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thermally induced phase separation†
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Fabrication of functional nanofibrous biomimetic scaffolds for tissue regeneration remains a challenge. This

work demonstrates that functional nanofibrous scaffolds were fabricated from blends of polylactide with

other functional polymers by a thermally induced phase separation (TIPS) technique, here exemplified by

the fabrication of electroactive nanofibrous scaffolds from the blends of polylactide and an electroactive

degradable tetraaniline–polylactide–tetraaniline (TPT) block copolymer by TIPS. The TPT copolymer was

synthesized by coupling reaction between the carboxyl-capped tetraaniline and polylactide. The

chemical structure, electroactivity, thermal properties and mechanical properties of TPT and polylactide/

TPT blend films were characterized. The copolymer blends were fabricated into electroactive

nanofibrous scaffolds by TIPS. The effect of aniline tetramer content, polymer concentration and phase

separation temperature on the diameter of nanofibers was investigated. The adhesion and proliferation

of C2C12 myoblast cells and protein adsorption on the electroactive biodegradable substrates were

evaluated, and the results show that the electroactive materials are nontoxic and could enhance the

C2C12 cell proliferation without electrical stimulation, and adsorbed more proteins compared to

polylactide. The electrical stimulation on the electroactive substrates significantly increased the cell

proliferation of C2C12 myoblasts. This work opens the way to fabricate functional nanofibrous scaffolds

from the blends of polylactide and other functional polymers by TIPS.
Introduction

Biomaterials play a pivotal role in tissue healing and regener-
ation processes. Biodegradable porous scaffolds provide three-
dimensional templates which can support cell attachment,
proliferation, differentiation and neo tissue genesis.1–5 It is
benecial for the scaffold as a synthetic temporary extracellular
matrix (ECM) to mimic the nanobrous structure of the natural
ECM.6–9 Biomimetic scaffolds with nanobrous structure are
usually created by electrospinning, self-assembly and a ther-
mally induced phase separation (TIPS) technique.10–14 With
great processing exibility, TIPS is a promising method to
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fabricate scaffolds for a wide range of applications in tissue
regeneration.15–17 Most of the work reported the synthesis of
nanobrous scaffolds by TIPS from polylactide and poly(lactide-
co-glycolide) copolymers.15 However, polylactide and poly-
(lactide-co-glycolide) copolymers lack bioactivity, and it remains
a challenge to fabricate functional nanobrous biomimetic
scaffolds from the blends of polylactide and other functional
polymers.

Recent research showed that a range of cellular activities
including cell adhesion, proliferation and differentiation were
tuned by conducting polymers with electrical stimulations.18–20

However, the non-degradability and poor processability of
conducting polymers greatly restricted their applications in
tissue engineering. Nanobrous conductive scaffolds based on
blends of polyaniline or polypyrrole with other degradable
polymers were created by electrospinning.21–23 However, the
electrospinning technique usually has some limitations to
generate three-dimensional scaffolds with well-dened pore
size.24–26 Furthermore, polyaniline and polypyrrole in the scaf-
folds are not degradable and expected to stay in vivo21–23,27 even
though a small amount of them was used in the blends.28

Therefore, biodegradable and conductive polymers and their
applications as scaffolds for tissue regeneration have gained
more and more attention.19,23 We synthesized a series of
degradable conducting polymers29–31 and hydrogels32,33 with
different macromolecular architectures, moderate
J. Mater. Chem. B, 2014, 2, 6119–6130 | 6119
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hydrophilicity and tunable conductivity. However, the nano-
brous electroactive degradable scaffolds which could mimic
the structure of the natural ECM have not been reported.

The aim of this work is to fabricate electroactive nanobrous
biodegradable scaffolds from the blends of polylactide and an
electroactive degradable polymer by a thermally induced phase
separation technique. We hypothesize that the nanobrous
structure of the scaffolds could mimic the physical structure of
the ECM, while the electroactivity can be used to regulate the
cellular activity during tissue regeneration. The synthesis of
electroactive degradable block copolymers and the properties of
their blends with polylactide including chemical structure,
electroactivity, thermal properties, hydrophilicity and mechan-
ical properties were investigated. The fabrication of electro-
active nanobrous scaffolds from the blends by TIPS was
studied. The effect of polymer concentration and phase sepa-
ration temperature on the nanobrous structure was studied.
The good biocompatibility of these scaffolds was investigated by
cell adhesion and proliferation of C2C12 myoblasts. This work
will open the door for fabrication of various functional nano-
brous scaffolds from the polylactide blends by TIPS.

Experimental
Materials

L-Lactide (LLA, Aldrich) was puried by recrystallization in dry
toluene twice and subsequently dried under reduced pressure
for 3 days prior to polymerization. Aniline (J&K Scientic Ltd.)
was distilled twice under reduced pressure. Stannous octoate,
Sn(Oct)2 (Aldrich), was dried over molecular sieves and stored in
a glovebox (MBraun labstar) purged with nitrogen. N-Phenyl-
1,4-phenylenediamine, p-phenylenediamine, ammonium per-
sulfate ((NH4)2S2O8), hydrochloric acid (HCl), ethanol (EtOH),
dimethyl sulphoxide (DMSO), succinic anhydride (SA), chloro-
form (CHCl3), ammonium hydroxide (NH4OH), phenyl-
hydrazine, N0-dicyclohexyl carbodiimide (DCC), 4-
dimethylaminopyridine (DMAP) and camphorsulfonic acid (C)
were all purchased from Aldrich and were used as received.

Synthesis of polylactide with different molecular weights

Linear polylactides (P) with different molecular weights were
prepared by ring-opening polymerization (ROP).34 Briey,
monomer (LLA), catalyst (Sn(Oct)2) and initiator (ethylene glycol
(EG)) were weighed and added into a silanized round-bottomed
ask in a glovebox lled with nitrogen (MBraun labstar). The
ask was then placed in an oil bath at 110 �C for 48 h. Aer 48 h,
20 mL chloroform was added to dissolve the mixture. The
mixture was then precipitated in 200 mL ether. The cake was
vacuum dried under room temperature for 2 days aer ltra-
tion. The theoretical molecular weights of two kinds of linear P
were 80k and 1.5k, respectively. Samples were named e.g. P80k,
meaning polylactide with a molecular weight of 80 000.

Synthesis of tetraaniline

Tetraaniline (T) was synthesized in a two-step reaction. The
amino group of N-phenyl-1,4-phenylenediamine was rstly
6120 | J. Mater. Chem. B, 2014, 2, 6119–6130
protected with butane diacid anhydride in CH2Cl2. 0.1 mol
carboxyl-capped N-phenyl-1,4-phenylenediamine and 0.1 mol
p-phenylenediamine were dissolved in a mixture solution of
DMF and 1 mol L�1 hydrochloric acid (HCl) (v/v ¼ 1 : 1). The
emeraldine (EM) base form of T was prepared by adding 0.2 mol
oxidant ammonium persulfate to the above solution under
vigorous stirring for 4 h and dedoped with 1 mol L�1 NH4OH.
The fully reduced leucoemeraldine (LM) T was obtained by
reducing the EM T with phenylhydrazine. The gray product was
nally dried under vacuum for 48 h.

LM T: 1H NMR (400 MHz, DMSO-d6): d ¼ 12.05 (s, 1H,
–COOH), d ¼ 9.71 (s, 1H, –NHCO–), d ¼ 7.76 (s, 1H, –NH–), d ¼
7.67 (s, 1H, –NH–), d ¼ 7.63 (s, 1H, –NH–), d ¼ 7.36–7.38 (d, 2H,
Ar-H), d ¼ 7.12–7.13 (d, 2H, Ar-H), d ¼ 6.99–6.86 (m, 12H, Ar-H),
d¼ 6.69–6.65 (d, 2H, Ar-H), d¼ 2.74–2.72 (t, 4H, –CH2CH2–).

13C
NMR (100 MHz, DMSO-d6) d ¼ 174.41 (–COOH), 169.73
(–CONH–), 145.87 (Ar-C), 141.08 (Ar-C), 139.14 (Ar-C), 138.00
(Ar-C), 136.59 (Ar-C), 135.32 (Ar-C), 131.32 (Ar-C), 129.52 (Ar-C),
121.08 (Ar-C), 120.91 (Ar-C), 119.71 (Ar-C), 118.67 (Ar-C), 118.37
(Ar-C), 117.90 (Ar-C), 116.01 (Ar-C), 115.03 (Ar-C), 31.33 (–CH2–),
29.44 (–CH2–).
Synthesis of the TPT block copolymer

The schematic routine for the synthesis of the TPT copolymer is
shown in Scheme 1. P1.5k (0.001 mol) and T (0.002 mol) were
dissolved in 10 mL 1,4-dioxane in a dried ask. DMAP (0.0015
mol) and DCC (0.0025 mol) were then added into the ask aer
dissolving. The reaction was carried out at room temperature
for 72 h. The mixture was then ltered to remove dicyclohexyl-
urea. The ltrate was precipitated in 150 mL ether. The product
was nally dried in a vacuum oven for 3 days.
Preparation of electroactive degradable P80k/TPT lms

Films of P80k blended with TPT copolymers were fabricated by
a solution-casting method. Appropriate amounts of P80k and
TPT copolymer as listed in Table 1 were dissolved in THF. The
mixture was then cast into a Petri dish, and the solvent was
allowed to evaporate in a fume hood for 4 days. The lm
obtained was dried in a vacuum oven for 3 days. The T content
was set as 2 wt%, 5.5 wt% and 9 wt% in the blends. The C doped
blends were fabricated in a similar manner except that the
various amounts of dopant C (4 wt% of TPT copolymer) were
added to the mixture.
Fabrication of P80k/TPT nanobrous scaffolds by TIPS

Nano-brous scaffolds from P80k and P80k/TPT blends were
fabricated by employing the thermally induced phase separa-
tion technique.35 Briey, 3.0 mL polymer solution (7.5 wt% or
5 wt%) in THF was cast into a Teon vial. The polymer solution
was then phase separated at �20 or �80 �C for 4 h and then
soaked into distilled water to exchange THF for 2 days. The
obtained matrix was freeze-dried for 3 days. The dried porous
scaffolds were then stored in a desiccator.
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4tb00493k


Scheme 1 Synthesis route of TPT and fabrication of electroactive biodegradable films and electroactive nanofibrous scaffolds.

Table 1 Composition of the used polymer blends (films and scaffolds).
P80k: polylactide with a molecular weight of 80k; TPT: tetraaniline–
polylactide1500–tetraaniline copolymer; P/TPT2: blends containing
2 wt% of tetraaniline; C: camphorsulfonic acid

Sample name P80k (mg) TPT (mg) C (mg)

P80k 1000 0 0
P80k/TPT2 948 52 0
P80k/TPT5.5 858 142 0
P80k/TPT9 768 232 0
P80k/TPT2C 948 52 2.3
P80k/TPT5.5C 858 142 6.4
P80k/TPT9C 768 232 10.4
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Characterization

The FT-IR spectra of the P1.5k, P80k and TPT block copolymer
were recorded on a Nicolet 6700 FT-IR spectrometer (Thermo
Scientic Instrument) in the 4000–600 cm�1 range.

The 1H NMR (400 MHz) spectrum of the polymer was
obtained using a Bruker Ascend 400 MHz NMR instrument,
This journal is © The Royal Society of Chemistry 2014
with CDCl3 and DMSO-d6 being used as the solvents for the
polylactide and TPT copolymer and internal standards,
respectively.

Gel permeation chromatography (GPC) was used to deter-
mine the molecular weights (Mn) of the polymers. The experi-
ments were conducted on aWaters 1525 pump, a column heater
equipped with two Waters Styragel columns (HT2 and HT4) and
a Waters 2414 refractive index detector. THF was chosen as the
mobile phase at a ow rate of 1 mL min�1. The standard curve
of molecular weight was calibrated by narrow polystyrene
standards.

The UV-vis spectra of T and TPT in DMSO solution were
recorded on a UV-vis spectrophotometer (PerkinElmer
Lambda 35).

The thermal stability of the copolymers was tested by ther-
mogravimetric analysis (TGA) using a Mettler-toledo TGA/DSC
1 thermogravimetric analyzer under a nitrogen atmosphere
(nitrogen ow rate 50 mL min�1) and a heating rate of 10 �C
min�1. The scan range was between 50 and 800 �C.
J. Mater. Chem. B, 2014, 2, 6119–6130 | 6121
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The glass transition temperature (Tg), melting temperature
(Tm) and crystallinity (Xc) of the polymers were investigated
using a TA Q200 DSC with a nitrogen ow rate of 50 mL min�1.
The samples were rst heated to 200 �C, and the thermal history
of polymers was removed by a 2 min equilibrium at 200 �C.
Measurement was conducted by cooling the sample from 200 to
�20 �C and the heating scan from �20 to 200 �C at a heating
rate of 10 �C min�1. Tg, Tm and Xc were obtained from the
second heating scan. The crystallinity (Xc) was calculated by: Xc

¼ DHf/DH
0
f � 100%, where DHf is the enthalpy of fusion of

polylactide crystallized in the blend, and DH0
f is the enthalpy of

fusion of a 100% crystallized polylactide which is 93.6 J g�1 as
reported in the previous work.36

Cyclic voltammetry (CV) of T and TPT was carried out on an
Electrochemical Workstation (CHI 660D) interfaced and moni-
tored with a PC computer. A three-electrode system, i.e. a plat-
inum disc as the working electrode, a platinum-wire as the
auxiliary electrode, and an Ag/AgCl as the reference electrode,
was employed. The scan rate was 10 mV s�1.

The mechanical properties of the blend lms were deter-
mined on a MTS Criterion 43 instrument. Five or more rectan-
gular specimens (80 � 5 mm2) of each lm were prepared and
the thicknesses of the samples were measured using a thickness
meter (Mitutoyo). The mechanical properties of the lms were
carried out according to the ASTM D 638M-89 standard with a
load cell of 50 N, a speed of 2 mm min�1 and a gauge length of
30 mm.

Three circular specimens of each sample were immersed in
deionized water. The change in the sample weight with time
was periodically measured and the percentage weight gain of
the water was calculated by the following equation: water
adsorption% ¼ (Wt � Wo)/Wo � 100%, where Wt and Wo are the
weights of the equilibrated water swollen lm and the dry lm,
respectively.

The morphology of the scaffolds was observed by using a
eld emission scanning electron microscope (FE-SEM, SU-8000,
Hitachi, Japan). The average ber diameter was tested using
SEM images, where at least 100 measurements of bers were
selected throughout the matrix. Their average values and stan-
dard deviation were reported.
C2C12 cell adhesion and proliferation on the materials

The P80k/TPT lms were cut into circular shapes that t into 96-
well plates and sterilized with ethylene oxide. Aer being
washed three times with DPBS and twice with cell culture
medium for 30 min each at 37 �C, the lms were placed into a
96-well plate (Costar) and xed with sterilized silicone rubber.

The C2C12 cell line was originally obtained from the ATCC
(American Type Culture Collection) and incubated at 37 �C in a
humidied incubator containing 5% CO2. The complete growth
medium was Dulbecco's Modied Eagle Medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum (GIBCO),
1.0 � 105 U L�1 penicillin (Hyclone) and 100 mg L�1 strepto-
mycin (Hyclone). 100 mL of the cell suspension containing
approximately 3000 C2C12 cells was added into each well of the
96-well plate with P80k/TPT lms. 10 mL of the AlamarBlue®
6122 | J. Mater. Chem. B, 2014, 2, 6119–6130
(Invitrogen) reagent was added into each well aer the cells
being incubated for 24 h. The cells were cultured for another 6 h
at 37 �C in a humidied incubator containing 5% CO2 protected
from direct light. 80 mL of themedium of each well was removed
into a 96-well black plate (Costar). Fluorescence was read by a
microplate reader (Molecular Devices). The cells were incubated
for 1, 3 and 5 days and tested respectively. Cells seeded on P80k
lms served as the positive control group. Tests were repeated
six times for each group.

100 mL of 5 wt% P80k/TPT in THF was coated onto an 18 mm
� 18 mm cover slide and the solvent was removed by drying in
air for 2 days. The cover slides placed in a 6-well plate (Costar)
were sterilized with ethylene oxide for 5 h, and then washed
three times with DPBS and twice with cell culture medium for
30 min each at 37 �C. The C2C12 cells were seeded on the cover
slides at a density of approximately 1.0 � 105 cells per well. The
plates were incubated for 48 h at 37 �C in a humidied incu-
bator containing 5% CO2. For cell morphology observation, the
cover slides were xed with 2.5% glutaraldehyde in DPBS at
room temperature for 30 min and then washed with DPBS. The
cells were stained by DPBS solution with uorescein iso-
thiocyanate (FITC) labeled phalloidin (Sigma) at a concentra-
tion of 5 mg mL�1 for 30 min at room temperature and then
washed by deionized water three times. The cells were redyed
with deionized water solution with DAPI (Sigma) at a concen-
tration of 0.1 mg mL�1 for 5 min. For the cell viability test, the
cover slides were washed three times with DPBS and stained
with LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular Probes)
for 30 min at room temperature. Cell adhesion and morphology
were observed under an inverted uorescence microscope
(IX53, Olympus).

Protein adsorption of the electroactive materials

The P80k, P80k/TPT2, P80k/TPT5.5, and P80k/TPT9 lms were
cut into circular shapes that t into 24-well plates and washed
three times with DPBS for 30 min each at 37 �C. The lms were
then placed into a 24-well plate (Costar). 1 mL DPBS containing
2.5% fetal bovine serumwas added into each well. The plate was
incubated at 37 �C for 20 h. Pierce™ BCA Protein Assay Kit
(Thermo scientic) was used to quantify the concentration of
the protein according to the manufacturer's instructions. The
amount of proteins adsorbed to the lms was determined by
subtracting the amount of proteins le in the solution aer
adsorption from the amount of proteins in control solution
(without lms) under the same incubation conditions.

Effect of electrical stimulation on morphology and
proliferation of C2C12 myoblasts

Aer sterilization with ethylene oxide, the P80k/TPT materials
were put into a 24-well plate and washed three times by DPBS
and twice by cell culture medium 30 min each at 37 �C. C2C12
cells were seeded on the substrates at a density of 5000 cells per
well, and incubated for 24 h for adhesion. The electrical stim-
ulation was then carried out by using the function/arbitrary
waveform generator (Rigol DS1022) to generate the electrical
signals, and the oscilloscope (Rigol DS1074) to check the
This journal is © The Royal Society of Chemistry 2014
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signals. The electrical signal, which was a square wave with the
frequency of 50 Hz, 50% duty cycle and electrical potential of
0.2 V, was transmitted to the P80k/TPT through platinum
electrodes for 1 h every day. To prevent from ionization damage,
the media were changed immediately aer the electrical stim-
ulation. The electrical stimulation was carried out for 5 days and
the cell viability was quantied with the AlamarBlue assay as
described on day 1, 3 and 5, respectively. Cells on P80k/TPT
substrates without electrical stimulation served as the positive
groups. Tests were repeated six times for each group.

The cells on P80k/TPT substrates were washed and stained
with a LIVE/DEAD® Viability/Cytotoxicity Kit for 30 min at room
temperature aer 5 days of electrical stimulation. The uores-
cent images were observed under an inverted uorescence
microscope (Olympus, IX53).

Statistical analysis

All the data were expressed as mean � standard deviation. The
data were statistically analyzed by a one-way ANOVA test fol-
lowed by using the S–N–K test method. Data were analyzed
using the SPSS18.0 statistical package. Differences were
considered statistically signicant when p < 0.05.

Results and discussion
Synthesis of P and TPT copolymers

Polylactide has good biocompatibility, biodegradability and
mechanical strength. It is widely used in tissue engineering
applications.37,38 However, polylactide does not have bioactivity
to tune the cellular activity during tissue repair.39,40 We
Fig. 1 1H-NMR spectra of (a) P1.5k, (b) T and (c) the TPT copolymer.

This journal is © The Royal Society of Chemistry 2014
synthesized a new block copolymer TPT in this work by intro-
ducing T to P to endow the TPT copolymer electroactivity which
could be used to tune the cellular behavior. However, TPT has
poor mechanical properties due to its low molecular weight. We
therefore blend TPT with P80k to obtain electroactive degrad-
able blends with good mechanical strength. We then further
fabricated these copolymer blends into electroactive nano-
brous scaffolds which are intended for tissue engineering
applications where electroactivity is needed. The P block could
improve the miscibility of TPT and P80k. By changing the
weight ratio of TPT and P80k, it is easy to control the T content
in the blends accurately in this way.

The FT-IR spectra of P1.5k, T, TPT and P80k/TPT9 are shown
in Fig. S1 in the ESI.† The peaks at 1755 cm�1 and 1084 cm�1 in
curve a of P1.5k correspond to ester groups (–COO–) and ether
groups (–C–O–C–) in polylactide. In curve b, the absorption peaks
at 1609 cm�1 and 1525 cm�1 are characteristic of the stretching
vibration bands of quinoid rings and benzenoid rings, respec-
tively. The bands at 1713 cm�1 and 1657 cm�1 are assigned to the
absorptions from the carbonyl group (–CO–) in –COOH and the
amide group (–NHCO–) in T. Compared to curves a and b, the
TPT copolymer showed bands at 1756 cm�1 and 1088 cm�1 from
the P segment, and bands at 1599 cm�1 and 1505 cm�1 are
assigned to quinoid rings and benzenoid rings from the T
segment, indicating that the TPT copolymer was obtained. The
ester peak shied to a lower peak at 1748 cm�1 compared to that
in TPT, indicating that the hydrogen bonds are formed between
the ester group of P80k and the –NH– group in TPT.

The NMR spectrum was also used to conrm the chemical
structure of the polymers. The 1H NMR spectrum of P1.5k is
J. Mater. Chem. B, 2014, 2, 6119–6130 | 6123
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Table 2 Molecular weight of polylactide and TPT block copolymer

Sample Mn from 1H NMR Mn from GPC MWD

P1.5k 1500 2900 1.1
P80k 79 000 10 900 1.3
TPT 2450 3900 1.1
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shown in Fig. 1(a). Themolecular weight of P was determined by
comparing the peak integral of –CH– protons (d¼ 5.2 ppm) with
the sum of –CH– protons next to the terminal hydroxyl groups (d
¼ 4.4 ppm) and the –CH2– protons in ethylene glycol. The
molecular weights calculated by NMR for the low molecular
weight P and high molecular weight P are 1500 and 79 000,
respectively, which were very close to theoretical molecular
weights, and agreed well with the GPC results as shown in Table
2. This indicated the successful synthesis of the polylactide.

The 1H NMR spectrum of TPT is shown in Fig. 1(c). TPT: 1H
NMR (400 MHz, DMSO-d6): d ¼ 9.74 (s, 1H, –NHCO–), d ¼ 7.77
(s, 1H, Ar-H), d ¼ 7.69 (s, 1H, –NH–), d ¼ 7.64 (s, 1H, –NH–), d ¼
7.36–7.38 (d, 2H, Ar-H), d ¼ 7.13–7.15 (d, 2H, Ar-H), d ¼ 6.98–
6.88 (m, 12H, Ar-H), d¼ 6.68–6.65 (d, 2H, Ar-H), d¼ 2.73–2.68 (t,
4H, –CH2CH2–) for the T segment, and d ¼ 5.19 (t, 2H, poly
–CH–), d¼ 4.32–4.27 (m, 4H, –CH– end and –CH– from ethylene
glycol), d ¼ 1.46–1.48 (m, 3H, poly –CH3), d ¼ 1.25 (d, 3H, –CH3
Fig. 3 Cyclic voltammograms of (a) T and (b) the TPT copolymer.

Fig. 2 UV-vis spectra of (a) T, (b) TPT, (c) C doped T and (d) C doped
TPT.

6124 | J. Mater. Chem. B, 2014, 2, 6119–6130
end) for the polylactide segment. The peak of –CH2CH2– from T
changed to a lower chemical shi in the TPT copolymer because
of the coupling reaction between the hydroxyl groups at the
polylactide chain end and the carboxyl groups of T. The ratio of
the integrals of the –CH2CH2– group at 2.73–2.68 ppm and the
–CH– group at 5.19 ppm from P1.5k in the TPT copolymers was
about 1 : 3. All these data conrm the successful esterication
between the T and P1.5k. The molecular weight of TPT deter-
mined from GPC was about 1000 higher than that of P1.5k, as
shown in Table 2. This also indicated that the TPT triblock
copolymer was obtained.
Electroactivity of the copolymers

Fig. 2 shows the UV-vis spectra of T, the TPT copolymer and
their doped forms as curves a, b, c and d, respectively. The UV
spectra of both T and TPT showed two characteristic peaks at
318 nm and 580 nm, which are attributed to the p–p* transition
of the benzene ring and the benzenoid to quinoid excitonic
transition, respectively. When T and the TPT copolymer were
doped with C in DMSO, the peak at 580 nm almost disappeared,
and a new absorption peak appeared at 432 nm along with a
slight blue shi of the benzenoid absorption peak to 309 nm
owing to the formation of delocalized polarons.41 The peak at
798 nm corresponding to the localization of the radical polaron
conrms the generation of emeraldine salts.42,43

The cyclic voltammograms of T and the TPT copolymer are
shown in Fig. 3. The TPT copolymer and T were dissolved in
DMSO and doped by C solution. The cyclic voltammograms of T
in Fig. 3(a) and its copolymer in Fig. 3(b) showed two pairs of
well-dened reduction/oxidation peaks (0.34 V and 0.54 V),
which are attributed to the redox process from the “leucoe-
meraldine” to the “emeraldine” form, and then from the
“emeraldine” to the “pernigraniline” state. The redox peaks of
the copolymer are the same as those of monomer T, indicating
that the polylactide chains have no effect on the reduction/
oxidation of the T segments. All these UV-visible and CV results
conrmed the good electroactivity of the TPT copolymer.
Thermal properties of the copolymer blends

The thermal property of the copolymer blends was studied by
TGA and DSC. TGA is used to determine the thermal stability of
the blends, and the results are plotted in Fig. 4. When the
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 TGA curves of the polymers.
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temperature was increased from 100 to 200 �C, a slight weight
loss from P, TPT and their blends was observed. This is ascribed
to moisture and to the loss of other solvents trapped in the
polymer. In the case of pure P1.5k, a major weight loss between
200 �C and 265 �C occurred, and the weight loss above 265 �C
was almost 100%, indicating the degradation of the P main
chain. The P80k showed a similar degradation behavior to that
of P1.5k. However, the P main chain degraded at a higher
temperature between 270 and 295 �C, indicating a better thermal
stability due to the stronger macromolecular entanglement
between the P chains. In the case of TPT, it showed a two stage
degradation behavior. The rst evident weight loss occurred
between 200 �C and 300 �C, and was assigned to the degradation
of the less thermally stable P segments in the copolymer. The
second obvious weight loss took place between 300 and 470 �C,
and was attributed to the degradation of the T segment. The
higher thermal stability of the TPT copolymer compared to the
pure P1.5k was caused by the better thermal stability of T
segments. The second degradation stage was used to calculate
the T content in the TPT copolymer since the P segment was
almost completely degraded.41 The content of T in the copolymer
was about 38 wt% determined by the second degradation stage
which was in accordance with the feed ratio of the copolymer.
The thermal stability of the blend materials was intermediate
between that of P80k and TPT copolymer. The thermal stability
increased with increasing TPT copolymer content in the blends,
owing to the better thermal stability of the TPT copolymer.

The Tg and Tm of the copolymer blends were tested by DSC,
and the results are listed in Table 3. The Tg of TPT was about
Table 3 Tg and Tm of the polymers determined by DSCa

Sample code Tg (�C) Tm (�C) Xc

TPT 36.1 � 3.8 * *

P80k 65.1 � 3.8 175.3 � 0.1 53.4 � 6.3
P80k/TPT2 59.6 � 0.1 175.1 � 0.4 39.4 � 2.4
P80k/TPT5.5 58.6 � 0.4 174.5 � 0.3 38.1 � 1.4
P80k/TPT9 57.2 � 0.7 173.8 � 0.9 33.7 � 4.0

a *: not detected.

This journal is © The Royal Society of Chemistry 2014
36.1 �C, which is higher than that of P1.5k which is about
25.5 �C, because the rigid T segment hindered the movement of
the middle P segment. The Tm of the TPT polymer is not
detected, indicating that the TPT copolymer is in an amorphous
state. This could be because that the end rigid T segments in the
TPT copolymer seriously disturbed the crystallization of the P
segments.

The Tg and Tm of P80k were 65.1 �C and 175.3 �C, respec-
tively. The P80k/TPT2, P80k/TPT5.5 and P80k/TPT9 blends
showed a lower Tg and Tm than P80k, because the addition of
TPT to the P80k weakened the interactions and increased the
mobility of the P segment. As a consequence, the P segment can
move at lower temperature in the blends compared to that of
pure P80k. The Tg of the copolymer blends also increased
accordingly with respect to the decrease of the TPT content in
the blends, because the higher content of TPT in the blend has a
stronger plasticizing effect.

The crystallinity (Xc) of the copolymer blends was lower
than that of pure P80k and decreased in order with increasing
the TPT content in the blends. This is also because the TPT
molecule disturbed the crystallization process of the P
segment. It is important to point out that although the Xc of
the blends decreased compared to the pristine P80k. However,
the Xc values just decreased slightly. This provides the possi-
bility of using TIPS to fabricate the nanobrous scaffolds from
the polymer blends, as a certain degree of crystallinity of the
polymer is required for TIPS to prepare nanobrous
scaffolds.44
Water absorption of the blend lms

Water uptake of the lms with different TPT contents was
determined and the results are displayed in Table 4. The water
absorption of P80k is 2.1%, indicating a very hydrophobic
material. The water uptake of P80k/TPT blends increased from
3.1% to 13.1%, indicating that the hydrophilicity of the blend
lms increased with increasing TPT content in the blends.
Moreover, the water absorption of the doped P80k/TPT blend
lms in the range of 4.4% and 15.0% is higher than those of the
undoped lms, because the formation of emeraldine salt
further increased the hydrophilicity of the materials. The doped
P80k/TPT lm showed much higher water absorption than
P80k. This may overcome the hydrophobicity of the polylactide,
and probably leading to a better cell adhesion of the blend
lms.
Table 4 Water absorption of the blend films

Sample name Water absorption (%)

P80k 2.1 � 0.6
P80k/TPT2 3.1 � 1.0
P80k/TPT5.5 5.2 � 0.9
P80k/TPT9 13.1 � 0.6
P80k/TPT2C 4.4 � 0.2
P80k/TPT5.5C 10.4 � 1.9
P80k/TPT9C 15.0 � 0.7

J. Mater. Chem. B, 2014, 2, 6119–6130 | 6125
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Table 5 Mechanical properties of the blend films

Sample name
Stress at
break (MPa)

Strain at
break (%)

E-modulus
(MPa)

P80k 20.5 � 0.5 11.9 � 0.3 814.7 � 11.9
P80k/TPT2 18.6 � 0.8 7.4 � 1.1 796.4 � 68.5
P80k/TPT5.5 17.0 � 1.2 5.5 � 0.7 785.9 � 34.1
P80k/TPT9 14.9 � 0.6 4.5 � 0.4 741.1 � 45.1
P80k/TPT2C 19.1 � 0.8 19.1 � 1.2 708.5 � 52.0
P80k/TPT5.5C 16.5 � 0.3 14.6 � 2.0 602.9 � 15.2
P80k/TPT9C 12.7 � 0.7 13.0 � 0.8 482.6 � 33.4
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Mechanical properties of the lms

Mechanical properties of biomaterials are quite important for
their use in tissue engineering, since the biomaterials need to
withstand the mechanical stress during neogenesis. The
mechanical strength of copolymer blend lms was determined
by a tensile test, and the results are displayed in Table 5. The
stress at break and E-modulus of pure P80k were 20.5 MPa and
814.7 MPa, respectively. The stress at break of the undoped and
doped P80k/TPT blend lm was lower compared to that of P80k,
and they are between 19.1 MPa and 12.7 MPa. The E-modulus of
the doped and undoped blend copolymer showed a similar
trend to that of stress at break, and they decreased accordingly
with increasing the TPT content in the blends, because the TPT
molecules disrupted the ordered structure of P and weakened
the inter- and intra-molecular interaction between the P
macromolecules. The E-modulus of the C doped P80k/TPT
blend is lower than that of the undoped counterparts, probably
because of the plasticizing effect of the dopants in the matrix.
The modulus of the blend lms is much higher than that of the
electroactive poly(ester-amide)-gra-tetraaniline copolymer
which is 20 � 2.5 MP.45 It should be noted that although the
E-modulus of the blend lms was decreased, a moderate
E-modulus of the materials remained.

One disadvantage of using P as a biomaterial is its brittle-
ness.46,47 The strain at break of the P80k in this study is 11.9%.
The P80k/TPT blend lm showed a lower strain at break
between 7.4% and 4.5%. However, the C doped P80k/TPT blend
showed a much higher strain at break in the range of 19.1% and
13.0%, compared to that of pure P80k. This overcomes the
brittleness of P and endowed the C doped blend materials a
better handling ability during the tissue engineering
applications.48
Fig. 5 SEM images of (a) P80k, (b) P80k/TPT2, (c) P80k/TPT5.5 and (d)
P80k/TPT9, the concentration of the blend was 5 wt% and the phase
separation temperature was �20 �C for all the samples.
Morphology of electroactive nanobrous scaffolds

TIPS is a robust and powerful technique to create nanobrous
structures of the scaffolds. However, most of the synthetic
materials used to create nanobrous scaffolds are polylactide
and poly(lactide-co-glycolide) copolymers. These aliphatic
polyesters have good biocompatibility and biodegradability.
However, they lack of bioactivity.49 It remains a challenge to
create functional nanobrous scaffolds by TIPS. We blended the
electroactive degradable TPT copolymer with P80k, and
demonstrated the good electroactivity and mechanical
6126 | J. Mater. Chem. B, 2014, 2, 6119–6130
properties of the blends. We further fabricated these electro-
active degradable blends into electroactive nanobrous scaf-
folds by TIPS. The nanobrous structures of the P80k, P80k/
TPT2, P80k/TPT5.5 and P80k/TPT9 are shown in Fig. 5. We can
see that all the systems formed porous scaffolds with a ber
diameter between 100 nm and 500 nm, which could mimic the
structure of the natural ECM. The diameters of the scaffolds of
P80k, P80k/TPT2, P80k/TPT5.5 and P80k/TPT9 are 195� 36, 207
� 31, 224 � 33 and 268 � 37 nm, respectively, which increased
with increasing the TPT content in the blends.

We also studied the effect of polymer concentration and
phase separation temperature on the diameter of the nano-
bers. The SEM images of P80k/TPT with different polymer
concentrations and phase separation temperatures are shown
in Fig. S2.† The diameter of the 5 wt% P80k/TPT9 with a phase
separation temperature at �20 �C and at �80 �C was 268 � 37
and 284 � 58 nm, respectively. In the case of the 7.5 wt% P80k/
TPT9 with a phase separation temperature at�20 �C and at�80
�C, the diameter of the bers slightly increased from 224� 33 to
275 � 47 nm. For samples with the same phase separation
temperature, the diameter of the nanobers with 5 wt% of the
polymer solution was bigger than that with 7.5 wt% as shown in
Table 6. By comparing the images of Fig. S2a with S2c, and
Fig. S2b with d in the ESI,† we found that the scaffolds of a and
b showed amore porous structure than c and d, due to the lower
polymer concentration. We could thus tune the diameter of the
nanobers and pore size of the scaffolds by controlling the
polymer concentration and phase separation temperature.
Cell adhesion and proliferation assay of C2C12 myoblasts

P has good biocompatibility and is widely used in tissue engi-
neering.50,51 In our work, the P80k lm was used as the control
group to evaluate the biocompatibility of the P80k/TPT blend
polymers. C2C12 myoblasts have been proved sensitive to
electrical stimulations and this makes C2C12 myoblasts an
ideal cell type to evaluate the biocompatibility of electroactive
This journal is © The Royal Society of Chemistry 2014
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Table 6 The diameter of the nanofibers of the scaffolds

Sample code
Polymer
concentration (wt%)

Phase separation
temperature (�C)

Fiber diameter
(nm)

P80k 5 �20 195 � 36
P80k/TPT2 5 �20 207 � 31
P80k/TPT5.5 5 �20 224 � 33
P80k/TPT9 5 �20 268 � 37
P80k/TPT9 5 �80 284 � 58
P80k/TPT9 7.5 �20 224 � 44
P80k/TPT9 7.5 �80 275 � 47

Fig. 7 Cell viability of C2C12 cells on P80k/TPT films with P80k served
as the control group. The cell viability of C2C12 on P80k/TPT2 and
P80k/TPT5.5 films was higher than that on the P80k film. * indicates
statistically significant differences between the groups (*p < 0.05).
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materials.52,53 Aer C2C12 cells being incubated on the P80k/
TPT substrates for 48 h, the cells were stained by a LIVE/DEAD®
Viability/Cytotoxicity Kit and the results are shown in Fig. 6.
Dominant live cells (green) were observed for all the groups, and
dead cells (red) were barely found. There was no signicant
difference between P80k/TPT and P80k groups. These illus-
trated that the P80k/TPT blends are not toxic.

Cytoskeleton staining is a good way to detect the change of
cell morphology which is inuenced by the culture substrate.
C2C12 cells on P80k/TPT substrates were stained by FITC
labeled phalloidin and DAPI aer being incubated for 48 h
(Fig. 6). C2C12 myoblast cells for all the groups showed a
normal spindle-like morphology, and there was no signicant
difference between P80k/TPT groups and the P80k group.
Furthermore, the C2C12 cell proliferation on P80k/TPT2 and
P80k/TPT5.5 is much better than that on P80k. These results
indicated that the P80k/TPT lms are nontoxic and ideal
substrates for C2C12 cells to adhere.

Cell proliferation of C2C12 myoblasts on the P80k/TPT blend
lms was evaluated by the AlamarBlue® assay and the results
are shown in Fig. 7. The cell number on all the groups showed a
continuous increase from day 1 to day 5, indicating that all the
P80k/TPT groups supported the proliferation of C2C12 cells.
The cell viability of C2C12 cells on P80k/TPT2 and P80k/TPT5.5
Fig. 6 Fluorescent images of C2C12 cells on P80k/TPT substrates stain
labeled phalloidin and DAPI (bottom) after being cultured for 48 h. Scale

This journal is © The Royal Society of Chemistry 2014
lms was higher than that on P80k lms (p < 0.05). There was no
signicant difference between the cell viability of C2C12 cells on
P80k/TPT9 lms and P80k lms (p > 0.05). The results demon-
strated that these electroactive P80k/TPT blend materials with a
suitable content of the AT segments are non-toxic and that they
enhanced the proliferation of C2C12 myoblasts without elec-
trical stimulation. These results indicated that these electro-
active degradable materials would work better as tissue
engineering scaffolds compared to polylactide.

To further explore the possible mechanism for the enhanced
C2C12 cell proliferation on the electroactive materials, the
protein adsorption tests on these electroactive materials were
ed by LIVE/DEAD® Viability/Cytotoxicity Kit (top) and stained by FITC
bars represent 50 mm.

J. Mater. Chem. B, 2014, 2, 6119–6130 | 6127
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Fig. 8 Protein adsorption of P80k, P80k/TPT2, P80k/TPT5.5, and
P80k/TPT9 substrates incubated for 20 h in fetal bovine serum, *p <
0.10 and **p < 0.05.

Fig. 9 Cell viability of C2C12 cells on P80k/TPT2, P80k/TPT5.5 and
P80k/TPT9 substrates stimulated by the electrical signal for 1, 3, and 5
days (*p < 0.05, S: stimulated by the electrical signal).

Fig. 10 Fluorescent images of C2C12 cells on P80k/TPT substrates stain
mm. S: stimulated by the electrical signal.

6128 | J. Mater. Chem. B, 2014, 2, 6119–6130
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carried out, since proteins adsorbed onto a biomaterial surface
usually served as a mediating layer for cellular activities aer
the implantation of the biomaterials. The protein adsorption
amount on P80k/TPT2 and P80k/TPT5.5 substrates was much
higher than that on the P80k lm as shown in Fig. 8, and these
results are in accordance with the C2C12 cell adhesion and
proliferation results in Fig. 7. This was because the electroactive
material adsorbed more ECM proteins on its surface,54 and
these ECM proteins could enhance the cell adhesion and
proliferation for biomaterials.
Inuence on proliferation and morphology of C2C12 cells
stimulated by electrical signal

To evaluate the inuence of electrical stimulation on C2C12
myoblast morphology and proliferation on these electroactive
materials, the C2C12 myoblasts were seeded on the P80k/TPT
substrates and stimulated by the electrical signal for 1, 3 and 5
days. The cell viability was evaluated by the AlamarBlue® assay
and the results are shown in Fig. 9 and Fig. S3.† The cell
proliferation of C2C12 myoblasts on P80k/TPT2, P80k/TPT2C,
P80k/TPT5.5, and P80k/TPT5.5C with electrical stimulation is
higher than those of without electrical stimulation. However,
there was no signicant difference between the electrical
stimulation group and the unstimulated group (p > 0.05). In the
case of samples P80k/TPT9 and P80k/TPT9C, the cell viability
showed a signicant increase aer the electrical stimulation
compared to the unstimulated groups (p < 0.05), demonstrating
that the electroactive P80k/TPT9 substrate could signicantly
promote the cell proliferation of C2C12 myoblasts by electrical
stimulation. These cell proliferation results indicated that these
electroactive materials could signicantly enhance the C2C12
myoblast proliferation via electrical stimulation with appro-
priate amounts of the TPT content.

To visualize the cell morphology and cell viability, the C2C12
myoblasts cultured on P80k/TPT substrates were stained with a
LIVE/DEAD® Viability/Cytotoxicity Kit aer 5 days of electrical
ed by a LIVE/DEAD® Viability/Cytotoxicity Kit. Scale bars represent 100

This journal is © The Royal Society of Chemistry 2014
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stimulation. The uorescent images of the C2C12 cell
morphology are shown in Fig. 10 and 4S.† Dominant live cells
(green) were observed in all the groups, and the C2C12
myoblasts on P80k/TPT9, P80k/TPT9C, and P80k/TPT5.5 tended
to gather together and showed a more elongated morphology in
the electrical stimulation groups compared to the unstimulated
groups, probably because the electroactive substrates could
accelerate the communication between the cells via electrical
stimulation. All these results demonstrated that the electro-
active materials with electrical stimulation have a positive effect
on the desirable cell morphology change and cell proliferation
of C2C12 myoblasts.
Conclusions

Electroactive biodegradable nanobrous biomimetic scaffolds
from the blends of polylactide and an electroactive degradable
tetraaniline–polylactide–tetraaniline (TPT) copolymer via a
thermally induced phase separation technique have been pre-
sented. The structure and electroactivity of the TPT copolymer
were conrmed by FT-IR, NMR, UV and CV measurements. The
thermal stability of the blends increased with increasing the
TPT content. Water uptake of the blend polymers is much
higher than that of the pure polylactide, indicating a more
hydrophilic material. The E-modulus of the blend lms
decreased with increasing TPT content, and the strain of the
doped blend lm is much higher than that of polylactide. The
nanobrous scaffolds from the blends are fabricated by a
thermally induced phase separation technique. The diameters
of the bers between 200 and 500 nm are controlled by the
concentration of the polymer, phase separation temperature
and TPT content in the blends. These electroactive degradable
materials are nontoxic and enhance the adhesion and prolif-
eration of the C2C12 myoblast cells compared to polylactide,
probably because of the more proteins adsorbed on the elec-
troactive materials than that of polylactide. The electroactive
materials signicantly improved the cell proliferation of C2C12
myoblasts under electrical stimulation. This work offers new
ways to create functional nanobrous scaffolds for tissue engi-
neering applications.
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