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Changing the tune using bioelectronics
Eric H. Chang1,2

Abstract

The desire to harness electricity for improving human health dates back at least two millennia. As electrical signals
form the basis of communication within our nervous system, the ability to monitor, control, and precisely deliver
electricity within our bodies holds great promise for treating disease. The nascent field of bioelectronic medicine
capitalizes on this approach to improve human health, however, challenges remain in relating electrical nerve
activity to physiological function. To overcome these challenges, we need more long-term studies on neural circuits
where the nerve activity and physiological output is well-established. In this Letter, I highlight a recent study that
takes just such an approach.
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Main text
In the late eighteenth century, the pioneering electro-
physiologist Luigi Galvani showed that a jolt of electri-
city could make an isolated frog leg kick and twitch as if
it was alive. This idea of “animal electricity” was one of
the first demonstrations that electrical signals travel
within the body to animate muscles. Galvani also be-
lieved that there was a natural form of bioelectricity pro-
duced within the body, possibly originating in the brain,
to control organ function and muscle output (Piccolino
1997). While this was controversial in Galvani’s time, we
now know that these posited bioelectrical signals are in
fact nerve impulses that form the basis of communica-
tion throughout our nervous system. There is a vast and
complex network of nerves that connect the brain to
every vital organ and tissue within the body. The ner-
vous system network provides an opportunity for scien-
tists and clinicians to tap into this biological circuitry,
either to eavesdrop on these electrical signals through
nerve recording, or to intervene and manipulate them
through neurostimulation. This approach describes the
emerging field of bioelectronic medicine, which

capitalizes on our ability to use nerve-interfacing devices
to monitor and precisely control activity for the purpose
of treating disease (Birmingham et al. 2014; Pavlov and
Tracey 2019). This field is highly interdisciplinary, in-
corporating neuroscience, engineering, materials science,
computing, and molecular medicine.
While advances in technology take place rapidly (think

of Moore’s law), the true potential of bioelectronic medi-
cine is maximized when it is applied to a biological cir-
cuit where the relationship between nerve activity and
physiological function is well-understood. In this Letter,
I highlight the recent work of Otchy and colleagues
(Otchy et al. 2020) who provide a powerful example of
applying advanced technologies to a circuit where the
relationship between nerve activity and physiological
output is robustly defined. Using microscale thin-film
fabrication, electrophysiological recordings, and pat-
terned neurostimulation to activate nerve fiber subsets,
the authors show that high signal-to-noise ratio (SNR)
interfaces can be achieved over multiple weeks on a
nerve that is about the diameter of a single human hair.
Studies like this define a new reference point for how to
perform long-term interfacing with small peripheral
nerves, and show how future clinical devices can exert
tunable neuromodulation through patterned stimulation.
Otchy and colleagues used a custom device called the

“nanoclip” that is capable of both electrical stimulation
and recording on a 150-μm target nerve. The nanoclip,
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first reported by this research group in 2017 (Lissan-
drello et al. 2017), consists of a thin-film electrode with
a 3D-printed housing that encapsulates the nerve with a
hinged-door mechanism, thus minimizing torsion and
potential damage to the nerve while ensuring a tight
interface between the six gold pad electrodes and the
nerve. In this study, they targeted the zebra finch tra-
cheosyringeal nerve, which innervates the songbird vocal
organ (the syrinx) and controls stereotyped song vocali-
zations. To demonstrate that the nanoclip could pre-
cisely modulate tracheosyringeal nerve activity and
vocalization output over multiple weeks, they performed
a number of experiments to show that: 1) recorded
nerve activity was stable over 4 weeks, 2) songbird vocal-
izations could be precisely modulated and, 3) spatiotem-
poral patterning of neurostimulation successfully
activated different subsets of fibers within the tracheo-
syringeal nerve bundle (Fig. 1).
Stability and specificity are critical features of any sys-

tem designed for chronic implantation and neuromodu-
lation. By modeling mechanical forces and body
dynamics prior to device fabrication, the authors were
able to design a small fit-to-nerve device that was easy
to surgically implant and maintained stable, high SNR

recording capabilities over at least 4 weeks. To demon-
strate specificity, the authors used a technique called
current steering where different parts of a multi-channel
electrode array are turned on and off in a precise pattern
to “steer” the current for a desired activation. By record-
ing evoked compound action potentials through a sec-
ond implanted nanoclip on the same nerve, they showed
that current-steered stimulation modulated songbird vo-
calizations more precisely than bulk stimulation, and
that different spatial patterns of stimulation reliably acti-
vated different subsets of nerve fibers. This is important
because many peripheral nerves, such as the vagus nerve,
contain several different calibers and types of fibers, each
associated with different physiological functions (Ahmed
et al. 2020). Therefore, the ability to achieve fiber-
specificity through patterned neurostimulation works to
maximize desired end-organ specific changes, while min-
imizing potential off-target side effects.
Studies like this demonstrate an important point,

which is that multi-dimensional control of an output
can only be achieved if we have a well-established un-
derstanding of the underlying neural circuit and how
electrical activity relates to this output. By designing a
paradigm where they could control the zebra finch

Fig. 1 Optimized bioelectronic approach for peripheral nerve interfacing. Long-term recording and stimulation of the tracheosyringeal nerve in
the zebra finch with an implanted nanoclip device. The study design exemplifies an optimized approach for performing recordings and tunable
stimulation on a small peripheral nerve. The nanoclip device consists of a thin-film microfabricated electrode coupled to a custom 3D-printed
housing with hinged trap doors to hold the nerve in place. High signal-to-noise ratio electrophysiological recordings were stable for over 4
weeks with the nanoclip. To measure functional differences in the output of the circuit, the acoustic structure of song vocalizations was
quantified using high-resolution spectrograms. Patterned neurostimulation with current steering evoked distinct compound responses from the
nerve reflecting differential fiber activation and also elicited distinct song vocalizations. Figure created using BioRender.com with portions
adapted from (Otchy et al. 2020)
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vocalization system, the authors showed that evoked
songbird vocalizations could be precisely and reliably
controlled through nerve stimulation (Fig. 1). Similarly,
without knowledge about the appropriate “transfer func-
tion” for a given neural circuit, we will struggle to design
intelligent neuromodulation approaches for treating dis-
ease. So, if we hope to make an impact on human health
through bioelectronic interventions, we need to syner-
gize our evolving technological capabilities with basic
science advances that inform us about mechanism.
Other recent studies in this field give us a glimpse of
what is possible, including work on a wireless, closed-
loop optogenetic system for modulating bladder function
(Mickle et al. 2019) and advances in the material sci-
ences, such as conformable bioelectronics for interfacing
with nerves and end organs (Fallegger et al. 2020). These
developments will enable more seamless and flexible in-
tegration of bioelectronic interfaces with target tissues
and provide the stability and specificity that is needed
for precise, long-term neuromodulation.
Humans have been using electricity to treat ailments

since the ancient Greeks and Romans, who used the elec-
trical properties of torpedo fish to treat headaches and arth-
ritis. While they did not know the mechanistic basis for the
beneficial effects, they knew that the bioelectricity emitted
by these fish relieved pain and reduced inflammation
(Francis and Dingley 2015). Evidence that nerves were in-
volved in transmitting the electricity came with Galvani’s
frog experiments, which established the new science of
electrophysiology. Now, more than two centuries later, pre-
cisely controlled pulses of electricity are being delivered via
implanted vagus nerve stimulators in patients with
medication-resistant epilepsy and depression (Labiner and
Ahern 2007), as well as for rheumatoid arthritis and other
inflammatory disorders (Koopman et al. 2016). Other inva-
sive and noninvasive bioelectronic therapies are available to
treat disorders ranging from sleep apnea to chronic pain.
And while there are still gaps in our understanding of how
electrical potentials relate to physiological outputs, contem-
porary tools and techniques are providing unprecedented
access to the nervous system. This access, combined with
increasingly sophisticated methods to measure and ma-
nipulate nerve activity, will allow us to finally harness the
therapeutic potential of electricity to change the tune of
nerve activity and to help treat human disease.
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Acknowledgements
I thank Dr. Valentin A. Pavlov for his comments on the manuscript. Fig. 1
images used under a Creative Commons Attribution 4.0 International
License. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Author’s contributions
E.H.C. wrote the manuscript. The author read and approved the final
manuscript.

Funding
None.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Received: 27 January 2021 Accepted: 28 January 2021

References
Ahmed U, Chang YC, Cracchiolo M, et al. Anodal block permits directional vagus

nerve stimulation. Sci Rep. 2020;10:9221. https://doi.org/10.1038/s41598-020-
66332-y.

Birmingham K, Gradinaru V, Anikeeva P, et al. Bioelectronic medicines: a research
roadmap. Nat Rev Drug Discov. 2014;13:399–400. https://doi.org/10.1038/
nrd4351.

Fallegger F, Schiavone G, Lacour SP. Conformable hybrid systems for implantable
bioelectronic interfaces. Adv Mater. 2020;32:1903904. https://doi.org/10.1002/
adma.201903904.

Francis J, Dingley J. Electroanaesthesia – from torpedo fish to TENS. Anaesthesia.
2015;70:93–103. https://doi.org/10.1111/anae.12887.

Koopman FA, et al. Vagus nerve stimulation inhibits cytokine production and
attenuates disease severity in rheumatoid arthritis. PNAS. 2016;113(29):8284–
9. https://doi.org/10.1073/pnas.1605635113.

Labiner DM, Ahern GL. Vagus nerve stimulation therapy in depression and
epilepsy: therapeutic parameter settings. Acta Neurol Scand. 2007;115(1):23–
33. https://doi.org/10.1111/j.1600-0404.2006.00732.x PMID: 17156262.

Lissandrello CA, et al. A micro-scale printable nanoclip for electrical stimulation
and recording in small nerves. J Neural Eng. 2017;14:036006.

Mickle AD, et al. A wireless closed-loop system for optogenetic peripheral
neuromodulation. Nature. 2019;565:361–5.

Otchy TM, Michas C, Lee B, et al. Printable microscale interfaces for long-term
peripheral nerve mapping and precision control. Nat Commun. 2020;11:4191.
https://doi.org/10.1038/s41467-020-18032-4.

Pavlov VA, Tracey KJ. Bioelectronic medicine: updates, challenges and paths
forward. Bioelectron Med. 2019;5:1. https://doi.org/10.1186/s42234-019-0018-y.

Piccolino M. Luigi Galvani and animal electricity: two centuries after the
foundation of electrophysiology. Trends Neurosci. 1997;20(10):443–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Chang Bioelectronic Medicine             (2021) 7:2 Page 3 of 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-020-66332-y
https://doi.org/10.1038/s41598-020-66332-y
https://doi.org/10.1038/nrd4351
https://doi.org/10.1038/nrd4351
https://doi.org/10.1002/adma.201903904
https://doi.org/10.1002/adma.201903904
https://doi.org/10.1111/anae.12887
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1111/j.1600-0404.2006.00732.x
https://doi.org/10.1038/s41467-020-18032-4
https://doi.org/10.1186/s42234-019-0018-y

	Abstract
	Main text
	Abbreviations
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

