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a b s t r a c t

Polyaniline (PANi) patterns on flexible substrate are fabricated for biomolecule detection from live cells.

PANi patterns are prepared by inkjet printing on polyethylene terephthalate film. Subsequently,

arginine–glycine–aspartate (RGD) peptide is immobilized on the PANi pattern to selectively adhere

cells. Rat pheochromocytoma PC12 cells are cultured on the RGD–immobilized PANi pattern, and

patterned with high selectivity and growth. Additionally, the cells show focal adhesion on the RGD–

immobilized PANi pattern, which are confirmed with vinculin staining and scanning electron

microscopic images. To monitor dynamic biomolecular release from PC12 cells, RGD–immobilized

PANi pattern is used for a real-time electrical signal detector. RGD–immobilized PANi patterning and

sensing system represents outstanding ability to translate and amplify exocytosis molecules into a

detectable signal as a transducer.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Conducting polymers (CPs) have attracted considerable attention
given their potential to produce flexible, biocompatible, and light-
weight devices, as alternatives to inorganic semiconductors or
metals [1–3]. Recent progress in the synthesis of CPs has overcome
several interfacial problems in the field of organic bioelectronics
such as the application of tissue–electrode interfaces for nerve
regeneration, biorecognition, and the preparation of cell–electrode
interfaces for multifunctional neuron probes [4–6]. Biocompatible
CP electrodes have prompted to apply biointerfaces for enhancing
cell–electrode communication, markedly in nervous systems for
their patterning and recording functionalities. CPs are readily
tailored by surface modification or doping method ranging from
small ions to macromolecules [7–9].

Inkjet printing is an efficient alternative to conventional
photolithography for the production of versatile CP–based
micro/nanoelectronic devices owing to its low cost, high–speed
patterning, flexibility, shape control, and applicability to various
substrates [10–12]. Recently, inkjet printing has been reported as
a promising candidate for bio-applications due to its facile and
versatile micro-patterning of biomaterials, however, relatively
little research has been carried out on biomedical fields [13,14].
ll rights reserved.
Surface patterning is routinely used to immobilize bioactive
molecules such as proteins, oligonucleotides and small ligands;
to localize surface reactions for bioassays; and to provide cell
and bacterial adhesion [15,16]. Such patterning is exploited for
biochips, co–cultures, tissue engineering, cell–based biosensors,
and studies of extracellular effects on cell behavior [17–19].
Cell adhesion plays a crucial role in many biological processes,
including cell guidance, wound repair, and extracellular signal
transduction [20,21]. When cells adhere to the extracellular
matrix (ECM) via cell surface receptors, integrins mediate
signal transduction pathways that influence a range of cellular
processes [22]. Cell adhesion to substrate via transmembrane cell
receptors has been mostly controlled by short and simple peptide
sequences. The modification of substrates with ECM proteins
provides cell-attachable surfaces [23]. As cell attachment to the
substrate depends on the type of ECM protein and on the subset
of integrin receptors present on a specific cell type, the choice of
immobilized proteins provides selectivity for specific immobiliza-
tion of certain cell types. The first peptide developed to the ECM
protein fibronectin was the tripeptide Arg–Gly–Asp (RGD) in
1984 [24]. This tripeptide is the minimal recognition sequence
for integrin receptors. Peptides containing the RGD sequence induce
the adhesion of many cell types including fibroblasts, osteoblasts
and macrophages [25]. Besides the RGD sequence other cell
recognition motifs exist, but only some of them have been
immobilized for cell attachment so far [26]. The RGD sequence
is by far the most effective and most often employed peptide
sequence for stimulated cell adhesion on synthetic surfaces.
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The recording of electrical signals from cells and tissues is
central to areas ranging from fundamental biophysical studies
(e.g., heart and brain) to medical monitoring and intervention
[27,28]. Over the past few decades, a large effort has been devoted
to recording signals from electroactive cells [29,30]. Many studies
have focused on the field effect transistors method, which uses
inorganic nanowires and carbon nanotubes to produce recording
with a high signal–to–noise ratio from electroactive cells [31,32].
However, these materials do not guarantee selective cell adhesion
because of their intrinsic properties such as inert surface, cellular
toxicity, modification difficulties [2]. The control of material–cell
surface interactions is key for a wide range of biomedical
applications [33]. To allow cells to adhere to the pattern, bioactive
ligands must allow the cell to interact with extracellular matrix
proteins or structurally related synthetic peptides [34].

Here we fabricated flexible inkjet-printed polyaniline (PANi)
patterns for selective cellular patterning and the electrical detec-
tion of biomolecules. The PANi pattern was prepared by oxidant
inkjet printing on poly(ethylene terephthalate) (PET) film with
subsequent vapor deposition polymerization of aniline mono-
mers. RGD peptide was then grafted onto the PANi pattern as a
simple method for selectively binding live cells. The detection of
electrical biomolecule from neurons was performed using an
interdigitated microelectrode array. Several features of such a
multifunctional PANi pattern make it particularly attractive for
patterning and sensing neuronal cells, including: (1) the simpli-
city of fabricating precise micro–sized cell patterns; (2) facile
modification for the grafting RGD peptide via covalent bonding
with PANi; (3) focal adhesion between cells and the PANi pattern;
(4) the flexibility of the substrate, which makes it applicable to
various biomedical fields; and (5) the electrical detection of
biomolecule secretion from live cells to allow studies at the
subcellular level.
2. Materials and methods

2.1. Patterning of polyaniline (PANi)

Ammonium persulfate (APS; 98%), purchased from Sigma-
Aldrich Co. Ltd. (St. Louis, MO, USA), was used as an oxidant.
Aniline monomer (99%) was obtained from Sigma-Aldrich Co. Ltd.
and used without further purification. PET (3M) film was used as
a substrate for inkjet printing. Commercial office inkjet printer
(Canon Pixma IP1300) was purchased and modified for this work.
The ink cartridge (printer head) was disassembled and washed
several times with ethanol and distilled water after removal of
the ink. An oxidant solution containing 1.18 M APS in distilled
water was injected into the modified ink cartridge. The comple-
tely sealed cartridge was subsequently placed in the printer body
and prepared for use. For PANi patterning, the complexly pat-
terned architectures were designed in advance using a computer
software package (Microsoft PowerPoint 2003). The oxidant APS
solution was printed onto PET film in the desired pattern using
the modified inkjet printer. The printed film was then cut and
placed in a vapor phase polymerization (VDP) chamber (70 1C)
containing aniline monomer (4 mL) and 0.1 M hydrochloric acid
solution (1 mL) for 15 min. Emeraldine salt form of PANi patterns
were formed in the VDP chamber at 70 1C. Fig. S1 shows a
schematic diagram of our inkjet printing procedure.

2.2. RGD peptide immobilization

The printed patterns were washed with distilled water twice
to remove residual APS. The printed patterns were treated with
0.5% glutaraldehyde solution for 2 h. The patterns were then
thoroughly washed with distilled water and immersed in pure
ethanol to remove adsorbed molecules from the substrate. The
aldehyde presenting pattern was incubated with 0.5 mM amine
terminated GRGDS peptide solution in PBS buffer for 1 h at 37 1C.
After incubation, the pattern was washed three times with 0.1 M
PBS. The patterns were reacted with EDC for 2 h and then incubated
with NHS and 0.5 mM amine terminated GRGDS peptide solution in
PBS buffer for 1 h at 37 1C. After incubation, the pattern was washed
three times with 0.1 M PBS. As a control, poly(ethylene glycol) (PEG,
molecular weight Mw �5,000) modification was conducted on the
PANi pattern. 1 mM PEG-succinimidyl ester (NANOCS Inc, MA, USA)
solution was added in the PANi pattern for 1 h at 37 1C. After
incubation, the pattern was washed three times with 0.1 M PBS.

2.3. Cell culture

PC–12 cells obtained from the American Type Culture Collec-
tion (Manassas, VA, USA) were maintained in RPMI-1640
with 10% fetal bovine serum, 1% penicillin–streptomycin solution,
25 mM sodium bicarbonate, 300 mg L�1 L–glutamine, and 25 mM
4–(2-hydroxyethyl)–1–piperazine ethansulfonic acid (HEPES)
at 37 1C in a 5% CO2 atmosphere in 75–cm2 flasks. The cells
were subcultured three times per week. All experiments were
performed in a clean atmosphere.

2.4. Observation of live PC–12 cells on RGD-immobilized

PANi pattern

PC-12 cells (2�104) were cultured on an RGD-immobilized
PANi substrate in 24-well plates (Nunc, Thermo Fisher Scientific,
Rochester, NY, USA). After 48 h, the medium was removed and the
cells were washed twice with 0.1 M PBS. The cells were then
stained with 1 mM cell tracker probe solution (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) for 30 min at 37 1C. The probe
solution was then replaced with pre-warmed medium and the
cells were incubated for another 30 min at 37 1C. The cells were
then washed twice with 0.1 M PBS and fixed in 3.7% paraformal-
dehyde for 15 min at 25 1C. The cells fixed on the RGD-patterned
PANi substrates were analyzed with a Delta Visions RT imaging
system (Applied Precision, Issaquah, WA, USA) under 5% CO2 at
37 1C. To obtain images, a Cascade II electron multiplying charge-
coupled device (EMCCD) camera was used.

2.5. Immunofluorescence staining of PC–12 cells

PC–12 cells, grown under the conditions described above, were
fixed in 4% paraformaldehyde for 10 min, permeabilized in 0.5%
Triton X–100 for 5 min, and then blocked in PBS containing 4%
bovine serum albumin, and 0.01% sodium azide for 15 min.
To detect focal adhesion, FITC–tagged monoclonal anti–vinculin
antibodies (Sigma-Aldrich Co. Ltd.) was used. To characterize the
cytoskeleton morphology, rhodamine–phalloidin (Cytoskeleton)
labeling (100 nM in PBS from a 1 mg mL�1 methanol stock
solution) was used. After washing, the nuclei were stained and
the samples were mounted on a glass coverslip using Fluoroshield
(Sigma) and characterized using a Delta Visions RT imaging
system (Applied Precision). The samples were observed at
40�using the 1.515 N.A. oil immersion objective.

2.6. Imaging of PC-12 cells on the RGD–immobilized PANi pattern

by SEM

The morphology of cells on the RGD-immobilized PANi pattern
was determined by SEM (SUPRA 55VP, Carl Zeiss, Jena, Germany).
Cells (2�104 mL�1) were cultured on RGD-immobilized PANi
patterns for 48 h, then washed twice with cold 0.1 M PBS and
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prefixed with 2% paraformaldehyde and 2% glutaraldehyde at 4 1C
for 2 h. After being washed three times with 0.1 M PBS, the cells
were post-fixed with 1% osmium tetraoxide for 2 h, washed in
distilled water, and dehydrated through a graded ethanol series.
The dehydrated cells were then dried in a critical point dryer,
sputter-coated with platinum, and observed by SEM at an accel-
erating voltage of 8 kV.

2.7. Sensor substrate

All electrical measurements were conducted with a Wonatech
WBCS 3000 potentiostat. A four-well chamber (Lab-Tek

TM

II, Nunc,
Thermo Fisher Scientific) was placed on the PANi substrate for cell
culturing and recording. Two electrodes (source and drain) were
prepared across the PANi pattern using conductive silver paint.
PC-12 cells (2�104) were cultured on an RGD-modified PANi
substrate in the chamber with 1 mL of medium. After 48 h, the
PANi pattern current was monitored at a voltage bias of 50 mV.
3. Results and discussion

Fig. 1 shows a schematic diagram of cell patterning based on
the RGD peptide–immobilized PANi pattern. First, oxidant
(ammonium persulfate) patterning for polymerization was per-
formed using a modified–commercial inkjet printer. Subse-
quently, the printed substrate was loaded in the chamber, and
aniline monomer was inserted for VDP at 70 1C. Chemical oxida-
tion polymerization of aniline yielded the designed pattern
(conductivity: ca. 4 S cm�1). After washing, the substrate was
Fig. 1. Schematic illustration of strategy for selective cell patterning via modification

of cell binding peptide (RGD peptide) on inkjet-printed PANi.
modified with RGD peptide. The RGD peptide is a fibronectin–
derived peptide capable of increasing integrin–mediated cell
adhesion and spreading on a variety of substrates via its cell–
binding domain [29].

To verify successful fabrication of the PANi pattern and RGD
peptide binding, Fourier transform infrared (FT–IR) spectra were
obtained (Fig. S2). The spectra revealed that PANi was success-
fully printed on the PET substrate and that the RGD peptide was
successfully grafted onto the PANi pattern. The FT–IR spectrum of
PANi pattern (black line) exhibited characteristic peaks of PANi,
including an out–of–plane bending vibration of C–H on para-
disubstituted rings at 845 cm–1, a stretching vibration due to a
CQC quinonoid ring at 1481 and 1125 cm�1, and a stretching
vibration of C–N at 1257 cm�1 [30]. This result demonstrates the
successful polymerization of PANi on the PET film by inkjet
printing. In the case of RGD peptide immobilization (red line),
the peaks related to imine and C–N stretching increased after RGD
immobilization (1692 and 1400 cm–1, respectively), while the
N–H deformation peak at 1320 cm–1 decreased [35,36]. These
findings indicate that the RGD peptide was grafted onto the PANi
pattern. Scanning electron microscopy (SEM) revealed high–
resolution PANi pattern and smooth edge waviness did not impact
the connections (Fig. 2a). Additionally, pristine PANi pattern
exhibits smooth surface which is caused by VDP (Fig. S3).
The roughness of the PANi pattern increased, as shown by SEM,
confirming attachment of the RGD peptide (Fig. S3). Furthermore,
the line width was controlled in the range of 50–1000 mm,
indicating successful generation of software–guided automatic
patterning.

Fig. 2b and c show representative images of PC12 cell pattern-
ing on the inkjet-printed PANi. As shown by SEM and fluorescence
microscopic images, cells were selectively grown on the PANi
pattern. It is known that PET films do not show affinity for cells,
whereas RGD peptide-treated PANi pattern shows high affinity
toward cells [37]. This methodology demonstrated wide–range
selective cell attachment on the PANi pattern (Fig. S4). Most PC12
cells were located on the PANi pattern with high selectivity.
Furthermore, cell proliferation and selectivity increased with an
increase in RGD peptide concentration (Fig. 3a). As the RGD
peptide concentration increased from 0 to 1 mM, the selectivity
increased from ca. 2.0–15.4 after 48 h, which was appropriate for
cell patterning. Furthermore, the cell numbers on the pattern
increased after RGD modification of its surface, from 334 cells on
the pristine PANi to 313 cells on the PEG–treated PANi and 1067
cells on a 1 mM–RGD–immobilized PANi pattern (Fig. 3b). As a
control, PEG modification was conducted on the PANi pattern (see
Materials and Methods). In the case of the PEG-treated PANi
pattern, surface functionality of the pattern enabled to decrease
cellular attachment although the roughness of the pattern
increased compared with pristine PANi pattern (Fig. S3). Judging
from these data, the RGD peptide–immobilized PANi pattern
enabled selective PC12 cell patterning. Therefore, this system
may be used for neuron patterning and sensing. Several relative
results have been demonstrated using PANi-based materials for
on-chip cell manipulation. For example, PANi-coated polymer
nanofibers have been used to evaluate the electrical stimulation
of neuron extension on the nanofibers; a hybrid polymer platform
consisting of biodegradable polymer fibers aligned on conductive
polypyrrole doped toluenesulfonate promotes directionally con-
trolled axonal growth and accelates nerve growth [38,39].

To investigate the focal adhesion of PC12 cells on the PANi
pattern, we explored the distribution and recruitment of vinculin,
the expressed cytoskeletal protein. Vinculin is related to the
plaques characteristic of focal adhesion complexes [40]. Fig. 4
displays fluorescence microscopic images of PC12 cells on differ-
ent PANi patterns. For each patterns, an overlay of vinculin



Fig. 2. SEM images of (a) pristine PANi pattern and (b) PC–12 cells on the RGD-immobilized PANi pattern. (c) Representative differential interference contrast (DIC) image

of PC–12 cells on the RGD–immobilized PANi pattern.

Fig. 3. (a) PC–12 cell selectivity of PANi pattern with respect to increasing

concentration of the RGD peptide. Cell selectivity was calculated with counting

cells on PANi pattern compared with cells on PET substrate. (b) PC–12 cell number on

PANi pattern with respect to surface modifications (pristine PANi pattern, PEG

treatment, and RGD peptide-modification). Cells were counted on the 10x micro-

scopic images. Values exhibit mean 7SD and each experiment was performed in

triplicate.
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(green), actin (red), and the nucleus (blue) is shown, together
with separate images stained for vinculin, actin, and the nucleus.
Cells on pristine and PEG–treated PANi patterns were spherical
and mostly localized (Fig. 4a and b). Small spots can be seen in the
vinculin stained images, but vinculin is localized mainly in the
cytoplasm. Few focal complexes or nascent adhesions could be
seen on the surface of the cells in the pristine PANi pattern. These
complexes are thought to be transient structures that can trans-
form into focal adhesions at the lamellar edge and mature to link
with actin stress fibers [41]. The cells on RGD–immobilized
patterns (Fig. 4c) were spread out significantly more than on
the PANi patterns. Vinculin was spread through entire cell, and
well–defined vinculin spots were observed in the lamella edge.
Significant levels of cellular adhesion were detected, and a
proportion of the cells were able to spread and form vinculin–
staining complexes. The focal adhesions observed in the RGD–
immobilized PANi patterns enabled stronger physical contact
with the surface compared to the pristine PANi pattern. Judging
from these data, the RGD–peptide plays a critical role in PC12
adhesion and growth.

To observe adhesive complexes at the periphery of PC12 cells,
images of fixed cells were obtained by SEM. Fig. 5 shows SEM
images of cells adhering to the different surfaces (a: pristine
PANi; b: PEG–treated PANi; c and d: RGD–immobilized PANi).
Membrane protrusions can be seen extending from the cell body
in all images; their size increases as the surface changes from
pristine PANi to PEG– and RGD–treated PANi pattern. The cells on
RGD–immobilized PANi patterns showed significant adhesion,
indicated by the presence of larger focal adhesion (two–digit
micrometer). Additionally, cellular morphology differed from that
of the cells on the other PANi patterns (they spread out and
adhered more to the pattern with focal complexes). It is thought
that the RGD ligand enables the development of focal adhesions,
leading to spreading, movement, and generation of force. This
phenomenon is consistent with previous findings showing that
RGD peptide induced the formation of focal adhesions and cell
spreading [22,27].

Rat pheochromocytoma PC–12 cells were used as a model to
investigate secretion from a live cell, which is related to biological
processes such as neurotransmitter secretion from neurons [38].
A secretagogue was used for the detection of secreted molecules
from PC12 cells on top of RGD–immobilized PANi patterns
(Fig. 6a). To investigate the sensing capability of RGD–
immobilized PANi patterns, the current was monitored in real
time at V¼50 mV, a low operating voltage. It is known that
voltage-gated calcium ion channel opens via membrane depolar-
ization upon the increment of intracellular potential [28].
A secretagogue is immobilized by the inrush of calcium ions
through the channel [28]. As a result, catecholamine molecules
(e.g., dopamine, norepinephrine, and epinephrine) inside the
vesicle are discharged into the extracellular space [29]. When
potassium ions were introduced onto the cells, a train of current
spikes was detected (Fig. 6b). When calcymycin was inserted into
the pattern, similar current spikes were observed (Fig. 6b). It is
believed that the current increase is due to a change in the
charge–transport behavior of the PAN is elicited by p–p stacking
and hydrogen bonding. The principal function of the PAN is to
transduce and amplify a signal. Such catecholamine–PANi inter-
actions can affect the charge–carrier density of the conjugated



Fig. 4. Representative fluorescence microscopy pictures displaying overlay of green staining vinculin, red staining actin, and blue staining the nucleus, separate views of

vinculin, actin, and nucleus image. (a) pristine PANi, (b) PEG–treated PANi, (c) RGD–immobilized PANi pattern. Scale bar¼10 mm. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SEM images of PC-12 cell adhered on (a) pristine PANi pattern, (b) PEG–treated PANi pattern and (c,d) RGD–immobilized PANi pattern.
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PANi patterns, and thus may allow label–free recognition of
neurotransmitter secretion from neurons. Such catecholamine–
PANi interactions can affect the charge–carrier density of the
conjugated PANi patterns, and thus may allow label–free recogni-
tion of neurotransmitter secretion from neurons. The use of
potassium ions and calcymycin together triggered exocytosis
due to forming calcium ion channels. These spikes are similar
to those previously reported for recordings of catecholamine
release [42]. Each spike indicates the exocytosis of catechola-
mines from live cells. As a control, catecholamines were inserted



Fig. 6. (a) Schematic diagram of a biomolecule detection system from live cells. (b) Live cell response of RGD–immobilized PANi pattern sensors measured at VSD¼50 mV;

currents change upon addition of 1 mm potassium ion and calcymycin solution (Arrows indicate inserting time). (c) Response of RGD–immobilized PANi pattern upon

exposure of 1 mm epinephrine, norepinephrine, and dopamine without cell (Arrows indicate inserting time).
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onto a PANi pattern without cells (Fig. 6c). Epinephrine and
norepinephrine induced a sharp current spike, indicating the local
discharge of catecholamines caused a transient increase in the PANi
pattern current, similar to the data in Fig. 6b. Furthermore, a
negative change in current was observed after the insertion of
dopamine; thus, dopamine may be distinguished from other cate-
cholamines. Real-time responses of the RGD-modified PANi pattern
upon exposure to dopamine at various concentrations were exam-
ined (Fig. S5). The response of the PANi pattern upon sequential
exposure to dopamine (2, 20, 40, and 1000 nM) exhibits excellent
sensitivity, rapid response, and recovery time. The response times
were less than 1 s, and the recovery times were less than 50 s;
the response and recovery times are respectively defined as the
times required for sensor signals to reach 90% of the saturation and
original values [2]. The PANi pattern showed a concentration-
dependent increase in the current when exposed to dopamine.
The current increase was not attributed to electrochemical oxidation
of dopamine, because the applied voltage was below its oxidation
potential. It is believed that the current increase is due to a change
in the charge-transport behavior of the PANi patterns elicited by the
dopamine attachment to the pattern. Limit of detection of the PANi
pattern toward dopamine was ca. 2 nM. The signals generated
by these catecholamines and secretagogues may be distinguished
from molecules secreted constitutively from live cells because
constitutive secretion is a slow, constant process compared with
rapid exocytosis. Consequently, the RGD–immobilized PANi pattern
allowed translation and amplification of exocytized molecules into
detectable signals.
4. Conclusions

We demonstrated the feasibility of neurotransmitter detection
from live cells using inkjet-printed and RGD–immobilized PANi
patterns. This strategy enabled the facile fabrication of a flexible
cell patterning and sensing substrate with high selectivity and
interactive exocytosed molecule detection. The selective cell
attachment ratio on the PANi patterns increased with changing
the surface of PANi patterns from pristine to PEG and RGD, and
increasing RGD concentration. The focal adhesion of cells on
RGD–immobilized PANi patterns was observed. The PANi pattern
sensor provided real-time and sensitive measurements from live
cells. Considering these facts, our RGD peptide–immobilized PANi
pattern sensing system offers a new method for flexible selective
cell patterning with focal adhesion and the detection of exocy-
tized biomolecules.
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