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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. 
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1. Introduction 

Bone can be consider as a complex porous composite 

material. A mineral inorganic phase, majority composed 

by Hydroxyapatite (HA), which reinforce the bone 

structure and gives the mechanical resistance; and an 

organic matrix composed mostly by collagen type I. 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. Taking into 

account this, tissue engineering has been emerging as 

an alternative to the current clinical techniques used for 

bone regeneration or substitution. Ceramics, such as 

hydroxyapatite (HA) and β-Tricalcium phosphate (β-

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 and present a low mechanical 

stability, which prevents their use in the regeneration of 

large bone defects [1]. Synthetic biodegradable 

polymers are becoming increasingly popular for 

biomedical applications, as it is possible to control their 

mechanical properties and degradation rates, depending 

on the particular application, and, because of that, it is 

easier to obtain an uniformity among different lots of the 

same synthetic material [2],[3]. Within synthetic 

biodegradable polymers, the most studied materials 

investigated for bone tissue engineering, are the so-

called saturated aliphatic polyesters, such as 

polycaprolactones (PCL), polylactic acid (PLA), 

polyglycolide (PGA), and their copolymers, e.g. 
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polylactic-co-glycolic-acid (PLGA) [4],[3]. However, there 

is a problem with synthetic biodegradable polymers, 

since it is difficult to achieve the correct equilibrium 

between the rate of in vivo degradation and tissue 

regeneration. 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 step, 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, other polymers, in particular the 

polyurethanes (PU), can be used to synthesize scaffolds 

for bone tissue regeneration. With PU it is possible to 

obtain a significantly larger range of morphological and 

mechanical properties comparing with the commonly 

used biodegradable polymers [5]. 

In this thesis works, it is proposed different polyurethane-

based materials to be used in bone tissue regeneration 

field.  

2. Materials and Methods 

2.1 Polyurethane foams 

2.1.1 Synthesis 

Three polyurethane (PU) foams (PU, PUL 30%, PUL 

40%) differing in the presence of calcium phosphate 

inside the matrix were obtained by a one-step bulk 

polymerization, using water as the expanding agent and 

iron-acetylacetonate as catalyst. Briefly, to a polyol 

mixture (manly composed by DESMOPHEN 10WF18), 

OH = 4,1 mmol/gpolyol), water (2wt.% polyol) and Fe-

acetylacetonate (0.001 wt.% polyol) were added and 

mixed with a mechanical stirrer at 2000 rpm for 60 sec. 

The appropriate quantity of isocyanate (MDI, NCO = 

23,0±0,5%) was then added under stirring. The same 

chemical formulation was used for the three synthesized 

foams, with the difference that to synthesize the 

polyurethane loaded foams, a β-TCP powder was added 

to the polyol mixture before the isocyanate. The reaction 

mixture was stirred for few minutes, then poured into a 

custom-made poly(methylmethacrylate) mold 

                                                      
1 EN ISO 845 – Determination of apparent 

density, [25]. 

(100x100x50 mm) to allow the expansion of the foams 

into a fixed volume. The mold was firmly closed and the 

expanding reaction was allowed to take place at room 

temperature (RT). Each foam was extracted from the 

mold after 72 h, and the compact skin was cut. 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. 

Cylindrical scaffolds (∅ = 10 mm, h = 3 mm), were 

obtained from slices of the foam, and purified by a 48 h 

immersion in absolute ethanol at RT, and subsequently 

carefully dried in air at RT. 

2.1.2 Morphological Characterization 

Open porosity, pore size and thickness of pores wall 

were analysed 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 44  kV 

and power of 10 V without any filters 

For a morphological investigation of the foams, PU, PUL 

30%, PUL 40% and PUC specimens were glued on 

aluminium stubs, sputter-coated with gold, and then 

observed by scanning electron microscopy (SEM,  

StereoScan Cambridge 360 microscope). The samples 

were observed at an acceleration voltage of 10keV and 

magnifications of 10, 30 and 100x. 

2.1.3 Physical Characterization 

Bulk Density 

The bulk density of the PU foams, cylindrical samples (∅ 

= 10 mm, h = 3 mm) cut with a manual die, was 

determined according to the International Standard EN 

ISO 8451, weighing and measuring the diameter and the 

thickness of the samples (n=5 for each type of foam). 

The density, expressed as a ratio between the mass and 

the volume of the specimen, was calculated using the 

Equation (1): 

 

 𝜹 =
𝒎

𝝅 × ∅𝟐 × 𝐡
 (1) 
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 where, 𝑚 is the mass of the samples (g), ∅ is the 

average diameter of the scaffold, and h is the thickness. 

Water Uptake 

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 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 (2)) : 

 

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. 

 2.1.4 Mechanical Compression Characterization 

Compressive mechanical test was performed on 

cylindrical samples (∅ = 10 mm, h = 3 mm, n=4) with a 

Dynamic Mechanical Analyzer (DMA Q800, TA 

Instrument). 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. One 

hysteresis cycle was performed for each sample: 

compression until 50% of deformation at 2,50% 

strain/min and unload ramp at 5% strain/min. 

                                                      
2 ISO 10993-5 describes the test methods to 

assess the in vitro cytotoxicity of medical devices 

Young Modulus (E), maximum stress (𝜎𝑚𝑎𝑥), residual 

deformation (𝜀𝑅) and  were determined from 

𝜎 𝜀⁄  curve; the hysteresis area was determined with 

Matlab®. Young’s Modulus (E), from the slope of the 

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

considered.   

2.2 In vitro cell interaction 

Human osteosarcoma cell lines MG63 and Saos-2 were 

used to test the in vitro cytotoxicity and cytocompatibility 

of the synthesized scaffolds. MG63 cells 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). Saos-2 

were cultured culture on medium 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). The cells were 

grown at 37°C in humidified atmosphere of 5% CO2 in 

air.  

For cell splitting, the cells were washed first with PBS 

(1x) w/o Ca2+ and Mg2+ (D8537, Sigma) and then 

detached from the flask bottom using a trypsin/EDTA 

solution (1:10 in PBS, ECB3, Euroclone). 

The samples used in the in vitro tests were previously 

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). 

2.2.1 Cytotoxicity 

Cytotoxicity test was performed on PU and PUL 30% 

scaffolds according to ISO 10993-52, using MG63 human 

osteosarcoma cell line, in proliferative stage (not yet at 

100% confluence, about 80%) and tissue culture plastic 

as control for biological response assessment. For each 

material, six samples were put in a 24-multiwell tissue 

culture plate and immersed in 1,5mL of culture medium, 

three of them were immersed for 1 day and the other 

 𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) = [
𝑤𝑡 − 𝑤𝑡0

𝑤𝑡0

] × 100 (2) 
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three for 4 days, using culture medium without in contact 

with scaffolds as control. 

The cells were seeded at a density of 1x104 cells/well in 

a total volume of 150 µL/well (50 µL/well of cell 

suspension and 100 µL/well of fresh medium). The 

medium was replaced with the eluates (150 µL/well) that 

stayed in contact with cells for 24 hours. 

2.2.2 Cytocompatibility 

The cytocompatibility test was performed with three 

types of samples (PU, PUL 40% and PUC) in static 

culture condition using a 48-multiwell plate and tissue 

culture plastic as control for biological response 

assessment. 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 

with 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. Culture 

medium was replaced every three days.    

Alamar Blue assay 

Alamar blue solution (10% v/v in culture medium) was 

used to determine the metabolic activity of the cells, 

during cytotoxicity and cytocompatibility test. The culture 

medium present in each well is replaced with the Alamar 

Blue solution, staying in contact with the cells for four 

hours. After this time, the fluorescence of the solution 

(excitation ʎ=540 nm, emission ʎ=595 nm) was read 

using a spectrophotometer (Tecan, Genios Plus plate 

reader). Each samples was read in triplicate. 

DNA quantification 

DNA quantification was performed for each time point 

considered for cell culture, using for that three seeded 

scaffolds for each time point and for each type of 

scaffold. For DNA extraction, cells on the scaffolds were 

detached and the cells lysed using a buffer lysis buffer 

lysis (10mM NaCl, 10mM TRIS at pH 8,0, 10mM EDTA 

at pH 8,0, 0,5% SDS). 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. Finally, the absorbance was 

converted in DNA concentration using calibration curves 

obtained from an initial Salmon Sperm solution with a 

known concentration (500 ng/ µL). 

ALP activity and total protein concentration 

Alkaline phosphatase activity was used as early market 

of osteoblast phenotype expression. 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. 

Both alkaline phosphatase activity and total protein 

quantification were measured 7, 14 and 21 days after 

seeding for MG63 cell line and 7 and 14 days after 

seeding for Saos-2 cell line. The test was performed on 

3 scaffold seeded, 3 controls with only cells and 3 

controls with just the scaffold, per time point. To promote 

cell lysis, 500 µL of 1 % Triton and 50 mM HEPES 

solution in PBS were used. The lysates were frozen at - 

80ºC prior to use. One day before ALP and BCA assay, 

the multi-well containing the samples were moved to the 

fridge at 4ºC.  

ALP activity of the tested samples was then calculated 

using Equation 3, and expressed as alkaline 

phosphatase units. A phosphatase unit is defined as the 



5 

 

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 [6]: 

 

where: 

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

 t = reaction time in minutes (60 minutes) 

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. 

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.   

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. 

3. Results  

3.1 Polyurethane foams characterization 

3.1.1 Morphology  

By SEM, PU, PUL 30% and PUL 40% foams showed 

round-shaped pores with regular size and distribution, 

without differences among the different types, being 

possible to distinguish a macroporosity, which is the 

actual foam pores, and a microporosity, represented by 

the interconnection between the pores (Figure 1). It was 

also possible to observe that PUL foams show a rougher 

surface comparing with PU foams. 

 

 

A

 

B 

 

C 

Figure 1 SEM images (scale bar 200 µm) of (A): PU 
foam; (B): PUL 30% foam and (C): PUL 40% 

For PUC samples, it was possible to observe that 

calcium phosphate adhered onto pores walls, but without 

a completely homogenous distribution. However, 

observing the cross section of PUC scaffolds, the coating 

process allowed the penetration of calcium phosphate to 

the deepest part of the scaffold. 

By Micro-CT, an open porosity of 86,8 ± 0,6, a pore size 

of 406,7 ± 15,6 µm and a pore wall thickness of 59,4 ± 

1,6 µm was obtained for PU samples. 

Data related with the density of the scaffolds are 

presented in Table 1. The density of PUL samples, 

loaded with 30% and 40% of calcium phosphate, are 

 
𝑨𝑳𝑷 (𝑼 𝒎𝑳⁄ ) = (

𝒑𝑵𝑷 (µ𝐦𝐨𝐥)

𝑽
) 𝒕⁄  (3) 



6 

 

statistically different (p<0,05) and 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 1 Density of PU, PUL 30% and PUL 40% foams 

 PU PUL 30% PUL 40% 

Density 

(g/cm3) 

0,152 ± 

0,010 

0,193 ± 

0,011 

0,186 ± 

0,009 

 

3.1.2 Water Uptake 

Water uptake test was performed to determine the 

hydrophilicity of the samples, hence the ability to adsorb 

water. This property depends on the morphological 

(porosity and pore diameter) and chemical properties of 

the scaffolds.  

Table 2 reports the values of water uptake obtained, for 

each type of sample, at the plateau. 

Table 2 Water uptake (%) in the plateau and number of 
days to reach the plateau 

Scaffold 
Time to reach 

the plateau 
(days) 

Water uptake 
at plateau (%) 

PU 9 239,8±60,7 

PUL (30%) 3 195,0±26,1 

PUL (40%) 8 222,7±41,4 

PUC 1 179,2±37,8 

 

Regarding PU, PUL 30% and PUL 40%, it is possible to 

say that throughout the entire period analysed, they 

showed a very similar behavior, revealing a not statically 

difference in water uptake in the plateau phase. PUC 

samples showed a higher increase in water uptake in the 

first time points analysed comparing to the under three 

types of samples. However in the plateau phase, no 

differences where observed regarding the W.U.% value 

compared to the other types of scaffolds. 

Three important conclusion can be done. First, the 

obtained W.U.% values obtained for each scaffold, are 

very high comparing them to other published results 

obtained using polyurethane scaffolds [7], [8], which 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. 

Second, the predicted higher water adsorption levels for 

PUC samples due to the presence of a CaP coating 

layer, that according to literature  [9],[10],[11] improves 

the hydrophilicity of the scaffolds, were not observed, 

which 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. Finally, the 

introduction of calcium phosphate particles as fillers in 

PU matrix did not interfere with the water adsorption, 

since the polymer probably masked the effect of the 

ceramic particles, reducing the exposure of the CaP filler 

on the scaffold surface. 

3.1.3 Compressive mechanical properties 

Compressive mechanical parameters obtained for the 

examined polyurethane foams are reported in Table 3, 

for compression test performed in wet and dry 

conditions. 

Effect of water in mechanical properties of the samples  

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. This behavior is associated to the 

plasticizing effect caused by the water adsorbed in the 

polymer matrix, making the samples more deformable. 

Regarding PUL 40% scaffolds, it was possible to observe 

a not so significant decrease in mechanical properties in 

wet condition compared to the dry one, showing a 

percentage of stiffness reduction of about 30%.  

Table 3 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 

 

This can be attributed to the fact that with this percentage 

of calcium phosphate filler in the polyurethane matrix 

there are a reduction in the capacity of adsorb water in 

the macromolecular structure of the polymer, reducing in 

this way the plasticizing effect, which is the main reason 

for mechanical properties decrease in wet condition.  

 
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 
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Effect of calcium phosphate filler 

The introduction of calcium phosphate in the foam matrix 

had, as principal aim, the reinforcement of PU structure, 

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 [12]. According to 

the obtained results only loading the PU matrix with 40% 

of CaP it was possible to observe a stiffness increase. 

Although there are some studies [7], [10], [13] that refer 

an increase in stiffness of PU materials with 30% CaP, 

here it was not possible to observe this result, which can 

be attributed to differences in terms of chemical 

composition of PU matrix that can influence the 

interaction of Cap particles with the hard segments of the 

polymer and also the type and size of ceramic particles 

used in this thesis work can also contribute to this results. 

3.2 In vitro cell interaction  

Regarding the cytotoxicity test performed with 

polyurethane material, it is possible to referrer that no 

signs of toxicity that can compromise the metabolic 

activity of the cells during the considered time period 

(maximum of 4 days) was observed, with cells showing 

a percentage of viability higher than 95%.  

Two cytocompatibility tests were performed: first with PU 

and MG63 cell line and the second one with PU, PUL 

40% and PUC and Saos-2 cell line. The test performed 

onto PU scaffolds had as principal aim analyse the 

interaction of the cells with the tridimensional structure 

synthesised. In the case of PUL 40% samples is to 

assess the Influence of a higher material stiffness on cell 

proliferation and differentiation. Finally with PUC 

samples the principal aim was evaluate the 

osteoconductive properties of CaP in osteoblast-like 

cells differentiation. 

3.2.1 In vitro cytocompatibility test with MG63 

By SEM (Figure 2) is was possible to observe that 

MG63 cells showed a flattened and well spread 

morphology adherent to the external surface of the pores 

and it was also possible to observe cell extensions, 

elongating from one pore to another. Finally, observing 

the cross section of the PU scaffolds, few cells were 

observed in the first layer of pores counting from the 

seeded surface. However the majority of the cells 

remained on the seeded surface, which mean a low 

capability of cell migration into the core of the scaffold. 

From DNA quantification assay (Figure 3 A) it is possible 

to observe a significant increase in cell number until day 

7 of cell culture. After that a stabilization in the number of 

cells was observed. From ALP activity assay (Figure 3 

B) it was registered almost insignificant values of ALP 

activity, comparing with other published results [14]. The 

first hypothesis considered taking into account the 

practically null values of ALP activity 

 

 

Figure 2 SEM image of PU scaffold surface cultured with 
MG63 cell lline after 7 days of cell culture (scale bar: 200 

𝜇m)  

was the fact that the lysis procedure was not the 

appropriate one, including time and temperature of 

incubation, composition of the buffer and volume of the 

buffer, since it was not an optimize procedure.  It was 

also considered that the morphology, chemical and 

physical properties of the PU scaffolds can interfere with 

the osteogenic phenotypic expression of MG63 cells, 

compromising in this way the extracellular proteins 

production and matrix maturation. In fact it was only 

possible to find one recent article [15] that analyse the 

differentiation of MG63 cell onto PU scaffolds, revealing 

in this case the expression of ALP activity, however using 

a polyurethane with a very different chemical 

composition (aliphatic poly(ester urethane)urea).  
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B 

 

Figure 3 (A): Number of MG63 cells detected by DNA 
quantification assay; (B): Alkaline phosphatase activity 
from day 7 to day 21 post-seeding, in PU scaffolds and 
TCP (control) 

3.2.2 In vitro cytocompatibility test with Saos-2 

For the second cytocompatibility test the principal aim 

was the comparison between the different types of 

scaffolds in terms of cell adhesion, proliferation and 

differentiation. From cytocompatibility test performed 

with PUC samples, it was not possible to obtained 

results, since it is still necessary improve samples 

preparation and sterilization. In this way it will only 

presented the comparison between PU and PUL 40% 

scaffolds. 

In terms of cell morphology, it was possible to observe 

by SEM (Figure 4) individual round cells and cell 

clusters separated from each other, with cells showing 

long extensions covering distances of around 20 - 30 µm; 

also elongated fibroblastic-like cells well attached to the 

surface of the scaffold were observed.  

 

Figure 4 SEM image of PU scaffold surface cultured with 
Saos-2 cell line, after 14 days of cell culture (Scale bar: 

20 𝜇m) 

The results of Alamar Blue and ALP activity assays 

(Figure 5) suggest a better cell adhesion and 

differentiation onto PUL 40% scaffold, confirmed by 

higher fluorescent signal in Alamar blue assay in the first 

time point of cell culture and higher ALP activity at day 

14 compared to PU scaffolds. However, Alamar Blue 

assay also revealed a higher proliferation rate in PU 

samples compared to PUL 40% scaffolds.  

A 

 

 

B 

 

Figure 5 (A): Alamar Blue assay results for PU and PUL 
40% scaffolds (Day 1 – Day 14); (B): ALP activity (U/mL) 
results for PU and PUL 40% scaffolds (day 7 and day 14) 

Comparing the results obtained from Alamar Blue assay 

and ALP activity it was possible to assess 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 [16].  

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 [17], 

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 [18] 

suggested that cells can sense and respond to different 

stiffness, interfering with the synthesis of adhesion 

components by cells. Differences in roughness can also 

contribute to the obtained results since, according to 

what is reported in literature, smooth surfaces are better 

0

0.001

0.002

0.003

Day 7  Day 14  Day 21

A
LP

 a
ct

iv
it

y 
(U

/m
L)

PU Control

0

5000

10000

Day 1  Day 3  Day 7  Day 14

Fl
u

re
sc

en
ce

PU PUL 40% Control

0.000

0.200

0.400

0.600

Day 7  Day 14A
LP

 a
ct

iv
it

y 
(U

/m
L)

PU PUL 40% Control



9 

 

for osteoblast proliferation and spreading [19], [20] and 

rougher surfaces are better for osteoblast differentiation 

and ECM production [21], [20]. 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. 

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 [16], [22]–[24]. 

4. Discussion 

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. Among the 

different analysed scaffolds, PUL 40% stands out for the 

revealed properties. First, PUL 40% scaffolds combine 

the appropriate morphological properties in terms of pore 

size (200–400 𝜇m) and porosity (>75%) for scaffolds to 

be applied in bone tissue regeneration and in terms of 

mechanical behavior, were the ones that showed higher 

stiffness both in wet and dry condition, which is an 

important parameter since a scaffolds should have the 

appropriate initial mechanical strength to support tissue 

ingrowth without the collapse of the structure. In addition, 

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 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, including: determination of the optimal CaP 

filler percentage; long-term cytocompatibility test (>21 

days); assess of cell differentiation by specific 

osteogenic protein detection; confirmation of Ca and P 

ions release as a result of polyurethane matrix 

degradation and evaluation of stiffness increase due to 

matrix mineralization during in vitro cell culture. 

5. Conclusion and Future perspectives  

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.  

To improve cell migration and migration and colonization 

throughout the scaffold, it should be considered a 

change from a static cell seeding and culture condition to 

a dynamic one. A dynamic culture condition can also be 

responsible for an improvement in cell proliferation and 

differentiation levels, since osteoblast metabolism is 

reported to be dependent on external stimulus, such as 

the shear stress induced by fluid flow. Finally, it will be 

also interesting to test different material combinations 

and surface modifications to improve the bioactivity of 

polyurethane scaffolds.  
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