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Developing novel neuroprobes that enable parallel multisite, long-term intracellular
recording and stimulation of neurons in freely behaving animals is a neuroscientist’s
dream. When fulfilled, it is expected to significantly enhance brain research
at fundamental mechanistic levels including that of subthreshold signaling and
computations. Here we assess the feasibility of merging the advantages of in vitro
vertical nanopillar technologies that support intracellular recordings with contemporary
concepts of in vivo extracellular field potential recordings to generate the dream
neuroprobes that read the entire electrophysiological signaling repertoire.

Keywords: neural engineering, neuro-electronics, intracellular neuroimplant, microelectrodes, ultrastructure,
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INTRODUCTION

The ambitious goal of neuroscience research is to decipher the mechanisms underlying mammalian
brain functions during behavior, sensation, learning, memory, cognition, and pathological
conditions. This bold objective requires the merging of highly coordinated multidisciplinary and
multi-level studies of brain function in freely behaving animals. Understanding brain function on
mechanistic levels can be significantly enhanced by developing new tools that monitor the entire
electrophysiological brain signaling repertoire in real time and under in vivo conditions.

Among the diverse and complementary brain research tools (from molecular to behavioral), we
focus here on electrophysiological technology that enables to interrogate the entire biophysical
signaling repertoire of neuronal communication and computations at suitable spatiotemporal
resolutions in freely behaving organisms.

Currently, two classes of electrophysiological tools are used: (a) Intracellular sharp or
patch electrodes that enable analyzing the entire electrophysiological signaling repertoire
of a neuron, including excitatory and inhibitory synaptic potentials (EPSPs and IPSPs),
membrane potential oscillations, action potential (AP) shapes, “resting membrane
potential” and input resistance of individual neurons (Figures 1A,B), and (b), extracellular
microelectrodes that record field potentials (FP) generated by propagating APs along single
or multiple neurons (Figures 1A,B) and slow potentials involving astrocytes. Whereas
intracellular recordings and stimulation are mainly used for biophysical analysis of
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FIGURE 1 | (A) Schematic drawing of extracellular field potentials (FPs) recording by implanted neuroprobe. FPs (in the form of first time derivative of an action
potential- AP) generated by a neuron (green) are attenuated across the extracellular spaces (centripetal pink shells). Extracellular positioned neuroimplants (yellow)
sense and record the FPs but are “blind” to the rich background of subthreshold synaptic potentials that communicate between neurons and play major roles in
neuroplasticity. (B) Schematic drawing of neuro-technologies that enable to record the entire brains electrophysiological signaling repertoire. (B1,B2) Depicting a
sharp glass-microelectrode that pierces the plasma membrane of a neuron to gain intracellular accesses. (B3) A cell attached patch electrode forming a G� seal
with the raptured plasma membrane to gain intracellular access. (B4) A perforated cell attached configuration in which the plasma membrane is sucked into the
patch electrodes and the sucked membrane is nano-perforated to increase its conductance. (B5–B7) Schematic drawing of in-vitro vertical naopillars for parallel
intracellular recording from cultured excitable cells. (B5,B6) A sharp vertical nanopillar engulfed (B5) and pierces the cell’s plasma membrane (B6). (B7) An engulfed
mushroom-shaped vertical microelectrode forms an analog configuration to that of the perforated patch electrode shown in (B4). (C1,C2) schematic drawings of the
biological structures that impede the application of the vertical nanopillar technologies to in-vivo brain conditions. (C1) A microglia (cyan) form a high impedance seal
over the electrode, mechanically isolate and electrically insulate it from the neurons (green). (C2) Regenerating neurites (green) and branches of astrocytes (red)
occupy the space between the neuron and the microelectrodes. The formed space shunts a large fraction of the current generated by the neuron. (D1) Schematics
of the polyimide based perforated MEA platform (PPMP), the proximal solid part and distal perforated part are shown. (D2) SEM image showing the perforations of
the polyimide platform and the dense rows of gMµEs along the PI “ribs”. (D3) SEM image of a gMµE. (E,F) Identification of a microglia that tightly adhere to the PI
platform and insulate the electrodes even after the elimination of the microglia population from the parenchyma by the CSF1R inhibitor PLX5622. (E) Control,
(F) PLX5622 treated rat. Shown are immunohistological sections of the implants along with the cortical parenchyma. Note the distribution of neurons (green),
microglia (cyan), and astrocytes (red), around the PPMP implant. For purposes of orientation, the solid PI "ridges" in between the pores of the PPMP are labeled by
white asterisks. (F) In PLX5622 fed rats the cortex is 95% depleted of microglia. However a PLX5622 resistant microglia population remains adhering to the PPMP
and insulates the electrodes. Modified with permission from Sharon et al. (2021a,b).
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the elementary mechanisms of neuro-computations and
communication of individual neurons or even of sub-neuronal
compartments (dendrites or spines), they are severely limited to
sampling of single neurons at a time and for a limited durations
(approximately 1 h). This is insufficient to study long-term
neuroplasticity as in learning, memory and neuropathological
processes. In contrast, extracellular microelectrode array (MEA)
implants are designed to enable parallel, long-term FP recording
from hundreds of distributed neurons. However, extracellular
MEAs are unable to record subthreshold IPSPs and EPSPs
generated by individual neurons or membrane oscillations. Also,
they cannot directly follow meaningful changes in AP shape. As
a consequence, neurons that do not fire APs go unnoticed even
if they contribute to information processing and computations.
Furthermore, parallel extracellular recordings of FP firing
patterns are insufficient to directly uncover which neurons
receive excitatory or inhibitory synaptic inputs and whether
these inputs are altered in the course of learning, memory
acquisition or pathological processes. In addition, extracellular
FP recordings by implanted MEA platforms suffer from
limitations of low signal-to-noise ratio, low source resolution,
deterioration of the recording yield and FP amplitudes within
days to weeks after implantation (Jackson and Fetz, 2007; Perge
et al., 2013; Voigts et al., 2013; Harris et al., 2016; Prodanov and
Delbeke, 2016; Lee et al., 2018, 2021).

Regardless of the unequivocal documentation of the critical
role of the subthreshold signaling repertoire in normal or
pathological brain functions and the technical limitation of
extracellular MEA platforms, to our knowledge no attempts
to solve the technological deficiency of extracellular recordings
have yet been published. Rather, it appears that the in vivo
neuroengineering/neuroscience communities are focusing their
efforts on developing high density extracellular MEA for in vivo
use. These efforts led to very successful realization of MEA
platforms carrying thousands of high-density, small diameter low
impedance and addressable electrodes (for example, Jackel et al.,
2017; Jun et al., 2017; Raducanu et al., 2017; Viswam et al., 2017;
Dorigo et al., 2018; Angotzi et al., 2019; Steinmetz et al., 2021)
or the development of highly efficient robotic tools to implant
thousands of individual electrodes (Musk, 2019). In spite of the
immense progress, the new generations of dense extracellular
in vivo MEAs relies on the use of planar electrodes and suffers
from the innate limitations of being “blind” to subthreshold
electrophysiological signals, low signal-to-noise ratio, low source
resolution and deterioration of the recording yield and FP
amplitudes within days to weeks after implantation.

In parallel to the development of high-density extracellular
in vivo MEA platforms, a number of investigators have begun to
develop in vitro MEAs for multisite, intracellular recordings and
stimulation from many individual neurons and cardiomyocytes
in culture. These in vitro MEA technologies utilize different
forms of 3D vertical nanostructures (vertical nanopillars, with
tip diameters ranging between 50 and 1,000 nm and height
of up to ∼6 µm; Figures 1B5–7). These pierce the plasma
membrane of cultured cells, like classical sharp glass electrodes, to
record attenuated action and synaptic potentials (Figures 1B5,6;
Tian et al., 2010; Duan et al., 2012; Gao et al., 2012; Robinson

et al., 2012; Xie et al., 2012; Angle et al., 2014; Lin and Cui,
2014; Lin et al., 2014; Qing et al., 2014; Abbott et al., 2017,
2018, 2019; Dipalo et al., 2017; Liu et al., 2017; Li et al., 2020;
Yoo et al., 2020; Mariano et al., 2021; Xu et al., 2021; Zhang
et al., 2021). Another type of 3D vertical microelectrode are
gold mushroom-shaped microelectrodes (gMµEs) that are tightly
engulfed by neurons or cardiomyocytes enabling recording of
attenuated synaptic and action potentials, while the electrode
maintains its extracellular position (Spira et al., 2007, 2018,
2019; Hai et al., 2010a,b; Fendyur and Spira, 2012; Santoro
et al., 2013, 2014; Spira and Hai, 2013; Rabieh et al., 2016;
Shmoel et al., 2016; Weidlich et al., 2017; McGuire et al.,
2018; Mateus et al., 2019; Jones et al., 2020; Teixeira et al.,
2020).

Developing novel neuroprobes that enable parallel multisite,
long-term intracellular recording and stimulation of neurons
in freely behaving animals is the electrophysiologist’s “dream
fantasy.” When fulfilled, it is expected to significantly enhance
brain research at the mechanistic levels of understanding. Here
we begin to assess the feasibility of merging the advantages
of in vitro vertical nanopillar technologies with concepts of
contemporary in vivo technologies to generate neuroprobes
for parallel intracellular recording and stimulation from many
neurons in brains of freely behaving animals.

It is well documented that the quality and yield of recordings
by brain neuroprobes reflect complex abiotic and biotic
parameters, including the materials from which the probes are
constructed, their microarchitecture, sizes, shapes, their surfaces
morphology and surface chemistry, the brain regions in which
the probe is implanted and the organism used in the study. Here
we examine some of the major hurdles to applying the 3D pillar
technology, at biotic/abiotic interfaces and discuss anticipated
multi-targeted approaches to overcome the identified barriers
(Fiath et al., 2019, 2021).

We hope that by diagnosing the expected biotechnological
challenges we are contributing to the field and will facilitate our
peers to join in contributing to this challenging goal.

Anticipated Barriers to Applying 3D
Vertical Nanopillar Arrays for in vivo
Intracellular Recordings
Based on current understanding, the most obvious barriers to
applying the 3D vertical nanopillar technologies developed
for in vitro studies to in vivo brain research are: the
inflammatory encapsulating processes triggered by MEA
platform implantation; the mechanical stability of the 3D
vertical pillar platform during insertion of the implant; and the
mechanics of the brain’s micro-pulsations.

The predominant literature in the field claims that the
multicellular inflammatory foreign body response (FBR) of the
brain to neuroprobe implantation leads to neuron degeneration,
displacement of neurons away from the implant surface, and
electrical insulation of the implant by the electrical resistance
generated by the multicellular glia scar. These processes lead to
deterioration of the quality and yield of the recorded extracellular
FPs within days to weeks after implantation (Gulino et al., 2019;
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Wellman et al., 2019). Generations of researchers have attempted,
with only marginal success, to overcome or ameliorate the FBR.

In recent years new neuro-engineering concepts of utilizing
ultra-small and ultra-flexible MEA platforms have been
developed and tested (Xiang et al., 2014; Fu et al., 2016; Luan
et al., 2017; Zhao et al., 2017; Wei et al., 2018; Guan et al.,
2019; Yang et al., 2019; Zhang et al., 2021). At the resolution
of the confocal microscope, these implants indeed appeared
to seamlessly integrate with mouse cortical parenchyma and
appeared to "promote" neuronal cell bodies to reside close to
the implant surface. Note, however, that despite the fact that the
impedances of the microelectrode at the tips of the ultra-small
and ultra-flexible platforms were similar to those of conventional
large footprint implants (0.5–1 M� at 1 KHz) and despite the
apparent seamless structural integration of these platforms with
brain tissue, the recorded FP amplitudes were within the range of
those recorded by "classical" large footprint implants that trigger
FBR. As it is clear that the severity of the FBR with the ultra-small
platforms was significantly reduced or even totally abolished
(Zhang et al., 2021), these observations are inconsistent with the
prevailing theory claiming that in the absence of a histological
FBR the FP amplitudes should be larger (theoretically the field
potential amplitude decreases in the brain’s extracellular space at
a rate of 1/rx (where r is distance from the current source and x
is in the range of 1 < x < 2, see Malaga et al., 2016; Michelson
et al., 2018). This inconsistency suggested that there are other
electrically insulating barrier(s) than the distributed FBR between
the neurons and the electrodes. These barriers are present even
when immunohistological observations demonstrate seamless
integration of the implant (Huang et al., 2020; Sharon et al.,
2021a,b). Understanding what mechanism(s) diminish the
electrical coupling between neurons and MEA implants, even in
the absence of immunohistological FBR, becomes essential for
the development/application of intracellular recordings by 3D
vertical nanopillars in vivo.

In recent studies our laboratory proposed that microglia
adhering to the surface of the MEA platform and the electrodes,
rather than the FBR, form an insulating junction (Figures 1, 2;
Huang et al., 2020; Sharon et al., 2021a,b). These insulating
microglia were probably overlooked in earlier studies, as in
the vast majority of studies designed to explore electrode/tissue
structural interfaces, the implants were extracted from the brain
tissue prior to thin sectioning for histological examination
(Schultz and Willey, 1976; Moss et al., 2004; Grand et al., 2010;
Marton et al., 2020). Implant extraction not only damaged the
remaining tissue surrounding the void left by the removed probes
but also destroyed the opportunity to examine the intimate
relationships between the implant and the tissue.

We now briefly illustrate our observations and discuss
their implications.

Structural Examination of the Limitations
on Integrating 3D Vertical Nanopillars
With Brain Parenchyma
Structural assessment of the feasibility of using 3D vertical
nanopillars for intracellular recording in vivo began by

fabricating large footprint polyimide-based electrode platforms
that can be thin-sectioned along with the surrounding tissue
for immunohistological and electron microscope analysis
(Figure 1D). Accordingly, we began by fabricating perforated
polyimide (PI)-based MEA platforms (PPMP) decorated by
dense gold mushroom-shaped non-functional microelectrode
arrays. The design enabled us to merge sufficient platform
stiffness and “sectioning ability” for both confocal and
ultrastructural examinations (PI’s Young’s modulus is 2.5
GP and was experimentally shown to be compatible with brain
tissue). Importantly, it was established that PI platforms can
be thin-sectioned along with the surrounding brain tissue for
immunohistological and ultrastructural studies (Mercanzini
et al., 2007, 2008; Richter et al., 2013; Xie X. et al., 2014; Xie
Y. et al., 2014; Boehler et al., 2017; Sharon et al., 2021b).
To optimize the integration of the implant with the brain’s
parenchyma we perforated the PI-based platform (Figure 1D,
for fabrication details and dimensions see Sharon et al., 2021b).
The selected microarchitecture was influenced by the “critical
surface area hypothesis” of Seymour and Kipke (2007) and
Skousen et al. (2011) who documented that the FBR induced
by a solid-shank silicon MEA platform was more severe
than that caused by a lattice architecture and the injectable
mesh MEA platform developed in Dr. C. Lieber’s laboratory
(Zhang et al., 2021).

Quantitative analysis of confocal microscope images of PPMPs
implanted in rat motor cortices along with the intact tissue
surrounding them established that the overall severity of the
FBR (microglia, astrocytes and neurons) induced by the PI-
based porous microarchitecture was smaller than that induced by
solid implants with similar dimensions. In addition, the overall
regenerative processes, judged by the density of neurites and
neuronal cell bodies in the immediate vicinity of the implant,
were good (Huang et al., 2020; Sharon et al., 2021a,b).

Of relevance to the subject of discussion, we noted that
a fraction of overlooked individual microglia by the vast
literature tightly and persistently adhere to the surface of
the implanted platform (Figures 1E,F, 2B,B1). Consistent
with earlier classical studies, PPMP implantation activates
and increases the density of microglia and astrocytes in
centripetal shells around the implant (for quantitative analysis
see Huang et al., 2020; Sharon et al., 2021a). Whereas the
astrocytes densities around the implant continued to increase
for over 8 weeks after implantation, the overall increased
microglia densities subsided and recover to almost control
levels 4–8 weeks (Huang et al., 2020). It is of importance to
note, however, that the density of microglia tightly adhering
to the microelectrode surfaces persistently remains high. In
contrast, astrocyte cell-bodies or branches rarely form intimate
contact with the PPMP and electrodes throughout the 8 week
period of studies.

A tentative explanation to account for the observation that
a fraction of the microglia persistently remain adhering to the
PPMPs while the overall microglia density recover to control is
that the degree of substrate stiffness to which the microglia adhere
leads to changes in the cell’s biological features (Moshayedi
et al., 2014; Bollmann et al., 2015) or, alternatively, that
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FIGURE 2 | Comparison of the ultrastructural interfaces formed between gold mushroom-shaped microelectrodes (gMµE) and the cells around them in culture
(A,A1) and under in vivo conditions (B,B1). (A) In culture of primary rat neurons the neuron’s somata (green) engulf the gMµE “cap’s.” The narrow cleft formed
between the neurons plasma membrane is free of other cells types (A1). (B) In contrast, under in vivo conditions, the gMµE are insulated by thin layer(s) of dark
microglia. In addition a network of regenerating neurites and astrocyte branches occupy the space between the neurons and the gMµE (see also schematics in
Figure 1). Of interest is to note the remarkable regeneration of the parenchyma around the PPMP implant. The image shows a neuronal cell body (nucleus in yellow
and cytoplasm in green) resides approximately a micrometer away from a gMµE and the PI platform’s surface. Myelinated axons (green surrounded by a black
sheath) are distributed in the parenchyma in contact with the microglia that adheres to the platform. Unmyelinated neurites and synaptic structures (labeled purple)
were identified (using large magnification of the image) by the presence of presynaptic vesicles. The remainder of the unmarked profiles are astrocyte branches,
non-myelinated neurites and other cells. PI, polyimide ribs; gMµE, yellow asterisks. Note that an unmarked copy of this figure is presented as Supplementary
Figure 1. Modified with permission from Sharon et al. (2021b).

these microglia represent infiltration of blood-borne immune
cells through the breached BBB (Winslow and Tresco, 2010;
Winslow et al., 2010; Saxena et al., 2013; Moshayedi et al., 2014;
Ravikumar et al., 2014; Bedell et al., 2018). Whatever the source
of the adhering microglia, we recently observed that, in contrast
to the general microglia population distributed throughout the
cortex, these adhering microglia are insensitive to the colony-
stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 (Sharon
et al., 2021a). While PLX5622 administration leads to 95%
elimination of the cortical microglia, the adhering microglia
remain unaffected (Figure 1F).

Since the spatial resolution of confocal microscopy is
insufficient to resolve the intimate structural interfaces formed
between the implants and the brain parenchyma, we examined
the interfaces formed between gMµE-PPMPs and rat cortical
brain parenchyma under the electron microscope (Sharon
et al., 2021b). TEM images revealed that the tissue around
the gMµE-PPMP implant undergoes a remarkable regenerative
process within 2–8 weeks of implantation. This culminates
in regrowth of neurites toward the implant, myelination
of the newly grown axons, the formation of structurally
mature chemical synapses, the recovery of neuronal cell
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body densities in the close vicinity of the electrodes and
cortical capillaries (Sharon et al., 2021b; Figures 2B,B1).
The high resolution ultrastructural analysis complemented the
confocal observations above, showing that along with the
remarkable tissue regeneration neuronal cell bodies could
be observed close to the PPMP and gMµEs and that
microglia adhering to the gMµEs-PPMP surfaces form a
physical barrier that mechanically isolates and electrically
insulates the gMµE (Figures 2B,B1). On the other hand,
astrocyte cell bodies or branches that extend between microglia
rarely form direct contact with the implant surface or
electrodes. Thus, for a period of approximately 8 weeks
post-PPMP implantation (the longest observation period), the
adhering microglia (but not astrocytes) appear to prevent the
formation of a direct contact between axons or neuronal
cell bodies and the gMµE (Figures 1E,F, 2B). Consequently,
it appears that the insulating microglia are expected to
impede engulfment of gMµEs by neurons and possibly
direct piercing of neuronal membranes by other types of
vertical nanopillars.

Another mechanism that is expected to impede the formation
of direct contact between gMµEs or other 3D vertical
nanopillars and the neuronal cell bodies is the regenerative
extension of a dense network of thin neurites (≤1 µm) and
astrocyte branches between the neuronal cell bodies and the
electrodes (Figures 2B,B1). In addition, the low resistance of
the extracellular spaces between the neurons and the vertical
electrode is sufficient to shunt a large fraction of the current
generated by propagating APs.

Examination of a large number of gMµE-PPMPs implanted in
motor cortices of rats for periods of up to 8 weeks revealed that
the gMµEs are stably anchored to the gold lines to which they
were electroplated (Sharon et al., 2021b).

The Identified Barriers and Possible
Ways to Overcome Them
The emerging structural scenario described above demonstrates
that implantation of large footprint gMµE-PPMPs into rat
cortices initiates moderate FBR. This is associated with notable
regenerative processes including neuritogenesis, myelination,
synapse formation and recovery of neuronal cell body density
near the implant. Nonetheless, in contrast to the configuration
formed under in vitro conditions (Figures 2A,A1), three
structural processes that are expected to impede the formation
of direct contact between the gMµE and the neuronal
cell bodies were identified: (a) the presence of PLX5622-
insensitive microglia subtypes that adheres to the electrodes
forming a high resistance barrier between them and the
neurons (Figures 1C1,E,F, 2B). Theoretically, these microglia
subtypes can be molecularly/pharmacologically characterized
and eliminated either by reagents decorating the implant
surface or applied systemically. (b) Regenerative neurites along
with astrocyte branches that regrow and occupy the space
between the neuronal cell bodies and the microelectrodes
prevent the cell bodies from forming direct mechanical
contact with the electrodes (Figures 1C2, 2B,B1). These

branches (Figure 2B) are too small to effectively engulf
the gMµE (diameter < 1 µm) and the neurite surface
areas are too small to generate sufficiently large current
to be sensed by the microelectrodes. Counterintuitively, it
is conceivable that functionalization of the platform surface
with molecules effectively inhibiting neurite outgrowth, for
example NogoA (Fawcett, 2020), could locally prevent neuronal
growth comes from navigating toward the electrodes. (c)
Although the density of neuronal cell bodies recovers after
gMµE-PPMPs implantation within a shell of 0–25 µm from
the platform surface (Sharon et al., 2021b), the density of
neuronal cell bodies in close contact (< 1 µm) with the
platforms surface is too small to sufficiently increase the
probability of engulfment of the gMµE by the neuron or of
piercing of the neuron’s plasma membrane. The mechanisms
underlying the recovery of neuronal cell body concentration
in the vicinity of the electrodes were not investigated. Recent
studies reveal active neurogenesis processes in the dentate
gyrus of the hippocampus and the sub-ventricular zone.
These niches serve as endogenous sources of neural precursor
cells that can migrate and thus may potentially replace
damaged or lost neurons at the site of injury. Attempts
to develop neuro-engineering approaches to facilitate the
migration of neuro-precursor cells toward “remote” sites of
injury are underway (Bressan and Saghatelyan, 2020; Purvis
et al., 2020). It is conceivable for the time being that
implantation of 3D vertical nanopillar-based probes close to
or at the sources of endogenous precursor neurons will
reveal accelerated probability for a direct neuron/electrode
interfaces. Note that the probability of successfully applying
the above solution requires that all the targeted barriers are
concomitantly addressed.

An alternative approach to bypassing the structural barrier
is to implant 3D vertical MEA platforms that were electrically
coupled to a layer of autologous neurons in vitro ahead of
implantation (Adewole et al., 2019).

CONCLUSION

This perspective identifies some of the challenging barriers
to interfacing 3D vertical nano-probes with brain tissues
in vivo. It is premature at this point to address additional
challenges of the foreseen technology, such as the stability
of the intracellular recordings by sharp nanopillars or the
gMµEs configuration on the background of brain micro-
pulsations. Nonetheless, an experimentally based roadmap to
generate “dream neuroprobes” by merging the advantages
of intracellular vertical nanopillars with contemporary
in vivo MEA platforms for extracellular recordings is
certainly feasible.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Frontiers in Neuroscience | www.frontiersin.org 6 January 2022 | Volume 15 | Article 807797

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-807797 January 19, 2022 Time: 14:38 # 7

Spira et al. Feasibility of Developing in vivo Intracellular Neuroprobes

ETHICS STATEMENT

The animal study was reviewed and approved by the Committee
for Animal Experimentation at the Institute of Life Sciences of
the Hebrew University of Jerusalem.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

The laboratory was supported by the Israel Science Foundation
grant number 1808/19. Parts of the described studies were
conducted at the Charles E. Smith and Joel Elkes Laboratory for

Collaborative Research in Psychobiology. The perspective was
based on an earlier research project supported by the National
Institute of Neurological Disorders and Stroke of the National
Institutes of Health under Award Number U01NS099687.

ACKNOWLEDGMENTS

We thank Nava Shmoel and Maciej Jankowski and Yael Friedman
for their contributions to the studies on which this perspective is
based. The content is solely the responsibility of the authors.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.807797/full#supplementary-material

REFERENCES
Abbott, J., Ye, T., Ham, D., and Park, H. (2018). Optimizing nanoelectrode arrays

for scalable intracellular electrophysiology. Acc. Chem. Res. 51, 600–608. doi:
10.1021/acs.accounts.7b00519

Abbott, J., Ye, T., Krenek, K., Gertner, R. S., Ban, S., Kim, Y., et al. (2019). A
nanoelectrode array for obtaining intracellular recordings from thousands of
connected neurons. Nat. Biomed. Eng. 4, 232–241. doi: 10.1038/s41551-019-
0455-7

Abbott, J., Ye, T., Qin, L., Jorgolli, M., Gertner, R. S., Ham, D., et al. (2017). CMOS
nanoelectrode array for all-electrical intracellular electrophysiological imaging.
Nat. Nanotechnol. 12, 460–466. doi: 10.1038/nnano.2017.3

Adewole, D. O., Serruya, M. D., Wolf, J. A., and Cullen, D. K. (2019). Bioactive
neuroelectronic interfaces. Front. Neurosci. 13:269. doi: 10.3389/fnins.2019.
00269

Angle, M. R., Wang, A., Thomas, A., Schaefer, A. T., and Melosh, N. A. (2014).
Penetration of cell membranes and synthetic lipid bilayers by nanoprobes.
Biophys. J. 107, 2091–2100. doi: 10.1016/j.bpj.2014.09.023

Angotzi, G. N., Boi, F., Lecomte, A., Miele, E., Malerba, M., Zucca, S., et al. (2019).
SiNAPS: an implantable active pixel sensor CMOS-probe for simultaneous
large-scale neural recordings. Biosens. Bioelectron. 126, 355–364. doi: 10.1016/j.
bios.2018.10.032

Bedell, H. W., Hermann, J. K., Ravikumar, M., Lin, S., Rein, A., Li, X., et al. (2018).
Targeting CD14 on blood derived cells improves intracortical microelectrode
performance. Biomaterials 163, 163–173. doi: 10.1016/j.biomaterials.2018.02.
014

Boehler, C., Kleber, C., Martini, N., Xie, Y., Dryg, I., Stieglitz, T., et al. (2017).
Actively controlled release of dexamethasone from neural microelectrodes in
a chronic in vivo study. Biomaterials 129, 176–187. doi: 10.1016/j.biomaterials.
2017.03.019

Bollmann, L., Koser, D. E., Shahapure, R., Gautier, H. O., Holzapfel, G. A., Scarcelli,
G., et al. (2015). Microglia mechanics: immune activation alters traction forces
and durotaxis. Front. Cell Neurosci. 9:363. doi: 10.3389/fncel.2015.00363

Bressan, C., and Saghatelyan, A. (2020). Intrinsic mechanisms regulating neuronal
migration in the postnatal brain. Front. Cell Neurosci. 14:620379. doi: 10.3389/
fncel.2020.620379

Dipalo, M., Amin, H., Lovato, L., Moia, F., Caprettini, V., Messina, G. C.,
et al. (2017). Intracellular and extracellular recording of spontaneous action
potentials in mammalian neurons and cardiac cells with 3D plasmonic
nanoelectrodes. Nano Lett. 17, 3932–3939. doi: 10.1021/acs.nanolett.7b0
1523

Dorigo, D. D., Moranz, C., Graf, H., Marx, M., Wendler, D., Shui, B., et al. (2018).
Fully immersible subcortical neural probes with modular architecture and a
delta-sigma ADC integrated under each electrode for parallel readout of 144

recording sites. IEEE J. Solid State Circuits 53, 3111–3125. doi: 10.1109/jssc.
2018.2873180

Duan, X., Gao, R., Xie, P., Cohen-Karni, T., Qing, Q., Choe, H. S., et al. (2012).
Intracellular recordings of action potentials by an extracellular nanoscale field-
effect transistor. Nature Nanotechnol. 7, 174–179. doi: 10.1038/nnano.2011.
223

Fawcett, J. W. (2020). The struggle to make CNS axons regenerate: why has it been
so difficult? Neurochem. Res. 45, 144–158. doi: 10.1007/s11064-019-02844-y

Fendyur, A., and Spira, M. E. (2012). Toward on-chip, in-cell recordings from
cultured cardiomyocytes by arrays of gold mushroom-shaped microelectrodes.
Front. Neuroeng. 5:21. doi: 10.3389/fneng.2012.00021

Fiath, R., Marton, A. L., Matyas, F., Pinke, D., Marton, G., Toth, K., et al.
(2019). Slow insertion of silicon probes improves the quality of acute neuronal
recordings. Sci. Rep. 9:111. doi: 10.1038/s41598-018-36816-z

Fiath, R., Meszena, D., Somogyvari, Z., Boda, M., Bartho, P., Ruther, P., et al. (2021).
Recording site placement on planar silicon-based probes affects signal quality in
acute neuronal recordings. Sci. Rep. 11:2028. doi: 10.1038/s41598-021-81127-5

Fu, T. M., Hong, G., Zhou, T., Schuhmann, T. G., Viveros, R. D., and Lieber, C. M.
(2016). Stable long-term chronic brain mapping at the single-neuron level. Nat.
Methods 13, 875–882. doi: 10.1038/nmeth.3969

Gao, R., Strehle, S., Tian, B., Cohen-Karni, T., Xie, P., Duan, X., et al. (2012).
Outside looking in: nanotube transistor intracellular sensors. Nano Lett. 12,
3329–3333. doi: 10.1021/nl301623p

Grand, L., Wittner, L., Herwik, S., Gothelid, E., Ruther, P., Oscarsson, S., et al.
(2010). Short and long term biocompatibility of NeuroProbes silicon probes.
J. Neurosci. Methods 189, 216–229. doi: 10.1016/j.jneumeth.2010.04.009

Guan, S., Wang, J., Gu, X., Zhao, Y., Hou, R., Fan, H., et al. (2019). Elastocapillary
self-assembled neurotassels for stable neural activity recordings. Sci. Adv.
5:eaav2842. doi: 10.1126/sciadv.aav2842

Gulino, M., Kim, D., Pane, S., Santos, S. D., and Pego, A. P. (2019). Tissue response
to neural implants: the use of model systems toward new design solutions of
implantable microelectrodes. Front. Neurosci. 13:689. doi: 10.3389/fnins.2019.
00689

Hai, A., Shappir, J., and Spira, M. E. (2010a). In-cell recordings by extracellular
microelectrodes. Nat. Methods 7, 200–202. doi: 10.1038/nmeth.1420

Hai, A., Shappir, J., and Spira, M. E. (2010b). Long-term, multisite, parallel, in-
cell recording and stimulation by an array of extracellular microelectrodes.
J. Neurophysiol. 104, 559–568. doi: 10.1152/jn.00265.2010

Harris, K. D., Quiroga, R. Q., Freeman, J., and Smith, S. L. (2016). Improving
data quality in neuronal population recordings. Nat. Neurosci. 19, 1165–1174.
doi: 10.1038/nn.4365

Huang, S. H., Shmoel, N., Jankowski, M. M., Erez, H., Sharon, A., Abu-Salah, W.,
et al. (2020). Immunohistological and ultrastructural study of the inflammatory
response to perforated polyimide cortical implants: mechanisms underlying

Frontiers in Neuroscience | www.frontiersin.org 7 January 2022 | Volume 15 | Article 807797

https://www.frontiersin.org/articles/10.3389/fnins.2021.807797/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.807797/full#supplementary-material
https://doi.org/10.1021/acs.accounts.7b00519
https://doi.org/10.1021/acs.accounts.7b00519
https://doi.org/10.1038/s41551-019-0455-7
https://doi.org/10.1038/s41551-019-0455-7
https://doi.org/10.1038/nnano.2017.3
https://doi.org/10.3389/fnins.2019.00269
https://doi.org/10.3389/fnins.2019.00269
https://doi.org/10.1016/j.bpj.2014.09.023
https://doi.org/10.1016/j.bios.2018.10.032
https://doi.org/10.1016/j.bios.2018.10.032
https://doi.org/10.1016/j.biomaterials.2018.02.014
https://doi.org/10.1016/j.biomaterials.2018.02.014
https://doi.org/10.1016/j.biomaterials.2017.03.019
https://doi.org/10.1016/j.biomaterials.2017.03.019
https://doi.org/10.3389/fncel.2015.00363
https://doi.org/10.3389/fncel.2020.620379
https://doi.org/10.3389/fncel.2020.620379
https://doi.org/10.1021/acs.nanolett.7b01523
https://doi.org/10.1021/acs.nanolett.7b01523
https://doi.org/10.1109/jssc.2018.2873180
https://doi.org/10.1109/jssc.2018.2873180
https://doi.org/10.1038/nnano.2011.223
https://doi.org/10.1038/nnano.2011.223
https://doi.org/10.1007/s11064-019-02844-y
https://doi.org/10.3389/fneng.2012.00021
https://doi.org/10.1038/s41598-018-36816-z
https://doi.org/10.1038/s41598-021-81127-5
https://doi.org/10.1038/nmeth.3969
https://doi.org/10.1021/nl301623p
https://doi.org/10.1016/j.jneumeth.2010.04.009
https://doi.org/10.1126/sciadv.aav2842
https://doi.org/10.3389/fnins.2019.00689
https://doi.org/10.3389/fnins.2019.00689
https://doi.org/10.1038/nmeth.1420
https://doi.org/10.1152/jn.00265.2010
https://doi.org/10.1038/nn.4365
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-807797 January 19, 2022 Time: 14:38 # 8

Spira et al. Feasibility of Developing in vivo Intracellular Neuroprobes

deterioration of electrophysiological recording quality. Front. Neurosci. 14:926.
doi: 10.3389/fnins.2020.00926

Jackel, D., Bakkum, D. J., Russell, T. L., Muller, J., Radivojevic, M., Frey, U., et al.
(2017). Combination of high-density microelectrode array and patch clamp
recordings to enable studies of multisynaptic integration. Sci. Rep. 7:978. doi:
10.1038/s41598-017-00981-4

Jackson, A., and Fetz, E. E. (2007). Compact movable microwire array for long-
term chronic unit recording in cerebral cortex of primates. J. Neurophysiol. 98,
3109–3118. doi: 10.1152/jn.00569.2007

Jones, P. D., Moskalyuk, A., Barthold, C., Gutohrlein, K., Heusel, G., Schroppel,
B., et al. (2020). Low-impedance 3D PEDOT:PSS ultramicroelectrodes. Front.
Neurosci. 14:405. doi: 10.3389/fnins.2020.00405

Jun, J. J., Steinmetz, N. A., Siegle, J. H., Denman, D. J., Bauza, M., Barbarits, B.,
et al. (2017). Fully integrated silicon probes for high-density recording of neural
activity. Nature 551, 232–236. doi: 10.1038/nature24636

Lee, H. C., Gaire, J., Roysam, B., and Otto, K. J. (2018). Placing sites on the edge of
planar silicon microelectrodes enhances chronic recording functionality. IEEE
Trans. Biomed. Eng. 65, 1245–1255. doi: 10.1109/TBME.2017.2715811

Lee, Y., Shin, H., Lee, D., Choi, S., Cho, I. J., and Seo, J. (2021). A lubricated
nonimmunogenic neural probe for acute insertion trauma minimization and
long-term signal recording. Adv. Sci. (Weinh) 8:e2100231. doi: 10.1002/advs.
202100231

Li, X. L., Mo, J. S., Fang, J. R., Xu, D. X., Yang, C., Zhang, M., et al. (2020). Vertical
nanowire array-based biosensors: device design strategies and biomedical
applications. J. Mater. Chem. B 8, 7609–7632. doi: 10.1039/d0tb00990c

Lin, Z. C., and Cui, B. (2014). Nanowire transistors: room for manoeuvre. Nat.
Nanotechnol. 9, 94–96. doi: 10.1038/nnano.2014.10

Lin, Z. C., Xie, C., Osakada, Y., Cui, Y., and Cui, B. (2014). Iridium oxide nanotube
electrodes for sensitive and prolonged intracellular measurement of action
potentials. Nat. Commun. 5:3206. doi: 10.1038/ncomms4206

Liu, R., Chen, R., Elthakeb, A. T., Lee, S. H., Hinckley, S., Khraiche, M. L.,
et al. (2017). High density individually addressable nanowire arrays record
intracellular activity from primary rodent and human stem cell derived
neurons. Nano Lett. 17, 2757–2764. doi: 10.1021/acs.nanolett.6b04752

Luan, L., Wei, X., Zhao, Z., Siegel, J. J., Potnis, O., Tuppen, C. A., et al.
(2017). Ultraflexible nanoelectronic probes form reliable, glial scar-free neural
integration. Sci. Adv. 3:e1601966. doi: 10.1126/sciadv.1601966

Malaga, K. A., Schroeder, K. E., Patel, P. R., Irwin, Z. T., Thompson, D. E., Nicole
Bentley, J., et al. (2016). Data-driven model comparing the effects of glial
scarring and interface interactions on chronic neural recordings in non-human
primates. J. Neural Eng. 13:016010. doi: 10.1088/1741-2560/13/1/016010

Mariano, A., Lubrano, C., Bruno, U., Ausilio, C., Dinger, N. B., and Santoro,
F. (2021). Advances in cell-conductive polymer biointerfaces and role of the
plasma membrane. Chem. Rev. doi: 10.1021/acs.chemrev.1c00363

Marton, G., Toth, E. Z., Wittner, L., Fiath, R., Pinke, D., Orban, G., et al. (2020).
The neural tissue around SU-8 implants: a quantitative in vivo biocompatibility
study. Mater. Sci. Eng. C Mater. Biol. Appl. 112:110870. doi: 10.1016/j.msec.
2020.110870

Mateus, J. C., Lopes, C. D. F., Cerquido, M., Leitao, L., Leitao, D., Cardoso,
S., et al. (2019). Improved in vitro electrophysiology using 3D-structured
microelectrode arrays with a micro-mushrooms islets architecture capable of
promoting topotaxis. J. Neural Eng. 16:036012. doi: 10.1088/1741-2552/ab0b86

McGuire, A. F., Santoro, F., and Cui, B. (2018). Interfacing Cells with vertical
nanoscale devices: applications and characterization. Annu. Rev. Anal. Chem.
(Palo Alto Calif.) 11, 101–126. doi: 10.1146/annurev-anchem-061417-125705

Mercanzini, A., Cheung, K., Buhl, D. L., Boers, M., Maillard, A., Colin, P.,
et al. (2008). Demonstration of cortical recording using novel flexible polymer
neural probes. Sens. Actuators Phys. 143, 90–96. doi: 10.1016/j.sna.2007.
07.027

Mercanzini, A., Cheung, K., Buhl, D., Boers, M., Maillard, A., Colin, P., et al. (2007).
“Demonstration of cortical recording and reduced inflammatory response
using flexible polymer neural probes,” in Proceedings of the IEEE Twentieth
Annual International Conference on Micro Electro Mechanical Systems, Hyogo.

Michelson, N. J., Vazquez, A. L., Eles, J. R., Salatino, J. W., Purcell, E. K.,
Williams, J. J., et al. (2018). Multi-scale, multi-modal analysis uncovers complex
relationship at the brain tissue-implant neural interface: new emphasis on
the biological interface. J. Neural Eng. 15:033001. doi: 10.1088/1741-2552/aa
9dae

Moshayedi, P., Ng, G., Kwok, J. C., Yeo, G. S., Bryant, C. E., Fawcett, J. W.,
et al. (2014). The relationship between glial cell mechanosensitivity and foreign
body reactions in the central nervous system. Biomaterials 35, 3919–3925. doi:
10.1016/j.biomaterials.2014.01.038

Moss, J., Ryder, T., Aziz, T. Z., Graeber, M. B., and Bain, P. G. (2004).
Electron microscopy of tissue adherent to explanted electrodes in dystonia and
Parkinson’s disease. Brain 127, 2755–2763. doi: 10.1093/brain/awh292

Musk, E. (2019). An integrated brain-machine interface platform with
thousands of channels. J. Med. Internet Res. 21:e16194. doi: 10.2196/
16194

Perge, J. A., Homer, M. L., Malik, W. Q., Cash, S., Eskandar, E., Friehs, G.,
et al. (2013). Intra-day signal instabilities affect decoding performance in an
intracortical neural interface system. J. Neural Eng. 10:036004. doi: 10.1088/
1741-2560/10/3/036004

Prodanov, D., and Delbeke, J. (2016). Mechanical and biological interactions of
implants with the brain and their impact on implant design. Front. Neurosci.
10:11. doi: 10.3389/fnins.2016.00011

Purvis, E. M., O’donnell, J. C., Chen, H. I., and Cullen, D. K. (2020).
Tissue engineering and biomaterial strategies to elicit endogenous neuronal
replacement in the brain. Front. Neurol. 11:344. doi: 10.3389/fneur.2020.0
0344

Qing, Q., Jiang, Z., Xu, L., Gao, R. X., Mai, L. Q., and Lieber, C. M. (2014). Free-
standing kinked nanowire transistor probes for targeted intracellular recording
in three dimensions. Nat. Nanotechnol. 9, 142–147. doi: 10.1038/nnano.2013.
273

Rabieh, N., Ojovan, S. M., Shmoel, N., Erez, H., Maydan, E., and Spira, M. E. (2016).
On-chip, multisite extracellular and intracellular recordings from primary
cultured skeletal myotubes. Sci. Rep. 6:36498. doi: 10.1038/srep36498

Raducanu, B. C., Yazicioglu, R. F., Lopez, C. M., Ballini, M., Putzeys, J., Wang, S.,
et al. (2017). Time multiplexed active neural probe with 1356 parallel recording
sites. Sensors (Basel) 17:2388. doi: 10.3390/s17102388

Ravikumar, M., Sunil, S., Black, J., Barkauskas, D. S., Haung, A. Y., Miller, R. H.,
et al. (2014). The roles of blood-derived macrophages and resident microglia
in the neuroinflammatory response to implanted intracortical microelectrodes.
Biomaterials 35, 8049–8064. doi: 10.1016/j.biomaterials.2014.05.084

Richter, A., Xie, Y., Schumacher, A., Loffler, S., Kirch, R. D., Al-Hasani,
J., et al. (2013). A simple implantation method for flexible, multisite
microelectrodes into rat brains. Front. Neuroeng. 6:6. doi: 10.3389/fneng.2013.0
0006

Robinson, J. T., Jorgolli, M., Shalek, A. K., Yoon, M. H., Gertner, R. S., and
Park, H. (2012). Vertical nanowire electrode arrays as a scalable platform for
intracellular interfacing to neuronal circuits. Nat. Nanotechnol. 7, 180–184.
doi: 10.1038/nnano.2011.249

Santoro, F., Dasgupta, S., Schnitker, J., Auth, T., Neumann, E., Panaitov, G., et al.
(2014). Interfacing electrogenic cells with 3D nanoelectrodes: position, shape,
and size matter. ACS Nano 8, 6713–6723. doi: 10.1021/nn500393p

Santoro, F., Schnitker, J., Panaitov, G., and Offenhäusser, A. (2013). On chip
guidance and recording of cardiomyocytes with 3D mushroom-shaped
electrodes. Nano Lett. 13, 5379–5384. doi: 10.1021/nl402901y

Saxena, T., Karumbaiah, L., Gaupp, E. A., Patkar, R., Patil, K., Betancur, M.,
et al. (2013). The impact of chronic blood-brain barrier breach on intracortical
electrode function. Biomaterials 34, 4703–4713. doi: 10.1016/j.biomaterials.
2013.03.007

Schultz, R. L., and Willey, T. J. (1976). Ultrastructure of sheath around chronically
implanted electrodes in brain. J. Neurocytol. 5, 621–642. doi: 10.1007/
BF01181577

Seymour, J. P., and Kipke, D. R. (2007). Neural probe design for reduced tissue
encapsulation in CNS. Biomaterials 28, 3594–3607. doi: 10.1016/j.biomaterials.
2007.03.024

Sharon, A., Jankowski, M. M., Shmoel, N., Erez, H., and Spira, M. E. (2021a).
Inflammatory foreign body response induced by neuro-implants in rat cortices
depleted of resident microglia by a CSF1R inhibitor and its implications. Front.
Neurosci. 15:646914. doi: 10.3389/fnins.2021.646914

Sharon, A., Shmoel, N., Erez, H., Jankowski, M. M., Friedmann, Y., and Spira,
M. E. (2021b). Ultrastructural analysis of neuroimplant-parenchyma interfaces
uncover remarkable neuroregeneration along-with barriers that limit the
implant electrophysiological functions. Front. Neurosci. (in press). doi: 10.3389/
fnins.2021.764448

Frontiers in Neuroscience | www.frontiersin.org 8 January 2022 | Volume 15 | Article 807797

https://doi.org/10.3389/fnins.2020.00926
https://doi.org/10.1038/s41598-017-00981-4
https://doi.org/10.1038/s41598-017-00981-4
https://doi.org/10.1152/jn.00569.2007
https://doi.org/10.3389/fnins.2020.00405
https://doi.org/10.1038/nature24636
https://doi.org/10.1109/TBME.2017.2715811
https://doi.org/10.1002/advs.202100231
https://doi.org/10.1002/advs.202100231
https://doi.org/10.1039/d0tb00990c
https://doi.org/10.1038/nnano.2014.10
https://doi.org/10.1038/ncomms4206
https://doi.org/10.1021/acs.nanolett.6b04752
https://doi.org/10.1126/sciadv.1601966
https://doi.org/10.1088/1741-2560/13/1/016010
https://doi.org/10.1021/acs.chemrev.1c00363
https://doi.org/10.1016/j.msec.2020.110870
https://doi.org/10.1016/j.msec.2020.110870
https://doi.org/10.1088/1741-2552/ab0b86
https://doi.org/10.1146/annurev-anchem-061417-125705
https://doi.org/10.1016/j.sna.2007.07.027
https://doi.org/10.1016/j.sna.2007.07.027
https://doi.org/10.1088/1741-2552/aa9dae
https://doi.org/10.1088/1741-2552/aa9dae
https://doi.org/10.1016/j.biomaterials.2014.01.038
https://doi.org/10.1016/j.biomaterials.2014.01.038
https://doi.org/10.1093/brain/awh292
https://doi.org/10.2196/16194
https://doi.org/10.2196/16194
https://doi.org/10.1088/1741-2560/10/3/036004
https://doi.org/10.1088/1741-2560/10/3/036004
https://doi.org/10.3389/fnins.2016.00011
https://doi.org/10.3389/fneur.2020.00344
https://doi.org/10.3389/fneur.2020.00344
https://doi.org/10.1038/nnano.2013.273
https://doi.org/10.1038/nnano.2013.273
https://doi.org/10.1038/srep36498
https://doi.org/10.3390/s17102388
https://doi.org/10.1016/j.biomaterials.2014.05.084
https://doi.org/10.3389/fneng.2013.00006
https://doi.org/10.3389/fneng.2013.00006
https://doi.org/10.1038/nnano.2011.249
https://doi.org/10.1021/nn500393p
https://doi.org/10.1021/nl402901y
https://doi.org/10.1016/j.biomaterials.2013.03.007
https://doi.org/10.1016/j.biomaterials.2013.03.007
https://doi.org/10.1007/BF01181577
https://doi.org/10.1007/BF01181577
https://doi.org/10.1016/j.biomaterials.2007.03.024
https://doi.org/10.1016/j.biomaterials.2007.03.024
https://doi.org/10.3389/fnins.2021.646914
https://doi.org/10.3389/fnins.2021.764448
https://doi.org/10.3389/fnins.2021.764448
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-807797 January 19, 2022 Time: 14:38 # 9

Spira et al. Feasibility of Developing in vivo Intracellular Neuroprobes

Shmoel, N., Rabieh, N., Ojovan, S. M., Erez, H., Maydan, E., and Spira,
M. E. (2016). Multisite electrophysiological recordings by self-assembled
loose-patch-like junctions between cultured hippocampal neurons and
mushroom-shaped microelectrodes. Sci. Rep. 6:27110. doi: 10.1038/srep2
7110

Skousen, J. L., Merriam, S. M., Srivannavit, O., Perlin, G., Wise, K. D., and Tresco,
P. A. (2011). Reducing surface area while maintaining implant penetrating
profile lowers the brain foreign body response to chronically implanted planar
silicon microelectrode arrays. Prog. Brain Res. 194, 167–180. doi: 10.1016/B978-
0-444-53815-4.00009-1

Spira, M. E., and Hai, A. (2013). Multi-electrode array technologies for
neuroscience and cardiology. Nat. Nanotechnol. 8, 83–94. doi: 10.1038/nnano.
2012.265

Spira, M. E., Huang, S. H., Shmoel, N., and Erez, H. (2019). “In vitro neuronal
networks -from culturing methods toneuro-technological applications,” in
Advance Neurobiology, eds M. Chiappalone, V. Pasquale, and M. Frega (Cham:
Springer), 125–153. doi: 10.1007/978-3-030-11135-9_5

Spira, M. E., Kamber, D., Dormann, A., Cohen, A., Bartic, C., Borghs, G.,
et al. (2007). Improved neuronal adhesion to the surface of electronic device
by engulfment of protruding micro-nails fabricated on the chip surface.
Transducers Eurosens. 1, 1247–1250.

Spira, M. E., Shmoel, N., Huang, S. M., and Erez, H. (2018). Multisite attenuated
intracellular recordings by extracellular multielectrode arrays, a perspective.
Front. Neurosci. 12:212. doi: 10.3389/fnins.2018.00212

Steinmetz, N. A., Aydin, C., Lebedeva, A., Okun, M., Pachitariu, M., Bauza, M.,
et al. (2021). Neuropixels 2.0: a miniaturized high-density probe for stable,
long-term brain recordings. Science 372:eabf4588. doi: 10.1126/science.abf4588

Teixeira, H., Dias, C., Aguiar, P., and Ventura, J. (2020). Gold-mushroom
microelectrode arrays and the quest for intracellular-like recordings:
perspectives and outlooks. Adv. Mater. Technol. 6:2000770.

Tian, B., Cohen-Karni, T., Qing, Q., Duan, X., Xie, P., and Lieber, C. M.
(2010). Three-dimensional, flexible nanoscale field-effect transistors as localized
bioprobes. Science (New York, N.Y.) 329, 830–834. doi: 10.1126/science.
1192033

Viswam, V., Bounik, R., Shadmani, A., Dragas, J., Obien, M., Muller, J., et al. (2017).
High-density mapping of brain slices using a large multi-functional high-
density CMOS microelectrode array system. Int. Solid State Sens. Actuators
Microsyst. Conf. 2017, 135–138. doi: 10.1109/TRANSDUCERS.2017.799
4006

Voigts, J., Siegle, J. H., Pritchett, D. L., and Moore, C. I. (2013). The flexDrive:
an ultra-light implant for optical control and highly parallel chronic recording
of neuronal ensembles in freely moving mice. Front. Syst. Neurosci. 7:8. doi:
10.3389/fnsys.2013.00008

Wei, X., Luan, L., Zhao, Z., Li, X., Zhu, H., Potnis, O., et al. (2018). Nanofabricated
ultraflexible electrode arrays for high-density intracortical recording. Adv. Sci.
(Weinh) 5:1700625. doi: 10.1002/advs.201700625

Weidlich, S., Krause, K. J., Schnitker, J., Wolfrum, B., and Offenhausser, A.
(2017). MEAs and 3D nanoelectrodes: electrodeposition as tool for a precisely
controlled nanofabrication. Nanotechnology 28:095302. doi: 10.1088/1361-
6528/aa57b5

Wellman, S. M., Li, L., Yaxiaer, Y., Mcnamara, I., and Kozai, T. D. Y. (2019).
Revealing spatial and temporal patterns of cell death, glial proliferation,
and blood-brain barrier dysfunction around implanted intracortical
neural interfaces. Front. Neurosci. 13:493. doi: 10.3389/fnins.2019.0
0493

Winslow, B. D., and Tresco, P. A. (2010). Quantitative analysis of the
tissue response to chronically implanted microwire electrodes in rat cortex.
Biomaterials 31, 1558–1567. doi: 10.1016/j.biomaterials.2009.11.049

Winslow, B. D., Christensen, M. B., Yang, W. K., Solzbacher, F., and Tresco,
P. A. (2010). A comparison of the tissue response to chronically implanted
Parylene-C-coated and uncoated planar silicon microelectrode arrays in rat
cortex. Biomaterials 31, 9163–9172. doi: 10.1016/j.biomaterials.2010.05.050

Xiang, Z. L., Yen, S. C., Xue, N., Sun, T., Tsang, W. M., Zhang, S. S., et al. (2014).
Ultra-thin flexible polyimide neural probe embedded in a dissolvable maltose-
coated microneedle. J. Micromech. Microeng. 24:065015. doi: 10.1088/0960-
1317/24/6/065015

Xie, C., Lin, Z., Hanson, L., Cui, Y., and Cui, B. (2012). Intracellular recording of
action potentials by nanopillar electroporation. Nat. Nanotechnol. 7, 185–190.
doi: 10.1038/nnano.2012.8

Xie, X., Rieth, L., Williams, L., Negi, S., Bhandari, R., Caldwell, R., et al. (2014).
Long-term reliability of Al2O3 and Parylene C bilayer encapsulated Utah
electrode array based neural interfaces for chronic implantation. J. Neural Eng.
11:026016. doi: 10.1088/1741-2560/11/2/026016

Xie, Y., Martini, N., Hassler, C., Kirch, R. D., Stieglitz, T., Seifert, A., et al. (2014).
In vivo monitoring of glial scar proliferation on chronically implanted neural
electrodes by fiber optical coherence tomography. Front. Neuroeng. 7:34. doi:
10.3389/fneng.2014.00034

Xu, D., Mo, J., Xie, X., and Hu, N. (2021). In-cell nanoelectronics: opening the door
to intracellular electrophysiology. Nanomicro Lett. 13:127. doi: 10.1007/s40820-
021-00655-x

Yang, X., Zhou, T., Zwang, T. J., Hong, G., Zhao, Y., Viveros, R. D., et al. (2019).
Bioinspired neuron-like electronics. Nat. Mater. 18, 510–517. doi: 10.1038/
s41563-019-0292-9

Yoo, J., Kwak, H., Kwon, J., Ha, G. E., Lee, E. H., Song, S., et al. (2020). Long-term
intracellular recording of optogenetically-induced electrical activities using
vertical nanowire multi electrode array. Sci. Rep. 10:4279. doi: 10.1038/s41598-
020-61325-3

Zhang, A., Lee, J. H., and Lieber, C. M. (2021). Nanowire-enabled bioelectronics.
Nano Today 38, 1–17.

Zhao, W., Hanson, L., Lou, H. Y., Akamatsu, M., Chowdary, P. D., Santoro,
F., et al. (2017). Nanoscale manipulation of membrane curvature for probing
endocytosis in live cells. Nat. Nanotechnol. 12, 750–756. doi: 10.1038/nnano.
2017.98

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Spira, Erez and Sharon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 9 January 2022 | Volume 15 | Article 807797

https://doi.org/10.1038/srep27110
https://doi.org/10.1038/srep27110
https://doi.org/10.1016/B978-0-444-53815-4.00009-1
https://doi.org/10.1016/B978-0-444-53815-4.00009-1
https://doi.org/10.1038/nnano.2012.265
https://doi.org/10.1038/nnano.2012.265
https://doi.org/10.1007/978-3-030-11135-9_5
https://doi.org/10.3389/fnins.2018.00212
https://doi.org/10.1126/science.abf4588
https://doi.org/10.1126/science.1192033
https://doi.org/10.1126/science.1192033
https://doi.org/10.1109/TRANSDUCERS.2017.7994006
https://doi.org/10.1109/TRANSDUCERS.2017.7994006
https://doi.org/10.3389/fnsys.2013.00008
https://doi.org/10.3389/fnsys.2013.00008
https://doi.org/10.1002/advs.201700625
https://doi.org/10.1088/1361-6528/aa57b5
https://doi.org/10.1088/1361-6528/aa57b5
https://doi.org/10.3389/fnins.2019.00493
https://doi.org/10.3389/fnins.2019.00493
https://doi.org/10.1016/j.biomaterials.2009.11.049
https://doi.org/10.1016/j.biomaterials.2010.05.050
https://doi.org/10.1088/0960-1317/24/6/065015
https://doi.org/10.1088/0960-1317/24/6/065015
https://doi.org/10.1038/nnano.2012.8
https://doi.org/10.1088/1741-2560/11/2/026016
https://doi.org/10.3389/fneng.2014.00034
https://doi.org/10.3389/fneng.2014.00034
https://doi.org/10.1007/s40820-021-00655-x
https://doi.org/10.1007/s40820-021-00655-x
https://doi.org/10.1038/s41563-019-0292-9
https://doi.org/10.1038/s41563-019-0292-9
https://doi.org/10.1038/s41598-020-61325-3
https://doi.org/10.1038/s41598-020-61325-3
https://doi.org/10.1038/nnano.2017.98
https://doi.org/10.1038/nnano.2017.98
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Assessing the Feasibility of Developing in vivo Neuroprobes for Parallel Intracellular Recording and Stimulation: A Perspective
	Introduction
	Anticipated Barriers to Applying 3D Vertical Nanopillar Arrays for in vivo Intracellular Recordings
	Structural Examination of the Limitations on Integrating 3D Vertical Nanopillars With Brain Parenchyma
	The Identified Barriers and Possible Ways to Overcome Them

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


