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Abstract—Nanowire FETs (NWFETs) are promising building
blocks for nanoscale bioelectronic interfaces with cells and tissue
since they are known to exhibit exquisite sensitivity in the con-
text of chemical and biological detection, and have the potential to
form strongly coupled interfaces with cell membranes. We present
a general scheme that can be used to assemble NWs with rationally
designed composition and geometry on either planar inorganic or
biocompatible flexible plastic surfaces. We demonstrate that these
devices can be used to measure signals from neurons, cardiomy-
ocytes, and heart tissue. Reported signals are in millivolts range,
which are equal to or substantially greater than those recorded with
either planar FETs or multielectrode arrays, and demonstrate one
unique advantage of NW-based devices. Basic studies showing the
effect of device sensitivity and cell/substrate junction quality on
signal magnitude are presented. Finally, our demonstrated ability
to design high-density arrays of NWFETs enables us to map signal
at the subcellular level, a functionality not enabled by conven-
tional microfabricated devices. These advances could have broad
applications in high-throughput drug assays, fundamental bio-
physical studies of cellular function, and development of powerful
prosthetics.

Index Terms—Cancer markers, cardiomyocyte, heart, nanowire
(NW) transistor, neuron, silicon, virus.

I. INTRODUCTION

R ECORDING electrical signals from cells and tissue is
central to areas ranging from the fundamental biophys-

ical studies of function in, for example, the heart and brain,
through medical monitoring and intervention. Over the past
several decades, studies of electroactive cells and tissue have
been carried out by using a variety of recording techniques, in-
cluding glass micropipette intracellular (IC) and patch-clamp
electrodes [1]–[4], voltage-sensitive dyes [5]–[7], multielec-
trode arrays (MEAs) [8]–[11], and planar FETs [12]–[19]. The

Manuscript received May 5, 2009; revised August 17, 2009. Date of publi-
cation September 9, 2009; date of current version May 14, 2010. The review of
this paper was arranged by Associate Editor J.-P. Leburton.

B. P. Timko was with the Department of Chemistry and Chemical Bi-
ology, Harvard University, Cambridge, MA 02138 USA. He is now with
Massachusetts Institute of Technology, Cambridge, MA 02139 USA (e-mail:
brian@cml.harvard.edu).

T. Cohen-Karni is with the School of Engineering and Applied Sciences, Har-
vard University, Cambridge, MA 02138 USA (e-mail: tzahi@cml.harvard.edu).

Q. Qing and B. Tian are with the Department of Chemistry and Chem-
ical Biology, Harvard University, Cambridge, MA 02138 USA (e-mail:
quanqing@cml.harvard.edu; tianbz@cml.harvard.edu).

C. M. Lieber is with the Department of Chemistry and Chemical Biology and
School of Engineering and Applied Sciences, Harvard University, Cambridge,
MA 02138 USA (e-mail: cml@cml.harvard.edu).

Digital Object Identifier 10.1109/TNANO.2009.2031807

latter two recording techniques use well-developed microfab-
rication methods to allow for multiplexed detection on a scale
not possible with micropipette technology, although the MEAs
exhibit limited SNRs and detection areas that make cellular and
subcellular recording challenging [20], [21].

A new class of molecular-scale electronic interfaces can
be formed with cells and tissue using chemically synthesized
semiconductor nanowires (NWs) as functional elements. These
NWs have received intense interest in recent years, leading to
the development of structures with rationally controlled geom-
etry, composition, and electronic properties [22]–[26]. These
characteristics—i.e., rational control of structure, composition,
and electronic properties during synthesis—have enabled semi-
conductor NWs to emerge as powerful building blocks for the
bottom-up assembly of functional devices with applications in
nanoelectronics, [27]–[32], photonics [24], [33], energy conver-
sion [29], [30], and the biosciences [34]–[36].

A. Nanowires as Biological Sensors

Underlying biological detection using semiconductor NWs
[34]–[36] is their configuration as FETs, which exhibit a con-
ductance change in response to variations in the charge or poten-
tial at the surface of the channel region, as shown schematically
in Fig. 1(a) [37]. This property makes FETs natural candidates
for electrically based sensing since binding of a charged or
polar biological or chemical species to the gate dielectric is
analogous to the conventional case of applying a voltage gate
using a metallic gate electrode [see Fig. 1(b)]. Significantly,
NWFETs are expected to be more sensitive sensors than their
planar counterparts because of their 1-D nanoscale morphol-
ogy, i.e., an analyte binding to the surface of an NW leads to
depletion or accumulation of carriers in the “bulk” of the 1-D
nanometer-diameter structure, versus only a shallow region near
the surface in the case of a planar device. This unique feature
of semiconductor NWs enables exquisite charge sensitivity that
opens up new opportunities for interfaces with chemical and
biological systems.

NWs elaborated as well-defined n- or p-channel FETs have,
in fact, been used as ultrasensitive sensors of chemical and bio-
logical species. This detection capability was first demonstrated
in 2001, when measurements in aqueous solution revealed pH
sensing as well as selective, label-free detection of proteins and
calcium ions [34]. Notably, this NW-based detection technique
demonstrated superb sensitivity; for example, biotin-modified
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Fig. 1. (a) Schematic of a p-type planar FET device, where S, D, and G
correspond to source, drain and gate electrodes, respectively. (b) Schematic of
electrically based sensing using a p-type NWFET, where binding of a charged
biological or chemical species to the chemically modified gate dielectric is
analogous to applying a voltage using a gate electrode.

Fig. 2. (a) Schematic illustration of a single virus binding and unbinding to
the surface of an NWFET modified with antibody receptors. (b) Conductance
versus time data recorded from a single device modified with antiinfluenza type
A antibody. (c) Optical data recorded simultaneously with conductance data in
(b). Combined bright-field and fluorescence images correspond to time points
1–6 indicated in the conductance data; virus appears as a red dot in the images.
The white arrow in image 1 highlights the position of the NW, and the red arrow
indicates the position of a single virus. Images are 8 × 8 µm. Adapted from [35]
(National Academy of Sciences, copyright 2004).

NWs were able to detect streptavidin binding down to 10 pM, a
sensitivity limit that rivals previously published studies involv-
ing single-molecule stochastic binding [38].

In 2004, we achieved the limit of biological detection—single
particle sensitivity—by detecting, in real time, the reversible
and selective binding of virus particles to antibody-modified
NWFETs [35]. When a single virus particle binds to a receptor
linked to the surface of a NWFET detector, it yields a conduc-
tance change due to the change in NW surface charge; when the
virus particle subsequently unbinds, the conductance returns
to the baseline [see Fig. 2(a)]. Delivery of a highly dilute in-
fluenza A virus solution, on the order of 80 aM (10−18 M) or
50 viruses/µL, to our NW detectors yielded well-defined, dis-

Fig. 3. (a) Schematic illustration of an NWFET configured as a protein sen-
sor with antibody receptors (blue). (b) Complementary sensing of PSA using
p-type (NW1) and n-type (NW2) devices. Points 1–5 correspond to the addi-
tion of PSA solutions of (1, 2) 0.9 ng/mL, (3) 9 pg/mL, (4) 0.9 pg/mL, and
(5) 5 ng/mL. Adapted from [36] (Nature Publishing Group, copyright 2005).

crete conductance changes [see Fig. 2(b)] that are characteristic
of binding and unbinding of single positively charged influenza
viruses. Definite proof that the discrete conductance changes
observed in these studies were due to binding and unbinding
of a single virus was obtained from simultaneous optical and
electrical measurements using fluorescently labeled influenza
viruses. The simultaneously recorded optical data in Fig. 2(c)
show that as a virus diffuses near an NW device, the conduc-
tance remains at the baseline value, and only after binding at the
NW surface does the conductance drop in a quantized manner.
As the virus unbinds and diffuses from the NW surface, the
conductance returns rapidly to the baseline value.

The exquisite sensitivity and selectivity of NWFET detectors
was subsequently demonstrated by several groups in the context
of protein detection. In 2005 [36], we explored the sensitivity
limits of NWFETs functionalized with monoclonal antibodies
that were specific to cancer detection markers such as prostate-
specific antigen (PSA), as shown schematically in Fig. 3(a).
Distinct p- and n-type NW device elements were incorporated
in a single chip, and data recorded simultaneously from p-type
and n-type devices [see Fig. 3(b)] showed reversible conduc-
tance increase and decrease, respectively, during delivery of
PSA followed by buffer solution (indicated by the arrows). The
data shown represent detection down to 0.9 ng/mL, but detection
of PSA is routinely achieved with an SNR >3 for concentrations
down to 75 fg/mL, or approximately 2 fM [36]; this represents
a sensitivity limit 104–109 times below that afforded by state-
of-the-art ion sensitive planar FETs [39]–[41]! It is important
to note that these exquisite sensitivities were also verified by
a different group in 2007 that used top-down fabricated NWs,
demonstrating the broad applicability of nanostructured materi-
als in biological sensing [42].

B. Advantages of Nanoscale Morphology
for Cellular Interfaces

A major advantage of NWFETs relates to the coupling be-
tween the NW and cells. The formation of a tight junction
between a cell or cellular projections and the semiconductor
surface is important in determining sensitivity, i.e., it is im-
portant to minimize the junction gap when measuring local
field changes given the high ionic strength (ca. 150 mM) of
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Fig. 4. Schematic diagram outlining unique advantages of bottom-up NW
assembly, including (a) nanotopographic morphology, (b) ability to assemble
devices on flexible, transparent substrates, (c) assembly of distinct NW materials
on the same chip, and (d) high spatial resolution of NW devices, where S and
D correspond to source and drain electrodes.

cell culture medium. On a perfectly flat surface, this gap is
on the order of tens of nanometers, a result of the finite size
of adhesion/transmembrane proteins [18]. NWs, however, are
freestanding structures that protrude from the surface of the
substrate, and are expected to form naturally tighter junctions
with the local cell membrane than is possible with a planar
device [see Fig. 4(a)].

Cellular adhesion and guidance may be further enhanced
by unique interactions between the nanotopographic surface
and cell membrane. For example, intimate contact was recently
demonstrated in the case of supported lipid bilayer–carbon nan-
otube hybrids, where a nanotube was shown to act as a bar-
rier to the diffusion of membrane-bound proteins [43]. In the
specific case of cells, it has been demonstrated that nanos-
tructured surfaces formed by carbon nanotube networks or
etched silica promote cellular adhesion, spreading, and guid-
ance, even in the absence of conventional adhesion factors such
as polylysine [44]–[47]. Dense, freestanding arrays of semicon-
ductor NWs have been shown to be biocompatible substrates
that can actually promote filopodia formation and axonal out-
growths [48], [49]. Moreover, sparse NWs arrays were shown to
direct axonal growth over large areas and with high spatial res-
olution; these arrays in fact promoted the formation of focal ad-
hesions, which are critical for tight cell–substrate junctions [50].
Taken together, these findings indicate that NWFETs could serve
not only as sensitive electronic devices, but also as nanoscale
interfaces that promote unique and favorable substrate–cell
interactions.

One final aspect of nanostructured surfaces that warrants em-
phasis is their effect on ion-channel function. Two separate
groups demonstrated that neurons cultured on CNT mats exhibit
enhanced spiking activity (versus those cultured on planar con-
trol surfaces), and suggest that the conductive, nanostructured

surface enhances membrane excitability [51], [52]. Whereas
these studies warrant further mechanistic investigations, they
provide additional evidence that nanostructured surfaces form
unique interactions with the cell membranes that have not been
realized in the context of planar electronic devices.

II. DEVICE FABRICATION

Our method of bottom-up assembly involves growth of NWs
by the well-established nanocluster-catalyzed vapor–liquid–
solid technique [22]–[24], assembly of the NWs on a substrate,
then interconnection and metallization using lithography [53].
A true advantage of this technique, which outlines a strength of
bottom-up assembly in general, is that NWs can be assembled
on nearly any type of surface, including those that are typically
not compatible with standard CMOS processing, such as flexible
plastic substrates [see Fig. 4(b)] [54]–[56]. A second advantage
is that sequential patterning and assembly steps enable fabrica-
tion of distinct NW devices on a substrate, as indicated by the
blue and green NWs in Fig. 4(c). Similar or distinct NWs, such
as p- and n-type materials, can thus be readily fabricated into
functional device arrays using photo- or electron-beam lithog-
raphy, followed by metallization and dielectric passivation of
the metal regions [53].

A. NWFET Fabrication

Device arrays are fabricated by aligning NWs on the sur-
face of a substrate using either fluid-based or contact printing
techniques [54], [57]. Both methods yield highly aligned NWs
with pitch that can be rationally varied between tens of microns
to as small as tens of nanometers. Interconnects are defined
lithographically, then metallized to form Ohmic contacts with
the NWs [53]. Using this method, tens or more devices can
be obtained on a single chip, enabling many experiments to
be attempted in parallel. The device pitch is defined by NW
spacing and the design of the lithography pattern; device arrays
with pitches from more than 50 µm to 400 nm and below have
been designed using this approach [57], [58]. Notably, these
high-density arrays enable electronic interfaces to individual
subcellular features, such as axons and dendrites; this spatial
resolution is difficult to achieve by other conventional means
[see Fig. 4(d)].

B. Device Characteristics

Fig. 5 shows conductance versus water-gate measurements
[53] for three typical NW devices submerged in electrophys-
iology medium [56]. The conductance (G) versus water-gate
voltage (Vg ) data show that the p-type NW devices all turn
off (exhibit threshold voltages) close to or positive of Vg = 0.
In the ON-state, the maximum device sensitivities, dG/dVg , at
Vg = −0.2 are 23, 32, and 22 µS/V for the devices represented
by the red, green, and blue traces, respectively.
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Fig. 5. Conductance versus water-gate voltage for three representative
NWFET devices. Inset: Scheme representing experimental setup, which in-
cludes: (red) NW, (yellow/navy) passivated contact electrodes, (blue) electrolyte
solution, and (green) Ag/AgCl reference/gate electrode.

III. NW–NEURON INTERFACES

A. Surface Patterning

Efficient design of hybrid nanoscale nanoelectronic/neuron
interfaces requires a surface-patterning scheme that incorporates
both cellular attachment factors at the devices and cell adhesion
sites and inert regions elsewhere on the chip. This method of
heterogeneous patterning can be utilized to achieve neuronal
adhesion and growth across one or many NW devices, while
preventing unwanted adsorption on other regions of the chip. In
several recent studies [59]–[61], sparsely plated neurons were
cultured on patterned polylysine, with neurite growth guided
along micropatterned lines. The neurons were viable for up to
17 days and exhibited healthy electrophysiological properties
and synaptic connections. These findings provide strong support
that healthy micropatterned neurons also can be incorporated
into neuron/NW hybrid devices with high yield.

In the specific case of neuron/NW studies [58], surfaces were
patterned after device fabrication using a two-step process. First,
the surface was reacted with a fluorinated silane, which is known
to form one of the most hydrophobic self-assembled monolayers
achievable on a smooth surface [62], and is therefore, effective
at preventing cell adhesion. Photolithography followed by poly-
D-lysine adsorption and removal of the resist yielded distinct
regions of attachment factor. Fig. 6(a) represents a pattern that
includes regions for soma adhesion and narrow lines designed to
direct neurite growth across single NW devices. Microscopy of
a fixed culture [see Fig. 6(b)] reveals that neurite growth is con-
fined to the patterned lines and that a good yield of neurite/NW
junctions can be achieved.

B. Characterization of NW/Neuron Interfaces

We assessed the ability of NWs to record extracellular field
changes by fabricating arrays of hybrid devices consisting of
distinct soma with axonal growth guided across single NW de-
vices [see Fig. 7(a)] [58]. Fig. 7(b) shows the behavior of one
of these devices, which exhibits good temporal correlation be-
tween IC potentials and the signal recorded by the interfaced
p-type NWFET. The direct correlation between the IC and p-
type NW trace indicates that depolarization results in negative

Fig. 6. NW/neuron interfaces. (a) Schematic of interconnected neuron motif
and (b) SEM image of fixed neurons exhibiting a neural network where multiple
neurites are interfaced with (red arrows) NW devices. Inset: Zoom depicting
an axon (denoted by yellow dotted lines) guided between source and drain
electrodes across an NWFET (highlighted by blue arrow).

Fig. 7. (a) Optical image of a cortical neuron aligned across an NWFET;
scale bar is 10 µm. Inset: High-resolution image of region where (red arrow)
axon crosses (yellow arrow) an NW. (b, red trace) IC potential of an aligned
cortex neuron (after 6 days in culture) during stimulation with a 500-ms-long
current injection step of 0.1 nA; (b, black trace) time-correlated signal from
axon measured using a p-type NWFET. (c) Optical image of a cortical neuron
interfaced to three of the four functional NWFETs in an array; scale bar is
20 µm. (d) Trace of pulses applied to NW1 for antidromic stimulation of the
neuron. The response was measured by the NW–dendrite junctions at NW2
and NW3. Adapted from [58] (American Association for the Advancement of
Science, copyright 2006).

charging of the extracellular space around the NW. This is ex-
pected in cases where the membrane expresses a relatively high
Na+ ion-channel density [33] (known to be the case in mam-
malian neurons, and axons in particular [63]–[65]) and is consis-
tent with observations from mammalian neurons interfaced with
planar FETs [19]. One important point to note is that the typical
active junction area for NW/axon interfaces is 0.01–0.02 µm2 ,
at least two orders of magnitude smaller than microfabricated
electrodes and planar FETs [19]. The high spatial resolution
enabled by NWFET interfaces opens up new avenues for mul-
tiplexed recordings from single neurons.

C. Multiplexed NW/Neuron Interfaces

One example of multiplexed hybrid structures consists of a
central cell body and four peripheral SiNWs arranged at the
corners of a rectangle; polylysine patterning promotes neurite
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Fig. 8. NW/heart interfaces. (a) Experimental setup showing heart on NWFET
chip in temperature regulated cell. Arrows show (red) position of heart, (yellow)
Ag/AgCl reference electrode, and (blue) source/drain interconnect wires. (b, top)
Magnified image of heart on surface of planar chip; scale bar is 4 mm. (Bottom)
Zoom of dotted region in upper image showing three pairs of NWFETs; scale
bar is 150 µm. (c) Simultaneous recordings from (black trace) a glass pipette
and (red trace) an NW device. Adapted from [56] (American Chemical Society,
copyright 2009).

growth across these elements. A representative optical image
[see Fig. 7(c)] shows one NW–axon and two NW–dendrite el-
ements at positions 1, 2, and 3, respectively. This multi-NW–
neurite array was used to study spike propagation in the absence
of an IC microelectrode with NW1 as a local input to elicit
action potential spikes. After stimulation with a biphasic pulse
sequence [see Fig. 7(d)], backpropagation of the elicited action
potential was detected in the two dendrites crossing elements
NW2 and NW3. The lack of observed signal from NW4 demon-
strates the absence of crosstalk in the hybrid device array.

IV. NW–HEART INTERFACES

Whole tissue, for example, the heart, represents another sys-
tem where NW devices could be used to collect electrophysi-
ological information. Activation sequences across the surface
of the heart have been measured using macroscale metallic
electrodes [66], optical microscopy of dyed tissue [6], and
MEAs [16], [17], but none of these techniques has been minia-
turized to achieve single-cell resolution. However, given the
complexities of activation sequences, cellular or subcellular-
level interfaces with cardiac tissue could be crucial for better
understanding cardiac dysfunction, such as, for example, ar-
rhythmia [3], [67], [68].

A. Characterization of Heart/NW Interface

We used live hearts from embryonic chickens (E10-E15 stage)
as a model system for studying tissue/NW interfaces. In a typ-
ical experiment with a planar NWFET chip configuration [see
Fig. 8(a) and (b)], a freshly isolated heart was placed on top of
the active device region of a heated sample chamber [56]. After
a brief period of equilibration with electrophysiology medium,
hearts beat spontaneously at a typical frequency of 1–3 Hz. Ini-

Fig. 9. (a) Expansion of single fast transients recorded from a heart for (red)
Vg = −0.4 V, (green) 0 V, and (blue) 0.4 V. (b) Plots of (red) peak conductance
amplitude and (blue) calibrated peak voltage amplitude versus Vg for same ex-
periment shown in a. Adapted from [56] (American Chemical Society, copyright
2009).

tially, the NWFET response to beating hearts was carried out by
simultaneously recording signals from an NWFET and from a
conventional glass pipette electrode inserted into the heart. Rep-
resentative data [see Fig. 8(c)] show close temporal correlation
between initial sharp peaks recorded by the two distinct mea-
surements, although the pipette peak occurs ca. 100 ms before
the NWFET peak in each beat. The consistent time difference
is expected since the pipette was inserted into a spatially remote
region with respect to the NWFET devices. Examination of in-
dividual NW signals reveals an initial fast phase (full-width at
half maximum, FWHM = 6.8 ± 0.7 ms) followed by a slower
phase (FWHM = 31 ± 9 ms), where these two phases can be
attributed to transient ion-channel current and mechanical mo-
tion, respectively. NWFET signals exhibiting the fast followed
by slow phases were recorded in 85% of our >75 independent
experiments, and thus, demonstrate the reproducibility of our
NW-based recording approach for tissue measurements [56].

The peaks recorded with our NWFETs [see Fig. 8(c)] exhibit
excellent S/N. The observed conductance changes associated
with these peaks do, however, depend on the device sensitiv-
ity. To illustrate this point and provide voltage calibration for
the peaks, data were recorded at a variety of applied water-
gate potentials. NWFET results from a beating heart with the
water-gate varied from −0.4 to 0.4 V [see Fig. 9(a) and (b)]
show a decrease in the magnitude of the fast transient conduc-
tance change from ca. 55 to 11 nS, which is correlated with
the decrease in device transconductance over this same range
of water-gate potentials. Notably, the voltage-calibrated signal
determined using the device transconductance [see Fig. 9(b)]
was essentially constant at 5.1 ± 0.4 mV for this same variation
of water gate voltage. These results confirm the stability of the
interface between the NWFETs and beating heart, and highlight
the necessity of recording explicit device sensitivity to interpret
corresponding voltages [56].

B. Transparent and Flexible Substrates

NWs and carbon nanotube FETs can be fabricated on flexible
plastic substrates [54], [55], [69], and thus, open up the possi-
bility of making chips that can be readily deformed to tissue and
organs or used for in vivo studies, as demonstrated in the case of
polymer-based passive MEAs [70], [71]. We have explored this
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Fig. 10. (a) (Yellow arrow) Heart located underneath bent substrate with
NWFETs on the lower concave face of the substrate. (b, left) Top-down pho-
tograph of same system, which enables overall registration between heart and
lithographically defined markers on the substrate. (Right) Optical image taken
with same system showing features on the heart surface versus position of in-
dividual NW devices, which are located along the central horizontal axis. Scale
bar is 150 µm. (c) Recorded conductance data from an NWFET in the configu-
ration shown in (a). Adapted from [56] (American Chemical Society, copyright
2009).

concept by assembling active NWFETs on 50-µm-thick flexible
and transparent Kapton substrates. These flexible and transpar-
ent NWFET chips enable simultaneous optical imaging and
electronic recording in configurations that are not readily acces-
sible with traditional planar device chips, yet advantageous for
producing diverse, functional tissue–device interfaces. A bent
device chip with concave surface facing a beating heart im-
mersed in medium [see Fig. 10(a)] illustrates this capability. We
note that the chip is readily integrated into an upright microscope
and allows for both visual inspection, which enables rough ori-
entation of the device array to the heart, and higher resolution
imaging through the transparent substrate while recording from
NWFET devices [see Fig. 10(b)]. Our capacity for simultane-
ous imaging of tissue and devices enables their registration at
the level of the entire organ down to that of individual cells.

Notably, recording from a representative NWFET device in this
inverted configuration [see Fig. 10(c)] demonstrated excellent
S/N peaks correlated with the spontaneously beating heart. The
average magnitude of the conductance peaks, 164 ± 7 nS, and
calibrated voltage, 4.5 ± 0.2 mV, are similar to that recorded
in more traditional “planar” configuration. In addition, similar
recording was achieved on beating hearts in which bent chips
were oriented with convex NWFET surface wrapped partially
around the heart. Taken together, these results demonstrate that
our flexible and transparent NW chips can be used to record
electronic signals from organs in configurations not achievable
by conventional electronics [56].

V. NW–CARDIOMYOCYTE INTERFACES

Our studies of neurons [58] and heart tissue [56] demonstrate
that NW devices can be used as a general platform to investigate
electrogenic biological systems. A separate group also demon-
strated that lithographically patterned top-down NWFETs can
be used to record signals from rat cardiomyocytes and monolay-
ers of rat aortic smooth muscle cells with high S/N and millivolts
amplitudes [72]. In our own laboratory, we investigated cultured
cardiomyocyte monolayers in a new manner and probed the re-
lationship between interfaces and signal magnitude [73]. This
relationship, though never studied in the context of NW devices,
is critical to understand given the unique interactions that exist
between cells and nanoscale structures [45]–[52].

A. Characterization of NW/Cardiomyocyte Interfaces

We developed a flexible scheme for interfacing cardiomy-
ocytes and cells in general with NWFETs. Chips were fabri-
cated using the same process used for neuron and heart stud-
ies [56], [58] [see Fig. 11(a)]. Separately, embryonic chicken
cardiomyocytes were cultured on 100–500-µm-thick, optically
transparent and flexible pieces of polydimethylsiloxane (PDMS)
[see Fig. 11(b)] to form cell monolayers, and then a PDMS/
cardiomyocyte substrate was transferred into a well, which
contained extracellular medium, over the NWFET chip [see
Fig. 11(c)]. PDMS/cardiomyocyte cell substrates were posi-
tioned using an x–y–z manipulator under an optical microscope
to bring spontaneously beating cells into direct contact with the
NWFETs [see Fig. 11(d)]. This approach enabled us to contact
specific monolayer regions with specific devices, and subse-
quently change the region that was being monitored with the
NWFETs.

The ability to manipulate the PDMS/cell substrate indepen-
dent of the NWFET chip also enables us to identify specific
cardiomyocyte regions using an optical microscope, place the
desired cell or cell network over NWFET devices, and then
record from the desired region. Two examples are shown in
Fig. 12. In the first case, a patch of spontaneously beating cells
was located [red dashed line, see Fig. 12(a)] and placed over
a specific device [yellow arrow, see Fig. 12(a)]. Conductance
versus time data recorded was then recorded [see Fig. 12(b)],
and yielded an average signal amplitude of 53.2 ± 4.0 nS and
relatively large calibrated voltage of 4.2 ± 0.3 mV. In a sec-
ond example, a comparatively distinct cell in a cardiomyocyte
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Fig. 11. (A) NWFET chip, where NW devices are located at the central re-
gion of chip. The visible linear features (gold) correspond to NW contacts and
interconnect metal. Zoom-in showing a source (S) and two drain (D) elec-
trodes connected to a vertically oriented NW (blue arrow) define two NWFETs.
(b) Cardiomyocytes cultured on thin flexible pieces of PDMS, where (green)
one piece is being removed with tweezers. (c) PDMS substrate with cultured
cells oriented over the device region of the NWFET chip. The green needle-like
structure indicates the probe used to both manipulate the PDMS/cell substrate
to specific NW device locations. (d) Schematic of (black arrow) a cardiomy-
ocyte oriented over (green arrow) an NW device. Adapted from [73] (National
Academy of Sciences, copyright 2009).

Fig. 12. (a) Patch of (red dashed oval) beating cells over (yellow arrow) an
NWFET; scale bar is 40 µm. (b) Conductance versus time signals recorded from
this cell patch. (c) Distinct patch of (red dashed oval) beating cells over (yellow
arrow) an NW device; scale bar is 20 µm. (d) Conductance versus time signals
recorded from the cells. Adapted from [73] (National Academy of Sciences,
copyright 2009).

monolayer was located [red dashed line, see Fig. 12(c)] and
placed over a different device [yellow arrow, see Fig. 12(c)].
The recorded conductance versus time data from the sponta-
neously beating cell yielded an average amplitude of 19.1 ± 3.1
nS and 2.1 ± 0.3 mV [see Fig. 12(d)]. Importantly, our ability
to identify and register specific cellular regions over NWFET
elements has not been demonstrated previously for either pla-
nar or nanoscale FET where cells have been cultured directly
over device chips. This capability opens up the possibility of

a number of interesting studies in the future, including multi-
plexed recording from well-defined multicellular configurations
as well as multiplexed measurements at the single cell level for
subcellular resolution investigations.

These basic results for NWFET recording from
PDMS/cardiomyocyte samples can be compared to pre-
vious studies of cardiomyocytes. For example, studies of
cardiomyocyte monolayers cultured on conventional planar
FET devices have yielded peaks with S/N of 2–6 and amplitudes
from 0.2 to 2.5 mV [12], [13]. In general, our NWFETs yield
better S/N with values >4 and a maximum of 25 observed
(see Section B). In addition, the typical calibrated voltages
recorded in our measurements are similar to or greater than
the largest values reported previously. The improvement in
peak amplitude is consistent with the fact that the nanodevices
protrude from the plane of substrate, and hence, can increase
NW/cell interfacial coupling [43]–[52], an observation that is
consistent with previous reports by us and others on cultured
neurons [58], embryonic hearts [56], and muscle cells [72].

B. Cell Substrate Displacement Experiments

The ability to manipulate the PDMS/cell substrate indepen-
dent of the NWFET chip also opens up new opportunities com-
pared with cells cultured directly on device arrays. For example,
we have carried out experiments to investigate the relationship
between recorded signal magnitude and NWFET-PDMS/cell by
using a micropipette to displace the PDMS a fixed distance as
represented schematically in Fig. 13(a). Representative conduc-
tance versus time data recorded from a spontaneously beating
cardiomyocyte monolayer using the same NWFET device ex-
hibited an increase in peak amplitude from 44 ± 3 to 72 ± 4 nS
as the PDMS was displaced 9.8 µm toward the device. We note
in both positions shown that the changes in NWFET/cell inter-
face are stable. A direct comparison of single peaks recorded
for ∆Z values of 0, 8.2, 13.1, and 18.0 µm shows a consistent
monotonic increase in peak amplitudes from 31 to 72 nS. In ad-
dition, this high-resolution peak comparison demonstrates that
there is no observable change in peak shape or peak width over
this >2x change in amplitude, and that the peak width is consis-
tent with time scales for ion fluxes associated with ion-channels
opening/closing [12].

A plot of our experimental results [see Fig. 13(d)] summa-
rizes clearly the systematic 2.3-fold increase in conductance
and calibrated voltage peak amplitude, and moreover, demon-
strates these amplitude changes are reversible for experimental
data recording on increasing and decreasing PDMS displace-
ment. Last, separate experiments designed to push the limits
of PDMS/cell displacement [see Fig. 13(e)] showed very large
conductance versus time peaks with average conductance am-
plitude of 299 ± 7 nS and calibrated voltage of 10.5 ± 0.2 mV.
These results were very stable suggesting no adverse affect on
the cardiomyocytes, although even larger displacements could
ultimately lead to irreversible changes and cessation of spon-
taneous beating. Recent studies of Aplysia neurons cultured on
planar FET devices have also reported an increase in peak am-
plitude when the cell body was displaced [15]. In both cases,
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Fig. 13. (a) Schematic illustrating displacement (Z) of the PDMS/cell substrate
with respect to an NWFET device. (b) Two representative traces recorded with
same device for �Z values of (blue) 8.2 µm and (red) 18.0 µm. (c) High-
resolution comparison of single peaks recorded with �Z values of (purple) 0,
(blue) 8.2 (blue), (green) 13.1, and (red) 18.0. (d) Summary of the recorded
conductance signals and calibrated voltages versus �Z, where the open red
circles (filled blue triangles) were recorded for increasing (decreasing) �Z.
(e) Data recorded in distinct experiment at �Z close to cell failure. Adapted
from [73] (National Academy of Sciences, copyright 2009).

the enhanced signal amplitudes can be attributed to a decrease
in gap between the cell membrane and devices, although future
studies will be needed to quantify such junction changes.

C. Multiplexed Recording With NWFETs

Multiplexed measurements from NWFET arrays have been
reported previously in the context of other biological sys-
tems [35], [36], [42], [56], [58]. To this end, we carried out
multiplexed measurements using the NWFET arrays interfaced
with cardiomyocytes. The devices used in these studies were
configured in a linear array [see Fig. 14(a)] with an average

Fig. 14. (a) Optical micrograph showing three NWFET devices (NW1, NW2,
and NW3) in a linear array, where pink indicates the area with exposed NW
devices; scale bar is 150 µm. (b) Representative conductance versus time sig-
nals recorded simultaneously from NW1, NW2, and NW3. (c) High-resolution
comparison of the temporally correlated peaks highlighted by the black dashed
box in (b). Adapted from [73] (National Academy of Sciences, copyright 2009).

spacing of 300 µm so that signal propagation within cardiomy-
ocyte monolayers could be characterized. Simultaneous record-
ing from NW1, NW2, and NW3 devices in contact with sponta-
neously beating monolayer [see Fig. 14(b)] yield very stable and
high S/N (∼10) peaks with amplitudes of 50 ± 5, 43 ± 3, and
102 ± 15 nS, respectively. Using the individually characterized
sensitivities for NW1, NW2, and NW3 further give calibrated
voltages of 4.6 ± 0.4, 4.0 ± 0.3, and 5.9 ± 0.9 mV, respectively,
where the relative large magnitude indicates a good junction is
formed between each of the NWFETs and PDMS/cell substrate
in the experiment. To determine robustly the time differences
between the signals recorded by the three devices we used a
cross-correlation methodology [74], [75], although the time dif-
ference can also be roughly estimated from comparison single
peaks from the three devices, as shown in Fig. 14(b). The time
shifts between devices derived from the cross-correlation anal-
ysis of the full data traces show that the average time delay
between NW1 and NW2, NW1 and NW3, and NW2 and NW3
is 1.4 ± 0.3, 5.6 ± 0.2, and 4.3 ± 0.3 ms, respectively. These
results and device separations yield propagation speeds of 0.07–
0.21 m/s that are consistent with other measurement on mono-
layers of neonatal rat cardiomyocytes [76]. The variation in
propagation speeds is not surprising given the monolayer inho-
mogeneity and suggests an important future direction. Specifi-
cally, high-resolution multiplexed NWFET recording combined
with optical imaging will enable details of both intra- and inter-
cellular propagation to be characterized for well-defined cellular
structures.

VI. CONCLUSION AND PROSPECTS

In recent years, NW devices have been implemented as a
broad platform to electronically interface with cells and tissue,
demonstrating several key points. First, NWFETs were used
to measure signals from individual cells and tissue. Calibrated
signals measured by two different groups were consistently in
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Fig. 15. Overview of a bottom-up paradigm for NW nanobioelectronic
interfaces.

millivolts range [56], [58], [72], [73]. These signals are con-
siderably larger than those measured using planar, lithograph-
ically patterned FETs or MEAs [8]–[21], possibly because
of enhanced coupling between the nanoscale device and cell
membrane. This important issue of signal magnitude was sub-
sequently investigated by confirming a direct correlation be-
tween signal magnitude and (a) device sensitivity (transconduc-
tance) [56], [73] and (b) interface quality between cells and
substrate [73]. A second distinct point relates to spatial resolu-
tion. NW devices were used to connect with individual neurons
at the level of individual axons or dendrites [58], and with heart
tissue [56] or cardiomyocytes at the subcellular level. The ul-
timate device pitch, which has been demonstrated at the sub-
micron level [58] and could be reduced to as small as tens of
nanometers, is much better than has been demonstrated with
lithographically defined devices [8]–[20] or with optical tech-
niques [3]. Multiplexed recording from these devices has subse-
quently enabled signal mapping in the context of neurons, heart
tissue, and cardiomyocytes [56], [58], [73].

The methods presented in this study represent a general and
flexible approach for creating hybrid nanoelectronic–biological
devices that could serve as the foundation for new, fundamental
studies and novel directions in biomedical research and appli-
cations, as summarized in Fig. 15. A remarkable property of
NWs, at the most fundamental level, is that their material com-
position and corresponding properties can be tuned at the time
of synthesis. This opens up future opportunities in the design
of ultrahigh sensitivity transistors through band structure en-
gineering [23], [28], incorporation of photonic materials for
light-addressable interfaces with photoactive cells [77], or use
of novel geometries (e.g. branched NWs [78], [79]) to further
improve device-membrane coupling.

Although the nanostructures reviewed in this article have
been used as extracellular interfaces, NWs are also particu-
larly well suited for IC measurements because of their 1D mor-
phology. In recent studies, mammalian cells were cultured on
vertical, freestanding arrays of Si or GaP NWs; many of the
NWs penetrated the cell membrane, accessing the IC region.

Cells cultured in this fashion remained viable for at least several
days [48], [49]. Arrays of suspended or vertical, freestanding
NW transistors [80]–[82] could be used to obtain multiplexed
IC data, a feat that cannot be easily accomplished using conven-
tional patch clamp electrophysiology [1]–[4], or might be used
for IC stimulation.

Elaboration on the modes of NW detection represents another
direction of basic research. For example, nanoscale sensors have
already been used to detect the release of chromogranin A from
the presynaptic terminal of neurons [83], secretion of the en-
zyme metalloprotease 9 from human macrophages, [84], and
acidification near T-cells after an immune response [85]. In the
future NW device arrays might be used to correlate electronic
signaling with chemical release or could be used to simulta-
neously detect a matrix of biologically relevant species. These
techniques, which would push the boundaries of present tech-
nologies, could lead to new drug assays or breakthroughs in
fundamental bioscience.

Finally, NWs could serve as a foundation for new and pow-
erful prosthetic devices. Significantly, NW devices could be
assembled on biocompatible substrates for long-term implants
that might avoid issues that exist with conventional devices, such
as delamination of the metallic electrode surface and inflamma-
tion and astrocyte accumulation at the site of the surrounding
tissue [86]–[89]. NW devices that form intimate extracellular or
IC connections with excitable cells and tissue might furthermore
be used for functional prosthetics, which could complement cur-
rent technology used to address problems such as spinal cord
injuries [90] and blindness [91], [92].
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G. J. Stuart, and M. Häusser, “Dendritic patch-clamp recording,” Nat.
Protocols, vol. 1, no. 3, pp. 1235–1247, 2006.

[5] M. Zochowski, M. Wachowiak, C. X. Falk, L. B. Cohen, Y.-W. Lam,
S. Antic, and D. Zecevic, “Concepts in imaging and microscopy - Imaging
membrane potential with voltage-sensitive dyes,” Biol. Bull., vol. 198,
no. 1, pp. 1–12, 2000.

[6] I. R. Efimov, V. P. Nikolski, and G. Salama, “Optical imaging of the heart,”
Circ. Res., vol. 95, no. 1, pp. 21–33, 2004.
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