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ABSTRACT

The ability to manipulate the electrophysiology of electrically active cells and tissues has enabled a deeper understanding of healthy and
diseased tissue states. This has primarily been achieved via input/output (I/O) bioelectronics that interface engineered materials with
biological entities. Stable long-term application of conventional I/O bioelectronics advances as materials and processing techniques develop.
Recent advancements have facilitated the development of graphene-based I/O bioelectronics with a wide variety of functional characteristics.
Engineering the structural, physical, and chemical properties of graphene nanostructures and integration with modern microelectronics have
enabled breakthrough high-density electrophysiological investigations. Here, we review recent advancements in 2D and 3D graphene-based
I/O bioelectronics and highlight electrophysiological studies facilitated by these emerging platforms. Challenges and present potential break-
throughs that can be addressed via graphene bioelectronics are discussed. We emphasize the need for a multidisciplinary approach across
materials science, micro-fabrication, and bioengineering to develop the next generation of I/O bioelectronics.
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I. INTRODUCTION

The first intracellular recording of action potential was made by
Hodgkin and Huxley.1 This seminal breakthrough was recorded from
squid axon (ca. 0.5mm in diameter) due to the scale of the available
bioelectrical tools at the time. Today, we know that tightly controlled
specific ion movement is found in and regulates all levels of cellular
and subcellular activities. The tremendous progress in all scientific
fields, including materials science, has provided the tools and level of
knowledge that allow us to study electrophysiology at micro-scales

relevant to a wide variety of cell types. Electrophysiology and related
biochemical processes have been studied in vivo, ex vivo, and in vitro
at the cellular and protein level, and we have detailed descriptions of
those. The relationship between the physiology and electrical activity
of cells and tissues has facilitated an in-depth understanding of intra-
cellular processes crucial to higher-order functions.2–6 However, some
remain enigmatic, and many are still left for us to discover. In addition
to gaining knowledge, understanding of those processes enables us to
affect them by both electrical and chemical signals.7,8 These capabili-
ties are utilized to treat pathologies such as Parkinson’s disease9 and
heart arrhythmias.10 This is implemented using medical technologies
to measure and modulate electrical activity of the affected biological
systems.

Input/output (I/O) bioelectronic platforms have been developed
to facilitate electrophysiology studies and clinical applications.8,11–13 I/
O platforms are designed to both produce a signal (input) and record
a signal (output). Such capabilities can be integrated into platforms
capable of chemical and optical I/O in addition to electrical I/O.14

These platforms can be broadly categorized as intracellular or extracel-
lular bioelectronics (Fig. 1). Intracellular bioelectronics examine the
electrical potentials inside and across the cell membrane of single
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cells.2,15,16 Traditionally, these tools have relied on the patch-clamp
approach, which provides direct intracellular access allowing accu-
rate recording of action potentials and corresponding cellular com-
munication paradigms [Fig. 1(a)].15,16 Extracellular bioelectronics,
primarily classified as active (such as field-effect transistors, FETs)
or passive (microelectrode arrays, MEAs), allow investigations of
local field potentials in the extracellular space [Fig. 1(b)].4,11 The
generated extracellular field potentials lead to corresponding
changes in the junction potential (VJ) when interfaced with either
MEAs or FETs.11 These changes in VJ are recorded as corresponding
changes in potential (in interfaced MEAs) and channel current (in
interfaced FETs).11 Both MEAs and FETs have facilitated simulta-
neous multi-scale recording and stimulation of cells and tissues
in vitro and in vivo over extended periods.17–20

Recent advances in materials, electrical, and biomedical engineer-
ing have enabled the development of breakthrough I/O bioelectronics
for real-time high-density electrophysiological mapping.13,18,21,22 This
has been coupled with the emergence of nanomaterials with tunable
physical and chemical properties.4,12,13,23 In this review, we provide a
brief overview of conventional bioelectronics and then focus our atten-
tion on emerging trends in materials engineering for the development
of next-generation of I/O bioelectronics.

II. EVOLUTION OF BIOELECTRONICS

Bioelectronics development relies on existing materials and proc-
essing techniques.23,24 The dimensions of the available tools enforce a
physical limitation on the scale of cells and tissues that can be investi-
gated. Early-stage research was focused on macro-scale nerves and
axons.1 Although early microelectrode iterations contributed exten-
sively to neuroscience research, they were limited to a single channel
composed of sharpened W, Pt, or Pt-Ag/AgCl wires [Fig. 2(a)].8,25,26

Technological breakthroughs in micro-fabrication enabled the devel-
opment of multiplexed micro-scale bioelectronics, such as Utah arrays
and Michigan probes,27,28 for precise investigations of cells and tissues
both in vitro and in vivo. Utah arrays consist of high-density
80–100lm diameter silicon tips [Fig. 2(b)] and have been implanted
into the cortex for in vivo electrophysiology recording and mapping
with little pathological complications [Fig. 2(b)].27 They have prelimi-
nary been used for in vivo electrical recordings in animals, especially

non-human primates, and have served as a promising toolset for clini-
cal use.29 Michigan probes also leverage on silicon as a substrate and
are composed of multiple channels integrated on a single probe [Fig.
2(c)].28 Further modification of the exposed electrode surface with
materials such as conductive polymers and hydrogels has resulted in
dramatic enhancements of probe sensitivity, robustness, and biocom-
patibility.28 Although these platforms facilitated the next wave of semi-
nal breakthroughs in neuroscience and therapeutic interventions, their
rigid nature results in chronic inflammatory response leading to the
generation of capsules and scars.8,13

Numerous efforts have been made to address mechanical mis-
match of bioelectronics and further minimize platform dimensions.4,24

Viventi et al. demonstrated a novel approach toward silicon-based
flexible bioelectronics by fabricating ultrathin silicon nanomembrane
transistors arrays and successfully recording in vivo brain activity of a
cat [Fig. 2(d)].30 Wei et al. developed ultra-flexible nanoelectronic
threads (NET) with more than eight electrodes housed on a single
thread within a cross-sectional area of 10 lm2 [Fig. 2(e)].31 This plat-
form enabled neural mapping in a mouse model with high signal-to-
noise ratio (SNR) and without chronic neuronal degeneration.31 To
achieve seamless integration of bioelectronics with in vivo systems in a
minimally invasive manner, Liu et al. fabricated syringe injectable
microporous mesh electronics [Fig. 2(f)].32 Injection of mesh electron-
ics into biological cavities was achieved through small injections sites
by using syringes with a diameter less than 100lm.32 Once injected
into the hippocampus of live rodent brains, mesh electronics facilitated
multichannel recordings of the electrical activity, such as the d-wave
local field potentials.32 On the other hand, to study cellular communi-
cation in in vivo like three-dimensional (3D) cell cultures, Kalmykov
et al. leveraged pre-stressed thin films to fabricate a 3D self-rolling bio-
sensor array (3D-SR-BA) [Fig. 2(g)] and recorded electrical activity of
cardiac and neural spheroids.33,34 Park et al. integrated electrical, opti-
cal, chemical, and thermal biointerfaces onto a single platform to study
the coordinated electrical activity across the surface of cortical
spheroids.35

Although the evolution of bioelectronic platforms has been mul-
tifaceted, there is still an imminent requirement for technological
innovations of the biointerfaces themselves to enable multimodal

FIG. 1. I/O bioelectronic interfaces. (a) Schematic of the whole-cell patch-clamp technique for recording cellular electrophysiology. (b) Electrical equivalent circuit of the (I)
cell–MEA and (II) cell–FET interfaces. RJ, RNJ, Rseal, and Re represent junctional, non-junctional, seal, and electrode resistances, respectively. CJ, CNJ, Ccoupling, and Ce repre-
sent junctional, non-junctional, coupling, and electrode capacitances, respectively. VJ, VSD, VG, Vrec, and ISD represent junctional voltage across the cleft, source–drain voltage,
gate voltage, recorded voltage, and source–drain current, respectively. RE represents reference electrode.
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platforms. Engineering nanomaterials for bioelectronic interfaces by
tailoring material structures and properties provides an opportunity to
address the limitations of existing bioelectronics platforms and over-
come the current technological challenges.12,36 Carbon-based nanoma-
terials, especially graphene-based systems, are promising candidates
for bioelectronic interfaces due to their high mechanical flexibility,
structural stability, and high tunability of physical and chemical
properties.4,12,37

III. GRAPHENE NANOSTRUCTURES

Graphene consists of a honeycomb sp2 hybridized two-
dimensional (2D) carbon lattice [Fig. 3(a-I)] with many favorable prop-
erties for bioelectronics such as its high electrical conductivity (charge
carrier mobility up-to 200 000 cm2 V�1 s�1),38 mechanical strength
(Young’s modulus of�1 TPa),39 high surface-to-volume ratio (theoret-
ical value of�2630 m2 g�1),40 and chemical stability.41 Due to its excel-
lent processability, multiple approaches have been developed for
implementing graphene-based nanostructures in platforms for electro-
physiology. Bottom–up synthesis of graphene, such as through chemi-
cal vapor deposition (CVD),42 leverages the self-assembling properties
of aromatic carbon structures, while top–down approaches such as
chemical exfoliation of graphite40 and laser-induced graphene (LIG)
synthesis allow high yield rates.43 Graphene can readily be imple-
mented as a building block for other carbon allotropes or hierarchical

structures.12 For example, Yavari et al. demonstrated a 3D graphene
foam (GF) network, which represented a significant stride in creating
higher dimensionality graphene structures [Fig. 3(a-II)].44 Lin et al.
demonstrated patterned LIG-based devices [Fig. 3(a-III)], which
allowed for quick fabrication of graphene nanostructures on flexible
platforms.43 LIG has since been further developed for specific bioelec-
tronic applications.45

A barrier to the implementation of graphene nanomaterials is the
lack of scalable assembly methods that allow tunable 3D topological
arrangements. Graphene nanostructures that can be precisely synthe-
sized for flake size, flake density, and placement hold promise as an
approach for next-generation electrode interfaces. Recently, graphene
has been shown to grow out-of-plane from growth substrates through
plasma-enhanced chemical vapor deposition (PECVD) synthesis pro-
cesses.46 Garg et al. and San Roman et al. demonstrated the tunability
of the graphene flake size and density of 3D fuzzy graphene (3DFG)
on Si nanowire templates (NT-3DFG) through varying PECVD condi-
tions such as CH4 partial pressure, synthesis temperature, and synthe-
sis time [Fig. 3(b)].47–50 These unique graphene structures allow
complex device interfaces and closer contact with biological systems.

IV. GRAPHENE BIOINTERFACES

Prior to building interfaces between bioelectronics and biological
entities, the biocompatibility of the interfacing materials must be

FIG. 2. Evolution of microelectrodes for bioelectronics. (a) Electron micrograph of (I) an uncoated, sharpened tungsten wire; and (II) optical images of coated electrodes
immersed in water to show the coating. Reproduced with permission from Hebul, Science 125, 3247 (1957). Copyright 2002 Science.25 (b) Scanning electron micrograph of
Utah electrode array with 100 microelectrodes. Reproduced with permission from Normann et al., Vision Res. 39(15), 2577–2587 (1999). Copyright 1999 Elsevier Science
Ltd.27 (c) Optical micrograph of Michigan probe with eight-channel recording gold sites. Reproduced with permission from Abidian et al., Adv. Funct. Mater. 19(4), 573–585
(2009). Copyright 2009 Wiley-VCH.28 (d) Photograph of a flexible 360-channel high density active electrode array. Reproduced with permission from Viventi et al., Nat.
Neurosci. 14, 1599–1605 (2011). Copyright 2011 Nature Publishing Group.30 (e) Photograph of four threads on a NET-e device panel. Reproduced with permission from Wei
et al., Adv. Sci. 5(6), 1700625 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution 4.0 License.31 (f) Optical image of mesh electronics emerging
from the tip (upper right) of a 95 lm diameter needle into 1� phosphate-buffered saline (PBS) solution. Reproduced with permission from Liu et al., Nat. Nanotechnol. 10,
629–636 (2015). Copyright 2015 Springer Nature.32 (g) 3D confocal microscopy image of 3D-SR-BA with microelectrodes. Color bar represents the depth in micrometers.
Reproduced with permission from Kalmykov et al., Sci. Adv. 5(8), eaax0729 (2020). Copyright 2019 Author(s), licensed under a Creative Commons Attribution-NonCommercial
License 4.0.33
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evaluated. Extensive efforts have been focused on using different assays
to evaluate biocompatibility from various perspectives.52,53 Rastogi
et al. investigated the viability of human embryonic stem cell-derived
cardiomyocytes (hESC-CMs) after 10 days in culture on 2D graphene
and observed no statistically significant difference between the control
and the graphene substrates [Fig. 4(a-I)].54 Beyond 2D planar gra-
phene, Dipalo et al. also investigated the biocompatibility of hESC-
CMs on 3D graphene structures, specifically 3DFG, and did not
observe any significant decrease in cellular viability after 6 days in cul-
ture [Fig. 4(a-II)].55 Furthermore, both 2D and 3D graphene nano-
structures did not induce cellular stress in interfaced cells as evaluated
through the tetramethylrhodamine ethyl ester (TMRE) assay.55,56 For
example, no significant change in the mitochondrial membrane poten-
tial (MMP) of cardiomyocytes cultured on 3DFG was detected
through the TMRE assay, indicating an absence of cellular stress
[Fig. 4(b)].55 However, incubating dispersed graphene flakes with
murine microphages (RAW 267.4) for 24 h resulted in detectable
changes in the MMP, which indicates that varying the size of the gra-
phene flakes has an impact on cellular health.57 Therefore, graphene-

based nanostructure properties (such as geometry, surface charge, and
chemical reactivity), the biological platforms (such as cell type), and
experimental conditions (such as input dose, incubation time, and
incubation temperature) should be evaluated for each system.52,53

Matino et al. utilized graphene, 3DFG, and NT-3DFG platforms
for characterizing the cytoskeletal arrangement as well as membrane
wrapping processes that promote tight device coupling and spontane-
ous intracellular penetration [Fig. 4(c)].58 SEM imaging of the cell-
nanomaterial interface revealed that the cell membranes had sufficient
flexibility to tightly adhere on all out-of-plane graphene materials [Fig.
4(c)], and the authors noted that out-of-plane graphene did not
noticeably alter cell viability.58 Further reviews for graphene-based
nanomaterials’ specific interactions with mammalian cells and tissues
have also been completed.59,60

V. GRAPHENE-BASED OUTPUT BIOELECTRONICS

Numerous graphene bioelectronics have been reported for
in vitro and in vivo electrophysiological investigations of individual
cells and tissues.12 As described earlier, graphene bioelectronics can

FIG. 3. Graphene nanostructures. (a) (I) A typical low-magnification transmission electron microscopy (TEM) image of synthesized graphene sheets. Reproduced with permis-
sion from Dato et al., Chem. Commun. 40, 6095–6097 (2009). Copyright 2009 The Royal Society of Chemistry.51 (II) Scanning electron micrograph of the microporous gra-
phene foam (GF) structure showing a continuous network of 3D interconnected graphene sheets that comprise the walls of the foam-like structure. Reproduced with
permission from Yavari et al., Sci. Rep. 1, 166 (2011). Copyright 2011 Author(s), licensed under a Creative Comments CC-BY-NC-ND License.44 (III) Scanning electron micros-
copy (SEM) image of the 3D porous LIG film patterned on polyimide (PI) substrates. Reproduced with permission from Lin et al., Nat. Commun. 5, 5714 (2014). Copyright
2014 Nature Publishing Group.43 (b) Truly 3D topology of graphene. (I–II) Representative SEM images of NT-3DFG synthesized for 30 min at 700 and 1100 �C, respectively.
The insets represented by red-dashed boxes show out-of-plane graphene on SiNWs. (III) Number of flake edges along a 1lm length of the nanowire of radius, r, for all synthe-
sis conditions. Results are presented as mean 6 SD (n¼ 3). Reproduced with permission from San Roman et al., ACS Catal. 10(3), 1993–2008 (2020). Copyright 2020
American Chemical Society.49
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also be classified either as active or passive devices that leverage the
material’s unique structural, physical, and chemical properties.37

While active graphene bioelectronics provide high sensitivity and
enable n- and p-type recordings from the same device, passive devices
allow both electrophysiological investigation and manipulation.4,61

Using single graphene flake FETs, Cohen-Karni et al. recorded
extracellular field potentials from spontaneously beating embryonic
chicken cardiomyocytes with SNR> 4 [Fig. 5(a)].62 Extracellular field
potentials generated during electrical activity induced a change in the
conductance of the FET channel, which enabled electrophysiology
recordings when measured as a function of time. Hess et al. fabricated
graphene-FET (gFET) arrays for simultaneous multiplexed extracellu-
lar field potential recordings from electrogenic cells from up to eight
gFETs [Fig. 5(b)].61 In order to record extracellular field potentials
from organoids and spheroids, Kalmykov et al. demonstrated the fab-
rication of functional gFET arrays onto a 3D self-rolling platform.33

Unlike conventional thin-films and other 2D materials, 2D gra-
phene has unique optical properties and exhibits high transparency
(up to 97.7%).63 This allows 2D graphene-based electrodes to simulta-
neously record electrophysiology as well as optically monitor (via fluo-
rescent dyes) intracellular Ca2þ transients; Ca2þ is an important
secondary messenger for signal transduction in excitable cells.64,65

Rastogi et al. fabricated transparent graphene MEAs for simultaneous
in vitro recordings of extracellular field potentials and corresponding
Ca2þ transients in cardiomyocytes [Fig. 5(c)].54 The impedance of the

fabricated graphene microelectrodes was determined to be similar to
that of Au microelectrodes of similar dimensions.54 Surface treatment
of graphene microelectrodes via HNO3 increased charge carriers and
led to a reduction in electrode impedance.54 The developed graphene
MEAs platform allowed real-time recording of the electrophysiological
signals with an SNR of ca. 14 as well as the corresponding Ca2þ activ-
ity.54 Minimizing the overall dimensions of the recording electrodes to
the ultra-micro scale has enabled recording electrophysiology with
subcellular precision.66,67 Although various ultra-microelectrode
(UME) platforms have been developed, they show limited long-term
stability and relatively high impedances.67 3D graphene nanostructures
are a promising alternative as they exhibit high surface-to-volume
ratio leading to lower impedance and exhibit long-term stabil-
ity.48,49,68,69 Rastogi et al. leveraged hierarchical nanomaterials with
standard lithography techniques to pattern NT-3DFG UMEs for
recording extracellular field potentials from hESC-CMs with electro-
des as small as 2� 2 lm2 [Fig. 5(d)].67 It was demonstrated that the
impedance at 1 kHz of 2� 2 lm2 NT-3DFG UMEs was comparable
to 50 � 50 lm2 Au electrodes, facilitating a 625-fold reduction in the
footprint of the recording electrodes while maintaining SNR> 6.67

Monitoring intracellular action potentials is critical for in-depth
electrophysiological and toxicological investigations. Interfacing nano-
structures, such as gold-mushrooms70 and nanowires,71,72 with electri-
cally active cells allows intracellular recordings with high SNR;
however, these approaches have limited throughput. Coupling

FIG. 4. Graphene biointerfaces. (a) The effect of graphene nanostructures on the viability of cardiomyocytes. (I) Quantification of %Viability of hESC-CMs cultured on glass
(orange) and graphene (green) substrates. N.S. denotes no statistically significant difference. Results are presented as mean 6 SD (n¼ 3). Reproduced with permission from
Rastogi et al., Cel. Mol. Bioeng. 11, 407–418 (2018). Copyright 2018 Biomedical Engineering Society.54 (II) %Viability of hESC-CMs cultured on Si/SiO2 control and 3DFG sub-
strates. N.S. denotes no statistically significant difference. Results are presented as mean 6 SD (n¼ 4). Reproduced with permission from Dipalo et al., Sci. Adv. 7(15),
eabd5175 (2021). Copyright 2021 Author(s), licensed under Creative Commons Attribution-NonCommercial License 4.0.55 (b) TMRE assay performed on hESC-CMs at 6
days in vitro (DIV), cultured on (I) Si/SiO2 control and (II) 3DFG substrates. Red (TMRE) and blue (Hoechst) denote mitochondria and cell nuclei, respectively. (III) Relative
fluorescence readout of the TMRE-labeled hESC-CMs cultured on Si/SiO2 control and 3DFG substrates. Results are presented as mean 6 SD (n¼ 4). N.S. denotes no statis-
tically significant difference. Reproduced with permission from Dipalo et al., Sci. Adv. 7(15), eabd5175 (2021). Copyright 2021 Author(s), licensed under Creative Commons
Attribution-NonCommercial License 4.0.55 (c) Coupling between graphene nanostructures and electrogenic cells. SEM images (tilt 52�, backscattered electrons) of (I) 2D
graphene-cell cross section, arrow identifies membrane invagination; (II) 3DFG-cell cross section; (III) NT-3DFG mesh-cell cross section, arrow identifies membrane wrapping
at single wire. (IV) NT-3DFG vertically standing wires-cell cross section, arrow identifies a wire spontaneous penetration. Reproduced with permission from Mation et al., Adv.
Mater. Interfaces 7(18), 2000699 (2020). Copyright 2020 Wiley-VCH GmbH.58
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microelectrode platforms with efficient cell-poration techniques pro-
vides an alternative approach for high-throughput intracellular record-
ings. Illumination of porous Pt microelectrodes in water with ultrafast
pulsed laser has been shown to lead to the generation of hot carriers
that enable localized cellular membrane poration.73 Dipalo et al. lever-
aged a similar mechanism to record intracellular action potentials
using 3DFG microelectrodes [Fig. 5(e)].55 The high surface area of
3DFG allowed recording of extracellular field potentials from the
interfaced cardiomyocytes with an SNR of ca. 27 dB [Fig. 5(e-II)].55

Illumination of the cell-3DFG interface with a 1 mW 1064nm ultrafast
pulsed laser leads to successful optoporation and facilitated recordings
of intracellular action potentials [Fig. 5(e-II)].55 This technique is min-
imally invasive and was repeated on the same cell without adverse
effects.55

Irrespective of the electrode geometry and recording mechanism,
large-scale multiplexing of electrode arrays and downstream electron-
ics is an active challenge.74,75 Innovations in material engineering and
processing, fabrication schemes, and hardware designing have allowed

FIG. 5. Graphene nanostructures for electrophysiology recordings. (a) Graphene FET (gFET) for electrical recording. (I) Optical microscope image of polydimethylsiloxane
(PDMS)/cells interfaced with large flake gFET. Graphene flake outline is marked by white-dashed line; the measured device is marked by red arrow. (II) Recorded averaged
peak (red) and raw data (gray traces) for the gFET and cell in (I). Reproduced with permission from Cohen-Karni et al., Nano Lett. 10(3), 1098–1102 (2010). Copyright 2010
American Chemical Society.62 (b) Graphene transistor arrays for recording action potentials from electrogenic cells. (I) Combination of an optical microscopy image of a transis-
tor array and a fluorescence image of the calcein-stained cell layer on the same array. (II) Exemplary single spikes. The current response has been converted to an extracellu-
lar voltage signal. The upper spike resembles a capacitive coupling followed by the opening of voltage-gated sodium channels, whereas in the bottom one, the ion channels
dominate over the capacitive coupling. Reproduced with permission from Hess et al., Adv. Mater. 23(43), 5045–5049 (2011). Copyright 2011 Wiley-VCH Verlag GmbH.61 (c)
Graphene MEAs for electrical and optical measurements of human stem cell-derived cardiomyocytes. (I) Differential interference contrast (DIC) image of graphene MEAs fabri-
cated on glass coverslip. (II) Representative recorded field potential traces using graphene MEAs. Reproduced with permission from Rastogi et al., Cel. Mol. Bioeng. 11,
407–418 (2018). Copyright 2018 Biomedical Engineering Society.54 (d) 3DFG ultra-MEAs for subcellular electrical recordings. (I) SEM image of 10 lm NT-3DFG-MEAs. (II)
Representative recorded field potential traces using 10, 5, and 2lm NT-3DFG ultra-microelectrodes. Reproduced with permission from Rastogi et al., Nano Res. 13,
1444–1452 (2020). Copyright 2020 Springer.67 (e) Intracellular action potential recordings from cardiomyocytes by ultrafast pulsed laser irradiation of fuzzy graphene MEAs. (I)
SEM image of 5 lm 3DFG electrodes. (I) Representative extracellular field potential recording of hiPSC-CMs using 3DFG-MEA with 50 lm electrodes (n¼ 80 electrodes). (III)
Representative intracellular action potential recording on 3DFG-MEA with 50-lm electrodes after optoporation (n¼ 70 electrodes). Reproduced with permission from Dipalo
et al., Sci. Adv. 7(15), eabd5175 (2021). Copyright 2021 Author(s), licensed under Creative Commons Attribution-NonCommercial License 4.0.55
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the development of high-density electrode arrays in the form of micro-
wires,76 multi-shank silicon probes,21 multiplexed neural threads,77

and intravascular mesh electrodes.78 In the case of conventional gFET
platforms, each sensing node requires its independent signal ampli-
fier.79 By integrating gFETs with custom-built front-end amplifiers,
Garcia-Cortadella et al. demonstrated frequency-division multiplexing
of neural signals.79 Increasing the density of electrodes leads to a direct
increase in the data throughput. Advances in data science and
machine learning are being coupled with high-density electrode arrays
to streamline neural signal processing.75 This includes approaches
such as neural data compression and decoding.80,81

Combining graphene’s exceptional physical properties and ease of
processibility with recent advances in multiplexing via hardware design-
ing and signal processing will allow investigation of both extra- and
intracellular electrophysiology with high spatiotemporal resolution.

The effect of therapeutics on the physiology and the electrophysi-
ology of cells and tissues is of great interest to pharmacological studies
and drug development.82,83 Single graphene microelectrodes can be

used to study the effect of therapeutics on 2D cell cultures.54,55 Using
isoproterenol as a proof-of-concept drug, Rastogi et al. demonstrated
that single-layer graphene microelectrodes can successfully record an
increase in the beat frequency and decrease in the field potential dura-
tion (FPD) of cardiomyocytes [Fig. 6(a)].54 Concurrent Ca2þ imaging
corroborated the electrophysiological recordings.54 Dipalo et al. inves-
tigated the effect of Nifedipine and Dofetilide (DOF) on the intracellu-
lar electrical activity of cardiomyocytes [Fig. 6(b)].55 Nifedipine, a
Ca2þ blocker, reduced the duration of cardiac action potentials
(APD90, action potential duration at 90% amplitude) from
9156 90ms to 5356 97ms and 3326 75ms for 100 and 300nM
Nifedipine, respectively [Fig. 6(b-I)].55 On the other hand, Dofetilide,
a class III antiarrhythmic agent, was observed to prolong the repolari-
zation phase leading to an increase in APD90 from 5866 67ms to
7416 101ms [Fig. 6(b-II)].55 In addition to electrical recordings,
graphene-based microelectrodes have also been employed for neuro-
transmitter sensing. Neurotransmitters such as dopamine play a cru-
cial role in neurological disorders such as schizophrenia84 and

FIG. 6. Electrophysiological investigations and mapping. (a) The effect of b-adrenergic receptor agonist on the extracellular electrophysiology using graphene MEAs. Averaged
trace (70 peaks) before (red, �) and after (green, þ) the application of b-adrenergic receptor agonist, isoproterenol. Reproduced with permission from Rastogi et al., Cel. Mol.
Bioeng. 11, 407–418 (2018). Copyright 2018 Biomedical Engineering Society.54 (b) Intracellular electrophysiology investigations of the effect drugs on human-derived cardio-
myocytes. (I) Representative cardiac action potentials before and after the administration of nifedipine at various concentrations. (II) Representative cardiac action potentials
before and after the administration of 100 nM dofetilide (DOF). REF, reference signal in physiological conditions. Reproduced with permission from Dipalo et al., Sci. Adv.
7(15), eabd5175 (2021). Copyright 2021 Author(s), licensed under Creative Commons Attribution-NonCommercial License 4.0.55 (c) Mapping electrical signal propagation in
3D using the 3D-SR-BA. (I) A 3D confocal microscopy image of 3D cardiac spheroid labeled with Ca2þ indicator dye (Fluo-4, green fluorescence) encapsulated by the 3D-SR-
BA. (II) Averaged field potential peak (red trace) and raw data (gray traces, n¼ 100 peaks recorded by channel 4). (III) 2D representation of the isochronal map of time laten-
cies. White arrow represents average conduction velocity direction. Reproduced with permission from Kalmykov et al., Sci. Adv. 5(8), eaax0729 (2020). Copyright 2019
Author(s), licensed under a Creative Commons Attribution-NonCommercial License 4.0.33
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Parkinson’s disease.85,86 Castagnola et al. leveraged the high surface-
area of 3DFG to demonstrate fast scan cyclic voltammetry-based sens-
ing of dopamine.68 3DFG microelectrodes exhibited exceptional sensi-
tivity (2.126 0.05 nA/nM) and selectivity to dopamine with a 50 �
50lm2 geometric footprint. Successful dopamine detection with high
sensitivity and selectivity was retained after further miniaturization of
the 3DFG microelectrodes to 2 � 2lm2.68 Graphene-based bioelec-
tronics, therefore, present a high-performance platform for an in-
depth electrophysiological investigation that can be utilized for phar-
macological drug testing and neurotransmitter sensing.

3D cell cultures closely recapitulate in vivo systems.34,87,88

Their electrophysiological mapping is used for disease modeling
and therapeutic designing.34 Kalmykov et al. fabricated a polymeric
3D-SR-BA for the electrophysiological investigation of human
embryonic stem cell-derived cardiomyocyte spheroids [Fig. 6(c)].33

The 3D-SR-BA platform conformally wraps an interfaced cardiac
spheroid for continuous and stable multiplexed electrophysiology
recordings coupled with concurrent Ca2þ imaging.33 The high spa-
tiotemporal resolution of 3D-SR-BA allows individual ionic currents
across the cell membrane, field potential duration (FPD), and the
field potential amplitude (FPA) to be detected at a single sensor level
[Fig. 6(c-II)].33 Furthermore, the conduction velocity of 3D sphe-
roids can be calculated from the 3D isochronal maps of the electrical
signal propagation across the surface of the interfaced spheroid
[Fig. 6(c-III)].33 3D-SR-BA has also been used to study the firings
rates of individual units in 3D cortical spheroids and investigate the
effect of drugs such as glutamate on neuronal action potentials.34

Park et al. designed multifunctional 3D frameworks for measuring
the burst activity across the surface of cortical spheroids and assem-
bloids.35 Engineering graphene nanostructures onto these 3D plat-
forms will allow extra- and intracellular electrical activity recordings
with high SNR.

VI. GRAPHENE-BASED INPUT BIOELECTRONICS

Modulating cellular electrophysiology and behavior has
broadened the understanding of brain activity as well as contrib-
uted tools and therapeutic interventions for neurological disor-
ders.4,12,89 Specifically, electrical stimulation is a promising
approach for the treatment of pathologies, such as spinal cord
injury and muscle atrophy.12,89 The charge storage capacitance and
optical transparency of 2D graphene bioelectronics allow simulta-
neous electrical stimulation and imaging as demonstrated by Park
et al. using graphene micro-electrocorticography (micro-ECoG)
electrodes in transgenic mice [Fig. 7(a-I)].90 The graphene micro-
ECoG electrodes enabled temporal mapping of fluorescence indica-
tors, demonstrating the spatiotemporal propagation of action
potentials in response to stimulating current pulses [Fig. 7(a-II)].90

Modulation of myogenesis and cell morphology in SHSY5Y human
neuroblastoma cells have also been achieved through electrical
stimulation via graphene electrodes.91

However, materials with 2D topographies typically exhibit lim-
ited charge storage and injection capacities.12 Engineered graphene
structures with 3D topography and high surface area can overcome
these limitations and display enhanced electrical stimulation efficien-
cies.69 Lu et al. designed flexible electrode arrays based on laser-
induced porous graphene with a high charge injection capacity (CIC)
of 3.1 mC/cm2 [Fig. 7(b-I)].69 Electrical stimulation of the motor

cortex in mice using these arrays evoked transient ankle and knee flex-
ion in the contralateral leg [Fig. 7(b-II)].69 Zhao et al. showed that
graphene fibers microelectrodes exhibit stable CIC up to 10.1 mC/
cm2 for 19 days [Fig. 7(c-I)].92 Deep brain stimulation (DBS) with
these electrodes alleviated symptoms of Parkinsonian motor defi-
cits in a rat. Moreover, the presence of these electrodes did not
result in detectable field distortions during functional magnetic res-
onance imaging (fMRI) [Fig. 7(c-II)].92 Macroscopic input bioelec-
tronics for modulating electrical activity of tissues and organs have
been realized via 3D carbon structures. Fang et al. fabricated
monolithic carbon membranes with hierarchical porous surface
topology by carbonizing self-assembled Resol and Pluronic F127
micelles [Fig. 7(d-I)].93 These structures were used to modulate
electrical activity across multiple biological scales ranging from
individual cells (primary cardiomyocytes) to tissue (mice retinal
tissue) and organ (isolated rat heart) [Fig. 7(d-II)].

Optical modulation offers a minimally invasive alternative for
conventional electrical stimulation.94,95 Rastogi et al. leveraged NT-
3DFG’s efficient photothermal energy conversion for optical stimula-
tion of dorsal root ganglion (DRG) neurons with subcellular precision
[Fig. 7(e-I)].94 Instead of being internalized, NT-3DFG adhere to the
cell plasma membrane after co-incubation with DRG neurons [Fig.
7(e-II)].94 The rapid rise in local temperature induced by laser pulses
incident at the NT-3DFG and neuron interface generates depolarizing
currents across the cell membrane resulting in action potentials.94,96

Photothermal stimulation of neurons with sub-millisecond laser pulses
is highly reproducible and does not cause damage to the cell mem-
brane [Fig. 7(e-III)].94

VII. CHALLENGES AND PROSPECTS

Graphene-based bioelectronics is promising technology for
clinical applications; however, there are certain challenges that still
need to be overcome. Chemical instability, which affects device
performance and longevity, is a common concern for active com-
ponents of bioelectronic platforms. While graphene-based electro-
des exhibit a wide water stability window,68,97 reactive sp2 defects,
edges, and grain boundaries alter chemical stability.98 For biologi-
cal applications, biofouling of electrode interfaces is a major con-
cern that may be overcome through the addition of antifouling
coatings.99,100

Due to graphene’s high tensile strength and modulus, the
mechanical integrity of graphene-based platforms often hinges on the
quality of adhesion to metal interconnects and the integration of
the insulating components. Robust bonds between devices and sub-
strates can help prevent delamination or loss of graphene interfaces.
Nanostructures directly produced or patterned onto source substrates
can translate into industry-scale micro-fabrication techniques.67,93,101

The varied synthesis strategies for graphene-based nanomaterials allow
for numerous processing pathways involving suspensions,102 compo-
sites,103 or thin films,104 which will continue to yield novel bioelec-
tronic device architectures.

The ease of chemical functionalization of graphene-based nano-
structures through covalent-bonded organic functionalities, p–p
stacked functional groups, and dispersed metal/metal oxide nanopar-
ticles provides routes for a highly flexible application-driven plat-
form.105 Nanoparticles such as Pt-Fe3S4 have been utilized for in situ
electrochemical NO generation for neuronal modulation;106 laser
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patterned SiC nanostructures have been employed for in situ H2O2

generation to regulate muscle contraction.107 Combining electrocata-
lytic and energy conversion principles with appropriate functionaliza-
tion of graphene biointerfaces will lead to the development of

multimodal systems for electrophysiology- and biomolecule-based
sensing and actuation. Integration of sensing and actuation into a uni-
fied high-density multifunctional platform will allow closed-loop con-
trol over physiology and electrophysiology.

FIG. 7. Graphene and carbon nanostructures for stimulation. (a) Electrical neural stimulation transparent graphene electrode arrays implanted in GCaMP6f mice. (I)
Demonstration of micro-electrocorticography (micro-ECoG) implantation over sensorimotor cortex and electrical stimulation in GCaMP6f mice. (II) Visualization of the intensity
of neural response to 100 lA electrical stimulation at times �130 to þ670ms of peak response with a graphene electrode array. Reproduced with permission from Park et al.,
ACS Nano 12(1), 148–157 (2018). Copyright 2017 American Chemical Society.90 (b) Flexible neural electrodes array based-on porous graphene for cortical stimulation. (I) Tilt
SEM image of a 64-spot porous graphene array. (II) Stimulus evoking current (representing movement) response of the flex sensor in arbitrary units. Reproduced with permis-
sion from Lu et al., Sci. Rep. 6, 33526 (2016). Copyright 2016 Author(s), licensed under Creative Commons Attribution 4.0 License.69 (c) Simultaneous deep brain stimulation
and fMRI with graphene fiber electrodes. (I) A representative SEM image of the axial external surface of a GF fiber. Inset, magnified image of the region in the dashed box. (II)
B0 distortion maps observed in rats implanted with a GF (upper) and PtIr (lower) bipolar electrodes (electrodes are pointed by arrows). Reproduced with permission from Zhao
et al., Nat. Commun. 11, 1788 (2020). Copyright 2020 Author(s), licensed under Creative Commons Attribution 4.0 License.92 (d) Micelle-enabled self-assembly of porous and
monolithic carbon membranes for bioelectronic interfaces. (I) Cross-sectional view (upper panels) and associated top view (lower panels) of the hierarchical porous material.
The hierarchical structures display two components: a bottom layer constructed from an ordered mesoporous structure and layers of porous vesicles assembled into multiple
layers (as separated by the dashed lines). (II) Top: a retinal calcium image showing activated retinal ganglion cells (RGCs) upon the stimulation. Middle: representative calcium
traces from individual RGCs (numbered in the upper image). Bottom: the input current density during the stimulation. Reproduced with permission from Fang et al., Nat.
Nanotechnol. 16, 206–213 (2021). Copyright 2020 Author(s), licensed under Springer Nature Ltd.93 (e) Remote nongenetic optical modulation of neuronal activity using NT-
3DFG. (I) Schematic illustrating an NT-3DFG interfaced with a neuron for photothermal stimulation. Purple spot indicates laser illumination area. (II) A 3D reconstruction of a
fluorescence images of a representative DRG neuron labeled with plasma membrane stain (red, CellMask plasma membrane stain) and interfaced with NT-3DFG (white). (III)
Representative recorded membrane potential of a repetitively stimulated DRG neuron (DRG neuron was patch-clamped in whole-cell configuration and current clamp mode).
Electrical stimulation was performed by injecting a pulse of 100 nA for 1 ms. Photothermal stimulation was performed with 405-nm laser with a pulse of 2.28 mW power and
0.6-ms pulse duration (1.37 lJ). Reproduced with permission from Rastogi et al., Proc. Natl. Acad. Sci. U. S. A. 117(24), 13339–13349 (2020). Copyright 2020 Author(s),
licensed under a creative Commons Attribution 4.0 License.94
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VIII. CONCLUSION

Here, we highlight recent advances in graphene nanostructures
for electrophysiology manipulation of cells and tissues. Novel I/O bio-
electronics coupling engineered materials and biology are aimed at
overcoming current challenges in areas such as device miniaturization,
long-term stability, and increased complexity in device architecture.8,12

Several approaches demonstrate the ability to engineer physiochemical
properties of graphene and integrate graphene nanostructures with
advanced backend microelectronics.55,67,68 These microelectronic plat-
forms achieve high-density arrays for extra- and intracellular electro-
physiological studies with high spatiotemporal resolution and
multiplexed recording capabilities.54,55,67 While some challenges
remain, graphene nanostructures promise to propel electrophysiologi-
cal research capabilities and clinical translation. Multidisciplinary
strategies across materials science, micro-fabrication, catalysis, and
bioengineering are pivotal for incremental enhancements in multi-
functional I/O bioelectronics. These improvements will yield greater
scientific knowledge in human electrophysiology and benefit patient
health and society for generations to come.
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