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1. Introduction

Tissue engineering is recently being developed to supply the high de-
mand for human tissue and organ substitutes [1]. This approach has the 
potential to overcome challenges in autologous and allogeneic tissue trans-
planting such as donor site morbidity, limited availability and adverse im-
mune responses [2].

There are many considerable factors such as biocompatibility, con-
trolled biodegradability, architecture, mechanical features and fabrication 
method in investigating the compatibility of a scaffold for tissue engineer-
ing applications [2, 3]. It has always been a challenge for tissue engineers 
to design and fabricate scaffolds to mimic the naturally occurring extra-
cellular matrix (ECM) for providing an optimum cell-material and cell-
cell connection through structure or chemistry [4]. Appropriate selection 
of biomaterials, consumed in fabricating scaffolds is very important in the 
final features of a scaffold. One kind of unique polymers, used in fabrica-
tion of tissue engineering scaffolds, is polyhydroxy alkanoates (PHAs) [5].

PHAs are a group of aliphatic polyesters produced by a wide variety of 
bacteria under specific conditions. Polyhydroxybutyrate (PHB), a tremen-
dous group of PHAs, has become a focal research point due to its biode-
gradable and biocompatible characteristics [6].

Moreover, due to the valuable features of this polymer, such as good 
mechanical strength, dimensional stability, abrasion resistance, inherent 

piezoelectric properties, PHB was effectively chosen for the fabrication 
of tissue scaffolds [5, 6]. Piezoelectric materials can affect electrically 
stimulate different cell types in vitro and in vivo and play an important 
role in tissue regeneration [6].

In turn, PHB exhibits brittleness and surface hydrophobicity with 
a low degradation rate, making it less qualified to fabricate engineered 
scaffolds. In order to minimize the limitations mentioned above, PHB is 
required to be alloyed with other biomaterials to improve its mechanical 
features and attune other biophysical properties [7]. Researchers believe 
that blending PHB with natural polymers could modify its features  [6, 
7].

Due to their high biocompatibility, biodegradability and hydrophilic-
ity, natural polysaccharides such as starch receive considerable attention 
as a natural renewable material. Starch as an abundant and inexpensive 
biopolymer widely employed in pharmaceutical and medical applica-
tions [8]. Starch is composed of two kinds of polysaccharides as shown 
in Fig. 1. Exclusively consist of linear amylose with α‑(1,4) linkages 
(normally 20–30%) and α‑(1,6) branch linkages in amylopectin (nor-
mally 70–80%); the of (1, 4)-linked α-D-glucose units and the latter is 
formed by (1, 6)-linked branch of the (1, 4)-linked α-D-glucose structure 
[9].

A combination of synthetic polymers with starch improves the bio-
compatibility, physical properties and degradation rate. For instance, a 
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In this study, for the first time, electrospinning of polyhydroxybutyrate/starch was done and optimized to produce 
uniform-size and bead-free nanofibers following Taguchi methodology. The main parameters such as solvent type, 
applied voltage, flow rate and rotating speed play an essential role in the characteristics of the nanofibrous mor-
phologies. It found out from the main effects that the solvent type (chloroform/dimethylformamide, trifluoroacetic 
acid) is the most effective factor in the diameter and quality of the fibers. A scanning electron microscope assessed 
the structure and the average diameter of the fibers. The results indicated that all scaffolds have three-dimensional 
structures with interconnected porosity. The optimum levels of factors were determined as follows: 18 kV of 
voltage, 0.75 µL/h of flow rate, 15 cm of distance, and TFA as solvent in order to obtain the thinnest bead-free 
nanofibers.
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combination of polycaprolactone (PCL) with starch increases the me-
chanical function, hydrophilicity and enhances cell adhesion and pro-
liferation compared to pure PCL [10]. Sukyte et al. attempted to fab-
ricate polyvinyl alcohol (PVA)/Starch nanofibers by electrospinning 
method to overcome the disadvantages of PVA such as low degradation 
rate and water resistant features [11]. Zhang et al. also produced poly 
(lactide-co-glycolide) PLGA/starch composite fibers via coaxial elec-
trospinning technique. This study reported that hydrophilicity and de-
gradability of scaffolds improve after adding starch to PLGA fibers [12].

Another fundamental factor in scaffolding is the fabrication tech-
nique. There are several methods to fabricate a scaffold, but electrospin-
ning has developed as a practical method which prepares novel porosity 
with exclusive features [13]. 

In this method, high voltage is applied to the nozzle, letting the poly-
mer solution create a cone. Then the jet forms fibers during drying and 
deposits them on the collector plate  [11, 13].

Electrospun nanofibers can mimic the native extracellular matrix, 
which demonstrates a vital role for cells to migrate and proliferate in 
engineered scaffolds. In recent decades, the electrospinning method has 
attracted remarkable attention for the fabrication of nanofibers with var-
ious synthetic and natural polymers [12, 13]. Nanofibers have unique ad-
vantages in terms of high surface-to-volume ratio, combination control 
to achieve the required function and features, good formability, which is 
essential for influencing the desirable size, shape and morphology [14]. 

Electrospinning is a very effective method utilized to fabricate mi-
cron to submicron diameter nanofibers. Many researchers have exten-
sively studied the fabrication of various scaffolds with both synthetic 
and natural polymer for regenerating damaged tissues involving bone, 
dentin, cartilage, collagen, liver, and skin. The development of this 
method aims to use tissue engineering for repair, replace and enhance 
the function [13, 14].

The only challenging aspect of electrospinning is the difficulty in 
controlling pores in scaffolds and the final structure of the interconnec-
tion and the resulting permeability [15]. In addition to the processing  
parameter, solution  parameters such  as viscosity and surface tension 
and their volatility and conductivity are other eminent factors that pri-
marily affect the fluid governing rheological behavior [15, 16].   

The fiber diameter distribution and morphology are dependent on the 
solvent type and the processing parameters. The selection of solvent is 
a key factor in forming a homogeneous and beadless electrospun nano-
fiber [17]. Generally, there are two points which need to be considered 
before selecting the solvent. First, the selected solvents must have poly-
mers that are completely soluble for electrospinning process. Second, 
the solvent should have a moderate boiling point for appropriate volatil-
ity during electrospinning process [18, 19].

In this study, PHB and starch alloy solutions were fabricated using 
electrospinning method. In order to optimize the best ratio regarding the 

structural features, the impacts of solvent and electrospinning parame-
ters on nanofiber features and porosity percentage were gathered and 
analyzed. In addition, this research presents a robust statistical Taguchi 
design of experiments (DOE) to systematically analyze the effects of 
proceeding and solution parameters on the fiber diameter. Optimum con-
ditions were evaluated to improve the material function and yield high-
er productivity of electrospun scaffolds. To the best knowledge of the 
authors here there exist no studies have been done on the combination 
of PHB-starch and the optimization of their electrospinning parameters.

2. Experimental procedure

2.1. Materials

Maize starch with chemical formula (C6H10O5)n and average molec-
ular weight 106 g/mol, amylose: amylopectin 26:74%} was purchased 
from Cargill Company (C*Gel 03401), and Poly (3-hydroxybutyrate) 
powder (CAS 29435-48-1) with an average molecular weight 260 g/mol 
was purchased from Sigma–Aldrich USA. Trifluoroacetic acid (TFA) 
was obtained from CDH, India, and chloroform (CF) (CAS 67-66-3) and 
Dimethylformamide (DMF) (CAS 68-12-2) were supplied from Merck 
Company of Germany for the fabrication of scaffolds.

2.2. Fabrication of electrospun scaffolds

In order to compare the effect of the solvent on characteristics of 
fibers, polymeric solutions were prepared by dissolving 9% wt. PHB in 
chloroform/DMF and TFA. The PHB powder was dissolved in TFA by 
magnetic stirring for 1h at 50 °C. Then, 10 wt. %. of starch was added to 
the PHB solution and was stirred for 2 h. For samples with chloroform/
DMF, solvent (8:2 v/v) at first PHB was dissolved in chloroform at 60 
°C for 2 h. After that, DMF and 10 wt. %. of starch were added to the 
solution and stirred for 1h at 40 °C. A 1cc syringe, including a 23 gauge 
medical-used needle, was loaded with the prepared solution and placed 
on the syringe pump device. All nanofiber samples were collected on the 
aluminum foil and the rundle collector was rotated at range 325 rpm.

2.3. Processing parameters

Electrospinning parameters affecting the fiber features are the dis-
tance between the needle tip and collector, feeding rate of the polymer 
solution and applied voltage. This specific polymer/solvent system’s ap-
plied voltage was determined with three distinct values: 12, 15, and 18 
kV. In addition, flow rate is one of the key parameters in adjusting fiber 
diameter and its distribution, primary droplets shape, maintenance of 
Taylor cone and deposition area. It is believed that optimal feeding rates 
are assigned in causing the solvent to have adequate time for evaporation 
[20, 21]. Therefore, optimization injection ratio was determined at 0.5, 

Fig. 1. Chemical structure of starch with amylose and amylopectin units.
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0.75, 1mL/h. The nozzle collector distance was fixed at 15 cm.

2.4. Experiment Design

Taguchi method, as a simple statistical study, has three main steps: 
1) select factors and their different levels to design the experiment, 2) 
conduct the ideal design experiment and 3) evaluate the obtained results.

According to this study, Taguchi method makes it possible to inves-
tigate the effect of different factors on project results [17]. In this study, 
based on the literature review and previous research experiences, the 
distance between the tip of needle and collector plate was fixed at 15 
(cm), which was also confirmed by an optical microscope [20-22]. Then, 
the injection rate (mL/h) and applied voltage with three different levels 
(kV) were considered the most important factors affecting electrospin-
ning. The standard L9 (3*2) design based on Taguchi algorithm was 
used, and designed experiments were conducted according to Table 1. 
T1-T9 and ChD1-ChD9 refer to PHB-starch scaffolds prepared by TFA 
and chloroform/DMF, respectively.

2.5. Structural characteristics

2.5.1. FTIR- ATR characterization 

Attenuated Total Reflectance-Fourier Transform Infrared (FTIR-

ATR, Bruker, Tensor 27/Germany) was applied to evaluate the chem-
ical bonding between the PHB and starch. The spectra of FTIR-ATR 
were recorded in wavenumber within 400 and 4000 cm−1 range at room 
temperature. FTIR-ATR was conducted for PHB, starch and PHB-starch 
electrospun scaffolds, and analysis was carried out with standard Micro-
cal Origin software (Northampton, MA). 

2.5.2 Evaluation of scaffold morphology

The morphology, porosity and integrity of the fibers were evaluat-
ed by scanning electron microscope (SEM, SERONTECHNOLOGIES, 
AIS2100/South Korea). The surfaces of the electrospun scaffolds were 
sputter-coated with gold samples by a sputter-coating machine (Emitech 
SC7620 Sputter Coater; Quorum Technologies/UK) for 15 minutes be-
fore examination [23]. All the images had the same magnification and 
were taken to facilitate further image analysis.

 The average fiber diameter was calculated by measuring the diame-
ter of 100 single fibers from 6 different SEM images using image J anal-
ysis software (Image J 1.51, Java 1.6.0_24 (64-bit), national institutes of 
health; USA) for each group .

The porosity of three surface layers was calculated with five SEM 
images by MATLAB (R2016a) software program [24]. Porosity is de-
fined as the ratio of pore spaces to the total volume of scaffold, which is 
calculated from Eq (1).

P = (Vo/VT)                                                                                                                                   (1)
Where P is the porosity of the scaffold, Vo is regarded as the measure 

of open cavities and VT represents the total volume.

2.6. Statistical analysis

All the experiments were performed with n = 3 and statistical calcu-
lations of the results were reported as mean ± SD at a statistical signifi-
cance level of P<0.05.

3. Results and discussions

3.1. ATR-FTIR assessment

 ATR-FTIR spectroscopy test in order to accentuate the bands was 
done to characterize the functional groups of polymers and solvent effect 
in this study. ATR spectra of PHB, starch and TPS scaffolds (scaffolds 
prepared by TFA solvent) are presented in Fig. 2. The prominent feature 
of PHB scaffold at 979 cm−1, 1180 cm−1, 1228 cm−1, 1276 cm−1, 1722 
cm−1 and the region of 2970-3010 cm−1 is related to the C-C stretch, 
C-O-C asymmetric stretch of the amorphous phase, C-O-C stretch, sym-
metric C-O-C stretch of crystalline phase, stretch absorption of carbonyl 
group, and C-H carboxyl group, respectively [4]. 

For starch powder, the spectrum showed its characteristic functional 
groups. The peaks at 814 cm−1 and 734 cm−1 can be related to the C-H, 
CH2 deformation and C-C stretching vibration, respectively. The peaks 
at 957 cm−1 and 1003 cm−1 are denoted to the skeletal and stretching 
vibration of the C-O-C α-1-4 glycosidic bond, respectively. The peak at 
1131 cm−1 is the C-O-C symmetric stretching of the cyclic ether group, 
while that at 1080 cm−1 belongs to C-H bending vibrations region. The 
band at 1647 cm−1 is the bending vibration of the hydroxyl group of 
water absorbed in the amorphous regions of starch, and the peak at 2925 
cm−1 is the -CH2- stretching vibration. Eventually, the broad peak at 
3100-3500 cm−1 can correspond to water directly bound by hydrogen 
bonding to the hydroxyl groups of the double helices of starch.  The 
visible peak at 3500 cm−1 indicates that water molecules are indirectly 
bound to the hydroxyl groups via other water molecules [9].

Although there are apparent similarities in obtained spectra due to 
the low weight percentage of starch, by adding starch, abundant hydrox-

Fig. 2. ATR-FTIR spectrum of PHB and PHB-starch (TPS) scaffolds.

Table 1.
Standard L9 (3*2) design based on Taguchi Algorithm, by MiniTab19 software

Sample No. Codes Voltage (kV) Rate (mL/h)

1 T1 12 0.5

2 T2 15 0.5

3 T3 18 0.5

4 T4 12 0.75

5 T5 15 0.75

6 T6 18 0.75

7 T7 12 1

8 T8 15 1

9 T9 18 1

10 ChD1 12 0.5

11 ChD2 15 0.5

12 ChD3 18 0.5

13 ChD4 12 0.75

14 ChD5 15 0.75

15 ChD6 18 0.75

16 ChD7 12 1

17 ChD8 15 1

18 ChD9 18 1

***T1-T9 (Prepared by TFA) and ChD1-ChD9 (Prepared by chloroform/DMF)
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yl groups (broad peak around 3300) make a significant difference in ATR 
spectra of TPS compared to the pure PHB. The mentioned change is 
evident at around 3400 cm−1. In Fig. 2, TPS is related to the hydroxyl 
groups of starch [7]. 

In addition, the center region of the hydroxyl group in TPS scaffolds 
shifts to a higher wavenumber in comparison to the pure starch, indicat-
ing the formation of intermolecular hydrogen bonds between PHB and 
starch. Moreover, it is obvious that the peaks in the carbonyl region have 
weak broad adsorption compared to those in TPS scaffolds. These re-
sults illustrate that the hydrogen bonding occurred between the hydroxyl 
groups on the glucose ring in the starch chains and the carbonyl groups 
in the PHB participate in the intermolecular interactions. The same trend 
is observed in [20, 21].

Fig. 3 shows the difference between ATR spectrum of the samples 
prepared by TFA and ChD solvents system at a constant concentration 
of PHB and starch. Generally, due to the high ability of TFA and fluorine 
to create a strong hydrogen-bonding network, as the order of the chains 
increases, it is likely that the intensity of the peaks is increased accord-
ingly. As it can be seen in Fig. 3, the entire signal intensity appears to be 
lower in the ChD sample. Therefore, it can be inferred that TFA provides 
a better solvation effect and it is more appropriate [21]. In this regard, 
Fig. 5 (SEM investigation section) also indicates the weakness of ChD 
solvent system to provide a perfectly uniform network.

3.2. Evaluation of scaffold morphology based on solvents

3.2.1. TFA solvent system

SEM images of PHB-starch scaffolds prepared by TFA (T1-T9) sol-
vent system in Table1 are shown in Fig. 4.

SEM images of fibers surface in different scales showed that the ob-
tained fibers were uniform, smooth and bead-free. The morphology of 
uniform fibers in scaffold provides a high surface area and interconnect-
ed holes to improve the exchange of nutrients, oxygen and cell prolifer-
ation potential [22]. 

3.2.2. Chloroform/DMF solvent system

SEM images of scaffolds fabricated with chloroform/DMF solvent 
are shown in Fig. 5. It is obvious that heterogeneity in fiber diameter 
and agglomeration with a rough surface are obtained. This rough surface 
was probably because of the high rate of chloroform evaporation, which 
caused the outer surface of the fibers to dry, and the first evaporation of 
solvent from inside the fibers caused the skin to collapse [23]. It can be 

found that uniform, smooth and bead-free nanofibers can be obtained by 
proper selection of solvent type under each process condition.

Table 1 shows the average diameter and standard deviation (SD) of 
the obtained electrospun PHB-starch fibers. A wide range of fibers diam-
eters from 312 to 1450 nm are produced through different solvent system 
and parameter selections. 

It should be noticed that the standard deviation of fibers fabricated 
by chloroform/DMF solvent system is very large (for instance, samples 
4, 5, 9, and 7). It means that in these samples, the fibers are inhomoge-
neous. On the other hand, the standard deviation of the fibers fabricated 
by TFA solvent system was small and homogeneous.

The fiber diameter is closely related to the porosity percentage. Op-
erational scaffolds in tissue engineering possess an optimum fiber diam-
eter and porosity. Sufficient porosity of scaffolds is a fundamental factor 
for providing a microenvironment to promote cell infiltration, growth, 
nutrient diffusion and vascularisation during tissue regeneration [24].

The results of all samples are shown in Table 3. The porosity of elec-
trospun fibers is generally high, which could be appropriate for tissue 
engineering. The porosity percentage in the first layer of scaffolds was 
approximately measured in the range of 75 to 86 %.

The porosity of the 2nd and 3rd layers indicated that there is inter-
connectivity between pores. These features could have adequate space 
to circulate for cell development [25]. 

Based on the result, increase in the applied voltage and decrease in 
the flow rate caused fiber diameters to be reduced. Subsequently, de-
crease in fiber diameters resulted in higher porosity percentage. Howev-
er, there was no significant difference between porosity percentages of 
layers in both types of solvents (p > 0.05).  

Jabur et al. studied the effect of flow rate on some physical properties 
of PVA electrospun scaffold. They concluded that by decreasing the flow 
rate, the porosity percentage will be increased due to the decrease in the 
fiber diameter [26].

In addition, Mahalingam et al. investigated the solubility–spinnabil-
ity of polyethylene terephthalate (PET) for various solvents. This re-
search implied that the TFA solvent could lead to the continuous de-
fect-free structure of nanofiber [27].

Fig. 3. ATR-FTIR spectrum of PHB-starch scaffolds prepared by TFA (T) and 
Chloroform/DMF (ChD).

Table 2.
Mean fiber diameter of electrospun scaffolds.

Codes Nanofiber Diameter (nm) C.V. SD

T1 770.72 0.608 29.24

T2 517.04 0.345 48.60

T3 468.29 0.183 55.77

T4 433.95 0.283 22.74

T5 181.78 0.244 86.57

T6 336.97 0.366 23.50

T7 490.34 0.550 24.46

T8 400.60 0.310 24.36

T9 412.06 0.508 58.05

ChD1 1130.73 0.635 141.32

ChD2 584.17 0.770 145.04

ChD3 578.33 0.618 135.35

ChD4 1371.37 1.481 120.16

ChD5 870.65 0.820 94.04

ChD6 683.08 0.389 126.68

ChD7 1450.99 1.439 120.28

ChD8 1281.74 0.199 125.03

ChD9 1231.10 0.769 127.43
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Fig. 4. SEM images at 1000, 5000 and 10,000 magnifications and histograms illustrating the diameter distribution of PHB-starch scaffolds prepared by TFA (T1-T9).
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Fig. 5. SEM images at 1000, 5000 and 10,000 magnifications and histograms illustrating the diameter distribution of PHB-starch scaffolds prepared by Chloroform/DMF 
solvent system (ChD1-ChD9).



10 M. Abdollahi Asl et al. / Journal of Composites and Compounds 4 (2022) 4-12

3.3. Evaluation of scaffold morphology based on processing parame-
ters 

3.3.1. Applied voltage 

The applied voltage is a crucial element in electrospinning process 
because it can the charged jets ejected from Taylor cone to occur. Gen-
erally, instability and stretching of the jet increase with applied voltage 
and lead to a decrease in nanofiber diameters [28]. 

In electrospinning experiments, higher values of applied voltage can 
increase the electrostatic repulsive force on the charged jet and decrease 
the fiber diameter; therefore, the solvent evaporates quickly and no 
beads are formed [27, 28]. Nevertheless, some polymers exhibit differ-
ent behaviors; for example, high voltage has no effect on fiber diameter 
for electrospinning of polyethylene oxide [29].

Table 1 shows the condition of this experiment with different applied 
voltages. Electrospinning jet started ejecting from 10 kV, but the electro-
static forces were not strong enough to continue this process at the tip of 
the needle. Afterwards, the electrospinning started from 12 kV and the 
stable jet continued electrospinning constantly. It is clear that the aver-
age fiber diameter in scaffolds prepared by TFA (T1-T9) solvent is less 
than chloroform/DMF solvent [30, 31]. However, the effects of applied 
voltage on fiber diameter should be considered with other parameters, 
particularly, with the flow rate and distance between the metallic needle 

of the syringe and the grounded collector.

3.3.2. Flow rate

Flow rate is another considerable parameter in controlling fiber di-
ameter and its homogeneity. It is believed that larger droplets are formed 
at high flow rates, which increases the average fiber diameters due to the 
short drying time to reach the collector plate and low stretching forces 
[32].

In this study, based on observations obtained from the optical mi-
croscope, flow rates were selected in the range of 0.5, 0.75,1 mL/h. The 
diameters of the electrospun nanofibers increase, as the flow rates de-
crease. The reason is that low feeding rate is favorable for the evapora-
tion of solvent, which results in the formation of solid nanofiber. Ideally, 
flow rate must match with evaporation rate from the tip of the needle. 
According to Zhenyu et al., lower flow rates are more favorable. High 
flow rates lead to large diameter fibers with a bead because the solvent 
evaporates to reach the collector over time [32]. The same trend is re-
ported in [29-32] .

3.4. Designed results based on Taguchi method

Eventually, the effect of each parameter on the uniformity of fibers 
diameter, which is a much more important feature than the fiber size, 
was evaluated by Minitab19 software. The coefficient variation (C.V.), 
as an appropriate criterion of distribution of fibers diameter, was calcu-
lated from equation 1:

C.V. = 
σ
µ

                                                                                             (1)

Where σ and µ are standard deviation (SD) and average fiber diam-
eter, respectively. The actual impact of each factor and the optimal con-
dition can be obtained by the S/N ratio, a reliable response that has the 
least variance. Therefore, this ratio for C.V. of the fibers diameter was 
based on “smaller is better” type and was calculated from equation 2:

S/N = - 10 log mean standard deviation (MSD)                                              (2)
MSD = (y1

2 + y2
2 + … + yn

2 ) / n

In this equation, n and y indicate the numbers of observations and the 
experimental data, respectively [33, 34]. Fig. 6 shows the S/N ratio of 
various levels of factors and distribution of fibers diameter. As expected, 
S/N ratios plot indicates these factors, which significantly affect the re-
sults. In the case of TFA solvent, the second level of factors gave the best 
output. In other words, based on S/N ratios plot, voltage and injection 
rate with values of 15 kV and 0.75 mL/h are the optimal values of factors 
to achieve uniform fibers.

In the case of secondary solvent system, although SEM images show 
that the fibers are not as clean as the fibers obtained by TFA and this sol-
vent system is not very practical, the best levels of voltage and injection 
rate for electrospinning of PHB-starch solution are 15kV and 1mL/h, 

Fig. 6. The S/N ratios plot for C.V. of 
fibers diameter; prepared by (a) TFA, (b) 

Chloroform/DMF.

Table 3.
Porosity percentage of the scaffolds in three layers based on MATLAB image 
processing

Codes Porosity of first 
layer

Porosity of second 
layer

Porosity of third 
layer

T1 77± 0.8% 63± 0.9% 50± 0.4%

T2 77 ± 0.4% 65 ± 0.7% 53 ± 0.3%

T3 80 ± 0.4% 69 ± 0.5% 54 ± 0.7%

T4 83 ± 0.5% 70 ± 0.9% 56 ± 0.5%

T5 81 ± 0.8% 68 ± 0.5% 53 ± 0.8%

T6 80 ± 0.3% 67± 0.9% 51 ± 0.3%

T7 81± 0.4% 68 ± 0.7% 55± 0.4%

T8 83 ± 0.2% 70± 0.5% 53 ± 0.8%

T9 86± 0.8% 75 ± 0.7% 59 ± 0.7%

ChD1 82 ± 1.5% 72 ± 0.9% 56 ± 1.4%

ChD2 83 ± 1.2% 70 ± 1.1% 51± 0.9%

ChD3 86 ± 0.8% 77 ± 1.2% 54 ± 1.2%

ChD4 80 ± 1.4% 67± 2.1% 50 ± 1.2%

ChD5 81± 1.2% 69± 1.5% 58± 1.6%

ChD6 75± 1.4% 62± 1.2% 50± 1.2%

ChD7 81± 1.2% 71± 1.8% 55± 2.1%

ChD8 83± 0.8% 68± 0.9% 51± 1.2%

ChD9 79± 2.2% 60± 1.9% 42± 2.2%
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respectively.
Taguchi experiment results indicate that the first level of voltages 

was rejected in both cases since electrostatic forces could not stretch the 
solution at low voltages. Increasing the voltage makes the fibers more 
uniform due to the solution drawn from the tip of the needle [35]. Fig. 
6 shows that the second and third levels of voltages are significantly 
superior to the first one. The feeding rate enhancement similarly increas-
es the jet velocity. However, if it is not properly controlled, it could 
have adverse effects on the uniformity of fibers diameter distribution 
and morphology [35].

 To prevent defects, feeding rate increment should be enough to 
provide sufficient time for the complete evaporation of the solvent. Al-
though the S/N difference in chloroform/DMF system is less than a unit, 
in the case of TFA solvent, Fig. 6 shows that 0.75 mL/h is significantly 
preferable.

4. Conclusions

The electrospinning method can provide incomparable operational 
simplicity to achieve tremendous potential in specific tissue engineer-
ing applications by mimicking native ECM. In this study, high porosity 
structure of PHB-starch was fabricated using electrospinning method. 
As one the most notable techniques of experimental design, Taguchi 
method was employed to optimize the major electrospinning factors for 
two types of solvents to achieve the smallest nanofiber diameter. The 
fiber distribution in scaffolds prepared by TFA (T1-T9) solvent is uni-
form, compared to those prepared by chloroform/DMF (ChD1-ChD9). 
ATR-FTIR indicated that the presence of starch and the formation of the 
strong hydrogen bonding between PHB and starch. Conclusively, the 
results revealed that the TFA solvent is the best solvent to dissolve PHB-
starch polymers for alloying applications. As a result, PHB-starch scaf-
fold provides a beneficial method for tissue regeneration. In addition, 
other studies including structural, physical, mechanical and biological 
studies are also underway on this combination.
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