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Abstract
A triblock copolymer PLA-b-AP-b-PLA (PAP) of polylactide (PLA) and aniline pentamer (AP) with the unique properties of being
both electroactive and biodegradable is synthesized by coupling an electroactive carboxyl-capped AP with two biodegradable bihydroxyl-capped PLAs via a condensation reaction. Three different molecule weight PAP copolymers are prepared. The PAP
copolymers exhibit excellent electroactivity similar to the AP and polyaniline, which may stimulate cell proliferation and differentiation.
The electrical conductivity of the PAP2 copolymer ﬁlm (5  106 S/cm) is in the semiconducting region. Transmission electron
microscopic results suggest that there is microphase separation of the two block segments in the copolymer, which might contribute to
the observed conductivity. The biodegradation and biocompatibility experiments in vitro prove the copolymer is biodegradable and
biocompatible. Moreover, these new block copolymer shows good solubility in common organic solvents, leading to the system with
excellent processibility. These biodegradable PAP copolymers with electroactive function thus possess the properties that would be
potentially used as scaffold materials for neuronal or cardiovascular tissue engineering.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Polyaniline is one of the most promising electrically
conductive polymers because of its unique properties,
including controllable electrical conductivity, environmental stability and rich redox chemistry, and its numerous
potential applications, such as anticorrosion coatings [1,2],
batteries [3–5], sensors [6,7], separation membranes [8–10],
antistatic coatings [11,12] and electromagnetic interference
shielding [13,14].
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Recently, polyaniline has been explored for applications
as novel intelligent scaffolds for cardiac and/or neuronal
tissue engineering [15–20]. The basic idea was that the cell
proliferation, assembly, and particularly, differentiation
might be inﬂuenced, directed or even controlled by
electrical or electrochemical stimulation applied through
the electroactive scaffold materials. Past work has demonstrated that electrical charges play an important role in
stimulating either the proliferation or differentiation of
various cell types, and electrically conducting or electroactive polymers provide potentially interesting surfaces for
cell culture in that their properties (e.g., surfaces charge,
wettability, and conformational and dimensional changes)
can be altered reversibly by chemical or electrochemical
oxidation or reduction [21,22]. Recent studies have
demonstrated that polyaniline and its derivatives can
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function as biocompatible substrates, upon which both
H9c2 cardiac myoblasts and PC12 pheochromocytoma
cells were found to adhere, grow and/or differentiate well
[17–20]. Other electroactive polymers, such as polypyrrole,
were shown to enhance the effect of nerve growth factor
(NGF) in inducing neuronal differentiation of PC 12 cells
with electric stimulation [23].
One of the primary factors of application of conducting
polymers in biotechnology is the poor polymer–cell
interaction. The biocompatibility of electroactive polymers
can be improved by blending with bioactive materials,
grafting biocompatible side chains onto the surface or
covalently bonding some biocompatible segments in the
main chain of the polymers. For example, polyanline was
blended with natural polymers such as collagen [15] and
gelatin [24,25] or covalently grafted with oligopeptides such
as Tyr–Ile–Gly–Ser–Arg (YIGSR) [17–20]. Rivers et al.
[26] introduced ester linkages into the backbone structure
of pyrrole oligomers. Another severe problem that hinders
the applications of conducting polymers is the poor
solubility and processibility [27]. The solubility of polyaniline could be enhanced by covalently grafting side groups
or polymers, such as poly(ethylene glycol) [28] and
poly(acrylic acid) [29], on the backbone of polyaniline.
Despite all the above-mentioned success, one of the most
important issues related to the applications of electroactive
polymers as tissue engineering scaffolds is the lack of
biodegradability for the conducting polymers, which
prohibits in vivo applications. Keeping conductive polymers such as polyaniline in the body for a long time may
induce chronic inﬂammation and require surgical removal.
Therefore, to introduce biodegradability to conductive
polymers is a very important and challenging task.
We envisioned that a block copolymer having biodegradable polymer segments covalently bonded to an
electroactive polymer segment such as polyaniline could
exhibit improved biocompatibility, biodegradability, solubility and processability of electroactive biomaterials. We
selected polylactide (PLA) as the biodegradable segment
for its proved biocompatibility and biodegradability, and
the low-molecular-weight aniline pentamer (AP) as the
electroactive segment for its reasonably good solubility and
comparable electroactivity as polyaniline [30,31]. In addition, after the degradation of the block copolymer, it is
possible that the degradation product AP could be
consumed by macrophages during the normal wound
healing response, reducing chances of long term and
adverse responses [26,32].
In this study, PLA-b-AP-b-PLA (PAP) triblock copolymer with good electroactivity and biodegradability was
designed and synthesized by the co-condensation of one bicarboxyl-capped AP and two bi-hydroxyl-capped PLA
initiated by butanediol in the presence of N,N0 -dicyclohexylcarbodiimede (DCC) as the dehydrating agent. The AP is
the hard segment in the copolymer due to the inﬂexibility
of benzene rings and the p-conjugation system, while the
chains of PLA are the soft and ﬂexible segments in the

copolymer. The PAP copolymer has potential applications
as biodegradable scaffolds for neuronal and cardiovascular
tissue engineering, drug release carriers, biosensors and
other biomedical devices that require electroactivity.
2. Materials and methods
2.1. Materials
N-methyl-pyrrolidome (NMP) and toluene were distilled after drying
with CaH2. N,N-dimethylformamide (DMF), tetrahydrofuran (THF),
methylene chloride (CH2Cl2), chloroform (CHCl3), 1,2-ethylene chloride,
and hydrochloric acid (HCl) were used as received. 1,4-Butanediol (BDO),
stannous octoate [Sn(Oct)2, 95%], p-phenylenediamine, N-phenyl-1,4phenylenediamine, N,N0 -dicyclohexyl carbodiimide (DCC), 4-dimethylaminopyridine (DMAP), butane diacid anhydride, camphorsulfonic acid
(CSA) and ammonium persulfate were purchased from Aldrich and were
used as received without further puriﬁcation. Lactide was purchased from
Purac, Holland.

2.2. Synthesis of the PAP block copolymer
2.2.1. Hydroxyl-capped PLA (PLA) (see step 1 in Scheme 1)
After recrystallization in ethyl acetate for three times, lactide was added
to a ﬂame-dried and nitrogen-purged glass ampoule, into which a toluene
solution of BDO and Sn(Oct)2 (0.3% of the BDO, mol/mol) was then
transferred. The reaction vessel was immersed into a thermostatic oil bath
maintained at 125 1C, under magnetic stirring for 24 h. The reaction
product was precipitated into ethanol, ﬁltered and dried at 40 1C in
vacuum for 48 h [33].
Characterization: 1H NMR (400 MHz, CDCl3) d 5.16 (t, 2H, poly
–CH), 4.39 (t, 2 H, end –CH), 4.19 (s, 4H, –CH2–), 1.61 (d, 6H, poly
–CH3), 1.51 (d, 6H, end –CH3). 13C NMR (100 MHz, DMSO-d6) d 169.67
(end –CO–), 169.16 (poly –CO–), 68.67 (poly –CH), 67.74 (end –CH),
64.50 (–CH2–), 24.46 (–CH2–), 20.29 (end –CH3), 16.42 (poly –CH3). IR
(neat, cm1) 3512 (m, nOH), 3000 (w, nas CH3), 2950 (w, nOH), 1761 (s,
nC ¼ O), 1454 (s, ds CH3), 1393 (w, das CH3), 1377, 1363 (w, ds C–CH3),
1185, 1087 (m, nO–C–O), 879, 760 (s, g C–CH3).

2.2.2. Carboxyl-capped aniline pentamer (AP) (see step 2 in Scheme 1)
The synthesis of AP was based on the method reported in the literature
[34,35]. p-Phenylenediamine and N-phenyl-1,4-phenylenediamine whose
amino group was protected with butane diacid anhydride were dissolved
in the mixture solution of DMF and hydrochloric acid (HCl). The
emeraldine (EM) base form of AP was obtained upon addition of
ammonium persulfate as the oxidant at room temperature under stirring.
Then, the fully reduced leucoemeraldine (LM) of AP was prepared by
reducing the EM base with hydrogen at 3 atmospheres over platinum
oxide for 2 h [36]. Under protection of nitrogen, the light gray LM AP
product was washed thoroughly with distilled water till the ﬁltrate became
colorless, followed by washing in a Soxhlet extractor with 1,2-dichloroethane and THF to remove the excess reducing agent and by-products in
reactions. The LM AP powders were then dried under reduced pressure.
Characterization: 1H NMR (400 MHz, DMSO-d6) d 12.00 (s, 2H,
–COOH), 9.70 (s, 2H, –CO–NH–), 7.62 (s, 2H, –NH–), 7.50 (s, 2H,
–NH–), 7.37 (d, 4H, Ar–H), 6.94–6.85 (m, 16H, Ar–H). 13C NMR
(100 MHz, DMSO-d6) d 177.23 (–COOH), 173.96 (–CO–NH–), 140.79
(Ar–C), 138.30 (Ar–C), 137.11 (Ar–C), 135.65 (Ar–C), 132.35
(Ar–C),120.42 (Ar–C), 119.50 (Ar–C), 118.34 (Ar–C), 117.49 (Ar–C),
115.36 (Ar–C), 31.01 (–CH2–), 29.20 (–CH2–). IR (neat, cm1) 3409 (m,
nNH), 3273 (m, nNH), 1707 (s, nC ¼ O), 1507 (s, nC ¼ C of benzenoid rings).
Mass spectrometry: 672.5 (MH+/e). Anal. Calcd for C38H36N6O6:
C, 67.84; H, 5.39; N, 12.49; O, 14.27. Found: C, 67.63; H, 5.40; N,
12.58; O, 13.87.
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Scheme 1. Schematic diagram illustrating the synthesis of the LM PAP copolymer.

2.2.3. Synthesis of triblock PAP copolymer (see step 3 in Scheme 1)
In order to avoid the inﬂuence of the low molecular compounds such as
ethanol and H2O, the hydroxyl-capped PLA (PLA) was azeotropically
distilled in toluene for 18 h ﬁrst. Then 2 mmol puriﬁed PLA, 1 mmol
emeraldine of carboxyl-capped aniline pentamer (EM AP), 5 mmol DCC,
5 mmol DMAP and 15 ml NMP were added into a ﬂame-dried glass
reactor. After nitrogen-purged three times, the reactor was then sealed and
cooled to 0 1C for 48 h with magnetic stirring [37]. After the reaction,
dicyclohexylurea was removed by ﬁltration. The copolymer in the ﬁltrate
was precipitated in ethanol and was dissolved in CHCl3, followed by
precipitation in ethyl ether again. Such a dissolution-precipitation process
was repeated three times to purify the product. The ﬁnal product,
emeraldine of the copolymer (EM PAP) was dried under vacuum at room
temperature for 24 h. The synthesis of the fully reduced leucoemeraldine of
the copolymer (LM PAP) from EM PAP was achieved by following the
same procedures as in the preparation of the LM AP as described earlier.
Characterization: 1H NMR (400 MHz, DMSO-d6) d 9.72 (s, 2H), 7.62
(s, 2H), 7.51 (s, 2H), 7.35 (d, 4H), 6.94–6.84 (m, 16H) for AP segment, and
5.17 (t, 2H, poly), 4.21 (t, 2H), 4.10 (s, 4H), 1.47 (d, 6H, poly), 1.28 (d, 6H)
for PLA segments. 13C NMR (100 MHz, DMSO-d6) d 173.97
(–CO–NH–), 171.85 (–CO–O–), 169.14 (poly –CO–), 140.88 (Ar–C),
138.32 (Ar–C), 137.09 (Ar–C), 135.58 (Ar–C), 130.58 (Ar–C), 120.44
(Ar–C), 119.53 (Ar–C), 118.32 (Ar–C), 117.46 (Ar–C), 115.29 (Ar–C),
68.64 (poly –CH–), 67.71 (end –CH–), 64.48 (–CH2–), 30.32 (–CH2–),
28.51 (–CH2–), 24.32 (–CH2–), 20.28 (end –CH3), 16.41 (poly –CH3). IR
(neat, cm1) 2999 (w, nas CH3), 2945 (w, nOH), 1759 (s, nC ¼ O for ester

bond), 1670 (m, nC ¼ O for amide bond), 1503 (s, nC ¼ C of benzenoid
rings), 1450 (s, ds CH3), 1388 (w, das CH3), 1360 (w, ds C–CH3), 1187, 1093
(m, nO–C–O), 868, 755 (s, g C–CH3).

2.3. Preparation of copolymer thin films
The copolymer samples were dissolved in CHCl3 to form 5 wt%
solutions. The solutions were cast onto a super-ﬂat glass culture plates and
placed for 5 h under room temperature to form thin ﬁlms. The ﬁlms thus
obtained were dried under reduced pressure at room temperature for 48 h
to remove CHCl3.

2.4. Conductivity measurements
To prepare the copolymer ﬁlm for conductivity measurement, a
solution of PAP2 copolymer doped with CAS in CHCl3 (0.1 g/ml) was
dropped onto the center of a polytetraﬂuoroethylene plate and was
evaporated at room temperature to form thin ﬁlm. The ﬁlms were dried
under reduced pressure at room temperature for 48 h, then cut into a
square. The standard Van Der Pauw DC four-probe method was used to
measure the electrical conductivity of the PAP2 copolymer. The square
was placed on the four-probe apparatus. Providing a voltage, a
corresponding electrical current could be obtained. The electrical conductivity of samples was calculated by the following formula: s (S/cm) ¼
(2.44  10/S)  (I/E), where s is the conductivity; S is the sample side area;
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I is the current passed through outer probes; E is the voltage drop across
inner probe.

2.5. Degradation of copolymers
For PAP1, PAP2 and PAP3 copolymers, three specimens
(10  10  0.4 mm) of each copolymer made from ﬁlms were placed in
tubes ﬁlled with phosphate buffer (pH ¼ 7.4). The tubes were placed in the
thermostatic shaker at 37 1C. After different time, the specimens were
taken out and washed with distilled water, then dried at room temperature
in vacuum for 1 week before being subjected to loss weight analysis. The
loss weight is gained from the average value of three samples.

2.6. Cell adhesion and proliferation
The PAP2 copolymer was dissolved in chloroform to form a 1 wt%
solution. The solution (50 ml) was coated onto a 24 mm  24 mm coverslide (treated with 2% dimethyl dichlorosilane (Fluka)/chloroform
solution in order to improve the contact angle and make the copolymer
attach the cover-slide more easily, then dried at 180 1C for 4 h before use)
and the solvent was removed by drying in the air for 30 min and following
dry in vacuum for 48 h at room temperature. The cover slides were
sterilized with UV for 30 min. Rat C6 glioma cells were used to investigate
the cell adhesion and viability of PAP2 copolymer. The cells were rinsed
three times with 0.1 M PBS by centrifugation at 15 000 rpm for 5 min, and
cultured in cell culture ﬂasks in a density of 2.0  104/cm2 with RPMI 1640
medium (GIBCO) supplemented with 10% fetal calf serum (GIBCO),
1.0  105/l penicillin (SIGMA) and 100 mg/l Streptomycin (SIGMA), in a
humidiﬁed incubator at 37 1C and 5% CO2. The medium was changed
every 2 days. After 3–5 days culture, the monolayer C6 cells were removed
from the cell culture ﬂasks by trypsin (2.5 ml/ml) treatment, rinsed three
times with 0.1 M PBS by centrifugation at 1500 rpm for 5 min. The
obtained C6 cells were re-suspended in the medium to adjust cell density to
1.0  105 cells/well (in 1 ml of medium), then seeded on the cover-slides
coated with the PAP2 copolymer which were placed into 6-well plates
(Costar) and tissue-culture-treated polystyrene (TCPS) (the empty 6-well
plates) before sterilized with UV for 30 min and washed three times with
PBS. Three milliliters of medium were added into each well to prevent the
cove-slide from ﬂoating during cells seeding. The plates were incubated at
37 1C and 5% CO2 for 4 and 48 h [38]. The cover-slides were washed three
times with PBS, and ﬁxed with 3% glutaraldehyde in PBS at room
temperature for 30 min, washed with distilled water, and dried in air. Cell
attachment and proliferation were observed under the reverse microscope
(TE2000U, NIKON). The pictures were taken by DIGITAL CAMERA
DXM1200F (NIKON), and analyzed with NIH Image J, area fraction of
cells in each cover-slide was obtained.

2.7. Characterization
FT-IR spectra of the PAP powders were recorded on a Bio-Rad WinIR instrument. 13C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AV 100 MHz spectrometer with DMSO-d6 as the
solvent at room temperature. Matrix-assisted laser desorption/ionization
time-of-ﬂight (MALDI-TOF) mass spectra were performed on an
AXIMA-CFR laser desorption ionization time-of-ﬂight spectrometer
(COMPACT). Gel permeation chromatography (GPC) measurements
were carried out at 35 1C with a Waters 505 GPC instrument equipped
with three Waters Styragel columns (HT3, HT4 and HT5) and a
differential refractometer detector. CHCl3 was used as an eluent at a ﬂow
rate of 1 ml/min. The molecular weights were calibrated with polystyrene
standards. The UV–visible spectra of the copolymer solutions were
monitored on a UV–vis spectrophotometer (UV-2401). Samples for cyclic
voltammetry were prepared by depositing thin LM PAP ﬁlm on an indium
tin oxide (ITO) electrode as working electrode and Ag/Ag+ as reference
electrode. Cyclic voltammograms were recorded on a CHI 630 potentiostat with a scanning rate of 100 mV/s. The electrical conductivity of the

EM PAP ﬁlms doped with camphorsulfonic acid was measured by the
four-probe method. The phase separation of LM PAP was studied by
transmission electron microscopy (TEM), using a JEOL JEM-1010
electron microscope. The ﬁlm of LM PAP which had been embedded in
epoxide resin was frozen with liquid nitrogen and cut into thin segment of
60–80 nm in thickness by the Leica CM1100 Cryostat Microtome, then,
was examined with TEM. The TEM measurements were performed at an
accelerating voltage of 100 kV.

3. Results and discussion
3.1. Synthesis
The schematic procedures of the synthesis of the PAP
copolymer are shown in Scheme 1. The results of
copolymer compositions, molecular weights from proton
nuclear magnetic resonance (1H NMR) and gel permeation
chromatography (GPC), respectively, are summarized in
Table 1. The molecular weights of PLA determined from
1
H NMR were used in the calculation of reactant feed
ratios in the synthesis of block copolymers. The feed molar
ratios for the preparation of the copolymers PAP1, PAP2
and PAP3 were kept the same at 1:2 and the difference
among them was the different molecular weights of PLA
employed. For PAP1, PAP2 and PAP3, the numberaverage molecular weights of PLA were 1.0, 2.8 and 4.7 k,
respectively. Therefore, the weight fraction of anilinepentamer at the emeraldine oxidation state (EM AP) in the
copolymer decreased with the increase of the PLA
molecular weight. Based on the comparison of the
molecular weights of PLAs with the PAP copolymers,
these three copolymer samples all had molecular weights
greater than twice of the corresponding PLA prepolymers
and hence were consistent with the proposed triblock
copolymers of PAP. In the synthesis, we had to control the
mole number of PLA to be twice of that of the AP in order
to obtain the triblock copolymers. The polydispersity
indexes (PDI) of all the starting PLA materials and the
resultant copolymers were in a relatively narrow range of
1.02–1.24. The PDIs for the PLA precursors were generally
smaller than those of the corresponding copolymers.
The success of the synthesis and the structure of PAP
triblock copolymers were further demonstrated by NMR
analysis. In order to gain simple and clear NMR spectra,
the copolymers in fully reduced form, i.e., leucoemeraldine
(LM) of AP, were used in the 13C NMR measurements to
avoid the complications from quinoid signals in the EM
copolymer spectra. Fig. 1 shows a representative 13C NMR
(100 MHz, DMSO-d6) spectrum of LM PAP2 with several
regions expanded for better viewing. The peaks of PAP2
labeled in corresponding positions on the structures are in
accordance with the characteristic peaks of LM AP and
PLA. The appearance of new peak 1 indicates the
formation of new ester bond from the condensation of
terminal carboxyl groups of AP and terminal hydroxyl
group of PLA. In the 1H NMR (400 MHz, DMSO-d6)
spectrum of PAP2, the peak area d 4.104 (–CH2– in the
butanediol unit of PLA segment) was about fourfold of the
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Table 1
Composition and GPC data of the PAP copolymers
Samples

PAP1
PAP2
PAP3

Feed mol. ratioa

Mol. wt. of PLAb (k)

1:2
1:2
1:2

Wt. frac. of EM AP (%)c

1.0
2.8
4.7

GPC of PLA

33.6
12.0
7.2

GPC of copolymers

Mw (k)

Mn (k)

PDI

Mw (k)

Mn (k)

PDI

0.92
3.12
5.72

0.90
2.92
5.42

1.02
1.07
1.05

2.98
6.71
12.41

2.73
5.69
10.01

1.09
1.18
1.24

a

Ratio of PLA to EM AP unit.
Molecular weight of PLA, calculated from 1H NMR.
c
Weight fraction of EM AP in the copolymers, calculated according to the molecular weight of PLA.
b

1 13
PLA

8

2

14

OOCCH2CH2CONH
f

d

4

e

b

9

3

c

H5
N

10

11
6

g

a

H7
N
h

12

12
7

h

H
N

11
6

10

a

c

g

5

H
N

8

9
4

3

e

b

d

2

14

f

O(CH3)CHCO-(O(CH3)CHCO)n-OCH2CH2CH2CH2O-(COCH(CH3)O)n-COCH(CH3)O

a

175

1

(PLA)
e

c

b

1

2

13

NHCOCH2CH2COO PLA

g

d

170

70

c

66

a
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4

6 7 5

140

9

3

130

120

h
1314 f

g
2

200

150

Fig. 1.

100

50

0 PPM

13

C NMR spectrum (100 MHz, DMSO-d6) of triblock PAP2 in respective regions.

peak area d 9.717 (–NH two center units in the AP
segment) meaning that one AP segment had 2H (–NH, d
9.717) and two PLA segments had 8 H (–CH2–, d 4.104),
which are consistent with the PAP triblock structure of the
copolymer.

3.2. Solubility of the PAP copolymer samples
The solubility results for AP, PLA and PAP copolymers
are summarized in Table 2. The AP sample could be only
dissolved in strong polar solvents, such as DMF, DMSO
and NMP. The PLA samples had excellent solubility in
most of organic solvents. All the PAP copolymers exhibited
excellent solubility in most of organic solvents just like
PLA, which can be explained as that the soluble PLA
chains bonded on the both ends of AP segment in the

copolymers signiﬁcantly improved the solubility of the
electroactive AP segment.
3.3. Electrochemical characterization of the PAP
copolymers
The PAP copolymers with the AP in EM form were blue,
while their fully reduced LM forms were light gray. The
color change of the copolymers indicated the conversion of
the different oxidation states of AP unit in the PAP
copolymers. The [ ¼ N–]/[–NH–] ratios can be used to
represent the oxidation states of polyaniline and aniline
oligomers [28], which could be evaluated by FT-IR and
UV–visible absorption spectroscopy. Fig. 2 shows the FTIR spectra of EM AP, EM PAP2 and LM PAP2 powders.
The absorption peaks at 1509 and 1587 cm1 could be
attributed to the benzenoid unit and quonoid unit of the
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Table 2
Solubility of AP, PLA and PAP copolymer samples
Samples

Solvents

AP
PLA
PAP

DMF

DMSO

NMP

CHCl3

THF

Toluene

S
S
S

S
S
S

S
S
S

SS
S
S

I
S
S

I
S
S

Key: S, soluble (up to a concentration of at least 1 g/100 ml); SS, slightly soluble; I, insoluble.

0.30

1587

Transmittance

(b) EM PAP2

Absorbance (arb. units)

(a) EM AP
1509

(c) LM PAP2

0.25
Emeraldine base

0.20
0.15

Pernigraniline base
Leucoemeraldine base

0.10
0.05

(d) PLA

0.00
1093

1759
3000

2500

2000

1500

1000

300

400

500
600
Wavelength (nm)

700

800

500

Wavenumber (cm-1)

Fig. 2. FT-IR spectra of: (a) the EM AP powder, (b) the EM PAP2
copolymer power, (c) the LM PAP2 copolymer powder, and (d) pure
PLA.

AP segment, respectively [39]. The intensities of the
absorption band at 1587 cm1 for the EM AP is
approximately half of the one at 1509 cm1, which are
consistent with a third intrinsically oxidized AP structure.
The spectrum of the EM copolymer sample shows similar
bands as the EM AP sample at 1509 and 1587 cm1. The
new peaks at 1093 and 1759 cm1 are from the C–O–C
stretching and the C ¼ O stretching vibrations in the PLA
segments, which are the same as in the spectra of PLA. On
the other hand, the predominance of the absorption band
at 1509 cm1 to over that at 1587 cm1 for the LM
copolymers indicates the success in reducing the AP
segment from EM to LM oxidation state.
Fig. 3 shows the UV–visible absorption spectra of PAP2
in DMF. The UV–visible spectra of the copolymer oxidized
by ammonium persulfate exhibits the stepwise oxidation
process of AP in PAP2 from the leucoemeraldine state to
the emeraldine state, and then to the pernigraniline state.
The structures of the copolymer at various oxidation states
are depicted in Scheme 2. The LM copolymer has only one
peak at 330 nm representing benzenoid peak arising from
p-p* transition in benzene unit. Further oxidation causes
hypsochromic shifts of all peaks present in the spectrum
and the appearance of a new peak at 610 nm attributes to

Fig. 3. The UV–vis spectra of PAP2 copolymer from leucoemeraldine
base to emeraldine base, then to pemigraniline base in DMF oxidized with
ammonium persulfate.

the transition pb-pq from benzene ring to quinoid ring
[34,35]. The intensity increase and the hypsochromic shift
of this new peak with the oxidation process can be ascribed
to the two-step oxidation from the leucoemeraldine state to
the emeraldine state, and then to the perrigraniline state,
which is in agreement with the two pairs of redox peaks in
the cyclic voltammogram as shown in Fig. 4b. The ﬁrst
oxidation peak at 0.37 V corresponds to the transition from
the leucoemeraldine to the emeraldine state, and the second
peak at 0.82 V corresponds to the transition from the
emeraldine to the perrigraniline state (as illustrated in
Scheme 2). This is similar to the redox behavior of AP
shown in Fig. 4a. All these spectroscopic and electrochemical results demonstrate the good electroactivity of the
copolymers.
Fig. 5a–d shows the UV–visible spectra of the LM AP
and three LM PAPs in DMF solutions. They all consist of
one peak at 330 nm attributable to the benzenoid ring
absorption. It can be seen that this peak exhibits a blue
shift from Fig. 5a–d, and the shift increases with the
decrease of AP content in the copolymer. The benzenoid
absorption region indicates the effective conjugation length
of the AP segment, so we speculate that the blue shift could
be due to the restriction of non-planar conformation of the
AP backbone in the copolymers. The phenomenon might
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Scheme 2. Molecular structures of PAP copolymer at various oxidation states.
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Fig. 5. UV–visible absorption spectra of: (a) LM AP, (b) LM PAP1, (c)
LM PAP2, (d) LM PAP3 in DMF solutions, and of (e) LM PAP2 in
CHCl3 solution.
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Fig. 4. The cyclic voltamograms of (a) AP and (b) PAP2 copolymer ﬁlms
on ITO glass in 1.0 M HCl using Ag/Ag+ as reference electrode.

be caused by the incorporation of the long and ﬂexible
PLA chains, leading to the decrease in effective conjugation length of the AP. Moreover, longer the PLA chains
are, greater the restriction of non-planar conformation
appears to be. The UV–visible spectrum of the PAP2 in
CHCl3 solution is shown in Fig. 5e. Apparently, the
absorption peak in CHCl3 exhibits a blue shift compared to
that in DMF solution. This may be related to the solubility
of the copolymer in different solvents. Although the
dissolution of the copolymers in CHCl3 was improved
over AP because of the PLA segments as discussed earlier,

the solubility of AP segment remains poor. This could be
regarded as pseudo dissolvability, meaning that the
insoluble AP segments were forced by the PLA segments
to disperse in CHCl3. This pseudo dissolvability could
explain the observation that there were no signals of AP
segment in the NMR spectra of the PAP copolymers in
CDCl3. It may be also attributed to the strong restriction
of planar conformation and to the decreased effective
conjugation length of AP in the copolymers.
3.4. Electrical conductivity of the doped PAP copolymer
film
The electrical conductivity of the PAP2 ﬁlm doped with
camphorsulfonic acid (CSA) and AP ﬁlm doped with 1 M
HCl were measured using the standard four-probe method.
The electrical conductivity of PAP2 was 5  106 S/cm,
which is lower than that of AP ﬁlms (102 S/cm)
but much higher than PLA (o108 S/cm) as expected.
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Compared to AP, the reduction of conductivity of the
copolymers is, obviously, owing to the less content of AP in
the copolymer. It is difﬁcult for an electron to transport
from one polymer chain to another, that is, so-called
‘‘interchain transport’’ of electrons [40]. The AP segments
in the copolymers were surrounded by PLA chains and
there is little opportunity for AP segments to establish a
channel for electron transition, leading to the conductivity
drop. We are working on further increasing the conductivity of the copolymers by ﬁne-tuning their nanostructures.
On the other hand, it is possible that the conductivity of
5  106 S/cm might be sufﬁcient to conduct microcurrent for stimulating neuronal cell proliferation and
possibly differentiation because the micro-current intensity
is very low in human body [41].
Fig. 6 shows the UV–visible spectra of PAP2 in DMF
solutions at different oxidation states. Upon doping with
CSA, the absorption spectrum (Fig. 6c) shows a characteristic polaron absorption peak at 442 nm and a localized
polaron peak at 868 nm, together with the disappearance of
the absorption peak at 598 nm and a continuous blue shift
of the absorption peak at 330 nm as discussed in Fig. 6a
and b. The strong localized absorbance peak at 868 nm
results from the localization of the radical polaron along
the doped copolymer backbone structure [42,43]. After the
copolymer was doped, the extended chain conformation increases the conjugation length which leads to
the delocalization of polarons. These results are consistent with the measurable conductivity of doped PAP
copolymers.
To investigate to microstructure of copolymer, the TEM
images of the PAP2 ﬁlms prepared by ultracryotomy
at 80 1C (Fig. 7a) and 60 1C (Fig. 7b) are shown. In
Fig. 7a, the interlacement of the black particles corresponding to the AP segments and the white matrix
contributing to the PLA segments in the image suggests
the formation of micro-phase separation structure in the
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Absorbance (arb. units)

0.4
(a)
868nm

0.3

0.2

(b)

(c)

598nm

copolymer. We can see that the distribution of the white
and black matrix is not very homogeneous, because the
ﬁlm prepared by ultracryotomy is not thin enough to
achieve a monolayer of copolymer molecules for the
brittleness of the sample at 80 1C, leading to the
superposition of molecule layers. In fact, we speculate
the interlaced distribution of the PLA segments and the AP
segments is homogeneous. To conﬁrm our supposition,
another sample was prepared with thinner thickness at
60 1C and the copolymer chains in the ﬁlm should be
stretched along the cutting direction at this temperature. The
arrow orientation in Fig. 7b represents the cutting direction
and is perpendicular to the edge of the trace of cutting. The
arrow head points to the edge of the trace of cutting in the
top left corner of the image. The microstructure of stretched
copolymer ﬁlm clearly exhibits the homogeneous distribution of the interlacement of black and white stripes stretched
from white particles and black micro-phase separating
domains. The regular distribution of micro-phase structure
may be formed by the assembly of triblock copolymer
supporting the possibility of the conductivity of copolymer.
The possible assembling process is shown in Scheme 3. The
dispersion of copolymer chains in solvent is free and random
(Scheme 3a), when the poor solvent is added in the system
gradually, the AP segments are inclined to be aggregated
due to the molecule interaction power, while the PLA
segments are limited to be separated from AP (Scheme 3b).
The gradual close packing of molecules is in fact a process of
assembly. When the assembly reaches to a certain extent, the
micro-phase separated morphology of the copolymer is
formed as shown in Scheme 3c, which is in accordance with
the morphology observed by TEM.
In the PAP copolymer, PLAs are the soft segments and
AP is the hard segment. Such a soft-hard-soft structure of
triblock copolymer has two advantages. First, the PLA
chains are bonded on the two ends of the AP to increase its
biocompatibility and apparent solubility. Second, this type
of block copolymers could readily undergo self-assembly
and form micro-phase separation. Thus, the soft PLA
segments trend to aggregate together to form a continuous
matrix, while the hard ones may form discontinuous
domains. Within an AP domain the electric conduction is
easy while between two adjacent domains the electric
conduction might be realized through the tunnel effect
through the PLA matrix. Therefore, the apparent conductivity is quite low.
3.5. In vitro biodegradability of the PAP copolymer thin film
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Fig. 6. UV–visible spectra of PAP2 copolymer in DMF in LM state (a),
EM state (b) and (c) EM state doped with camphorsulfonic acid (CSA).

The other critical feature of the PAP copolymer is its
ability to degrade. The ester linkages, existed in the PLA
segments and the PAP coplolymer, are known to be
degradable. The in vitro degradation of PAP copolymer
ﬁlms in phosphate-buffered saline (PBS) at 37 1C is
presented in Fig. 8. For the PAP copolymers, the
degradation extent increased with the decrease of the
PLA block length. Weight loss rate at 45 days was shown
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Fig. 7. TEM images of PAP2 ﬁlms ultracryotomed at 80 1C (a) and 60 1C (b).

Scheme 3. Schematic illustration for the assembly of the PAP copolymer in solvent (a), adding the poor solvent (b), and the macroscopic morphology (c).
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Fig. 8. Degradation of the PAP copolymers. Degradation studies of PAP
ﬁlms (10  10  0.4 mm) were performed in PBS (pH ¼ 7.4) at 37 1C.

to be about 60% for the PAP1, which means the PLA
segments almost fully degraded because of the very low
molecular weight of the PLA blocks. Compared with PAP1
and PAP2, the degradation of the PAP3 copolymer was
slow because of the longer molecular chains in PAP3
copolymer. The data above support the view that the PAP
copolymers are indeed degradable.

order to assess the cell compatibility in vitro, the PAP2
copolymer and controlled tissue-culture-treated polystyrene (TCPS) are subjected to the biocompatibility with rat
C6 glioma cells. The C6 cells provide a good measure of
compatibility because they could exhibit their neural-like
phenotype depending on cell–surface interactions. In Fig.
9, C6 cells are seeded and cultured for 4 and 48 h on the
PAP2 copolymer thin ﬁlm and TCPS surface, respectively.
It can be seen that the C6 cells are well adhered to both of
the PAP2 copolymer thin ﬁlm (Fig. 9a) and TCPS surface
(Fig. 9b), and readily exhibit their neural-like phenotype.
The proliferation period of C6 cell is 24 h. After two
proliferation period (48 h), the signiﬁcant cell proliferations
observed on the PAP2 copolymer thin ﬁlm (Fig. 9c) are
similar to control TCPS surface (Fig. 9d).
As shown in Fig. 10, the area fraction of C6 cells
cultured for either 4 or 48 h on PAP2 copolymer is almost
equal to TCPS and a little lower than TCPS. TCPS is
famous for its good biocompatibility, and the similarity of
the PAP2 copolymer to TCPS demonstrates that the PAP2
copolymer is non-toxic and can also support cell attachment and proliferation just like TCPS. The favorable
biocompatibility of PAP2 copolymer is mainly attributed
to the PLA segments which is of well-known biocompatibility.
4. Conclusions

3.6. Biocompability of the PAP copolymer
In the biomedical application, PAP copolymer should be
non-toxic and able to support cell adhesion and growth. In

A triblock copolymer, PLA-b-AP-b-PLA, containing
one electroactive aniline pentamer (AP) center block and
two bilateral biodegradable PLA (PLA) blocks has been
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Fig. 9. Biocompatibility assessment with rat C6 glioma cells seeded on the PAP2 copolymer ﬁlm (a) and TCPS surface (b) incubated for 4 h, the PAP2
copolymer ﬁlm (c) and TCPS surface (d) incubated for 48 h. Scale bar ¼ 100 mm.
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Area fractions (%)

25
20

copolymer was degradable and supported cells attachment
and proliferation. Further investigation is in vigorous
progress to fabricate scaffolds from this copolymer for
tissue engineering and to fully exploit the enhancing
function to cell modalities of this electroactive copolymer
system with electric stimulation. In addition, we are also
studying the self-assembly of this copolymer in order to
prepare nano-structured electroactive materials.
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successfully synthesized. The copolymer exhibits much
better solubility in common organic solvents than pure AP
and polyaniline, which endow the copolymer with excellent
thermomechanical property and processability for potential medical applications. The copolymer structure has been
characterized by NMR, FT-IR, UV–visible spectroscopy,
and GPC. Both UV–vis spectroscopy and cyclic voltammetry results show that the copolymer is electroactive. We
also primarily investigated the degradability and biocompatibility of the copolymer, and proved that the PAP
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