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Abstract

The ability to sensitively probe and modulate electrical signals at cellular length-scale is a key
challenge in the field of electrophysiology. Electrical signals play an integral role in regulating
cellular behavior and in controlling biological function. From cardiac arrhythmias to
neurodegenerative disorder, maladaptive phenotypes in electrophysiology can result in serious and
potentially deadly medical conditions. Understanding how to monitor and control this behavior in
a precise and non-invasive fashion represents an important step in developing next-generation
therapeutic devices. As we develop a deeper understanding of neural network formation,
electrophysiology has the potential to offer fundamental insights into the inner working of the
brain. In this perspective, we will first explore traditional methods for examining neural function,
briefly touching on recent genetic advances in electrophysiology, before turning to latest
innovations in optical sensing and stimulation of action potentials in neurons. We will primarily
focus our exploration on nongenetic optical methods, as these provide a high spatiotemporal
resolution and can be achieved in a minimally invasive fashion.

Introduction

Since the first intracellular measurements of actions potentials made by Hodgkin and Huxley
using saline filled glass capillaries inserted into giant squid axons, patch clamp has become
the “‘gold standard’ in the field of electrophysiology. Patch clamp provides a precise and
direct measurement of ionic current exchange between the cell’s plasma membrane and the
surrounding media. Unfortunately, conventional patch clamp is a time intensive process,
requiring the careful manipulation of a fine tipped electrode, the delicate fabrication,
polishing and maintenance of glass pipettes, and the careful consideration of electrical
grounding and apparatus design to allow for precise low-noise recordings2. While high-
throughput automated patch clamp platforms have recently become more readily available in
industrial settings, this is still not the case in most academic laboratories. Additionally,
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patch clamp has typically been limited to whole cells, or surface bound ion channels. As a
result, researchers have started to examine additional, more spatially precise and less
invasive methods for monitoring and stimulating neuronal electrical activities.

Two such techniques include calcium imaging and voltage sensitive dyes (VSDs), where
temporary increases in intracellular calcium ion (CaZ*) concentrations can serve as an
important secondary messenger for action potential propagation, while VSDs probe changes
in membrane potential more directly. These fluorescent microscopy techniques offer the
benefit of being able to simultaneously monitor many cells in real time, while providing
spatially precise measurements. As a result, both VVSDs and Ca2* imaging has played a
valuable role in advancing our understanding of neuronal signaling. However, the use of
extrinsic organic fluorescent dyes comes with some innate drawbacks, such as fluorescent
bleaching and effluent pumps limiting exposure times, along with potential cytotoxic effects.
Additionally, in the case of Ca*, many of these probes also show an affinity for other
divalent ionic species, such as zinc and magnesium*®, making selectively probing Ca*
difficult.

More recently, these techniques have been combined with advances in genetic engineering
and synthetic biology, to provide genetic based solutions to neuron modulation®, calcium
imaging’, and voltage profiling®2. In the case of voltage and calcium indicators, this
technique usually works by linking a fluorescent resonance energy transfer (FRET) reporter
with a voltage or calcium sensitive domain, both of which are in turn coupled to a site
specific protein, such as a sodium ion channel®. As membrane depolarization occurs, the
sensing domain responds, transducing the action potential into a mechanical signal, causing
a simultaneous conformation change in the FRET reporter, resulting in a distinct fluorescent
signal. When employed alone or in combination with one anotherl?, the use of genetic
reporters and neuromodulators can overcome many of the challenges inherent to exogenous
fluorescent probes, such as photobleaching, and cytotoxicity. Additionally, the use of genetic
approaches allows for site specific targeting, enabling precise control over which cell types
and locations are expressing reporters. As a result, these techniques have been used to
provide more precise spatial measurements of electrical propagation across and within
neurons'l, even extending to whole brain functional imaging”. Therefore, it is
understandable how there is a great deal of interest surrounding genetic markers for use in
electrophysiology. For a more in-depth look at genetic approaches, we recommend Lin &
Schnitzer’s recent review®. Despite these advances however, there are still some deep
concerns when it comes to clinical applications of these techniques.

While gene therapies have seen clinical use in human somatic cells for more than two
decades now, early studies were beset by some tragic setbacks, including immunological
response, and off-target gene delivery, with one instance resulting in leukemia-like
symptoms!2, and with another disrupting regulator networks in tissue growth causing
uncontrolled cellular proliferationl3. Additionally, the potential to alter gamete cells raises
concerns over impacting fetal developmental and presents an ethical dilemma when
considering the idea of ‘informed consent” in unborn children. Despite these challenges,
recent successes 16 and the introduction of new gene editing technologies, such as zinc
finger nucleases, transcription activator-like effector nucleases (TALENS), and CRISPR/
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Cas9, has brought renewed interest in the field, offering great potential in reducing off target
mutations'217. However, researchers have also begun to examine nongenetic based routes
for exploring electrophysiology, including label free and nanomaterials-based approaches for
monitoring and modulating neuronal activity. The hope is that by moving to these platforms,
we can extend the range of what is possible in electrophysiology.

As compared to molecular probes, nanostructured materials have some potential benefits for
use in optical sensing or modulation in biological systems. First, nanostructured materials
can act in a bioorthogonal fashion, responding to activated triggers independent of the
body’s normal signaling pathways. One early example of this is using magnetic
nanoparticles as an adjunctive hypothermal treatment in cancer therapies®19, with magnetic
fields providing independent control over particle activation. Second, in contrast to genetic
modification, which can act as a ‘permanent solution to a temporary problem’,
nanostructured materials have the potential to act in a similar fashion to traditional drugs,
where a dosage is administered for a certain lifetime, before the body is able to clear it. This
is desirable in situations where an ailment is only expected to last for a limited duration.
Third, the distinct size of nanostructured materials makes them uniquely situated for
interfacing with biological systemsZ. As nanostructured materials share common
dimensions with protein complexes, they can both interact with cellular biology at its natural
length scale but can also be distributed in a ‘drug-like” manner. As result, it’s possible to
establish a network of electronic point-like stimulators and reporters for use in
electrophysiology.

Here we will highlight several recent nongenetic strategies for measuring and modulating
neuronal response. We choose to focus here on optical methods due to their high spatial and
temporal precision. When coupled with nanomaterials, which have the advantage of being
relatively small compared to traditional electrodes, optical methods provide an exciting
opportunity for non-invasive electrical probing and stimulation.

Label Free Imaging - Soliton Model of Axonal Swelling

Moving past electrodes, one potential way to measure neuronal signal in a completely label
free manner is using small, nanometer scale shifts in the membranes position and thickness
as a neurons fire. To understand this behavior, we must consider how signals are propagated
along an axon. In the early 1950’s, Hodgkin and Huxley (HH) proposed a mode for action
potential propagation?l. Going on to win a Nobel Prize in Physiology in 1963, the HH uses
electrical circuit diagrams to describe neuronal behavior, treating the cell membrane as a
capacitor, and ion channels as electrical conductors. While HH’s seminal work has been
foundational to the field of electrophysiology, it makes very few predications about the
mechanical behavior of neurons, however, there is a growing body of evidence to support
that in addition to electrical signals, neurons also propagate mechanical signals during firing
events.

In the 1980s, Ichiji Tasaki, who is also credited with helping discover the insulating
properties of myelin sheaths2223, pioneered a model of neuron firing where mechanical
waves could propagate signals along the cell membrane24. Using light scattering across a
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fiber optic cable, Tasaki showed that when stimulated nerve fibers produced a barely
perceptible swelling, resulting in mechanical deformations?>:26. In contrast to the HH model,
in Tasaki’s model nerve pulses are treated as electro-mechanical soliton waves?’:28 (Figure
la&b). Briefly, depolarization induces a change in membrane tension, which in turn causes a
deformation in the cell’s radius in an adiabatic fashion, to maintain a constant pressure
across the membrane2%-30, The soliton theory of neuron activation is based on a
thermodynamic analysis of the cell membrane, including variables such as volume, area and
enthalpy changes3L. As a result, the soliton model predicts that neuronal firing is an
adiabatic reversible process, where negligible heat is exchanged with the surroundings. Both
the HH and soliton model predict the existence of a voltage pulse during propagation, where
that pulse is the signal itself in HH, while in the soliton model, it’s simply a thermodynamic
biproduct of a more generic process. As a result combining the two models directly can be
challenging3!, however there is a growing body of evidence to support at least a portion of
the soliton model.

In addition to Tasaki’s initial measurements showing tissue deformation, he also went on to
investigate the soliton’s model claim about adiabatic heat exchange, showing a minimal
amount of heat generated outside of the nodes of Ranvier33, at least within detectable limits.
This suggested some validity to a thermodynamic approach for modeling action potential
propagation. Further corroborating this is the discovery that many ion channels appear to be
mechanically activable34. In a recent demonstration of this, K. Pool et al. used elastomeric
pillar arrays as force transducers to stimulate dorsal root ganglia neurons3, showing that
nanoindentation could evoke mechanosensitive current flow at both the neurite and the
soma. Similarly, atomic force microscopy (AFM) measurements have also been used to
corroborate the soliton model, with neurons showing a slight deformation during nerve
firing38. As a more precise control, T. Nguyen et al. were able to carefully measure these
mechanical deformations using a piezoelectric (PZT) probe?® (Figure 1c&d). In their setup,
Nguyen et. al. fabricated suspended PZT nanoribbons, which can sensitively detect changes
in their curvature, acting as electromechanical force transducers. To calibrate this device,
they used an AFM to apply a known amount of force to the PZT nanoribbons, recording the
resulting electrical signal. Next, culturing individual neurons on the device, there were able
to show that during action potential propagation, axonal swelling on the order of a several
nanometers occurs. Collectively, this work suggests that deformations in the cell membrane
can be used as an alternative to electrical signals for monitoring neuron signaling.

More recently, Y. Yang et al. 32 were able to exploit this behavior, demonstrating that using
differential mapping, these deformations can be observed optically (Figure 1e). In their
setup, Y. Yang used differential interference contrast (DIC) microscopy to image neurons
cultured /n-vitro. Employing a spatial averaging filter to reduce shot noise, they scanned
across regions of interest near the border of the cell, enhancing small changes in pixel
intensity. Then, using whole cell patch clamp they evoked repeated action potentials,
averaging neuronal response over a large number of cycles (~440 traces). Using a fast
Fourier transform (FFT) filter, they were able to further reduce noise, enabling a detailed
measurement of membrane deformation, claiming a sub-nanometer precision for their
technique. This allowed them to match mechanical deformations with voltage potentials,
demonstrating that both processes show a coupled behavior. To calibrate this technique, they
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showed that they could accurately predict nanometer scale movements in a PZT controlled
stage. If repeated, this technique could serve as a substantial boon to the field of
electrophysiology.

First, this technique allows for the label free imaging of action potentials. Requiring no
fluorescent probes or markers, substantially reducing the potential for cytotoxic side effects.
Second, the equipment needed for their technique is readily available, with many labs
already having the requisite patch clamp and optical microscope setups available. Also,
using no labeling reagents makes this technique further available, reducing the material cost
associated with using antibodies. Additionally, as a primarily data analysis driven technique,
the specialized scripts and filters needed for image processing, can be distributed quite
readily. Despite these advantages however, it is difficult to imagine how this technique might
be translated to an /n-vivo model. They reported a minimum of ten repeated action
protentional is needed to reduce shot noise to a level that yields measurable results.
Although at 20 Hz, this only dictates half a second, maintaining complete stability over that
time scale may prove challenging. Requiring minute measurements of membrane
displacements, it would be difficult to decouple this from other mechanical perturbations
present in an animal model such as those caused by respiration, or even a heartbeat. Even
given these restrictions, this technique still represents an important advance for the field.

Plasmonics Enabled Optoporation for Intracellular Neural Recording

Optical methods can potentially help aid electrode design, enabling improved intimate
contact with the intracellular environment for electrical recordings. To achieve better
contact, researchers have continued to push smaller electrode arrays, with scaling laws
playing a critical role in device design. Traditional transcranial and transdermal implants are
made from rigid, bulky materials. This mismatch in material properties at the biotic-abiotic
interface can lead to irritation and poor device integration37-38, creating long term limits on
device performance. As a result, progress has been made in making softer, more conformal
electrical devices using ultra-thin nanomaterial based fabrication techniques39-41. Such
devices capitalize on distinct wave-like geometries#2 and on the fact that a material’s
bending stiffness is inversely proportional to that material’s characteristic length scale®3,
with thinner devices becoming more flexible. By moving to thin and deformable substrates,
these devices are able to adapt to the soft curvilinear surface of biological tissues creating a
better match in material properties.

In addition to reducing device dimensionality, researchers are also interested in increasing
electrical signal, attenuating background noise and improving device performance. One way
to achieve this is by transitioning from extracellular to intracellular recording devices. Initial
approaches for probing intracellular components have included the use of nanoscale
electrode arrays**-48, however one of the main challenge associated with this process is
introducing these materials into cells in a non-invasive fashion. Current methods to achieve
this include, chemical, mechanical and electroporation®®, along with surface
functionalization#>:°0:51 and some limited cases of spontaneous penetration®2. However, the
use of harsh methods to introduce these probes typically act in a non-site specific manner,
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can perturb cell activity, and introduces a ‘blind spot” in recording time by creating
interfering electrical signals.

In contrast to this, M. Dipalo et al.53 has recently shown that optical methods can be used to
aid device integration. Highlighting a previously described method for generating transient
holes in the cell membrane via a plasmonicly created pressure waves®*, they were able to
optically introduce nanocylinder electrodes intracellularly in a non-invasive manner. This
allowed them to cleanly transition from extracellular to intracellular recording, with a
limited transition time between the two spaces (less than 2 seconds), simultaneously
increasing signal intensity. Additionally, by using an optical method, or ‘optoporation’, they
were able to address electrodes on an individual basis, allowing site-selective recording of
intracellular signals. This has the potential benefit of allowing simultaneous extra and
intracellular recordings, which can be difficult to achieve using other entry methods.
Furthermore, this can be used to select precise electrode locations, to preferentially record
from certain regions of the cell, such as the axon or dendrites, leading to a better
understanding of spatial inhomogeneity in cellular signaling.

Optical Modulation of Neuronal Activities with Nanostructured Materials

In addition to recording neuronal activity, researchers are also interested in remotely
activating signaling pathways. The need for this is readily apparent when we consider retinal
degenerative disorders, such as Retinitis pigmentosa, which occurs in as many as 1 out of
4,000 individuals worldwide®®. As a genetically heterogenous disorder, Retinitis pigmentosa
is difficult to treat; slowly causing impairment in vision due to the degradation of rod and
cone photoreceptors in the back of the eyeS6. This means that neuronal pathways are still
competent to fire, but they have lost their ability to transduce light into electrical signals.
While there is currently no cure available, there has been a great interest in using optical
stimulation method to overcome some of these challenges®8, for instance using photovoltaic
retinal prosthetics®’.

Nanostructured materials provide a potentially promising platform for achieving this,
working as photoactive materials for use in stimulating neurons. In addition to their small
length scale, and excellent temporal and spatial resolution, nanostructured materials
synthesis and design can be selectively controlled to increase device performance and
delivery. Similarly, the ability to be delivered in a drug-like manner makes nanostructured
materials a promising candidate for use in potential clinical applications. To date, there have
been primarily two pathways used to optically elicit membrane depolarization; photothermal
and photoelectrochemical stimulation.

* Photothermal Stimulation

Infrared light alone is capable of inducing a capacitance change resulting in membrane
depolarization®. However, this can lead to long term photothermal damage and eventually
apoptosis. Additionally, IR radiation is efficiently absorbed by water, leading to spatially
imprecise stimulation. Therefore, a more localized source is desired, one that can act as a
light-to-heat transducer, transferring energy from an optical source to a desired point within
the cell membrane (Figure 2a). Nanostructured materials can act as efficient heat generators,
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with recent attempts to photothermally stimulate cells including the use of such materials as
carbon nanotube films®®, biopolymers films®°, and gold nanoparticles®1:62,

To quantitatively understand how photothermal stimulation can give rise to membrane
depolarization, we refer to Carvalho-de-Souza et al.51, where they represented the cell
membrane as an equivalent circuit following the HH model (Figure 2b), such that C, is the
membrane capacitance. Modeling the cell membrane in this way gives rise to the governing
relation:

C, (1) = Cy+ Cyr %) L)

Where -y is the efficiency of thermal transfer between a particle and the membrane (~1% in
the case of gold nanorods), Cy is the initial capacitance, E is radiative pulse of energy, and
F(t) is the equation for change in particle temperature as a function of time, t. While
Carvalho-de-Souza et al.51 go on to model F(t) more precisely for a gold nanorod, this
equation can be used to form some intuitive insights into photothermal stimulation. Namely,
that larger laser powers, E, lead to higher capacitance changes (Figure 2c), and that materials
which generate, F(t), and transfer heat, -y, most efficiently serve as the best devices to
change membrane capacitance. Carvalho-de-Souza et al. also provide additional insight that
photothermal stimulation is maximized when dC,,/dt is highest®1, suggesting that a laser
pulse is most effective for stimulating neurons when it is initially turned on. To
experimentally confirm these ideas, they showed that gold nanorods could be used to locally
elicit action potentials that showed similar traces to those produced by current injection
patch clamp (Figure 2d). This is exciting as gold nanorods are readily available in a
laboratory, and can be labelled for site-specific targeting®2. Also, as the researchers used a
785 nm laser, which is within the optical window for increased tissue penetration, this
suggests that this approach has some potential for /n-vivo use. Finally, we highlight this
work as it offers some concise metrics for improving device performance.

Using these insights, that increased heat generation and transfer can be used to improve
photothermal stimulation, Jiang et al.%3 recently showed that conformal mesoporous silicon
scaffolds can be used in a similar fashion (Figure 2e). Due to the reduced thermal
conductivity®4, and the enhanced light absorption®® of amorphous mesoporous silicon, they
hypothesized that these structures could provide an ideal material for photothermal
stimulation. In this study they demonstrated that mesostrucutred silicon showed a marked
reduction in the effective young’s modulus of the material as compared to bulk silicon (an
~2 orders of magnitude drop). This change in material mechanics allowed particles to form
intimate contact with the cell membrane, giving them the potential for increased thermal
transfer efficiency. Using this approach, they were able to demonstrate that trains of action
potential could be elicited (Figure 2f), where cells were stimulated repeatedly with a
reproducible neuronal response of up to 15 Hz. Collectively, this makes this class of material
promising for future applications. We note however, that little is known about the long-term
effects of chronic thermal exposure in the tissues. As a result, researchers have also turned to
studying photovoltaic pathways.
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* Photoelectrochemical Stimulation

Compared to photothermal stimulation relatively little work has been done in
photoelectrochemical stimulation with freestanding materials, due to the difficulty in
manufacturing nanoscale photovoltaics. However, photovoltaic devices offer the potential of
being less damaging, and more sensitive to optical stimulation, with the work in this field, so
far centering around organic polymers, quantum dots, and other semiconductor
nanomaterials.

With regard to polymers, r-conjugated organic systems have been studied for more than two
decades for use in optoelectronic applications®-68 however have only recently been
explored for neuronal modulation. This has included efforts in producing synthetic ion
pumps®?, polymer based nanoparticles’? and films’1-73, and standalone donor-acceptor
linked molecules’* 7>, These compounds offer the potential benefit of being manufactured
using traditional wet chemical synthesis techniques, allowing increased scaling of
manufacture and low costs’6. Additionally, their molecular length scale can enable spatially
precise stimulation. However, there are still several challenges associated with these
materials before they can begin to see wide spread use. First, rt-conjugated networks are
innately hydrophobic, creating complications in solubility when administering these
polymers in a biological context. Second, the long-term stability of organic photovoltaics in
open air and aqueous environments is still in question’8. Finally, there are also concerns over
the potential cytotoxicity of these devices, both from harmful breakdown products, but also
from the harsh chemicals used in the initial polymer synthesis’’. While these challenges still
remain, there is fortunately a significant amount of research being done in this field for
renewable energy applications. As a result, we expect that many of these obstacles will be
addressable in the future.

Quantum dots have also seen some use as neuromodulators. In principle individual quantum
dots embedded in the cell membrane can generate electron-hole pairs to initiate membrane
depolarization’®, however to date this behavior has only been observed using nanomaterial
based films’8.79, Also, if successful, the use of quantum dots /7-147v0 possess some
additional technical challenges. As quantum dots are primarily composed of heavy metal
compounds, such as cadmium and lead chalcogenides, they are typically cytotoxic and are
difficult to embed into the cell membrane8. This means that surface coatings and shell
deposition is needed to passivate the outer particle layer, however this also has the potential
to interact with device performance, both in generating electron-hole pairs, and in
transferring that potential to the cell membrane. While a great deal of research work has
been done to improve quantum dot device performance using passivation layers8l, more
work is needed to address these challenges in a biological context.

More recently, researchers have turned to semiconducting nanowires for use as drug-like
photoelectrochemical stimulators. Silicon nanowires in particle show promise, as they can be
synthesized in a rationale manner, providing precise spatial control over nanowire
morphology82-84, doping profiles8>87, and optical properties®®-90, This allows for the
fabrication of coaxial photovoltaic devices8” (Figure 3.a), which can be excited across a
broad range of wavelengths, including within the near IR optical window for deep tissue
penetration®L. Additionally, silicon nanowires can be internalized spontaneously in

ACS Nano. Author manuscript; available in PMC 2018 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zimmerman and Tian

Page 9

phagocytic cells®2, or can be surface modified to promote selective internalization into
neurons®! (Figure 3.b). This increases their contact with cells while giving rise to potential
intracellular applications.

Using these materials, Parameswaran et al.93 recently demonstrated that free-standing
coaxially doped p-type/intrinsic/n-type (PIN) silicon nanowires could be used to elicit
neuronal action potentials (Figure 3.c). In this study Parameswaran et al. carefully studied
the mechanism of neuronal activation, measuring photovoltaic potentials on an individual
nanowire basis, simultaneously observing minimal local heating (a reported 0.36 K). PIN
nanowires were then shown to be able to interface with the cell membrane, forming the
intimate contact needed for stimulation (Figure 3.c). Finally, researchers also demonstrated
that upon optical stimulation, PIN silicon nanowires were able to induce both trains and
individual action potentials, which showed nearly identical traces to those observed using
current injection patch clamp (Figure 3.d). We also note, that a similar study using gold
titania (Au-TiO,) nanowires was published this year by J. Tang et al.%*, where they showed
that nanowire based stimulators that can be used to restore sight in retinal degenerate mice.
They attribute the neuronal response in this report primarily to photocurrent generated at the
Au-TiOs interface. Overall, both studies are exciting as they show that nanowires can be
used to photoelectrochemically modulate cell behavior in a non-invasive, nongenetic
manner, with important implications for both fundamental studies and clinical therapeutics.

Conclusions and Outlook

As more techniques become available for integrating non-genetic optical sensing and
modulation into a single platform, many potential opportunities present themselves. First,
researchers can consider how these devices can begin to be used for semiconductor-enabled
synthetic and cellular biology. The ability for inorganic nanomaterials to be integrated not
only at the cellular level, but also at subcellular length scales, means that these devices can
potentially be used to probe both organelles and protein-protein interactions. Using surface
modification, it’s possible for these nanoparticles to be used in a targeted, spatially and
temporal precise fashion to interrogate subcellular species in a similar way to current
synthetic biology approaches. These ‘cyborg cells” would have the added benefit of
containing an additional repertoire of biorthogonal cues and signals that are currently
difficult to achieve in synthetic biology, such as localized photothermal and photoelectric
responses. This gives rise to new opportunities for not only studying protein-protein
interactions, but also exploring subcellular electrophysiology. In this way, it may become
possible to expand on the existing body of knowledge on how cells regulate their internal
signaling pathways, or their ‘interactome’. As more tools become available to study
organelle level bioelectrics and biomechanics, it may become more apparent how these
mechanical and electrical intracellular systems interact with traditional transcription and
protein signaling pathways.

On top of fundamental cell biology, stimulators and probes also serve an important role in
the clinic. From cardiac arrhythmias to neurodegenerative disorders, maladaptive phenotypes
in electrophysiology can result in serious and potentially deadly medical conditions?>:9. In
the case of neural dysfunction, deep brain stimulation (DBS) is the FDA approved standard
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of care for treating many of these disorders, including Parkinson’s disease, dystonia and
essential tremor®’. DBS involves the insertion of multiple electrodes into select regions of
the brain, however, the success rate of these studies so far has been limited®8, in part due to
bulky nature of these electrodes. Additionally, the therapeutic mechanism of DBS remains
largely unknown®’. Moving to wireless, nanoparticle based systems has been seen as an
important step in improving this standard of care®9, both by providing reporters that can be
used to study the distributed impact of DBS, but also in providing less invasive stimulators
that could potentially be used to replace their larger, bulkier counter parts. As a result, the
use of label free optical techniques and nanoparticle-based stimulation may play an
important role in treating neurodegenerative disorders in the future.

Additionally, by using both sensors and activators simultaneously it may be possible to
establish a self-contained feedback loop. Such a system would allow for a study of pattern
recognition and emergent behaviors in cellular signaling networks. Furthermore, this
feedback system could be used to mimic three-dimensional brain mapping behavior in two
dimensions (Figure 4.), where spatially defuse neurons are artificially linked using
coordinated optical mapping and stimulation. Such a mapping could be used to recapitulate
the complex networks formed across three-dimensions, while retaining the ease of two-
dimensional culture (e.g. lack of vascularization, and access for cellular imaging). This “two-
dimensional brain on a chip’ could help establish a bridge between in-vivoand in-vitro
neuronal drug testing, with the potential to improve outcomes in clinical trials. Finally,
incorporating feedback loops into neuronal systems has further implications in memory,
learning and consciousness formation. Being able to address these emergent phenomena in a
rational manner, provides an exciting prospect moving forward.
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Figure 1. Soliton Waves Induce Membrane Displacement During Neuron Action Potential Firing.
(a) Hlustration of a soliton action wave (AW) traveling through an axon during an action

potential (AP), showing membrane displacement accompanying voltage propagation. (b)
Predicted circumferential (i), 2Dp (ro. X), and lateral (ii.), Dz(r,. X), membrane displacement
as a function of axon radius, ry, and AP propagation speed, Cap such that x = z -Capt, where
z is the longitudinal direction and t is time. Corresponding voltage (iii), V(x), and
mechanical force waves (iv), F(x), giving rise to the observed displacement. (¢) Scanning
electron micrograph of an experimental setup using piezoelectrical (PZT) nanoribbons to
measure membrane displacement during action potential propagation, with (right) and
without (left) neurons present (scale bars, 15 um). (d) Calibrated PZT force response of
neurons compared to membrane potential. Experimental data (red) is shown compared to
predicted displacement (blue). Inset: Measured PZT nanoribbon response (green) showing
lateral membrane displacement induced by spontaneous depolarization (blue). Inset: optical
image showing the experimental patch clamp setup (scale bar, 12 um). () DIC micrograph
of a neuron (top) with corresponding differential imaging (upper middle) and calibrated
displacement map (lower middle), indicating a shift in membrane position during axon firing
(lower) (scale bars, 15 pm). Modified and reproduced with permission from A. Hady et al?’
(a&b), 7. Nguyenet al?® (c&d), and Y. Yang et al32(e). Copyright 2015 & 2012 Springer
Nature, and 2018 American Chemical Society respectively.
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Figure 2. Nanomaterial Based Photothermal Stimulation of Neurons.
(a) Schematic diagram of a gold nanoparticle locally heating the cell membrane, changing

the membrane’s capacitance, Cy,, and inducing a depolarization event. (b) Equivalent circuit
diagram, showing the net surface potential (Vs), capacitive current (Ic), membrane resistance
(Rm), reversal potential (V,) and ionic current (I;) respectively. (c) Predicted time derivatives
of capacitive current for varying laser pulse powers (high to low power, from top to bottom),
indicating that I is maximized with higher intensity lasers at the time of pulse initiation (d)
Corresponding experimentally measured photothermally induced neuronal action potential
(25 x 95 gold nanorod, 785 nm, 5 mW, 1 ms laser pulse). (¢) Transmission Electron
Microscope (TEM) micrograph of hexagonally packed silicon nanowires, with the
mesoporous structure enabling rapid localized heating (scale bar 100nm). (f) Membrane
potential recordings of DRG neurons photothermally stimulated using mesoporous silicon,
at different frequencies (Left, 5.32 WJ), with corresponding normalized Fast-Fourier
Transforms (right). Green ticks indicate the time of delivery for the laser pulse. F and Fq are
the output and input frequencies receptively. Modified and reproduced with permission from
J. Carvalho-de-Souzaet al b1 (b-d) and Y. Jiang et al.51 . (e-f). Copyright 2017 Elsevier and
2016 Springer Nature respectively.
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Figure 3. Silicon Nanowire Photoelectrochemical Stimulation of Neurons.
(a) Scanning electron micrograph of a coaxial photovoltaic PIN-SiNW (scale bar 100 nm)

(b) Schematic diagram showing DRG uptake of surface modified silicon nanowires, with
corresponding time-lapse confocal fluorescent micrograph cross-sections of the process
(Red-plasma membrane, Alexa 594) (Green — SiNW, Alexa 555). (¢) Schematic of
photoelectrochemical stimulation of neurons upon light stimulation using PIN-SiNWs. (d)
Scanning electron micrograph of a DRG neuron interfacing with a PIN-SiNW. (e) Current-
clamp trace of membrane voltage in a DRG neuron stimulated by injected current (blue) and
laser-pulsed PIN-SiNW (green), showing comparable action potentials. Modified and
reproduced with permission from B. Tianet. al.8’ (a), J. Lee, A. Zhang S. You & C. LieberP!
(b). and R. Parameswaran et. al. %3 (c-€). Copyright 2007 Springer Nature, 2016 American
Chemical Society, and 2018 Springer Nature respectively.
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Figure 4. Optically Enabled Feedback Networks in 2D ‘Brain’ Culture.
Human brains form complex interactions across three dimensional interconnected networks

which are difficult to replicate in two dimensional /n-vitro cultures. As optical probes and
stimulators become more stable, researchers can imagine using these devices to mimic
complex spatial interconnects, using self-contained feedback loops to artificially link
disparate regions in space.
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