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Devices based on conducting polymers offer great promise for interfacing with cells. Here, we use

vapour phase polymerisation to create a biofunctional composite material of the conducting polymer

poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:TOS) and the biologically relevant poly(ethylene

glycol) (PEG). On the addition of PEG, electroactivity of the PEDOT is maintained, conductivity is

increased, and its performance as the active material in a transistor is unaffected. Both direct and

indirect biocompatibility tests prove that PEDOT:TOS and PEDOT:TOS:PEG are biocompatible and

nontoxic to mammalian cells. A functionalised PEG (PEG(COOH)) was additionally introduced into

PEDOT:TOS to showcase the potential of this material for use in applications requiring

biofunctionalisation.
Introduction

Conducting polymers discovered in the 1970s1 have shown

widespread promise for use as electrically active materials at

the interface with biology. The significant rise in the use of

conducting polymers in biomedical and bioengineering appli-

cations is due to inherent properties that make these materials

ideal for interfacing with biological systems.2 The ‘soft’ nature

of conducting polymers assures compatibility with flexible

substrates, and allows for good mechanical matching with

delicate biological tissues. The unique ability of organic elec-

tronic materials to conduct ions, in addition to electrons and

holes, facilitates their communication with biological systems,

which rely heavily on ion fluxes. Furthermore, as van der

Waals bonded solids, these materials are capable of forming

ideal interfaces with electrolytes, without disruptive dangling

bonds or oxides, leading to improved electronic sensitivity and

reduced noise. Finally, the ability to chemically tune both

molecular architecture and film microstructure allows for

significant flexibility when optimising materials for a specific

application.

There exist many examples of conducting polymers in contact

with mammalian cells for applications in tissue engineering.3 The
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bulk of the literature has focused on the relatively passive use of

conducting polymers as coating materials for interface optimi-

sation.4–8 Recent applications have exploited the unique attri-

butes of conducting polymers to realise new devices with novel

capabilities. Smart conducting polymer surfaces can be used to

control cell adhesion, proliferation and migration.9–11 Organic

electronic ion pumps (OEIPs) that can precisely control the flow

of ions have been used to deliver neurotransmitters in the inner

ear of a guinea pig.12–14 The organic electrochemical transistor

(OECT), first introduced in 1984,15 has proven to be an extremely

versatile device for interfacing with biological systems.16 OECTs

are being developed for a variety of biosensing applications,

including ion detection,17,18 enzymatic sensing19–21 and whole cell

sensing.22

The vast majority of OECTs are fabricated from poly(3,4-

ethylenedioxythiophene) (PEDOT). This semiconducting poly-

mer is degenerately p-type doped and rendered conducting with

negative dopant ions, which stabilize positive holes on the

conjugated backbone and balance overall charge. Common

dopants include poly(styrenesulfonate) (PSS) and the tosylate

anion (TOS). PEDOT doped with either PSS or TOS has shown

considerable promise with respect to electrical properties,

biocompatibility, and film stability and are therefore appropriate

for applications in biological interfacing.

In order to further improve the material–tissue interface,

there is a concerted effort to add increased biofunctionality by

incorporating bioactive species into the conducting polymer.

Such additives can include peptides and proteins for the

purpose of encouraging cell adhesion23–26 and directing axon

growth27 or enzymes for the purpose of bactericidal properties
This journal is ª The Royal Society of Chemistry 2012
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or sensing capabilities.28 The bioactive species can be incorpo-

rated into the conducting polymer film in a number of ways. A

commonly used method is to add the desired species to the

electrolyte solution during electropolymerisation.29 In this way,

the bioactive species are entrapped in the conducting polymer

films during growth, and often serve as a dopant or co-dopant.

However, bulky biochemical molecules can have a disruptive

effect on the final film. The incorporation of a neural growth

factor with ligands into PEDOT films via electropolymerisation

has been shown to result in both decreased electroactivity and

poor mechanical properties,30,31 attributed to the change in the

polymerisation rate upon the addition of the biomolecules.

Similarly, while the incorporation of hyaluronic acid (HA) into

polypyrrole (Ppy) via electropolymerisation was found to

encourage angiogenesis, the resulting composite film was brittle

and conductivity was reduced by four orders of magnitude.27

An alternative to molecular entrapment is to employ covalent

tethering of the bioactive species to the semiconducting poly-

mer using carboxylic acid ligand binding. For this purpose,

films of Ppy with carboxylic acid functional groups,

Ppy(COOH), were electropolymerised.32 However, along with

increasing functionality, Ppy(COOH) was shown to have

a slightly lower doping level and drastically lower conductivity

compared to Ppy. The degradation in electrical properties was

attributed to the decrease in the polymerisation rate and

disruption of the PPy molecular planarity caused by the addi-

tional functional group.

Enhancement of the CP–tissue interface will allow for more

stable, reliable and functional bioelectronic materials. However,

this improvement should not come at the cost of electronic

performance. Ideally, the electronic properties of a conducting

polymer should be maintained, or even better, improved, on

addition of the bioactive species. Vapour phase polymerisation

(VPP) is an in situ polymerisation technique, in which an oxidant

is used to coat a surface on which the EDOT monomer is then

sourced, leading to the formation of a conducting polymer film.33

This simple technique lends itself well to the incorporation of

various additives to the conducting polymer film. Recent studies

have demonstrated that mixing other molecules with the oxidant

results in composite films, in which the additive is intimately

incorporated in the conducting PEDOT matrix.34–36 Moreover,

a correctly chosen additive can serve to enhance the micro-

structure and electronic properties of the CP. In this study, we

show that on addition of PEG to PEDOT:TOS, electroactivity is

maintained and the conductivity is improved. OECTs were

fabricated with the composite films, and modulation was iden-

tical compared to neat PEDOT:TOS films. PEG is a biocom-

patible material often used in tissue engineering applications,

whose alcohol groups can be readily activated for subsequent

functionalisation of bioactive species.37 The incorporation of

PEG into PEDOT:TOS films provides a means to achieve

specific binding of a bioactive species, without negatively

affecting the conducting polymer microstructure or electronic

structure. In this approach, the protein is introduced after film

fabrication, and is therefore not exposed to the harsh tempera-

tures and solvents associated with in situ polymerisation tech-

niques. We believe that the PEDOT:TOS–PEG composites in

this work can act as an ideal platform for interfacing organic

electronics and biological systems.
This journal is ª The Royal Society of Chemistry 2012
Materials and methods

Vapour phase polymerisation of PEDOT:TOS composites

PEDOT:TOS, PEDOT:TOS-PEG and PEDOT:TO-

S:PEG(COOH) composites were fabricated according to

a previously published protocol.35 Prior to VPP, an oxidant

solution was prepared. Fe(III)tosylate (40 wt% in solution with

butanol, Yacoo Chemical Company) was used as the oxidant,

with pyridine (Sigma; used as received) as a weak base in all

solutions. Poly(ethylene glycol) and PEG(COOH) (PEG, Mn ¼
20 000, and PEG(COOH), Mn ¼ 600, Sigma Aldrich) were dis-

solved in a small amount of water before being added to the

oxidant solution. The ratio of PEG to PEDOT was estimated on

the basis that it requires 2.25 moles of Fe(III) to produce 1 mole of

PEDOT.38 The amount of PEG added to each oxidant solution

was chosen in order to achieve films with 30%, 50% and 70%

PEG contents as compared to PEDOT. For the purpose of

lowering the final film thickness, the oxidant solutions were

diluted with ethanol. To promote adhesion between the final

PEDOT film and the substrate, glass slides were coated with

plasma polymerised maleic anhydride39 prior to deposition of the

oxidant solution. The oxidant solution was spun onto the

substrates at 1500 rpm for 30 s and placed directly in the vapour

phase polymerisation chamber without a drying step. The

vaporisation chamber, containing an EDOT monomer (HD

Stark or Yacoo Chemical Company), was kept in an oven at

70 �C, at ambient pressure. EDOT was allowed to polymerise on

the coated substrates for 30–40 minutes, at which point samples

were removed from the polymerisation chamber and rinsed twice

in ethanol to remove excess Fe(III)Tos and unpolymerised EDOT

monomer.
Cyclic voltammetry

Cyclic voltammetry (CV) measurements were made using

a multichannel potentiostat (VMP2 with EC-Lab software

version 10.19) with a traditional 3-electrode setup. A standard

calomel electrode was used as reference and 0.1 MNaPTS (pH 7)

was used as the electrolyte, at a scan rate of 5 mV s�1. The

electrolyte was deaerated by bubbling through N2.
Conductivity measurements

Conductivity measurements were performed by measuring the

resistance across PEDOT:TOS and PEDOT:TOS–PEG samples

of defined length and width. The thicknesses of the films were

measured using profilometry and final film thickness values used

in calculations were averaged from at least three measurements.

Conductivity values shown were averaged over at least 5 separate

samples.
OECT fabrication and characterisation

OECT fabrication consisted of first defining a conducting poly-

mer channel on a glass substrate. Polymethyldisiloxane (PDMS)

was used to define the well (active channel area: ca. 16 mm2).

Phosphate buffered saline (PBS) was used as the electrolyte. Ag/

AgCl was used as the gate electrode. Transistor characteristics

were measured using a Keithley 2612A Sourcemeter and
J. Mater. Chem., 2012, 22, 19498–19505 | 19499
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customised Labview software. Transient measurements were

carried out in two ways. In the first method, the drain–source

voltage (VDS) was kept at�0.2 V, while a square voltage pulse of

0.3 V for a duration of 5 s was applied to the gate (VGS), allowing

10 s recovery periods. In a second measurement, the gate voltage

was stepped from 0.1 to 0.5 V in intervals of 0.1 V, while main-

taining a drain voltage of �0.2 V and the same duty cycle as the

previous measurement. Transconductance values were extracted

from the maximum of the derivative of the steady state transfer

curves, at a drain voltage of �0.6 V.

Cell culture

HeLa cells (from HPACC-health protection agency culture

collections) were routinely maintained at 37 �C in a humidified

atmosphere of 5% CO2, in DMEM (Advanced DMEMReduced

Serum Medium 1X, Invitrogen) with 2 mM glutamine (Gluta-

max�-1, Invitrogen), 10% FBS (Fœtal Bovine Serum, Invi-

trogen) and Pen-strep (5000 [U mL�1] penicillin–5000 [mg mL�1]

streptomycin, Invitrogen). Cells were detached by trypsinisation

(0.05% trypsin–EDTA 1X, Invitrogen) and numbers were

determined by a cell counter (Scepter� Handheld Automated

Cell Counter, Millipore).

Cell adhesion and proliferation tests

A glass substrate (approximate area: 4.9 cm2) was coated with the

conducting polymer composite (PEDOT:TOS–PEG) at four

different PEG concentrations (0%, 30%, 50% and 70%) accord-

ing to the procedure described above. Each coated substrate was

sterilised for 20 minutes in 70% ethanol, rinsed twice in PBS, and

placed in a separate Petri dish. Cells were seeded at a concen-

tration of 105 cells per Petri dish. An additional 4 mL of DMEM

was added to each dish. Adhesion and proliferation were eval-

uated after 48 h. A calcein AM/propidium iodide assay was

carried out to determine the cell viability (calcein-AM, Sigma) at

1 mg mL�1 and propidium iodide (propidium iodide solution,

Sigma) at 2 mg mL�1. To perform these tests, media in the dishes

were discarded and the cells were gently rinsed two times with

PBS. 3 mL of the calcein-AM–PI mixture was added to each dish

and incubated for 30 min at 37 �C. Fluorescence images were

taken (Axio Observer Z1, Carl Zeiss, calcein AM 485 nm/

535 nm, PI 530 nm/620 nm) and cells were counted to determine

viability.

MTT assay

Glass slides were placed in Petri dishes and incubated with 4 mL

of DMEM at 37 �C and 5% CO2 for 1 week. As a positive

control, corresponding to 100% viability, DMEM was incubated

in a dish under the same conditions. The MTT assay (MTT Cell

Proliferation Assay Kit, Cayman Chemical) was carried out

according to the manufacturer’s instructions. Briefly, HeLa cells

were seeded at a concentration of 1 � 104 cells per well in a 96

well plate and incubated until 50% confluency was reached. The

medium was then discarded and replaced with 100 mL of medium

previously incubated with the conducting polymer composite.

Five replicates were evaluated after 24 h of culture. After the

incubation, the medium was aspirated and exchanged with

100 mL of fresh medium supplemented with 10 mL of MTT
19500 | J. Mater. Chem., 2012, 22, 19498–19505
reagent and the plate was incubated at 37 �C for 2 h. Finally, the

medium was aspirated and each well was rinsed twice with PBS.

100 mL of a crystal dissolving reagent was added to each well and

the absorbance (A570 nm) was measured to determine viability

with a spectrophotometer (Infinite M1000, Tecan).

Biofunctionalisation

A sixteen well incubation chamber was affixed to PEDOT:TOS

and PEDOT:TOS–PEG composite films on glass substrates. An

alexa-fluor labeled donkey anti-rabbit IgG antibody was used for

coupling experiments (Aex 578 nm/Aem 603 nm) (Invitrogen; 2 mg

mL�1). A solution of EDC (Sigma; 0.4 M in DI water) and NHS

(Sigma; 0.1M inDIwater) was prepared and 100 mLwas added to

each well (8mm2), with three replicates for each condition. 100 mL

of DI water was used as a control in an additional three wells.

Reactions were allowed to proceed at room temperature for 1

hour. EDC–NHSwas then removed and sampleswere rinsed once

with 1X PBS. Next, 100 mL of a protein solution at 0.1 mg mL�1

were added inside the wells. The samples were covered with

aluminum foil and left to incubate for two hours at room

temperature. The antibody was then removed and the samples

were rinsed three times with PBS, followed by a rinse with PBS-T

(0.05% Tween-20). Finally, samples were rinsed with PBS with

NaCl adjusted to 0.5 M. Fluorescence measurements were per-

formed using a spectrofluorimeter (Tecan Infinite�M1000).

X-ray photoelectron spectroscopy

XPS data were collected using an AXIS-HSi spectrometer

(Kratos Analytical Inc., Manchester, UK) with a mono-

chromated Al Ka source at a power of 144 W, a hemispherical

analyser operating in the fixed analyser transmission mode and

the standard aperture of 1 mm � 0.5 mm. The total pressure in

the main vacuum chamber during analysis was of the order of

10�8 mbar. Charge neutralisation was achieved using a magnetic

immersion lens, which injects low kinetic energy electrons (1–

4 eV) from a heated tungsten filament into the sample. Each

specimen (area of analysis ¼ 0.35 mm2) was analysed at an

emission angle of 0� as measured from the surface normal. The

information depth of this method is estimated to be smaller than

10 nm. The background was removed using either a linear or

a Shirley approach. The data were analysed using Casa XPS. The

survey and the C1s spectra were recorded by setting the saturated

C1s peak to 285 eV.

Results and discussion

To show that the electroactivity of the PEDOT was maintained

on the addition of PEG, cyclic voltammetry (CV) curves were

measured for both PEDOT:TOS and PEDOT:TOS with the

addition of 50% PEG (PEDOT:TOS–50PEG). The resulting

curves are shown in Fig. 1. The shape and presence of peaks in

the CV curves of the two films are identical, assuring that the

addition of PEG does not lead to a change in the electrochemical

response of the PEDOT, i.e. the reduction and oxidation

potentials have not changed.

To further investigate electrical performance, composite films

of PEDOT:TOS and PEG were prepared with various PEG to

PEDOT ratios: 0% PEG, 30% PEG, 50% PEG and 70% PEG
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Comparison of cyclic voltammetry curves for PEDOT:TOS and

PEDOT:TOS–50PEG (5 mV s�1, in 0.1 M NaTOS).
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(referred to as PEDOT:TOS, PEDOT:TOS–30PEG, PEDOT:

TOS–50PEG and PEDOT:TOS–70PEG, respectively). For the

range of PEG contents measured in this study, the film

conductivity was found to increase with increasing PEG

concentration (Fig. 2a). These data confirm previous observa-

tions of increasing PEDOT conductivity on the addition of

PEG,35,36 and similar non-conducting materials.40–43 This effect

has been attributed to a number of factors relating to film

microstructure and energetics. As observed previously, we saw

that the addition of PEG suppresses the formation of m-scale

domains (ESI†), presumably providing a smoother energetic

landscape for charge transport. Perhaps the most important

factor for the increase in conductivity is the decrease of the solid–

solid phase transition temperature by as much as 70 �C observed

for PEDOT–PEG blends compared to PEDOT alone.35 This

strongly implies that the order of PEDOT in the blended mate-

rials is maintained, but the energy required to disrupt this order is

significantly reduced. Thus, the composite materials are more

suitable for undergoing the necessary conformational changes

along the conjugated backbone required for efficient charge

transfer.

Having established an increase in the conductivity, we wanted

to validate the potential of PEDOT:TOS–PEG as the active
Fig. 2 (a) Conductivity as a function of PEG content. Error bars represent s

with varying PEG content, and (c) normalised OECT response as a function

This journal is ª The Royal Society of Chemistry 2012
material in an OECT. As mentioned in the introduction, OECTs

are important devices in the field of bioelectronics, used for

biosensing and ionic signal transduction. OECTs are comprised

of a conducting polymer film acting as the transistor channel,

with metallic source and drain electrodes. The CP, in this case

PEDOT:TOS or PEDOT:TOS–PEG, is in direct contact with an

electrolyte, and a gate electrode is submerged in the electrolyte.

The application of a positive gate–source bias encourages

migration of ions: tosylate anions leave the polymer film as

cations from the electrolyte enter the polymer film. Both of these

actions serve to de-dope the CP. As the number of mobile holes is

reduced, the drain current decreases. In this way, the OECT

translates changes in ion flux to a change in electrical current,

making it an ideal platform for the integration of electronics and

biological systems.

We fabricated OECTs with PEDOT:TOS and PEDOT:TOS–

PEG. The transient response of the OECT drain current to

a square gate voltage pulse for films with different PEG to

PEDOT ratios is shown in Fig. 2b. As discussed above, the

addition of PEG results in an increase in film conductivity. This

is manifested as a shift in the steady state drain current of the

device on the addition of PEG. On application of the positive

gate voltage, all devices show efficient de-doping, as evidenced by

the rapid decrease in drain current. Upon removal of this voltage,

the drain current recovers to the original steady state value. The

surface plot in Fig. 2c illustrates the effect of both applied gate

voltage and film composition on the transistor response (defined

as the change in drain current on application of a positive gate

voltage, normalised by the baseline current). In all films, an

increase of the gate voltage results in an increase of the nor-

malised modulation, while the PEG content has a negligible

effect.

It has been demonstrated previously that OECT behaviour can

be modelled as a combination of an electronic circuit, which

accounts for hole transport in the polymer channel, and an ionic

circuit, which accounts for the ionic transport from the electro-

lyte to the polymer channel.44 As a simple approximation, the

behaviour of the ionic circuit resembles that of an RC circuit,

withR determined by the resistance of the electrolyte andC being

an effective capacitance of the channel–electrolyte interface (in

the case where a Ag/AgCl electrode is used as the gate). The time

response of the device to a square voltage pulse on the gate is
tandard deviation from the mean. (b) Transient OECT response for films

of gate voltage and film composition (PEG content).

J. Mater. Chem., 2012, 22, 19498–19505 | 19501
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related to charging of that ‘‘effective’’ capacitor, and it is related

to the ability of the polymer channel to store charge. Data pre-

sented in Fig. 2b and c show that the addition of PEG does not

alter the RC time. From a physical perspective, this implies that

the PEG content presents no additional barrier for ion migration

both into and out of the film during the de-doping/doping

process. The efficiency of the doping and de-doping process is

further evidenced by the very high transconductance (average of

768 mS, or 274 mS mm�1 when normalised for channel width)

measured in the OECTs, which is an order of magnitude greater

than that of typical organic field effect transistors.45

The data presented here assure that the addition of PEG is not

harmful to device performance, and in fact, improves conduc-

tivity. Since our efforts are directed towards organic electronic

devices for biological applications, it is also necessary to deter-

mine the biocompatibility of these composite films. It has been

observed previously that unpolymerised EDOT monomers can

be toxic to cells,46 but once polymerised, PEDOT is generally

accepted to be cytocompatible. A number of studies interfacing

PEDOT with a variety of cell types have been reported with both

PSS47 and TOS as dopants.10,48,49 Likewise, PEG has been used
Fig. 3 Biocompatibility of HeLa cells on PEDOT:TOS–PEG compos-

ites for (a) PEDOT:TOS, (b) PEDOT:TOS–30PEG, (c) PEDOT:TOS–

50PEG, and (d) PEDOT:TOS–70PEG. The left-hand panels are repre-

sentative brightfield images showing cell coverage. The right-hand panels

are representative fluorescent images of cells stained with calcein AM and

propidium iodide. Live cells are shown in green, dead cells are shown in

red. The scale bar corresponds to 50 mm and is applicable to all panels.

19502 | J. Mater. Chem., 2012, 22, 19498–19505
extensively in tissue engineering, generally as an inactive ingre-

dient or scaffold.50–52 Nevertheless, we wanted to confirm that

there was no toxic effect of the PEDOT:TOS–PEG composites

on cell activity or growth.

Two different tests were carried out: a direct test where cells

were grown on the PEDOT:TOS–PEG films and assessed for

growth, and an indirect test, where films were incubated in cell

culture media, which was later used in cell culture. Fig. 3 clearly

shows that after 48 hours, PEG did not have a negative effect on

cell growth or proliferation. Cells were seeded on the composite

materials and allowed to grow for 48 hours, at which point

images were recorded and viability was determined using a live/

dead assay. Calcein AM was used for live cells (shown in green),

and propidium iodide for dead cells (shown in red). Very few

dead cells were observed. It should be noted that the cell

rounding observed in the micrographs in Fig. 3 is due to a rinsing

step in PBS and is not an effect of the PEDOT:TOS–PEG

surface. Prior to the PBS rinsing steps, HeLa cells exhibited the

typical, elongated morphology.

While every attempt is made to ensure that toxic compounds

from the polymer processing steps are removed before the

addition of cells (multiple wash steps with ethanol and PBS), it is

possible that over time compounds can be released into the cell

medium.53 The indirect test was designed to investigate changes

in cell metabolism caused by substances that may leach out of the

PEDOT:TOS–PEG films (such as ethylene glycol oligomers,

tosylate ions and unpolymerised EDOT monomers). Substrates

coated with PEDOT:TOS–PEG were submerged in media for

one week. This exposed medium was then used to culture HeLa

cells, previously seeded and cultured in unexposed media. An

MTT assay was performed to assess cellular metabolism

(viability), and results shown in Fig. 4 indicate that over the

course of one week, viability of cells cultured using the exposed

media was decreased only slightly compared to that of control

cells cultured with unexposed media. The PEG content had

a negligible effect on cell viability. The indirect assay shows that

cytotoxic compounds released after a week’s incubation were
Fig. 4 Assessment of the effect of PEG on the viability of HeLa cells.

Results shown are an average of five replicates. Error bars represent

standard deviation from the mean. DMEM condition represents the

positive control without polymer and is used to determine the 100%

viability. Conditions where the DMEM was left in direct contact with

PEDOT:TOS–PEG are labelled according to the PEG content of the film.

This journal is ª The Royal Society of Chemistry 2012
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minimal. Furthermore, the release of such compounds was not

facilitated by the incorporation of PEG.

To address the need for conducting polymer surfaces with

specifically covalently incorporated proteins we carried out

preliminary work to biofunctionalise the surface of our

composite materials by taking advantage of the readily activated

alcohol groups on the PEG. That is, composites comprised of

PEDOT:TOS and a carboxylic acid functionalised PEG, referred

to as PEG(COOH), were made. XPS data confirm that incor-

poration of 70% PEG into PEDOT:TOS films (both PEG–

COOH and PEG) results in a surface layer of approximately 18–

20% PEG. In the PEDOT:TOS–PEG(COOH) composite,

approximately 2% of the total carbon can be attributed to the

COOH groups. EDC–NHS (EDC: N-(3-dimethylaminopropyl)-

N0-ethylcarbodiimide hydrochloride–NHS: N-hydroxy-

succinimide) chemistry was used to incorporate fluorescent

proteins onto these surfaces via the carboxyl groups present in

the functionalised PEG. EDC reacts with carboxylic acid groups

in the presence of NHS to form a stable amide bond between the

carboxyl group and ubiquitous primary amines found in all

proteins. Subsequent stringent wash steps were included (3� PBS

washes, one wash with PBS containing detergent, followed by

a wash step with 0.5 M NaCl) in an attempt to exclude the

possibility of electrostatic binding of proteins to the surfaces

tested. A standard curve obtained using the fluorescent antibody

serially diluted and quantitated for fluorescence in solution, in an

identical well, on a PEDOT:TOS coated film – data not shown –

was used to approximate the protein bound, with the maximum

amount found to correspond to approximately 1 mg of protein.

The amount of protein coupled is low; however this is something

that may be optimised for future experiments.

The data presented in Fig. 5 show the fluorescence intensity of

four different surfaces: PEDOT:TOS–PEG with COOH (PTP-

C), PEDOT:TOS–PEG without COOH (PTP), PEDOT:TOS

alone (PT), and PEDOT:TOS coated with plasma polymerised

maleic anhydride (PT-MA). It can be seen that the PEDOT:

TOS–PEG(COOH) surface has a low level of specific binding of

protein, which does not occur in the absence of the EDC–NHS

treatment. In contrast, the PEDOT:TOS–PEG surface does not
Fig. 5 Biofunctionalisation of conducting polymer surfaces. Data

shown are the mean fluorescence values of 8 mm2 wells on a variety of CP

surfaces, each carried out in triplicate. Error bars represent standard

deviation from the mean. Samples from left to right: PEDOT:TOS–

70PEG(COOH) (PTP-C), PEDOT:TOS:70PEG (PTP), PEDOT:TOS

(PT), and PEDOT:TOS treated with a plasma coating of maleic anhy-

dride (PT-MA).
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show any difference between the control or the EDC–NHS

treated surface. Interestingly, a PEDOT:TOS surface, tested as

a control, showed specific binding of protein in the presence of

EDC–NHS treatment, but not without this treatment. Although

this surface does not have an available carboxylic acid group,

nonetheless there is a specific reaction occurring which we

speculate is via direct attack of the EDC on PEDOT. As an

additional control, we coated a PEDOT:TOS–PEG surface with

plasma polymerised maleic anhydride, which has been shown to

result in high concentrations of carboxyl groups on the surface.39

Indeed, this sample exhibited the highest fluorescent intensity,

indicating that –COOH groups are covalently bound with the

protein. We believe that both PEDOT and –COOH groups on

the PEG are participating in the EDC–NHS chemistry, forming

a specific linkage with the protein. While further elucidation of

this reaction mechanism is necessary, we are currently presented

with at least directions to proceed. First, we could substitute the

functional group on the PEG and use orthogonal chemistry that

does not interfere with the PEDOT. Second, we could specifically

block the PEDOT functional groups before proceeding with the

PEG functionalization. Finally, we could take advantage of the

unexpected specific binding allowed with EDC–NHS chemistry,

and functionalize the PEDOT itself.

Conclusions

In this work we have demonstrated that composite materials

comprised of the conducting polymer PEDOT:TOS and the

nonconducting polymer PEG show electrical properties equal or

superior to PEDOT:TOS alone. We showed that these composite

materials are biocompatible through rigorous direct and indirect

tests and that the degree of biocompatibility is not dependent on

the concentration of PEG. Furthermore, we have demonstrated

the potential of the incorporated PEG to provide an avenue for

the specific incorporation of biomolecules onto PEDOT:TOS

surfaces in a manner that is compatible with the sensitive nature

of most of these moieties. We believe that the development of

PEDOT:TOS–PEG biofunctional materials can lead to the

improvement of biomaterials and bioelectronic devices.
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