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ABSTRACT Tailoring cell response on an electrode surface is essential in the application of neural interfaces. In this paper, a method
of controlling neuron adhesion on the surface of an electrode was demonstrated using a conducting polymer composite as an electrode
coating. The electrodeposited coating was functionalized further with biomolecules-of-interest (BOI), with their surface concentration
controlled via repetition of carbodiimide chemistry. The result was an electrode surface that promoted localized adhesion of primary
neurons, the density of which could be controlled quantitatively via changes in the number of layers of BOI added. Important to
neural interfaces, it was found that additional layers of BOI caused an insignificant increase in the electrical impedance, especially
when compared to the large drop in impedance upon coating of the electrode with the conducting polymer composite.
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INTRODUCTION

Neural interfaces are engineered devices designed to
link an electrical system to the nervous system.
Interest in these devices has increased because they

can be used to study sensory or motor impairments as well
as treat neurological disorders such as Parkinson’s disease
and epilepsy (1-3). Other uses of neural interfaces include
biosensors (4). The most important feature of the neural
interface is the physical contact between the biological tissue
and the electrode surface. An electrode surface should
possess three characteristics before being considered for a
neural interface: (i) biocompatibility, (ii) low electrical im-
pedance (or resistance), and (iii) long-term stability.

Biocompatibility is achieved by coating the surface of the
electrode with a biomimetic material that ensures good
viability of attached neurons (i.e., by promoting cell adhe-
sion, proliferation, and neurite extension). In addition, the
biomimetic material should not stimulate an inflammatory
response or the formation of scar tissue. Strong and specific
cell adhesion and neurite growth on a surface will enhance
the communication between biological and electrical sys-
tems only if the surface coating used to enhance the bio-
compatibility is electrically conductive. A surface coating

with high electrical impedance will hinder the flow of charge
between neurons and electrodes, reducing the signal inten-
sity during recording or stimulation because of a large IR
drop (i.e., below the action potential). Different materials
such as noble metals and metal oxides have been used as
the interfacing material (5, 6). Recently, conducting poly-
mers, such as polypyrrole (pPy) and poly(3,4-ethylenedi-
oxythiophene), have been considered to be good candidates
for supporting matrices used in nerve regeneration (7) and
for electrode coatings used in neural interfaces (8, 9).

Polypyrrole satisfies passive biocompatibility (10); that is,
an adverse tissue response is not observed at implants
coated with this material, while simultaneously this material
exhibits low electrical impedance (9). Several strategies have
been developed to enhance the biocompatibility of pPy (i.e.,
active biocompatibility) via the codeposition of biomolecules
or related compounds with pPy (11-13). Other strategies
involve phage display (14) or monomers with reactive
functional groups (15, 16). In our previous work, we devel-
oped a strategy where biomolecules-of-interest (BOI) were
attached to functional groups of poly(glutamic acid) (pGlu)
doped in pPy (17). Attachment of BOI to pPy[pGlu] occurs
via the reaction of amine groups of the incoming BOI (e.g.,
x) with activated carboxylate groups of pGlu that protrude
from the surface of pPy[pGlu]. This strategy ensures that
most BOI are confined to the surface of the coating (pPy-
[pGlu]-x) and are thus available as cues for adherent cells.

All of the strategies described above can be classified as
strategies that focus solely on the spatial control of neuron
adhesion and neurite extension within a defined area by
providing a biocompatible surface with a fixed concentration
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of BOI. In addition to spatial control, strategies are needed
that quantitatively control the concentration of BOI at a
surface. This need arises from the fact that the extent of
interaction between cells and electrodes can be adjusted by
varying the concentration of BOI on the surface of conduct-
ing substrates such as pPy because many important cellular
processes (e.g., adhesion, proliferation, differentiation, mo-
tility, and apoptosis) are affected by the concentration of BOI
on the surface to which cells are in contact (18-22). Only a
few studies, however, have demonstrated quantitative con-
trol over the concentration of BOI on the surface of pPy
(16, 23, 24). Moreover, in the context of neural interfaces,
the effect of the BOI concentration on the impedance of the
underlying conductive substrate has not been studied
previously.

In this work, the utility of (pPy[pGlu]-x) from our previous
study is expanded to include control over the surface
concentration of BOI via the sequential addition of layers of
BOI to the surface of an electrode. This expanded utility
results in biocompatible surfaces with which one can control
both the location and density of the neurons and their neural
processes adhered to an electrode surface. Importantly,
electrodes coated in this manner exhibit a significant drop
in the electrical impedance when compared to bare elec-
trodes or electrodes coated with physisorbed films of BOI.

EXPERIMENTAL SECTION
Synthesis of pPy[pGlu]-pLysn. Patterned polymer composite

films were prepared using the previously reported procedure
(17). Briefly, pPy doped with pGlu was electrodeposited from a
solution containing 0.2 M pyrrole and 2 mM pGlu (based on the
monomeric unit of glutamic acid) onto a glass slide coated with
either indium-tin oxide (ITO; for cell culture and optical
microscopy) or gold [for Fourier transform infrared (FTIR)
measurements]. The thickness and sheet resistance of the ITO-
coated glass were 100 nm and 20 Ω/sq, respectively. A fraction
of pGlu protruding from the surface of pPy[pGlu] provides
carboxylic acid groups, to which poly(L-lysine) (pLys) is coupled
via 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride/N-hydroxysuccinimide (EDC/NHS) coupling reactions.
Additional pLys layers are attached by repeating the EDC/NHS
chemistry. The procedure for electrodeposition of pPy doped
with both pGlu and Cl- was the same as that described above
except that 0.1 M KCl was added to the electrosynthesis
solution.

Fibronectin (FN) Adsorption. FN (lyophilized from human
plasma, Invitrogen) was reconstituted to 1 mg/mL in phosphate-
buffered saline using Snake Skin pleated dialysis tubing (10 000
MWCO). All adsorption experiments were done for 2 h using
solutions with a FN concentration of 0.1 mg/mL at 23 °C and
pH 7.4, unless otherwise specified. FTIR spectroscopic studies
were performed in the same manner as that described in the
previous study except that gold-coated coverslips (18 × 18
mm2) were used during the electrodeposition of pPy[pGlu] (17).
The relative amount of adsorbed FN was determined from the
difference in the intensity of the absorbance of the amide I
peaks in the FTIR spectra of the samples before and after FN
adsorption: ∆abs) abs{pPy[pGlu]-pLysn+FN}- abs{pPy[pGlu]-
pLysn}, where n is 0-3.

Impedance Measurements. Electrochemical impedance spec-
troscopy (Solartron 1255) coupled to a potentiostat (model
273A, EG&G Princeton Applied Research) was used to measure
the impedance of a film of pPy[pGlu]-pLysn as a function of the
frequency. The film was electrodeposited onto unpatterned ITO-

coated glass with a surface area of 0.18 cm2. The electrodes
were equilibrated in 0.2 M KCl for at least 2 min at a direct-
current (dc) bias potential of +100 mV vs Ag/AgCl. A 5 mV root-
mean-square alternating-current amplitude with a frequency
ranging from 1 Hz to 100 kHz was superimposed on the dc bias
potential.

Preparation of Hippocampal Neurons. Hippocampi (Fischer
344 rat, embryonic day 18; from BrainBits, LLC) were incubated
in 0.25% trypsin in Hank’s Balanced Salt Solution at 37 °C for
15 min. Digestion was terminated by removing trypsin and
rinsing three times with Hank’s Balanced Salt Solution at 37 °C
for 5 min. The digested tissue was dissociated by trituration in
Dulbecco’s Modified Eagle Medium, 10% fetal bovine serum,
4 mM L-glutamine, and penicillin (100 U/mL)/streptomycin (100
mg/mL). Cells were added to substrates in a 24-well plate at a
density of 30 000 cells/well and incubated in media with a
serum at 37 °C and 5% CO2 for 3 h. After plating, hippocampal
neurons were cultured in a serum-free medium (neurobasal
medium, 0.5 mM GlutaMAX, B27 supplement) at 37 °C and 5%
CO2. Control samples consisted of cells cultured on acid-washed
glass coverslips coated with a 0.1% solution of pLys. The
procedures of immunocytochemistry and optical analysis are
described in our previous paper (17).

RESULTS AND DISCUSSION
Quantitative Control of the Surface Concentra-

tion of pLys. In our previous work, we demonstrated the
use of pPy[pGlu]-pLys to control the spatial distribution of
cells adhered to a surface (17). In this work, we advance the
utility of this polymer composite to include control over the
density of cells adhered to a surface. This control is exerted
via the sequential addition of pLys layers to pPy[pGlu] for
the purpose of changing the surface concentration of pLys.
pLys was selected because it is a known biochemical cue that
supports neuron adhesion and neurite outgrowth (25, 26).
Shown in Figure 1 is our strategy for modulating the surface
concentration of biomolecules on a pPy[pGlu]-coated elec-
trode via sequential reactions that result in amide-bond
formation. The polymer composite (pPy[pGlu]-pLys) is pre-
pared first by electrodeposition of a conductive film of
pPy[pGlu] onto a glass slide coated with ITO. A percentage
of pGlu doped in pPy protrudes from the surface of pPy[p-
Glu], providing multiple chains of carboxylic acid groups that
can be activated for the subsequent covalent attachment of
pLys. First, a layer of pLys was attached to pPy[pGlu] (n ) 1
in Figure 1) using EDC/NHS coupling chemistry, where a
terminal carboxylate of pGlu incorporated into the pPy film

FIGURE 1. Schematic representation of a neuron adhered to a
substrate consisting of pPy doped with pGlu and subsequently
modified with multiple layers of pLys (pPy[pGlu]-pLysn) via reaction
with protruding carboxylic acid groups of the pGlu dopant.

A
R
T
IC

LE

www.acsami.org VOL. 3 • NO. 1 • 16–21 • 2011 17



reacts with an amino group of the incoming pLys. This
reaction was repeated for additional layers of pLys (n ) 2
and 3).

White light interferometry (WLI) and atomic force mi-
croscopy (AFM) were used to measure the thickness of dry
samples of films of pPy[pGlu]-pLysn where n ) 0-3 (see
Figure S1 in the Supporting Information). The thickness of
pPy[pGlu] is 10.4 ( 0.739 nm by WLI and 10.1 ( 1.98 nm
by AFM. The average thickness of pPy[pGlu]-pLysn is 13.1
( 1.16 nm by WLI and 14.8 ( 2.37 nm by AFM, regardless
of the number of layers of pLys (i.e., n ) 1-3). This result
suggests that the layers of pLys spread rather than stack on
the surface of pPy[pGlu]. This spreading may be attributed
to attractive interactions between negatively charged pGlu
and positively charged pLys (n ) 2 in Figure 1).

FTIR spectroscopy was used to confirm the formation of
multilayers of pLys. Shown in Figure 2a are the IR spectra
of the polymer composite before and after each reaction that
leads to its chemical modification with pLys. As expected,
the FTIR spectrum of pPy[pGlu] (n ) 0 in Figure 2a) contains
peaks characteristic of carboxylate and amide groups (indi-
cated by vertical dashed and solid lines, respectively, in
Figure 2a). The carboxylates of pGlu that are not electrostati-
cally bound to pPy (i.e., dangling) are activated with EDC to
form the O-urea derivative, followed by stabilization with
NHS to give the succinimide ester (red spectra in Figure 2a).
The ester subsequently reacts with R-amino groups or lysine
residues of incoming pLys to form an amide bond. The
covalent attachment of pLys to activated pPy[pGlu] results
in an increase in the intensity of the amide peaks and the
disappearance of the peaks corresponding to the succinim-
ide ester, indicating that the coupling reaction proceeded to
completion. The intensity of the amide peaks also increases
with each additional layer of pLys (black circles in Figure 2b).

The amount of pLys attached in each layer was deter-
mined from the intensity of the absorbance due to the
succinimide ester, which is an indirect measure of the
amount of carboxylate available for activation. As shown in
Figure 2b, the intensity of the succinimide ester peak (red
triangles) is highest for the first layer (n ) 1). The intensity

of this peak decreases to approximately a third of its original
value in subsequent layers (n ) 2-4). On the basis of these
results, it appears that the ratio of pLys in the first layer
relative to the second layer is 3:1, indicating that three
activated carboxylates in the first layer ultimately bind to
only one pLys unit to form the second layer. In subsequent
layers, the ratio of pLys in incoming layers relative to the
underlying layer is 1:1.

Also shown in Figure 2b is a plot of the intensity of the
amide peak at 1675 cm-1 as a function of the layer number.
This data demonstrate the degree of control made possible
by pPy[pGlu] over the surface concentration of pLys. When
the attachment was based on the formation of a covalent
bond (solid circles), the intensity of the amide peak was
proportional to the number of layers of pLys. In contrast,
when the attachment was based on physisorption or elec-
trostatic attraction (open circles), the intensity of the amide
peak did not increase after the initial layer of pLys was
physisorbed onto the pPy[pGlu] substrate.

Sonication experiments were performed to test the sta-
bility of the films. This type of experiment is an accelerated
test of the long-term stability of the films (a requirement for
neural interfaces). Films consisting of covalently attached
pLys were found to be more stable than those with phys-
isorbed pLys. This difference in stability is revealed by the
lack of change in the intensity of the amide peak after
pPy[pGlu]-pLys (4) was subjected to 24 h of sonication. In
contrast, 31% of physisorbed pLys was lost from the surface
of pPy[pGlu] after sonication despite the strength of the
electrostatic attraction between pPy[pGlu](-) and pLys(+).

In addition to using FTIR to confirm the formation of
multilayers of pLys, the amount of pLys attached to pPy-
[pGlu]-pLysn for each value of n was measured indirectly by
monitoring the adsorption of FN onto pPy[pGlu]-pLysn.
Shown in Figure 3a is a schematic representation illustrating

FIGURE 2. (a) IR spectra of pPy[pGlu] subsequent to activation by
EDC/NHS (red line) and subsequent to reaction with pLysn, where n
) 0-3 (black lines), to yield pPy[pGlu]-pLysn. (b) Intensity of the
amide peak of pLys at 1675 cm-1 in part a as a function of n. Solid
circles: pLys attached to pPy[Glu] via covalent bonds. Open circles:
pLys attached to pPy[Glu] via physisorption. Included in part b are
intensity data corresponding to the succinimide ester peak at 1740
cm-1 (red triangles) obtained by subtracting the intensity at 1740
cm-1 in spectra of pPy[pGlu]-pLysn-1 from that of the same polymer
activated with EDC/NHS (i.e., {pPy[pGlu]-pLysn-1-NHS}-pPy[pGlu]-
pLysn-1, where n ) 1-4).

FIGURE 3. (a) Schematic representation of the adsorption of FN on
pPy[pGlu]-pLysn, where n ) 1. Amount of FN adsorbed versus (b)
the number of pLys layers (n), (c) concentration of FN in solution,
and (d) adsorption time. ∆abs was obtained by subtracting the
intensity of the amide I peak (1675 cm-1) of pPy[pGlu]-pLysn, where
n ) 0-3 from the intensity of the amide I peak of the same substrate
after adsorption of FN. An aqueous solution of FN (0.1 mg/mL) at
pH 7.4 was used unless otherwise indicated.
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the adsorption of FN to pPy[pGlu]-pLysn where n ) 1. The
total positive charge on the surface of pPy[pGlu]-pLysn

increases as n increases, which results in a stronger electro-
static interaction with negatively charged FN (pI ) 5.60) at
neutral pH. The data shown in Figure 3b suggests that the
amount of FN adsorbed onto the surface of pPy[pGlu]-pLysn

increases proportionally with increasing layers of pLys (n).
Shown in Figure 3c is a plot of FN adsorption (measured as
intensity data) as a function of the concentration of FN in
the media (pH 7.4). The amount of protein adsorbed onto
the polymer substrate reaches a plateau at around 0.1 mg/
mL for both n ) 1 and 3. The amount of adsorbed FN on
pPy[pGlu]-pLys3 is approximately twice as much as that on
pPy[pGlu]-pLys1 for all four concentrations tested. Shown in
Figure 3d is a plot of FN adsorption as a function of time.
The initial adsorption of FN is fast, with more than 80% of
the available FN adsorbed within the first 10 min. Subse-
quently, the amount of adsorbed FN increases slowly to a
saturation value in 2 h. These results demonstrate that the
amount of FN adsorbed to the surface of pLys in pPy[pGlu]-
pLysn is highly dependent on the number of layers of pLys.

Other biomolecules with carboxylate and amine groups
(e.g., ECM proteins, synthesized peptides) also can be at-
tached to pPy[pGlu] in a similar manner. For example, as
shown in Figure S2 in the Supporting Information, pPy-
[pGlu]-pLys can be covalently modified with multilayers of
laminin (Lmn) to give pPy[pGlu]-pLys-Lmnm.

Quantitative Control of Cell Adhesion. Gridlike
micropatterns of pPy[pGlu]-pLysn were prepared by exploit-
ing a unique property of conductive polymers; that is, they
are electrodeposited only at electroactive surfaces to which
a voltage has been applied. The resulting micropatterned
substrates were used to study the localized adhesion of
primary hippocampal neurons. Very few neurons were
observed to attach to either untreated ITO or ITO coated with
pPy[pGlu]. In contrast, neurons were observed to preferen-
tially adhere to the micropatterns of pPy[pGlu]-pLysn and
exhibit well-developed neurites (Figure 4). Similar results
were obtained for cortical neurons and dorsal root ganglia.
In general, all types of neurons adhered to the micropatterns
of pPy[pGlu]-pLysn were viable and exhibited good neurite
extension.

More cells adhered to a substrate where one layer of pLys
was covalently bound to pPy[pGlu] (350 cells/mm2 for n )
1) than to pLys-coated coverslips (182 cells/mm2) as the
control substrate. However, the cell density observed on the
first layer of pLys (350 cells/mm2 for n ) 1) accounts for only
23% of the total of number of cells seeded. A few cells and
neurites adhered outside of the micropattern, but the major-
ity of the remaining total number of cells did not attach to
the substrate (Figure 4a). When the surface concentration
of pLys was increased with each additional layer (e.g., from
n ) 1 to 3), the density of adhered hippocampal neurons
and neurites was found to increase proportionally to the
surface concentration of pLys (Figure 4f). In addition, the
number of cells adhered to areas outside the patterns of
pPy[pGlu]-pLysn decreased as the number of layers of pLys

increased. Significantly, the density of the cells on the
pPy[pGlu]-pLysn substrate where n ) 3 (1447 cells/mm2)
approaches the maximum possible cell density if all cells
plated adhered to the micropattern (1500 cells/mm2). Neu-
rites occupied over 70% of the micropattern of pPy[pGlu]-
pLys3. Although high concentrations of pLys have been
reported to decrease the cell viability and number of neurites
(27, 28), we did not observe these adverse effects. Thus,
pPy[pGlu]-pLysn effectively controls both the spatial distribu-
tion of the adhered cells and their density.

A mixture of cells such as neurons, glial cells, astrocytes,
and fibroblasts is found in nerve tissue. Neurobasal media/
B27 without serum was used both to promote the growth
of neurons and to suppress the growth of glial cells on coated
electrodes during in vitro experiments (29). Because polyl-
ysine is not selective for neurons, however, in vivo applica-
tions would require the presence of cell adhesion molecules
with neuron specificity such as IKVAV and YIGSR (30, 31).
The concentration of these molecules is known to regulate
cell adhesion (32, 33) and, thus, multilayer formation of
IKVAV and YIGSR on pPy[pGlu] should be useful for optimiz-
ing the selective attachment of neurons in vivo.

Enhanced Electrical Property at the Interface.
In addition to biocompatibility and stability (demonstrated
in the previous sections), coatings used for neural interfaces
should exhibit low electrical impedance or resistance. The
frequency-dependent changes in impedance of ITO elec-
trodes coated with pPy[pGlu]-pLysn were investigated and
are shown as a Nyquist plot in Figure 5a. Both bare ITO and

FIGURE 4. Immunofluorescent (a-d) and phase contrast (e) images
of hippocampal neurons on pPy[pGlu]-pLysn 4 days after plating:
the number of pLys layers is n ) 1 (a), n ) 2 (b), and n ) 3 (c-e).
Neurites stained positive for GAP-43 (green) and nuclei of all cells
were labeled with DAPI (blue). (f) Number of cells adhered to
patterns of pPy[pGlu]-pLysn (black bars) and area of pPy[pGlu]-pLysn

covered by neurites (white bars). The increased density of adhered
neurons and processes with n were statistically significant with N
) 4 and P < 0.001 (ANOVA).
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ITO with physisorbed pLys exhibit a straight line with a steep
slope in their Nyquist plots, reflecting the impedance be-
havior of flat conductive surfaces. In comparison, ITO coated
with pPy[pGlu]-pLysn (n ) 0-3) exhibits the impedance
behavior of a porous material based on two features of the
Nyquist plot: firstly (1), the slope of the line at low frequen-
cies is less steep than that of the uncoated or pLys-adsorbed
ITO and secondly (2), the slope of the line at high frequencies
is 45° (indicated by the dotted semicircle in Figure 5a, inset)
in the high frequency range indicate electron transfer be-
tween different phases (e.g., from ITO to pPy or from one
pPy particle or grain to another). A porous structure that

provides a high specific surface area is beneficial in terms
of cell or protein adhesion as well as interfacial impedance.

The absolute values of total impedance (|Z|) for the
different electrodes were compared at selected frequencies
(Figure 5b). Common to all electrodes studied, the absolute
value of impedance decreases with increasing frequency
because the capacitive element of impedance becomes
small: at frequencies greater than 200 Hz, the impedance
of the ITO electrodes is equivalent statistically (ANOVA,
Holm-Sidak method; P < 0.01) regardless of whether the
electrodes are coated with pPy[pGlu]-pLysn (n ) 0-3) or
uncoated. In contrast, the frequency dependence of |Z| is
different when coated and uncoated electrodes are com-
pared over a frequency range of 1-200 Hz (neuron and
cardiac myocyte signals generally occur in the range of
0.1-1000 Hz) (34). The ITO electrodes coated with pPy-
[pGlu]-pLysn (n ) 0-3) exhibit a lower value of |Z| compared
to that of bare ITO or ITO coated with physisorbed pLys. The
increase in the surface area originating from the porous struc-
ture of the polymer composite is responsible for the lower
impedance at electrodes coated with pPy[pGlu]-pLysn (35). The
large area of the interface provides more electrical pathways
between adhered cells and the underlying electrode.

The impedance of ITO electrodes coated with pPy[pGlu]-
pLysn was observed to increase incrementally with each
additional layer of pLys (Figure 5b). This increase in the
impedance, however, is insignificant relative to the decrease
in the impedance upon coating an ITO electrode with
pPy[pGlu]-pLysn. For example, at low frequencies, the im-
pedance decreases 10-fold (e.g., from 109 kΩ to 9.7 kΩ at
1 Hz) when a bare electrode is coated with pPy[pGlu]-pLysn,
while the subsequent addition of one layer of pLys to
pPy[pGlu]-pLysn increases the impedance only slightly (e.g.,
9.7 kΩ to 11.3 kΩ at 1 Hz). Thus, at low frequencies (1-200
Hz), the interfacial electrical properties of ITO electrodes are
improved by coating the electrodes with pPy[pGlu]-pLysn.
Moreover, the surface concentration of pLys can be con-
trolled by the number of layers (n of pPy[pGlu]-pLysn)
without significant adverse effects on the electrical proper-
ties of the electrode over the measured frequency range.

The mobile ions responsible for ionic transport within
pPy[pGlu]-pLysn are cations because pPy is doped with a
large anion (pGlu; molecular weight) 15 000-50 000). This
mechanism of transport is similar to that observed in other
conducting polymers doped with large anionic dopants such
as poly(styrene sulfonate) (36). Thus, the small increase in
the impedance caused by the additional layers of pLys is due,
in part, to the fact that the addition of cationic pLys layers
on top of pPy[pGlu] inhibits cation transport through the
film. In contrast, a slight decrease in the impedance is
observed at an ITO electrode coated with physisorbed pLys
partly because the amount of charge on the surface of the
ITO electrode has increased.

Interfacial impedance hinders communication between
cells and electrodes. Coating electrodes with a conducting
polymer has been reported to decrease the interfacial
impedance. A 20-100-fold decrease in the impedance has

FIGURE 5. (a) Nyquist plots of bare, pLys-adsorbed, and pPy[pGlu]-
pLysn-coated ITO electrodes (legend shown in the figure): data with
the highest value in the plots were obtained at 1 Hz for pPy[pGlu]-
pLysn-coated ITO electrodes and 6.3 Hz for bare and pLys-adsorbed
ITO electrodes (indicated by arrows). High-frequency data within the
dashed rectangle is enlarged in the inset. (b) Absolute total imped-
ance (|Z| ) [(Zim)2 + (Zreal)2]1/2) of ITO electrodes at selected frequen-
cies (1, 10, and 100 Hz).
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been reported in the frequency range of 1-1000 Hz de-
pending on the thickness, surface roughness, and dopant of
the conducting polymer film (37, 38). The thickness of the
conducting polymer composite used in this work was about
10 nm (Figure S1 in the Supporting Information) and,
therefore, the impedance data do not change at frequencies
higher than 200 Hz. When an ITO electrode was coated with
a thicker film of pPy doped with both pGlu and Cl anions
(pPy[pGlu+Cl-]), the impedance decreases 10-100-fold
over the broader range of biologically relevant frequencies
(i.e., 1-1000 Hz; Figure S3 in the Supporting Information).

CONCLUSION
In conclusion, this work demonstrates that the extent of

cell adhesion and neurite extension at an electrode can be
modulated by coating electrodes with a conductive polymer
composite that has been modified with multilayers of a
biomolecule of interest (pPy[pGlu]-pLysn). These films were
shown to be stable when subjected to ultrasonification, with
a stability that exceeds physisorbed films of BOI. Impor-
tantly, pPy[pGlu]-pLys1 was shown to decrease the electrical
impedance of an ITO electrode by an order of magnitude,
with additional layers of pLys only slightly increasing the
impedance, while these additional layers of pLys signifi-
cantly enhanced cell adhesion and neurite outgrowth on a
target area.

Engineering a biomimetic environment on electrode
surfaces is essential to realizing effective communication
between adhered cells and the underlying electrode. This
surface environment should promote strong interaction
between the cells and the underlying electrode without
degrading the electrical impedance of the electrode. This
method of coating electrodes with conducting polymers
functionalized with multilayers of BOI will be useful in
biomedical applications, where the interface between a
conductive surface and adhered cells must be strong with
minimal electrical impedance.
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