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Abstract

Five types of solid and porous polyurethane composites containing 5 to 20 wt% of Bioglass®
inclusions were synthesized. Porous structures were fabricated by polymer coagulation combined
with the salt particle leaching method. In vitro bioactivity tests in simulated body fluid (SBF) were
carried out and the marker of bioactivity, e.g. formation of surface hydroxyapatite or calcium
phosphate layers'upon immersion in SBF, was investigated. The chemical and physical properties of
the solid and porous composites before and after immersion in SBF were evaluated using different
techniques: Fourier Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC),
Dynamic Mechanical Analysis (DMA) and Thermogravimetric analysis (TGA). Moreover the surface
structure and microstructure of the composites was characterized by Atomic Force Microscopy
(AFM) and scanning electron microscopy (SEM), respectively. Mercury intrusion porosimetry, SEM
and microtomography (ICT) were used to determine pore size distribution and porosity. The
fabricated foams exhibited porosity > 70% with open pores of 100 — 400um in size and pore walls

containing numerous micropores of < 10um. This pore structure satisfies the requirements for bone
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tissue engineering applications. The effects of Bioglass® addition on microstructure, mechanical
properties and bioactivity of polyurethane scaffolds were evaluated. It was found that composite
foams showed a higher storage modulus than neat polyurethane foams. The high bioactivity of
composite scaffolds was confirmed by the rapid formation of hydroxyapatite on the foam surfaces

upon immersion in SBF.

KEYWORDS: A. Particle reinforced composites; A. Polyurethane; B. Mechanical properties; B.

Porosity/Voids

1. Introduction

Synthetic biodegradable polymers are popular for clinical and surgical applications as it is possible to
control their mechanical properties and degradation rates depending on the particular application
[1]. These polymers are especially considered in tissue engineering strategies due to their potential
ability to enable cell adhesion, migration, proliferation and differentiation [2, 3]. Furthermore
synthetic polymers may be processed into a variety of porous structures, using processes such as
porogen leaching, rapid-prototyping, electrospinning, thermally induced phase separation, freeze
drying, phase inversion and solvent casting [4-10]. However, scaffolds made from synthetic polymers
do not exhibit adequate mechanical properties and bioactive behaviour which is a disadvantage for
bone tissue engineering applications [10]. One of the ways suggested to improve polymer scaffolds’
properties and performance for bone tissue engineering is the development of biodegradable
polymer/ bioactive ceramic composites [10, 11]. Hydroxyapatite (HA), bioactive glasses (e.g.
Bioglass®) and apatite-wollastonite glass-ceramics are good examples of bioactive inorganic
materials suitable for use as fillers in biodegradable polymers [10, 11]. Bioactive glasses have some
advantages over other bioceramics, such as excellent osteoconductivity and bioactivity, controllable

biodegradability and ability to induce osteogenesis and angiogenesis [12, 13].



Bioglass® of type 45S5 is a member of the family of silicate bioactive glasses [12]. It has been shown
that this glass composition especially provides an ideal environment for cell colonization and
proliferation, enhancing differentiation of human osteoblasts to form new bone [13]. Bioglass® is
bioactive, biocompatible, osteoconductive, nontoxic and noninflammatory as well as being a
nonimmunogenic agent. These properties make Bioglass® an ideal filler in biopolymer composite
scaffolds as it can be used to improve the mechanical properties of the composites as well as to

enhance bioactivity and to influence the scaffold rate of degradation [10, 14,15].

Porous polymer-bioceramic composites for tissue engineering scaffolds have been extensively
investigated, as reviewed elsewhere [10]. Composites with Bioglass® inclusions have been produced

with different biodegradable polymers, such as PLGA [14], PLLA [16] and PDLLA [15-18].

Degradable polyurethanes have been suggested ‘to manufacture scaffolds for bone tissue
engineering [19-23], however very little work "has been carried out on developing

polyurethane/Bioglass® composites [24].

Polyurethanes (PURs) have tailored elastic properties, thermoplasticity and durability[23]. These
properties of PURs are attributed to soft segments that mainly consist of polyester chains and hard
segments that are primarily composed of polyurethane blocks [25]. The main characteristics of PURs
depend on the 'microdomain structure of these polymer segments. The structure of PURs, in turn,
plays an-important role in obtaining good mechanical properties and it affects the ability of the
material to be processed into various shapes. PURs have been used for fabricating biomedical
devices such as cardiovascular catheters, diaphragms of blood pumps, coating materials for
implantable pacemakers and other biomedical products [25]. It is expected that the properties of
biodegradable polyurethane elastomers can be adjusted for new applications requiring the use of

flexible elastic biodegradable materials in soft and hard tissue engineering.



In general terms, polyurethanes are created by the reaction of a polyol with diisocyanates followed
by a chain extension with a diol. As a rule, polyurethanes are formed on aromatic isocyanates
characterised by a lack of biocompatibility due to the toxic degradation products released from the
aromatic hard segments [26-29]. In order to obtain high level of cell growth and differentiation, the
application of aliphatic diisocyanates is preferred over conventional aromatic diisocyanates [30].
Poly(e-caprolactone) diol is commonly used as a soft segment [31], due to its biocompatibility,
enzymatic degradation and slow hydrolytical properties [32]. In our previous investigations
conducted on the production of polyurethanes for fabricating porous scaffolds, an aliphatic
isocyanate and poly(e-caprolactone) diol were used [33-36]. In this process poly(s-caprolactone)

urethane elastomers are formed from liquid components in a two-step prepolymer process [33 - 37].

For applications in bone tissue engineering, scaffolds obtained from poly(e-caprolactone) urethanes
exhibit relatively high elasticity and good biocompatibility however their bioactivity, e.g. ability to
bond to bone tissue, is low [24]. Thus development of composites with inorganic bioactive fillers is a
convenient alternative. The combination of PURs and bioactive glass to produce bioactive composite
scaffolds for bone tissue engineering has not been explored in the past, with the exception of our

previous investigation of Bioglass® coated PUR foams [24].

In the present .investigation, for the first time, biodegradable PUR/Bioglass® composites are
developed for bone tissue engineering scaffolds. The scaffolds were fabricated by a salt
leaching/polymer coagulation method. A complete physicochemical, microstructural and mechanical

characterisation of the new scaffolds is presented.



2. Experimental

2.1. Materials
The following reactants were used in the synthesis of PURs: 4,4’-dicyclohexylemethane diisocyanates
(HMDI), polycaprolactone diol (PCL diol) with molecular weight 2000 Da and dibutyltin dilaurate
(DBTDL) purchased from Aldrich Chemical Co. (Germany). Polyol was dehydrated by mixing under
vacuum for two hours at 120°C. Ethylene glycol (EG) POCH (Gliwice, Poland) was dried under a
molecular sieve. The other chemicals were used as received. 1-methyl-2-pyrrolidone was supplied by
Fluka, Germany and NaCl granules (crystal size 300-420 um) were used as a pore former. Bioglass®
(grade 45S5) powder (Novamin, Fl., USA) was used as filler. This is a melt-derived bioactive glass
powder with mean particle size < 10um. The composition of 45S5 Bioglass® is: 45wt% SiO,, 24.5wt%
Na,0, 24.5 wt% CaO and 6wt% P,0s, which is the original material developed by Hench et al [12].
This bioactive glass has been extensively used in biomedical applications including tissue engineering
[13-18]. To prepare the composites, appropriate quantities of Bioglass® powder were added to the

polymer solution to yield composites with different concentrations of Bioglass®.

2.2.  Polyurethane synthesis
Segmented polyurethanes with molar ratios HMDI/PCL/EG 2:1:1 (A), 2:3:1 (B) and 5:1:4 (C) and
constant isocyanates index of 1.00 were synthesized using the two-step polymerisation method. The
PCL diol was dried under vacuum for 2 hours at 120°C. HMDI and the catalyst were added into the
dehydrated PCL diol after cooling from 120°C to 60°C. The catalyst was added to the polyurethane
(A) and (B). The reaction was carried out at 60°C for one hour to form prepolymer, then EG was

added and mixed for 15 minutes. The reaction was then kept at a temperature of 110°C for 8 hours.

2.3. Composites synthesis
In a typical production run, appropriate amounts Bioglass® powder were added to the solvent (1-
methyl-2-pyrroloidone). Subsequently, the mixture was sonicated for 10 min under 40kHz (VCX-750)

(Sonics and Materials Inc.) to improve the dispersion of Bioglass® particles in the polymer matrix.



The mixture was then added and mixed with PCL diol and then the solvent was evaporated. PCL diol
and Bioglass® were mixed in selected proportions under vacuum for two hours at a temperature of
120°C. The filler was added to the chosen polyurethane matrix at 5wt% and 20wt% proportional to
the whole weight of the polymer. Thus five types of composites were produced with matrix type A,
labelled: A5 (5 wt% Bioglass®), A10 (10wt% Bioglass®), A20 (20wt% Bioglass®), matrix B with-20wt%

of Bioglass® (B20), and matrix C with 20wt% of Bioglass® (C20).

2.4. Foam preparation
Porous scaffolds were fabricated by polymer coagulation combined with the salt-particle leaching
method. The starting materials (PUR and composite mixtures) were set at liquid nitrogen
temperature with a laboratory grinder (Retsch ZM 200, Germany) and dissolved in 1-methyl-2-
pyrrolidone at a concentration of 20wt%. The NaCl crystals were fractioned to sizes ranging from 300
to 420um. The particles were subsequently incorporated into the polyurethane solution with a mass
ratio of polymer to NaCl of 1:5. The polymer/salt/solvent mixture was poured into a Teflon mould
(6mm in diameter) and immersed in distilled water for 2 days, during which precipitation of the
polymer and leaching of the salt particles occurred simultaneously. Water was gently stirred and
changed several times in‘order to increase salt leaching and solvent removal. The obtained porous
polyurethane samples, of thickness approximately 6mm, were dried under vacuum at 37°C. The
obtained bulk and porous polyurethane and composite specimens were sterilized using irradiation

dose of 25 kGy.

2.5. Assessment of acellular bioactivity in simulated body fluid (SBF)
SBF solution was prepared according to the standard procedure introduced by Kokubo et al [38].
Specimens were immersed in 30ml SBF in clean centrifuge tubes. These were placed inside an
incubator at a controlled temperature of 37°C and pH 7.4. Samples were extracted from the SBF

solution after given periods of time up to 12 weeks. Once removed from the solution, the samples



were rinsed gently with deionised water and left to dry at ambient temperature in a dessicator prior

to further characterisation.

2.6. Characterization

2.6.1. Fourier transform infrared (FTIR) spectroscopy
Infrared spectra of PURs were collected using a FTIR spectrophotometer (Thermo- Electron
Corporation model Nicolet 6700). Measurements were carried out using attenuated total reflectance
(ATR) technique. Each sample was scanned 64 times at a resolution of 4cm™ over the frequency
range of 4000-400cm™. Analysis of FTIR data enabled to determine the carbonyl hydrogen bonding
index (R). The intensities of the carbonyl stretching vibrations of free and hydrogen-bonded groups
overlapping bands were located at 1722cm™ and 1694cm™ and analysed. Afterwards, a straight
baseline was drawn in the spectrum between 1760cm™ and 1640cm™ and the carbonyl stretching
zone was corrected by subtracting the baseline. To estimate the signal strengths, peak modelling of
the infrared active carbonyl bands was carried out using the Gaussian curve-fitting method in
Origin® 6.0 software. The carbonyl absorption bands were deconvoluted absorbance A (after

correction), the carbonyl hydrogen-bonding index R was calculated using Eq. 1 [39, 40]:

Ay gy
R= bonded

Afree Equation 1

Moreover the degree of phase separation (DPS) was obtained through Eq. 2:

R
DPS =——
R+1 Equation 2

2.6.2. Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were performed with a MDSC Q 1000 (TA
Instruments). The sample mass for these measurements was in the range 9-11 mg. Samples were

encapsulated in standard aluminium pans and all tests were carried out under inert nitrogen. The



samples were heated/cooled/heated at a heating rate of 10°C min™ between -80°C and 250°C, with

oscillation amplitude of 1°C and a period of 40s.

2.6.3. Dynamic Mechanical Analysis
Compression tests by dynamic mechanical analysis (DMA) were carried out on cube shaped
specimens with dimensions of 3x3x3mm?. The tests were carried out on a Thermal Instruments
dynamic mechanical analyser (Q800 TA). The frequency-dependant storage modulus was also
evaluated with a 4.5 to 9Hz frequency sweep at a constant temperature of 37°C with.-1.5% strain and
0.01N static force. Similar parameters were used by Hafeman and co-workers [41]. The storage
modulus (E’) value was recorded as a function of frequency. The value quoted was the arithmetic

mean of three measurements (+ standard deviation).

2.6.4. Thermogravimetric Analysis (TGA)
The analysis was carried out using samples of 5 mg in alumina crucibles under a heating rate of

10°C/min under N,.

2.6.5. Weight loss

The weight loss of composites during immersion in SBF was calculated using Eq. 3.

m, — m
am= —— % x100% .
My Equation 3

where my and m, are the masses of the specimen before and after t days in SBF immersion,
respectively. The values presented are the arithmetic mean of five measurements (+ standard

deviation).

2.6.6. Scanning Electron Microscopy
The structure of films and foams before and after immersion in SBF were characterized by scanning
electron microscopy (SEM) (Hitachi 5500). SEM observations were performed after coating the

samples with a thin film of carbon. EDS and SEM analysis were used to verify if hydroxyapatite (HA)



had formed on the surface of the samples treated in SBF, this being the marker of bioactive
behaviour [12, 15]. Specimens were cut using a razor blade. The resulting cross-sections were coated
in gold under vacuum using an automatic coating sputter which was set at 10mA for 3 min (Polaron

SC7640).

2.6.7. Mercury intrusion porosimetry
Mercury intrusion porosimetry (Micromeritics Autopore Il 9220) was used to determine pore size
distribution and open porosity (Po) of the foams. In this technique, mercury is intruded into pore
spaces under high pressure. As mercury intrusion occurs, the cumulative volume of the intruded
mercury at each pressure step is recorded on an intrusion curve. Using the Washburn equation pore

sizes and volume distribution by pore sizes were calculated [42].

2.6.8. Total Porosity (Pt)

The total porosity of scaffolds was calculated using the following equation:

_ qscaffald

Pt = (1 ] % 100%

Qozlymer

Equation 4

where q.itolq is the scaffold density, determined by measuring the dimensions and the mass of the

scaffolds, and gyoymer is the density of the solid phase (PUR or composite material).

2.6.9. Contact angle measurements
The water contact angle of selected polyurethane samples was measured at room temperature by
the sessile drop method using a goniometer PGX (Fibro Systems AB). The values presented are the

arithmetic mean of six measurements (+ standard deviation).

2.6.10. Atomic force microscopy (AFM)
AFM was performed with a Multimode NanoScope Va (Digital Instruments, Santa Barbara, CA).

Topographic images were obtained in Tapping Mode. The microstructure of polyurethane foams was



investigated on micro sections. These were prepared using a rotary microtom RM 2165 (Leica) with a

LN 21 cooling device working at -20°C.

2.6.11. Microtomography (u-CT)
Samples for #CT were mounted on a dedicated sample holder and the tungsten reflection target of
the p-CT system was set at a voltage of 60kV and a current of 168pA. Radiographs with isotropic
resolution of 4.9um in terms of pixel/voxel size were acquired by means of a CCD camera of 4000 x
2096 pixels binned to 2000 x 1048. A frame averaging of 3 and a rotation step of 0.4° between
individual radiographs, covering a view of 180°C, were chosen. The projections were processed using
a modified Feldkamp cone-beam algorithm and a stack of 2D cross section images of the samples
were obtained [43]. The data were analyzed with the “CTAn” software package in order to create a

3D representation of the initial microstructure of the foams and to calculate the porosity.

3. Results

3.1. Polyurethane and composite films

The polymers obtained in the study were aliphatic, segmented polyurethanes based on PCL
diol. Although the possible toxicity of the degradation products of these PURs was not
studied here, previous investigations have confirmed that the lack of toxic products from
these PURs. For example, in previous investigations [29, 44-47] on the characteristic of PUR
degradation; special attention has been paid to the identification of diamines as possible
degradation products. Aromatic diamines, for example, have not been identified as
degradation products of PUR manufactured from aromatic diisocyanates [29, 44-47].
Moreover, in the recent complete study by Bil [48], the identification of degradation products
of PUR manufactured from 4.4’-dicyclohexylmethane diisocyanates (HMDI), (PCL diol) and
(EG), with structure resembling PUR C, was carried out. The degradation study in static
conditions during 20 weeks confirmed that 4.4’-dicyclohexylmethane diamine was not a
product of PUR’s degradation. Moreover degradation products of this PUR did not lead to

cytotoxic reactions on live cells in vitro [48].
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In the present study, the morphology of the polyurethanes was modified by changing the molar ratio
of the substrates. To help the description of the materials it is useful to consider the hard segments
(HS) wt% in the polyurethane. This is related to the molar number and the molar masses involved as

follows:

M yaror + MM e

WHS =
nMyypr + kMpep + mMgg Equation 5

where the average molecular weight of the reagents (g/mol) is given by letter M and letters n, m, k
denote the mole number of the reagents. The HS content values calculated for the different PUR

matrices are: PUR A: 17wt%, PUR B: 22wt% and PUR C: 44%.

Figure 1

Typical FTIR spectra of polyurethanes are shown in Figure 1. These spectra reveal the presence of
characteristic polyurethane bands, N-H stretching vibration at 3330-3450cm™, asymmetric and
symmetric CH, stretching at 2934cm™ and 2850cm™, respectively, while other modes of CH,
vibrations are manifested by the bands at 1463, 1419, 1396, 1365 and 1295cm™ [49]. Characteristic
for urethane are the bands in the range 3330-3450cm™ and the amide | in the range 1722-1690cm™
[50, 51]. The-absorption of amide Il (urethane N-H bending +C-N stretching) is located at 1522cm™
and amide Ill is located in the range 1225-1239cm™ [52]. The band from C-O-C of urethane is located
at 1039-1044cm™ [53]. Characteristic for the soft segments are bands at 2934cm™, 2850cm™ and in
the region 1449-1463cm™. The absorbance at 1164cm™and 1096cm™ was attributed to ester bonds

[4], and the C-O-C stretching vibration band is seen at 1039-1044cm™ [53-55].

The amino groups and the carbonyl stretching regions are of special attention due to their particular

relevance in the phase separation of segmented polyurethanes. The degree of the microphase
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separation of segmented polyurethanes can be determined from the extent of hydrogen bonding in
the hard segments. This type of bonding can be monitored by FTIR by detecting the shifts in N-H and
C=0 stretching frequencies to lower values than those observed when these groups are not
hydrogen bonded [50, 55]. The regions for the N-H stretching band are seen in both curves. There
are single bands located at 3369cm™ and 3367 cm™ assigned to the hydrogen bonded N-H vibration.
The free (non-hydrogen bonded) N-H stretching band appears as a weak shoulder absorbing at
~3340cm™ [56]. This indicates that most of the N-H groups in the obtained polyurethanes were
nearly completely hydrogen bonded. The FTIR spectra show the 1760-1600 cm™ region assigned to
the urethane and PCL ester C=0 group. The carbonyl bands at 1720-1721cm™ and 1732cm™ can be
assigned to free urethane and ester, respectively. Moreover, the stretching bands at 1698cm™ and

1701cm™ are due to the absorption of hydrogen bonded C=0 of urethane linkages.

IR spectra for the polyurethane C, Bioglass® powder and composite C20 are presented in Figure 2.
The spectrum of Bioglass® revealed the presence of characteristic bands, with the peak at 1031cm™

being from the phosphate group (PO;*).

Figure 2:

The spectra of composite C20 revealed the presence of characteristic bands for the polyurethane
matrix. The absorbance of peaks characteristic of the composite matrix is seen to decrease. The
appearance of the Bioglass® characteristic group is masked by the overlapping band of the
polyurethane matrix. A peak is observed at 3500cm™ which may be due to stretching O-H groups.
The susceptibility of non-hydrogen bonded urethane to hydrolysis is higher than that of hydrogen

bonded urethane groups [57, 58].

AFM was used to characterise the dispersion of Bioglass® particles in the polyurethane matrix
considering that phase imaging provides information about surface stiffness variation related to
changes in Young’s modulus. From AFM images (results not shown here for brevity) it was
confirmed that Bioglass® particles are not well bonded the polyurethane matrix. Figure 3 shows SEM
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images of fracture surfaces of composites A20 (Figure 3a) and C20 Figure 3b). The images of
Bioglass® agglomerates in composites A20 and C20 are different. The agglomerates in composite
C20 are smaller and are better infiltrated by the polyurethane matrix. The surface hydrophilicity of
selected samples was characterized by static water contact angle measurements. The measured
contact angles on polyurethane surfaces are listed in Table 1. The contact angles equal 71° for PUR A
and 75° for both PUR B and PUR C. It was also shown that the contact angle decreased with an
increase in Bioglass® content. Static contact angle measurements confirmed the hydrophilic nature
of the polymer composites. The smallest contact angle (69°) indicating the most hydrophilic surface,
was measured for composites A20 and B20. It is worth to note that contact angles for all samples are
lower than contact angles of polyurethanes used in commercial implantable devices (75-80°) and
culture grade polystyrene (80-85°) [59]. The contact angle values measured on the composites are
similar to values determined on related composites made of P(3HB) containing 20wt% Bioglass®

[60].

Figure 3:

Polyurethanes density depends not only on hard segment content but also on other structural
characteristics. For example, the high density of polyurethane can result also from the high
crystallinity of soft:domains. In this study, the density of PUR C is higher than that of PUR B since PUR
C contains more hard segments. However the density of PUR A, containing a small number of hard
segments, is the result of crystallization that took place in the soft domains of this polymer. It is also
observed that the composites density increased with Bioglass® content, as expected, considering

that the density of Bioglass® equals 2.7g/cm? [12].

3.2. Polyurethane and composite foams
Porous polyurethane and composite scaffolds were fabricated by using selected concentrations of
grounded materials and solvent and added NaCl particles as porogen fillers. The structure of

composites C20 was brittle and foams cracked during fabrication, therefore this composition could
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not be used to produce suitable scaffolds for further investigation. PUR A and PUR B scaffolds were
seen to exhibit macroporous structure showing interconnected open pore channels, with pore size
varying from 100 to 350um, and interconnected micropores of size 10-90um. Representative SEM
images of the scaffolds are shown in Figure 4. Bioglass® particles are observed on the pore surfaces
and also embedded in the walls of the composite scaffolds. The measured pore sizes of pure

polyurethane and composite scaffolds are presented in Table 2.

Figure 4

The scaffolds present irregular, slightly rounded macropores with smaller pores mostly in the walls.
In all the observed scaffolds, the macropores are interconnected.and thus in principle the scaffolds
are suitable for bone tissue engineering [3, 10, 11]. Howeyver, slight differences exist between the
five types of scaffolds prepared; the rougher and more irregular structure of scaffold surfaces was
observed on scaffolds containing Bioglass® particles, compared to those without Bioglass®.
Moreover thicker walls and a more uneven structure were observed on composite scaffolds (Figures
4e- 4l), compared to pure polyurethane scaffolds (Figures 4a — 4d). Nevertheless these qualitative
differences are small and difficult to-quantify by electron microscopy analysis, however they may
prove significant for the biological application of the scaffolds in contact with relevant cells, taking
into consideration the significant effects of surface roughness (micro and nanotopography) on cell

attachment and proliferation [61].

In polyurethane, soft and hard domains could crystallize and the crystalline phase could influence
the material degradation. DSC measurements were used to characterize the effects of Bioglass®
content on the organization of macromolecules in the composites. Examples of DSC curves obtained
for the porous and bulk specimens are illustrated in Figure 5. The DSC curves display glass transitions
of segments (Tg) and sharp melting endotherms (Tm). The DSC results showing also the values of

enthalpy of fusion (AHmM) are summarized in Table 3.

Figure 5:
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The glass transition temperatures (Tg) of soft segments increased with increasing amount of
Bioglass® (Table 3). The DSC curves (Figure 5) demonstrate melting endothermic peaks (Tm) ranging
from 43°C to 50°C. Sharp melting endotherms were observed for all samples indicating the
microcrystalline structure of PCL soft segments [62]. The melting temperatures of soft segments
increased with increasing amount of Bioglass®. Only for composite B5, Tm decreased with Bioglass®
content but this composite demonstrated two melting endotherms, a first sharp peak at Tm = 44.1°C
and a second wide peak at Tm = 106°C. The enthalpy of fusion decreased for.composites A and
increased for composites B. This is caused by the restricted mobility of macromolecules due to their
interaction with the particle surface and it is also related to the formation of secondary structures
[63], which will be discussed in the Section 4.

Table 3 summarises the results of dynamic mechanical tests carried out on scaffolds using frequency
sweep tests at 37°C in terms of storage modulus E’ (which represents the energy stored elastically).
The storage modulus of composites increased with increasing amount of Bioglass®, as expected. For
composite A20; E’ is 6.5 times higher than for polyurethane A. For composites B5, B10 and B20 the
values for E’ are 2.8 times, 4.1 times and 4.8 times (respectively) higher than for neat polyurethane
B.

3.3. Polyurethane and composite foams after degradation in vitro (SBF)

The degradation and bioactivity of scaffolds was investigated in vitro by immersion tests in acellular
SBF. Evidence for changes due to soft and hard segment degradation was obtained by the ATR-FTIR
spectra of aged specimens. Figure 6 shows the spectra of composites B with 20 wt% Bioglass®

inclusions, in as fabricated condition and after 2, 4, 8 and 12 weeks in SBF.

Figure 6:

The peaks at 1292cm™ are from N-H and C-N stretching vibration of amine, and are seen to become
weaker with increasing soaking time in SBF. The long carbon chains break into short chains of small

molecules resulting in weakening of the C-H stretching vibration of the methyl group at 2927 cm™ .
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These results indicate that urethanes degrade via chemical breakage during hydrolysis of urethane
bonds; joining hard and soft segments. Regarding the hard segments, preliminary changes in the
amide peak intensities at 1522 cm™ (v(C=N) + 8(N-H)) [64, 65] were observed, indicating hard
segment degradation. Simultaneously, urethane hydrolysis weakens the peak at 1725 cm™. The new
peak at 3186 cm™ may come from the C-NH groups of hydrolytic biuret [66]. The gradual change in
the signal intensity during degradation reflects the changing environment of the carbonyl groups and
is characteristic for the number of formed or destroyed hydrogen bonds. The peak height and width

of H-bonded and H-free carbonyl decrease with immersion time, becoming smaller for free carbonyl.

Pretsch et al [40] investigated poly(ester urethane) and concluded that FTIR spectroscopy can give
clear evidence of significant changes in the degree of phase separation associated with the process
of water uptake and hydrolytic ageing. The process of PUR degradation in water is related to the

change of degree of phase separation.

The results of FTIR can be correlated with other experimental results, for example analysing degree
of phase separation (DPS) data. From the Gaussian peak intensities, the hydrogen bonding index R
was calculated according to Equation 1. The increasing R values indicate an increasing participation
of carbonyl groups in hydrogen bonding, which is expected to take place in hard segments. Since
most of the non_hydrogen bonded carbonyl groups can be ascribed to polyester soft segments, the
fraction of hydrogen bonded hard segments is a relative measure of the degree of phase separation
in PURs. The degree of phase separation and phase mixing was calculated according to Equation 2
and 3, respectively. Typical results on the regular measurement of hydrogen bonding index and the

associated degree of phase separation (DPS) and of phase mixing (DPM) are depicted in Figure 7.

The degree of phase separation of neat PUR (and the matrix in the composite scaffolds) decreased
after 4 weeks immersion in SBF, however after longer immersion times, it was seen to increase

similarly as for the polyurethanes characterized by Pretsh et al [40].

Figure 7:
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The PUR and composite scaffolds after immersion in SBF showed weaker bonds for PCL at 1242,
1165, 1096 and 1040cm™. The 1165cm™ and 1084cm™ bands were assigned to ester C (0)-O
stretching and O-C stretching in the soft segment chains, respectively. The 1040cm™ band assigned
to O-C stretching was used as a reference band. The spectrum of the composite B20 after 12 weeks
of immersion in SBF showed that the intensities of bands at 1165cm™ and 1084cm™ significantly
decreased compared with that of the control sample (before immersion in SBF). The decrease of the
above three peaks’ intensities after 12 weeks incubation in SBF was attributed to hydrolysis of the
ester segments at the specimen’s surface and solution interface, which should result in chain

scission and dissolution of ester oligomers in the solution [67, 68].

After immersion in SBF for 8 and 12 weeks, the composite specimens showed many new peaks. The
3762cm™ and 3661cm™ bands were assigned to silanol group (Si-OH) stretching. Bands at 3635cm™
have been assigned to OH anti symmetric stretching and 3550cm™ to symmetric OH stretching.
Peaks at 3186cm™ relate to (CO;)” groups (only after 4 and 8 weeks immersion) [69] and peaks at
2350cm™ relate to Ca®* [70]. The absorption bands of the phosphate group at 603cm™ and 565cm™
[71, 72] together with the absorption bands of the carbonate group at 1448cm™ are characteristic of
the FTIR spectra of biologically active hydroxycarbonate apatite. These results indicate the bioactive

behaviour of the composite scaffolds, as discussed in detail further below.

The spectra of neat polyurethanes A, B and of their composites with Bioglass® after 12 weeks
immersion in SBF were compared. The band at 1448cm™ was present only in the composites’
spectra. The presence of the silanol group and ions Ca®*, (PO,)* and (CO;)* was confirmed on the
surface of the composite B20. Weak signals at 1514, 1448, 1414 and 870cm™ were observed,
indicating the presence of carbonated hydroxyapatite. The band at 1514cm™ is associated with type
AB apatite [73]. The bands at 1448, 1414 and 870cm™ are attributed to a partially carbonated type B

hydroxyapatite considering that biological apatites are principally of type B [74].
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SEM micrographs indicate changes in the surface structure of scaffolds after 12 week of immersion
in SBF for polyurethane and composite specimens (Figure 8). For all semicrystalline polymers the
amorphous regions are expected to degrade first, producing a rough surface. A crystalline phase of
the soft segments of polyurethane, e.g. spherulites of polyurethane A, degraded and produced a
rough surface of the pore wall, as shown in Figure 8a. For polyurethane B and all composites, new
features of the structure in the form of fine agglomerates appeared on the pore surfaces. Fine
particles (~ 300nm in diameter) embedded in the composite surfaces were seen on SEM images.
Similar agglomerates were shown in the work carried out by Chen et al [75], who ascribed these

formations to the development of hydroxyapatite crystals.

Figure 8:

Figure 9:

UCT analysis was performed to quantify the variation of the microstructure of scaffolds before and
after immersion in SBF (Figure 9). This technique detected the 3D porosity of both neat PUR and
composite foams. The porosity data, reported in Table 4, show that all scaffolds exhibit a high
degree of porosity (~50-80 vol. %). The total porosity of polyurethane A and B foams was
determined to be approximately 60-65% while the composite porosity was found to be higher. It was
also observed thatporosity of composites A20, B5 and B10 decreased after soaking in SBF. Moreover
UCT data analysis was used to calculate the pore size distribution. The results (not shown here for
brevity) for composites A20 and B20 demonstrate that both before and after soaking in SBF the
scaffolds exhibit a one modal porous structure, but composites B5 and B10 exhibit a multimodal
porous structure. The average pore size reported in Table 4 indicates that the pore size of composite
scaffolds was > 100um. Burg et al [76] have suggested that the optimal pore size for scaffolds for
bone tissue engineering should be between 100 and 400um. For composites A20, B5 and B10 the
average pore size decreased after immersion in SBF, only for composites B20 the size of pores

increased after immersion in SBF. This behaviour can be understood by considering the bio-erosion
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phenomenon occurring during immersion in SBF, in which material bioresorption involves the
formation of small pits and micro pores on the scaffold walls. This is also consistent with the scaffold
porosity data reported in Table 4, showing that a significant decrease in average pore diameter (D)
occurs after 12 weeks in SBF. In fact, the increase in micropore content, in comparison with the

whole porosity, leads to the decrease of the average pore diameter.

The degradation rate of composite B20 is the fastest of all composites investigated; however the
thickness of the scaffold walls can increase due to deposition of apatite during SBF immersion. This
apatite deposit can also fill the micro pores in the scaffold walls. The deposition of a hydroxyapatite
layer on the scaffolds soaked in SBF involves a mechanism of progressive pore clotting, i.e. leading to
a decrease in overall porosity. However, the process of PUR degradation should increase porosity

and thus the resultant porosity is the sum of the structural changes induced by both processes.

The in vitro degradation profile for polyurethane and composite foams in terms of mass loss was
examined (Figure 10). Due to the polycaprolactone based soft block in the neat PUR foams, it was
expected that the sample would undergo bulk degradation through hydrolysis of the ester bonds.
For this study, rectangular pieces of the porous samples were incubated in SBF at 37°C over a 3

month period and samples were collected at weeks 2, 4, 8 and 12.

Figure 10

Figure 10 shows that less than 2% of original mass was eluted from the sample of polyurethane after
4 weeks in SBF. Earlier studies [77] have shown that degradable polyurethane exhibits mass loss to
less than 4% of the original mass during the first month of immersion in SBF. The mechanism of
degradation however was seen to change after 8 weeks, the mass of the samples increased by 2%
during the next 4 weeks. This slow degradation of polyurethanes containing polycaprolactone
segments is not unexpected. Polycaprolactone based materials are known to be among the slowest

degrading ones in the group of bioresorbable polymers. The mass loss for the composites was seen
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to increase with immersion time in SBF and with bioactive glass concentration. The mass loss after
12 weeks in SBF was found to be lower (ten times) for the B20 composites when compared to

equivalent P(3HB) 20wt% Bioglass® composites investigated previously [60].

The changes in the structure of polyurethane and composite foams after immersion in SBF were
characterised by thermal analysis (DSC and TGA). The data analysis is summarised in Table 3. The
glass transition temperatures, melting temperature and enthalpy of fusion of soft segments
increased after 12 weeks immersion in SBF. The decrease in molecular weight and the increase in
chain mobility of PUR led to low Tg values. It is possible that the increase in the glass transition
temperature of polyurethane samples results in physical cross linking of macromolecules after
degradation. The connection between macromolecules restricts their mobility and their crystallinity
could be lower. However, the enthalpy of fusion of segments of the composite specimen indicated
that the crystallinity is in fact higher. There is thus strong indication that Bioglass® particles have
restricted the mobility of shorter macromolecules leading to increased Tg, Tm and AHm in the

composites.

Urethanes are known to be relatively thermally unstable materials and the decomposition
temperature of the urethane bond depends on the polyurethane structure. Three mechanisms of
decomposition of urethane bonds have been proposed and reactions may proceed simultaneously;
(i) dissociation to-isocyanates and alcohol, (ii) formation of primary amine and olefin and (iii)
formation of secondary amine and carbon dioxide [78-80]. The thermal degradation of polyurethane
is characterised by the decomposition of urethane bonds, the degradation of soft segments and the
evolution of volatile components. The degradation analysis was carried out using TGA. Several
studies [81-83] have suggested that segmented polyurethanes undergo a two stage degradation
process. The first stage of degradation (stage-I) between 200 and 370°C is a depolymerisation
process associated with the urethane hard segments. The second stage (stage-Il), between 370 and

500C, is the degradation of the soft segment by polyol depolymerisation. Table 5 lists the
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temperature of the peaks, Tina and Tomay, indicating the temperature that maximised the rates of
degradation in stage-l and stage-Il. During the first stage of degradation composite specimens are
seen to lose 46% weight. The polyurethane matrix contains 22wt% of hard segments, thus indicating
that the weight loss is not connected solely with hard segment degradation. The temperature that
maximised the rates of thermal degradation of both peaks changed for composite B20 after
immersion in SBF (Table 5). The peaks Timax at 293-295°C and T,ma at 324°C disappear after 2 weeks
of degradation. Two new peaks appear, Timax at 381-388°C and Timax at 396-404°C, which weaken
with increasing time of immersion in SBF and disappear after 12 weeks. New peaks-at 381-388°C are
due to hard segment degradation. The peak due to hard segment degradation moved to higher
temperatures because the degree of phase separation increases and consequently hard segment
order and structural stability increase as well. The second new peaks are related to soft segment

degradation. It was also confirmed that the polyurethane matrix degraded totally at around 500°C.

The mechanical properties of selected B composite foams after 8 weeks of immersion in SBF were
evaluated by DMA. The results for the modulus E’ after 12 weeks of immersion are presented in

Table 3. Figure 11 shows the changes of storage modulus during degradation.

After 8 weeks immersion in SBF; the storage modulus of composites increased, followed by a
decrease after 12 weeks. For composites A20, B5, B10 and B20 the storage modulus values are 30%,

4%, 60% and 83% lower, respectively, in comparison with composites before immersion.

Figure 11:

4. Discussion

Bioresorbable synthetic polymers (such as poly-lactic acid(PLA), poly-glycolic acid (PGA), poly-lactico-
glycolic acid co-polymer (PLGA), polyurethane (PUR), polycaprolactone (PCL)) have attracted
renewed considerable attention due to their great potential in bone tissue engineering (TE) [3, 7, 10,

11]. In contrast to the majority of the synthetic scaffolds made of PLA, PGA, PLDA and PCL,
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poly(urethane) scaffolds can exhibit greater elasticity and a wide range of mechanical properties.
This is the result of the variety of chemistries and molecular weights of the various components and

of the molar ratios in which they react to form the polyurethane matrix [25].

In this study, aliphatic biodegradable polyurethane elastomers were investigated. The polyurethanes
were produced with various molar ratios of components. As a result, polyurethanes containing 17,
22 and 44wt% of hard segments were obtained. The results obtained from Bil et al [36] have
indicated that polyurethane containing about 50wt%of hard segments was optimal for the culture of

human osteogenic cells.

The bio and cytocompatibilities of polyurethane containing PCL segments have already been
extensively reported [84-86]. However polyurethane with PCL segments demonstrates low
osteoconductivity compared to various biodegradable polymers. Osteoconductivity is essential for
the growth of cells capable of forming bone matrix and ultimately for successful bone ingrowths into
scaffolds [10, 11, 15]. As mentioned in the Introduction, bone invasion in scaffolds can potentially be
improved and accelerated by the addition of an inorganic osteoconductivity and bioactive
component in the polymer [10,711,/14, 15]. In the present work we used 45S5 Bioglass® [12] to
improve the bioactivity and the mechanical properties of the polyurethane foam, forming
PUR/Bioglass® composites. This approach follows from previous research on combining Bioglass®

with various degradable polymers, as reported in literature [10, 14, 15].

A range of techniques were utilised to fully characterise the new composites. The polyurethanes
were synthesised using only hydrophobic polycaprolactone diol, and all materials synthesised had
hydrophilic nature. The process of porous structure formation was developed using the same
parameters for all materials investigated. As a result different series of foam like scaffolds exhibiting
porosity values higher than 70% were obtained, which is adequate for bone tissue engineering
applications [10]. The ideal porosity of a scaffold results from a compromise between the scaffold

biological and mechanical performances and it depends strongly on the final specific application.
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Nevertheless, porosities >70% are usually a requirement [11, 14]. The scaffolds were seen to exhibit
macroporous structure with interconnected open pore channels with pore size varying between 100
and 350um, the interconnected micropores were seen to be smaller than 100um. It was observed
that the foam structure changes with the increase of Bioglass® content. Composites B5 and B10
exhibited heterogeneous microstructure. Probably the pore structure could be improved by using
different parameters, e.g. changing the concentration and size distribution of the NaCl grains used as

porogen.

Both composites A20 and B20 contain similar Bioglass® additions -but different matrix, the
comparison of these foams in terms of pore size distribution is presented in Figure 23. It is observed
that B20 composite foams have more micropores with diameters lower than ~100pum and more
macropores with diameters in the range 100-200um. The matrix of both composites contained
similar amount of hard segments (A20 — 17wt % and B20 — 22wt %) but the crystallinity of the soft
domains of the composite matrix was different, i.e. the crystallinity of soft domains in composite
A20 was higher. In conclusion, the foam formation process, and hence the final pore structure is
influenced by the hard segment content in the composite matrix, degree of crystallinity of the matrix

and Bioglass® content.

The composite scaffold were elastic, the glass temperature of soft domains in these composites is
lower than -35°C. The storage modulus of composites increased considerably (3.0 — 6.5 times) in

comparison to pure polyurethane and values in the range 0.48 to 0.81MPa were measured (Table 3).

Gorna and Gogolewski [87] suggest that hydrolysis is the prevalent degradation pathway for in vivo
degradation of poly(ester urethanes). Polyurethane hard segments generally degrade slower than
soft segments predominantly due to urethane bonds being much less susceptible than ester bonds
(of the soft segment) to hydrolytic degradation. Alcohol arises during urethane linkage hydrolysis,
amine and carbon dioxide and hydrolysis of ester bond occurs to yield carboxylic acid and alcohol

groups [83]. FTIR data analysis indicated that in the investigated materials both hard and soft
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segments degraded in SBF. The degree of phase separation indicates that hard segments degraded

very slowly. These results are compatible with the presented TGA data.

The intensities of the peak assigned to ester C(O)-O stretching and O-C stretching in the soft
segment chains decreased with the increase of immersion time in SBF. This result indicates that the
rate of hydrolysis of the ester segment increased. Polyurethane soft segments degraded faster than
hard segments, these results are compatible with the TGA and DSC data, as mentioned above. The
different pore structures developed during degradation in SBF were documented by SEM
observations. For example, SEM micrographs show the changes in the porous structure after 12-
week degradation in SBF of polyurethane (Fig. 8) and composites (Fig. 9). For all semicrystalline
polymers the amorphous regions are expected to degrade first, producing a rough surface. A
crystalline phase of soft segments in polyurethanes can occur as spherulite [63]. It was indicated that
both PUR A and PUR B samples contain a crystalline phase with the crystalline content in PUR A
being higher than in PUR B which is indicated by the density values (Table 1) and the melting
enthalpy of the crystalline phases (Alm- table 3). Polyurethane crystalline phase can form spherulitic
structures whose size may change i.a. along with the change in crystalline phase content, use of
fillers and conditions of crystallization process [89]. As shown in the SEM micrograph of the PUR A
sample, a spherulite structure formed by crystalline phase from soft domains can be seen after
degradation (Fig: 8a). The amorphous phase in PUR A sample has degraded and produced a rough

surface of the pore wall, as shown in Fig 8a. No such structure is visible in PUR B (Fig 8b).

It is interesting to note that the composites degradation rate in SBF increased with Bioglass®
content. Probably the increase of degradation rate is the result of the increase of silanols content on
the scaffolds surface. The hydroxide ions from silanols could influence the hydrolysis of the ester
bonds and lead to multiple chain hydrolysis depending upon access of hydroxide ions to the polymer
chains. In this regard the increase of silanols on the surface of composites B20 after immersion in

SBF was confirmed by FTIR data analysis. During immersion in SBF the composite surface revealed a
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new structure formed during the various stages of Bioglass® reactions indicating the presence of Si-
OH, Ca*, (PO,)? and (COs)?. Synthetic carbonated hydroxyapatite has been classified as type A or B,
depending on the mode of carbonated substitution: (COs)* for OH (type A) or (CO;)* for (PO.)® (type
B). Biological apatites are principally type B [74]. In synthetic powders prepared by wet methods,
some fractions of (PO,)* as well as OH groups are replaced by (CO;)* groups (type AB). In the present
measurements, weak signals associated with carbonated type AB apatite and type B hydroxyapatite

were found on composite B20 surfaces upon immersion in SBF.

SEM images confirmed the formation of hydroxyapatite. The results indicate that the composites
exhibit an initial HA deposition stage followed by gradual increase in HA formation, this result is in

agreement with previous studies on SBF immersion of Bioglass® containing composites [10, 14, 15].

The morphology of the formations on the surface of the scaffolds suggests that they are
nanocrystalline HA. These formations have a rod like shape with length of about 1.5um and
diameter of 300-350nm. Similar hydroxyapatite whiskers have been investigated by Coreno et al

[90].

The results of the microtomography (Table 4) completed the information about the 3D pore
structure of scaffolds during degradation in SBF. In the initial stage of degradation, the content of
micropores increased. During the second stage, deposition of HA on the surface of the pores, as a
result of Bioglass® reactions in SBF, was revealed. The rate of degradation of ester groups caused by
the influence of the hydroxide ions from silanols was increased. In the third stage of biodegradation
the porosity increased. These results are compatible with the DMA results. After 12 weeks
immersion in SBF the storage modulus decreased even by 80% (composite B20) and this decrease is

higher with increasing Bioglass® content which is related also to porosity increase.
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5. Conclusions

Polyurethane/ Bioglass® composite foams of porosity exceeding 70% were fabricated which exhibit
open pores of 100 — 400um in size and pore walls containing numerous micropores (of less than
10um). This pore structure satisfies the requirements for bone tissue engineering applications.
Composite foams showed a higher storage modulus than the pure polyurethane foams, the values
being similar to those of composites made with other degradable polymers reported in the
literature. The high bioactivity of PUR/Bioglass® composites was confirmed on the basis of the
behavior of these materials in SBF leading to the formation of hydroxyapatite on the foams surfaces.
Overall, the present PUR/Bioglass® foams represent a novel family of scaffolds with potential
applications in bone tissue engineering. However a full evaluation of the cytocompatibilty of the
scaffolds and of the effect of Bioglass® additions on osteoblast cell attachment and proliferation has
not been carried out yet. In-vitro cell culture studies and In-vivo investigations should be the focus of

future studies to continue the scaffolds development.
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FIGURE CAPTIONS

Figure 1: FTIR spectra of polyurethanes A, B and C

Figure 2: FTIR spectra of Bioglass® (B), polyurethane C (C) and composite C20.

Figure 3: SEM images of the surface cross section of composites A20 (a) and C20 (b).

Figure 4: SEM images of porous samples of neat polyurethane PUR A (a, b), PUR B (c, d) and of
porous composite samples A20 (e, f), B5 (g, h), B10 (i,j) and B20 (k,l) at different magnifications.

Figure 5: DSC thermograms of porous polyurethane B and composites B5, B10 and B20. The curves

have been shifted vertically for clarity.

Figure 6: FTIR of composite B20: as fabricated (1) and after immersion in SBF for 2 weeks (2), 4

weeks (3), 8 weeks (4) and 12 weeks (5).

Figure 7: Hard domain degradation process of composite B5 due to the development of the carbonyl

hydrogen bonding index (R), degree of phase separation (DPS) (2) and degree of phase mixing (DPM)
(3).

Figure 8: SEM images of the surface (cross section) of porous samples of polyurethane PUR A (a) and
PUR B (b) after immersion for 12 weeks in SBF, and of composite B5 after 8 weeks (c) and 12 weeks

(d) immersion.in SBF.

Figure 9: Micro-computerised tomography analysis of polyurethane B foams before (a) and after (b)

immersion in SBF and composites B20 foams before (c) and after (d) immersion in SBF for 12 weeks.

Figure 10: Degradation profile of percentage mass remaining of polyurethane B and composite

scaffolds B5, B10 and B20.

Figure 11: Storage modulus as a function of strain rate (compression) during DMA (at 4.5 Hz before)

for composite foams after 0, 8 and 12 weeks immersion in SBF.
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Table 1. Properties of solid polyurethane and composites

Samples A B C A20 B5 B10 B20 C20
o
75 71 75 69 72 67 69 74
[
d
1.14 1.05 1.11 1.24 1.13 1.17 1.26 1.15
[g/cm3]
Table 2. Polyurethane and composites pore size
. Size of Average size of .
Average size . . Average size
‘ micropore | micropore |l £ all "
of macropore of all pores
Sample : interconnected | interconnected P
[um] [um]
[um] [um]
A 340 50-90 <10
A20 230 20-40 <10 4.3
B 300 10-60 <10 15.9
B5 270 15-40 <10 7.7
B10 300 15-40 <10 14.3
B20 330 20-40 <10 7.3
*measurement with Hg porosimeter,
Table 3. Thermal analysis and DMA data
Tg Tg Tm | Tmy | Am | Amy E E,
Sample
[°cl [°cl [°cl | ra | /el | el [MPa] | [MPa]
A -47.7 -45.7 | 42,8 | 429 | 429 46.9 0.12 0.36
A20 -46.5 -446 | 49.5 | 49.6 | 35.2 37.8 0.78 0.52
B -47.9 -46.1 455 | 48.5 | 316 32.9 0.17 0.52
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B5 -45.2 -42.0 44.1 | 494 | 355 32 0.48 0.46

B10 -41.,6 -42.6 46.5 | 50.4 A2 A4 0.69 0.29

B20 -42.,0 -34.9 47.2 | 51.7 | 343 39.6 0.81 0.14

Tg, Tg, - glass temperatures of porous materials before and after 12 weeks immersion in SBF,
respectively

Tm, Tm, - melting temperatures of porous materials before and after 12 weeks immersion in SBF,
respectively

Am, Am; —the enthalpy of fusion of soft segments of porous materials before and after 12 weeks
immersion in SBF, respectively

E’, E'y — storage modulus of porous materials at frequency 4.5Hz before and after 12 weeks
immersion in SBF, respectively

Table 4. Porosity and pore size of neat polyurethane and composite foams measured by uCT

Pt P P, D D, C G
Sample
(%] (%] (%] (um] | [um] (%] | [%]
A 88.1 65.0 68.0

A20 81.2 76.5 64.5 158 142 34 41
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B 66.9 61.5 75.5 115 204 53 21

B5 79.6 72.5 48.5 243 112 36 56

B10 86.5 80.5 77.5 248 202 14 20

B20 81.8 70.0 78.0 135 190 39 21

Pt- calculated total porosity
P, P;- porosity of scaffolds before and after immersion in SBF, respectively

D, D;- average pore size calculated as the diameter of the largest sphere which fits inside the pores,
before and after immersion in SBF, respectively

C,C;- percent of content of micropores with diameter <100um before and after immersion in SBF,
respectively

Table 5. TGA and DTA analysis data

T, w1 T, w1 Ts T, u
Sample

[l (%] [l (%] e | ra | [«
B20 293 46 324 34 - - 15.7
B20_2 - - 381 404 9.4
B20_4 - - 388 | 399 | 15.9
B20_8 - - 382 | 396 | 12.1
B20_12 - - 383 - 15.0

T, =temperature of the maximum weight loss rate of hard segments
T,,T3; T, — temperature of the maximum weight loss rate of soft segments

U — Char residue at 550°C
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