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Abstract One of the most important challenges in com-
posite scaffolds is pore architecture. In this study, poly (3-
hydroxybutyrate) with 10% bioglass nanoparticles was
prepared by the salt leaching processing technique, as a
nanocomposite scaffold. The scaffolds were characterized
by SEM, FTIR and DTA. The SEM images demonstrated
uniformed porosities of appropriate sizes (about 250—
300 pm) which are interconnected. Furthermore, higher
magnification SEM images showed that the scaffold pos-
sesses less agglomeration and has rough surfaces that may
improve cell attachment. In addition, the FTIR and DTA
results showed favorable interaction between polymer and
bioglass nanoparticles which improved interfaces in the
samples. Moreover, the porosity of the scaffold was
assessed, and the results demonstrated that the scaffold has
uniform and high porosity in its structure (about 84%).
Finally it can be concluded that this scaffold has acceptable
porosity and morphologic character paving the way for
further studies to be conducted from the perspective of
bone tissue engineering.

1 Introduction

There are over 500,000 bone repair procedures performed
yearly, as a result of bone defects and non-unions caused

H. Hajiali - M. Hosseinalipour - H. R. Rezaie

Biomaterial Group, School of Metallurgy and Materials
Engineering, Iran University of Science and Technology (IUST),
Narmak, Tehran, Iran

S. Karbasi (D<)

Medical Physics and Biomedical Engineering Group, School of
Medicine, Isfahan University of Medical Science, Isfahan, Iran
e-mail: karbasi@med.mui.ac.ir

by trauma, tumor, infection or abnormal progression [1].
Current surgical methods of treating bony deficits such as
autografts, allografts or metallic implants, confront con-
siderable restrictions [2, 3]. Although autografts have the
characteristic benefit of biocompatibility without the dan-
gers of disease transfer and are still the best approach for
bone repair. However, their limited availability necessitates
improvement in alternative bone replacement methods.
One alternative is allogenic bone grafts that are more
available than autografts and prevent the necessity for a
second surgical procedure to obtain an autograft. However,
the utilization of allogenic bone grafts may transmit dis-
eases and induce immune responses, which can lead to
graft rejection [4].

Over the past decade, tissue engineering has been
widely inspected as a promising approach towards regen-
eration of bone tissue [5]. Biomaterials are necessary in
tissue engineering strategies for the manufacture of scaf-
folds where pertinent cells attach, grow, proliferate and
differentiate [6]. Thus, as the main target, bone tissue
engineering has applied developed biodegradable materials
as bone graft substitutes for filling large bone defects [7, 8].
In bone tissue engineering, scaffold serves as the matrices
of tissue formation and plays a pivotal role. Thus the
choice of the most appreciated material to produce a
scaffold is an indispensably important step in the con-
struction of a tissue-engineered product, since its charac-
teristics will identify the properties of the scaffold [9-12].

Polyhydroxyalkanoates (PHAs) are a class of biode-
gradable polyesters that have been used in combination or
alone for biomedical applications such as sutures, repair
devices, repair patches, slings, cardiovascular patches,
orthopedic pins, adhesion barriers, stents, guided tissue
repair/regeneration devices, articular cartilage repair devi-
ces, nerve guides, tendon repair devices, bone marrow
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Fig. 1 The structure of PHB

scaffolds, and wound dressings [13-16]. Poly (3-hydroxy-
butyrate), as a member of the polyhydroxyalkanoates
family, known as PHB, has attracted much attention for a
variety of medical applications because of its biodegrada-
tion which exhibits a much longer degradation time than
polymers of the poly (a-hydroxyacid) group (e.g. PLA or
PLGA) and its excellent biocompatibility which has a good
degree with various cell lines (Fig. 1) [16-24]. Further-
more, PHB has been reported to have piezoelectric prop-
erties which can possibly play a crucial role in stimulating
bone growth and regeneration [25, 26]; it could also be
used for bone tissue repair and as an effective agent against
osteoporosis [27].

Several composites of PHB and bioactive inorganic
phases, like hydroxyapatite, wollastonite and bioglass,
have been produced to give strength and bioactivity to the
composites [28, 29]. Inorganic phases can be augmented to
the polymer matrix in their micro- or nanosize. However,
for PHB composites, mainly microparticles have been
investigated [28-32].

Recently, nanotechnology and its production have been
utilized in a wide variety of medical engineering applica-
tions. Nanoscience is particularly useful in tissue engineer-
ing since the interactions between cells and biomaterials
occur in nanoscale and the components of biological tissues
are nanomaterials [33]. Nanoscales of hydroxyapatite
[34-36], tricalcium phosphate [37-39], bioactive glass
[40—44], titanium oxide [45—47], carbon nanotubes [48, 49]
and diamonds [50], for example, have been prepared and
used as reinforcement materials in biopolymer matrix
composites. The greater specific surface area of the nano-
particles should lead to higher interface effects and also
cause improved bioactivity and mechanical properties when
compared to micro size particles [34, 37, 38, 40]. In addition,
their utilization in a polymeric matrix closely mimics the
structure of a natural bone [51].

In this study, a nano bioglass reinforced poly (3-
hydroxybutyrate) composite scaffold was successfully
prepared using the salt leaching process. The reason for
using bioglass particles is their excellent osteoconductivity
and high bioactivity [52-57], particularly in the form of
nanoparticles [40, 41, 43, 58]. The nanocomposite scaffold
was characterized by SEM, FTIR and DTA. The mor-
phology of porosity in the scaffold was examined by SEM
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and the volume fraction of porosity was also assessed. The
nanostructure was evaluated by high magnification SEM
images.

2 Materials and methods
2.1 Materials

Poly (3hydroxybutyrate) was purchased from Sigma-
Aldrich (USA, CAS NUMBER: 26063-00-3, LOT NUM-
BER: S68924-099), NaCl and chloroform from Merk
(Germany). Also Tetraethylorthosilicate (TEOS, Merck) as
silica precursor, Hydrogen ammonium phosphate (Merck)
as phosphorus precursor, and Calcium nitrate (Merck) as
calcium precursor were prepared. Nano bioglass was pro-
duced as described by Fathi et al. [58]. The TEOS and
Ethanol were mixed and then distilled water was added to
the solution under magnet stirrer and allowed to combine
until the solution became clear. The H,O: (TEOS) molar
ratio was 12:1. After 30 min, hydrogen ammonium phos-
phate was added to the stirring solution, and after another
20 min, calcium nitrate was added and the solution was
stirred for an additional hour. On completion of the hydro-
lysis procedure, the sols were aged in a drying oven at 50°C
to reach a high viscosity near gelling point. The composition
of the prepared bioactive glass is shown in Table 1.

2.2 Preparation of scaffold

PHB/bioglass nanocomposite scaffold was prepared using
a combination of published salt-leaching techniques [14].
Briefly, 2 g PHB and 0.2 g nano bioglass were dissolved in
chloroform with 6% w/v and refluxed at 60°C for 6 h.
Then, they were sonicated for 30 min using a sonicating
probe, and subsequently, the solution was poured into a bed
of sieved sodium chloride particles 250-300 pm and the
sodium chloride: polymer weight ratio was 90:10. The
scaffold was placed under vacuum in a desiccator for 24 h
for the solvent to evaporate completely. Then it was rinsed
with distilled water for leaching the salt. After the salt-
leaching process, the microporous polymer scaffold was
obtained and then vacuum dried.

Table 1 The composition of nano bioglass

CaO (%) SiO; (%) P05 (%)

Composition of nano bioglass  57.44 3542 7.15
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2.3 Scanning electron microscopy (SEM)

Some scaffolds were broken in liquid nitrogen to probe a
cross section area. Then the samples were mounted on
aluminum stumps, gold coated in a sputtering device, and
then examined using a scanning electron microscope
(XL30, Philips co. Holland) for pore structure study. SEM
images were taken at various magnifications and acceler-
ation voltages (max. of 15 kV) to avoid beam damage to
the polymer.

2.4 ATR-FTIR analysis

To characterize the surface of modified samples, attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
analysis was performed using a FT-IR instrument (BRU-
KER) with a ZnSe prism.

2.5 Differential thermal analysis (DTA)

To evaluate the interface bond of nanocomposite phases,
differential thermal analysis (Shimadzu system) was car-
ried out on air from room temperatures up to 500°C, with a
heating rate of 10°C/min in a Pt crucible.

2.6 Determination of porosity
The weight (W4) and volume (V) of dried scaffold was

measured and then the scaffold was immersed in deionized
water overnight. Then, the weight of wet scaffold (W)

was measured. The weight of water absorption in the pores
of the scaffolds was determined by subtracting the scaf-
fold’s dry weight (W4) from W,. The voids of the porous
scaffold can be equivalent to the volume of water absorp-
tion, and the amount of porosity was calculated as follows:

p - Wu—Wa (1)
Vs

3 Results and discussion
3.1 Scanning electron microscopy

The microstructure of nanocomposite scaffold containing
10 wt% nano bioglass particles is shown in Fig. 2a—c. The
SEM images demonstrated uniform porosities of 250-
300 pum pore size that is suitable for osteoblast migration
[59, 60]. Murphy et al. examined the effect of mean pore
size on cell attachment, proliferation and migration in
scaffold for bone tissue engineering. They used different
pore sizes in the range of 85,120, 164, 190 and 325 pm,
and found that the scaffold with 325 um pore size is more
appropriate for bone tissue engineering [59]. In another
study, Oh et al. showed that the 290-310 pm pore size is
appropriate for bone formation [60]. Figure 2a—c also show
the pore interconnectivity which is essential for cell
migration, waste removal and nutrient supply to the scaf-
fold in bone tissue engineering [61]. The samples with
bioglass nanoparticles were investigated using SEM under
higher magnification in order to observe their structure in

Fig. 2 a The SEM of nanocomposite scaffold’s surface with 50x magnification. b The SEM of nanocomposite scaffold’s cross section with 50x
magnification. ¢ The SEM of nanocomposite scaffold’s cross section with 90x magnification
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Fig. 4 The SEM of nanocomposite 30000x magnification, the size
of nano bioglass is 33 nm

more detail. The results have been shown in Figs. 3 and 4.
It can be seen that the particles are constructed by a rela-
tively ordered array of nanoparticles in polymer solution
and the prepared nanocomposites exhibit a rough surface
that may improve cell attachment (Fig. 3) [62, 63]. The
size of nanoparticle that is marked in Fig. 4 is about
33 nm; regarding to the primary particle size of nano
bioglass [58], which confirm the lack of agglomeration.
One of the most problematic issues for manufacturing
this nanocomposite scaffold is the agglomeration of the
bioglass nanoparticles in the PHB matrix because the
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aggregated bioglass nanoparticles in the composite tend to
decrease the mechanical properties and limit its load-
bearing applications. Misera et al. proved that composites
of PHB with 20 and 30 wt% nano bioglass have less
mechanical and biological properties than composites of
PHB with 10 wt% nano bioglass [43]. Further pervious
studies also showed that using more than 10 wt% nano-
particles of filler in composites cause a recede in
mechanical properties [64—66]. Thus, achieving an appro-
priate method to create PHB/bioglass nanocomposite
scaffold has been the key to research work.

Nanomaterials have a high surface-to-volume ratio
which is thought to enhance cell adhesion [67, 68]. This is
important for cell migration, proliferation, and differenti-
ated function because they are dependant on adhesion
[9, 10, 12]. In physiological tissue re-organization (e.g.
during wound healing) the bidirectional flow of information
exchanged between cells and ECM steers important cell
functions such as adhesion, differentiation and migration
[69] and should be enhanced in nanomaterials. Based on
this, the application of nanomaterials in scaffolds should
serve as a better environment for cell attachment, prolifer-
ation and function than traditional scaffolds. Therefore, it
seems that the nanocomposite scaffold justifies the exami-
nation of further tests for bone tissue engineering.

3.2 ATR-FTIR study

The IR transmittance spectra for the CaO-SiO,—P,Os
bioglass are shown in Fig. 5. In the figure, four primary
vibrational peaks can be seen; the first in the range of
1040-1100 cm_l, the second in the range of 793-
814 cm ™!, the third in the range of 640-670 cm~ ! and the
fourth in the range of 3410-3430 cm™ .

The higher-frequency vibrations in the range of 1040-
1100 cm™" correspond to the modes of the Si—O-Si
asymmetric bond stretching vibrations and the lower-fre-
quency modes calculated in the 793-814 cm™' regions to
the symmetric Si—O-Si stretching vibrations. The absorp-
tion around 950 cm ™! is attributed to the Si—-O—Ca bonds
containing non-bridging oxygen [70]. Ca—O bonds are
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Fig. 5 The FTIR of bioglass
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Fig. 6 The FTIR of PHB

observed in 640-670 cm™' region [71]. High-frequency
peaks at 3433 cm™' are assigned to O-H stretching of
molecular adsorbed water and the peaks around 2362 cm ™"
are attributed to absorption by the atmospheric CO,.

The IR transmittance spectra for the poly (3hydroxy-
butyrate) are shown in Fig. 6. The C=0 carbonyl stretching
bond of the ester group appears at 1722 cm™". The bond at
about 1380 cm ™ is assigned to symmetric wagging of CHj
groups. The bond at 1230 cm ™' is proposed as the con-
formational bond of the helical chains since no amorphous
bonds of the same group could be found. The bonds at 1186
and 1133 cm ™! are characteristic of the asymmetric and the
symmetric stretching vibration of the C-O-C group,
respectively. Other peaks between 800 and 1000 cm™" are
assigned the isotactic C—C bond [72].

The IR transmittance spectra for the PHB/bioglass
nanocomposite have been shown in Fig. 7. The bond
groups of two phases of nanocomposite are presented. In
the figure, the Peak of carbonyl groups at 1720 cm™' is
smaller than pure PHB; in addition, the peak of Ca-O
bonds at about 650 cm™' is more intense than pure bio-
glass. It seems that there are some interactions between
nano bioglass and poly (3hydroxybutyrate); the bonds at
about 760 cm ™! may be assigned to CaO with the carbonyl
group. Moreover, some peaks are shifted which gives more
reason to believe that the carbonyls group participates in
the interaction with CaO. Therefore, it seems that there is a
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Fig. 7 The FTIR of PHB/bioglass nanocomposite
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Fig. 8 The bond in the interface of nanocomposite’s phases

good bond between nano bioglass and poly (3hydroxybu-
tyrate) in the interface of nanocomposite’s phases (Fig. 8).

3.3 DTA study

The DTA results of the four samples are shown in Fig. 9.
The curve of nano bioglass powder shows no exothermic
and endothermic reactions up to 500°C. In the three other
curves, the first endothermic peaks at about 170-180°C
represent the melting point of polymer; and the exothermic
peaks appear around 270-290°C which is attributed to the
combustion and oxidation of polymer. In contrast the
melting points of polymer in the PHB curve and the PHB
plus bioglass powder (without composition) curve appear
to have an equal temperature. When comparing the PHB
curve and PHB/bioglass nanocomposite curve, the melting
point and combustion process of nanocomposite appear at
higher temperature. Leading to the conclusion that there
are some connective bonds between polymer and bioglass
nanoparticles. The results of DTA analyses confirmed the

2 ssssssars PHB + Bioglass powder
i PHE
—e=—p PHE/Bioglass nanocomposite

“““ Bioglass powder

Exothermic

0 100 200 300 400 500
Temperature *C

Fig. 9 The DTA of bioglass powder, PHB/bioglass nanocomposite,
PHB and PHB + bioglass powder

@ Springer



2130

J Mater Sci: Mater Med (2010) 21:2125-2132

Table 2 The porosity of

scaffold Sample P (%)
Partl 84.8
Part2 84.7
Part3 84.2

FTIR results and showed a proper interaction in the
nanocomposites’ phases. Thus, this scaffold can exhibit
better mechanical and biological properties based upon the
appropriate interaction between phases and the background
bioactivity and biocompatibility of each material in
nanocomposite.

3.4 Porosity of scaffold

The porosity of scaffold was assessed from three different
parts of the sample separately. Part 1 was selected from the
middle of the scaffold and the two other parts were selected
from different parts of the scaffold and the results are listed
in Table 2.

The results demonstrated that the scaffold has uniform
porosity in its different parts and the quantity of scaffold
porosity is favorable to bone tissue engineering (about
84%). To get a high overall permeability, high-porosity
scaffolds are recommended. With increasing porosity,
however, the apparent scaffold’s stiffness decreases. Suf-
ficient porosity is also essential to reach high permeability
for waste removal and nutrient supply to the scaffold from
the surrounding healthy bone [73].

4 Conclusion

In this study, the novel nanocomposite scaffold was pre-
pared with 10 wt% bioglass, and the SEM images dem-
onstrated that the scaffold possesses less agglomeration and
has rough surfaces that may improve cell attachment. In
addition, the FTIR and DTA results showed that it seems
that there is a favorable interaction between polymer and
bioglass nanoparticles which improves connection in the
interface of nanocomposite’s phases. Finally, this scaffold
has acceptable porosity and morphologic character that
warrants further studies to be conducted on the perspective
of bone tissue engineering.
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