

Tenascins are ECM polymorphic glycoproteins found in many connective tissues in the body. 
Their expression is regulated by mechanical stress both during development and in adult-
hood [46]. Tenascins mediate both inflammatory and fibrotic processes to enable effective 
tissue repair and play roles in pathogenesis of Ehlers-Danlos, heart disease, and regeneration 
and recovery of muscle-tendinous tissue [46, 89]. Increased expression of thrombospondin 
and TGF-β activity was observed in fibrotic skin disorders such as keloids and scleroderma. 
Thrombospondin-5 is primarily present in the cartilage. High levels of Thrombospondin-5 
are present in fibrotic scars, it plays a role in vascular wall remodelling and has been found in 
atherosclerotic plaques as well [30].

On the other hand, the extracellular macromolecules, notably glycosaminoglycan, are impor-
tant mediators of angiogenesis. Hyaluronic acid (hyaluronan) is widely utilized as a biosyn-
thetic biomaterial because of its biocompatibility and diverse array of physiologic functions. 
In its natural setting, hyaluronan is the only non-sulphated glycosaminoglycan present in the 
ECM of vertebrates, it is the most abundant and one of more important glycosaminoglycan 
in the heart development, and there are indications of playing a role in epicardium develop-
ment [102]. The highly viscous aqueous solutions (1000× its weight in water) thus formed 
give hyaluronan unique physicochemical and biologic properties that preserve tissue hydra-
tion, regulate tissue permeability through steric. In the ECM of connective tissues, hyaluro-
nan forms a scaffold for binding other large glycosilaminoglicans and proteoglycans. Bernanke 
and Markwald showed that hyaluronan treatment of avian AV cushion explants resulted in an 
increase of mesenchymal cells invading a 3D collagen matrix [103]. Large hyaluronan molecules  
are space-filling polymers presenting regulatory as well as structural functions, while small 
hyaluronan fragments are involved in immune stimulation, angiogenesis and inflammation 
[104]. 2-iminothiolane-grafted hyaluronan hydrogel and sodium periodate oxidated hyaluro-
nan cross-linked with adipic acid dihydrazide hydrogel were implanted into rat adductor 
muscles. The degradation tests demonstrated that the hydrogel could maintain the gel matrix 
over 35 days, depending on the ADH concentration, while inducing low inflammation and 
dense blood vessel formation in the areas surrounding the implanted hydrogels [105, 106]. 
Hyaluronan-mediated angiogenic effect in vivo is related to its degradation products, which 
stimulate endothelial cell proliferation and migration [102, 107]. Consequently, hyaluronan 
plays important roles in maintaining tissue morphologic organization, preserving extracellular 
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space and transporting ions, solutes and nutrients. Along with ECM proteins, hyaluronan binds 
to specific cell surface receptors such as CD44 and RHAMM [108]. The resulting activation of 
intra-cellular signalling events leads to cartilage ECM stabilization. Despite the fact that studies 
in the avian and murine heart clearly show the importance for hyaluronan in heart develop-
ment, there are, to the best of our knowledge, no published studies that show that hyaluronan 
insufficiency is associated with congenital heart disease in the human.

Other biomaterials that have been used to engineer myocardial tissue equivalents include 
alginates, silk fibroin and gelatine. In addition, it seems essential that the exogenous matrix 
be replaced to prevent interference with tissue formation. Still, vascularization of the matrix 
occurs quickly in conjunction with the immune response to the presence of foreign materials.

Alginate is a natural polysaccharide characterized by long chains of α-L-glucoronic acid and 
β-D-mannuronic acid. Alginate is a versatile biocompound and can be obtained with rang of 
molecular weight (32–400 kDa) and has been utilized as a hydrogel for tissue engineering. 
Due to its biologically favourable properties including the ease of gelation and its biocom-
patibility, alginate-based hydrogels have been considered a particularly attractive material 
for the application in cardiac regeneration and valve replacement techniques [109]. Alginate 
scaffolds were demonstrated to be safe, biodegradable and feasible to provide a conductive 
environment to facilitate the 3D culturing of cardiac cells. Scaffold with Ca-alginate enables 
incorporation and retention of cells and proteins inside the hydrogel scaffold. After implan-
tation into the infarcted myocardium, the biograft stimulated intense neo-vascularization 
and attenuated LV dilatation and failure in experimental rats compared with controls [29, 
110]. Alginates possess several crucial properties, which make them suitable for use in car-
diac regeneration. The first is their ability to be dissolved in water to yield aqueous solutions 
with moderate viscosity, which is particularly important for formulating injectable mixtures 
for cardiac therapies. The second is their ability to form hydrogels in mild conditions, for 
example, by adding cationic polyetrolytes salt to an aqueous solution to form the ionically 
triggered gelation, which is chemo reversible. Another advantage property of alginates is 
possible to modulate degradation rates and mechanical stiffness by choice of the appropri-
ate cross-linking agents [29, 55, 109]. Ionically, cross-linked, high molecular weight alginate 
hydrogels degrade in an uncontrolled fashion due to the slow loss of cross-linking cations.

As mentioned previously, one of the limitations for the use of synthetic polymers such as 
scaffolds is its low biodegradation in biological medium. Ashton et al. describe an alternative 
approach to design degradable alginate hydrogels based on the enzymatic degradation of 
alginate polymers. They incorporate poly(lactide-coglycolide) (PLGA) microspheres loaded 
with the enzyme alginate-lyase (PLGA-AL) into alginate hydrogels; controlling the amount of 
incorporated enzyme, and its rate of release from the PLGA microspheres, enables the rate of 
enzymatic degradation of the alginate hydrogels to be tuned [111].

There are two main solid forms of alginate used in cardiac regeneration, namely, hydrogels and 
porous 3D scaffolds. The hydrogel can contain over 99% water trapped in the network of water-
insoluble polymer chains. Depending on the freezing regime, the hydrogels could become 3D 
scaffold with interconnected pores, up to 200 µm in diameter and 90% of matrix porosity [112]. 
The current application involving alginate for cardiac regeneration include ventricle restoration 
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by injecting cell-free alginate, treating myocardial infarction by injecting calcium-cross-linked 
sodium alginate solution, patches for cell transfer in cardiac regeneration [109]. The potential 
use of the different alginate hydrogels as pharmaceutical excipients has not yet been fully evalu-
ated but alginate is likely to make an important contribution in the development of polymeric 
delivery systems. The precise chemical degradation mechanism and approaches in the choice of 
alginate for drug deliveries was previously broadly reviewed [113]. Leor et al. have suggested 
that intra-myocardial injection of alginate induces neo-vascularization and improved LV func-
tion [28, 110]. Alginate-based biomaterials for the treatment of MI is entering the clinical trials 
stage, therefore understanding the mechanisms by which these therapies affect LV remodelling, 
cardiac function and cardiac electrophysiology becomes a pivotal issue.

Biocomposite 3D scaffold consisting of two or more polymeric blends is used in order to 
obtain scaffolds with desired functional and mechanical properties depending on their appli-
cations. It is obtained useful the properties of natural and synthetic biomaterial. One such 
an attempt of using copolymer as poly(l-lactic acid)-co-poly(ε-caprolactone) (PLACL), poly-
glycerol sebacate, polyethylene glycol, polyvinyl alcohol, silk fibroin and alginate, collagen, 
hyaluronic acid, laminin and others biopolymers, that contribute to mimic the ECM, for fabri-
cating biocomposite scaffolds for cardiac tissue engineering have been proven to exhibit suit-
able biodegradable and mechanical properties. Mukherjee et al. showed that the hydrophilic, 
biocompatible nanofibrous scaffolds made of PLACL/collagen blend provide superior attach-
ment and growth of adult cardiac cells favouring native myocardium-like alignment of newly 
seeded cardiac cells compared to purely synthetic PLACL counterparts [5]. Biomaterial and 
biocomposite’s scaffold have featured prominently in cardiac regenerative therapy and have 
been explored to nanofibres, 3D devices, nanoparticles and patches to enhanced cell delivery 
and, more recently, has been used as acellular therapy.

5. Cardiac patches: in situ tissue regeneration

If on one hand to create engineered muscle construct in bioreactor is fascinating, on the other 
hand, it faces significant difficulties, in particular constructing significant cardiac muscle from 
scaffold and cells in vitro, and poor graft survival. In this approach, acellular scaffolds are 
implanted on the damaged myocardium and after their vascularization, they create a friendly 
environment and space for the implanted cardiomyocytes. Bioactive molecules with collagen, 
fibrinogen, alginate, hyaluronan, integrin, fibronectin and laminin improve viability and sur-
vival and may enhance stem cell homing and self-repair [28]. There is accumulating evidence 
that the heart contains resident progenitor cells that can be induced to develop into cardiac mus-
cle and vascular tissue. These cardiac progenitors could be recruited to repair the infarcted myo-
cardium. The incompleteness of myocardial repair as executed by all endogenous mechanisms 
collectively, including whatever progenitors exist intrinsic and extrinsic to the heart. At the same 
time, the identification of these cells opens the tantalizing possibility that they might be coached 
in vivo to home within the damaged myocardium, subsequently promoting functional cardiac 
repair without the need of introducing exogenous cells [118]. With this approach, the biomaterial 
itself or its degradation/dissolution products are used to stimulate local tissue repair.
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Cardiac patches thought that the microenvironment and architecture provided by such a scaf-
fold can support cellular differentiation and organization, and prevent a form of programmed 
cell death that occurs in anchorage-dependent cells when they detach from the surrounding 
ECM [114, 115]. When cells are detached from the ECM, there is a loss of normal cell-matrix 
interactions, and they may undergo anoikis. Nonetheless, the major drawback with this method 
remains the inability to generate patches with sizable thickness due to diffusion limitations. 
The biomaterial surface plays a crucial role as it forms the interface between the scaffold (or 
cardiac patch) and the cells [58]. The cells once implanted inside the scaffold will help the body 
heal itself [28, 116]. In animal models for ischemic cardiomyopathy, a variety of biodegradable 
materials as interventional therapeutic strategies have been investigated, including epicardial 
patches with and without cellular constituents. This approach might provide an attractive alter-
native to cellular cardiomyoplasty or larger ventricular restraint devices for cardiac repair.

‘Plastic Compression’ technique to create a biomimetic cellular dense collagen is used as a scaf-
fold for bone engineering, demonstrating its potential in tissue engineering. Double multiple 
compressions of hydrated collagenous scaffolds may initially result in enhanced mechanical 
properties; nonetheless, the double compression process exerted a negative impact on the 
seeded cell survival [117]. This compression technique can be also combined with other bio-
material to create a patch of collagen hybrid to cardiac regeneration with acellular scaffold.

Dense collagen scaffolds were characterized in terms of gel contraction ratio, morphology, 
the viability of seeded cells and mechanical properties of the gel and an engineered cardiac 
patch out of compressed type I collagen that improves recovery of the heart after acute myo-
cardial infarction through several processes, independently from exogenous cells and other 
factors. The main mechanisms responsible for this effect include the mechanical support of 
the scaffold, facilitation of cell migration and angiogenesis, and partial preservation of the 
heart muscle cells within the lesion and the area beneath the patch. Further investigations on 
therapeutic factors and/or cells that can be seeded within the engineered patch can be used in 
a new clinical therapy for cardiac repair following severe heart injuries [26].

Cardiac repair using chitosan-hyaluronan/silk fibroin patches in a rat heart model with myo-
cardial infarctions was examined after 8 weeks of study. The patches significantly improved 
LV functions in MI hearts with markedly reducing the dilation of LVs, increasing the thickness 
of their walls and improving their fractional shortening (LVFS) in the CHS group.

6. Scientific overview

As a concept, tissue regeneration is intuitively attractive and challenger. For conditions char-
acterized by MI and HF, the basic principle is that non-viable myocardium may be regen-
erated or repaired by delivery of stem or progenitor cells, including the heart itself. The 
cardiomyocyte has been considered terminally differentiated, with the response to injury 
characterized by hypertrophy. Recent evidence increases the possibility that a natural system 
of myocyte repair exists. Although the concept of myocyte repair is straightforward in the-
ory, realizing the potential of therapeutic strategies based on this concept is extraordinarily 
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factors. The main mechanisms responsible for this effect include the mechanical support of 
the scaffold, facilitation of cell migration and angiogenesis, and partial preservation of the 
heart muscle cells within the lesion and the area beneath the patch. Further investigations on 
therapeutic factors and/or cells that can be seeded within the engineered patch can be used in 
a new clinical therapy for cardiac repair following severe heart injuries [26].

Cardiac repair using chitosan-hyaluronan/silk fibroin patches in a rat heart model with myo-
cardial infarctions was examined after 8 weeks of study. The patches significantly improved 
LV functions in MI hearts with markedly reducing the dilation of LVs, increasing the thickness 
of their walls and improving their fractional shortening (LVFS) in the CHS group.

6. Scientific overview

As a concept, tissue regeneration is intuitively attractive and challenger. For conditions char-
acterized by MI and HF, the basic principle is that non-viable myocardium may be regen-
erated or repaired by delivery of stem or progenitor cells, including the heart itself. The 
cardiomyocyte has been considered terminally differentiated, with the response to injury 
characterized by hypertrophy. Recent evidence increases the possibility that a natural system 
of myocyte repair exists. Although the concept of myocyte repair is straightforward in the-
ory, realizing the potential of therapeutic strategies based on this concept is extraordinarily 

Scaffolds in Tissue Engineering - Materials, Technologies and Clinical Applications242

complex, and the magnitude of this task has been highlighted recently. The patches using 
new biomaterial composite have been improved LV function in MI hearts with markedly 
reducing the dilation of LVs, increasing the thickness of their walls and improving their frac-
tional shortening. Collagen matrices are some of the oldest and most well understood classes 
of biomaterials. We agree with Chan et al.’s early efforts to simply harness isolated ECM as a 
substrate for culturing cells have expanded into a wide range of techniques to capitalize on 
the protein’s unique properties to create biomimetic hydrogels with well-defined properties. 
These materials and the knowledge they generate are enabling the development of new cell 
and matrix-based therapies that will overcome the limitations of less biologically relevant 
biomaterials [50]. Cells internally synthesize, modify and assemble the alpha chains into a 
procollagen form, which is secreted to the extracellular space and then partially cleaved by 
specific enzymes to form the tropocollagen molecule. These nanoscale subunits further self-
assemble into fibrils and are covalently bound to each other in a staggered manner, giving 
collagen fibrils a distinctive banded pattern when viewed at high magnification. Serpooshan 
et al. in an approach about the effect of bioengineered acellular collagen patch on cardiac 
remodelling and ventricular function post-myocardial infarction, brilliantly confirmed that 
there is integration histological and immunostaining of the scaffold in the patch form with 
native cardiac cells including fibroblasts, smooth muscle cells, epicardial cells and immature 
cardiomyocytes [26]. In conclusion, biomaterials synthetic and/or natural can be selected to 
form a 3D scaffold with controlled porosity, in the dense or laminate form, to recruit and 
organize native cells to repair or to attenuate remodelling and improve heart function fol-
lowing myocardial infarction.
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Abstract

Tissue engineering has been viewed as a valid approach toward the partial or total 
replacement of defective tissues and organs. Recent advances in nanotechnology have 
made it possible to develop biocompatible materials at the micro- and nano-scales to 
be used as scaffolds for cellular growth and regeneration of defective tissues. Gastric 
mucosal lining is an example of soft tissues that are highly susceptible to damage due to 
various reasons including cancer or ulcer development. Current therapeutic approaches 
to these diseases have some limitations. This chapter describes the basis for development 
of a novel modality combining nanotechnology, stem cells, and tissue engineering for the 
replacement of defective gastric tissues using synthetic biocompatible scaffolds. These 
microfibrous scaffolds are seeded with gastric stem cells, which are studied for their pro-
liferation and differentiation into functional gastric mucous cells.

Keywords: gastric stem cells, mucous neck cells, electrospinning, porous microfibrous 
scaffold, tissue regeneration

1. Introduction

Gastric cancer remains the second or third largest cause of cancer-related mortality world-
wide [1, 2]. The standard operation for early or advanced gastric cancer is partial or radical 
gastrectomy. Patients after gastrectomy suffer from various complications such as dumping 
syndrome and pernicious anemia. These conditions are attributed to the loss of storage, diges-
tive, and exocrine glandular functions of the stomach such as secretion of gastric enzymes, 
acid and intrinsic factor [3]. More than two-third of gastric cancer cases are unresectable and 
their response rate to chemotherapy is very low. Cases subjected to gastrectomy have less 
than 30% chance of 5-year survival [4, 5].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The stomach is the most dilated part of the digestive tube, which connects the esophagus with 
the small intestine (Figure 1). The wall of the stomach comprises four coats: serosa, musculosa, 
submucosa, and mucosa. The outermost serosa layer represents the peritoneal covering of the 
stomach. The luminal surface of the stomach has innumerable micro-openings for gastric pits 
(foveolae) continuous with the isthmus, neck and base of the gastric glands. In the cardia and 
pyloric regions, these glands are mostly populated by mucous cells and some enteroendo-
crine cells. However, the corpus glands are populated by two different types of mucous cells 
(pit and neck cells), pepsinogen-secreting chief or zymogenic cells, acid-secreting parietal 
cells, and hormone-secreting enteroendocrine cells (Figure 1). All these cells originate from 
stem cells residing in the isthmus region of the gastric glands. In addition to the role of these 
stem cells in physiological maintenance of the heterogeneous epithelium of the gastric gland, 
these cells are necessary for regeneration, healing, and repair of the gastric mucosa.

Although some gastric replacement approaches have been proposed to improve the quality 
of life of patients after gastrectomy, the optimal reconstruction procedure remains contro-
versial [6]. Recent advances in the field of tissue engineering allowed fabrication of many 
tissues and organs. As an alternative remedy to the post-gastrectomy complications, gastric 
mucosal tissue engineering has been proposed. It has long been believed that the stomach 
never regenerates once it has been resected [7]. However, tissue-engineered stomach is an 
attractive solution post-gastrectomy to restore an adequate food digestion and appropriate 
gastric physiology.

Figure 1. Diagrams depicting the structure of the stomach and gastric epithelial unit including the pit and three 
glandular regions: isthmus, neck and base. Note that stem cells and their immediate descendants are located in the 
isthmus. Surface mucous, mucous neck, and zymogenic cells are located in the pit, neck, and base, respectively. Parietal 
and enteroendocrine cells are scattered throughout.
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Studies on tissue engineering of the stomach are very limited. This may be attributed to the 
unique geometry and biomechanics of the stomach compared to other soft tissues. There are 
some reports on syngeneic and autologous tissue-engineered stomachs in Lewis rats [8–11] 
and Yorkshire swine [12], respectively. Although these studies demonstrated a regenerated 
epithelium organized into gastric glands, epithelial differentiation, and proliferation were not 
comprehensively analyzed. In addition, investigations involving the mechanism of formation 
of these tissue-engineered gastric glands are lacking.

Tissue engineering is an interdisciplinary field that combines the knowledge and technology 
of materials design and optimization, cell cultures, and appropriate use of growth or bio-
chemical factors to create artificial tissues, and regenerate damaged organs [13–22]. Examples 
of organs that have been tissue engineered include urinary bladder [23], trachea [24, 25], ure-
thra [26], heart [27], liver [28–30], and lung [31, 32].

For tissue engineering, stem cells are derived from a patient, cultured to increase their num-
ber, seeded onto a certain carrier or a “scaffold,” and then incubated in vitro to cellular inte-
gration and differentiation. The appropriate factors are also added to the culture system and 
over a relatively short time, a new tissue is formed. This newly developed tissue is finally 
ready for implantation to restore the function of a defective organ in a patient [33]. By defini-
tion, a scaffold is a three-dimensional (3D) porous construct with pre-tailored architecture 
and internal morphology that serves as a template for tissue regeneration [34]. It also serves 
as a carrier for cells, growth factors, or other biomolecular signals. Being porous in nature, a 
scaffold directs the growth of cells either seeded within its porous structure or migrating from 
surrounding tissue. Many studies demonstrated the fabrication of scaffolds with different 
structure and topography.

Electrospinning is a versatile processing technique that can be used for the fabrication of 
random and aligned fibrous scaffolds with fibers of average diameter in the nm- or μm-scale. 
The technique utilizes an applied voltage (up to 30 kV) to overcome the surface tension forces 
of a polymer solution, hence causing it to stretch into fibers that are deposited on a grounded 
metallic substrate (Figure 2) [35, 36]. Various materials have been electrospun into micro- and 
nano-fibers using electrospinning for a wide range of applications. In tissue engineering, a 
fibrous scaffold made by electrospinning closely matches the morphology of the extracellular 
matrix; hence, this increases its potential for tissue regeneration applications. Moreover, the 
interconnectivity of the pores in 3D-fibrous scaffolds made by electrospinning enhances the 
communication between the cells in culture, and facilitates their proliferation and differentia-
tion. In contrast, cells grown on 2D platform can proliferate but their differentiation potential 
would be limited [37].

Various studies developed 3D porous scaffold systems that were either cells-free (acellular) 
or containing different types of cells. In the acellular approach, cells-free porous scaffolds are 
implanted inside the internal lining of the stomach to promote the formation of new gastric 
tissues. Examples included a porous poly(glycolic acid)-reinforced collagen scaffold with a 
silicone sheet covering the luminal side of the stomach [7, 38]. These batches incompletely 
supported tissue regeneration of the muscular layer and the patch grafts contracted signif-
icantly over time. An alternative scaffold composition was developed by Araki et al. and 
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was composed of poly(D,L-lactide), poly(ε-caprolactone) (PCL), collagen, and poly(glycolic 
acid) nonwoven fabric [39]. This multi-layer scaffold was used to repair a large stomach 
wall defect in a dog without infection or anastomotic dehiscence, and showed sufficient 
mechanical strength for suturing and better biocompatibility. However, early shrinkage of 
the implanted scaffold was eventually observed and regeneration of the muscle layer did 
not occur. In another study, Lourenco et al. developed a model comprising a gastric stromal 
cell line (NST-20) embedded in a 3D alginate-RGD hydrogel prepared on the basolateral side 
of a Transwell insert. This assembly closely mimicked the extracellular matrix of the gastric 
mucosa. It was used for the growth of a moderately differentiated gastric adenocarcinoma 
cell line (MKN28). This cell-containing scaffold was capable of reproducing the physiological 
conditions of the gastric barrier [40]. Lourenco et al. proved the closer similarity of this model 
to the native structure of the gastric mucosa, in which stromal cells appeared to have a role 
in the establishment of mucosal architecture. This was further confirmed by the production 
of extracellular matrix. In a different study, isolated gastric epithelial units were seeded onto 
the inner luminal surface of microporous biodegradable polymer tubes. These tubes were 
made from a fibrous, nonwoven mesh made of polyglycolic acid and coated with 5% poly-L-
lactic acid. The seeded polymer tubes were completely wrapped and sutured into the omen-
tum of adult Lewis rat. These gastric unit/scaffold constructs formed cyst-like structures, 
which were called “tissue-engineered stomachs” [41]. Recently, Noguchi et al. developed 
a method to induce the formation of stomach organoids from mouse embryonic stem cells. 
In this regard, gastric primordial epithelium and underlying mesenchyme were developed 
using a Matrigel-based 3D culture system. The differentiated organoid were found to contain 
both corpus- and antrum-specific mature gastric epithelial cells [42]. Finally and in another 
recent study, scientists grew tissues from the stomach’s corpus/fundus region in a petri dish, 
which were able to produce hydrochloric acid and digestive enzymes [43]. This took place 
through differentiation of human pluripotent stem cells into gastric organoids containing 
fundic epithelium [43].

Figure 2. A schematic diagram of the electrospinning process.
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Recently, in our lab, a 3D scaffold made of a biodegradable PCL was fabricated by an elec-
trospinning technique and was used for the growth and differentiation of gastric stem cells 
[44]. The main objective was to develop the basis for a new modality for the regeneration of 
defective gastric tissue as a result of gastric cancer or severe gastric ulcer. The experimental 
procedures and results of this 3D model system are summarized below.

2. Experimental procedures

2.1. Scaffolds preparation and characterization

PCL with an average molecular weight (Mn) of 70,000–90,000 by GPC was used for preparing 
scaffolds for gastric stem cell culture. An electrospinning technique operating at an applied 
voltage of 12 kV, a spinning distance of 14 cm, and a feeding rate of 0.16 mL/min, was used 
in making porous PCL scaffolds. Scaffolds were characterized for their microstructure using 
a scanning electron microscopy (SEM) technique operating at 15 kV. Tensile properties of the 
PCL fibrous scaffolds were measured using a universal testing machine MTS with a load cell 
of 100 kN with an overhead speed of 5 mm/min at room temperature. The measurement of the 
tensile strength was done in triplicate according to published protocol [45]. For comparison, 
the stomach wall of 6-month-old mice (n = 3) was used after washing in cold phosphate buff-
ered saline (PBS). Tissues were immediately tested for their tensile strength. Before and after 
the tensile tests, SEM examination was conducted to investigate the effect of applied load and 
deformation on the surface topography of the scaffolds.

2.2. Culture of mouse gastric stem (mGS) cells

PCL microporous scaffolds were sterilized with various degrees of ethanol solutions and 
completely dried prior cell culture experiments. The mGS cells were seeded (2.5 × 105 cells) 
onto scaffolds (15 mm diameter and 0.9 mm thickness) placed in a 12-well plate, and allowed 
to grow in a 37°C incubator containing 5% CO2 and 95% O2 for up to 12 days. The serum-
containing RPMI culture medium was changed every 48 hours. After 3 days in culture, cells 
were processed for initial screening of cell viability and for microscopic examinations using 
an inverted Olympus microscope, and Phillips SEM. For SEM, fixation was in 4% parafor-
maldehyde for 15 min and post-fixation, in 1% osmium tetroxide for 10 min. Following dehy-
dration in ethanol, cells were processed for gold-palladium coating, and finally examined 
with SEM.

After 3, 6, 9, and 12 days, cultured cells were processed for the quantification of DNA. Cells 
were washed with PBS and stored at −80°C in 1 ml of Milli-Q water. DNA was extracted 
from the samples by repeated freeze-thaw cycles followed by ultrasonication. The Quant-iT 
PicoGreen dsDNA kit was used to quantify DNA according to the manufacturer’s instruc-
tions. The fluorescence intensity was measured at 520 nm by using the PerkinElmer reader. 
Scaffolds without cells were used as blank samples. For the measurement of statistical signifi-
cance, a one way ANOVA with Tukey Multiple Comparison Test was used.
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2.3. Immuno- and lectin-cytochemical analysis

The mGS cells cultured on scaffolds for 3 and 9 days were fixed for 15 min in 4% paraformal-
dehyde. Following PBS wash, cell-containing scaffolds were processed for overnight incu-
bation in 20% buffered sucrose at 4°C. The scaffolds were then mounted on an aluminum 
stalk using Shandon Cryomatrix. Frozen sections (10–30 micron-thick) were obtained using 
Cryostome FSE cryostat and immediately mounted on gelatin-coated slides. To visualize cel-
lular morphology and orientation, a few sections were stained with hematoxylin and eosin. 
The adjacent sections were processed for lectin cytochemistry and immunoprobing of cellu-
lar-specific biomarkers.

Following incubation with blocking solution, cryosections were incubated for 60 min with 
different fluorophore-conjugated lectins: Ulex europaeus agglutinin (UEA) I (specific for sur-
face mucous cells), Griffonia simplicifolia (GS) II (for mucous neck cells), or Dolichos biflorus 
agglutinin (DBA, for parietal cells) [46, 47]. Cryosections of cell-containing scaffolds were also 
incubated overnight with several antibodies specific for H,K-ATPase alpha and beta subunits 
(for parietal cells), TFF1 (for surface mucous cells), TFF2 (for mucous neck), chromogranin-A 
(for enteroendocrine cells), and ghrelin (for a subtype of enteroendocrine cells). Probed sec-
tions were washed in PBS and the appropriate fluorophore-conjugated secondary antibody 
was added. Finally, cells were visualized using Olympus fluorescence microscope or Nikon 
confocal microscope.

3. Results and discussion

PCL scaffolds made of microfibers in the range of 2–3 μm in diameter were prepared by 
electrospinning (Figure 3). The scaffold is characterized by a homogeneous fiber size dis-
tribution and interconnected porosity. These features are strongly recommended for tissue 
engineering applications, where the small size fibers provide high surface area for better cell 
adhesion, while the interconnected porosity provides pathways for cell interaction and new 
tissue formation. Figure 4 shows a comparison between the tensile strength of a pure PCL 
microfibrous scaffold and that of a mouse stomach tissue. On one hand, synthetic scaffold 
showed a variable degree of tensile strengths at a higher range (0.35–0.6 MPa) than that of 
natural gastric tissues (0.22 MPa). On the other hand, both synthetic scaffold and natural 
stomach tissues showed a high degree of elasticity. These properties indicate the suitability 
of the PCL fibrous scaffold to replace the natural gastric tissues. More importantly, the higher 
strain of the PCL fibers makes them more durable to expansion and contraction, as dictated 
by the stomach biomechanical properties. While electrospun PCL fibers appeared nonwoven 
with random distribution (Figure 3), they re-align upon applying tensile forces. This feature 
is attributed to the interconnected porosity that allows the re-orientation of the fibers during 
tensile strength measurement.

Microscopic examination of the toluidine blue-stained mGS cells revealed their variable 
appearance on the PCL microfibrous scaffold [44]. When examined with SEM, they tend to 
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appear flattened [44] with cytoplasmic processes spanning the space between microfibers. 
Therefore, mGS cells were attached to more than one microfiber and integrated into the pores 
of the scaffold to grow in 3D (Figure 5).

Studies on the surface topography and porosity of scaffolds demonstrated their role on cellular 
adhesion, growth, and differentiation. Inducing abrasions on the surface of polyvinyl alcohol 
improved orientation/elongation of fibroblasts and cardiac muscle cells [48]. Different types 
of scaffolds with variable geometries have been tested for cell culture and adequate growth. 

Figure 3. A scanning electron micrograph showing the PCL microfibrous scaffold (insert: a higher magnification of the 
fibers).

Figure 4. Stress-strain curves showing the tensile strengths of a synthetic PCL microfibrous scaffold (a), and a natural 
mouse stomach issue (b).
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The electrospun scaffolds with microfibers seem to be the most suitable because of their 3D 
architecture, large surface area, and interconnected porosity. It was shown previously that 
PCL fibrous scaffolds support proliferation and differentiation of mesenchymal stem cells 
extracted from periodontal ligament [49, 50] and oligodendrocyte precursor cells [51]. Some 
studies showed that the fiber diameter could influence cell function and behavior on the scaffold 
[52–57]. Porosity is also an important factor for transport of nutrients and metabolites [58, 59].

Based on the above information, the mechanical and topographical characteristics of the 
microfibrous scaffold, cell viability and DNA quantification assays were conducted. Both 
Calcein and MTT cell viability assays showed that microfibrous scaffold support mGS cell 
growth. The DNA PicoGreen assay was also used to estimate the amount of cells and con-
firmed the advantage of the fibrous nature of the scaffold in promoting mGS cell binding and 
growth. It is known that cells interact with the extracellular matrix via integrin binding and 
sense difference in mechanical stresses through integrin signaling pathway. It was shown 
that increasing porosity is associated with increasing the expression of integrins [60]. This 
could partly explain the results obtained in the present study and the value of high porosity 
of microfibrous scaffold and their significant support to mGS cell growth and attachment.

The mGS cells were seeded on the PCL microfibrous scaffolds for 3, 6, 9, and 12 days to deter-
mine their pattern of growth as a function of time. The DNA was extracted from attached cells 
at different time points and quantified by using PicoGreen assay. The data reflected the num-
ber of attached cells on the scaffolds at 3 to 12 days of culture. Figure 5 in [44] showed that the 
amount of DNA increased from day 3 to day 6 indicating proliferation of mGS cells on the scaf-
folds. However, when the cells were cultured for 9 days, the amount of DNA was significantly 
reduced. A reduction in the amount of DNA was also observed in cells cultured for 12 days 
[44]. This decrease in the number of cells is either due to down-regulation of cell proliferation 
or cell death. This effect could be regulated by integrins cytoplasmic domains that are known 
to affect cell proliferation [61]. Integrin’s extracellular domain is also involved in adhesion 
through interactions with laminin [62]. Targeted deletion of the cytoplasmic domain of integrin 

Figure 5. Diagrammatic representation of the microfibrous PCL scaffold immersed in the culture media before and 
after seeding with mGS cells. Note that the fibrous structure of the scaffold allows the cells to integrate through its 
interconnected pores and grow in 3D.
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induced reduction in cell proliferation and cell cycle arrest [63, 64]. The microfibers of scaffolds 
are made of inert material and lack the integrin binding sites. Therefore, the modification in the 
mGS cell cycle signaling is not expected for mGS cells growing on microfibrous PCL scaffolds. 
It was interesting to find that the reduction in cell proliferation after 9-day culture was associ-
ated with an increase the size of mGS cells [44] which could suggest cell differentiation with 
even loss of some of the differentiated cells. To test whether the decrease of cell number and 
the associated cellular enlargement were due to differentiation, cryostat sections of mGS cell-
containing scaffolds of 3 and 9 days were processed for antibody probing and lectin binding. 
Expressions of lineage-specific proteins and glycoconjugates were taken as an indication of cell 
differentiation. Cryosections stained with hematoxylin and eosin demonstrated general mor-
phology [44]. Adjacent sections probed with anti-TFF2 antibodies revealed that after 9 days of 
culture of mGS cells on scaffolds, some cells synthesized TFF2 specific for mucous neck cells 
[65, 44]. When adjacent sections were incubated with a lectin specific for mucous neck cells 
(GSII), the results revealed positive binding to GSII lectin as seen with fluorescence [44] and 
confocal [44] microscopes. Therefore, these findings demonstrate that PCL microfibrous scaf-
folds are suitable for growth and differentiation of mGS cells into mucous neck cells.

4. Conclusions

A synthetic biocompatible microfibrous scaffold made of PCL and fabricated by an electrospin-
ning technique has been used for the culture of mGS cells. The scaffold is characterized by its 
high surface area and interconnectivity of its 3-dimensional porosity. These factors were shown to 
provide suitable construct for the proliferation and differentiation of mGS cells. Results showed 
the continued growth of the mGS cells for 6 days, followed by differentiation at 9 days. Histo- and 
immunocytochemistry measurements combined with SEM analysis showed multiple evidences 
in support of the differentiation of the gastric stem cells to mucous neck cells. These results provide 
the basis for a valid potential application of tissue engineering for regeneration of gastric tissues.
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Abstract

The reconstruction or replacement of diseased heart valves, the revascularisation of coro-
nary arteries by coronary artery bypass grafting, the replacement of the central or periph-
eral blood vessels, and the reconstruction of the irreversibly damaged heart muscle 
represent the most common fields of application of cardiovascular surgery. In such cases, 
the diseased tissue is replaced by either a synthetic (metallic or polymeric) or a biological 
(xenograft, homograft, or autograft) prosthesis, or tissue engineered constructs. The aim 
of this book chapter is to give an overview over the most frequently used synthetic and 
biologic polymers as scaffold material in cardiovascular surgery.

Keywords: tissue engineering, polymer, scaffold, heart valve, cardiothoracic surgery

1. Introduction

Cardiovascular disease is the leading cause of death worldwide. In 2015 alone, 17.7 million peo-
ple died due to cardiovascular disease, accounting for 31% of all deaths worldwide [1]. Beyond 
limiting the risk factors that could potentially lead to cardiovascular disease and the adminis-
tration of a pharmaceutical regime, surgical treatment represents a life-saving option for severe 
forms of cardiovascular disease. The reconstruction or replacement of diseased heart valves, 
the revascularisation of coronary arteries by coronary artery bypass grafting, the replacement 
of the central or peripheral blood vessels, and the reconstruction of the irreversibly damaged 
heart muscle represent the most common fields of application of cardiovascular surgery. In 
such cases, the diseased tissue is replaced by either a synthetic (metallic or polymeric) or a bio-
logical (xenograft, homograft, or autograft) prosthesis, or tissue engineered constructs.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1.1. Limitations of currently available implants

The limitations of currently available cardiovascular prostheses necessitate further research 
and development of improved materials for diseased tissue replacement. For example, the 
implantation of synthetic prostheses, such as mechanical heart valves, requires lifelong 
anticoagulation treatment. On the other hand, glutaraldehyde-treated biological prostheses 
(xenografts) tend to calcify [2–5], whereas homograft prostheses have been reported to initi-
ate an immunogenic reaction in the recipient, which leads to rejection responses. Also, most 
implants that are in direct contact with the bloodstream show thrombogenicity [6]. Especially 
small calibre vessels are prone to stenosis due to thrombus formation, intimal hyperplasia, 
or neointima formation. Synthetic implants are very susceptible to infections, which like any 
graft failure is at the very most an indication for high-risk and expensive revision surgery [7]. 
Moreover, cardiovascular implants need to meet biomechanical requirements for appropriate 
long-term in vivo function. The development of aneurysms is not a rare case with prostheses 
in the high-pressure arterial system. Also, the characteristics of the prosthesis should support 
its integration with the surrounding tissues. Accordingly, grafts with high porosity can lead to 
good tissue integration, but high porosity could also potentially cause bleeding complications 
due to the insufficient sealing. Covering the prosthesis with anti-thrombogenic substances 
such as albumin, collagen, or gelatine predisposes to the same complication [8]. Owing to 
the ageing of the population and the subsequent need for cardiovascular implants, optimised 
materials and prostheses are necessary in the future to avoid high-risk, stressful and expen-
sive revision surgery, which induces a threatening economic pressure on healthcare systems.

1.2. Requirements for ideal cardiovascular prostheses

Based on previous experience and large-scale clinical studies with implants and the long-
term postoperative medical aftercare, there are some characteristics of an ideal cardiovascular 
prosthesis. The prosthesis should demonstrate high long-term durability and should have the 
capacity for regeneration and growth. Grafts that have the potential to regenerate would be 
especially beneficiary for the paediatric population since they would be capable of growing in 
the host, avoiding reoperations. Prosthetic vessels and valves should also present physiologi-
cal hemodynamics, allow for unrestricted blood flow without any volume losses, turbulences, 
or stasis, and present no thrombogenicity [9] or interference with the blood constituents [10]. 
Since anticoagulation or platelet inhibition therapy might lead to bleeding complications, 
these therapeutic regimes should be avoided [11]. Furthermore, there should be no interfer-
ence with other cardiac structures [12, 13]. In case of in vitro–seeded prostheses, the utilised 
cells need to be non-immunogenic (autologous or HLA-silenced homologous) and functional. 
Homologous donor cells in homografts can cause immunogenic reactions and subsequent 
graft degeneration, scar tissue formation, loss of flexibility, and, ultimately, graft rejection 
[14]. Moreover, any degradation products of the implanted prosthesis should be non-toxic 
and metabolise physiologically [15, 16]. Preferably, the ideal prosthesis should also possess 
a physiological structure, resembling the tissue it replaces [17, 18]. The prosthesis should be 
available for all patients in need, easily storable, transportable, and implantable.
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1.3. Tissue engineering of regenerative grafts

Tissue engineering allows for the development of viable implants, with a regenerative and 
growth potential after implantation in the patient. The fundamental approach of tissue engi-
neering comprises five steps [19, 20] (Figure 1):

A. Cell sourcing, cultivation, and expansion in vitro.

B. Development of a scaffold of either synthetic or biological origin (e.g. collagen or decel-
lularised tissue), which could either be implanted for subsequent endogenous cell re-
population (in vivo tissue engineering) or seeded with appropriate cells in vitro prior to 
implantation (in vitro tissue engineering).

C. Cell seeding of the scaffold in vitro, followed by physical conditioning and maturation 
(regeneration and neo-tissue formation) in a functional simulation system (bioreactor).

D. Implantation of the scaffold or the tissue-engineered construct.

E. In vivo remodelling of the graft (guided tissue engineering).

Scaffolds should contain as many physiological characteristics of the natural extracellular 
matrix (ECM) as possible, including histoarchitecture and composition. Numerous complex 
interactions between the ECM and cells are necessary for inducing appropriate cellular func-
tion, including adhesion, migration, proliferation, and differentiation, as well as ECM degra-
dation and synthesis [21–25]. The closer the scaffold’s substrate for cell seeding is to its natural 
equivalent, the more the seeded cells develop their physiologic phenotype [26] to produce a 
viable, metabolically active prosthesis. Mainly interstitial cells and endothelial cells are used 
in cardiovascular tissue engineering. Seeding with endothelial cells (ECs) fulfils two main 
functions especially for cardiovascular tissue–engineered constructs; the scaffold is a foreign 
body and, therefore, a target not only for thrombocytes but also for immune cells. An EC layer 
shields the scaffold material and reduces both thrombogenicity and immunogenicity, the lat-
ter being the reason for the prostheses’ degradation.

Mimicking natural ECM synthesis and degradation processes, the scaffold of the tissue-engi-
neered construct would be degraded and regenerated by the seeded connective tissue cells. 
To maintain structural and mechanic integrity, the degradation rate of the scaffold should 
match the formation of new tissue [27]. Because of these remodelling, the tissue-engineered 
prosthesis would not be indistinguishable from the native organ after a while.

Decellularised xenogeneic or allogeneic tissue ECMs or polymers are commonly utilised sub-
strates for engineering of cardiovascular scaffolds. The main drawbacks of xenogeneic or allo-
geneic tissue ECMs are the potential risk of disease transmission, variability in production, 
and limited availability (allogeneic) [28]. On the other hand, polymers made of biological or 
synthetic substances can be produced in unlimited amounts under sterile conditions. The aim 
of this chapter is to give an overview of polymer-based synthetic or biologic cardiovascular 
prosthesis.
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2. Indications for the use of polymer-based cardiovascular implants

2.1. Aetiology, pathophysiology, and surgical therapy of heart valve disease

There is a huge diversity of aetiologies of heart valve defects requiring surgical intervention. 
Table 1 gives an overview of heart valve diseases requiring surgical intervention. Tricuspid or 
pulmonary valve dysfunction has a lower incidence than pathologies of the aortic or mitral valve 
[29, 30] since the left heart bears higher blood pressures and the valves are, therefore, subjected to 
a higher grade of mechanical stress. In general, heart valve dysfunction involves  regurgitation, 

Figure 1. Drawing of the principles of tissue engineering. A: Cell sourcing, cultivation, and expansion in vitro. 
B: Development of a synthetic or biological scaffold. C: Cell seeding of the scaffold in vitro. D: Implantation of the 
scaffold. E: In vivo remdelling of the graft.
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stenosis, or a combination of both. Left untreated, valvular dysfunction, which initiates either 
a concentric (stenosis) or an eccentric (regurgitation) hypertrophy, results in congestive heart 
failure—a considerable economic burden and the most common reason for hospitalization of 
the elderly [31]. Since the early days of valve replacement, the procedure is being carried out 
by applying either mechanical (Figure 2A) or biological (Figure 2B) prostheses, the latter being 
xenogeneic (made from treated animal valves or animal-derived pericardium) or allogeneic.

There are different access paths and principles to implant heart valve prostheses. Since the 
1960’s, the standard surgical approach, via full sternotomy, is the therapy of choice for most 
patients. In surgery of the elderly and severely co-morbid patients, it is beneficial to reduce the 
time of the intervention to a minimum, which can be achieved by implanting sutureless heart 
valve prostheses (Figure 2C). In contrast to the standard surgical approach, these valves do not 
require the time-consuming suturing of the valve into the annulus, as those grafts keep their 
position by an expandable metal stent. The third approach is the percutaneous, catheter-based 
application of a heart valve transcatheter aortic valve implantation (TAVI). This intervention 
is performed in the operating room, cardiac catheter laboratory, or hybrid operating room 
(Figure 2D). Innovative materials for polymer-based valve prostheses, the aforementioned 
different procedures, and the resulting options and restrictions should always be considered.

2.2. Aetiology, pathophysiology, and surgical therapy of vascular disease

Arteriosclerosis is an arterial disease, in which the lumen of the vessel is occluded by calcifica-
tion [32]. In case of a complete obstruction, the area perfused by the affected artery undergoes 
critical hypoperfusion. A complete acute obstruction of the vessels leads to myocardial infarc-
tion, apoplexy, or insufficient blood circulation in the extremities. An overview of the aetiol-
ogy of aortic disease with the need for interventions is presented in Table 2. The ischemic 
cardiovascular disease carries the highest mortality rate worldwide [1]. The gold standard for 
the treatment of severe cases of occlusive vascular disease is surgical revascularisation. In these 
cases, the affected vessels are replaced, or the obstruction is bridged by a vascular graft (i.e. 
“bypass-surgery”). Synthetic polymer grafts made from alloplastic materials, such as Dacron, 

Congenital Immunological Infectious Degenerative Traumatic Others

• Prolapse

• Aortic aneurysm

• Bicuspid valves

• Primary 
cardiomyopathy

• Stenosis

• Atresia

• Regurgitation

• Marfan 
syndrome

• Ehlers-Danlos 
syndrome

• Rheumatic 
fever

• Scarlet fever

• SLE

• Scleroderma

• Endocarditis

• Endomyocarditis

• Prolapse of 
mitral valve

• Calcification

• Aortic 
dissection

• Aortectasis

• Blunt 
thoracic 
trauma

• Ischemia

• Mechanic 
(HOCM)

• Idiopathic

Table 1. Overview of heart valve diseases with the potential need for surgery (mitral- and aortic valve).
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are routinely used clinically for the replacement of large vessels, such as the aorta (Figure 3). 
However, synthetic polymer grafts for small vessels still show problems regarding patency 
and development of an intimal hyperplasia or thromboembolic events [6]. Furthermore, a life-
threatening adverse effect of long-distance replacement of large vessels is therapy-refractory 
hypertension with subsequent end-organ damage, since the currently available aortic grafts 
lack the function of Windkessel. Owing to this, the identification of suitable, anti-proliferative, 
regenerative, and mechanically functional materials, manufacturing processes, and coatings 
still are the primary objectives of current research in the field of vascular prostheses.

2.3. Aetiology, pathophysiology, and surgical therapy of myocardial disease

Ischemic heart conditions, such as chronic coronary artery disease, myocardial infarction or 
infection, or immunologic diseases such as sarcoidosis or amyloidosis, lead to a loss of viable 
heart muscle cells (cardiomyocytes). In contrast to other cells, adult human cardiomyocytes can-
not proliferate. Therefore, the necrotic myocardium is replaced by functionless scar tissue. This 
weakens the heart muscle pump and eventually causes heart failure. The heart is not able to gen-
erate an adequate blood flow. Congestive heart failure is characterised by a high mortality and 
recurrent, long hospitalisations [33]. In 2013, congestive heart failure was the reason for every 

Figure 2. Currently used valve prostheses: (A) mechanical valve, (B) biological, xenogenic valve, (C) sutureless, biological 
valve, and (D) valve for TAVI procedure.
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Deformation Occlusive diseases Aneurysm Trauma Others

• Aneurysm • Arteriosclerosis • Arteriosclerosis • Blunt thoracic trauma • Aortic insufficiency

• Aortic 
coarctation

• Stenosis • Familial thoracic 
aortic aneurysm

• Penetrating wounds • Shunts (dialysis)

• Aortic arch 
abnormalities

• Thrombosis 
(acute vs. 
chronic)

• Marfan 
syndrome

• Iatrogenic trauma

• Aberration • Embolism • Trauma • erosion 
(tracheostomy)

• Stenosis • AV fistula

• Inflammatory 
(e.g. SLE)

• Infection (e.g. 
rheumatic fever)

• Iatrogenic (e.g. 
puncture)

• Pregnancy

Table 2. Overview of large vessel diseases with the potential need for surgery.

Figure 3. Operative situs of aortic surgery: (A) severe aneurysm of the ascending aorta and (B) aortic prostheses made of 
Dacron following surgical replacement of the dilated segment.
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third death in Germany [34], producing a cost of 3.2 billion Euro [35]. The mortality of conges-
tive heart failure has been reported to reach rates up to 36% per year. In addition to pharmaco-
logical therapy, there are surgical options for the treatment of end-stage heart failure, including 
heart transplantation, implantation of ventricular assist devices, or myocardial reconstruction 
(Dor procedure) [36]. In a ventriculoplasty, non-functional, dilated tissue is resected and the 
physiologic geometry and size of the heart chamber are reconstructed utilising a repair patch. 
For this purpose, a large variety of patch materials and biologic substrates have been assessed.

3. Polymers as a substrate in engineering innovative cardiovascular 
prostheses

Although the first work on polymeric heart valves goes back to the late 1950s [37–39], poly-
meric heart valves are not implanted in patients on a regular basis, since they have not yet 
shown satisfactory results. Depending on the type of polymer, the main issues with polymeric 
heart valves were low durability due to the tendency to become stiff with subsequently regur-
gitation or even complete shredding of the leaflets [40], poor long-term survival and a high 
mortality rate due to perioperative complications [41, 42], and thrombotic and calcific degen-
eration of the valve leaflets, leading to severe complications (thromboembolic events with 
end-organ damage, regurgitation, and heart failure) [43]. Thus, extensive research has been 
done on different polymers. Although there are many ways to classify polymeric scaffolds, 
the materials used to develop heart valve scaffolds can be classified as natural or synthetic. 
Examples of synthetic polymers include polycaprolactone (PCL), polytetrafluoroethylene 
(PTFE), polyethylene glycol (PEG), and polyurethanes (PU) [44–46], whereas examples of 
natural materials include, amongst others, hyaluronic acid, fibrin and collagen [47–51], and 
the combination of them [52].

The major drawbacks of natural polymers are their poor mechanical properties and fast 
degradation rate. Several studies have reported on mixing natural polymers with biologic 
and synthetic materials to combine the high biocompatibility of the natural polymers with 
the increased mechanical properties of the co-material with encouraging results [53–55]. For 
example, Stamm et al. used enzymatically decellularised porcine aortic valves and impreg-
nated them with biodegradable polyhydroxybutyrate, since decellularisation leads to the 
exposure of the ECM collagen and by that to a high thrombogenicity. In that study, impreg-
nating the valves with polyhydroxybutyrate had two positive effects: (a) the collagen matrix 
was covered and, therefore, was no longer thrombogenic and (b) the biomechanical proper-
ties of the valve were improved since decellularisation using enzymatic digestion weakened 
the mechanical properties of the valve. In large animal testing, the aforementioned valves 
functioned well for up to three months and partially developed the morphological character-
istics of the native aortic valve [56].

The work of Stamm et al. is a good example for the feasibility of implanting polymeric scaf-
folds in vivo. However, the implantation of these valves is still not an option in the clinical 
setting. On the one hand, the lack of long-term results by means of safety and effectiveness, in 
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comparison to regularly implanted valves, does not allow for clinical use; only long-term in 
vivo studies can reveal, for example, the toxicity and side effects of degradation products. On 
the other hand, a major hurdle for the clinical use is calcific degeneration. Although tissue-
engineered polymer-based heart valves show a lower tendency to calcify in vivo compared to 
standard bioprostheses, there is again a lack of long-term clinical studies, since the standardly 
used sheep model is less thrombogenic than the human coagulation system. Experience with 
the utilisation and application of the most frequently used synthetic and natural polymers as 
graft material will be introduced below. An overview of the pros and cons of these polymers 
is given in Table 3.

3.1. Polycaprolactone-based polymers (PCL)

Thermoplastics based on polycaprolactone have been largely used in biomedical applica-
tions, as they show excellent biocompatibility and a controlled biodegradation. Examples of 
these types of polymers are polylactide (PLA) or polyglycolide (PGA), which are used in a 
mixture with other natural or synthetic materials, or alone. Both PLA and PGA are classi-
fied as biocompatible and non-toxic and are FDA-approved for human implantation [57, 58]. 
Degradation of these polymers in vivo is facilitated through a hydrolytic splitting of the ester 
bonds that leads to the formation of the natural metabolite lactic acid and glycolic acid. The 
risk for acidosis through local accumulation of these degradation products is low [59]. Owing 
to the presence of the additional methyl group, PLA is more hydrophobic than PGA and has 

Polymer Pros Cons References

Synthetic polymers

Polycaprolactone Excellent biocompatibility, 
controlled biodegradation

High stiffness, limited ability 
for cell adhesion

[57, 58, 61, 62]

Polyhydroxyalkanoate High flexibility, occurs 
naturally, thermoplasticity

High production costs [66–69]

Polyurethane Resistant to degradation, high 
durability

Limited biocompatibility [75, 76]

Polyglycerol sebacate Low stiffness, high elastic 
properties

Low porosity, poor cell 
adhesion

[82–84]

Polyethylene glycol Good mechanical properties, 
potential for functionalization

Poor cell adhesion [98]

Biological polymers

Collagen High biocompatibility, low 
immunogenicity

Very high thrombogenicity, 
poor mechanical properties

[106–108]

Fibrin High biocompatibility, low 
immunogenicity, easily derived

Poor mechanical characteristics [48, 112]

Hyaluronic acid High biocompatibility, low 
immunogenicity

Poor mechanical characteristics [104, 118]

Table 3. Overview of pros and cons of most frequently used synthetic and natural polymers.
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a lower degradation rate; while PGA is generally completely degraded in 2–3 months, the 
degradation of PLA in its preferred metabolic D-configuration takes an average 2 years [57]. A 
possibility for the regulation of the degradation rate is the copolymerization of PLA with PGA 
[60]. However, PCL scaffolds have a high stiffness and have a limited ability for cell adhesion 
and proliferation [61, 62]. Hence, the production of hybrid compound scaffolds is only indi-
cated for myocardial grafts, vascular prostheses, and bioartificial heart valves.

Shinoka et al. used a scaffold made of a PLA mesh between two layers of randomly orientated 
PGA fibres and seeded it in vitro with ovine fibroblasts, smooth muscle cells (SMCs), and ECs. 
The autologous implantation as a replacement of the posterior leaflet of the pulmonary valve 
showed an adequate functionality, although the flexibility was reduced in comparison to the 
native leaflet. Furthermore, the cellular architecture and synthesis of collagen were indicative 
of a delicate expression of ECM [63]. Sodian et al. reported on the production of a tricuspid 
heart valve made of a PGA structure that unfortunately demonstrated insufficient structural 
integrity under physiological flow and pressure conditions [64]. To improve both the plastic-
ity and mechanical properties, Hoerstrup et al. coated the fibre structure above with poly-
4-hydroxybutyrate, which resulted in a thermoplastically editable composite [65].

3.2. Polyhydroxyalkanoate (PHA)

Linear polyesters of hydroxy fatty acids are generally pooled as polyhydroxyalkanoates. 
PHAs show a high biocompatibility and occur naturally as reserve substances in a variety 
of bacteria [66, 67]. The widespread use as scaffold materials in valvular tissue engineering, 
in combination with other materials, or as a standalone substrate is due to their higher flex-
ibility in comparison to PLA and PGA, as well as their thermoplasticity, which allows for 
moulding with different thermal procedures [68, 69]. The degradation rates, besides the spe-
cific molecular weight, are dependent on their crystallinity [70]. Thus, poly-4-hydroxybutyric 
acid degrades rather fast in vivo [71], whereas polyhydroxyoctanoate is still detectable after 
24 weeks [72]. The mechanism of degradation is based on a hydrolytic splitting of ester bonds 
and distinguishes through a delayed loss of mass, as the loose chain fragments only start to 
diffuse at a certain length [16]. Furthermore, it is expected that these degradation products 
are non-toxic and show a lower acidity compared to PLA [67, 73]. Sodian et al. seeded ovine 
vascular cells onto a tricuspid heart valve scaffold made of porous polyhydroxyoctanoate 
and implanted it in autologous pulmonary position. After 17 weeks, the collagen content was 
above the reference value of native tissue, whereas after explantation, the valves showed a 
characteristic non-linear stress-strain behaviour. Although there was no confluent endothe-
lium on the grafts’ surface, there was no sign of material-induced thrombogenicity [74].

3.3. Polyurethane (PU)

Polyurethanes are polymers of organic units joined by carbamate links and similar to PCL-
based polymers; they are widely used in biomedical applications. PUs show a good long-
term durability since they are resistant to degradation. However, modifications of the original 
structure of PUs have been conducted to allow for a controlled biodegradation, mechanical 
stability, and improved cell colonisation in PU-based heart valve prostheses, vascular grafts, 
and myocardial patches [75, 76]. PUs often were used in combination with other materials or 
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as an unblended polymer. Scaffolds made of PU are a promising option for tissue engineer-
ing of myocardial replacement tissue, especially after seeding with mesenchymal cells [77] 
and in combination with other polymers for improving cell adhesion, porosity, and mechanic 
stability [78]. Fromstein et al. seeded PU scaffolds with embryonic stem cells in a bioreactor 
and investigated the effect of the macro-architecture on the adhesion, viability, and morphol-
ogy on the seeded cells [79]. The authors found cells with the typical morphology of cultured 
cardiomyocytes on electrospun fibrous scaffolds, whereas there were no cardiomyocyte-like 
cells on scaffolds made through thermally induced phase separation (TIPS).

In vascular prostheses, McCarthy et al. investigated PGA, PLA, PCL, and PU as supportive 
materials of the elastica interna of a decellularised murine aorta [55]. The developed grafts 
were comparable to the native saphenous vein regarding burst pressure and wall diameter. 
In a direct comparison of their hybrid grafts, polyurethane grafts showed better burst pres-
sure and tensile properties than the other polymeric scaffolds. Furthermore, Nieponice et al. 
reported that in vitro seeding of the PU grafts with muscular stem cells improved stability 
and functionality [80]. The authors implanted seeded and non-seeded grafts in the aortic posi-
tion of a rat model and found a substantial lower graft failure in the cell-seeded group. In 
developing vascular prostheses, not only the superior mechanical properties of the polyure-
thane grafts should be pursued, but also the potential neointima formation and graft stenosis 
should be considered in the production of these grafts, which could be addressed with drug 
release mechanisms [81].

3.4. Polyglycerol sebacate (PGS)

Firstly produced in 2002 by a polycondensation reaction of glycerol sebacic acid, PGS has 
been widely studied in the context of biomedical applications. Owing to the low stiffness and 
high elastic properties, PGS has been reported to be a promising scaffold material for tissue 
engineering [82–84]. Depending on the production parameters and structural conditions, the 
elastic modulus of PGS can vary between 0.025 and 12 MPa, which corresponds to the modu-
lus of human myocardial tissue [85]. The mechanical properties can be altered by adjusting 
the duration of the cross-linking and the concentration of the educts, which have been FDA-
approved regarding their biocompatibility [84]. To improve the mechanical properties, Xu 
et al. combined PGS with PLA, and they reported a stiffness that was comparable to the native 
myocardial tissue [86].

One major challenge in the production of PGS-based scaffolds is the fabrication of a porous 
structure [87]. To face this challenge, Masoumi et al. used laser ablation to produce a diamond-
shaped porous microstructure [88]. Sant et al. produced a fibrous scaffold using electrospin-
ning; however, they needed to adapt the viscosity of the fluid by adding polycaprolactone. 
Following the seeding of these scaffolds with human valvular intermediate cells (VICs), the 
authors found a high cell viability, as well as the expression of a dense collagen network [27]. 
Jeffries et al. compared electrospun fibrous PGS matrices to porous PGS foam and found a 
fivefold higher torque strength and better suture retention of the former [89]. The porosity of 
the PGS scaffolds is crucial for in vitro and in vivo cell seeding [90], as well as for mechanical sta-
bility. This is of particular importance in the development of cardiac patches and myocardial  
prostheses since these grafts need to have a reliable mechanical integrity, which normally is 
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achieved by increasing the wall thickness of synthetic grafts. However, the increase of the wall 
thickness limits oxygen supply by diffusion to the seeded cells, posing the need for vasculari-
sation. Therefore, PGS grafts are produced with a high porosity to mimic native vascularisa-
tion [90, 91]. Furthermore, cell adhesion can be improved by simulating epitope sequences 
of laminin and fibronectin through connecting specific amino acid sequences with the PGS 
scaffolds [92].

In an in vitro haemocompatibility study with human blood, PGS showed a lower adhesion 
of thrombocytes and release of inflammation markers, compared to polytetrafluoroethyl-
ene, which is indicative of improved haemocompatibility [93]. Guler et al. investigated the 
ECM of decellularised sheep aorta connected to PGS in situ and showed that there was no 
additional impairment on the smooth muscle cells of a human aorta [94]. In this fashion, 
Guler et al. augmented the regenerative potential of allogeneic prostheses with the superior 
mechanical properties of PGS elastomers. To investigate in vivo degeneration, Pomerantseva 
et al. implanted disc-shaped PGS samples subcutaneously in rats, which only generated a 
minor tissue reaction. They reported a superficial degradation process by enzyme-mediated 
hydrolytic splitting of ester bonds [83]. The PGS samples were maintained in vivo for several 
weeks and were characterised by a linear loss of mass [83, 95]. The degradation products 
were glycerine and a metabolic intermediate of the ω-oxidation (sebacic acid) [84]. Moreover, 
Stuckey et al. implanted myocardial PGS patches in rodent hearts. They found a significant 
faster degeneration than in previous in vitro experiments [96]. Khosravi et al. have found 
aneurysms after infrarenal implantation of aortic grafts made from electrospun PGS [54]. The 
authors suggested that the reason of the aneurysms was the suspected degradation of the PGS 
without a sufficient remodelling process simultaneously. However, there was no aortic dis-
section, since the grafts were covered with a thin PCL layer. In contrast to these findings, Wu 
et al. reported on an early remodelling process after implantation of a heparin-covered PGA 
graft in the abdominal aortic position [97].

3.5. Polyethylene glycol (PEG)

PEG is a hydrophilic polyether bond of the divalent alcohol ethylene glycol, which is neither 
toxic nor immunogenic and FDA-approved for implantation in humans. Also, it has been used 
on a regular basis in the field of tissue engineering [98] due to its potential for functionalisation 
of the terminal hydroxyl groups by means of an adaption for cell adhesion and degradation, 
as well as its mechanical properties [98]. For example, a hydrolytically degradable copolymer 
results from an integration of PLA or PGA into the polyether structure [99]. Benton et al. 
cross-linked the PEG chains with peptide sequences, which contained a proteolytic sensitiv-
ity towards matrix metalloproteinases, therefore, allowing for a cell-controlled degradation. 
Also, a specific amino acid sequence (arginine-glycine-asparagine) was integrated into the 
hydrogel matrix. The encapsulated porcine VICs showed an increasing elongated morphol-
ogy, as well as an improved occurrence of integrin binding as a sign for increased cell adhe-
sion [100]. Moreover, porcine VICs cultivated in a copolymer of methacrylised hyaluronic 
acid and PEG molecules produced both collagen and elastin [101]. Hockaday et al. combined 
photopolymerisation of PEG with 3D printing and reproduced an  anatomically precise aortic 
valve [102]. Zhang et al., however, produced an anisotropic scaffold structure by using an 
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aperture that allowed for local varying light irradiation and, subsequently, a varying grade 
of cross-linking [103].

3.6. Collagen

Collagen is the most prevalent structure protein of the human body and is also a substantial 
component of the valvular extracellular matrix [104, 105]. Subsequently, collagen is highly 
biocompatible and shows only low immunogenicity [106]. Moreover, the specific peptide 
sequences promote cell adhesion, which could drive the cellular population of collagenous 
matrices [107]. However, the conventional isolation from animal tissue bears the risk of zoo-
nosis [108]. Furthermore, collagen has a high thrombogenic potential [109]. Therefore, its use 
in the engineering of tissues with contact to the blood flow requires coating or masking of the 
surface. This is often realised by endothelialisation [104].

Further limitations of collagen-derived hydrogels as a scaffold material are its poor mechani-
cal properties in comparison to native valve tissue as well as the rapid and hardly predictable 
degradation process in vivo [104, 106]. The degradation happens enzymatically through col-
lagenases [110]. The degradation rate varies depending on the implantation site [109]. Cross-
linking of peptide chains may improve the stability and influence the degradation rate [98]. 
For this, both chemical agents (glutaraldehyde and formaldehyde) and physical procedures 
(UV radiation and heat treatment), as well as insertion of polymers, are applied [110].

To improve the compressive strength, Flanagan et al. integrated chondroitin sulphate into a 
collagen matrix and subsequently seeded it with porcine VIC and valvular endothelial cells 
(VEC). During the total cultivation time of 28 days, the cells were mitotic active and kept 
their initial phenotype. Histochemical examination showed both collagen synthesis and, most 
likely because of chondroitin sulphate, the production of elastin. Nevertheless, they observed 
a significant contraction of the matrix through cellular interaction [111], which was in line 
with the findings of Benton et al. who also reported on halving the initial matrix dimension 
due to contraction in in vitro studies [100].

3.7. Fibrin

Fibrin represents the fundamental substrate for ubiquitous tissue repair mechanisms and, 
therefore, is a natural scaffold material, whose precursors are relatively easy and can be 
derived from the patients’ blood plasma. Thus, allogenic and autologous scaffolds can be gen-
erated by fibrin, which contains only a low risk of a graft-versus-host disease. The degrada-
tion products also stimulate the production of extracellular matrix angiogenesis [112]. Hence, 
fibrin displays favourable properties for tissue engineering of cardiovascular scaffolds. On 
the other hand, cardiovascular implants are in direct contact with the bloodstream and its 
inherent lytic enzymes such as plasmin, which may rapidly degrade fibrin [48].

In a study done by Ye et al. fibrinolysis was not evident at a concentration of fibrin at a level 
of 20 μg/ml in a surrounding culture medium, whereas the fibrin hydrogel degraded in two 
days without adding the plasmin antagonist aprotinin. The modified-release degradation also 
led to an increased collagen expression in human myofibroblasts [113]. However, the cellular 
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production of collagen fibres led to a contraction of the fibrin matrix. Jockenhövel et al. inhib-
ited the contraction through fixation of the fibrin scaffold margin with a poly-l-lysine-solu-
tion [48]. They also introduced an injection moulding process to produce and to seed cardiac 
valve–shaped scaffolds. The polymerisation of fibrin took place in a mould and was triggered 
by a gradual injection of a fibrin solution into a thrombin-containing cell suspension. The 
produced fibrin gel showed a homogenous distribution of cells [48]. Robinson et al. set up a 
mould, in which the fibrin matrix compacted in a determined direction. In this way, an aniso-
tropic collagen expression similar to a native heart valve’s configuration was initiated [114].

However, the mechanical stability of fibrin-based scaffolds is not sufficient to withstand the 
hemodynamic loads of the high-pressure zones of a human circulation. Flanagan et al. per-
formed a pulsatile preconditioning of fibrin-based heart valve prostheses to face this problem 
and achieved an improved synthesis of extracellular matrix with a subsequently higher stability  
of the fibrin structure [115].

After that, they populated a cardiac valve scaffold with fibroblasts, smooth muscle cells, and 
endothelial cells of an ovine carotid artery for 28 days. They implanted this preconditioned, 
autologous scaffold into pulmonary valve position. Three months following implantation, 
the scaffolds showed a biological tissue-like consistency as well as a functional endothe-
lium, whereas no fibrin could be detected in the grafts anymore. However, the remodelling 
led to a contraction of the leaflets with a subsequent valve insufficiency [50].

Keeping up the structural integrity of fibrin-based scaffolds was of lesser importance in a 
study by Chi et al. They seeded a fibrin–hyaluronic acid matrix with bone marrow mesenchy-
mal stem cells and used the patches in a rat infarction model [116]. However, the patch was 
not used as a prosthesis, but as a vehicle to deposit stem cells in the infarction area.

For the production of fibrin-based vessel prostheses, Aper et al. condensed blood-derived 
fibrin by centrifugation [117]. The resulting cross-linking of the fibrin fibres led to a higher 
mechanical stability of the vessel segments up to a pressure of 230 mmHg. Six months after 
the replacement of carotid arteries of sheep, the authors reported on an almost complete phys-
iologic remodelling of the grafts.

3.8. Hyaluronic acid

Hyaluronic acid is an unsulphated glycosaminoglycan, whose repetitive disaccharide units 
consist of d-glucuronic acid and n-acetylglucosamine. Hyaluronic acid occurs in mammals 
mainly as an extracellular part of the connective tissue, has a water-binding as well as a tex-
ture-priming function [118], and is to be found in large extent in heart valve tissue (up to 
50% of the glycosaminoglycan content) [104]. Hyaluronic acid is also an essential component 
of the embryonic development of the heart [119]. Furthermore, the immunogenic potential 
of commercially available hyaluronic acid (mainly made from bacterial fermentation) is low 
due to the cross-species structural homology [120]. Finally, the presence of hyaluronic acid 
promotes the expression of extracellular matrix proteins: VIC cultivated on a hyaluronic acid 
coated surface produced significantly higher amounts of ECM proteins than VIC on uncoated 
polystyrene [49].
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However, the weak mechanical properties of hyaluronic acid and the high in vivo degradation 
rate advise against its utilisation in tissue engineering of cardiovascular scaffolds [118]. The 
process of degradation is based on the enzyme hyaluronidase, and its half-life period lasts 
from several hours up to a few days as a function of the local enzyme concentration.

To manufacture a hydrogel employable as a scaffold for cardiovascular prostheses, cross-
linking of hyaluronic acid is possible. For this purpose, methacrylation is an often used 
tool [121]. The resulting methyl acrylate hyaluronic acid is photo–cross-linkable, whereby 
the mild conditions of a photopolymerisation allow for the encapsulation of cells into the 
manufactured hydrogel [119]. Hyaluronan benzyl ester can be processed in manifold ways 
to serve as an appropriate substrate for tissue engineering [122]. By seeding neonatal rat 
cardiomyocytes on knitted hyaluronan benzyl ester, Boublik et al. produced hybrid myo-
cardial prostheses with sufficient mechanical properties for an in vivo implantation in a rat 
model [123].

4. Conclusions

Currently, no optimal polymer for manufacturing an ideal cardiovascular prosthesis has been 
identified yet. There are rather specific requirements, such as functionality, biocompatibility, 
and regenerative potential to be taken into account while selecting a substrate for a particu-
lar application, implantation site, and host species. Beyond promising synthetic and biologic 
elastomers, their combination with natural, cell-free matrices can be employed to develop car-
diovascular scaffolds as well. However, the huge variety of the currently available materials, 
coatings, and manufacturing processes, the differences of investigation techniques in vitro 
and in vivo, as well as the inconsistent selection of evaluation criteria and test parameters 
impede the comparability of the currently conducted investigations. Consistent analytical 
standards would facilitate a clear, valid, and comparable perspective on polymer research 
and thereby would increasingly lead to a faster translation of this important field of research 
into clinical reality.

The current overview of developments in the investigation of cardiovascular implants war-
rants the hope for innovative grafts, which are manufactured according to the principles of 
tissue engineering and which can be used clinically to make sustainable and regenerative 
therapies available for all patients in the future.
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Abstract

Nowadays, type I diabetes mellitus is a pathology afflicting millions of people globally 
with a dramatic assessment in the next future. Current treatments including exogenous 
insulin, pancreas transplantation and islets transplantation, are not free from important 
lifelong side effects. In the last decade, tissue engineering and regenerative medicine have 
shown encouraging results about the possibility to produce a functional bioengineered 
pancreas. Among many technologies, decellularization offers the opportunity to produce 
an organ-specific acellular matrix that could subsequently repopulate with endocrine cel-
lular population. Herein, we aim to review the state-of-art and this technology highlight-
ing the diabetes burden for the healthcare system and the major achievements toward 
the manufacturing of a bioengineered pancreas obtained by cell-on-scaffold technology.

Keywords: regenerative medicine, pancreas, extracellular matrix, scaffold, 
bioengineered pancreas

1. Introduction: definition of diabetes and diabetes’ impact on the 
economy and future projections

In 2014, the World Health Organization (WHO) has estimated diabetes as a worldwide dis-
ease afflicting 422 million people with an increasing, globally, heavy burden both for the 
health-care system and the economic policies [1]. As stated in 2014 by National Diabetes 
Statistics Report [2] T1D, the so-called diabetes mellitus, is a chronic metabolic disorder, 
which is afflicting around 9.3% of worldwide adult population widely counting 29.1 million 
people worldwide. Moreover this data could even be worse if considering prediabetes or 
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borderline diabetes global prevalence of around 7.8% (343 M) [3]. In this regards, according 
to ADA expert panel, in 20 years, without any kind of therapeutic intervention, it is reason-
able to estimate that up to 70% of prediabetic individuals will develop a “real” diabetic status 
[4], whereas, individuals with lifestyle modifications and drug intervention, normoglycemic 
conversion will take place ranging from 35 to 50% of cases [5] in a 10-years follow-up cohort. 
Starting from these data, the prospective future scenario is dramatic.

In the 7th Edition of the Diabetes Atlas, the International Diabetes Federation (IDF) has 
recently estimated that by 2040, 1 out 10 adult individuals will suffer of diabetes (actually the 
estimation is set to 1 out 11 adults) with a global picture of more than 640 M of people (raised 
from actual 415 M) [5]. This scenario will also have huge impact on economic health-care poli-
cies. Nowadays, the direct cost of diabetes hits 825 billion dollars a year [6] to whom should 
be added all the indirect costs deriving from diabetes consequences.

Diabetes is currently recognized as a group of different metabolic disorders, which led to the 
same final outcome: the organism incapacity to manage intracorporeal glucose levels.

This inability can be referred to two main physiological alterations and consequently to two 
principal diabetes categories: type 1 and type 2 diabetes.

Type 1 diabetes (T1D) (also recognized as autoimmune or juvenile diabetes) is a lifelong 
chronic autoimmune disease characterized by insulin deficiency due to pancreatic β cells loss 
and, therefore to a subsequent hyperglycemia status [7].

Type 2 diabetes (T2D) (formerly called non-insulin-dependent or adult-onset) represents the 
most common type of diabetes grossly counting 90% of all cases worldwide. T2D pathophysi-
ology is related to genetic and epigenetic factors, environmental conditions and lifestyle (obe-
sity, physical activity and diet) that bring to a mixture of hyper-insulinemia, insulin resistance 
and pancreatic β cells failure [8, 9].

If insulin resistance cannot be treated by bioengineering approach, insulin deficiency, typical 
of T1D, could surely benefit bioengineered pancreas.

T1D is a chronic autoimmune metabolic disease characterized by hyperglycemia, which is 
secondary to insulin deficiency that develops as consequence of the numerical loss of the 
pancreatic islet β cells. This loss is due in 70–90% of cases by an autoimmunity disorder 
that brings to a cascade characterized by β cells destruction, dysglycemia and finally hyper-
glycemia. It represents 5–10% of whole diabetes cases with more than 20 million people 
worldwide [10]. This disease is also marked by numerous short- or long-term complica-
tions. Acute complications include life-threatening crisis ranging from severe hypoglycemic 
episodes to diabetic ketoacidosis. Long-term complications comprise chronic micro- and 
macro-vascular diseases including retinopathy, nephropathy and neuropathy due to stroke 
and ischemic heart attack. This panorama leads, in almost all cases, to lifelong disabilities 
reducing, at the same time, quality and expectancy of life and involving immense health-
care expenditures.

As deeply analyzed by Dall et al. in 2007, at that time, the estimated cost for T1D patient for 
year was around 3000 pounds (versus around 2000 pounds estimated for T2D patient for 
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year), which includes direct medical costs and indirect costs (such as productivity loss or pre-
mature mortality) [11]. These data dramatically changed in recent years accompanying to a 
huge increase both to the worldwide number of diabetic patients as well as the deriving costs. 
The World Health Organization [12] has estimated for the 2014 a total of 422 million diabetic 
people which, compared to 108 millions counted in 1980, have more than triplicated the total 
global health-care spending for diabetes reaching 827 USD billion/year. [13, 14]. Forecasting 
models and projections define a situation where diabetes will be pandemic. Recently Krohe 
et al. has published their future projection for 2030 indicating an increase of the American 
prevalence (type 1 and type 2 diabetes) of around 54% with a 54.9 M people afflicted by the 
disease and a total cost increase of 53%, 622 billion USD just for the US population [15].

2. Historical development and current therapeutic options for diabetes’ 
treatment

2.1. Insulin approach

Diabetes was born in 1910 when the English physiologist Sir Edward Albert Sharpey-Schafer 
discovers a substance normally produced by non-diabetic patients: insulin. The name derives 
from the Latin word “insula” means island, referring to the islets of Langerhans (www.dia-
betes.org), is a specific structure that is able to produce insulin in the pancreas. Since then, 
all the efforts have focused on the possibility to isolate this substance in order to replace for 
diabetic patients (so far described as simple, non-producing insulin patients) [16]. This need 
was driven by the fact that, without a substitute, diabetes was a pathologic condition that 
would surely have led to death. In 1921, Banting and Macleod (Nobel prize in Physiology 
or Medicine in 1923) succeeded in isolating insulin from a canine diabetic model, literally 
revolutionizing the entire health world. One year later, with this pioneering finding, the first 
diabetic patient was treated. Since then, several modifications have been completed, making 
the insulin replacement more refined, from slower acting insulin (the first form was intro-
duced in 1936) to genetically engineered artificial “human” insulin that was produced in 1978 
exploiting Escherichia coli bacteria able to avoid frequent allergic reactions derived from the 
use of cattle or porcine insulin. Nowadays, exogenous insulin administration is considered as 
an essential therapy for patients affected by T1D, being able to avoid, when accurately man-
aged, acute metabolic compensations.

It is said that insulin is not a “perfect therapy” as it is being accompanied by several side 
effects, both in short- and long period and finally considering that just 40% of treated patients 
achieve and maintain a satisfying glucose range [17]. In fact, there are different factors influ-
encing the effectiveness of insulin therapy such as daily stress, the food intake and the physi-
cal activity [18] highlighting the vital importance of a baseline good lifestyle management 
[19]. Insulin therapy for T1D is based on multiple daily subcutaneous injections of insulin try-
ing to follow a patient-tailored scheme created by considering patient carbohydrate assump-
tion, pre-meal glucose levels and anticipated physical activity [20]. Recently, a continuous 
intra-venous insulin administration has been considered as a simpler way for exogenous  

Bioengineering the Pancreas: Cell-on-Scaffold Technology
http://dx.doi.org/10.5772/intechopen.70990

295



insulin administration in order to match insulin requirements. This approach can be effectively 
considered useful for perioperative period of patients who has undergone surgery [21, 22]  
but it could not be used as a lifelong option due to the modest differences between the two 
delivering systems [23] in terms of final outcomes.

Even with some limitations, insulin treatment represents, as of now, the most widespread 
therapy to face T1D diabetes.

2.2. Pancreas transplantation

Pancreas transplantation has been successfully established for the first time in 1966 by the 
surgical team driven by Prof. W. Kelly [24]. That ground-breaking success has opened a new 
chapter in the transplantation field bringing almost 50,000 transplants performed worldwide 
by 1996 [25, 26]. The worldwide diffusion of this procedure has been strengthened by the 
improvement of surgical technic but, overall, by the discovery around 1980, of immunosup-
pressive drugs that prevent the otherwise unavoidable immunological rejection. Cyclosporine 
was the first immunosuppressive drug tested, which led to very significant improvements 
for long-term patient survival (91% at 1 year and 84% at 3 years, respectively) [25]. Later 
tacrolimus and mycophenolate mofetil have been developed [27] and then also T cell deplet-
ing agents (Alemtuzumab, OKT3 or Minnesota ALG), until the modern immunosuppressive 
regimes, have permitted to abandon the initial immunosuppressive drugs (tacrolimus and 
prednisone) and their side effects (hypertension, hyperlipidemia and nephrotoxicity).

When available, nowadays, pancreas transplantation represents the best treatment to offer 
T1D patient, yielding higher rates of insulin independence compared to insulin treatment or 
islet encapsulation (which will be discussed below) [28]. Additionally, the quality of life and 
the complications, deriving from diabetic status, have more benefits from pancreas transplan-
tation than from insulin therapeutic plan or from islets encapsulation [29, 30].

For the above-explained reasons, pancreas transplantation is known as the only definitive 
long-term treatment for insulin-dependent patients with survival rates of >95% and graft sur-
vival rate at almost 85% at 1 year [31]. The major problem that strongly limits a wider diffusion 
of pancreas transplantation currently is the lack of viable transplantable pancreas. Recently, 
the total of pancreas transplants has been reduced. Between 2005 and 2014, the number of 
pancreas transplants declined by more than 30% as well as the number of candidates on the 
waiting list (−48.0%) [32] with a total of just 954 pancreas transplants performed in the USA 
[33]. This is secondary to several factors including above all shortage of a primary referral 
source, difficulties of acceptance by the diabetes scientific society and developments in diabe-
tes management. The final consequence concerning the effective clinical application is that, in 
the USA, just 3 out 10.000 T1D patients are treated with pancreas or islets transplantation [17].

2.3. Islets transplantation

Islets cell transplantation is one of the most powerful weapons to treat selected T1D patients. 
It is based on the transplantation of a single selected cluster of cells (islets cells) that mainly 
contain β cells responsible for the physiological production of insulin. This procedure is 
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offered only to selected diabetic recipient who did not benefit “standard” insulin treatment 
with severe hypoglycemic episodes (brittle diabetes) and unstable glycemic profile proposing 
the whole pancreas transplantation only in case of very poor metabolic control [34, 35]. Islet 
transplantation has been a solid road to follow just from 1972 via islet isograft performed by 
Lacy and Ballinger who transplanted pancreatic islet in streptozocin-induced diabetic rats 
[36]. These revolutionary data have shown how a cell therapy could be effective in the treat-
ment of diabetes even if the translation to the large animal and, finally, to the clinic was still 
far and full of hurdle to overcome. During the evolution of the whole purification process, 
Ricordi has furnished a significant improvement [37]. He built an automated chamber to opti-
mize and standardize the isolation procedure thus becoming an indispensable tool both for 
animal and human models [38] until becoming an internationally accepted procedure for 
selected candidates. As is done in whole organ pancreas transplantation, the immunosup-
pressive drugs evolution has been crucial also for the development of islet transplantation. 
Till date, immunosuppressive regimes are mandatory after islet transplantation due to the 
source of islets, which need one or more multiple deceased donors in order to be numerically 
sufficient (it has been calculated that 265,000 islets can be grossly sufficient to achieve and 
maintain an insulin-independence status [39] up to 7½ years after transplantation). Later, 
the desired number of transplantable islets cells has been refined and tailored on recipient 
features, up to 5000–10,000 islets equivalents (IEQ) per kg/body mass that is actually recom-
mended as the minimal β cells mass [40] to transplant. The necessity to obtain this number 
of viable islets to transplant faces the organ shortage for whole pancreas transplantation. The 
clinical islet use follows rigid pre-transplant preparation rules, which depend on multi-step 
approach with the final goal to extract, from the whole pancreas, only the islet fraction (that 
represents just 1–2% of the total cellular volume).

The entire process is based on enzymatic digestion, controlled mechanical shear and final 
purification until to enrich a satisfying amount of pure pancreatic islets ready to be injected 
into the recipient [41]. Even if much less invasive compared to pancreas transplantation 
(mainly because of its intravascular portal approach), islets transplantation is not free from 
limitations [42]. Some acute effects comprehend bleeding [43], portal vein thrombosis [44] or 
a transient increase of hepatic inflammatory markers [45]. All these issues most of the times 
are transient and much more important long-term side effects related to immunosuppressive 
regimes (sharing in this way the immunological problems of pancreas transplant).

3. Biomaterials

Biomaterials science is an interdisciplinary field focused on the physical and biological activ-
ity of materials and, furthermore, on their interactions if used in a biological environment.

Conventionally, the most intense development and investigation have been oriented toward 
biomaterials synthesis, optimization, characterization, testing and the biology of host-mate-
rial relations [46]. The global health care has enormously benefited this field through the cre-
ation of heart valve prostheses, artificial hip joints, dental implants, intraocular lenses and 
many other dispositive, becoming the fundamental cornerstones of many modern therapies.

Bioengineering the Pancreas: Cell-on-Scaffold Technology
http://dx.doi.org/10.5772/intechopen.70990

297



As reported by the first Consensus of the European Society for Biomaterials in 1976, a bio-
material can be defined as “a nonviable material used in a medical device, intended to inter-
act with biological system” but, alongside the evolution of the field, this definition has been 
evolved into “a material intended to interface with biological system to evaluate, treat, aug-
ment or replace any tissue, organ or function of the body” [46].

Typically we can recapitulate three important big types of biomaterials:

• Ceramics

• Synthetic polymers

• Natural polymers

The correct choice depends on which physiologic function is aimed to augment/replace. For 
example, in case of bone part replacement, a ceramic scaffold (with major strength and higher 
mechanical stiffness) will be preferred, otherwise, for cellular therapies, synthetic/polymers 
will be chosen, favored by their major sustainability in cell behavior.

Scaffolds can be considered as the missing link between biomaterial science and the tissue 
engineering approach and are defined as biomaterial-based tridimensional structures that 
should be able to support cellular viability.

According to the biomaterial from which they are manufactured, scaffolds can be divided as

• Ceramics scaffolds

• Synthetic scaffolds

• Natural scaffolds

Regardless of the material, a scaffold must have precise characteristics and important require-
ments. Biocompatibility is the first mandatory characteristic for every scaffold intended to 
be used in a biological environment. Generally defined as the capacity of a material to be in 
contact with a living tissue or integrated in a living environment by not being toxic, injuri-
ous or physiologically reactive and not causing immunological rejection, biocompatibility’s 
definition has been modified into “the ability of materials to locally trigger and guide wound 
healing, reconstruction and tissue integration” [47].

This new definition moves the focus from an outlook where biomaterials must be simply 
inherent and not causing damages, to a new perspective where they have an active role being 
a dynamic element. Practically, this is exploited by the capacity of biomaterials to receive cells, 
allow their attachment and guarantee their proliferation and differentiation at the same time.

Obviously, after implantation the scaffold must be well integrated and not being the target 
for immunologic reaction.

Mechanical properties are a second important aspect to analyze.

The “ideal” scaffold must present specific mechanical properties suitable both for the ana-
tomical site of implantation (they have also kept mechanical characteristics that make the 
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scaffold handle for surgical implantation) and for the type of cells intended to use. In particu-
lar, using natural scaffolds, mechanotransduction regards the transformation of cellular stress 
into electrochemical responses, crucial for the survival and the right function of both cells and 
higher organisms [48]. Additionally, it has been shown how mechanosensitivity could as well 
facilitate mesenchymal stem cells differentiation [49]. Finally, biological features and biologi-
cal activity include all the cues that the scaffold could reciprocally interchange with seeded 
cells and the biological environment. These kinds of properties, moreover in terms of growth 
factors, chemokines and cytokines, are typical of natural scaffolds suitable to regulate cellular 
functions.

According to these properties four major categorizes of scaffolds are known:

1. Pre-made scaffold for cell seeding [50].

2. Cell sheets with new-secreted extracellular matrix.

3. Cell encapsulation and hydrogel scaffold.

4. Organ extracellular matrix-derived scaffold.

3.1. Pre-made scaffold for cell seeding.

As deeply reviewed by Chan et al., pre-made scaffolds represent the first structure that have 
been seeded with the birth of “tissue engineering” [51]. The idea is to produce a tridimen-
sional structure that are able to furnish a non-toxic environment for seeded cells providing 
a gentle transition by which the scaffold degrades together with the functional enhancement 
and engraftment of seeded cells. Initial pre-made scaffolds were made in the attempt to over-
come limitations due to the “classic” 2D cell culturing, offering all the advantages deriving 
from the third dimension adding a more physiological environment and more predictive data.

The porosity of the scaffold is always been considered as a crucial property for cellular vitality 
for the possibility to guarantee the effective delivering of oxygen and nutrients to cells.

Porosity of the scaffold is also today seen as paradigmatic for an ideal-scaffold. In the review 
of “Porous scaffold design for tissue engineering” [52], the author paraphrased the state of an 
important architect, Robert leRicolais “The art of structure is where to put the holes” trans-
forming it into “The art of scaffolding is where to put the holes and the biofactors”.

This approach has numerous advantages: the choice of biomaterials to use is wide (both 
considering natural or synthetic polymers) and it can exploit a relative precise and repeti-
tive assembling to micrometer size and the material used can be loaded or cross-linked with 
numerous molecules in the attempt to augment cellular functionality [53, 54].

3.2. Cellular sheets approach for tissue engineering

Cell sheets approach, even if considered as scaffold-free technology, must be included in the 
tissue-engineered approach.
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Cell sheets technology has been recently developed by tissue engineering and regenerative 
medicine community has a potential technology able to manufacture layer-by-layer trans-
plantable cellular constructs [55, 56]. The entire principle is based on a particular tempera-
ture-reversible polymer, the poly(N-isopropylacrylamide) (PIPAAm) able to change from an 
hydrophilic to an hydrophobic state at 37 and 32°C, respectively [57].

Cell sheet approach has been tested as a potential approach for pancreatic islets and β cell 
transplantation exploring alternative site of transplantation as well as the intraportal injec-
tion. Subcutaneous site is one of the new sites of islets injection under evaluation (in animal 
model) [58] and the most important difference is the absence of the vascular connection 
between transplanted cells and the blood flow. Moreover, in this regard, other advantages 
can be numbered including less-invasiveness (the hypothetical subcutaneous implanta-
tion could be performed under local anesthesia), the possibility of repeated-procedures in 
case of immunological rejection and, finally, the opportunity to safely remove transplanted 
islets.

In 2009, the group driven by Okano has manufactured a transplantable cell-sheet made by 
rat islets [59]. In their research, rat β cells have been cultured on temperature-responsive 
dishes (with or without adding extracellular matrix) to form a transplantable β cells layer. The 
resulting cellular structure was subcutaneously implanted in streptozotocin-induced diabetic 
immunodeficient mice achieving a euglicemia state after 1 week, which last over 100 days. 
Subcutaneous space is still under analysis in order to be translated to clinics principally due 
a reduced quantity of oxygen and nutrients that can reduce cell viability at long-term [60]. 
Recently Pepper et al. gave place to a newly born use of the subcutaneous site for islet implan-
tation. In order to overcome the limitation of the avascular condition of the subcutaneous 
site, the authors have previously vascularized the implantation site to later infuse in a well-
oxygenated site the islet mass. The final described result showed the possibility to revert the 
hyperglycemic state of severely diabetic induced mice. This innovative approach is recently 
proposed as alternative vascularized site of implantation that can be combined with device or 
scaffolds for beta cell replacement in type 1 diabetes.

3.3. Cell encapsulation and hydrogel scaffold

As previously described, islets transplantation procured from deceased donors is one of the 
most used technology in order reverse a T1D state. Although this procedure is able to pro-
duce a euglicemia state, is not free from side effects and limited principally by donor short-
age, lifelong immunosuppression and the immunological rejection of transplanted islets. The 
use of encapsulation device, able to separate the transplanted β cells from the surrounding 
recipients’ environment, has emerged as a promising approach with the attempt to elimi-
nate the immunological issue and, consequently, the need of immunosuppression [61]. The 
first attempt for encapsulation of human insulinoma tissue dated 1933 by Bisceglie et al. who 
encapsulated human tissue into membranous bags and transplanted into rats [62]. From that 
moment, several encapsulation technologies have been developed and implemented and 
actually they can be sorted into micro- and macroencapsulation technologies depending on 
the size [63] with the recent addition of the nano-encapsulation technology.
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Regardless of the capsule size, the whole approach has a common rationale: enveloping pan-
creatic islets in biocompatible membrane able to permit the diffusion inside the capsule of 
molecules including oxygen and nutrition and, at least in theory, to shield it from larger mol-
ecules such as antibodies or immune cells [64].

In this way, if successful, an immunological physical barrier, through a perm-selective coat-
ing, could prevent the systemic administration of immunosuppressive drugs, which are actu-
ally essential to avoid graft rejection.

Materials for islets encapsulation are deeply studied always searching for better perfor-
mances. It is recognized that two important properties must be developed: firstly, capsule 
must permit the admission inside the capsule (and so on in contact with encapsulated islets) 
of small molecules and the diffusion out of waste material and insulin; secondly, they must 
isolate the content from immune competent cells (B or T cells or macrophages).

These abilities are secondary to the material/s used to produce the capsule.

Alginate, a colloidal substance derived from brown seaweed, is the most famous and the first 
biomaterial suitable to produce capsules. The main advantage of using alginate relies on its 
capacity of not interfering with islets (and with insulin release) while guaranteeing a good 
stability [65]. Several materials are then be added as multiple layers in order to improve algi-
nate functionality. On this subject, poly(ethylene glycol) (PEG) and poly-l-lysine (PLL) are 
the more established aiming to reduce plasma absorption and increasing long-term capsule 
stability. In 1999 Chandy et al. reported a modified encapsulation technique with alginate and 
PEG and showing an improved stability [66]. One year later, Desai et al. showed islets good 
viability and insulin release with the same encapsulation protocol [67]. Alginate/PLL is the 
most utilized combination for cell encapsulation in a multi-layer composition. A three layer 
encapsulation protocol was proposed by Goosen et al., which was based on a alginate/PLL/
alginate composition providing a good shield from immune system and a limited diffusion of 
serum immunoglobulin albumin and hemoglobin [68].

3.3.1. Microencapsulation

In matter of dimension, the size belonging to the microencapsulation group has been the first 
to be developed and examined. In 1984, O’Shea et al. manufactured an alginate-based micro-
capsule [69] open up a new era in islets encapsulation that, after almost 40 years counts more 
than 100 studies in preclinical model (approximately 96% involving small animals). In all 
these settings several strategies have been tested including capsule customization with three 
particular molecules such as the alginate, the glucoronic and mannuronic acids, which if used 
(or combined with other mono/polymer(s)) [70] can confer more strength and stability. Rodent 
preclinical models are the most studied, as reviewed by Souza et al. who have evaluated more 
than 60 encapsulation strategies and have founded that the most effective approach is based 
on the use of intraperitoneal alginate-base microencapsulation without immunosuppressive 
strategies (islets mean survival rate 100 days) and intraportal injection with immunosuppres-
sion (islets mean survival rate 164 days) [71]. Indeed, high mannuronic acid, as biomaterial for 
islets encapsulation, has shown prolonged survival rate for more than 350 days [72].
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3.3.2. Macroencapsulation

Macroencapsulation (or transplantation systems) principle depends on macro-extravascular 
chambers containing the transplanted tissue. This approach has been developed by Algire et al. 
and exploits the presence of a semi-permeable membrane to block immune cells but preserving 
the diffusion of oxygen, nutrients, glucose, insulin, glucagon and somatostatin [73]. Algire’s 
study has paved the way for the creation of a commercially available device that can be trans-
planted [74]. The peculiarity of this chamber resides in the porosity dimension, 450 nm, able to 
avoid the direct contact between islets and immunocompetent cells. Follow-up of this device 
reported a euglicemia state up to 8 months in rodents [75]. Macroencapsulation devices have 
also shown same interesting results for large animal also even if still not consistent [76]. Baxter 
Healthcare is the author of one of the first prototype of macroencapsulation device. Two sealed 
membranes constituted the designed structure, with an autonomous inlet gate. The outside 
was defined in order to have a gradient membrane to immune-isolate the transplanted cells 
but also to allow the vascular growth. Small animal experiments displayed a significantly high 
level of device vascularization in the subcutaneous site 1 year after the implant. This promising 
approach could be considered the first generation of the actually known TheraCyte Device.

3.4. Organ extracellular matrix-derived scaffold

Extracellular matrix (ECM) can be defined as a heterogeneous, connective network composed 
of several fibrous glycoproteins able to coordinate cellular functions providing a physical 
architecture, mechanical stability and biochemical cues necessary for tissue morphogenesis 
and homeostasis [77]. These qualities will make ECM a potential successful strategy in order 
to obtain a bioactive scaffold supporting in-vivo cellular viability. Recently decellularization 
protocols have been implemented in order to achieve an ECM-based scaffold that recapitulate 
the tridimensional architecture of the organ from which, cell intended to be seeded, had been 
harvested, as well as its biological-specific features [78]. The importance of using an organ-
specific ECM relies on the opportunity of working with a natural, biocompatible, bioactive 
and structural scaffold. Specific properties of extracellular matrix and its application in the 
diabetes treatment will be discussed below.

4. Extracellular matrix as a template for cell culturing

The extracellular matrix ECM is an organ-specific complex system composed by a plethora 
of molecules (structural and non-structural) created by the tissue-/organ-specific cells, and 
deposited into the nearby medium to provide biophysical and biochemical support to the 
surrounding cells. Originally identified as an inert and passive structural architecture, today 
its role has been completely transformed and the entire scientific community indicates ECM 
as an active environment able to support viability, growth and differentiations both stem [79] 
and differentiated cells. In particular it has been reported how ECM plays a crucial position, 
being essential part of micro environmental stem cell niches [80] and being a substantial part 
of any given tissue. ECM is composed of a multitude of supporting bioactive molecules that 
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are secreted, in different quantities and composition by resident cells in order to support 
 tissue-/organ-specific cellular function(s) specific of each tissue or organ.

The most important constituents of ECM are represented by macromolecules: polypeptide 
chain of collagen, laminin, fibronectin and glycosaminoglycans. It is important to highlight 
how this composition could change not only during physiological aging but also under path-
ological conditions that are able to really upset the whole ECM structure (e.g. liver fibrosis). 
In native pancreas, ECM lives a sort of “environmental dynamic reciprocity” with pancreatic 
cells (belonging both to exocrine and the endocrine part).

Islets isolation is a process where Langerhans islets are detached from ECM by the progres-
sive enzyme-based ECM degradation [81]. In other words, the entire cellular compartment is 
stripped of its surrounding environment leading, in case of islets transplantation, to a very 
low survival rate around 10% of grafted islets [82]. Obviously the low graft success is not just 
the consequence of ECM absence being also related to the transplant site characteristics and to 
a hypoxic state in short- and long-term period, as well as to immunological rejection. Matrix 
composition is particular important for islets homeostasis and stability.

Pancreatic ECM is an intricate tridimensional network enriched by multiple carbohydrate 
and protein which, through a system protein-integrin orchestras islets stability, growth, dif-
ferentiation and death. In this regards, the presence of a specific structure, known as “base-
ment membrane”, is essential. This cytological structure, strictly attached to cells is the final 
activator of specific pathways via interactions between ECM proteins and dedicated integ-
rins. With all these intrinsic properties it is easy to understand how ECM could represent 
the “ideal” scaffold recapitulating most of the qualities needed such as presence of bioactive 
molecules, mechanical strength and tridimensional environment.

Moreover these potentials have the additional advantages to be organ specific.

With these bases, the use of an extracellular matrix scaffold as a template for cell seeding can 
be perfectly in line with the paradigm of tissue engineering.

4.1. Decellularization technology

Decellularization is defined as a multi-step process able to separate the organ/tissue extracel-
lular matrix from its inhabitant cellular component, leaving ECM relatively intact with regard 
to tridimensional characteristics and biological properties. Resultant structure is an acellular 
scaffold, which recapitulates the native tissue/organ features furnishing an ideal template to 
be seeded with new cell families. In 2011 Crapo et al. has profoundly examined all the tech-
niques that can be applied to remove cells from the surrounding ECM [83].

They have divided decellularization techniques in three major types that are still valid today:

1. Chemical decellularization

2. Biological decellularization

3. Physical decellularization
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4.1.1. Chemical decellularization

Chemical decellularization is based on the use of chemical agents in order to detach the cells 
from ECM, catalyzing hydrolytic biomolecular degradation.

Usually, these substances can be acids or bases.

Most common acids used for this purpose are acetic and paracetic acids that have demon-
strated good capacity for cellular removal but they also seemed to be too aggressive to ECM 
structure with an excessive loss of ECM mechanical properties [84]. Calcium hydroxide, 
sodium sulfide and sodium hydroxide are the most common bases utilized as decellulariza-
tion agents. It is generally accepted that their use, during decellularization, leads to the elimi-
nation of growth factors that enrich the ECM resulting in a loss of bioactivity [85]. For above 
described reasons, acids and bases are not yet universally used.

Detergents (ionic, nonionic and zwitterionic) may represent the most important chemical 
agents used for decellularization. Solubilizing cell membranes (cytoplasmatic and nuclear) 
[86] and separating DNA from proteins, they are therefore effective in removing cellular 
material from the tissue or the organ treated [77].

Sodium dodecyl sulfate (SDS) and Triton X-100 are the most common used detergents present 
in decellularization protocols [87].

SDS is an ionic, synthetic, organic compound with an established experience in tissue engi-
neering of decellularized tissues. Dedicated scientific literature offers many protocol based on 
the use of SDS for organ or tissue decellularization [88–90].

Triton X-100 (TNX-100) is a nonionic surfactant composed by a hydrophilic polyethyl-
ene oxide chain and an aromatic hydrocarbon lipophilic or hydrophobic group [91]. By its 
chemical properties, Triton X-100 can effectively remove cells from tissue but seems to be less 
aggressive compared to SDS (even bringing to an ECM degradation) and so more useful for 
thicker tissue [92]. Furthermore, several reports [93, 94] demonstrated how SDS is more effec-
tive in removal nuclear material (and consequently, shortening the risk related to residual 
presence of immunological material).

Finally zwitterionic detergents including 3-[(3-cholamidopropyl) dimethylammonio]-1-prop-
panesulfonate (CHAPS), sulfobetaine-10 (SB-10) and SB-16 have shown encouraging results, 
with an important preservation of ECM biological cues but final results need to be more 
studied [95].

4.1.2. Biological decellularization

Biological decellularization involves the use of biologic enzymatic and non-enzymatic agents 
able to specifically remove of cell residues or undesirable ECM constituents. Enzyme such 
nucleases (DNases or RNases) are the perfect archetype centered on their capacity to cleave 
nucleic acid sequences aiding, in such this way, to eliminate nucleotides after cell lysis [96]. 
Non-enzymatic agents are mainly represented by chelating agents, such as ethylenediami-
netetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA). Through metal ions, 
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segregating EDTA and EGTA can separate cells from ECM. Unfortunately these agents are 
not particularly effective if used alone. For this, most of the time, they are added in a multi-
step protocol [97–99].

4.1.3. Physical decellularization

Physical decellularization protocols include several procedures that exploit physical strate-
gies in order to remove cell from ECM, counting temperature-protocols (freeze-thaw cycles), 
mechanical-protocols (via the agitation and the immersion of samples) and pressure-based 
protocols [100]. Temperature-based decellularization protocols are relatively simple proce-
dures that only necessitate of multiple freeze-thaw cycles to be effective in cellular removal 
[101]. If, on one hand, these protocols seem to be satisfying for cellular removal, on the other 
one, multiple temperature changes cause important damages on final tridimensional ECM 
ultrastructure [102]. Freeze-thaw cycles technology is especially appealing for the decellular-
ization of simple structure such as tendon or cartilage-base organs but results hardly appli-
cable on more structural complex architectures (pancreas, kidney or liver). Samples shaking 
and immersion have instead a strategic role and they are often used for tissue engineering. 
Most of the times these protocols are used when samples to decellularized are small and 
without dedicated vascular inlet of outlet such as pre-cut parenchyma cubes of tissue, blood 
vessels [103] or bone fragments [104]. These techniques provide numerous benefits, such as 
the possibility to simply change the duration of protocol (and therefore the time-of-contact 
between detergent and sample) or the shaking force. The choice of the liquid immersion, the 
total duration time or the shaking force (expressed by rpm in case of orbicular shaking) per-
mit a variety of different protocols targeted on the density of native tissue.

However, the achievement of an homogeneous decellularization state remains one of the 
main limit of immersion and shacking techniques, also considering that sample external sur-
faces will be more treated (with a major probability of ECM degradation) compared to the 
inner parts (that could contain cellular residuals at the end of the process).

4.2. Pancreas-specific ECM

Pancreas ECM results composed by proteins belonging to the basement membrane (collagen, 
laminin, fibronectin, nidogen/entactin, vitronectin and perlecan) and by proteoglycans (HS 
proteoglycan, syndecan, glypican, betaglycan and chondroitin sulfate proteoglycans).

4.2.1. Basement membrane ECM components

Collagen fibers are responsible both for structural strength of pancreatic ECM as well as for 
biological action including cellular adhesion and morphogenesis: collagen I, II, III, IV V and 
VI are specifically represented in the islets ECM [104, 105]. Their functions are still not com-
pletely clear moreover if considering their role on the pancreatic endocrine pathways. As 
acutely reviewed by Poole-Warren et al. [106], Collagen I molecules seem to promote islets 
survival [107] but decreasing at the same time insulin release. Furthermore collagen prop-
erties can be exploited only with the presence of specific proteins of surface: the integrins 
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(Int) [108, 109]. These small particles, classified as Int-α1β1, Int-α2β1, Int-α10β1 and Int-α11β1 
have been shown to act as receptor supporting matrix-cellular interactions via the subunit α 
of collagen 1 fibers [110].

Beyond the collagen, laminin proteins are plenty involved in the structural ECM pancre-
atic architecture. Laminin takes part in the structural integrity of the extracellular matrix by 
bounding to collagen, nidogen and glycosaminoglycan fibers [111]. Laminin proteins have 
been localized in the islets cells permeating their islet’s microvasculature, but their actions are 
still under debate. Laminin-islets relationship is controlled by the presence of following inte-
grins: Int-α1β1, Int-α2β1, Int-α3β1, Int-α6β1, Int-α7β1, Int-α9β1, Int-αvβ3, Int-αvβ5, Int-αvβ8 
and Int-α6β4 with islets morphogenesis functions (α3 and β1) [112] and pancreas develop-
ment (α6) [113]. Finally, vitronectin is an ECM protein expressed during human fetal islets 
development. Its correct pathway is essential for the appropriate growth of islets to “mature” 
β cells and moreover for their migration acting as mobility promoter [114].

4.2.2. Proteoglycans ECM components

Proteoglycans are heavily glycosylated proteins that take ubiquitously part in most of all organs 
and tissues both with a structural and deposit activity. Their composition is based on a core 
protein with several different, negatively charged, protein chains (GAGs) attached. Different 
protein chains bring to different proteoglycans [115]. Negative charge is crucial for the deposit 
role of this protein being able to conserve specific growth factors, cytokines and chemokines 
(that differ from tissue to tissue in terms of composition) releasing them just if necessary [116].

4.3. Whole organ decellularization and regenerative medicine

Whole organ perfusion is the most commonly used technology, if the target sample is an 
entire organ. This technique exploits the organ native vascular system to homogenously 
perfuse the organ with selected detergent(s) [117]. Perfusion-decellularization is the most 
consistent method to obtain decellularized whole organ scaffolds due to the native vascular 
architecture, which is naturally designed to permit the delivery of oxygen and nutrients by 
blood flux. This allows the same time-to-contact between detergent(s) and cells in the entire 
organ by an anterograde or a retrograde perfusion. Likewise, the presence of a vascular outlet 
(most of the times represented by the native venous outflow system) allows an efficient strat-
egy to eliminate cellular debris deriving from decellularization. Whole organ perfusion has 
been already established for several organs or tissues that differ in terms of size, origin (small 
or large animal model and human) and physiopathological conditions [118]. Obviously, as 
described for immersion/shaking technology, the appropriateness of the perfusion protocol 
must be pointed on the organ properties (moreover size and resident cell density).

This technology has been also applied in the attempt of creating a bioengineered pancreas.

Basically the idea is to customize clinical-relevant size acellular pancreas that can be secondly 
repopulated with patient-own endocrine cellular population and then transplanted in the same 
patient. If successful, this approach could address the limitations that today affect diabetes 
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(that differ from tissue to tissue in terms of composition) releasing them just if necessary [116].

4.3. Whole organ decellularization and regenerative medicine

Whole organ perfusion is the most commonly used technology, if the target sample is an 
entire organ. This technique exploits the organ native vascular system to homogenously 
perfuse the organ with selected detergent(s) [117]. Perfusion-decellularization is the most 
consistent method to obtain decellularized whole organ scaffolds due to the native vascular 
architecture, which is naturally designed to permit the delivery of oxygen and nutrients by 
blood flux. This allows the same time-to-contact between detergent(s) and cells in the entire 
organ by an anterograde or a retrograde perfusion. Likewise, the presence of a vascular outlet 
(most of the times represented by the native venous outflow system) allows an efficient strat-
egy to eliminate cellular debris deriving from decellularization. Whole organ perfusion has 
been already established for several organs or tissues that differ in terms of size, origin (small 
or large animal model and human) and physiopathological conditions [118]. Obviously, as 
described for immersion/shaking technology, the appropriateness of the perfusion protocol 
must be pointed on the organ properties (moreover size and resident cell density).

This technology has been also applied in the attempt of creating a bioengineered pancreas.

Basically the idea is to customize clinical-relevant size acellular pancreas that can be secondly 
repopulated with patient-own endocrine cellular population and then transplanted in the same 
patient. If successful, this approach could address the limitations that today affect diabetes 
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treatment. It could be created a non-immunological recellularized scaffold with functional 
islets, β cells or human-induced pluripotent stem cells (hiPSC) derived to β cells and endothe-
lial cells subsequently orthotopically transplanted in the patient whose cells were harvested. In 
this scenario, animal source could provide a hypothetical unlimited pool of scaffold to repopu-
late and stem cells (mesenchymal or iPS) can be used for the repopulation.

A bioengineered approach could so provide an unlimited source of transplantable pancreas, 
eliminating the organ shortage, and, at the same time, the use of patient-own cells could avoid 
(or limit) the use of immunosuppressive drug regimes.

The entire decellularization development must be balanced according to the final desired 
quality of the extracellular matrix. This quality is currently evaluated by histological staining, 
DNA content, collagens and proteoglycans assessment and tridimensional imaging technolo-
gies (scanning electron microscopy). This assessment provides crucial data not only on the 
effective cellular removal but also about the biological and structural properties of the decel-
lularized matrix intended to seed.

If decellularization technology has provided satisfying results in term of pancreas decellu-
larization and ECM maintenance, recellularization strategies seems to be the most important 
hurdle, still not yet overcome.

These, together with engineering significant advances for the manufacturing of dedicated 
bioreactors, are the next steps to go.

4.4. Recellularization technology

Recellularization strategies play a key role for the creation of a functional bioengineered 
organoid. Working recellularization requires a proper cell source (considering both mature or 
stem cell origin), an optimal seeding method and a long-term culture system (available with 
appropriate bioreactors). Scaffold recellularization needs tree different cell group, belong-
ing to parenchymal, vascular and supporting types respectively with different tasks and 
responsibilities.

Parenchymal cells are responsible for the effective organ function whereas vascular cells must 
entirely cover the vascular extracellular matrix providing a suitable blood flux (after trans-
plantation) both as inlet (with oxygen and nutrients delivering) as well as in outlet for meta-
bolic wastes spill.

In this regards, vascular coverage during recellularization is essential for the success, and 
it must be achieved covering as much ECM as possible. Missing ECM parts, which are not 
protected by vascular cells, will directly expose ECM to the blood flow, resulting in an almost 
instant activation of the coagulative cascade and in the formation of blood clots. This situation 
will bring to a subsequently blood stoppage directed to the entire portion downstream the 
clot, with final seeded cells death [119].

Finally supporting cells must provide an active sustain for parenchymal and vascular cellular 
families.
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Pancreas scaffold recellularization can be performed via vascular perfusion (using the same 
principle utilized to remove cells). Inlet pancreatic vasculature can be mainly accessed by 
splenic and pancreaticoduodenal artery.

Pancreatic inlet can also exploit the presence of the pancreatic duct via a retrograde flow. 
Pancreatic outlet vasculature relies on the portal and the splenic vein.

4.5. Cell-on-scaffold technology toward bioartificial pancreas: state-of-art

Cell-on-scaffold technique has been already examined in order to produce a pancreatic 
organoid.

One of the first pioneeristic studies that explored the possibility of using ECM matrix as a tem-
plate for islets seeding has been proposed by De Carlo et al. in 2010. In their report 240-μm slices 
of rat pancreatic and hepatic acellular were decellularized by a detergent-based protocol (4% 
sodium deoxicholate was used) and then seeded with islets after static culture conditions (37°C, 
95% O2 and 5% CO2 in RPMI-1640 medium added with 5.6 mM glucose, 100 IU/ml of penicillin 
and 100 μg/ml of streptomycin). Furthermore pancreatic islets (N = 50) were seeded on five acel-
lular matrix and cultured under standard conditions. After 7 days, the islet-matrix complexes 
were inserted into synthetic, tubular PVA/PEG devices and prepared for in-vivo implant. Rats 
were then made diabetic and PVA/PEG devices (containing islets and matrix) were implanted. 
Results have demonstrated, in an in-vivo follow-up up to 6 weeks, how pancreatic devices 
reacted to glucose acute stimula with insulin delivery and a decreasing dose of daily insulin 
needed to maintain the euglycaemic condition [120]. To our knowledge, in the same year, Ott’s 
lab proposed for the first time a rat pancreatic whole pancreas scaffold (obtained via deter-
gent perfusion) afterwards seeded with human islets and supporting human MSCs. Results 
were very fascinating showing effective tridimensional growth of cells on the matrix with good 
response to glucose stimula [121]. Both these studies have shown important starting lines for 
the use of this technology to produce a functional bioengineered pancreas. However they have 
also highlighted significant limitations, some of which have been already overtaken.

Herein we describe the most important findings regarding the use of a whole organ pancre-
atic scaffold from different models with the aim to manufacture a transplantable bioengi-
neered pancreas.

4.5.1. Small animal models

Small animal model represent the baseline for basic science in terms of costs and prospective 
translational results. For this reason small animal model has been the first to be investigated.

One of the first complete proof-of-concepts of a murine whole organ pancreas decellulariza-
tion has been offered by Goh et al. in 2013 [122]. After a midline laparotomy the pancreas was 
carefully harvested preserving intact vascular inlets that have been then cannulated and used 
as inlets for retrograde perfusion with a flow of 8 ml/min. A multistep protocol with 0.5% SDS 
and 1% Triton X-100 has been chosen. Cells for repopulation (AR42J acinar cell line for the 
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exocrine component and MIN-6 β cell for the endocrine one) were cultured in standard static 
condition and then seeded on the acellular scaffold. AR42J cells were injected through the 
main pancreatic duct (30 × 106) cells whereas MIN-6 β cells (30 × 106) via the hepatic vein. The 
seeded pancreas was cultured under static conditions at 37°C with a 95% air/5% CO2 atmo-
sphere for 5 days and then implanted by a dorsal subcutaneous pocket of an adult mouse 
for biocompatible preliminary tests. Results have demonstrated an optimal feasibility about 
decellularization with preservation of ECM composition. Secondly recellularization was eval-
uated in terms of cellular engraftment, survival and functionality by Immunohistochemistry 
(IHC). Reconstructed pancreas showed a homogenous distribution of cell types with a mini-
mal apoptosis rate (detected by TUNEL staining) less than 18% and robust cellular function-
ality expressed by C-peptide staining positivity and finally confirmed by up-regulation of 
insulin genes. After 14 days, subcutaneous implantation pancreatic organoid was harvested 
and established as biocompatible organoid able to positive regulate a neoangiogenetic action. 
This paper has set the bases for all the subsequent experiments.

Recently a group headed by Struecker has refined the entire process providing, for the first 
time, a proof-of-concept for the repopulation of the decellularized rat pancreas with func-
tional islets of Langerhans [123]. Briefly rat pancreas was decellularized via vascular perfu-
sion (1% Triton X: 0.5% SDS and 1% Triton X-100) with a flow-rate around 10 ml/min and then 
repopulated with approximately 2000 islets via the pancreatic duct to test viability and func-
tionality of the islets after the process. Ex-vivo TUNEL staining and glucose-stimulated insulin 
secretion (GSIS) revealed how islets were viable and functional after the injection inside the 
acellular scaffold.

Both the presented studies have analyzed the opportunity to use mature and already differ-
entiated cells to repopulate pancreas whole organ scaffold.

A further progress toward the creation of an ECM-pancreas can be accomplished exploiting 
the use of stem cells driven in their growth and specific differentiation by precise ECM bio-
logical cues. Thus stem cells can be considered a potent and encouraging cell source for tissue 
engineering [124]. Accordingly to this concept, Wan et al. has just proposed a study about the 
possibility to culturing iPSCs derived pancreatic β cells on decellularized ECM [125]. After 
peristaltic artery perfusion with detergents, decellularized ECM-based pancreas were seeded 
with already differentiated into β cells like iPSCs (approx. 3 × 106) by two different methods 
(vascular perfusion and multipositional parenchymal injection). In-vitro continuous monitor-
ing exhibits maintained insulin, C-peptide and glucagon expression. Additionally, insulin 
level expression in the perfusated media was twofold higher than those levels obtained by 
traditional bidimensional culturing.

4.5.2. Large animal models

Even if encouraging results have been reported for small animal model, it is mandatory to aim 
to a functional bioengineered pancreas with clinically relevant size.

That way the use of a large animal model has been investigated.
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The main difficulty in the switching from small to large animal is mainly due to the higher 
stiffness of the pancreatic parenchyma and to the larger volume that has to be decellularized. 
In this regards, decellularized protocols could not be too aggressive in order to preserve ECM 
native characteristics. In 2013, research group headed by Orlando published the proof-of-
concept for the achievement of a porcine decellularized whole organ scaffold [126]. Vascular-
based retrograde peristaltic perfusion via superior mesenteric vein and pancreatic duct with 
nonionic detergent (1% Triton X-100) guarantied pancreatic cellular removal. Pancreatic extra-
cellular matrix biocompatibility was tested by the static short-term (7 days) cellular seeding 
with human amniotic fluid stem cells. This type of cells has been also proposed as a potential 
source of insulin-secreting cells [127]. To validate the hypothetical capacity of acellular ECM-
based pancreas like scaffold to sustain endocrine pancreatic function, porcine pancreas scaf-
fold was repopulated with porcine islets and insulin secretion was ex-vivo measured under 
different glucose stimula and at several time points. Results proposed showed a significant 
similarity to physiological circumstances with higher insulin release in response to higher 
glucose concentration. Katsuki et al. have also proposed analogous results in 2016 [128] with 
the creation of a portioned repopulated porcine pancreas.

4.5.3. Discarded human pancreas as a source of ECM

The use of discarded human organs has been explored as a possible source of organ to 
decellularize. This opportunity is based on the incredible amount of organ that, annually 
in the USA, are retrieved for transplantation purposes but finally discarded for various rea-
sons. Orlando et al. described this scenario envisioning [129], in a future not so distant, that 
a discarded organ will be use to build an acellular human scaffold subsequently repopu-
lated by patients own cells. The final result will be a bioengineered pancreas composed by 
human-derived extracellular matrix as well as recellularization cell type. The hypothesis 
to recycle discarded human organs for organ bioengineering projects, hinges on the theory 
that decellularized human ECM could be the perfect environment for human cells during 
recellularization.

In 2015, our group has explored the use of discarded pancreas as a source from which 
obtain acellular whole organ scaffolds [130]. Compared to data achieved on the porcine 
model, an additional inlet access was demonstrated crucial switching from a two-way 
perfusion (pancreatic duct and superior mesenteric vein) to a three-way perfusion system 
(pancreatic duct, superior mesenteric artery and splenic artery). This adjustment brought to 
a more homogenous distribution of the detergent used (1% Triton X-100) permitting a rela-
tive more gentle approach (Triton X-100 is considered less aggressive than SDS). Staining 
and DNA content confirmed the cellular removal as well as the preservation of the most 
important pancreatic ECM elements and growth factor that enriched the human native pan-
creatic parenchyma. Besides important results about static seeding with human islets and 
dynamic peristaltic seeding with human primary pancreatic endothelial cells, crucial infor-
mation has been obtained by the analysis of ECM immune properties. In fact, to the best of 
our knowledge, it is the first time that human pancreas ECM documents an immunosup-
pressive T-reg promoting properties paving the way for its possible use as immunosup-
pressant (Table 1).
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Table 1. Timeline of the major advances in insulin treatment, islets and pancreas transplantation and pancreas 
bioengineering.
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5. Conclusion and future perspectives

In the last decade, regenerative medicine and organ bioengineering have accomplished 
important progress toward the manufacturing of a functional, bioengineered pancreas, 
exploring different options both in terms of platform for decellularization as well as for cell 
type repopulation source. As of now, the emergent use of stem cells appears as an exciting 
and encouraging field to discover. Several crucial hurdles are not yet overcome and require 
important advancements, above all in-vivo short- and long-term functional testing. Despite 
these obstacles, cell-on-scaffold technology holds a huge potential in order to solve the prob-
lem of pancreas shortage creating a solid transplantable alternative.
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