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ABSTRACT: A process is presented for the fabrication of patterned ultrathin free-standing conductive nanofilms based on an
all-polymer bilayer structure composed of poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) and poly(lactic acid)
(PEDOT:PSS/PLA). Based on the strategy recently introduced by our group for producing large area free-standing nanofilms of
conductive polymers with ultrahigh conformability, here an inkjet subtractive patterning technique was used, with localized
overoxidation of PEDOT:PSS that caused the local irreversible loss of electrical conductivity. Different pattern geometries (e.g,,
interdigitated electrodes with various spacing, etc.) were tested for validating the proposed process. The fabrication of
individually addressable microelectrodes and simple circuits on nanofilm having thickness ~250 nm has been demonstrated.
Using this strategy, mechanically robust, conformable ultrathin polymer films could be produced that can be released in water as
free-standing nanofilms and/or collected on surfaces with arbitrary shapes, topography and compliance, including human skin.
The patterned bilayer nanofilms were characterized as regards their morphology, thickness, topography, conductivity, and
electrochemical behavior. In addition, the electrochemical switching of surface properties has been evaluated by means of contact
angle measurements. These novel conductive materials can find use as ultrathin, conformable electronic devices and in many
bioelectrical applications. Moreover, by exploiting the electrochemical properties of conducting polymers, they can act as
responsive smart biointerfaces and in the field of conformable bioelectronics, for example, as electrodes on tissues or smart

conductive substrates for cell culturing and stimulation.
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1. INTRODUCTION

1.1. Stretchable and Conformable Electronics. Re-
search on flexible, stretchable, and conformable electronics has
grown in the last two decades, due to the huge number of
applications in which such developments could be used, from
consumer electronics to energy, robotics, or also biomedi-
cine."” The challenge is to transfer the consolidated semi-
conductor technologies (integrated circuits fabrication, mainly
restricted to planar, brittle and rigid systems, as wafers) to soft
and rubbery substrates. Crucial to this aim is the selection of
materials: while retaining the same functional properties for
their use in electronic devices, they must possess the suitable
mechanical properties allowing for deformation (stretching,
compression, bending, twisting) or for conformability to
surfaces with arbitrary roughness and complex topography. As
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regards stretchable electrodes, different composite structures
have been developed in recent years based on conductive layers
deposited over elastomeric substrates, both by employing
micro-nanostructured inorganic materials, such as microcracked
or wrinkled gold on poly(dimethylsiloxane) (PDMS)** or
stretchable Au electrodes made of multilayers of Au nanosheets
on rubber substrates,’ or by using organic conductors and
semiconductors, as in the case of buckled poly(3,4-ethyl-
enedioxythioéphene) /poly(styrene sulfonate) (PEDOT:PSS)
over PDMS.®” Besides approaches based on developing novel
materials with tailored mechanical properties (i.e., allowing for
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stretching), other researchers faced the challenge by ernployin§
new structural forms of well-known and established materials.
The latter case is exemplary represented by serpentine metal
structures and silicon devices embedded in silicones by the
Rogers group’ "' that permitted development of epidermal
electronic systems. These systems are characterized by
conformal contact and adhesion to skin, and they incorporate
several electronic devices (sensors, transistors, LED, photo-
detectors, RF inductors) and power supply (solar cells, wireless
coils).'* Further developments comprised the use of con-
formable ultrathin metal electrode arrays on silk fibroin to be
used as bioresorbable biointerfaces."> Recently, highly stretch-
able electric circuits have been prepared from a composite
material made of silver nanoparticles and elastomeric fibers,
starting from a nanoparticle precursor that was absorbed in
electrospun poly(styrene-block-butadiene-block-styrene) (SBS)
rubber fibers.'*

1.2. Conducting Polymers and Organic Electronics.
Organic conductors and semiconductors have been as well
applied in the development of microfabricated conformable
bioelectronic devices such as microelectrode arrays to be used
as in vivo recording systems and biointerfaces.'>'® As regards
organic electronic materials, in general their flexibility,
tunability of physical properties, stimuli-responsiveness, com-
bined with the capability of processing over large areas with
low-cost fabrication techniques, make them attractive materials
for the fabrication of stretchable/flexible/conformable devices.
Among other CPs, PEDOT:PSS in particular has found use in a
variety of applications in organic electronics.'” Indeed its high
work function, which can be further optimized by various
means, such as incorporation of secondary doping agents,
makes it suitable as a hole transport layer in organic or polymer
light-emitting diodes (OLEDs or PLEDs)."*™*°

Moreover, due to some unique features such as good
cytocompatibility, optical transparency, and, above all, the
ability to transport ions as well as electrons, there is a growing
interest in the application of conducting polymers (CPs) at the
interface with life sciences. This is the emerging field of
“organic bioelectronics”.*"** Based on the electron-ion trans-
ducer behavior of CPs, several devices have been developed
with potential applications in tissue engineering and biosensing,
such as organic electronic ion pumps, capable of controlled and
localized delivery of biomolecules to cells or tissues,**** or
organic electrochemical transistors.”® As in other “smart
materials”, many properties of CPs change reversibly upon
oxidation/reduction; smart surfaces and biointerfaces made of
polypyrrole (PPy), PEDOT or polythiophenes with switchable
properties allow for electrochemical switching/control of
wettability, cell-adhesion,”*>® protein binding and conforma-
tion.”* ! While the cited contributions mostly relies on the use
of thin CPs films as an active coating over other bulk
(bio)substrates, CPs themselves could allow to combine
tailored mechanical properties for stretchability/conformability
with the desired smart behavior in order to fabricate devices
that operate both in dry (electronic conduction) or wet (ionic
conduction) environment.

1.3. Conducting Polymer Nanofilms. Recently, we
presented some methods for producing ultrathin conformable
PEDOT:PSS free-standing nanofilms that can be released in
water from the temporary substrate onto which they were
prepared, maintaining their integrity and function.>>*> Depend-
ing on the specific method that was used, nanofilms consisted
of a single-layer of conductive polymer or embedded multiple
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layers (such as polyelectrolytes or other polymers). Due to
their nanoscale thickness (~#30—300 nm) and large surface area
(several cm?), these nanofilms were able to float in water as
free-standing membranes, to conform to rough or complex
surfaces when collected over solid substrates, providing a
simple and effective way to provide a soft conductive “skin”, or
also to stay as suspended conductive nanomembranes when
collected over frames or holes.

Here we present a process for the fabrication of free-standing
nanofilms with patterned conductivity, based on an all-polymer
bilayer structure with total thickness of ~250 nm composed by
poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) and
poly(lactic acid) (PEDOT:PSS/PLA), with the latter polymer
acting as a mechanical support layer for maintaining continuity
and robustness. By using a subtractive patterning technique
based on inkjet deactivation/etching of the conducting
polymer, different pattern geometries (individually addressable
microelectrodes and simple circuits) could be fabricated on
board of the nanofilms that retained the desired ultra-
conformability. The patterned nanofilms were characterized
as regards their morphology, thickness, topography, and
conductivity; some simple demonstrators were built assessing
the use of nanofilms as ultrathin, conformable electronic
devices operating in air that could find use in many
(bio)electrical applications. Moreover, by taking advantage of
the change in wettability of the surface upon redox activation of
PEDOT:PSS, we could appreciate the selective switching of the
surface. Based on these findings, patterned nanofilms could find
applications as responsive smart biointerfaces and in the field of
conformable bioelectronics, for example, as soft electrodes on
tissues, neural interfaces, smart conductive substrates for cell
culturing and stimulation or as part of biohybrid devices.

2. EXPERIMENTAL SECTION

2.1. Materials. Silicon wafers used as substrates for nanofilm
fabrication were cut in squares of approximately 2.5 cm length, rinsed
with deionized water, and dried. Poly(dimethylsiloxane) (PDMS,
Sylgard 184 silicone elastomer base and curing agent) was purchased
by Dow Corning Corp. A PEDOT/PSS aqueous dispersion, Clevios
PH 1000 (1:2.5 PEDOT:PSS ratio; H.C. Starck GmbH, Leverkusen,
Germany) has been employed after filtration (Minisart, average pore
size 1.20 ym, Sartorius). Poly(lactic acid) (PLA, average M,, = 60 kDa)
was purchased from Sigma-Aldrich and used as received. Poly-
(vinylalcohol) (PVA; average molecular weight M,, = 30 kDa) was
purchased by Sigma-Aldrich and used as received. n-Hexane
(electronic use grade, 97%, Acros Organics), chloroform (>99.5%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, ACS Reagent, 99.9%,
Sigma-Aldrich), sodium hypochlorite solution (purum, ~10%, Sigma-
Aldrich), and Triton X-100 (laboratory grade, Sigma Aldrich) were
used without any further purification.

2.2. Fabrication of Bilayer PEDOT:PSS/PLA Nanofilms. Bilayer
PEDOT:PSS/PLA nanofilms were prepared by properly modifying a
similar procedure already reported in the case of single lazrer free-
standing PEDOT:PSS nanofilms, as reported in Figure 1.>* PDMS
(10:1 ratio of base elastomer to curing agent) was diluted with n-
hexane by 10% w/w. The diluted PDMS solution was spin-coated onto
Si substrates for 150 s at a speed of 6000 rpm (Figure 1b) and then
cured at T = 95 °C for 60 min in an oven, in order to obtain a thin
elastomer film of final thickness t ~ 800—1000 nm. Plasma activation
of the PDMS surface (60 s, S W, Colibri plasma system, Gambetti,
Italy) was then carried out in order to temporarily improve its
wettability. The PEDOT/PSS aqueous dispersion (Clevios PH 1000)
was mixed with DMSO (S wt %) for 8 h at RT with the aid of a
magnetic stirrer, and then it was spin-coated at spin rate s = 2500 rpm
for 60 s (Figure 1c). Samples at different thicknesses were also
prepared by changing the spin rate in the range s = 1000—5000 rpm, in
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Figure 1. Scheme of bilayer PEDOT:PSS/PLA nanofilms fabrication, patterning, and release in water.

order to characterize thickness and conductivity. Then, samples
underwent a thermal treatment (1 h; T = 170 °C). A PLA solution
(chloroform, ¢ = 20 mg/mL) was spin-coated on the PEDOT:PSS at s
= 4000 rpm for 40 s and dried on a hot plate at T = 80 °C for 1 min
(Figure le).

A water-soluble supporting layer of PVA was deposited on top of
the previous layers, by drop casting a PVA solution in DI water (c =
100 mg/mL) that was allowed to dry overnight at RT (Figure 1f).
After 8 h (needed for hydrophobic recovery of PDMS, see section
3.1), the sample edges were cut with a razor blade (Figure 1g) and the
three-layered film (PEDOT:PSS/PLA/PVA) was peeled off from the
PDMS substrate with the aid of tweezers (Figure 1h). By dissolving
the supporting PVA layer in DI water, the free-standing bilayer
PEDOT:PSS/PLA nanofilm was finally obtained (Figure 1i).

2.3. Nanofilms Patterning. Patterned bilayer nanofilms were
obtained by including a step of inkjet patterning of PEDOT:PSS in the
above-described process. Inkjet patterning (localized overoxidation) of
the PEDOT:PSS nanofilm (Figure 1d) was performed just before the
deposition of the PLA layer with a Dimatix Materials Printer DMP-
2800 (Fujifilm Corp., Japan). The printhead cartridge used for inkjet
was filled with an oxidating solution of sodium hypochlorite, NaClO
(2 wt % solution in water) + 0.13 wt % Triton X-100. A thermal
treatment on hot plate at T = 50 °C for 20 min was operated on the
samples after the printing, followed by washing and rinsing with DI
water and drying with nitrogen gun.

2.4. Nanosheets Surface and Electrical Characterization. The
thickness of nanofilms and surface profile of the overoxidized patterns
were characterized with a P-6 stylus profilometer (KLA Tencor, USA).
The thickness t was measured by scratching the nanofilm with a needle
and by measuring the height profile of the edge. Surface topography
and roughness of the nanofilms were characterized by atomic force
microscope (AFM) imaging, using a Veeco Innova scanning probe
microscope. The images were collected operating in tapping mode,
with oxide-sharpened silicon probes (RTESPA-CP) at a resonant
frequency of ~300 kHz. Measurements were performed in air, at room
temperature, on samples collected and dried on a fresh silicon wafer
after the release of the nanofilm from the supporting layer. Sample
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average roughness R, in the AFM images were obtained by software
analysis (Gwyddion SPM analysis tool).

Scanning electron microscope (SEM) images of the nanosheets
collected on Si or on steel meshes were obtained with a Helios
NanoLab 600i Dual Beam FIB/FE-SEM instrument (FEI, USA),
operating at 5.0 kV accelerating voltage.

Electrical resistance R of the nanosheets was measured by using a
homemade two-probe apparatus on square samples with lateral
dimension of 1.5 cm. Conductivity ¢ has been calculated by making
use of the following formulas: R = p(I/A); o = 1/p, where p is the
resistivity of the nanosheet and I and A = It are, respectively, the length
and the cross-sectional area of the sample.

2.5. Electrochemical Switching of Nanofilm Surface and
Contact Angle Measurements. Electrochemical behavior of
nanofilms has been investigated by cyclic voltammetry (CV) using a
Reference 600 potentiostat/galvanostat (Gamry Instruments, War-
minster, PA) in a three-electrode single-compartment cell containing a
NaCl-water solution (0.1 M) as the electrolyte. PEDOT:PSS/PLA
nanofilm sample acted as the working electrode (WE), a platinum wire
as the counter electrode (CE), and Ag/AgCl as the reference electrode
(RE). Measurements were performed on nanofilm samples suspended
as a anchored nanomembrane on a Teflon ring (ext = 10 mm, int @
= S mm) onto which two gold electrodes have been sputtered for
providing electrical contacts to the nanofilm; wires were connected
with gold electrodes using silver paint and isolated with acrylic glue.
The hole provided a sufficiently large area in which nanofilm was
suspended.

CV experiments were carried out in the potential range from —1.0
to +1.0 V at different scan rates (v = 20, 50, 70, 100, 150, 200 mV/s).
In the case of patterned nanofilms with interdigitated electrode
geometry (IDE), that is, with two adjacent electrically isolated regions
on the same nanosheet separated by an insulating gap, each side of the
IDE was put in contact with a gold electrode and acted, respectively, as
WE and CE, in order to obtain inverted polarity on separated
electrodes.

For the electrochemical switching of the PEDOT:PSS surface, a 1
mM NaCl aqueous solution was used as the electrolyte; the nanosheet
(with typical surface of 3 cm®) was set as the WE, a platinum wire was
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Figure 2. Inkjet patterned nanofilms. Pictures of nanofilms with interdigitated electrodes pattern: (a) free-standing, 1 mm gap size (floating in
water); (b) collected on PDMS slab, S00 ym gap size. SEM images of (c) interdigitated electrodes pattern with 200 ym gap size (collected on a steel
mesh) and (d) line pattern at the minimum attainable width, w,. = SO ym. (e) Surface profile across an inkjet patterned line (100 #m width design).

used as the CE and set at a distance of 2 cm from WE, and the system
was switched by using a 1.5 V AA battery (corresponding to a starting
current density of ~30 uA/ cm?) for 30 s, that was the time needed for
complete switching to the desired electrochemical state. As before, in
the case of patterned nanosheets with IDE geometry, each side of the
IDE was, respectively, connected to the positive or negative pole of the
battery.

Contact angles were measured using the sessile drop method.
Measurements were performed with a tensiometer Theta Lite
(Attension) on the PEDOT:PSS side of the nanofilm collected on a
clean polystyrene substrate, by dispensing 1 4L DI water droplets. The
angle of contact was calculated via instrument software on optical
images taken after S s since deposition. Calculated values were
averaged among measurements taken at 10 different positions on at
least three samples for each electrochemical state of the material:
pristine, oxidized, and reduced.

Differential wetting on patterned nanofilms surfaces by water was
visualized after the deposition of 10 L DI drops. A digital microscope
(Hirox, Japan) was used in order to capture side-view images of
droplets deposited on the nanofilm surfaces and digital microscope
software tools were used in order to measure the contact angle from
captured images.

3. RESULTS AND DISCUSSION

3.1. Nanofilms Fabrication and Patterning. Based on a
procedure that allows for fabricating single layer free-standing
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PEDOT:PSS nanofilms,*” we further developed and optimized
a process for obtaining patterned bilayer PEDOT:PSS/PLA
nanofilms. The overall process of deposition, patterning, and
release of nanofilms is schematized in Figure 1.

A thin PDMS layer on Si (Figure 1b) was used as the
temporary substrate onto which to prepare and pattern the
nanofilms. PDMS was selected due to the fact that a mild
plasma treatment temporarily improves its surface hydro-
philicity thus permitting the uniform deposition by spin coating
of a PEDOT:PSS water dispersion. Due to its low glass
transition temperature T, and to the rearrangement of highly
mobile polymer chains, PDMS surface exhibits a fast hydro-
phobic recovery at room temperature (typically in the order of
some hours), and this effect is usually faced as an issue when
permanent modification of the PDMS surface is needed, as in
many applications.>* On the contrary, in the case of our
nanofilms, we turned this effect to our own advantage in order
to recover PDMS hydrophobicity and repulsivity toward the
PEDOT:PSS nanofilm, once the latter has been deposited and
patterned. Thus, the nanofilm can be peeled off from the
substrate with the aid of a thicker supporting film of PVA
prepared by solution casting (Figure 1f—h).

Patterning of the conductive PEDOT:PSS layer was provided
by means of a chemical overoxidation process with a sodium
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Figure 3. Surface topography of bilayer PLA/PEDOT:PSS patterned nanofilms as observed in AFM imaging. PEDOT:PSS side: (a) pristine
PEDOT:PSS surface; (b) overoxidized surface. (c) PLA side; (d) pattern edge step (PEDOT:PSS, left; overoxidized PEDOT:PSS, right).

hypochlorite solution in water that is known to irreversibly
break conjugation in polythiophenes (see inset chemical
reaction scheme in Figure 1d), thus leading to suppression of
electronic conductivity.*® This subtractive chemical patterning
approach has been tested in combination with various
techniques, such as inkjet,36 microcontact printing with agarose
stamps soaked in deactivating solution,” silk screen printing, or
also with photolithographically patterned resists.>® Upon
exposure of PEDOT or PEDOT:PSS to sodium hypochlorite,
the process initially leads to deactivation only (with
concomitant change in color from blue to transparent), while
physical etching of the polymer results for longer times
probably due to the simultaneous degradation of mechanical
properties of the film that is mechanically removed in the
following washing step.>”

In this study, inkjet printing (Figure 1d) was chosen for
patterning, since it provides a versatile, cheap, maskless and
relatively fast noncontact process for patterning over large area
nanofilms. Viscosity and wettability of the deactivating solution
was properly set for the inkjet printing by adjusting the
formulation of the “ink” that contained a 2 wt % solution in
water of NaClO to which 0.13 wt % Triton X-100 surfactant
was added. Additionally, moderate heating (T = S0 °C for 20
min) was provided to printed substrates in order to enhance
the reaction of sodium hypochlorite. A final step of careful
washing and rinsing with DI water was necessary in order to
stop the reaction and to remove reactive salts crystallized on
the surface after evaporation of the water contained in the ink.
Various geometries of patterns were tested, such as straight
lines, interdigitated electrodes (Figure 2a—d), or also rounded
features, as in the case of the logo shown in Figure S1
(Supporting Information). In the bilayer nanofilm, with a total
thickness t = 258 + 13 nm, a spin-coated PLA thin film acted as
a passive layer providing mechanical robustness and continuity
to the overall nanofilm structure. Indeed, the patterning process
provided a complete etching of the ultrathin PEDOT:PSS layer
(thickness t &~ 45 nm), as it was evidenced in profilometry and
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AFM measurements on PEDOT:PSS/PLA nanofilms collected
on silicon after their release in water. In particular, Figure 2e
shows the step profile of the nanofilm surface across the edge of
an overoxidized line. An AFM image of pattern edge step is
reported in Figure 3d. For these reasons we were not able to
fabricate single layer PEDOT:PSS patterned nanofilms that
could maintain integrity after the release. We selected PLA as a
suitable support layer, because of its already tested behavior as a
free-standing nanofilm®~*" and for its good thermal and
mechanical properties. Moreover its biocompatibility and
longer-term biodegradability can impart interesting features to
these nanofilms, envisioning applications in skin-contact
devices or in other biomedical applications.*®~*!

Resolution and reproducibility of the printing process was
assessed by SEM imaging and profilometry on samples with
insulating lines printed at different nominal width w,,, (design
width), that is, w,., = 1000, 750, 500, 250, 100, and 50 ym.
The actual width w, of these printed lines was found to be
larger, with difference almost constant in the overall range of
study, W,y — Wyom ~ 60 um. This is ascribable to lateral
diffusion of deactivating solution on the plane. Given this
finding, we corrected the drawing design of printing by taking
into account this effect (i.e., by accordingly reducing the design
line width): this was effective in reducing the difference
between nominal and actual size of printed features. These
results are reported in the Supporting Information. Width w,,
= 50 pum was found to be the minimum attainable size for
patterns (Figure 2d) because of the inherent spatial resolution
of inkjet printing, that is limited to approximately 25 ym.

Nanofilm surface topography and roughness were charac-
terized by AFM imaging at different locations on the patterned
nanofilms (Figure 3), both on the PEDOT:PSS side and on the
PLA side of the nanofilm. Pristine PEDOT:PSS surface (Figure
3a) showed the typical grain structure of this material, as
already reported in the case of free-standing PEDOT:PSS
nanofilms,”* with average roughness R, = 1.87 nm. The surface
topography and roughness was quite different in printed
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Figure 4. Thickness t of DMSO doped PEDOT:PSS layer as a function of fabrication parameters (spin-coating speed s) (left). Conductivity ¢ of
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-

Figure 5. Simple demonstrators showing functioning of patterned nanofilms as conductors. a) Demonstrator 1: plastic frame with nanofilm
suspended over a square hole and cross pattern separating nanofilm into 4 isolated electrodes allowing for independent switching of two LEDs; b)
demonstrator 2: nanofilm suspended over the square hole of a plastic frame and patterned with two conducting lines connected to a LED, and d) its
functioning while bending the frame; c) demonstrator 3: nanofilm collected on a piece of cotton fabric providing electrical contact to a LED glued on
the fabric and e) its functioning while bending the fabric.

overoxidized lines (Figure 3b), with a roughness R, = 1.14 nm
and on the PLA side (Figure 3c), R, = 0.7 nm. The thicker PLA
layer showed microscale waviness (periodicity 1—2 um),
underlying the granular topography of PEDOT:PSS (Figure
3a), as already observed in the case of free-standing PLA
nanofilms. The AFM image taken at the edge of a printed line
(Figure 3d) clearly depicts the sharp step profile of the printed
pattern.

3.2. Electrical Characterization. Addition to PEDOT:PSS
of secondary dopants such as ethylene glycol, dimethyl
sulfoxide, sorbitol or others in a typical range of 1—10 wt %
content is known to greatly enhance the electronic conductivity
of dried films.** To this aim, we added a 5 wt % of DMSO to
the original PEDOT:PSS formulation. Conductivity of the
nanofilms ¢ was evaluated by means of a two-probe resistance
measurement on square samples with different thicknesses, as
obtained by changing spin-coating speed in the PEDOT:PSS
deposition step. Results of this characterization, along with the
corresponding thickness of the PEDOT:PSS conductive layer
as evaluated by stylus profilometry, are reported in Figure 4.
Conductivity was slightly changing with thickness because of
some percolation effects arising at low thickness, comparable
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with typical dimension of individual PEDOT-rich grains, as
discussed and rationalized elsewhere.>

Typical conductivity of the nanofilms discussed hereinafter
(thickness t = 45 nm) was around 180 S cm™, to be compared
with 6 = 1-10 S cm™" for single layer PEDOT:PSS nanofilms
without using DMSO as a secondary dopant agent.*> This
increase is totally in line with expectations and values reported
in literature for films with similar materials composition
deposited on bulk substrates.

3.3. Demonstrators of Suspended/Conformable Cir-
cuits Based on Bilayer Nanofilms. In order to demonstrate
the functionality of the patterned conductive nanofilms in
simple passive circuits, we built up some simple demonstrators
in which nanofilms collected onto different substrates provided
electrical contact for switching LED lights. These demon-
strators were also intended to envision the application of
nanofilms as ultrathin, floating, or conformable conductors.

In particular, we tested three different demonstrator
configurations. Nanofilms were collected on flexible plastic
frames as suspended nanomembranes over a square hole and
their patterns allowed for switching of LEDs mounted on
frames: demonstrator 1 (Figure Sa) had two LEDs that could

dx.doi.org/10.1021/am402142c | ACS Appl. Mater. Interfaces 2013, 5, 9461—-9469
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be independently switched on/oft thanks to the cross pattern
provided on the nanofilm (4 separated electrodes) and
connecting to power supply; demonstrator 2 (Figure Sb,d)
had one LED whose pins were connected to power supply
through two separated conductive lines on the suspended
nanofilm. Demonstrator 3 was realized by collecting a patterned
nanofilm (two conducting pads separated by an insulating line)
on a piece of cotton textile onto which a LED was previously
attached. The nanofilm conformed to fabric and LED pins thus
providing the necessary adhesion and electrical contact so that
the LED can be switched on/off (Figure Sce). Movies of
demonstrators 1—3 in operation under bending/rolling are
provided in the Supporting Information.

3.4. Electrochemical Behavior. Besides their electronic
conductivity, conducting polymers can also act as ionic
conductors, and this two-fold functionality makes them
attractive materials as transducers at the interface between
electronic devices (electrons as charge carriers; operation in dry
state) and the biological world (mostly based on ions as charge
carriers; operation in water/fluids). Actually, up to date, CPs
have been used in a number of devices (sensors, actuators, drug
delivery systems, and cell scaffolds) which are based on this
dual nature and exploit various interesting effects coming from
electrochemical activation of these materials. Many properties
of CPs, such as color, surface energy, protein adsorption, cell
adhesion, and others, can be “switched” by applying a small
voltage (0—1 V, typically), thus changing the redox state of the
material. The change is often fully reversible. This smart
behavior has been recently used for developing smart
biointerfaces with differential (stem) cell adhesion, electronic
controlled detachment™ or controlled release of ions,** and
other organic bioelectronic devices.*"***

In order to investigate this switching on freely suspended
nanofilms, we studied their electrochemical behavior in cyclic
voltammetry (CV) experiments. CV of bilayer nanofilms
recorded at different scan rates are reported in Figure 6.
Typical reduction/oxidation peaks were observed, in line with
similar findings obtained with supported PEDOT:PSS films.
We simultaneously observed the change of color due to the
electrochromic properties of PEDOT:PSS: dark blue for
reduced state, to be compared with light blue/transparent for
the oxidized state. This behavior has been confirmed in the case
of patterned nanofilms with an interdigitated design (IDE) that
were collected on a polytetrafluoroethylene (PTFE) ring frame
as suspended nanomembranes. Wires and sputtered gold
electrodes were provided on the frame for contacting each of
two adjacent electrically isolated regions of IDE. One side was
used as the working electrode and the other as the counter
electrode during CV experiments. Alternate redox activation of
different patterned areas on the same nanofilm was observed
together with the corresponding electrochromic switching, as
evidenced in insets of Figure 6.

3.5. Electrochemical Switching of Surface Properties:
Angle of Contact. Based on the findings of CV experiments,
we tested the surface energy of nanofilms and its modulation
depending on the oxidation state of PEDOT:PSS by estimating
the contact angle 8. Measurements were carried out both on
suspended nanofilms (“free standing” nanofilms, collected over
a plastic frame with a hole) and on nanofilms collected on bulk
polystyrene sheets. First, we estimated contact angle € on
pristine (partially oxidized) PEDOT:PSS surface. Then, by
shortly applying a small voltage while the nanofilm surface was
immersed in an electrolytic solution, it was possible to
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Figure 6. Electrochemical properties of patterned nanofilms
suspended on plastic frame. The left side of interdigitated electrodes
was set as the working electrode; the right side was set as the counter
electrode. Cyclic voltammograms recorded at different scan rates in 0.1
M NaCl solution in water and corresponding pictures highlighting the
electrochromic behavior of PEDOT:PSS.

electrochemically switch the surface. Reduction or oxidation
could be obtained depending on the polarity of voltage that was
addressed to the surface and the effect was fully reversible and
repeatable, as also displayed as a change in color of the
nanofilm. The results of these experiments are summarized in
Figure 7. Lower contact angle 6 was observed in the case of the
reduced nanofilm surface, with respect to the oxidized (right)
one, both for “free-standing” and supported nanofilms (Figure
7a). The effect was more pronounced in the latter case.
Findings of these experiments on electronic control over the
wettability are in good accordance with similar observations on
PEDOT:tosylate films supported on polystyrene®® that were
rationalized on the basis of considerations about interaction of
dipolar species and doping ions on the surface of the
electrochemically active material, affecting the surface tension.
Indeed, binding between the sulfonate ions (SO;~ groups) of
PSS and the PEDOT chains are strongly dependent on the
electrochemical state of the latter. A lower surface energy
(higher contact angle 0) is observed in the oxidized state, due
to larger anchoring of polar SO;™ groups to the PEDOT
backbone. On the contrary, in the reduced state, such polar
groups are exposed on the surface toward the water droplet,
thus improving wettability. The ability to control wetting and
adhesive properties of an electroactive polymer by means of
electrochemical switching is currently explored also as a tool to
control cell—surface interactions, such as to modulate and
direct the attachment and proliferation of (stem) cells and/or
to provide differentiative stimuli. The aim is to develop CP-
based electroactive scaffolds for cell biology and tissue
engineering, with many potential applications, for example, in
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Figure 7. Electrochemical switching of wettability on PEDOT:PSS
nanofilm surface. (a) Contact angle 6 as measured at different red-ox
states on free-standing nanofilm or nanofilm collected on polystyrene
substrate. (b) Side-view microscope image of a free-standing
PEDOT:PSS/PLA patterned nanofilm on which two water drops
are placed on separated electrodes, switched to opposite redox states.

neuroprosthetics, bionics, and neural repair devices, among
others. This approach has been explored in the case of neural
cells*® and stem cells,26 epithelial cells,”” or skeletal muscle
cells;® interestingly, different cell types showed very different
responses to same change in the oxidation state of CPs, and the
results were correlated with surface wetting modification.*
Recently, some studies provided useful insight in the
mechanisms regulating these cell-surface interactions via
protein adhesion and conformation change, tuned by electrical
control of CP surface.””*°

In Figure 7b is reported a side-view microscope image of two
water droplets deposited on the surface of a nanofilm that was
patterned into two individually addressable electrode surfaces
which were oppositely switched. Differential wetting is
observed simultaneously on the same nanofilm, demonstrating
the feasibility of localized surface switching that could be
important for the use of our patterned nanofilms as smart
biointerfaces.

4. CONCLUSION

Large area free-standing conductive nanofilms with patterned
PEDOT:PSS were presented. Different microelectrodes geo-
metries and patterns were fabricated with a subtractive
patterning technique by means of an inkjet deposition of
sodium hypochlorite. This permitted the localized over-
oxidation of PEDOT:PSS causing the local irreversible loss of
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electrical conductivity, thus allowing the production of complex
patterns with minimum size of individual lines around 50 ym.
Thanks to their thickness, nanofilms showed ultrahigh
conformability to complex surfaces and can be thus collected
over several materials while retaining their functional proper-
ties, namely, electronic conductivity, electrochemical behavior,
and switching of surface properties. The structure and
properties of patterned bilayer PEDOT:PSS/PLA nanofilms
were characterized, evidencing the different surface morphology
of layers and patterned areas. Three simple demonstrators were
built that permitted one to appreciate operation of the nanofilm
as a conductor in air, that is, as a suspended nanomembrane or
as a conductive skin over fabric, also during bending/rolling of
the supporting material. The proposed nanofilms can find
application as thin floating or ultraconformable circuits and
(bio)electrical interfaces. Moreover, by taking advantage of
PEDOT:PSS ionic conductivity and electrochemical behavior,
nanofilms operation in an electrolyte solution was tested.
Electrochemical switching of the surface with differential
wettability upon redox activation of patterned nanofilms was
assessed, permitting us to envision the application of these
nanofilms as smart conductive biointerfaces for directing cell
adhesion and differentiation.
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Two additional figures (Figures S1 and S2) and a video. Figure
S1 shows pictures of different pattern design on nanofilms.
Figure S2 contains two graphs with estimation of inkjet
patterning quality and resolution. The video shows operation of
the demonstrators 1—3 in which nanofilms acted as conductors
in air. This material is available free of charge via the Internet at
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