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ABSTRACT

Nanoscale interfaces with biological tissue, principally made with nanowires (NWs), are envisioned as minimally destructive to the tissue
and as scalable tools to directly transduce the electrochemical activity of a neuron at its finest resolution. This review lays the foundations for
understanding the material and device considerations required to interrogate neuronal activity at the nanoscale. We first discuss the
electrochemical nanoelectrode-neuron interfaces and then present new results concerning the electrochemical impedance and charge injec-
tion capacities of millimeter, micrometer, and nanometer scale wires with Pt, PEDOT:PSS, Si, Ti, ITO, IrO,, Ag, and AgCl materials. Using
established circuit models for NW-neuron interfaces, we discuss the impact of having multiple NWs interfacing with a single neuron on the
amplitude and temporal characteristics of the recorded potentials. We review state of the art advances in nanoelectrode-neuron interfaces,
the standard control experiments to investigate their electrophysiological behavior, and present recent high fidelity recordings of intracellular
potentials obtained with ultrasharp NWs developed in our laboratory that naturally permeate neuronal cell bodies. Recordings from arrays
and individually addressable electrically shorted NWs are presented, and the long-term stability of intracellular recording is discussed and
put in the context of established techniques. Finally, a perspective on future research directions and applications is presented.
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FIG. 1. The human brain and its constituents at multiple length scales interact electrochemically with interrogating electrophysiological probes. Schematic illustrations of (a)
human brain, (b) cortical column, (c) neuron, (d) neuronal membrane with channel proteins and lipid bilayers, and (e) interrogating electrode surface. Edited and reprinted with
permission from Florio et al., Curr. Opin. Neurobiol. 42, 33 (2017). Copyright 2017 Elsevier. Edited and reprinted with permission from D. R. Merrill, Implantable Neural

Prostheses (Springer, 2010), Vol. 2, pp. 85-138. Copyright 2010 Springer.”

behavior.” As can be observed in Fig. 1, this activity is fundamentally
electrochemical in nature, thus tools to directly investigate said activity
must be capable of transducing the resulting electrical potentials with
fine spatial and temporal resolution. Short- and long-range perturba-
tions of the electrochemical environment of the brain modulate neuro-
nal network activity to produce function.” Furthermore, these
neuronal networks are organized in columnar structures composed of
layers that are interwoven to be capable of synchronized function.””
Ton channels distributed across the membrane of individual neurons
give rise to local ionic currents that determine the resting membrane
potential of a cell. This potential can oscillate depending on subthresh-
old currents and dictates whether an incoming stimulus results in an
action potential, and consequently how far electrophysiological events
travel across networks. While the all-or-none action potential is con-
sidered the currency of the nervous system, it is the result of these sub-
threshold potentials that are not easily measured at a spatial resolution
greater than a few cells. Clearly, an in-depth understanding of coordi-
nated neuronal activity at a finer resolution than the action potential
depends on our ability to measure subthreshold oscillations from a
large number of neurons and across networks. These oscillations also
underscore healthy or impaired function and their interrogation will
allow us to both understand neurodegenerative and neuropsychiatric
diseases that are associated with ion channel dysfunction® '* and to
develop drugs and therapies to combat these diseases.

II. INTRODUCTION TO ELECTROPHYSIOLOGICAL
INTERROGATION OF NEURONS

While there are multiple modalities to investigate the nervous
sytem,"”'® electrophysiology is the gold standard to obtain a detailed
understanding of broadband neuronal activity. Neural activity is electro-
chemical in nature; it originates from ion movement through ion chan-
nels on the neuron. Among the diverse set of technologies developed to
measure neuronal activity, ' the direct measurement is accomplished
by an electrochemically sensitive interface [Figs. 1(d) and 1(e)].”**
Tonic current flow both within a single neuron and through a network
through electrochemical gradients and field-driven charged-ion move-
ments both directly correlate with current flow established by electron
and hole charge transport in the interrogating probe,”** providing high

spatiotemporal resolution. Electrical interrogation can capture the min-
iscule signals of a single neuron with superior spatial and temporal reso-
lution that well exceeds the capabilities of other methods.

The interface at which this electrochemical activity is sensed is
governed by two types of charge-transduction mechanisms, Faradaic
(type I), as illustrated in Fig. 1(e).”"*” Type I is a direct charge transfer
through a redox reaction that is typically reversible under recording
modalities and is desired to be reversible under stimulation modalities.
The presence of dipoles within the surface of the electrode (e.g., at
sharp corners and edges) can help facilitate ionization and charge
transfer through this Faradaic mechanism. Type II is capacitive in
nature and relies on charge screening through the accumulation of a
sheet of charged ions on the electrode surface and a sheet of oppositely
charged electrons or holes at the electrode surface. Large surface area,
conventionally obtained through roughened surfaces, plays a critical
role in increasing the capacitance of this interface, thus increasing sen-
sitivity. The purpose of this review is to overview progress and provide
the scientific foundations for recording neuronal activity with nano-
scale probes, hereafter referred to as nanoelectrodes.

To record intracellular and subthreshold potentials, the gold
standard method is the whole-cell patch clamp technique™ that uti-
lizes a glass micropipette to access the intracellular medium. Patch
clamp’s intracellular access enhances the signal coupling efficiency and
captures the broadband neuronal activity with high temporal resolu-
tion.”® Patch clamp electrode forms a leak-tight giga-ohm seal between
the cellular membrane and the micropipette orifice. This high resis-
tance seal allows low background thermal noise and reliable voltage
clamping, i.e., fixing membrane potential at a desired level”” to provide
high-fidelity recording. Neher et al. pioneered single ion channel
recording using patch clamp”*”” and paved the way to study and regu-
late jon channel behaviors and mechanisms, including modulation of
their activity by disease and pharmacological drug manipulation. The
patch clamp method also allows direct control over the intracellular
and the extracellular environment of the target cell via micropipette
solution to permit wider experimental setups; for example, effect of
specific ionic currents can be isolated by modulating the ionic concen-
tration.”” However, the number of cells that can be interrogated
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simultaneously is limited”' since this method is inherently tedious and
requires precise alignment of the pipette to the target cell under a
microscope and adjustment of its proximity and contact with the neu-
ron membrane. In the in-vivo setting where alignment within the cor-
tex under a microscope becomes challenging, electrically guided
pipette placements to arbitrary neuronal cells in their way have been
recently developed, where the impedance can be used as a measure to
indicate cell attachment to the pipette.’”” Extracellular recordings
with macro- and microelectrode arrays enable the long-lasting electri-
cal interrogation of individual and multiple cells in spatially extended
networks. However, the amplitudes of extracellular potentials mea-
sured with extracellular electrodes are typically less than a millivolt,
and extracellular measurements are insensitive to subthreshold oscilla-
tions such as postsynaptic potentials (PSPs).”* Thus, a technology that
could provide the subthreshold dynamics of patch clamp with the spa-
tial resolution of extracellular recording would be of tremendous utility
for understanding neural network dynamics.”

Over the last decade, the nanowire (NW) interface emerged
as a scalable and minimally destructive technology which allows
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permeation to neuronal cell membranes for recording at high spatio-
temporal resolution.””*** Some of these studies demonstrated that
intracellular NW electrodes can measure intracellular potentials with
magnitudes over 70 mV"* ** which are comparable to that of patch
clamp. The minimally invasive nature of the NW electrode was dem-
onstrated by inserting a NW to a whole-cell patched cardiomyocytes
(CMs) where the recorded action potentials were minimally altered
upon the NW insertion.”* Despite its advantages, NW technology
has its limitations, particularly in maintaining a reliable NW-neuron
interface over time. This challenge arises from the fact that the
plasma membrane of the cell tends to reject the foreign material
and reconstruct the cell membrane, which eventually isolates the NW
from the cell body.47’48 Once the NW is outside the neuron, the
recording can no longer be considered intracellular, but rather
extracellular.™

To gain insight into the advantages and limitations of these three
techniques—patch clamp, extracellular, and NW recording—basic cir-
cuit models that incorporate relevant charge-transport are used.
Figure 2(a) shows the fundamental model for a typical pipette-based

20 mV
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FIG. 2. Comparison of (a) patch clamp, (b) extracellular, and (c) NW recording methods in terms of (left) simplified circuit models, (center) microscope images of electrode-
neuron interface, and (right) typical recording results. Edited and reprinted with permission from Akita et al., “Patch-clamp techniques: General remarks,” in Patch Clamp
Techniques (Springer, 2012), pp. 21-41. Copyright 2012 Springer Nature.”” Reprinted with permission from Steriade et al., J. Neurophys. 85(5), 1969 (2001). Copyright 2001
American Physiological Society. Reprinted with permission from Fong et al., Nat. Comm. 6(1), 1 (2015). Copyright 2015 Macmillan Publishers Ltd. Edited and reprinted with permis-
sion from Seidel ef al., Analyst 142(11), 1929 (2017). Copyright 2017 the Royal Society of Chemistry. Edited and reprinted with permission from Liu et al., Nano Lett. 17(5), 2757
(2017). Copyright 2017 American Chemical Society.® Edited and reprinted with permission from Liu et al., Adv. Func. Mat. 2108378 (2021). Copyright 2021 IEBL.”
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measurement of the membrane potential of neurons. Most commonly,
the recording electrode consists of a silver/silver-chloride (Ag/AgCl)
wire which is a non-polarizable electrode, whereby a large current can
pass through the electrode without creating or causing an appreciable
potential drop at the electrode-solution interface. The electrode is
immersed in an electrolyte solution with precisely controlled ionic
concentrations that match the intracellular environment of the neu-
ron.”® The sub-micron aperture of the pipette tip is used to form a
light seal on the lipid membrane (“cell-attached”), during which extra-
cellular currents can be measured. At this point, the membrane can be
ruptured through mechanical, chemical, or electrical means to gain
“whole-cell” access and ionic exchange with the cytoplasm. In other
experiments, the plasma membrane can be pulled away and resealed
along the tip of the pipette, providing access to a single ion channel.
Ton flow is constricted by the cross-sectional area of the pipette and is
effectively modeled by a resistance, R,. The sealing resistance, Ry,
represents the tight pipette-cell junction, and any associated current
leaks out of this seal to the extracellular medium. With the proper
amplifier configuration, this method is amenable to measuring abso-
lute membrane potentials. A major advantage to this method is the
“clamp,” achieved through the giga-ohm seal that allows the experi-
menter to manipulate the resting membrane potential or current flow
and measure resulting changes in current or voltage, respectively. This
capability comes at the cost of low spatial resolution and relatively
short recording period of usually under 30 min.

While patch clamp recordings can provide fine resolution of
dynamics within a single neuron, it cannot effectively resolve network
activities. Instead, researchers employ extracellular electrodes to study
activity at a lower dynamic resolution but over a greater area.”’ Figure
2(b) shows a general model for a microelectrode, which can provide
insights into the dynamics of neural populations.” The large membrane
impedance attenuates the signal amplitude in this configuration due in
part to the corresponding voltage drop across the impedance of the
membrane. Without a highly scaled electrode of a comparable size to
that of an individual neuron, and without excellent alignment between
the two, the coupling efficiency of neuronal potentials to the electrode
can significantly decrease, particularly with electrodes that exhibit large
electrochemical impedances.”’ Thus, this system cannot achieve compa-
rable coupling coefficients to that of patch clamp measurements.
However, the non-invasive nature of the extracellular approach allows
greater chronic compatibility as cells or brain slices can be cultured on
these arrays and data can be acquired over days or weeks.

Figure 2(c) shows a general model for a penetrating (impaling
through cellular plasma membrane to access intracellular cytosol)’
NW electrode that forms an interface with the intracellular fluid of the
cell. Depending on the electrochemical interface and the recording
electronics, the NW interfaces hold the promise of measuring intracel-
lular potentials in a comparable amplitude and signal-to-noise ratio to
patch clamp® with high spatiotemporal resolution as good as the
extracellular microelectrode array.””** The fundamental circuit model
that depicts the NW’s neuronal interface is comparable to that of the
patch clamp. However, the wire-cytoplasm electrochemical junction
usually exhibits a larger impedance for the nanoelectrode compared to
that obtained with patch clamp. These effects will be delineated by cir-
cuit simulations in the forthcoming discussions in Sec. IV.

Figures 2(a)-2(c) also illustrate characteristic recording signals
from whole-cell patch clamp, extracellular, and intracellular NW
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electrodes, respectively. As shown, signals captured by extracellular
microelectrodes are smaller in amplitude compared to intracellular
recordings obtained by either patch clamp or NW.”” Patch clamp can
record action potentials (~100mV) and clear subthreshold oscilla-
tions together with the absolute membrane potential. Intracellular
NWs can reach comparable action potential signal amplitude to that
of patch clamp, but the amplitude of recorded potentials in most
experiments decreased progressively, eventually becoming comparable
to small extracellular potentials.””””***"**** This is in part due to the
temporary permeation of the neuronal cell membrane by electropora-
tion and subsequent rapid repair of the membrane within tens of sec-
onds around the NW.”*"” Naturally internalized NWs, such as
ultrasharp NW (USNWs)“ or nanostructures with sharp edges,” are
reported to sustain intracellular access over extended durations of time
with a capability to record large action potential amplitudes and sub-
threshold oscillations without electroporation. These results are further
corroborated by more recent experimental studies reported in Secs. V
and V1.

lll. ELECTROCHEMICAL CHARACTERISTICS OF
ELECTRODES ACROSS MATERIALS AND LENGTH
SCALES

The electrode impedance is one of the most critical parameters of
bio-interface electrodes that determine the efficacy of a measurement
made from a given neuronal activity.”* " Although intracellular NWs
made from many different interface materials,”"***°! such as Si, Pt,
iridium oxide (IrOy), and indium tin oxide (ITO), have previously
been reported, the detailed electrochemical characteristics of these
interface materials at the microscale and the nanoscale have not been
established. In Fig. 3, we report the results of electrochemical imped-
ance spectroscopy (EIS) measurement with the interface of NW,
microwire (uW), and millimeter wires (MW) composed of different
interface materials including Pt, Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), Ti, Si, Ag, Ag/AgCl, IrO,, and
ITO, in a Dulbecco’s phosphate buffered solution (DPBS). Electron
beam lithography was used for the precise and uniform patterning of
planar NWs, uWs, and MWs with width x length dimensions of
170 nm X 10 um, 1 gm x 100 pm, and 10 um X 1 mm, respectively, as
shown by the optical and electron microscope images [Fig. 3(a)]. To
ensure uniform current spreading under the intended electrode inter-
face, a 100 nm thick Pt layer was deposited. The interface material was
subsequently sputtered (100 nm thick Ag, Ti, and ITO; 5nm thick
IrO,) or electrochemically deposited (50 nm thick PEDOT:PSS) on
top of the Pt. The Ag/AgCl electrodes were fabricated by chlorinating
the surface of Ag with a FeCls-poly(vinylpyrrolidone) (PVP) solu-
tion.”” Si NWs were prepared by the top-down etching of a highly
doped silicon-on-insulator (SOTI) wafer (device layer: n-type, 220-nm-
thick, 2 x 10**cm ™). To minimize the parasitic capacitance of the
metal leads with the underlying carrier substrate, we fabricated the
NWs on an insulating 1-um-thick SiO,-coated Si substrate. A 2-um-
thick AZ1529 photoresist layer was deposited to hermetically seal and
passivate the 5 um wide and 10/100 nm thick Cr/Au metal leads that
connected each electrode to the external characterization circuitry.

For all materials under consideration, as the electrode size
decreased, the interfacial surface area naturally decreased, and the elec-
trochemical impedance increased, as expected [Figs. 3(b)-3(h)]. The
NW electrodes showed predominantly capacitive behavior, evident by

Appl. Phys. Rev. 8, 041317 (2021); doi: 10.1063/5.0052666
Published under an exclusive license by AIP Publishing

8, 041317-4


https://scitation.org/journal/are

Applied Physics Reviews REVIEW

scitation.org/journal/are

(a) = (b) Magnitude (Q) Phase (°) (c) Magnitude (Q) Phase (°)
Millimeter ‘ 0
wires Pt Pt PEDOT PEDOT
(MW) 108 108
‘ 30 30
|
| 108 108
- NW -60 -60
10 ™ uwW 104
- MW -90 -90
0 0
(d) Si si|(e) ITO ITO
500 108 108
3 nm -30 -30
S s
S
e o ) 108 108
S3 'g -60 60
i § \%./ 104 104
-90 -90
T 0 0
: (M) AgCl Agcl | (9) Ag Ag
(h) 108 108
ANW mpyW oMW -30 -30
'y
S10° a4 :.;a:&f 108 106
g iV .\/ . -60 -60
= .\.\ P ol
E 1o * 104 104
5 it /0\ 90 90
< 10* i 0 j =0 -
10 J ® Ir0, o, | ¥ Ti Ti
(k) A 108 108
10°{ A \A/ Aa 30 -30
< g A
§104 I/\ \A 108 106
S0 e .\"3\- 60 €0
o \.\./ \.\l\
) o m | 10¢ 10
10 ~d -90 -90
79079 A%:, //QF/) 2 101 103 108 101 103 108 101 103 105 101 10° 108
2 Hz Hz Hz Hz

FIG. 3. Electrochemical characteristics of the NWs, uWs, and MWs for different materials. (a) Optical and electron microscope images of the electrodes. Electrochemical
impedance spectroscopy of (b) Pt, (c) PEDOT:PSS, (d) Si, (e) ITO, (f) Ag/AgCl, (g) Ag, (i) IrO,, and (j) Ti NW, W, and MW, showing the magnitude and phase of the imped-

ance spectra. (h) 1 kHz impedance magnitude and (k) CIC of wires with different materials.

the 1/f dependence of the impedance magnitude with frequency which
was also dependent on the electrode interface material. All MW elec-
trodes except the AgCl electrode show transitions from capacitive to
resistive behavior with frequency. The resistive behavior at higher fre-
quencies is attributed to the contributions from the solution and
metal-lead resistive components, as well as the current-crowding resis-
tance at the edge of the contacts.”” For the AgCl MW electrode [Fig.
3(f)], the resistive components dominate the EIS spectra. Further anal-
ysis of the electrode through cyclic voltammetry (CV) reveals the for-
mation of Ag complexes close to the equilibrium potential.
Consequently, the determination of an accurate charge injection
capacity (CIC) for Ag MW electrode was challenging.

PEDOT:PSS is an important organic electrode material due to its
permeability of ions that provides it with the unique, volumetric sensi-
tivity of electrophysiological signals, contrasting from typical surface
sensitivity of solid-state electrodes.”* ** Figure 3(c) exhibits the imped-
ance magnitude and phase spectra of PEDOT MW, uW, and NW
electrodes fabricated by electrochemical deposition of EDOT mole-
cules on Pt contacts. It is evident that by changing the interface mate-
rial from Pt [Fig. 3(b)] to 50 nm thick organic PEDOT [Fig. 3(c)], the

impedance magnitude decreases over the entire frequency range. In
the frequency range of interest for physiological activity
(1Hz-10kHz), the PEDOT MW exhibited 40 times lower impedance
than the Pt MW; while PEDOT yW and NW showed four times lower
impedance than the Pt yW and NW, respectively. Consequently,
PEDOT:PSS 1tWs and NWs also exhibited higher CIC values than Pt.

The Si MW, uW, and NW were fabricated on SOI substrates that
offer a 220 nm thick single crystal Si “device” layer (with low electrical
resistivity of 6 x 10~ *ohm-cm) atop a 1 um-thick SiO, layer. The Si
MW, uW, and NW all showed the highest impedance magnitudes
[Figs. 3(d) and 3(h)], the lowest CIC values [Fig. 3(k)] among all the
tested materials with the same dimensions, and exhibited similar EIS
characteristics regardless of their size, as shown in Fig. 3(d). They also
showed highly capacitive EIS spectra [Fig. 3(d)], which we believe
arises due to the capacitive behavior originating from the native oxide
formed on the Si surface. ITO MW, uW, and NW showed similar EIS
characteristics to Si electrodes but with lower overall impedances,
likely due to their lower series resistance [Fig. 3(e)].

Ag wires without chlorination [Fig. 3(g)] did not exhibit the
faradaic-like electrode behavior that the AgCl wires did [Fig. 3(f)].
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Although the Ag electrodes displayed two times lower impedance
compared to Ti electrodes [Fig. 3(j)], the general trend of the EIS
curves of Ag and Ti wires was similar. Both the Ag and Ti MWs
showed a resistive-like transition above 1kHz, while their W and
NW were pre-dominantly capacitive above 100 Hz.

IrO, MW studied here (IrO,/Pt, 5/100 nm) showed 1.3 times
lower 1kHz impedance magnitude compared to that of Pt MW [Fig.
3(i)] although a thicker IrO, film is expected to show even lower
impedance magnitude.”” This small difference in EIS characteristics
observed between IrO, and Pt MWs became negligible for smaller
IrO, and Pt wires; the differences in EIS characteristics between IrO,
and Pt W (as well as NWs) were indistinguishable.

1kHz impedance magnitudes of wires with different materials
and dimensions are summarized in Fig. 3(h). MWs showed
differences in their EIS characteristics depending on the choice of the
interface material. As the dimension of the electrode decreased to yW
and NW, the differences in impedance magnitude and phase spectra
between the electrodes decreased. These results indicate that for NW
electrodes, field-enhancements due to edge effects determine the
mechanism for electrochemical interactions, in contrast to the con-
ventional faradaic and capacitive regimes conventionally discussed
for larger electrode scales. However, significant differences still
emerge between NW electrodes for different materials. For example,
the impedance values of PEDOT and Si NWs at 1 kHz were 300 kQ
and 3 MQ, respectively, despite having nearly identical dimensions.
Additionally, the faradaic and capacitive behavior of NW electrodes
differed significantly for each material. Thus, the choice of the NW
material should play an important role in enhancing the coupling
coefficient of neuronal activity to the NW. These effects were studied
and are summarized in Sec. I'V.

Finally, to quantify the stimulation capabilities of these selected
materials at various length scales, the CIC of the NW, uW, and MW
with different materials is calculated, as shown in Fig. 3(k). The CIC is
a measure of the charge density that can be injected through a given
electrode before the potential drop across the electrode interface
exceeds that of water hydrolysis. To determine the water hydrolysis
window, we performed CV measurements for each electrode to deter-
mine the water window. For each material and length scale, we
injected cathodic first biphasic currents and measured the resulting
voltage transients. After obtaining a minimum of 5-8 voltage transi-
ents per material and length scale, we extrapolated the voltage transi-
ents to intersect with the water hydrolysis values obtained from CV.
This corresponding current limit was then divided by the electrode
surface area and multiplied by the cathodic pulse duration in order to
obtain the CIC limit. The CIC of the MW strongly depended on the
interface materials, which agrees well with the previous studies.”®
Additionally, there was a significant increase in the CIC values when
the wire dimension was shrunk from W to NW compared to the rel-
atively small increase in CIC observed when the wire dimension
changed from MW to uW. This finding indicates that the geometrical
effects that cause strong local fields near the NW surface under rela-
tively high current densities play a significant role in determining CIC
value of NW electrodes.

IV. THE NANOWIRE-NEURON JUNCTION

The nature of the geometrical configuration of a NW-neuron
interface strongly influences the electrophysiological recordings by
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distorting the neuronal signal measured by a recording ampli-
fier.'”077451%% The signal pathways were briefly touched upon in
Sec. II and expanded here building off the investigations by Spira and
Hai'” on experimental paradigms in which electrodes with multiple
NWs were used.”*”"" As illustrated in Fig. 4(a), the neuron is mod-
eled by two lumped membrane impedances. One is active, contribut-
ing to ionic current (denoted as a junctional membrane) and the other
is passive, depicting leakage across the cellular membrane (denoted as
a non-junctional membrane). The ground for this circuit model exists
some distance away from the cell, separated by some spreading resis-
tance (Rypreqq) between the outside of the cell and ground. This extra-
cellular impedance is crucial for modeling non-zero potentials outside
of the cell, allowing for a reversal in the measured potential polarity
which might result from an opposite change in ionic charge polarity at
the active membrane junction. This detail is important when consider-
ing the effects of a poor membrane seal around a penetrating NW.
The electrochemical interface between the intracellular fluid and the
intracellular NW is usually modeled as a simple Randles cell which is
composed of a parallel RC circuit (Rgc Cgc). The quality of the mem-
brane seal around this penetrating electrode is modeled with a sealing
resistance Ry, Finally, there may exist a signal pathway between the
non-junctional extracellular region and the junctional extracellular
region. We introduce here an isolation resistance (R;;,) to capture this
effect.

While extensive prior efforts focused on NW-neuron interfaces
with multiple NWs on a single pad,”*””" the impact of the presence
of multiple-wires, some inside and some outside the cells, has not been
modeled, studied, or discussed in detail before. We illustrate in Fig.
4(b) a situation wherein one NW penetrates the neuron, while the
other sits outside. Here, we capture the situation with an extracellular
NW that is near a lumped model of the junctional portion of the
membrane which contributes to the transmembrane ionic current.
One can intuitively deduce that the amplitude of the recorded signals
will be attenuated in this latter configuration because the transmem-
brane potential of the neuron is effectively shorted through the NWs.
This intuition is supported by Fig. 4(c), where the simulated potential
at the input of the amplifier is plotted for various numbers of extracel-
lular NWs on a single pad. The amplitude of the waveform is largest
in the case of a single intracellular NW with zero extracellular NWs
shorted on the same pad and decreases as more extracellular NW's are
added. Furthermore, in Fig. 4(d), the coupling coefficient, which we
define as the ratio of the peak potential seen by the amplifier over the
peak intracellular potential, decays exponentially with increasing num-
ber of extracellular NWs. We also introduce here a temporal spreading
coefficient, which is defined as the ratio of pulse widths of the simu-
lated signal at the input to the amplifier over the intrinsic width of the
unperturbed intracellular potential. To the first order, this coefficient
can provide insight into the frequency-dependent signal distortion
and is shown to decrease with the number of NWs per pad. These sim-
ulation results agree well with experimental results that are presented
in Fig. 9, which compares electrophysiological recordings from neuro-
nal cells using a single NW and multiple NWs on a single pad.

The most critical parameters that can affect the signal seen by the
amplifier are the parasitic capacitance (C,), Ryea Rgcs and Cgc. Figure
4(e) shows the impact of C, on the signal distortion. From Fig. 4(a),
one can see that G, and Camp form an effective capacitive load, which,
together with Rpc and Cgc, forms a frequency-dependent voltage
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FIG. 4. Modeling NW-neuron junction. Circuit diagram of (a) single NW penetrating a cell and (b) multiple NWs which are partially engulfed in a cell. Nodes used for
“intracellular and Tmeasured potential are indicated in red color. (c) Simulated action potential at the input of the amplifier plotted for various numbers of extracellular NWs on a
single pad. Coupling and temporal spreading coefficients with (d) increasing number of extracellular NWs and (e) parasitic capacitance. (f) Sealing resistance dependent peak
amplitude and pulse width of action potential inside the cell and at the input of the amplifier. Reprinted with permission from Liu et al., Adv. Func. Mat. 2108378 (2021).
Copyright 2021 IEBL.”

divider. Thus, with increasing C,, we see a sharp decrease in the cou- The parameter R, is another critical part of the NW-neuron
pling coefficient as this load impedance shunts AC signals seen by the interface, and its effect on signal distortion is illustrated in Fig. 4(f).
amplifier input more strongly toward ground. Thus, Fig. 4(e) shows The R, component forms a separate signal path to ground which is
that C, is a critically important parameter that should be minimized in parallel to the intracellular electrode’s signal path and thus could
for optimal recordings. greatly affect the measured electrophysiological signal. If the value of
Appl. Phys. Rev. 8, 041317 (2021); doi: 10.1063/5.0052666 8, 041317-7
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Ryeqr is large compared to other signal paths from inside the cell to
ground, then it will produce negligible signal distortion. However, a
small Ry, can be indicative of an ionic conduction path between the
extracellular and intracellular mediums. If it approaches similar orders
of magnitude to the impedance of the primary signal path (i.e., the
electrochemical interfacial impedance), we begin to see a sharp
decrease in amplitude at the amplifier input as current is redirected
away from the electrode toward this leakage path. In the limit, the
amount of current flowing through the electrode becomes negligible
compared to this leakage path; thus, the voltage drops across the elec-
trode interface and the intracellular potential across the cell membrane
become very small [Fig. 4(f)]. However, this regime where R, is
exceptionally low likely indicates a compromised interface where the
health of the cell will potentially be compromised as well, and the
modeling discussed above will no longer apply.

In order to examine the impact of the electrode impedance
(which is composed of Rpc and Cgc) on signal distortion, we per-
formed a parametric sweep of Ric and Cgc following the same circuit
diagram in Fig. 4(a) and subsequently calculated the coupling coeffi-
cient and temporal spreading coefficient (Fig. 5). Contour lines indi-
cate the log of the magnitude of impedance at 1kHz, the commonly
used frequency that represents the frequency content of an action
potential,”" as a function of R and Cgc. Interestingly, Fig. 5(a) clearly
demonstrates that two intracellular NW electrodes with similar
impedance magnitudes at 1 kHz can have dramatically different cou-
pling coefficients, depending on whether their impedance is Faradaic-
or capacitive-dominant. For example, if we have a 1kHz impedance
magnitude between 10 and 100 MQ [see the two-way arrow line in
Fig. 5(a)], the more Faradaic-like electrodes will likely have a higher
coupling efficiency and lower temporal spreading coefficient com-
pared to the more capacitive-like electrodes. An analogous trend is
observed for the temporal spreading coefficient [Fig. 5(b)] for elec-
trode impedance over 10 MQ at 1 kHz, where larger temporal spread-
ing or signal distortion is generally expected for more capacitive-like
electrodes, but the temporal spreading coefficient became near unity
for purely capacitive electrodes.

We also estimated the Rgc and Cgc parameters for the 10 um
long NWs with different materials from the experimental EIS in the
frequency range of 0.1-10kHz of Fig. 3 and overlaid them on top of
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the mapping plot of Fig. 5. We included the (Rgc, Cgc) of NWs with
tip exposure length of 3 um (blue) and 0.5 um (red) which we calcu-
lated by assuming that the capacitance and resistance are proportional
and inversely proportional, respectively, to the length of the NW.
Among all the NWs, PEDOT:PSS-coated NW showed the most
faradaic-like behavior and is expected to show near unity coupling
coefficient even at a 0.5 um tip exposure. On the other hand, Si showed
the highest impedance magnitude among all NWs with the same
dimension, and Si with 0.5 um tip exposure is expected to show a
highly attenuated and distorted action potential recording [Figs. 5(a)
and 5(b)]. These results indicate that the amplitude and width of
action potentials can look considerably different depending on the
choice of surface material used for the intracellular NWs.

With these foundational electrochemical aspects of the NW-
neuron interface discussed, we next provide a survey of the recent
progress in electrophysiological interrogation of nanoscale neuronal
interfaces and design considerations that can enhance their fidelity.

V. RECENT PROGRESS IN NANOWIRE-NEURON
ELECTROPHYSIOLOGICAL RECORDINGS

The endeavor in NW-neuron interfaces is to scale up stable intra-
cellular electrode arrays for neural recording. In order to record intra-
cellular potentials while simultaneously achieving massive scaling and
parallelization, current state of the art devices (Fig. 6) have focused on
vertical NW electrode arrays and devices to interface with electrically
active cells.”” NW electrodes have allowed easy integration with micro-
and nanopatterning techniques, a millisecond temporal resolution,
and promising minimal invasiveness with cells based on the geometry
and shapes of the electrodes.””’*”” The dimensions of the tips of NW
electrodes range from sub-10nm’* to um-scale.”” They achieve intra-
cellular recordings through combinations of membrane penetra-
tion," "> electroporation (the application of electric fields above
breakdown fields of the cellular membrane),”””* optoporation (laser-
induced intracellular access),” and/or proper cellular engulfment.”

One of the most prominent um-scale vertical electrodes are the
gold mushroom-shaped microelectrode (gMuE) pillar arrays, devel-
oped by Hai et al,”*”” which are individually addressable. Standard
photolithography and electroplating methods are used to fabricate
gMuE arrays composed of 60 individual pillars. The gMuEs are
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non-invasive, extracellular microelectrodes that the cell membrane can
properly engulf to achieve “in-cell’-like recordings of intracellular
potentials from cultured neurons, primary CMs, striated muscle fibers,
and non-excitable cells (3T3, CHO, PC-12, H9C2). The unique shape
of the gMuEs essentially mimics the shape, structure, and dimension
of neuronal dendritic spines to compel a cell to naturally engulf an
electrode.” With additional chemical functionalization by R 1/4 argi-
nine, G 1/4 glycine, D 1/4 aspartic acid, and a long decalysine (K) 10
spacer (RGD) repeat peptide or laminin, phagocytic engulfment was
further improved. Similar to other state of the art electrode devices, a
short electroporation pulse via gMpE allowed similar in-cell

recordings for contracting CMs and striated muscle fiber cells under
in vitro conditions; the action potential signal amplitude varied from 5
to 10mV. While earlier studies used um-scale gMuE electrodes to
record electrophysiological activity from relatively larger cells, such as
non-mammalian Aplysia neurons and CMs, recent gMuE have inter-
rogated smaller and more challenging mammalian neuron (primary
rat hippocampal neuron) cultures with excellent recording results that
showed more than 90% monophasic positive action potentials with
recorded potential amplitudes of up to 5mV.”

Xie et al."” and Lin et al.”” have also utilized electroporation to
achieve intracellular recording of action potentials. Electroporation is
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very effective in temporarily breaking the cell membrane by a large
electric field to access the intracellular medium to measure intracellular
action potentials. This general method works well for NWs, "
1Ws,”® and even planar electrodes’® that could not naturally permeate
the cell membrane. They specifically used 3 x 3 and 4 x 4 platinum
(Pt) pad arrays where each pad contained nanopillar structures with
sub-100 nm tips. The nanopillars were fabricated using focused ion
beam (FIB)-assisted Pt deposition and approximately 1-10 NWs were
formed on the Pt pads; the NWs within the same pad were thus not
individually addressable. With nanoscale electrode tips and nanoscale
electroporation, a large electric field temporarily breaks the membrane
to permeate or provide access of the intracellular medium to the NWs
and facilitates measurements of intracellular action potentials of
HL-1 CM, human embryonic stem cell derived CM (hESC-CM), and
human-induced pluripotent stem cell-derived (hiPSC)-CM cell cul-
tures. The electroporation essentially allowed manual switching from
extracellular to intracellular recordings. After the nanopillar electrodes
delivered electroporation pulses, the intracellular signal amplitude
increased to 11.8mV compared to the immediately prior measured
extracellular amplitudes of 100-200 ,uV.17 However, 120s after the
electroporation pulse, the signal amplitude decayed to 30% and the sig-
nal returned to extracellular characteristics after 10 min."” The intracel-
lular measurements were demonstrated on relatively larger type of
CMs, similar to initial studies with gMyE.

Abbott et al.”>”* have utilized complementary metal-oxide semi-
conductor (CMOS) acquisition circuits built directly under the NW
arrays to achieve massive parallelization of 4096 simultaneous recording
and stimulation sites: the system was named CMOS neuroelectronic
interface (CNEI). Each of the 4096 recording sites (array of 64 x 64 alu-
minum pads) contains nine Pt-black electrodes, which were fabricated
precisely to have approximately 300 kQ2 impedance. By coating Pt-black
with characteristic surface roughness on Pt nanoneedles via electrode-
position, not only the surface area of the electrode was increased but
also its characteristic electrochemical activity, so much so that the CIC
also increased. With a greater CIC, water hydrolysis was prohibited,
and micrometer-scale gas bubble formations were eliminated providing
more reliable electroporation for intracellular access. During a record-
ing session on rat neurons in vitro (combined from cortex, hippocam-
pus, and ventricular regions), 1837 sites showed parallel intracellular
recording; in a separate 19 min recording/stimulation session, 1728 sites
were observed to be recording in parallel, and up to 982 sites showed
simultaneous intracellular coupling.” The CNEI demonstrated a plat-
form to allow simultaneous measurements of subthreshold membrane
potentials from many different neurons and facilitated characterization
of neuron signal pathways and synaptic connections.

Other than electroporation, optoporation has also been used as
an alternative strategy to gain intracellular access. Dipalo et al. have
utilized laser irradiation on Au’” and graphene’” electrodes to generate
hot carriers through surface plasmon polaritons. When a critical num-
ber of hot electrons are generated and thereby produce even more
electrons through a cascade of impact ionization, the rapid increase in
the kinetic momentum of water molecules surrounding the electrode
causes nano-shockwaves. These mechanical waves consequently
induce nano-bubbles that disrupt the cell membrane to allow three-
dimensional (3D) electrodes to gain intracellular access.”” For hot elec-
tron generation through excitations of surface plasmon polaritons,
Dipalo et al. fabricated Au hollow nanocylinders with diameter of
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150 nm and height of 1.8 um through FIB-assisted ion milling by pro-
ducing solvent-insoluble polymer at the milled surface and subsequent
Au coating.”*' Recordings were performed with rat hippocampal
neurons and HL-1 cardiac cells. Following selective optoporation of
nanocylinder in proximity with the target cell with laser focused on
the tip of the electrode, a transition from extracellular to intracellular
interface was accomplished.” Thus, intracellular action potentials, up
to approximately 2 mV in amplitude, were recorded over a duration of
80min.”” Recently, 3D, rectangular-shaped (relatively larger:
5 x 5-50 x 50 um®) fuzzy graphene-based electrode was also demon-
strated to record intracellular action potentials (up to 6 mV in ampli-
tude and 20 min of recording from hiPSC-CMs and HL-1 cardiac
cells) following direct optoporation treatment with ultrafast pulsed
laser in the near-infrared regime.”” The laser irradiation was deemed
to not be detrimental to the cells for both types of electrodes.”” The
parallel recording for both types of electrodes was conducted on 24
channels. The integration of nanotubes on hundreds of CMOS micro-
electrode array (CMOS-MEA) was specifically demonstrated together
with intracellular action potential recordings.

Duan et al.”” and Zhao et al.*” have focused on the structure and
geometry of their NW devices and additional chemical modifications
to gain minimally invasive access to the cell membrane, namely, nano-
scale field-effector transistor (FET)-based intracellular measurements.
Duan et al. initially integrated SiO,-based nanotube (inner tip diameter
of 50nm and outer tip diameter of 55nm) on top of a nanoscale
FET.®” The branched intracellular nanotube FET (BIT-FET) mechani-
cally penetrates the cellular membrane to expose the cellular cytosol to
the FET p-type Si NW channel to measure intracellular transmem-
brane potential. BIT-FET successfully recorded intracellular potentials
from embryonic chicken CMs.” Continuing from this work, Zhao
et al. developed ultra-small NW probes for intracellular interrogation.*
With an appropriate nanoscale curvature on the cell membrane, they
recorded intracellular potentials from primary rat dorsal root ganglion
neurons and hiPSC-CMs cultures. The device is essentially a U-shaped
Si NW FET with a specific radius of curvature made from 15 nm diam-
eter Si NW. The conductance of the Si layer located at the tip of the
device can be modulated by ionic potential fluctuations which in a
transistor with proper potential bias can lead to amplified sensitivity to
these electrophysiological potentials. Immediately adjacent to the nano-
scale Si region of the inserted NW device is a locally formed silicide
alloy (NiSi) that established the source and drain contacts to the Si NW
and is accomplished with Ni diffusion into the Si NW via rapid thermal
annealing. Zhao et al. reported that these electrodes have potential to
multiplex 168 channels.”” Both the SiO, nanotube FET and U-shaped
Si NW FET were treated with phospholipid chemical modification to
enable nearly full amplitude intracellular recordings ranging from 75 to
100 mV and 60 to 100 mV, respectively.* "’

Desbiolles et al. achieved intracellular recordings through rela-
tively new “nanovolcano” microelectrode.”*’ The nanovolcano struc-
ture is composed of nanopatterned SiO, cylinder shaped in a three-
dimensional “volcano” structure, a Ti-Au-Ti layer, and a Pt internal
wall/surface. The 10-20nm Au layer in between the nanovolcano
multi-layers and the high-curvature of the wall itself increased the
probability of intracellular access into the target cell.** As with many
aforementioned devices, nanovolcano exhibited temporary intracellu-
lar access through electroporation and achieved a recording yield of
around 76% of nanovolcano channels and recording fidelity of up to
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62mV from neonatal rat CMs.”’ Notably, nanovolcano also displayed
natural access into the CMs without controlled electroporation with a
maximum recording yield around 30% of channels and maximum
amplitude of around 20 mV.** Nanovolcano with no intentional elec-
troporation treatment demonstrated more than one hour of stable
intracellular recording, and with additional electroporation, recording
duration could potentially be increased further up to total of 75 min.*”
While electroporation allowed higher recording yield and amplitude,
amplitude and recording duration decreased with each successive elec-
troporation, and after four repeated applications of electroporation, the
nanopatterned nanovolcano ceased to record intracellular activity.*’

We focused on obtaining natural intracellular access into neuro-
nal cells through the development of relatively longer (~7 um) vertical
and individually addressable NW arrays.*””* These were initially fabri-
cated with the Si interface that recorded intracellular potentials from
cultured rodent primary neurons and human induced pluripotent
stem cells. The NW's were fabricated by using a combination of photo-
lithography and e-beam lithography techniques, and essential reactive
ion etch to form a high aspect ratio NW structure. To achieve lead-to-
lead electrical isolation for individual electrical addressability of the
NW array, NiSi alloy was formed to bond on Si substrates to Ni pat-
terned, insulating sapphire substrates.*® All materials except for the Si
NW tips were coated with insulating SiO, dielectrics for passivation to
prevent electrochemical transduction except for the Si tips. The tall
and sub-100 nm tip diameters of the vertical NW structures afforded
natural intracellular recordings with high signal to noise ratios, and
sensitivity to detect subthreshold PSPs was revealed; the measured
potentials varied from 0.1 to 99 mV."

VI. FABRICATION METHODS FOR INTRACELLULAR
NANOWIRES

As introduced in previous discussion, achieving a precise
morphology-controlled nanostructure is the key for obtaining intracel-
lular access to the cells, which would in turn determine the amplitude
and quality of electrophysiological signals. As illustrated in Fig. 7,
numerous fabrication approaches were used to make nanostructures
with controlled morphologies and dimensions that are optimal for
intracellular recording. One important fabrication parameter to con-
sider when integrating NWs with acquisition circuits is the tempera-
ture of the integration process to prepare the NWs. A high process
temperature could be detrimental to the metal leads or passivation
layers in the circuits, as well as the impurity doping profiles for any
transistor components, which is especially critical in scaled CMOS
technology with small features. In this regard, the fabrication processes
that involve the high temperature (>400°C) is indicated by coloring
the substrates with red in Figs. 7(a)-7(d). For the NWs prepared under
high temperature processes, the metal leads to address individual
NWs are usually formed after the NW preparation steps.

Anisotropic or directional etching is one of the most widely used
methods to fabricate high aspect ratio nanostructures [Fig. 7(a)]. With
plasma etching masked by small metal dots that are smaller than 1 um
in diameter, nearly any planar material with a few pum thickness could
be transformed into NWs.**°"** Alternatively, anisotropic wet etching
can create high aspect ratio NWs from single crystal substrates,”** and
patterned Ag or Au metal layers can be used to control the shape and
position of nanostructures using so-called “inverse metal-assisted chem-
ical etching”*"* Additionally, the diameter of NWs prepared by
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directional etching methods could be further thinned down by isotropic
etching process [Fig. 7(a)]. For example, reactive ion etching followed
by wet etching process enabled the fabrication of amorphous-SiO, NWs
with a height and a diameter of 3 um and 100 nm, respectively.’’

However, for the fabrication of taller NWs (>7 um) with
smaller diameter tips, the starting material’s structural integrity
and stiffness become increasingly important. For this reason,
instead of relying on polycrystalline materials such as SiO,, 50 um
thick single crystal Si was bonded on top of the predefined metal
leads on a transparent sapphire substrate via nickel silicide bond-
ing method.”” The bonded Si was further thinned to 7 um with
unmasked dry etching, and utilizing electron beam lithography to
align Ni mask dots atop the underlying metal leads and a con-
trolled etching process, high aspect ratio, 7 um tall NWs with
diameters as small as 60 nm were formed. "’

Precise thinning of the NW tip diameter is a crucial process to
increase the probability of NWs to naturally internalize the cell mem-
brane.””’ As discussed above, additional isotropic etching process can
be applied to thin down the diameter of the NWs. Sharpening the tip of
the NWs can be accomplished by employing thermal oxidation method
that diffuses O, into the Si surface at ~1000°C [Fig. 7(a)]. This
Angstrom level control of SiO, layer thickness, wet etching of SiO,,”"”’
and implementing multiple cycles of this process permit extremely con-
trolled thinning process for achieving ultrasharp NWs.”* The NWs that
were thinned down with this process had tapered conical geometry
with <10 nm tip diameter.”* After the thinning process, the ultrasharp
Si NW and the surface of the Si substrate were transformed into SiO,
NW to prevent electrical cross coupling and leakage currents through
the underling Si substrate The SiO, NW maintained its ultrasharp tip
morphology and retained excellent mechanical stability of its ultrasharp
tip which is due to the less porosity and superior mechanical character-
istics of thermal oxides compared to that of Plasma Enhanced
Chemical Vapor Deposition (PECVD) deposited SiO,.”*"

The direct growth of NWs allows the creation of single-crystal
NWs on the entire wafer [Fig. 7(b)]. The vapor-liquid-solid (VLS)
growth method that uses metal catalyst under chemical vapor deposi-
tion system can produce single-crystal NWs with a diameter of
10-100 nm.”*”> Moreover, the precise tuning of the NW growth con-
ditions allowed the modulation of the growth direction to create
kinked-NWs.”® NWs and nanotubes can also be grown without the
use of metal catalysts [Fig. 7(b)].”* For the site-specific growth, the
substrate can be masked with amorphous oxide layer with nanoscale
hole openings for the selective-area growth of the NWs.”” Under cer-
tain material choice and growth conditions, nanostructures preferen-
tially nucleate and grow along the circular rim of the hole opening,
resulting in nanotube structures.'”’ Although both VLS and catalyst-
free growth methods enable highly controlled growth of nanostruc-
tures with superior scalability, the required high process temperature
(>400°C) limits the choice of substrates. Hydrothermal growth of
NWs is an alternative direct growth strategy that uses solution-based,
low-temperature process [Fig. 7(0)]."°" However, the hydrothermal
NWs usually require a seed crystal layer for nucleation, and the seed
layer prepared with low temperature process is usually polycrystal-
line."’” Thus, the hydrothermal NWs grown on top of these seed layers
are randomly oriented, which limit the assembly of highly uniform or
closely packed intracellular recording probes. Once a seed layer with
preferred crystal orientations is prepared under a high temperature,
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leads on top of the NWs pre-fabricated on a substrate.

vertically aligned nanostructures can be prepared with the hydrother-
mal growth process.'”

Directly writing the NWs under the scanning electron micro-
scope (SEM) equipped with FIB system is another technique to form
NWs with narrow diameters on an arbitrary surface [Fig. 7(c)]. 4103
The FIB-assisted deposition created vertical Pt NWs that are 1.5 um

tall and have a diameter of 150 nm."” Alternatively, soft nanotubes
can be formed by irradiating the photoresist layer with Ga™ ion
beam, forming solvent-insoluble tubular structure with a typical
height and diameter of 1.8 um and 150 nm, respectively. These can
then be coated with Au for both the plasmonic optoporation and
electrical recording.55 However, FIB-assisted methods are serial and
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rely on the formation of one nanowire at a time on a small working
area of a few millimeters, and the process time tremendously
increases with increasing number of channels or samples which limits
their scalability.

Template-assisted methods make use of a template with
nanoscale 3D features that could later be removed after making the
nanostructure [Fig. 7(d)]. The template could be patterned photo-
resist layers, plastic film with nanopores, or vertical NWs.
Electrodeposition of nanostructures through a narrow channel of
photoresist layer is a broadly adopted template-assisted approach
to make nanostructures on any conducting surface [Fig. 7(d)].
Unlike dry etching, the electrodeposition process does not require
the final interface material from the start, but it rather builds
amorphous nanostructures through an electrochemical process in
a plating solution. By adjusting the electrodeposition time and cur-
rent, which determines the amount of charge, it is possible to make
either cylindrical'** or dendritic spine-like, mushroom-shaped™
nanostructures. Although this method is one of the simplest ways
to prepare nanostructures on a few samples with limited number
of channels, it becomes increasingly challenging as the number of
samples or the channel count increases. The duration of the pro-
cess time surges as both counts increase, and it becomes challeng-
ing to maintain a uniform electroplating quality across many
channels and samples. To improve the electroplating uniformity
on thousands of channels, a closed-loop automatic electrodeposi-
tion system was developed where multiple iterations of Pt black
electroplating and impedance monitoring can improve the unifor-
mity across the channels.”” Another issue of electrodeposited
nanostructures is in its mechanical stability or structural integrity
due to the amorphous nature of the electrodeposited material. This
also makes it challenging to create finely controlled structure that
was possible with a dry etching approach. One of the smallest
diameter NWs prepared by electrodeposition for intracellular
recording was 200 nm.'**

Nanovolcanoes composed of thin nanowalls can be formed by
transforming the planar dielectric and metal layers into 3D struc-
tures by lithographically patterning the inversely tapered hole in
the photoresist template [Fig. 7(d)]. Reactive ion etching process
was used to etch and re-sputter the dielectric and metal layers on
the substrate to eventually fill the slanted sidewalls of the photore-
sist patterns.””*’ This process allows nanometer scale control of
nanowall thickness. As such, approximately 100 nm thick nano-
walls were prepared, where the metal layer in the nanowall was as
thin as 10-20 nm.*” These ultrasharp nanowall geometry induced
high curvature of cell membrane around it, which increased the
chance of the nanovolcano to naturally internalize the cell body.
This method is advantageous in that it uses a scalable process that
can be applied to any substrates or integrated on acquisition cir-
cuits. However, because of its micrometer scale diameter (2 um), it
has limitation in accessing smaller structures of the cell compared
to other ultrasharp-tip NW-based approaches.””""”

Sharp oxide nanotubes are prepared by coating thin oxide layers
on templates with either nanoscale holes within a thin membrane'”®
or vertical NWs on a substrate [Fig. 7(d)].”” Polycarbonate films with
nanopores as narrow as 20 nm and as deep as ~10 um can be formed
by passing accelerated high energy heavy ions vertically through the
plastic film using a track etching process.”’ An atomic layer

REVIEW scitation.org/journal/are

deposition (ALD) system conformally coated a thin oxide layer
(10-30nm) on the entire surface of the template including the inner
walls of nanopores. After the oxide deposition, a dry etching process
sequentially removed the top oxide layer as well as the upper portion
of the polymer film by 1-2 um, revealing the oxide nanotubes. These
oxide nanotubes placed on the nanopores of the membrane are an
excellent platform to perform microfluidic interventions with
cells"*'** although electrophysiological recordings were not pursued
with this membrane-integrated nanotube platform. Instead of using
the nanopore template, vertically grown VLS NWs can be used as a
template for growing oxide nanotubes surrounding the NWs. Sharp
oxide nanotubes were prepared by conformally coating oxide layers
and selectively etching the inner NW.”” The diameter of the oxide
nanotube was controlled down to sub-10-nm by thinning the VLS
NW template prior to the ALD SiO, coating.'”’

In addition to the precise formation of NWs, the various electri-
cal addressability strategies are critically important for successful intra-
cellular NW recording. The recording circuit (through the NW with
respect to a reference electrode outside the cell body) can be estab-
lished with (i) the fabrication of NW's on top of the preexisting acquisi-
tion circuits [Fig. 7(e)] or (i) the definition of metal leads on top of
the NWs pre-fabricated on a substrate [Fig. 7(f)]. When using the for-
mer approach of making NWs on top of the underlying circuit, it is
imperative to consider the compatibility of the NW process tempera-
ture with the temperature tolerance of the underlying circuits. For
example, most of the low temperature NW processes are compatible
with CMOS chips or metal leads, but the high temperature NW
growth processes (>400°C) and/or thermal oxidation thinning pro-
cesses (~1000°C) that were discussed above cannot be applied on
substrates with pre-patterned metal leads. In a special case when the
underlying conducting layers are made with high temperature com-
patible materials such as patterned passive silicon “device” layers of
SOI wafers,”"'"" the high temperature thermal oxidation and thinning
process can be performed.

The metal leads to establish recording circuits for NW's prepared
under high temperature processes can be deposited on top of the NWs
[Fig. 7(f)]. For the vertical NW arrays, the metal layers can be confor-
mally coated on the surface of the NW and etched to define metal
traces for electrically addressing the recording NWs.”*">'%" In this
case, the NWs as well as the substrate surface had to be insulating to
eliminate any possible currents between the individual metal leads, so
the NWs were basically providing 3D nanostructured template to the
metal interconnect layer. The VLS-grown NWs are usually transferred
onto insulating substrates by solution-based dispersion techniques,
and the metal leads can be formed on top of the NWs that lay flat on
the substrate surface.”** After the post-assembly, it was also possible
to lift off the NW together with the metal leads and polymer support
to make kinked"* or U-shaped”” NW probes with intracellular record-
ing capability. A single SiC NW''" or carbon nanotube''” was also
precisely assembled on the tip of quartz micropipettes for intracellular
probing. Si NW transistor-based intracellular probes were also fabri-
cated using vertical Ge NWs that were grown by the VLS mechanism
from the sidewall of a flat Si NW.”” This was followed by metal lead
formation, oxide layer coating, and finally the removal of the inner Ge
NW to result in a vertical oxide nanotube.”” In such a case, the metal
interconnect was formed just after the high temperature VLS growth
of the Ge NW.
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Vil. NANOELECTRODE-CELL INTERFACE FORMATION
METHODS AND RECORDING STABILITY

The morphology of the NWs and their internalization mecha-
nism are critical factors to access the intracellular medium.”'"”
Various types of NWs, including NW array,”*” gold nanotube,”
ultrasharp NW,”* nanovolcano,”” and U-shaped NW probes,"” are
reviewed in Fig. 6 and their NW-cell interface formation methods are
schematically illustrated in Fig. 8(a), alongside an example cross-
sectional SEM image of such interface with neurons and ultrasharp
NWs in Fig. 8(b). For each approach, the representative recording
results of intracellular potentials are presented in Figs. 8(c)-8(j), and
the stability of the recording is also discussed. Neuronal recording is
more challenging because unlike cardiomyocytes, most neurons do
not have regular, periodic firing, and also have interspersed axons that
result in different waveform and potential dynamics based on the elec-
trode and cell interface locations.” Furthermore, neurons possess rela-
tively softer elastic characteristics and lower stiffness that require more
contact forces to penetrate their membranes.”” Thus, we discuss first
the intracellular recordings from CMs [Figs. 8(c)-8(f)] followed by a
discussion on neuronal recordings [Figs. 8(g)-8(j)].

Electroporation provides instantaneous intracellular access of
NW arrays into the cell body, but the intracellular signal amplitude
rapidly decreases with the reconstruction of the cell membrane of HL-
1 CMs [Fig. 8(c)].”” The signal amplitude decayed to 30% 120 s after
the electroporation pulse, and the signal returned to extracellular char-
acteristics after 10 minutes. Pt NW's integrated with CMOS electronics
also demonstrated typical short-term intracellular coupling responses
with amplitude decay for neonatal rat ventricular CMs [Fig. 8(d)].™
However, for some of the NWs, long-term (~20min) intracellular
coupling without large variance in amplitude was observed [Fig. 8(d)].
The authors attributed the varied intracellular coupling to the variance
in electrode-cell interface, wherein some NWs are expelled from
recorded cells earlier in time.™

In an effort to achieve more stable and sensitive intracellular
recording than the electroporation approach, pseudocurrent-clamp
(pCC) and pseudovoltage-clamp (pVC) configurations were employed
on PtB electrodes integrated atop CMOS electronics that recorded the
iPSC-derived neuronal network’s intracellular activities.”” Unlike elec-
troporation that uses brief electrical pulses, pCC configuration injects
continuous current (~1nA) to gradually permeabilize the cell mem-
brane where intracellular coupling (20-fold increase in action potential
amplitude) is established after 10 s to a few minutes after the current
injection [Fig. 8(d)]. The authors claim that the pCC mode could have
advantages over electroporation in that it could be effective in maintain-
ing the cell membrane permeabilization, keeping the membrane poten-
tial of the permeabilized neuron near its normal resting potential by
compensating leakage current, and allowing concurrent stimulation and
recording.”” However, the intracellular recording under sustained cur-
rent eventually stopped on its own either by hyperpolarizing neurons
(imperfect leakage current compensation) or losing the seal.”” The dura-
tion of intracellular coupling with pCC configuration varied from <10 s
to the whole duration of recording (19 min) with median of about
8 min, and the maximum amplitude of the action potentials recorded
on individual channels was as large as 10mV with the median ampli-
tude across channels being 0.2 mV during the neural network burst.”

Optoporation is a technique used to concentrate an electromag-
netic field at the nanoscale tip of the Au nanostructure which
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generates nanoshockwaves that can break the cell membrane to allow
intracellular access of the nanostructures.”’ With a single-shot optopo-
ration on a rat hippocampal neuron, the potential recorded from the
gold nanotube instantly changed from extracellular to intracellular-
like potential with its amplitude up to around 2mV.” The
intracellular-like potential amplitude was maintained around
0.80-0.95 mV for 80 min [Fig. 8(f)].”

Chemical poration is another technique to gain intracellular
access by injecting molecules through a nanotube tip to induce a nano-
pore on the cell membrane by a chemical reaction. Aalipour et al.
found that both the lipid membrane and actin cytoskeleton act
together as synergistic barrier and should be dissociated together for
the their nanostraw to access the intracellular medium using molecules
that could selectively dissociate the lipid membrane, actin cytoskele-
ton, or both.*’ Although the chemical poration could be an efficient
way for intracellular delivery of molecules, to the best of our knowl-
edge, intracellular potential recordings have not been studied with the
chemical poration approach. For the intracellular recording, chemical
poration has a few disadvantages compared to electro- and opto-pora-
tion: (i) While the electro- and opto-poration enable instantaneous
and highly localized poration,''* the chemical poration process is
expected to take much longer time and impact large population of cells
considering the solution exchange process and size of the microfluidic
channels.""” (i) The prolonged delivery of actin dissociating molecules
could cause the cell to lose its integrity (cell blebbing)."*

Mechanically inserted probes made from ultrafine Si NWs with
phospholipid chemical modification showed excellent intracellular
recording amplitude upon insertion, but a rapid decrease in the peak
amplitude of the action potential amplitude was observed during the
first 20 s just after intracellular recording was established with a dorsal
root ganglion (DRG) neuron [Fig B(g)].45 The authors suggest that
these observed amplitude attenuations are due to either an elastic
response from the cytoskeleton or mechanical instability of the mea-
surement setup. On the contrary, precisely engineered ultrafine nano-
structures could spontaneously fuse with or internalize into the cell
membrane for more stable intracellular recording. Nanovolcano elec-
trodes with 100 nm thin nanowalls naturally fused with the rat CMs
and demonstrated stable action potential recording for over one hour
without significant change in amplitude [Fig. 8(h)].** The nanovol-
cano initially had thiol-functionalized gold nanoring that could poten-
tially promote the nanovolcano to fuse with the cell membrane.
However, it was later found that the geometry of nanovolcano itself
was the dominant factor in gaining the intracellular access than the
chemical functionalization.”

Another approach to facilitate natural internalization of NWs
into the cells was to fabricate NWs with precisely engineered ultra-
sharp tips (USNWs; ultrasharp nanowires) with the tip diameter of
30-70nm and height of 6-7 um. On top of these high aspect ratio
USNWs, both neuronal (rat primary cortical neurons) and cardiac
(induced pluripotent stem cell derived cardiovascular progenitor cells;
iPSC-CVPCs) networks were formed. Sequential slicing by a focused
ion- beam in the NW arrays revealed strong engulfment of NW by a
neuron, which leads to a high probability of spontaneous penetra-
tion,”” due to the NW’s high aspect ratio and ultrasharp tip
[Fig. 8(b)].”* USNWs recorded CMs consistently firing with no ampli-
tude decay toward extracellular levels (<200 ;V) throughout a total
recording time of 372 s [beating interval of 2.05 s; Fig. 8(1)].”
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Additionally, the USNWs showed a stable NW-neuron interface to
record intracellular potentials for a continuous 5-6 min and across
11-19 DIV [Fig. 8(j)].”* The natural intracellular penetration of the
neuron’s cellular membrane permitted large amplitude of recorded
action potentials in the spike trains that did not diminish to extracellu-
lar levels. These spike trains manifested intracellular features with
excitatory postsynaptic potential (EPSP) events. This amplitude was
clipped in many instances to the maximum range of the Intan record-
ing amplifiers of ~10mV. These are the first electrophysiological
results demonstrating reliable NW recordings of neuronal action
potential trains with clear graded potentials and without any addi-
tional electroporating manipulation, elevating the promise of this tech-
nology for longitudinal and reliable intracellular electrophysiology
from networks of neurons and brain organoids.

Many different approaches are utilized for fabricating vertical
nanoelectrodes for intracellular electrophysiology as discussed above.
Generally, when designing NW arrays for spontaneous intracellular
electrophysiology purposes without any additional electroporation or
optoporation methods, it is imperative to be mindful of various design
parameters that can enable intracellular capabilities and that can also
provide a secure platform for cultured cell viability. The NW geometry,
substrate material, and additional surface treatments have all shown to
influence the intracellular capabilities and the cell culture health.

A. Effect of Nanowire geometry for intracellular
capabilities

To a great extent, the density and the diameter of NWs are criti-
cal factors in determining the nature of interaction between the NW
and the cells, including the degree of cell membrane bending around
the NWs and the force required between the cell and NW for sponta-
neous cell membrane penetration.”””''® Generally, passive penetration
of the high aspect ratio NWs into the cell by inducing rupturing of cell
membrane’s lipid bilayer depends on a number of factors such as grav-
itational forces, cellular hydrostatic pressure, and the free energy of cell
membrane from surface tension as well as the elastic energy from
membrane deformation. Various models have been developed and
analyzed to study this spontaneous intracellular penetration.
Investigations by Xie et al. suggested that penetration is influenced by
the adhesion between the main substrate and the cell, the geometry
and arrangement of the nanostructure and its array, and the specific
cell line’s stiffness. Primarily, adhesion between the main substrate
and the cell has been considered to be important since it has been
modeled that relying purely on gravitational force would require NW
tip diameters <10 nm for unassisted cell penetration.”” With regard to
the NW geometry, the required penetration force decreases linearly
with decreasing the NW radii; with critical penetration tension of
5.6 mN/m, penetration would be unlikely for a NW with a radius
greater than 150 nm. Moreover, as the NW height increases, its contact
angle with the cell membrane increases, and as a result, less penetra-
tion force is required. NW arrays with a reduced inter-NW spacing
and higher NW areal density, can impair cell’s contact with the sub-
strate and limit the penetration force and the probability of penetra-
tion especially for stiffer cells.”” Lou et al. emphasized the importance
of the nanostructures’ small diameter (<500 nm), intermediate density
based on the cell line being tested, and the applicable height in
influencing appropriate deformation of the cell plasma membrane,
which were consistent with the findings of Xie et al''” Also, Xie et al.
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more recently observed that the time window at which the NW can
penetrate the cell is limited since the effective adhesive force reduces
over time with the reduction of contact area between cell and the sub-
state surface.”’ Alternatively, Buch-Ménson et al. and Zhou et al. have
also modeled the vertical nanostructure penetration by focusing
instead on the changes in membrane free energy.''®'"” In agreement
with the previous modeling results, Buch-Ménson et al. and Zhou
et al. stressed that sharper NWs induce greater probability of mem-
brane deformation for penetration.''*""” Capozza et al. have also
showed the role of the membrane lipid bilayer bending, curvatures,
and traction forces in intracellular penetration with vertical pillars and
specifically noted the role of pillar’s edge sharpness.'”’ With ample
sharpness at the edge, hence a low radius of curvature of around
20 = 5nm, there is a considerable decrease in tensile strength neces-
sary for membrane rupture, which explains both membrane penetra-
tion observed with sharp, high aspect ratio nanoelectrodes, and
providing evidence that permeabilization might be possible even for
vertical structures with >2 pum diameter, provided there is considerable
edge sharpness. Overall, to increase the likelihood of spontaneous pen-
etration, the choice of and control over the NWs’ radius, height, and
spacing is imperative; thin, sparse NW array is a desired design crite-
rion that ultimately promotes successful cell membrane penetration.

B. Cell culture viability modulation via substrate
material and preparation

Additionally, to have a successful recording of the intracellular
activities in vitro with the nanostructured platform, culturing robust
cells are as important as designing optimal nanostructures with appro-
priate geometry. Considering that the NWs typically occupy a small
area on the substrate, the majority of the cell membrane actually inter-
faces with the surface of the top-most passivation layers of the NW
platform. There has also been extensive studies on the effect of sub-
strate topography, roughness, and elasticity on the viability of the cell
culture."”"'** As discussed previously, the adhesion between the cell
and the substrate plays an integral role in increasing likelihood of pen-
etration for well-defined vertical nanostructures with appropriate
geometry for particular cell line; this surface adhesion has been greatly
influenced through substrate material properties and treatments.
Beyond surface adhesion, cellular responses such as cellular morphol-
ogy, degree of proliferation, differentiation, and cell death are all influ-
enced by substrate topography, roughness, and elasticity.'*’

As introduced previously, vertical topography and electrode array
arrangement affect the degree of intracellular penetration capability.
All the more, vertical topography changes with vertical pillars with
varying sizes and spacings have also shown to increase cell migration
and motility (the spontaneous movement of a cell from one location
to another related to overall cell health) through modulation of cell to
substrate interactions and augmentation of the size and lifetime of the
focal contacts at the edges of the vertical structures.'”” Vertical nano-
pillars were also shown to enhance surface protein adsorption, which
dictates cell-to-cell interactions, cellular signaling events, and cellular
response to the substrate surface, possibly due to spatial changes in the
orientation and density of the adsorbed protein with the substrates.'*"
While surface topography modulation via vertical structures might still
compose a limited portion of the entire culture area, evidences'’”'*
suggest that it is likely that they still would increase the cellular viabil-
ity near the recording sites.
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Moreover, the substrate surface roughness has shown substantial
impact on the adhesion of cultured cells. Polymeric surface roughen-
ing performed via slurry polishing (four- to ninefold roughness
increases compared to native surface, root mean square (RMS) surface
roughness of 7-18 nm) on polymers such as SU-8, 1002F, and polydi-
methylsiloxane (PDMS) increased cellular adhesion and capture effi-
ciency from three- to ninefold for all cell lines tested [HeLa, 3T3, and
Rat Basophilic Leukemia (RBL) cells].'"*” Furthermore, parylene C,
another biocompatible polymeric material, has illustrated excellent
mammalian cell adhesion properties (tested on NIH-3T3 fibroblasts
and AML-12 hepatocytes) after proper surface roughening via O,
plasma treatment.'”® This excellent adhesion was attributed to the
inherent nanoscale surface roughness of biocompatible parylene C
and its stable hydrophilic surface for cell adherence after plasma treat-
ment. For example, the surface of USNW devices was passivated with
a dual layer of SiO, and parylene C, which was then exposed to a brief
O, plasma treatment to generate an RMS surface roughness of 7 nm to
improve neuronal and cardiac adhesion and network formation of rat
primary cortical neurons and iPSC-CVPCs. The surface roughness of
the overall platform as well as the neuronal culture area’® was found to
play a critical role in promoting neuronal adhesion and network for-
mation in multi-layered 3D neuronal structures.”

Finally, the substrate elasticity have also been observed to govern
cellular processes, responses, and viability due to the intrinsic, physical
deformations present in vivo extracellular environments of tissues
themselves.'”' Various surface treatments and substrate materials are
utilized to mimic and tune extracellular elasticity, which include
numerous materials with varying elastic moduli, such as synthetic and
natural polymers from PDMS, polymethyl methacrylate (PMMA),
polyethylene glycol (PEG), and hydrogels such as agarose and
Matrigel. Various extracellular matrix proteins are also applied for
enhanced cell adhesions such as fibronectin, laminin, RGD peptides,
collagen, and poly-L-lysine.” "'

Chemical modifications can also provide intracellular access, par-
ticularly with vertical nanoelectrodes that employ gentle, mechanical
contact/insertion techniques. Such devices include kinked NWs, %
branched nanotube FETs,”” and U-shaped NW FETs,” where the
interface electrodes have been chemically modified with phospholipid
coatings that mimic the lipid bi-layer of the cell membrane to induce
spontaneous intracellular penetration via merging of the membrane
and the modified electrode.”****

Therefore, the surface material of the substrate and any modifica-
tions via roughening treatments enhances the viability cultured cells and
further chemical applications can improve cell adhesion and even facili-
tate spontaneous intracellular penetration for certain nanoelectrodes.

VIIl. EXPERIMENTAL VALIDATION OF THE CRITICAL
IMPORTANCE OF SINGLE VS MULTIPLE NANOWIRES
PER ELECTRODE

Section IV and Fig. 4 indicated the critical role of single
Nanowires per electrode for recording of intracellular potentials with
large coupling coefficients or high sensitivity. Further experiments that
utilized three different types of ultrasharp vertical NW arrays that
have a single NW [Figs. 9(a) and 9(b)], 16 NWs [Figs. 9(c) and 9(d)],
or 625 NWs [Figs. 9(e) and 9(f)] per channel have further corrobo-
rated these results. Electrophysiological recordings commenced on 7
DIV from cultured rat primary cortical neurons. While both platforms
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showed clear spike trains, the peak-to-peak amplitude histogram of
the recorded action potentials [Fig. 9(g)] shows that the most fre-
quently observed amplitude of single NWs was as large as ~9 mV and
that from 16 and 625, NWs were ~2mV and ~60 1V, respectively,
which are 4 and 1500 times smaller, even without accounting for
potential clipping due to the amplifier range of +6.4mV.”* The
recorded spike train of action potentials from individually addressable
NWs shows intracellular features indicative of EPSPs, whereas the
spike train recorded from multiple NWs did not show these features.
These experimental results, validated with cross-sectional microscopy,
pharmacology, and electrical interventions, * are in good agreement
with the modeling results of Fig. 4 that predicted exponential decay for
the amplitude of recorded spikes with the number of extracellular
NWs per single channel, explaining the reason for smaller amplitudes
recorded by preceding NW technologies.

IX. VALIDATING THE ELECTROPHYSIOLOGICAL ORIGIN
OF POTENTIALS RECORDED BY NANOWIRE
INTERFACES

It is crucial to validate whether the potential being measured with
any new electrode technologies is electrophysiological. Various meth-
ods used to validate intracellular access of the NW into the cell are
schematically illustrated in Fig. 10(a). One of the best ways to directly
validate this is to measure a single cell simultaneously with the “gold
standard” patch clamp and the nanostructured electrode. This concur-
rent measurement was done for gMuEs where a large non-
mammalian Aplysia neuron was cultured on top of the electrode array,
and the same cell was measured with sharp glass micropipette.”””
After forming the intracellular interface by electroporation, the cali-
brated potentials that were recorded from both the gMuE and the
sharp electrode were nearly identical to each other including the sub-
threshold potentials [Fig. 10(b)]. Kinked NW probe also simulta-
neously recorded the same targeted CM with whole-cell patch clamp
pipette [Fig. 10(c)]."* Upon entry into the cell (triangle), raw signals
recorded from kinked NW probe (blue) and the patch clamp (red)
showed nearly similar waveforms.

Another way to characterize the entry of NW probe into the
intracellular medium is to measure the resting potential of the cell.
The kinked NW probe coated with phospholipid bilayers showed a
sharp drop of ~52mV within 250 ms after cell-to-tip contact [Fig.
10(d)].”® Constant ~—46 mV was maintained, while the nanoprobe
was inside the cell, and the potential went back to baseline as the
nanoprobe was detached from the cell. Pharmacological intervention
is another effective method to validate the electrophysiological origin
of potentials recorded by NWs as it can modulate the shape, ampli-
tude, and frequency of neuronal activity. There are many pharmaco-
logical interventions in the function of the ion channels on the
neuronal membranes. Pharmacological validation can be advanta-
geous over patch clamp when the NW electrode measures a cell deep
inside the tissue that is inaccessible to patch pipettes. The intracellular
current measured by the Pt-black/Pt nanoneedles™ was modulated
using ion channel-targeting tetrodotoxin (TTX, Na+ channel blocker)
and tetraethylammonium (TEA, K+ channel blocker) [Fig. 10(e)]
which confirmed the electrophysiological origin of the measured cur-
rents. For the ultrasharp NWs, the addition of picrotoxin (PTX;
¥-Aminobutyric acid type A receptor GABA, receptor antagonist)
gradually increased the frequency and the amplitude of action
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potentials, whereas TTX suppressed firing [Fig. 10(f)] * The lag in
electrophysiological changes after both PTX and TTX application are
believed to be related to the inherent delay for the compounds to dif-
fuse through the multiple layers of neurons before accessing the

bottom-most layer that the NW recorded.

For vertical nanotube devices, a direct validation of the nanotube
penetration through the plasma membrane of the cell can be accom-
plished with the injection of a membrane impermeable dye into the
cell body through the nanotube [Fig. 10(a)]. Upon irradiating a pulsed
laser on the gold nanotubes to open the channel between the nanotube
tip and the cell by the optoporation process, propidium iodide (Prld),
a membrane impermeable dye that binds to DNA, was passed into the
Once the dye entered the intracellular
medium, the cell displayed a fluorescence signal. The sequential opto-
poration of the gold nanotube arrays interfacing with cell followed by

cell through the nanotube.”’

fluorescence signal from each cell indicates the intracellular access of

the nanotubes [Fig. 10(g)]. Additionally, the transient characteristics
of nanopores formed by the optoporation process were investigated by
delaying the Prld delivery after the laser irradiation. It was found that
the lifetime of the nanopore on the membrane formed by

scitation.org/journal/are

FIG. 9. Single vs multiple NWs per elec-
trode. SEM images and recorded spike
train of action potentials of (a) and (b) sin-
gle NW, (c) and (d) 16, (e) and (f) 625
multiple NWs per pad electrode arrays.
(9) Histogram of peak-to-peak signal
amplitude between single USNW and
multi-USNWs per site. Vertical scale bars
in (d) and (f) are 500 xV and 200 uV,
respectively, and their lateral scale bar is
250ms. Reprinted with permission from
Liu et al, Adv. Func. Mat. 2108378
(2021). Copyright 2021 IEBL."

optoporation was nearly 10 min with a small variation between the

80
cells.

Electroporation-enabled intracellular access of nanotubes was

also validated by delivering both non-permeant (Prld) and permeant
(calcein-AM) molecules into the cell membrane that expressed differ-
ent fluorescent colors.'”’”

Once a reliable electrochemical interface between the cell and the
NW is formed, it also becomes possible to electrically stimulate the cells
to modulate activity. The NW-based electrical stimulation study of sin-
gle neuron showed that intracellular stimulation provides superior char-
acteristics in activating Ca®" responses and a faster recovery rate
compared to extracellular stimulation.'”* Pt nanoneedles stimulated
biphasic voltage pulse sequences on CMs to induce action potentials
[Fig. 10(h)], and it was possible to modulate the beating frequency of
CMs from 0.05 to 1 Hz.”* USNWs used active electrical stimulation and
mapping capabilities to illustrate spatial modulation of the action poten-
tial propagation direction within cardiac tissues [Fig. 10(i)].”* Two intra-
cellular recordings before electrical stimulation show action potential
propagation from left to right [upper panels in Fig. 10(i)], whereas intra-
cellular recordings after electrical stimulation show an evolution from
homogeneous propagation [lower left panel in Fig. 10(i)] to reversed
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FIG. 10. NW-cell electrochemical interface validation methods. (a) Schematics of the methods used to validate intracellular access of the NW into the cell. (b) Intracellular
potential measured with sharp glass electrode (black) and gMuE (red). (c) Differential interference contrast image and recorded potential from kinked NW transistor probes
(left; blue) and whole-cell patch clamp (right; red) recording the same cell. (d) Kinked NW transistor probes measuring the resting membrane potential upon internalization into
the cell membrane. Pharmacological modulation of action potentials for (e) Pt-black-Pt nanoneedles and (f) ultrasharp Pt NWs. (g) Sequential optoporation of gold nanotubes-
cell interfaces that enabled the membrane impermeable dye to be injected into the cell bodies through the nanotubes’ microfluidic channel. (h) Electrical bi-phasic stimulation
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direction that originates from right to left [lower right panel in
Fig. 10(i)], where the action potential propagation starts from the simu-
lating electrode. The results presented here show high spatiotemporal
resolution electrophysiological mapping and simultaneous interrogation
in cardiac tissues for control of cardiac activity.

X. CONCLUSION AND OUTLOOK

This paper discussed foundations in NW electrophysiological
recordings of neurons that can also be applicable to interrogations to
other types of excitatory cells. Electrochemical aspects of the interface
and material choice play an important role in the sensitivity of NWs
to neuronal activity. The significance of proper circuit analysis of the
NW-neuron interfaces was illustrated by discussing multiple interface
configurations and the gained insights supported our experimental
results, which highlight the critical need for individual electrical
addressability in these interfaces. We surveyed progress in this domain
and presented recent results from our laboratory on the natural intra-
cellular recordings of large amplitude action potential spikes with the
ability to record subthreshold oscillations.

Despite the meaningful progress surveyed here, there are two sig-
nificant challenges to be overcome in NW-neuron interfaces. The first
is embodied in the temporal resolution of NWs, whose large imped-
ance together with the large parasitic capacitance lead to large RC time
constants that spread the recorded action potentials. These can be min-
imized by introducing capacitive cancelation techniques on the ampli-
fier end or the direct integration of NWs on amplifiers without long
metal leads that give rise to the parasitic capacitance. The other is
embodied in the selective interrogation of networks and mapping how
subthreshold oscillations modulate network activity. These can be sup-
ported by longitudinal recordings in environments supporting viability
of the culture and compatibility with the recording electronic interfa-
ces. The two major consequences of such near-term advances include
first the ability to interrogate at high spatiotemporal electrophysiologi-
cal resolution of functional synthetic organoids for basic neuroscience
and drug screening. The second major consequence is the natural
merging of in silico and in vitro neuronal networks that can truly merge
artificial intelligence with natural biological intelligence and function.
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