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Abstract. Three series of poly(butylene succinate) (PBSu) nanocomposites containing 0.5, 1 and 2.5 wt% strontium
hydroxyapatite [Sr5(PO4)3OH] nanorods (SrHAp nrds) were prepared by in situ polymerisation. The structural effects of
Sr5(PO4)3OH nanorods, for the different concentrations, inside the polymeric matrix (PBSu), were studied through high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM measurements revealed that
the SrHAp nanorods at low concentrations are dispersed inside the polymeric PBSu matrix while in 1 wt% some aggregates
are formed. These aggregations affect the mechanical properties giving an enhancement for the concentration of 0.5 wt%
SrHAp nrds in tensile strength, while a reduction is recorded for higher loadings of the nanofiller. Studies on enzymatic
hydrolysis revealed that all nanocomposites present higher hydrolysis rates than neat PBSu, indicating that nanorods accelerate the hydrolysis degradation process. In vitro bioactivity tests prove that SrHAp nrds promote the formation of hydroxyapatite on the PBSu surface. All nanocomposites were tested also in relevant cell culture using osteoblast-like cells
(MG-63) to demonstrate their biocompatibility showing SrHAp nanorods support cell attachment.
Keywords: nanocomposites, poly(butylene succinate), strontium nanorods, scaffolds

1. Introduction

Polymers are versatile materials and are used in many
applications including biomedical applications
because of their biocompatibility and to their modifiable properties [1, 2]. Biodegradable aliphatic polyesters can be prepared to provide a wide range of
degradation rates and mechanical properties [3].
Especially those belonging to the family of poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), play
an increasingly important role in the fledgling field
of tissue engineering because they can be fashioned
into porous scaffolds or carriers of cells, extracellular

matrix components, and bioactive agents [4]. Poly
(butylene succinate) (PBSu) is also a type of biodegradable aliphatic polyester, which can be efficiently synthesized from the starting materials of
succinic acid and butan-1,4-diol. When compared
with PLA and PGA, PBSu has better processability
and mechanical properties similar to those of polyethylene and polypropylene [5]. Biocompatibility
and osteoconductive properties of PBSu have also
been shown by its ability to allow cellular adhesion
and proliferation both in vitro and in vivo [6, 7].
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Moreover research has shown that all living systems are governed by molecular behaviour at nanoscale. Nanometer structural components are thus
being considered as promising biomaterials [8]. Studies in the literature have shown significant increases
in bone cell functions when nanophase (compared to
conventional) ceramic particles are incorporated into
polymer composites. Specifically, up to three times
more osteoblasts adhered to PLGA when it contained nanophase particles compared to conventional titania at the same weight ratio and porosity.
Moreover, significantly greater in vitro osteoblast
functions leading to mineral deposition were
observed on carbon fibers with nanometer size compared to conventional dimensions [8]. These results
suggest that the proactive surface roughness of nanophase materials may be transferable to polymers to
promote orthopedic implant efficacy.
In order to promote tissue regeneration and to modulate cellular function, researchers have also focused
on the challenge of designing bone tissue engineering scaffolds that mimic the unique mechanical properties of bone. Nanophase reinforcement has the
potential of improving current materials to achieve
mechanical strength comparable to the native tissue. Recently, carbon nanotubes and alumoxane
nanoparticles have been examined as reinforcing
fillers for biodegradable polymers. The effect of a
filler on the mechanical properties depends on the
size, shape, and dispersion of the filler. Furthermore, the interaction between the filler and the
organic matrix can also impact the level of reinforcement. Therefore, optimal performance is achieved
when the small particles are uniformly dispersed
throughout the polymer and interact strongly with
the organic matrix.
Recently, PBSu nanocomposites containing SiO2
nanotubes and SrHAp nanorods at relatively high
concentrations 5 and 20 wt% were prepared by melt
mixing and studied as potential materials for tissue
engineering applications [9]. Concerning of Sr-substituted hydroxyapatite SrHAp nrds could stimulate
osteoblasts proliferation in vitro and provide an
ideal environment for colonization, proliferation,
and differentiation of osteoblasts to form new bone
in vivo, due to its numerous phosphate groups, which
could have a positive effect on cell growth. The
results confirmed SiO2 nanotubes to support cell
attachment and growth. However, the presence of
strontium led to cytotoxicity of the nanocomposites,

which might be related to critical concentration of
Sr being released from the composite material.
The aim of the present study is the preparation and
study of PBSu nanocomposites with optimized strontium hydroxyapatite nanorods’ concentrations for
tissue engineering applications. As an alternative
development method in situ polymerization will be
used, in order to achieve a more uniform dispersion
of the nanofillers in the polymer matrix and thus
improve the physical properties. Compared with the
method of melt mixing, in situ polymerization gives
more satisfactory dispersion of nanoparticles and
stronger interactions between the reinforcements
and the polymeric phase. Therefore, nanocomposites
fabricated by in situ processing tend to display better mechanical properties and a lower percolation
threshold than those composites made by ex situ
methods.

2. Experimental
2.1. Materials

Succinic acid (CAS Number: 110-15-6) (purum
99+%), 1,4-butanediol (110-63-4) (purity >99%)
and titanium (IV) butoxide (TBT) (5593-70-4)
(>97%) were obtained from Sigma-Aldrich Chemical Co (Chemie GmbH, Germany) and used as
received. Strontium nitrate [Sr(NO3)2] (10042-76-9)
(!99%), ammonium phosphate dibasic [(NH4)2HPO4]
(7783-28-0) (!98%) and trisodium citrate dehydrate (labelled as Cit3–) (6132-04-3) (!99%) were
supplied from Sigma Aldrich Chemical Co (Chemie
GmbH, Germany). Cetyltrimethyl-ammonium bromide (57-09-0) (labelled as CTAB) (!99%) was purchased from Panreac Quimicha (Panreac Quimica
S.L.U., Spain). All other materials and solvents used
in the analytical methods were of analytical grade.

2.2. Synthesis of strontium hydroxyapatite
nanorods
Strontium hydroxyapatite nanorods were synthesized via the hydrothermal method that Zhang et al.
[10] previously described. In a typical procedure,
3 mmol of Sr(NO3)2, 0.5 g of CTAB, and 10 mL of
ammonia solution (NH3"H2O) (used for adjusting
the pH value as alkaline solution) were dissolved in
30 mL of deionized water to form solution 1. Then,
6 mmol of trisodium citrate (labeled as Cit3–, the
molar ratio of Cit3–/Sr2– is 2:1) and 2 mmol of
(NH4)2HPO4 were added into 20 mL H2O to form
solution 2. After vigorously stirring for 30 min, solu774
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tion 2 was introduced into solution 1 (dropwise).
After additional agitation for 20 min, the as-obtained
mixing solution was transferred into a Teflon bottle
(80 mL) held in a stainless steel autoclave, sealed,
and maintained at 180°C for 24 h. As the autoclave
cooled to room temperature naturally, the precipitate
was separated by centrifugation, washed with deionized water and ethanol in sequence. Then, the
obtained product was redispersed in 150 mL of acetone and refluxed at 80°C for 48 h to remove the
residual template CTAB. Finally, the precipitate was
separated by centrifugation again and dried in vacuum at 70°C for 24 h to obtain the final sample [10].

2.3. In situ prepared nanocomposites
Nanocomposites of PBSu and SrHAp nanorods were
prepared in situ by the two-stage melt polycondensation method using succinic acid (SA) and 1,4butanediol (BD) in a glass batch reactor at a molar
ratio SA:BD of 1:1.15. Appropriate amount of SrHAp
nrds was first dispersed in 1,4-butanediol by ultrasonic vibration (50 W, Hielscher UP50H) and intense
stirring with a magnetic stirrer (300 rpm) for 10 min
prior to polymerization. The polymerization mixture, after being placed in a 250 cm3 round bottom
flask, was de-aired and purged with dry nitrogen
three times. Thereupon, the mixture was heated under
a nitrogen atmosphere for 3.5 h at 200°C under constant stirring (350 rpm), with water removed as the
reaction by-product of esterification. Afterwards,
for the second reaction stage of polycondensation,
0.3 wt% of TPP as heat stabilizer and 1.0·10–3 mol
per mole of succinic acid of TBT as polycondensation catalyst were added. The reaction was continued
under increased mechanical stirring (720 rpm) and
high vacuum (~5.0 Pa), which was applied slowly
over a period of time of about 30 min, to avoid excessive foaming and to minimize oligomer sublimation, at 220 and 240°C for 1 h intervals, respectively.
Polymerization was stopped by fast cooling to room
temperature. After the polycondensation reaction
was completed, the polyesters were easily removed
from the flask. According to this procedure neat
PBSu and nanocomposites containing 0.5, 1 and
2.5 wt% SrHAp nrds have been prepared.
2.4. Nanocomposites characterization
2.4.1. Gel permeation chromatography (GPC)
GPC analysis was performed using a Waters 150C
GPC (Waters Corp., Milford, MA) equipped with a

differential refractometer as detector and three ultrastyragel (103, 104, 105#) columns in series. CHCl3
was used as the eluent (1 mL/min) and the measurements were performed at 35°C. Calibration was performed using polystyrene standards with a narrow
molecular weight distribution.
2.4.2. Fourier Transformed-Infrared
Spectroscopy (FTIR)
FTIR spectra were obtained using a Perkin–Elmer
FTIR (Perkin–Elmer Inc. USA) spectrometer, model
Spectrum One. The materials were in the form of
thin films with a thickness of approximately 30 µm.
The IR spectra of these films were obtained in
absorbance mode and in the spectral region of 400–
4000 cm–1 using a resolution of 4 cm–1 and 64 coadded scans.
2.4.3. X-ray photoelectron spectroscopy (XPS)
The element composition and interfacial interactions were studied using X-ray photoelectron spectroscopy (XPS). In the XPS analysis (AXIS Ultra
‘DLD’ X-ray photoelectron spectrometer) (Shimadzu Corp., Japan), a monochromatic Al Ka X-ray
was used at 14 kV. A binding energy of 284.8 eV
for the C 1s of aliphatic carbons was taken as the
reference energy. The XPS curve fitting of C 1s, O 1s
and Sr3d were accomplished using Kratos’ Vision 2
Processing software.
2.4.4. Scanning electron microscopy (SEM)
The morphology of the prepared nanocomposites was
examined using a scanning electron microscopy
system (SEM) type JEOL (JMS-840) (Jeol Ltd.,
Tokyo) equipped with an energy-dispersive X-ray
(EDX) Oxford ISIS 300 micro-analytical system
(Oxford Instruments UK). The studied surfaces were
coated with carbon black in order to obtain good
conductivity for the electron beam. Operating conditions were: accelerating voltage 20 kV, probe current 45 nA and counting time 60 s.
2.4.5. High angle annular dark field scanning
transmission electron microscopy
Samples suitable for HAADF-STEM measurements
were sectioned using a Leica UC7 ultramicrotome
equipped with a FC7 cryo chamber and the sections
had a thickness of 100–120 nm. The sections were
placed on Quantifoil C coated Cu grids. Samples
were cut at –80°C. HAADF-STEM images were
775
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acquired using a FEI Tecnai G2 electron microscope operated at 200 kV.

0.5 cm diameter. The drop of water used had a
diameter of 3 µm.

2.4.6. X-ray Diffractometry (WAXD)
XRD studies of nanocomposites, in the form of thin
films, were performed over the range 2 h from 5 to
80°, at steps of 0.05° and counting time of 5 s, using
a MiniFlex II XRD system from (RIGAKU Co.,
Ltd., Japan). The degree of crystallinity was measured using instrument’s software.

2.4.10. Enzymatic hydrolysis
Samples in the form of films (10$20$0.4 mm3) prepared using an Otto Weber Type PW 30 hydraulic
press at 130°C, were placed in test tubes, wherein
5 mL of phosphate buffer solution (0.2 M, pH 7.0)
was added, containing Rhizopus delemar !0.4 U/mg
and Pseudomonas Cepacia !30 U/mg lipase. The
concentrations of the lipases were 0.09 and
0.01 mg/mL, respectively, because 0.1 mg/mL total
enzyme concentration in PBS is sufficient to cause
notable mass loss over a period of 40 days of enzymatic treatment at 37°C. The loosely capped test
tubes were kept at 37.0±1.0°C in an oven for several
days while the media were replaced every 3 days.
After a predetermined time the films were removed
from the lipase solution, washed thoroughly with distilled water and ethanol and then dried at room temperature under vacuum, until constant weight. Every
measurement was repeated three times. As a control, the same experiment was carried out under the
same conditions without any lipase being added.
The degree of biodegradation was estimated from
the mass loss. The morphology of the prepared films
during enzymatic hydrolysis was examined through
scanning electron micrographs (SEM).

2.4.7. Mechanical properties
Measurements of mechanical properties of the prepared nanocomposites in tension were performed
on an Instron 3344 dynamometer (Instron, USA) in
accordance with ASTM D638, using a crosshead
speed of 5 mm/min. Relative thin sheets of about
350±25 µm were prepared using an Otto Weber, Type
PW 30 hydraulic press connected with an Omron
E5AX Temperature Controller, at a temperature of
130±5°C. The moulds were rapidly cooled by
immersing them in water at 20°C In order to measure the mechanical properties from these sheets,
dumb-bell-shaped tensile test specimens (central portions 5$0.5 mm thick, 22 mm gauge length) were
cut in a Wallace cutting press and conditioned at 25°C
and 55–60% relative humidity for 48 h. The values
of Young’s modulus, yield stress, elongation at break
and tensile strength at the break point were determined. At least five specimens were tested for each
sample and the average values are reported.
2.4.8. Dynamic mechanical analysis (DMA)
The dynamic mechanical properties of the nanocomposites were measured with a Perkin-Elmer Diamond DMA (PerkinElmer, Inc. USA). The bending
(dual cantilever) method was used with a frequency
of 1 Hz, a strain level of 0.04%, in the temperature
range of –70.0 to 80.0°C. The heating rate was
3°C/min–1. Testing was performed using rectangular bars measuring approximately 30$10$3.0 mm3.
These were prepared with a hydraulic press, as
described above, and the exact dimensions of each
sample were measured before the scan.
2.4.9. Contact angle measurements
Contact angle measurements, before and after sterilization, were performed using a DSA30 analyzer,
(KRUSS GmbH, Germany). The samples were in
the form of thin films of 500±50 µm thickness and

2.4.11. Formation of bone-like apatite
After ultrasonic cleaning in acetone and rinsing with
distilled water, all the samples were soaked in a
simulated body fluid (SBF) for 14 and 28 days in
order to assess their bioactivity. The ionic concentrations in the SBF solution are nearly equal to those in
human body blood plasma, and the solution was
buffered at pH 7.4 with trimethanol aminomethaneHCL. After the immersion test, each specimen was
gently washed with distilled water, gradually dried
with ethanol. Finally, the specimens were observed
by scanning electron microscopy.
2.4.12. Cell culture studies
The in vitro biocompatibility of all materials was
evaluated in contact with MG63 osteoblast-like
cells after 48 h of incubation. Six samples from each
category were disinfected by immersion in 70 vol%
ethanol solution for 1 h. After disinfection the samples were washed with phosphate-buffered saline
(PBS, Gibco®) and were placed into a single well of
776
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a 24-well plate (Corning, Cambridge, MA). 1.5 mL
of Dulbecco’s Modified Eagle’s medium (DMEM,
Gibco, Germany) supplemented with 10 vol% fetal
bovine serum (FBS, Sigma-Aldrich, Germany) and
1 vol% penicillin and streptomycin (Gibco, Germany) containing 105 cells was added to each well.
The same amount of culture medium with cells
without specimens was used as positive control. All
samples and controls were incubated at 37°C in a
humidified atmosphere (5% CO2 in 95% air, SteriCycle, Thermo Fisher Scientific) for 48 hours. Afterwards, the samples were washed with PBS and
1 mL of AlamarBlue solution was added in the well
plate. The well plate was incubated at 37°C (95%
humidity, 5% CO2) for 4 hours. The AlamarBlue
solution was prepared by mixing 10 vol% of Alamar
Blue reagent (Invitrogen, Germany) with DMEM
supplemented with FCS and antibiotics as previously described. After 4 hours of incubation, the
optical density of the solutions was measured at 570
and 600 nm with a plate reader (Anthos, Germany).
Cell morphologies were obtained by SEM microscopy (Quanta 200, FEI, The Netherlands). All samples were washed with PBS, fixed with a solution
containing 3 vol% glutaraldehyde (Sigma, Germany)
and 3 vol % paraformaldehyde (Sigma, Germany) in
0.2 M sodium cacodylate buffer (pH 7.4) and finally
rinsed three times with PBS. Consequently, all samples were dehydrated in a graded ethanol series (30,
50, 70, 80, 90, 95, and 99.8 vol%). Samples were
maintained in 99.8 vol% ethanol and critical-point
dried (EM CPD300, Leica, Germany) before imaging with SEM.

3. Results and discussion
3.1. Synthesis and characterization of in situ
prepared PBSu/SrHAp nrds
nanocomposites

PBSu nanocomposites were synthesized by twostep reactions of esterification and polycondensation. According to this procedure polyesters with
high molecular weight can be prepared and the Mn
and Mw values of neat PBSu are calculated at 40 850
and 92 220 g/mol, respectively, which is quite satisfactory for aliphatic polyesters [11]. The presence of
the nanorods in the polymerization mixture, affected
the reaction, leading to variations of the final molecular weight of the synthesized polymers. As shown
in Table 1, the average molecular weight of the nanocomposites varies. Initially the molecular weight was

Table 1. Molecular weight of prepared nanocomposites
Sample
PBSu
PBSu/SrHAp nrds 0.5 wt%
PBSu/SrHAp nrds 1.0 wt%
PBSu/SrHAp nrds 2.5 wt%

Mn
[g/mol]
40 850
51 100
37 790
21 550

Mw
[g/mol]
92 220
122 950
83 380
41 010

Mw/Mn
2.3
2.4
2.2
1.9

increased for a SrHAp nanorod concentration of
0.5 wt%, followed by a gradual decrease at higher
concentrations. This is due to the interactions that
probably are taking place between nanorods and
PBSu macromolecules, since SrHAp nanorods have
a lot of hydroxyl groups that could react with the
–COOH or –OH end groups of PBSu macromolecules.
Due to these interactions at a low concentration the
nanoparticles could act as chain extenders, increasing the molecular weight of the polyester, and thus
macromolecules with higher molecular weight than
pure polyester were produced, as in the nanocomposite containing 0.5 wt% SrHAp nrds. However, at
higher concentrations, due to extended reactions,
branched and/or cross-linked macromolecules could
be formed, since SrHAp nrds, due to the surface
hydroxyl groups, can act as a multifunctional agent,
leading to a partial reduction of molecular weight
[12], as in nanocomposites containing 1.0 and
2.5 wt% SrHAp nanorods. Branched polymers generally have lower intrinsic viscosities than the corresponding linear ones having the same molecular
weight. This happens due to the hydrodynamic
dimensions of branched macromolecules, which is
what the methods used for the determination of the
molecular weight actually measure, are smaller in
solution than linear ones. Similar reactions were
mentioned in PBSu/silica nanocomposites and it
was revealed that silanol groups (Si–OH) in SiO2
nanoparticles could react with the hydroxyl end
groups of the polyesters. Such a reaction was verified using results from solid-state 29Si NMR and
FTIR spectra of PBSu/silica nanocomposites, indicating covalent bonding between SiO2 particles and
the PBSu macromolecular chain [13–15].
In the present study FTIR and XPS were used to
examine the possibility of such reactions to take
place between Sr–OH groups of SrHAp nanorods
and PBSu. As shown in Figure 1 for the neat PBSu
sample, the characteristic ester absorption peak for
the stretching vibration of the –C=O bond appears
at 1717 cm–1. The peak at 2960 cm–1 is attributed to
777

Nerantzaki et al. – eXPRESS Polymer Letters Vol.9, No.9 (2015) 773–789

the stretching vibration of C-H of the –CH2- group
while the wide peak at 3100-3700 cm–1 corresponds
to hydroxyl groups of the polyester. For the PBSu
nanocomposites, the infrared spectra retained most
of the band of PBSu, although some of them changed
in intensity. Thus, it seems that no interactions
between inorganic nanoparticles and PBSu matrix
took place and covalently bonds between PBSu and

Figure 1. FTIR spectra of prepared nanocomposites

SrHAp nanorods have not been formed. However,
there is also the possibility due to the low amount of
added SrHAp nanorods, these interactions could not
be detected with FTIR, due to its low sensitivity.
In order to investigate the possible covalent bonding between SrHAp nanorods and the PBSu polymer backbone chain, XPS analysis was performed.
Neat PBSu has characteristic peaks at the regions
C 1s and O 1s with binding energies 283–292 and
529–536 eV, respectively (Figure 2). Both peaks can
be further analyzed to different binding energies
corresponding to different carbonyl components
like C1 = CC and CH (284.52 eV), C2 = bC to ester
(285.32 eV), C3 = C–O (286.52 eV), C4 =ester
(C=O)–O (288.72 eV) (Figure 2) and oxygen like
O1 = ester(C=O)–O (532.01%eV), O2 = carbonyl
(C=O) (533.38 eV) and O3 carboxylic (O=C)–OH
(535,42 eV) (Figure 3) [16]. XPS study was performed for all the nanocomposites, but for the samples with PBSu/SrHAp nrds 0.5 wt% and PBSu/
SrHAp nrds 1.0 wt% the presence of the nanofiller
was not confirmed. XPS analysis is a surface-sensi-

Figure 2. XPS spectra of a) PBSu and b) PBSu/SrHAp 2.5 wt% nrds in C 1s region

Figure 3. XPS spectra of a) PBSu and b) PBSu/SrHAp nrds 2.5 wt% in O 1s region
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Table 2. Characteristic binding energies of carbonyl and
oxygen components in PBSu and PBSu/SrHAp
nrds 2.5 wt% nanocomposite
Component
C1
C2
C3
C4
O1
O2
O3

Peak position [eV]
NeatPBSu
PBSu/SrHAp nrds
284.52
284.6
285.32
285.09
286.52
286.17
288.72
288.76
532.01
531.92
533.38
533.34
535.42
534.35

where: C1 =CC and CH, C2 =bC to ester, C3 =C–O,
C4 =ester (C=O)–O,
O1 = ester(C=O)–O, O2 = carbonyl (C=O) and
O3 =carboxylic (O=C)–OH

tive quantitative spectroscopic technique and for
this reason penetration depth is low. For the nanocomposites with SrHAp nrds content less than 2.5 wt%
it is probable that the nanofiller was embedded in
the polymeric matrix during bulk polymerization
and thus was not possible to be detected in order to
investigate chemical bonds.
The binding energies of the sample PBSu/SrHAp
nrds 2.5 wt% are presented in Table 2. Comparing
the carbonyl group binding energies between neat
PBSu and its nanocomposite with 2.5 wt% SrHAp
nrds it can be seen that these are almost identical.
However, same small differences are recorded in
the oxygen region and mainly of the O1 ester and O3
carboxylic group (Figure 3). These values are slightly
to lower binding energies indicating the existence
of some interactions between PBSu and these nanoparticles [17].
After the peak analysis in the Sr3d region of the XPS
spectrum at (130.5–137.6 eV) for the PBSu/SrHAp
nrds 2.5 wt% nanocomposite, it is clear that new
peaks are formed, indicating the formation of new
covalent bonds between SrHAp nrds nanoparticles
and PBSu (Figure 4). Probably, a new chemical bond
(Sr–O–C) is formed by the reaction between Sr–OH
and the hydroxyl end groups of PBSu macromolecular chains. The binding energy of this new peak is
137.6 eV, while the peaks at 132.86 and 134.52 eV
more likely correspond to Sr–O bonds of SrHAp
nrds [10, 18, 19].
Regarding WAXD analysis, many interesting results
could be concluded studying XRD pattern of PBSu
and its nanocomposites. However, the authors focus
firstly on the confirmation of PBSu synthesis and
secondly on the effect of nanofiller on the degree of

Figure 4. XPS spectra of PBSu/Sr5(PO4)3 2.5 wt% nanocomposite in Sr3d region

crystallinity. The crystalline structure of the nanocomposites was studied using XRD. The crystal unit
cell of PBSu is monoclinic and diffraction peaks
from [020] and [110] are observed at 2& 19.8 and
22.6° respectively [9, 11, 20]. Although SrHAp nanorods are crystalline materials none of their peaks
can be recognized, even these with high intensity at
20.4, 26.6 and 31°, because they are overlapped by
denser PBSu peaks (Figure 5). In general, as no shifting of PBSu peaks is observed, we deduce that the
unit cells of the polyester and nanofillers remain the
same. However, the addition of SrHAp nanorods has
a small effect on the PBSu degree of crystallinity,
which in neat PBSu is about 41.2%. This was slightly
increased in nanocomposites containing 0.5, 1 and
2.4 wt% SrHAp nanorods to 42.5, 43.1 and 43.3%,
respectively. This is because SrHAp nanorods may
act as nucleating agents promoting the heterogeneous nucleation of PBSu.

Figure 5. XRD patterns of neat PBSu, neat SrHAp nanorods and their nanocomposites containing different content of SrHAp nanorods
779
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3.2. Morphological, mechanical and dynamic
mechanical analysis of PBSu/SrHAp nrd
nanocomposites.
Considering that low adhesion between the used
nanoadditives and the PBSu matrix could affect
their dispersion, we analysed their morphological features. In Figures 6 and 7, HAADF-STEM images of
the samples SrHAp nanorods 0.5 and 1.0 wt% respectively, inside the polymeric matrix in low and high
magnification, are presented. From these images
the particles seem to aggregate, even though we can
observe a better dispersion for the sample consisting of 0.5 wt% the nanorods compared to that with
the 1.0 wt% concentration,. It seems that the dispersion of nanorods in 1,4-butanediol by ultrasonic
vibration, before their in situ addition in the PBSu
matrix, contributed to the high level of dispersion
('0.5 µm) and distribution in the polymer matrix.

This was the main problem in our previous study in
which PBSu/SrHAp nrds nanocomposites have been
prepared by melt mixing using 5 and 20 wt% SrHAp
nrds [9].
It is well known that the filler dispersion inside the
polymer matrix affects the mechanical properties of
the materials. From the stress-strain curves of neat
PBSu and its nanocomposites it is found that all
materials are very brittle since they are breaking
before yielding. This is maybe due to the low molecular weight of all materials. From these curves the
tensile strength at break, elongation at break and
Young’s modulus were calculated and presented in
Table 3.
Despite that PBSu is a rigid material with high
Young’s modulus ~408 MPa, it is still brittle, as it
does not withstand much elongation before breaking (elongation at break ~9%). Indeed the low flex-

Figure 6. (a)–(d) Low and high magnification HAADF-STEM images of the sample PBSu-SrHAp 0.5 wt% showing the
dispersion of the SrHAp nanorods (brighter features) inside the polymeric matrix
780

Nerantzaki et al. – eXPRESS Polymer Letters Vol.9, No.9 (2015) 773–789

Figure 7. (a)–(d) Low and high magnification HAADF-STEM images of the sample PBSu-SrHAp 1.0 wt% showing the
dispersion of the SrHAp nanorods (brighter features) inside the polymeric matrix

ibility is the main problem with aliphatic polyesters
and for this reason commercially available materials are prepared using a multifunctional additive as
co-monomer. The addition of nano-filler cannot
alter the mechanical behaviour of these nanocomposites as evidenced by the almost identical stressstrain curves that recorded breaking before the
yielding point (data not shown). However, the presence of the nanoparticles in the PBSu matrix at very
low concentration induces improvement of its

mechanical properties. Young’s modulus, increases
from 408 MPa in neat PBSu to 415 MPa in the
PBSu/SrHAp nrds 0.5 wt% nanocomposite while
tensile strength is also increased from and elasticity
increases from 27.42 MPa to 30.66 respectively in
the nanocomposite. This is probably due to its higher
molecular weight (Mn 51 100 g/mol) as confirmed
from gel permeation chromatography and maybe
because the SrHAp nanorods can act as reinforcement agents. Furthermore, the lack of extended

Table 3. Mechanical properties of neat PBSu and its nanocomposites containing different SrHAp nanorods content. Stan2
dard deviation (() has been calculated using the following formula: s 5 #o1x 2 mean2 >N .
Sample

PBSu
PBSu/SrHAp nrds 0.5 wt%
PBSu/SrHAp nrds 1.0 wt%
PBSu/SrHAp nrds 2.5 wt%

Tensile strength at break
[MPa]
27.42±0.3
30.66±0.3
24.55±0.4

Elongation at break
[%]
9±0.2
12±0.3
8±0.4
Brittle specimen
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Young’s Modulus
[!"a]
408±60
415±50
377±70
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agglomerates, which can act as points of stress concentration that promote material failure, probably
contribute to this behaviour [15, 21]. For the sample
PBSu/SrHAp nrds 1.0 wt% both Young’s modulus
and elongation at break aggravated, whereas the
nanocomposite PBSu/SrHAp nrds 2.5 wt% was too
brittle to withstand tensile testing. This deterioration of mechanical properties can be attributed to the
significantly decreased molecular weight of these
samples (Mn = 37)790 g/mol and Mn = 21550 g/mol
respectively) compared with neat PBSu, or it can be
the result of the presence of aggregates in the polymer matrix. In general the nanoparticles act as reinforcing materials for a concentration up to 0.5 wt%.
DMA was also used to study the prepared nanocomposites and the reinforcement effect of the nanoparticles. The temperature dependence of the storage
modulus (E*) and tan + for in situ prepared samples
is presented in Figure 8. The nanocomposite PBSu/
SrHAp nrds 2.5 wt% could not be measured under
these conditions of deformation, due to its significant
brittleness. As can be seen E* gradually decreases
with increasing temperature and a transition is
observed between –60 and –10°C, which is ascribed
to the glass transition temperature of PBSu (Tg) [17].
At low temperatures the storage modulus is higher
compared with neat P,Su confirming the reinforcement effect of the nanorods. The increase is bigger in
the case of a nanocomposite containing 0.5 wt%
SrHAp nrds, in agreement with the results from the
tensile test. This fact can be attributed to the restriction of the molecular motion of the PBSu macromolecules due to the fine dispersion of the nanofillers, which leads to increased interactions with
the polymer matrix [15, 22]. The extent of this rein-

forcement is limited above the Tg due to the higher
molecular motion of the PBSu macromolecular
chains [17]. Thus above the Tg the storage modulus
sharply decreases and all nanocomposites have
almost similar storage moduli. The restricted molecular motion of the nanocomposites can also be seen
from the tan + curve (Figure 8b). In all nanocomposites this peak has a smaller intensity, compared
with neat PBSu. Furthermore, the tan + curve is progressively shifted to higher values by increasing the
nanorod content. Such variation can be found in
nanocomposites since between the polymer matrix
and the nanofillers there is an interface in which, due
to the interactions, the segmental mobility of macromolecules is lower compared with the matrix. However, in the present study the variation in Tg is higher
(6°C) than in the usual nanocomposites. This is due
to the formed covalently bonds between nanorods
and PBSu macromolecules, which further restricts
the chain movement.

3.3. Enzymatic hydrolysis of nanocomposites
Specific properties are sometimes required for biomaterials. For example, tissue engineering scaffolds
should have both good biocompatibility and cell
adhesive properties, in addition to needed biodegradable properties [23]. Polyesters having a relatively
large number of methylene groups and those having
a- and b-ester bonds as PBSu with low Tm are
hydrolysable by lipases [24]. As was reported in the
experimental section, enzymatic hydrolysis of PBSu
and its nanocomposites was studied in aqueous
solutions containing a mixture of R. delemar and
Pseudomonas Cepacia lipases, at 37°C and pH =
7.2 for 40 days. Enzymatic hydrolysis rates of the

Figure 8. DMA diagrams of neat PBSu and its nanocomposites containing different SrHAp nanorods content. a) Storage
modulus variation and b) tan + variation versus temperature.
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Figure 9. Mass loss graphs of neat PBSu and its nanocomposites during enzymatic hydrolysis

nanocomposites were found significantly different
from those of neat PBSu. Figure 9 shows the weight
loss of the specimens, expressed as a fraction of 100
(percentage) of the initial mass of the specimen as a
function of time of enzymatic hydrolysis. As can be
seen, pristine PBSu hydrolyzes slowly losing only
about 5% of its original mass after 40 days of enzymatic treatment. The SrHAp nanorods enhance enzymatic hydrolysis and it can be seen that as the amount
of nanoparticles increases, the hydrolysis rate
becomes higher. PBSu/SrHAp nrds 2.5 wt% shows
the fastest enzymatic degradation among the tested
samples, losing 14% of its initial after 40 days of
enzymatic hydrolysis. These results are in accordance with our previous study on PBSu/SrHAp nanorods and PBSu/SiO2 nanotubes nanocomposites
prepared by the melt mixing technique, where the
nanocomposites reported that have higher hydrolysis rates that of neat PBSu [9]. Li et al. [25] found
that PLA/SiO2 nanocomposites degrade faster than
neat PLA, indicating that incorporation of silica
enhances biodegradation of PLA in nanocomposites
too. The authors suggested that the addition of silica
may lead to a facile attack of the enzyme molecule
towards the ester groups of the PLA chains, because
of silica’s hydrophilicity. All this is in agreement with
our study since the addition of SrHAp nanorods
accelerates the enzymatic hydrolysis of PBSu due
to the initiation of the heterogeneous hydrolysis of
polyester by terminal hydroxylated edge groups [26].
However, Vasileiou et al. reported that the presence
of fumed silica particles has a negative effect on the
degradation level of PESu since it reduces macromolecular chain mobility. A reduced hydrolysis rate
was also found in PPSeb/MMT nanocomposite,

which is in agreement with some reported findings
in literature [17, 27, 28].
Enzymatic degradation of polyesters can be affected
by several factors, having to do with the chemical
structure, the type and amount of filler, the solidstate of the degraded specimen. Hydrophilic/hydrophobic balance segments within the main chain,
molecular weight, frequency of ester bonds along the
macromolecular chains, as well as segmental mobility of the macromolecules can also influence the
rate of biodegradation [17]. The molecular weight
could be a notable factor for such differences since
nanocomposites with 1.0 and 2.5 wt% of nanofiller
have higher molecular weights than neat PBSu and
this could justify the faster enzymatic hydrolysis
rates observed. As the degradation rate is associated
with the ability of water to wet and subsequently
absorb into the nanocomposites, the hydrophilic or
hydrophobic character of the nanoparticle can have
a strong influence on the extent to which hydrolysis
occurs. The hydrophobicity of the samples was evaluated by measuring their contact angle and water
uptake Table 4. Neat PBSu has a contact angle of
76.2±0.3°. The addition of SrHAp nanorods seems
to decrease gradually the contact angle of nanocomposites, indicating that the materials becomes more
hydrophilic. This observation is in good agreement
with previous work on PBSu composites, where
the addition of poly(l-lactic acid) (PLLA)-grafted
TTCP particles (g-TTCP) in the PBSu effectively
improved its hydrophobic property [29]. PBSu/
SrHAp nanocomposites with 0.5, 1 and 2.5 wt%
nanorods have contact angles 74±1, 72.9±0.50 and
70.3±0.2° respectively. PBSu/SrHAp nrds with
2.5 wt% nanorods is the most hydrophilic material
due to the high hydrophilic nature of the nanofiller
and thus it has the lowest contact angle. This higher
hydrophilicity may explain the higher enzymatic
hydrolysis rate f nanocomposites compared with
neat PBSu.
Table 4. Contact angle measurements of prepared nanocomposites. Standard deviation (!) has been calculated
using the following formula:
2

s 5 #o1x 2 mean 2 >N .
Sample

PBSu neat
PBSu/SrHAp nanorods 0.5%
PBSu/SrHAp nanorods 1.0%
PBSu/SrHAp nanorods 2.5%
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Contact angle
[°]
76.2±0.3
74.0±1.0
72.9±0.5
70.3±0.2

tR1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R41
R42
R43
R44
R45
R46
R47
R48
R49
R50
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Figure 10. SEM images of (a) the neat sample and the samples with b) 0.5 wt%, (c) 1 wt% and (d) 2.5 wt% SrHAp
nanorods after 20 days of enzymatic hydrolysis. The scale is identical in all images.

Figure 11. SEM images of (a) the neat sample and the samples with (b) 0.5 wt%, (c) 1 wt% and (d) 2.5 wt% SrHAp
nanorods after 40 days of enzymatic hydrolysis
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Weight loss measurements provide a general trend
of the enzymatic hydrolysis, but don’t reveal how
this hydrolysis proceeds. For this reason, the morphology of the prepared samples before and after
enzymatic hydrolysis was examined using SEM.
Neat PBSu presents a less deteriorated surface with
only a few cracks and holes appearing after 20 days
of enzymatic hydrolysis. On the other hand, nanocomposites exhibit a much damaged surface, almost
fully covered by big holes and cracks in some samples, in agreement with the mass-loss results (Figure 10). The most degraded nanocomposite is the one
containing 2.5 wt% SrHAp nanorods, which after
40 days of hydrolysis exhibits a highly and well distributed porous-like morphology (Figure 11).
This fact can be attributed to the higher mass loss of
the nanocomposites that takes place during enzymatic hydrolysis. In our previous work using higher
amounts of nanorods (5 and 20 wt%) and due to
their low adhesion with the PBSu matrix, a ‘gap’
between PBSu and inorganic nanoparticles was
formed and lipases could diffuse inside the polymer
matrix forming a porous structure. The formation of
such a gap and porous structure is known to accelerate the enzymatic degradation of biodegradable
polyesters [30]. However, in the present study such
a ‘gap’ was not found from SEM measurements and
the higher rate of enzymatic hydrolysis of nanocomposites should be attributed to the higher hydrophylicity of the added nanorods.

3.4. In vitro bioactivity test
A bioactive material is defined as a material that
elicits a specific biological response at the interface
of the material which results in the formation of a
bond between the tissue and the material. Kokubo et
al. [31] suggested that for the bioactive glasses forming surface silanols upon hydration, a silica hydrogel layer is produced by exchange of ions in the
SBF, and that this layer acts as a nucleation agent for
apatite crystal formation. Once the apatite crystals
are formed, they grow by consuming calcium and
phosphate ions from the SBF [31]. Given the similarities in composition between bioglass and polymeric systems, many authors have suggested that the
formation of hydroxyapatite on the polymer surface
may follow a similar mechanism [32, 33]. Figure 12 shows the morphology of PBSu after soaking in SBF for 14 days. Nucleation and growth have
occurred on the exposed surfaces, resulting in clus-

ters of mineral precipitates. A similar behaviour
was found also in PBSu/SrHAp nrds nanocomposites (Figure 13). Most of the PBSu and PBSu/SrHAp
nrds nanocomposites’ surfaces were covered by a
needle-like apatite layer as shown in Figures 12 and
13. As can be seen from the SEM micrographs
apatite layers are further thickened and it was found
that a cauliflower-like apatite cluster formed on the
surface of these samples. This finding is in agreement with a previous study on plasma-treated PBSu
scaffolds [7]. The results obtained by SEM are confirmed by EDX analysis (Figure 12b and Figure 13b) and a significant variation in the intensity
of Si, P, and Ca can be observed in PBSu nanocomposites with different content of SrHAp nanorods.
After soaking in SBF, the concentration of Ca and P
increase, accompanied by the increase of SrHAp
naorods in the PBSu matrix for a concentration of
the nanofiller up to 1.0 wt%. These results confirm
to some extent our initial expectations derived from
the literature, that when nanophase (compared to
conventional) particles are incorporated into the
polymer composite they promote mineral deposition onto the surfaces [34–36].
To characterize the inorganic phase formed onto the
surfaces of PBSu and its nanocomposites, XRD
analysis was performed on neat PBSu and its
nanocomposites after soaking in SBF for 14 days
(Figure 14). PBSu is a typical semicrystalline polymer with two characteristic peaks at 2& 19.8 and
22.6° while the features of interest consists of a
broad contour between 2& = 27–37° resulting from
the 002 reflection of hydroxyapatite. New peaks are
observed at 2& 32,4 36,45 and 46° after immersion
in SBF which confirm that partially crystallized
apatite layer formed on the surfaces of PBSu film as
well as on its nanocomposites [33, 37, 38].

3.5. Cell studies
The metabolic activity of MG-63 cells cultivated for
48 h is illustrated in Figure 15. In all cases, except
for the scaffold with 0.5 wt% of Sr, the metabolic
activity of MG63 cells was significantly (p < 0.05)
reduced compared to the reference. However, the
metabolic activity of all materials was higher than
50%, which is considered as the limit for biocompatibility [39].
These results were further confirmed by SEM after
48 h of cultivation (Figure 16). Although it is hard
to detect the dense MG-63 cell monolayer, in all
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Figure 12. a) SEM micrographs of neat PBSu after soaking in SBF for 14 days and b) EDX analysis of PBSu surface indicating the formation of hydroxyapatite

Figure 13. a) SEM micrographs of PBSu/SrHAp nrds containing 0.5 wt% nanorods after soaking in SBF for 14 days and
b) EDX analysis of nanocomposites surface indicating the formation of hydroxyapatite

Figure 14. XRD patterns of neat PBSu and its nanocomposites after soaking in SBF for 14 days

Figure 15. Metabolic activity of MG-63 cells cultivated for
48 h on plane composite samples
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Figure 16. SEM images of (a) the neat sample and the samples with (b) 0.5 wt%, (c) 1 wt% Sr and (d) 2.5 wt% nanorods
after incubation with MG63 for 48 hours

cases the cells have attached and spread on the
entire surface of the samples. As the expressed morphology of the MG-63 cells on the different surfaces are very flat, no obvious difference in cell
behaviour could be analysed applying the different
scaffold compositions.
In summary, although a significant reduction of metabolic activity was measured in MG-63 after 48 h of
incubation on the test samples compared to the reference, no difference was shown in the cell morphology study. It can therefore be concluded that
the tested materials are biocompatible in vitro and
further in vitro and in vivo studies have to be carried
out to confirm the osteogenic potential of the developed materials in the context of bone regeneration.

4. Conclusions

SrHAp nrds have been hydrothermally synthesized.
Afterwards, PBSu nanocomposites containing SrHAp
nrds at different concentrations have been in situ
prepared and studied as potential materials for tissue engineering applications. GPC analysis verified
that macromolecules with satisfying Mw and Mn
values were obtained while XPS spectra indicated
the presence of some interactions between the inor-

ganic filler and the PBSu matrix. The nanocomposite containing 0.5 wt% SrHAp nrds, improved the
mechanical properties but further increase of the
nanofiller content up to 2.5 wt% caused a deterioration of the mechanical properties as a result of the
bad dispersion in the PBSu matrix. It was also found
that the nanofiller enhanced enzymatic hydrolysis
probably due to the initiation of heterogeneous
hydrolysis of the polyester by terminal hydroxylated edge groups. SrHAp nrds can transform the
bioinert PBSu surface into a bioactive one, promoting hydroxyapatite formation in SBF solution. In
addition to the apatite formation enhancement,
SrHAp nrds can induce osteoblast compatibility.
Nanocomposites have more hydrophilic surfaces
compared to pristine PBSu, thereby causing more
osteoblasts to adhere and proliferate on them.
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