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ABSTRACT 

 Bone is a dynamic and live tissue that it has self-healing properties. However, bone 

cannot heal itself above a certain critical fracture size, leading to possible bone 

permanent damage, like bone mass destruction and demineralization, as well as major 

patient discomfort and pain. In addition, associated infections could occur due to the 

presence of pathogenic bacteria. Bone tissue engineering is a field of medicine and 

biomedical engineering that aims the development of graft substitutes for the bone repair 

and regeneration when injuries occur. In-situ bone regeneration takes advantage of bone’s 

regenerative properties to induce healing and tissue repair through natural processes 

according to cellular activity. There are biomaterials suitable for these applications, 

mainly second- and third-generation ceramic, polymeric or composite materials, which 

offers mechanical and biological properties that promote an adequate tissue regeneration. 

Biomaterials for bone tissue engineering can be produced either by conventional methods 

or additive manufacture techniques. Novel additive manufacture techniques have been 

developed over the last years in order to surpass limitations offered by conventional 

methods, mostly physical and mechanical properties. However, due to the high occurrence 

of bone infections there is an increase of interest of combining these materials with 

biomolecules to enhance their regenerative potential. The study of association of scaffolds 

with drugs, growth factors, cells and genes have shown promising results in cell activity 

in bone regenerative process and it is the main objective of this review work. Antibiotic 

release from biomaterials showed effective results in bone infections prevention, but it 

presented limitations in its sustained release. Growth factor and cell association and 

delivery showed an overall increase of bone healing processes. Thus, the optimization and 

changes in parameters of biomaterials scaffolds and associated compounds leads to a 

specific osteoimmunomodulatory response by the host body through immune cells activity. 

Immune response is also triggered by gene molecule delivery, but this field still lacks in 

studies and scientific works. Herewith, this work aimed to show an overall aspects of bone 

biology and bone tissue engineering, as well as biomaterials used as scaffolds and its 

processing techniques. In addition, this dissertation focused on a state of the art of 

scaffold association with drugs, cells, and genes, as well as host immune responses and 

immune therapies accomplished from this association.  
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RESUMO 

O osso é um tecido dinâmico e vivo, dotado de propriedade de autorregeneração. 

No entanto, o osso não possui de capacidades de autorregeneração acima de um 

determinado tamanho crítico de fratura, levando a possíveis danos permanentes, como 

destruição da massa óssea e desmineralização, bem como desconforto e dor para o 

paciente. Além disso, infeções associadas poderão ocorrer devido à presença de bactérias 

com efeito citotóxico. A engenharia de tecidos ósseos é uma área da medicina e da 

engenharia biomédica que visa o desenvolvimento de substitutos de enxertos para a 

reparação e regeneração óssea quando ocorrem lesões. A regeneração óssea in situ usufrui 

das propriedades regenerativas do osso para induzir a recuperação e a reparação dos 

tecidos por meio de processos naturais e de atividade celular. Existem biomateriais 

adequados para essas aplicações, principalmente materiais de segunda e terceira geração, 

cerâmicos, poliméricos ou compósitos, que apresentam propriedades mecânicas e 

biológicas que promovem uma adequada regeneração óssea. Biomateriais para engenharia 

de tecido ósseo podem ser produzidos por métodos convencionais ou técnicas de 

manufatura aditiva. As técnicas de fabrico aditivo têm sido desenvolvidas nos últimos anos 

com a finalidade de superar as limitações oferecidas pelos métodos convencionais, 

principalmente propriedades físicas e mecânicas. No entanto, devido à alta recorrência 

de infeções óssea há um aumento do interesse em combinar esses materiais com moléculas 

bioactivas para aumentar o seu potencial regenerativo. O estudo da associação de 

scaffolds com fármacos, fatores de crescimento, células e genes tem mostrado resultados 

promissores na atividade celular na regeneração e reparação óssea, sendo esse o principal 

objetivo deste trabalho. A liberação de antibióticos de biomateriais mostra resultados 

eficazes na prevenção de infeções ósseas, mas apresenta limitações na liberação 

sustentada. A associação de fatores de crescimento e células com materiais mostraram 

um aumento geral dos processos de regeneração óssea. Desta forma, a otimização de 

parâmetros dos scaffolds de biomateriais e compostos associados leva a uma resposta 

osteoimunomodulatória específica pelo corpo do hospedeiro, através da atividade de 

células imunes. A resposta imune também é desencadeada pela libertação de genes, no 

entanto esta área ainda carece de estudos e trabalhos científicos. Com isso, este trabalho 

teve como objetivo apresentar uma visão geral da biologia óssea e da engenharia do tecido 

ósseo, bem como os biomateriais utilizados como scaffolds e as suas técnicas de 

processamento. Além disso, esta dissertação teve como objetivo o estado da arte da 

associação de scaffolds com fármacos, células e genes, bem como as respostas imunes do 

paciente e as terapias imunes realizadas a partir dessa associação. 
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INTRODUCTION 
 

 Bone is a constituent of living organisms that possesses a natural regenerative 

ability. Bone can heal itself when small fissures and defects occur, but this does not 

happen when these defects are above a critical size threshold. With this, traumatic 

injuries or infections might occur, requiring interventions to restore bone’s previous 

functionality and morphology and promote its healing [1]. Osteoporosis is one of the main 

causes of non-intended bone fractures, characterized by the increase of bone fragility and 

loss of bone mass. This medical condition increases with the augment of age of the 

population and with longer life span. A study of 2020 (figure 1) [2] shows the number of 

fractures occurred in 2017, in six countries from the European Union (France, Germany, 

Italy, Spain, Sweden and United Kingdom) and a projection of these numbers in 2030, 

where it is possible to observe and expect an increase of prevalence of osteoporotic 

diseases and, therefore, an increase of bone fractures [2].  A study of 2017 [3] states that 

more than 200 million people in the world suffer from osteoporosis. The prevalence of 

bone fractures might induce and increase the probability of bone infections.  

 

Clinical interventions protocols for bone fractures are still performed using inert 

metals that fixate bone in the two ends of fracture site. This healing process has some 

drawbacks, especially the post-surgical fixator removal from the injured site, increasing 

discomfort and pain for the patient. Therefore, the use of natural bone grafts was seen 

as an alternative of metal plates and screws devices. However, the implantation of these 

grafts raised incompatibility responses by host tissue, as well as the probability of disease 

transmission, mostly in allografts. Facing these issues, bone tissue engineering has been 

focused on studying and developing materials that induce bone regenerative processes at 

injured site without risk factors ensured by metal bone fixators, allografts, and 

xenografts. Bone tissue engineering has been developing materials for bone regeneration 

Figure 1: Bone fractures due to osteoporosis in 2017 and projection to 2030 in six countries of EU (France, 

Germany, Italy, Spain, Sweden and United Kingdom) [2].  
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since the beginning of the XX century, focusing efforts in developing the use of calcium 

phosphates and bioresorbable materials as filler materials for defect site. Different types 

and classes have been studied since then, towards polymeric materials, ceramics, and 

bioactive glasses. With more research and development of bone tissue engineering as an 

emergent field of biomedical engineering, studies have been focused on developing 

scaffold matrices throughout many process techniques that induce specific biological 

responses [1, 4]. Figure 2 shows a chronological scheme of the main achievements in the 

development of biomaterials for bone tissue engineering.  

 

 

Figure 2: Timeline of development of biomaterials for bone tissue engineering [1]. 

 

Bone repair is a complex gathering of biological processes, driven by specific cells 

and other compounds, such as growth factors. The combination of growth factors with 

implant biomaterials though local biochemical stimulation have been studied to promote 

bone regeneration and supplement bone healing therapies [5]. Also, combination of cells 

and antibiotics with material matrices have shown that local bone regeneration 

stimulation as a promising clinical solution for bone healing processes.  
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1. BONE 

1.1.  Bone tissue 

 According to Encyclopaedia Britannica [6], bone could be defined as a “rigid body 

tissue consisting of cells embedded in an abundant hard intercellular material” [6] in 

which they are highly vascularized and innervated. Bones are constituted by bone tissue 

and marrow, periosteum and endosteum and they assume important functions, such as: 

muscle structural support for the body’s mechanical action; protection of vital and soft 

organs; mineral reservoir and regulator of calcium and phosphate ions and pH in body 

fluids and production of blood cells through bone marrow [6, 7]. Bones also have the 

capability of auto-regeneration after failure, although this characteristic is dependent of 

the fracture’s size. Furthermore, bones are dynamic tissues which means that they grow 

and change throughout time. Bone growth is induced by homeostatic and biomechanical 

mechanisms [8, 9]. To understand how fracture healing occurs in bone, it is crucial to 

understand bone’s biology and its constitution [10].  

 

1.2. Bone chemical composition and structure  

 Bone has a complex structure consisting of an inorganic and an organic phase. The 

inorganic or mineral phase represent 50 to 70% of bone mass and its mainly constituted by 

crystals of non-stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2). The organic phase (20 to 

40% in mass) is primarily constituted by type I collagen fibres (approximately 90%) and 

other non-collagenous proteins and lipids. Water molecules are also present in bone, 

corresponding to 5 to 10% of its volume [8-10]. From a materials science point of view, 

bone could be defined as a composite material due to its combination of several materials 

and properties. Moreover, bone main characteristics in the human body are highly 

connected to its hierarchically structure and extracellular matrix composition [11].  

 

 Type I collagen fibres assume an important role in bone. These fibres are 

responsible for binding the mineral phase of bone, consequently increasing its mechanical 

properties [11, 12]. Collagen fibres are secreted by osteoblasts, a bone-forming type of 

cells, and they are constituted by three intertwining polypeptide chains in a helix shape. 

These chains are constituted by amino acids like glycine, proline and hydroxyproline and 

they are combined in a regular sequence, forming two α(I) chains and one α(II) chain. 

Collagen fibres helix have glycine amino acids in almost every third position, by 

substituting the proline with the hydroxyproline. In the end, there is a proteolytic 

cleavage in the terminals of the protein, forming a full-length collagen fibre. After 

polymerization via enzymatic cross-linking, these fibres could increase to 300 nm in length 

and 1.2 nm in diameter [12]. Non-collagenous proteins are also present in bone and they 

are usually glycoproteins, proteoglycans, and sialoproteins. Some examples of these 

proteins are osteonectin, osteocalcin and alkaline phosphatase (ALP). These non-

collagenous proteins assume functions in the biomineralization of bone such as binding 

calcium ions and other cell surface proteins to collagen, increasing its growth and matrix 

mineralization, while involved in bone remodelling [11, 13].  
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Bone is classified according to its shape as long, short, flat, and irregular. In long 

bones, bone tissue is macroscopically composed by two distinctive structures, cortical and 

trabecular bone. They are distinguished by their porosity, being trabecular bone more 

porous while cortical bone is denser. Both types of bone tissue have different architecture, 

therefore, they assume different values of apparent density, where trabecular bone is 

usually contained in ranges from 0.1 to 1.0 g/cm3 and cortical bone being around 1.8 

g/cm3 [14]. Cortical or compact bone can be found in the outer surface of bones and it 

present higher mechanical properties, being 80 to 90 % mineralized [7]. This type of bone 

is constituted by a lamellar structure, in which the collagen fibres are distributed between 

each layer. However, these fibres can be aligned in different directions, modifying the 

tissue mechanical properties. Usually, lamellae are circumferential and parallel to each 

other, whereas between the inner and outer circumferential lamellae. This structure has 

also an interconnective network of channels, where bone cells (osteocytes) are commonly 

present. This network, named Haversian canals, has a blood vessel and a nerve fibre in 

the middle, surrounded by concentric lamellae, which are connected by canaliculi, 

forming osteons [14, 15]. The Haversian canals are responsible for supplying bone with 

blood and nutrients longitudinally, while the Volkmann canals are distributed transversally 

without a lamellae structure, but have a similar function [7, 14]. Distinctively from 

cortical bone, trabecular or cancellous bone has a structure that presents porosity and 

interconnected trabeculae, where bone marrow is present. Trabeculae porous structure 

dimensions are usually 100 to 125 µm wide and 25 to 30 µm long [8]. Trabecular bone is 

usually occur in the end of long bones and in vertebrae, being these areas the ones whose 

compressive stresses are accumulated in the tissue, due to body movement [7]. The 

percentage of porosity of this bone type can vary according to some factors, such as, 

anatomical location, type of bone, patients age and associated diseases, like osteoporosis 

or osteopetrosis. This type of bone architecture is important for some bone related 

functions like calcium homeostasis and ion regulation in body fluids [7, 14, 15]. In figure 

3, it is possible to observe a scheme of the hierarchically structure of bone.  
 

Figure 3: Bone structure and its constituents [16]. 



ORTHOPAEDIC BONE GRAFTS FOR PREVENTION OF INFECTIONS AND BONE REGENERATION PROMOTION 

 

5 
 

1.3. Mechanical properties of bone  

Bone’s mechanical properties are dependent of its hierarchical structure. Bone acts 

as a viscoelastic composite material due to combination of collagen fibres with mineral 

phase [16, 17]. The tissues mechanical properties are dependent on the type of force 

applied, whether is tensile, compressive, or torsion. In cortical bone, the main difference 

between stress responses is due to the oriented structure of osteons and lamellae, being 

bone an anisotropic material. Thus, bone has different mechanical properties whether the 

stress is applied transversally or longitudinally [13, 18]. According to figure 2 (left), it is 

possible to state that cortical bone has an elastic behaviour under moderate loads and a 

notable transition to plastic deformation. Tensile tests are very dependent to the type 

and location of bone, but some average tensile values can be attributed to cortical bone, 

such as, an elastic modulus of approximately 17 GPa for longitudinal tests and 11.5 GPa 

for transversal tests. In the case of compressive tests, bone can achieve average values 

around 120 to 130 MPa longitudinally and 51 MPa transversely [18]. Trabecular bone 

mechanical properties are highly dependent of their porosity and, therefore, their density 

[17, 18]. Trabecular bone’s elastic modulus can vary between 10 to 2000 MPa and its 

tensile strength between 0.1 and 30 MPa. This bone type exhibits a linear elastic curve 

under moderate tension, being followed by a load-deformation curve and a fracture as 

the tensile stress rises, represented in figure 4 (right) [18]. Furthermore, the elastic 

response ends as soon as the trabeculae start to present microfractures under increasing 

values of tension, corresponding to the plastic deformation of trabecular bone [14]. Figure 

4 shows compressive stress-strain curves for different trabecular bone densities, showing 

that its mechanical properties are highly dependent on its architecture [18]. Table 1 shows 

a mechanical properties summary comparison between cortical and trabecular bone.  

 

 

Figure 4: Tensile stress-strain curves for longitudinal and transversal applied force in cortical bone (left) 
and compressive stress-strain curves for different relative densities of trabecular bone (right). Adapted 

from Pruitt et al. [18]. 
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Table 1: Mechanical properties medium values comparison between cortical and trabecular bone [19] 

 

1.4.  Bone cells 

 Besides its complex structure, bone tissue also has distinctive types of cells, each 

one with an important function in bone’s maintenance and regeneration. There are 

different bones cells, namely, osteoblasts, osteocytes, osteoclasts, and bone lining cells 

[7, 8, 13]. 

 

 Osteoblasts are small mononucleated cells whose main function is the production 

of the organic matrix and collagen proteins that induce bone mineralization [16]. These 

cells are originated from mesenchymal stem cells of the bone marrow, which are 

multipotent adult cells. Osteoblasts are responsible for bone matrix synthesis and 

subsequent mineralization, and organic matrix formation, as well as calcium regulation. 

Bone matrix formation occurs when osteoid is produced and mineralized. Then, 

osteoblasts secrete collagen and non-collagenous proteins and proteoglycan, which form 

the organic matrix. Later, bone mineralization takes place [7, 8, 16].  

 

 Bone lining cells are bone cells with a flat and long morphology, and they can be 

found in the surface of bone. These cells can be considered as inactive osteoblasts and 

they do not have a role in bone remodelling or regeneration.  Also, these cells participate 

in hematopoietic stem cell differentiation to osteoclasts and provide a direct contact 

between osteoblasts and bone matrices. Bone lining cells can also develop secretory 

functions to maintain a good function bone biology [8, 20].  

 

Osteocytes are bone cells derived from calcified and matured osteoblasts whose 

activity ceased and integrates in the bone matrix. This transition is also detected when 

osteoblast phenotype proteins are not produced, such as, collagen type I, osteocalcin, 

ALP, and sialoprotein. Osteocytes are cells that are present in the lacunae and, in 

addition, they create a concentric intercellular communication between them, the 

lacunae-canaliculi network, whose function is to transfer nutrients and other soluble 

factors between cells. The Haversian canals are surrounded by these cell networks and 

participate in this exchange process, providing vasculature and nutrients to these cells. 

Furthermore, osteocytes have mechanoreceptors whose sensors are responsible for bone 

remodelling, maintaining its shape and function [7, 8, 21]. 

 

Property Cortical Bone Trabecular Bone 

Compressive strength (MPa) 100 - 230 2 - 12 

Flexural, tensile strength (MPa) 50 - 150 0.1 - 30 

Strain to failure (%) 1 - 3 5 - 7 

Fracture toughness (MPa/m2) 2 - 12 - 

Young’s modulus (GPa) 7 - 30 0.5 - 0.05 
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 Osteoclasts are cells, which are originated from hematopoietic stem cells. They are 

multinucleated and larger than other bone cells, achieving more than 100 µm in diameter. 

Osteoclasts have the opposite function of osteoblasts, being responsible for bone matrix 

degradation and resorption [21]. They are ectoenzyme-producing cells that dissolve the 

inorganic part of bone matrix with hydrochloric acid and, after that, degrade the organic 

part (proteins) due to proteolytic enzymes activity. These degradation activities occur in 

a differentiated area of the osteoclast called ruffled border [20]. In the end, the resulting 

particles from bone degradation products are contained in vesicles in the osteoclast 

cytoplasm. After complete degradation, the cellular membrane releases degradation 

products.  Furthermore, osteoclasts can become inactive or apoptotic after its 

degradation action mechanism [7, 8, 16]. In figure 5, it is possible to observe a scheme of 

bone cell’s activity and its function during bone biology and regeneration processes.  

 

1.5. Bone remodelling and formation 

Bone remodelling is a dynamic process. Its main objective is to keep bone’s 

integrity, calcium regulation and bone adaptation to stresses involved in body movement. 

These properties are achieved by a correct balance of bone cells function, where 

mineralized bone is resorbed and followed by bone matrix deposition and mineralization, 

according to three stages: resorption of bone by osteoclast proteolytic digestion and 

degradation, appearance of new mononucleated cells in bone’s surface and formation of 

new bone tissue by osteoblast activity [8, 13]. In addition, bone remodelling is driven by 

growth factors, hormones, and higher mechanical demands, which are sites that are 

subjected to higher mechanical loading, enhancing bone turnover. On the contrary, a lack 

of mechanical loading induces bone tissue resorption though enhancement of osteoclast 

activity. [13]. Furthermore, this process of bone turnover starts by the stimulation of 

osteoblastic activity to replace bone resorption and ends when no more bone formation is 

needed [15, 22].  

 

 Ossification or bone remodelling are achieved by two processes: intramembranous 

and endochondral bone formation. Intramembranous ossification is responsible for the 

formation of flat bones such as cranial bones and scapula. This mechanism is initiated by 

Figure 5: Bone’s resorption and formation (from left to right) through bone cell’s activity. Adapted from 
Qasim et al. [22]. 
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direct differentiation of mesenchymal stem cells into osteoblasts, forming a calcified 

osteoid matrix, layer-by-layer, resulting in lamellar bone. Endochondral ossification is a 

mechanism of long bones formation and growth of the length. This process is proceeded 

by a cartilage template by continuous cell division and secretion of extracellular matrix.  

Chondrocytes are followed by matrix calcification and higher ALP activity. After, the 

chondrocytes are removed and mesenchymal stem cells that are present in the 

surrounding tissue start to differentiate onto osteoblasts and hematopoietic stem cells 

differentiate to osteoclasts. Then, osteoblasts are stimulated to produce an osteoid 

matrix, which is laid down on the surface of the cartilage template while osteoclasts 

degrade the cartilage matrix, forming a woven bone [7, 15, 23]. 

 

1.6. Bone fracture and healing 

 Besides its exceptional mechanical properties, bone can suffer fractures due to 

many reasons like injuries or associated diseases. Adjacent tissues, blood vessels, 

periosteal and endosteal surfaces are also damaged with fracture process, increasing the 

risk of possible infection and pain to the patient. For bone healing and regeneration, major 

cellular activity is required [23, 24].  

 

Bone healing can occur according to two mechanisms: the direct (primary) bone 

growth occurs when both sides of fractured bone heal without formation of fibrous tissue, 

whereas indirect (secondary) bone growth healing results in a hematoma formation 

followed by an inflammatory response and intra-membranous ossification. Direct bone 

healing requires that fractured segment must be in its original position, being fixed with 

an external support. This type of healing is initiated from the cortex, in the fracture line. 

Indirect bone healing occurs in several steps. There is a first inflammatory response 

through formation of a clot due to blood and other cells infiltration.  After callous 

formation, a collagen matrix is produced at the same time as the osteoid is mineralized, 

being followed by endochondral ossification. Furthermore, necrotic tissue is removed by 

leukocytes and new bone is remodelled by osteoclasts. The callous is ossified, forming a 

stable structure of woven bone and bone fragments. Without the callous ossification 

process, there is a probability of a lower callous formation and development of fibrous 

units, which are mechanically instable and not desirable. Finally, bone is considered 

healed when its original structure and shape is restored, as shown schematically in figure 

6 [7, 25, 26]. These last two healing mechanisms occur only if bone fracture has not 

reached the critical size. Lastly, these processes involve a large amount of osteogenic 

progenitor cell activity all over damaged surfaces or implants, being these activated by 

growth factors, BMPs and cytokines. Therefore, cells like macrophages and platelets have 

a significant role in bone healing, since there is a major interaction between blood cells 

and damaged tissue [19, 24, 27].  
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1.7. Bone grafts  

 Despite bone regeneration and healing properties, there is a significant number of 

injuries that bone tissue cannot heal by itself and, therefore, some fractures can develop 

pseudarthrosis and other traumatic bone defects [19]. The use of bone grafts or 

substitutes is required when fracture damage is too extensive for natural healing. These 

grafts are also used when there is a need to regenerate some bone-resorbed regions like, 

for example, mandibula defects. Graft substitutes must follow some intrinsic bone 

characteristics like osteointegration, osteoconduction, osteoinduction and osteogenic 

properties. Likewise, these substitutes must be able to interact with bone tissue and cells 

in order to promote new bone matrix formation. Bone grafts should be resorbable and 

should not interact with physiological properties of bone. Bone grafts could be autografts, 

allografts and xenografts [15, 27]. Autografts are autologous fragments of bone which are 

transplanted from a donor site to the defect site. A favourable response is expected from 

patient’s body since the bone comes from the same organism. Autografts provide a rich 

source of osteoprogenitor cells to the injury site. However, there are some limitations 

such as the availability of bone tissue to proceed to transplantation and failure associated 

to the regeneration process related to the vasculature integration [23, 25, 26].  In the 

same way, allografts are bone fragments like autografts, but from a living donor or 

cadavers. This constitutes an advantage since the patient does not develop comorbidities 

associated to the extra surgery at the donor site. Allografts must be lyophilized and 

irradiated before implantation in patient’s body to decrease the risk of bacteria or virus 

transmission, however there is still a small possibility to develop pathologies derived from 

these implants. Moreover, lyophilization processes decreases graft’s mechanical integrity, 

osteoconductive and osteoinductive properties. In addition, they are not osteogenic. 

Furthermore, there is a possibility that allografts could be rejected by patient’s body, by 

a specific immunological response (antigen-antibody), triggering a negative inflammatory 

response [7, 25, 26]. Xenografts are bone substitutes that derive from tissue of other 

species (mammalian animals or, more recently, coral). This type of grafts has an increased 

risk of diseases transmission or cross-contamination, comparatively to allografts. Such 

disadvantages must be considered prior to the transplantation. Like allografts, xenografts 

Figure 6: Bone remodelling and healing process after fracture. Adapted from Qasim et al. [27]. 
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must be processed by lyophilization and deproteinization, reducing the probability of 

incompatibility and negative inflammatory response [7, 23, 26]. Although autografts seem 

to be the best option when a bone graft is required, there must be considered its 

disadvantages and the patient prognosis. As an alternative, there are biocompatible 

materials (i.e. metallic, ceramic or polymeric) in the market that are safer options for 

long-term applications [11, 26].  

 

2. BONE TISSUE ENGINEERING  

Tissue engineering could be defined as a field of regenerative medicine that centres 

its activity in developing novel biomaterials to mimic normal tissues properties. It is 

considered a multidisciplinary area that combines biology, engineering and materials, 

associated to biological clues, to improve or replace biological tissues [11]. This field of 

regenerative medicine has a wide scope, mostly due to novel developments in cell biology, 

mainly stem cells, materials science and engineering [28-30]. To obtain a successful 

strategy of tissue engineering, it is necessary to consider parameters, such as, cells, 

culture medium, materials properties, and bioreactor. The cells used in this type of 

regenerative medicine must be appropriated and should mimic original tissue function. 

This must happen in a culture medium that provides cytokines and growth factors so that 

cells could proliferate and differentiate. Furthermore, the used matrix should be porous 

so that cells can migrate, grow, and secrete extracellular matrix to regenerate damaged 

tissues. At the same time, chronic inflammatory response (fibrosis) should not be induced 

in host body. Lastly, optimal conditions should be provided in the bioreactor, which is 

responsible to provide all the parameters above indicated for the in vitro culture and cell 

expansion and differentiation where the in vivo physiologic conditions are mimicked [28, 

30]. Also, these strategies should consider the use of relevant animal models, where it is 

possible to test different tissue engineering combination and scaffolds approaches. Ethical 

considerations and standards models must be contemplated in the use of animal tests and 

stem cells, according to each country regulations [11].  

 

 Bone tissue engineering is a field of tissue engineering that applies techniques using 

bone cells combined with a three-dimensional material matrix for tissue transplantation. 

Its development is based on the understanding of bone biology, mechanics, and tissue 

regeneration. This type of tissue engineering is focused on developing alternatives to 

common clinical problems with the use and application of bone grafts. A typical bone 

tissue engineering solution (Figure 7) combines the following highlights: use of a 

biodegradable scaffold that mimics bone extracellular matrix; implantation of cells with 

osteogenic potential and morphogenic signals, with the use of growth factors or other 

soluble factors; and angiogenesis of these set of materials and cells, allowing proliferation 

and induction of bone healing [31-33].  
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 Scaffolds are biomaterial matrices used in regenerative medicine as templates for 

tissue regeneration. The term is mostly used to define a porous 3D construct for in vitro 

or in vivo cell adhesion [9, 29, 34]. Scaffolds for bone tissue engineering (Table 2) should 

provide mechanical support to the injured site, while filling the fracture void. They must 

promote osteoconductivity through adherence and growth of cells, while allowing 

extracellular matrix deposition into the scaffold surface. Scaffolds should prompt bone in-

growth and angiogenesis within the structure. Osteoinduction is another property that 

should be enhanced with scaffolds, especially through osteogenic differentiation and new 

bone tissue formation. In addition, cell activity should be stimulated while new bone tissue 

is formed (osteointegration). Moreover, bioactive agents or molecules could be added to 

scaffolds in order to stimulate a higher extent of bone regeneration. Besides these 

properties, scaffolds should maintain its mechanical integrity throughout healing 

processes, as well as permitting cell ingrowth and proliferation [35]. For cell movement 

and ingrowth, scaffolds should have interconnective pores, with diameters between 50 

and 350 µm, approximately [36-38]. Rodrigues et al. [29] claim that an ideal pores 

diameter of 200 to 350 µm should be achieved so that there is a maximum bone ingrowth 

[29]. Nevertheless, its mechanical properties are decreased with increasing pore size, so 

it is necessary to reach an optimal materials behaviour between these two variables [24, 

37]. Pore size and shape are also key factors for cell movement and diffusion of bioactive 

substances like growth factors, nutrients, and metabolites. Furthermore, surface chemical 

composition, wettability, and surface energy influence cell adhesion. Surface 

modifications enable an enhancement of surface functionalization, where additions of 

different substances should foster new osteoid matrix formation [29, 35]. 

 

Figure 7: Scheme of bone tissue engineering constituents. Adapted from Qu et al. [34]. 
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Table 2: Summary of scaffolds properties and its influence on bone regeneration properties. Adapted 
from Pereira et al. [9] 

Properties 
Function 

Biocompatibility  

Capability of a material to perform with appropriate host 

response in bone tissue regeneration, providing a harmonic 

environment with surrounding tissues 

Osteoinduction 
Ability to recruit MSC and differentiate into the desirable cell 

type 

Material  Influence on cell behaviour 

Porosity 
Influence on cell adhesion, proliferation, and differentiation 

Template for new tissue 

Mechanical properties 
Structural support 

Influence cell behaviour 

Porosity size and total 

porosity 
Influence tissue ingrowth, cell activity and vascularization 

Wettability Enhancement of cell and protein adhesion 

 

For bone tissue engineering applications, osteoblasts and osteoclasts are the main 

keys of bone production, modelling, and regeneration. These cells are highly involved in 

homeostasis and tissue regeneration. However, there are other groups of undifferentiated 

cells that, when stimulated, promote osteogenesis. Mesenchymal stromal cells are a group 

of cells with an osteogenic potential, mostly bone marrow stromal cells (BMSCs). These 

cells integration in bone tissue engineering are seen as important since they assume 

osteogenic properties that triggers and enhances regeneration processes. Other cells with 

osteogenic potential are adipose tissue-derived stem cells (ASCs) and oral cavity MSCs, 

both with a capability of providing BMSCs. Skin basal layer is considered another bone 

regeneration cell source, since this type of cells have multipotent properties and could 

differentiate into osteoblasts and chondrocytes [39, 40]. 

 

3.  MATERIALS FOR BONE TISSUE ENGINEERING 

3.1. Ceramic-based biomaterials 

 Ceramic materials can be used as bone graft substitutes in a three-dimensional 

scaffold morphology, being mainly calcium phosphates, due to their natural presence in 

bone mineral phase. Compounds like hydroxyapatite (HA) and tricalcium phosphate (TCP) 

are commonly used in these processes [9, 41]. These materials have shown ability to 

induce bone cells activity and further regeneration by being osteoconductive and 

bioresorbable, with further incorporation into bone matrix. However, there are general 

limitations in their use due to brittleness, and, for HA, low rate of integration, resorption, 

and integrity when totally integrated in bone. Thus, the resulting new disorganized bone 

tissue cannot support tensions as well as natural bone, being this a problem that needs to 

be surpassed [42, 43]. 
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 HA (Ca10(PO4)6OH2) is a calcium phosphate that occurs naturally, and it can be 

produced synthetically with a similar chemical structure. This calcium phosphate 

resembles natural apatite present in bone, making it appropriate for clinical applications 

[44]. The difference between HA and natural bone apatite, besides its stoichiometry, 

resides in the fact that natural apatite contains a considerable amount of ion 

substitutions, such as Ca2+, PO4
3- and OH- ions. HA has excellent biocompatibility, as well 

as adequate osteoconductive properties. However, it lacks mechanical strength since it 

behaves as a brittle material. Also, HA has a low degradation rate because it is a very 

stable material under physiological conditions, leading to an undesirable degradation rate 

for bone regeneration applications. Despite its good osteoconductivity properties, HA 

exhibits low osteoinduction capability due to reduced bioactivity, for example, in the case 

of BMSC differentiation into osteoblasts [45, 46]. 

 

 Tricalcium phosphates (Ca3(PO4)2) are another group of calcium phosphate that 

have a similar chemical composition to HA. There are several types of TCP, each one with 

a different molecular arrangement, that influences their properties [44]. Each structure 

is obtained depending on its sintering temperature. Amorphous TCP is obtained when low 

sintering temperatures are used, making these type of calcium phosphates unstable. As 

opposed to this case, orthophosphate TCP is formed when high temperatures are used in 

its sintering processes, above 750 ºC. Orthophosphate TCP has two forms that are different 

in terms of crystalline arrangement, known as α-TCP and β-TCP [47]. Both α-TCP and β-

TCP present higher dissolution rates than HA (table 3), which makes them more suitable 

for bone tissue engineering processes. This property is dependent on calcium/phosphorus 

(Ca/P) ratio, inducing different TCP and HA dissolution properties. Meanwhile, not all TCP 

have the same dissolution rate, being β-TCP the one with the lowest absorption rate, 

followed by α-TCP and, at last, amorphous TCP, being the one that degrades faster. These 

differences must be considered because a controlled dissolution rate is a major key for 

bone regeneration processes. α-TCP has higher dissolution rate when compared to β-TCP, 

which does not make it suitable for tissue regenerative applications, being this material 

usually incorporated in bone cements and other calcium phosphate ceramics. β-TCP is 

more stable to temperature changes and it has considerable bioactivity, promoting 

physiological apatite formation [45, 48].  
 

Table 3: Calcium/phosphorus ratio and solubility of calcium phosphates. Adapted from Lu et al. [47] 

 Solubility (at 25 ºC) 

Material Ca/P ratio -log Ks g·L-1 

HA 1,67 116,8 0,00010 

α-TCP 1,50 25,5 0,97 

β-TCP 1,50 28,9 0,20 

 

 TCP can be produced by two processes: a low-temperature precipitation from a TCP 

solution and a high-temperature solid-solid reaction process. In the first one, it is possible 
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to obtain both amorphous and orthophosphate TCP, considering some variables like 

solution’s pH, Ca/P ratio and precipitation temperature. In a solid-solid reaction process, 

both allotropic α-TCP and β-TCP phases are formed. Each crystalline form is produced by 

changing variables like period or stoichiometry reaction, and initial powder properties. 

Also, a prolonged sintering temperature of α-TCP could induce the formation of β-TCP, at 

temperatures around 900 ºC. Moreover, α-TCP is also obtained if a heat-treatment is 

applied to β-TCP above the β → α transition temperature, at approximately 1125°C [9, 

45]. There are also calcium phosphates named biphasic calcium phosphate (BCP) that 

combine HA and TCP in their structure. Their degradation rate is dependent on the 

HA/TCP ratio, which make this material useful for a regeneration process since it is 

possible to adapt the HA/TCP ratio to reach the bone regenerative rate [48]. 

 

3.2. Bioactive glasses and glass-ceramics 

 Bioactive glasses and glass-ceramics are two types of materials that could be used 

in bone tissue engineering applications. They have variable properties according to their 

chemical composition. For example, bioactive glasses dissolution can vary from surface to 

full bulk degradation and this is dependent of their chemical composition. A bioactive 

glass is a material with a high percentage of silica (SiO2) and specific additives, such as 

calcium, sodium, or phosphorus oxides that could induce the formation of crystalline 

phases or vitreous matrices, depending on their relative chemical percentages. Usually, 

bioactive glasses have an amorphous structure, whereas glass-ceramics have some 

crystalline phases within an amorphous matrix, resulting from previous heat-treatments 

[26, 45]. In a review work from Kaur et al. [49], it was stated that an increase of glasses 

crystallinity decreases their bioactivity with structural tissues, making these materials 

more inert, which should induce tissue fibrosis [49]. Bioactive glasses bioactivity is 

measured by the ability to generate a physiological apatite layer on the material’s surface, 

when in contact with a simulated body fluid (SBF) in vitro. SBF is a saline solution that 

has physiological pH and similar ionic concentration to blood plasma. If the apatite 

formation is induced, the bioactive glass is considered suitable for bone regeneration 

processes. These materials should provide structural compatibility with tissues by the 

scaffold designing and production. In bone tissue engineering applications, bioactive 

glasses should also have the ability to restore vascularization, osteoblast adhesion and 

differentiation. However, there is cytotoxic reaction related to the release of degradation 

products or chemical elements present in bioactive glass structure that should be 

considered when designing scaffolds [49, 50].  

 

3.3. Polymeric biomaterials 

 Polymeric materials are also used in tissue regeneration applications as 3D 

scaffolds.  They can be both bioactive or biodegradable and either natural or synthetic. 

Natural polymers for bone regeneration processes often include collagen, alginate, 

chitosan, and hyaluronic acid, while poly(α-ester)s, polyurethanes, polyacetals, poly(ester 
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amide)s, polyanhydrides, polyphosphazenes, and pseudo poly(amino acids) are classes of 

synthetic polymers with applicability in bone tissue engineering [32, 36].   

 

 Chitosan is a natural polysaccharide, a co‐polymer of D‐glucosamine and N‐acetyl-

D‐glucosamine that can be used as a biodegradable scaffold for regeneration processes. It 

is responsible for cell adhesion and interaction with collagen fibres, present in the bone 

matrix. Moreover, chitosan has also a role in the interactions with osteoblasts or other 

mesenchymal stem cells, promoting a bone matrix regeneration, accomplished with 

osteoconductive properties. Chitosan’s properties could also be changed by modifying its 

chemical structure with additives like ions or other functional groups. In addition, these 

properties could change the polymer degradation rate, so that this disadvantage should 

be considered in its production for bone tissue applications. Chitosan is commonly used in 

composite materials, especially with a ceramic material like HA, making this material 

more osteogenic due to high cell proliferation and differentiation into osteoblasts, 

increasing the rate of mineralization. Chitosan can also be combined with bioactive glasses 

[9, 51, 52]. Chitosan scaffolds are easily produced and shaped into several forms, such as 

sponges, fibres, and beads for orthopaedic applications. These porous structures could be 

obtained by freezing or lyophilizing chitosan acetic acid solutions processes. Through 

electrospinning processes, chitosan fibres may also be obtained [35]. 

 

 Alginate is another natural polymer, an anionic linear polysaccharide of β‐D‐

mannuronic acid and α‐L‐guluronic acid and it is usually produced as a hydrogel. It has low 

toxicity and it has interesting properties since it can be injected into the local of interest 

or moulded into some specific shape. Furthermore, this material shows an interesting 

dissolution rate, suitable for tissue engineering applications, under physiological 

conditions. Therefore, alginate scaffold can achieve several porosity levels, allowing 

higher interaction with cells and biomolecules. Alginate hydrogels have been intensively 

studied for bone engineering problems, since they could be used as carriers of soluble 

factors or bone morphogenetic proteins and deliver them in the target tissue, resulting in 

a more directed treatment and bone regeneration promotion. In addition, composites of 

alginate and calcium phosphates have been studied for bone regeneration, exhibiting high 

osteogenic differentiation and biomineralization. However, alginates had the 

disadvantage of lower mechanical properties when compared to the hard tissues [51, 52].   

 

 Collagen are natural proteins that constitute a major part in structural tissues, 

especially collagen type I, and it is the most abundant protein in the human body. Collagen 

is biocompatible, bioactive and it presents surface properties that prompts cell binding. 

With this, collagen proteins could be considered as a good substrate for cell adhesion, 

proliferation, and differentiation.  Pure collagen has good mechanical properties; 

however, it presents brittleness when used in scaffold form. When in direct contact with 

culture cells, contraction and changes in geometry might occur, limiting its use as a 

scaffold. Therefore, its inclusion with other materials surpasses limitations offered by 

pure collagen scaffolds. Collagen biocomposites with ceramics, carbon or other polymers 
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have been extensively studied and used in bone tissue engineering, mainly due to 

structural stability and improvement of osteoinductivity. In addition, collagen 

biocomposites offer a high control of scaffold structure porosity [35, 51, 52]. 

 

 Other class of polymers suitable for bone tissue engineering applications are 

synthetic polymers, mainly polyesters. These polymers contain an aliphatic ester bond in 

their chemical structure, which makes them degradable and hydrophilic. For biomedical 

applications, polyesters must have a short aliphatic chain, so that their degradation 

properties could be controlled. If not, they assume high rates of degradation, which makes 

them inappropriate for bone regeneration. Polyesters can achieve high purity levels and 

interesting mechanical properties for bone engineering, making them suitable to be used 

as bone grafts. The most used polyesters for bone regenerations applications are polylactic 

acid (PLA), polyglycolic acid (PGA), polylactide-co-glycolide (PLGA) and polycaprolactone 

(PCL) [36]. Just like natural biopolymers, they can be combined with growth factors, and 

with calcium phosphates, so that their osteogenic properties could be increased [51-53]. 

 

 Polyether are also used in bone regeneration processes. Since they have an easily 

reproducible structure that could be modified and controlled according to the final 

application, such as: molecular weight and density, degradation rate, strength, and 

stiffness. In addition, high hydrophilicity increases cell interaction and proliferation, 

which is important for tissue regeneration. However, mechanical properties are not 

suitable for bone regeneration. When combined with other materials, polyether exhibits 

interesting mechanical characteristics and biocompatibility. An alternative to overcome 

this problem is to blend polyether with polyesters [51-53].  

 

4. SCAFFOLD PRODUCTION TECHNIQUES  

Materials selection along with scaffold fabrication techniques have an important 

role in determining their properties for the target applications. Scaffolds can be produced 

either through conventional or advanced fabrication methods. Conventional methods rely 

on solvent casting/particle leaching, melt moulding, gas foaming, thermally induced 

phase separation and freeze drying, while examples of advanced techniques methods are 

electrospinning, rapid prototyping, stereolithography and three-dimensional (3D) printing 

[54, 55].  

 

4.1.  Conventional methods for scaffold production  

Solvent casting/particle leaching (SCPL) was the first technique to be used for 

scaffold fabrication. This method consists in dissolving a polymer like PLLA or PLGA into 

organic solvents, such as chloroform or methylene chloride. Then, this solution is casted 

onto a mould filled with a porogen agent like sodium chloride, for instance. Porogen 

agents are added to the solvent with the purpose of controlling porous size and porosity 

percentage of the final scaffold. After solvent evaporation, the polymer matrix with 

porogen particles is leached, resulting into a porous scaffold. Since high porosity levels 
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and interconnectivity are key factors in scaffold application in bone tissue regeneration, 

these parameters must be controlled by increasing salt concentration in the composite. 

Above 70% of salt into the material, pores exhibit high interconnectivity. Although the 

simplicity of this scaffold production technique, it lacks achieving uniform arrangements 

of salt particles through polymer solution, due to salt/polymer density dissimilarities. 

Also, salt particles are difficult to remove after mixing the polymer and the porogen agent, 

limiting maximum pore percentage (up to 90%) and size (between 5 to 600 μm). Moreover, 

the general use of organic solvents in this process limits scaffold biological application 

since these solvents are usually highly toxic, therefore, cells will not be viable after 

seeding into these scaffolds [54, 55].  

 

Melt moulding is a scaffold production process based on mixing a polymer powder 

(PLGA, for example) with gelatine microspheres in a Teflon mould. This mixture is heated 

above polymer glass transition temperature, in order to incorporate biomolecules through 

gelatine, resulting into a composite. After molecule bonding, the composite is leached by 

immersion in water, removing the water-soluble microspheres and creating a porous 

structure. Porosity and pore size are also dependent on the porogen agent concentration 

and diameter. In addition, toxic solvents are not used in this process, which is more 

biocompatible for cell adhesion and growth [54, 55].  

 

 Phase separation technique is a procedure where emulsification and liquid-liquid 

phase separation occurs. This process depends on a variation of thermal energy that 

triggers a polymer dissolution with a homogeneous network, creating an 

thermodynamically instable solution. Firstly, a polymer solution is heated, followed by 

addition of solvent. After that, the temperature decreases down to the solvent melting 

point and the phase separation initiates, creating two distinctive phases: a polymer-rich 

phase and a solvent-rich phase. These two phases could be obtained either by strong fluid 

separation or with the introduction of a fluid stage division component. Then, both phases 

are quenched with liquid nitrogen, obtaining two distinctive solid phases. Afterwards, the 

solvent is removed by sublimation, resulting into a polymer porous structure. In this 

process, porosity and 3D structure are affected by the temperature cooling rate and 

differences between solvent and polymer melting points. Pore diameter can range 

between 50 and 100 μm. Relative homogenous pore distribution can be achieved with this 

scaffold production process with a maximum total porosity percentage of 87%. However, 

this process could offer cell use limitations since the use of organic solvents like 

naphthalene and phenol can have a cytotoxic effect [54, 55]. 

 

 Gas foaming technique is a process in which an inert gaseous porogen agent, like 

carbon dioxide (CO2) or nitrogen (N2), is used. Gaseous porogens can be either developed 

through chemical reactions during polymerization processes or by gas release when 

pression decreases or temperature rises. Foaming agents like sodium bicarbonate are 

mixed with solid polymer disks. When the high-pressure gas is applied, the gas saturation 

increases in the polymer mixture. The decrease of gas pressure to environmental pressure 
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creates a thermodynamic instability, leading to nucleation of pores within the matrix upon 

gas expansion. Later, the formed scaffolds are lyophilized to remove the foaming agent. 

The porous structure is formed due to the action of acidic aqueous solution and foaming 

agent with gas release. Upon gas release, materials matrix could exhibit porosity levels 

up to 93%, with an average of 100 μm in pore size. This method could induce a 

heterogeneous porous structure, with high range of porous size. Differently, this technique 

is reliable to produce an interconnective porous matrix without the use of solvents, 

increasing the biocompatibility and cell adhesion [56, 57]. 

 

 Freeze drying process involves a thermal induced phase separation. A polymer is 

initially heated and dissolved in a water-based solvent, achieving the homogeneity. After 

that, the polymer solution is transferred to a mould, while temperature decreases, 

forming solvent-rich crystals. Crystals act as porogen agent, controlling pore size and total 

porosity on the matrix. The freezing temperature and the polymer mass ratio in the 

solution could influence the pore size range and the interconnectivity porosity. An 

increase in freezing temperature rate implies a production of small pore size. Once the 

system has been stabilized, the solvent-rich phase is removed through vacuum sublimation 

at low pressure, leaving a porous 3D structure. High temperatures or leaching steps are 

not required with this process, nor the use of organic solvents [35, 54, 58].  

 

4.2.  Additive manufacture methods for scaffold production 

 Conventional methods have been a starting point into direction of scaffold 

production with more advanced methods like additive manufacturing (AM). Conventional 

strategies face some important limitations such as adjustments of microstructure 

morphology and total porosity, pore size, geometry and interconnectivity, and toxicity 

levels due to use of porogen agents and organic solvents. However, conventional methods 

are still in use especially associated to low cost and minimal equipment complexity. 

Processes like electrospinning, stereolithography, selective laser sintering, fusion 

deposited modelling and three-dimensional printing have been developed in order to 

overcome important needs in the new strategies of bone tissue regeneration. In addition, 

all processes consist in production of templates layer-by-layer from a previous computer 

model, i.e. Computer-Aided Design (CAD) programme. Regarding CAD programmes, 

models can achieve outstanding precision, resolution and reproducibility, in comparison 

to conventional production methods [54, 59]. 

 

4.2.1. Electrospinning 

Electrospinning is a strategy of polymeric scaffold production where a three-

dimensional structure is developed through electrostatic forces, creating fibres from 

polymeric solutions. Fibres with small diameters, from 20 to 1000 nm, and with high 

surface area are produced by electrospinning techniques. Production of electrospun fibres 

requires a high direct current (DC) voltage and they may be produced under room 

temperature conditions. Fibres can be produced horizontally or vertically, according to 
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each electrospinning setup. Polymeric solutions for electrospinning must be homogeneous, 

therefore, these polymers should be dissolved in solvents [56]. After dissolution, the 

polymeric solution is placed into the metal nozzle. A high DC voltage is provided, 

accelerating the polymeric solution through the nozzle towards the metal collector. The 

use of high voltage charges to the solution creates a repulsive energy inside the system. 

When the values of this energy exceed the surface pressure power, the charged solution 

streams towards the collector charge cathode. Solvents, like water, are commonly used 

in electrospinning processes. They must exhibit sufficient volatility because electrospun 

fibres porosity is highly affected by this parameter. Volatile solvents also induce a more 

successful phase separation before deposition of solid polymer fibres. Natural polymer 

fibres like chitosan, collagen or silk fibroin could be produced by electrospinning. 

Synthetic polymers (for example PCL, PLLA or PVA) are also used in this process, however 

these polymers biodegradation could result into toxic degradation products that could 

induce inflammatory responses. In addition, synthetic polymers have a lack of functional 

groups, with a different molecular structure from extracellular matrix compounds, 

increasing its probability of lower biocompatibility inducing a no specific inflammatory 

response by the host immune system [60-62]. 

 

4.2.2. Stereolithography 

 Stereolithography (SLA) production methods uses ultraviolet (UV) light or laser to 

polymerize photosensitive polymers, layer-by-layer. Firstly, a platform is immersed in a 

photopolymer liquid. Then, the photopolymer liquid is exposed to an UV light, inducing 

polymer solidification in the light-exposed areas, according to a CAD model design. Each 

layer of material is produced through a platform movement, until the structure is 

completed. Afterwards, the construct goes through a non-polymerized resin removal step. 

At the end, the material follows a curing process to improve the polymerization between 

layers and reduce surface irregularities. SLA process is ideal for structures with high 

resolution and details. The average resolution of this process is approximately 150 μm, 

however, micro-SLA techniques are already being improved, allowing resolutions of 0.5 to 

10 μm. SLA also offers an overall reduction of production time, since a final 3D structure 

is obtained in a shorter period, comparatively to other conventional techniques. On the 

other hand, SLA techniques only allow for production with photopolymers or composites, 

which possess photosensitive initiators, limiting its general use. Moreno Madrid et al. [59] 

and Mota et al. [63] highlight other drawbacks that must be considered when a  3D model 

is designed in a CAD software, such as structure shrinkage after curing, the use of auxiliary 

structures for complex designs, limitations on bioactive molecule loading and toxicity 

associated to the photosensitive polymers, which are not suitable for bone tissue 

engineering applications. Poly(propylene fumarate) (PPF) and its composites, PLA, PCL 

and poly(ethylene glycol) (PEG) are some examples of photopolymerisable polymers for 

bone tissue engineering application. Suspensions of β-TCP and HA/polymer (for example, 

poly(ethylene glycol) dimethacrylate (PEGDMA) or agarose) composites have been also 

used in SLA technologies for scaffold production [59, 63].  
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4.2.3. Selective laser sintering 

Selective laser sintering (SLS) is an AM technique that consists in fusing powders or 

small particles of ceramic, metal or thermoplastics with a high intensity CO2 or Nd:YAG 

laser beam to obtain a 3D porous structure. The first step of this AM process is to prepare 

a powder bed, where laser light exposure occurs, according to CAD model design. 

Subsequently, a new powder layer is placed above the previous one and then the laser is 

applied again, following layer-by-layer until the design of the construct is completed. 

Laser intensity can bind the polymer particles in each layer and between layers, forming 

a cohesive 3D scaffold. Therefore, the remaining powder belonging to the non-sintered 

areas could be removed. Scaffolds produced by SLS shows that materials’ mechanical 

properties are strongly dependent on the processing parameters, such as, polymer type, 

powder bed temperature, laser intensity, particle size and layer direction. Material’s 

mechanical properties condition scaffold’s application exclusively for non-load-bearing 

sites, since parameters like tensile and yield strength are highly dependent on layer-on-

layer orientation [57, 59]. Scaffold porosity is mainly influenced and controlled by powder 

particle size, laser energy density and hatch distance (distance between adjacent laser 

pathways) [64]. For this technology, powder particle size range is 10 to 150 μm. Laser 

energy varies according to each powder melting point and the parameters could be 

adjusted by changing powder particle size, beam spot size and scan speed. Slower laser 

scanning speeds are better suited for materials’ production with higher density. This 

occurs due to higher interaction between the powder and the laser beam, therefore 

increasing the energy rate directed towards the powder bed and subsequently lower 

scaffold’s porosity. In addition, thin thickness of the layer increases interactions between 

the particles on the different layers for the same laser settings. This is explained by the 

increase of the powder particles fusion, implying a higher heat energy transfer and 

adsorption from the previous layer and, consequently, the porosity decreases. Finally, 

hatch distance should be equal or greater than the laser beam spot size, enhancing 

appropriate connectivity between layers and higher porosity percentage [57, 59]. 

Scaffolds produced with this technology often include biomaterials, such as, HA, β-TCP, 

PLLA, PCL, PEEK, among others, and their composites [65]. Despite SLS advantages, 

polymers and ceramics for this technique must be available in powder form, increasing 

the process overall cost, therefore, decreasing its applicability potential [57, 59].  

 

4.2.4. Fused Deposition Modelling 

Fused deposition modelling (FDM) is a technique based on the extrusion of a 

polymeric fibre through a heated nozzle. The polymeric filament is supplied to the nozzle 

by drive wheels. In the nozzle, the polymer filament it heated to the material melting 

point. Then, the polymer is continuously extruded to a platform, layer-by-layer, according 

to the CAD file, until the construct is concluded. After each layer, the platform moves 

downwards, determining the layer thickness. FDM manufacturing can achieve high 

construct resolution, defining the quality of the produced scaffold. By optimizing 

parameters such as coordination between head movements and drive wheels, heat retains 

into the material after the deposition and extrusion nozzle movement, this remained heat 
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allow a materials’ production with high resolution. Besides FDM advantages, this scaffold 

production technique is limited to a few thermoplastic polymers like PCL, PLA and PEG. 

These polymers application depends on their physico-chemical properties like 

thermoplasticity, viscoelasticity, viscosity, and ability for fibre processing. FDM constructs 

show promising clinical results as far as the materials possess high biocompatibility and 

allow cell in vitro proliferation, differentiation, and extracellular matrix production [57, 

63]. 

 

4.2.5. Three-dimensional printing  

3D printing is a production technology suitable for polymeric, ceramic, and 

composite powder materials. 3D printing is a technique based on a controlled deposition 

of a binder material laid on a powder using an inkjet head. After binder deposition, a layer 

of powder is placed on top and the deposition process restarts to produce another layer, 

until the scaffold is concluded. After a layer deposition, the construction platform moves 

downwards. This movement is responsible for defining the construct layer thickness. Also, 

in each layer, there is an unbound powder that acts as support for the construct. After 

scaffold production, the construct must undergo a sintering step for the binder removal. 

Powder wettability and flowability, particle size, powder packing density, binder drop 

volume, and layer thickness are parameters that should be considered and optimized in 

order to obtain a scaffold with high quality. This additive manufacture technique shows 

high production rate, and it could be used to produce large size models, making 3D printing 

an interesting technique for industrial applications. However, scaffold shrinkage after the 

sintering step is a disadvantage of this process, which induces distortions and possible 

fracture of the model. In addition, after sintering process, residual non-bound material 

could be found, especially in complex structures, needing a post-processing step to 

remove the unbind material. High surface roughness could also be obtained with this 

process. Moreover, organic solvent could be used in this process, reducing the materials 

biocompatibility, and cell adhesion and proliferation. Therefore, the use of sintering steps 

usually excludes the incorporation of organic agents [57, 59, 63]. Low temperature in 3D 

printing is an alternative where powder solidification occurs through hydraulic setting 

reaction, without further sintering steps application, making these constructs suitable for 

drug association during 3D printing process [66]. For bone tissue engineering application, 

3D printing shows a promising and resistant glass-derived scaffold production. These 

scaffolds achieve total porosity of 50% and show suitable properties for load-bearing 

applications, mimicking cortical bone mechanical properties, as studied by Mancuso et al. 

[67] and Baino et al. [65]. Glass-ceramic scaffolds are produced with ceramic materials 

such as HA and other calcium phosphates, 45S5 Bioglass®, 13‐93 glass, and mesoporous 

bioactive glasses (MBGs). These materials could also present crystalline phases after 

sintering [65].  

 

Depending on each final use, scaffolds show different mechanical properties and 

biological behaviours according to their production processes. Therefore, scaffolding 
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biomaterials and their preparation technique should be taken in account when selecting 

the most adequate option for bone tissue engineering application [35].  

 

5. DELIVERY SYSTEMS FOR BONE REGENERATION AND PREVENTION OF 

INFECTIONS 

5.1. Bone infections and prevention  

Bone infections, as osteomyelitis, are primarily caused by infectious bacteria, 

mainly Staphylococcus aureus (S. aureus) and other strains from the same family. 

Escherichia coli (E. coli) strains can also induce bone infections. Bacteria host in bone and 

adhere to structural proteins and bone matrix components, developing an inflammatory 

response and erythema of tissues. This clinical condition could be either acute or 

chronical, according to its developing stage and interaction with bone cells (increase of 

osteoclast activity and decrease of osteoblast function) [21, 68, 69]. Bone infections can 

be induced by several forms and they are classified according to origin of infection. They 

can affect patients as post-traumatic or post-surgical conditions, or they may be a 

consequence of bone adjacent infected tissues or they may have a hematogenous origin 

and spread [21, 69]. When a bone infection has a post-surgical origin, it means that the 

contaminated implants or cements caused the infection, creating an adverse inflammatory 

reaction in the human body. Pathological microorganism could be present either in the 

bone implant, as a biofilm, or in the surgery room environment, promoting its proliferation 

and genotypic differentiation after implantation, so it is imperative that bone grafts are 

implanted free of contaminations, in a sterile surgical environment. When it is observed 

that the cause of infection resides in a graft implant, it should be removed immediately 

[68, 70]. Prevention of bone infections should be a top priority when bone graft surgery is 

considered, so that new surgeries could be avoided, as well as patients’ discomfort. The 

combination of graft substitutes with pharmaceuticals presents an alternative and a 

preventive method for bacterial infections. When an infection is already established in 

bone, it is mandatory to combine an adequate therapeutic approach so that infection 

could be controlled adequately, meaning that, if possible, it is required to identify the 

bacteria present at the infection site. In addition, it could be necessary to combine more 

than one antibiotic, in a dual therapy. Additionally, when pharmaceuticals are 

administrated to prevent these infections, along with scaffolds, a large spectrum 

antibiotic could be used [21, 69].  

 

 There are several classes of antibiotics to prevent and treat bone infections, such 

as, aminoglycosides, lipopeptides, glycopeptides, and lipoglycopeptides. Gentamycin is 

an antibiotic that belong to the aminoglycoside group of pharmaceuticals. This antibiotic 

inhibits synthesis of ribosome-related protein, which blocks the complexation of genetic 

information in messenger-RNA and, afterwards, bacteria death is induced by lack of 

protein synthesis. Daptomycin is an example of a lipopeptide antibiotic and its mechanism 

of action interacts with cell’s lipidic membranes, where lipidic aggregates are form. These 
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aggregates interfere with cells stability and polarization, inducing bacteria death. 

Vancomycin is a glycopeptide drug and it is one of the most used antibiotics to treat and 

prevent bone infections. Bacteria cell walls have peptidoglycans in its structure and 

vancomycin inhibits their proliferation. Peptidoglycans play an important role on cell walls 

since they keep cells integrity against extracellular phenomena like high osmolarity. Thus, 

vancomycin interferes in these molecule syntheses, creating chemical bonds between cell 

walls and the active compound of the antibiotic, inhibiting bacteria proliferation and 

transpeptidation, inducing bacteria death. Finally, antibiotics like telavancin or 

olritavancin, which belong to the lipoglycopeptides group, are considered 

pharmaceuticals that influence bacteria, both Gram-positive and Gram-negative strains. 

Similar to vancomycin, these antibiotics have effects over cell walls and their stability, 

which means that they have to damage the cell walls, so the active compounds could 

reach the bacteria cytoplasm and induce its death [70, 71].  

 

5.2. General considerations of scaffold drug delivery 

 Scaffolds are graft substitutes that can be implanted in bone. These materials 

should assume osteogenic properties, should have a controlled degradation rate and do 

not induce a chronicle inflammatory response in host’s tissue. Sometimes, these materials 

are implanted associated with drugs. The main objective of this composite is to promote 

a solution for a clinical problem (i.e. prevent possible infections at the implant site) and 

promote bone healing. However, some overall properties must be considered previously 

to implantation, such as, drugs integrity should be kept during association processes, 

material scaffolds should be biocompatible when associated with drugs or compromise its 

bioactivity. Scaffolds should also have interconnected porosity, in order to increase 

surface area and enhance higher drug loading and, finally, materials’ degradation rate 

should not be higher or lower enough to compromise the drug bioactivity and safety [72-

74].  

 

The combination of a material scaffold with a drug could be defined as a drug 

delivery system. This term refers to any material that is loaded with active compounds 

and drugs, which are released afterwards at a desired tissue site. This delivery method of 

drug administration has the objective of a local application of medicines, increasing its 

efficiency, avoiding systemic toxic effects and multiple administrations. Furthermore, 

scaffolds could also be associated with cells, proteins and genes, improving its healing 

properties and treatment of several pathologies [75]. Drugs can be associated with porous 

scaffolds via physical or chemical interactions. Physical loading could be achieved by 

surface adsorption, physical encapsulation, ionic complexation, or chemical affinity 

binding. On the other hand, chemical interactions are established primarily through 

chemical bonds [74].  

 

Surface adsorption is a physical association method and it is the simplest one, since 

it joins the material and the drug solutions, while the drug is being linked to the scaffold’s 

surface. Later, when scaffold/drug is implanted, the drug starts to be released from the 
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material and begins to interact with tissues and cells at the local site. The simple 

adsorption of the drugs may eventually allow for a controlled release and local kinetics, 

keeping stable the drug concentration, being this property dependent of initial molecule 

adsorption time, drug concentration, matrix porosity, wettability, and materials’ surface 

area. However, there is always a limitation of the adsorption efficiency associated with 

chemical properties of the material and/or to the drug. Encapsulation association is other 

type of physical interaction between the material’s surface and drug’s chemical active 

compounds. The encapsulation of the active molecule into the scaffold to produce 

polymer blend carriers, by soaking the polymeric material into the drug solution. This is 

followed by establishing bonds between the material and the encapsulated drug through 

crosslinking. Ionic complexation and affinity binding are other physical interaction 

processes that results in a higher interaction between the drug and material. The increase 

of drug interaction and immobilization to the material translates into a slower and more 

controlled release rate. Although, these interactions between the drug and the material 

could show limitations of drug loading leading to a drug concentration reaching the local 

toxic level and a drug diffusion to other organs and tissues with no-desirable side effects. 

In another way, the physiological interactions to the complex drug-material could lead to 

interruptions in the drug release, reducing the treatment efficiency that is a disadvantage 

of these physical processes of drug adsorption. In alternative, chemical interactions 

between the drug and the polymer seem to be more effective [70, 73-75].  

 

Chemical association processes of drugs with scaffolds is overall achieved through 

chemical bonds between functional groups present in its chemical structure and material’s 

surface. This method is used when a more sustainable and controlled release is needed 

and when physical association processes do not promote a viable controlled drug release. 

However, scaffold/drug complex efficiency is dependent on the amount of available 

functional groups that are complementary to each other, avoiding unstable reactions. In 

addition, chemical bonds formed into the complex drug-material should not have higher 

interaction that will not allow the delivering processes. Therefore, the material should 

have a degradation rate that will allow the drug-controlled delivery to the host tissue. In 

addition, there are categories of drugs that are not suitable for covalent bond coupling, 

leading to a slow release rate or a low concentration loading that could not support an 

efficient treatment and in the case of antibiotics it could promote a bacteria drug 

resistance effect [74, 75]. 

  

 After drug association with material’s surface, it is important that drug delivery is 

viable and does not compromise the physiological efficient effect. These medicine release 

systems can either be diffusion-assisted, on-demand or multivalent [74, 76]. Diffusion-

assisted is the most common type of drug release from a scaffold, being diffusion driven, 

as the names suggests. This release tends to follow an initial pick of drug concentration 

(first segment of the curve of figure 8), mainly due to drug that is adsorbed by external 

surfaces, which corresponds to larger area. After that, the drug release is kept sustainable 

with time (second segment, fig. 8), and its delivery rate is dependent of the scaffold 
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porosity, morphology, and drug diffusion to the outer part of the material, whose 

concentration will be reducing with time, until all the drug has  been released (final step 

- third segment, fig. 8). [72, 74]. 

 Additionally, drug release could be on-demand, meaning that its separation from 

material’s surface is dependent of a physical or chemical change in the tissue such as, 

medium temperature and pH, enzyme or cell activity, or trigged by an extracorporeal 

source like magnetic fields. The carrier must be sensitive to these factors and it must 

trigger drug release when changes are detected [72, 73]. Finally, drug carriers could be 

impregnated with more than one molecule, like growth factors. When this association is 

intended, the release usually follows a simultaneous or sequential order, during a period, 

according to drugs association and needs for the affected site. Frequently, this therapy is 

used when it is intended to target different stages of bone healing process. [5, 74]. 

 

Figure 8: General cumulative curve for diffused-assisted drug release from a porous scaffold, divided 

in three distinctive steps [71]. 

Figure 9: Different types of multivalent drug release. (A) simultaneous release from multiples drugs 
adsorbed; (B) compartment of drugs within the scaffold, with sequentially release; (C) drugs adsorbed with 

different carriers in the same scaffold, with different timeframes [73]. 
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 In drug /scaffolds association, most cases address a direct inclusion of the aqueous 

pharmaceutical solution into the material matrix and its subsequent release through 

diffusion assisted processes. Nevertheless, drugs can be encapsulated within the material 

matrix, being released afterwards alongside with scaffold dissolution or by dissolution of 

microcapsules [77]. Figure 10 shows schematically these enunciated differences.  

 

 

5.3. Antibiotics association with scaffolds and release 

 Local delivery devices are presented as an alternative to the associated 

disadvantages of antibiotic systemic delivery. This type of device promotes the 

administration of high concentrations of antibiotics at affected sites, during an extended 

period, with an effect above the minimum inhibitory concentration and below the toxicity 

levels. However, these devices effectivity are highly dependent on factors such as release 

rate and type of release, being characteristic to each antibiotic-material complex. If the 

release rate is high during a short period of time, a late infection could be established in 

the implanted graft. A delayed release with low drug concentration could also have 

disadvantages in improving bacteria resistance. The most important objective of 

combining antibiotics with material matrices for bone regeneration is to inhibit the 

formation of a biofilm by infectious bacteria that could be present at the bone defect 

site, preventing the establishment of an infection. A further biofilm formation could lead 

to failure of the graft, leading to a surgery for implant  removal [77, 78]. According to 

Rumian et al. [78] and Zilberman et al. [79], there is a 6-hour post implantation decision 

period to observe if there is no bacteria adhesion to the scaffold’s surface or an infected 

site. In that case, there is a higher possibility of successful bone regeneration [78, 79]. 

 

 For a successful antibiotic controlled delivery, there must be an initial efficient 

drug release to induce a change in the system’s equilibrium, reducing the probability of 

bacteria adhesion to the material’s surface. Afterwards, a sustainable release must be 

Figure 10: Different approaches of scaffold association with drugs and release [76]. 
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followed to inhibit the bacteria selection and the incidence of a later infection process. 

This second phase of drug release is mandatory since there are always bacteria associated 

to the implantation process or through systemic origin [77, 79]. Nonetheless, it is not 

possible to achieve an ideal release curve since its optimization depends on external 

factors related to the patients and their co-morbidities. In addition, some properties like 

antibiotic’s molecular weight, solubility, degradation temperature and range of actuation 

should be considered before its association with the materials’ matrices and its application 

[78, 79]. Parent et al. [80] developed a microporous (40 to 200 nm) HA scaffold associated 

to vancomycin. The drug concentration, controlled release properties and 

biocompatibility with murine pre-osteoblastic cells were studied. After the initial critical 

6 hours for bacteria adherence to the implant, they concluded that scaffolds impregnated 

with vancomycin showed a release above the concentration needed to inhibit bacteria 

adhesion and proliferation. Therefore, they observed that concentrations of 10 and 20 

mg/mL of vancomycin showed higher controlled release, with a constant concentration 

throughout the experimental period than the materials’ with 50 mg/mL of vancomycin. 

Although, applying a higher concentration seemed to be more effective to prevent 

infection. Higher controlled drug release is important to prevent bacterial resistance 

because unstable local drug concentration could lead to a higher risk of bacteria resistance 

after some days. Moreover, the authors’ biocompatibility results showed that higher 

concentrations of vancomycin (above 1 mg/mL) decreased pre-osteoblastic cells 

proliferation rate [80].  

 

 In the literature [79, 81, 82], it is possible to find antibiotic release from different 

types of scaffolds, mostly bioceramics, like calcium phosphates (HA and TCP), bone 

cements (PMMA), and biodegradable polymers like chitosan, collagen, PLGA copolymers 

or polyanhydrides. Other synthetic polymers like PLA, PGA, or PCL have shown interesting 

results in antibiotic sustained release, especially under nanoparticles form [81, 82]. In the 

past, PMMA beads loaded with antibiotics have been applied in bone for local drug delivery 

to prevent infections. Despite its therapeutically effect, a second surgery was necessary 

to remove the PMMA matrix since this polymer is not biodegradable. Also, antibiotic 

release from these beads is considered lower, with an additional problem of inducing 

bacteria resistance. Herewith, it was necessary to develop a biodegradable matrix with 

osteogenic and antibiotic association properties [77, 82, 83]. Flores et al. [84] showed 

that microparticles of PLGA were charged with gentamicin sulphate and then coupled to 

a porous HA scaffold, studying these particles release with the aim to achieve therapeutic 

results in preventing bone infections. They concluded in accordance with other published 

works [85, 86] that the release profiles are dependent of PLGA molecular mass and 

gentamicin concentration loading. Higher polymer/drug differences reduced the initial 

drug release. In addition, the control of particles’ diameter size should be compatible 

with matrix porosity. In that work, they observed that there was an initial release with 

higher drug concentration, followed by a prolonged release for 25 to 30 days. Degradation 

of PLGA microparticles increased HA matrix dissolution, but, at the same time, the 

percentage of new bone tissue growth was not affected, comparatively to other HA 
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scaffolds without PLGA particles. Also, HA matrix did not affect PLGA particles release 

kinetics, so it did not affect gentamicin release. The antibiotic release profile was totally 

driven by PLGA particles degradation. Herewith, gentamicin release from PLGA particles 

showed promising results when compared to studies with PMMA beads, which were the 

clinical protocol adopted for gentamicin controlled release [84].  

 

5.3.1. Scaffold surface modifications to enhance antibiotic delivery 

 Antibiotic controlled delivery could also be promoted by a surface coating of the 

implant preventing material associated infections. Surface coatings offer the advantage 

of antibiotic immobilization in material’s substrate without the use of a carrier or the 

scaffold itself. These coatings are considered active because they are designed to release 

high amounts of antibiotic right after scaffold implantation, without reaching toxicity 

levels. In contrast, passive coatings are usually applied to reduce bacteria adhesion to 

material’s surface by changing surface properties, decreasing the probability of bacterial 

adhesion [79]. Sreeja et al. [87] developed a fibrous scaffold of polyethylene 

terephthalate (PET), whose surface was phosphorylated and then coated with an antibiotic 

[87]. Ciprofloxacin was the antibiotic used and it was loaded to a biodegradable 

poly(hydroxyethyl methacrylate) (PHEMA). Phosphorylation of PET surface had the aim of 

improving this polymer biocompatibility and enhancement of bone regeneration 

processes. This surface coating increased the hydrophilicity and roughness of the scaffold, 

triggering the tissue mineralization with the deposition of natural apatite. Changes in 

surface roughness also influences apatite mineralization. The increase of hydrophilicity 

influenced swelling properties of the matrix leaded to ciprofloxacin release and 

enhancement of the materials pore size, which induced bone tissue regeneration.  Sreeja 

et al. [87] showed in a study that after 14 days 70% of the immobilized antibiotic was 

released, showing a promising result in terms of lower bacteria adhesion, and the 

improved of osteoconductive properties [87]. In another study, Abinaya et al. [88] made 

an review of surface modifications with chitosan coatings and the effect on the antibiotics 

adsorption. Chitosan’s wettability properties could be improved conjugating acid 

chlorides or anhydrides, by chemical modification or adding polymers like polydopamine. 

Therefore, these materials modifications could also favour tissue mineralization and 

antibiotic adsorption. Adding antibiotics with chitosan coatings or scaffolds reduces the 

probability of bacteria spreading and enhances slower release profiles, therefore 

increasing bone cells adhesion by chemical or hydrogen bonds within the material [88]. A 

manuscript published by Martin et al. [89]  investigated the association of an antibiotic 

with a 3D printed scaffold of PLA. These scaffolds were functionalized with collagen and 

citrate-HA nanoparticles. Minocycline, a tetracycline antibiotic, was used in this complex 

and it was associated to the scaffold through materials’ immersion into an antibiotic 

solution following a drying process. Scaffolds’ functionalization improved their surface 

wettability and compressive strength, achieving similar values to trabecular bone. The 

presence of citrate-HA nanoparticles did not affect minocycline’s release, which was 

immobilized on the scaffolds’ surface. Minocycline had an initial burst release followed 

by a sustained delivery, showing higher antibacterial adhesion resistance. Moreover, 
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according to the authors’ research, this antibiotic also increases cell adhesion and 

osteogenic potential to the scaffold when applied together with citrate-HA, mainly 

through its calcium-mediated signalling to the cells, which changes the extracellular 

osmotic levels, consequently increasing osteogenic differential [89]. In addition, a study 

performed by Sánchez-Salcedo et al. [90] proved that bacterial adhesion to the scaffolds 

surface is inhibited by changing zwitterionic nature of the material, preventing bacterial 

infections [90]. Zwitterionization is a process that changes materials’ surfaces through 

adding molecules that contain both positively and negatively charged functional groups, 

while its total charge is zero [91]. By changing zwitterionic surface nature of 

nanocrystalline HA and mesoporous silica-based scaffolds, the decrease of bacterial 

adhesion was observed, reaching 99% and 93% of no-adherent bacteria, due to the 

presence of –NH3
+ / –COO- and -NH2

+ / -SiO- zwitterionic pairs. These scaffolds were 

submitted to in vitro biocompatibility test with osteoblast cells (Saos-2), where there was 

no significant different between zwitterionic and non-zwitterionic surfaces, concluding 

that changing scaffolds’ surface through this process does not decrease the materials’ 

osteogenic potential. Mesoporous silica-based scaffolds were also loaded with cephalexin, 

an antibiotic, that showed a controlled drug release for more than 15 days. These 

combined properties showed that scaffolds with a dual role have a positive effect on 

preventing bone infections on the implant’s surroundings [90].  

 

5.4. Growth factors and cytokine association with scaffolds and release 

 Bone regeneration involves a complex sequence of processes that intervene in its 

healing, requiring the use of specific specimen growth factors (GF), hormones, and 

cytokines [73]. A GF could be defined as a biological soluble substance, usually 

polypeptides or proteins, which can assume the following physiological properties: 

 

• Vectoral or random cell migration 

• Mitogenic effect, meaning that cells proliferation rate is enhanced 

• Act as chemotactic agents 

• Cell differentiation and morphogenesis induction 

• Apoptotic induction 

• Inhibition of cellular activity, modulation of metabolic activity or both [92]. 

 

In natural environment, GF are secreted by cells and stored afterwards by 

proteoglycans in the extracellular matrix. Those factors have a natural affinity with other 

proteins, glycosaminoglycans and hydroxyapatite, which originates physical or chemical 

interactions through hydrophobic, electrostatic and hydrogen bonds. In addition, when a 

tissue morphogenesis is activated, GF create a gradient that induces and guides this 

process [93]. The endogenous protein’s activity is triggered by growth factors that 

promote cell differentiation and proliferation. These physiological processes are 

controlled by receptor proteins in the surface of cells, acting as signal transducers. Thus, 

there are growth factors that act as cytokines or hormones, mainly acting as cell 
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differentiation promoters and not as cellular mitogen [94]. The cytokines are small 

proteins that provide communication between cells through body fluids and hematopoietic 

system. These soluble molecules have a role as immunomodulators of cells and tumoral 

response from the immune system. Lastly, growth factors are considered morphogenic 

proteins that constitute a group of pivotal morphogenetic signals, organizing the tissue 

architecture throughout the body. However, these proteins have a short life stability 

because in natural state, their diffusion through the extracellular matrix is difficult and 

also unstable under pH or temperature variations. These proteins regulate the cells 

locally, making their association with scaffold materials an interesting approach for 

regenerative applications. In bone biology, there are growth factors present in 

regeneration and metabolism, such as, bone morphogenetic proteins (BMP), vascular 

endothelial growth factors (VEGF), platelet-derived growth factor (PDGF), transforming 

growth factor beta (TGF-β) and fibroblast growth factor (FGF) [33, 92]. The cytokines 

present in tissue regeneration and bone healing processes usually are tumour necrosis 

factor (TNF) and interleukin-1 (IL-1), among others [95]. In table 4, there are summarily 

presented growth factors involved in bone regeneration processes and its functions. 

 
Table 4: Growth factors present in bone tissue engineering and regeneration and its functions. Adapted 

from Orciani et al. [39] and Kuroda et al. [93] 

Growth Factor 
Tissues 

Involved 
Functions 

Bone 

morphogenetic 

protein (BMP); 

BMP-2, BMP-7 

Bone, 

cartilage 

Osteoblast differentiation and migration. 

Accelerated bone healing and formation. 

Fibroblast 

growth factors 

(FGF); FGF-1, 

FGF-2, FGF-18 

Bone, muscle, 

blood vessel 

Endothelial cell migration and proliferation. 

Increases MSCs osteogenic differentiation. 

Induces bone repair, regenerative and angiogenic process. 

Insulin-like 

growth factor; 

IGF-1 

Bone, cartilage, 

muscle 

Osteoprogenitor cell proliferation and differentiation. 

Increases signalling for cell survival and inhibits apoptosis. 

Platelet-derived 

growth factor; 

PDGF-AA, PDGF-

BB 

Bone, cartilage, 

blood vessel, 

muscle 

Osteoblast proliferation (in vitro). 

Type I collagen synthesis. 

Does not promote osteoblast differentiation. 

Endothelial cell proliferation, migration, and growth. 

Parathyroid 

hormone and 

parathyroid 

hormone-related 

protein 

Bone 

Bone resorption when continuously administrated. 

Osteoblast stimulation to induce bone formation when 

intermittent administrated. 

Transforming 

growth factor-β3 

(TGF-β3) 

Bone, cartilage 

Osteoblasts proliferation and differentiation. 

Formation of hyaline cartilage in vivo. 

Inhibition of proliferation of epithelial cells. 

Fibroblast proliferation and collagen secretion. 

Inhibition of extracellular matrix degradation by 

metalloproteinases. 
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Vascular 

endothelial 

growth factor 

(VEGF) 

Bone, 

blood vessel 

Endothelial cells angiogenesis and cell division. 

Osteoblast function and activity. 

Enhancement of vasculogenesis and angiogenesis when combined 

with BMP-2. 

 

 

The main interest of combining growth factors with porous scaffolds resides in 

improving these materials osteogenic properties. There are some types of materials that 

enable a sustained and controlled release of growth factors during bone regeneration 

process, mainly polymers and hydrogels [73, 94]. Metal and ceramic materials have been 

studied for scaffold use, but the use of polymeric materials, like chitosan or collagen, has 

a particular interest in growth factor delivery due to their osteoconductive and 

biocompatibility properties [96]. 

 

GF release is strongly dependent of scaffold’s geometry, volume, material, 

porosity, wettability, and biodegradation. The release of GF from a carrier is driven by 

diffusion control, enzymatic or chemical reactions, solvent control, or a combination of 

more than one factor. Diffusion-controlled release is mostly dependent on proteins 

solubility and diffusion coefficient in aqueous media, its interaction with material 

scaffolds and type of GF associated with the material. Growth factor delivery within 

scaffolds can follow two major processes of association, namely, by physical or chemical 

immobilization. Physical encapsulation, adsorption or ion complexation are processes of 

physical non-covalent association. Physical entrapment is a simple association method 

that physically blocks the ability of GF diffusion to the outer part of the capsule. These 

capsules are frequently bioresorbable and hydrophobic polymers, like polyesters, where 

its dissolution is induced by changes in culture medium, such as pH variations. This 

hydrolytic dissolution degrades the polymer chains of the polymeric capsule, releasing 

GFs. This degradation rate could be modified or controlled by changing the material’s 

chemical composition with lower hydrolytic degradation rate. Scaffolds for controlled 

delivery of growth factors require a high encapsulation percentage and a subsequent 

sustained release, allowing an effective therapeutically concentration at the delivery site. 

At the same time, scaffold should have a degradation rate, which allows bone 

regeneration, without the release of toxic degradation products [5, 92, 97].  

 

For bone regeneration, GF have been successfully entrapped in polymeric 

microparticles, liposomes, hydrogels, and foams. In addition, the GF controlled delivery 

is also applied in polymeric surface coatings of metallic materials like titanium implants. 

Another GF delivery process is through physical adsorption. This process is a simple 

association method primarily used in materials with adsorption properties, like collagen, 

where passive adsorption happens. GF can also be released by ion complexation, where 

proteins and charged macromolecules are complexed through their different isoelectric 

points. In ion complexation and physical adsorption processes, GF could be inactivated 

due to reactions that might occur between the polymeric scaffold and the GF [5, 92, 97]. 

Lastly, chemical GF immobilization usually results from the formation of covalent bonds 
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or anionic binding between the molecule and the carrier [98, 99]. It is a strategy used to 

retain GF for a larger period, reducing its release [76, 97]. According to Hu et al. [99], 

most studies do not discuss GF immobilization through covalent bonds, which makes it 

more difficult to assume a general statement over GF immobilization [99]. Chemical 

reaction-controlled systems often immobilize the GF in the material matrix and its release 

is dependent on the type of cross-linking bond formed with the scaffold and the materials 

degradation rate in physiological medium or with an enzymatic cleavage  [5, 92]. For 

instance, Ueda et al. [100] show that TGF-β1 embedded in a collagen scaffold has a 

release rate very dependent of the extension of the cross-linking formed between the two 

molecules [100]. Solvent-controlled release systems are a result of water penetration in 

the material with the immobilized protein, resulting in a specific degradation rate. The 

release kinetics of growth factors from scaffolds is determined by in vitro studies with 

different cell types. However, these models are far from the host response, especially due 

to the complexity of bone fracture site, involved processes, patient’s age, hormone, and 

nutritional status [5, 97]. There is a need to determine the minimally efficient 

concentrations of GF that have a clinical effect in bone regeneration. Some GF delivery 

with higher concentration could have the opposite effect, bone regeneration should not 

be stimulated, but in contrary it could be inhibited, so it is important that overloaded GF 

concentrations are not being applied  [5, 101].  

 

Immobilization of growth factors and cytokines within scaffolds is imperative for 

further applications as bone regeneration induction and physical support for cells. These 

proteins assume a certain instability, especially to physiological medium changes like pH 

variations. The loss of a protein conformation could lead to a failure in adopted 

therapeutics, causing a possible immunogenic effect. The development of strategies to 

store and optimize stability is important to keep GF integrity and action mechanism [102]. 

GF are immobilized in a material matrix because their effects in tissue site are more 

expressive than GF solubilized in the matrix, resulting in a higher internalization and 

down-regulation. Down-regulation is defined as the decrease of GF stimulation activity by 

its decomposition through cell activity [103]. Hauff et al. [104] state that immobilization 

of GF has advantages in cost efficiency, since lower concentrations of these proteins are 

used to obtain the same desired therapeutic concentration (figure 11) while their release 

is sustained. GF immobilization actual challenges reside in the amounts of immobilized 

proteins and molecules and changes in bioactivity [104]. Figure 11 enhances the positive 

effect of immobilizing GF in scaffold’s substrates. 
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Hauff et al. [104] developed a method for BMP-2 immobilization with chemical 

linkers (NeutrAvidin) in cellular fibronectin scaffolds. BMP-2 showed a retention on its 

bioactivity meaning that there was no interference by the cross-linking process. In 

addition, GF was released after two washing steps since it was necessary to remove 

protein excess.  BMP-2 release was below detection limits, meaning that this chemical 

crosslinking provided a well sustained release of the GF [104]. Hu et al. [99] studied the 

immobilization of VEGF on a titanium substrate with covalent bonds and via heparin-VEGF 

interaction, concluding that immobilization was successful in both cases. Nevertheless, 

VEGF bioactivity decreased using covalent bonding immobilization, in comparison to 

heparin-VEGF, probably due to conformational changes. Therefore, the enhancement of 

calcium deposition by heparin-VEGF bond was studied by these authors, showing higher 

calcium deposition in cell co-cultures of osteoblasts and endothelial cells, when compared 

to osteoblast cell cultures, concluding the importance of the use of both cell types in bone 

regeneration processes. Also, heparin-VEGF has shown hydrophilic properties and negative 

charge surfaces, that inhibit bacterial adhesion, such as, S. aureus, being this an 

important property to prevent bone infection [99]. 

 

5.4.1. Surface modification to enhance growth factor delivery 

There are several recently studied methods showing efficient and controlled 

delivery of growth factors for bone tissue engineering application. Some studies [96, 105] 

shows that association of growth factors with porous scaffolds through adsorption methods 

have some limitations, especially because of the short term high concentration release of 

the GF. Usually, a high concentration release is explained by the percentage of scaffold 

porosity, in which GF can diffuse to the tissue, since some of these proteins have 

nanometric diameter. Despite the higher soluble molecule’s diffusion, porous scaffolds 

are required for bone tissue engineering and its associated vascularization, so that its 

Figure 11: : Growth factor concentration and immobilization effect on mitogenic effect (left) and 

difference between soluble and immobilized growth effect on activation of signal proteins in bone cells 

through time (right) [100]. 
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integration to the bone tissue can be successful. In addition, high GF release rate is 

associated to the interaction between the material, the GF and the fluid physiological 

environment [96, 105].  

 

 Scaffolds surface has an important role in bone tissue engineering. Sometimes, due 

to low GF delivery efficiency and low cell interaction, scaffolds need to improve their 

biocompatibility and cell interaction by surface modification. There are studies [106, 107] 

that show that surface modification process could improve scaffolds bioactivity such as 

plasma treatment, UV radiation, surface coating, graft polymerization and electrospinning 

of active agents. These processes can promote the incorporation of functional groups like 

amine and carboxyl ends to the material surface, which is an advantage for proteins 

adsorption such as GF. Moreover, these surface modifications with polymeric 

nanoparticles immobilization can enhance mesenchymal stem cells interaction with the 

material, especially in vitro, improving the scaffold’s overall osteogenic behaviour by 

increasing cell differentiation and activity through the presence of biological and chemical 

stimuli. The combination of nanoparticles as carriers of GF with scaffold’s substrate 

enhances the possibility of multiple delivery, simultaneously or sequentially, increasing 

its osteogenic potential and its participation in affected site over time. In addition, GF 

viability and efficiency through nanoparticle immobilization maximizes the molecule or 

protein concentration in delivery site [106, 107]. Yilgor et al. [108] developed a fibrous 

chitosan-based scaffold to carry and release BMP-2 and BMP-7. These bone morphogenic 

proteins were encapsulated in different materials, in PLGA and poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV), respectively, with the aim of sequentially release. This in 

vitro study showed a high ALP production by cells, which indicates that sequential release 

of these GF could somehow enhance bone tissue production [108]. De Witte et al. [96] 

successfully immobilized BMP-2 through its encapsulation into poly(methyl methacrylate‐

co‐methacrylic acid) (P(MMA‐co‐MAA)) nanoparticles in chitosan scaffolds. The authors 

showed a higher initial GF release followed by a sustained release. This nanoparticles 

encapsulation showed that covalent biding of these particles decreased GF release rate, 

remaining the PMMA particles into the scaffold’s after 4 weeks, along with GF release. 

This is a positive result since guarantee the BMP-2 presence into the bone defect after 4 

weeks. In this study, the materials’ showed no cytotoxic effect [96]. Sun et al. [109] 

studied the association BMP-2, VEGF and Wnt with calcium phosphate scaffolds through 

encapsulation and covering the material’s surface. These authors showed that BMP-2 had 

a higher release rate in calcium phosphate scaffolds with larger pore size and 

interconnectivity, concluding that changes in scaffolds pore size could be adjusted to a 

more controlled molecule delivery. In addition, in this study, the association with all three 

mentioned growth factors ligands could promote higher osteogenesis than a single one. 

Several combination of GF concentrations were used to observe osteoblasts and 

endothelial cells response, and bone mass formation. This combination of GF showed 

higher proliferation rate of active osteoblasts, as also a higher bone mass formation, 

comparatively to using a single GF. The higher effective combination was showed with 

higher BMP-2 and VEGF concentrations [109]. A similar experiment was carried out in vivo 
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by Patel et al. [110] with rats, where dual delivery of BMP-2 and VEGF from gelatine 

microparticles in a PPF scaffold produced higher mineralization and bone formation than 

each GF used alone. This study showed great results by combining and simultaneously 

releasing an angiogenic factor (VEGF) with a osteogenic factor (BMP-2) [110]. 

 

 Growth factor inclusion in bone scaffolds has shown advantages and limitations. 

Limitations frequently rely on sustained control releases difficulties since it is not 

desirable to have a burst release in injure site. Bioactive scaffolds design should have as 

main goal the effective release growth factors for a prolonged or sufficient period, 

enhancing new bone formation and decreasing the physical degradation rate, and 

therefore, increasing its efficiency. Methods like physical encapsulation, covalent or non-

covalent binding, and use of micro or nanoparticles as reservoirs are processes used for 

GF inclusion.  Physical encapsulation of bioactive agents is a simple method that involves 

GF blending within the matrix material prior to scaffold production. Also, this process 

does not affect scaffold production process neither affects its properties by small amounts 

of GF. However, a lower binding between bioactive molecules and material matrix may 

occur, leading to an initial burst release of the GF, before cell adhesion and proliferation, 

which is not favourable for the regenerative process. Hence, incorporation of GF within 

the core-shell matrix shows a more promising approach for bone regeneration processes 

since GF integrity and bioactivity is preserved. Lastly, there is an increased attention on 

GF inclusion through nano- or micro-particles via the scaffolds. The use of these particles 

promote a high loading efficiency, high surface/volume ratio and conservation of 

biological activity, therefore controlling GF sustained delivery and release [57]. Despite 

the significant potential of GF inclusion within scaffolds, there are certain challenges that 

should be considered when GF association happens during scaffold production steps. Since 

GF have proteic nature, they have sensitivity to high temperatures, pH changes and 

organic solvents use, being these parameters associated with scaffold manufacturing 

stages [111]. A recent study performed by Karpov et al. [111] exhibited several approaches 

of GF (BMP-2 and erythropoietin) inclusion in electrospun polymeric scaffolds using nano-

sized CaCO3 core-shell particles (CSPs) and silica particles (SiPs), evaluating the loading 

efficiency, release and bioactivity. GF entrapment occurred through strategies such as 

physical adsorption, co-precipitation, and freeze-induced loading. The authors concluded 

that the use of CSPs and SiPs allowed a prolonged and sustained release of GF, achieving 

higher promising results with co-precipitation method. In this, GF inclusion reached higher 

levels and its complete release was achieved during the incubation time. At the same 

time, GF association did not affect cell adhesion, growth, and differentiation within the 

scaffold. In addition, BMP-2 association enhanced osteogenic differentiation of hMSCs, 

showed by higher ALP activity [111]. 
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6. CELL DELIVERY THERAPIES 

Cell delivery is an alternative that could be a successful regenerative strategy 

besides growth factor or other soluble molecules delivery. The presence of cells should 

induce host cells migration, proliferation, and differentiation into new bone tissue. The 

use of cells for direct bone regeneration increases cell population, enhancing tissue 

formation with the use of ex-vivo cultivated cells such as stem cells or progenitor cells. 

These cells are isolated from the patient tissue and cultivated in vitro to increase its 

number to allow an efficient tissue engineering strategy. After the in vitro culture, the 

cells could be injected either by local or systemic injection or even conjugated with 

biomaterial, which is implanted in the damage/loss tissue to promote the regeneration 

[92, 112].  Due to ethical and social reasons, cell use on musculoskeletal disorders is 

limited to autologous adult progenitor cells transplantation. Other types, like multipotent 

and totipotent embryonic stem cells, can only be used in experimental studies and tests 

[113].  

  

 In bone tissue applications, there are two clinical approaches of cell therapy using 

scaffolds, namely, therapies using ex vivo cell expansion (with or without cell 

differentiation) and without expansion in culture mediums (with or without isolation of 

primary cells) [113]. For bone tissue engineering applications, there are many types of 

stem cells that could be used due to their differentiation ability and further promotion of 

osteogenesis. The most used cells are BMSCs especially due to its osteogenic properties 

[114]. There are other examples of cells that could be used in bone tissue engineering, 

present in table 5, as well as their main properties.  
 

Table 5: Stem cells used in bone tissue engineering and its principal properties. Adapted from Hao et al. 

[113] 

Cells Properties 

Bone marrow mesenchymal stem 

cells (BMSCs) 

High osteogenic potential 

Most intensively studied  

Embryonic stem cells (ESCs) 
Pluripotent potential 

Ability to differentiate into all bone cell types 

Umbilical cord blood 

mesenchymal stem cells  

(CB-MSCs) 

Broad differentiation and proliferation 

Higher control under in vivo experiments 

Amniotic fluid derived stem cells 

(AFSC) 

Pluripotent potential 

Ability of differentiation into all bone cell types 

Adipose derived stem cells 

(ASCs) 

High osteogenic potential 

Ability to be harvested easily 

Highly abundant 

Induced pluripotent stem cells 

(iPSCs) 

Pluripotent potential 

Ability to differentiate into all bone cell types 
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 BMSCs are cells with more availability, therefore the most studied ones. It has been 

used in bone or cartilage repair since it has low tumorigenicity and high angiogenic 

potential. However, the use of these cells must be controlled because phenotypic changes 

might occur, compromising their therapeutic effect. Moreover, age and clinical historical 

of donors or patients could influence BMSCs properties. ESCs have also been studied due 

to its high differentiation ability and long-term self-renewal, their use is still under ethical 

and political restrictions, mainly due to their origin of the human body. CB-MSCs and AFSCs 

are other possible cell sources for bone repair, but they are still under scientific 

investigation to find their real potential in bone tissue engineering processes. These cells 

present high proliferation rate, osteogenic differentiation, low immunogenicity and 

tumorigenicity and have no ethical barriers for their use. Both cells are in a transitional 

stage between embryonic stem cells and adult stem cells. Lastly, iPSCs are cells generated 

by changing human somatic cells. They present lower relevant ethical and immunological 

issues compared to ESCs [114].  

 

 When associating cells to scaffolds, cells are usually cultured onto the scaffolds 

surface and afterwards migrate to the material’s inner regions, through physical 

processes. In vitro tests performed by Hao et al. [114] show a relatively low inoculation 

rate, a low cell adhesion to material’s surface, decrease of bioactivity and for bone 

regenerative potential. Also, cells migration to inner part of the scaffold’s reached the 

bottom part due to gravitational forces. Other drawbacks on the cellular migration rely in 

the nutrient and gases diffusion to the scaffold’s central and bottom parts, which shows 

a hypoxia effect, leading to cell death. This might be conditioned by material’s porous 

distribution and size, which leads to a lack of nutrients and accumulation of metabolic 

products whithin the scaffold’s structure. Cell migration are usually derived from scaffold 

association with static stem cell in vitro cultures, to overcome some of those problems 

could be the use of dynamic cultures. Dynamic cell cultures promote exchanges of oxygen 

and nutrients within scaffold’s interior, maintaining an appropriate environment for cell 

migration and growth, while metabolic products are released. Maximum cell proliferation 

is achieved when cells are uniformly distributed within the materials’ 3D structure [113, 

114].  

  

Cell association with scaffolds is still an interesting research field, however there 

are several important drawbacks to overcome. Cell transplantation has associated 

problems, mainly with cell ex-vivo manipulation, with cell number and sources, possible 

immune rejection and low regenerative potential, transmission of pathological agents, 

technological procedures, high costs and legislation issues, according to each country. The 

association of growth factors is commonly used, improving the regenerative response [92, 

112]. Scaffold production with an appropriated three-dimensional structure with high 

total porosity is still difficult to achieve and could be followed by a decrease of cellular 

adhesion on material’s surface. First generation of biomaterials also have limitations in 

its mechanical properties, limiting their use in load bearing applications. Therefore, 
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overcoming these challenges, the migration and proliferation of cells to scaffold’s interior 

should be improved, promoting cell differentiation and bone extracellular matrix 

deposition [114].  

 

 Scaffold’s porosity is a major factor for a successful cellular adhesion. This property 

is dependent on each type of material used and its ability to be produced into a three-

dimensional porous structure. Moreover, each cell type exhibit different preferences 

towards scaffold pore dimensions, mainly associated with each cell size. Scaffolds with 

higher pore size induce a cell bridging mechanism, where neighbouring cells are used as 

supports to cell migration in scaffold’s interior. This process has direct effects on cell 

migration and speed. With increases in pore size, cells tend to spread along the formed 

supports, reaching further distances in scaffold’s inner parts. A decrease in scaffold’s pore 

size increases material surface area but decrease cell mobility and migration. However, 

increase in pore size, influences nutrient and oxygen diffusion, providing appropriated 

cellular waste residues removal. Thus, an increase of total porosity may lead to a decrease 

in mechanical properties and scaffolds’ pore walls thickness. Material’s mechanical 

properties have impacts in cell activity. Scaffolds response to mechanical tensions is 

directly related to its stiffness properties and it can influence cell response through 

biomechanical-regulatory signals. There is a process called mechano-transduction, where 

chemical signals are induced by physical tensions and then translated into cellular 

responses and activities. Cellular responses include cell-extracellular matrix and cell-cell 

adhesions to material substrates. The adhesion is dependent on each cell type and 

substrate stiffness. Cells like MSCs and fibroblasts have shown an increase of their 

adhesion properties on stiffer substrates. Integrins play a role in the increase of these 

cells adhesion by inducing focal adhesion formations. These formations are a result of 

applied force in the scaffold, where bonds are promoted between integrins and the 

extracellular matrix. The generated bonds promote cell cytoskeletal contraction through 

polymerization of actin filaments, where contraction forces are formed by cross-bridging 

connections of actin and myosin-II filaments. Traction forces are formed in material-cell 

interface. These forces allow cells to detect variations in material’s morphology and 

stiffness, translating into different adhesion properties [114, 115]. Figure 12 shows 

cellular responses towards different material’s surfaces. 



ORTHOPAEDIC BONE GRAFTS FOR PREVENTION OF INFECTIONS AND BONE REGENERATION PROMOTION 

 

39 
 

 

 

Cell’s mobility properties influence biological processes, requiring a dynamic 

interaction between them, their cytoskeleton and material surface. Cell mobility and 

interaction properties are achieved by a specific ligand, integrins [115]. Integrins provide 

a mechanical bond between the extracellular matrix and cell’s cytoskeleton [116]. Cell 

adhesion through integrin could be improved by increasing the density of adhesive ligands, 

number of receptors and affinity between each ligand and receptor. By changing the 

ligand density, cell-material interactions are increased through differential integrin 

binding with ligands. Changing material’s substrate composition or bulk material leads to 

an increase of ligand and integrin binging, increasing cell activities [115]. For example, 

Tierney et al. [117] studied the effects of material composition in osteoblast activity. 

These authors produced collagen-glycosaminoglycans (collagen-GAG) scaffolds with 

different chemical compositions and evaluated further osteoblast adhesion and activity. 

Osteoblasts were attached to material’s substrate through physical links (ionic and van 

der Waals forces), by integrin and protein. These cells adhesion was increased by scaffolds 

with higher percentage of collagen or GAG concentration. An increase of cell attachment 

resulted in a higher osteoblast activity and, therefore, a higher potential for bone 

regeneration [117].  

 

 

7. SCAFFOLDS IMMUNOMODULATORY PROPERTIES  

 To modulate inflammatory responses in bone regeneration, biomaterials should 

have some important properties, such as macro and micro-porosity, adequate mechanical 

strength, and surface properties (i.e. wettability, roughness, or charge). First-generation 

of biomaterials shows important mechanical stability, as well as inert and minimal toxicity 

properties. However, these material’s interaction with body tissues promote a non-

Figure 12: Cellular response to different substrates [113]. 
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specific inflammatory host response followed by a fibrous capsule surrounding the 

materials’ surface. Thus, the implant is isolated from the surrounding tissues, decreasing 

its biological interaction, causing further materials failure and loss. To overcome this side 

effects, second-generation biomaterials were developed. Materials like calcium 

phosphates or bioactive glasses, for example, showed higher biocompatibility and 

enhanced interaction with the implant surrounding tissues. These biomaterials have been 

developed with different surface properties, porosity, and biodegradation rate, allowing 

an increase of bone regeneration. However, second-generation biomaterials show some 

limitations in interacting and mimicking natural host tissue properties. Some of those 

limitations rely on interactions between the affected tissue and material’s surface. 

Therefore, third-generation biomaterials were developed with the aim of increasing the 

biological properties of second-generation materials, through the addition of biological 

factors to stimulate cellular activity at molecular levels and mimic the host tissue. 

Molecular interactions rely on specific interaction between molecules and integrin 

receptors of the cell membranes. Usually these receptors are immobilized in material’s 

surface prior to implantation. All materials’ properties could be modified by optimization 

of production techniques, adding surface coating, or incorporating soluble factors such as 

drugs and other bioactive molecules [118, 119]. 

 

7.1. Influence of material particle size and porosity 

 When a foreign material is implanted into the patient’s body, the surgery process 

and the material presence trigger an immune response. It has been showed that 

biomaterials have the potential to regulate immune cells function [120]. The immune 

response could be modulated by changing the particles size of the implant material, with 

the aim to induce a more favourable pro-regenerative inflammatory response within the 

tissue. Particles under 10 µm of diameter are phagocyted by macrophages. Although, 

particles between 10 and 100 µm in size induce the macrophages fusion and formation of 

called “giant cells”, allowing the phagocytosis of those particles. Giant cells can release 

enzymes and pH-lowering molecules that enables an extracellular degradation [118, 121]. 

According to Aktaș et al. [118], there are several studies that showed the influence of 

material’s particle size in the host’s immune response. It is known that a decrease in 

materials particle size increases surface area, as well as its chemical reactivity. However, 

the decrease of particle size does not show higher inflammatory response. These 

investigators showed that other factors like particle shape, for example, could induce 

different immune response [118].  

 

 Porosity is another important property of bone grafts. It allows vascularization, 

nutrient and oxygen diffusion, promoting bone regeneration. A small pore size reduces 

cell migration, as well as new bone matrix production, since cell migration is necessary to 

induce the formation of vascularization within the injured site [121]. Also, limitations in 

cell migration may result into the formation of a fibrous capsule around the scaffold. 

Nutrient and oxygen transportation are also affected by small pore size, since they do not 

diffuse easily to the scaffold’s interior. A higher pore interconnectivity also enhances 
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nutrient transportation. A small pore size may rise an oxygen deficiency through the 

enhancement of inflammatory conditions since it provides a hypoxic environment at the 

material’s inner regions. On the other hand, a moderate hypoxic environment induces 

vascularization through induction of hypoxia-inducible factors. Hypoxia is defined as a 

cellular level condition where there is an insufficient oxygen tension. Hypoxia induces the 

release of biological factors, such as VEGF that are promotes angiogenesis and 

vascularization (capillary sprouts) during wound healing [122]. Proper pore size should 

induce moderate hypoxic environments in bone tissue through stabilization of hypoxia-

inducible factors. Hypoxic environments elicit inflammatory responses such as localized 

inflammation, alongside with granuloma formation.  Pore size between 90 and 120 µm 

blocks vascularization, leading to chondrogenesis due to low oxygen stress, while pores 

with approximately 350 µm enhance vascularization, increasing osteogenesis, with higher 

levels of oxygen transportation are key factors responsible for the enhancement of 

vascularization within the affected site. However, with an increase of pore size, there is 

a decrease on specific surface area, as well as the probability of cell adhesion to the 

substrate. An increase in pore size also implies a reduction of scaffold’s wall thickness, 

compromising its mechanical properties and further cell adhesion and integration within 

bone. [118, 123, 124].  Chen et al. [123] state that materials with a range of porosity 

percentage of 80 to 88% and pore size above 50 µm are more beneficial for bone tissue 

ingrowth. A higher extent of interaction between material and host immune system is 

achieved, comparatively to other combinations of pore size and porosity percentage. Also, 

these authors confirm that and increase in pore size reduces foreign body reactions by the 

immune system, avoiding undesirable body responses, reaching higher regenerative 

properties [123]. 

 

7.2. Biomaterials’ surface modifications 

 Immune responses can be modulated and altered by changing the materials surface 

properties such as charge, chemistry, roughness, and wettability. Surface topography 

modulates cell adhesion and further cellular proliferation while enabling the immune cell 

interaction [120]. To enhance cell adhesion, scaffolds surface should mimic natural bone 

roughness. Biomaterials with can enhance this surface roughness, as nanomaterials. 

Nanomaterials have been studied as  MSC’s differentiation promoters, in vitro, in 

osteogenic absent mediums, increasing its interest in bone regeneration [125]. The 

development of nanostructured materials could be an appropriate strategy for bone tissue 

engineering by modulation of the immune response. Also, micro-structured materials 

showed activation properties towards macrophages activity, achieving both M1 and M2 

states [126]. Macrophages respond to endogenous stimuli, exhibiting pathogenic and 

protective states. Pro-inflammatory macrophages or M1 state macrophages act as 

protectors of the host system, while M2 state macrophages play a role in tissue 

remodelling, inflammatory and allergic responses control [127, 128]. Chen et al. [123] 

stated that titanium roughness has a major influence in immune cell attachment and 

dissemination. Cell attachment is increased with roughness. Also, the increase of titanium 

micro-roughness, comparatively to surface with nano-roughness, which could modulate 
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the macrophages activation and the secretion of pro- or anti-inflammatory cytokines and 

chemokines [123]. A similar conclusion was stated by Hotchkiss et al. [129]. Chen and co-

workers [123] also showed that modified titanium surfaces with Titania (TiO2) nanotube 

arrays had a reduction of in vitro immune response comparatively to biomedical grade 

titanium micro-roughness surfaces, mainly due to a decrease of cell viability on this 

substrate. A decrease of cell viability influences directly the secretion of cytokines and 

chemokines [123]. Lu et al. [130] conducted a similar experiment with different diameter 

TiO2 nanotube structures, where they concluded that higher grades of TiO2 arrays (80 nm) 

induced more favourable conditions for fibronectin and vitronectin adsorption and 

regulate macrophage adhesion and activation [130]. 

 

Wettability and surface energy also influence the proteins adsorption kinetics on 

the material’s surface. According to thermodynamic properties, hydrophilic surfaces tend 

to adsorb fewer amounts of protein, comparatively to hydrophobic substrates. Therefore, 

hydrophilic surfaces induce less immune reaction in the body, while cell responses are 

reduced. Material’s surface properties also regulate immune cells response though protein 

adsorption such as inflammatory complement components, fibrinogen, fibronectin and 

vitronectin. These adsorbed proteins may have structural changes after immobilization of 

the scaffolds’ surface, leading to exposure of epitopes, which are recognized by host’s 

immune cells. Therefore, the cells adhere to the materials’ surface by specific binding to 

membrane receptors [118, 123, 125]. Cell recognition by the proteins that are adsorbed 

on materials surface is important as well as how the protein interaction with immune cells 

occur, that should subsequently modulate the cell behaviour. Immune cells have an overall 

negatively charged surface, which is more attracted to positive charge particles. Cell 

losses the membrane negative charge surface due to positively charged particles that 

influence protein immobilization and conformation. Moreover, hydrophobic surfaces 

increase the adsorption of fibrinogen, immunoglobin G (IgG) and antibodies, as well as 

coagulation factors. Thus, changes in conformation of fibrinogen induces platelet 

adhesion, while macrophages are recruited and fused together to form foreign body giant 

cells. These cells have ligands called D domains, that works as a bond for inflammatory 

cell receptors. Fibroblasts and leukocytes are recruited by cytokine release from 

macrophages. Usually, these processes involve the releases of cytokines like IL-1 and IL-8 

and chemokines. Hydrophilic and neutral charged surfaces tend to inhibit macrophages 

adhesion and fusion into foreign body giant cells. In conclusion, polarization of 

macrophages is influenced by signalling factors from the scaffold’s surface [121, 123, 126]. 

 

Charge and chemistry of materials surface have influences in protein adsorption, 

denaturation, and also cellular response. Materials surface present an increase of 

functionality with hydrophilic properties such as addition of neutral molecules and 

chemical groups, as opposed to hydrophobic group functionality [43]. For example, 

hydrophilic properties of biodegradable polymers can be increased with physical processes 

such as plasma modification or hydrolysis, enhancing osteointegration of the construct 

[43, 131]. Charge properties of materials’ surface also influence fibrinogen adsorption. 
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The increase of this protein is achieved with hydrophobic and positively charged surfaces 

and decreased with hydrophilic and negatively charged surfaces. The increase of positive 

charge particles and protein adsorption result into an increase of immune responses. 

Positive species like -NH3 have more pro-inflammatory effect than negative and neutral 

groups, like -COOH and -OH, that present higher pro-regenerative response [118, 132].  

 

Change in materials chemistry through addition of ions is a common method of 

enhancement of bone regeneration. Bioactive ions like Cobalt (Co) and Copper (Cu) 

showed hypoxia-mimicking capacities, as reported by Shi et al. [122]. These ions have a 

physiological effect at low concentrations and are less sensitive to physiological changes 

(e.g. pH values and temperature) than GF or other drugs. The addition of ions revealed 

an increase of angiogenic and osteogenic capabilities of the material, removing the need 

of cytokine association with the material. In addition, these authors state that ion 

additions showed stronger covalent bonds than hydrogen bonds and van del Waals 

interactions, where initial amount of GF, drugs or biological active components released 

by the material could be sustained during a large period of time [122]. Other published 

papers enhance the advantages metallic and non-metallic ion material’s surface 

modifications, such as, Zinc (Zn) [133, 134], Magnesium (Mg) [135-137] and Silicon (Si) 

[134, 136]. As described by Mouriño et al. [138], the release of metallic ions into systemic 

circulation system and tissues in contact may result into complications such as 

inflammatory and undesirable immune reactions [138]. Thus, ion additions could result 

into an uncontrolled release of nanoparticles from bone constructs that contain these 

ions. Ions could be released from constructs either from construct dissolution or fretting 

corrosion. Ions such as Co and Chromium (Cr) are recognized as toxic when in contact with 

the body. A high toxic reaction from these ions presence may result into an adverse local 

tissue reaction, leading to undesirable processes such as bone and soft tissue destruction 

[139]. As reported by Wyles et al. [139], Co and Cr can also deposit in various important 

organs such as the brain and heart. This event might induce several pathological 

alterations in these organs [139]. Posada et al. [140] states that Co has a higher rate of 

dissolution under physiological conditions than Cr and, due to Co ions high mobility, Co 

could reach more remote organs and reach higher concentration levels in fluids like blood 

[140]. Bijukumar et al. [141] also reports that ion accumulation (for example, Aluminium 

(Al), Copper (Cu) and Lead (Pb)) in brain is related to several pathological conditions such 

as Alzheimer’s and Parkinson’s disease [141]. Most nanoparticles are identified as foreign 

particles and eliminated by the immune system. Nevertheless, when ions are not 

recognized as a toxic, the immune system does not eliminate them, leading to possible 

accumulations in tissues and harmful pathological conditions [142]. Therefore, previously 

to the construct implantation, it is necessary to predict how each material implantation 

could influence its surrounding tissues, microenvironment, and immunological responses 

[141]. Then, it must be taken in account three immune related consequences related to 

each biomaterial for implantation in body tissues. The first is the immune-mediated 

rejection/destruction, that is responsible for the triggering of a defensive immune 

reaction and elimination of harmful ions and nanoparticles that are released from bone 
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constructs. The second is the immunotoxicity, which is responsible for tissue damage and 

pathological conditions, as well as ion and particle accumulation in tissues and organs. 

The last one is the immunocompatibility, which means that the released particles does 

not interfere nor accumulate within the body tissue [142]. For example, Fage et al. [143] 

reports in their work an immune reaction caused by Titanium (Ti) nanoparticle release, 

such as, activation of macrophages and subsequent secretion of pro- and anti-

inflammatory cytokines, both responsible for various body allergic and pathological 

reactions [143]. A similar conclusion was stated by Salloum and co-workers [144], where 

Co and Cr ions were responsible for the activation of production of bone-resorbing 

cytokines and stimulating an inflammatory response in macrophages [144]. 

 

 Nutrient element incorporation within scaffolds is another strategy to enhance 

higher immunomodulation properties. A combination of bioactive elements can regulate 

and manipulate material active properties towards host immune response. This immune 

modulatory strategy may be the most effective to enhance the pro-regenerative immune 

response since nutrients are essential for human physiology. In addition, incorporation of 

nutrients in scaffold materials have been used to increase bioactivity towards the host 

tissue. Moreover, nutrient and its extent of effectiveness is dependent on element 

concentration and combination to trigger an appropriate immune response [123, 132]. For 

example, Shi and co-workers [145] studied the effectiveness of Europium (Eu) inclusion in 

mesoporous silica nanospheres (MSNs) (280 – 300 nm) as well as response of macrophages, 

osteogenic differentiation of BMSCs and in vivo bone regeneration. Eu is a lanthanide 

element that has luminescent properties therefore it could act as a biomarker and 

bioimaging agent. Also, europium can mimic calcium properties in bone physiology, 

influencing bone remodelling cycle and heal bone density disorders, making this element 

suitable for regeneration studies. In this study, the authors observed that Eu-MSNs 

promoted adequate immune response of macrophages by increasing cytokine secretion. 

Subsequently, the modulated immune environment activated osteogenic and angiogenic 

gene expression, increasing the rate of new bone formation. In conclusion,  Eu-MSNs 

compound could be suitable to enhance osteogenesis and angiogenesis in bone tissue 

engineering processes [145]. Wu et al. [146] developed a ceramic coating that combines 

elements like Strontium (Sr), Magnesium (Mg) and Silicon (Si) (Sr2MgSi2O7) and applied it 

to a Ti-6Al-4V alloy material through plasma-spray methods. Sr, Mg and Si ions promoted 

direct effects in the inflammatory response, the osteoclast activity and osteogenesis. 

Therefore, the coating containing these three elements was evaluate on bone 

regeneration. The authors concluded that Sr2MgSi2O7 showed higher cellular adhesion to 

the titanium alloy and lower inflammatory response. Moreover, osteoclast activity was 

also inhibited, while osteogenesis was induced, showing promising results for bone 

regeneration and for orthopaedic applications [146].  

 

 Biomaterials surface changes could also be made by addition of minerals. 

Mineralized surfaces are proven enhance osteogenesis and osteointegration of scaffold 

materials through osteogenic differentiation of stem cells. The change of this property is 
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useful to enhance the integration of materials like titanium since it does not present 

bioresorbable properties. In a review work, Lee et al. [43] stated that titanium modified 

surfaces with nanocrystals of β-TCP inhibited the secretion of cytokines that inhibit 

osteoblast differentiation, such as TNF‐α and IL‐1β. In addition, osteoblast adhesion was 

increased, as well as MSC recruitment, which are responsible for the secretion of 

osteoblasts. In conclusion, mineralization of biomaterials for bone regeneration is seen as 

a material surface modification for osteogenesis enhancement and immune cells control 

[43].   

 

7.3.  Evaluation of immunomodulatory properties of bone graft substitutes 

Bone scaffolds have the ability to modulate the local immune response through cell 

activation, thereby promoting bone regeneration. For bone healing, it is necessary to 

induce protein adsorption, secretion of signalling molecules and immune cells recruitment 

[4]. Scientific research focuses primarily on material-modulation of the immune 

responses, in order to study and predict reactions elicited by foreign material 

implantation. The prediction of excessive inflammation or encapsulation by fibrous tissue 

are some examples referred to a foreign material-mediated immune response. For 

example, when biomaterials are not degraded by macrophages. The macrophage frustrate 

phagocytosis activates a chronicle inflammatory response, leading with a fibrous capsule 

formation, isolating the material from the surrounding tissue. In addition, immune cells 

release cytokines that induce and regulate osteogenesis. Since immune cells have a key 

role in bone regenerative process, an interaction between these cells, biomaterials and 

bone cells must be considered to optimize bone scaffold materials integration and 

enhance the bone healing (figure 13). This interactivity is denominated as 

osteoimmunomodulation, where immune environment responses have an important role 

at bone cell interaction and behaviour after scaffold implantation. In addition, the 

osteoimmunomodulation properties of a biomaterial determines the pro-regenerative 

behaviour and a new bone formation or a pro-inflammatory response and a fibrous 

encapsulation (figure 13). Therefore, a material with a favourable 

osteoimmunomodulation can induce an appropriate inflammatory response, as well as 

enhancement of osteogenic differentiation of BMSCs through cytokine and GF recruitment 

and release. Moreover, these biomaterials should induce further osteoclast activity, which 

is an important feature for bone remodelling and cell-mediating material degradation. On 

other hand, materials with low osteoimmunomodulation properties induce an excessive 

and chronicle inflammatory response, promoting bone tissue resorption, and formation of 

a fibrous capsule surrounding it. Lastly, osteoimmunomodulation is the result of the 

convergence between immunomodulation and osteoimmunology and it is a field in current 

development, since there are still quite few studies about the interaction between 

materials and immune cells behaviour [121, 123, 125]. 
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For immunomodulatory evaluation of scaffold biomaterials, tests that include 

interactions between materials, bone cells and immune cells should be performed. 

Indirect (using conditioned medium or using Boyden chambers) and direct co-culture 

system tests outline these properties. On indirect co-culture, applying a conditioned 

medium, immune cells are cultured with materials, creating an immune response and, 

therefore, an immune environment. Then, the immune environment is applied on bone 

cells (osteoblasts and osteoclasts), to determine the effects over bone cell stimulation 

and osteogenesis and bone remodelling. Differently, on indirect co-culture using Boyden 

chambers, bone cells are separated from both immune cells and materials, being on an 

indirect contact through the culture medium. In this test, Boyden chamber inserts have a 

small pore size, approximately 0.4 μm, retaining bone cells within the insert and allowing 

soluble factors diffusion at the same time. Biological molecules diffusion allows a cell-cell 

communication between bone and immune cells with materials. Thus, the enhancement 

of osteogenesis could be studied. In addition, Boyden chamber with different pore size 

could be used to study the migration of bone cells to the immune cells medium. Lastly, in 

direct co-culture tests, both bone and immune cells are in direct contact with the 

material, at the same time, enhancing conditions similar to an in vivo environment. This 

test requires a single cell source in order to decrease variability and inconclusive results 

between experiments. In addition, several cell types from bone tissue or immune system 

sources could be isolated from the same donor, which increase difficulties in establishing 

these conditions as a standard for immunomodulatory responses evaluation. Thus, both 

direct co-culture and indirect co-culture using Boyden chambers tests are more suitable 

for mimicking the in vivo conditions between immune and bone cells but, due to the high 

variability of parameters of direct co-culture tests (limited cell sources and variability 

Figure 13: Schematic representation of the immune response after scaffold implantation. Adapted from 
Gaharwar et al. [4]. 
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between patients), indirect co-culture using Boyden chambers test is seen as the most 

suitable for the evaluation of the immunomodulation environments [123, 125]. 

 

 In bone regeneration processes, immune cells have an active effect during many 

stages of wound healing. With this, immunomodulation properties of scaffold biomaterials 

should be evaluated during each healing step. For an optimal bone healing processes, 

three phases must be evaluated after material implantation: early, mid, and late phases. 

In an early phase, there is an acute inflammation at the same time that immune system 

recruits MSCs and starts the bone regeneration. Cytokine release enable the monocyte 

migration by the acute inflammation while MSC are recruited. Other GF are equally 

released to regulate and enhance osteogenesis or fibrosis. Macrophage derived osteoclasts 

and foreign body giant cells are responsible for scaffold degradation. The material’s 

degradation releases particles that induce local environment changes and, therefore, 

trigger immune responses. Dendritic cells can phagocyte necrotic tissue as well as release 

cytokines that induce changes in the local environment. Humoral immune cells (B-cells) 

receive antigens from dendritic cells. In the mid phase of the repair process, the 

osteogenic differentiation of MSC occurs, while GF from immune cells and osteoblasts are 

released, increasing bone regeneration and material dissolution rate. The later phase is 

responsible for inducing activation of osteoclast activity as a response to GF release in the 

intermediate phase. However, osteoclast activity should not overcome osteogenesis since 

it may decrease a proper scaffold integration within the bone tissue. For in vitro studies, 

osteoimmunomodulatory properties of biomaterials and further osteogenesis should be 

evaluated regarding immune cells, such as macrophages, dendritic cell, T and B cells, as 

opposed to the use of osteoblastic lineage cells, which is not adequate for material-

induced immune response [123, 125]. 

 

 In conclusion, biomaterials for bone tissue engineering purposes can modulate the 

immune response, being this related to each scaffold material properties. In addition, 

scaffold biomaterial selection and design should offer an appropriate 

osteoimmunomodulation, for the immune and bone cells migration, activation, and 

response. Also, scaffolds should create favourable pro-regenerative environments in order 

to enhance proper osteogenesis and bio-integration of the material within the bone tissue 

[123]. 

 

8. BONE IMMUNOMODULATORY THERAPIES 

 Molecule and protein-controlled release from a scaffold has several manageable 

problems such as low shelf life and high associated costs. Gene delivery therapy is an 

attractive alternative for producing these proteins of interest in the body. Gene therapy 

is a process of gene association with cells or tissues, both in vivo or ex vivo, with the aim 

of defect treatment or disease prevention, with viral and non-viral delivery techniques. 

In vivo delivery processes are based on local production of the desired molecule though 

administration of viral or non-viral vectors in damaged site. Ex vivo techniques use cells 
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like BMSCs and ESCs, which are harvested for transduction processes. Later, these 

transduced cells are implanted into the damage tissue [118, 123] 

 

 Gene therapy using viral vectors usually includes adenovirus, retrovirus, baculovirus 

and modified bacteriophages. When these viral vectors are introduced into the host body, 

they are recognized as foreign species, triggering immediate responses through immune 

system. Also, there is a disadvantage associated with vector introduction that are the 

insertional mutagenesis. Besides this, vector virus introduction offers advantages such as 

high transduction rate and easy production of modified cells. For bone tissue engineering 

purposes, viral vectors like adenovirus and retrovirus are used. Adenovirus vectors are 

highly immunogenic and have high transduction efficiency for mitotic and non-mitotic 

cells. However, there are antibodies present in the human body that may influence and 

reduce the adenovirus vectors efficiency. Adenovirus are generally used as BMP loading 

into bone cartilage defects. Non-viral gene therapy is based on the administration of 

nucleic acids like DNA or RNA in host cells with nanomaterials. These vectors offer 

advantages, in comparison to viral vectors, such as lower immunogenicity and delivery of 

unrestricted genetic materials. However, these non-viral vectors have lower transfection 

efficiency [118, 133]. Sill et al. [62] showed a work were DNA was released from 

electrospun scaffold materials of PLGA and HA, with different concentrations of HA. DNA 

was introduced in the scaffold structure based on naked DNA inclusion, adsorption of 

DNA/chitosan nanoparticles into the scaffold after its production and through blends of 

DNA/chitosan nanoparticles prior to scaffold production. These researchers concluded 

that higher concentration of HA promoted higher DNA release, independently of DNA 

introduction process. HA has a hydrophilic property, allowing DNA/chitosan nanoparticles 

to bind on the material’s surface. In addition, HA particles diffuse to the exterior of PLGA 

fibres, increasing the total porosity of the scaffold structure. Therefore, DNA/chitosan 

particles were associated with HA particles during scaffold fabrication processes, 

favouring the increase of DNA release by the increase of HA particle diffusion. In 

conclusion, the encapsulation of DNA/chitosan nanoparticles in PLGA/HA electrospun 

scaffolds showed a high potential to enhance bone tissue regeneration [62]. 

 

For bone regeneration, RNA interference (RNAi) therapies have shown promising 

results, through the use and delivery of microRNA (miRNA) and small interfering RNA 

(siRNA) in gene silencing effects. Nevertheless, RNAi molecules shows drawbacks in its 

delivery due to degradation under physiological environments (and changes in its 

conditions, like temperature and pH) and difficulties of diffusion on phospholipid cell 

membranes [4]. However, gene therapies have potential to increase bone regeneration 

through transference of sustained osteogenic molecules to the bone defect site, leading 

to an enhancement of bone repair and regeneration [118, 147]. miRNAs are non-coding 

RNAs that are pre-processes to bind mRNA through pairing of complementing sequences. 

the overexpression or inhibition of miRNA activity could regulate GF expression and 

regulation. Herewith, local delivery of miRNA could have a direct effect in angiogenesis, 

therefore, increasing bone tissue regeneration and triggering an appropriate immune 
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response, as stated by Gaharwar et al. [4]. These authors also showed a work, performed 

by Li et al. [148], that stated conclusions about miR-26a delivery in stimulation of 

angiogenesis and a pro-regenerative inflammatory response and enhancement of bone 

regeneration. miR-26a was delivered, in vivo, using a hyaluronan–heparin–gelatine 

hydrogel. After material implantation, it was seen a high increase of vascular volume 

comparatively to the single-hydrogel (control group) experiment. Full bone healing was 

completed 3 months after hydrogel-miRNA implantation, while partial bone healing was 

achieved in the single-hydrogel implantation [148]. Lastly, mRNA-based therapies have 

been developed in order to improve mRNA stability and immunogenicity. The use of 

polymeric and inorganic nanoparticles has been studied for mRNA delivery in an 

intracellular environment since these particles induce stability and reduces mRNA 

immunogenicity. mRNA intracellular delivery is responsible for a higher protein 

stimulation and production, therefore, promoting cues for bone healing. Plasmid DNA 

(pDNA) also has an effect in protein production and secretion, alongside with mRNA, but 

it has a drawback, since it needs to be followed by an intranuclear delivery instead of 

intracellular one [4]. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 Scaffolds for bone tissue engineering are showed as an interesting alternative for 

bone regeneration processes and treatment of large bone defects. These constructs 

showed a high rate of success in its integration with bone tissues. To develop and design 

efficient scaffold materials for bone regeneration and drug release, some aspects must be 

present such as an interconnective network of pores, micro- and macro-porosity, 

mechanical strength, and bioresorbable properties. Both ceramic and polymeric scaffolds 

show physical properties adequate for regeneration purposes, but alone they have shown 

an insufficient osteoinductive capacity. Because of these materials’ drawback, there is an 

interest in combining scaffolds with other compounds like drugs and biological molecules 

(e.g. proteins). Scaffold-drug combinations are nowadays being studied and developed 

with the aim of optimizing bone healing and decrease the infection occurrence. Drug 

release is highly influenced by scaffold’s properties, such as interconnectivity porosity and 

both macro and micro-porosity. Therefore, factors like type of material, microstructure, 

and surface properties (like wettability or charge) influence the kinetics of drugs release. 

Drug/scaffold interactions are strongly dependent on their chemistry and chemical 

interaction between them. Also, the release profile of the drug is dependent on aspects 

such as adsorbed concentration, pH, materials’ degradation rate and biological response 

(e.g. enzyme release). Growth factors are also used in combination with scaffolds. The 

combination of these proteins has grown an interest in the scientific community since they 

modulate the biological processes that could induce bone regeneration. In addition, they 

can be released from different materials, specifically in nano- or micro-carriers, as shown 

by several studies. Scaffolds physical properties also influence cell adhesion and biological 

behaviour such as the immune response.  

  

 Biomaterials for bone regeneration can modulate the body’s immune response. This 

controlled response is mainly related to the properties of each biomaterial. Variables like 

particle size, porosity, pore size, ion release and particle surface properties have a strong 

influence in the immune response. Changing these parameters should modulate the 

different inflammatory responses and, therefore, different behaviour of the cells. The aim 

of modulate the immune response is to enhance the bone regeneration extents throughout 

the enhancement of osteogenesis. This event regulates both osteoblast and osteoclast 

cells activity where they both have a specific role on the tissue regenerative process. 

Those facts should be considered on the development of biomaterials for the promotion 

of an appropriate immunomodulatory response.  

  

 Alongside with this work, future studies should focus on a better understanding of 

interactions between drugs and proteins within the material scaffolds to enhance better 

osteogenesis and avoid infection. Cell response to each materials’ surface should be fully 

studied and understand, with the objective to increase cell adhesion, proliferation, and 

differentiation and overcome incompatibility issues. In addition, future works should 

concentrate on developing more studies about immunomodulatory responses triggered by 
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the implantation of biomaterials, as well as determine different immune cell responses 

that favours an adequate osteogenesis. The understanding in how each biomaterial could 

modulate the host immune response could guide future developments on material’s 

selection for bone scaffolds. Lastly, since this field is still in high development, materials 

in vitro experiments, should be followed by in vivo studies. These studies are a major key 

for scientific validation and for later implantation of these processes in human clinical 

conditions, as an alternative to the current used protocols, decreasing risk factors like 

insufficient bone healing, recurrence of infections, and patients’ discomfort.  
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