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6.1
Introduction

Each second, the 80 billion neurons in the human brain send and receive many
electrical impulses known as spikes or action potentials. To understand how these
signals represent our perceptions, thoughts, and actions, scientists are seeking
improved bioelectronic interfaces that can simultaneously detect and manipulate
the activity of many individual neurons. With the tools available today, scientists
can simultaneously record electrical activity from several hundred neurons at a
time in the mammalian brain [1–3]. This number, however, is a tiny fraction of
the tens of thousands of neurons thought to participate in computational tasks
related to sensory perception and behavior.

To interact with greater numbers of cells, future bioelectronic interfaces
must undergo radical technological advances. One promising approach utilizes
nanotechnology borrowed from semiconductor manufacturing to create tiny
bioelectronic interfaces that can increase the number of cells recorded during an
experiment and improve the signal to noise ratio of these recordings. Nanotech-
nology is one of many emerging methods to record neural activity giving scientists
more freedom in selecting methods that best meet the needs of their experiment.
The main advantage of nanotechnology is the clear path toward large-scale
high-temporal resolution measurements. Alternative approaches like voltage
or calcium sensitive fluorescence enable scientists to identify specific cells and
cell types responsible for recorded signals, but the response times of fluorescent
molecules that can be used in vivo are typically several milliseconds [4–6] – much
slower than the 10 kHz sampling rates of typical electrical probes. Electrical tech-
niques can be improved without nanoscale integration. For example, automated
patch-clamping robots can replace traditional manual electrophysiology [7], but
without a chip-scale solution to hardware like micromanipulators, it is difficult
to achieve the same parallelization possible with semiconductor nanofabrication.
While any particular experiment may employ one or several different neural
interfaces, we focus this chapter on recent demonstrations of nanodevices that
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130 6 Nanotechnologies for the Bioelectronic Interface

may provide the foundation for highly parallel minimally invasive bioelectronic
interfaces. We also discuss the principles behind nanoscale bioelectronic
interfaces and what may lie ahead for this technology.

6.2
Modeling the Bioelectronic Interface

The primary goal of many bioelectronic interfaces is to selectively record and
control the transmembrane potential (V m) of many neurons within the brain. To
reach this goal, future interfaces should provide a scalable single-cell recording
and stimulation technology, that is, each electrode should be easily reproduced
over large areas to create a massively parallel interface to large numbers of cells.
To understand how effective any potential electrode design may be, it useful to
develop an equivalent circuit model and calculate the electronic coupling strength.
This coupling strength describes the magnitude of the recorded signal compared
to the true transmembrane potential (V out/V m).

The equivalent circuit model used by Zeck and Fromherz and later adapted by
Hai et al., and Robinson et al., serves as a good approximation for calculating the
electronic coupling strength of electrodes near the cell body [8–10]. We define
the coupling strength for recording as the ratio of the measured voltage signal
relative to the change in the transmembrane potential (ΔV out/ΔV m), and calcu-
late this value using our equivalent circuit. To simplify the analysis we will not
consider the roles of specific ion channels. Instead, we will combine all the ion
channels in to a representative membrane resistance (Rm) and a reversal potential
that is equal to the cell’s resting membrane potential (V rest) (Figure 6.1). We can
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Figure 6.1 Equivalent circuit model of the
bioelectronic interface. The measured poten-
tial (Vout) primarily depends upon the access
resistance (Ra), the seal resistance (Rs), and
the resistance and capacitance of the patch
of membrane and the electrode junction
(Rj and Cj , respectively). The membrane resis-
tance (Rm) and capacitance (Cm) determine

the membrane time constant. In the absence
of an applied current the membrane poten-
tial (Vm) is equal to the resting potential
(V rest). Using this equivalent circuit model
we can calculate the electronic coupling
strength (ΔVout/ΔVm) and plot this value
as a function of Rs and Ra as shown in
Figure 6.2.
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then model the patch of membrane covering the electrode as a having a junction
resistance (Rj) and a junction capacitance (Cj). We can then simulate an action
potential by driving V rest with a typified action potential waveform and calculate
the maximum ΔV out/ΔV m. Note that to simply illustrate the effects of the access
and seal resistances we have ignored the many non-linear terms that affect real
electrical interfaces. As a result, this model reproduces the qualitative effects of
the seal and access resistances; however, the reader is encouraged to refer to the
many papers on detailed modeling of the cell-electrode interface for a more com-
plete model that includes the effect of the bath solution and the spatial extents
of the neuron [11, 12]. These terms are necessary to reproduce the waveform of
typical extracellular recordings [11, 12].

With our equivalent circuit model we can now plot ΔV out/ΔV m as a function of
Rs and Ra to reveal three qualitatively different coupling regimes that we refer to
as: (i) Extra-cellular, (ii) Intra-cellular, and (iii) In-cell (Figure 6.2). We discuss the
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Figure 6.2 Electronic coupling regimes. Cal-
culating the voltage during a simulated
action potential using the equivalent circuit
model in Figure 6.1 allows us to plot the
coupling strength (ΔVout/ΔVm) as a func-
tion of Ra and Rs. This plot reveals extra-,
intra-, and in-cell regimes divided roughly

by the dashed lines in the upper figure. The
input action potential waveform is shown on
the bottom left (green) while typical In-cell
and Intra-cell recorded waveforms are shown
at the bottom right (* and **, respectively).
These voltage waveforms correspond to
* and ** labeled regions in the upper plot.
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technologies associated with these different recording regimes and their advan-
tages and disadvantages in the sections below. Note that Figure 6.2 is intended to
be a qualitative representation of the three different coupling regimes. The exact
coupling coefficients and locations of the coupling regimes in this parameter space
depend on the component values used in the equivalent circuit model, which will
vary based on the properties of both the cell and the electrode.

6.3
Experimental Approaches for Extra-Cellular Coupling

Extra-cellular coupling describes most nanoscale bioelectronic interfaces includ-
ing most multielectrode arrays (MEAs) based on metallic electrodes [13], field
effect transistors (FETs) [14–16], implanted wires [17, 18], and multielectrode
probes [19, 20] (Figure 6.3). In the extra-cellular regime the cell membrane
remains intact (Ra is large) and the seal resistance between the electrode and the
cell membrane is low. The signal recorded by the electrode is therefore dominated
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Figure 6.3 Nanofabricated extra-cellular
electrodes. (a) A silicon shank containing
dozens of electrodes over a 1.3 mm length
can record from many depths when inserted
into neural tissue [20]. © J. Du, with permis-
sion. (b) Flexible electrodes and multiplex-
ers imbedded in PDMS can conform to the

surface of the brain for high-density ECoG
[21]. © Nature Publishing Group (2011), with
permission. (c) Free-floating electrodes may
be addressable within neural tissue using
ultrasound as a route for tether-less “neural
dust.” Adapted from Ref. [22], © Seo. Scale
bars: (a) 50 μm and (b) 1 mm.
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by the voltage drop that results from ionic currents flowing into and out of the cell
membrane. From Ohm’s law it can be shown that this current is proportional to
dV m/dt. Therefore the waveform measured in the extra-cellular regime typically
resembles the first derivative of an action potential and is significantly attenuated
[11, 12]. For example, single unit recordings using extracellular electrodes
typically report peak extra-cellular voltages less than 1 mV compared to the
roughly 100 mV change in V m that accompanies a typical action potential. Note
that while the exact shape of the extracellular waveform is not produced in our
simplified equivalent circuit model, the amplitude of the response is similar to
those reported in literature. To reproduce the shape of the extracellular waveform
one must include the spatial extents of the neuron and/or the properties of ionic
diffusion in the surrounding media [11, 12].

One of the main reasons that extra-cellular measurements are the dominant
form of nanoscale bioelectronic interfaces is the relative ease of establishing an
extra-cellular recording configuration. For example, culturing neurons on top
of an array of flat electrodes typically establishes extra-cellular coupling with
neurons on top of the electrode [13–16]. Similarly, thin wires and multi-electrode
probes can often establish extra-cellular coupling when implanted into the
brain [17, 18].

One of the major disadvantages of extracellular recordings, however, is that the
severely attenuated signals prevent measurement of post-synaptic potentials that
are typically 20–100 times weaker than an action potential. While the small mem-
brane fluctuations that result from synaptic input is often not sufficient to generate
an action potential, this so-called sub-threshold activity is critical for measur-
ing synaptic strengths and how these strengths change over time. This changing
synaptic strength (referred to as plasticity) is believed to be a critical component
of learning and memory and is therefore a critical quantity for many neuroscience
experiments [23, 24]. To measure sub-threshold activity scientists typically turn
to intra-cellular or in-cell recording configurations.

6.4
State-of-the-Art Extra-Cellular Nanoscale Interfaces

Although extra-cellular recordings typically have low signal to noise ratios
they are nevertheless the most common type of in vivo bioelectronic interface.
Recognizing the importance of extra-cellular recordings, scientists and engineers
are developing improved extra-cellular bioelectronic interfaces using nanofab-
rication technology. The key advantages of new nanofabricated extra-cellular
electrodes are improved electrode density and flexible substrates. For example,
ultra-high-density electrodes in silicon now feature dozens of electrodes along a
single shank only 1.3 mm long [20] (Figure 6.3a). To reduce the damage caused
by the probe and improve the longevity of the measurement scientists are also
developing electrodes on flexible substrates. Viventi et al. have used recent
developments in flexible silicon electronics [25] to create nanofabricated Pt
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electrodes and silicon multiplexers embedded in flexible polydimethylsiloxane
(PDMS) that can conform to the surface of the brain and improve the density of
electro-cortical encephalography (ECoG) [21] (Figure 6.3b). Similarly, nanowire
(NW) FETs can be incorporated into flexible SU-8 scaffolds that can be rolled
and used for 3D tissue culture [26]. These scaffolds can even be injected through
a syringe into the brain where they can unfold into a flexible mesh that can record
neuronal activity in vivo [27]. This idea of injectable neural interfaces has also
been demonstrated with microscale light emitting diodes (LEDs) on flexible sub-
strates [28]. These LEDs can then modulate brain activity by activating neurons
that express a light-gated ion channel like channelrhodopsin [29]. These early
demonstrations of injectable, flexible neural interfaces point toward implantation
procedures with reduced risk and long-term, stable neural recordings.

Future extra-cellular electrodes may dispense of substrates all together. A recent
proposal by Seo et al. has suggested that free-floating electrodes (also known as
“Neural Dust”) could be injected into the brain and addressed using a wireless
ultrasound interrogator placed on the surface of the brain [22] (Figure 6.3c). This
interrogator could then communicate through the skull to a transceiver. In this
way, the skull can be completely closed following the electrode insertion improv-
ing the longevity of the interface by reducing the risk of bacterial infections [22].
One potential challenge for silicon nanodevices for neural interfaces is the fact that
silicon has been shown to slowly dissolve under physiological conditions [30]. One
can take advantage of this fact and develop transient neural interfaces that operate
for a pre-determined period time determined before being absorbed by the body
[30]. To maintain long-term neural recording with silicon nanodevices, it is pos-
sible to coat the silicon surface with a protective water barrier like HfO2 –Al2O3
laminates that have been shown to protect NW functionality for over a year under
physiological conditions [31]. Whatever the future of extra-cellular electrodes may
be, it is clear that nanofabrication offers opportunities for improved device char-
acteristics, densities, and flexibility.

6.5
Experimental Approaches for Intra-Cellular Coupling

From the equivalent circuit analysis, it is clear that decreasing the access resis-
tance and/or increasing the seal resistance significantly improves the coupling
strength compared to the extra-cellular regime. When this improved coupling is
the result of decreased access resistance it is known as intra-cellular coupling. This
configuration is similar to the whole-cell patch or sharp electrode measurements
performed using glass micropipettes [32].

Early attempts to integrate patch clamp electrophysiology on a chip mainly
relied on creating micron scale hole arrays either in the substrate of a cell
enclosure [33–43] (so called planar-patch clamp array) or in the walls of micro-
fabricated chambers [44, 45]. These approaches are mainly successful for clonal
cells in suspension like oocytes, Human Embryonic Kidney (HEK) cells, and
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Chinese Hamsters Ovary (CHO) cells [43]. As a result, planar patch clamp tools
are primarily used to screen pharmacological compounds [43], and are not used
to investigate neural circuit or cardiac activity that necessitates the growth of an
adherent cell community.

6.6
State-of-the-Art Intra-Cellular Nanoscale Interfaces

Recently, alternatives to planar patch technology has been developed that can
record from neural and cardiac tissue. This technology is based on vertical NW
arrays that can access the interior of living cells [46–53]. Unlike traditional
micropipettes and planar patch clamp arrays, NW electrodes do not use suction
or mechanical pressure to rupture the cellular membrane. Instead, NW electrodes
can penetrate the cellular membrane by spontaneous internalization [10, 54–56]
or by electroporation [57, 58] (Figure 6.4).

While the mechanism of spontaneous internalization that allows a NW to pen-
etrate the cellular membrane is not fully understood, studies suggest this may
be a rare process that accompanies cell adhesion to a surface. In one study, Xu
et al. reported that between 7% and 11% of vertical nanostraws penetrate the
membrane of CHO cells after they adhere to the surface [59]. The authors also
showed that the percentage of nanostraws penetrating the cell membrane could
be improved by promoting cell adhesion through surface functionalization [59].
These results are consistent with reports that biomolecules decorating the surface
of vertical NWs are transferred into the cytoplasm of cells that adhere to NW-
studded substrates [50–52]. Alternative surface treatments may promote more
effective NW penetration. Tian et al. [54] and subsequent work [55, 56, 60] has
shown that the NW internalization can be facilitated by surface functionalization
using a phospholipid, and Almquist and Melosh has shown that it is possible to
reduce the force required to embed a probe in the lipid bilayer by engineering
the hydrophobicity of the NW surface [61, 62]. Interestingly, no clear evidence
of NW cell penetration was observed when cells were imaged using transmission
electron microscopy (TEM) after the cells were fixed, stained, and sectioned [63].
However, it is important to note that the significant differences in the experimen-
tal preparations makes comparisons between these results difficult to interpret.
For instance, the cell types, surface treatment, and time spent on the NW sub-
strate varied across these experiments making it difficult to compare studies of
NW penetration.

As an alternative to spontaneous cell internalization Xie et al. [57] and Robin-
son et al. [10] showed that a brief voltage pulse or constant current flux can reduce
the junction membrane resistance and achieve an intra-cellular coupling config-
uration. Xie et al. have shown that the intracellular coupling strength achieved
by electroporation decreases over time as the cell membrane repairs itself [57].
With vertical NW electrodes, the cell membrane repairs itself after approximately
10 min [57]. Subsequent voltage pulses can restore the intra-cellular coupling and
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Figure 6.4 Nanofabricated intra-cellular elec-
trodes. (a) A kinked NW FET can be inserted
into an HL-1 cell to record Vm. Adapted
from Ref. [54]. (b) Arrays of vertical NW elec-
trodes can penetrate the cell membrane of
primary neurons to both record and stimu-
late action potentials in cells grown directly

on the silicon substrate [10]. © J. Robinson.
(c) Arrays for vertical NW electrodes can also
record action potentials from inside cardiac
cells grown on the NW substrate. Adapted
from Ref. [57], NCBI. Scale bars: (a) 5 μm, (b)
1 μm, and (c) 5 μm.

this process can be repeated over several days [57]. Extended coupling times have
recently been reported by Lin et al. showing that hollow nanotubes can maintain
intracellular coupling for nearly an hour following electroporation [58].

The major advantage of the nanoscale intra-cellular electrodes like those
discussed in this section is the combination of improved signal to noise ratio
compared to extra-cellular methods and scalable fabrication compared to con-
ventional intra-cellular electrodes based on micropipettes. Because conventional
micropipette electrodes require discrete macroscale components like amplifying
headstages and micromanipulators contemporary patch clamp electrophysiol-
ogy is typically limited to only a few simultaneous measurements. The vision
for nanofabricated bioelectronics interfaces is that silicon nanofabrication
procedures will mass-produce devices with hundreds of thousands of recording
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sites on a single monolithic platform. Compared to extra-cellular electrode arrays,
we expect arrays of intra-cellular electrodes to record both action potentials and
sub-threshold activity allowing scientists to monitor synaptic input and synaptic
strengths as they evolve over time.

For intra-cellular nanoelectrodes to reach their full potential, additional work is
needed to improve their electrical performance and the stability of the interface.
While successive electroporation events can regain an intra-cellular configura-
tion, repeated electroporation may have adverse effects on cell health. Ideally an
intra-cellular electrode would maintain a stable coupling coefficient for several
days allowing scientists to monitor subtle changes in the electrophysiology and
synaptic activity. Improved coupling stability may be possible through proper sur-
face modifications like those proposed by Almquist and Melosh [61, 62] or the
lipophilic coating used by Tian et al. and others [54–56, 60]. Many of these surface
treatments, however, would prevent cells from growing directly on the substrate
or may be unstable in vivo. More work is needed to develop surface treatments
appropriate for long-term studies in vivo.

6.7
Experimental Approaches for In-Cell Coupling

As an alternative to intra-cellular coupling, the coupling strength can also be
improved by increasing the seal resistance between the electrode and the cell
membrane. In this regime, although the cell membrane remains intact, the
electrode is tightly sealed to the cell membrane and can accurately track the
transmembrane potential. This coupling configuration has been described as
“in-cell” recording by Hai et al., and has been achieved by culturing cells on top
of gold mushroom-shaped electrodes (Figure 6.5) [9, 64–67]. To further improve
the seal between the electrode and the cell, the authors coated the gold surface
with a peptide that promotes macrophagocytosis. Although the electrode does
not penetrate the cellular membrane, the capacitive coupling between the elec-
trode and the interior of the cell produces recordings that resemble intra-cellular
recording of the membrane potential. The waveform shown in Figure 6.2* shows
an example of the “in-cell” type waveforms as computed from our equivalent cir-
cuit model. The notable difference between these waveforms and the intracellular
waveforms is the exaggerated after-hyperpolarization. This artifact however, can
be corrected by deconvolving the waveform with the impulse response of the
electrode. The result of this deconvolution yields a waveform that is equivalent
to intracellular measurements [64]. Although the equivalent circuit model of
the in-cell configuration reproduces the experimentally measured waveform, the
strength of this electronic coupling is not entirely understood. Most notably, the
equivalent circuit model that best reproduces the measured waveforms requires
a membrane resistance approximately 10 times lower than what has typically
been reported. It is possible that small pores in the membrane may increase the
cell membrane conductivity however transmission electron microscope images
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Figure 6.5 In-cell electrodes. (a) Schematic of
the in-cell recording configuration. Adapted
from Ref. [64], with permission from the
Nature Publishing Group 2010. (b) Scanning
electron micrograph of rat neurons cultured
on top of a gold mushroom electrode array.
Adapted from Ref. [65], NCBI. (c) Scanning

electron micrograph of the profile of a gold
mushroom electrode. (d) Transmission elec-
tron micrograph of interface between an
Aplysia neuron and the gold mushroom elec-
trode. Panels (c) and (d) Adapted from Ref.
[9], NCBI. Scale bars: (b) 12 μm, (c) 0.5 μm,
and (d) 0.5 μm.

suggest that the membrane remains intact (Figure 6.5d and [64]). To explain
their measurements, Hai et al. propose that recruitment of ion channels to the
membrane encapsulation site locally increases the membrane conductance [9].
This hypothesis, however, has yet to be tested.

The major advantage of in-cell measurements is that the coupling strength
remains stable (as compared to an electroporated interface) and the membrane
remains intact allowing the cells to survive for days in the recording configuration.
It is important to note that to date, in-cell recordings have only been reported for
Aplysia neurons that are approximately 10 times larger than typical mammalian
neurons. Additional challenges may face the adaptation of technology for the
smaller and more fragile mammalian neurons.

6.8
Outlook

Nanofabricated bioelectronic interfaces offer many opportunities to improve
recording and stimulation of the brain. Mainly the small size and high-aspect
ratios of nanodevices can improve the density and fidelity of neural recordings.
Applications for this technology range from basic neuroscience research, to
therapies like deep brain stimulation, to brain machine interfaces. Of course, in
vivo applications of intra-cellular and in-cell electrodes require more experiments
to show that the same cell-electrode interfaces can be developed in vivo. Likely
approaches for these demonstrations include electrode shanks that feature



References 139

mushroom or NW electrodes that protrude from the surface. Additionally,
nanofabricated bioelectronic interfaces may find applications in lab-on-a-chip
technologies where NW electrodes could rapidly record the electrical activity of
cells before they are sorted into populations according to their electrophysiology.

While the future of nanofabricated bioelectronic interfaces remains bright,
more work is needed for these interfaces to reach their potential. Namely, these
devices need to be mass-produced so that they can be adopted in laboratory
and clinical settings. Furthermore, the physical and electrochemical interface
between the cell and the nanostructures must be better understood and con-
trolled. For manufacturing, it is likely that fabrication processes that most
resemble conventional semiconductor manufacturing will lead to the first widely
distributed devices; however, some nanodevices that rely on non-conventional
fabrication may have performance advantages that justify future mass-production
in specialized facilities.

Overall, as semiconductor manufacturing technologies are applied to bioelec-
tronic interfaces we will likely witness great improvements in our ability to mon-
itor and control the electrical activities of individual cells. Like gene sequencing,
where major advancements resulted from collaborations between nanotechnolo-
gists, engineers, and biologists, it is our vision applying nanotechnology to bio-
electronic interfaces will catalyze similar rapid technological advances yielding
fundamental biological insights and improved strategies for treating disease.
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