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A B S T R A C T

The choice of material types for tissue engineering scaffolds and the design of methods are contributive in
yielding the proper result. In this study, 1–5% wt. Alumina nanowires are added to (Polyhydroxybutyrate-
Chitosan) PHB-CTS alloy solution, and the scaffolds are prepared by electrospinning method. The fiber dia-
meters, porosity percentages and uniform distribution of Alumina nanowires are assessed by SEM, EDS and TEM.
The surface roughness of the fibers is confirmed by FESEM and AFM. The crystallinity of nanofibers is calculated
by DSC and verified by FTIR. The tensile strength of the PHB-CTS scaffold increase up to>10 fold in presence of
3% wt. Alumina. Formation of calcium phosphate sediments only on the surface of Alumina containing scaffolds
after 7 and 28 days of immersion in SBF is observed by SEM, and verified by XRD analysis. Proliferation and
viability of MG-63 cells and alkaline phosphatase secretion are significantly higher on scaffolds containing
Alumina than that of the PHB or PHB-CTS. The appropriate properties of Alumina which affected in cell be-
havior, hydrophilicity enhancement, bioactivity and mechanical properties make it contribution agent in bone
tissue engineering.

1. Introduction

Tissue engineering is a science capable of regenerating the lost or
damaged tissue regeneration. An appropriate biological function can be
achieved when there exist proper interaction among the scaffold, cells
and the environmental factors. Bone tissue engineering, has always
been and is one of the interests among researchers due to the great
volume of musculoskeletal injuries, rapid growth and its significant
potential in physical properties of extracellular matrix [1,2]. Designing
and selecting biomaterials consumed in fabricating scaffolds is im-
portance due to their having mimicking extracellular matrix (ECM)
[3,4]. These scaffolds should be highly porous, biocompatible and
biodegradable, with non-toxic degradation products. During tissue re-
generation, these scaffolds should tolerate mechanical stresses. Another
requirement for proper scaffolds is to facilitate cell metabolism, pro-
liferation and migration [3,5]. The fibers' structure in the extracellular
matrix is easily mimicked by electrospun fibers [6]. Electrospinning is
an effective method in producing polymer, ceramic, or composite fibers
in a top-down methods. Other methods like gas jet and melt fibrillation
and higher precision techniques like self-assembly and nanolithography
produces fibers, while the most important advantage of electrospinning
method its cost-effectiveness, accessibility and simplicity in mass fiber

production [4,6–8]. In the last decade this method, by producing fibers
with diameters from nanometers to a few micrometers, has gained fame
[4,6,7].

To produce biodegradable scaffolds, both of natural and synthetic
polymers, are of concern because of their proper ability in cell adhe-
sion, proliferation, migration, and differentiated function [9,10]. Poly-
3-hydroxybutyrate (PHB) as a member of the polyhydroxyalkanoates
(PHA) family is a kind of polyester synthesized by microorganisms as
the intracellular carbon. Some researchers indicate that PHB is fit for
bone tissue engineering due to its favorable physical and mechanical
properties with no observed undesirable chronic inflammatory response
even one year after implantation periods [11–16]. Moreover, oligo-
monomers and monomer of PHB, after degradation process are non-
toxic with having proper biocompatibility [17]. Studies indicate that in
vitro and in vivo biodegradation of PHB is less than most biodegradable
polymers, like PLA and PGA [18]. Brittleness and high degree of crys-
tallinity of PHB is assumed to be the most important limitation in its
application in tissue engineering. To improve the low degradation rate,
researchers attempt to compose PHB with natural polymers, like chit-
osan [19], gelatin [20] and cellulose [21]. Chitosan (CTS) is a kind of
natural amino polysaccharides which allows cell attachment, cell pro-
liferation and with antibacterial activity is widely consumed for bone
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tissue engineering applications [22–26]. An increase in hydrophilicity
of electrospun fibers is observed after adding CTS to PHB solution [19].
The inherent brittleness of fibers reduces after alloying process. The
chondrocyte cell adhesion and proliferation are better compared to
pure PHB fibers while a reduction is observed in the mechanical
properties in the alloying polymer [27,28].

One of the most effective methods for increasing the mechanical
properties of polymers is applying ceramics as a reinforcement phase.
Studies indicate that higher mechanical properties can be achieved by
adding less amounts of nanoscale reinforcement phase compared to
conventional polymer composites [7,29]. One-dimensional nanos-
tructures are one of the best choices due to their tendency to be in-
terdiffused and entangled in the polymer host. Studies reveal that the
mechanical properties of polymeric nanofibers are enhanced by addi-
tion of one-dimensional nanostructures like nanotubes [13,27,30,31],
nanowhiskers [32,33], nanorods [34] and nanowires, while nano-
particles can hardly increase these mechanical properties [35]. The
electrospinning method has the capacity to align one-dimensional na-
nostructures with fibers [6,36]. The chosen of proper material as the
reinforcement phase in bone tissue engineering scope, must be able to
generate bioactivity and enhance mechanical properties. Although
some biodegradable or bioactive ceramics can form hydroxyapatite
layers, some researchers indicate that the mechanical properties(spe-
cially ductility or toughness) are not sufficient increments [37,38]. To
enhance the mechanical properties of polymer matrices, the bio-
ceramics like CNT, ZrO2 and Al2O3 are more effective because of their
high Young's modulus and tensile strengths [39,40].

Alumina (Al2O3; Aluminum oxide) as the first clinical bioceramics is
highly consumed in orthopedic [41–43] and dental implants [44–46]
due to its chemical inertness, resistance to oxidation, corrosion and
biocompatibility [47]. Particle size in Alumina is an important factor in
changing its properties. Among the various phases of the Alumina: α, χ,
η, δ, κ, θ, γ, ρ the γ-Al2O3 nanocrystals are of special importance due to
their proper surface properties, like thermal, mechanical and chemical
stability, big surface area and porosity [47,48]. Inorganic nanofibers
like Alumina, have excellent mechanical properties, similar to their
bulk counterparts, with a better perform as reinforcement phases in
mechanical properties enhancement of polymer matrices. Alumina na-
nostructure reveal significant enhancements in mechanical properties
of polyvinyl alcohol (PVA) [49], Ultra High Molecular Weight Poly-
ethylene (UHMWPE) [50], Poly(ε-caprolactone)(PCL) [35] and Poly
methyl methacrylate (PMMA) [51]. The positive effect of Alumina on
PCL electrospun nanofibres reinforced in the ultimate tensile strength
are reported by Dong et.al [35]. It could be due to the adhesion be-
tween polymer and Alumina. Strong interaction between Alumina na-
noparticles and polyesters through polar bonds and hydrogen bonding

is reported by Rodriguez-Lorenzo et al. [52]. The biological responses
of alumina nanowires in cultured fibroblasts (L929) and macrophages
(RAW264) were evaluated by Hashimoto et al. [53]. There is no cyto-
toxic, genotoxic and nuclear damage observed by using Alumina na-
nowires.

To the best knowledge of the authors, there exist few studies on the
bioactivity properties of Alumina nanostructures. Although Alumina is
known as an inert ceramic, its nanostructured type is affected on the
osteoblast adhesion compared to conventional structures [54]. The
positive effects of nanoporous Alumina are studied on differentiation,
growth and proliferation of mesenchymal stem cells (MSCs) [55–57],
where high levels of osteoblastic differentiation markers like alkaline
phosphatase are observed on nanoporous Alumina substrates. Deposi-
tion of calcium-containing mineral and synthesis of alkaline phospha-
tase on Alumina nanostructured as an evidence of enhanced osteoblast
proliferation is assessed by Webster et al. [58].

In this study, Alumina nanowires, as the reinforcement phase in
PHB-CTS electrospun nanofibers, are consumed due to their low cost,
good compatibility and high modulus. The effect of different percen-
tages amounts of Alumina nanowires on the morphology of fibers,
tensile strength and hydrophilicity of the fabricated composite scaffolds
are assessed and the results are compared with PHB and PHB-CTS fibers
scaffolds. The dimensions of the Alumina nanowires in this study are
less than the dimensions of carbon nanotubes, which lead to its easy
facilitation at a higher percentage [27,35].

To the best knowledge of the authors here there exist no studies
where Alumina nanowires are consumed in PHB electrospun fibers.
This is the first attempt made in assessing the bioactivity of Alumina (in
the form of nanowires) in polymeric scaffolds. The MG-63 cell viability
and attachment is assessed on polymeric fibers with and without
Alumina.

2. Materials and methods

2.1. Materials

The materials used in this study are provided in Table 1.

2.2. Preparation of electrospun scaffold

As proposed by Sadeghi et al. study [19], 9% wt. PHB is solved in
TFA at 50 °C for 1 h followed by adding TFA, 20% CTS to the solution as
the optimum concentration and stirred for 30min at 60 °C in order to
yield PHB-CTS alloy solution. Al2O3 nanowires suspension is prepared
in TFA, at five different concentrations of (1–5% wt.). This suspension is
sonicated by Sonicator (SYCLON, SKL-950W/China) to yield more

Table 1
Materials used in this study.

Row Material name Company/County made Propose

1 Poly-hydroxybutyrate (PHB) Sigma Aldrich/USA Scaffolds preparation
2 Chitosan(CTS) Sigma Aldrich/USA
3 Alumina nanowires (Al2O3) Sigma Aldrich/USA
4 Trifluoroacetic acid (TFA) Merck/Germany
5 Phosphate-Buffered Saline Ceram Razi co./Iran in vitro degradation
6 Simulated Body Fluid Ceram Razi co./Iran bioactivity assay
7 MG-63 osteosarcoma cell line Cell Bank of Pasteur Institute/Iran Cellular evaluation
8 DMEM, Glutamax (low Glucose) GIBCO/USA
9 Ethanol(100%) Arman Sina Chemical/Iran
10 Fetal bovine serum (FBS) GIBCO/USA
11 Penicillin/streptomycin GIBCO/USA
12 Trypsin-EDTA (0.25% Trypsin in 0.04mM EDTA) GIBCO/USA
13 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT M5655-100Mg Sigma Aldrich/USA
14 Dimethyl sulfoxide (DMSO) Sigma Aldrich /USA
15 Glutaraldehyde(25% Aqueous Solution) Merck/Germany
16 Triton X-100 Merck/Germany
17 ALP assay kit Pars Azmun/Iran
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uniform dispersion and avoid particle agglomeration. To avoid TFA
evaporation, the time for sonication does not exceed 12 s. This sus-
pension is added to the PHB-CTS alloy solution and is mixed with PHB-
CTS for 5min to yield a uniform solution. This prepared electrospinning
solution is sucked into a 1ml syringe, connected to a blunt-end 21G-
gauge needle and set in its position. A random fiber structure is formed
on the collector covered with aluminum foil. The electrospinning
parameters that affect the fiber diameter are the distance between
collector and needle, flow rate and voltage. These parameters are op-
timized based on the Taylor cone formation, absence of droplet for-
mation and SEM images in order to obtain smooth and bead-free fibers.
According to this optimization, the distance between the collecting
plate and the tip of the needle is adjusted at 25 cm and the injection rate
is set at 0.01ml/min. A high voltage of 22 kV is applied to the tip of the
needle of the syringe. The percentage of theses scaffolds are tabulated
in Table 2. To remove any residual solvent, these scaffolds are vacuum
dried overnight at room temperature to be applied for further experi-
ments.

2.3. Evaluation of scaffolds morphology

2.3.1. SEM
The morphology of the fibers, are assessed by scanning electron

microscopy (SEM, SERONTECHNOLOGIES, AIS2100/South Korea) at
1000, 10000 and 25,000 magnifications. The scaffold samples are cut in
1 cm×1 cm and gold deposited on the scaffolds by applying sputtering
(Emitech SC7620 Sputter Coater; Quorum Technologies/UK) before
scanning. The mean fiber diameter and their distribution are evaluated
through Image J analysis software (Wayne Rasband, National Institute
of Health/USA) by choosing 25 fibers from different places of each
image at 10000 magnifications. The porosity percentage of the scaffolds
is measured through MATLAB (R2016a) software program for the three
surface layers.

2.3.2. Field emission scanning electron microscopy (FESEM)
To assess the effect of Alumina nanowires on surface morphology of

the electrospun fibers, FESEM (MIRA3TESCAN-XMU/USA and FEI
QUANTA 200/Neitherlands) is applied.

2.3.3. Atomic force microscopy (AFM)
To measure the surface roughness on the fibers, AFM of non-contact

mode (Dualscope/Rasterscope C26, DME/Denmark) is applied on 1μm2

and 15μm2 surface area (n=3) for PHB-CTS and PHB-CTS/5%Al2O3.
The root mean square deviation roughness (Sq) is calculated through
dme spm software version 2.1.1.2.

2.3.4. Energy dispersive X-ray spectroscopy (EDS)
To obtain the corresponding elemental Mapping, EDS, (EDAX

Element Silicon Drift Detector, Apolo) is applied for PHB-CTS/
3%Al2O3.

2.3.5. Transmission electron microscopy (TEM)
To observe the presence of Al2O3 nanowires in the composite scaf-

fold, TEM (EM208S, Philips/the Netherlands) is applied. One layer of

electrospun fibers is deposited onto a copper grid attached on alu-
minum foil on the collector.

2.4. FTIR structural characterization

To evaluate changes in a chemical structure, FTIR& FTIR-ATR
(Bruker, Tensor 27/Germany) are applied. FTIR-ATR technique is run
over a wavenumber within 600 and 4000 cm−1 range at room tem-
perature. FTIR-ATR is run for pure PHB electrospun fibers, CTS film,
PHB-CTS electrospun fibers, PHB-CTS/3% Al2O3 composite scaffold and
FTIR is run for Alumina nanowires.

2.5. Thermal characterization

2.5.1. Thermogravimetric analysis and differential thermogravimetry
(TGA, DTG)

To assess the effect of ceramic phase presence in the scaffolds,
thermal characterization is applied. Thermal behavior of PHB, PHB-CTS
and PHB-CTS/5%Al2O3 composite scaffolds is determined by TGA and
derivative thermogravimetric (DTG), (Mettler Toledo/USA), according
to ASTM-E1131.

2.5.2. Differential scanning calorimetry (DSC)
Melting and crystallization behavior of the scaffolds are studied by

differential scanning calorimetry (DSC, NETZSCH STA 449F3/
Germany).

For both the TGA and DSC, the sample mass is about 12mg, sealed
in aluminum pans, at a heating rate of 10 °C/min, under a flowing ni-
trogen atmosphere, the DSC curves is recorded within 50 to 600 °C. The
degree of crystallinity (χc) is measured through Eq. (1).

H
H

% / 100%c
m PHB

m
0= ×

(1)

where, ΔHm, is the apparent melting enthalpy of PHB matrix in com-
posite specimens, ΔHm

0 is the melting enthalpy of the theoretically
100% crystalline PHB polymer at 146 J/g [59–61], and ΦPHB is the
weight fraction of PHB matrix in the composite.

2.6. Analysis of surface hydrophilicity

The surface hydrophilicities of scaffolds, (Table 2) are measured and
cultured through contact angle meter (CA-ES10, Fars EOR./Iran) at
room temperature. One drop of double deionized water is dropped on
three different locations an each scaffold. The contact angles are re-
corded after 10 s.

2.7. Mechanical characterization

The mechanical properties of scaffolds are run by tensile test, with
DIN EN ISO, 05/1995 at room temperature. The fabricated scaffolds are
carefully cut into of 30mm×5mm dimensions and the thickness of
each sample is measured with a micrometer. The load cell applied here
is 20 N, the distance between the two jaws is 20mm and the extension
rate is kept at 1mm/min. The slope of the stress curve in the linear
region of the elastic modulus is calculated as Young modulus.

2.8. Assessing and measuring biodegradability

Nanofiber composite scaffolds are cut into dimensions of
1 cm×1 cm. Each of them is weighed by a scale of 0.00001 and ap-
plied in assessing the in vitro degradation. Each scaffold is incubated in
5ml at 37 °C for 100 days, according to ASTM-F1635. Scaffolds are
removed from the solution, rinsed three times with distilled water,
dried for 4 h at 37 °C and then weighed. The degradation rate of each
scaffolds are calculated through Eq. (2).

Table 2
Constituents of electrospun (in wt%) samples prepared.

Samples PHB CTS Al2O3 nanowires

a 9% 0% 0%
b 9% 20% 0%
c 9% 20% 1%
d 9% 20% 2%
e 9% 20% 3%
f 9% 20% 4%
g 9% 20% 5%
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(2)

where, W0 is the scaffold initial weight in its dry state before being
placed in PBS and Wt is the weight of the degraded scaffold at different
time intervals. To evaluate pH content change in degradation process,
the medium is not refreshed during the degradation period and pH
value is recorded by pH Meter (ISTEK, 735P/Korea) once a week for
100 days. The SEM and FTIR analysis are run on PHB-CTS/3% Al2O3

composite scaffold after 100-day degradation.

2.9. Bioactivity assessment

PHB, PHB-CTS and PHB-CTS/3%Al2O3 composite scaffolds are cut
in 1 cm×1 cm and immersed in 10ml SBF for 7 and 28 days in an
incubation at 37 °C according to ISO 10993-18. The pH solution is
measured every week and is fixed within 7.42–7.45. After day 28, the
scaffolds are removed from SBF and rinsed three times in distilled water
to remove any adsorbed minerals. SEM (ESEM FEI QUANTA 200/
Netherlands) is applied to assess the surface changes in the scaffolds.
The semi-quantitative analysis Energy dispersive X-ray analyzer EDS,
(EDAX Element Silicon Drift Detector, Apolo) is applied in determining
the chemical composition of the mineral surface layer. After 28 days
immersion, the X-ray diffraction (XRD) (Bruker, D8ADVANCE/
Germany) analysis is run to assess the mineralization by applying CoKα
radiation with a wavelength of 0.17890 nm. In this analysis, step size is
0.05°, and time per step is 2 s, the applied voltage is 40 kV and the angle
of diffraction (2θ) is within 10° to 55° range. The X-Pert high score
software is applied to recognize the crystallization phases.

2.10. Cell behavior assay

PHB, PHB-CTS and PHB-CTS/3%Al2O3 composite scaffolds are cut
in circular sheets, at 1 cm radius and sterilized through PBS, ethanol
and UV light for 60min before cell culture and then placed on 24-well
plates. The cells are cultured in DMEM medium supplemented with
10% FBS and 1% penicillin-streptomycin. After reaching 80% con-
fluency, the cells are separated by Trypsin-EDTA. These cells are seeded
with the density 5× 103 on each pre-soaked specimen and incubated in
a humidified atmosphere containing 5% CO2 at 37 °C and their medium
is refreshed every other day.

2.10.1. Cell viability assay
This assay determines the viable cell count and is based on the

mitochondrial reduction in to tetrazolium salt, 3-[4,5-dimethylthiazol-
2-yl]-2,5-difenyltetrazolium bromide (MTT), at days 1, 3 and 7, ac-
cording to ISO-10993-5. In brief, after refreshing the culture medium on
the assigned days, 400 μl serum free DMEM and 40 μl MTT solution
(5mg/ml) are added to each well, for 4 h. The yellow MTT dye is turns
dark blue formazan by the mitochondrial reductase enzyme in living
cells after incubation. The MTT solution is removed, and 200 μl DMSO
solution is added to dissolve the formazan crystals. The plate is kept at
room temperature for 1 h to assure dissolution of formazan. The dis-
solved formazan solution is added to 96-well plate (100 μl per well).
The absorbance values of each solution are measured through a mi-
croplate reader (680, Bio-Rad, Hercules, CA/USA) and the optical
density (OD) is measured at 570 nm wavelength.

2.10.2. Cell morphology studies
The morphology and adhesion of MG-63 cells on the PHB, PHB-CTS

and PHB-CTS/3% Al2O3 composite scaffolds are assessed on day 1 and 7
after being cultured by SEM. The scaffolds are rinsed three times with
PBS and next are immersed in glutaraldehyde (3%) as a fixation solu-
tion and then placed at 4 °C for 1 h. After removing glutaraldehyde,
scaffolds are immersed in 50, 70, 90, and 100% ethanol for 30min at a
time, at 4 °C to become dehydrated. The scaffolds are dried and after

being coated by AU-Pd (Gold-Palladium) and their images are taken by
SEM (ZEISS/Germany).

2.10.3. Alkaline phosphatase activity assay
Alkaline phosphatase (ALP) is a biochemical marker applied in

differentiating and mineralizing to evaluate of scaffolds for MG-63 cell
[4]. Alkaline phosphatase is an enzyme that causes of separation
phosphate from p-nitrophenyl phosphate, and converts it into p-Ni-
trophenol (PNP). Light absorbance of the yellow PNP, is measured as a
guideline to ALP activity. DMEM is removed on first, second and third
weeks from scaffolds and rinsed twice with PBS. The cells are cen-
trifuged for 10min at speed of 2000 for 10min after being transferred
to the eppendorf, then the PBS are removed and 20 μl of Triton X-100 is
added to the eppendorf and placed in the refrigerator at −20 °C for
30min. One milliliter of the alkaline phosphatase solution, prepared
according to manufactures guidelines, is added into the eppendorf.
Then, 100 μl of this Eppendorf is poured in the 96-well plate and read
by microplate reader (680, Bio-Rad, Hercules, CA/USA) at 405 wave-
lengths.

2.11. Statistical analysis

All experiments are run in triplicate. The results are expressed as the
means± standard error (SE). A value of p < 0.05 is considered to be
statistically significant. The one way ANOVA analysis is applied to
compare the samples.

3. Results and discussion

3.1. Evaluation of scaffold morphology

3.1.1. Scanning electron microscopy (SEM)
Electrospinning is a powerful and appropriate technique for pro-

duction of 3-D scaffolds applied in tissue engineering based on bending
instability, which both of the fiber diameters and their distribution are
important [62]. SEM images are show in Fig. 1, where the fully porous,
uniform and bead-free structure of the prepared scaffolds can be ob-
served.

The histogram of the composite fibers is given to determine the fiber
diameters and their distribution. The fiber diameters and their average
porosity percentage of these samples are tabulated in Table 3.

Adding CTS to PHB can have two contradictory effects on the fiber
diameter. a) Decrease in fiber diameters, because CTS has positive
charge, thus, the solution tendency to be sprayed from the syringe
decrease. The same trend is observed in [28,63]. b) Some new inter-
molecular hydrogen bonds are formed between carbonyl groups of PHB
and amino groups in CTS. These bonds formation can enhance surface
tension and cause an increase in fiber diameter. This increase is ob-
served after CTS is added to PHB [64] and added to PLA [65].

In this study it is observed that the fiber diameters significantly
increase from 321 nm for PHB pure electrospinning fibers to 426 nm for
PHB-CTS alloy polymer (p < 0.05). After adding Alumina it is ob-
served that the fiber diameters become significantly larger, from
426 nm to 645 nm (p < 0.05). There exist studies where in some
ceramic-polymer solutions like CaCO3 and HA in PCL [66] and Alu-
minum Oxide whiskers in PCL [35], the average of fiber diameters
become larger when the concentration of these ceramics increase in the
polymer solutions. This fact may be due to non-electrical conductivity
inherent in these ceramics. An increase in the Alumina in high con-
centration, sometimes leads to observable agglomerations in SEM
images especially at 5% wt. Alumina (Fig. 1(g)). High agglomeration in
polymer solution cause a reduction in tensile force at the jet point
which increases the diameter of the fibers and the distribution of the
fibers in an asymmetric manner [28]. The presence of thick and thin
fibers together in PHB-CTS/5%Al2O3 image and its high standard error
in the fiber diameters in Table 3 are resulted from the high
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agglomeration.
The morphology of the fibers like diameter, pore size and porosity of

scaffolds influence cell behavior [67]. The volume of porosity is an
important issue for oxygen and moisture penetration and channeling
nutrients into the interior and the waste exit from the cells. In this study
the porosity percentages of the scaffolds are illustrated through MA-
TLAB for three layers of each sample similar to other researchers
[68,69]. The results of all specimens are tabulated in Table 3; where as
observed in the first layer, for all scaffolds (except 5% Alumina) por-
osity is above 80%, which is appropriate in tissue engineering. In 5%
Alumina, increasing fiber diameter and presence of agglomeration can
cause a reduction in porosity [28]. For second and third layers the
porosities are about 40 and 20%, respectively, demonstrating inter-
connectivity in pores with a positive effect on cell growth [68]. The
results indicate that by adding Alumina and CTS in PHB, the proper
fiber diameters and porosity percentages are considered as the initial
necessary condition for electrospun scaffolds in tissue engineering.

3.1.2. Field emission scanning electron microscopy (FESEM)
For more accurate details the surface morphology of fibers is as-

sessed by FESEM. The images of PHB-CTS and PHB-CTS/5%Al2O3 are
shown in Fig. 2. As observed, the fibers without Alumina are smooth
and the ones with Al2O3 are wrinkled. This wrinkling causes increase in
surface roughness, which could better cell adhesion and cell prolifera-
tion. Formation of wrinkles become enhanced after adding Al2O3

whisker to PCL electrospun fibers [35], who reported that an increase in

wrinkles can increase surface roughness and could mimic the natural
extracellular matrix (ECM) more closely.

3.1.3. Atomic force microscopy (AFM)
Cell adhesion as an important key in tissue engineering technology

is mostly influenced by surface roughness [70]. PHB-CTS and PHB-CTS/
5% Al2O3 composite scaffold are analyzed by AFM to assess the effect of
Alumina presence in fibers. The results are shown in Fig. 3, where that
topography of PHB-CTS/5% Al2O3 composite scaffold reveal that more
tops and valleys are compared with that of PHB-CTS. The average
roughness (Sq) of PHB-CTS is 346.2 ± 23 nm, while significantly in-
creased to 492.6 ± 67 nm after adding Alumina, (p < 0.05). The
surface roughness for one of the fibers is evaluated as well;
28.3 ± 12 nm and 79.5 ± 23 nm are given for PHB-CTS and PHB-
CTS/5%Al2O3, respectively. Previous studies reveal that osteoblasts,
fibroblasts, smooth muscle cells, chondrocytes and endothelial cells
respond better to surface roughness in nanometer compared to smooth
surface [71,72]. Chen et al. assumed the positive influence of surface
roughness of electrospun scaffolds on skeletal differentiation of human
mesenchymal stromal cells (hMSCs) [4].

3.1.4. Energy dispersive X-ray spectroscopy (EDS)
Fig. 4 is showing the map of EDS. The white dots which related to

Al, demonstrate the uniform distribution of Alumina nanowires in PHB-
CTS/3%Al2O3. This result is the evidence of well-distributed Alumina
nanowires in PHB-CTS/3%Al2O3 composite scaffolds. The appropriate
mechanical properties and biocompatibility of the scaffolds can be due
to uniform distribution of reinforcement in the host matrix, making the
evaluation of nanowires location essential [73–75].

3.1.5. Transmission electron microscopy
The TEM image of electrospun fiber PHB-CTS/5%Al2O3 composite

scaffold is shown in Fig. 5; where as observed the Alumina nanowires
are aligned in the fibers. This alignment is due to the ability of single-
dimensional nanostructures in the electrospinning process [6,36]. Al-
though the Alumina nanowires applied here are of 200–400 nm in
length and 4–6 nm in diameters, they appear bigger. This phenomenon
can be a sing of interfacial interactions as mentioned by Ciprari et al.
[76].

Fig. 1. SEM images at 1000, 10000 and 25,000 magnifications and histograms illustrating the diameter distribution of (a) PHB, (b) PHB-CTS, (c) PHB-CTS/1%Al2O3,
(d) PHB-CTS/2%Al2O3, (e) PHB-CTS/3%Al2O3, (f) PHB-CTS/4%Al2O3, (g) PHB-CTS/5%Al2O3.

Table 3
The average fiber diameters of the scaffolds and the porosity percentage are
assessed through Image J and MATLAB softwares, (a) PHB, (b) PHB-CTS, (c)
PHB-CTS/1%Al2O3, (d) PHB-CTS/2%Al2O3, (e) PHB-CTS/3%Al2O3, (f) PHB-
CTS/4%Al2O3, (g) PHB-CTS/5%Al2O3.

Samples Average fiber diameters(nm) Porosity percentage

First layer Second layer Third layer

(a) 321.1 ± 61 81.70 51.71 20.14
(b) 426.5 ± 36 81.51 46.61 22.09
(c) 481.2 ± 69 82.92 46.04 20.50
(d) 512.3 ± 57 81.89 47.45 21.75
(e) 518.0 ± 71 81.38 48.11 25.95
(f) 554.0 ± 68 80.11 50.93 21.64
(g) 645.2 ± 192 79.75 47.53 24.00

Fig. 2. FESEM images for (a) PHB-CTS and (b) PHB-CTS/5%Al2O3 composite scaffold.
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3.2. Fourier transform infrared spectrometry

FTIR and FTIR-ATR tests are run to characterize the functional
groups of polymers and Alumina addressed in this study. FTIR ab-
sorption bands are applied to evaluate both the crystallinity in polymers
and the evidences on miscibility of the blend polymers [77–79]. The
results of these tests are shown in Fig. 6 and tabulated in Table 4.

The spectrum of the pure PHB scaffold is shown in Fig. 6(a). The

characteristic of PHB band at 1720 cm−1 is related to stretching ab-
sorption of carbonyl group, (υC]O) as the crystalline phase of PHB
[69,79,80]. The 980 cm−1 correspond to CeC stretching [69,79,81],
1227 cm−1 for CeOeC stretching [69,79,82] and 1276 cm−1 for sym-
metric CeOeC stretching [21,69,79–83] as crystalline phase of the
PHB. The absorption at the peak 1184 cm−1 is attributed to asymmetric
CeOeC stretching groups which arise from the amorphous phase of
PHB [69,79,80,83]. Carboxyl group (υCeH) appear at
2794–3041 cm−1 range [21] and 3433 cm−1 refers to hydroxyl end
groups (υOeH) [21]. The spectrum of CTS film (prepared by solving in
TFA) is shown in Fig. 6(b). The peaks at 3540 cm−1 are attributed to the
overlapped OeH hydroxyl groups and 3360 cm−1 NeH stretching vi-
brations [84,85].

In higher wavenumbers there exists a broad asymmetric band at
around 2948 and 2866 cm−1 [84], attributed to the CeH stretching
modes. The peak at 1650 cm−1and 1597 cm−1 is related to amide I,II,
respectively [84,86]. The peak at 1076 cm−1 is attributed to char-
acteristic polysaccharide bands. The spectrum of PHB-CTS fibers scaf-
fold is shown in Fig. 6(c), where as observed there exist small shoulder
at 1670 cm−1 near the peak at 1724 cm−1. For CTS amid I in
1650 cm−1 small shift is observed toward 1670 cm−1 and stretching
absorption of carbonyl group of PHB shifts from 1720 to 1724 cm−1,
related to miscibility and interaction between PHB and CTS [86]. Other
researchers have observed a shift toward higher wavenumber for PHB
carbonyl groups' after adding CTS, and have explained that by dis-
turbances in the crystalline portion [69]. It is notable that intensity of
carboxylic group peaks (2794–3041 cm−1) is reduced after adding CTS
to PHB. This is due to formation of intramolecular hydrogen bonds
between the carbonyl groups in PHB and amine functional groups in
CTS. The FTIR spectrum of Alumina nanowires are shown in Fig. 6(d),
where there exist broad bands around 660 and 867 cm−1 attributed to
AleOeAl and AleO stretching mode, respectively [50,87–90]. The
spectrum of PHB-CTS/3% Al2O3 composite scaffold is shown in
Fig. 6(e). The total effect of Alumina nanowires after adding in to PHB-
CTS alloy relatively decreases the intensity of peaks in the
500–1000 cm−1 region and increases the intensity after 1000 cm−1.
Successful adding of Alumina nanowires in this scaffold are approved
by observing two closed peaks in this spectrum at 806 and 820 cm−1,
where the first is related to Alumina nanowires and the second is at-
tributed to PHB-CTS. In PHB-CTS/3%Al2O3composite scaffold spec-
trum, the intensity of carboxylic group peaks (2794–3041 cm−1) is
reduced after adding Alumina. This is a sign of polar coupling and
hydrogen bonding, which could cause proper adhesion between poly-
mers and Alumina [91,92].

To study the changes in polymers' crystallinity, the FTIR absorption
spectrum is applied as well. The crystallization of pure PHB is de-
termined by calculating the ratio between the bands at 1184 cm−1 and

Fig. 3. The 3D images of AFM for (a) PHB-CTS and (b) PHB-CTS/5%Al2O3 composite scaffold.

Fig. 4. Presence of Aluminum in nanofiber electrospun in PHB-CTS/3%Al2O3

composite scaffold.

Fig. 5. Presence of Alumina nanowires in PHB-CTS/5%Al2O3 electrospun fi-
bers.
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1382 cm−1 intensities by [93], while the ratio between the bands at
1228 cm−1 and 1453 cm−1intensities are assumed as absorbtion index
(AI) by [77,94,95]. Here, this ratio is calculated and tabulated in
Table 4.

Although the decrement of crystallinity after adding CTS to PHB is
not observed in Table 4, some researchers have found a decrease in
crystallinity after adding CTS to PHB [86,96–98]. Formation of hy-
drogen bonding after adding CTS to PHB act as bridges between two
polymers; consequently, facilitating miscibility of the polymers in the
blend fibers and prevent crystallinity. Crystallinity of pure PHB fibers
are reduced from 67.5% to 37.7% after adding CTS in ratio(50:50)
[69].This reduction in crystallinity is observed after adding CTS to
other polyesters like PCL [85]. After adding Alumina, as observed, in
Fig. 6(e), the peak at 1724, which is related to crystalline phase, be-
comes sharper. Furthermore in Table 4, the absorption index (AI) be-
comes greater. The Alumina nanowires act as nucleating agents, leading
to an increase in crystallinity degree.The same trend is reported after
adding titanium dioxide nanoparticles to PCL solution [99] and adding
Zinc oxide nanopowder to Poly(3-hydroxybutyrate-co-3-hydro-
xyvalerate) [100,101]. This increase in crystallization could affect the
mechanical properties [102] and degradation rate [103]; moreover it
can affect fiber diameters.

3.3. Thermal characterization analysis (TGA, DTG)

The thermal behavior of the PHB, PHB-CTS and PHB-CTS/5% Al2O3

composite fibers are analyzed through TGA and DTG, Fig. 7. The initial
decomposition temperature (Ti) and the final decomposition tempera-
ture (Tf) are extracted from TGA and the temperature at which the
maximum mass decomposition occurs (Td; as a criterion of thermal
stability) is extracted from DTG and the results are tabulated in Table 5.
All 3 specimens expose single stage mass in TGA. For PHB fibrous
scaffolds, before Ti: 235 °C, approximate 3% weight loss is observed due
to volatilizing of low-molecular-weight materials like water. Here, the
Td for PHB fibers occurs in around 260 °C due to degradation of PHB
chains, and the same value is reported by [77,81]. After Tf (277 °C) no
significant weight loss is observed. For PHB-CTS, Ti decreases to 217 °C

compared to that of pure PHB. This decrease could be the result from
proper miscibility and compatibility between the two polymers, which
is reported for PVA-PHB by Asran et al. [69]. The thermal stability of
PHB-CTS blending alloy (Td: 268 °C)is slightly higher than pure PHB
[69,104].

After adding Alumina, Ti begins at the same temperature where the
PHB-CTS scaffold begins. The degradation rate of the scaffolds with
Alumina is slower than the others. This slow degradation rate is due to
incorporation of Alumina into the scaffolds [87]. After Alumina is
added the Td increases from 268 to 271 °C due to the ceramic content,
as expected. These obtained results indicate that the fibers reinforced
with ceramic, decompose at a higher temperature with a slower gra-
dient, which is reported by [101,105].

3.3.1. Differential scanning calorimetry (DSC)
When assessing DSC, in addition to obtaining information on the

thermal behavior of the scaffolds, it is possible to estimate the alloying
effect of and reinforcement addition on the crystallization process. Here
electrospinning process could improve crystallization degree because
during the electrospinning, polymer molecules have the tendency to be
oriented in the fibers direction [59]. The DSC curve of PHB, PHB-CTS
and PHB-CTS/5%Al2O3 composite scaffold is shown in Fig. 8, where for
all 3 specimens, there exist two endothermic peaks attributed to the
melting temperature (Tm1, Tm2). Tm1 corresponds to the melting of the
as-formed PHB crystals in electrospun fibers, and Tm2 is attributed to
the recrystallized PHB crystals formed during DSC heating
[69,106,107]. The melting point of these specimens and the crystal-
lization degree are obtained from the first endothermic peaks of DSC
and calculated, respectively, Table 5. For PHB fibers Tm1 is 179 °C and
the enthalpy is 67(J/g). Both of melting temperature and enthalpy
decrease after alloying [107]. The CTS as an amorphous polymer slows
the crystallization rate of PHB, consequently, the melting point of PHB-
CTS decrease [69,107]. One of the reasons for the lowering of melting
temperature is the proper miscibility of the two polymers. A decrease in
lamellar thickness in PHB crystallites after adding CTS, because of the
formation of new Hydrogen bonding can be another reason [86]. The
same effect is observed after adding CTS to PLA [106] and adding CTS
to PHB [69]. The crystallization degrees for PHB is calculated 45.89%,
while after adding CTS, it decreases down to 42.49%. Alumina nano-
wires act as nucleating agents and increase the crystallinity up to
50.17%.

3.4. Analysis of surface hydrophilicity

Hydrophilic surfaces usually present proper spreading, proliferation
and differentiation with an important effect on the field of tissue

Fig. 6. The FTIR-ATR spectrum of (a) PHB fibers, (b) CTS film, (c) PHB-CTS fibers, (d) FTIR spectrum of Alumina nanowires, (e) PHB-CTS/3%Al2O3 composite
scaffold.

Table 4
Absorption indexes (AI) calculated through the ratio A1228/A1453.

Specimen A1228 A1453 AI= A1228
A1453

PHB 18.00 14.73 1.22
PHB-CTS 12.76 9.89 1.39
PHB-CTS/3%Al2O3 4.20 1.96 2.48
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engineering [80]. Water contact angle (WCA) is a common method
adopted testing hydrophilicity of fibers scaffolds [63]. The results for all
specimens in Table 2 for this measurement are tabulated in Table 6. The
PHB as a polymer with low hydrophilicity, has a major contact angle
among the other specimens, as expected. The value is 80.5 ± 2.0°,
which is reported by [27,79], while after adding CTS as a natural
polymer, it decreases down to 54.3 ± 0.9° at contact angle (p < 0.05).
After adding Al2O3, a significant decrease is observed; from
45.6 ± 1.1° to 30.3 ± 0.7° for 4% Al2O3 (p < 0.05), while at 5%
Al2O3 this angle slightly increases to 32.1 ± 1.0°. Contact angle does
not depend only on the material composition but depends on surface
features like roughness [21,63]. Adding Alumina has two controversial
effects on WCA: A, i) its hydrophilic nature and ii) formation of hy-
drogen bounding in the composite scaffold [108] which decrease in

WCA, observed in 1–4% wt. Alumina, while adding higher amounts of
Alumina, especially 5%: B, i) increasing the crystallinity of the fibers
(FTIR and DSC results), ii) increasing in the fiber diameters and disrupt
their uniform distribution (SEM results) and iii) increasing in surface
roughness of the fiber (FESEM and AFM results) leads to the trapped air
bubbles in the fibers and cause a slight increase in WCA, which is ob-
served in similar researches [21,104].

3.5. Mechanical analysis

Scaffolds designed for bone tissue engineering, in addition to re-
quiring proper degradation, cell growth and biocompatibility must
have proper mechanical properties in bearing load. The tensile strength
and modulus can be assessed for mechanical properties of electrospun
fibers. In order to regenerate a new tissue through composite scaffolds,
the volume of reinforcement is optimized based on the mechanical
analysis. The results of the stress-strain curve in PHB, PHB-CTS and
PHB-CTS/(1–5%) Al2O3 composite scaffolds are tabulated in Table 7.
Although PHB has proper mechanical properties compared to other
polymers, it is not sufficient for it to be applied on its own in skeletal
engineering scaffolds due to its low hydrophilic nature and inherent
brittleness. Presence of CTS in PHB next to enhanced hydrophilicity,
reduce the tensile strength from 2.81 ± 0.15MPa to 0.89 ± 0.26MPa
and the modulus from 126.3 ± 22.2 to 44.6 ± 0.2MPa in a sig-
nificant manner (p < 0.05). This decrease is reported by other re-
searchers [27] and it might due to a decrease in crystallinity. Alumina
nanowires as reinforcement phases can improve the mechanical prop-
erties. The obtained results indicate that an increase in nanowires vo-
lume in the scaffold at 3% wt increase the tensile strength became>10
fold (11.18 ± 1.24MPa) in relation to PHB-CTS. Placing nanowires
along the fibers in uniform distribution are contributed to external
forces tolerance. The strong interfacial adhesion between the phases,
formed by the hydrogen bonding should not be ignored. There exist an

Fig. 7. (a) TGA and (b) DTG for PHB, PHB-CTS and PHB-CTS/5%Al2O3 composite scaffolds.

Table 5
Ti, Td, Tf, Tm1, ΔHm1 and χ% for PHB, PHB-CTS and PHB-CTS/5%Al2O3 composite scaffolds.

Samples Ti
(°C)

Td
(°C)

Tf
(°C)

Melting point;
Tm1(°C)

ΔHm1 (J/g) Degree of crystallization (χ%)

PHB 235 260 277 179 67.0 45.89%
PHB-CTS 217 268 290 166 51.7 42.49%
PHB-CTS/5%Al2O3 217 271 310 157 57.6 50.17%

Fig. 8. DSC curves of PHB, PHB-CTS and PHB-CTS/5%Al2O3 composite scaf-
folds.

Table 6
Water contact angle for (a)PHB, (b)PHB-CTS, (c)PHB-CTS/1%Al2O3, (d)PHB-CTS/2%Al2O3, (e)PHB-CTS/3%Al2O3, (f)PHB-CTS/4%Al2O3 and (g)PHB-CTS/5%Al2O3.

Samples (a) (b) (c) (d) (e) (f) (g)

WCA 80.5 ± 2.0 54.3 ± 0.9 45.6 ± 1.1 45.3 ± 1.1 31.1 ± 0.7 30.3 ± 0.7 32.1 ± 1.0
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appropriate interconnection between Alumina and polymers compo-
sites caused by hydrogen bonding at the presence of carboxylic ester
groups and Alumina [90,92]. The strong interface between Alumina
nanoparticles and PVA is to increase the ultimate tensile stress and
modulus in electrospun fibers [109]. Although some authors have
emphasized on the contributive aspect of crystallinity on mechanical
properties effects of PHB electrospun fibers [108], it is assumed that
this slight increase in fiber crystallinity on its, own is not responsible for
this abrupt effect on mechanical properties [110]. According to Arin-
stein et al. an abrupt increase in modulus in polymeric fibers may be
attributed to more ordered structure of the fibers [110]. This increase in
the ordered structure, in addition to crystallization degree, includes
some parameters like the orientation of crystallites in the fiber axis and
the orientation of the macromolecule in the amorphous segments
[110]. This scope in this field needs more research. One of the most
abrupt effects on Young modulus is observed when the diameters of the
fibers are around 500 nm [111,112]. Adding higher amounts of Alu-
mina nanowires, especially at 5%, increase fiber diameters, disturbs
their uniform distribution and causes agglomeration in the nanowires.
Presence of these agglomerates, not only act as stress concentration
points, but reduce the mobility of the polymeric chain [28], thus a
reduction in crystallinity. The above mentioned phenomena at 5%
Alumina can reduce Stress to 1.79 ± 0.28MPa in significant manner
(p < 0.05). According to the mechanical analysis and the SEM results,
the PHB-CTS/3% Al2O3 composite scaffold is selected for the following
analysis with respect to PHB and PHB-CTS.

3.6. In vitro degradation

Because the regeneration of new tissue on scaffolds is essential in
predicting PHB-base composite scaffold behavior, in vitro evaluation of
the composite biodegradation is essential. The mechanism of in vitro
degradability of PHB, PHB-CTS and PHB-CTS/3% Al2O3 composite
scaffold are evaluated by immersing them in a PBS solution for
100 days.

3.6.1. Morphology of the fibers
The surface morphology of PHB-CTS/3% Al2O3 composite scaffold

changes after 100 days in vitro degradations, Fig. 9. Studies reveal that
degradation rate varies in different polymers. Any change in surface
morphology in polymers is often of two types: surface melting and fiber
breaking. Melting occurs in amorphous segments to reduce surface
tension, while breaking of fibers in crystalline segments is due to their
rigidity and immobilization [15,113].

3.6.2. Weight loss evaluation
The PHB as a polymer with low hydrophilicity, is subject to surface

erosion [114,115], while CTS is subject to bulk degradation due to its
hydrophilic nature [116]. The weight loss percentages are shown in
Fig. 10. The three scaffolds of concern here reveal an initial slow weight
loss, which is appropriate for tissue engineering applications. The PBS
can penetrate into polymer network and increases degradation rate
through hydrolytic degradation. Although electrospun fibers have high
surface-to-volume ratio, and its high porosity is an advantage to in-
crease the degradation rate, while PHB fibers have long degradation
time [21]. Hydrophilic nature of CTS can be one of the important fac-
tors for an increase in degradation rate for PHB-CTS alloy, while a
decrease in the water contact angle can be another important factor
(Table 6). The amorphous tendency of the scaffold after adding CTS
should not be ignored. The same effect is observed when adding cel-
lulose acetate in PHB solution [21].

Here, it is observed that degradation rate follows the following
trend: PHB-CTS > PHB-CTS/3% Al2O3 > PHB scaffold. This phe-
nomenon can be explained by paradoxical performance of Alumina,
that is as an inert bioceramic, it does not solve in PBS and with holds
the scaffolds weight, while due to its hydrophilic nature, increases the
degradation rate as to of weight loss.

3.6.3. Changes in pH
The incubation medium of pH volumes for PHB, PHB-CTS and PHB-

CTS/3% Al2O3 composite scaffolds are shown in Fig. 11, where the
initial pH of PBS is 7.4. In general pH tends to decrease during de-
gradation time and this may be due to production of hydroxybutyric
acid, which is produced through PHB degradation [3] or due to pre-
sence of carboxyl and hydroxyl groups in polymer structure [28]. This
reduction in pH for PHB-CTS is higher than other scaffolds and ap-
proaches 6.8 at day 100. This observed reduction is similar to that of
the weight loss reduction trend: PHB-CTS > PHB-CTS/
3%Al2O3 > PHB scaffolds. It should be noted that in degradation
process, long chains are converted into short chains. These monomers
as catalyzers accelerate degradation process and cause a decrease in pH
[28].

3.6.4. FTIR assessment
The FTIR-ATR spectrums for PHB-CTS/3% Al2O3 composite scaf-

folds as spun and its degradation on day 100, within 600–2000 cm−1

Wavenumber rang is shown in Fig. 12. Amorphous structure

Table 7
Mechanical properties (tensile strength and moduluse) of electrospun samples
(n =3) for (a) PHB, (b) PHB-CTS, (c) PHB-CTS/1%Al2O3, (d) PHB-CTS/
2%Al2O3, (e) PHB-CTS/3%Al2O3, (f) PHB-CTS/4%Al2O3, (g) PHB-CTS/
5%Al2O3, (Statistical difference with p < 0.05).

Scaffolds Tensile strength (MPa) E-Modulus (MPa)

(a) 2.81 ± 0.15 126.3 ± 22.2
(b) 0.89 ± 0.26 44.6 ± 0.2
(c) 1.80 ± 0.15 154.1 ± 39.0
(d) 6.38 ± 0.77 176.8 ± 31.1
(e) 11.18 ± 1.24 539.0 ± 54.9
(f) 4.28 ± 0.50 120.5 ± 92.6
(g) 1.79 ± 0.28 58.6 ± 8.9

Fig. 9. SEM images for in vitro degradation after 100 days, 1500 and 2500×. The arrows show fiber breakage and circles show surface melting.
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degradation occurs twenty times faster than crystalline segments [115].
This can be due to the disordered nature of molecular chains in
amorphous segments, which leading to less density. As observed, the
intensity increases at peaks 980, 1227, 1284 and 1720 cm−1 wave-
number which is attributed to crystalline phase of composite

electrospun fibers, while no change is observed at 1184 cm−1, and the
later corresponds with the amorphous phase of the composite. A de-
crease is observed in intensity at 1670 cm−1 (amide I, CTS) after de-
gradation. Hydrolyzes of CTS bonds might be a reason for this reduc-
tion.

The absorption indexes (AI) calculated for spectroscopy of PHB-
CTS/3%Al2O3 as spun and at day 100 of degradation, the results ob-
tained here are tabulated in Table 8.

There exist many observations on the crystallinity increase in
polymers through FTIR or DSC after degradation interval [117–120].
This phenomenon can be explained by the fact that the PBS molecules

Fig. 10. Weight loss percentages for PHB, PHB-CTS and PHB-CTS/3%Al2O3 nanowires electrospune fibers within 100 days immersion in PBS (Statistical difference
with *p < 0.05).

Fig. 11. The pH of the incubation medium for PHB, PHB-CTS and PHB-CTS/3%
Al2O3 nanowires scaffolds within 100 days immersion in PBS.

Fig. 12. The FTIR-ATR spectrum of PHB-CTS/3% Al2O3 composite scaffolds as spun and its degradation on 100 day.

Table 8
Absorption indexes (AI) calculated through the ratio A1228/A1453, for PHB-CTS/
3%Al2O3 as spun and at 100 day degradation.

Specimen A1228 A1453 AI= A1228
A1453

PHB-CTS/3%Al2O3

(as spun)
4.20 1.69 2.48

PHB-CTS/3%Al2O3

(at day 100 degradation)
13.10 2.54 5.15
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diffuse easier in amorphous chain by breaking the amorphous chains.
This rapid hydraulic degradation and the amorphous peaks thereof
have less intensity after degradation. Breaking the chains in these areas
reduce molecular entanglement degree and promote macromolecular
chain mobility. Accordingly, this mobility leads to more ordered and re-
aligned polymer chains and an increase in the crystallinity after de-
gradation [118].

3.7. Assessment of bioactivity properties

3.7.1. Morphology of the fibers
One of the important aspect as to bone tissue engineering is the

ability of bone bonding (bioactivity) [5,15]. The ability to form a hy-
droxyapatite (HA)-like surface layer is considered as one of the bioac-
tivity indicators when the scaffold is immersed in SBF. The potential for
formation of this layer through ion exchange phenomenon depends on
substrate reactivity (dissolution–precipitation) [121]. This layer pro-
vides a physico-chemical and mechanical cohesion between the scaffold
and the host bone during the biomineralization process [15].

The SEM images of PHB, PHB-CTS and PHB-CTS/3% Al2O3 com-
posite scaffolds at day 28 immersion in SBF are shown in Fig. 13. For
more accurate details, the scaffold containing Alumina nanowires is
assessed on the 7th day as well. There is no considerable sediment on
the surface of PHB as observed in Fig. 13(a). Although the effect of
polysaccharides like CTS on bioactivity is reported by [15], in PHB-CTS
the presence of sediment is hardly observed (Fig. 13(b)). The intriguing
point in Fig. 13(c), is that some sediment is observed the PHB-CTS/3%
Al2O3 composite scaffold at day 7, which is followed by complete
coverage at day 28 as observed in Fig. 13(d). Increasing the hydro-
philicity in the scaffolds can be a reason for the increase in sediment(s)
accumulation [122]. Teimouri et al. reported an increase in biominer-
alization after adding γ-Alumina nanoparticles to silk fibroin/chitosan
electrospun fibers [87].

3.7.2. Energy-dispersive X-ray spectroscopy (EDS)
To determine the chemical characteristics of these sediments,

Energy-dispersive X-ray spectroscopy (EDS) is applied on Alumina
contained scaffolds at days (a) 7 and (b) 28 immersed in SBF. Presence
of calcium and phosphor in these sediments verified through EDS in
Fig. 14. Although the results of EDS are not able to accurately de-
termine the elements, presence of calcium and phosphorus in the se-
diment composite is confirmed.

3.7.3. X-ray diffraction analysis
To analysis and determine the structure of sediments, the X-ray

diffraction is applied on PHB-CTS/3%Al2O3 composite scaffold at day
28 of immersion in SBF. There exist studies where that the peaks of PHB
fibers appear at 2θ values of 13.2°, 17.1°, 25°, 26.5°, 26.7°, 28.5° and
31.6° assigned to (020), (110), (200), (021), (101), (121) and (002) of
the orthorhombic unit cell, respectively [3,21,123]. Although the
crystalline structure of PHB remains in during electrospinning process
[21], presence of CTS, due to its amorphous nature, cause a decrease in
its peak intensity. This masking effect due to intermolecular interactions,
is already revealed by adding gelatin [116] and acetate cellulose [21] in
the blend fibers based on PHB.

As observed in Fig. 15, formation of Calcium Phosphate (Ca2P6O17)
on the Alumina nanowires containing scaffolds surface is verified
through XRD. The Calcium Phosphate peaks (Ca2P6O17; JCPDS number:
00-43-0224) are appear at 2θ values of 17.19°, 19.33°, 22.21°, 24.9° and
26.8° assigned from (110), (−121), (−131), (002), (022) faces, confirm
Calcium Phosphate deposition.

3.7.4. Cell viability assay
The MTT assay is run to assess the MG-63cell viability of PHB, PHB-

CTS and PHB-CTS/3% Al2O3 composite scaffolds at days 1, 3, and 7.
The maximum of MG-63 cell viability is for PHB-CTS/3% Al2O3 com-
posite scaffolds and the minimum is for PHB are shown in Fig. 16. Low
hydrophilicity of PHB is one of the most important factors in this

Fig. 13. SEM images of (a) PHB and (b) PHB-CTS at day 28 and PHB-CTS/3%Al2O3 composite scaffolds at (c) day 7 and (d) day 28, immersed in SBF.
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phenomenon. After adding CTS and Alumina which increase hydro-
philicity, the absorption of essential proteins for cell to surface re-
ceptors' (vitronectin and fibronectin) binding increases and leads to
enhanced cellular adhesion and proliferation [15,116,124].

3.7.5. Cell morphology studies
To assess the adhesion and proliferation of MG-63 cells, SEM images

are shown in Fig. 17, at days 1 and 7 after the cell is cultured on PHB,
PHB-CTS and PHB-CTS/3%Al2O3 composite scaffolds. The cells on pure
PHB fibers are still in round-in shaped as observed in Fig. 17 (a, b), due

to low hydrophilicity of PHB [19,21]. As observed for PHB-CTS
(Fig. 17(c,d)) or PHB-CTS/3%Alumina composite scaffolds
(Fig. 17(e,f)) cells adhere and are completely spread on the surface.
They form a layer on the surface and have many pseudopodia. Ac-
cording to the obtained results, the growth and proliferation of MG-63
cells are higher in PHB-CTS/3%Al2O3 composite scaffolds than that of

Fig. 14. Energy-dispersive X-ray spectroscopy of PHB-CTS/3%Al2O3 at days (a) 7 and (b) 28 immersed in SBF.

Fig. 15. XRD pattern of PHB-CTS/3% Al2O3 composite scaffold at day 28 im-
mersed in SBF. The Insert image shows the standard pattern for calcium
phosphate (00-043-0224).

Fig. 16. Cell viability as indicated by MTT assay of MG-63 cells seeded on
electrospun PHB, PHB-CTS and PHB-CTS/3%Al2O3nanowires at days 1, 3, and
7. (Statistical difference with *p < 0.05, **p < 0.01).
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the PHB or PHB-CTS. One reason, for this cell growth is the high hy-
drophilicity of the fiber, another reason is the increase in surface
roughness of the fibers. The positive effects of increasing surface
roughness on the adhesion of the MG-63 cell are studied by [54,125].
The presence of white calcium phosphate sediment layer is significant
and is observed only in the scaffold containing Alumina at day 7, and
even at day 1. The PCL fibers reinforced with Al2O3 whiskers, support
fibroblast cell attachment and growth [35]. These findings demonstrate
that adding Alumina nanowires will have positive affect on biological
properties and compatibility of MG-63 cell attachment and growth,
which being promising scaffolds for bone tissue engineering.

3.7.6. Alkaline phosphatase activity assay
Because a high amount of calcium phosphate which deposited on

PHB-CTS/3% Al2O3 composite scaffolds even on the first week, in ad-
dition to the proper results from MTT and SEM for MG-63cell line, the
alkaline phosphatase (ALP) secretion rate is assessed to estimate the
activity of the osteoblasts. This activity of cultured MG-63 cells on PHB,
PHB-CTS and PHB-CTS/3%Al2O3 composite scaffolds at weeks 1, 2 and
3 is shown in Fig. 18. It is observed that the alkaline phosphatase se-
cretion on PHB-CTS is more than that of the PHB pure scaffolds, though
not significant, (p < 0.05). The positive effect of CTS on ALP is studied
by Jafary et al. [126]. The ALP secretion in the PHB-CTS/3%Al2O3

composite scaffolds is higher than other samples (p < 0.05), at during

the culture. Webster et al. reported that synthesis of ALP and calcium-
containing mineral sediment in nanophase Alumina [58]. Higher
roughness on the surface of the fibers, and an increase in human me-
senchymal stromal cells (hMSCs) adhesion, could also increase alkaline

Fig. 17. SEM images of MG-63 cells seeded on electrospun scaffolds (a,b)PHB, (c,d)PHB-CTS and (e,f)PHB-CTS/3%Al2O3nanowires, right column at day1, left
column at day 7.

Fig. 18. ALP secretion of PHB, PHB-CTS and PHB-CTS/3%Al2O3 scaffolds at
weeks 1, 2 and 3, (Statistical difference with *p < 0.05).
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phosphatase activity [4]. More roughness on the fibers can be another
affecting factor. Although the osteointegration property (the ability to
bonding with bone) of Titania is well known, some researchers reveal
that both the Alumina and Titania in nanophase structure can increase
osteoblast cells adhesion and alkaline phosphatase [54,58].

4. Conclusion

In this study, the PHB, PHB-CTS, PHB-CTS/3% Al2O3 nanowires
composite scaffolds are prepared through the electrospinning method.
The SEM results indicate an increase in fiber diameter due to presence
of Alumina nanowires. TEM assessment reveals Alumina nanowires are
aligned in the fibers. The distribution of nanowires in the composite
scaffold is completely uniform according to Map of EDS studies. The
FESEM indicate that presence of Alumina in the PHB-CTS alloy polymer
increases wrinkle level on the surface of the fibers, thus, the causation
of an increase surface roughness, confirmed by AFM. FTIR confirms the
presence of Alumina in the scaffold, revealing a qualitative increase in
crystallinity after adding Alumina nanowires to PHB-CTS scaffolds. This
increase is confirmed by DSC studies. Scaffolds become more hydro-
philic after Alumina is added. According to the mechanical properties,
the tensile strength increases> 10 fold in presence of 3% wt Alumina.
Presence of Alumina in the scaffolds increases the degradability (%
weight loss) of pure PHB scaffold, although its degradation is less than
that of the PHB-CTS scaffold. Degradation on amorphous and crystal-
line segments of the fibers can be easily observed by SEM. The FTIR
results indicate an increase in crystallinity after degradation. This study
indicates that calcium phosphate is deposited on Alumina containing
scaffold after 7 and 28 days of immersion in SBF. Presence of this layer
is confirmed by XRD. The EDS studies verify the existence of calcium
and phosphate in the sediment. In vitro cell culture indicates that
Alumina containing scaffold is appropriate in bone tissue engineering.
Cell viability on scaffolds measured by microplate reader through MTT
assay indicates a significantly higher value of absorption when MG-63
cells are cultured on Alumina contained scaffolds. The alkaline phos-
phatase secretion in the PHB-CTS/3%Al2O3 composite scaffolds is
higher than other samples. The results indicate that PHB-CTS/3%Al2O3

nanocomposite can be an appropriate scaffold for bone tissue en-
gineering applications.
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