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RESUMO 

Diferentes estruturas tridimensionais porosas de poliuretano foram sintetizadas, recorrendo a uma 

técnica de expanção de gás, usando água como agente de expansão: matriz de poliuretano simples 

(PU), matriz de poliuretano preenchida com particulas de fosfato de calcio (CaP) (PUL 30% e PUL 40%) 

e PU scaffolds cobertos com CaP (PUC). As diferentes amostras foram caracterizados em termos 

morfologicos, físicos, mecânicos e testados in vitro usando as linhas de células MG63 e Saos-2. Em 

termos morfológicos, os scaffolds PU apresentam uma estrutura caracterizada por 87% de porosidade 

interconectada e um tamanho de poro médio de 407 μm. As propriedades mecânicas à compressão 

revelaram-se significativamente maiores para PUL 40% e PUC scaffolds sem imersão em água, sendo 

possivel observar uma redução significatva dessas mesmas propriedades para todos os tipos de 

scaffolds sintetizados quando imersos em água, com excepção de PUL 40% que demonstrou ser o que 

apresnta maiores propriedades mecanicas nestas condições. Os testes in vitro, revelaram bons 

resultados em termos de proliferação das células MG63, confirmados pelo teste Alamar Blue e 

quantificação de DNA, não revelando contudo uma expressão significativa de um fenótipo 

osteoblástico. O teste de citocompatibilidade com Saos-2 revelou melhores resultados em termos de 

adesão e diferenciação das células quando cultivadas em PUL 40% scaffolds, contudo estas mesmas 

células apresentaram um estágio de proliferação superior nos PU scaffolds. Estes resultados revelaram 

uma boa citocompatbilidade dos materiais propostas neste trabalho, indicando que a sua utilização 

para a regeneração de tecido ósseo é merecedor de uma investigação mais profunda. 

 

 

PALAVRAS-CHAVE 

Material de suporte poroso; Poliuretano; Materiais compósitos; Células tipo osteoblásticas; 

Biointegração; Regeneração tecido ósseo 
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ABSTRACT 

Porous three-dimensional polyurethane foams with potential for application as cancellous bone graft 

substitutes were prepared using a gas foaming technique using water as expanding agent. Three PU 

foams (PU, PUL 30% and 40%), two of them filled with calcium phosphate (CaP) particles  and PU 

scaffolds coated with CaP (PUC) were synthesized and characterized for morphology, physical, 

mechanical properties and in vitro interaction with the osteoblast-like cell lines MG63 using PU scaffolds 

and Saos-2 using PU and PUL 40% scaffolds. Polyurethane scaffolds loaded with CaP showed higher 

density compared with PU matrix, without morphological differences, showing round-shaped pores with 

87% open porosity and an average pore size of 407 µm. The compressive properties of the four scaffolds 

were significantly higher for PUL 40% and PUC in the dry condition, showing all a strong decrease in 

the wet condition excluding PUL 40% scaffolds that showed the higher mechanical properties in wet 

condition. In vitro test showed good results in terms of MG63 cell proliferation confirmed by Alamar Blue 

assay and DNA quantification, without significant signs of osteoblastic phenotype expression confirmed 

by ALP activity. Cytocompatibility test with Saos-2 cell line revealed better results in terms of cell 

adhesion and differentiation onto PUL 40%, however cells seem to have a higher proliferate rate onto 

PU scaffolds. These results demonstrate a good cytocompatibility of the proposed 3D matrices, 

suggesting that their use for bone tissue regeneration is worth further investigation. 

 

 

 

KEYWORDS 

Porous scaffold; Polyurethane; Composite material; Osteoblast-like cells; Biointegration; Bone tissue 

engineering  
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1 Introduction 

1.1 Bone Tissue 

Bone can be consider as a complex porous composite material, with unique properties of remodelling 

to adapt its microstructure (crystallinity, porosity and composition), changing its mechanical properties, 

in response to biological and biomechanical environmental stress [1],[2]. Bone remodelling is a life-long 

process, consisting of resorption (the breaking down of old bone) by osteoclasts and ossification 

(formation of new bone) by osteoblasts through expression of functional proteins such as osteocalcin 

and alkaline phosphatase [3], and it is a key to shape the skeleton during growth and to repair micro 

bone fractures. 

It is possible to distinguish two phases in the bone composition: the organic phase and the mineral 

inorganic phase in the form of nano crystals. In vivo, bone contains between 10% and 20% water. 

Considering the dry mass, approximately 60-70% [4],[5],[6] is bone mineral which reinforce the bone 

structure and gives the mechanical resistance. Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is the major 

component of the inorganic phase of the bone [3]. However, whereas HA has a Ca:P ratio of 5:3 (1.67), 

bone mineral phase has Ca:P ratios ranging from 1.37 to 1.87. This range is due to the composition of 

mineral bone that is much more complex than only HA, and contains additional ions such as silicon, 

carbonate and zinc. The organic phase, that represents the matrix of the bone, is mostly composed of 

type I collagen, which is a flexible material that confer flexibility properties to the tissue.  

Regarding its structure, cancellous bone (also referred to as trabecular bone or spongy bone) and 

cortical bone can be distinguished. Cancellous bone is located at the ends of long bones, accounts for 

roughly 20% of the total mass of the skeleton, and has a porous structure (50 – 90% of porosity). It has 

a much lower stiffness compared to cortical bone. Cortical bone is the compact bone surrounding the 

central marrow cavity, being only 10% porous, and confers mechanical strength to bone (Figure 1-1). 

 

 

Figure 1-1 (A) Overview of bone tissue evidencing the two principal types, cancellous and cortical bone;  (B) SEM 

image of trabecular microstructure, scale bar 250 μm [89] 
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While cortical bone accounts for 80% of the mass of bone in the human body, it has a much lower 

surface area than cancellous bone due to its lower porosity, with a pore diameter of 10 – 20 µm. The 

cortical bone has a high mineralized extracellular matrix making it harder, stronger and stiffer than 

cancellous bone. The spongy bone tissue makes the bone lightness, thanks to its alveolar structure. 

1.1.1 Mechanical properties of bone tissue 

Bone can be considered and analysed as a composite material, in which collagen is the matrix and 

calcium phosphate minerals the reinforcement. The mechanical behaviour of bone tissue combines the 

characteristics and properties of both the materials. The inorganic phase confer stiffness and toughness 

to the bone, whereas the collagen matrix is responsible for the flexibility of the tissue. 

The anisotropic structure of bone determines different mechanical properties in two orthogonal 

directions: the longitudinal, i.e. the usual direction of loading and the transverse, i.e. at right-angles to 

the long axis of the bone. 

The mechanical properties of the bone (i.e. Young’s Modulus, compressive and tensile strength), are 

highly dependent on the position of the bone and the condition of the individual (age, gender, disease, 

e.g. osteoporosis) [7]. Taking into account this, the range of values described in the literature for this 

mechanical properties, is summarize in Table 1-1. From Table 1-1 is possible to conclude that the 

principal differences observed in Young’s Modulus (E) in the longitudinal and transversal direction in 

cortical and trabecular bone are due to the anisotropic structure of bone already mentioned. In particular, 

the E value in the transversal direction represents more or less 40% of the E value in the longitudinal 

direction [7]. It is also possible to refer that cortical bone has higher mechanical properties than 

trabecular bone, being the cancellous bone the one with a more flexible structure. These differences 

are directly correlated with the morphological characteristics (density and surface are/volume). 

According to the values reported in Table 1-2, the values of density for the cortical bone are higher and 

the ratio surface/volume lower comparing with trabecular bone.  

Table 1-1 Young Modulus (GPa) of collagen, hydroxyapatite, cortical and trabecular bone for the two directions, 

transversal and longitudinal [7] [8]; and tensile and compressive strength values for cortical and trabecular bone 

[7]  

 
Cortical Bone Cancellous Bone 

Collagen 
Bone 

mineral 
(HA) Longitudinal Transversal Longitudinal Transversal 

Young’s Modulus, 
E (GPa) 

11 – 21 5 – 13 0,05 – 0,08 0,02 – 0,06 0,05 – 0,1 50 – 100 

Tensile Strength 
(MPa) 

50 – 150 10 – 100 

 

Compressive 
Strength (MPa) 

130 – 230 2 – 12 
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Table 1-2 Density and Surface/Volume for cortical and trabecular bone [8] 

 Cortical bone Trabecular bone 

Density (g/cm3) 1,8 - 2 0,1 – 1 

Surface/Volume (mm2/mm3) 2,5 20 

 

Another important parameter that influences the mechanical properties of the bone is the hydration level. 

Bone in dry conditions has a more brittle behaviour when compared to the mechanical properties in wet 

environment. This fact can be explained taking into account the fact that the water can induce in the 

tissue a plasticizing behavior, increasing the deformability and conferring a more flexibility behavior to 

the bone.  

1.2 Bone tissue engineering 

1.2.1  Clinical approaches for bone replacement  

Bone is capable of self-regeneration, however excessive bone loss makes the natural healing process 

impossible. In this cases, medical implants are normally used to solve the bone defect. Although several 

major progresses have been introduced in the field of bone regenerative medicine during the years, 

current therapies, such as bone grafts, still have many limitations. Regarding the current clinical 

approaches, it is possible to highlight bone grafts (autologous and allogenic) and bone substitutes 

(metals).  

Metals are the main materials used in orthopaedics for surgical implants. Among them, titanium is 

considered to be the best in this field [9]. The principal reason that makes titanium the most used material 

in biomedical application, is their mechanical properties, chemical stability and biocompatibility [9]. 

Despite that, bone substitutes implants have some disadvantages. Mechanical stress shielding in bone 

[10],[11] can cause bone resorption due to poor overall integration with the tissue at the implantation 

site, ultimately leading to prosthesis loosening.  

Histocompatibility without the risk of disease transfer [12], is the principle advantage of using an 

autologous graft, that is bone taken from another part of the patient’s own body. This approach 

represents the gold standard of bone replacement. However, the limited availability [12],[1],[13] due to 

the lack of donor sites and the fact that the harvesting procedure often require a painful invasive surgery 

[13],[1], stimulates the investigation of possible new solutions. Heterologous bone grafts, despite being 

a solution with a better availability than autografts, avoiding the need of two surgery as happen in 

autograft, expose the patient to infective pathogens and cause immune responses, which can lead to 

the graft failure [11],[1],[12],[13].  
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1.2.2 Tissue engineering  

Despite the fact that material science allowed to make improvements in the field of bone regeneration, 

no perfect bone substitute has been developed yet and, due to that, large bone defects/injuries still 

represent a major challenge for orthopaedic and reconstructive surgeons. Taking into account this, 

tissue engineering has been emerging as an alternative to the current clinical techniques used for bone 

regeneration or substitution. As it was defined by Langer and Vacanti [38], tissue engineering is “an 

interdisciplinary field of research that applies the principles of engineering and life sciences towards the 

development of biological substitutes that restore, maintain, or improve tissue function”. Tissue 

engineering applies the knowledge about the mechanism involved in tissue formation and regeneration, 

to induce the synthesis of a new functional tissue, rather than just try to patch the bone defect. Over the 

past years, great progress in bone tissue engineering have been achieved, developing biocompatible 

and biodegradable materials and also selecting the optimal cells sources and culture conditions to 

promote the regeneration of bone tissue. In this thesis work the focus will be the development of a 3D 

polymeric structure (scaffold) for bone tissue regeneration. The scaffold should be synthesized in such 

a way that allows the achievement of a structure able to support tissue development.    

1.2.2.1 Scaffold requirements for bone tissue engineering 

Scaffold can be defined as a tridimensional structure, with a specific environment and architecture that 

will act as a temporary matrix for cell proliferation and extracellular matrix deposition, with consequent 

bone ingrowth, until the new bone tissue is totally restored/regenerated [14]. This structures can have 

different shapes and dimensions facilitating the implantation in the defect area, and have different 

mechanical and morphological properties.  

A scaffold to be applied in the context of tissue engineering, and particularly for bone tissue 

regeneration, should have two main functional characteristics, i.e. biological and structural properties. 

The structural functions include: 

 High interconnected porosity [4], [15]–[18]  and appropriate porosity and pore size and 

distribution[10],[19],[20], in order to allow vascularization, cell attachment and diffusion into the 

scaffold, the transport of nutrients and cellular waste products; 

  Sufficient initial mechanical strength to maintain the structural integrity during cell adhesion 

and proliferation [3], [4], [18], [19];  

 Adequate degradation properties [10], with the appropriate balance between material 

degradation and tissue regeneration, in order to allow the maintenance of structural support for 

cellular proliferation and extracellular matrix secretion, leaving space for new tissue growth by 

degradation [20].  

The specific values of porosity and pore size that a scaffold should have for bone tissue engineering are 

reported in Table 1-3.   
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Table 1-3 Values of morphological parameters (porosity, pore size and interconnectivity) that should characterize 

scaffolds to be applied in bone tissue engineering 

Porosity Macro porosity Micro porosity 

> 75% [15],[2] of 200–400 𝝁m [2],[15],[10],[17] 
> or equal to 10 -12 𝝁m[17], 

[2] 

 

The biological function of the scaffold is to be biocompatible [4],[19],[21], in order to avoid an extreme 

adverse inflammatory or immune response during cell culture and once implanted, providing a suitable 

environment for cell attachment, proliferation and cell differentiation [4].  

1.2.2.2 Scaffold materials used in bone tissue engineering  

Up to now, several materials such as ceramics, polymers from both natural and synthetic origin, and 

composite materials have been proposed [13], [22], [23].  

Ceramics, such as hydroxyapatite (HA) and Tricalcium phosphate (TCP), have been widely used in 

biomedical engineering and bone substitution/regeneration field. Due to their interesting properties, 

mainly the fact of being osteoconductive, they have been considered for bone tissue engineering 

applications. However, these materials alone are brittle, presenting a low mechanical stability, which 

prevents their use in the regeneration of large bone defects [14]. Furthermore, their 

degradation/dissolution rates are difficult to predict, being a problem since if it degrades too fast, it will 

compromise the mechanical stability of the scaffold and, at the same time, dramatically increase the 

extracellular concentrations of calcium and phosphate ions, which can cause cell death [24]. In addition, 

with ceramic materials is difficult in processing a highly porous structure [25]. 

To overcome the ceramic drawbacks, biodegradable polymers (natural or synthetic) can be considered 

as an alternative. Although natural polymers, such as collagen, gelatin, hyaluronic acid,  chitosan, and 

alginate, possess excellent biocompatibility, their use is often limited by their weak mechanical behavior 

and variable physico-chemical and degradation properties [12],[26]. Synthetic biodegradable polymers 

are becoming increasingly popular for biomedical applications, as it is possible to obtain scaffolds with 

different mechanical and morphological properties, and these characteristics can also be controlled 

changing material composition and fabrication technique [27],[26]. Within synthetic biodegradable 

polymers, the most investigated materials for bone tissue engineering, are the so-called saturated 

aliphatic polyesters, such as polycaprolactones (PCL), polylactic acid (PLA), polyglycolic acid (PGA), 

and their copolymers, e.g. polylactic-co-glycolic-acid (PLGA) [21],[26]. PGA, although show a good initial 

mechanical properties, there are some drawbacks that compromise the clinical applications, including 

the high degradation rate and acidic degradation products [7]. PCL is an important material in the 

aliphatic polyesters family; it is the most widely used and investigated material. PCL degrades by 

hydrolysis of its ester linkages in physiological conditions (e.g. in the human body) and therefore, has 

received a great deal of attention for use as an implantable biomaterial.  
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However, the principal problem associated with some of this synthetic biodegradable polymers, is the 

uncontrolled degradation rate, being in this way difficult to achieve the correct equilibrium between the 

rate of degradation and tissue regeneration. Ideally, the degradation and resorption kinetics of the 

scaffold  are designed to allow cells to proliferate and secrete their own extracellular matrix while the 

scaffolds gradually degrade, leaving space for cell and tissue ingrowth [4]. For example, a rapid 

biodegradation rate may lead to the loss of stability and tissue, and, on the other hand, a slow 

degradation rate may prevent the tissue ingrowth. In addition, toxicity effect related with the high local 

concentration of degradation products, including in several cases acid monomers, can decrease the 

local pH and consequently cell death or tissue damage in vivo. 

An alternative to biodegradation is biointegration. The integration of the scaffold within the host tissue 

can be achieved using biostable scaffold with a very slow degradation rate, and consequently, without 

local toxic substances accumulation. These materials are designed to have the mechanical properties 

adequate, in a first stage, to promote the adhesion of the cells and support the newly formed tissue. In 

a long term, the scaffold is engulfed by the newly formed tissue. 

For this propose, polyurethanes (PU), appear as good candidates as material to be used for bone tissue 

regeneration. Polyurethane scaffolds are being used in tissue engineering, for the regeneration of 

different tissues, such as skin, cardiovascular tissue, peripheral nerve conduits, cancellous bone and 

articular cartilage [21]. PU are extensively used in biomedical applications [26],[27], as implantable 

devices, due to their excellent mechanical properties [30],[31].  

Polyurethanes have as main advantage the possibility to obtain a polymeric material with a control 

degradation rate and with a significantly larger range of morphological, physical, chemical and 

mechanical properties comparing with the commonly used biodegradable polymers [12]. This different 

properties can be achieved by varying the reagents used in material synthesis and also by different 

ratios between the different reagents [18]. The foam synthesize technique and processing conditions 

will also influence the properties of the final materials. In this way, is possible to obtain polyurethanes 

with rigid or flexible properties [32], biostable or biodegradable [33], and hydrophobic or hydrophilic 

[20],[33]. Regarding bone substitutes, polyurethane foams with elastomeric properties are deeply 

investigated [18]. At the interface between bone and implant, the use of flexible materials will avoid 

shear forces, thus facilitating proliferation of osteogenic cells and bone regeneration in vivo [34],[22],[18]. 

1.3 Polyurethanes 

Polyurethanes (PU) are a class of polymeric materials characterized, during their synthesis, by the 

formation of urethane bond. To synthesize polyurethane there are two principal components that need 

to be considered: polyol and isocyanate. The urethane linkage present in the polymer results from the 

reaction of an isocyanate group (-N=C=O) with a hydroxyl group (-OH) of the polyol, in the presence of 

a catalyst [35] (Equation (1)).  
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Polyurethane has a biphasic structure, containing hard and soft segments, which contribute to the 

balance between rigid and flexible properties [35] (Figure 1-2).  

 

 

The soft segments, which provide flexible properties to the PU, are composed by long and flexible polyol 

component; the hard segments, which provides dimensional stability and stiffness, are composed by 

rigid and concentrated urethane linkages [29], [35]. 

1.3.1 Polyurethane foam synthesis 

Among the different methods that are used for PU foam synthesis, is possible to highlight the solvent 

casting/particulate leaching [4], [25], [15], [36], [37], thermally induced phase separation [4], [25], gas 

foaming [12], [21], [38], solid freeform fabrication techniques (SFFT) [7] or a combination of two of this 

methods (see Annex A). Among all of this referred techniques, gas foaming is the one that, first do not 

required the use of an organic solvent, which may leave toxic residues in the final structure and induce 

biocompatibility problems, and second, to create the porous structure, no solid porogen are required, 

which can be an advantage since with this porogen it is necessary to effectively remove it from the final 

structure witch take time. Using gas foaming technique the porous structure can be formed using high 

pressure carbon dioxide or compounds that reacts with isocyanate to generate carbon dioxide gas. For 

the last case, the most used foaming agent is water. In this thesis work, the polyurethane foams 

synthesis will be based on a gas foaming technique. Despite that, is important to refer that solid freeform 

techniques are being deeply investigated for tissue engineering, since with this technique is possible to 

obtain in a more controlled way the morphological properties desired for the final scaffold, using for that 

computer design software.  

Polyurethane foam synthesis includes two main reactions – the blow reaction and the gelation reaction 

[39]. To achieve the desired morphological properties, it is important to establish a balance between the 

two reactions. The use of catalysts is important to allow the two reactions, blow and gelation, to occur 

in a faster, controlled and balance manner. An unbalance between the two reactions can originate the 

collapse of the foam or, in opposite, the formation of a compact structure, with low porosity. Chain 

 OCN – R – NCO + HO - R’ – OH → OCN – [R – NH – CO – O – R’]X - OH (1) 

Figure 1-2 Soft and Hard segments of polyurethane materials [41] 
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extenders are also normally used to extend the length of the hard segments of polyurethane, increasing 

their molecular weight; without a chain extender, the physical properties of the PU structure can be 

compromised [35].  

1.3.1.1 Gelation Reaction  

The gelation reaction, also called the polymerization reaction, is characterized by the reaction between 

isocyanate and the hydroxyl groups of polyol to form the urethane bond ( 

Figure 1-3) [34], [39]. This first reaction on the PU formation process leads to the gelification of the 

polymer. 

 
 

Figure 1-3 Scheme of the reaction between Isocyanate and polyol [39] 

1.3.1.2 Blow reaction 

The blow reaction is responsible for the three-dimensional porous structure formation, by gas production 

(normally carbon dioxide) which will fills the pores. The first step involves the reaction of an isocyanate 

group with water resulting in an unstable carbamic acid that easily decomposes into carbon dioxide and 

an amine (Figure 1-4). In the second step, the produced amines react with other isocyanate group to 

form the urea bond [34],[39]. 

 

Figure 1-4 Scheme of the reaction between Isocyanate and water with the realising of gas [39] 

The two reactions occur simultaneously, so it is important to well-balance the rate of each reaction in 

order to obtain a foam with the desired characteristics. If the blow reaction is to fast in comparison to 

the gelation reaction, the foam structure might not have yet the enough strength to support the porous 

formation, leading to the collapse of the foam. On the other hand, if the gelation reaction is faster than 

blow reaction, will end up with a much closed porous foam. 



9 

 

1.3.2 Main parameters that influence PU foam properties  

The main parameters that control the PU foams properties are the type of reagents used, NCO/OH 

molar ratio, the molecular weight of polyol and water content, that are briefly exposed in the following 

paragraphs. 

1.3.2.1 Type of polyol, isocyanate and chain extender 

The isocyanate monomer [OCN – R – NCO] can have two, or more –NCO groups. The –R group can 

be one or more aromatic rings (aromatic isocyanates) or aliphatic groups (aliphatic isocyanates). The 

chemical composition of the isocyanate influences the biocompatibility of the final PU foam and its 

mechanical properties (mechanical resistance and stiffness). The majority of polyurethane foams are 

synthetized using aromatic isocyanates. The presence of aromatic groups makes isocyanate more 

reactive, reacting faster with polyol. Polyurethanes which are polymerized using aromatic isocyanates 

tend to have a stiffer structure and lower elasticity, than a material synthesized from an aliphatic 

isocyanate. Aliphatic polyurethanes are known to be less toxic and more resistant to hydrolysis and 

thermal degradation. Regarding biomedical applications, the most used isocyanate is the aromatic 4,4´-

difenilmethane diisocyanate (MDI). However, aliphatic isocyanates have also been used to synthetize 

polyurethane foams, e.g. lysine-di.isocyanate (LDI).  

There are three principal families of polyols used in the production of polyurethanes: polyesters, 

polyethers and polycarbonates, depending on the specific groups of the polyol chain, conferring different 

physico-chemical and mechanical properties. Polyether polyol is normally used to obtain a flexible foam. 

This type of polyol has a good hydrolysis resistance but can suffer thermo-oxidative degradation when 

exposed to high temperatures or UV irradiation. For the synthesis of an implantable prosthetic devices, 

the most used polyol is polyether, due to the fact that polyurethane with a polyether structure are more 

stable than with a polyester structure.  

Normally, the chain extender is a diol or a diamine with a low molecular weight. When a diol is used, the 

final polymer will be a poly-urethane. On the other hand, if a diamine is used, the final polymer will be a 

poly-urea-urethane. The most used ones are 1,4 – butanodiol (BD), ethilendiamine (EDA) and 1,4 – 

diammino-cicloesano (DAMCH). Butanodiol is the most frequently used in polyurethane synthesis due 

to the optimal size of hard segments that it produces in the final polyurethane structure [40]. 

1.3.2.2 NCO/OH molar ratio 

The NCO/OH ratio, also called isocyanate index, is defined as the equivalent ratio between the NCO 

groups and OH group [29], [35]. Flexibility of the PU foams depends on the degree of crosslinking, which 

can be adjusted choosing different starting reagents. The resistance of polyurethane material to 

deformation under compression increases with increasing NCO/OH equivalent ratio [18], [29], [35], [41]. 

This can be explained taking into account that, increasing NCO/OH ratio, the available isocyanate 

content increases, thus generating more reaction sites to react with water, increasing the degree of 

crosslinking and, finally, hardening the PU [29]. However, a significant increase in NCO/OH ratio, can 
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lead to a decrease in the mechanical strength, due to an unbalance between hard segment content and 

the soft segment [35].  

1.3.2.3 Polyol molecular weight  

The molecular weight of the polyol is a critical parameter in the polyurethane synthesis, since it 

influences the final structure of the foam and, consequently, its final properties. The reaction of low 

molecular weight polyols, having three or more -OH groups, with the isocyanate leads to a crosslinked 

polymer structures typical of the rigid polyurethane foams [41]. In the opposite, when polyols with a 

higher length are used, elastic networks are formed [29]. This can be explained considering that as the 

polyol molecular weight increases, the soft segment content increases, decreasing the stiffness of the 

synthesized PU that becomes more flexible.  

1.3.2.4 Water content 

The amount of water used during polyurethane foam synthesis, controls the porosity of the foam. As it 

was mention, water participates in the blow reaction, reacting with isocyanate to produce carbon dioxide 

(CO2).  Water is typically used in the range of 1 to 6 parts in relation to the amount of polyol used. Hence, 

a high level of water increase the CO2 production, and consequently leads to a more porous structure, 

consequently with less density, as it is reported in the study performed by Guelcher et al [42] (Table 

1-4). However, at the same time, the increase in water used indirectly induce the increase in urea 

content, hardening the foam [41]. 

Table 1-4 Effect of water percentage used in foaming reaction on porosity and density of the foam 

  
Water content 

(pphp) 
Density (kg/m3) Porosity (%) 

Guelcher et al 
[42] 

PU1 2,75 55,5 95,8 

PU2 1,25 81,2 93,3 

PU3 0,50 132,5 89,1 

pphp - parts per hundred parts polyol 

 

To exemplify the wide range of properties that polyurethane materials can have, in Table 1-5 that reports 

different results obtained in literature, it is possible to see the effect of both chemical composition and 

foam synthesis technique on different morphological, physical and mechanical properties of the final 

polyurethane foams. 
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Table 1-5 Differences in terms of morphological, physical and mechanic properties of polyurethane scaffolds 

reported in the literature  

 Synthesis method 
Density 
(g/cm3) 

Porosity 
Pore 

diameter 
(µm) 

E (MPa) 

Zanneta et all [12] 

One-step bulk polymerization: 

Polyol mixture (OH = 3,97 mmol/g) 

Isocyanate – Methylene diphenyl 

diisocyanate (NCO = 5,45 mmol/g); 

Blowing agent – water (2% w/wpolyol); 

Catalyst - iron-acetylacetonate  

0,20 35 - 74 691 - 955 

Dry: 7,91 – 8,28 

Wet: 0,28 – 0,29 

Bertoldi et all [11] 

One-step bulk polymerization: 

Polyether-polyol mixture (OH = 4,10 

mmol/g); 

Isocyanate – Methylene diphenyl 

diisocyanate (NCO = 5,24 mmol/g); 

Blowing agent - water (2% w/wpolyol); 

Catalyst - iron-acetylacetonate  

0,13 90 269 - 

 
Martínez-Valencia 

et al [31] 

Two-step polymerization method: 

Isocyanate - 1,6-diisocyanato hexane; 

Polyol - polycaprolactone (PCL); 

Chain extender - 1,4-butanediol (BD); 

Solvent - N,N-dimethylformamide; 

Catalyst - dibutyltin diacetate (DBTDA)  

- - - Dry: 3,62 

Asefnejad et al 

[43] 

Combination of phase separation and 

salt leaching techniques 
- 71 - 75 50  - 300 Dry: 0,82 – 1,23 

Tanzi et al [38] 

One-step bulk polymerization: 

Polyether-polyol mixture (OH = 223 

mg/g); 

Isocyanate - Methylene diphenyl 

diisocyanate (NCO = 23%); 

Blowing agent – water (2% w/wpolyol); 

Catalysts - Fe-acetyl-acetonate or 

dibutyl-tin-dilaurate  

0,11 – 0,17 16 - 31 477 - 609 Dry: 4,89 – 6,00  
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1.3.3 Bioactivity of polyurethane material 

The main drawback of polyurethane materials, an in general of synthetic polymers, is the lack of 

bioactive groups  [4], [16], which can limit the applicability and compromise the cytocompatibility. In this 

way, there are several techniques under study to improve the bioactivity of polyurethanes. These 

methods can be resume in three different groups: blending or coating polyurethanes with inorganic 

particles, adhesion of extracellular matrix proteins to polyurethane surface and addition of growth factors 

to polyurethane matrix. Regarding the incorporation of cell-binding peptides into biomaterials, the most 

extensively studied cell recognition sequence is the arginine-glycine-aspartic acid (RGD) motif present 

in matrix molecules such as vitronectin, fibronectin, laminin and collagen, fibrillin [44], and will interact 

with cell receptors. In relation to growth factors, there are many methods to incorporate them into 

synthetic scaffolds: absorbing growth factor to the scaffold; blending growth factor containing 

microspheres into the scaffold and directly mixing growth factor into the scaffold during processing [44]. 

In this thesis work, coating and blending calcium phosphate particles into polyurethane material will be 

the strategy for the bio activation. One of the main problems regarding blending ceramic particles in 

polymer matrix is the fact that, with the current technology, is difficult to promote a complete 

homogeneity of ceramic particles distribution, particularly if the content of inorganic ceramic is high 

[6],[44]. This fact can dramatically compromise both the mechanical performance as well as the bioactive 

potential of the composite [6]. Regarding coating process, is reported in literature different techniques 

that can be used to introduce a calcium phosphate coating layer in polymeric materials. Plasma sprayed 

has been the most used method to produce a bioactive coating, allowing a uniform surface coverage 

and coating thickness [45]. More recently, biomimetic processes have been considered as attractive 

and cheaper alternatives for materials coating [45]. This method is characterized by samples immersion 

in either a simulated body fluid or saturated or supersaturated calcium and phosphate ions. The principal 

concern of using biomimetic coating processes is the poor adhesion strength between the ceramic film 

and polymeric substrate, which can be overcome by pre-functionalization of polymer surface to allow a 

stronger adhesion of CaP particles.   
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Aim of the work 

Taking that into account, although several major improvements have been introduced in the field of bone 

regenerative medicine during the years, current clinical therapies, such as bone grafts or materials 

substitutes, still have many limitations. In this way, tissue engineering has emerging as an alternative 

approach to solve the bone defect problems, being one of the most investigated fields in tissue 

engineering.  Although there are several materials being used to promote the regeneration of the bone 

tissue, synthetic polymers are the most used ones. However, the lack of balance between tissue 

ingrowth and material degradation, and the toxicity effect related with the high local concentration of 

degradation products, are some of the limitations that still needs to be overcome.  

Starting from this point, in this thesis work polyurethane material (PU) was selected for the synthesis of 

scaffolds to be applied in bone tissue regeneration. The main goal of this thesis work is exploit the wide 

range of properties that can be obtained with this type of polymer, to synthesize scaffolds with 

morphological, physical, chemical and mechanic properties that satisfy the desired requirements for 

bone tissue regeneration. Hydrophilic scaffolds, with a slow degradation rate and high open porosity, 

were the principal goals to be achieved, using for that a gas foaming technique.  

Synthesize bioactive polyurethane scaffolds with calcium phosphate particles by a coating process and 

use calcium phosphate particles as fillers is also a goal in this thesis work, to assess the differences in 

terms of mechanic and osteoconductive properties comparing with the PU matrix.     

This thesis work has also, as principal aim, perform a preliminary biocompatibility investigation of the 

synthetized PU-based scaffolds, to be used in bone tissue regeneration. The effect of calcium phosphate 

(CaP), used as filler in the PU matrix, on the compression mechanical properties will be studied together 

with the in vitro osteoconductive potential of CaP coating layer.  

The work is structured as follows: 

 - Polyurethane foam matrix and composite synthesis and coating procedure;  

 - Morphological, physical and mechanical characterization; 

 - In vitro indirect cytotoxicity test and cytocompatibility test, using human osteosarcoma cell lines MG63 

and Saos-2.  
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2 Materials and Methods 

2.1  Polyurethane foam synthesis  

The three-dimensional polyurethane (PU) foams used in this thesis work were synthesized in the 

Biomaterial Laboratory, Politecnico di Milano. For the foams synthesis, a one-step polymerization 

foaming technique was used, with water as expanding agent.  

2.1.1   Synthesis process 

The preparation of the PU foams, briefly, consists in the combination of water, a polyol mixture and 

isocyanate, in presence of a catalyst, following the steps here reported: 

 Polyol mixture preparation; 

 Polyol mixture titration; 

 Polyurethane reaction mixture preparation: 

- Addition of water and catalyst, in the appropriate quantities, to the polyol mixture;  

- Addition of isocyanate to induce the foaming reaction 

 Pouring of the polyurethane mixture in a poly(methylmethacrylate) mold. 

The reagents used in the preparation of the polyol mixture and in the preparation of the reaction mixture, 

are described in the following paragraphs. 

2.1.1.1 Polyol mixture preparation 

The composition of the polyol mixture is reported in Table 2-1. This polyol mixture allows the synthesis 

of PU foams with a hydrophilic behaviour that, according to the literature [18], [32], [46], [47], can be 

responsible for a better affinity to calcium phosphate and better in vitro and in vivo performance.  

The different reagents were put in a polypropylene (PP) beaker in the proper amounts (Table 2-1), 

starting with the ones that are needed in less quantity, and mixed using a mechanical stirrer (ALCW750), 

to ensure a homogenous mixture. 

After that, the titration of the polyol mixture is required. The titration process was performed, using a 

Karl Fischer METTLER DL18 (Figure 2-1) and Karl Fisher Hydranal (Riedel –de Haen®) as titulant. The 

titration was used to quantify the exact amount of water that is initially present in the polyol mixture. 

Before polyol titration, a calibration procedure was performed using water (CHROMASOL®, for HPLC). 

The process of titration was repeated at least three times and the considered percentage value was an 

average of the obtained values. Only with this values it is possible to determine the amount of water that 

should be added to the reaction mixture to reach the desired total water content needed to obtain the 

designed porous structure. In this thesis work the total water amount was fixed at 2% w/wpolyol.  
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Table 2-1 Base reagents used to obtain the polyol mixture 

Polyol mixture 

DESMOPHEN 10WF18 (Bayer®) 85,30% 

DESMOPHEN 7619W    (Bayer®) 10% 

DESMOPHEN 4051B (Bayer®) 2% 

Butanediol (Sigma Aldrich®) 1,5% 

Ethylene Glycol (EG) (Sigma Aldrich®) 1% 

Potassium Acetate in EG (Sigma 
Aldrich®) 

0,1% 

Dabco 33-LV (Sigma Aldrich®) 0,1% 

 

 

Figure 2-1 Titrator Karl Fischer METTLER DL18 

2.1.1.2  Polymerization reaction  

For the polyurethane foam synthesis, it is necessary to combine the polyol mixture with the expanding 

agent (i.e. water), catalyst and isocyanate. The specifications for the reagents used to synthesize the 

PU foam are reported in Table 2-2. 

Table 2-2 Reagents used for the polyurethane foam synthesis 

Polyol mixture (Table 2-1) 

Isocyanate (Desmodur PF, Bayer®: diphenyl-methane-4,4'-diisocyanate, MDI) NCO content: 
23.0± 0.5 % 

Expanding agent (distilled water: 2% w/wpolyol, Idrochimica Srl, Milano) 

Catalyst Fe-Acetylacetonate (0,001% w/wpolyol, Sigma Aldrich®) 

 

To calculate the exact amount of each reagent required for the synthesis of the polyurethane foams, an 

Excel worksheet (Microsoft®) previously prepared, was used. In the Excel file, it was necessary to fill 

up the following values: 
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× Total mass of the reaction mixture to be synthesized; 

× Water percentage already present in the polyol mixture (obtained by the titration); 

× Desired total water content in the reaction mixture; 

× KOH number parameter of the polyol mixture (equal to 230 mg or 4,1 mmol/g of polyol).  

  

The first step in the polymerization reaction is the addition of the exact amount of water to a combination 

of polyol and catalyst, previously prepared, in a PP beaker. The catalyst was previously mixed with a 

defined amount of polyol, since the amount of catalyst needed for the PU foam synthesis is very low 

(i.e. 0,001% w/wpolyol), so in this way it is possible to reduce the possible error caused by measuring 

such a small amount of reagent. After that, the desired amount of polyol was added. 

The three reagents were mixed with a mechanical stirrer at 2000 rpm for 60 seconds. After that, under 

the hood and using a laboratory balance, the appropriate quantity of diisocyanate was added and stirred 

at 2000 rpm for 60 seconds. The polymerization reaction immediately starts when isocyanate is put in 

contact with water and polyol. The process is an exothermic reaction, so when the reaction mixture 

started to heat, the established quantity of reaction mixture was put in a custom-made 

poly(methylmethacrylate) (PMMA) mold (100 mm x 100m x50 mm, Figure 2-2) to allow a controlled 

expansion of the PU  foams in a fixed volume of 500 cm3.The mold was rapidly and firmly tight with a 

PMMA top. The expanding reaction occurred at room temperature.  

 

 

Figure 2-2 PMMA mold used for polyurethane mixture expansion 

2.1.2  Preparation of the PU foam samples  

The PU foam was extracted from the mold after 48 h (time required to complete the PU polymerization). 

The surface skin that was in contact with the PMMA mold, was removed (a slice with a thickness of not 

less than 5 mm) using a tempered steel wire held in tension on a headband by two screws on the 
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opposite sides of the bow (Figure 2-3 A). Then, the weight of the foam was controlled to analyse possible 

weight variations due to the substitution of the carbon dioxide inside the foam with the atmospheric air. 

After the weight of the foam reached a stable value, the foam was sectioned in sheets (3 mm of 

thickness) along the perpendicular direction of foam growing using the same instrument used to cut the 

skins (Figure 2-3 A). Then, the obtained sheets were cut by a manual die (Figure 2-3 B), in cylindrical 

samples (∅ = 10 mm, Figure 2-3 C).  

After that, the samples were purified by immersion in pure ethanol for 48 hours, at room temperature, 

to remove undesired products (e.g. low molecular weight contaminants or by-product reaction 

molecules) that can be cytotoxic. After drying at room temperature, the specimens were stored for further 

characterization.  

 

2.1.3 Calcium phosphate to improve PU foam properties 

It is well described in literature that the introduction of bioactive ceramic particles, in particular calcium 

phosphate (CaP), brings advantages in terms of promoting the osteoconductive properties of the 

scaffold, due to their chemical composition closed to the bone mineral phase [4], [31], [48]. In addition, 

CaP promotes an increase in the mechanical properties [22], [31], [48]. The main minerals in bone 

matrix, hydroxyapatite (HA) and tri-calcium phosphate (TCP), are the best candidates for the synthesis 

of bone scaffolds composites. Several in vitro and in vivo studies have been reported about the excellent 

biocompatibility, high bioactivity and thermodynamic stability of these materials [9]. So, the combination 

of polymeric material and inorganic bioactive particles should represent the best approach in terms of 

improving mechanical and biological properties.  

In this thesis work, 𝛽-TCP (Ca3(PO4)2) was chosen for the synthesis of PU foam-based composite, since 

it is a natural precursor of hydroxyapatite and has shown good biocompatibility in both animal and in 

vitro models, ravelling resorbability properties which allow a progressive replacement by natural host 

tissue [49]. 

A B C 

Figure 2-3 A: Tempered steel wire held in tension on a headband by two screws on the opposite sides of the bow; B: 

Manual die used to cut the cylindrical samples; C:  Cylindrical scaffolds (∅= 10 mm, h = 3 mm) 
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Two types of PU/CaP scaffolds were prepared: samples with CaP loaded in the PU matrix (PU loaded 

scaffolds) and PU samples coated with calcium phosphate (PU coated). The loaded scaffolds were 

analysed mainly to assess possible modifications in the mechanical properties comparing to the 

unloaded PU samples, and the coated ones were analysed in order to verify a possible improvement in 

the in vitro cell interaction. 

For the polyurethane foams loaded with calcium phosphate, the same procedure (see par. 2.1.1) used 

for the synthesis of PU foams was used, adding the 𝛽-TCP to the polyol mixture, before adding the 

isocyanate. The proper amount of calcium phosphate powder (30% w/wpolyol and 40% w/wpolyol) was 

previously dehydrated for 24h in the oven at 60ºC to eliminate possible humidity content. 

For the coating process of the PU scaffolds, a custom-made PMMA vacuum chamber able to coat 6 

samples per time (Figure 2-4) was used. By vacuum, air is completely removed from the sample’s pores, 

allowing the CaP solution entirely fill the porous structure of the foam. The PMMA chamber is composed 

by five main components: the cylindrical chamber, the chamber sealing cap with an O-ring that allows a 

perfect sealing, sample holding system, stainless steel hungers to hold the 6 samples and a glass tube 

that is connected with a valve to control vacuum in/out. A distilled water suspension with 4% (w/v) CaP 

powder was prepared and the samples (six per batch) were fixed in the chamber, placed on a magnetic 

stirrer plate at room temperature. The samples were fixed with clamps covered with Teflon’s stripes to 

prevent attraction towards the magnet and suspended in the CaP suspension for 2 hours, stirred at 800 

rpm to promote the homogeneity of the CaP suspension, allowing a well-coated PU foam samples at 

the end of the process. After 2 hours, the samples were removed from the chamber, and put under the 

hood at room temperature until complete drying.  

 

Mechanical stirring 

Cylindrical PMMA chamber 

Valve 

Samples holding system 
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Figure 2-4 Vacuum PMMA chamber for the coating process of PU scaffolds 

The principal characteristics and nomenclature used to identify each synthetized and modified scaffolds 

are reported in Table 2-3 

Table 2-3 Characteristics of the three synthetized foams (water and calcium phosphate content) 

 

Amount of 

reaction mixture 

put into the mold 

(g) 

Water content (%) 

(wwater/wpolyol) 

Calcium phosphate 

content (%) 

(wCaP/Wpolyol) 

PU Polyurethane foam 75 2 - 

PUL 
(30%) 

Polyurethane foam loaded 
with calcium phosphate 

851 2 30 

PUL 
(40%) 

Polyurethane foam loaded 
with calcium phosphate 

89 2 40 

PUC 
Polyurethane foam coated 

with calcium phosphate 
75 2 - 

 

2.2  Polyurethane scaffold characterization 

In this section, all the methods used to investigate the morphological, physical and mechanical 

properties of the samples are described. 

2.2.1 Morphological characterization  

2.2.1.1 Scanning Electron Microscopy observation 

The PU foams (Table 2-3) were observed by Scanning Electron Microscopy (SEM) to evaluate the 

morphology of the surface and the cross-section of the scaffolds. The specimens were glued on 

aluminium stubs, sputter-coated with gold, and then observed with StereoScan Cambridge 360 

microscope. The samples were observed at an acceleration voltage of 10keV and magnifications of 10, 

30 and 100x.  

2.2.1.2 Porosity, average porous size and interconnectivity by micro Computed Tomography (micro-

CT) 

The foam samples were analysed using a 1172 micro-CT imaging system (Skyscan®, Aartselaar, 

Belgium) desktop X-ray CT scanner at 5,99 µm voxel resolution, X-ray tube current 226 µA, voltage of 

                                                      

1 The amount of PU mixture put in the mold was not 75 g because, since in this case calcium phosphate powder 

was added. The total mass was higher to ensure that the stoichiometric ratio is the desired one. 

 



20 

 

44  kV and power of 10 V without any filters. Specimens were vertically mounted on a plastic support 

and rotated through 180º around the long-axis (z-axis) of the sample. Three absorption images were 

recorded every 0,400 rotation degrees. These projection radiographs of samples were first 

reconstructed to serial coronal-oriented tomograms using 3D cone beam reconstruction algorithm 

(Nrecon v1.6.4.1. Skyscan®, Aartselaar, Belgium). The beam hardening was set to 20% and ring artifact 

reduction to 12. 3D reconstruction of the internal pore morphology was carried out using these axial 

bitmap images analysed by Ctan v2.10 (Skyscan®, Aartselaar, Belgium). A thresholding analysis was 

then performed to determine the threshold value for which greyscale tomograms of the samples were 

most accurately represented by their binarized counterparts in terms of porosity. The greyscale 

threshold was set between 45 (lower grey threshold) and 255 (upper grey threshold). Additional noise 

was removed by the despeckling function. All objects smaller than 300 voxels and not connected to the 

3D model were thus removed prior to further analysis. In order to eliminate potential edge effects, the 

cylindrical volume of interests (VOI) was selected in the center of a scaffold (∅ = 10 mm, h = 3-4 mm). 

Two different VOIs were selected for each scaffold, evaluating open porosity and average pore size. 

The sample porosity was calculated according to Equation (2): 

 

 

Furthermore, all images are processed by a shrinkwrap function that estimates the volume fraction of 

accessible pores through a previously selected dimension (cut-off diameter), ranging between 0 and 

125 µm. The interconnection was calculated according to Equation (3): 

 

 

where 𝑉 indicates the VOI overall volume, 𝑉𝑠ℎ𝑟𝑖𝑛𝑘𝑤𝑟𝑎𝑝 is the VOI volume calculated after the shrinkwrap 

function application, and  𝑉𝑚 is the volume of the sample. 

2.2.2 Physical characterization  

2.2.2.1 Bulk density  

To assess the bulk density of the PU foams, cylindrical samples (∅ = 10 mm, h = 3 mm, Figure 2-5) 

were cut with a manual die, as previous described in paragraph 2.1.2. The apparent bulk density was 

determined according to the International Standard EN ISO 8452, weighing and measuring the diameter 

and the thickness of the samples (n=5 for each type of foam). The thickness was measured in three 

                                                      

2 EN ISO 845 – Determination of apparent density, [88]. 

 
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 100% − 𝑣𝑜𝑙% 𝑜𝑓 𝑏𝑖𝑛𝑎𝑟𝑖𝑧𝑒𝑑 𝑜𝑏𝑗𝑒𝑐𝑡 (𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑) 𝑖𝑛 𝑉𝑂𝐼 

(2) 

 
𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 =  

𝑉 − 𝑉𝑠ℎ𝑟𝑖𝑛𝑘𝑤𝑟𝑎𝑝

𝑉 −  𝑉𝑚

 𝑥 100 (3) 
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random points of the scaffold and the diameter was measured in two perpendicular positions. The 

density, expressed as a ratio between the mass and the volume of the specimen, was calculated using 

the Equation (4): 

 

 

where, 𝑚 is the mass of the samples (g), ∅ is the average diameter of the scaffold, and h is the thickness.  

 

 

Figure 2-5 Caliber used to measure the diameter and the thickness of the samples 

 

2.2.2.2 Water uptake 

The water uptake test was performed to determine the hydrophilicity of the samples, hence the ability 

to adsorb water. This property will depend on the morphological (porosity and pore diameter) and the 

chemical properties of the scaffolds.  

In this thesis work, the water uptake test is important not only for the characterization of the different 

prepared samples (i.e., determination of the amount of water that can be adsorbed by the scaffolds), 

but also for the mechanical characterization in wet condition. In fact, for the mechanical test, it is 

necessary to know after how much time the samples reached the maximum water content (plateau 

region). In this way, the results regarding the mechanical properties in wet conditions, for each type of 

scaffolds, will not be influenced by variations in the water content during the mechanical test. The 

information obtained from the water uptake test is also important to know the behaviour of the scaffolds 

when in contact with the culture medium during the cytocompatibility test, since with this information it 

was possible to set up the immersion time of the scaffolds in culture medium before cell seeding (see 

paragraph 2.2.4.4). 

Water uptake was performed using five samples (∅ = 10 mm; h = 3 mm) for each type of scaffold (PU, 

PUL 30%, PUL 40% and PUC). Specimens were put in a multi-well plate with deionized water (2mL at 

the beginning of the test, with successive additions of water in order to maintain the samples completely 

 
𝛿 =

𝑚

𝜋 × ∅2 × h
 (4) 
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immersed) and kept at 37℃. Before starting the water uptake test, all the samples were weighted in dry 

condition. At different time points (0,25; 0,5; 1; 2; 3; 6; 24 hours and then each day up to 16 days), the 

weight of the samples was assessed. For that, the samples were extracted from the multi-well plate and 

dried with laboratory paper to eliminate the excess water on the surface of the speciments.  

Comparing the values of weight obtained at each time points to the weight of the samples in dry 

condition, it was possible to determine the percentage value of water uptake, as follows (Equation (5)):  

 

where 𝑤𝑡 is the weight of the sample at time point t, and  𝑤𝑡0 is the weight of the sample in dry condition. 

For each time point, and for each type of PU sample, the water uptake value is expressed as average 

value and standard deviation. 

2.2.3 Mechanical compression characterization  

The mechanical compression test is a fundamental characterization to evaluate if the prepared scaffolds 

have properties adequate to support bone tissue regeneration.  

Theoretically, in a compressive stress-strain curve of a porous sample, three different regions can be 

distinguished: linear elastic behaviour, collapse plateau and densification (Figure 2-6). 

 

 

 

 

From the slope of the linear initial phase it is possible to obtain the Young Modulus (E), which represents 

a measure of the stiffness of the material. The following phase corresponds to the step in which the 

pores start to collapse due to the pores wall buckling. The densification phase correspond to a rapid 

increase of stress due to the increase of the material stiffness after the collapse of the porous structure. 

 𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) = [
𝑤𝑡 − 𝑤𝑡0

𝑤𝑡0

] × 100 

 

(5) 

Figure 2-6 Compressive stress-strain curve with the identification of the three principal regions: Linear elasticity, Plateau and 

Densification [89] 
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To evaluate the compression properties, cylindrical samples (∅ = 10 mm, h = 3 mm, n=4) were tested 

for each kind of prepared scaffolds. A Dynamic Mechanical Analyzer (DMA Q800, TA Instrument, Figure 

2-7) was used. The mechanical tests were performed in dry and wet conditions; in particular, for test in 

wet condition the mechanical tests were performed once the samples reached the plateau phase. The 

mechanical properties of the samples were also investigated 18 days after the plateau, to assess the 

long-term effect of water on the mechanical strength of the scaffold structure.  

Representative mechanical parameters, Young’s Modulus (E), maximum stress (𝜎𝑚𝑎𝑥), residual 

deformation (휀𝑅) and stiffness (), were determined from 𝜎 휀⁄  curve; the hysteresis area that represents 

the area enclosed by the two curves (load and unload curves) and is related to the energy that is 

dissipated from the polymer during stress-strain cycle, was determined with Matlab®. In particular, the 

trapezius rule was used to calculate the area below the curve correspondent to the loading phase and 

the area below to the curve correspondent to the unload phase; the hysteresis area was calculated as 

the difference between the two areas. To determine the Young’s Modulus, from the slope of the 

stress/strain curve, the range 0 -10% strain was considered.   

All the values obtained for the mechanical parameters are expressed as average and standard 

deviation. 

 

Figure 2-7 DMA (Dynamic Mechanical Analyzer) model Q 800, TA Instrument 

The mechanical compressive test started by heating the samples up to 37°C (i.e. body temperature). A 

preload (0,05N) was applied to allow all the samples to start the test in the same condition. Then, the 

samples were compressed until 50% of deformation at 2,50% strain/min. In the unload step a 5% 

strain/min ramp was applied.  



24 

 

2.2.4 In vitro cell interaction  

This paragraph describes the methodologies used to investigate the in vitro biocompatibility of the 

polyurethane scaffolds.  

The human osteosarcoma cell line MG63 was used to test the in vitro cytotoxicity and cytocompatibility 

of the scaffolds. This human bone-derived cell line represents a homogeneous, well-defined, relatively 

easily available and highly proliferative cell population, which is capable of giving reproducible results. 

MG63 cells (Sigma) were cultured in DMEM, supplement with 10% fetal bovine serum (FBS; Sigma-

Aldrich F7524), HEPES (1% v/v, Sigma-Aldrich H0887), L-glutamine (1% v/v, Sigma-Aldrich), sodium 

pyruvate 1 mM (1%v/v, Sigma-Aldrich S8636) incubated at 37℃, 5% CO2, to allow cell proliferation. 

Tests were performed in sterile conditions under biological hood Nuaire, in the BioCell Laboratory, 

Politecnico di Milano. 

2.2.4.1 Cells preparation 

To obtain the desired amount of cells for the in vitro tests, it was necessary to split the cells periodically, 

when 100 % cell confluence was observed in the flasks used for cell expansion. 

When cell population achieved the confluence in the flask, the first step was to remove all the culture 

medium from the flask. A volume of 2-3 mL of PBS (1x) w/o Ca2+ and Mg2+ (D8537, Sigma) was added 

to wash the cells. Then, it was necessary to detach cells from the flask bottom using trypsin that breaks 

the polypeptidic chain of proteins. For that, 2-3 mL of trypsin/EDTA solution (1:10 in PBS, ECB3, 

Euroclone) was added, and the flask was put in the incubator for at least 2 minutes. After that, the flask 

was removed from the incubator and, using an optical microscope, it was possible to check if MG63 

cells were already detached. A volume of culture medium (the same volume of the trypsin solution 

added), was added to the flask since the serum in the complete culture medium immediately inhibits the 

action of trypsin3. Cell suspension was transferred to a Falcon tube and centrifuged at 2000 rpm for 5 

min. The supernatant was removed and the pellet of cells was suspended in 1 mL of culture medium. 

Finally, cell suspension was split into two different flasks adding fresh medium in both of them (4 mL per 

flask). The procedure was repeated until the adequate cell number was obtained. 

For cell seeding, the procedure for cell detachment was exactly the same previously described. In this 

case, it was necessary to determine the exact amount of cells present in each flask to allow the seeding 

of the desired amount of cells in each well. So, in this case, the number of cells in the re-suspended cell 

solution (1 mL) after centrifugation, was determined.   

                                                      

3 A prolonged time of cell contact with the trypsin solution can damage the cells. So it is important to ensure that 

the time of incubation is long enough to allow the detachment of the majority of the cells, but not so prolonged to 
avoid cell death. 
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Cell counting was performed with an optical microscope and a Neubauer chamber (Figure 2-8 A). The 

chamber is composed of four quadrants, each one composed by 16 squares (4x4), as reported in Figure 

2-8 B.  

 

 

To obtain the total number of cells, it is necessary to determine the value of cells in each of the four 

quadrants, and then the average cell number. To perform the cell counting, 20 µL of the cell suspension 

are diluted in 20 µL of Turk dye, i.e. the Trypan blue (T8154, Sigma), being in this way possible to 

distinguish alive and dead cells, by colouring non-viable cells since the Trypan blue can enter in the 

cells with compromised membranes. Cell suspension/Trypan blue solution is transferred to the 

Neubauer chamber, using a micropipette, and then observed under the optical microscope. The total 

number of cells was determined using the following Equation (6): 

 

 

where dilution factor is 2, taking into account the addition of the Trypan blue dye, the volume of the 

chamber has the value of 104 and the volume of the cell suspension is the volume of the solution after 

resuspending the cell pellet obtained by centrifugation (1 mL).   

2.2.4.2 Scaffold preparation 

The samples used in the in vitro tests were prepared according to the methodology described in 2.1.2. 

Before cytotoxicity and cytocompatability tests, the scaffolds were disinfected in 70 vol.% ethanol (in 

distilled water) for 2 hours (excluding the scaffold coated with calcium phosphate). Then, samples were 

sterilized with ultraviolet irradiation at 254 nm for 20 minutes (10 minutes per side). 

A B 

 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 =
 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 (𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒) × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ×

𝑑𝑖𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛  
(6) 

Figure 2-8 A: Neubauer chamber used for cell counting; B: Neubauer chamber view under optical 

microscope 
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2.2.4.3 In vitro indirect cytotoxicity test  

Cytotoxicity test was performed on PU and PUL (30%) scaffolds according to ISO 10993-54, using MG63 

human osteosarcoma cell line (Figure 2-9), in proliferative stage (not yet at 100% confluence, about 

80%), allowing in this way a better proliferation of the cells on the TCP during the cytotoxicity test. For 

each material, six samples were put in a 24-multiwell tissue culture plate (see Annex B) and immersed 

in 1,5mL of complete DMEM (composition described in par. 2.2.4). For each PU foam type, three 

samples were in contact with the complete DMEM for 1 day and the other three for 4 days. In addition, 

three wells were filled only with the culture medium, to be used as control for the same considered time 

points (i.e., 1 and 4 days).  

A 96-multiwell tissue culture plastic (TCP, see Annex B) was used to culture the MG63 cells, before 

adding the eluates (i.e., the medium that was kept in contact with the scaffolds for 1 and 4 days) and 

the controls. The total number of needed cells was determined taking into account the number of cells 

per well, and the total number of wells to be seeded. It was fixed a cell density of 1x104 cells/well and a 

total volume of 150 µL/well (50 µL/well of cell suspension and 100 µL/well of fresh medium). 

After cell seeding, cells were cultured for a period of 24 hours to allow the adhesion of MG63 cells on 

the bottom of the wells and a ~70% confluence. After that, the medium was replaced with the eluates 

(150 µL/well). The eluate in each well of the 24-multiwell plate was divided in three wells in the 96-

multiwell plate. As control, cells previously seeded in the multi-well, were kept in contact with the culture 

medium previously incubated for one and four days. The cells were cultured with the eluates for 24 

hours. 

 

 

Figure 2-9 Optical microscopy image of the MG63 cells during normal proliferation onto a tissue culture plate 

                                                      

4 ISO 10993-5 describes the test methods to assess the in vitro cytotoxicity of medical devices 
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2.2.4.4 In vitro cytocompatibility test  

The cytocompatibility test was performed with three types of samples (PU, PUL (40%) and PUC) in 

static culture condition using a 48-multiwell plate. Five time points were selected (1, 3, 7, 14 and 21 

days). For each time point, a qualitative cell morphology was performed by SEM, cell viability was 

investigated by Alamar Blue assay, a quantitative analyses of the number of cells alive was performed 

by DNA quantification, phosphatase activity (ALP) was analysed and the total amount of proteins was 

determined using a BCA protein assay. 

Before cell seeding, the scaffolds were immersed in culture medium for 30 minutes, to promote the 

adsorption of culture medium. After this pre-treatment, the samples were placed in two 48-multiwell plate 

to perform the cell seeding. In the multi-well plates, 3 wells without scaffold were also considered, i.e. 

only the medium and the cells, and six wells with only the medium and the scaffold, were used as 

controls, three for the Alamar Blue assay and the others for ALP activity assay. The cell density was 

fixed at 2x104 cells/well.  

For the cell seeding on the scaffolds, a cell suspension (100 µL, cell density 2x104 cells/well), was added 

onto the top of each scaffold with a drop method. After 90 minutes, 600 µL of fresh culture medium were 

added, and the samples were incubated at 37 °C. The time between cell seeding and the addition of 

fresh medium is required to improve the attachment of the cells on the scaffold. Before adding the fresh 

medium, the attachment of the cells was checked in the control wells. Culture medium was replaced 

every three days.    

2.2.4.5 Alamar blue assay 

AlamarBlue® assay is a proven cell viability test that uses the natural reducing power of metabolically 

active cells to convert resazurin (non-fluorescent) to the bright pink-fluorescent molecule, resorufin. The 

active reagent of AlamarBlue® (resazurin) is a nontoxic, cell permeable compound that is blue in colour 

and non-fluorescent. With this nontoxicity indicator, it is possible to go on with the cells cultured on the 

scaffolds for all the test period, since the cells do not die due to the biochemical assay. The amount of 

fluorescence produced is proportional to the cells metabolic activity.  

For both cytotoxicity and cytocompatibility tests, the procedure used for Alamar Blue assay was similar: 

 Preparation of Alamar Blue solution (10% v/v in culture medium) and sterilization by 

filtration; 

 Replace of culture medium in the appropriate wells with Alamar blue solution;  

 Incubation of the samples for 4 hours (37ºC); 

 Preparation of a 96-multiwell by transferring 100 µL of the Alamar solution in triplicate 

from each well where the Alamar solution was in contact with the samples. Three 

additional wells with only fresh Alamar solution were considered to eliminate the 

residual fluorescence not associated to the metabolic activity of the cells; 
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 Read the fluorescence of the solution (excitation ʎ=540 nm, emission ʎ=595 nm), using 

a spectrophotometer (Tecan, Genios Plus plate reader, Figure 2-10). 

 

 

Figure 2-10 TECAN, GENios plus spectrophotometer used to measure the fluorescence signals for the Alamar 

test 

The details of the procedures applied in each test and the data elaboration are referred below.  

2.2.4.5.1 Cytotoxicity test 

In the cytotoxicity test, to perform the Alamar blue assay, the eluate that was in contact with the cells for 

24 hours was replaced with 150 µL of Alamar solution and after 4 hours of incubation the fluorescence 

was assessed. 

Finally, the results were analysed by plotting the percentage of cell viability for the two considered eluate 

time points and for the two types of samples, PU and PUL (30%). The percentage of cell viability of the 

cells was calculated according to the following Equation (7). 

 

 

The viability of the cells was determined normalising the fluorescence obtained for the eluate medium 

with the fluorescence obtained for the control medium (medium incubated for 1 or 4 days not in contact 

with the scaffolds). 

2.2.4.5.2 Cytocompatibility test 

The culture medium was replaced with 500 µL of Alarmar blue solution per well, in the 48 multi-well 

used in cytocompatibility test (see paragraph 2.2.4.4). After 4 hours of incubation the fluorescence was 

assessed.  

 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) =
(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑙𝑢𝑎𝑡𝑒(1 𝑜𝑟 4 𝑑𝑎𝑦𝑠)−𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐴𝑙𝑎𝑚𝑎𝑟 𝑏𝑙𝑢𝑒)

(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑒𝑑 𝑚𝑒𝑑𝑖𝑢𝑚−𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐴𝑙𝑎𝑚𝑎𝑟 𝑏𝑙𝑢𝑒)
 ×

100  
(7) 
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Finally, the results were analysed by plotting the percentage of viability for the five analysed time points 

and for the three types of foam, PU, PUL (40%) and PUC. The percentage of viability of the cells (10), 

was calculated determining the ratio between the fluorescence correspondent to the cells seeded on 

the scaffolds (8) and the fluorescence corresponding to the cells seeded on the TCP (9). Tissue culture 

plastic (TCP) was used as a negative, non-toxic control. 

 

 

 

 

 

 

The fluorescence values related to the medium in contact with the scaffolds seeded with cells, were 

normalised with the fluorescence corresponding to the scaffolds not seeded with the cells (Equation (8)). 

The fluorescence values corresponding to the medium only in contact with the cells, were normalised 

with the fluorescence corresponding to the Alamar Blue solution (Equation (9)). 

2.2.4.6 DNA extraction and quantification 

To assess the proliferation rate of MG63 osteoblast-like cells, the total amount of DNA, and 

consequently the total amount of cells was determined for the considered scaffolds at each time point. 

After Alamar Blue assay, three scaffolds per each time point, after washing them 3 times with PBS, were 

put in Eppendorfs and stored at -80ºC.  

Briefly, for DNA extraction, cells on the scaffolds were detached and the cells lysed. From the solution 

containing the lysate, proteins and cell debris were first removed by precipitation. Then, from the 

obtained supernatant, the present DNA was precipitated and, after discard the supernatant, the DNA 

pellet was resuspended in 100 µL of distilled water. For DNA quantification, SYBER Green dye was 

used, and the absorbance (absorption at λ = 497 nm and emission at λ = 520 nm) was determined using 

a spectrophotometer (Figure 2-10). Finally, the absorbance was converted in DNA concentration using 

calibration curves obtained from an initial Salmon Sperm solution with a known concentration (500 ng/ 

 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑𝑠
= 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑚𝑒𝑑𝑖𝑢𝑚 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑤𝑖𝑡ℎ 𝑐𝑒𝑙𝑙𝑠
− 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑𝑠 𝑤𝑖𝑡𝑜𝑢𝑡 𝑐𝑒𝑙𝑙𝑠 

(8) 

   
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑇𝐶𝑃

= 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑚𝑒𝑑𝑖𝑢𝑚 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑐𝑒𝑙𝑙𝑠 

− 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝐴𝑙𝑎𝑚𝑎𝑟 𝑏𝑙𝑢𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  

 

(9) 

 𝒗𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(%) =
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑𝑠

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑇𝐶𝑃
 × 100 

 

(10) 



30 

 

µL). In the following paragraph the steps followed for DNA quantification of cells cultured onto the 

considered scaffolds are briefly explained. 

2.2.4.6.1 DNA extraction 

For DNA extraction (see Annex C), the two first steps consisted in the detachment of the cells from the 

scaffolds and cells lysis. In each Eppendorf containing a scaffold, it was added 2,5 µL of proteinase K, 

that is responsible for the protein degradation to allow the detachment of cells from the scaffold, and 

500 µL of buffer lysis (10mM NaCl, 10mM TRIS at pH 8,0, 10mM EDTA at pH 8,0, 0,5% SDS), used to 

digest the cell membrane were added. Using a Vortex, the solution in the Eppendorf was homogenised, 

ensuring that the scaffolds were immersed in the prepared solution. Then, the samples were incubated 

at 55ºC overnight. The day after, the Eppendorfs were incubated at 95ºC per 10 minutes in order to 

inactivate the proteinase K. The samples were centrifuged (Centrifuge 5415 R) for 2 minutes at 4ºC at 

maximum speed. After that, all the solutions were transferred to new Eppendorfs, and the scaffolds were 

discarded. 

Next step consisted in the precipitation of proteins and cell debris present in the solutions of the new 

Eppendorf. For that, 50 µL of sodium acetate solution (pH 5,2) were added in each Eppendorf. The 

content of the tubes was gently mixed by inverting them. Then, the Eppendorfs were incubated at -20ºC 

for 15 minutes, and after that centrifuged for 20 minutes at 4ºC, at maximum speed. The obtained 

supernatant in each tube, was transferred to new ones to continue the procedure, thus discarding   

protein and debris deposited on the bottom that can interfere with the next steps for DNA quantification. 

After that, a cycle for nucleic acid precipitation was performed. For that, 1 mL of cold (4ºC) 98% ethanol 

was added in each tube and the Eppendorfs were gently mixed by inverting them. After that, the 

Eppendorfs were incubated at -20ºC for 15 minutes, then centrifuged at maximum speed for 20 minutes 

at 4ºC. The obtained supernatant in each tube, was discarded and 1 mL of cold 70% ethanol was added 

to the pellet. The solution in the tube was homogenised by vortex and centrifuged for 5 minutes at 4ºC 

and maximum speed.  The resulted supernatant was gently aspirated and discarded. The pellet was 

dried under sterile hood for 2 hours and then 100 µL of distilled water were added to each Eppendorf. 

2.2.4.6.2 DNA quantification 

For the DNA quantification, SYBER Green dye, which is normally used as a nucleic acid stain that 

preferentially binds to double-stranded DNA was used. Before starting the experimental procedure, the 

amount of DNA present in each scaffold for each time point was estimated. This is an information 

necessary for the definition of the calibration curves that will be used to determine the amount of DNA 

in the samples, since these curves, all together, should include the range of DNA quantity present in the 

scaffolds for each time point. To estimate the DNA at each time point, Equation (11) was used, 

considering the number of cells seeded in each scaffolds (2 x104 cell/well) and the doubling time 

reported in literature for MG63 cells (i.e. 30 hours [50]) to calculate the number of doubling times that 

occurs at each time point:  

https://en.wikipedia.org/wiki/Nucleic_acid
https://en.wikipedia.org/wiki/Stain
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where: 

 𝑁𝑡 = amount of cells in the time point 𝑡, 

 𝑁𝑜 = initial amount of cell, 

 𝑛 = total doubling cycles that occur at each time point considered.  

Since Equation (11) is applied to determine the number of cells during exponential grow, the predicted 

number for the last two time points was reduced 1 order of magnitude since, according to the typical cell 

growth (Figure 2-11), the cells, after a certain period of time, diminish them growth, and, by reducing the 

predicted cell number, it is possible to obtained more accurate values.  

 

 

 

After that, it was possible to set up the calibration curves necessary to include all the DNA amounts 

predicted for each time point. For the construction of the calibration curves a solution of Salmon Sperm 

with a known concentration of DNA (500 ng/ µL) was used. According to the predicted values of DNA in 

each time point, three calibration curves were established (1:1, 1:10, 1:100), and for the two last time 

points (14 and 21 days) since the predicted values were higher than the concentration of DNA in the 

initial Salmon Sperm solution, it was predicted a dilution of ten times of the pellet resuspended in 100 

µL of distilled water (Table 2-4). Each calibration curve was performed in duplicate.  

To perform the calibration curve (see Annex D), a 96 multi-well plate was used. For each row 

(correspondent to one calibration curve), 30 µL of distilled water were added to each well, except to the 

 𝑁𝑡 = 𝑁𝑜 × 2𝑛 (11) 

Figure 2-11 Representative curve of the different phases in a general cell growth kinetics 
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last one. After that, 60 µL of Salmon Sperm solution with the appropriate concentration (500 ng/ µL, 50 

ng/ µL or 5 ng/ µL – the last two concentrations prepared by dilution of the first one) were added to the 

last well. Then, 30 µL of the sperm solution present in the last well were transferred to the penultimate 

well and, from this one, 30 µL of solution were transferred to antepenultimate well and so on until the 

third well of each row. 

Table 2-4 Calibration curves defined for each time point of cell culture  

Concentration of initial solution of Salmon Sperm (Css, ng/µL) 500 

Time point (days) 
Predicted cell 

number 
Concentration of 
DNA (CDNA, ng/µL) 

Calibration 
curve 

Range of 
concentration 

(ng/µL) 

1 3,5 x 104 2,4 1:100 5 – 0,01 

3 1,1 x 105 7,4 1:10 50 – 0,1 

7 9,7 x 105 67,9 1:1 500 - 1 

14 4,7 x 106 3,29 x 103 1:1* 500 - 1 

21 2,3 x 108 1,60 x 105 1:1* 500 - 1 

*After dilution of the samples 10 times 

 

Then, 60 µL of distilled water were added to each well and finally 10 µL of SYBER Green dye were also 

added, to reach a total volume of 100 µL in each well. The absorbance of the calibration curves was 

measured using a spectrophotometer (Tecan, Genios Plus plate reader). The resulting DNA-dye-

complex absorbs blue light at λ = 497 nm and emittes green light at λ = 520 nm. The three calibration 

curves (OD vs DNA concentration (ng/ µL) were obtained by point to point interpolation, and then used 

to determine the concentration of DNA on the samples. 

To determine the absorbance of the samples for each scaffold, a triplicate reading was performed. In a 

96 multi-well plate, 9 wells were filled with the solution for each considered time point (Figure 2-12). In 

each well, 30 µL of sample solution, 60 µL of distilled water and 10 µL of SYBER Green stain were 

added. In the case of samples culture for 14 and 21 days, the 30 µL of sample correspond to the solution 

obtained from the DNA pellet resuspension diluted 10 times. 

To convert the absorbance signal of the samples in the respective DNA concentration, the appropriate 

calibration curve for each time point was used. From the appropriate calibration curve it was selected 

only a range of absorbance values that covered all the absorbance values obtained for the samples at 

each time point (Figure 2-13). For each selected range of values, a linear curve was obtained and using 

its parameters (slop and intersection with the y axis), it was possible to convert the absorbance values 

of the samples into DNA concentration.  
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The DNA concentration was converted to quantity of DNA multiplying the obtained value by 100 µL (the 

total volume present in each well in the 96 multi-well plate). After that, the amount of DNA was corrected, 

multiplying by the factor (100/30), since in each well it was just present 30 µL of the 100 µL where the 

DNA pellet of each scaffolds was diluted (Figure 2-12). The obtained amount was also multiplied by 10 

for the last two time points since a previous dilution of the samples was performed (Figure 2-12). Finally 

Day 7 (samples absorbance) 

7616 6508 6936 8396 6623 6714 11012 4439 3817 

Triplicate 
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Figure 2-12 Scheme of 96-multiwell preparation for samples absorbance reading 

Figure 2-13 Example of how was converted the absorbance obtained for each time point in DNA concentration 

using the calibration curves 
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the amount of DNA was converted in number of cells, using the average value of DNA present in general 

in a cell (7x10-12 g DNA/cell). 

2.2.4.7 Alkaline Phosphatase (ALP) activity and total protein quantification  

Osteoblastic differentiation was determined by measuring the enzymatic activity of ALP. To measure 

the ALP activity, a colorimetric assay kit (BioVision’s Alkaline Phosphatase Assay Kitv) was used. The 

kit uses p-nitrophenyl phosphate (pNPP) as a phosphatase substrate that turns yellow (λ = 405 𝑛𝑚) 

when dephosphorylated by ALP, originating p-nitrophenol (pNP). To determine the total amount of 

protein was determined using Pierce TM BCA Protein Assay kit. The principle of the bicinchoninic acid 

(BCA) protein assay relies on the well-known reduction of Cu2+ to Cu1+ under alkaline conditions. The 

amount of reduction is proportional to the amount of protein present. BCA forms a purple-blue complex 

with Cu1+ in alkaline environments, thus providing a basis to monitor the reduction of alkaline Cu2+ by 

proteins. 

 Both alkaline phosphatase activity and total protein quantification were measured 7, 14 and 21 days 

after seeding. The test was performed on 3 scaffold seeded, 3 controls with only cells and 3 controls 

with just the scaffold, per time point, in triplicate. After Alamar Blue assay, the scaffolds were washed 

three times with PBS and transferred to a 48 multi-well plate. Then, 500 µL of 1 % Triton and 50 mM 

HEPES solution in PBS were added to each well to promote cell lysis. This procedure was also 

performed in the control wells (wells without scaffolds, with the cells attached to the bottom of the TCPS 

well and wells with just the scaffolds). In the case of control cells, to transfer the lysate to the 48-multiwell, 

the lysis buffer remained in contact with the cells for 30 minutes at room temperature. The multi-well 

plate with the scaffolds and respective lysates were frozen at - 80ºC prior to use. One day before ALP 

assay, the multi-well containing the samples were moved to the fridge at 4ºC.  

2.2.4.7.1 ALP activity 

The first step of ALP assay was the preparation of the pNPP solution by dissolution of 2 tablets of pNPP 

in 5,4 mL of Assay Buffer (kit content, see Annex E). Before testing the samples, a calibration curve (OD 

405 nm vs pNP (µmol)), was performed.  For that, 1 mM pNPP solution was prepared by diluting 100 

µL of pNPP solution previous prepared in 400 µL of Assay Buffer. Different volumes of the standard 

solution (0, 5, 10, 20, 30, 40, 50, 64 𝜇L) were added into a 96 well plate in duplicate to obtain 0, 5, 10, 

20, 30, 40, 50, 64 nmol/well pNPP. Then, the volume in each well was brought to 96 𝜇L with Assay 

Buffer. Before incubation of the samples for 1 hour at room temperature and protected them from light, 

8 𝜇L of ALP enzyme solution (kit content) were added to each well. The ALP enzyme converts the pNPP 

substrate to an equal amount of coloured p-Nitrophenol (pNP). After the incubation time, 16 𝜇L of Stop 

solution (kit content) were added to each well to stop all the reactions and the absorbance was measured 

at 405 nm. Then, a plot pNP vs Absorbance was obtained, correcting first the background by subtracting 

the value obtained from the 0 nmol/well pNPP standards from all the other standards (i.e. 5, 10, 20, 30, 

40, 50, 64 nmol/well pNPP). 
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To determine the absorbance of the samples, 10 µL of sample were added to each well and the volume 

was brought to 64 µL with Assay Buffer. Then, 40 µL of pNPP solution were added to each well 

containing the test samples. The samples were incubated for 1 hour at room temperature protected from 

light. After this time, 16 µL of Stop solution per well were added and the absorbance was measured at 

405 nm.  

Since coloured samples may interfere with O.D. 405 nm reading and the samples had a violet/pink 

colour due to Alamar Blue assay previously performed on the scaffolds, it was necessary to use a 

background sample control, one background control for each type of samples (different time points and 

different types of scaffolds). For that, the same amount of sample (10 µL) was added into separate wells, 

bringing the volume to 64 µL with Assay Buffer. After that, 16 µL of Stop solution were added and mixed 

to terminate ALP activity in the sample. Then, 40 µL of pNPP solution were added per well and after 1 

hour of incubation in the same conditions referred above, the absorbance was measured using the 

spectrophotometer.  

The sample readings, after correcting them subtracting the background, were reported in the calibration 

curve to obtain the amount of pNP generated by ALP samples. ALP activity of the tested samples was 

then calculated using Equation (12), and expressed as alkaline phosphatase units. A phosphatase unit 

is defined as the amount of enzyme activity that causes the hydrolysis of 1 µmol of p-NPP per minute, 

under the test conditions, as already described in literature [51]: 

 

where: 

 V = volume (mL) of sample in each well (10 µL)  

 t = reaction time in minutes (60 minutes) 

2.2.4.7.2 Total protein quantification  

To determine the total amount of proteins present in each sample, the first step was the preparation of 

the bicinchoninic acid (BCA) working reagent (WR). For that, according to the number of samples with 

unknown protein concentration and the samples for the calibration curves, the total volume of WR that 

was necessary was determined as follows (Equation (13)): 

 

 

For BCA reagent preparation, 50 parts of BCA reagent A were combined with one part of Reagent B 

(50:1, Reagent A:B), in order to achieve the total volume of WR required.  

 
𝐴𝐿𝑃 (𝑈 𝑚𝐿⁄ ) = (

𝑝𝑁𝑃 (µmol)

𝑉
) 𝑡⁄  (12) 

 (𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑠 ×  𝑛º 𝑜𝑓 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠 + 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 × 𝑛º 𝑜𝑓 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠) ×
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑅 𝑝𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 = 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑅 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  

(13) 
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A calibration curve, in duplicate, was obtained using different already prepared solutions with different 

concentrations of bovine serum albumin (BSA) protein (2000, 1500, 1000, 750, 500, 250, 125, 25 and 

0 𝜇g/mL). To obtain the standards, in a 96 multi-well plate, in each well for all the concentrations, 10 𝜇L 

of BSA solution, 20 𝜇L of lysis buffer and 200 𝜇L of BCA working reagent were combined. For the blank 

(0 𝜇g/mL), the 10 𝜇L of BSA solution were substituted for 10 𝜇L of distilled water. The absorbance was 

reading after 40, 80 and 120 minutes of incubation at 37ºC with a spectrophotometer (λ = 562 nm). The 

readings at the different time points are related with the fact that the BCA assay does not reach a true 

end point, observing a continue colour development since a stop solution was not added. However, 

following incubation, the rate of continued colour development is slow. Finally the obtained values for 

absorbance and respective concentrations were plotted and a linear interpolation was performed. 

For the unknown concentration samples, 20 µL of sample were combined with 10 µL of distilled water 

in each well, and the volume was taken to 230 µL adding 200 µL of BCA working reagent. The samples 

readings, after correcting them subtracting the blank, were applied to the calibration curve to obtain the 

protein concentration present on the cells seeded on the scaffolds and on TCP, for each time point. 

2.2.4.8 SEM observation  

The cultured samples were observed by SEM at different time points (1, 3, 7, 14 and 21 days), to obtain 

information related to cell morphology, cell distribution and to verify the possible penetration of the cells 

to the deepest layers of the scaffold observing the cross section.  

Samples were fixed using a solution of glutaraldehyde (~50% in water, 5,6 M) and PBS (1x, w/o Ca2+ 

and Mg2+, D8537 Sigma) made of 30 𝜇𝐿 of glutaraldehyde solution + 970 𝜇𝐿 of PBS) , for two hours at 

room temperature, in order to stop cell metabolic activity, allowing the preservation of cells in the desired 

stage (i.e., each time point), without disintegration or alteration of their morphology. After that, the 

cultured scaffolds were put in PBS for two hours and then dehydrated with a gradient of ethanol solutions 

(20, 30, 40, 50, 60, 70, 80, 90%) until 100% (v/v). The samples were retained in each ethanol solution 

for 10 minutes. When the dehydration process was completed, the scaffolds were put under the hood, 

until complete dehydration occurred.   

2.3 Statistical analysis 

The data presented in this thesis are reported as mean value and standard deviation. The Student’s t-

test was used when it was necessary to compare two populations and to performed ANOVA 

(ezANOVA® software). Statistical significance was considered at p < 0,05. 
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3 Results  

Polyurethane foam (PU) alone and polyurethane loaded foams (30% w/wpolyol and 40% w/wpolyol) were 

obtained by a one-step bulk polymerization as previously described (see par.2.1.1). From the 

synthesized foams, cylindrical scaffolds (∅ = 10 mm, h = 3 mm) were cut. Samples coated with calcium 

phosphate (PUC) were obtained by immersion of PU scaffolds in an aqueous suspension of β-TCP (4% 

w/v), for 2 hours.  A qualitative morphological characterization of the different synthesized scaffolds was 

performed by SEM and the quantification of porosity, average pores size and interconnectivity were 

assessed by Micro-CT. The bulk density of the samples was determined and the water uptake test 

(immersion of the samples in water) was performed to assess the hydrophilic behavior of the scaffolds. 

The mechanical properties of the obtained foams (stiffness, maximum stress, residual deformation, and 

hysteresis area) were analysed by a compressive test, in wet and dry conditions. An in vitro indirect 

cytotoxicity test and a direct cytocompatibility test were performed to analyse the compatibility of the 

scaffolds with MG63 human osteosarcoma cell-line. Cytotoxicity test was performed on PU and PUL 

(30%) scaffolds, considering two different time points, i.e., 1 and 4 days. Cytocompatibility test was 

performed on PU, PUL (40%) and PUC samples, considering five time points (1, 3, 7, 14 and 21 days); 

for each time point SEM was performed to get qualitative information on cell morphology, cell viability 

was investigated by Alamar Blue test, the number of cells was quantified by DNA quantification, 

phosphatase activity (AP) was analysed and the total amount of proteins was determined using a BCA 

protein assay. The principal acronyms used in this thesis, and used in the following sections, are 

reported in Table 3-1. 

Table 3-1 Acronyms used to identify the different materials  

PU Polyurethane scaffolds 

PUL (30%) 
Polyurethane scaffolds loaded with 30% (wpolyol/w) of 

calcium phosphate 

PUL (40%) 
Polyurethane scaffolds loaded with 30% (wpolyol/w) of 

calcium phosphate 

PUC 
Polyurethane scaffolds coated with calcium 

phosphate 

 

3.1 Morphological characterization 

3.1.1 Scanning Electron Microscopy (SEM) observation 

Surface and cross section morphology of the samples (Table 3-1) was analysed by SEM, to obtain 

qualitative information related to the porous structure and pore distribution that will help to better 

understand the mechanical and physical results and the in vitro behavior of the considered cells.  

In Figure 3-1 and Figure 3-2, it is possible to observe the morphology of PU, PUL 30% and PUL 40% 

scaffolds, respectively.  
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.   

It is possible to distinguish (Figure 3-1 B and Figure 3-2 B and D) for PU and PUL scaffolds a 

macroporosity, which is the actual foam pores, and a microporosity, represented by the interconnection 

between the pores. The presence of interconnection can be considered a great advantage for the 

application of PU foams in tissue engineering since it will promote not only cell adhesion and 

proliferation, and consequently the formation of ECM, but also the diffusion of nutrients and waste 

metabolites produced by the cells. The rough surface of the pores, more evident for PUL 30% and PUL 

40%, can influence the cell adhesion, spreading and differentiation. According to what is reported in 

literature, smooth surfaces are better for osteoblast proliferation and spreading [46], [52] and rougher 

surfaces are better for osteoblast differentiation [53], [52]. 

Comparing the two types of polyurethane scaffolds, it is possible to sugget that the introduction of CaP 

particles as filler in the scaffold matrix, did not interfere on pore size and open porosity when compared 

to PU samples. This result is in agreement with Wang et al [54] work, that report that the introduction of 

calcium phosphate particles as fillers did not interfere significantly with the porosity of the synthesized 

foam.  

 

     

 

A B 

A B 

Figure 3-1 SEM images of PU scaffolds): (A) 30x, scale bar 1 mm, (B) 100x, scale bar 200 µm 
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    C                                                                             D 

  

Figure 3-2 SEM images of PUL 30% scaffolds, scale bar 1mm (A) and scale bar 200 𝜇m (B); SEM images of PUL 

40% scaffolds, scale bar 1mm (C) and scale bar 200 𝜇m (D) 

Regarding the PU coated samples, it is possible to observe (Figure 3-3 A) that calcium phosphate 

adhered onto pores walls (white areas), but not a completely homogenous distribution. However, 

observing the cross section of PUC scaffolds (Figure 3-3 B), the coating process allowed the penetration 

of calcium phosphate to the deepest part of the scaffold. 

   A                                                                                                  B 

 

3.1.2 Porosity, interconnectivity and average pore size assessment by micro-CT 

In the present thesis work, part of the morphological characterization of the synthesized polyurethane 

foams was performed by Micro-CT at the Biomaterials Laboratory, Department of Dentisty, University 

of Oslo, Norway.  

Micro-CT is an effective method for non-destructive tri-dimensional imaging of porous objects at 

micrometric scale (capable of achieving a spatial resolution of about 1 µm3). This technique was 

extensively used for tri-dimensional trabecular bone characterization to quantify bone repair in vivo after 

trauma or bone implantation [55]. However, only recently it was reported the application of Micro-CT in 

50,0 µm  

Figure 3-3 SEM images of PU2% (C) scaffolds of the surface, magnification 30x, scale bar 1 mm (A) and cross section, magnification 10x, 

scale bar 2 mm (B) 
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scaffolds and biomaterials characterization. This technique allows a quantitative analysis of pore wall 

thickness, average pore size and percentage of average pore size distribution. In addition, at the 

moment, is the only available method that allows the quantification of pores interconnection that is one 

of the main parameters to be consider in a scaffold to be applied in tissue regeneration.  

The results for open porosity, pore size and pore wall thickness are reported in Figure 3-4. In Figure 3-4 

A, is possible to observe the percentage of pores in PU scaffold with different sizes (i.e. 0 – 798 µm), 

showing the scaffolds an average pore size of 406,7 ± 15,6 µm. In Figure 3-4 B, is possible to observe 

the percentage of open porosity in function of the interconnection diameter of the pores, obtained an 

average value for open porosity of 86,8 ± 0,6. The percentage of pores with different thickness (0 – 140 

µm) is reported in Figure 3-4 C, observed an average value of 59,4 ± 1,6 µm. 

 

 

 

3.2 Physical characterization 

3.2.1 Density   

 The density of each type of scaffolds analysed in this thesis is reported in Table 3-2. The density of 

PUL samples, loaded with 30 and 40% of calcium phosphate, are statistically different (p<0,05) and 
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higher compared to PU scaffolds. However, no statistically difference (p>0,05) was detected between 

the two types of loaded samples (30% and 40%).  

 Table 3-2 Density of PU and PUL samples synthetized 

 

 

 

 

3.2.2 Evaluation of coating process reproducibility 

To evaluate the reproducibility of the coating process, the weight increase (in grams) for each coated 

batch was analysed. In Table 3-3 the increase in weight for three batches is reported. 

Table 3-3 Mass of calcium phosphate retained in the scaffolds structure for three different batches 

 Weight increase (%) Weight increase (g) 

Batch 1 90,9 ± 7,4 0,035 ± 0,004 

Batch 2 96.5 ± 41,5 0,037 ± 0,017 

Batch 3 90.45 ± 14,7 0,033 ± 0,008 

 

The coating process resulted in a weight increase of about 92,6 ± 11,9 % per scaffold. The obtained 

results revealed a good reproducibility of the coating process since there is no statistical difference in 

weight increase (p>0,05) comparing samples obtained in the different batches. 

However, comparing the increase in weight of different samples in the same batch it was possible to 

conclude that the homogeneity in weight increase was not very high, which is in accordance with the 

high standard deviation observed (e.g. for batch 2). This can be associated to the fact that, although in 

the beginning of the coating process the scaffolds are fixed on the clamps in parallel position in relation 

to the bottom of the chamber (Figure 3-5), it is difficult to ensure that during all the coating cycle the 

scaffolds maintain the same position since the flow direction related to the magnetic stirrer can induce 

some alterations in scaffold position, hence in the CaP deposition.  In addition, scaffolds fixed in different 

positions on the clamps can interfere with calcium and phosphate ions adhesion on scaffolds surface.   

 

 

 

 

Foam Density (g/cm3) 

PU 0,152 ± 0,010 

PUL 30% 0,193 ± 0,011 

PUL 40% 0,186 ± 0,009 

Figure 3-5 Scheme of scaffolds fixed in clamps during coating process 
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3.2.3 Water uptake  

The results related to the amount of water adsorbed by each type of polyurethane scaffold, are 

presented in Figure 3-6, up to 384 hours and in Figure 3-7, for the first 6 hours of water uptake.  

 

 

 

Figure 3-7  Water uptake in the first 6 hours for the 4 types of scaffolds (PU, PUL (30%), PUL (40%) and PUC) 

Observing the trends of water adsorption behavior, it is possible to assess that the first six hours, for all 

types of scaffolds, are the ones that show a higher increase in water uptake (Figure 3-7). After that time, 

the increase in water adsorption is reduced until reaching the plateau (Figure 3-6). The PU samples 
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reached the plateau after 9 days (216 hours), and the scaffolds PUC, PUL(30%) and PUL(40%) reached 

the plateau after 1 day (24 hours), 3 days (72 hours) and 8 days (192 hours) respectively. Table 3-4 

reports the values of water uptake obtained, for each type of sample, after 6 hours and at the plateau.  

Table 3-4 Time point (6h) and water uptake (%) in the plateau 

Scaffold 
Water uptake after 6 

hours (%) 

Time necessary to 
reach the plateau 

(days) 

Water uptake at 
plateau (%) 

PU 127,9±20,9 9 239,8±60,7 

PUL (30%) 124,2±19,3 3 195,0±26,1 

PUL (40%) 134,7±41,2 8 222,7±41,4 

PUC 175,8±34,1 1 179,2±37,8 

 

Analysing the first 6 hours (Figure 3-7), it is possible to observe that the scaffolds coated with calcium 

phosphate are the ones that exhibited a higher increase in W.U. %. However, after 6 hours, the water 

uptake value detected for the PU coated samples was not statistically different (p>0,05) compared to 

PU and PUL 30% scaffolds. No statistical significant difference (p>0,05) was detected in water uptake 

values comparing PU, PUL 30% and PUL 40% samples, after 6 hours. The samples PUC are the ones 

that had a faster W.U. % stabilization, reaching the plateau after only one day of incubation in water at 

37ºC. The other three types of samples took longer time to reach a stable stage (Table 3-4), having a 

significant increase in water adsorption after 48 hours. Despite the faster increase in water content at 

the first time points observed for the PUC samples, the water uptake in the plateau phase is not 

statistically different when compared to PU, PUL 30% and PUL 40% scaffolds (p>0,05). These three 

types of samples show a similar behaviour during all the water uptake adsorption test, reaching a water 

adsorption plateau value not statistically different (p>0,05) among them. 

The water uptake behavior of the different scaffolds depends on different morphological and chemico-

physical properties.  A higher open porosity and larger pore diameter improve the adsorption of water. 

This fact can be explained taking into account that pores with high interconnectivity, together with a high 

average diameter, allow water to penetrate into the 3D porous structure, reaching the deepest parts of 

the scaffolds. 

In terms of morphology, not higher differences were detected between the different synthetized scaffolds 

(see paragraph 3.1.1), since the synthesis process used was the same (i.e. gas foaming technique), 

including the amount of water used in the foaming reaction that, according to the literature [17] [42], can 

influence the morphology of the scaffolds, by varying the porosity and pores morphology. In addition, 

since the chemical composition of the three types of scaffolds is the same, the only parameter that can 

distinguish the water uptake of the different types of synthetized scaffolds, by influencing the 

hydrophobicity of the scaffolds, is the presence of calcium phosphate used as filler or to coat the PU 

foam.   
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Observing the W.U.% values obtained for each scaffold, the obtained values are very high comparing 

them to other published results obtained using polyurethane scaffolds (Table 3-5) [56], [34]. At the 

plateau, all the different samples under investigation in this thesis work showed a weight 3 times higher 

than the initial value. This high adsorption behavior can be attributed to the high porosity and 

interconnected pores, together with the hydrophilic properties induced by the selected reagents used in 

the foam synthesis. In fact, Gorna et al [34] reported an increase in water uptake with the increase of 

hydrophilic segments in the synthesized polyurethane scaffolds (increase in PEO percentage), although 

being the W.U.% values considerable lower than the ones obtained in this thesis work. Observing the 

Pore/Volume ratio reported by Gorna et al, it is possible to refer that, despite the high values of porosity, 

nothing is referred about the interconnection of the pores, which is an important factor for water 

absorption, and can justify the lower water uptake values compared to the ones obtained in this thesis 

work. 

Table 3-5 Water uptake (%) of different polyurethane scaffolds reported in literature, [34]  

 PU (PEO:PCL) Water uptake (%) 
Pore : Volume 

ratio (%) 

Gorna et al [34] 

PU 30:70 20 75 ± 2 

PU 50:50 30 78 ± 3 

PU 70:30 60 84 ± 1 

 

For the PUC samples, the initial higher values of water adsorption can be related to the presence of the 

CaP coating. In fact, according to the literature [48],[31],[47], the introduction of a CaP coating improves 

the hydrophilicity of the scaffolds, which can be reflected in a higher fluid uptake. The fact that the water 

adsorption at the plateau is not significant different respect the PU samples (p>0,05) can be due to the 

fact that the immersion of the scaffolds in water can induce the dissolution of the calcium phosphate 

present in the coating layer, losing the hydrophilic effect of the ceramic particles.  

For the PUL samples, where the calcium phosphate was added during the synthesis, no alterations in 

terms of hydrophilicity due to calcium phosphate particles were expected since in this case the polymer 

probably masked the ceramic particles, reducing the exposure of the CaP filler on the scaffold surface. 

However, and taking into account that the water uptake values include two principal contributions: the 

water that penetrates to the core of the scaffolds sue to the interconnectivity of the pores and the water 

that is adsorb in the macromolecular structure of the polymer, it was also expected that the addition of 

calcium phosphate particles as filler could decrease the second contribution mention above, reducing 

in this way the values of W.U% for PUL samples. In fact, according to Gorna et al, the introduction of 

filler in polymeric material can contribute to a reduction in water absorption of about 20% compared to 

scaffolds without fillers. However this effect was not visible which can indicate that the second mentioned 

contribution for W.U% is less significant when compared to the first contribution.     
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3.3 Mechanical properties  

Compressive mechanical parameters obtained for the examined polyurethane foams are reported in 

Table 3-6, for compression test performed in wet and dry conditions.  

Table 3-6 Compressive mechanical parameters for PU, PUL (30%), PUL (40%) and PUC samples tested in dry 

and wet conditions; * No data obtained since the loading phase was interrupted, due to the fact that  the 

maximum force applied by the DMA was reached (F=18 N), before reaching the 50% deformation 

 

In Figure 3-8, the representative behavior, in compression tests performed in wet and dry conditions, 

for PU, PUL 30%, PUL 40% and PUC, are reported. In the case of scaffolds to be considered for bone 

tissue regeneration, it is important to investigate the mechanical behavior in wet condition and at the 

appropriate temperature (i.e. body temperature, 37ºC), since, in this way, it will be possible to have a 

more precise idea of samples behavior in in vivo condition.  

From the stress/strain curves (Figure 3-8), it is possible to observe that the scaffolds behavior is different 

compared to the theoretical. This could be due to the fact that the PU foams synthesized in this thesis 

work have open pore structure and an elastomeric behavior, so there is not the entire collapse of the 

pore walls. As observed by SEM images (Figure 3-1, Figure 3-2, Figure 3-3), the pores of the 

synthesised scaffolds are highly interconnected, being this fact the main responsible for the different 

mechanical behavior. 

As it was mention in the Materials and Methods section (see paragraph 2.2.3), from the slope of the 

curve in the initial region (0 – 10%) it was obtained the value correspondent to the Young Modulus. 

However, as it is possible to observe in Figure 3-8, this region is not significantly representative of the 

stiffness of the material, because the trend of the curve in this initial phase was influenced and affected 

by the shape of the scaffolds (e.g. the two faces are not completely parallel). For this reason, the stiffness 

of the different samples was compared using the value obtained from the slope of the curves between 

15 and 35% strain. As it was already discussed, the obtained curves do not exhibit a plateau phase and 

the densification behavior, that normally follows this plateau phase, is not very noticeable. The unloading 

phase, more evident in dry conditions, ends with a residual deformation.  

  Stiffness (MPa) 𝝈𝒎𝒂𝒙 (MPa) 𝜺𝑹 (mm/mm) Hysteresis area (J/cm3) 

PU 
Dry 0,39±0,04 0,17±0,03 0,26±0,02 0,026±0,003 

Wet 0,26±0,03 0,09±0,01 0,12±0,01 0,013±0,002 

PUL 30% 
Dry 0,39±0,09 0,18±0,03 0,27±0,01 0,026±0,003 

Wet 0,17±0,10 0,08±0,002 0,13±0,003 0,009±0,001 

PUL 40% 
Dry 0,53±0,06 * * * 

Wet 0,37±0,06 0,17±0,03 0,12±0,01 0,020±0,005 

PUC 
Dry 0,51±0,10 * * * 

Wet 0,30±0,04 0,12±0,02 0,11±0,02 0,016±0,002 



46 

 

 

Comparing the curves related to the compression behaviour in wet and dry condition, there is a clear 

reduction in the mechanical properties for PU, PUL 30% and PUC scaffolds. The effect of water is 

particularly evident comparing the slope of the curves during the loading phase. In wet condition the 

slope is clearly lower than the slope in dry condition, which means that, applying the same stress to the 

samples obtained from the same foam but tested in different conditions, the percentage of deformation 

will be higher in wet condition than in the dry one. This behavior is associated to the plasticizing effect 

caused by the water adsorbed in the polymer matrix, making the samples more deformable. The 

reduction in the different mechanical parameters, for these three types of scaffolds ranged from 45 to 

60% (see Annex F). Regarding the PUL 40% scaffolds, it is possible to observe a not significant 

decrease in mechanical properties in wet condition compared to the dry one, showing a percentage of 

stiffness reduction of about 30%. This can be attributed to the fact that loading the polyurethane matrix 

with 40% of calcium phosphate particles can reduce the aptitude of this scaffolds to adsorb water in the 

macromolecular structure of the polymer and in this way reduce the plasticizing effect, the main reason 

for mechanical properties decrease in wet condition. In this way, it is possible to assess that loading the 

PU scaffolds with only 30% of calcium phosphate is not significant to prevent the considerable reduction 

in the mechanical properties in wet condition. It is also possible to refer that a higher percentage of 
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calcium phosphate loaded in PU matrix can induce a more homogenous distribution of the fillers in 

polyurethane structure, maintaining good mechanical properties in wet condition, as well.  

In the case of PUC and PUL 40% samples in dry condition, the loading phase was interrupted, since 

the maximum force applied by the DMA was reached (F=18 N), before reaching the 50% deformation, 

evidencing higher mechanical properties than the other foams (PU and PUL 30%). 

The dependence of the mechanical properties of the polyurethane scaffolds to the test condition (i.e. 

dry and wet), is in agreement with the literature. Zanetta et al [12], demonstrated that the mechanical 

properties (i.e. compressive modulus and mechanical strength) in wet condition suffer a dramatic 

decrease. The same result is also reported in Gorna et al [21], referring that compressive modulus and 

mechanical strength in wet condition can be 70% lower than the one exhibited in the dry state, in 

agreement with the results obtained for the scaffolds investigated in this thesis work, observing for PU, 

PUL 30% and PUC scaffold a more flexible behavior in wet condition, with a reduction of about 45-60% 

in the mechanical properties. 

Figure 3-9, shows the representative behaviour of each type of scaffold during the loading and unloading 

phase in dry and wet conditions. The introduction of calcium phosphate in the foam matrix has, as 

principal aim, the increase in the mechanical properties of the scaffolds, because ceramic materials 

used as filler in the scaffold matrix can improve the stiffness of the composite, due to the hardness of 

the ceramic particles [54]. 

 

In dry condition (Figure 3-9 A), it is possible to notice that the behaviour of PU and PUL 30% samples, 

during the loading and unloading phase, is very similar to each other, showing values of stiffness, 

maximum stress, hysteresis area and residual deformation that were not statistically different (p>0,05). 

The PUL 40% samples, have also a similar initial behaviour that becomes different from the other 

samples with the strain increase, revelling a higher stiffness when compared to PU and PUL 30% 

samples (p<0,05). The PUC samples showed a similar stiffness value compared to PU, PUL 30% and 

PUL 40% samples (p>0,05). 
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In wet condition, the PUL 40% and PUC samples are the ones that present the maximum stress, 

hysteresis area and stiffness values, statistically higher compared to the other two types of samples 

(p<0,05), being PUL 40% scaffolds the ones with higher mechanical properties in wet conditions. The 

PUL 30% and PU scaffolds showed a very similar mechanical behaviour, also in wet condition, without 

significant difference in the considered mechanical parameters (p>0,05).  

In literature, different results confirmed that ceramic particles used as filler in low quantity (lower than 

50% [48]) increase the stiffness of polyurethane foams by interacting mostly with the hard segments. 

The composite scaffolds, compared to the PU matrix, according to Carbajal-De la Torre et al (2011), 

showed higher Young modulus value (stiffer behaviour), having the PU foams the softest and most 

deformable characteristics. Asefnejad et al [43], Boissard et al [22] and Li Wang et al [54], also 

mentioned that the ceramic filler in the scaffold increases the elastic modulus, referring also that higher 

the ceramic content, higher is the increase in mechanical properties. However, using a percentage of 

filler higher than 50% could cause ceramic particles aggregation, which becomes stress points in the 

composite that later can lead to a brittle behavior (i.e. materials breaks) [22], [48] 

According to the results here obtained, it is possible to assess that with a percentage of 30% (w/wpolyol) 

calcium phosphate, the mechanical properties were not different compared to PU samples. Increasing 

the percentage of calcium phosphate up to 40%, it was possible to observe an increase in the composite 

stiffness of about 26% compared to the PU matrix. Although different studies [22], [31], [56] report 

differences in terms of mechanical properties with polyurethane scaffolds loaded with 30% of calcium 

phosphate, the work of Boissard et al [22] shows that polyurethane composite with a percentage of 

ceramic particles of 30%, did not show a significant difference in Young Modulus compared to the PU 

matrix (p>0,05). It is also important to notice that the type and size of the ceramic particles used as well 

as the different chemical properties of the polyurethane matrix, will influence the mechanical behaviour 

of the scaffolds.   

Although the introduction of a coating layer in PU samples has the main aim to increase the 

biocompatibility, it was detected an increase in the mechanical properties, as well, revealing a similar 

behaviour compared to the PUL (40%) scaffolds.  

3.4 In vitro cell interaction 

In vitro tests are a relatively inexpensive, rapid and versatile way that are used as first assay when new 

biomaterials are analysed, allowing also a continued improvement of biomaterial performance.   

3.4.1 Cytotoxicity test 

In vitro, cytotoxicity tests are normally used to evaluate the biocompatibility of materials, to assess if 

they can be harmful for the cells. In the present thesis work, it was performed a standard short-term in 

vitro cytotoxicity experiment.  

For poly(ether)urethane polymers, the ether bond is relatively resistance to hydrolysis, being in this case 

the urethane bond the most susceptible to hydrolysis [34]. The release of low molecular weight 



49 

 

degradation products from the urethane segments of the polyurethane scaffolds is theoretically 

harmless [57]. When the urethane bonds are hydrolysed, butane diamine will be formed. In the 

biomedical literature, butane diamine, known as putrescine, is polyamines that are commonly present 

in the biological systems, considered as essential for cell growth [44], and it was already reported as a 

low toxicity product [58]. 

A particular concern can be attributed to the use of aromatic diisocyanates (e.g., MDI) for foam 

synthesis. In fact, potentially toxic diamines may be released from degradation of polyurethanes 

containing aromatic isocyanates. In the case of MDI, the principal problematic compound is the 

methylene dianiline (MDA). However, the degradation of the hard segments in polyurethanes is a 

controversy point and, until now, there are no references in literature that report the production of MDA 

from MDI-based polyurethanes [12]. 

As it is described in the paragraph 2.2.4.3, cytotoxicity test was performed using the Alamar Blue assay 

to quantify cell viability in presence of eluates. In Table 3-7, the viability of the MG63 cells normalized 

to the control is reported for cells in contact with eluates obtained from PU and PUL 30% foams. No 

statistical difference (p>0,05) in cell viability can be detected between the two analysed types of 

scaffolds and the two time points. 

Table 3-7 Cell viability, in percentage, of PU and PUL 30% samples for two time points (1 and 4 days) 

 

 

 

 

According to the obtained results, there was no signs of toxicity that can compromise the metabolic 

activity of the cells during the considered time period, showing that cells viability when MG63 are 

cultured in the eluate medium is higher than 95%. This result obtained in this short-term test performed 

in vitro to assess the cytotoxicity of the polyurethane foams is in agreement with previously data [59].  

3.4.2 Cytocompatibility test 

In vitro cytocompatibility test was performed in order to evaluate the compatibility of the polyurethane 

scaffolds synthetized in the present thesis work. In particular, the principal aim was to perform a 

preliminary test to assess cell adhesion and distribution in the 3D structure, cell proliferation and 

osteoconductive potential, so to evaluate the possibility of considering these scaffolds as candidates for 

bone tissue regeneration. 

Three types of scaffolds (PU, PUL 40% and PUC) were analysed to assess the in vitro cytocompatibility 

with MG63 osteosarcoma cell line. The cytocompatibility test performed on PU scaffolds has the main 

objective obtain a general evaluation of the synthetized scaffold compatibility in terms of porosity, pore 

size, interconnection and surface roughness, and to verify if the scaffold characteristics are adequate to 

 Cell Vitality (%) 

Scaffolds Day 1 Day 4 

PU 107,18±5,33 96,60±4,41 

PUL 30% 97,56±6,16 101,79±3,76 
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obtain better results in terms of cell adhesion, proliferation and cell maturation compared to other 

polyurethane scaffolds with different architectures already reported in literature.  

For the PUL samples, although according to some studies reported in literature [13], [47], no significant 

differences in cell behavior were observed comparing PU and PUL samples, since the ceramic loading 

in the polymer matrix can mask the effect of the ceramic particles, reducing the exposure of ceramics 

on the scaffold surface and consequently the interaction with cells. Other published works [60],[61] 

assess that cells can sense and respond to the mechanical properties of a scaffold. In this way, between 

the two PUL synthesized scaffolds (i.e., PU matrix loaded with 30 and 40% CaP), it was selected the 

one that showed higher mechanical properties in wet condition when compared to the PU scaffolds, 

investigating the possible effect of different stiffness (i.e. PU vs PUL(40%) in cell response in vitro.. 

For the PUC samples, the principal aim was to evaluate the expected osteoconductive properties of 

CaP in osteoblast-like cells differentiation, despite the existence of several conflicting results reported 

in literature regarding the effect of a calcium phosphate coating on cell behaviour (e.g. adhesion, 

proliferation and differentiation) [61]–[67].  

To obtain information about cells evolution during the considered in vitro cell culture period, the 

metabolic activity of the cells, DNA content, ALP activity and total protein concentration were analysed. 

To evaluate differences in cell spreading and morphology onto the scaffolds, the samples were analysed 

by SEM at the considered time points. 

In vitro, osteoblast-like cells differentiation includes three distinct periods: cell proliferation with ECM 

secretion, matrix maturation and matrix mineralization. In the present work the two first stages were 

evaluate by cell quantification and ALP activity, since the increase in alkaline phosphatase expression 

and the decrease in proliferation are associated with extracellular matrix maturation [67]–[69]. Once the 

mineralization phase begins, the ALP level starts to decrease while calcium content starts to increase. 

The mineralization of the scaffolds was not investigated and has to be considered in further 

investigations onto the different PU-based scaffolds synthetized in this thesis work. 

3.4.2.1 PU scaffolds 

Before perform the cytocompatibility test on PUL 40% and PUC samples, PU scaffolds were first tested 

to evaluate the proliferation rate and differentiation performance of MG63 cells on polyurethane 

scaffolds. In addition, this initial assessment was used as a feasibility study to set all the experimental 

procedures related to the biochemical assays (e.g. Alamar Blue, ALP, DNA, BCA). The results obtained 

in this preliminary study are reported in the following paragraphs. 

3.4.2.1.1 Cell morphology on PU scaffolds 

The surface and cross section of the PU seeded scaffolds were observed for all the considered time 

points (1, 3, 7, 14 and 21 days), to observe cell morphology and to evaluate cell penetration from the 

seeded surface to the deepest core of the scaffolds. 
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24 h and 72 h post seeding, cells distribution onto the samples surface was not homogenous (see Annex 

H). Despite that, good cell adhesion onto the scaffolds was observed after 7 days (Figure 3-10 A and 

B). It was possible to observe that some cells adhered to the pores on the external surface, showing a 

flattened and well spread morphology (black arrows), whereas many MG63 cells were also able to form 

cell extensions, elongating from one pore to another (white circles). The elongated cells showed 

numerous filopodia5 that, in some cases, penetrate and anchored onto the micropores of the scaffold. 

At day 21 post seeding, it was possible to observe that cells formed a dense confluent layer on the 

observed surface of the PU scaffolds (Figure 3-10 E and F).  

 

 

 

Although the majority of observed MG63 cells attached to the seeded surface of the scaffold (i.e. the 

upper surface of the sample), being organized in a thin discontinuous monolayer, it was also possible 

to detect few cells on the second layer of pores from the seeded surface. In this case, the cells were not 

attached onto the pores wall, but showed cell extensions (filaments morphology), bridging parts of the 

                                                      

5  Cytoplasmic projections associated with migrating cells  

Day 21 

Day 7 

Day 14 

A B 

F 

C D 

E 

Figure 3-10 SEM images of PU scaffolds (surface); A and B: 150x, scale bar 200 𝜇m, 7 days of cell culture; C and D: 500x, scale bar 

50 𝜇m, 14 days of cell culture; E: 10x, scale bar 2 mm, 21 days of cell culture; F: 50x, scale bar 500 𝜇m, 21 days of cell culture  

https://en.wikipedia.org/wiki/Pseudopodia
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walls of the pores. This morphology can be associated to migrating cells. However, the section images 

showed that the cells did not get the inner core of the scaffold.  

3.4.2.1.2 MG63 cell Viability 

The metabolic activity of the cells was evaluated using the Alamar Blue assay. This assay is based on 

a redox reaction that occurs in the mitochondria of the cells, being the activity of viable cells correlated 

with the magnitude of the dye reduction. The fluorescence and the viability of MG63 cells onto the PU 

foams (express in percentage) compared to cells seeded onto TCPS on days 1, 3, 7, 14 and 21 post-

seeding are reported in Figure 3-11. 

 

 

It is possible to observe that for PU scaffolds the fluorescence value, which is proportional to the 

metabolic activity of the cells, increased with incubation time until day 3, observing no significant 

difference in metabolic activity between day 3 and day 7 (p>0,05), and increasing again until the last 

day of cell culture, reaching a level of metabolic activity approximately four times higher than the starting 

value. However, MG63 cells cultured on tissue culture polystyrene (TCP) showed higher metabolic 

activity during all test, compared to cells cultured on the scaffolds. This can be attributed not only to the 

different composition of both materials (TCP and PU) but also to the fact that the proliferation of the cells 

is influenced by the substrate architecture (2D and 3D for TCP and PU foam, respectively) and surface 

roughness of the material, being reported in the literature that bone cells proliferation is enhanced on 

smooth surfaces compared to rough ones [46]. The cell viability (normalization of the fluorescence 

values of the cells seeded on the scaffolds to the fluorescence values of the cells cultured in the plastic 

wells) was similar until the 14 day post-seeding; starting from day 14 to day 21, an increase in cell 

viability was observed, reaching a value of about 67%.  

A B 

 

 

Figure 3-11 Metabolic activity of MG63 cells (Alamar Blue assay), reported as fluorescence values (A) and in 

terms of percentage of viability respect to the TCPS control (B). TCP: plastic well, used as control 
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3.4.2.1.3 DNA quantification assay 

DNA quantification assay was performed using the SYBER GREEN stain to quantify the DNA content 

on the scaffolds at each time point. With this information, it was possible to obtain a more accurate value 

of cell proliferation, since with Alamar Blue assay it is possible to have an idea about the metabolic 

activity (i.e. viability) of the cells but not about the number of cells onto the scaffolds. 

According to par. 2.2.4.6.2, the concentration of DNA in each sample was determined using different 

pre-defined calibrations curves. It was possible to observe that the obtained values were not in the range 

theoretically predicted for each time point, being much higher (see Annex J). Because of this, the 

calibration curves used for each time point were not the predicted ones (see par.2.2.4.6.2). 

In Figure 3-12 it is possible to observe the evolution in cell number during all the test period. For the PU 

samples, there was a statistically significant increase (p<0.05) in cell number until day 7, meaning that 

the cells were proliferating on the foams. However, from day 7 until the end of the cell culture period, it 

was possible to observe a stabilization of the number of cells, with no statistically difference (p>0,05) in 

DNA quantity among the last time points. This result suggests that, after 7 days of culture, the cells stop 

to proliferate probably caused by the contact inhibition due to confluence of the cells on the surface of 

the scaffold or to changes related with the stage of the cells that are no more compatible with a 

proliferation behavior. In addition, the considerable higher increase in cell number between day 3 and 

day 7, compared to the increase between day 1 and day 3, confirmed the SEM observation (Figure 

3-10), where it was possible to evidence a considerable higher cell confluence on the scaffolds after 7 

days compared to 3 days after seeding. 

 

 

 

Observing in more detail the cell number detected for each time point, it was possible to conclude that 

the amount of cells predicted before DNA quantification assay, is considerably lower compared to the 

obtained results. Comparing the number of cells after 1 day of seeding and the number of cells seeded 
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Figure 3-12 Number of MG63 cells detected by DNA quantification assay 
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onto the scaffolds (2 x 104 cell/well), it is possible to observe an increase of two orders of magnitude, 

which is a huge increase taking into account the doubling time found for MG63 on the literature (i.e. 30 

hours, [50]). This can be associated to the fact that the SYBR GREEN stain used for DNA quantification, 

can bind not only to double-stranded DNA but also, despite less sensitive, to single-stranded DNA and 

RNA which can lead to an overestimation of the amount of cells present in the scaffold [70]. However, 

since the magnitude of difference (theoretical vs experimental data) is considerably high, the obtained 

data could be assessed to a human error during cell seeding (e.g., number of cells seeded per scaffold 

higher than that established), or in the DNA quantification assay. 

3.4.2.1.4 Total protein concentration 

Total protein concentration was determined for the last time points of cell culture analysed (day 7, 14 

and 21), for cells seeded on the PU scaffolds and cells cultured on TCP well, used as control. The 

obtained results are reported in Figure 3-13. 

For PU scaffolds it was possible to observe a significant increase in the total protein concentration 

(p<0,05) from day 7 to day 14, but no statistically differences (p>0,05) were detected for total protein 

concentration between day 14 and day 21. For the cells seeded on TCP, it was only possible to observe 

a significant increase in protein concentration (p<0,05) between day 14 and day 21. 

 

 

Figure 3-13 Evolution of protein concentration at time point day 7, day 14 and day 21 for cells seeded on PU 

scaffolds and on TCP (control) 

 

Observing the obtained results, it is possible to conclude that the protein concentration in the lysates 

obtained from the PU scaffolds is higher than the protein concentration present in the lysates of cells 

seeded in TCP, for the considered period of cell culture. Two possible reasons can be taken into 
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account. The most direct one is that cells seeded onto the scaffolds are capable to synthesize a higher 

level of proteins compared to cells seeded on TCP. The second hypothesis is related with the fact that, 

in the case of the scaffolds, the lysis solution included also the medium or the PBS solution used during 

scaffold preparation protocol (see par. 2.2.4.7) which remained adsorbed on the 3D scaffold structure. 

In this way the lysate of the scaffolds will include proteins not directly synthetized by the cells but proteins 

present in the culture medium and PBS solution. Since, according to Alamar Blue assay, the metabolic 

activity of the cells is higher for cells seeded on the TCP and the metabolic activity of the cells can also 

be associated to protein synthesis, the second mentioned hypothesis represents the most reasonable 

one.  

In addition, it is important to evidence that an increase in the protein concentration can be due not only 

to an increase in the metabolic activity of the cells, but also to an increase in cell number. According to 

the results obtained in the DNA quantification, it is possible to assess that, since after day 7 the number 

of cells did not increase, the increase in protein content is due to an increase in cells metabolic activity, 

i.e. increase of the number of proteins synthesized per each cell.   

To conclude with more accuracy if the increase in protein concentration is due to the osteogenic activity 

of MG63 osteoblast-like cells, it would be necessary to investigate the expression of specific osteogenic 

markers, such as osteocalcine or osteoporin. 

3.4.2.1.5 ALP activity 

The early stage of osteogenic phenotype expression by MG63 cell line was evaluated by measuring the 

ALP activity. ALP is a key component of bone regeneration since is involved in apatitic calcium 

phosphate formation. High levels of this enzyme are observed several days prior to neo-mineralization 

and during the initial phase of bone matrix deposition [38], [69]. 

The ALP activity was just measured from day 7 until the end of cell culture since it is reported in literature 

[71], that in the first time points (1 and 3 days post-seeding), a lag phase on ALP activity is observed 

due to the fact that this period mainly corresponds to cell proliferation on the scaffold surface, which is 

not an appropriate environment for cell differentiation and, consequently, no significant values of ALP 

activity is possible to observe. In fact, according to the obtained results in the DNA quantification, the 

number of cells stopped to increase after 7 days, being this time point the appropriate one to evaluate 

the ALP activity assay. The obtained results for ALP activity are reported in Figure 3-14. The obtained 

results suggest an increase in ALP activity from day 7 to day 21. However, no statistically difference 

(p>0,05) was evidenced between the values obtained for day 7 and day 14. From day 14 to day 21 a 

significant increase (p>0,05) in ALP activity was observed. 
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Despite that, as it is possible to observe (Figure 3-14), the values of the obtained activity are very low 

compared with other reported studies [38], and since the ALP is an early marker for osteoblast-like cells 

differentiation, this low values suggests that MG63 cells were not able to express an accentuate 

differentiated phenotype. In fact, Tanzi et al [38] reported an ALP activity of the osteosarcoma cell line 

Saos-2 seeded on polyurethane scaffolds, of 15,17 ± 0,21 U/mL after 8 days of cell culture, which is 

considerable higher compared to the value obtained in this thesis work. It is also possible to suggest 

that the lysis methodology used in this thesis work, including time that cells were in contact with the lysis 

buffer before incubation in the freezer, volume of lysis buffer used and composition of the buffer, cannot 

be adequate to promote effectively the cells lysis, leading to an underestimation of ALP activity.  

These results suggest that the polyurethane scaffolds synthetized in this thesis work, although allow the 

adhesion and proliferation of the cells, did not produced the appropriate environment to induce MG63 

cells to secret ECM proteins and express osteogenic phenotype. Although there are several studies 

[60], [61], [71], [72] that reports the expression of osteogenic markers during the time period considered 

in this work (7 - 21 days) using MG63 cell line and different biomaterials (Table 3-8), it was only possible 

to find one recent study present in literature [73] that reports a differentiation analysis of MG63 cells 

using polyurethane scaffolds. In that work, an aliphatic poly(ester urethane)urea was successfully 

investigated in a cytocompatibility in vitro test, allowing not only the proliferation of cells, but also the 

expression of ALP. 

The interaction of MG63 with polyurethane-based materials is not well described in literature, and taking 

into account the wide range of properties obtainable for PU foams, it is possible that the morphology, 

surface roughness and chemical properties of the scaffolds synthetized in this thesis work, although 

allow the adhesion and proliferation of MG63 cells, can interfere with the phenotypic expression of MG63 

cells, compromising the extracellular proteins production and matrix maturation [62], [64], [67], [74].  
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Figure 3-14 Alkaline phosphatase activity from day 7 to day 21 post-seeding, in PU scaffolds and TCP (control) 
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Table 3-8 Different results related to cytocompatibility test performed using the MG63 cell line seeded onto 

different materials reported in literature 

 

 

However, there are several studies that use other osteosarcoma cell lines, in particularly Saos-2 cells, 

that revealed good results in terms of cell differentiation using polyurethane scaffolds [38], [75], [76]. In 

fact according to Pautke et al [77], although osteosarcoma cells share some features of osteoblasts, 

they differ in many aspects, in particular concerning their proliferation kinetics and the ECM proteins 

production, being MG63 cell line the one that, among different known osteosarcoma cell lines, exhibits 

the less mature osteoblastic phenotype. On the other hand, Saos-2 cells exhibited a more mature 

osteoblastic phenotype comparing with MG63 cells, with positive results for ALP, OC, BSP, decorin and 

collagen I and III [77]. 

3.4.2.2 PUC and PUL 40%  scaffolds 

According to the obtained results for the cytocompatibility test performed on PU scaffolds seeded with 

MG63 cell line, it was possible to conclude that the results in terms of osteogenic activity and ECM 

deposition were not significant. Due to this, for the cytocompatibility test on PUC and PUL 40% another 

osteogenic cell line, Saos-2, was considered. According to what was already mention, Saos-2 cells have 

a more mature osteogenic phenotype, which can be responsible for greater results in terms of 

References Scaffold Cell type Seeded density Osteogenic phenotype 

Tsai et al [60] 
Collagen and 

Gelatine matrix 
MG63 5 x 104 cell/well 

 
 High levels of collagen type I expression at 

7 days of cell culture 
 Increase in of β-actin, OPN and OCN gene 

expression between day 7 and day 21 
 Significant increase of ALP activity 

between day 7 and day 21 
 Significant increase of scaffold 
mineralization at day 21 of cell culture 

 

Temmei et al [72] 
Hap-PEG 
composite 

MG63 1 x 104 cell/cm2 

 
 Observation of ALP activity at day 7 of cell 

culture 
 

Li et al [71] PCL MG63 104  cells/ml 

 

 Significant increase in ALP activity from 
day 7 to day 21 of cell culture 

 Detection of calcium deposition after 3 and 
4 weeks of cell culture, with a considerable 

higher mineralization observed after 4 
weeks compared with 3 weeks 

 

Nebe et al [61] Titanium MG63 3 X 105 cell/well 

 

 Gene expression of differentiation protein 
ALP and BSP until 14 days of cell culture 
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osteogenic markers expression in in vitro tests. However, Saos-2 cells have a lower proliferation rate 

compared with MG63 cells, since the value reported in literature for doubling time of Saos-2 cells (i.e. 

43 hours [78], [79]) is higher than the one found for MG63 cells (i.e. 30 hours). As control, PU scaffolds 

were also seeded with Saos-2 cell line.  

Cell seeding and culture conditions were the same applied in the cytocompatibility test performed with 

MG63 cell line, excepted the culture medium, that is composed by 1X McCoy cell culture medium (Sigma 

M8403, with NaHCO3, without glutamine), glutamine (2 mM, Sigma G7513), Sodium Pyruvate (1%, 

Sigma S8736), Penicillin-Streptomycine (1%, Sigma P0781), Fetal Bovine Serum (15%, Sigma F7524). 

Four time points were assessed (1, 3, 7 and 14) and per each time point Alamar Blue assay and ALP 

activity were determined. 

3.4.2.2.1 PUL 40% scaffolds 

3.4.2.2.1.1 Cell morphology 

The surface and cross section of the PUL 40% seeded scaffolds were observed for all the considered 

time points (1, 3, 7 and 14 days), to observe cell morphology and to analyse cell penetration from the 

seeded surface to the deepest parts of the scaffolds. As it is possible to see on Figure 3-15, the cells 

did not form a homogenous monolayer, showing a thin discontinuous extracellular matrix. Individual 

round cells and cell clusters were observed separated from each other. Cells show long extensions 

covering distances of around 20 - 30 µm (white circle). It is also possible to observe elongated 

fibroblastic-like cells well attached to the surface of the scaffold (white squares). In addition, it was 

possible to observe cells on the second layer of pores counting from the surface where the cells were 

seeded, as it is possible to see in Figure 3-16.  
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Figure 3-15 SEM images of PUL 40% scaffolds (surface); A: scale bar 20 𝜇m, 1 day of cell culture; B: scale bar 50 𝜇m C: 

scale bar 20 𝜇m, 3 days of cell culture; D: scale bar 50 𝜇m, E: scale bar 20 𝜇m, 7 days of cell culture; F and G: scale bar 20 

𝜇m, 14 days of cell culture 
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Figure 3-16 SEM images of PUL 40% scaffolds (cross-section), scale bar 50 𝜇m, 14 days of cell culture 

3.4.2.2.1.2 Alamar Blue assay and ALP activity 

Alamar Blue assay and ALP activity, for PUL 40% scaffolds, are reports in Figure 3-17. It is also reported 

the results obtained in the some refereed tests, performed with PU scaffolds and Saos-2 cell line, for 

comparison. From Alamar Blue assay it is possible to observe that for both PU and PUL 40% scaffolds 

the relative metabolic activity that can be considered proportional to the number of cells, increase until 

day 7 of cell culture. After this period, a considerable reduction on cell proliferation rate was observed 

for PU samples and no statistically difference (p>0,05) was observed between day 7 and day 14 for PUL 

40% regarding cells metabolic activity. For the control, cells growing on TCP, it is possible to observe 

that, after 7 days of cell culture, the fluorescence significantly decreased. This can be due to the fact 

that the confluence in each well was too high which can be responsible for the detachment of the cells. 

For the first two time points considered for cell culture, the metabolic activity of the cells in the PUL 40% 

scaffolds was statistically higher (p<0,05) compared with PU scaffolds. From day 3 to day 7 of cell 

culture a considerable increase in metabolic activity of cells culture in PU scaffolds was observed, being 

for this last time point the metabolic activity of the cells not different (p>0,05) between both scaffolds 

types. At day 14, the fluorescence value obtained for PUL 40% was lower compared with the one 

obtained for PU scaffolds. 

Although the metabolic activity is higher in PUL 40% scaffolds for the first two time points, the increase 

in metabolic activity between consecutive time points is higher in PU scaffolds. This suggest that the 

first contact of the cells with the two types of materials (i.e. cell adhesion) was better in PUL scaffolds, 

however cells seems to proliferate better in PU scaffolds. 

From ALP results, it is possible to observe that ALP activity was higher for PU scaffolds comparing with 

PUL 40% scaffolds for day 7. From day 7 to day 14 a significant increase in ALP activity was registered, 

being the ALP activity values statistically higher for PUL 40% scaffolds compared with PU samples 

(p<0,05) for day 14. The ALP activity in the control wells was considerable higher for day 7 comparing 

with both types of scaffolds, being at day 14 lower than the values obtained for PU and PUL 40%.  
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Comparing the results obtained from Alamar Blue assay and ALP activity is possible to see that for both 

types of scaffolds the decrease in growth is consistent with the enhancement of osteoblast 

differentiation, demonstrated by a significant increase in ALP activity, which is the expected result since 

these are mutually exclusive cellular processes [65]. 

The obtained results suggest differences in terms of cell adhesion proliferation and differentiation for 

both types of scaffolds. For PUL 40% is possible to conclude that, the higher mechanical properties 

comparing with PU scaffolds, and since there are no significant differences in terms of scaffold 

morphology, can be supposed as the principal responsible for the better cell adhesion and cell 

differentiation observed. In fact, Tsai et al [60], suggested that the stiffness of the matrix used for cell 

culture can influence the osteogenic differentiation of osteoblast like cells. In addition, Nebe et al [61] 

suggested that cells can sense and respond to different stiffness, interfering with the synthesis of 

adhesion proteins by cells.  
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Other parameter that can be considered to be responsible for higher cell differentiation in PUL 40% 

scaffolds is related with PUL matrix degradation. Since the osteoconductive properties of CaP are well 

described in literature, the degradation of polymer matrix can induce the expose of calcium phosphate 

in polymer surface and/or it release to the culture medium, interfering in this way with the differentiation 

behavior of the cells. If this speculation verifies in further tests, this can also be responsible for the lower 

proliferation rate compared with PU scaffolds, since different reported studies refer that the presence of 

calcium phosphate can induce an early mature osteoblast phenotype expression, reducing in this way 

the proliferation stage of osteoblasts [64]–[67]. 

It is also important to highlight the fact that the differences in terms of roughness observed for both PU 

and PUL 40% scaffolds can also be responsible for the differences observed in terms of cell proliferation 

and differentiation. According to what is reported in literature, smooth surfaces are better for osteoblast 

proliferation and spreading [46], [52] and rougher surfaces are better for osteoblast differentiation and 

ECM production [53], [52]. This can be responsible for higher level of cell differentiation in PUL 40% 

scaffolds and higher proliferation rate in PU scaffolds, since PUL 40% scaffolds showed a more 

roughness surface than PU samples.  

3.4.2.2.2 PUC scaffolds 

Since studies performed in vivo suggest that the calcium phosphate facilitated the interaction between 

the bone and the implant by formation of a layer of apatite in the interface, in order to improve the 

capacity of non-bioactive materials to bond to the bone and to enhance the interaction of cells in in vitro 

studies, biomimetic apatite coating methods are used [62], [67]. 

For cytocompatibility test performed on PUC samples, no results will be presented in this thesis work, 

since, during cell culture, it was observed a contamination after 3 days and, during the time period 

available for this thesis work, it was not possible to repeat the cytocompatibility test with this type of 

scaffold. The contamination, since was only observed in PUC samples, was attributed to the sterilization 

technique. As it was referred in par. 2.2.4.2, the sterilization of PUC samples, before cytocompatibility 

test, consisted on UV irradiation, without a preliminary disinfection in 70% ethanol solution performed 

for PU and PUL (40%) samples, since immersion in ethanol would remove the CaP coating. 

An improvement in scaffold preparation before in vitro tests was considered. Since it is not possible to 

use ethanol to disinfect the PUC samples, the coating process should be performed in sterile conditions, 

after sterilization in autoclave of all the components involved in the process, calcium phosphate powder 

was also sterilized with UV irradiation.  

Although it was not possible to obtain results related to cell interaction with PUC samples, it is possible 

to refer some comments regarding the expected results.  

There are several studies that report the effect of calcium phosphate on cell behavior. However,  

different results regarding the interaction of osteoblastic cells with calcium phosphate materials are 

reported in literature [61]–[67]. Among these studies (see Annex M), some support that the presence of 

CaP on the material surface can improve osteoblast adhesion, proliferation and differentiation in vitro, 
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with also higher levels of bone matrix deposition and mineralization. However there are also some 

results that suggest: 

 Suppress of cell growth due to an early switch from a proliferative stage to a more differentiated 

one [67], [65], [66], 

 Initial compromising cell proliferation due to difficulties on cell adhesion on material’s surface 

[62], [64], 

 Reduction in cell differentiation proved by a lower level of osteogenic markers expression when 

compared with non-coated scaffolds [80].  

Apart from the last mention result present in literature [64], the remaining results suggest an increase of 

differentiation of cells cultured on CaP coated materials. This is the result that is expected to observe in 

the in vitro tests that would be performed on PUC samples. In fact, it is proven that calcium phosphate, 

despite the hydrophilic properties [48], [4], have osteoconductive properties [48], [31]. This increase in 

differentiation potential of cells with PUC scaffolds can be attributed to the fact that osteoblasts 

interaction (cell morphology, cytoskeleton, spreading, proliferation and differentiation)  with a biomaterial 

is strongly influenced by their morphology, surface roughness and chemical properties [62], [64], [67], 

[74]. A CaP coated material can be responsible for specific alterations on scaffolds surface that can 

contribute to a different cell behaviour compared to the one obtained on non-coated materials. 

Depending on the type of calcium phosphate used and the properties of the scaffold material itself, this 

may interfere with the phenotypic expression of the cells, affecting in this way the extracellular proteins 

production and matrix maturation. 
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4 Discussion  

Bone is one of the tissues with the highest demand for tissue reconstruction or replacement [2]. For this 

reason, there are many research groups going on in this area in order to overcome the not so well 

succeed current clinical techniques that use bone graft substitutes. Tissue engineering is an emerging 

approach that is being used to overcome the limitation in bone biomedical field, focusing on tissue 

regeneration by means of cell culture and scaffolds as support for tissue formation. In particular, 

scaffolds used for bone tissue engineering must have a set of appropriate characteristics to allow cell 

adhesion and proliferation, and ultimately the bone tissue formation.  

According to the morphological and mechanical properties and taking into account the in vitro cell 

behavior, it is possible to evaluate the possibility of using the synthesized scaffolds for bone tissue 

regeneration and discuss about future improvements that can allow further results.  

4.1  Morphological and Mechanical characterization 

As described in the Introduction section (see par. 1.2.2.1), a scaffold for tissue engineering applications, 

and more specifically for bone tissue engineering, needs to match different requirements in order to 

have the appropriate structure and biocompatibility with the selected type of cell to be used in in vitro or 

in vivo tests.  

For bone tissue regeneration, the scaffolds should have a porosity higher than 75% [15],[2] and a 

macroporosity in the range 200–400 𝜇m [2],[15],[10],[17], that allows cell colonization till the core of the 

porous structure (for example osteoblasts that have approximately 40 𝜇m in diameter) and the 

development of a neovascularized network to maintain viable bone, and a microporosity (or 

interconnectivity) of about 10-12 𝜇m [17], [2]. According to the results obtained by SEM observation, it 

was possible to conclude that were not significant differences in scaffold morphology between PUL and 

PU samples. In addition, and taking into account the results obtained by Micro-CT, it is possible to assert 

that the scaffolds investigated in this thesis work, have the morphological properties appropriate to allow 

good results in terms of cell interaction, with an open porosity of 80% - 90% and an average pore size 

of around 400 𝜇m.  

To improve cell recognition and consequent adhesion and proliferation onto the pore wall, a coating 

process was here used in order to obtain a layer of calcium phosphate. Before cytocompatibility tests, 

different obtained results suggest that the adhesion of calcium phosphate particles on the surface of the 

polyurethane scaffolds was not completely efficient. First, there was not a significant increase in 

hydrophilicity, which was confirmed by water uptake results showing similar water adsorption values at 

the plateau compared to PU matrix. Second, the prolonged time of immersion in water of the PUC 

samples lead to a decrease in the mechanical properties, which was not observed for the loaded and 

matrix PU samples (see Annex N), and can indicate the reduction in the coating layer. In fact, it is 

reported in the literature [45], that one of the biggest problems of coating the samples by immersion in 

a suspension of CaP can be the poorly adhesion strength between the ceramic film and the polymeric 



65 

 

substrate. Taking into account that, and since it is also reported an incompatibility between PU material 

and inorganic phosphate particles [44], it is important to improve the coating process. The resolution of 

this problem can include the covalently biding of calcium phosphate particles onto polyurethane material 

by liking groups. 

In addition, a scaffold to be used in tissue regeneration needs to have the appropriate mechanical 

strength to support tissue ingrowth. The mechanical properties of the obtained scaffolds, which are 

dependent on morphological characteristics (pores size, porosity and interconnectivity), polymer 

composition and wet or dry condition, are lower when compared to the mechanical properties of mature 

trabecular bone and also lower compared to some results obtained with polyurethane scaffolds reported 

in previous studies [38], [12], [43] . Using the results obtained in these studies, it is possible to establish 

an inverse correlation between the open porosity and the stiffness of the scaffolds (Table 4-16).  

Table 4-1 Open porosity and compressive modulus (E) obtained in different studies (mechanical compressive test 

performed in dry condition) 

 Scaffold Open porosity (%) E (MPa) Dry condition 

Tanzi et al [38] Poly(ether)urethane 
16 ± 3 6,31 ± 0,47 

31 ± 2 4,88 ± 0,39 

M. Zanetta et al [12] Poly(ether)urethane 35 ± 7 8,28 ± 1,51 

Asefnejad et al [43] Poly(ester)urethane 75 ± 7 0,82 ± 0,06 

Thesis Work Poly(ether)urethane 80 - 90 0,39 ± 0,04 

 

As it is possible to observe in Error! Reference source not found., the samples with a higher value of 

oung´s Modulus (E) are the ones that have a low open porosity. In this way, the results obtained in this 

thesis work in terms of initial mechanical properties is explained. The polyurethane scaffolds synthetized 

in the present work, as already mentioned, have a porosity between 80 and 90% with highly 

interconnected pores. This aspect induced lower initial mechanical properties when compared to other 

polyurethane scaffolds with lower porosity and/or lower levels of pore interconnectivity (Table 4-1). 

However, the existence of high interconnected pores is an important aspect to allow cell adhesion and 

proliferation and, consequently, important for cell differentiation. Taking into account this information, 

the scaffolds synthesised in this work of thesis have a not so high initial strength but, when implanted in 

vivo or when studied in vitro for long term tests, it could be possible to observe greater level of 

mechanical properties due to a better cell adaptation to the morphology of the supports, allowing the 

deposition of inorganic phase and ECM molecules resulting from cells activity. In fact, according to the 

literature [12],[75],[81], the initial mechanical properties of the scaffolds are of minor importance since, 

apart from the mechanical properties of the scaffold itself, the production of ECM and calcium phosphate 

                                                      

6 The selected data from the three studies were obtained for scaffolds with similar chemical composition and loading 

rate  
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deposition inside the scaffold will increase the mechanical strength of the construct. Tripathy S. et al 

[82], that performed an in vivo test to analyse the increase in the mechanical properties of biodegradable 

poly(ester-urea)urethane scaffolds, referred a significant increase on the scaffold stiffness, mainly due 

to tissue in-growth, after 8 weeks of implantation in a rat model, hiding the reduction in stiffness due to 

the polymer degradation during this time (Figure 4-1). 

 

 

Figure 4-1 Normalized strain (averaged over the scaffold and the number of animals) versus time of implantation; 

decrease in strain was observed with time increase suggesting increasing of the construct stiffness [82] 

To conclude, the initial mechanical strength of the scaffolds should be higher enough to allow cell 

adhesion and proliferation without the collapse of the structure, being also important to guarantee values 

of mechanical properties similar to the bone tissue where the scaffolds will be implanted to avoid stress 

in the interface of bone-implant.  

4.2 In vitro cell interaction  

Polyurethane scaffolds with different chemical, morphological and mechanical properties have been 

proved to be biocompatible [12], [18], [38], [42], [75], [83], [84] with osteoblast-like cells, and also with 

human MSCs. The widely range of properties that polyurethane foams can have, due to the different 

chemical composition and synthesis techniques, justify the different results in terms of cell adhesion, 

proliferation and differentiation reported in the literature.  

In the present thesis work, a preliminary in vitro test on the synthetized PU scaffolds was performed to 

assess the in vitro biocompatibility and osteoconductivity potential of the scaffolds as possible 

candidates for bone tissue regeneration.  

Taking into account that the principal aim of this work was perform a preliminary assessment of cell 

behavior on the synthetized PU-based materials, it is possible to conclude that the obtained results are 

satisfactory, proving that the synthesized polyurethane scaffolds have the appropriate mechanical, 

morphological and physico-chemical properties to make them biocompatible with the human 

osteosarcoma cell lines MG63 and Saos-2. Despite that, there are some comments that can be done 

and some considerations that can be pointed out in order to improve the obtained results.  
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Different hydrophilicity [12], [38], degrees of porosity and interconnectivity [12], together with different 

cell seeding [42] and cell culture techniques [84], [76], [75], [83] are the main parameters that can 

influence the cytocompatibility of osteoblast-like cells onto polyurethane scaffolds. 

Osteoblast cells in general adhere and proliferate better on hydrophilic materials [18], [58]. The 

polyurethane scaffolds here synthesised showed a high degree of hydrophilicity confirmed by water 

uptake test and pre-defined by the selected chemical composition. In addition, scaffolds with higher 

porosity and interconnectivity, characteristic showed by the scaffolds synthetized in the present work, 

showing a large available surface area for cell attachment. Also, a more open porous structure is 

beneficial for the circulation of nutrients and cell waste as well. In fact, Tanzi et al  [38] reported a greater 

level of osteosarcoma cell line Saos-2 attachment and better proliferation rate on PU foams with higher 

percentage of open porosity and higher pores size. The same result was also reported by Zanetta et al 

[12] using MG63 cells. Despite the morphologic and physical properties of the synthesized scaffolds 

seems to be the appropriate ones, considering the first period of cell culture, it was possible to suggest 

an initial difficulty in cell-scaffold interaction, which can be reflected in the considered low initial cell 

attachment onto the scaffolds, more pronounced in cytocompatibility test performed with MG63 cell-line. 

There are two main considerations that can be pointed. First, related with cell culture procedure, a 

possible explanation for low initial cell adhesion, can be linked to a reduced time (90 minutes) of contact 

between scaffolds and cell suspension during cell seeding, before the addition of fresh medium. This 

period is imposed to ensure greater levels of cell attachment onto the scaffolds. Taking this into account, 

it could be possible to obtained better results prolonging this period of cells contact with the scaffolds. 

In fact, J. Podporska-Carroll et al [73], that performed a cytocompatibility test with MG63 cells using 

poly(ester urethane)urea scaffolds with a static seeding, left cells in contact with the scaffolds for 4 

hours, revealing at the end of the test a good cell proliferation, protein synthesis and osteogenic activity 

of MG63 confirmed by ALP activity. 

Second, and as it was referred in the introduction, one of the main drawbacks of synthetic polymers in 

particular polyurethane, is the lack of bioactive particles, which can compromise the interaction and 

attachment of the cells onto polymer surface. For this, adhesion of extracellular matrix proteins on the 

surface of the scaffold represents a viable option that should be considered, since extracellular 

molecules play an important role in cell attachment and spreading, where specific domains presents in 

cells membranes bind directly with ECM molecules via integrins. Guan et al [58], reported an increase 

in HUVECs cell adhesion and proliferation onto poly(ether ester)urethane urea scaffold modified with 

the adhesion peptide RGDS (that is a cell-recognition sequence), compared with the same scaffolds 

without the peptide sequence.   

The high degree of porosity and interconnectivity was also not enough to observe cells in the deepest 

parts of the scaffolds. Instead, cells were present on the seeded surface and a slightly penetration into 

the second/third layer of pores was observed. It is possible to conclude that a good interconnected 

structure is proven to be an important aspect in tissue ingrowth and vascularization, but it is not enough 

to promote cell migration into the core of the scaffolds. Without an improvement in nutrients and oxygen 
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diffusion and waste product removal, the inner part of the scaffolds doesn’t have the appropriate 

microenvironment to be considered “attractive” for the cells.  

Despite the problems that can be associated to the cell lysis procedure, the worst results in terms of 

osteogenic phenotype expression of MG63 cell-line comparing with Saos-2 cell-line, according to what 

was already mention, can be due to the less mature osteoblastic phenotype of MG63 cell-line. In this 

way the addition of osteogenic factors to the culture medium used for cell culture, can be a solution to 

improve MG63 to express an osteogenic phenotype. In fact, Li et al [71] report an increase in calcium 

deposition of almost five times using osteogenic medium (DMEM supplemented with L-ascorbic acid 2-

phosphate, β-glycerophosphate and dexamethasone), in comparison with DMEM medium (culture 

medium used in this thesis work), with MG63 cells cultured on TCP.  

It is also reported that the number of cells seeded on a scaffold can influence the fate of the cells, since 

the number of cells interfere with communication and contact between them, and consequently interfere 

with their differentiation. To improve the results with both type of cells, it is also possible to consider an 

increase on the number of cells initial seeded onto the scaffolds. In fact, comparing the number of cells 

seeded on the scaffolds in this thesis work to other works that used osteosarcoma cell lines, it is possible 

to observe that the density of cells here used is lower compared to the others works (Table 4-2). Hence, 

and since in the works (Table 4-2) osteogenic activity was detected, increase the cell density can be a 

way to improve the results in this thesis work in terms of MG63 and Saos-2 cells differentiation.  

  

Table 4-2 Different cell density reported in literature using diverse osteosarcoma cell lines seeded on PU 

 Scaffold 
Density 

(cells/scaffold) 
Type of cell 

Tanzi et al [38] Polyurethane 5 x 104 Saos-2 

Fassina et al [75] Polyurethane 7 x 105 Saos-2 

Fassina et al [76] Polyurethane 1 x 106 Saos-2 

Carroll et al [73] Polyurethane 5 x 104 MG63 

Thesis work Polyurethane 2 x 104 MG63 

 

Other improvement that can be done in order to enhance both cell colonization onto the scaffold and 

osteogenic activity, is considering different cell seeding and cell culture techniques. 

It is well proved that different cell seeding techniques (e.g. static and dynamic) influence the distribution 

of cells throughout the scaffold [84],[85],[42], and, in particular, with surface static seeding, the cells tend 

to remain on the seeded surface, with slight penetration into the scaffold. This can be explained 

considering that cells tend to stay on the surface since the oxygen and nutrient levels are higher 

comparing with the core of the scaffold. In fact, under static conditions, the primary mechanism that 

allows the transport of nutrients to the inner part of the scaffolds is diffusion, which may not meet the 

significant metabolic requirements of cells seeded in 3D scaffolds [42]. The study of Thevenot et al [85], 
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that compares different cell seeding conditions onto the scaffolds, revealed that the surface seeding is 

the one, comparing to the other seeding methods, that resulted in the lowest dispersion of cells in the 

thickness of the scaffold (Figure 4-2).   

 

 

The combination of a dynamic seeding with a dynamic cell culture could be the key factor to improve 

the obtained results. In this way, the dynamic stimuli will enhance the delivery of oxygen and nutrients 

transport to the internal part of the scaffold, producing a better environment for migration and 

colonization of the whole scaffold. Of course, this is only true if this environment is complemented to a 

scaffold that exhibits an interconnected pores network. 

Apart from the improvement of the dispersion and a more homogenous distribution of cells throughout 

the scaffold, it is also possible to improve the levels of cell proliferation and differentiation in dynamic 

cell culture [76],[75],[83],[9]. In fact, the osteoblast metabolism is reported to be dependent on external 

stimulus, such as the shear stress induced by fluid flow [86]. Bancroft et al [83], reported that the shear 

stress presents in a perfusion bioreactor, by activation and stimulation of different signalling pathways 

in bone marrow stromal cells, promote the proliferation and differentiation of this type of cells, observing 

in this conditions higher levels of ECM production and alkaline phosphatase activity comparing with 

static culture condition (see Figure 4-3).  

Different dynamic cell seeding and dynamic culture conditions have been used in tissue engineering 

field. A perfusion bioreactor, where culture medium perfusion continues through the porous structure of 

the scaffolds, seems to be the one that revealed not only the best results in cell colonization of deeper 

parts of the scaffolds but also promote higher values of cell proliferation and differentiation [75],[83].   

 

Figure 4-2 Comparison of cell distribution in the thickness of the scaffold with four different seeding methods (surface, 

injection, centrifugation and ortibal) [85] 
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Figure 4-3 A: Calcium content (mg Ca2+/scaffolds; log scale) and B: number of cells, of cultured scaffolds 

in static condition and dynamic culture condition in a perfusion bioreactor using 3 different fluid flow rate 

(0,3 mL/min; 1 mL/min; 3 mL/min) [83]  

A 
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5 Conclusion and Future perspectives 

In this thesis work biointegrable 3D PU foams containing osteoconductive inorganic salt, i.e. calcium 

phosphate, and PU foams coated with calcium phosphate were synthesized and prepared in order to 

be used as 3D scaffolds for bone tissue regeneration. These biointegrable PU-based scaffolds, due to 

their slow degradation rate, provide, in the short-medium term, the mechanical support adequate for cell 

attachment and bone tissue ingrowth. In long term, the scaffolds will be engulfed by the newly formed 

bone and slowly degraded into no-toxic products, avoiding the activation of inflammatory pathways that 

can compromise the success integration of the scaffolds in vivo. The synthesized scaffolds will be 

particularly important when great masses of bone need to be substituted since will avoid the structure 

collapse and will successfully support bone tissue deposition. 

In the present thesis work, crosslinked PU foams with a controlled pore dimension and open porosity, 

conjugated with appropriate mechanical properties have been prepared. The different types of scaffolds 

synthesised in this thesis work, PU, PUL 30%, PUL 40% and PUC were analysed in terms of 

morphological, physico-chemical, mechanical properties and in vitro compatibility with two different 

osteosarcoma cell line, MG63 and Saos-2 was investigated, as well. Taking into account all the obtained 

results, unless the results about the in vitro cytocompatibility of PUC scaffolds, among the different 

considered scaffolds, PUL 40% is the one that appear with the most appealing for bone tissue 

engineering.  

In terms of morphological properties, the PU matrix showed the desired results in terms of pore size and 

open porosity, being this results the appropriate ones for bone tissue regeneration. In addition, the 

presence of calcium phosphate particles as filler within PU matrix did not affect the open porosity of the 

scaffold. This result demonstrated that it is possible to combine the properties of both polymeric matrix 

and CaP particle reinforcement, without compromising the adequate morphologic properties for bone 

tissue regeneration. In addition, the PUL 40% scaffolds showed not only higher mechanical properties 

in dry conditions but also, and more important, a lower reduction in stiffness in wet condition comparing 

to the dry one, and to the PU and the PUC scaffolds. In fact, in the short term, a scaffold needs to have 

the appropriate mechanical strength to support tissue ingrowth without the collapse of the structure. In 

this way PUL 40% scaffolds seems to be the one that better fits this requirement.  

Other important result that makes PUL 40% a possible scaffold for bone tissue engineering is related to 

the fact that, according to the in vitro results, this scaffolds, although revealed greater initial cell-scaffold 

interaction, i.e. greater levels of cell attachment, showed also greater levels of osteogenic differentiation. 

This result compared to that obtained for PU matrix can be attributed to the different properties of the 

PU scaffolds loaded with calcium phosphate, including higher mechanical properties, higher roughness, 

and a possible release of calcium and phosphorous ions from the scaffold matrix during cell culture, 

although the slow rate biodegradable properties of the synthesized scaffolds. According to the obtained 

results, the PUL 40% scaffold anticipate the differentiation of the cells, observing a not so long 

proliferative phase as observed for cells cultured onto the PU scaffolds. Even this result can be 
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considered a positive outcome since it will allow a faster bone regeneration process, by ECM production, 

deposition, and osteogenic proteins synthesis.    

Although the preliminary results of in vitro cytocompatibility test with PUL 40% obtained in this thesis 

work, are satisfactory, further assays should be performed. A long term in vitro cytocompatibility test 

should be considered (>21 days), not only to assess the differentiation of the cells, but also to analyse 

calcium deposition in the scaffold structure (matrix mineralization). The differentiation of the cells can 

be analysed by specific osteogenic protein detection, using specific antibodies. In addition, it is also 

important to confirm the release of Ca and P ions from the scaffold during in vitro incubation, and try to 

conclude about the possible correlation between this phenomenon and cell differentiation. Moreover, 

the degradation of the PU and/or the release of CaP ions could be also responsible in maintaining a 

favourable Ca and P ion concentration that can interfere with cell proliferation and differentiation 

behavior. Determining the optimal percentage of calcium phosphate fillers in the polyurethane matrix is 

also an important aspect, not only to obtain the best results in terms of mechanical and morphological 

properties, without the collapse of the structure, but also in terms of biocompatibility, since a high level 

of amorphous calcium phosphate can be cytotoxic to the osteoblasts, causing apoptosis of the cells. 

To confirm the hypothesis proposed in the Discussion chapter, analyse the expected variations on the 

mechanical stiffness of the scaffolds in different time points of cell culture in vitro, is also an important 

assay that should be performed, particularly in this case where the initial mechanical properties of the 

scaffolds are considerable lower when compared with the values reported in literature for trabecular 

bone.    

It will be also interesting to test different material combinations and surface modifications to improve the 

bioactivity of polyurethane scaffolds. This can include the combination both coating and loading 

processes with calcium phosphate particles, although the method here implemented for coating PU 

material needs further improvements not only regarding the sterilization of the samples and coating 

conditions but also calcium phosphate particles adhesion onto polymer surface. Also the combination 

of the PUL 40% scaffolds with a surface modification by introduction of extracellular matrix proteins, can 

be also an alternative option to improve the suggested, however not proved, initial cell-scaffold 

interaction.   

Knowing that angiogenesis is well documented to be essential for the formation and regeneration of 

bone tissue, the creation of a microvascular network on biomaterials in vitro prior to implantation should 

be considered. Co-culture of osteoblastic-like cells or MSCs with endothelial cells, which are cells that 

lines the inner surface of the microvasculature or blood vessels, can bring great advantages not only in 

bone tissue regeneration by enhancement of osteogenic differentiation, but also in the successful 

integration/implantation of the biomaterial in the host tissue reducing in this way the probability of cell 

death due to an inadequate oxygen supply [69], [87]. 

Also, since promising results have already been achieved with biodegradable polyurethane scaffolds in 

in vivo (rat and sheep) models, after the assays mentioned above to obtain a more accurate information 

about PUL 40% scaffolds behavior in vitro and after tested other material combinations, the next step 
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will be test this materials in vivo. The elastomeric properties of the synthesized bone substitutes can 

avoid the friction at the interface between the host bone and the implant, which may lead to local bone 

resorption in this zone. 

In conclusion, although there are still some procedures that should be improved, the principal aim of this 

thesis work was achieved since both PU and PUL 40% scaffolds appear promising materials to be used 

for bone tissue regeneration, revealing great preliminary results in terms of cell adhesion, proliferation 

and differentiation  
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Annex A Most common techniques used for scaffold fabrication in Tissue Engineering  

 

 Characteristic Disadvantages Advantages 

Solvent 
casting/particulate 

leaching [4], [15], [36] 

Involves the dissolution of 
the polymer in an organic 

solvent, mixing with ceramic 
granules, and casting the 

solution into a predefined 3D 
mould. The solvent is 

subsequently allowed to 
evaporate. The evaporation 
method of the solvent used 

influence also the pore 
structure and consequently 
the interconnectivity. The air 
drying and vacuum drying 

allow the synthesis of a 
structure with higher 

interconnectivity than with 
freeze drying  

Require the use of an 
organic solvent, which may 
leave toxic residues in the 
final structure and induce 
biocompatibility problems; 

 

The distribution of the salt 
particles is often not uniform 
within the polymer solution. 
As a result, the degree of 

porosity is not homogeneity 
throughout the entire scaffold  

Simple operation and 
adequate control of the 

pore size and the porosity 
by selecting the particle 

size and the amount of the 
added salt particles 

Thermally induced phase 
separation [4], [25], [15], 

[32] 

Involves polymer dissolution 
in a solvent at a high 

temperature; liquid-liquid or 
solid- liquid phase separation 

is induced by lowering the 
solution temperature. 

Subsequent removal of the 
solidified solvent rich phase 

by sublimation leaves a 
porous polymer scaffold 

Require the use of an 
organic solvent, which may 
leave toxic residues in the 
final structure and induce 
biocompatibility problems 

 

Control of structure and 
pore size by varying 

preparation conditions; 

 

The obtained scaffolds are 
highly porous with 
anisotropic tubular 

morphology and extensive 
pore interconnectivity 

 

 

Solid freeform fabrication 
techniques (SFFT) [4] 

Creation of a 3D scaffolds 
directly from computer 

design data (CAD) 

Increased scaffold 
fabrication time compared 
with direct methods, as a 
temporary mould must be 

made first; 

Resolution needs to be 
improved to the micro-scale 

Provided enhanced control 
over scaffold shape, 

porosity and pore 
architecture, including size, 

geometry, orientation, 
branching and 

interconnectivity 

  

A B 
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Annex B Scheme of the 24-multiwell and 96-multiwell plates used for cytotoxicity test 

 

 

 

 

  

Fresh medium without incubation  

Medium in contact for 1 day with PU scaffolds 

Medium in contact for 4 days with PU scaffolds 

Medium in contact for 1 day with PUL scaffolds 

Medium in contact for 4 days with PUL scaffolds 

Medium incubated for 1 day 

Medium incubated for 4 days 
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Annex C Scheme of DNA extraction procedure 
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Annex D Scheme of the methodology used to perform the calibration curves used for DNA 

quantification 
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Annex E Schemes of A: pNPP solution preparation; B: pNPP solution 1 mM preparation and calibration 

curve elaboration; C: sample preparation before absorbance reading; for ALP activity assay 
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Annex F Percentage of reduction of the considered mechanical parameters analysed after 

compressive test, comparing wet and dry conditions, * No data obtained since the loading phase in dry 

condition was interrupted, not being possible  in this way to determine the percentage of mechanical 

parameter reduction 

 

 

% of reduction (dry 
vs wet) 

Stiffness (MPa) 𝝈𝒎á𝒙 (MPa) 𝜺𝑹 (mm/mm) 
Hysteresis area 

(J/cm3) 

PU 34,7±1,4 43,7±2,3 53,4±2,3 51,7±1,4 

PUL (30%) 56,1±12,1 57,2±1,7 54,1±0,8 65,8±6,9 

PUL (40%) 29,9±3,1 * * * 

PUC 41,7±3,8 * * * 
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Annex G Cytotoxicity test results: viability of MG63 cells in presence of the eluates obtained for PU, 

PUL (30%) at one and four days 
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Annex H SEM images of PU scaffolds (surface) seeded with MG63 cell line; A: 1000x, scale bar 20 

𝜇m, 1 day of cell culture; B: 1000x, scale bar 20 𝜇m, 3 day of cell culture 

 

 

  

A 
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Annex I SEM images of PU scaffolds (surface) seeded with MG63 cell line; A: scale bar 200 𝜇m; B: 

scale bar 200 𝜇m; after 21 days of cell culture 
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Annex J Calibration curves used for DNA quantification for each time point of MG63 cell culture onto 

PU scaffolds 

 

Time points 
(days) 

Expected cell number Obtained cell number Calibration curve used 

1 3,5 x 104 1,4 x 106 1:10 

3 1,1 x 105 2,5 x 106 1:1 

7 9,7 x 105 6,7 x 106 1:1 

14 4,7 x 106 6,2 x 106 1:10* 

21 2,3 x 108 6,0 x 106 1:10* 

*After dilution of the samples 10 times 
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Annex K SEM images of PU scaffolds seeded with Saos-2 cells after 1, 3 and 7 days of cell culture 

 

Surface SEM images 

Day 1 

 

 

Day 3 

 

 

 

Day 7 
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Day 14 

  

 

 

Section SEM images 

Day 7 
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Annex L SEM images of PUL 40% scaffolds seeded with Saos-2 cells after 14 days of cell culture 
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Annex M Studies reported in literature regarding the in vitro effect of calcium phosphate on cell 

behavior 

 

Reference Material Principal results 

Yu et al [62] 
Biomimetic CaP coated 

titanium plates 

 
 Compromised initial cell proliferation due to 

poor adhesion of the cells 
 Negative effect of poor adhesion in the initial 

proliferation rate is gradually reduced, 
revelling after the initial period cell culture a 
higher proliferation rate and differentiation 
compared to cells cultured on non-coated 

materials 

Chou et al [67] 

 

Apatite substrates 
(conventional apatites and 
precursor apatite spheres) 

 Calcium phosphate microenvironment can 
force cells to switch from a proliferative stage 

to a more differentiated stage 

Shu et al [65] 
PEG coated with 
hydroxyapatite 

 
 Osteoblast growth decreased, whereas 

differentiation enhanced on HA compared to 
TCP surfaces, in agreement with the mutual 
exclusiveness of growth and differentiation 

processes 
 

Okumura et al [66] Titanium discs and HA discs 

 
 Osteoblastic cells on HA materials may 

differentiate earlier than that on titanium 
materials 

 

Lee et al [64] 
Thin film of poorly crystalline 
calcium phosphate apatite 

crystals (PCA) 

 

 The low cell proliferation rate of cells cultured 
on calcium phosphate apatite is caused by a 
defect in the activation of adhesion-induced 

signalling, as cell adhesion signalling is one of 
the requirements for cell cycle progression 
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Annex N Stress/Strain curves of PU, PUL 30% and PUC in dry condition and in two different wet 

conditions (short and long term) 
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Annex O Representation of Elastic Modulus (MPa) versus open porosity (%), using different results 

reported on literature 
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