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Abstract: A novel electrically conductive scaffold containing
hyperbranched aliphatic polyester (HAP), polythiophene
(PTh), and poly(e-caprolactone) (PCL) for regenerative medicine application was succesfully fabricated via electrospinning technique. For this purpose, the HAP (G4; fourth
generation) was synthesized via melt polycondensation reaction from tris(methylol)propane and 2,2-bis(methylol)propionic acid (bis-MPA). Afterward, the synthesized HAP was
functionalized with 2-thiopheneacetic acid in the presence of
N,N-dicyclohexyl carbodiimide, and N-hydroxysuccinimide as
coupling agent and catalyst, respectively, to afford a
thiophene-functionalized G4 macromonomer. This macromonomer was subsequently used in chemical oxidation copolymerization with thiophene monomer to produce a star-

shaped PTh with G4 core (G4-PTh). The solution of the G4PTh, and PCL was electrospun to produce uniform, conductive, and biocompatible nanofibers. The conductivity, hydrophilicity, and mechanical properties of these nanofibers were
investigated. The biocompatibility of the electrospun nanofibers were evaluated by assessing the adhesion and proliferation of mouse osteoblast MC3T3-E1 cell line and in vitro
degradability
to demonstrate their
potential uses as a tissue engineering scaffold. CV 2016
Wiley Periodicals, Inc. J Biomed Mater Res Part A: 104A: 2673–
2684, 2016.
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INTRODUCTION

The last decade has witnessed the design and development
of novel multifunctional materials for application in regeneration/replacement of damaged or diseased tissues by delivering human extracellular matrix (ECM) components (e.g.,
specialized mediating cytokines and growth factors). Several
biological processes such as cell and cell–matrix interactions, external adhesive ligands, superﬁcial structure, and
surface topography can affect various cell responses including proliferation, migration, and differentiation.1–4 On the
other hand, it is well established that some biological tissues exhibit electrical activities for modulating cellular fate,
processes and behaviors, and electrical stimulation. Thus, a
conductive scaffold can promote cell proliferation and differentiation, speciﬁcally for neural, cardiac, and muscle tissues.

Based on these reasons, the design and development of biodegradable, biocompatible, and electrically conductive polymeric scaffolds is an immensely important in modern
regenerative medicine, which has been the subject of intensive research.5–7 In addition, the scaffolds for regenerative
medicine must possess some properties as follows: (1) biocompatibility and biodegradability, (2) suitable microstructures, and mechanical characteristics, (3) proper surface
topography and chemical composition, (4) simple and costeffective fabrication technology.8–12
In this respect, the conductive polymers such as polythiophene (PTh), and its derivatives (especially poly(3,4-ethylenedioxythiophene)) have been witnessed an immense
interest for the fabrication of conductive scaffolds.13–16 The
PTh and its derivatives are the most important members of
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electrically conductive polymers (ECPs) family, due to their
importance in basic scientiﬁc research, and potential industrial and biomedical applications. This tendency is originated from their unique physicochemical properties, such as
excellent environmental and thermal stabilities, high electrical conductivities, mechanical strengths, magnetic and optical properties, ease synthesis, and low costs.17–22 Despite,
incorporating of PTh into the biomedical ﬁeld remains limited, mainly due to its poor mechanical properties, nondegradability, and difﬁculty to process into complex threedimensional structures when used individually.
The synthetic scaffolds can be engineered to possess the
desired dimensions, mechanical properties, and degradation
proﬁles through blending or copolymerization of conducting
polymer with insulating polymers (generally biocompatible
polymers, such as poly(e-caprolactone), poly(ethylene glycol),
gelatin, collagen, chitosan, and many more).10,14,23 In this
context, aliphatic polyesters may be an appropriate candidate,
because of their biocompatibility, biodegradability, and low
costs. Among the aliphatic polyesters, the hyperbranched polyesters based on 2,2-bis(methylol)propionic acid have stimulated great interest, mainly due to their highly branched
structure and the large number of functional groups, unique
physicochemical properties, and signiﬁcant advantage for
industrial and biomedical applications.24–27
The electrospinning is suggested as an efﬁcient approach
to prepare biocompatible conductive nanoﬁbers to mimic
the architecture and biological functions of the ECM. This
technique has attracted a great deal of attention in the past
decade for fabrication of conductive scaffolds, mainly due to
high porosity, high surface-to-volume ratio, ultrathin continuous ﬁbers, adjustable pore size distribution as well as its
simplicity and more cost-effectivity.29,30
The objective of the present study is to fabrication of
novel three-dimensional (3D), conducting, biocompatible,
and porous scaffold composed of hyperbranched aliphatic
polyester (HAP), polythiophene (PTh), and poly(e-caprolactone) (PCL) for tissue engineering applications. The morphology, electerical conductivity, mechanical properties, and
wettability of the scaffold were studied. The biocompatibility of the scaffold was evaluated by assessing the adhesion
and proliferation of mouse osteoblast MC3T3-E1 cells and
in vitro degradability. It was found that the fabricated scaffold can be considered as a prospective candidate for bone
tissue engineering applications.
EXPERIMENTAL

Materials
Tris(methylol)propane (TMP), 2,2-bis(methylol)propionic
acid (bis-MPA), and p-toluenesulfonic acid (p-TSA) were purchased from Fluka (USA), and were used as received.
Poly(e-caprolactone) (PCL) (Mn 5 70,000–90,000 g mol21),
tetraethylammonium tetraﬂuoroborate (TEAFB), anhydrous
ferric chloride (FeCl3), 2-thiopheneacetic acid, N,N-dicyclohexyl carbodiimide (DCC), and N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich (USA), and were used
as received. Thiophene monomer was purchased from
Merck (Darmstadt, Germany), and was distilled twice under
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SCHEME 1. Synthesis of hyperbranched aliphatic polyester (G4).

reduced pressure before use. All other reagents were purchased from Merck and puriﬁed according to standard
methods.
Synthesis of hyperbranched aliphatic polyester
(HAP; G4)
A three-necked round-bottom ﬂask equipped with a stirrer,
condenser, and thermometer was charged with a mixture of
TMP (0.745 g, 5.55 mmol), bis-MPA (6.71 g, 50.0 mmol) (in
stoichiometric correspondence to a perfect second generation), and a catalytic amount of p-TSA (0.05 g, 0.28 mmol).
The reaction mixture was heated for about 3 h at
140 6 38C under a stream of argon gas, with removing the
water formed during the reaction. At the end of this time,
the bis-MPA corresponding to the third generation (8.94 g,
66.7 mmol), and p-TSA (0.05 g, 0.28 mmol) were added and
the argon ﬂow was started. The reaction mixture was
heated for about 3 h at 140 6 38C under a stream of argon
gas, with removing the water formed during the reaction.
Afterwards, the bis-MPA corresponding to the fourth generation (17.85 g, 133.3 mmol), and p-TSA (0.05 g, 0.28 mmol)
were added and the argon ﬂow was started. The reaction
mixture was heated for about 3 h at 140 6 38C under a
stream of argon gas, with removing the water formed during the reaction. At the end of this time, a glass-like product
(deﬁned as G4) was obtained. The crude product was dissolved in tetrahydrofuran (THF) and precipitated in excess
methanol, in order to remove residual monomers and catalyst. The product was ﬁltered, washed several times with
methanol, and dried in vacuum at room temperature
(Scheme 1).
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SCHEME 2. Synthesis of the thiophene-functionalized G4 macromonomer (ThG4M).

Synthesis of thiophene-functionalized G4
macromonomer (ThG4M)
A 250 mL three-necked round-bottom ﬂask equipped with
condenser, gas inlet/outlet, and a magnetic stirrer, was
charged with 2-thiopheneacetic acid (3.82 g, 27 mmol), DCC
(30 mmol, 6.20 g), NHS (3.45 g, 30 mmol), and dried N,Ndimethylformamide (DMF; 100 mL). The reaction mixture
was deaerated by bubbling highly pure argon for 15 min,
and stirred magnetically at room temperature for about 6 h
under an argon atmosphere. At the end of this time, the
reaction mixture was ﬁltered using ﬁlter paper (Whatman)
to remove dicyclohexyl urea salts as the by-product. Afterward, the G4 (3.0 g, 1.2 mmol) was added to the above
mentioned solution, and the reaction mixture was stirred
for another 24 h at room temperature under an argon
atmosphere. The ThG4M macromonomer was separated by
precipitation in excess methanol (300 mL), ﬁltered, washed
several times with methanol, and dried in vacuum at room
temperature (Scheme 2).
Synthesis of G4-PTh via chemical oxidation
polymerization method
A 100 mL three-necked round-bottom ﬂask equipped with a
condenser, dropping funnel, gas inlet/outlet, and a magnetic
stirrer, was charged with ThG4M (1.0 g, 0.235 mmol), and

dried CHCl3 (90 mL). The mixture was reﬂuxed at 658C for
about 1 h to completely dissolve the macromonomer. At the
end of this time, the ﬂask was cooled to room temperature,
added thiophene monomer (3 mL, 38.2 mmol), and then the
reaction mixture was deaerated by bubbling highly pure
argon for 10 min.
In a separate container 24.8 g (153 mmol) of anhydrous
ferric chloride was dissolved in 30 mL of dried acetonitrile.
This solution was deaerated by bubbling highly pure argon
for 10 min, and then slowly added to the reaction mixture
at a rate of 5 mL min21 under an argon atmosphere. The
reaction mixture was reﬂuxed for about 24 h at room temperature under an inert atmosphere. The reaction was terminated by pouring the contents of the ﬂask into a large
amount of methanol. The product was ﬁltered, and washed
several times with methanol. The ﬁnal dark red solid was
dried in vacuum at room temperature. The crude product
was extracted with THF in a Soxhlet apparatus for 24 h, in
order to remove pure PTh. The synthesized G4-PTh is soluble in hot THF, while pure PTh is not soluble in this solvent
(see Table I). The polymer solution was ﬁltered, precipitated
into excess methanol, and dried in reduced pressure to give
a dark red powder.
The homopolythiophene (H-PTh) was synthesized by the
same method, in the absence of the ThG4M macromonomer.
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Electrospinning of the G4-PTh and PCL
The G4-PTh/PCL nanoﬁbers were prepared by subsequent
electrospinning the same volume solutions of G4-PTh (1%
w/v), and PCL (3% w/v) under conditions described in our
previous works.30,31
Biocompatibility analysis
Cell culture. The mouse osteoblast cells (MC3T3-E1 cell
line) was cultured into ﬂasks, and kept in a humidiﬁed incubator with 5% CO2 at 378C. The cells were grown in the
Dulbecco’s modiﬁed Eagle’s medium (DMEM; Sigma-Aldrich,
USA) with 10% (v/v) fetal bovine serum (FBS), and antibiotics (100 mg mL21 penicillin–streptomycin).
Cell viability assay. MTT assay was applied to evaluate the
cytotoxic effect of the G4-PTh/PCL electrospun nanoﬁbers.
The mouse osteoblast MC3T3-E1 cells were seeded in 96
well plates, and allowed to attach overnight and then were
treated with nanoﬁbers. The nanoﬁbers were sterilized
using gamma radiation prior to the cell viability experiment.
After incubation for about 48 h, 50 mL of the MTT reagent
(2 mg mL21 in phosphate-buffered saline; PBS, pH 7.4; Invitrogen, CA, USA) was added to each well, and incubated at
378C for another 4 h in a humidiﬁed CO2 incubator. At the
end of this period, the formazan crystals were dissolved in
DMSO and the UV absorbance was measured at 570 nm
using a spectrophotometric plate reader, ELx 800 (Biotek,
San Francisco, CA, USA).
Cell growth assay. The direct counting by hemocytometer
was employed for evaluating of cell growth rate. Brieﬂy, the
cells were poured on to the precoated well with electrospun
nanoﬁbers at a seeding density of 1 3 105 cells per cm2.
The medium was added to each well, and were incubated
for 7 days at 378C in an atmosphere of 5% CO2 with
medium exchanges every 2 days. The cells were detached
by trypsinization, and further trypsin was deactivated using
more media. Finally, 10 lL of cell sample were mixed by
trypan blue (1:1 v/v), and then the clear blue viable cells
were counted using hemocytometer slide.
Cell morphology study. The morphologies of the adhered
mouse osteoblast MC3T3-E1 cells on to G4-PTh/PCL electrospun nanoﬁbers was studied by means of scanning electron microscopy (SEM). Brieﬂy, six-well plates were
precoated with nanoﬁbers, and mouse osteoblast MC3T3-E1
cells were then seeded (5 3 104 cells per well) on plates.
After 24 h, the cells were ﬁxed with 2% glutaraldehyde
(Sigma-Aldrich, USA) for 1 h at room temperature, and the
morphologies of the cells were observed by means of SEM.
Characterization
Fourier transform infrared (FTIR) spectra of the samples
were collected on a Shimadzu 8101M FTIR (Shimadzu, Kyoto,
Japan) between the wavenumber range of 4000 to 400 cm21.
The samples were prepared by grinding the dry powders
with potassium bromide (KBr), and compressing the mixture
into disks. The spectra were recorded at room temperature.
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The 1H nuclear magnetic resonance (NMR) spectra of the
samples were recorded at 258C using an FT-NMR (400 MHz)
Bruker spectrometer (Bruker, Ettlingen, Germany). The sample for NMR spectroscopy was prepared by dissolving about
10 mg of sample in 1 mL of deuterated dimethylsulfoxide
(DMSO-d6) or deuterated chloroform (CDCl3), and chemical
shifts were reported in parts per million (ppm) units with
tetramethylsilane (TMS) as internal standard. The ﬁeld emission scanning electron microscope (FE-SEM) type 1430 VP
(LEO Electron Microscopy, Cambridge, UK) was applied to
determine the morphologies of the samples. Thermal properties of the samples were examined by thermogravimetric
analyzer [TGA-PL STA 1640 equipment (Polymer Laboratories, Shropshire, UK)]. The TGA experiments were conducted
under nitrogen atmosphere in a temperature range of 25–
7008C with heating rate of 108C min21. Electrochemical
experiments were conducted using Auto-Lab PGSTA T302N.
The electrochemical cell contained ﬁve openings: three of
them were used for the electrodes (working, counter, and reference), and two for argon bubbling in the solutions during
all experiments. The conductivities of the synthesized samples were determined using the four-probe technique (Azar
Electrode, Urmia, Iran) at room temperature. The ultimate
tensile strength and strain to break were determined using a
Zwick tensile testing machine (Z 010, Zwick/Roell, Ulm, Germany). The wettability of the electrospun nanoﬁbers were
investigated by drop water contact angle measurement using
an OCA 20 plus contact angle meter system (DataPhysics
Instruments GmbH, Filderstadt, Germany). The droplet size
was 5 mL, and at least ﬁve samples were used for each test.
RESULTS AND DISCUSSION

It is well known that the polythiophene (PTh) is capable of
high charge carrier mobilities without charge traps in grain
boundaries. This property is originated from its extended
planar p-conjugated and interdigitated intermolecular ordering. Thus, PTh can be incorporated in various practical,
technological as well as biomedical applications. Among the
biomedical applications of PTh tissue regeneration based
on biocompatible materials of this conducting polymer is
of particular interest. In addition, the biocompatibility,
physical properties, and chemical composition of the
tissue engineering scaffolds are the most important factors,
since these affects cell attachment, proliferation, migration,
differentiation, and neo-tissue formation.13,32,33 The overall
methodology for the fabrication of biocompatible, porous,
and electrically conductive scaffold for regenerative medicine is shown in Scheme 3.
Characterization of ThG4M macromonomer
The FTIR spectra of the G4 and ThG4M macromonomer are
illustrated in Figure 1. The FTIR spectrum of the G4 shows
the characteristic absorption bands due to the stretching
vibrations of aliphatic C–H at 2950 to 2800 cm21 region,
stretching vibration of carbonyl group at 1722 cm21, CAH
bending vibrations at 1377 and 1464 cm21, and CAO
stretching vibrations at 1036 and 1207 cm21. Furthermore,
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In the past few decades 1H NMR spectroscopic analysis
has been established as a powerful tool for the determination of some parameters of polymers such as compositions,
degree of polymerizations (DPn), and number average
molecular weight (Mn). The DPn and Mn of the synthesized
polyester (G4) can be calculated from the 1H NMR data
through the following equations.
DPn 5 3IA =ICH3;TMP
IA 5 ðICH2OR 1 2½IðOHÞL 1 IðOHÞT  2 4ICH3;TMP Þ=4
Mn 5 MTMP 1 DPn 3 ðMBis2MPA 2 MH2 O Þ
where Ii indicates integral intensity of protons i in the 1H
NMR spectrum. According to 1H NMR data, the DPn and Mn
were calculated to be 19.76, and 2428 g mol21, respectively.
In addition, the 2-thiopheneacetate content in the synthesized
macromonomer was calculated through the following equation.
Thus, the Mn of ThG4M is 4254 g mol21, and 74% of the
hydroxyl groups were converted to 2-thiopheneacetate groups.
nTh 5

IðThÞ =3
514:73
½IðCH2ORÞ 1IðCH2OHÞ =4
DPn;

SCHEME 3. The overall methodology for the fabrication of biocompatible, porous, and electrically conductive scaffold for regenerative
medicine.

the hydroxyl end groups appeared as a broad strong band
centered at 3404 cm21.
The successful synthesis of the ThG4M is veriﬁed by the
appearance of new bands as follows: the stretching vibrations of aliphatic and aromatic CAH at 3100 to 2800 cm21
region, g(CAH) in the aromatic ring at 697 and 785 cm21,
unreacted hydroxyl end groups as a broad strong band centered at 3408 cm21, and the aromatic C@C stretching vibration at 1573 cm21. In addition, the band at 1635 cm21 may
be related to the carbonyl stretching vibration of 2thiopheneacetate group.
The synthesized ThG4M macromonomer was further
characterized by means of 1H NMR spectroscopy. Figure 2,
shows the 1H NMR spectra of the G4, and ThG4M macromonomer. In 1H NMR spectrum of the G4 the unreacted linear,
and terminal hydroxyl groups (OHL and OHT, respectively)
appeared at 4.85, and 4.45 ppm, respectively. The chemical
shifts at 4.05 and 3.35 ppm are related to the CH2OR (OR:
reacted; i.e., OH), and CH2OH (overlapped with H2O), respectively. The chemical shifts at 0.90 to 1.35 ppm are corresponded to the methylene, and methyl groups in this sample.
In addition, the chemical shifts at 2.50 and 3.33 ppm assigned
to the H2O and dimethyl sulfoxide (as impurities in NMR solvent), respectively. The successful synthesis of the ThG4M is
veriﬁed by the appearance of new chemical shifts at 3.10 and
6.85 to 7.25 corresponding to ACH2, and thiophene ring protons of the 2-thiopheneacetate groups, respectively.

G4

Synthesis of G4-PTh
The FTIR spectra of the synthesized H-PTh and G4-PTh
are shown in Figure 3. The most important bands in the

FIGURE 1. The FTIR spectra of the G4 and ThG4M macromonomer.
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FIGURE 3. The FTIR spectra of the H-PTh, and G4-PTh.

FIGURE 2. The 1H NMR spectra of the G4 (in DMSO-d6), and ThG4M
(in CDCl3).

FTIR spectrum of the H-PTh can be listed as follows:
weak aromatic a and b hydrogen’s of thiophene ring at
3100 to 3000 cm21 region, g(CAH) in the aromatic ring
at 785 cm21, the aromatic C@C stretching vibration at

1481 cm21, and the CAS stretching vibration at
678 cm21. The successful grafting of the PTh onto ThG4M
is veriﬁed by the appearance of new bands such as
stretching vibration of carbonyl group at 1728 cm21, CAO
stretching vibration at 1238 cm21, and the stretching
vibrations of aliphatic and aromatic CAH at 3100–
2800 cm21 region.

FIGURE 4. Cyclic voltammetry curves (CVs) of the H-PTh and G4-PTh samples in a acetonitrile–tetraethylammonium tetrafluoroborate (TEAFB),
solvent–electrolyte couple (0.1 mol L21) (blue cycle 10 mV s21; red cycle 20 mV s21; and green cycle 30 mV s21).

2678

JAYMAND ET AL.

NOVEL ELECTRICALLY CONDUCTIVE SCAFFOLD

ORIGINAL ARTICLE

TABLE I. Solubility of G4-PTh, Pure PTh, and G4 in Common
Organic Solventsa
Solvent

Xylene

CHCl3

THF

DMF

NMP

DMSO

PTh
G4
G4-PTh

–
–
–

–
1
–

–
111
11

1
111
111

1
111
111

1
111
111

a
1 1 1: soluble; 1 1: sparingly soluble; 1: slightly soluble; –: insoluble; the concentration used in the solubility test was 10 mg of each
polymer in 1 mL of solvents at room temperature (DMSO, dimethylsulfoxide; NMP, N-methylpyrrolidone; THF, tetrahydrofuran; DMF,
N,N-dimethylformamide).

FIGURE 5. The TGA curves of the G4-PTh, and H-PTh samples.

Electroactivity behaviors
It is well demonstrated that electrical signals can regulate
cell attachment, proliferation, and differentiation. Thus, the
electric ﬁelds and stimulations are very helpful for wound
healing, repair of the damaged spin cord, and nerve regeneration.34–36 Base on these reasons, the electrically conductive scaffolds are the best and ﬁrst choose in the ﬁeld of
regenerative medicine.
The electroactivity behaviors of the H-PTh and G4-PTh
were studied under cyclic voltammetric (CV) conditions in
the range of 10–30 mV s21 scan rate, in the acetonitrile–tetraethylammonium tetraﬂuoroborate (TEAFB), solvent–electrolyte couple (0.1 mol L21) between 0 and 11.70 V versus
the reference electrode (Ag/AgCl) under argon protection
(Fig. 4). The H-PTh shows a typical redox couple with
anodic and cathodic peaks at approximately 1.35, and
0.77 V versus Ag/AgCl electrode, respectively. In contrast, as
shown in Figure 4, the typical CVs of the G4-PTh exhibited

some qualitative similarities to those of the H-PTh. This
sample shows a typical redox couple with anodic and
cathodic peaks at approximately 1.10, and 0.42 V versus
Ag/AgCl electrode, respectively. In addition, in both samples
the anodic peaks shift in the direction of positive potential
with increasing scan rate. This indicates the electrochemical
oxidation/reduction (doping/dedoping) of H-PTh, and G4PTh samples were chemically reversible.

Thermal property study
The thermal stability of the G4-PTh, and H-PTh upon heating in nitrogen atmosphere were investigated by means of
TGA. As seen in Figure 5, the thermal decomposition of the
G4-PTh is started from 2508C, and the weight loss increases
rapidly from this temperature to about 4208C, after which
the loss rate slows down. The residue at 7008C for this sample is 6 wt %. In contrast, the thermal decomposition of the
H-PTh is started from 2808C, and the weight loss increases
rapidly from this temperature to about 7008C. The residue
at 7008C for H-PTh is 48 wt %. It is important to note that
the weight loss of the both samples between 100 and 2008C

FIGURE 6. The FE-SEM images of the G4-PTh (left), and G4-PTh/PCL electrospun nanofibers (right).

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | NOV 2016 VOL 104A, ISSUE 11

2679

mats of nanoﬁbers for biomedical applications, such as
regenerative medicine. This process is based on the application of a strong electrostatic ﬁeld between a capillary, connected to a tank containing a polymer solution, and a
ground collector. It is well established that the polymeric
nanoﬁber scaffolds can mimic the architecture and biological functions of the ECM.37,38

FIGURE 7. The stress–strain curve of the G4-PTh/PCL electrospun
nanofibers.

is related to the evaporation of residual water or organic
solvents in the samples.
Solubility test
As known the main drawback of nonsubstituted PTh is the
poor processability both in melt and solution processing. In
this respect, an efﬁcient and versatile approach is the synthesis of PTh copolymers with processable polymers (e.g.,
polyesters).17–19 The solubility of the G4-PTh, pure PTh, and
polyester (G4) in common organic solvents are summarized
in Table I. As seen in this table the solubility of G4-PTh in
common organic solvents improved signiﬁcantly compared
to pure PTh.
Characterization of electrospun nanoﬁbers
The design and development of biocompatible and electrically conductive polymers is an important ﬁeld for biomedical applications. In this regard, the electrospinning is an
efﬁcient, versatile, simple, and quick approach for fabricating biodegradable and electrically conductive nonwoven

Morphology study. The surface morphologies of the G4-PTh
(Fig. 6; left), and G4-PTh/PCL electrospun nanoﬁbers (Fig.
6; right) were observed by means of FE-SEM. As seen in
Figure 6, the G4-PTh exhibits the porous and nanostructured morphology with an average diameter of
100 6 20 nm. This morphology may be originated from the
growth of the PTh from ThG4M macromonomer. The SEM
image of the G4-PTh/PCL electrospun nanoﬁbers indicated
the three-dimensional interconnected pore structure, with
an average diameters in the size range of 100 6 40 nm
were formed for electrospun nanoﬁbers.
Mechanical properties of nanoﬁbers. The mechanical properties of the polymeric nanoﬁber scaffold are very important factors in its performance. Because the mechanical
properties of the nanoﬁbers inﬂuence the cell interaction
during culture, and thus cellular adhesion, proliferation, and
signaling. Furthermore, the elasticity of the scaffold affected
the cellular activities such as neurite extension, cell spreading, and differentiation.39,40 Thus, the well characterization
of mechanical properties is an important step in the fabricating of scaffolds for regenerative medicine.
The representative mechanical property of the G4-PTh/
PCL electrospun nanoﬁbers is shown in Figure 7. The
Young’s modulus, tensile strength, and elongation at break
were obtained to be 59.81 6 7.4 (MPa), 4.81 6 1.7 (MPa),
and 27.79 6 6.8 (%), respectively.
Hydrophilicity and degradability of nanoﬁbers. A biomaterial as in vivo tissue engineering scaffold has a direct contact with blood, therefore its surface properties is a very

FIGURE 8. The FE-SEM image of the G4-PTh/PCL electrospun nanofibers after 15 days soaking in PBS (left), and the photographs of water drops
on PCL (center), and G4-PTh/PCL (right) electrospun nanofibers.
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residual dry weights of the electrospun nanoﬁbers. As
shown in Figure 9, the electrospun nanoﬁbers has a fast
mass loss up to ﬁve weeks with a linear degradation trend.
After 5 weeks, the mass loses for G4-PTh/PCL was obtained
to be 32.8 wt %.
In addition, the FE-SEM image of the sample after
15 days soaking in PBS showed that the G4-PTh/PCL electrospun nanoﬁbers are undergoing to swelling and degradation (Fig. 8).

FIGURE 9. Degradation
nanofibers.

profile

of

the

G4-PTh/PCL

electrospun

important factor, and can affected the behavior of seeded
cells. In this context, the wettability, and degradability of the
scaffolds are important properties, which could inﬂuence
their performance such as extent of protein adsorption and
cell attachment.
The drop water contact angles of the G4-PTh/PCL and
pure PCL electrospun nanoﬁbers were measured at room
temperature to investigate the surface properties of the
nanoﬁbers. The contact angles of G4-PTh/PCL and PCL electrospun nanoﬁbers with water were calculated to be
948 6 3.18 and 1368 6 2.68, respectively. In addition, the
photographs of water drops on G4-PTh/PCL and PCL electrospun nanoﬁbers are shown in Figure 8.
Un-degradable polymers could result in chronic inﬂammation due to their long stay in the body, thus the biodegradation of scaffold is a critical feature. In addition, the
biodegradation of scaffold is beneﬁcial to enable tissue integration, and to avoid subsequent surgical removal of scaffold. The in vitro degradability of the G4-PTh/PCL
electrospun nanoﬁbers was examined through evaluating
the morphological change, and gravimetric measurements
after soaking the nanoﬁbers in phosphate-buffered saline
(PBS; pH 7.4; Invitrogen, CA, USA) at 378C. The PBS was
updated every ﬁve days. After reaching the designed time,
the specimens were retrieved, washed several times with
double distilled water, dried in reduced pressure, and then
weighed. The mass loss percentage was calculated from:
(Wi 2 Wr)/Wi;where Wi and Wr are the initial and the

Electrical conductivity measurement
The electrical conductivity of scaffold plays an important
role in controlling cell behavior, so the performance of the
tissue engineering scaffold can be improved through
increasing the electrical communication among the cells.29,41
The electrical conductivities (r; S cm21) of the samples
were measured by the standard four-probe technique at
room temperature. The experimental determinations were
repeated ﬁve times for each sample to evaluate the measurement accuracy. The conductivities were calculated from
the following equations:
q 5 ðV=I Þ ðp=ln 2Þd
r5 1=q
where V is the voltage, I is the current, d is the thicknesses,
and q (X cm) is the volume speciﬁc resistivities of the samples. The electrical conductivities results obtained are summarized in Table II. As can be seen the G4-PTh exhibited
the lower electrical conductivity than those of the H-PTh,
mainly due to the decreased conjugation length distribution
in the case of the G4-PTh sample. As expected, the electrical
conductivity of the G4-PTh/PCL electrospun naoﬁbers
would be signiﬁcantly decreased, since PCL is an insulating
material. Despite, it is well established that the conductivity
in the semiconductor range (1025 S cm21) is sufﬁcient for
tissue engineering and other medical regenerative purpose.
On the basis of ﬁndings from electrical conductivity and
electroactivity studies, the conclusion could be drawn that

TABLE II. Electrical Properties of the Samples

Sample
H-PTh
G4-PTh
G4-PTh/PCLa

Volume
Specific
Resistivity (q; X cm)

Electrical
Conductivity
(r; S cm21)

1.23
1.56
143

0.81
0.64
0.007

a
The G4-PTh/PCL electrospun nanofibers were provided as given in
“Experimental” section.

FIGURE 10. In vitro cytotoxicity effects of the G4-PTh/PCL electrospun
nanofibers on mouse osteoblast MC3T3-E1 cells.
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cell attachment, proliferation, migration, differentiation, and
neo-tissue formation. The cell growth performance of the
G4-PTh/PCL electrospun nanoﬁbers surfaces were evaluated
at the initial seeding densities of 1 3 105 cells per cm2
using the mouse osteoblast MC3T3-E1 cell line (Fig. 11).
The results showed that the osteoblast cells were expanded
8 6 0.1 factor at the end of the cell culture period (7 days)
on to the G4-PTh/PCL electrospun nanoﬁbers. In contrast,
nontreated cells were expanded 7.2 6 0.2 factor at the
same time of culture. Thus, the prepared G4-PTh/PCL electrospun nanoﬁbers can be considered as a protective candidate for improve cells proliferation, mainly due to improve
cellular interactions.

FIGURE 11. The mouse osteoblast MC3T3-E1 cells growth performance of the G4-PTh/PCL electrospun nanofibers.

the G4-PTh has lower electrical conductivity and electroactivity than those of the H-PTh. However, the lower electrical
conductivity and electroactivity levels can be improved at
the price of solubility, processability, and biocompatibility.
Biocompatibility
Cytotoxic effects of the electrospun nanoﬁbers. The potential cytotoxic effect of the G4-PTh/PCL electrospun nanoﬁbers was evaluated by means of MTT assay. The results
showed that these electrospun nanoﬁbers were not able to
induce cytotoxicity in mouse osteoblast MC3T3-E1 cells
(Fig. 10).
Cell growth assay. The biocompatibility of the tissue engineering scaffold is an important factor, since it can inﬂuence

Cell morphology study. The morphological behavior and
cellular adhesion are the most important parameters for
evaluating the biocompatibility of any biomaterial, since it
may directly affect the reproduction quality of the cells.
Therefore, SEM images were used to evaluate cellular adhesion properties of the prepared nanoﬁbers. Figure 12 shows
the FE-SEM images of the mouse osteoblast MC3T3-E1 cells
onto the G4-PTh/PCL electrospun nanoﬁbers. The FE-SEM
images exhibited that the osteoblast cells have sufﬁcient cellular adhesion to the nanoﬁbers.
CONCLUSION

A novel three-dimensional, conducting, biocompatible, and
porous scaffold composed of hyperbranched aliphatic polyester, polythiophene, and poly(e-caprolactone) for application in regenerative medicine has been successfully
fabricated using the procedure developed in our laboratory.
The some properties such as microstructures, mechanical
characteristics, hydrophilicity, electrical conductivity, and
electroactivity of the fabricated scaffold were examined, and

FIGURE 12. The SEM images of the mouse osteoblast MC3T3-E1 cells on to the G4-PTh/PCL electrospun nanofibers at different magnifications.
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it was found that this scaffold can be considered as suitable
material having proper conductivity, and mechanical properties that would be potentially used for tissue engineering.
The biocompatibility of the fabricated scaffold was primarily
investigated by assessing the adhesion and proliferation of
mouse osteoblast MC3T3-E1 cells, and in vitro degradability.
The biocompatibility analysis results showed that the prepared scaffold was not able to induce cytotoxicity in the
mentioned cell line, and improved the cells proliferation.
Based on ﬁnding, we envision that the fabricated scaffold
can be used as a model system for understanding the role
of electrical signals in proliferation and differentiation of
verious cell lines. It would be expected that further studies
will focused on the design and development of biocompatible and electrically conductive polymeric scaffolds, in order
to control the electrochemical signals.
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