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wettability. The attachment ability and viability of osteo-
sarcoma cell lines MG-63 in presence of the scaffolds 
were also investigated. The attachment and proliferation of 
MG-63 were significantly increased in the PHB/CNTs scaf-
folds compared with the PHB control. Therefore, the PHB/
CNTs composite scaffolds may be potentially useful in tis-
sue engineering applications.

Keywords  Scaffold · Poly(hydroxybutyrate) · 
Multiwalled carbon nanotubes · Electrospinning · Tissue 
engineering

1  Introduction

Tissue engineering began with the concept of using bio-
materials and cells to assist the body in healing itself. As 
the discipline matured, its goal shifted to developing logi-
cal strategies for optimizing new tissue formation through 
the judicious selection of conditions that will enhance the 
performance of tissue progenitors in a graft site, ultimately 
encouraging the production of a desired tissue or organ. 
Several strategies are now available for developing new 
organs and tissues [1–6]. In this regard, three-dimensional 
porous scaffolds can be used with cells to provide many of 
the advantages of the methods described above. These pre-
formed scaffolds are usually made of bioresorbable materi-
als. The scaffolds promote new tissue formation by provid-
ing a surface and void volume that encourages attachment, 
migration, proliferation, and the desired differentiation of 
connective tissue progenitors throughout the region where 
new tissue is required [7–11].

Since the sizes of the majority of components of the 
extracellular matrix, such as porosities and the diameters 
of the fibers comprising them are at nano-scales, in recent 

Abstract  In this study, regarding the importance of opti-
mal design and unique role of a scaffold in tissue regen-
eration and repair, poly(hydroxybutyrate) (PHB)/multi-
walled carbon nanotubes (CNTs) nanocomposite scaffolds 
with different samples concentrations of CNTs (0, 0.5, 
0.75, 1.0, and 1.25% w/v) was prepared by electrospinning 
technique. Morphological evaluation of scaffolds by using 
scanning electron microscopy showed the pore volume in 
all the scaffolds was over 80% and the addition of CNTs 
increased the average fiber diameter, from 210  nm (neat 
PHB) to 500 nm at 1.0% CNTs. To evaluate the structural 
properties of scaffolds, transmission electron microscopy 
and Fourier transform infrared spectroscopy were used 
and showed the presence of CNTs at along the fibers. The 
analysis of mechanical properties of the PHB/CNTs com-
posites by using universal testing machine revealed great 
improvement over pure PHB scaffold, so that the tensile 
stress of the PHB/0.5%CNTs scaffolds was increased by 
157%. The bioactivity of scaffolds was analyzed by plac-
ing them in simulated body fluid for 4 weeks and results 
showed that CNTs increase the bioactivity of scaffolds. The 
wettability of the scaffolds was evaluated with a conven-
tional sessile drop method. The results of contact angles of 
surface showed that CNTs treatment increases the surface 
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years use of nano-fibers in tissue engineering has drawn a 
lot of attention [12–15]. Different techniques are available 
for the synthesis of nano-scale fibers of which the electro-
spinning technique is more important than others due to its 
controllability and low cost. Electrospinning is a process to 
synthesize nano-fibers and micro-fibers from polymer or 
composite solutions. One of the most important applica-
tions of this technique is the synthesis of three-dimensional 
scaffolds for use in tissue engineering [16, 17].

Different natural and synthetic materials have been used 
for the manufacture of three-dimensional scaffolds [18–21]. 
Of all the bio-environmental polymers, PHB, which has 
a long history of clinical uses such as tissue engineering 
applications, has undergone extensive research [22, 23]. 
This polymer which is synthesized by bacteria is polyester 
and is hydrolyzed in the human body to form butyric acid 
which is one of the metabolites of the body [24]. However, 
given the properties necessary for a scaffold, this polymer 
does not in itself have sufficient strength necessary for the 
synthesis of three-dimensional scaffolds [25]. Mechani-
cally, nanoparticles of bioceramics play a critical role in 
providing mechanical stability. Iron et al. prepared a scaf-
fold from PHB scaffold and bioactive glass nano-particles 
using the electrospinning technique [26]. Evaluation of the 
properties of the scaffold showed that the bioactive glass 
nano-particles improved the mechanical and bioactivity 
properties of the scaffold by the wt% of about ten [26].

Select the appropriate material to improve the mechani-
cal and biological properties of PHB is important. Regard-
ing this issue, carbon nanotubes exhibit many unique intrin-
sic physical, chemical and mechanical properties and have 
been intensively explored for biological and biomedical 
applications in the past few years [27, 28]. Many research-
ers have uncovered that properly functionalized CNTs are 
able to enter cells without toxicity, shuttling various bio-
logical molecular cargoes into cells [29]. However, despite 
those exciting findings, researchers have reported the 
negative sides of CNTs, showing that non-functionalized 
nanotubes are toxic to cells and animals [29]. CNT func-
tionalization is thus required and involves the addition of 
functional groups such as carboxyl or alcohol groups to the 
walls and ends of the nanotubes. This should prevent CNT 
aggregation and allow for their incorporation into polymer 
scaffolds [30]. Biofunctionalization of CNTs surface with 
bioactive molecules, such as carbohydrates or peptides can 
help improve the biocompatibility and bioactivity of the 
scaffold. Once again their large surface area makes CNTs 
useful for tissue engineering purposes as large amounts of 
biomolecules can be placed onto the nanotubes [31].

CNTs without proper functionalization have a highly 
hydrophobic surface, and thus may aggregate in the cell 
culture and interact with cells by binding to various biologi-
cal species including proteins via hydrophobic interactions, 

to induce certain cell responses such as cell toxicity [29]. 
Another important properly of CNTs is their strength and 
resistance, which is 100-fold of that of steel; but their spe-
cific gravity, is 1/6 times that of steel [32–34]. Jang et al. 
manufactured nano-composite scaffolds made of poly lactic 
glycolic acid and CNTs using the electrospinning technique 
[35]. The results showed a 54% increase in the strength of 
the scaffold in the presence of only 0.5% of multi-walled 
carbon nano-tubes. In another study, Yoo et  al. add 1% 
of CNTs to polyvinyl alcohol scaffolds and reported an 
improvement in the mechanical properties of this scaf-
fold [36]. Mechanically and biologically, nanoparticles 
of bioceramics can improve the properties of polymers. 
Researches have shown that, in order to enhance mechani-
cal and biological properties of polymers by nanoparticles, 
have to a high amount of nanoparticles added to the basic 
polymer [37–41]. But In this context, a large number of 
other studies have shown that CNTs, with low percentages 
can significantly improve the properties of different poly-
mers [42–44].

Regarding to effects of CNTs on the physical and 
mechanical properties of scaffolds, this study aims at pre-
paring PHB/CNTs nanocomposite scaffolds by electro-
spinning and evaluating their surface morphology, fiber 
diameter distribution, mechanical properties, bioactivity, 
biocompatibility as well as the impact of CNTs content on 
the properties of these composite scaffolds for potential tis-
sue engineering applications.

2 � Experimental

2.1 � Materials

The materials used were poly(3-hydroxybutirate) (Sigma-
Aldrich Inc, USA), functionalized multi-walled carbon 
nano-tubes (COOH) measuring 5‒25  nm in diameter, 
0.5‒2  µm in length and purity >95  wt% (Nanomaterials 
Pioneers Company, USA), dimethyl formamide (DMF) 
(MERCK, Germany), trichloromethane (TCM) (MERCK, 
Germany), simulated body fluid (SBF) (MERCK, Ger-
many), Dulbecco’s Modified Eagle’s Medium (a-MEM) 
and trypsin (GIBCO Life Technologies, Grand Island, NY, 
USA), fetal bovine serum (FBS), MTT (M-2128, Sigma, 
St. Louis, MO, USA), dimethyl sulfoxide (DMSO), penicil-
lin, and streptomycin.

2.2 � Electrospinning of PHB/CNTs composite scaffolds

PHB/CNTs nanocomposite scaffolds were prepared by 
electrospinning. Briefly, PHB was dissolved in a mixture 
of TCM and DMF (7:3 v/v) at the concentration of 6% 
w/v. The functionalized CNT with five different sample 
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concentrations (0, 0.5, 0.75, 1.0, and 1.25% w/v) were 
added to the PHB solution and the mixture was ultrasoni-
cated for 1  h. The electrospinning equipment used in the 
present study consisted of a 1 mL syringe, a needle with an 
internal diameter of 0.27  mm, an injection pump, an alu-
minum plate and a power source. The PHB/CNTs solution 
was loaded into the syringe with the needle attached. The 
needle was pointed toward the ground electrode and a con-
stant positive voltage (12.5 kV) was applied to the needle. 
The distance between the needle tip and the ground elec-
trode was 25  cm and the syringe pump, used to feed the 
polymer solution, was set at a flow rate of 0.01  mL/min. 
A fluid jet was formed from the needle and fibers were 
sprayed onto the aluminum foil to collect the fibers (Fig. 1). 
All experiments were carried out in air at 25 °C and 60% 
relative humidity.

2.3 � Structural characterization of the scaffolds

The morphology of the surface of scaffolds was evaluated 
under a scanning electron microscope. The mean diameter 
of fibers was determined by measuring the diameters of 40 
single fibers on the SEM photomicrograph. The porosity of 
the scaffolds, too, was investigated on the three SEM pho-
tomicrograph for each sample, using MATLAB software 
program. This method revealed that image analysis can eas-
ily be exerted to the porosity measurement of various layers 
[45]. Transmission electron microscopy (TEM) technique 
was used to evaluate the position and distribution pattern of 
CNTs within the fibers. FTIR technique was used to evalu-
ate changes in the chemical structure of scaffolds.

2.4 � Mechanical characterization of the scaffolds

Tensile strength test was used to evaluate the mechanical 
properties of scaffolds based on ISO 1798 specifications 

at room temperature [46]. The extension rate was kept 
at 10  mm/min and the load cell used was 20  N with a 
gauge length of 25  mm. The dimensions of the samples 
were10–50 mm (WL).

2.5 � Surface wettability measurements

The majority of the measurements presented are of the 
static contact angle. The measurements of the contact 
angles were mainly made with the specimens placed in 
a horizontal plane using a telescope with a calibrated 
micrometer eyepiece. The contact angle measurements 
with a drop and to measure the angle 1 min after the depo-
sition of the drop on the specimen [47]. On each occasion 
at least ten measurements were taken and the mean static 
contact angle was calculated using the Image J software.

2.6 � Evaluation of bioactivity

Bioactivity of scaffolds nanocomposite by placement of 
scaffolds in SBF environment were analyzed for 4 weeks. 
For this purpose, AAS method (AAS-Perkin Elmer Co-A-
Analyst-300) was used to determine the levels of calcium 
ions in the SBF solution after different sample immersion 
times. The analysis of presence and morphology of nano-
composite and observation of absorbed hydroxyapatite 
crystals on the surface of scaffolds was done with XRD and 
through SEM microscope (Mira 3-XMU).

2.7 � MG‑63 cells culture

The MG-63 cells derived from an osteosarcoma of a 
14-year-old male (American Type Culture Collection, 
Rockville, MD, USA) were used in this study. The culture 
medium used was Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS and 1% penicillin/

Fig. 1   The optimum electrospinning parameters for PHB/CNTs nanocomposite scaffolds
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streptomycin. MG-63 cell lines were trypsinized using 
0.1% trypsin and 0.1% ethylenediaminetetraacetic acid for 
5 min, centrifuged at 400 g for 5 min, and resuspended in 
the medium. For determination of the cell adhesion and 
cell growth, the prepared scaffolds with 15 mm in diameter 
were placed in 24-welled tissue culture polystyrene plates 
(Corning, Action, MA, USA). A steel ring 15 mm diameter 
was placed on each of the tested scaffolds in the wells to 
prevent them from floating. Scaffolds and steel rings were 
sterilized in 70% ethanol overnight and rinsed extensively 
with phosphate-buffered saline (PBS), followed by treat-
ment under ultraviolet light overnight. then, 1  mL of cell 
suspension in the concentration of 2 × 104  cells/mL was 
added to each well and maintained under standard cell cul-
ture conditions (humidified atmosphere, 5% CO2/95% air 
environment, 37 °C). Cell suspension was also placed in 
empty tissue culture polystyrene dish with a steel ring as 
control groups.

2.8 � Cell adhesion and proliferation

Cells adhering to the scaffolds were washed with PBS after 
1 and 5  day incubation. Then, the cells were fixed with 
2.5% glutaraldehyde in PBS at 4 °C for 1 h. The specimens, 
after being thoroughly washed with PBS, were dehydrated 
using graded ethanol changes, critical point dried; gold 
splattered in vacuum, and examined using SEM. After 
cell culturing for 1, 3 and 5 days, the viability of MG-63 
cells was determined by MTT assay. MTT was prepared as 
a 5  mg/mL stock solution in PBS, sterilized by Millipore 
filtration (0.22 µm) and kept in dark. The 100 mL of MTT 
solution was added to each well. The MTT solution have 
incubated at 37 °C for 3  h, then 200  mL of dimethyl sul-
foxide was added into each well to dissolve the formazan 
crystals. The dissolvable solution was jogged homogene-
ously about 15  min by the shaker. The optical density of 
the formazan solution was read on an ELISA plate reader 
at 570 nm. The analysis of variance (ANOVA) is used to 
determine whether there are any significant differences 
between the means of independent groups.

3 � Results and discussion

3.1 � Morphological characterization of composite 
scaffolds

Figure 2 presents the photomicrographs of pure PHB scaf-
fold and PHB/CNTs nano-composite scaffolds with 0.5, 
0.75, 1 and 1.25 wt%, with 20 × 30 mm dimensions. Pure 
PHB scaffold is completely white; however, the color of 
the fibers turned gray with an increase in the concentration 
of CNTs in the composite. It appears that the color cent-
ers of distinct scattering wavelengths are formed after the 
incorporation of different amounts of CNTs into the PHB 
matrix.

Figure 2 presents the SEM photomicrographs of pure 
PHB and PHB/CNTs nano-composite scaffolds. As 
shown in the figure, the synthesized fibers were mimetic 
of the natural extracellular matrix (ECM) which con-
sists of fibers without any beads that are elongated and 
continuous and can serve as a basement membrane for 
cellular growth. The distributions of fiber diameters 
of pure PHB and PHB/CNTs scaffolds containing 0.5, 
0.75, 1.0, and 1.25% CNTs are shown in Fig.  4. The 
diameter of the majority of fibers in pure PHB scaffolds 
was 180‒320 nm, with a mean of 240 nm. The diameter 
of the composite fibers increased with increasing CNT 
content from 0.5 to 1.25% in the composites (this may 
be due to the viscosity effect) [48]. The addition of only 
1% w/v CNTs resulted in a large increase in the diam-
eter with the majority of fibers in the 400–590 nm range 
and an average diameter of 500  nm, which is about 
twice the diameter of the neat PHB fibers. Many studies 
have shown fiber diameter increased with the addition 
of second material [49]. The surface tension of the fluid 
emerging from the tip of the needle increased as the vis-
cosity increased. This means under the same voltage, 
the elongation of the PHB/CNTs fibers was slower and 
that the jet stream reached the collector electrode before 
it split into thinner streams; thus thicker fibers were col-
lected on the collector electrode. The phenomenon was 

Fig. 2   The photographs 
of pure PHB scaffolds (a) 
and PHB/0.5% CNTs (b), 
PHB/0.75% CNTs (c), PHB/1% 
CNTs (d) and PHB/1.25% 
CNTs (e) scaffolds
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common and it confirmed that viscosity is an impor-
tant parameter during electrospinning [48]. With the 
addition of 1.25% CNTs, there was a broader distribu-
tion of fibers morphology that shown in Fig.  3. How-
ever, the CNTs tend to aggregate as the concentration is 
increased; thus the pinhole of the steel needle is easily 
blocked by the CNTs aggregates, which makes the elec-
trospinning process difficult and the fiber distribution 
uneven.

3.2 � Identification of the chemical structure

Changes in the chemical structure of the pure CNT pow-
der, pure PHB scaffold and PHB/0.5%CNTs scaffold 
were examined by the FTIR machine (Fig.  5). In the 
spectrum obtained, vibrational modes were observed in 
970–1725 cm−1 that indicates the structures and bonds of 
CH, CH2, CH3, C–O and O–H of PHB. In CNTs–COOH 
functionalized, characteristic vibrational modes of CNTs, 

Fig. 3   SEM photomicrographs of pure PHB scaffolds (a) and PHB/0.5% CNTs (b), PHB/0.75% CNTs (c), PHB/1% CNTs (d) and PHB/1.25% 
CNTs (e) scaffolds
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Fig. 4   An increase in the mean diameter of scaffold fibers proportional to the concentration of CNTs

Fig. 5   FTIR of PHB, PHB/
CNTs Nanocomposites and 
CNTs
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C_C (1427–1630  cm−1), O–H bonds (2910–3430  cm−1) 
and C–O bond (870–1150 cm−1) are apparent in the spec-
trum shown in Fig.  5. The electrospun PHB/CNTs nano-
composite scaffold spectrum, consist of nanotubes surface 
peak (O–H bond) at around 3430 cm−1.

3.3 � Morphology of CNTs in the structure of fibers

The TEM image of electrospun PHB/0.5%CNTs fibers is 
shown in Fig.  6. Nano-tubes are fine tubes that preserve 
their shape and most of them maintained their straight 
shape and are embedded within the fibers. A proper equi-
librium has been achieved with the CNTs within the PHB 
fibers during the electrospinning process, in which CNTs 
are properly distributed and have been longitudinally ori-
ented within the fibers.

3.4 � Porosity of scaffolds

The only aspect of electrospinning that is not easy to 
directly control is the size of the scaffolds pores. This can 
be controlled indirectly by creating smaller diameter fib-
ers, as smaller fibers result in smaller, more tightly packed 
pores [50, 51]. Stephen et  al. characterized the dominant 
role of fiber diameter in controlling the pore diameter of the 
networks and reported that increasing fiber diameter results 
in an increase in mean pore radius [52]. However, it is not 
possible to alter pore size without changing any of the other 
electrospinning parameters [48]. The results of analyses 
carried out using MALAB software program in relation to 
the porosity of samples showed that the porosity rate in all 
the scaffolds was over 80%, which is favorable for tissue 
engineering purposes. Considering the porosity rates pre-
sented in Fig.  7, it seems the porosity increased from 82 
to 85% with an increase in pore radius. The effects of fiber 
diameter and pore size on porosity characteristics were 
insignificant. Therefore, the CNTs have no negative effects 
in porosity of scaffolds.

3.5 � Mechanical characterization

The tensile strengths of PHB scaffolds with differ-
ent amounts of CNTs are shown in Fig.  8a. A plot of 
the variation in tensile modulus (MPa) as a function of 
CNTs content in the composites is in Fig. 8b. The role of 
CNTs in increasing the strength of nano-composite fib-
ers is clearly evident. The highest strength was recorded 
in the PHB/0.5% CNTs, which increased by 157% 
(from 2 to 5.15  MP) in comparison to pure PHB scaf-
fold and the Young’s modulus increased by 163% (from 
108 to 285  MP). The results indicated that CNTs can 

Fig. 6   TEM photomicrograph of PHB/0.5% CNTs nano-composite 
scaffold

Fig. 7   Porosity rate of scaffolds 
in different amount of CNTs 
(p < 0.05)
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significantly increase the tensile strength and the modu-
lus of nano-composite scaffold. In addition, the results 
showed the highest improvement in the mechanical 
properties of PHB/0.5% CNTs nano-composite scaffolds 
compared to pure PHB and other PHB/CNTs nano-com-
posite scaffolds. Many studies have shown that a certain 
amount of CNTs increase the mechanical properties [48]. 
As mentioned, in order to enhance mechanical properties 
of polymers by nanoparticles, have to a high amount of 
nanoparticles added to the basic polymer [35–39]. Shor 
et al. added 25% of hydroxyapatite to poly(caprolactone) 
scaffold to increase the mechanical properties of scaf-
fold [39]. Bagchi et al. by addition 20% wt of three dif-
ferent ceramic nanoparticles, namely, calcium titanate 
(CT), strontium titanate(ST) and barium titanate(BT), 
significantly increased the moduli and strength of poly(ε 

caprolactone) [41]. In this research, the low percentages 
of CNTs (only 0.5%) significantly improved the mechani-
cal properties of PHB scaffold. the effect of the extent of 
the CNTs orientation on the modulus of the composite 
has been studied theoretically, by computing the deforma-
tion induced orientation of the CNTs and their Herman’s 
orientation factor [36]. The initial increase in the tensile 
strength and tensile modulus (i.e. for the composites con-
taining 0.5 wt% of filler) is attributed to the high degree 
of orientation of the filler CNTs in the wrapped nanofib-
ers. As the wt% of filler in the nanofibers is further 
increased (i.e. 0.75, 1 and 1.25  wt%), agglomeration of 
the nanotubes takes place, which subsequently decreases 
their degree of anisotropy. Moreover, the agglomeration 
of the CNTs increases the weak van der Walls interaction 
between the CNTs bundles and the walls of the wrapped 

Fig. 8   a Changes in the tensile 
strengths of scaffolds in terms 
of changes in CNTs concen-
trations; b the modulus of 
scaffolds in terms of changes in 
CNTs concentrations
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nanofibers. However, these interactions are negligible at 
a lower wt% of CNTs, due to the directional anisotropy.

3.6 � Water contact angle

Figure 9 shows the photos for a water drop of the on PHB 
and PHB/CNTs scaffolds. The wettability of scaffolds by 
water is increased by adding CNTs. Table 1 shows the con-
tact angles for a water drop on the scaffolds after 1  min. 
The PHB scaffold presented a water contact angle (WCA) 
of 121° .Upon addition of 1.25% CNTs, the WCA decreases 
to 79°. Functional groups of CNTs (COOH) increased the 
amount of oxygen on the surface, increasing the quantity 
of C–O. This increment caused a significant reduction of 
WCA value in scaffolds [53].

3.7 � Bioactivity test of the scaffolds

One of the signs of bioactivity is the ability to form apa-
tite in SBF solution on the surface of PHB and PHB/CNTs 
scaffolds, which might occur in three ways.

Figures  10 and 11 show the SEM images and EDX of 
PHB and PHB/CNTs after bio adaptation test of samples 

in SBF solution. These images show the formation of apa-
tite crystals on the surface of nanofibers after 28 days. As 
shown in the image, the relatively flat surfaces of fibers 
have become porous and irregular after submersion. Apa-
tite particles were deposited widely with a brighter color 
compared to the surface of the fibers. Pure PHB scaffold 
showed least apatite particles compared to all other scaf-
fold. This might have happened due to hydrophobic nature 
of PHB scaffold as determined by contact angle study. 
EDX results of the sample show the existence of calcium 
and phosphorus with a ratio of Ca/P = 1.6. It is clear that 
the results of EDX of the sample cannot be used to deter-
mine the exact chemical composition of the material. X-ray 
diffraction patterns were observed to determine the exact 

Fig. 9   Representative images of a 5  mL water droplet sitting over: pure PHB scaffolds (a), PHB/0.5% CNTs (b), PHB/0.75% CNTs (c), 
PHB/1% CNTs (d) and PHB/1.25% CNTs (e) scaffolds

Table 1   Static contact angle of 
water drops on scaffolds after 
1 min

Contact angle %CNTs

121° 0
97° 0.5
89° 0.75
86° 1
79° 1.25
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chemical composition of the apatite particles on the surface 
of scaffolds.

The X-ray diffractogram of PHB/0.5%CNTs scaffolds 
before and after bioadaptation test of samples in SBF solu-
tion are shown in Fig. 12. As shown in the image the main 
peaks of HA phase is in the domain of 30°–35°.

An atomic percentage machine was used to study atomic 
absorption of calcium and its absorption percentage. In this 
method, after release of this element from the SBF solu-
tion, the level of calcium atomic absorption was defined, 
which showed less bioactive materials. A higher percent-
age of calcium in the solution indicated less absorption by 
the material, resulting in less bioactivity. To test atomic 
absorption, the concentration of calcium in SBF solution 
was measured, which was regarded as the control sample. 

The concentration of calcium in the control sample was 
34 ppm (in Fig. 13). Then the concentration of calcium was 
registered on the 7th, 14th, 21th and 28th days. As shown 
in Fig.  13, on the 28th day, absorption of calcium ion by 
scaffolds were higher that show. Statistical analysis indi-
cated that the absorption of calcium ion by PHB/CNTs 
scaffolds were higher than that of the PHB scaffolds. As a 
result, it can be concluded that CNTs within the scaffolds 
can increase bioactivity and formation of HA crystals on 
the surface of fibers.

3.8 � MG‑63 attachment on scaffolds

The adhesion and morphology of the cells on the scaffolds 
were observed after 24  h (fixed based on a preliminary 

Fig. 10   SEM image of apatite 
particles constituent of pure 
PHB scaffolds (a), PHB/0.5% 
CNTs (b), PHB/0.75% CNTs 
(c), PHB/1% CNTs (d) and 
PHB/1.25% CNTs (e) scaffolds
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study for optimum cell attachment) of cell seeding, the 
scaffolds were air dried and observed under SEM (Fig. 14). 
SEM micrographs showed that the cells attached firmly on 
all scaffolds. PHB scaffold showed least number of cells 
adhered compared to all other scaffold. This might have 
happened due to hydrophobic nature of PHB scaffold too 
(as determined by contact angle study). Hydrophobic sur-
faces exhibit poor cell adhesion [54]. Compared to the 
pure PHB scaffolds, cells on the PHB/CNTs composites 

were spread more. The cells had better adhesion on the 
PHB/1.25%CNTs scaffolds.

3.9 � MTT assay

The response and cytotoxicity of various PHB/CNTs scaf-
folds on MG-63 was investigated by the MTT assay for 
5 days. The MG-63 proliferation cultured on the PHB/
CNTs composite scaffolds and on the empty tissue culture 

Fig. 11   EDX analysis of pure PHB scaffolds (a) and PHB/1% CNTs (b) after 28 day in SBF Solution
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polystyrene dish with a steel ring as control groups were 
evaluated. Figure 15 clearly indicates that the scaffolds did 
not have any toxic effect on the MG-63 cells. The pres-
ence of CNTs in scaffolds increased the viability of cells. 
However, After 5 days of culture, the percentage viability 
of the cells on the scaffolds containing 0.5, 0.75, 1.0, and 
1.25% CNTs all significantly increased compared to the 
pure PHB scaffold (p < 0.05). Based on the in  vitro data, 
these PHB/CNTs composite fibrous scaffolds offer favora-
ble adhesion and growth of MG-63s. Since scaffolds act as 
a substrate for cellular attachment, proliferation, and differ-
entiation, research efforts are focused on inducing the cells, 
to migrate into scaffolds and to proliferate and differenti-
ate more effectively. In this context, CNTs could enhance 
the functions of osteoblasts (specifically, proliferation, 

differentiation, synthesis of alkaline phosphatase, and con-
centration of calcium in the extracellular matrix) [35].

4 � Conclusions

PHB/CNTs scaffolds were successfully fabricated by elec-
trospinning that mimicked the structure of a natural ECM. 
TEM and FTIR observations confirmed that most CNTs 
distributed uniformly within the fibers. The mechani-
cal properties of the PHB/CNTs composites were greatly 
improved compared to the pure PHB scaffold. CNTs 
could improve the wettability, bioactivity and cell abil-
ity of the scaffolds and could potentially be used in tissue 
regeneration.

Fig. 12   XRD of PHB/1%CNTs 
(before and after submersion in 
SBF solution)

Fig. 13   Absorption of Calcium 
Ione of SBF solution by scaf-
folds in 7th, 14th, 21th and 28th 
days
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Fig. 14   SEM images of cell 
morphology on pure PHB scaf-
folds (a), PHB/0.5% CNTs (b), 
PHB/0.75% CNTs (c), PHB/1% 
CNTs (d) and PHB/1.25% 
CNTs (e) scaffolds

Fig. 15   Proliferation of 
MG-63 cells on the electro-
spun PHB, PHB/0.5%CNTs, 
PHB/0.75%CNTs, 
PHB/1%CNTs and 
PHB/1.25%CNTs scaffolds 
evaluated by MTT test at 1, 
3, and 5 days. Bar represents 
mean ± SD. p < 0.05, one-way 
ANOVA test
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