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Abstract

For the majority of biosensors or biomedical devices, immobilization of the biorecognition element is a critical step for device function.
To achieve longer lifetime devices and controllable functionalization, covalent immobilisation techniques are preferred over passive
10 adhesion and electrostatic interactions. The rapidly emerging field of organic bioelectronics uses conducting polymers (or small
molecules), as the active materials for transduction of the biological signal to an electronic one. While a number of techniques have been
utilized to entrap or functionalize conducting polymers deposited by electro- or vapor phase polymerization, covalent functionalization of
solution processed films, essential for realizing low cost or high throughput fabrication, has not been thoroughly investigated. In this
studly we show a versatile biofunctionalization technique for the solution processable conducting polymer (poly(3,4-
15 ethylenedioxythiophene) doped with poly(styrenesulfonate) PEDOT:PSS, which is a commercially available material, and has a record
high conductivity. Addition of poly(vinyl alcohol) (PVA) into solution with PEDOT:PSS provides a handle for subsequent silanization
with a well-characterised silane reagent, allowing for covalent linkage of biological moieties onto PEDOT:PSS films after curing of the
films. We show homogenous and large-scale biofunctionalization with polypeptides and proteins, as well as maintenance of the
biological functionalities of the proteins. In addition, no deleterious effects are noted on the electronic or ionic transport properties of the

20 conducting polymer films due to incorporation of the PVA.

Introduction

Biofunctionalization is an essential step in the fabrication of a
biosensor or biomedical device. For biosensor operation, the so-
called ‘biorecognition element’ is usually immobilized on the
active area of the transducer in order for the target molecule to be
captured and for signal transduction to occur. For biomedical
devices, areas are increasingly being coated or
functionalized with biomolecules to improve biocompatibility and
facilitate integration with living systems for both in vitro and in
vivo applications. A variety of methods such as passive adhesion
and electrostatic interactions may be used, however for longer
lifetime and better control of immobilisation, covalent interactions
are preferable. For traditional electronic materials such as silicon or
metal electrodes, a variety of covalent functionalization methods
have been developed ranging from silanization, thiolation and the
ubiquitous EDC/NHS chemistry for coupling of the commonly
found biological amine and carboxyl functional groups" %

active

“ Department of Bioelectronics, Ecole Nationale Supérieure des Mines,
CMP-EMSE, MOC, 13541, France. E-mail: owens@emse.fr

1 Electronic Supplementary Information (ESI) available: Incorporation of
PEG into PEDOT :PSS films. (a) Conductivity measurements of
PEDOT:PSS:PEG films. (b) Biofunctionalization of PEDOT:PSS:PEG
films with FITC-PLL at 0, 10 and 25%. Quantitation of fluorescence
intensity of FITC-PLL functionalised PEDOT:PSS:PVA films.

A rapidly emerging area of research in bioelectronics is the use of
conducting polymers (CPs) as an alternative to traditional

electronic materials. The field of organic bioelectronics has gained
s0 tremendous momentum in the past decade® *. In particular, the use
of conducting polymers (CPs) to interface with biology has been
shown to be advantageous for numerous reasons including
potential low cost of the materials, mechanical flexibility, mixed
electronic/ionic conductivity, improved interfaces and tunability of
the materials due to their organic nature™ . Applications for
organic electronic devices in biology have ranged from relatively
simple biosensing " ® to more complex applications for use in drug
delivery’, neurotransmitter delivery'®, toxicology'', and neural
probes'> 1. Devices of particular interest in biosensing are organic
electrochemical transistors (OECTs) which take advantage of the
mixed electronic/ionic conductivity of CPs, in order to achieve
efficient ion-to-electron transduction.
The polythiophene PEDOT doped with the water dispersible
polystyrene sulfonate (PSS) or with the tosylate anion (TOS), is
currently the most commonly used conducting polymer in organic
bioelectronic applications. This is due to a combination of factors
including good thermal, and electrochemical stability, relatively
high conductivity'®, and demonstrated biocompatibility'> '¢,
compared with other CPs based on polypyrrole and polyaniline. A
number of different methods exist for deposition of PEDOT films;
solution deposition, electropolymerization, and vapor phase
polymerization. Previous work on incorporation of biomolecules
into either the bulk or onto the surface of PEDOT has employed
the latter techniques, for example, incorporating biomolecules as
7s dopants in the electrolyte solution during polymerization'” '¥. We

recently reported a novel method for incorporation of gelatin into
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films of vapor phase polymerised PEDOT doped with tosylate

(TOS), maintaining both the electrochemical properties of the

conducting polymer, and also the functionality of the

biomolecule'’. A recent study on PEDOT, showed the use of a

modified dopant (PSS-maleic acid) could generate films with good

electrical performance but also with sufficient carboxyl groups for
subsequent biofunctionalization®®. PEDOT:PSS is often chosen
because it is commercially available as a liquid dispersion suitable
for solution-based deposition methods such as spin coating and

10 inkjet printing?"” ?. One disadvantage of the commercially
available formulation of PEDOT:PSS is that it is difficult to
perform chemistry on an already cured film, and also since the PSS
is in excess with respect to the PEDOT?, commonly targeted
chemical modification of PEDOT would lead to inhomogeneous

15 functionalization and disruption of conductivity. The most
desirable approach for biofunctionalization is for the biomolecule
to be added after film processing steps in order to avoid exposure
to solvents or high temperatures that are required during
fabrication, but may cause biomolecule denaturation.

20 Herein we demonstrate the an easy-to-use method for the covalent
linkage of biomolecules to films of PEDOT:PSS deposited from
commercially available dispersion. We show the successful, large
area functionalization of PEDOT:PSS films with different
biomolecule types: the enzyme glucose oxidase (GOx) and the

»s extracellular matrix derived polypeptide poly-L-lysine (PLL). We
demonstrate that the resulting conducting polymer devices
maintain excellent electrical properties. Finally, we show not only
the functionality of these immobilized biomolecules, but also
applications for the functionalized films.

w

s Materials and methods
Preparation of conducting polymer (CP) films

PEDOT:PSS (Heraeus, Clevios PH 1000) was used as the
conducting polymer active layer. Dodecylbenzenesulfonic acid
(DBSA) (0.5 pL/mL) and Ethylene glycol (Sigma Aldrich) (50
35 uL/mL) were added to the PEDOT:PSS dispersion to improve film
formation and to increase conductivity. The formulation was
sonicated and filtered to avoid aggregates. A stock solution of PVA
average M,, 130,000 5 wt% was prepared; heating for ~30s in a
microwave oven assisted dissolution until a clear solution was
40 obtained. The amount of PVA added to the solution was calculated
according to the mass of PEDOT:PSS. Four different
PEDOT:PSS:PVA composite solutions (10, 20, 25, 50 wt% ) were
made and mixed thoroughly and filtered before deposition.
Following PEDOT:PSS:PVA spin - coating, samples were baked
45 for 30 minutes at 140 °C under atmospheric conditions.

Conductivity = measurements  of

films/devices

conducting  polymer

PEDOT:PSS and PEDOT:PSS:PVA composites were coated onto
glass slides which were cleaned by sonication in acetone, isopropyl
alcohol, and DI water, followed by a drying step with nitrogen and
brief exposure to oxygen plasma. Sheet resistance was measured
using Jandel four point probe device. The thicknesses of the films
were measured using a Veeco Dektak 150 Profilomer. The
conductivity was calculated from the measured sheet resistance and
ss thickness.
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Electrochemical transistor fabrication and operation

The fabrication process, similar to that reported previously*
included the deposition and patterning of gold, parylene, and

PEDOT:PSS:PVA. Source/drain contacts were patterned by a lift-
off process, using S1813 photoresist, exposed to UV light through
a SUSS MBJ4 contact aligner, and developed using MF-26
developer. 5 nm of chromium and 100 nm of gold were
subsequently deposited using a metal evaporator, and metal lift-off
was carried out in acetone. Metal interconnects and pads were
insulated by depositing 2 pum of parylene C using an SCS
Labcoater 2, with a silane adhesion promoter. A dilute solution of
industrial cleaner (Micro-90) was subsequently spin coated to act
as an anti-adhesive for a second, sacrificial 2 pm parylene C film.
Samples were subsequently patterned with a 5 um thick layer of
AZ9260 photoresist and AZ developer (AZ Electronic Materials).
The patterned areas were opened by reactive ion etching with an
oxygen plasma using an Oxford 80 Plasmalab plus.
PEDOT:PSS:PVA 25 wt% and PEDOT:PSS + 1 wt% GOPS in
solution, usual formulation for in vivo applications, were spin
coated at 3000 rpm, and baked for 90 sec in 100 °C. The second
layer of parylene was peeled off with a subsequent rinsing in DI
water and baking at 140 °C for 30 min. All characterization was
done using a 100 mM NaCl solution in DI water as the electrolyte
and a Ag/AgCl wire (Warner Instruments) as the gate electrode.
The measurements were performed using a National Instruments
PXIe-1062Q system. The channel of the OECT was biased using
one channel of a source-measurement unit NI PXIe-4145. The gate
voltage was applied using a NI PXI-6289 modular instrument. In
the case of the IV-characteristics and transconductance
characterization, the drain current was measured using the SMU
channel used for the bias. Concerning the time response
characterization of the OECT, one NI-PXI-4071 digital multimeter
measured drain current, and a channel of the NI PXI-6289
equipment measured gate voltage. All the measurements were
triggered through the built-in PXI architecture.

Measurement of ion mobility in PEDOT:PSS:PVA films

Tonic mobility was measured as previously described”. Briefly, a
PEDOT:PSS:PVA film, deposited on a parylene-coated glass
substrate, was coated with a layer of SU-8 serving as an ion barrier.
Using photolithography, a well was created in the
SUS/PEDOT:PSS stack and filled with an electrolyte, forming a
planar junction with an area 4 of 16 mm. An Ag/AgCl counter
electrode was immersed into the electrolyte, and an Au pad
provided contact with the conducting polymer composite film,
positioned at a distance L =32 mm from the electrolyte interface.
The experiment was carried out by applying a positive bias at the
Ag/AgCl electrode while simultaneously measuring the current
flow in the device and recording the electrochromic changes
associated with the propagation of the dedoping front using an
inverted Carl Zeiss Axio Observer Z1, in the bright field mode
with 1X objective. We used 10 mM KCI electrolyte in order to
measure the mobility of potassium.

Silanization and fluorescence imaging of patterned films

To investigate the distribution of the fluorescence we prepared
patterns with PEDOT:PSS and PEDOT:PSS:PVA composites
using photolithograpy and the parylene C peel-off technique. Prior
to the peel-off, 3-glycidoxypropyltrimethoxysilane (GOPS) was
deposited by vapor deposition at 90 °C for 45 minutes under
vacuum. FITC labelled poly-L lysine (PLL), with concentration 50
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pg/mL in phosphate buffered saline (PBS) with the addition of 50
mM NaOH final pH 8-9, was drop-cast on to the sample allowed to
react for two hours at room temperature. The resulting films were
thoroughly cleaned with 0.1 M PBS, 0.1 M NaCl, and finally DI

s water. Finally, samples were examined with a fluorescent
microscope (Carl Zeiss Axio Observer Z1).

Quartz crystal microbalance (QCM)

Glucose oxidase (GOx) immobilization monitoring was undertaken
using a Q — sense E4 system. PEDOT:PSS:PVA 25 wt% was spin

10 coated on top of quartz crystal sensors, with additional GOPS
deposition as mentioned above. The samples were transferred to a
QCM flow module part of the Q-sense E4 device and equilibrated
in Di water for 60 min. GOx 50 pg/mL in PBS with 50 mM of
NaOH was introduced to the axial flow sample chamber and a

15 constant flow rate of 20 pL/min for 180 min and then rinsed with
DI water at a constant rate of 60 uL/min.

Glucose sensing assay using GOx functionalised OECTs

All PEDOT:PSS:PVA 25 wt% transistors were patterned using a

parylene peel-off technique, and immobilization of glucose oxidase
20 (1 mg/mL PBS plus NaOH), both of which are described above.

20 mM glucose was prepared in PBS. Due to its hydrophobicity,

parylene C served as a virtual well for the drop of the electrolyte.

Finally, a platinum wire was immersed in the electrolyte from the

top serving as a gate of the transistor. The measurements were
»s recorded by a Keithley 2612A and customized Labview software.

Cell culture

PCI12 cells from Health Protection Agency culture collections
(Salisbury, UK) were cultured at 37°C, 5% CO, in humidified
atmosphere. RPMI 1640 media supplemented with 10% horse
s serum  (HS, Invitrogen), 5 % feotal bovine serum (FBS,
Invitrogen), 2 mM glutamine (Glutamax™, Invitrogen), 25 U/mL
penicillin-streptomycin  (PenStrep, Invitrogen), 50 ng/mL
gentamicin (Gentamicin, Invitrogen). During maintenance, the
cells were cultivated in suspension and numbers were determined
s by a cell counter (Scepter handheld automated cell counter,
Millipore).
Cell patterning using collagen and PLL functionalised
conducting polymer films

Patterned substrates (approximate area: 4.9 cm?) were coated with
40 the conducting polymer PEDOT:PSS:PVA 25 wt% concentration
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according to the procedure described above. Each coated substrate
was sterilized for 20 minutes in 70% ethanol, rinsed twice in PBS,
and placed in a separate 6-well plate. Cells were seeded at a
concentration of 10° cells/well. The final volume of each well was
3 mL. Adhesion was evaluated after 24 h. A Calcein
AM/Propidium Iodide assay 2 pg/mL was carried out to determine
the cell viability (Calcein-AM, Sigma) and Propidium Iodide
(Propidium Iodide Solution, Sigma). To perform these tests, media
in the well was discarded and the cells gently rinsed two times with
PBS. 3 mL of the Calcein-AM/PI mixture was added to each well
and incubated for 30 min at 37°C. Fluoresence images were then
recorded (Axio Observer Z1, Carl Zeiss, Calcein AM 485 nm/535
nm, PI 530 nm/620 nm). After 24h of culture, the media was
changed to discard the cells in suspension using differentiation
media: RPMI 1640 supplemented with 1 % (v/v) HS, 2 mM
glutamine, 50 ng/mL nerve growth factor (NGF, Sigma), 25 U/mL
penicillin-streptomycin, and 50 ng/mL gentamicin. The media was
changed every two days until the end experiment.

Results and discussion

As mentioned in the introduction, silanization is a covalent
functionalization technique, widely used for glass or metal oxide
surfaces”. A silane reagent can form a covalent linkage with free
hydroxyl groups on the surface via a condensation reaction. The
most useful silanization reagents are heterobifunctional, containing
an alkoxysilane as well as an organic functional group that can
selectively bind a second organic molecule. Different examples of
silanization reagents include aminosilanes (such as APTS (3-
aminopropyltriethoxysilane)) and glycidoxysilanes such as GOPS,
which yield amine and epoxy functional groups respectively, for
subsequent linkage to a secondary organic molecule’. The lack of
hydroxyl groups on polythiophenes such as PEDOT, would appear
to rule out this method of biofunctionalization for films or devices
made from these polymers. Therefore, we sought to add a hydroxyl
containing polymer to solutions of commercially available
PEDOT:PSS, that could later be used for biofunctionalizing the
films via silanization, but would not cause deleterious effects to the
film forming poorly soluble in aqueous solutions, and the
polyanion PSS is used as a means to generate an aqueous
dispersion that has good film forming properties and high
conductivity”®. One disadvantage of the PEDOT:PSS solution
however, is that it is generally considered a finely balanced
solution which can be disturbed by addition of extraneous additives

1,

Hy

Figure 1. Reaction scheme for biofunctionalization of PEDOT:PSS by incorporation of PVA.
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addition of compounds to PEDOT:PSS to enhance properties such

0% as conductivity for application in a variety of device types

including solar cells and displays. Additives to PEDOT:PSS

include diols, such as ethylene glycol, diethylene glycol, or
poly(ethylene glycol) (PEG), where addition to PEDOT:PSS
emulsions before spin-coating increases the conductivity of the
resultant thin films*’ 2® ?°. Addition of the sugar alcohol sorbitol is
also known to enhance the conductivity of PEDOT:PSS thin films
by three orders of magnitude®. Given that alcohol containing
polymers have often been used as additives for improving
conductivity, we decided to incorporate PVA as a handle for
subsequent silanization of PEDOT:PSS. The proposed reaction
scheme is outlined in Figure 1. The polyalcohol is mixed with the
1s PEDOT:PSS in solution, after which the film is cast and cured.

Following curing, GOPS is added by chemical vapour deposition

to the film whereupon a condensation reaction occurs and the

silane reagent is bonded to the polymer. Subsequent addition of

amine containing polypeptides/proteins under basic conditions

20 allows formation of a secondary amine bond with the biomolecule.
In order to estimate the degree of biofunctionalization of
PEDOT:PSS films using the above method, we immobilized a
FITC-labelled Poly-L-Lysine on a photolithographically defined
pattern. Figure 2a shows fluorescence images of the

»s biofunctionalized pattern. Different amounts of PVA were added to
the PEDOT:PSS dispersion (in concentrations ranging from 0 to
50 wt%). We observed the most homogeneous and brightest
fluorescence  (and thus  biofunctionalization) for PVA
concentrations around 20-25 wt%. High PVA loading (wt50%)

30 resulted in more aggregated fluorescence morphology. It should be
noted that the films were stringently washed first with PBS, and
then with a high concentration salt solution (0.1 M NaCl) and
finally with deionised water to remove any non-specific or
electrostatically bound polypeptide, thus making sure that the

35 remaining polypeptide is covalently linked to the conducting

polymer. In addition, the absence of fluorescent label on the 0 wt%

PVA sample indicates that the PVA is necessary for the binding of

the polypeptide to the surface, and that GOPS does not react with

the PEDOT:PSS film or the Parylene C. The same procedure was
attempted with PEG, however the patterning obtained with

PEDOT:PSS:PEG was less homogenous and showed some

evidence of aggregation or phase separation (Supplementary Figure

1b). The optimal concentration of PVA (25 wt%) was used to
functionalise additional patterns as shown in Figure 2b.

4 We measured ion mobility in the PEDOT:PSS:PVA 25 wt% using
planar junctions between the polymer and the KCI electrolyte.
When a positive voltage is applied in the electrolyte with respect to
the film, potassium ions are injected from the electrolyte into the
film and at the same time holes are extracted from the film through

so0 a Au electrode in order to preserve electroneutrality in the film.
The film becomes dedoped and due to an electrochromic effect the
color changes, allowing monitoring of the optical transmission of
the film. From the change of the optical transmitted intensity with
respect to the initial state we define the drift length of ions at each

ss time. The one dimensional geometry, where ions and holes move
in the same direction, allows for the determination of ion mobility

[
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Figure 2 Biofunctionalization of Poly-L-Lysine on PEDOT:PSS:PVA

films. (a) Different concentrations of PVA added to PEDOT:PSS; 0, 10, using the relationship 1=2-p-V-t, where |l is the drift length of
20, 25 and 50 wt% PVA. (b) Patterning of FITC-PLL on ions, p is the ion mobility through the film and V is the applied
PEDOT:PSS:PVA films. voltage. PEDOT:PSS:PVA has a slightly improved K" mobility,

or solvents. Nevertheless, several reports have been published on
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5.3*10™* cm*Vs compared to PEDOT:PSS+GOPS(1 wt%) which
is 1.9%10* cm*/Vs®.
An important consideration when adding compounds to conducting
polymers which will later be used in devices, is that the electrical
characteristics of the films remain unchanged. The conductivity of
a range of different concentrations of PVA into PEDOT:PSS was
measured (Figure 3a). The conductivity of the 25 wt% PV A sample
remained high, within 10% of the PEDOT:PSS sample. Unlike
addition of polymers such as PEG to PEDOT:TOS via vapor phase
polymerization®" *2, addition of PVA did not enhance conductivity.
A similar result was shown with addition of PEG to PEDOT:PSS
(Supplementary Figure la). Previous studies have reported the
combination of PVA with PEDOT:PSS for a variety of purposes:
for example taking advantage of increased mechanical flexibility in
free standing films of PEDOT:PSS:PVA films* and for
preparation of conducting nanofibers’* . Reynolds and co-
workers showed increases in conductivity upon addition of PVA to
PEDOT:PSS but with maximum reported conductivity of 1 S/cm.
Addition of polymers such as PEG and PVA to PEDOT:TOS most
20 likely induce significant morphological rearrangements resulting in
concurrent improvements in conductivity’" *¢, however addition of
such polymers to already highly conducting PEDOT:PSS solutions
would appear to have merely a dilution effect after a certain point.
It should be noted that we routinely add ethyleneglycol (EG) to
25 improve conductivity of PEDOT:PSS films.
In order to test both electronic and electrochemical properties of
PEDOT:PSS:PVA blends, they were used as active materials in
OECTs The organic electrochemical transistor (OECT) is a device
which has been used by a number of groups in a variety of different
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30 biosensing applications. The geometry of the OECT device varies
considerably depending on the particular application. In certain
cases, e.g. for applications for neural probes in vivo very fast
transistors are required. We demonstrate the successful
employment of PVA modified PEDOT:PSS films as the channel in

35 an OECT (channel dimensions: 10 pm width and 5 pm length)
(Figure 3). Since the devices compared have the same channel
dimensions, and are spun under the same conditions, direct
comparison of transistor parameters allows for elucidation of the
added effect of PVA in an OECT. Here we measure average

40 transconductance values of 1.86 and 1.59 mS for devices of
PEDOT:PSS:PVA 25 wt% and PEDOT:PSS+GOPS 1 wt% in
solution respectively. The latter is a typical formulation for stable
high performance OECTs used and achieves a
tranconductance similar to that previously reported®*. The response

45 times to a constant gate voltage pulse, 1, (measured with an
exponential fit) also compare favourably. PEDOT:PSS:PVA results
in a T of 20.4 pus compared to 27.5 ps for PEDOT:PSS+GOPS 1
wt% when a gate pulse of Vg = 0.6 V is applied. The slight
enhancement in response time with the addition of PVA is likely

so related to the trend in ion mobility reported above.

A second relevant test of the effectiveness of this
biofunctionalization method was the immobilization of the enzyme
Glucose oxidase (GOx) on PEDOT:PSS:PVA films for
development of a glucose sensor. To verify the immobilization of
ss GOx onto PEDOT:PSS:PVA 25 wt% we monitored the binding
and the stability of the enzyme with QCM. A thin film was
deposited onto a quartz crystal sensor, where frequency is inversely
proportional to the mass of the film. As we introduce enzyme to the

in vivo,

g _(mS)

0.0 0.2 0.4 06
v (V)

Figure 3. (a) Effect of different concentrations of PVA on PEDOT:PSS film conductivity.(b), (¢) and (d) Electrical characterization of OECTs prepared with
either PEDOT:PSS+PVA(25%) (black), or PEDOT:PSS+GOPS (grey). (b) Output IV curves for Vg=0-0.6V. (c) Time response of device in response to a
Vg=0.1V (dashed), and Vg=0.6V (solid) square pulse. (d) Corresponding transfer curves (solid line/symbols), and transconductance, gm, dashed line/open

symbols.
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Figure 4. GOx functionalized PEDOT:PSS:PVA. (a) QCM

monitoring of GOx deposition on PEDOT:PSS:PVA films. (b)
Sensing of glucose with OECT, V4=-0.4V

cell (Figure 4a), we see a fast drop of the vibration frequency with
a subsequent slow stabilization, which indicates interactions
between the polymer and the enzyme, resulting in an increase in
the mass of the polymer. However, after introducing deionised
water to the chamber as a rinsing step, the film loses mass until it
stabilizes at a higher frequency value, which implies the removal of
weakly bonded enzyme. In the frequency scan, the difference
between the starting value and the value after washing Af;, can be
attributed to the presence of enzyme immobilised on the surface.
The use of the OECT as a glucose sensor has previously been
demonstrated by a number of groups, however with the GOx
immobilised on a Pt gate electrode 37 Here, we demonstrate the
operation of GOx functionalized PEDOT:PSS:PVA OECTs
(Figure 4b). It should be noted that in contrast to the OECTs
characterized in the preceding section, the OECTs developed for
glucose sensing require significantly different geometry, with the
conducting polymer channel area many-fold greater than that of the
gate electrode. This has been described in detail elsewhere 3,
2 along with the mechanism of the OECT for glucose sensing®. In

this case a Pt gate electrode was used to avoid the necessity of

adding a redox mediator’. The dimensions of the device used here

were 1 cm wide and 1 mm long. Additionally, the gate area was

selected such that the ratio of the gate area to the channel area was
25 < 1/10. Glucose was added, and a substantial increase in the

modulation of the source-drain current was observed. Despite the

limited amount of GOx immobilized on the surface (compared to

experiments where the enzyme is present in solution) a clear

difference is observed upon addition of glucose, compared to PBS
30 for different values of gate voltage (Figure 4b). The successful

operation of the OECT suggests that the enzyme is properly

[
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@

Figure 5. Growth and differentiation of PC12 cells on PLL functionalized PEDOT:PSS:PVA patterns.(a) Optical micrograph of PC12 cells 1 day after
seeding.(b) Optical micrograph of PC12 cells 5 days after seeding. (¢) Fluorescence imaging of live (green) /dead (red) stained of PC12 cells 5 days after seeding
on PEDOT:PSS:PVA patterns. (d) Differentiation of PC12 cells on PEDOT:PSS:PVA pattern. Scale bars are 100 um for all the panels.
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immobilized, and that biological activity of the enzyme is
maintained.

Conducting polymer devices have shown great potential for use in
devices integrated with living cells. The ability to pattern cells or
cell-networks is advantageous for a number of applications, for
example controlling the growth and connectivity of neurons for
studies of artificial neuronal networks. PEDOT:PSS and
PEDOT:TOS have been used as simple electrode coatings, but also
as active materials for controlling cell adhesion*'**, proliferation**
4 or migration*® *7. Improving the interface by coating with
proteins such as extracellular matrix components can have
advantages for biocompatibility and may be essential in in vivo
applications for avoiding rejection of implants by tissue*® *.
Examples include multielectrode arrays *° and biosensors for
toxicology'" °'. Although a variety of methods exist for coating
surfaces, as mentioned above, covalent linkage of
biomolecules offers gains in terms of stability and control of
binding. Figure 5 shows micron-scale patterning of
PEDOT:PSS:PVA 25 wt% on glass slides which were
subsequently seeded with PC12 cells, a cell line which is often
used as a model for neuronal differentiation. Figure 5a shows
optical micrographs of PLL patterned surfaces with PCI12 cells
seeded at Day 1, illustrating an excellent confinement of the cells
to the patterned PEDOT:PSS:PVA. The same pattern is shown
with cells 5 days after differentiation, demonstrating maintenance
of the pattern (Figure 5b). A live/dead cell staining assay was
performed on PC12 cells grown on the patterns for 5 days, and
confirms that the cells are alive and that the PEDOT:PSS:PVA
material is biocompatible for this application and duration (Figure
5c). A close-up of one of the patterned areas from the same
samples reveals connections formed between individual cells on
the pattern, demonstrating that this functionality of the cells is also
maintained (Figure 5d).

active

Conclusions

We have demonstrated an easy-to-use, novel biofunctionalization
method that is compatible with solution based processing of
PEDOT:PSS films and devices. The method involves modification
of the existing method for preparation of PEDOT:PSS films in
three simple steps: 1. addition of a polyalcohol into the CP solution
before film casting, 2. chemical vapor deposition of a silane
reagent onto the cast film, and 3. addition of biomolecule. This
method can therefore be easily incorporated into existing device
preparation schemes, with the major advantage that the
biomolecule is added after film preparation, meaning that it will
not undergo denaturation due to harsh processing conditions such
as high temperature and presence of solvents. We conclusively
demonstrate a high-degree of biofunctionalization and demonstrate
in two different applications that the biofunctionality of these
molecules is maintained. = Further we demonstrate that the
conductivity is only negligibly changed, and that devices made
from the mix of PVA with PEDOT:PSS have comparable
performance to PEDOT:PSS with 1% GOPS devices used for in
vivo applications. Future work will include more in-depth studies
of different polyalcohols and silane reagents, as well as studies on
functionalizing within the bulk of the conducting polymer to
facilitate direct interactions between biomolecules and CPs.
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