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Abstract The enormous advances made over the last 50 years in materials science,
microelectronics, and nanoelectronics, together with the acknowledgment that
substrate-integrated planar multielectrode arrays (MEA) are limited to recording
of extracellular field potentials (FPs) rather than the entire electrophysiological
signaling repertoire of the brain, have prompted a number of laboratories to merge
the advantages of planar MEA technologies (non-damaging and durable) with those
of the classical sharp and patch electrodes for intracellular recordings. Unlike
extracellular planar electrode-based MEAs, the new generation of three-dimensional
(3D) vertical nanoelectrodes are designed to functionally penetrate the plasma
membrane of cultured cells and operate in a similar manner to classical intracellular
microelectrodes. Although only approximately 10 years has elapsed since the
development of the first vertical 3D nanostructure-based MEAs, this technology
has progressed to enable recordings of attenuated intracellular action potentials
(APs) and synaptic potentials from individual neurons, cardiomyocytes, and striated
myotubes. Furthermore, recently the scaling advantages of nanochip/microchip
fabrication technologies enabled simultaneously intracellular recordings of APs
from hundreds of cultured cardiomyocytes, thus heralding a new milestone in MEA
technology.

In this chapter we present the earliest and today’s cutting-edge achievements of
this “young vertical nano-sensors MEA technology” at the single-cell and network
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levels, explain the biophysical principles and the various configurations used to form
functional nanoelectrode/cell hybrids, and describe the quality and characteristic
features of the recorded intracellular APs and subthreshold synaptic potentials
by the vertical nanoelectrode-based MEA. Basic cell-biological mechanisms that
curtail the length of time intracellular access by the nanoelectrodes are discussed,
and approaches to overcome this problem are offered.

Recent development of biotechnologies that use induced human pluripotent stem
cells taken from healthy subjects and patients, and in vitro drug screening for the
development of personalized medicine as well as basic brain research will benefit
tremendously from the use of MEAs that record the entire brain electrophysiological
signaling repertoire from individual cells within an operational network rather than
only extracellular FPs.

Keywords Intracellular recordings · Action potentials · Synaptic potentials ·
Electroporation · Optoporation · Seal resistance · Membrane repair · Neurons ·
Cardiomyocytes · Striated myotubes · Vertical nanoelectrodes ·
Mushroom-shaped microelectrodes

1 Introduction

Multielectrode arrays (MEA) are extensively used nowadays to study basic and
applied electrophysiological aspects of in vivo and in vitro neuronal and cardiomy-
ocyte circuits (Obien et al. 2014; Fekete 2015; Seymour et al. 2017). The core
technology and concepts of contemporary MEA goes back half a century to the
pioneering studies of Wise et al. (1970) and Thomas et al. (1972). Whereas great
progress has been made over the last 50 years in realizing sophisticated MEA
platforms made up of thousands of addressable, high-density, small-diameter low
impedance sensors (Berdondini et al. 2005, 2009a, b; Amin et al. 2016; Jackel
et al. 2017; Jun et al. 2017; Viswam et al. 2017), the quality of the interfaces
formed between the excitable cells (neurons and muscles) and the planar electrodes
still remains the weakest constituent of the bioelectronics hybrid. MEA devices
based on planar electrodes are “blind” to subthreshold excitatory, inhibitory, and
electrotonic synaptic potentials generated by individual neurons. Thus, rather than
directly recording and analyzing dynamic changes in synaptic transmission in
relation to drugs and toxin screening, different forms of plasticity (learning and
memory), or various types of diseases, planar MEA users rely on indirect and
complex parameters such as the averages of field potential (FP) frequencies, firing
patterns, and others to extract information about the underlying basic biophysical
mechanisms. These essentially descriptive FP-related parameters cannot be used
to unequivocally analyze and determine diverse synaptic mechanisms or the mem-
brane’s excitable properties that underlie the actions of pharmacological reagents,
plasticity, or disease pathologies. Crucially, neurons that do not fire action potentials
(APs) are not “visible” to planar electrodes and thus go undetected. Since in some
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brain areas and possibly in cultures that preserve intact brain properties a fraction of
the neurons do not fire or fire at low rates, their proven subthreshold contributions to
neuronal computations goes undetected and ignored (Shoham et al. 2006; Epsztein
et al. 2011; Barth and Poulet 2012). Ignoring silent neurons due to the technical
limitations of cells/planar-electrodes-based MEA goes on despite the documentation
that meaningful subthreshold computations play critical roles in neuronal network
functions (Lefler et al. 2014).

The enormous advances made over the last 50 years in materials science,
microelectronics, and nanoelectronics, together with the acknowledgment of the
limitations of substrate-integrated planar MEA, have prompted a number of labora-
tories to begin merging the advantages of planar MEA technologies (non-damaging
and durable) with those of sharp and patch microelectrodes for intracellular record-
ings of the entire signaling spectrum of neuronal and cardiomyocyte networks. As
in the case of research using planar electrode MEAs, the now decade-old generation
of nanoelectrode-based MEAs uses passive or active (transistorized) electrodes.
However, unlike extracellular planar electrode based MEAs, three-dimensional (3D)
vertical nanoelectrodes are designed to perforate or actually penetrate the plasma
membrane of cultured cells and thereby form direct Ohmic contact with the cell
cytosol. As explained below, when successful, these devices operate in a similar
manner to classical sharp-intracellular glass microelectrodes or whole-cell patch
electrodes. Because the diameter of 3D vertical nanoelectrodes is in the range of
50–500 nm, penetration of cells by vertical nanoelectrodes was assumed not to
damage the plasma membrane or the cells in any significant manner. Although only
approximately 10 years has elapsed since the development of the first vertical 3D
nanoelectrodes-based MEAs this “young” technology has progressed sufficiently
to enable recordings of attenuated intracellular APs and synaptic potentials from
neurons, cardiomyocytes, and striated myotubes (Spira et al. 2007; Hai et al. 2010a,
b; Tian et al. 2010; Angle and Schaefer 2012; Duan et al. 2012; Fendyur and Spira
2012; Gao et al. 2012; Robinson et al. 2012; Xie et al. 2012; Spira and Hai 2013;
Angle et al. 2014; Lin and Cui 2014; Lin et al. 2014; Qing et al. 2014; Rabieh
et al. 2016; Shmoel et al. 2016; Abbott et al. 2017, 2018; Dipalo et al. 2017; Liu
et al. 2017). Nevertheless, cumulative experience has also pointed to a number of
difficulties that require creative solutions. Furthermore, alongside the progress made
in intracellular recordings by vertical nanorods, pillars, wires, tubes, and cylinders
a recent study emanating from the laboratory of Hongkun Park (Abbott et al. 2017,
2018) confirmed the scaling advantages of nanochip/microchip fabrication tech-
nologies by simultaneously recording intracellular APs from hundreds of cultured
primary cardiomyocytes, thus heralding a new milestone in MEA technology.

The remainder of this chapter is organized as follows. It begins by familiarizing
the reader with the terminology used by briefly describing the cell–electrode
interface formed in cultures and presenting a simplified analog electrical circuit
depicting the relationships between the two. Next it explains the contribution of
the various parameters to the mode of electrical coupling formed between excitable
cells and the recording electrode (extracellular or intracellular). This is followed
by an examination of the mechanisms that underlie the sealing of the interfacing
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junction formed between cultured cells and vertical nanoelectrodes. The next section
discusses the mechanisms by which vertical nanoelectrodes make direct Ohmic
contact with the cytosol. Multisite, long-term recordings from cultured excitable
cells are among the major aims of this novel technology that are yet to be achieved.
Thus, it next discusses how conserved cell-biological membrane repair mechanisms
that have evolved to protect cells from injury in fact interfere with the presence of
nanoelectrodes and curtail the length of time intracellular access can be maintained.
Alternative ways of making Ohmic contact between nanoelectrodes and the cell
interior that are better able to achieve long-term stability are then considered. The
final section presents the earliest and today’s cutting-edge achievements of this
young technology at the single-cell and network levels. Since different laboratories
are currently using different designs, diverse fabrication approaches and materials,
the reader is referred to the original publications for technical details. Likewise,
different laboratories use different terms to better describe the features of the vertical
nanoelectrodes that they have fabricated (pillars, rods, wires, tubes, cylinders, and
mushroom-shaped). For the sake of simplicity, we refer in the following to all shapes
and forms as vertical nanoelectrodes.

2 The Biophysical Principles that Enable Cell-Noninvasive
Extracellular Electrodes to Record Intracellular Potentials

The mode of recordings (i.e., extracellular or intracellular), the quality of the
recorded potentials in terms of the signal-to-noise ratio, and electrical coupling (the
ratio of the recorded potential to the voltage generated across the plasma membrane
Velect/Vcell) are defined by three parameters: (a) the electrical properties of the cell’s
plasma membrane that faces the electrode (the junctional membrane), (b) the seal
resistance formed by the gap between the living cell membrane and the electrode
surface, and (c) the impedance of the sensing pad and stray capacitance introduced
by the conducting lines and the recording amplifier. A simplified analog electrical
circuit that depicts these elements superimposed on a schematic drawing of an
excitable cell adhering to a 3D microelectrode electrode is illustrated in Fig. 1a.
It should be noted that in principle the shown analog circuits represent both 3D and
planar electrode–cell interfacings. In this simplified model, the cell’s surface area is
subdivided into a non-junctional membrane (Rnjm) that faces the grounded culture
medium and a junctional membrane (Rjm) that interface with the electrode. Each
of these membranes is represented in the circuit by passive electrical elements, a
resistor and a capacitor in parallel Rnjm, Cnjm, Rjm, and Cjm respectively. For the sake
of simplicity, the circuit and the ensuing analysis ignore the presence of voltage-
gated ion channels in the junctional membrane and the anticipated transient changes
(increased potassium and decreased sodium and calcium) in the ionic composition
of the solution in the restricted volume of the gap between the electrode and the
junctional membrane during neuronal activity.
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Fig. 1 A schema depicting the basic relationships between a cell (Pink) and a vertical nano-
electrode/microelectrode (Yellow) superimposed on a simplified analog electrical circuit. The
neuron’s plasma membrane is subdivided into a non-junctional membrane (njm, red) that faces
the culture medium, and a junctional membrane (jm, blue) that faces the electrode (For details
see text). (a) When the value of the junctional membrane resistance is low (as indicated by the
discontinuous blue line) the electrical coupling coefficient between the cell and the electrode is
Ohmic. Under these conditions attenuated spikes and subthreshold synaptic potentials with genuine
intracellular features can be recorded. (b) When the junctional membrane resistance is high, it
can be neglected and the electrical coupling between the neuron and the electrode is capacitive.
Under these conditions attenuated signals are recorded as the time derivative of the intracellular
electrophysiological signals

The cleft between the cell and the electrode (analogous to the extracellular space
between living cells in tissue) is represented by a single resistor (Rs). The value of
Rs is defined by the dimensions of the contact area between the cell’s membrane
and the sensing electrode. The electrode is represented by a resistor and capacitor in
parallel (Re and Ce respectively).

Changing the relationships between the junctional membrane properties, the seal
resistance, and the electrode impedance is expected to robustly alter the recording
mode from extracellular to intracellular, and change the shape and the amplitude
of the recorded potentials from microvolts to tens of millivolts. A quantitative
estimate of the expected electrical coupling levels between a given excitable cell
and a particular microelectrode configuration can be acquired by the use of various
analog electrical circuit simulators (e.g., the open source SPICE). The values of
the electrical elements comprising a given analog circuit and the input voltage
(spike or synaptic potential) can be experimentally extracted or estimated. Various
approaches to obtain and estimate the parameters of a given cell–circuit hybrid
and the simulation outcomes will not be described here. For examples the reader
is referred to the following publications: Fromherz (2003), Hai et al. (2010a, b),
Fendyur et al. (2011), Sileo et al. (2013), Spira and Hai (2013), Angle et al. (2015),
Massobrio et al. (2016), Shmoel et al. (2016), Dipalo et al. (2017), Abbott et al.
(2018), and Massobrio et al. (2018).
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Remarkable experimental manipulations supporting the above suppositions were
provided almost 20 years ago by Jenkner and Fromherz (1997) using isolated leech
neurons, and later by Cohen et al. (2008) using Aplysia neurons. In both studies a
sharp recording and stimulating intracellular electrode was inserted into a neuron’s
somata cultured on a substrate-integrated flat electrode (Fig. 2). In addition, a
micromanipulator-driven fire-polished pipette positioned on top of the neuron was
used to displace the cell body or its thick axon towards the planar electrode and

Fig. 2 From extracellular to intracellular recordings by compression of a neuron onto the surface
of a substrate-integrated planar electrode. (a) A schema depicting a cultured Aplysia neuron
cell body residing on the surface of a planar electrode. A fire-polished glass micropipette (mp)
compress the cell body downwards towards the flat electrode (yellow) (b), while recording
the transmembrane potential by an intracellular sharp electrode (µe). (c) Intracellular voltage
recordings in red and extracellular field potential recordings by the planar electrode in black.
Initially as the cell was compressed downwards (c1 to c3) the amplitude of the FP increased
while the intracellularly recorded AP maintained its amplitude. Further increase in the applied
pressure lead to transition of the recorded action potential from extracellular to intracellular (c3
to c4). This was accompanied by a decrease in the amplitude of the intracellularly recorded AP
(red traces c4 and 5). Releasing the pressure (c6 and c7), lead to reversal of the process. Note
the differences in the vertical scale bars along the black traces. (d) Overlapping of the normalized
potentials recorded by the sharp and flat electrodes (c5) (Reprinted with permission from Cohen et
al. (2008). Copyright Elsevier Biosensors and Bioelectronics 2008)
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its surrounding substrate (Fig. 2). Gentle downward compression of the cell by the
fire-polished pipette concomitant with readjustment of the intracellular electrode
position was done under visual control. Both Jenkner and Fromherz (1997) and
Cohen et al. (2008) reported that when the somata or an axon was mechanically
displaced downwards towards the surface of a planar electrode, the contact area
between the cell and the substrate increased (Fig. 2). This gradual increase in the
contact area was accompanied by an increase in the amplitude of the FP generated
by a depolarizing pulse delivered to the neuronal cell by the sharp intracellular
electrode. The increased FP amplitude was not associated with a significant change
in the FP shape (Fig. 2). Concomitant intracellular recordings of the APs by the
sharp glass electrode revealed that the intracellular spike amplitude and shape
were not altered. The increased amplitude of the extracellular FP was attributed to
increased Rs due to the increased contact area between the neuron and the electrode,
and possibly also due to reduction in the cleft width (Fig. 2). Further increase in
the mechanical pressure transformed the extracellular FP (recorded by the planar
electrode) into positive monophasic attenuated APs with the characteristic shapes of
classical intracellular recordings (Fig. 2). It is important to note that the transition
between extracellular FP to an attenuated intracellular AP was accompanied by
the decreased amplitude of the intracellularly recorded AP by the sharp electrode.
This indicated that stretching the neuron’s plasma membrane against the substrate
led in addition to the increased Rs to a transition of the cell–electrode coupling
from capacitive to Ohmic, probably by generating nano-holes along the stretched
membrane that faced the planar electrode. Releasing the mechanical pressure led
to a reversal of all the parameters, including the contact area, the FP recorded by
the planar electrode, and the amplitude of the intracellularly recorded AP (Fig. 2).
These experiments thus demonstrated the potential to alter the recording mode from
extracellular to intracellular by reducing the junctional membrane resistance and
increasing the seal resistance.

3 Formation of Seal Resistance

The formation of high seal resistance between a cultured cell and an electrode
requires the optimal positioning of the cells with respect to the electrode. Unfortu-
nately, initial cell–electrode contact is a low-probability event driven by the gravity
of the seeded cells. Currently, the most practical way to increase the likelihood
of optimally positioning cells in contact with electrode is by increasing the cells’
seeding density and/or the density of the electrodes. Once cells form physical
contact with the substrate of the device, they adhere to it by chemophysical process
and chemical recognition events of molecular entities anchored to the substrate and
receptors in the outer leaflet of the plasma membrane (Sackmann and Bruinsma
2002). The value of seal resistance formed under these conditions is defined by the
planar dimensions of the cell-sensing pad junction and the width of the cleft formed
between the plasma membrane and the electrode surface (Weis and Fromherz
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1997). Using optical methods and biophysical analysis, Braun and Fromherz (1998)
and Zeck and Fromherz (2003) estimated that the cleft width formed between
rat astrocytes cultured on silicon dioxide coated by laminin was approximately
100 nm. Accordingly, the Rs was estimated to be in the range of single M�s (Weis
and Fromherz 1997). Electron microscopic analysis of thin sections prepared from
cultured Aplysia neurons grown on 2D-polyaniline-coated glass substrate revealed
that the cleft width ranged from hundreds of nanometers in some areas to 20–40 nm
in others (Oren et al. 2004). There is a general consensus that cleft dimensions of
approximately 20 nm correspond to the minimum width that can be formed by cells
grown on substrates coated with biocompatible molecules (Sackmann and Bruinsma
2002). Although the seal resistance, which is in the range of a single M�, suffices
to enable recordings of extracellular FPs, it is insufficient to enable intracellular
recordings. Theoretically, increasing the planar dimensions of the gap between the
junctional membrane and the electrode surface should increase the seal resistance
(as shown in Fig. 2). However, this cannot be applied to small neurons or other cell
types and in particular not to cultured cell networks.

Experiments conducted using different forms of 3D vertical nanoelectrodes have
revealed that in spite of the small surface area of these nanostructures, the seal
resistances formed between cultured cells and the nanostructures have significantly
higher values in the range of 50–500 M� than those formed by planar electrodes of
larger surface areas (single M� values) (Hai et al. 2009a; Robinson et al. 2012; Lin
et al. 2014; Dipalo et al. 2017). Apparently, independent of the precise geometry
of the 3D structure but limited by the dimensions and pitch (Hanson et al. 2012;
Ojovan et al. 2015) the seal resistance around vertical nanostructures is generated
by cell-biological mechanisms that actively “engulf” 3D vertical nanostructures
(Fig. 3a, b) yielding almost an order of magnitude larger seal resistances than
that observed for planar electrodes. This process is apparently associated with
a reorganization of the submembrane skeleton and membrane proteins along the
junctional membrane. For example, using live confocal microscope imaging, Hai
et al. (2009b) documented the formation of actin rings around the stalk of gold
mushroom-shaped microelectrodes when cultured Aplysia neurons are interfaced
with 3D microelectrodes (Fig. 3c).

The structural analysis of chemically fixed junctions formed between cells and
nano/micro vertical electrodes by transmission electron microscopy (Spira et al.
2007; Hai et al. 2009a, b, 2010a, b; Hanson et al. 2012) and focused ion beam
microscopy (Santoro et al. 2017) revealed that whereas cells tightly engulf the
vertical nanostructures, these nanostructures do not spontaneously penetrate the
cell’s plasma membrane. This structural observation is consistent with electrophysi-
ological observations indicating that in most cases unless the vertical nanoelectrodes
are “forced” to perforate or fully penetrate the plasma membrane by electroporating
pulses they maintain their extracellular position. Apparently, this conclusion is
contradicted by studies demonstrating the transfer of molecules that adhered to the
surface of nanopillars to cells residing on them. Nevertheless, it was noted that the
probability of spontaneous transfer of optically labeled molecules is low (Xu et al.
2014).
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Fig. 3 Electron microscope images of a vertical nanopillar (a, Reprinted with permission from
Hanson et al. (2012). Copyright American Chemical society Nano Letters 2012) and a gold
mushroom-shaped microelectrode (b, Reprinted with permission from Hai et al. (2010a) Copyright
Nature Publishing Group 2010) engulfed by LH-1 cell and a PC12 cell. Note that the cell’s
membrane tightly engulfs the vertical nanoelectrode. (c) Confocal microscope images of actin rings
formed by cultured Aplysia neuron around the stalk of a gold mushroom-shaped microelectrode

Taken together, although the seal resistance formed between cultured cells and
vertical nanostructures is (50–500 M�) roughly an order of magnitude larger than
the one formed between cultured cells and planar electrodes, it is still far from the
G� seal values formed by classical patch electrodes and plasma membranes.

Because successful intracellular recordings by vertical nanoelectrodes depend
on the parallel formation of high seal resistance and low junctional membrane
resistance, the next paragraph discusses potential mechanisms to concomitantly
increase both parameters.

4 The Reduction of the Junctional Membrane Resistance Is
a Critical Parameter to Gain Effective and Durable
Intracellular Access

Gaining direct access to the cell cytosol by “piercing” the plasma membrane with a
sharp glass microelectrode or by mechanically “breaking” the plasma membrane by
suction through a patch electrode along with the formation of a G� seal resistance
between the glass wall of the electrodes and the plasma membrane (Fig. 4) enables
genuine intracellular recordings which can last from minutes to hours (Sakmann and
Neher 1984). As the solution contained within the patch electrode gradually perfuses
into the cytosol, it alters its ionic content and dilutes diffusible molecular entities of
the cytosol. With time, this process interferes with the normal physiology of the
cells. To overcome this problem Horn and Marty (1988) developed the perforated
patch configuration. Rather than breaking the cell’s membrane to gain Ohmic access
to the cytosol they introduced ionic channels such as nystatin or gramicidin into the
patch electrode solution. These channels then integrate with the plasma membrane
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Fig. 4 Schema depicting cell–electrode interfacings formed by classical intracellular electrodes
(a), and vertical nanoelectrodes (b). When a sharp glass microelectrode is mechanically driven
against the cell membrane it forms a “membrane dimple” (a1, blue). An electroporating pulse
breaks open the plasma membrane that faces the electrode tip and a seal is formed between
the external side of the glass wall and the cell plasma membrane (a2). In the whole-cell patch
configuration a membrane patch is sucked into the electrode (a3 blue). Application of additional
suction breaks the membrane open and a G� seal is formed between the plasma membrane and
the inner surface of the glass wall (a4). A similar configuration (to a1 and a3) is formed between
a cell that engulfs a vertical nanoelectrode (b1). Under these conditions when an electroporating
pulse is delivered through the nanoelectrode (b2 or b3), the junctional membrane (blue) is either
pierced (b2) or porated (b3). Another electrode/cell recording configuration is the whole-cell
perforated patch (a5) in which after G� seal formation ion channels within the patch electrode
(black) integrate with the plasma membrane to lower the junctional membrane resistance (a5). A
similar configuration might be formed around an engulfed vertical nanoelectrode by recruiting of
ion channels into the junctional membrane around the vertical nanoelectrode (b4)

to reduce its resistance (Fig. 4). Together with the formation of high seal resistance
between the plasma membrane and the internal wall of the patch pipette, a perforated
G� patch configuration is formed (Fig. 4a-5). Note that in the perforated patch
configuration, the electrode remains outside of the cell but records intracellular
potentials, whereas in the case of sharp electrodes and the whole-cell configuration
the electrode tips are practically in the cytosol (Fig. 4a-2 and a-4).

Intracellular recordings by vertical nanoelectrodes are based on the same princi-
ple of gaining low resistance access to the cytoplasm.

Local membrane poration by current pulses delivered by vertical nanoelectrodes
have proven to be the most useful approach to lower the junctional membrane
resistance (Braeken et al. 2012; Hai and Spira 2012; Robinson et al. 2012; Xie
et al. 2012; Lin et al. 2014; Abbott et al. 2017, 2018). In fact, it still remains
unclear whether after electroporation the tip of the nanoelectrodes pierces the
plasma membrane (Fig. 4b-2) or generates nanoholes in the junctional membrane
(Fig. 4b-3). Whatever the actual mechanism, intracellular access by electroporation
is transient and only lasts minutes to approximately 1 h. Thereafter, the electrodes
are insulated from the cytosol (Hai and Spira 2012; Xie et al. 2012; Lin et al.
2014; Abbott et al. 2017; Dipalo et al. 2017). The electrode insulation process is
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most likely generated by conserved membrane repair mechanisms. A study of the
cascades underlying electrical insulation of an electrode after electroporation (Hai
and Spira 2012) showed that focal membrane electroporation by gold mushroom-
shaped microelectrodes leads to localized increases in the free intracellular calcium
concentration ([Ca2+]i) around the electroporating electrode along with a concomi-
tant reduction in the cell’s input resistance (Rin). This is probably due to reduction
in the seal and junctional membrane resistances. Thereafter, within minutes, the
input resistance of the cell recovers along with the recovery of the [Ca2+]i.
Membrane repair mechanism after injury is a highly conserved cell biological
mechanism that serves cells in general and muscle fibers in particular to withstand
a variety of physiological and pathological membrane disruptions. Likewise, most
cell types, including in particular muscle fibers and neurons, have evolved efficient
calcium removal mechanisms. Current concepts suggest that localized membrane
repair is triggered by the influx of calcium ions into the cytosol across the large
extracellular/intracellular calcium concentration gradient and possibly by the release
of calcium ions from intracellular stores. The elevated [Ca2+]i induces exocytosis
of intracellular vesicles such as lysosomes that leads to the formation of “membrane
patches” that seal the “punctured” plasma membrane (Fig. 5) (McNeil and Khakee
1992; McNeil and Kirchhausen 2005; Han and Campbell 2007). A complementary
mechanism could also be lateral recruitment of membrane into the injured patch
(Demonbreun and McNally 2016). The findings of Hai and Spira (2012) were
consistent with the “membrane patching model” in that the dynamics of the recovery
process from electroporation progressed in discrete steps. It is conceivable that
the effective calcium removal mechanisms of cultured neurons and cardiomyocytes
enabled the cells to withstand repeated electroporations over a number of days, as
reported in a number of studies (Fendyur and Spira 2012; Robinson et al. 2012; Lin
et al. 2014; Rabieh et al. 2016; Dipalo et al. 2017). Since there is ample evidence that

Fig. 5 Schematic representation of the membrane “patch repair” mechanisms. Injury of the
plasma membrane (from a to b) leads to calcium ions influx (black dots) into the cell. The elevated
free intracellular calcium ion concentration leads to fusion of intracellular vesicles with the injured
patch of the membrane (c). (b, c) Depicts a hypothetical case of membrane piercing by the vertical
nanoelectrode. (d) Once the membrane is repaired the free intracellular calcium concentration is
downregulated to the control level
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membrane repair mechanisms are ineffective in patching large diameter holes (Joshi
and Schoenbach 2002), it is paradoxically possible that the nanometric dimensions
of the electrodes which facilitate their penetration through the plasma membrane
underlie the relatively fast process of insulation.

In an attempt to improve the “insertion” of vertical nanoelectrodes into cells,
the work by the Francesco De Angelis laboratory (Dipalo et al. 2017) has used
plasmonic optoporation to porate the junctional membrane (Messina et al. 2015).
They reported that cultured neurons and HL-1 cells can be seamlessly plasmonically
optoporated without interrupting ongoing spontaneous action potential activity.
Nonetheless, even under these advantageous conditions, intracellular recordings
were limited to just over an hour, at which point the electrodes were insulated.

In view of the above observations and the understanding that robust cell
biological process underlie it, future approaches to stabilizing nanoelectrode–
cytosol contact could attempt to prevent the initiation of membrane repair cascades
by limiting the calcium influx (or its release from intracellular stores) or by
transiently increasing the calcium buffering capacity of the cells. This is possible
by functionalizing vertical nanopillars with molecular entities that effectively fuse
and integrate the electrode surface with the plasma membrane (Chernomordik
and Kozlov 2008). This approach was developed and tested by the N. Melosh
laboratory (Almquist and Melosh 2010, 2011; Verma et al. 2010; Almquist et al.
2011) which was then replicated as proof of concept by a number of laboratories.
Recently, VanDersal and Renaud (2016) used cultured DHHC6-depleted HeLa cells
(that spread over surface areas better than conventional HeLa cells) to adhere
to a planar electrode which resided within a 5 nm thick gold ring decorated by
5 nm thick self-assembled alkanethiol chains. As the HeLa cells spread over the
rings, the alkanethiol chains spontaneously fuse with the outer leaflet of the plasma
membrane, generating a seal resistance around the planar electrode in the range
of 5 G�, thus generating a cell attached patch configuration without resorting to
suction (Fig. 6). The application of a brief electroporating pulse by the electrode
residing within the gold ring transformed the cell attached configuration into a
whole-cell patch configuration. Note that under these conditions, the cytosol is not
perfused and the whole-cell patch configuration can remain effective for up to 72 h,

Fig. 6 A schema depicting spontaneous G� seal formation when a cultured cell (blue) extends
over a substrate-integrated gold ring (yellow) functionalized by alkanethiol (red) encompassing a
planar electrode (gray). (a) Cross section of a cell adhering to the substrate and the 5 nm thick
gold ring functionalized by alkanethiol. (b) Enlargement of (a) (Reprinted with permission from
VanDersal and Renaud (2016). Copyright Sci Rep 2016)
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which is significantly longer than any other study attempting to generate a durable
low resistance junction between cultured cells and the electrode. As anticipated
by the N. Melosh laboratory when adapted to vertical nanopillars, an effective
G� seal could be formed and therefore reduce, if not prevent, calcium influx
after electroporation and hence avoid triggering membrane repair mechanisms and
electrode insulation.

Besides electroporation and plasmonic optoporation, increased junctional mem-
brane conductance may be induced by the recruitment of ion channels into the
junctional membrane (Fig. 4b-4). Two mechanisms have been considered. Hai et al.
(2010a) suggested that culturing Aplysia neurons in contact with gold mushroom-
shaped microelectrodes functionalized by a multiple Arg-Gly-Asp (RGD) repeat
peptide could facilitate the physical contact between the plasma membrane and the
electrodes and that the binding of the peptide to receptors on the plasma membrane
could lead to structural reorganization of the submembrane skeleton. This in turn
might be followed by changes in the density and possibly the type of ionic
channels at the junctional membrane. Interestingly, the recruitment of a relatively
small number of such channels would suffice to elevate the junctional membrane
conductance to support effective electrical coupling. For example, assuming that
the junctional membrane conductance (of cultured Aplysia neurons) is increased by
recruitment of voltage-independent potassium channels with a channel conductance
of 10 to 100 pS, 10–100 channels would need to be concentrated within a confined
junctional membrane area of 14 µm2 to reduce the junctional membrane resistance
from an estimated value of 100 G� to 100 M�. This would imply a channel density
of 0.5 to 10 channels/µm2 (Hai et al. 2010a). Interestingly, this type of potassium
channel density has been experimentally documented in a number of cell types
(Hille 1992).

An alternative mechanism that could lead to accumulation of ion channels within
the junctional membrane is the imposed curving of the plasma membrane around
the vertical nanoelectrodes. Membrane curvatures have been shown to trigger
molecular cascades that could underlie local changes in the expression and density
of membrane proteins including ion channels (Epand et al. 2015; Iversen et al.
2015; Lou et al. 2018). In recent studies by the laboratory of B Cui, Zhao et al.
(2017) and Lou et al. (2018) documented increased profiles of clathrin-coated pits
and the accumulation of clathrin and dynamin at the junctional membrane of SK-
MEL-2 cells. This indicated that clathrin-mediated endocytosis is enhanced by the
membrane curvature induced by the nanopillar tips. The cytoskeletal element actin
was also shown to concentrate around curved membranes (Hai et al. 2009b, and
Fig. 3) because actin and its associated proteins are involved in diverse cellular
functions; these results may suggest that membrane curvature might affect among
other cellular processes the recruitment of ion channels.
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5 Reading the Electrophysiological Signaling Repertoire
Recorded by Various Types of 3D Nanostructures
and Microstructures

The overarching purpose of developing intracellular recording MEA is to produce
easy-to-use devices that not only improve the source resolution of AP but can mon-
itor online (without averaging) the entire electrophysiological signaling repertoire
of neuronal and cardiomyocyte networks. One characteristic shared by all newly
developing technologies is that different investigators experiment with different
approaches, designs, materials, and fabrication processes. As a result, identical
source signals may be modified in different ways by different recording devices. The
quality of electrophysiological recordings may thus range from genuine intracellular
recordings of APs and synaptic potentials to complex recordings of integrated
extracellular and intracellular potentials or from time derivatives of intracellular
recordings as in loose seal configurations (juxtacellular recordings) to classical
intracellular APs (Joshi and Hawken 2006; Gold et al. 2009). The next section
discusses a few examples and illustrates the relationships between the principles of
device and interface designs and the ensuing signal readout. As different laboratories
use different fabrication approaches and materials, the reader is referred to the
original publications for detailed information on this aspect.

6 Optimal Intracellular Recordings by Scalable Field Effect
Transistor Technology

Early in the evolution of scalable 3D nanoelectrodes for intracellular recordings
the CM Lieber laboratory pioneered the development and use of a nano-field-
effect transistor (FET) located at the tip of a “kinked nanowire” (Tian et al. 2010).
Since the performance of FETs does not depend on the impedance between the
chemically functionalized nano-FET and the cell, Tian et al. (2010) were able
to record endogenously generated APs with amplitudes and shapes identical to
intracellular recordings by patch electrodes from single cells.

The initial FET approach that was designed to record from single cells was
soon improved by synthetically integrating SiO2 nanotube on top of the nanoscale
FETs. The insertion of lipid-coated SiO2 FETs nanotube into the cell brought the
cytosol into Ohmic contact with the FET and enabled recordings of full-blown
transmembrane potentials (Fig. 7a) (Duan et al. 2012). To the best of our knowledge
there have been no further applications of the nano-FET located at the tip of a
“kinked nanowire” for simultaneous recordings from many individual neurons or
cardiomyocytes within a given in vitro network. Recently, the laboratory of H.
Park (Abbott et al. 2017) successfully scaled up transistorized vertical nano-MEA
device to simultaneously record attenuated intracellular APs from a network of a
few hundred cardiomyocytes.
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7 Attenuated Intracellular Recordings of Action Potentials
by Passive Nanoelectrodes After Membrane Poration

Along with advances in the technology of nanoscale FET electrodes, passive
vertical nanowires, pillars, and tubes-based MEA were developed and tested.
The Bianxiao Cui laboratory (Xie et al. 2012) fabricated vertical Pt nanowire
electrodes (150 nm in diameter and 1–2 µm in height) to simultaneously record
endogenous activity from a number of cultured HL-1 cells (Claycomb et al. 1998).
Each recording unit was constructed from a common 5 × 5 µm2 insulated pad
from which five vertical nanowires protruded (Fig 7b). Electroporation trans-
formed the extracellularly recorded biphasic FPs by the vertical nanowires to an
intracellular recording mode whose shape resembled APs recorded by whole-cell
patch electrodes with attenuated amplitude of 1–10 mV (Fig. 7b). Conceivably
membrane repair mechanisms caused the porated junctional membrane to gradually
recover along with an unavoidable decrease in the AP amplitude and finally the
reversal of the recording mode from intracellular to extracellular within 10 min.
Electroporation of the same cell could be repeated over a number of days, suggesting
that the cells fully recovered from the trauma of electroporation. By using iridium
oxide (IrOx) nanotubes rather than solid Pt wires, the Cui laboratory (Lin et al.
2014) caused cultured HL-1 cells and primary rat cardiomyocytes not only to
enwrap the vertical tube but also to protrude into its hollow center. The tight
interface resulted in recording larger APs (in the range of 1.5–15 mV) for longer
durations ranging from minutes to an hour after the delivery of an electroporating
pulse. The slow reversal process under these conditions gave sufficient time to
examine characteristic pharmacological effects of specific drugs on the frequency
and shape of the spontaneous APs. Furthermore, repeated intracellular recording by
electroporation could be conducted for 8 days.

In the same year (2012) the Hongkun Park laboratory undertook the challenge to
interface scalable vertical nanowires based MEA with cultured mammalian neurons
for the first time (Robinson et al. 2012). It should be emphasized that primary
cardiomyocytes and in particular the LH-1 cell line cultured on MEA cannot be used
as models to predict the recording quality from primary neurons. This is mainly due
to the fact that LH-1 cells and cardiomyocytes spread radially over a large surface
area, adhere well to the substrate and therefore form high seal resistance around the
electrodes. In contrast, cell bodies of mammalian neurons are small, do not spread
and adhere as well as cardiomyocytes and thus form lower seal resistances.

Using recording units constructed of nine Ti/Au metallic tips vertical nanowires
(150 nm diameter, 3 µm height) the Hongkun Park laboratory (Robinson et al.
2012) recorded intracellular APs of ∼4 mV and were able to stimulate selected
cortical neurons to fire action potentials (Fig. 7c). To gain intracellular access for
recordings and stimulation, the junctional membrane was electroporated. Although
the recordings were of high amplitude, no indications of synaptic communication
among the neurons were documented by the vertical nanoelectrodes.
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Fig. 7 Examples of the intracellular recording qualities of vertical nanoelectrode arrays. (a)
Schematics of 3D kinked nanowire FET probe interfaced with an “upside-down” applied sheet
of HL-1 cells grown on a PDMS substrate (left). Before insertion of the FET into a cell (I)
extracellular FPs are recorded. Insertion of the nanoelectrode through the plasma membrane is
associated by a hyperpolarization shift of the recorded potential and transition of the extracellular
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In a recent set of experiments the F. De Angelies laboratory (Dipalo et al. 2017)
significantly improved the methods to gain direct contact between vertical nano-
electrode and the cytosol. Dipalo et al. (2017) fabricated vertical 3D gold plasmonic
nanocylinders with a diameter of 150 nm and a height of 1.8 µm on planar electrode
(21 × 21 µm) that was electrically in contact with the culturing medium (Fig. 8).
The metal coating of the nanocylinders was connected to the planar base (De
Angelis et al. 2013; Dipalo et al. 2015). Endogenous APs generated by LH-1 cells
that adhere to the flat electrodes and substrate around it were recorded as typical
extracellular FPs (inward current, Fig. 8). Instead of electroporation pulses aimed
at “piercing” the junctional membrane, they developed the plasmonic optoporation
approach in which a short laser pulse “open transiently nanopores exclusively at the
tip” of the vertical nanopillar (Messina et al. 2015; Zilio et al. 2017). The ability
to precisely control the laser beam was used to optoporate single vertical electrode
at a time. This gave the authors the unique opportunity to experimentally determine
the contribution of each pillar and the planar electrode to the shape and amplitude of
the recorded potential (Fig. 8). Plasmonic optoporation of the cell membrane by one
nanopillar changed the recorded extracellular potential to a hybrid extracellular–
intracellular potential. When two nanopillars were plasmonically optoporated the
weight of the intracellular components was more pronounced. Finally, when all
four nanopillars were optoporated, the features of the recorded potentials were
comparable to intracellular recordings (Fig. 8). Importantly, the “insertion” of
the vertical nanoelectrodes by optoporation did not interfere with the endogenous
patterns of AP firing by the cells. This indicates that the optoporation pulse used
did not induce a large increase in the cell’s membrane resistance, nor did it lead to
elevated [Ca2+]i. Nevertheless, since the intracellular recordings configuration did
not last for more than an hour, it is conceivable to assume that micrometric motion
of the cells in respect to the substrate led to the isolation of the electrodes from the
cells. Importantly, this study also documented the presence of spontaneous small
amplitude potentials (∼40 µV) with features reminiscent of synaptic potentials.
Although the authors did not argue that these potentials were genuine synaptic
potentials, it is reasonable to assume that indeed they are. It should be noted,
however, that because the cell bodies of the cultured neurons may not adhere and

�
Fig. 7 (continued) FPs to full blown 80 mV intracellular APs (II, III) (Reprinted with permission
from Tian et al. (2010) Copyright Science, 2010). (b) Passive nanopillar electrode-based MEA
constructed of five vertical nanoelectrodes on a common platinum pad. Intracellular recordings
were simultaneously obtained from five individual HL-1 cells (right) (Reprinted with permission
from Xie et al. (2012). Copyright Nature Publishing Group, 2012). (c) Vertical nanowire MEA
constructed of nine silicon nanowires on a common pad. Shown are bidirectional recordings
and stimulations of cultured primary neurons by the vertical nanoelectrodes concomitantly with
recording by patch electrodes. Stimuli applied by the vertical nanoelectrode (2nd trace) evoked
action potentials recorded by the patch electrode (1st trace). Stimulations delivered by the patch
electrode (3rd trace) evoked action potentials recorded by the nanowire electrode (4th trace)
(Reprinted with permission from Robinson et al. (2012). Copyright Nature Publishing Group,
2012)
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Fig. 8 An analog electrical circuit of a combined planar/vertical nanoelectrodes MEA used to
simulate and experimentally study the advantages of plasmonic cell optoporation. (a) The analog
electrical circuit used to simulate (b, blue traces) the actual recordings (b red traces). When
one or two out of the four vertical nanoelectrodes optoporated the HL-1 cell, the recorded
extracellular potential (b) transforms to “mixed” extracellular–intracellular recorded potential
(c, d). When all four vertical nanoelectrodes optoporate the cell, the shape of the recorded
potentials becomes almost identical to that of genuine attenuated intracellular recordings (e)
(Reprinted with permission from Dipalo et al. (2017). Copyright ACS https://pubs.acs.org/doi/
abs/10.1021%2Facs.nanolett.7b01523. Note: further permissions related to the material excerpted
should be directed to the ACS)

cover the entire surface of the flat part of the electrode, it is theoretically possible
that these “tentative synaptic potentials” are in fact pickups of FPs generated by
remote neurons. If these are genuine synaptic potentials, this together with the report
published by the S. Dayeh laboratory (Liu et al. 2017) and work by Shmoel et al.
(2016) would be the first to tentatively document recordings of spontaneous synaptic
potentials by vertical nanoelectrodes.

Taken together, these results show that at a proof-of-concept level scalable
passive vertical nanoelectrodes can be manipulated to form transient contact with
the cytosol and have a large enough seal resistance to record attenuated intracellular
APs with features similar to whole-cell patch or sharp electrodes. The attenuation of
the signals is the outcome of the high impedance of the 3D vertical nanostructures
due to their small surface area. Attempts to overcome this limiting factor by the use
of multiple vertical nanoelectrodes only partially improve the situation. Another

https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b01523
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critical shortcoming of currently used vertical nanoelectrode technology is the
limited time (an hour) for intracellular access after membrane electroporation or
optoporation. The inhibition or slowdown of the innate membrane repair mechanism
which serves to protect cells from damage and isolates the nanoelectrode after
membrane poration can be theoretically designed. The issues of high electrode
impedance could be overcome by the use of nano-FETs (the CM Lieber solution)
and the development of novel materials. The quality of the seal resistance could be
substantially improved by developing suitable surface chemistries to effectively fuse
the electrodes with the cell membrane (Almquist et al. 2011; Almquist and Melosh
2011; VanDersal and Renaud 2016).

Finally, so far none of the multiple vertical nanoelectrode devices have been
effectively applied to monitor the entire electrophysiological repertoire from indi-
vidual neurons comprising a neuronal network. Nonetheless, the successful scaling
of the vertical nano-MEA device by the H. Park laboratory (Abbott et al. 2017) to
simultaneously record attenuated intracellular APs from a network of a few hundred
cardiomyocytes is a significant achievement marking a new milestone in vertical
nanoelectrode array technology.

8 Extracellular Gold Mushroom-Shaped Microelectrode
Arrays for Intracellular Recordings

Along with the development of vertical nanoelectrode technologies which in princi-
ple operate like classical sharp and whole-cell patch microelectrodes, our laboratory
has begun to test a different approach which purposely limited the cell–electrode
configuration to a perforated patch electrode arrangement. In contrast to the vertical
nanoelectrodes that are designed to penetrate the cells membrane, we used gold
mushroom-shaped microelectrodes (gMµEs) with a relatively large cap with a
diameter of 1.5–2 µm, a stalk diameter of ∼1 µm, and a height of ∼1.5 µm (Spira
et al. 2007, and Fig. 3b). These gMµE record attenuated synaptic and APs from
cultured Aplysia neurons with the characteristic features of intracellular recordings
by forming a high seal resistance and the induction of low junctional membrane
resistance that faces thee electrode (Spira et al. 2007; Hai et al. 2010a, b; Spira
and Hai 2013). In these studies, 48–72 h after culturing juvenile Aplysia neurons
on an RGD repeat functionalized gMµE surface, attenuated APs and subthreshold
potentials with characteristic features of intracellular recordings were monitored
(Fig. 9). Since the gMµEs are engulfed by the neuron but remain outside of it (Fig.
3b), we referred to this mode of recordings as “IN-CELL recordings” rather than
as intracellular recordings. The amplitudes of IN-CELL recorded APs generated
by a single Aplysia neuron’s cell body (∼80 µm in diameter) that adhere to an
array of gMµEs ranged from 2 to 30 mV. This range mainly reflected variabilities
in the seal resistance formed between individual gMµEs and the cell body. Time-
locked, evoked electrotonic EPSPs of up to 5 mV were also recorded from a network
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Fig. 9 Synaptic potentials and action potentials (APs) recorded by gold mushroom-shaped
microelectrodes. (a) Three cells were cultured on a gMµE array. A single sharp intracellular
microelectrode was used for both current injection and voltage recordings. (b) A calibration pulse
of 5 mV, 20 ms as detected by the intracellular microelectrode (red) and a gMµE (blue). (c)
Depolarization of neuron 1 generated a train of spikes recorded by the intracellular microelectrode
(red in cell 1) and the gMµE (blue of cell 1). (d) The intracellular electrode was then moved
into neuron 2. Hyperpolarization of neuron 2 generated hyperpolarization of neurons 2 and 1.
(e) Depolarization of neuron 2 to generate two APs elicited two electrical EPSPs riding on the
depolarizing pulse (blue) in neuron 1. (f, g) Increasing the strength of the intracellular stimulation
of neuron 2 generated trains of 4 and 5 spikes in neuron 2 (correspondingly) leading to summation
of the EPSPs in neuron 1, to fire one and two APs (f) and (g), correspondingly) as monitored by the
gMµE from neuron 1. In (h), the intracellular electrode was moved into neuron 3. Spikes in cell 3
(red) also generate EPSPs which summated to generate action potentials in cell 1. (Reprinted with
permission from Hai et al. (2010a). Copyright Nature Publishing Group 2010)
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of electrically coupled neurons (Fig. 9 and Hai et al. 2010a, b). The use of an
analog electrical circuit model to simulate the experimental results made it clear
that the results were only possible if in addition to the increased seal resistance, the
junctional membrane conductance was increased with respect to the non-junctional
membrane. The mechanisms underlying this junctional membrane conductance
increase remained unclear. It is conceivable that the curvature of the gMµE cap
and/or the presence of the RGD repeat peptide on the electrode surface may have
initiated a molecular cascade leading to recruitment of voltage independent ionic
channels to the junctional membrane or to the formation of nanopores within the
confined region of the junctional membrane.

The studies conducted using cultured Aplysia neurons revealed that the neuron–
gMµE junctions were stable for approximately 2 weeks and that the neuron–gMµE
hybrid configuration did not alter the passive or active membrane properties of the
neurons and their synaptic functions (Hai et al. 2009b, 2010a, b).

The results obtained using gMµE-based MEA to record from primary cultures
of rat hippocampal neurons differed in a number of ways from those of Aplysia
neurons.

In contrast to cultured Aplysia neurons, the variability in the shapes and
amplitude of the recorded potentials from cultured rat hippocampal neurons was
significantly larger (Fig. 10), and ranged from biphasic extracellular FPs with
amplitudes of 100 µV to positive monophasic 1–5 mV APs with character-
istic features of juxtacellular recordings (Fig 10b) or intracellular recordings

Fig. 10 Spontaneous activity recorded by 60 gMµE-MEA from cultured hippocampal neurons
17 DIV (a). Each box represents 30 s of recording from a single gMµE. Note that the majority
of the gMµEs recorded monophasic positive action potentials (b–c) Enlargement of recorded APs
by two gMµEs. Whereas in (b) the AP features are of loose seal-like configuration, that of (c) is
of IN-CELL recordings. (Reprinted with permission from Shmoel et al. (2016). Copyright Nature
Publishing Group, 2016)
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(Fig. 10c and Shmoel et al. 2016). The large variability can be attributed to two
factors. Because of the small diameter of hippocampal neuron cell bodies (15–
20 µm), the probability of a neuron to be positioned optimally to engulf a gMµE
and form a high seal resistance junction is lower than for the large diameter
Aplysia neurons. In addition, the short duration of the recorded action potentials
(by a fraction of the electrodes Fig. 10) suggest that in these cases the junctional
membrane resistance is high. Under these conditions the electrical coupling between
the neuron and the gMµE is capacitive rather than Ohmic. Thus, the shapes of the
recorded APs resemble the time derivative of the genuine intracellular AP. The range
of interfacing modes can be explained by the analog electrical circuits shown in Fig.
1a, b.

The circuits depicted by Fig. 1 illustrate two junctional membrane modes. In
Fig. 1b, Rjm is large, >100 G�. Thus, the resistive component of the junctional
membrane could be neglected and the membrane is represented by a capacitor (Cjm)
with a value that corresponded to its surface area times 1 µF/cm2. This together
with the seal resistance formed by the cleft between the plasma membrane and
the gMµE configures a passive electrical differentiator that generated an output
potential proportional to the time derivative of the input (Rizzoni 2009). In contrast,
if Rjm is low (∼1 G�) the circuit properties are transformed from a differentiator
(Fig. 1b) to an element that does not distort the shape of the wave form (Fig. 1a).
These changes corresponded to the transition between a loose seal/juxtacellular
recording configuration and an IN-CELL recording. In fact, the changes in the
relationships between the Rjm and Cjm are expected to generate a continuous
spectrum of outputs ranging from juxtacellular to IN-CELL recording modes as

Fig. 11 Simulation of the shapes and amplitudes of action potentials as a function of the junctional
membrane resistances using the analog electrical circuits of Fig. 1 and the analog electronic circuit
simulator SPICE. The normalized input action-potential (black), its calculated time derivative
(blue) and the simulated output (red) for Rjm values of 80-1 G� (as indicated). The shape of
the output action potentials (red) changes (red arrow) from being similar to the time derivative
of the input potential (a), gradually (b and c) to an intracellular recording (d, e). Aside from the
dependence of the normalized simulated output shape, the increase in Rjm value is associated with a
decrease in the amplitude of the simulated output AP, a change in the simulated AP duration, and a
shift in the AP peak time with respect to the input AP (not shown for additional details see Shmoel
et al. (2016) (Reprinted with permission from Shmoel et al. (2016). Copyright Nature Publishing
Group, 2016)
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illustrated by simulation of the analog electrical circuits of Fig. 1 (using the general-
purpose, analog electronic circuit simulator SPICE) and shown by Fig. 11 (Shmoel
et al. 2016).

Interestingly, contrary to what was found in Aplysia, the electrical coupling levels
and mode of recording formed between hippocampal neurons and gMµEs were not
improved by functionalizing the gMµE with the RGD repeat peptide. Ultrastructural
observations by our lab and others have revealed that hippocampal neurons (and
cardiomyocytes) engulf to tightly interface with gMµEs functionalized by poly-
L-lysine or polyethyleneimine/laminin, suggesting that the 3D structure in itself
(mushroom, and in fact also vertical nanoelectrodes) is sufficient to facilitate the
engulfment (Fendyur et al. 2011; Santoro et al. 2013, 2014a, b; Ojovan et al.
2015; Shmoel et al. 2016; Zhao et al. 2017). Hence, it is conceivable that the
expected effects of the RGD repeat peptide on the junctional membrane conductance
of hippocampal neurons are not expressed by the time the hippocampal network
matures its electrophysiological functions 10–14 days after plating. It is assumed
that the peptide layers at the gold electrode surface undergo a degradation process
by enzymes secreted by the neurons or by hydrolysis. Attempts to achieve Ohmic
contact between gMµEs and the neurons by electroporation were unsuccessful. We
observed that the hippocampal neurons–gMµE hybrids remained stable in culture
for periods of up to 10 days. We have not yet tested whether gMµEs alter the
physiological properties of the neurons or the network.

9 Recordings of Synaptic Potentials by Gold
Mushroom-Shaped MEA?

In a number of experiments, we observed the presence of low amplitude (∼100 µV)
negative and positive potentials with slower rise and decay times than the APs
(Fig. 12). Given that FPs generated by single neurons in culture decay to a third
of their amplitude within a distance of approximately 100 µm (Weir et al. 2014),
these potentials may reflect the pickup of FPs generated by remote neurons. Alter-
natively, these potentials could reflect a barrage of genuine excitatory and inhibitory
synaptic potentials. Currently we cannot unequivocally differentiate between these
possibilities by rigid criteria. Nevertheless, pharmacological experiments support
the hypothesis that these are synaptic potentials. Specifically, the application of
GABAzine, a GABAergic postsynaptic blocking reagent (1–10 µM), transformed
the endogenous FPs firing pattern into typical bursts (Fig. 12a, b, respectively).
Concomitantly, it led to the disappearance of the slow negative-going potentials
(Fig. 12d, f). Hence, if the slow low-amplitude negative-going potentials had
been generated by bursts of APs produced by remote neurons, the frequency and
amplitude of the negative potentials would have increased rather than disappeared.
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Fig. 12 The effect of GABAzine on recorded spontaneous electrophysiological signaling reper-
toire. Spontaneous firing as recorded by 4 gMµE before (a, c) and after the application of 10 µM
GABAzine to the culture medium (b, d). (c, d) are enlargements of the bursts indicated by arrows
in (a) and (b) respectively. (e, f) Enlargements of the potentials enclosed by red boxes in (c)
and (d) respectively. GABAzine alters the spike firing pattern to distinct bursts. (e) The low-
amplitude, long-duration negative potentials recorded before GABAzine application disappear
after GABAzine application, and positive, but low-amplitude, long-duration potentials are recorded
(f). These potentials are tentatively considered to be synaptic. The spikelets are possibly dendritic
spikes or the firing of electronically coupled neurons. (Reprinted with permission from Shmoel et
al. (2016). Copyright Nature Publishing Group, 2016)

In summary, the electrophysiological and pharmacological observations are
consistent with the possibility that the relatively slow low-amplitude potentials
recorded by the gMµEs from an in vitro network of hippocampal neurons could
represent synaptic potentials.
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10 Conclusions

Taken together, the results discussed in this chapter show at a proof-of-concept level
that passive and active vertical nanoelectrodes can record attenuated intracellular
spikes and subthreshold synaptic potentials from cultured neurons, cardiomyocytes,
and skeletal myotubes. The attenuation of the recorded signals is mainly the
outcome of the high impedance of the 3D vertical nanoelectrodes due to their small
surface area. This could be improved by the use of nano-FETs rather than passive
electrodes and the development of novel materials for electrode construction.
Another shortcoming of currently used vertical nanoelectrode technology is the low
seal resistance formed between the electrode and the cell. This parameter could be
substantially improved by developing suitable surface chemistries to effectively fuse
the electrodes with the cell’s plasma membrane. The limited time, of approximately
1 h, during which intracellular recordings can be obtained after electroporation or
optoporation is yet another aspect that should be improved. It is conceivable that
slowdown of innate membrane repair mechanism which serves to protect cells from
damage after membrane poration can be theoretically designed.

To conclude, the 10-year-old technologies of intracellular electrophysiological
recordings from individual cells comprising cellular networks have made tremen-
dous progress. It is foreseen that the use of the novel vertical nanoelectrodes-based
MEA technologies that enable to read the entire electrophysiological signaling
repertoire from individual cells within an operational network will have a significant
impact on the progress of basic and applied brain research.
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