
Vol.:(0123456789)

Polymer Bulletin
https://doi.org/10.1007/s00289-019-02732-z

1 3

ORIGINAL PAPER

Porous conductive and biocompatible scaffolds 
on the basis of polycaprolactone and polythiophene 
for scaffolding

Raana Sarvari1 · Bakhshali Massoumi2 · Amir Zareh2 · 
Younes Beygi‑Khosrowshahi3 · Samira Agbolaghi3

Received: 17 March 2018 / Revised: 6 February 2019 / Accepted: 27 February 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The fabrication of novel scaffolds was represented on the basis of conductive and 
biodegradable copolymers. The star-like polycaprolactone (S-PCL) was synthe-
sized from dipentaerythritol as a core by a catalyst of Sn(oct)8 through ring-opening 
technique. After functionalization of S-PCL by thiophene, thiophene monomer was 
polymerized from polycaprolactone ends via chemical oxidation polymerization to 
reach star-like polycaprolactone–polythiophene (S-PCL–PTh). The scaffolds dem-
onstrated a porous configuration (160–190 nm) having the great surface area as well 
as conductivity of 0.011 S cm−1. The cytocompatibility measurements exhibited that 
the nanofibers were not toxic to the MG63 cells.

Keywords Star-like copolymer · Polythiophene · Polycaprolactone · Nanofiber · 
Tissue engineering

Introduction

Conductive polymers have absorbed a huge attraction for a combination between the 
common polymer characteristics and conductors [1–4]. The conductive polymers 
were applied in the biomedical engineering applications [5–11]. Most of the cells 
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subsuming osteo-/fibroblasts react to electrical signals. The conductive scaffolds 
have represented a good function in scaffolding [12]. The essential aim of scaffolds 
is deliverance of biochemical components. The scaffolds could act as templates 
in developing the new tissues. The bioactive glass and glass ceramics could also 
improve the wound amendment [13, 14].

The conductive polymers control the electrical stimulus and have a large con-
ductivity to weight proportion [15–18]. A conspicuous advantage for the conductive 
polymers is their tunable chemical, electrical, and physical characteristics for appli-
cations of antibodies, enzymes, and other biological moieties [15, 18–20]. These 
characteristics can be also adjusted through stimulations such as electricity, light, 
and pH [21–25]. The electro-active polymers like polypyrrole and polyaniline were 
utilized as physical templates for cell adhesion and tissue regeneration [26–28]. 
The biocompatibility of conductive polymers was introduced via cell viability and 
inflammatory tissue response [29–32]. Synthesis of soluble substituted polythio-
phene derivatives was feasible but with degraded electrical properties [33]. The bio-
compatibility, biodegradability, and porosity were not reached via only one type of 
polymer, and thereby the blends, copolymers, and composites appeared to improve 
the characteristics of tissue scaffolds [34, 35]. Some osteo-substitution applications 
were represented based on the hydroxyapatite and starch [36]. The recent trends in 
the biodegradable polymers and nanocomposites are also represented in the litera-
ture [37]. The nanofibrous membranes with especial configurations were also intro-
duced by Nasajpour et al. [38]. Nasajpour and coworkers [39] prepared a polymeric 
membrane with the antibacterial properties as well.

The aliphatic polyesters are amply utilized in biomedical precursors [40–45]. 
The hydrophobic poly(ε-caprolactone) (PCL) from this category has applied in the 
biomedical field for solubility in most of solvents and high compatibility in blends 
[46–52]. However, PCL has low decomposition rate. Distinct approaches compris-
ing synthesis of star polymers [53, 54], star-co-polymers [55, 56], dendritic and 
hyperbranched polymers [57, 58] were used to overcome these defects. The star-
shaped homopolymers and copolymers have attracted considerable attention because 
of their especial configurations and low crystallinity and could also act better than 
their respective linear counterparts in interaction with the tissues [59, 60].

In this work, the star-like polycaprolactone was synthesized from dipentaeryth-
ritol as initiator via ring-opening polymerization (ROP) to obtain six-arm star-like 
polycaprolactone (S-PCL). The S-PCL was then reacted with 3-thiophene acetic 
acid in the presence of para-toluene sulfonic acid (p-TSA) as catalyst to acquire 
thiophene functionalized S-polycaprolactone macromonomer (S-PCLTh). Star-like 
block copolymers (S-PCL–PTh) were prepared by copolymerizing the macromono-
mer with thiophenes in presence of  FeCl3 oxidant through chemical oxidation. The 
solutions of S-PCL–PTh and PCL were electrospun to fabricate the homogeneous 
nanofibers. The conductivity, biocompatibility (adhesion and proliferation of osteo-
blast MG63 cell line), and mechanical characteristics were studied.
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Experimental

Materials

Dipentaerythritol and poly(3-caprolactone) (PCL) (70,000–90,000  g  mol−1) 
were purchased from Merck. Caprolactone (CL, 99%, Merck) was distilled under 
reduced pressure. The N,N-dicyclohexyl carbodiimide (DCC, Sigma-Aldrich) and 
dimethylaminopridine (DMAP, Sigma-Aldrich) were utilized without manipu-
lation. Tetrahydrofuran (THF, Merck) was dried on sodium and distilled under 
nitrogen. Tin(II) 2-ethylhexanoate (Sn(Oct)2) was purchased from USA (Sigma-
Aldrich). The 2-thiopheneacetic acid (Sigma-Aldrich) and anhydrous ferric chlo-
ride (Sigma-Aldrich) were employed as received. The thiophene (Merck, Darm-
stadt, Germany) was distilled under reduced pressure before application. All 
other reagents were prepared from Merck and purified on the basis of standard 
methodologies.

Synthesis of S‑PCL

The star-like copolymers were synthesized in an equipped reactor. The CL was 
introduced to the reactor with a suitable content of dipentaerythritol. The reaction 
mixture was stirred at 100 °C for 1 h to completely dissolve the dipentaerythritol in 
CL monomer. The Sn(Oct)2 (0.03 mol%) was subsequently inserted into the reactor. 
The reaction continued for 18 h under argon at 140 °C. The produced white product 
was then dissolved in THF and precipitated in methanol. The filtrate was washed 
using the methanol and dried under reduced pressure (Scheme  1). The degree of 
polymerization (DPn) and Mn were determined by means of GPC and 1HNMR.

Synthesis of S‑PCLTh

A reactor was filled with 2-thiopheneacetic acid (0.09  g, 0.6  mmol), DCC 
(0.8 mmol, 0.16 g), DMAP (0.09 g, 0.8 mmol), S-PCL (3.0 g, 0.1 mmol), and THF 
(50 mL). The reactor content was bubbled with argon within 15 min and stirred at 
25 °C for 24 h. The content was subsequently filtered to remove dicyclohexyl urea 
salts. The S-PCLTh was separated by precipitation in 100 mL methanol. The filtrate 
was then washed by methanol and dried in vacuum (Scheme 2).

S‑PCL–PTh synthesis by chemical oxidation

A reactor was charged with S-PCLTh (1.0  g),  CHCl3 (90  mL), and thiophene 
monomer (0.5 g), and the content was bubbled with argon for 10 min. Simulta-
neously, 5.0 g anhydrous ferric chloride was dissolved in 30 mL acetonitrile and 
then was slowly incorporated into the reactor. The content was refluxed within 
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Scheme 1  Synthesis procedure of S-PCL precursor

Scheme 2  Synthesis procedure of S-PCLTh precursor
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24  h and terminated in methanol. The resultant was filtered and washed with 
methanol and then dried under reduced pressure (Scheme 3).

Electrospinning of S‑PCL–PTh

The S-PCL–PTh was dissolved in dimethylsiloxane (DMSO) at 3% w/v, and 
the PCL was dissolved in  CHCl3 at 5% w/v and the solutions were stirred until 
homogenization. The blend solutions were prepared from PCL/S-PCL–PTh with 
ratio of 25:75 (v/v) at 25  °C. The solutions were injected at 0.3 mL/h with an 
applied voltage of 23  kV. Through the alteration of voltage and collector dis-
tance from syringe and also the injection rate and, consequently, with detect-
ing the SEM morphologies after each modification, an optimized condition was 
acquired based on the homogeneity of electrospun fibers and their mean diam-
eter. The deposited fiber mats were dried at room temperature.

Scheme 3  Synthesis procedure of S-PCL–PTh precursor
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Cell culture and biocompatibility tests

The 6-well dishes having penicillin/streptomycin and fetal bovine serum were uti-
lized to culture the osteoblast-MG63 cells. The MTT assay was applied to qualita-
tively assess the cell viability. A MTT solution (0.5 mL) was inserted into the wells 
after incubating for 48  h. The second incubation was subsequently performed at 
37 °C within 4 h in 5%  CO2. The DMSO (0.2 mL) was utilized so as to dissolve the 
formazan crystals. In order to test the materials with Alkaline Phosphatase (ALP), 
the cultured cells were washed with PBS and Alkaline Phosphatase Yellow. For 
Alizarin Red staining measurement, the cells were washed with PBS and paraform-
aldehyde during 15 min. The calcium deposits were detectable in red color after that 
the cells were stained via Alizarin Red solution having a pH of 4.2 and incubated 
within 10 min.

Characterization

Fourier transform infrared (FT-IR) spectra were recorded on Shimadzu 8101  M 
FT-IR. The nuclear magnetic resonance (1HNMR) spectra were detected via FT-
NMR Bruker spectrometer (Bruker, Ettlingen, Germany) in deuterated dimethylsul-
foxide (DMSO-d6). The thermogravimetric analyses (TGA) were performed with 
a heating rate of 10 °C min−1 at 25–700 °C. The field emission scanning electron 
microscope (FESEM) type 1430 VP was used to characterize the surface mor-
phology of developed samples and the adherent mouse MG63 cells. The molecu-
lar weights were determined by means of gel permeation chromatograph (Agilent, 
PLgel Mixed-C) using THF and DMF as eluents. The conductivities were obtained 
by the four-probe technique (Azar Electrode, Urmia, Iran). The tensile strength and 
strain to break properties were calculated with Zwick tensile testing. The wettability 
was also recorded through the water contact angle (OCA 20 plus).

Results and discussion

The electrical stimulation can mainly affect the cellular activities comprising the 
cell adhesion and cell migration [61–65]. In this regard, a new category of bioma-
terials is demanded with the conductivity, biocompatibility, and biodegradability 
properties.

S‑PCL–PTh characterization

FT‑IR records of S‑PCL, S‑PCLTh, and S‑PCL–PTh

The S-PCL with dipentaerythritol as core was synthesized with the ring-open-
ing polymerization (ROP), and the respective hydroxyl groups were reacted with 
p-anthranilic acid to reach S-PCL. Figure 1 reports FT-IR spectra of S-PCLM and 
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S-PCL. FT-IR spectra of S-PCL demonstrated identifying peaks at 2950–2800 cm−1 
because of stretching of aliphatic C–H, at 1371 and 1467 cm−1 for C–H bending, 
and at 1174 and 1244  cm−1 for C–O stretching. The hydroxyl end groups were 
detected at 3326 cm−1. The stretching of carbonyl group was recorded at 1726 cm−1. 
The intensity of the hydroxyl stretching conspicuously plummeted as a finger-
print of S-PCL synthesis. The perfect preparation of S-PCLTh was proved through 
recording the new peaks at 3100–2800 cm−1 (stretching of aliphatic and aromatic 
C–H), 719 and 796 cm−1 (γ(C–H)), and 1548 cm−1 (aromatic C=C stretching). The 
band at 1652 cm−1 was related to the carbonyl stretching in 2-thiopheneacetate via 
overlapping with stretching vibrations of C=O groups (Fig.  1). The absorptions 
of 3100–3000 cm−1 (α and β hydrogens of thiophene), 740 cm−1 (γ(C–H) of aro-
matic ring), 1467 cm−1 (aromatic C=C stretching), and 601 cm−1 (C–S stretching) 
were verified in spectra of S-PCL–PTh. The perfect grafting of PTh onto S-PCLTh 
was demonstrated with the new bands including 1733 cm−1 (stretching of carbonyl 
group), 1174 cm−1 (C–O stretching), and 3100–2800 cm−1 (stretching of aliphatic 
and aromatic C–H).

1HNMR of S‑PCL and S‑PCLTh

1HNMR spectra of S-PCL and S-PCLTh are exhibited in Fig.  2a, b, respectively. 
The identifying peaks of dipentaerythritol were observed at 1.25 and 3.84 ppm. The 
resonance peaks of a-d were detected because of the presence of PCL. The peaks of 

Fig. 1  FT-IR spectra of synthe-
sized precursors
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b, c, and d appeared at 1.55, 1.34, and 4.12 ppm, respectively. The methylene pro-
tons (a) were detected at 2.31 ppm, and the terminal methylene protons (a′) appeared 
at 4.04 ppm for the hydroxyl-terminated PCL. The chemical shifts observed at 3.64 
and 6.95–7.25 correlated with –CH2 and thiophenic protons of 2-thiopheneacetate 
proved the perfect synthesis of S-PCLTh (Fig. 2b).

Morphology study

The star-like polymers are good alternatives to the linear ones in interaction with 
tissues [66]. The surface morphologies of S-PCL and S-PCL–PTh were studied by 

Fig. 2  1HNMR spectra of a S-PCL and b S-PCLTh
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FESEM. Both S-PCL (Fig. 3a, b) and S-PCL–PTh (Fig. 3c, d) samples demonstrated 
a flake-like morphology. This morphology was also detected for all other samples.

GPC analyses

The GPC traces of S-PCL and S-PCL–PTh precursors are depicted in Fig.  4. As 
reported in Table 1, the data acquired from GPC and 1HNMR analyses were compat-
ible with each other. The Mn of 6 PCL arms was 38,200 g/mol ( DP

n
=

38200

114.14
≈ 335 ). 

Hence, each arm had 56 CL ( 335
6

 ≈ 56). The total Mn of polymer was 78,450 g/mol. 

Fig. 3  FESEM images of a, b S-PCL and c, d S-PCL–PTh samples in different magnifications
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By comparing the Mn of PCL (38,300  g/mol) and total value (78,450  g/mol) and 
dividing to the Mn of each thiophene (84 g/mol), the DPn was equal to 478 for the 
PTh blocks. The number of thiophene monomers in each arm was 80 ( 309

6
≈ 80).

Electroactivity

The electroactivity of the homo-polythiophene (H-PTh) and S-PCL–PTh was stud-
ied via cyclic voltammetry (CV) in constant rate and 10–40  mV  s−1 scan rate in 
 H2SO4 versus the reference electrode of Ag/AgCl (Fig. 5). The H-PTh displayed a 
redox with the anodic and cathodic peaks. The CV curves of S-PCL–PTh showed 
similarities to those of the H-PTh (anodic and cathodic peaks at around 0.65 and 
0.25 V) (Fig. 5a). Both mentioned systems had anodic shifting in the positive direc-
tion of potential parallel with an increase in the scan rate. This indicated that the 
electrochemical doping/dedoping of precursors was chemically reversible (Fig. 5a, 
c).

Thermal behaviors

The thermogravimetric measurement was applied to study the thermal stabil-
ity of distinct prepared samples. The decomposition of S-PCL–PTh began at 

Fig. 4  GPC traces of a S-PCL in THF as eluent and b S-PCL–PTh in DMF as eluent

Table 1  Properties of prepared 
precursors on the basis of GPC 
and 1HNMR

a Gel permeation chromatography
b1 HNMR

Sample Mn
a (GPC) Mb

n(HNMR) PDIa

S-PCL 38,200 36,925 1.38
S-PCL–PTh 78,455 – 1.39
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210  °C, and the weight loss rate was raised up to 500  °C and then decreased 
with a residue of 40 wt% at 700  °C, as depicted in Fig. 6. The degradation of 
S-PCL started at 300 °C, and the weight loss rate increased up to 320 °C having 
a residue of 5 wt% at 700 °C. The thermal decomposition of H-PTh occurred at 
300–700 °C with a constant rate. In conclusion, the thermal stability of star-pol-
ythiophene was higher than the star-PCL. The former also represented a lower 
thermal stability than the H-PTh.

Fig. 5  CV curves of chemically synthesized S-PCL–PTh (scan rate = 10–40 mV s−1) (a) chemically pre-
pared S-PCL–PTh (scan rate = 25 mV s−1) (b); electrochemically development of H-PTh onto S-PCL–
PTh (scan rate = 10–40 mV s−1) (c) (scan rate = 25 mV s−1) (d)

Fig. 6  TGA curves of H-PTh 
(first top curve from right, blue), 
S-PCL (third top curve from 
right, orange), and S-PCL–PTh 
(second top curve from right, 
dark blue) (color figure online)
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Fig. 7  FESEM of S-PCL–PTh/PCL nanofibers with different magnifications (a–c) and water drop on 
them in the inset panel (b); digital camera image of the scaffold (d); FESEM images of cells on S-PCL–
PTh/PCL nanofibers (e, f)
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Analysis of electrospun nanofibers

Morphology and hydrophilicity

Figure 7a shows FESEM image of the electrospun nanofibers. FESEM images of 
the samples exhibited a three-dimensional (3D) interconnected structure with 
250–300 nm diameters (Fig. 7a). The contact angles reflected the hydrophilicity of 
scaffolds, which could further influence the extent of protein adsorption and cell 
attachment [67, 68]. The surface hydrophilicity of electrospun scaffolds was meas-
ured by the water contact angle, i.e., 105° ± 4°.

Mechanical properties and electrical conductivity of nanofibers

The mechanical characteristics of the nanofiber-based scaffolds are vital because 
of their influence on the adhesion and proliferation [69]. The brittle H-PTh could 
not be converted to the electrospun nanofibers; thereby, the application of PCL 
improved the mechanical characteristics of scaffolds. The PCL component reduced 
the elongation at break, whereas it increased the tensile strength and Young’s modu-
lus. The systems represented a linear elasticity, and Young’s modulus (36.50 MPa), 
tensile strength (4.69 MPa), and elongation at break (101.05%) were recorded.

The electrical charges affect the cell adhesion and proliferation [19, 70]. The con-
ductivities of prepared precursors were recorded by the four-probe. Based on the 
voltage (V), current of outer probes (I), and thicknesses (d), the specific resistiv-
ity (ρ, Ω cm) and thus the electrical conductivity (σ, S cm−1) were recorded [71]. 
The electrical conductivity results for H-PTh, S-PCL–PTh, and S-PCL–PTh/PCL 
nanofibers were 0.50, 0.22, and 0.011  S  cm−1, respectively. The S-PCL–PTh had 
a lower conductivity than H-PTh. The conductivity of S-PCL–PTh/PCL nanofibers 
significantly decreased because of the presence of dielectric PCL. The conductivity 
ranging in  10−5 S cm−1 can be appropriate for establishing the micro-current [71].

Cytotoxicity and cell growth assay

The morphology of osteoblast cells on the scaffolds was probed after 7  days via 
FESEM. The FESEM of S-PCL–PTh/PCL nanofibrous structures with differ-
ent magnifications (Fig.  7a–c) and water drop (in the inset panel of Fig.  7b) and 
FESEM images of osteoblast cells on S-PCL–PTh/PCL nanofibers (Fig. 7e, f) are 
represented. The digital camera image of a typical scaffold is shown in Fig. 7d. The 
MG63 cells were attached to S-PCL–PTh nanofibers and constructed the integrated 
configurations. The 3D scaffolds were able to develop the interconnected porous 
structures having great surface areas for proliferation and adhesion.

The biocompatibility is also vital owing to its influence on the cell attachment and 
proliferation. The cell growth of S-PCL–PTh fibers was investigated at seeding den-
sity of 1 × 105 cells cm−2 by MG63 cells (Fig. 8a). The cells were expanded 8 ± 0.5 
factor and reached 8 ± 0.5 × 105  cells  cm−2 for S-PCL–PTh system. The potential 
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cytotoxic effect of S-PCL–PTh electrospun nanofibers on cells was also probed by 
MTT assay. The nanofibers did not induce cytotoxicity in MG63 cells (Fig. 8b). The 
cell activities were investigated by Alizarin Red and Alkaline Phosphatase (ALP). In 
Alizarin Red staining, the dye can be extracted from the stained monolayer of cells 
and assayed. The activity of cells is illustrated in Fig. 9 for S-PCL–PTh nanofibers. 

Fig. 8  The MG63 cell growth on S-PCL–PTh nanofibers (a); cytotoxicity of S-PCL–PTh/PCL nanofib-
ers on MG63 cells (b)

Fig. 9  S-PCL–PTh/PCL nanofiber activity with a Alizarin Red and b ALP tests; c Alizarin Red in con-
trol system
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A control system based on primary scaffold without cells is also reported in Fig. 9c. 
The cell activity and protein generation factors were not observed in the systems 
without cultured cells. 

Conclusions

The S-PCL–PTh was synthesized with ring-opening and chemical oxidation proce-
dures to acquire the ideal biological characteristics. The S-PCL–PTh copolymers 
exhibited the conductivity of 0.22  S  cm−1. Cellular studies demonstrated that the 
MG63 osteoblast cells cultured on the designed scaffolds performed better than on 
the control sample. The S-PCL–PTh is thus a well-functioned material for inserting 
the conductive precursors in scaffolding.
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