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Abstract
As part of an ongoing effort to develop biocompatible, biodegradable conducting polymers, we report
here the synthesis and characterization of a novel copolymer, 5,5"'bishydroxymethyl-3,3"'-
dimethyl-2,2':5',2":5",2"'-quaterthiophene-co-adipic acid polyester (QAPE). This system was
designed so as to incorporate alternating electroactive quaterthiophene units and biodegradable ester
units into one macromolecular framework, while allowing for facile preparation of the polymer via
a polycondensation reaction. In agreement with the design expectations, the ester groups were found
to be incorporated into the polymer between the quaterthiophene subunits, as inferred from standard
chemical and spectroscopic analyses. QAPE exhibited redox activity as detected by cyclic
voltammetry and a new red-shifted absorption peak upon doping, providing support for the notion
that the quaterthiophene units maintain electroactivity after incorporation into the QAPE polymer
framework. The degradation, likely through surface erosion, of this polymer in the presence of
cholesterol esterase was confirmed by the detection of a fluorescence signal at wavelengths
corresponding to the quaterthiophene subunit and comparisons to appropriate controls. In vitro
cytocompatability studies, carried out over 48 h, indicate that the QAPE polymer is nontoxic to
Schwann cells.
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Introduction
Electrically conducting polymers (CPs), discovered in the late 1970's, have received
tremendous attention because they combine the attractive properties of traditional polymers
with those of metals and other inorganic conductors, including optical and electrical activity.
1-5 They have been studied in the context of microelectronics applications (reviewed in
Gurunathan et al., 19996) and increasingly have been explored for their use in the development
of biomedical engineering applications.7-34 This latter research direction has led to a new focus
on CPs.

One reason CPs have attracted the attention of biomedical engineers is the discovery that many
cell types (e.g., neurons, osteoblasts, fibroblasts) respond to electrical currents in vitro and in
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vivo.35-39 This led to the consideration that rationally designed conducting scaffolds could
play a role in tissue engineering. This interest was further bolstered when polypyrrole (PPy),
an extensively studied CP, was found to be biocompatible in vitro and in vivo in rats,13,40,41

and when it was further demonstrated that adhesion, proliferation, and differentiation of
endothelial cells34 and pheochromocytoma cells33 seeded on PPy could be controlled in
vitro through electrical stimulation of PPy. Given these findings, other CPs, including
polythiophene (PT), polyaniline (PANI), and polyethylenedioxythiophene (PEDOT), have
been explored for their applicability to tissue regeneration and they too were found to possess
properties similar to, and in some cases more favorable than, those of PPy.10,19,26,28,42-48

Despite the many positive attributes of CPs, including conductivity, biocompatibility, ability
to entrap and controllably release biomolecules, capacity to undergo reversible doping, and
their potential ease of modification, one inherent limitation remains their inability to undergo
facile biodegradation in vivo.

Here it is worth mentioning that the term biodegradation, when referring to a biomaterial in
vivo in common parlance, includes any process that results in dematerialization or biomaterial
decomposition and which ultimately leads to loss of material integrity. Biodegradation can
occur at the surface (i.e., erosion) or throughout the bulk of the material. Biodegradation
mechanisms include chemical bond scission (e.g., hydrolysis, enzymatic degradation) to create
smaller fragments of the original material and solubilization of the material at the material-
tissue interface. In spite of the all-encompassing nature of this definition, few CP-based
materials are biodegradable. There have only been a few attempts to generate biodegradable
CPs. Two notable attempts include the synthesis of surface erodible oligopyrroles49 and PPy
nanoparticle-polylactide (PLA) composites.41 In neither case is the CP backbone itself subject
to chemical-based biodegradation. Rather, in the former example the CP is designed to be
slightly water soluble and have a molecular weight that is low enough to allow renal clearance;
this means that chemical degradation is necessarily less of an issue, although careful control
over molecular weight distribution during synthesis is imperative. In contrast, in the PLA-based
approach, the amount of PPy in the biomaterial is minimized obviating to some extent the need
for degradability; nevertheless, the small amounts of PPy introduced into the body as a result
of using this material would be expected to remain in vivo indefinitely.

Rivers et al.50 explored an alternative approach to achieving degradability. In this study, the
polymer backbone was itself designed to be both chemically degradable and conductive. The
particular system prepared by these researchers, a biodegradable electrically conducting
polymer (BECP), consists of a copolymer of pyrrole-thiophene-pyrrole oligomers with
alternating ester linkers. BECP was found to undergo degradation in vitro through esterase
cleavage of the ester bonds.50 However, it proved impossible to dope this particular polymer
with anything but iodine, which is toxic to cells, and which resulted in a very low conductivity.
In a study geared towards understanding oligothiophene conductivity for electronic
applications, Miller et al. provided evidence suggesting that it is possible to generate
oligothiophene-based polyester systems that have higher conductivities.51 However, these
polymers were also doped with iodine. Further, their biodegradability was never explored.
Thus, there remains a need for copolymers that are optimized to be conducting and
biodegradable, as well as biocompatible.

In this paper we present the design, synthesis, and characterization of 5,5"'-
bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene-co-adipic acid polyester
(QAPE). We present evidence that suggests this new system is surface erodible and
electroactive, as inferred from the finding that it can undergo redox events to generate doped
species. We also show that this material is cytocompatible with Schwann cells. We therefore
believe it marks an important step forward in the search for biodegradable electroactive
materials suitable for tissue repair applications.
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Experimental Section
Materials

All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise
specified. Organic solvents were anhydrous and were used immediately following their
collection from a catalyst-based drying device, except dichloroethane (DCE) and
dimethylsulfoxide (DMSO). These latter solvents were stored over molecular sieves and used
when needed.

Methods
The final polymer, consisting of desired conductive and degradable subunits units, was
generated in a five-step synthetic sequence as detailed below. All reactions were performed in
flame-dried glassware under dry argon atmosphere. Reaction solutions were taken to dryness
on a rotary evaporator under reduced pressure. The purification methods employed varied
depending on the intermediate product and are specified accordingly. Intermediate products
were characterized by 1H NMR (400 MHz Varian Mercury spectrometer), chemical ionization
mass spectroscopy (triple quadrupole mass spectrometer) or electrospray ionization mass
spectroscopy (ESI MS) (LCQ), UV-vis spectroscopy (UV-vis-NIR 5000 spectrophotometer
Varian, Cary series), and, in the case of dimethyl quaterthiophene and bishydroxymethyl-
dimethyl quaterthiophene (bMdMQT), Fourier transform infrared (FT-IR) spectroscopy
(Perkin Elmer Spectrum BX). Polymer synthesis was confirmed using ESI MS, FT-IR
spectroscopy, UV-vis spectroscopy, and 1H and 13C NMR spectroscopy (500 mHz Varian
Mercury spectrometer). Characterization of the degradation temperature (Td) and melting
temperature (Tm) of the bMdMQT and QAPE were performed under an atmosphere of nitrogen
using thermogravimetric analysis (Mettler Toledo TGA/SDTA851e) at a scan rate of 20°C/
min from 25 - 450°C and differential scanning calorimetry (Mettler Toledo, DSC823e) at a
scan rate of 10°C/min cycling between -50 - 200°C five times, respectively. Elemental analyses
were performed by Midwest Microlabs, LLC, Indianapolis, IN. The electroactivity of QAPE
was assessed using UV-vis spectroscopy and cyclic volatammetry (CV). Degradation studies
were performed in vitro in the presence of cholesterol esterase (CE), whereas cytocompatibility
was determined in vitro in the presence of Schwann cells using the Live/Dead® viability/
cytotoxicity assay and CellTiter-Blue® cell viability assay.

2-Bromo-magnesio-3-methylthiophene (1)
This compound was synthesized according to literature procedures.52,53 In brief, a solution of
2 bromo-3-methylthiophene (785 mg, 4.43 mmol) in anhydrous diethyl ether (1 ml) under
argon was added drop-wise to a solution containing one chip of I2, magnesium (108 mg, 4.43
mol), and diethyl ether (1 mL). The mixture was left to stir overnight at room temperature
under argon. The resulting Grignard reagent was used immediately without further purification.

3,3"'-Dimethyl-2,2':5',2":5",2"'-quaterthiophene (2)
This compound was synthesized according to literature procedures.52,53 In brief, under argon
2-bromo-magnesio-3-methylthiophene 1 (745.7, 3.7 mmol) prepared as above was added
dropwise to a solution of 5,5'-dibromo-bithiophene (606 mg, 1.85 mmol) and NiCl2(dppp)
(16.2 mg; 0.03 mmol) in diethyl ether (52 mL). The reaction mixture was stirred at room
temperature for 4-5 h as monitored by thin layer chromatography. The mixture was quenched
with water (85 mL) and then extracted with diethyl ether (5 × 100 mL). The ether fraction was
dried over anhydrous sodium sulfate, filtered, dried using a rotary evaporator, and then dried
under vacuum. The crude product 2 obtained in this way was further purified by column
chromatography (dry packed column; silica gel; hexanes eluent), giving a yellow powder after
removal of solvent (575 mg, 86.6% yield). 1H NMR (CDCl3) δ 2.42 (6H, s, CH3), 6.88 (2H,
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d), 7.04 (2H, d), 7.12 (2H, d), 7.14 (2H, d). UV-vis, λmax. (DCM): 381 nm. IR (KBr): ν = 614,
692, 790, 831, 1065, 1447 (alkane C-C), 2852 (alkane C-H), 2918 (alkane C-H), 3073 (aromatic
C-H) cm-1.

5,5"'-Diformyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene (3)
Under argon, phosphorous oxychloride (4.4 mL, 48.12 mmol) was slowly added to a solution
of dry dimethylformamide (3.73 mL, 48.12 mmol) and DCE (7 mL) pre-cooled to 0°C. This
mixture was allowed to stir for 30 min and warm to room temperature after which point it was
added dropwise to a solution of 3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene 2 (575.11 mg,
1.604 mmol) in dichloroethane (73 mL). The reaction mixture was then heated to 80°C and
allowed to undergo reflux overnight. After cooling, the reaction was quenched via the addition
of an aqueous solution of NaOH (2 M; 160 mL) and allowed to stir for 30 min at room
temperature. The product was then extracted with dichloromethane (5 × 100 mL), subject to
preliminary drying using a rotary evaporator, and then subsequently dried under vacuum. The
crude product 3 obtained in this way was further purified using column chromatography (dry
packed column; alumina; DCM/hexanes (50:50) eluent) to give an orange powder (501.1 mg,
75% yield). 1H NMR (CD2Cl2) δ 2.49 (6H, s, CH3), 7.29 (4H, dd), 7.58 (2H, s), 9.82 (2H, s).
UV-vis, λmax. (DCM): 414 nm. Anal. Calcd for C20H14O2S4: C, 57.94; H, 3.40; O, 7.72; S,
30.94. Found: C, 57.80; H, 3.45; O, 7.89, S, 30.91.

5,5"'-Bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene (bMdMQT) (4)
Under argon, a solution of 5,5"'-diformyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene 3
(364.7 mg, 0.88 mmol) in dry tetrahydrofuran (THF) (750 mL) was dissolved at 50°C and then
degassed for 30 min. NaBH4 (83.2 mg, 2.2 mmol) was added to the reaction mixture, which
was then stirred at 60°C for 2 h. The solvent was removed on the rotary evaporator and the
product was sonicated in water (80 mL) for 30 min, filtered, and dried under vacuum overnight
to give a yellow-orange powder in quantitative yield. 1H NMR (CDCl3) δ 2.36 (6H, s, CH3),
4.77 (4H, d), 6.81 (2H, s), 7.03 (2H, d), 7.12 (2H, d). 13C NMR (400 MHz, DMSO-d6) δ (ppm)
= 15.44, 58.26, 124.80, 126.06, 128.46, 128.72, 133.63, 135.09, 135.32, 144.66. UV-vis,
λmax. (THF): 409 nm. FT-IR (KBr): ν = 760, 852, 1009, 1170, 1455 (alkane C-C), 2930 (alkane
C-H), 3382 (O-H) cm-1. Td = 335°C. Tm = 160 - 170°C. Anal. Calcd for C20H18O2S4: C, 57.38;
H, 4.33; O, 7.64; S, 30.64. Found: C, 57.54; H, 4.47; O, 7.71, S, 30.33.

5,5"'-Bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene-co-adipic acid
polyester) (QAPE) (5)

Under argon, a solution of freshly distilled adipoyl chloride (0.139 mL, 0.955 mmol) in dry
THF (1.3 mL) was added to 5,5"'-bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-
quaterthiophene 4 (400 mg, 0.955 mmol) in dry pyridine (7 mL) at 0°C. The reaction mixture
was slowly warmed to room temperature and then heated to 100°C and held at reflux for 6 h
or 24 h. Pyridine was removed in vacuo and the product was washed with water (4 × 5 mL).
The resulting polymer was purified by dissolution in THF and reprecipitation from methanol
to give a brown powder (322.7 mg). 1H NMR (DMSO-d6) δ 1.55 (m, CH2), 2.31 (m, CH3),
2.34 (m, CH2), 4.56 (m, CH2), 5.17 (m, CH2), 6.70 (m, CH=), 7.15 (m, CH=), 7.31 (m,
CH=). 13C NMR (DMSO-d6) δ 15.9, 24.5, 24.6, 33.7, 33.8, 34.0, 60.5, 125.6, 125.7, 127.3,
133.6, 134.4, 135.3, 136.2, 136.8, 173.2, 175.0. ESI MS (-): 543.33, 673.34, 1073.23, 1090.89,
1156.07, 1203, 1218.70, 1490.66, 1618.55. High resolution ESI MS (-): 545.0591 ± 0.002
(C26H25O5S4

-1. 673.1059 ± 0.002 (C32H33O8S4
-1). UV-vis, λmax. (THF): 398 nm. UV-vis,

λmax. (acetonitrile/THF/FeCl3): 412 nm and 595 nm. FT-IR (KBr): ν = 1440 (alkane C-C
stretch, ring C-C stretch), 1698 (C-O-C=O), 2924 (alkane C-H), 3056 (aromatic C-H), 3401
(O-H) cm-1. Td = 170 - 190°C. Tm = 142°C.
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Film Preparation
All films or coatings were applied to glass coverslips of 1.2 cm in diameter, which had been
cleaned previously in 7 M nitric acid solution and autoclaved. Solutions of bMdMQT, 4.0 mg/
mL (9.56 mM), and QAPE, 3.1 mg/mL (5.93 mM, based on monomer molecular weight), were
made in DMSO. Films were solvent cast by evenly applying 20.0, 30.0, or 100.0 μL of
bMdMQT or QAPE solution onto coverslips. This generated 0.17, 0.25, or 0.85 μmol/cm2

bMdMQT and 0.11, 0.14, or 0.52 μmol/cm2 QAPE-coated surfaces. Solvent cast films were
dried in a vacuum oven for 24 h at 25°C and then washed three times in 1 mL of fresh water
with slight agitation for 10 min each. Slides were allowed to dry in a laminar flow hood for at
least 2 h. For the CellTiter-Blue® cell viability assay, films were placed in the wells of 24
multiwell plates. For the Live/Dead® viability/cytotoxicity assay, films were sandwiched
between a polydimethylsulfoxide well (1 cm in diameter) and a microscope glass slide using
silicone grease as an adhesive. In both cases, films were sterilized under UV light for 30 min.

Poly-L-lysine (PLL)-coated coverslips were prepared as standards for cell viability assays.
Coverslips were placed in a 24-multiwell plate and 400 - 500 μL PLL (50 μg/mL) was dispensed
to cover the 1.2 cm diameter coverslips in the well. These were allowed to sit for 1 h. The PLL
solution was then aspirated off and the coverslips were rinsed twice with 1 mL sterile water.
PLL-coated coverslips were air dried overnight in a tissue culture hood. Prior to use, the
coverslips were sterilized under UV light for 30 min.

Degradation Assay
In vitro biodegradability of the polymer by esterases was evaluated by incubating the polymer
films in 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) (pH~7) with or without
cholesterol esterase (CE) (Lot #077K4005; 1.47 U/mg solid as determined by Sigma-Aldrich)
in solution at 37°C under conditions of gentle agitation. QAPE (0.14 μmmol/cm2) films were
prepared as indicated above and were first washed in sterile deionized water for 24 h at 37°C.
QAPE films were either treated with a solution of CE (25 units) in HEPES (0.5 mL) or simply
HEPES (0.5 mL). Both experimental and control samples were prepared in triplicate. In
addition, two background controls were established, both with n = 2; the first involved the
addition of CE (25 units) in HEPES (0.5 mL), whereas the second involved HEPES (0.5 mL)
alone. All solutions contained 1% BSA, as this has been found to enhance CE activity54 and
0.1% sodium azide to maintain sterility over the extended period of the experiment. Samples
were gently agitated at 37°C for up to 10 days. At each time point (every 2 days), 200 μL
aliquots of the solutions from all wells were placed in a clean multiwell plate and analyzed by
fluorescence spectroscopy (ex: 360/20 nm; em: 460/40 nm) using a BioTek plate reader.
Solutions were then returned to their appropriate wells to allow continuation of the experiment.
Prior to returning the multiwell plate to the incubator, experimental wells and CE background
control wells were supplemented with additional CE, 10 units in 37 μL HEPES. HEPES
controls were supplemented with 37 μL HEPES alone. Fluorescence at the designated
excitation and emission wavelengths was utilized to detect the presence of bMdMQT and other
QAPE degradation products containing bMdMQT in solution.

Dopant Optimization
UV-vis spectroscopy was used to follow changes in the absorbance spectrum of QAPE in THF
(3.78 × 10-5 mmol/mL) as varying quantities of either FeCl3 or Fe(ClO4)3 solutions were added.
The molar ratio of FeCl3 to QAPE was varied by adding 150, 300, 450, 600, 750, 900, 1050,
or 1100 μL aliquots of FeCl3 in acetonitrile (1.07 × 10-3 mmol/mL) to 600 μL solutions of
QAPE in THF (3.78 × 10-5 mmol/mL). This generated samples with FeCl3:QAPE ratios of 7,
14, 21, 28, 42, 49, or 56, respectively. Similarly, the molar ratio of Fe(ClO4)3 to QAPE was
varied by adding 25, 50, 100, 150, 300, 450, or 900 μL aliquots of Fe(ClO4)3 in acetonitrile
(1.07 × 10-3 mmol/mL) to 600 μL solutions of QAPE in THF (3.78 × 10-5 mmol/mL). This
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produced samples with Fe(ClO4)3:QAPE ratios of 1.2, 2.4, 4.7, 7, 14, 21, or 42. Solutions were
mixed briefly and analyzed 1.167 min following addition.

X-ray Photoelectron Spectroscopy (XPS)
XPS was carried out on a Kratos AXIS Ultra XPS system employing a monochromatic Al
Kα1 source. The binding energy of the instrument was calibrated using Au 4f7/2, Ag3d5/2 and
Cu2p3/2 at 84, 368.3 and 932.6 eV, respectively. Typical operating conditions were: 1×10-9

Torr chamber pressure; 15 kV; and 150 W for the Al X-ray source. High-resolution elemental
scans were collected with a pass energy of 20 eV using takeoff angles of 90 degrees between
the sample and the analyzer.

Cyclic Voltammetry
The electroactivities of QAPE and bMdMQT were characterized by cyclic voltammetry (CV).
CV was performed using a CHI627C Electrochemical Workstation (CH Instruments, Inc.) and
a standard three-electrode set-up consisting of a platinum mesh counter electrode, indium tin
oxide glass slide working electrode, and a silver wire reference electrode. Ferrocene (5 mM)
was added as an internal standard. QAPE (0.43 mg/mL) or bMdMQT (0.41 mg/mL) was added
to a 50 mM solution of tetrabutylammonium perchlorate in DMSO and the potential was swept
from -1.8 V to 1.8 V vs. Ag with a scan rate of 100 mV/s for 5 cycles.

Water Contact Angle
The hydrophobicity of the QAPE films was assessed via water contact angle measurements
made using a Dektak 6M goiniometer and a FTA 32 video camera. Measurements were made
after a water droplet was applied to the surface for 30 sec. All measurements were performed
in triplicate.

Cell Culture
Primary rat Schwann cells (purchased from Sciencell Research Laboratories or isolated from
P4 postnatal rat pups using Brocke's method55) were used for in vitro studies. Cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) (HyQ-DMEM-RS, Hyclone), 10%
fetal bovine serum (Hyclone), forskolin (2 μM), and bovine pituitary extract (3 μg/mL) on
PLL-coated tissue culture polystyrene dishes. Cells were maintained at 37°C in a humid
atmosphere of 5% CO2 and were fed every 3-4 days and passaged every 6-7 days. Cells used
for experimental work were from passages 4-6 and were grown in medium plus serum and
supplements (as indicated above) with the addition of 1% penicillin/streptomycin/amphotericin
B solution (Sigma-Aldrich).

Cell viability was qualitatively assessed with the Live/Dead® viability/cytotoxicity assay
(Invitrogen) as detailed below. This assay consists of two dyes: calcein AM, which stains live
cells fluorescent green (ex/em ~495 nm/~515 nm); and ethidium homodimer-1, which stains
the nuclei of dead cells fluorescent red (ex/em ~495 nm/~635 nm). Cells were seeded onto
bMdMQT (0.254 μmol/cm2), QAPE (0.135 μmol/cm2), and PLL-coated coverslips at a density
of 25,000 cells in 300 μL medium per well. Cells were allowed to adhere and proliferate for
48 h in a tissue culture incubator, after which cells were treated with live/dead stain and imaged
using phase contrast and fluorescence microscopy (Olympus IX70 inverted microscope).

Viability was quantified using CellTiter-Blue®, a fluorescence-based cell viability assay
(Invitrogen). This assay was performed at 4 h and 48 h on two types of films: 0.847 μmol/
cm2 bMdMQT-coated coverslips and 0.524 μmol/cm2 QAPE-coated coverslips. As indicated
above, all coverslips were individually placed in the wells of a 24-well culture plate. A standard
curve was prepared for both time points by seeding cells on PLL-coated coverslips at 4 different
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cell densities: 30,000, 15,000, 7500, 3750 cells in 400 μL (n = 3). All experimental films were
seeded with 15,000 cells in 400 μL (n = 3). Controls consisted of 400 μL medium only (no
cells) with experimental or PLL-coated coverslips or without any coated coverslips (n = 2).
Cells incubated for 4 h and 48 h were treated with 80 μL of cell titer blue reagent for 3 h and
30 min, respectively, prior to measuring the fluorescence using a BioTek fluorescence plate
reader.

Results and Discussion
Design Considerations

The 5,5"'-bishydoxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene-co-adipic acid
polyester (QAPE) of this study was designed to incorporate alternating electroactive
quaterthiophene subunits and potentially biodegradable ester groups. Conduction is predicted
to occur via both intra- and inter-oligomer chain electron hopping.56-58 As previously
mentioned, there is some evidence that such conduction can occur through oligothiophenes
within a polyester framework.51,59 The choice of quaterthiophenes as the conducting subunits
was based on the well-known conductivity and oxidative stability of oligothiophenes.2,42,
60-62 Quaterthiophene oligomers were targeted instead of terthiophene subunits or higher order
thiophene oligomers so as to balance the need for conductivity with ease of synthesis. Although
it was considered likely that longer oligothiophene subunits would be more easily oxidized
and doped, thereby improving conductivity, it was also expected that higher order
oligothiophenes would prove harder to prepare. Additionally, it was appreciated that such
species would display relatively poor solubility, which would impact processibility. Although
this latter problem could presumably be overcome by increasing the extent of thiophene
alkylation, an overly high degree of alkylation was expected to lead to perturbations in the
planar conformation of the conjugated system and therefore decreased conductivity. In the
present instance, the use of quaterthiophene-bearing methyl substituents at the 3 and 3"'
positions was expected to produce an appropriate balance between ease of synthesis, organic
solubility, and undesirable reductions in electroactivity (i.e., increase in the band gap). Such
expectations are in agreement with published studies53 and are corroborated by UV-vis
spectroscopic studies (see supplementary information). Finally, by functionalizing the
quaterthiophene subunit with hydroxyl substituents, ester linkages could be incorporated to
form a polyester material, thus introducing key hydrolysable subunits.

Based on previous findings demonstrating the esterase-catalyzed degradation of a number of
ester-based unnatural substrates,50,63-66 it was expected that an ester-based polymer would be
biodegradable. The biological relevance of esterase, specifically cholesterol esterase (CE), has
been reported, as well.67-69 CE and other esterases are naturally occurring in mammals and
have been found in most animal tissues, including the pancreas, liver, muscle, and brain.67,
70 More significantly, CE is produced by mononuclear phagocytic cells (i.e., macrophages and
monocytes), which are up-regulated during the inflammatory response that accompanies
invasive procedures, such as scaffold implantation.69,71-74 In addition, the use of ester linkages
would allow the degree of quaterthiophene-quaterthiophene separation to be controlled,
although this particular modification has not been extensively pursued by the authors.a The
choice of adipoyl chloride-derived linkers reflected a need to balance polymer solubility with
a quaterthiophene-quaterthiophene separation that was not so large as to preclude conductivity.
Ultimately, the synthetic pathway developed permits flexibility in design, facilitating changes
in the length of the ester linker and the conductive unit to allow for future optimization of
properties, such as conductivity, hydrophobicity, and degradation rate.

aPreliminary efforts to synthesize the malonic acid analogue of QAPE are underway. ESI MS characterization of the oligomer species
generated in analogy to those reported here is consistent with the coupling between malonic acid and the bMdMQT being successful,
leading us to propose that other dicarboxylic acid ester linkers can be incorporated into QAPE in the place of adipic acid.
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Synthesis of QAPE
The synthesis of QAPE 5 was readily accomplished in a small number of high yielding steps,
as shown in Scheme 1. The first two steps were performed according to literature and consisted
of making the methyl thiophene Grignard reagent 1, which was then coupled to
dibromobithiophene in a nickel-catalyzed reaction to form quaterthiophene 2.52,53 Subjecting
the alpha-free quaterthiophene 2 to Vilsmeier formylation followed by reduction produced the
bismethoxy-dimethyl quarterthiophene (bMdMQT) 4. QAPE 5 was then synthesized,
according to a modified literature procedure50, via a polycondensation reaction between
bMdMQT 4 and adipoyl chloride in pyridine at reflux. The use of pyridine was found to
promote polymerization, presumably by sequestering released HCl. The resulting crude
product was purified by reprecipitation to remove unreacted starting material, monomers, and
pyridine hydrochloride.

Spectroscopic analysis of QAPE provided support for the expected ester bond formation, as
well as for successful polymer formation. For instance, comparison of the 1H NMR spectra of
bMdMQT 4 and QAPE 5 (Figure 1) revealed a downfield shift, from δ 4.55 ppm to δ 5.25 ppm,
in the allylic proton signal for QAPE, a finding that is consistent with increased deshielding
of these protons as a result of ester bond formation. FT-IR analyses also revealed energy
absorption at 1730 cm-1 in the FT-IR spectrum of QAPE but not that of bMdMQT. This signal
is consistent with an ester carbonyl stretching mode, whereas the smaller IR adsorption between
1650-1700 cm-1 is ascribed to a carboxylic acid carbonyl stretching mode. These findings
provide evidence in support of the conclusion that condensation of bMdMQT with adipoyl
chloride proceeds as expected and likely gives rise to a species containing terminal carboxylic
acid groups (Figure 2).

While providing support for the presence of ester bonds, neither the 1H NMR nor FT-IR
spectroscopic analyses provide direct insights into the nature of the condensation products. In
particular, they do not allow assignments of chain lengths; nor do they provide evidence for
whether the putative polymeric products are linear or cyclic. 13C NMR spectroscopic studies
lead us to suggest that the majority of the polymeric species are linear; this is because such
analyses reveal the presence of two different carbonyl carbon signals between δ 173 - 175 ppm,
a finding that would correlate well with the presence of ester bonds and terminal carboxylic
acid carbons. However, it is still possible that a mixture of linear and cyclic species is present.

Because the QAPE polymer formed after 24 h reaction proved only sparingly soluble in most
organic solvents, and to better gage the progression of chain growth, the polymerization
reaction was stopped after 6 h and subject to analysis by electrospray mass spectrometry (ESI
MS). Mass peaks were observed at approximately 543, 673, 1073, 1091, 1156, 1203, 1218,
1490, and 1618, correlating well with the formation of several singly and doubly charged linear
oligomeric species and doubly charged dimer species (as is often the case with ESI, some of
these species were accompanied by a sodium ion). High resolution ESI revealed peaks at
545.0591 ± 0.002 and 673.1059 ± 0.002 amu, as would be expected for products based on a
1:1 and 1:2 condensation between bMdMQT and adipoyl chloride. On this basis, we propose
that the majority of QAPE produced during the polymerization process is linear and that as the
reaction proceeds the length of the oligomeric chains increases.

It is important to note that all analyses are consistent with the conjugation of the
quaterthiophene subunits being retained, something that is considered necessary to impart
electroactivity to the polymer. The 1H NMR signals corresponding to aromatic protons of
bMdMQT are also observed in the 1H NMR of QAPE (Figure 1), although the peaks are broader
for the polymer than for the precursor, as would be expected for a macromolecular species. In
addition, IR absorbance at 3065 cm-1 (aromatic C-H stretch) and 2940 and 1440 cm-1 (alkane
C-H and C-C stretching, respectively) are seen in QAPE's spectrum, that correlate well with
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the corresponding signals in the IR spectrum of bMdMQT (Figure 2). Finally, the finding that
bMdMQT and QAPE display nearly identical UV-vis spectra, with an absorption maximum
at ~387 ± 4 nm in THF, is further support for the retention of thiophene ring integrity following
polymerization.

Molecular weight characterization of the QAPE samples produced after a reaction time of 24
h was rendered difficult owing to the poor solubility of the presumably higher molecular weight
polymer chains produced under these conditions. However, preliminary analysis of the
refractive index of the QAPE formed in this way revealed a dn/dc value of 0.110-0.141 in THF,
which was used in conjunction with GPC coupled with light scattering and viscosity
measurements to determine MWn, MWw, and PDI (23,482-37,864 Da, 38,108-71,173 Da, and
1.62-1.88, respectively). Analysis of the molecular weights in DMF-LiBr (0.01 M LiBr) using
GPC with polystyrene as a reference generated much lower molecular weight values (MWw ~
6000 Da), as is often found when comparing results from these two GPC systems.75

Biodegradation Properties of QAPE—Although the ester bonds were designed into
QAPE to render it biodegradable and, as previously indicated, there is precedence for the
biodegradation of polyesters, it was considered important to explore the susceptibility of the
final quaterthiophene-based polyester to degradation. Therefore, to investigate QAPE
degradation films were incubated in HEPES at 37°C in the presence (experimental) and absence
(control) of CE in vitro over a period of 10 days. Degradation products were expected to consist
of bMdMQT, adipic acid, and small oligomers containing bMdMQT. Given that the spectral
properties of bMdMQT (ex~400 nm; em~470 nm) are distinct from those of the initial buffered
solution components (i.e., sodium azide, CE), fluorescence analysis of samples permitted the
rate of release of QT-containing species to be monitored readily. (Note: Both the CE and
HEPES controls revealed a minimal level of fluorescence background, as would be expected
given the composition of these controls.) After the initial 2 days of incubation the fluorescence
of experimental solutions was 2.25 times greater than that of the controls and after 10 days
experimental solutions were 1.66 times more fluorescent than control solutions. This would
indicate an increased release of QT-based species into solution in the presence of CE (Figure
3). The decrease in the rate of release of QT-based species after 2 days may correlate with the
fact that enzyme activity is lost over 24 - 48 h and degradation solutions were supplemented
every 2 days with 2.5x less enzyme than originally added on day 0. The detection of a
fluorescence signal in the absence of enzyme (controls) at all time points indicates that either
non-enzymatic hydrolysis and/or material solubilization are possible. Also, only a slightly
enhanced fluorescence signal was seen in the experimental solutions compared to the
corresponding control solutions; this may indicate that either or both of these decomposition
methods could account for the degradation seen in the presence of CE. In other words, it is not
clear at present whether enzymatic degradation, hydrolysis, or solubilization, or some
combination thereof, is the dominant factor in the biodegradation of QAPE; however, chemical
degradation and solubilization would generate the same desired effect, namely the
decomposition and clearance of the material in vivo. Thus, these results considered in
conjunction with previous studies of CE in biological milieus, lead us to propose that QAPE
would prove bioerodible were it administered in vivo.

Doping and Electroactiviy of QAPE—Although the presence of ester groups has the likely
benefit of imparting bioerodability to QAPE, as noted above, two concerns were: 1) That the
presence of ester linkers would preclude effective doping, and 2) the specific choice of adipic
acid-derived linkers might increase the inter-quarterthiophene separation and the ratio of
insulating to conducting backbone to the point that intra- and inter-chain electron transfer
would be reduced to an unacceptably low level. To address the first of these critical concerns,
the ability to dope QAPE was explored by subjecting it to ferric chloride (FeCl3) or ferric
perchlorate (Fe(ClO4)3). These oxidants/dopants were selected because the counter anions in

Guimard et al. Page 9

Macromolecules. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



question, Cl- and ClO -4, are considered biocompatible counteranions,76,77 while any residual
iron should result in minimal toxicity.41,78,79 There are several studies that suggest Cl--doped
heterocyclic polymers are less stable, compared to polymers doped with less nucleophilic
anions;80-83 this motivated us to explore the oxidation and doping of QAPE with Fe(ClO4)3,
as well as with FeCl3.

Oxidation and concurrent doping of QAPE in THF in the presence of FeCl3 or Fe(ClO4)3 in
acetonitrile was inferred from the observation of 1) a visible color change in the polymer
solution from orange/yellow to blue/green, 2) a slight red-shift from ~398 nm to ~412 nm in
the absorbance of QAPE and the appearance of new low energy absorbance peaks between
550 nm and 700 nm in the UV-vis spectrum, and 3) an augmented chlorine content relative to
that of sulfur, as determined by the XPS analysis of washed doped QAPE samples. The
emergence of new low energy bands at ~561 nm (2.2 eV), ~589 nm (2.1 eV), and ~681 nm
(1.82 eV) are of particular interest. Not surprisingly, similar low energy band transitions have
been observed in both PT and oligothiophene systems following doping.84-87 Specifically,
these spectral observations correlate well with the formation of oligothiophene-derived radical
cations (i.e., polaron states), which are generally characterized by an absorption signal between
500-600 nm (i.e., in our case ~589 nm) and either the presence of dimers of these radical cations
or dicationic species (i.e., bipolarons), both of which are expected to absorb at a smaller and
larger wavelength than that characteristic of the radical cation (i.e., in our case at 561 nm and
681 nm).84,85,88

Against this background, efforts were made to determine the effects of dopant concentration
on polaron formation within QAPE. More specifically, the dopant concentration necessary to
achieve the maximum absorbance of the band assigned to the presence of radical cations was
considered to define the potentially optimal doping conditions (i.e., those that were expected
to maximize the QAPE conductivity). It was found that as the molar equivalents of FeCl3 or
Fe(ClO4)3 were increased with respect to those of QAPE (based on monomer molecular
weight) the intensity of the low energy peak at 589 nm increased until what we assumed was
the optimal molar ratio of ferric ion oxidant/dopant to QAPE was achieved; after this point,
further additions led to a decrease in the absorption intensity of this peak and presumably a
loss in conductivity. We hypothesize that as oxidation and doping of the polymer backbone
increases, the number of polaron lattice deformations, characterized by absorption at a lower
energy wavelength (i.e., ~589 nm), also increases. The corresponding proportional absorption
increases of the maximum at ~589 nm, the shoulder at 562 nm, and the secondary maximum
at 681 nm lead us to suggest that the radical cations coexist with dimers of these radical species,
rather than bipolarons, formed from the radical cations.84 The eventual decrease of the low
energy signals is thought to be associated with either the insolubility of aggregated oxidized
QAPE or an overoxidation of the quaterthiophene units. Several studies indicate that the
process of overoxidation leads to either one or both of the following events in the case of PPy,
namely 1) crosslinking between backbone chains (β to β or α to β), and 2) incorporation of
hydroxyl groups that subsequently become oxidized to form carbonyl groups at the β-pyrrolic
positions.89-92 Both events ultimately, lead to a loss of conjugation and with it conductivity.
93 By extension of this analogy, overoxidation of QAPE would lead to a disruption of its polaron
bands resulting in a reduction in the absorption intensity at red-shifted (low energy)
wavelengths observed in the UV-vis spectrum.

Based on the above criterion, it was found that it took approximately 7 molar equivalents of
Fe(ClO4)3 (relative to moles of QAPE monomer) but ca. 42 molar equivalents of FeCl3 to
achieve a level of maximal doping. In addition, at the molar ratios deemed optimal the
absorption intensity at 589 nm was ~1.5 times greater, in the case of Fe(ClO4)3, than when
FeCl3 was used (Figure 4). This correlates well with our earlier prediction that ClO -4 doping
would be more effective and result in higher conductivities. XPS analysis of Fe(ClO4)3 doped
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QAPE under optimal conditions indicated a doping level of 8.1% as determined by the ratio
of chlorine to sulfur (a value that correlates directly with the number of perchlorate anions
present per thiophene ring).

The electroactivity (inferred by redox activity) of QAPE was evaluated using cyclic
voltammetry (CV) in the presence of ClO -4. CVs of QAPE and bMdMQT in DMSO using
tetrabutylammonium perchlorate as the electrolyte indicate that both systems are endowed with
similar redox properties and therefore similar electroactivity. There appear to be three redox
events. An oxidation event appears to occur at ~1.4 for both bMdMQT and QAPE and two
reduction events are also observed. The first reduction peak (at ~ -0.9 V) is essentially the same
for both bMdMQT and QAPE; however, the second reduction event is slightly shifted from ~
-1.5 V for bMdMQT to ~ -1.9 V for QAPE, a finding that can likely be attributed to the presence
of the insulating aliphatic ester groups. These events do not appear to be particularly reversible
since corresponding redox potentials are barely visible in the case of bMdMQT (~ -1.03 and
~ -1.46 V) and are not observable for QAPE (Figure 5). The E1/2 of ferrocene, used as an
internal standard in this system, was measured at ~ 770 mV. Initial attempts to quantify the
conductivity of the doped QAPE samples using a 4-point probe proved unsuccessful. This
disappointing finding is believed to reflect a combination of low doping levels, heterogeneous
solvent-cast samples, and poor sample electrode contact. Although the conductivity of QAPE
films still needs to be quantified, CV and UV-Vis spectroscopy results indicate that QAPE can
undergo redox chemistry and energy bands associated with doped polaron states are
observable. Given this form of electroactivity, QAPE may have the ability to pass a current,
although further studies are necessary to confirm this. It is hoped that even if conductivity were
low the material would still be able to pass low current, which at the nanoscale is potentially
relevant for nerve regeneration because it may be sufficient to affect cell behavior in a salutary
manner.

Cytocompatibility of QAPE—The biocompatibility of materials to be used in biomedical
applications is critical; hence, in the first steps towards assessing biocompatibility the
cytocompatability of QAPE and one of its putative degradation products, bMdMQT, was
investigated in the presence of Schwann cells. The selection of this in vitro model reflects our
long-term interest in developing biodegradable electroactive scaffolds for peripheral nerve
regeneration. Cell viability and adhesion on QAPE and bMdMQT films were evaluated and
compared to that on PLL control surfaces. It was observed that cells adhered more slowly on
QAPE and bMdMQT films. This was possibly a result of the fairly hydrophobic nature of these
films (QAPE water contact angle ≈114°). However, it is possible that the rough topography of
bMdMQT and QAPE films (as a result of solvent-casting) and protein adsorption to the surface
may have countered the initial hydrophobic effect of these materials since after 48 h cells were
observed to adhere and spread just as well on these two quaterthiophene-containing surfaces
as on PLL surfaces. In addition, following an incubation time of 48 h, a live/dead stain provided
a qualitative indication that the viability of cells grown on the bMdMQT and QAPE films was
similar to that seen for the PLL controls (Figure 6). As a result of the cytocompatibility observed
qualitatively in the Live/Dead assay, bMdMQT and QAPE films made from higher
concentration solutions than those used in the Live/Dead assay were used to assess
cytocompatibility quantitatively using the CellTiter-Blue® assay. Results from this assay
corroborate the results from the Live/Dead assay and permit quantification of cell viability.
According to this latter analysis, the Schwann cell viability after 4 h was nearly 100% on both
bMdMQT and QAPE films relative to that on the PLL controls. After 48 h, cell viability was
maintained at 75-100% of that of the controls (Figure 7).

In vitro compatibility studies have demonstrated the short-term cytocompatibility of QAPE,
leading us to suggest that explorations of its long-term compatibility in vitro and in vivo are
now warranted to fully assess biocompatibility. In addition, these preliminary results have
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motivated our efforts to further optimize and characterize QAPE and to develop new QAPE
analogues that could result in the creation of a degradable electroactive polymer suitable for
use in biomedical applications, including those associated with nerve regeneration.

Conclusion
A novel cytocompatible, degradable, moderately electroactive polymer, QAPE, has been
successfully synthesized. Erosion at the surface of QAPE films begins within one to two weeks
of exposure to CE. Doping may be effected by treatment with ferric perchlorate, as inferred
from XPS analyses, while electroactivity was confirmed using both UV-vis analysis and CV
in the presence of perchlorate. Based on these findings, QAPE appears to show promise as a
scaffold material for tissue engineering applications, which require biodegradable,
biocompatible scaffolds which are inherently conducting (electrically active) when doped with
nontoxic anions. However, in spite of the promise of the present QAPE polymer, we feel it is
appropriate to develop new QAPE analogues that might be more readily doped, prove equally
or more stable in the doped state, display higher conductivity or demonstrate improved
degradation properties. Towards this end, we are exploring the use of oligothiophene subunits
of greater size (sexithiophene) and diacids other than adipic acid.
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Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
5,5"'-bishydroxymethyl-3,3"'-dimethyl-2,2',5',2",5",2"'-quaterthiophene quaterthiophene-co-
adipic acid polyester synthesis.
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Figure 1.
1H NMR of A) 5,5"'- bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene
(QAPE); B) 5,5"'- bishydroxymethyl-3,3"'-dimethyl-2,2':5',2":5",2"'-quaterthiophene-co-
adipic acid polyester. Preservation of the aromatic signals (a, b, and c) is seen between 6.8 and
7.4 ppm and a downfield shift of the allylic protons (e) is observed in the NMR spectrum of
QAPE.
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Figure 2.
Infrared spectra of QAPE (black) and infrared spectra bMdMQT (grey). Peaks characteristic
of bMdMQT are also seen in the IR spectrum of QAPE; however, there is the appearance of a
new peak at ~1730 cm-1, indicating the presence of C=O stretch.
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Figure 3.
UV-vis analysis of the supernatants of control and experimental degradation samples.
Absorbance at 385 nm, indicates the presence of bMdMQT and bMdMQT oligomers.
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Figure 4.
A) The effect of the ratio of molar equivalents of FeCl3 (grey) or Fe(ClO4)3 (black) to
(monomer) molar equivalents of QAPE is inferred from the presence of absobance signals at
589 nm. Optimal molar ratios are indicated by an asterisk (*). B) UV-vis spectra of QAPE
undoped (dashed), QAPE with optimal molar equivalents of FeCl3 (grey), and QAPE with
optimal molar equivalents of Fe(ClO4)3 (black).
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Figure 5.
Cyclic voltammagram of bMdMQT and QAPE (~0.4 mg/1 mL DMSO) in 50 mM
tetrabutylammonium perchlorate vs. Ag. The counter electrode was platinum and the working
electrode was a cleaned indium tin-oxide coated glass slide. Potentials -2.0 V to 1.9 V were
scanned at 100 mV/s.
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Figure 6.
Live/Dead stain of Schwann cells after 48 h of growth on A) PLL, B) bMdMQT, and C) QAPE-
coated glass coverslips. Living cells fluoresce green and dead cells fluoresce red. Images were
taken individually, with appropriate bandpass filters and subsequently merged. Scale bar 200
μm.
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Figure 7.
Cell titer blue cell viability assay after 4 h and 48 h of Schwann cell growth on bMdMQT and
QAPE solvent-cast coverslips. After 4 h, cell viability was close to 100% of that for the PLL
controls and after 48 h cell viability decreases only slightly.
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