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ABSTRACT

We review the development of “single” nanoparticle-based inorganic and organic voltage sensors, which can eventually become a viable tool
for “non-genetic optogenetics.” The voltage sensing is accomplished with optical imaging at the fast temporal response and high spatial reso-
lutions in a large field of view. Inorganic voltage nanosensors utilize the Quantum Confined Stark Effect (QCSE) to sense local electric fields.
Engineered nanoparticles achieve substantial single-particle voltage sensitivity (~2% AA spectral Stark shift up to ~30% AF/F per 160 mV) at
room temperature due to enhanced charge separation. A dedicated home-built fluorescence microscope records spectrally resolved images
to measure the QCSE induced spectral shift at the single-particle level. Biomaterial based surface ligands are designed and developed based
on theoretical simulations. The hybrid nanobiomaterials satisfy anisotropic facet-selective coating, enabling effective compartmentalization
beyond non-specific staining. Self-spiking- and patched-HEK293 cells and cortical neurons, when stained with hybrid nanobiomaterials,
show clear photoluminescence intensity changes in response to membrane potential (MP) changes. Organic voltage nanosensors based on
polystyrene beads and nanodisk technology utilize Fluorescence (Forster) Resonance Energy Transfer (FRET) to sense local electric fields.
Voltage sensing FRET pairs achieve voltage sensitivity up to ~35% AF/F per 120 mV in cultures. Non-invasive MP recording from individual
targeted sites (synapses and spines) with nanodisks has been realized. However, both of these QCSE- and FRET-based voltage nanosensors
yet need to reach the milestone of recording individual action potentials from individual targeted sites.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0076522

I. INTRODUCTION of fixed charge entities (DNAs, RNAs, and proteins) inside the cell

or on its membrane boundary; and (c) asymmetric surface poten-

The membrane potential (MP), Vy,, defined as the difference
in the electrostatic potential between the interior and the exterior
of a cell, is essential for the survival of living species." MP acts as
an energy source (“battery”), providing the cell with free energy
that could be utilized for chemical and mechanical work.” The
physical origin of MP is associated with (a) differential permeabil-
ity of the ions across the membrane lipid bilayer (via ion chan-
nels and pumps), creating electrochemical gradients; (b) presence

tial on either side of the membrane (due to charged lipid head
groups).””* Maintaining MP homeostasis is crucial for ensuring the
normal functioning of various cellular processes such as energy con-
version, nutrient uptake, environmental sensing, cell motility, and
responses to cell stress.”® Interestingly, in specialized, “excitable”
cells such as neurons, cardiomyocytes, and skeletal muscle cells, MP
exhibits a unique fast dynamical response in the form of “action

potential” (AP). In these cells, dynamic MP changes contribute
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toward information processing, communication and signaling, and
muscle contraction.”* Moreover, changes in MP influence (perhaps
dictate) a range of physiological processes such as cellular prolifera-
tion, cellular differentiation, cell division, DNA synthesis, cell cycle
progression, wound healing, and even progression of diseases such
as cancer.’

Electrochemical communication between neurons is the basis
of brain function, encompassing learning, thoughts, feelings, memo-
ries, and behaviors of living species—all mediated by APs.'” Much of
modern neurobiology stands upon the electrophysiological record-
ings of the activity of a single neuron embedded within a network
context.'’ The neurons communicate via APs that induce the release
and sensing of chemical neurotransmitters at synapses. The gen-
eration and propagation of AP signals involve asymmetric voltage
depolarization and repolarization events, where MP changes from
~—70 mV (resting state) to ~+50 mV (depolarized state).'”"” Tem-
porally, AP is a brief (~>1 ms) electrical pulse (but varies between
cell types and species).'*

Direct measurement of electrical potential changes across the
membrane has been successfully achieved, utilizing the patch-clamp
electrodes or with microelectrode arrays (MEA)."”™"" These tech-
niques offer very high sensitivity and temporal response of sub-
milliseconds (ms). However, these methods of measurement are
highly invasive and not suitable for simultaneous measurement from
a large assembly of neuronal cells or spatially distinct sub-cellular
regions within a single neuron, i.e., synapses, axons, and dendritic
spines with volumes (dimensions) smaller than 1 femtoliter (~1 ym).

Another approach for measuring MPs relies on a sensor that
transduces any changes in the electrical potential into some other
types of signals such as fluorescence.'® This approach is much less
invasive. A bright enough fluorescent probe, by virtue of the molec-
ular dimension, allows for imaging MP changes in multiple cells or
sub-cellular regions.

Optical imaging with Ca’*-sensitive fluorescent sensors is
a rather popular method for sensing cellular/neuronal electrical
activities. "”" The electrical activity is often directly correlated with
the oscillations of intracellular calcium ion (Ca?*) concentrations.
However, Ca**-imaging is limited by its slow kinetic response
(almost an order of magnitude slower than the intrinsic neuronal
electrical activity, i.e., several ms vs ~>1 ms). This slow response
is very slow for AP detection. In addition, since the Ca**-imaging
could be influenced by other intracellular signaling processes, it does
not accurately report on MP changes alone. Finally, being an indi-
rect measurement, it requires an additional step of calibration for
the optical-to-electrical signal conversion.

Recently, improved optical imaging methods have been used
for understanding the information processing principles in the
brain. These techniques constitute a separate field of research known
as optical electrophysiology.”' Rapid developments of various volt-
age sensing probes such as organic voltage-sensing dyes (VSDs),”"
protein-based genetically encoded voltage indicators (GEVIs),”” **
and hybrid sensors™””’ (combination of VSDs with GEVIs) have
assisted optical electrophysiology research to flourish to a great
extent. Very recently, Arch-derived Voltron GEVIs display AF/F as
high as ~50% per 100 mV with a fast kinetic response.® However,
GEVIs routinely exhibit a relative photoluminescence (PL) inten-
sity change (AF/F) of up to ~20% for 100 mV potential change.
The genetic targeting ability benefited GEVIs to probe specific

REVIEW scitation.org/journalljcp

subcellular locations. Over the past few years, nanoparticle (NP)-
based fluorescent voltage sensors emerged very rapidly and show
promise toward becoming a “non-genetic optogenetic” tool to work
with wild-type cells.

To better understand how neuronal activity leads to brain func-
tions, functional mapping of neural circuits in the brain is necessary.
This would correlate local changes in MP with specific biological
processes. Toward this end, additional tools and probes need to be
developed to allow their investigation at the nanoscale level. Hence,
the ultimate task would be to visualize/record/image the electrical
activity in vivo (e.g., in a live mammalian brain) in a large field of
view (e.g., individual action potentials from multiple neurons simul-
taneously) with the fast temporal response and high (super-) spatial
resolutions over a long duration, non-invasively, in the behaving
animal.

This review is not meant to be comprehensive nor does it cover
all of the powerful (and more mature) optical voltage sensing tech-
nologies that have been already put into excellent use. Rather, it
summarizes our recent efforts toward nano-scale, super-resolved
voltage sensing with (i) quantum dots (QDs), (ii) nanorods (NRs),
(iii) nanobeads, and (iv) nanodisks. We emphasize that these novel
nanosensors are not as of yet ready for “prime-time” but argue
that their further development could render them very useful in the
future.

Il. INORGANIC VOLTAGE NANOSENSORS OPERATING
VIA THE QUANTUM CONFINED STARK EFFECT

A. Introduction to the quantum confined Stark effect
(QCSE)

Semiconductor nanoparticles (NPs) such as quantum dots
(QDs) and nanorods (NRs) exhibit size, shape, and morphology-
dependent photoluminescence (PL) tunability together with supe-
rior brightness, excellent photostability (much-reduced photo-
bleaching and chemical degradation as compared to organic dyes),
and multiplexing ability.”"” As a result of these advantageous
physicochemical characteristics, these materials have become a pop-
ular fluorophore for bioimaging. Moreover, the optical response
of semiconductor NPs shows significant sensitivity toward changes
in the local immediate environment (such as pH, temperature,
dielectric, and surface charge).3 336

A QD/NR could sense local electric fields via the Quantum
Confined Stark Effect (QCSE) (see Fig. 1).”"*" The spatial sep-
aration of photoexcited charge carriers (electron and hole) in a
confined nanostructure results in the creation of a dipole. The
dipole’s (opposing) response to the external electric field leads to
(i) further or reduced charge separation (depending on symmetry
and field direction) and (ii) changes in the exciton binding energy
(Stark effect) under confinement. As a result, spectral and tempo-
ral optical responses get altered. Now, the weaker the electron-hole
Coulomb interaction (implicating the smaller magnitude of the
squared overlap integral “f” between the electron and hole wave
functions and reduced exciton binding energy) in a material, the
larger the extent of charge separation and effective polarizabil-
ity under the external electric field. The effect is manifested in
the form of a larger magnitude of spectral Stark shift (A}), ie.,
enhanced QCSE. The physical dimension of the material also affects
the extent of charge separation proportionately. A larger induced
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FIG. 1. The top panel shows schematics for the QCSE effect in type-I vs type-Il nanoparticles. The bottom panel shows schematics of the energy band diagram for
different engineered nanoparticle compositions. Reproduced with permission from Park et al., ACS Nano 6, 10013 (2012). Copyright 2012, American Chemical Society and
reproduced with permission from Kuo et al., ACS Photonics 5, 4788 (2018). Copyright 2018, American Chemical Society.

internal electric field as well results in a larger magnitude of AA.
In a non-homogeneous/heterostructured NP, relative band align-
ment influences the induced internal electric field. QCSE also affects
the non-radiative Auger recombination rate (ka) and thus strongly
influences relative emission intensity changes. Another implica-
tion of enhanced charge separation, as observed experimentally,
is a relative decrease in radiative lifetime (A7./7;). The associated
spectral and lifetime changes can essentially be used to monitor
the applied field. QCSE was first demonstrated in two-dimensional
(epitaxially grown) layers of a quantum well, a strongly con-
fined nanostructure, and was applied to electro-optical modulation
devices.”” In NPs, QCSE is commonly observed only at cryogenic

38,43-45
temperatures. ’

B. Room temperature QCSE at the single-particle
level

At room temperature (RT), the local electric field around the
nanoparticle fluctuates significantly. This interference jeopardizes
charge separation modulation, resulting in spectral diffusion and
broadening, thus making the RT measurements noisier and more
difficult. Charge carrier trapping at the substrate, the surface of the
NP, and internal interfaces with trap states aided by thermal exci-
tations is a major contributing factor for altering the local potential
around the NP. These heterogeneity induced complications could
only be resolved with single-particle voltage sensing.

Single-particle QCSE induced spectral and temporal changes
have been utilized to measure the local (nano-scale) electric field
in various systems but most importantly for this review to mea-
sure changes in the cellular membrane potential under physiologi-
cally relevant conditions. To accomplish this, a first semiconductor
NP based single particle voltage nanosensor [or voltage-sensing
NP (vsNP)] has been developed by exploiting the principles of
shape modifications and bandgap engineering, " and then, the
nanosensor’s surface is modified with biomaterials to achieve cell
membrane insertion.

C. Development of materials and measurement
techniques for QCSE nanosensors

1. Tools and methods

For all practical purposes, the most convenient method for
visualizing MP changes in vivo would be to monitor the relative
emission intensity changes (AI/I) of the sensors in an acquired
wide-field movie. Toward that direction, appropriate in vitro imag-
ing techniques have been developed first and then extended toward
in vivo measurements. The performance of vsNP’s has been assessed
in terms of QCSE sensitivity. The efficiency of QCSE is judged
based on three experimental observables for individual single par-
ticles: (i) PL spectral (Stark) shift (AA); (ii) change in relative PL
intensity (AF/F); and (iii) change in PL spectral width (yghm). The
task demands the development of modified microscopes for spectral
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image acquisition. The vsNP’s, deposited on custom-designed elec-
trodes, are subjected to an externally applied electric field of strength
400 kV/cm to induce QCSE. If a 400 kV/cm electric field is being
applied across a ~4 nm thick plasma membrane, that would result
in a ~160 mV change in MP. In neurons, the amplitude of an AP
is of the order of ~120 mV change in MP. Therefore, the applied
external electric field used for assessment of vsNP’s closely resem-
bles the electric field the vsNP is supposed to experience in vivo
such as the firing of an AP in a neuron. An imaging-based high
throughput, in vitro screening setup, and analysis protocol for QCSE
induced AA measurements at the single nanoparticle level have been
developed. The technique also enables iterative testing and optimiza-
tion of synthetic protocols. One needs to understand the challenge
in measuring QCSE induced AA at the single-particle level to real-
ize the worthiness of the tools in use. The typical width of the PL
emission spectrum of single NPs is of the order of ~ tens of nm,
whereas the magnitude of QCSE induced AA is of the order of ~ a
few nm, which is at least an order of magnitude smaller than ygyhm-
The challenge is to detect and resolve quantitatively only a few nm of
shift. The experimental setup includes (i) photolithographically pat-
terned”’ or vertically stacked”' electrodes with NPs in between them
(see more details in the following) and (ii) a fluorescence microscope
to record spectral images.

Park et al. used a photolithographically patterned interdigi-
tated horizontal microelectrode containing cover glass as a screening
assay.”’ Dielectrophoresis method has been utilized, during deposi-
tion, to align the NR long-axis along the field direction. This would
maximize the QCSE signal. Kuo et al. used a “sandwiched” device,

REVIEW scitation.org/journalljcp

fabricated as a vertical stack of components.’’ The device essen-
tially consists of thin-film microelectrodes with NPs “sandwiched”
in between. This allows for the application of a homogeneous elec-
tric field vertically. Vertically stacked devices perform relatively
better in comparison to the horizontally patterned devices due to
(i) lesser extent of photobleaching (caused by photo-oxidation)
for the deposited NPs and (ii) reduced number of damaging arc
discharge/meltdown events.

Spectral image acquisition has been achieved with home built
wide-field microscopes that allow for spectrally resolved detection
of single-particle PL (see Fig. 2). Prism disperses individual point
spread functions (PSFs) into spectrally resolved lines.”””" PL is
recorded for multiple single NPs simultaneously under modulated
voltage conditions (alternating from 0-to-400 kV/cm frame to frame
consecutively). The camera acquisition clock (frame-rate) has been
synchronized to the voltage modulation frequency. Thus, successive
synchronized acquisitions of camera frames under Vo, (400 kV/cm)
and Vogr (0 kV/cm) conditions could have been performed. The
camera records a movie containing spectral images. The spectral
image of each single NP has been transformed into a calibrated
spectrum for each NP, utilizing a wavelength calibration proce-
dure for each pixel. The spectra have been fitted to a Lorentzian
to find the peak wavelength. Therefore, each image frame offers
PL spectrum, peak PL wavelength, and integrated PL intensity for
each NP present in the field of view. It should be remembered that
depending on the relative orientation between the deposited NP’s
polarization axis (depends on the fabrication procedure) and direc-
tion of the external electric field, experimental QCSE observables are
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multiplying charged couple device. When the prism is inserted into the optical path, individual point spread functions (PSFs) coming from single NPs get dispersed into
spectrally resolved lines. For QCSE measurements, the EMCCD acquisition is synchronized to an externally applied square wave voltage pulse. Inset: the top panel showing
lithographically patterned and vertically deposited electrode design. Inset: the bottom panel showing wide-field and prism dispersed images. Reproduced with permission
from Park et al., ACS Nano 6, 10013 (2012). Copyright 2012, American Chemical Society and reproduced with permission from Kuo et al., ACS Photonics 5, 4788 (2018).
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significantly affected. Park et al.” calculated average spectra over
the whole movie for Vo, (400 kV/cm) and Vg periods. AL and
AF/F are then computed from the average spectra. Notably, Kuo
et al’! explored a different approach for quantification. From the
recorded movie of spectral images, integrated intensity- and spec-
tral peak wavelength-traces and ultimately AA and AF/F traces are
generated. A “burst” search algorithm is applied to these traces to
extract relatively large responses. Single-particle voltage sensitivities
have been quantified in terms of histograms (weighted by the total
intensity counts) of AA and AF/F with voltage modulations and fitted
with the Gaussian function.

2. Screening for maximal QCSE sensitivity

Bandgap engineering extended the reach of PL tunability
beyond the size and shape. Bandgap engineering is realized by
creating a core-shell type heterostructured interface. The Synthe-
sized materials have the ability to adjust the amplitude and spatial
distribution of electron and hole wave function over the physical
dimension of nanostructure. This results in modulation of the con-
finement potential and thus electronic coupling (overlap integral).
The extent of electronic coupling ultimately controls the charge car-
rier separation, localization, and recombination as well as the extent
and efficacy of the charge carrier’s interaction with its immediate
local environment. For example, in a type-II nanostructure, the band
energy minima for electron and hole are spatially separated at the
interface, which essentially restricts charge-carrier recombination
probability and enhances charge-carrier separation probability in
comparison to a type-I nanostructure. The greater the extent of sepa-
ration of photoexcited charge carriers, the larger the extent of QCSE
induced changes in the optical response that would be expected.

Park et al.”""**’ and Kuo et al.5' engineered NPs intending to
achieve substantial QCSE, ensured by enhanced charge separation
at room temperature (RT). The effort involves iterative optimiza-
tion of reaction conditions (precursor, injection temperature, and
growth temperature). The heterostructure design has been tuned
synthetically in terms of shape, composition (multi-component
materials), shell thickness, relative core-shell band alignment, and
doping.””****"°" The attempted synthetic modifications introduce
asymmetry, (a) spatially (via shape modification, QD — NR), (b)
energetically (via bandgap engineering, straddling bandgap type-I
and staggered bandgap type-II). In Secs. II C 2 a-II C 2 f, we will
understand the effect of synthetic modifications in terms of QCSE
sensitivity.

a. Core/shell QD. The spherical QDs are isotropic in confine-
ment. Thus, the excitonic dipole is small and isotropic. As a result,
type-1 (CdSe/ZnS) and quasi type-I QDs (CdS/CdSe/CdS) show not
so significant AA ~1.5-2 nm. Even for pure type-II CdTe/CdS QDs,
AM is ~3 nm. A negligible change in A ongoing from type-I to type-
IT QDs suggests that the extent of increase in charge separation due
to bandgap engineering alone is not adequate for the enhancement
of QCSE sensitivity. Due to the spherical symmetry, QDs show iden-
tical responses (spectral redshift only) irrespective of the direction of
the externally applied field.

b. Homogeneous NR. Cylindrically symmetrical homogeneous
CdSe NR also responds toward the externally applied electric
field very weakly, resulting in a very small AA. The NR displays
AA ~ <4 nm (0.3%) together with AF/F (quenching) ~16% and ~13%

REVIEW scitation.org/journalljcp

spectral broadening. Again, shape modification alone is not enough
to result in enhanced QCSE sensitivity. The external electric field-
induced band bending is minimal, causing small perturbation to the
existing strong Coulomb interaction.

c. Seeded NR. When a QD seed is positioned asymmetrically
inside an elongated NR, the resulting non-homogeneous seeded
NR shows anisotropic confinement. The combination of spatial and
energetic asymmetry results in a relatively large and directional exci-
tonic dipole. The directional nature of the dipole imposes an asym-
metric response (positive and negative AL and AF/F), depending
upon the direction of the externally applied electric field.

d. Quasi type-II seeded NR. A CdS NR with a CdSe QD seed
inside results into a quasi-type-II heterostructure and manifests a
slightly larger AA ~4.4 nm (0.8%) along with AF/F (quenching) ~30%
and ~28% spectral broadening. Te-doped CdSe/CdS displays similar
QCSE sensitivity. Quasi type-II interface weakens Coulomb interac-
tion due to reduced overlap integral, resulting in effectively larger
charge separation and polarizability.

e. Pure type-II seeded NR—Spectral response. Type-1I band
alignment significantly reduces the overlap integral. Thus, in a pure
type-II NR, both spatial and energetic asymmetry factors are opti-
mal. The elongated spatial dimension of the rod in combination
with asymmetric type-II band alignment causes enhanced charge
separation. As anticipated, QCSE induced spectral red (+AA) and
blue (—AA) shifts have been observed for these materials. The spec-
tral blue shift should be associated with narrowing of ysmm and
enhancement of PL intensity.

For “rod”-shaped type-II ZnSe/CdS seeded NR, Kuo et al.”!
could achieve AL ~3.8 nm with AF/F (quenching) ~42% and AA
~(—)4.3 nm with AF/F (enhancement) ~69%. With the same mate-
rial but a further shape modification from “rod” to “bullet,” Park
et al”” accomplished a greater extent of optical voltage response. For
the “bullet”-shaped ZnSe/CdS seeded NR, AA ~8 nm and ~(-)7 nm
could have been observed by Park et al,”” which is significant
considering the magnitude. Now, spatial and energetic asymme-
try is further extended by creating a “hammer”-shaped Te doped
CdSe/CdS/CdZnSe particle (see Fig. 3). This particle displays the
largest QCSE, exhibiting AL ~13 nm (2.1%) with AF/F (quenching)
~30% and ~30% spectral broadening as well as AA ~(—)7 nm along
with spectral narrowing, PL enhancement.”’

Park et al”’ also probed field dependence of QCSE, where
external electric fields varied from -400 to +400 kV/cm. Both
“hammer” and “bullet”-shaped asymmetric type-II seed NR showed
nearly linear AA-F relationship, indicating symmetry breaking,
whereas type-I NR, quasi type-II NR, and type-II QD showed
quadratic AA-F relationship.

f. Pure type-1I seeded NR—Temporal response. The temporal
response time of a vsNP is just as important a characteristic para-
meter as spectral changes. To report and resolve fast transients such
as APs, the response time following any voltage changes has to be
extremely fast. An optimal voltage sensor is expected to have a sub-
ms temporal response time and photon emission rate high enough
[a dominant radiative exciton recombination pathway and high
photoluminescence quantum yield (PLQY)] to result in sufficient
signal-to-noise ratio (SNR) to record AP changes.
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FIG. 3. Single NP's QCSE analysis of Te doped CdSe/CdS/CdZnSe NR. (a) A series of 200 successive spectra obtained from single NR at RT (excitation intensity
2 mW/em?, electric field modulation frequency 10 Hz, and single frame integration of 0.1 s). The dashed white/black line at the bottom of the figure indicates the periods at
which the applied electric field was on (Von = 400 kV/cm, white) or off (Vo = 0 kV/icm, black). (b) Integrated intensity trajectory (integration over A for each frame) of the
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Reproduced with permission from Park et al., ACS Nano 6, 10013 (2012). Copyright 2012, American Chemical Society.

To temporally resolve PL intensity changes in response to
voltage modulations, a custom spectral splitting dual-view micro-
scope equipped with a wide-field photon counting camera (PCC)
is used by Kuo et al.°! The PCC can record each photon arrival
time (~156 ps temporal response) and location (~50 ym spatial
resolution) as well as define post-acquisition frame duration. Reg-
istration of precise photon timing allows the user to bin data from
“frames” of duration much shorter than the conventional camera-
based imaging. The photon counts are accumulated as a function of
photon arrival time with respect to the voltage trigger (with 0-to-
400 kV/cm modulation @ frequency 500 Hz and camera acquisition
@ frequency 1 kHz). With the reassigned time bin 2 ys in a sin-
gle modulation period, fitted accumulation trace yielded response
time constants t; ~3.5 us and t, ~8.8 us for the rising and falling
edges of photon count-time traces for type-II ZnSe/CdS seeded NR
(photon emission rate ~30 kHz). The response time is orders of
magnitude (~30 times) faster than that desired for resolving an AP.
Bar-Elli et al.”* improved upon the temporal sensitivity for spec-
tral shift measurements. The aim is to record “fast” and “small.”
To achieve this, a dual detector based “balanced” detection setup
is employed. PL intensity fluctuations AF and lifetime fluctuation
At have been measured simultaneously. The A\ has been numeri-
cally extracted from the value of the wavelength shift estimator AA
(calculated from the simulated emission spectrum). The value of
the estimator depends on the ratio of PL intensity recorded in two
independent detectors in the presence and absence of the electric

field. The wavelength shift estimator (AA), a unitless parameter, is
converted into the real wavelength shift in nm by comparing exper-
imental data with the simulated data. Type-II ZnSe/CdS seeded NR
(photon emission rate ~105 Hz) subjected to various electric field
strengths (100-625 kV/cm, modulation @ frequency 500 Hz, and
camera acquisition @ frequency 1 kHz) and different field directions.
The numerical calculation yields AA ranging from 7.1 to (-)5.5 nm.
One should remember that a conventional measurement of a single
NP spectrum requires much longer exposures (~1 to 10 s), which is
not suitable when detecting rapid spectral shifts. The designed sys-
tem proved its capability to detect small spectral shifts in response
to transient/rapid (1 kHz) voltage changes with the data acquired on
ms timescales.

Quite interestingly, the PL lifetime fluctuations have been
observed to be correlated with QCSE induced spectral shifts for
ZnSe/CdS seeded NR. Due to the small exposure duration (1 ms),
photon flux is very small. Thus, lifetime is best determined by taking
the mean of the photon arrival time. ZnSe/CdS NRs exhibit a biexpo-
nential PL decay pattern in the absence of an external electric field.
It is the long lifetime component that mostly gets affected by the
presence of the external electric field. The PL lifetime remains pos-
itively correlated with the spectral shift, i.e., spectral redshift leads
to lengthening of PL lifetime and spectral blue shift accompanied by
shortening of PL lifetime.

Overall, experimentally, the absolute magnitude of average
optical voltage response shows that among different NPs, pure
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type-II seeded NRs display maximized QCSE sensitivity, closely fol-
lowed by quasi type-II seeded NR in comparison to type-I/type-II
core/shell QDs as well as homogeneous NRs. Quasi type-II and type-
IT seeded NRs could potentially be used as voltage nanosensors,
capable of reporting MP changes, with observable spectral shifts on
the single-particle level.

D. Theoretical predictions for membrane-inserted
voltage nanosensors

The ability of an NP to report/sense MP has been predicted the-
oretically by Park and Weiss™ The NP’s interaction with the external
electric field has been described using quantum mechanical per-
turbation theory. The calculations for QCSE have been performed
under the configuration where an NR is embedded symmetrically
within the membrane. The calculation involves numerically solv-
ing the Schrdédinger-Poisson equation under self-consistent field
approximation. By solving the equation for a given dielectric dis-
tribution, an electrostatic potential profile for the NR could be
obtained. The dielectric distribution represents MP, which, in turn,
acts as an external electric field perturbation for the NR. The electro-
static potential profile for the NR represents the local internal electric
field experienced by the NR in response to MP. Using this potential
profile, electrons’ and holes’ wave functions and their ground state
energies for different electric field strengths have been computed.
With these information, AA, f, and ka have been estimated for differ-
ent external electric field perturbations. Additionally, experimentally
observable QCSE parameters, i.e., relative change in fluorescence
intensity (AI/I), the relative change in a radiative lifetime (A7./7;),
and the relative change in radiometric observable Alr/s (based on AL
and yghm), have been determined theoretically for a physiologically
relevant range of MP change, which mimics the action potential of
neurons (—=70 to +50 mV). CdSe NR and ZnSe/CdS seeded NR have
been used for the theoretical study.

Theoretical calculations clearly showed that pure type-II seeded
NR vyields a larger magnitude AA in comparison to homogeneous
NR of similar length for a given applied field strength. This is because
of the order of magnitude weaker Coulomb interaction. As the
length increases, the extent of charge separation increases; thus, the
sensitivity of QCSE increases for both types of NRs, however with a
considerably greater extent for type II seeded NR. In terms of num-
bers, for 12 nm-sized type-I CdSe NR, theoretically obtained AA
(<1.5 nm) is negligible, whereas for 12 nm-sized type-II ZnSe/CdS
NR, theoretically obtained AA is 14.5 nm and Algp is ~259% cou-
pled with A7./7; being (decrease) ~204% and AI/I being (decrease)
~98% and AL is (—)13.8 and Algs is ~(—)66% nm coupled with
A1/ being (increase) ~70% and AI/I being (increase) ~40% per
100 mV. Notably, a 100 mV of MP change across a 4 nm thick mem-
brane bilayer is equivalent to the 250 kV/cm external electric field
experienced by the NR. These calculations, in principle, serve as a
guideline of maximum MP sensitivity in terms of different observ-
ables when NRs are embedded into the membrane symmetrically
and vertically. The degree of insertion has a major impact on the
observed effective voltage sensitivity. For any other configuration,
where NR is being inserted with canting angle (6 > 0) to membrane
normal direction (6 = 0), the actual internal electric field would be
reduced, which, in turn, reduces the effective voltage sensitivity of
the probe.

REVIEW scitation.org/journalljcp

1. Correlation between probe insertion geometry
and QCSE sensitivity—Experimental support

Kuo et al. experimentally probed the effect of the relative
orientation of the emission transition dipole concerning the direc-
tion of the externally applied electric field and the extent QCSE
induced spectral Stark shift for type II ZnSe/CdS seeded NR (see
Fig. 4).”! The defocused image of a single emitter displays char-
acteristic interference patterns that contain information about the
three-dimensional orientation of the molecule. Patra et al.®”"
developed a defocused imaging microscopy technique and analysis
algorithm for pattern matching for yielding orientation geome-
try. Defocused images could be obtained with minimal but precise
movement of the optics (objective movement with a piezoelec-
tric transducer) toward the single emitter (negative z-direction) in
a standard wide-field microscope. Emission spectra and orienta-
tion geometry (based on defocused images) for randomly oriented
NRs are measured experimentally. As the angle between the emis-
sion transition dipole and the applied electric field decreases, the
AA increases. The voltage sensitivity is highest when the emis-
sion transition dipole is almost parallel to the applied electric
field and is lowest for an orthogonal arrangement between the
two.

Overall, theoretical simulation of external electric field-induced
changes in photophysical properties as a function of the heterostruc-
tured interface and geometry qualitatively mimics experimental
results’”” and entrusts utilization of type-II vsNPs for in vivo MP
sensing measurements.

E. Cellular delivery, membrane insertion, and MP
sensing with QCSE voltage nanosensors

Integrating NPs into biological and neuroscience applications
is one of the major obstacles to overcome. Synthesized NPs, with-
out any surface modifications, are not suitable to use directly in
biological systems particularly because of NP’s undefined surface
properties, which often result in nonspecific binding. Effective MP
sensing demands for effective membrane targeting and insertion of
the probe. This has been achieved via NP’s anisotropic facet-selective
surface functionalization with biomaterials, which enables better
control over the insertion orientation. The resulting hybrid nanobio-
materials perform better than the pure inorganic or biomaterial. The
component biomaterial imparts membrane protein-like properties
to the hybrid material. The hybrid nanobiomaterials are water-
soluble, biologically active, undergo bimolecular recognition, and
could be engineered to have improved renal clearance. Biomolec-
ular recognition refers to specific noncovalent bonding interactions
happening between different biomolecular structures. This specific
interaction results in the stable and spontaneous insertion of the
hybrid material into the membrane lipid bilayer. Careful design of
the biomaterial used for surface coating of vsNPs allows attaining
more control over spatial alignment in specific biological space. As a
result, these hybrid nanobiomaterials have recently become increas-
ingly popular probes for in vivo molecular imaging, intracellular
biological imaging, single protein tracking in live cells, and most
importantly biosensing.

Nevertheless, a careful trade-off between the magnitude of
QCSE sensitivity (increasing with NR size) and the efficacy of
membrane insertion (decreasing with increasing NR size) is also

J. Chem. Phys. 156, 084201 (2022); doi: 10.1063/5.0076522
© Author(s) 2022

156, 084201-7



The Journal
of Chemical Physics

REVIEW scitation.org/journalljcp

( )_ . . e (c)
: o . § ru - -
14 4 !
; , b ® €
M ‘1'“'4‘-“%1‘ Y T A | (b) o 'YY Y 2' %AA -
599 nm JE
: A : 12 4
s 7 d!
t g, fi! i LSRN 10 4 L4
flosm ¢ T
: ol O < 84
g | =
:‘ "‘ \ ‘ n (sn ‘
B s Al | "}h"‘f“x-‘;z g 6 - ¥
—
i ' : - m |
/Mm . 4
f | “ .
" | )
Ikt MY
2 4 * -
é\ w .; -
3 [ . dee r T - T . T - T )
; A 0 20 40 60 80
: {4 e o .
" ekl Vil . Angle between transition dipole and electric field vector (degrees)

Wavelength (nm

FIG. 4. (a) Emission spectra of five randomly oriented type-ll ZnSe/CdS NRs in the presence and absence of the applied electric field. The orientations of the emission
transition dipoles of these NRs are shown as u by black arrows, and the direction of the applied electric field is shown as E. The images acquired by defocused imaging
experimentally and theoretically are shown on the right. (b) The QCSE spectral shift as a function of the angle between the emission transition dipole and the applied electric
field. The inset shows calculated potential of the inserted NR in the membrane. (c) Schematic of NR embedded in the membrane. (d) Dielectric constants: er, intra- and
extracellular, 80 (red); lipid, 4 (yellow); and NR, 10 (dark yellow). The er-values at the boundaries and interfaces are averaged. (e) Color map of the calculated potential
profile of geometry when Vm = 70 mV. (f) One-dimensional potential profile across the NR (dashed red line) and outside of the NR (solid blue line). (Dashed-dotted black
lines) Top and bottom of the NR. Reproduced with permission from Kuo et al., ACS Photonics 5, 4788 (2018). Copyright 2018, American Chemical Society and reproduced
with permission from K. Park and S. Weiss, Biophys. J. 112, 703 (2017). Copyright 2017, Author(s), licensed under a Creative Commons Attribution (CC-BY-NC-ND)

license.

necessary. The optimal voltage sensor should have large detectable
voltage sensitivity while maintaining a small material dimension
for effective membrane insertion. It has been shown theoretically
by Park and Weiss** that seeded NRs having length <12 nm with
aspect ratio >1.5 exhibit significant in vivo QCSE sensitivity and
gets inserted into the membrane relatively easily. The optimal ori-
entation for the NR inside the membrane would be the NR’s long
axis aligned parallel to the membrane’s normal with both ends of
the NR symmetrically extruding the membrane on both sides, i.e.,
tips/ends being exposed to the cytoplasm and extracellular matrix,
respectively. Having this insertion orientation stable is a very chal-
lenging task. The complexity of the job further escalates due to the
“rod” shape of the probe, which has differential curvature (“top” vs
“side”). This would call for a non-homogeneous coating design to
tackle the varying curvatures of the surfaces.

1. Peptide coated quasi type-Il seeded NR

Park et al.” designed alpha-helical flexible peptide as surface
ligand, which satisfies the facet selective non-homogeneous coat-
ing principle (see Fig. 5). The binding of the peptide to the NRs is
mediated by cystine residues. Strategically, the peptide is so designed
that it contains more hydrophilic amino acids (structurally flexi-
ble, yield better fit to the edges) to cover the top surface of the
rod, whereas more hydrophobic/lipophilic amino acids cover (struc-
turally rigid helical domain) the sides of the rod. The hydropho-
bic region of the surface covering dictates the partitioning of the
peptide coated NRs (pcNRs) into the membrane. A quasi type-II
CdSe/CdS seeded NR, covered with ~8-12 peptides, has been used.
The designed sequence of the peptide allowed the hybrid nanobio-
materials to localize themselves at the membrane-water interface,
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FIG. 5. (a) Schematic cartoon describing surface functionalization with peptide for rendering NR. This functionalization will impart membrane protein-like properties to the
NR, favoring its stable, spontaneous insertion into the membrane with proper orientation. (b) Top view of an NR coated with peptide surface ligand. Brown and orange colors
depict Cys-rich and lipophilic faces of the a-helical peptide, respectively. (c) The sequence of the designed peptide. C14-CO- stands for the myristoyl acid residue attached
to the N-terminal amino group. (d) Wheel diagram corresponding to the a-helical part of the peptide. Color coding is the same as in (). (€) Schematics of possible pcNR
association with the lipid bilayer. (f) Fluorescence image of spiking HEK293 cells stained with pcNRs. A spatially high-pass filter is applied to the image to highlight signals
from individual pcNRs and remove background signals. (g) Temporal bandpass-filtered AF/F time trace (19 consecutive cycles and 7 frames per cycle) of single/small
aggregates of pcNRs from (f). The gray line in the top panel represents ensemble average response. (h) AF/F response around every local maximum in the trajectory. The
mean AF/F’s over 23 cycles are plotted with thicker lines. The gray line in the leftmost panel represents the ensemble average response. Reproduced with permission from
Park et al., Sci. Adv. 4, e1601453 (2018). Copyright 2018, Author(s), licensed under a Creative Commons Attribution (CC-BY-NC) license.

perpendicular to the membrane surface. Simulation for the ener-
getics of NR’s membrane insertion as a function of the canting
angle suggests that if the length of the hydrophobic surfaces cov-
ering remains comparable to the membrane thickness, a significant
fraction of rods gets inserted into the membrane with minimal
canting angle (~10°). At the same time, the hydrophilic ends of
the peptide (covering NR tips) stabilize the orientation of the rod
embedded within the membrane. Experimentally, the efficiency of
membrane insertion for the peptide design could be asserted from
the association of pcNRs with model membrane vesicles that resem-
ble the membrane lipid bilayer. The cryoEM micrographs show
that ~16% of the total SUVs (small unilamellar vesicles) are loaded
with appropriately inserted probes. Among them, ~34% of these
pcNRs undergo desired perpendicular insertion and ~42% of the
pcNRs undergo partially tilted insertion in SUVs. Further, polariza-
tion microscopy measurements indicate that ~58% of these pcNRs
undergo more or less perpendicular insertion in electro-swelled
GUVs (giant unilamellar vesicles). Attainment of a sizable fraction
of preferred vertical insertion suggests the feasibility of utiliza-
tion for this surface functionalization approach. Park et al. applied
pcNRs to probe the electrical activity in self-spiking HEK293 (self-
oscillation @ 3-4 Hz) as well as non-spiking wild-type HEK293 cells.
For self-spiking HEK293 cells, PL intensity fluctuations in response
to MP fluctuations could be observed clearly. However, in terms
of magnitude, the sensing sensitivity is not impressive. The AF/F

turns out to be ~1% for the ensemble and as high as ~5% for single
particles. Moreover, only ~16% of single particles exhibits AF/F >1%.
For wild-type HEK293 cells, voltage sensing experiments are carried
out using an “optical electrophysiology” setup. This is essentially a
home-built wide-field microscope, equipped to perform simultane-
ous whole-cell patch-clamp recordings together with fluorescence
imaging. The MP of the probed cell has been modulated through
an attached patched electrode. PL movies recorded (frame rate @
400 Hz) in coordination with the MP modulation [voltage modu-
lation frequency @ 100 Hz and voltage fluctuating between 0 and
(=)150 mV]. pcNRs present in patched cells showed modulated
responses (calculated from PL intensity bursts), which are distin-
guishable in comparison to signals from pcNRs in unpatched cells.
However, due to the long integration time (30 ms/frame), AP-like
events could not be resolved.

2. Lipid coated pure type-ll seeded NR

Ludwig et al.%> functionalized the surface of the NRs with a lipid
mixture derived from the brain extract. A type-II ZnSe/CdS seeded
NR has been used. Due to tissue-specific natural lipid composition,
NRs get spontaneously translocated, via biological recognition, into
the neuronal plasma membrane. The hydrophilic tail of the lipids
interacts with the alkane chains of the nanoparticle surface ligands.
The cryoEM micrograph shows ~10% of the total SUVs loaded

J. Chem. Phys. 156, 084201 (2022); doi: 10.1063/5.0076522
© Author(s) 2022

156, 084201-9



The Journal
of Chemical Physics

with lipid-coated NRs (IcNRs) with appropriate insertion, orthog-
onal to the membrane plane. Ludwig et al. applied 1cNRs to probe
the electrical activity in cultured cortical neurons. A home-built
microscope setup, capable of carrying out wide-field, spectrally split
ratiometric imaging as well as simultaneous patch-clamp measure-
ments, has been utilized. The ratiometric imaging approach allows
one to measure MP changes induced optical response in terms of
(i) PL intensity (AF, sum of the two emission channels) as well as
(ii) spectral shift (ARt, ratio between the two emission channels).
Camera acquisition (frame rate @ 100 Hz) has been synchronized
with the MP modulation. The MP of neurons is modulated with
the patched electrode [voltage modulation frequency @ 25 Hz and
voltage fluctuating between 0 and (-)60 mV]. During responsive
periods, AF/F as high as 40% and ARt as high as 0.1 (corresponding
to AA ~5 nm) could be observed. However, for the selected inter-
vals, averaged AF/F is ~10% and ARt is ~0.01 (corresponding to AA
~0.6 nm), which is not impressive enough. In fact, within a given
defined time trace, brief periods of moderate-to-significant voltage-
sensitive responses interrupted by intervals of weak or no voltage
response ultimately result in overall poor averaged out voltage sensi-
tivity. Notably, only 0.6% of the IcNRs shows responsiveness toward
MP modulations. These short “bursts” of responsiveness are per-
haps because of transient membrane insertion events. Less than
expected stability of insertion and orientation is perhaps the reason
for the experimentally observed reduced voltage sensitivity of NRs.
It should be remembered that the cellular plasma membrane com-
position is relatively more complex in comparison to SUV and GUV,
which results in lower effective in vivo insertion.

I1l. ORGANIC VOLTAGE NANOSENSORS OPERATING
VIA FLUORESCENCE RESONANCE ENERGY

A. Introduction to fluorescence resonance energy
transfer (FRET)

Forster resonance energy transfer (FRET) is a non-radiative
energy transfer process between an excited state of molecule
donor fluorophore to another acceptor fluorophore in proxim-
ity (<10 nm).”® The efficiency of FRET is extremely sensitive to
the spatial separation between the donor-acceptor fluorophores.
Thus, FRET measurements are often utilized as an efficient spec-
troscopic ruler for measuring distance changes between the inter-
acting biomolecules or during conformational changes within
biomolecules.” There exists a class of optical voltage sensors
that relies on the principle of FRET.””””* The plasma membrane
thickness (~5 to 10 nm) and the distance required between the
donor-receptor molecules allows FRET to be an effective method
for measuring membrane potential (MP). FRET measurements have
been utilized for the detection of MP changes in the ensemble level

and more recently in the single NP level.”

B. Development of materials and measurement
techniques for FRET nanosensors

Voltage sensing by FRET is illustrated by the system where
one of the dyes is fixed to one of the lipid leaflets (for exam-
ple, dioctadecyloxacarbocyanine, DiO, a lipophilic dye that labels
the membrane)—donor—and a charged, hydrophobic moiety that
moves up and down in between the leaflets in response to changes

REVIEW scitation.org/journalljcp

in the electric field (for example, Dipicrylamine, DPA, a non-
fluorescent lipophilic anion) —acceptor. Changes in the distance,
which are proportionate to the changes in MP, are translated to
the FRET efficiency, which could be measured via donor inten-
sity or lifetime changes. We have recently developed and utilized
nanobeads and nanodisks (NDs) as NP donors for FRET-based MP
sensing. The mechanism was first reported with the oxonol deriva-
tive (donor) and a Texas Red-labeled lectin (acceptor) and inspired
the development of methods for MP sensing by FRET.”* Oxonol
penetrates the membrane and is located in the outer/inner leaflet
depending on the MP. The fluorophor labeled lectin is not mem-
brane permeable and located on the outer side of the membrane
(adjacent). The imaging of MP changes is a result of distance-
dependent energy transfer between the two elements.”* This tech-
nique has been used successfully to image the activity of several
individual neurons in leech nerve cords during locomotion. To
achieve dye penetration in this more intact preparation, a slower
translocating oxonol with a time constant of 400 us has been used.”
In comparison, the time constant of a widely used single-component
dye such as di 8-ANEPPS is about 2 ps per 100 mV at room
temperature.”””” Additionally, an interesting hybrid voltage sen-
sor (hVOS) approach consisting of the synthetic voltage-sensitive
molecule, dipycrilamine (DPA), and a genetically expressed donor
(GFP) that binds to the membrane has been developed,®’ Similar
to oxonol, DPA is a lipophilic anion quencher (acceptor) molecule
translocated from the inner to the outer leaflet of the membrane
(and vice versa) according to the changes in MP as a response
to electric field changes. It is highly voltage-sensitive in terms of
rapid (<0.5 ms) spatial translocation within the cell membrane.®
It has been reported that two-component systems that are geneti-
cally encoded allow for visualization of rapid membrane potential
changes in cells and neurons.”® Many variants for voltage sensing by
FRET have been developed in recent years.”"’ We review our devel-
opment of vsNPs (nanobead- and nanodisk-based) using DPA as an
acceptor in the FRET system.

1. Nanobeads

Fluorescent polystyrene (FPS) beads are commercially avail-
able with a range of uniform sizes (>~20 nm diameter) and can be
loaded as spectrally suitable dyes for FRET interaction with DPA.
Moreover, FPS beads can be targeted to a specific site on the cell
membrane by synthesizing functional surface groups or recogni-
tion molecules. FPS beads typically have a very thin layer of surface
groups, which practically bring the surface of the FPS beads to direct
contact with the cell membrane and are attached to the cell mem-
brane extracellularly from outside. The fluorophores encapsulated
within the FPS bead are homogeneously distributed; the popula-
tion of fluorophores closest to the membrane surface may involve
in FRET interaction with DPA located within the plasma mem-
brane. With any change in MP, negatively charged DPA molecules
translocate in response between the inner and the outer leaflets.
At hyperpolarizing potentials, the DPA molecules are closer to the
outer leaflet of the membrane and the bead’s fluorescence under-
goes quenching due to increased FRET; upon depolarization, the
DPA molecules are translocated toward the inner leaflet, result-
ing in decreased FRET, leading to fluorescence enhancement in
comparison to the resting state.
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Shapira et al. employed FPS (with a hydrodynamic diameter
of ~70 nm) as hydrophilic, negatively charged surface beads in
combination with DPA as FRET induced vsNPs (see Fig. 6).°> Flu-
orescence response to membrane potential changes (over a range
of applied voltage, —60 to +60 mV) has been demonstrated from
ensemble membrane staining as well as from single NPs in HEK293
cells and primary cortical neurons. Simultaneous optical and electri-
cal measurements (whole-cell patch-clamp) have been performed;
FPS beads applied to the extracellular solution gets spontaneously
adsorbed into the cell membranes (within a few minutes with no
apparent cytotoxicity). The changes in fluorescence intensity are well
correlated with the changes in MP. With HEK293 cells, depolariza-
tion resulted in the decline of fluorescence intensity (fluorescence
beads undergo quenching) with AF/F ~ 5.6% per 120 mV. The tem-
poral response for voltage sensing using FPS bead-DPA FRET vsNP
is estimated to be of the order of ~5 ms. HEK293 cells have been fur-
ther labeled to achieve sparse staining. Each cell is labeled with 1-6
fluorescence spots. ~78% of the single spots showed voltage respon-
siveness. Single spot based analysis showed averaged AF/F ~ 3.3%
per 120 mV. Neurons have been sparsely labeled. Single spots located
in neuron’s soma probed for voltage responsiveness displayed aver-
aged AF/F ~ 2.5% per 120 mV. FPS bead-DPA FRET pair system
displays adequate sensitivity to perform MP measurements from
single particles.

2. Nanodisks

Recently, advances in the field of structural biology of
membrane proteins have yielded nanodisk (ND) technology. This
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technology is based on the self-assembly of engineered biomacro-
molecules (likewise apo-lipoprotein and phospholipids.) into dis-
coidal nanoparticles. NDs are relatively easy to produce, non-toxic,
and biodegradable. NDs can be functionalized via their lipid head-
groups or through the protein side chains, which allow the NDs
to attach to the cell membrane. NDs are capable of incorporating
various types of lipids and different kinds of lipophilic molecules.
NDs can be loaded with lipophilic fluorescent donor dyes and
anchor/attach to the cell membrane. Thus, with NDs, a FRET-
based sensing mechanism could be established utilizing DPA as an
acceptor.

Grupi et al. developed a lipid ND-DPA FRET pair system for
MP sensing (see Fig. 7).”° It consists of avidin as a steric barrier
ND (with the fluorophores TopFluor and Cy5) and DPA molecules.
MP measurements were performed in HEK293 cells and primary
cortical neurons probed using NDtF, cys-avidin construct in combi-
nation with a solution consisting of DPA. The fluorescence changes
remain correlated with MP changes and consistent with the FRET
pair system. For HEK293 cells, the averaged AF/F is ~33% per 120
mV. Under similar ensemble staining conditions, for neurons, the
averaged AF/F is ~23% per 120 mV.

C. Cellular delivery, targeting, and MP sensing
with FRET voltage nanosensors

For the FRET system to be effective and sensitive to specific
changes in both voltage and structural changes in vitro and in vivo,
different methods have been developed with various nanoparticles
[QD, gold nanoparticulate, different polymers, and expression con-
trols of fluorophore (lox/cre)]. One of many examples has been
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FIG. 6. (a) The FPS beads/DPA FRET pair mechanism. The FPS beads are attached to the extracellular side of the cell membrane; at hyperpolarization, DPA molecules
translocate to the outer leaflet of the membrane and closer to the beads, resulting in increased FRET and a decrease in the bead's fluorescence. Upon depolarization, the
DPA molecules redistribute to the inner leaflet and away from the beads, increasing the bead’s fluorescence. A DIC (b) and a fluorescence (c) image of a single HEK cell in
the whole-cell patch-clamp mode. The patch electrode is shown in (b). (d) The fluorescence response of FPS beads/DPA FRET pair to the membrane voltage in HEK cells.
The voltage was stepped from 0 mV to either +60 or —60 mV and back to 0 mV. The duration of each step was 200 ms. (e) Response kinetics of FPS beads/DPA FRET
pair to changes in the membrane voltage in HEK cells. The changes in fluorescence for 20 ms pulses, imaging at a frame rate of 50 Hz, are shown. The membrane potential
was stepped from a holding potential of —60 to +60 mV. The HEK cells are labeled with 0.5 nM beads in the presence of 2 M DPA in the bath solution. Reproduced with
permission from Grupi et al., Biophys. Rep. 1, 100007 (2021). Copyright 2021, Author(s), licensed under a Creative Commons Attribution (CC-BY-NC-ND) license.
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FIG. 7. (a) Schematics of functionalized NDs. NDs are labeled by TF (green) in the presence of DPA (gray hexagons). DPA is in both the solvent and the ND bilayer. NDs are
labeled by TF and Cy5-PE (red). The ND bilayer surface is capped by avidin (dark gray), which restricts the distance between DPA and TF. (b) The average change in Cy5
fluorescence emission as a function of membrane potential, relative to the emission at —60 mV. The voltage waveform consisted of varying voltage levels with 20 mV steps
for 200 ms at each voltage level and a 400 ms resting period of —60 mV. The optical recording was done at a 10 Hz frame rate. Middle panel—fluorescence response of
NDTF, Cy5-DPA to changes in the membrane potential in HEK293 cells. Cells were stained with NDTF, Cy5 and voltage-clamped in the presence of 2 uM DPA. (c) Differential
interference contrast (DIC) image and (d) Cy5 fluorescence emission of a patch-clamped HEK293 cell. Scale bars: 10 um. (e) The signal trajectory of Cy5 fluorescence
emission as a function of the membrane potential. Lower panel—fluorescence response of NDTF, Cy5-DPA to changes in the membrane potential in primary cortical neuron
cells. Cells were stained with NDTF, Cy5-avidin and voltage-clamped in the presence of 2 M DPA. (f) DIC image and (g) Cy5 fluorescence emission of a patch-clamped
primary cortical neuron. Scale bars: 10 um. The cells were clamped to a square voltage waveform consisting of 0, 60, 0, and —60 mV voltage levels, each 400 ms in duration.
(h) Change in Cy5 fluorescence emission as a function of the membrane potential from NDTF, Cy5 in the region inside the solid yellow square shown in (g). Reproduced with
permission from Grupi et al., Biophys. Rep. 1, 100007 (2021). Copyright 2021, Author(s), licensed under a Creative Commons Attribution (CC-BY-NC-ND) license.

shown that chemical labeling of a unique cysteine, followed by
enzymatic modification of reactive glutamine in an N-terminally
appended substrate sequence recognition tag for transglutaminase
(TGase), affords a stoichiometrically donor/acceptor-labeled pro-
tein suitable for single-molecule FRET experiments.*’ For successful
application to biological systems, FRET systems should be efficient
in fast transmission and should provide accurate information, such
as AP within a neural network. This system must have (1) a donor
with strong emission intensity and (2) a maximum overlap between
the donor and acceptor with minimal overlap with the environ-
mental molecules. Biological adaptation between the substance and
the biological system is needed to avoid unwanted toxins or side
effects.

The uniqueness of the nanoparticles used in the FRET sys-
tem is the ability of the particles to mark a single spot in the
cell or on the membrane. Hence, the ability of an active group
coupling to the donor/acceptor to perform targeting to a specific
site on the cellular membrane and enable voltage measurement is
a unique advantage. To date, biocompatible QD conjugates have
been used successfully for sentinel lymph node mapping, tumor
targeting, tumor angiogenesis imaging, and metastatic cell track-
ing, for example, conjugating an antibody to a QD for site recog-
nition in live cells, quantum dot labeling of live MCF-7 breast
cancer epithelial cells, surface targeting of EGFR receptors with anti-
EGFR (epidermal growth factor receptor) antibodies conjugated
to CdSe/ZnS QDs,” * and conjugating an antibody to a gold

particle in order. Based on cholesterol’s ability to insert into the
plasma membrane, we investigate whether AuNP functionalization
with linear dihydrolipoic acid-poly(ethylene) glycol (DHLA-PEG)
chains distally terminated with cholesterol (AuNP-PEG-Chol) can
enable light-induced AP generation in neurons. Voltage recordings
under current-clamp conditions showed that DRG (Dorsal Root
Ganglia) neurons labeled in this manner exhibited a capacity for
AP generation in response to microsecond and millisecond pulses
of 532 nm light, a property attributable to the close tethering of
AuNP-PEG-Chol conjugates to the plasma membrane, facilitated
by the cholesterol moiety. Light-induced AP and subthreshold depo-
larizing responses of the DRG neurons were similar to those previ-
ously described for AuNP conjugates targeted to channel proteins
using large, multicomponent immunoconjugates.“‘“ Another great
example is that NDg cys has been conjugated with antibody anti-
GABAAR g2 via a hydrophilic linker. ABB-G is a recognition ele-
ment for the GABA, receptor, which allows for targeted labeling of
a specific neuron site (synapse, soma, and dendrite). Targeted NDr,
cys-Ab-avidin conjugated anti-GABAAR construct stained signifi-
cantly better than non-targeted NDry, cys-avidin.The average F/F
for neurons with the targeted NDrr, cys-Ab-avidin construct was
35%-45%. The ability to measure the voltage from a single site on
the neuron membrane using an antibody conjugated to a nanodisk is
a great advantage. The ability to measure membrane voltage from a
single synapse can shed light on deciphering the network activity in
neurons.

J. Chem. Phys. 156, 084201 (2022); doi: 10.1063/5.0076522
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IV. CONCLUSIONS AND OUTLOOK

We reviewed here our recent efforts toward developing nano-
scale, super-resolved voltage sensors. We have shown that prop-
erly functionalized and bandgap engineered inorganic NPs with
enhanced QCSE can be inserted into membranes and locally record
the membrane potential in self-spiking- and patched-HEK293 cells
and in cortical neurons (that are non-genetically manipulated).
FRET-based organic NPs (beads and NDs) can also locally record
the membrane potential in cultured cells and neurons and even be
targeted to—and record from-a single synapse.

Further improvements are still needed to render these NPs as
widely used reagents for voltage sensing. With inorganic voltage
nanosensors, a notable drawback is the non-uniform, broad distri-
bution of voltage sensitivities. Heterogeneous voltage response is
arising from a range of factors such as size and shape heterogeneity
of the vsNPs and active movement of the vsNPs within the mem-
brane. Future efforts need to further improve the uniformity of NP
physical properties, enhancing QCSE sensitivity and effectiveness
of stable membrane insertion. To accomplish single-particle voltage
response, enhanced charge separation should be counterbalanced
with a good enough radiative recombination rate. The task opens
up new horizons for synthesizing novel nanostructures. The pos-
sibility of functionalizing a nanoparticles’ “inorganic” surface with
“organic” biomolecules creates opportunities for further design and
development of flexible, facet-selective bio-ligands. Strategies for
environmentally triggering surface ligand distribution need to be
devised. This will improve membrane insertion efficiency and mit-
igate issues such as dynamic orientation fluctuation for the voltage
nanosensor. Fluorescence blinking (intermittency) of these particles
is another problem that needs to be solved (however, blinking indi-
cates success in reaching the single-particle level recording). With
the combination of the higher photon emission rate for the ensu-
ing vsNPs and the faster image acquisition rate (>1 KHz), recording
single AP signals should be possible in the future. In addition,
vsNPs could, in principle, be engineered for voltage induced PL
lifetime changes and thus can be utilized in lifetime-based imaging
techniques for MP sensing.

Organic voltage nanosensors (beads and NDs) also need to be
further improved. A simplified non-FRET based approach could be
further explored for NDs by directly incorporating VSDs. Targeting
different sites using different colors and different conjugated anti-
bodies could possibly allow for simultaneous MP recording from
different targeted sites (pre- and post-synaptic membranes) within
the same neuron. This will allow monitoring of the electrical activity
across the (single) synapse.

Beyond high voltage sensitivity, high brightness, high localiza-
tion accuracy, and targetability, these nanosensors are suited for
“non-genetic optogenetics,” which can then work with wild-type
cells/organisms. With further developments, we hope that these
voltage nanosensors could be added to the already impressive arse-
nal of tools for the study of the electrical activity in the brain of live
behaving animals.
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