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Abstract

The study of electrophysiological signals is crucial for understanding neural functions and
physiological processes. Electrophysiological recordings offer direct insights into electrical
activity across cellular membranes, aiding in diagnosing and treating neurological disorders.
Different from the conventional recording method based on electrical signals and the genetically
encoded with fluorescent proteins methods, this review explores label-free mechanisms for
optically recording electrophysiological signals: electrochromic materials, surface plasmon
resonance (SPR) responses, quantum dots (QDs), and semiconductor-based optoelectronic
sensors. The sophistication and limitations of each technology have been discussed, providing
insights into potential future directions in this field. Electrochromic materials change optical
properties through redox reactions induced by voltages, offering high signal-to-noise ratios and
rapid response capabilities. However, these materials have limited biocompatibility and stability.
SPR technology modulates signals in response to local changes in electrical potential, achieving
high sensitivity. However, challenges such as scattering noise and electro-optic effects still need
to be addressed. QDs utilize their photoluminescent properties for high sensitivity and
resolution, but concerns about connection efficiency and biocompatibility remain.
Semiconductor optoelectronic technologies offer rapid response times, wireless functionality,
and integration potential. However, improvements are needed in terms of toxicity, compatibility
with biological tissues, and signal amplification and processing. These methods have
advantages in neuroscience, medical diagnostics, and biological research, including rapid
response, high sensitivity, and label-free monitoring. By combining different optical recording
techniques, the performance of voltage imaging can be optimized. In conclusion,
interdisciplinary collaboration and innovation are essential for advancing the optical recording
of electrophysiological signals and developing diagnostic and therapeutic approaches.
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1. Introduction

Electrophysiological recordings facilitate the study of diverse
cellular activities, spanning from neural networks to myocar-
dial tissues and individual ion channels across cell membranes
[1]. Neurons and myocardial cells rely on action poten-
tials to transmit signals and coordinate heart contractions
[2, 3]. Electrophysiology has witnessed significant advance-
ments driven by technological progress, improving fidelity
and temporal resolution. Over a century ago, Hodgkin and
Huxley pioneered the use of glass microelectrodes and sil-
ver wires to capture action potentials in giant squid axons
[2]. Subsequently, the patch-clamp technique, introduced by
Sakmann and Neher, has since become the gold standard
for measuring intracellular action potentials [4]. This tech-
nique creates a tight seal between the electrode and cell mem-
brane, allowing direct recordings with a high signal-to-noise
ratio (SNR) and superior temporal resolution. However, patch-
clamp has invasive characteristics that may disrupt the cell
membrane, and its complex circuitry design limits the simul-
taneous recording to one or two cells [5-7]. In contrast, non-
invasive extracellular recording methods, such as microelec-
trode arrays [8], enable simultaneous recordings from mul-
tiple neurons [9, 10]. Nanoelectrode arrays have also advanced
intracellular recordings by electroporating cell membranes
using on-chip nanowires [11]. However, conventional micro-
electrode arrays have fixed spatial configurations and limited
flexibility, highlighting the need for less invasive and more
flexible recording techniques like optical electrophysiology.

Optical electrophysiology, which uses light as a sensor,
offers several advantages, including spatial flexibility, elim-
ination of electrical connections, and enhanced imaging
capabilities [1, 12]. Optical electrophysiology often utilizes
fluorescent or calcium indicators [13, 14], such as GCaMP,
which are synthesized [15] and integrated into cells [16]
to monitor neural activity. These indicators can be cus-
tomized for specific spectral characteristics and enhanced
for greater brightness and accuracy through genetic encod-
ing with fluorescent proteins [17-19]. However, the reliance
on elevated calcium ion concentrations during action poten-
tial activation with genetically encoded calcium indicators
presents challenges, primarily slower response times in data
interpretation [13]. Voltage-sensitive dye imaging addresses
this issue by incorporating voltage-sensitive dyes into the
cell membrane [20, 21], altering their spectral properties in
response to voltage fluctuations. Genetically encoded voltage
indicators (GEVIs) also assist in the targeted expression of
these probes in neural populations [22-25], enabling real-time
action potential waveform capture with high sensitivity [26].
However, fluorescence-based voltage recording is limited by
photobleaching, which affects membrane depolarization and
the velocity of action potential propagation [27], highlighting
the need for newer and more robust methods.

Recent advances in the optical recording of electro-
physiological signals have been significant, offering increas-
ingly non-invasive techniques resistant to photobleaching or
phototoxic effects. This review explores four innovative mech-
anisms for translating electrical signals into optical readings:

electrochromic materials, surface plasmon resonance (SPR)
responses, quantum dots (QDs), and semiconductor-based
optoelectronic sensors. Each technology exhibits unique soph-
istication and limitations, providing insights into potential
future directions in this field. This overview may serve as a
valuable reference for interdisciplinary applications of optical
detection of electrophysiological signals, inspiring ongoing
innovation.

2. Optical response-based electrophysiological
recording with electrochromic materials

Electrochromic materials can alter their optical properties
through redox reactions induced by an externally applied
voltage. These materials, such as metal-organic frameworks
[28], metal oxides [29], and conductive polymers [30], exhibit
distinct spectral traits in their reduced and oxidized states.
Their applications are diverse, ranging from ‘smart windows’
in aircraft [31] and energy-efficient building facades to paper
displays and optical instruments [32]. The unique electro-
chromic characteristics of these materials provide novel meth-
ods for optically sensing cellular electrophysiological signals.
This segment delves into the obstacles encountered when util-
izing electrochromic properties to detect bioelectrical signals.
While metal oxides like tungsten oxide and Prussian blue are
commonly employed [33], their biocompatibility and stabil-
ity in aqueous solutions under physiological conditions are
constrained. In contrast, conductive polymers, especially those
with m-conjugated structures [34], demonstrate encouraging
biocompatibility [35] and mechanical attributes [36]. They are
viewed as potential contenders for next-generation electro-
chromic sensors [37]. Notably, the combination of poly (3,4-
ethylene dioxythiophene) (PEDOT) with polystyrene sulf-
onate (PSS) results in PEDOT:PSS, a versatile conduct-
ive polymer. This water-soluble and easily processed blend
becomes highly conductive, achieving conductivity exceed-
ing 1000 S cm~?2 after treatment with substances like ethylene
glycol or dimethyl sulfoxide [38].

Alfonso et al introduce the electrochromic optical record-
ing (ECORE) technique, employing PEDOT:PSS thin films
to label-free record cellular action potentials [39]. Figure 1(a)
shows that the cells are cultured directly on the PEDOT:PSS
films, changing their optical absorption in response to applied
voltages and altering their reflectance. To assess the function-
ality of the PEDOT:PSS film, the UV—Vis absorption spec-
tra at three different voltages are analyzed in figure 1(b). A
negative potential of —500 mV resulted in peak absorption
(Amax) at 580 nm, while a positive potential of +500 mV shif-
ted A\max to 850 nm [39]. Figure 1(c) shows the ECORE detec-
ted reflectance changes of approximately 3.0 x 10~ with a
root mean square noise below 2.0 x 107 in a cell-free envir-
onment, indicating a high SNR [39]. Meanwhile, a voltage
recording sensitivity of about 6.7 1V with millisecond res-
olution can be achieved [39]. The ECORE technique suc-
cessfully recorded spontaneous action potentials from hip-
pocampal neurons and stem cell-derived cardiac myocytes
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Figure 1. (a) Schematic illustration of electrochromic optical
recording (ECORE) for label-free optical detection of cellular
action potentials using poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) on an indium tin oxide
(ITO)-coated glass substrate. (b) Ultraviolet—visible (UV-Vis)
absorption spectra of the PEDOT:PSS film under three different
applied voltages. (c) Voltage-modulated fractional reflectivity
change (AR/R) of the PEDOT: PSS film with a 1| mV square wave
applied voltage. (d) ECORE optical recording of spontaneous
activity in hippocampal neurons. Inset: bright-field image of
cultured hippocampal neurons on a PEDOT film. (¢) ECORE visual
recording of cardiomyocytes, with a small spike occurring about

15 ms before the onset of mechanical contraction. Inset: bright-field
image of stem cell-derived cardiomyocytes cultured on a PEDOT
film. Scale bar = 100 pm. (Right) the ECORE optical recording of
monophasic and biphasic action potential signals of iPSC-derived
cardiomyocytes demonstrates a high signal-to-noise ratio. Reprinted
with permission from [40]. Copyright (2021) American Chemical
Society.

(figures 1(d) and (e)), demonstrating its ability to simultan-
eously detect electrical and mechanical signals. Electrical sig-
nals caused color changes in the electrochromic film, while
mechanical signals altered the refractive index of the medium,
both affecting the reflectance at the interface. With its dual
detection capabilities, ECORE has the potential to advance
research in excitation—contraction coupling. Furthermore,
this experimental approach detected both single-phase and

biphasic action potentials of stem cell-derived cardiac myo-
cytes without data averaging, achieving a remarkably high
SNR of up to 41. Thus, ECORE technique is particularly
effective for studying spontaneous electrical activity in indi-
vidual neurons, which have the distinct advantage of not
requiring averaging of multiple recording traces.

Similarly, Yuecheng Zhou et al further exploit PEDOT:PSS
film with optical absorption in opposite directions at different
wavelengths in response to electrical signals [41]. Figure 2(a)
shows that this anti-correlated optical absorption signific-
antly enhances signal detection and contrast, effectively dis-
tinguishing artifacts from environmental vibrations, cellular
mechanical movements, and various noise types [42]. These
artifacts and noise typically manifest uniformly across color
channels. In the dual-color ECORE detection system with an
ultra-sensitive optical platform featuring a prism-coupled total
internal reflection setup with differential optoelectronic detec-
tion, electrical activity in cells produced signals of opposite
polarity, while artifacts and noise are either unrelated or pos-
itively correlated. Two detection lasers, emitting at 561 nm
and 658 nm, are coupled into the same single-mode optical
fiber and focused onto a 25 um spot on the PEDOT:PSS
film via a chromatic aberration-corrected prism. The film is
fabricated by electropolymerizing 3,4-EDOT monomers with
PSS onto an indium tin oxide (ITO) coated glass substrate.
Detailed UV-vis spectroscopy measurements of the 90 nm
thick film under varied voltages revealed significant shifts,
including an absorption peak at approximately 513 nm in
its reduced state, which diminished upon oxidation, form-
ing a polaronic band around 700 nm. An isosbestic point
near 600 nm indicated minimal absorption change at this
wavelength. The differential absorption at 561 nm and 658 nm
displayed opposing trends in response to voltage changes from
—200 to 100 mV (figure 2(b), bottom). Figures 2(c) and (d)
detail the total internal reflectance (R) and the relative change
in reflectance (AR/R) under different bias voltages, demon-
strating the indirect reflection of changes in optical absorp-
tion by the ECORE method. High sensitivity in AR/R is noted
at biases below —50 mV, and both wavelengths responded
well at zero bias potential. Dual-color ECORE also success-
fully detected action potentials in human-induced pluripo-
tent stem cell-derived cardiomyocytes (hiPSC-CM) [41], as
electrical signals caused mechanical contractions that affected
light reflection, producing complex ECORE signals. This cap-
ability enables differentiation between extracellular electrical
signals and other disturbances, such as mechanical movements
or dust particles. To validate these observations, simultaneous
ECORE and patch-clamp recordings are conducted, confirm-
ing the accuracy of the action potentials measured by ECORE.
Figure 2(f) illustrates the correlation between intracellular and
extracellular recordings for the same cell, highlighting con-
sistency with traditional multi-electrode array measurements
[11,43].

The electrochromic recording technique extends beyond
responding to cellular action potentials and can also be
employed for the broad-spectrum monitoring of bacterial



J. Phys. D: Appl. Phys. 57 (2024) 493001

Topical Review

a b
Dual-color ECORE 045
lon channel —~ 040} 70

Poly-Ilysine & Malngel 3 035

I PEDOT.PSS 3
£ 030

i

2

ITO glass

350 450 550 650 750 850
Wavelength A (nm)

042} o - 561 nm
. o~ 658 nm

032 .,I/. *
0.30 =
-800 -600 -400 -200 © 200 400 600
c d Applied potential (mV)
0.10 +—561nm
Potentiostal . 12F L +—3% i —8—658 nm
Plativum
0.08F wre v:\—limm e ~ L [= ‘
006 ¥ 208 A
T . ¢ [
@ < » L4
0.04 o o s T04p gy e
& i}
” B .
0.02 +— 561 nm e
" 658 00 S ot
0.00
400 200 0 200 400 200 S
Applied potential vs. Ag/AGCI (mV) Applied potential vs. Ag/AgCI (mV)
e f
2
Elaciical i 40 Patch clamp
1 -lectrica Mechanical
= signal 1|\ contraction 0
8
o 0 1 ot
e -40
™ s .
1 \ 1 0 A AN 1
AN -
2 f o
| -2 i ECORE
-3,
2.95 3.05‘ 3.156 3.25 95 97 99 101 103 105
Time (s) Time (s)

Figure 2. (a) Schematic illustration of a dual-color electroChromic
recording (ECORE) system utilizing light reflection from
PEDOT:PSS thin film, in which two probing lasers at the interface
between cultured cells and PEDOT:PSS thin film, and their spectral
shifts are triggered by cellular electrical activities. (b) Absorption
spectra of PEDOT:PSS films as a function of bias voltage from
4600 mV to —700 mV in steps of 100 mV (top), showing opposite
changes trend in the green (561 nm) and red (658 nm) spectral
regions (bottom). (c) Measurement of reflectance (R) of
PEDOT:PSS thin film (d) and the absolute value of fractional
reflectance change |AR/RI in response to a 1 mV and 1 Hz applied
square-wave potential, respectively, at different bias potentials. (e)
ECORE recording traces from the green (561 nm) and red (658 nm)
channels. Cell signaling includes electrical signals from cell action
potentials (spikes) and mechanical signals (slower waves) from cell
contractions. The electrical signal shows opposite polarity in the
two channels, while the mechanical contraction and artifact signals
show the same polarity. Inset: monolayer of cardiomyocytes
cultured on a PEDOT:PSS thin film imaged 11 d after seeding. The
cell circled with a dashed line is designated for recording using
dual-color ECORE. Scale bar = 50 um. (f) Synchronized
recordings of intracellular action potentials from patch clamp and
ECORE, where the extracellular spikes are time-aligned with the
sharp depolarization phase (indicated by the dashed line). [42] John
Wiley & Sons. (Copyright © 2024 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim).

metabolism at the molecular level. Current Escherichia coli
(E. coli) detection methods, such as bacterial culture [44],
enzyme-linked immunosorbent assay [45], and polymerase
chain reaction [46], although highly sensitive and specific,
often involve lengthy, complex procedures and expensive
equipment, limiting their rapid detection capabilities [47].

a
. Electropolymerization of
SPE W3 & Aniline
ITO
E. Coli Antibody
b
yY v
w"“’ fY.Y.YL g-" Yy 45\:]
T, A
2 . N
Calibration "b\\.
S .
09 >
w7/
1 2 3 4 5 6 4
Blank 10° 10° 10° 10° 10° 10" CFUmL
L0 -
Lo =g I'. ’\
>
>
E. Coli concentration
b d
ITO SPE i
PANITO SPE, 0.4V Applied Potential (V)
- PANIITO SPE, +0.2v @ 02 04 06 08 10
] — PANUITO SPE, +0.8v @
: \TRESA -~ 00000
g = PANIITO SPE, +1.5V @ §
€ ®
: | 00000
-3 Q
@ < -
= Q
< 2 10'CFUmL’ .. o. .
Q
o
Y secrume (@@ :’ ..
A I @ S 4
400 500 600 700 800
c Wavelength (nm) e
Time of Applied Potential (s)
e 10°CFUmL" . . .
K]
< E
2 z
- H
S 10'cFUmL’
. g 000
-400 |y 3 V%
g S 10crumL” ) , ’J
-600 —

Time (s)

Figure 3. (a) Schematic diagram of an electrochromic sensor using
electropolymerized polyaniline (PANI) on an indium tin oxide
screen-printed electrode (ITO SPE), where the oxidation state
changes lead to color changes on the electrode surface. (b)
Absorbance spectra of the PANI/ITO thin film under different
potential ranges, with peaks at wavelengths of 450 nm and 650 nm
representing the leucoemeraldine base and emeraldine, respectively.
(c) Chronoamperogram of PANI/ITO in the oxidation and reduction
states over time with a fixed potential. (d) Color changes due to
applied potential (e) and time duration on signal generation for
various E. coli concentrations. Reprinted with permission from [51].
Copyright (2019) American Chemical Society.

However, leveraging the principle of redox reactions occurring
during bacterial metabolism to induce potential changes, elec-
trochromic probes offer a promising avenue for detection [48—
50]. Saba Ranjbar et al develop an electrochromic immun-
osensor that uses polyaniline (PANI) and ITO electrodes to
detect E. coli in water samples. This sensor leverages spe-
cific antibodies for immune recognition, capturing E. coli and
increasing the electrical resistance on the electrode surface
(figure 3(a)). The presence of E. coli correlates with distinct
absorption spectra at different oxidation states of the PANI
film, enhancing the specificity of the sensor (figure 3(b)).
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The sensor performance is assessed by recording the time-
dependent current of a PANI/ITO Screen-Printed Electrode
(SPE) in 0.5 M H,S0Oy. This recording tracked the color trans-
ition response of PANI under applied voltages of —0.4 V and
+1.0 V, revealing a switching time of 1.25 s between the
complete reduction and oxidation of the PANI film, with an
average switching time of about 0.4 s among the three PANI
oxidation—reduction states (figure 3(c)). Additional experi-
ments evaluated the signal response to varying concentrations
of E. coli under different voltages and durations (figures 3(d)
and (e)). These results showed that a minimum applied voltage
of 0.2 V is insufficient to significantly modify the electro-
chromic characteristics of PANI, leading to reduced sensit-
ivity. Nonetheless, the sensor successfully detected E. coli in
water samples, confirming its potential as an effective tool for
analyzing bacterial contaminants. The electrochromic immun-
osensor enables visual detection without the need for expens-
ive equipment, providing a user-friendly, multicolor display.
This enhances its practicality compared to traditional optical
sensors due to the acute sensitivity to color changes of the
human eye, making it an economical and straightforward solu-
tion for monitoring various bacteria and viruses in diverse
environments, including clinical, environmental, and food set-
tings. Future research should focus on improving detection
sensitivity and reducing incubation times to achieve more
effective real-time measurements [51].

Wu et al develop a sensor to enhance the spectral
response resolution using a water-soluble electrochromic
polymer [52]. This polymer, a copolymer of PPE (3,4-
propylenedioxythiophene-alt-3,4-ethylenedioxythiophene),
detects metabolically active bacteria. PPE, traditionally used
in electrochromic devices for color control, has a low oxid-
ation potential, allowing it to naturally oxidize to its oxid-
ized form (ox-PPE) in the presence of environmental oxygen.
Metabolically active bacteria then reduce this oxidized form,
primarily through reactions triggered by extracellular meta-
bolites rather than direct bacterial contact. The reduction pro-
cess is particularly sensitive to cysteine and GSH, providing
high sensitivity and specificity. The electrochromic properties
of ox-PPE enable rapid and convenient detection of bacterial
activity, allowing modulation of PPE color through electro-
chemical reactions (figure 4(a)). As illustrated in figure 4(b),
upon electrochemical oxidation, the PPE film transitions from
a blue state at —600 mV in the visible spectrum to a bleached
state at 310 mV in the near-infrared range [52]. The absorp-
tion peaks shift from around 600 nm for neutral PPE to bey-
ond 1500 nm for fully oxidized bipolaron bands, with partial
oxidation producing polarons near 1000 nm [53, 54]. Due
to its low oxidation potential, PPE primarily forms stable
and minimally cytotoxic bipolarons in aqueous solutions
(pH = 7.4). This stability, along with the water solubility
of ox-PPE, enhances its interaction with analytes in solution.
Figure 4(c) shows the experimental results and demonstrates
the effectiveness of ox-PPE as a colorimetric sensor, with
absorbance spectroscopy improving detection sensitivity. As
depicted in figure 4(d), the sensor can distinguish bacterial
concentrations as low as 10* cells ml~!, making it suitable
for clinical applications. The sensor’s accuracy is verified

by monitoring E. coli growth through the optical density
(0.D.) at 600 nm as a control (figure 4(e)). With a reac-
tion time of 30 min, it significantly outperforms traditional
culture-based methods [55], offering a practical advantage
in clinical settings [56]. The electrochromic immunosensor
enables visual detection without expensive equipment, util-
izing the sensitivity of the human eyes to color changes.
Future research will focus on improving the detection sensit-
ivity and reducing incubation times for real-time applications.
Furthermore, the inclusion of electrochromic transition metal
oxides could enhance the visual detection capabilities of these
Sensors.

Thus, the electrochromic technology has promising applic-
ations in areas such as recording cellular action potentials
and monitoring bacterial metabolism. Compared to traditional
methods, electrochromic technology offers the advantages of
simplicity, cost-effectiveness, and visual detection capabilit-
ies, making it significant in clinical, environmental, and food
supply fields [40]. Future research will focus on enhancing
detection sensitivity, reducing incubation times before detec-
tion, and improving the visual detection capabilities of elec-
trochromic sensors to meet real-time monitoring demands.

3. Optically-responsive SPR for
electrophysiological recording

SPR is an optical sensing technique utilized in bio-
sensors, relying on the oscillation of electrons within metal
nanostructures [57]. These oscillations are influenced by vari-
ous factors, including the size, shape, composition, dielectric
properties, and surrounding environment of the nanostructures
[58-62]. SPR can be categorized into two types based on the
mode of transmission: localized SPR (LSPR) and propagat-
ing surface plasmon polariton (SPP) [57]. LSPR occurs when
the dimensions of metal nanostructures are smaller than the
wavelength of incident light, leading to localized electron
oscillations. This localization makes LSPR highly sensitive
to changes in the refractive index of the adjacent medium,
making it ideal for the development of colorimetric plasmonic
sensors. Additionally, LSPR enhances the sensitivity of vari-
ous optical processes, such as fluorescence, Raman scattering,
and infrared absorption [57]. Conversely, SPP involves the
propagation of electron charge oscillations along the sur-
faces of thin metal films. This propagation interacts with
the surrounding medium and can influence sensor signals
over longer distances, typically up to about 200 nm [57].
The extended reach of SPP is beneficial for applications like
plasmon-enhanced fluorescence and surface-enhanced Raman
scattering (SERS), which improve detection capabilities and
practicality.

SPRs in the visible/near-infrared wavelength range are of
particular interest because there is favorable optical confine-
ment at these wavelengths, and they may become a major com-
ponent in the next generation of biosensors [63]. Many metal-
lic nanostructures have been developed as signal amplifiers
and sensors for sensitive optical sensing by utilizing LSPR
[57, 64, 65]. It is crucial to apply the fundamental physical
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Figure 4. (a) Schematic illustration of an aqueous soluble electrochromic poly (3,4-propylenedioxythiophen-alt-3,4-
ethylenedioxythiophene) copolymer (PPE) in three different oxidation states and their conversion through electrochemical reactions. (b)
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in the neutral state (treated with N2H4 reducing agent) and in the polaron/bipolaron (ox-PPE) state following ambient oxygen oxidation. (d)
Absorption spectra of ox-PPE to various concentrations of E. coli in a 30 min reaction period. (¢) Growth of E. coli monitored by optical
density (O.D.) at a wavelength of 600 nm. [52] John Wiley & Sons. (Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim).

principles of plasmonic enhancement to guide sensor design,
aiming to achieve maximized signal transduction and ampli-
fication. Figure 5(a) shows that LSPR occurs when the size
of metal nanoparticles is smaller than the wavelength of the
incident light, causing electrons to oscillate in phase and lead-
ing to increased absorption and scattering cross-sections and
enhanced local electromagnetic fields. Figure 5(b) shows that
nanoparticles smaller than 15 nm primarily exhibit absorp-
tion, making them useful in detecting molecules or bio-
molecules. On the other hand, figure 5(c) shows that nano-
particles larger than 15 nm mainly have scattering proper-
ties, which are advantageous for SERS. These size-dependent
phenomena are important for developing sensitive and select-
ive optical sensors, as they affect the interaction of metal
nanostructures and light [66]. However, challenges remain
due to the high electron density in metals, resulting in weak
electro-optic effects associated with non-Faradaic capacitance

[67]. Additionally, the use of plasmonic nanostructures for
optical field measurements is often complicated by scattered
particle noise [67]. Despite significant research efforts, creat-
ing optical probes that can detect local electric field dynamics
with high sensitivity and spatiotemporal resolution remains a
challenge.

Zhang et al develop an optical sensing technology that util-
ized localized SPR (LSPR) to detect mammalian brain cell
activity [68]. This research involved using optical methods
to detect changes in the SPR modes of planar gold nano-
particle arrays, which are influenced by neuronal potentials.
Hippocampal neurons are cultured directly on these nano-
particle arrays, enabling the detection of individual transient
signals at the cellular level. The experimental findings are
consistent with theoretical calculations by using the Drude
and Stern models [68]. For the experiments, neuron-plasmon
samples are moved from a culture environment to a solution of
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artificial cerebrospinal fluid containing essential ions and gluc-
ose. Neurons are stimulated to activity by injecting 50 M of
glutamate, causing rapid spikes in membrane potential. These
spikes are observed using a 40x water-immersion objective
lens focusing 850 nm laser light onto the neurons (figure 6(a)).
A CCD camera captured the process, recording the forward-
scattering light signal emitted by the neurons without aver-
aging, using a low-noise preamplifier connected to an oscil-
loscope. Figure 6(c) displays the differential scattering sig-
nal (AS/S) of the nanoparticle template at various voltages.
The AC signal (AS) is captured using a lock-in amplifier,
while the DC signal (approximately 250 mV) is monitored
via an oscilloscope. This model proposed by Mclntyre [69]
and Lioubimov [70], which explains resonance changes in
gold films under oscillating potentials, is used to describe the
changes in scattering signals. The scattering signal increased
linearly with the applied voltage at a rate of 2.8 x 1076 V!
(at the detection wavelength of 850 nm), aligning with the-
oretical expectations (figure 6(d)). A previously used model
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Figure 6. (a) schematic illustrates the overall setup for optical
recording of brain cell activity. White light aligns neural samples
onto a CCD camera. Scattered signals from the naked plasma
samples are then directed into a lock-in amplifier. For real-time
neural measurements, signals first pass through a low-noise
preamplifier before being fed into an oscilloscope. This oscilloscope
operates within a frequency range of 200 Hz-3 kHz. (b) SEM image
of a hippocampal neuron cultured on the template after 14 d in vitro.
(c)The generated differential scattering signals under an electric
field with a modulation frequency of 500 Hz. The dashed line
represents the linear fitting of the experimental data (dots). (d)
Differential scattering signal per applied voltage. (e) Differential
scattering signals from the plasmon/neuron sample represent single
spike activity (left) and a burst of spikes (right), each trace being
recorded from a single neural cell. Reprinted with permission from
[68]. Copyright (2009) American Chemical Society.

to describe changes in SPR across oscillating potentials in
gold films provided estimates that closely matched the exper-
imentally obtained data. Further analysis included a scan-
ning electron microscope (SEM) image of isolated hippo-
campal neurons cultured on a plasma template, as shown in
figure 6(b). The SEM image illustrated the physical arrange-
ment of neurons on the template post-cell dehydration. Before
glutamate injection, minimal changes in the scattering sig-
nal are noted, but significant spike activity is observed after-
ward. Figure 6(e) demonstrates the extracellular electrode-
like single and series of spikes from two different neurons,
confirming the method’s effectiveness. The measured scat-
tering changes induced by neuronal spikes are greater than
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those caused by inherent birefringence changes in the neur-
ons, indicating superior sensitivity and temporal resolution
comparable to voltage-sensitive fluorescent dyes [68]. This
study demonstrated the real-time detection of neuronal spikes
through shifts in LSPR in gold nanoparticle optical probes and
highlighted the potential applications of metal nanoparticles in
all-optical recordings within the body. The scalability of this
technique suggests its applicability for monitoring multiple
neurons in neural microcircuits, depending on the geometric
configuration of the plasmon probe array, thus opening new
possibilities for non-invasive neural monitoring technologies.

Ahsan Habib et al introduce the electro-plasmonic nanoan-
tenna in 2019, in which the optical field probe surpassed
existing electro-optic field reporters regarding photon count-
ing and field sensitivity. This nanoantenna facilitated non-
invasive optical measurements of electric activity in hiPSC-
CM with lower light intensity (11 mW mm~2) compared
to traditional fluorescence voltage probes [14]. It achieved
a field sensitivity enhancement of approximately 3250 times
that of conventional plasma nanoantennas [68]. The structure
of the nanoantenna, with a height of 45 nm and a diameter
of 90 nm, is arranged in a submicron periodic pattern and
incorporated PEDOT: PSS, significantly improving its electric
field measurement capabilities over the original plasma design
[71]. Figure 7(a) illustrates the experimental setup for dark-
field transmission measurements, using a 20x objective lens
and a spectrometer with a 50 ms integration time to continu-
ously collect far-field scattering signals. Three-dimensional
finite-difference time-domain (FDTD) simulations demon-
strated that the nanoantenna could confine electromagnetic
fields within a narrow region, enhancing light and matter
interactions (figure 7(b)). Employing concepts from radiofre-
quency antenna design, the research team explored the far-
field response of the nanoantenna to local field dynamics, sup-
porting interpretations within the framework of optical path
theory [72, 73]. These findings are visualized in figure 7(c),
which shows a wavelength-dependent electric response indic-
ating a redshift in the far-field plasma response corresponding
to the electrochromic transition from a doped to a de-doped
state. Figure 7(d) illustrates the temporal optical response of
the nanoantenna to a periodic square wave (—500 to +-500 mV,
100 Hz). The response time, determined to be 191 ms by fit-
ting the decay function, demonstrates its suitability for high
time-resolution electrophysiological signal detection. During
the measurement of electrical activity in induced cardiomyo-
cytes, spontaneous emission led to increased light scatter-
ing, consistent with prior photoelectrochemical measurements
(figure 7(e), red curve). Control experiments on iCMs cul-
tured without the nanoantenna confirmed the absence of far-
field light signals corresponding to cell discharge events, val-
idating the accuracy of the measurements (figure 7(e), blue
curve). This study on electro-plasmonic nanoantennas high-
lights significant advancements in optical field measurements
[71], offering high sensitivity and abundant photon counts.
Future research could further enhance these technologies
through optimization and the introduction of new materi-
als, potentially improving optical capabilities for deep tis-
sue imaging. However, further investigations are needed
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Figure 7. (a) Schematic diagram of the transmission dark-field
measurement setup designed for optical recording of electrogenic
activity. Inset: a false-color scanning electron micrograph of
hiPSC-derived iCMs (colored purple) cultured on an
electroplasmonic nanoantenna array. (b) Side view of near-field
enhancement |E/Eol* along the pristine nanoantenna in FDTD
simulations leads to strong confinement of the light within the

20 nm-thick electrochromic layer. (c¢) Susceptances of the gold
nanoantenna and the PEDOT:PSS load for doped (red) and
developed states (blue). (d) Temporal optical response of the
electro-plasmonic nanoantenna (red curve) for potential steps in a
square wave voltage (blue curve) between —500 mV and 500 mV to
Ag/AgCl with a residence time of 5 ms. (e) Optical detection of
differential scattering signal in response to the electrogenic activity
of a network of cardiomyocyte cells, in which electrogenic activity
of iCMs is obtained from substrates with electro-plasmonic
nanoantennas (red curve) and without (blue curve). From [71].
Reprinted with permission from AAAS.

to understand the long-term biocompatibility and safety of
these nanoantennas in vivo [71]. In the context of neuros-
cientific research, the need to understand how the human
brain executes complex functions remains a significant chal-
lenge. It requires advancing technologies for recording brain
activity with high spatiotemporal resolution and large-scale
reusability. Traditional methods, such as electrode arrays, are
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limited by complex wiring, bandwidth constraints, and the
need for invasive neurosurgical procedures. These limitations
underscore the urgent need for innovations like the electro-
plasmonic nanoantenna in non-invasive brain activity mon-
itoring, which could revolutionize our approach to under-
standing neuronal communication across various brain regions
[74-76].

For the issues mentioned above, Hardy ef al introduce
Neuro-SWARM?, a nanoparticle probe system utilizing near-
infrared light (NIR-II, 1000-1700 nm) for the wireless remote
detection of internal bioelectric signals [77]. Neuro-SWARM?
presents several advantages, including directly reading signals
through the near-infrared window, thus eliminating the need
for invasive surgeries. Its compact size enables the delivery
of the system to various brain regions without the need for
neurosurgical intervention. Neuro-SWARM? converts signals
directly at the plasma level, bypassing the need for front-end
signal processing and overcoming limitations related to elec-
trode size and electronic bandwidth. The probes, with a dia-
meter of less than 200 nm and coated with lipids [77], are
designed to cross the blood-brain barrier when administered
intravenously. Figure 8(a) illustrates these probes binding to
cell membranes via surface-functionalized proteins [78]. In
practical applications, Neuro-SWARM? detects neural activ-
ity by monitoring far-field scattering signals that correspond
to transient electric field oscillations generated by neural net-
works during neuron firing events. These events, particu-
larly driven by sodium (Na™) and potassium (K¥) ion cur-
rents, result in significant fluctuations in membrane poten-
tial. Figure 8(b) depicts how these fluctuations generate strong
transient electric fields and significantly modulate the reverse
scattering signals from Neuro-SWARM?, thereby facilitating
far-field detection. Figure 8(c) compares the differential sig-
nals from Neuro-SWARM? against simulated electrophysiolo-
gical recordings using CdSe QDs. Neuro-SWARM? signific-
antly outperforms QDs, offering a high-photon-count altern-
ative to GEVIs [79] with an enhancement of at least four
orders of magnitude in photon count measurements (left axis)
at an intensity of 10 mW mm~2. This exceptional perform-
ance, evidenced by an extraordinarily high SNR (SNR ~ 10%),
paves the way for new possibilities in brain—-machine inter-
faces and highlights the immense potential of SPR in
optical sensing. This innovative approach could revolution-
ize the field of neural monitoring, providing a non-invasive,
highly sensitive tool for the real-time observation of brain
activity [77].

These studies highlight the crucial role of SPR techno-
logy in optical neuroscience research, introducing innovative
methods for monitoring neural activity. From the initial use of
plasmonic-enhanced optical sensors to the advanced applic-
ation of wireless remote detection via near-infrared light,
the development of these techniques opens new pathways
for understanding neuronal communication and functional
dynamics across various brain regions. Enhancing sensor sens-
itivity and spatiotemporal resolution is essential for achiev-
ing more precise and comprehensive monitoring of neural
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Figure 8. (a) Schematic diagram of remotely detecting neuronal
activity based on neurophotonic solution-dispersible wireless
activity reporter for massively multiplexed measurements
(NeuroSWARM?). (b) Illustration of the high transient electric field
generated by cell depolarization (spiking) leading to spectral
changes of increased light scattering and red shifting of the
electro-plasmonic (electrochromic-plasmonic) nanoantenna. (c)
Simulated electrophysiological recordings with NeuroSWARM?
and quantum dots (QDs). The input and resulting membrane voltage
are represented in black at the bottom of the graph. The differential
scattering signal, detected by 10° NeuroSWARM? probes (top red
line), assumes a light intensity of 10 mW mm™? at a wavelength of
1050 nm. The differential fluorescence signal, obtained from 10°
CdSe quantum dots under an illumination intensity of

100 mW mm 2 (middle blue line), assumes a maximum
extracellular field of 3 mV nm ™' for this experiment. The photon
count for the differential signal and the standard deviation due to
shot noise are noted on the left and right scale bars, respectively.
[78] John Wiley & Sons. (Copyright © 2024 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim).

activity. Moreover, investigating a broader range of materi-
als and design strategies to improve sensor performance and
deepen penetration into brain structures could lead to signi-
ficant advancements in diagnosing and treating neurological
disorders.
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4. Spectral response-driven electrophysiological
recording with QDs

QDs are increasingly recognized as valuable tools for address-
ing the challenges of real-time optical voltage imaging in
neuroscience research. Their exceptional photoluminescent
properties can significantly enhance monitoring sensitivity
[80-82]. QDs offer several advantages for this application:
they possess a high photoluminescence (PL) quantum yield
[83], which facilitates two-photon excitation using lower laser
power, and their resistance to photobleaching prolongs their
usability in experimental settings. This durability is especially
beneficial for addressing issues like tissue autofluorescence
and scattering, which are common in deep-tissue imaging [84].
Currently, methods for measuring electric fields with QDs
mainly revolve around three concepts. The first involves the
quantum confined Stark effect (QCSE), where the electric field
within the lipid membrane bilayer impacts the PL of QDs,
leading to a redshift and broadening of the spectrum and a
reduction in PL intensity (figure 9(a)). The other two meth-
ods involve Forster resonance energy transfer (FRET) or elec-
tron transfer (ET) to modulate the PL intensity of QDs. The
FRET-based sensing approach utilizes dye-receptor translo-
cation: an impermeable donor fluorophore on the extracellular
membrane surface interacts with an acceptor dye within the
lipid bilayer [85, 86]. As illustrated in figure 9(b), upon cell
depolarization, the dye shifts to the inner leaflet of the cell
surface, reducing FRET efficiency and enhancing donor PL.
This allows for real-time tracking and visualization of neur-
onal activity. Photo-induced ET (PET), utilized as a cellular
voltage sensor, involves the transfer of electrons from a donor
through molecular wires attached to a fluorophore embedded
in the cell membrane [87]. During depolarization, the ability of
the electron donor to quench the fluorophore is disrupted, alter-
ing ET rates. This modification enables the real-time detection
and recording of cellular depolarization events (figure 9(c)).
However, connecting QDs to neuronal membranes is a non-
trivial task. Among them, custom ligands [80] or peptides [82]
to target QDs to neurons is critical in achieving QD voltage
sensing/imaging. Nag et al conducted a study on the use of
QDs for visualizing changes in membrane potential in liv-
ing cells and in vivo in mouse brains [88]. The system used
a 605 nm-emitting QD connected to a Cg fullerene electron
acceptor through a membrane-inserting peptide (figure 10(a)).
Under resting conditions, photoexcited QDs engaged in ET
with the Cg at a basal rate, resulting in moderate PL. quench-
ing. During depolarization, ET rates increased, leading to fur-
ther quenching (figures 10(b) and (c)). For the in vivo applic-
ation of this technology, a QD-peptide-Cgp bioconjugate is
injected into the cortex, and dual-pole tungsten electrodes are
used for simultaneous imaging and stimulation. This setup
allowed for the observation of significant, reversible modu-
lations in PL, with consistent responses across experiments
(figures 10(d)—(f)). Compared to traditional voltage-sensitive
dyes like RH-795 and RH-1691, the QD-based probe showed a
dynamic response of 20—40 times greater under similar exper-
imental conditions [89], indicating superior sensitivity and
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Figure 9. (a) Schematic diagram of quantum dot (QD)
photophysical properties for three different positions with
mechanisms of QDs in a membrane bilayer that can measure the
electric field directly, (b) QD geometry that allows measurement of
the electric field using PL modulation facilitated by electric
field-dependent FRET, (c) and electric field-sensitive electron
transfer (ET) mechanisms.

temporal resolution. Incorporating QDs into neuronal voltage
sensing represents a significant advancement in monitoring
neural activity, offering enhanced sensitivity and stability for
long-term studies in complex biological environments. This
breakthrough represents the potential to improve the ability to
study and understand neural dynamics greatly.

To evaluate the potential of QDs in cellular systems, meas-
urements in an aqueous ionic environment are required [90].
However, the fabrication of commonly used capacitor struc-
tures poses challenges, as it requires multiple cycles of dielec-
tric deposition, and under high-energy conditions, it may dam-
age the QDs within the device [79]. Therefore, there is a need
for a platform that can quantitatively evaluate the voltage-
sensing capability of QDs in a high-throughput, reprodu-
cible, and non-destructive manner [79]. Caglar et al develop
a platform for assessing the voltage-sensing capabilities of
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Figure 10. (a) Schematic diagrams of the photoluminescence response of the quantum dot peptide fullerene (Cgp) electron transfer
(ET)-based nanobioconjugate for the visualization of membrane potential in living cells, in which QD emission is modulated with resting
potential and depolarization states via ET process. (b) Differential interference contrast (DIC) and confocal fluorescence images of
membrane potential changes in HeLa cell monolayers labeled with QD-peptide-Cgp probe bioconjugates before (top) and after (bottom)
depolarization with KCl solution. (c) Comparison of the fluorescence intensity between resting (2.5 mM KCI, gray bar) and depolarized
(140 mM KCl, black bar) membrane. (d) In vivo optical imaging of the mouse cortex injected with QD—JBD1—Cgy conjugates during
electrical stimulation, and the red points indicate ROI Al. (e) Fluorescence response of four ROIs with an acquisition frame of 575 ms. (f)
Time-resolved fluorescence response of the four ROIs with the averaged response of 50 trials. Reprinted with permission from [88].

Copyright (2017) American Chemical Society.

QDs in an aqueous ion environment [91]. Given that conven-
tional capacitor structures can damage QDs, this new plat-
form enables non-destructive PL measurements. As shown
in figure 11(a), the device comprises an ITO-coated glass
slide with a thin layer of dielectric (approximately 300 nm
of TayOs) to prevent charge transfer to the QDs. These dots
are positioned between the working electrode and an electro-
Iyte (potassium nitrate solution) within an electrochemical cell
setup. Platinum electrodes serve as the working and reference
electrodes, while a silver electrode connected to the ITO sur-
face acts as the counter electrode. A potentiostat regulates the
configuration to maintain desired voltage levels. Integrating
the device into an inverted fluorescence microscope setup
facilitates the excitation of QDs with a 532 nm laser and the
capture of emitted light through the ITO layer into a fiber optic
spectrometer. This setup permits the simultaneous monitoring
of PL responses under controlled voltage conditions. Finite
element simulations have revealed that the region above the
QDs on the dielectric surface experiences the strongest elec-
tric field, with intensity varying according to the salt concen-
tration in the electrolyte (figure 11(b)). Both types of QDs
exhibit significant modulation of their PL under applied elec-
tric fields, with CdSe/CdS dots showing up to 60% quench-
ing (figure 11(c), upper image) and InP/ZnS dots achiev-
ing around 70% under similar conditions (bottom image).
Figure 11(d) shows the voltage waveforms for CdSe/CdS and
InP/ZnS dots, as well as the axonal dye, under a 1 Hz sine
wave. The PL response closely follows the voltage wave-
form in all cases, without any noticeable delay. In subsequent

experiments, QDs are injected into the central nervous sys-
tem of early-stage embryonic cells of African clawed frogs.
After culturing the cells to differentiate into neurons, neuronal
membrane depolarization is induced, and changes in the PL
of the QDs are observed (figure 11(e)). The rapid depolariz-
ation, bringing the membrane potential close to 0 mV from
—70 mV, corresponded with an increase in QD brightness—
a clear indication of successful voltage sensing (figure 11(f)).
This study demonstrates the robust response of QDs to voltage
changes and their potential as powerful tools in neuros-
cience research and other fields requiring precise voltage
monitoring.

The primary aim of a voltage indicator is to assess and
visualize changes in local membrane potential accurately.
Traditional single-point detection methods have expanded to
include wide-field PL imaging techniques [91]. In a notable
study, QDs are injected into the axon terminals of retinal gan-
glion cells (RGCs) in African clawed frogs, alongside a cal-
cium indicator called jGCaMP7f. This setup allowed for the
simultaneous monitoring of PL changes in both the QDs and
the calcium indicator during osmotic shock-induced mem-
brane depolarization. Figure 11(g) illustrates the effectiveness
of this dual-channel approach. The left image depicts wide-
field epi-fluorescence excitation/detection, capturing fluores-
cence images of PL responses to osmotic shock-induced mem-
brane depolarization. The right image provides details of the
changes in PL intensity over time for both the QDs and the
calcium indicator dye. Notably, the PL changes in the QDs
consistently exceeded those observed in the calcium dye, with



J. Phys. D: Appl. Phys. 57 (2024) 493001

Topical Review

a Potentiostat

Quantum Dots i\

Working/ Working Sense

Ref
Counter \

c d
3000) HVoltage BICdSe HInP BDye
S
2250) 1aPL/PL| o=
i w S0l
o I ]
1500) 5
>
750) \
Increasing Field:
Omla\’\ G §
580 600 620 640 660 =
Wavelength (nm) o
<00
InP -
ﬂl
N
2000t jaPLiPL E
¥ T0% E
0; Z
1000
56062 e 700 0 1 2 3 4
Wavelength (nm) Time (s)
e f
# Quantum Dots
- i CdSe - 0.5mg/mL] [jj, CdSe- 0.1 mg/mL:
Polartzalion t Gemotic Shock] [ Osmatic Shock.
QD PL ‘,i
—_—) Iy [aPLIPL): § [APLIPLE: |
7 [\ ee% | | 32% N
g T s g
g T Wit 2
o o Pl B
N < [iii InP - 0.5 mg/mL] [jy. —_CdSe - 0.5 mgimL| &
%‘ 5 Osmotic Shock | KGluc. 50 mM| 8
& ] " [ 1P : 5
£ | 1aPL/PL: IAPL AP g
I ) S
Wiy
Wt ,w‘ i P
3 4

2 3 4 2
Time (s) Time (s)

/S Quantum Dot (CdSe) NI Calcium Indicator (GCaMP)
IRGEED

i l P o
aFcT
Nﬂ’ AR
£ M
5

rb. counts)

Intensity (arb counts!

BT

Tlrw {5)

il apLi3is
APLAZ%  ppLo1a%

T\mE 15}

3
Time (s)
v 2P 2

aPL:Z1%

5

2 3 4
Time (s)

Intensity (arb. wunts)
Intensity (arb. counts)

Integrated

Figure 11. (a) Schematic diagram of an electrochemical setup used
to apply voltage and monitor photoluminescence (PL) from
quantum dots, in which the sample is excited with a 532 nm laser
(~1 pm beam size) and the emission is collected through the ITO
back surface. (b) Schematic diagram of the samples and the
corresponding simulated potential distribution across the device for
a positive voltage applied to the ITO. (c) Voltage dependence of
steady-state PL spectra for CdSe/CdS QDs (top) and InP/ZnS QDs
(bottom) with an electric field of up to 0.9 MV em™'. (d)
Normalized PL response under a 1 Hz AC voltage sweep (top blue).
The response of both CdSe/CdS (green) and InP/ZnS (maroon)
QDs, as well as a perylene diimide dye (purple) cast on the chip,
mirrors the voltage sweep with minimal lag. (e) Schematic diagram
of PL response of QDs in live Xenopus laevis retinal ganglion cell
axons to cell depolarization. (f) Example traces of QD PL for CdSe
and InP/ZnS following depolarization under various conditions. (g)
Wide-field PL imaging of neuronal membrane depolarization using
QD voltage reporters (left), where CdSe/CdS QDs are injected on
top of the RGC axons expressing a calcium indicator (jGCaMP7f).
Simultaneous PL of individual QDs (red) and the dye (blue) tracked
in the marked locations, with the PL magnitude changes of QDs
being larger than the dye during neuronal membrane depolarization
(right). Reproduced from [91]. CC BY 4.0.

variations ranging from 5% to 60%. This significant differ-
ence underscores the enhanced sensitivity of QDs to changes
in neuronal membrane potentials compared to traditional cal-
cium indicator dyes commonly used as proxy voltage-sensing
dyes. However, when similar experiments are conducted using
InP/ZnS QDs, the results reveal some material limitations.
These QDs exhibited lower brightness and rapid photobleach-
ing, which hindered a thorough evaluation of their response.
This finding emphasizes the ongoing need for material engin-
eering improvements to optimize the performance of QDs for
voltage-sensing applications. This study confirms that QDs
exhibit high sensitivity to membrane depolarization, surpass-
ing the performance of state-of-the-art calcium-based voltage
imaging dyes. Their ability to track electrical events more
accurately positions them as powerful tools in neuroscience
research. Future integration of QDs with advanced imaging
techniques, such as fast-scanning video or sheet microscopy
[91], could further enhance their utility and sensitivity, paving
the way for more detailed and dynamic studies of neuronal
activity.

Jooken et al develop an artificial extracellular matrix
(ECM) by engineering collagen substrates with semiconductor
QDs [92]. This new method allows for the optical monit-
oring of the contraction activities of cardiac muscle cells.
The ECM incorporates two-photon fluorescence (2PF) optical
technology using QDs, representing a pioneering method for
observing cellular dynamics. To evaluate the response of QDs
to changes in an electric field, they constructed an appar-
atus to measure variations in 2PF signals under an extern-
ally applied electric field. They created a controlled elec-
tric field environment by fabricating an array of fork-shaped
gold electrodes (interdigitated electrodes, IDE) with different
spacings on a borosilicate glass chip and applying a poten-
tial difference across these IDEs. The chip is treated hydro-
phobically, and the QDs are successfully attached by dis-
pensing them from an organic solvent and rinsing them with
chloroform (CHCI3). Figure 12(a) illustrates the relationship
between 2PF and changes in the electric field. The results
showed that in order to achieve 2PF signal changes consist-
ent with cellular experiments, the QDs needed to be sub-
jected to an electric field strength of at least 400 kV cm™!
(AF/Fy = —8 + 2%), demonstrating sensitivity comparable
to or even better than that of similar-sized I-type CdSe/ZnS
QDs under single-photon illumination, thanks to the QCSE,
which directly modulates the fluorescence of CdSe/ZnS QDs
[92]. A patch-clamp multiphoton microscope setup is used
to simultaneously measure cellular electrical activity under
whole-cell current clamp conditions and the 2PF of the sub-
strate containing QDs to detect cellular activity. Figure 12(b)
shows the recording of a single-action potential via patch-
clamp along with the corresponding QD 2PF trace during the
rhythmic beating of cardiac cells. The sensitivity observed
in these signal measurements is similar to that of recently
developed voltage-sensitive dyes under two-photon illumin-
ation, with up to a 30% change in 2PF for every 100 mV
change [93]. Additionally, by recording the 2PF of QDs,
the beating rate and contraction—-relaxation cycles of cardiac
muscle cells could be monitored and quantified. The team also
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Figure 12. (a) Percentage change in QD 2PF as a function of the
applied electric field. Inset: PCB with a central glass chip featuring
gold interdigitated electrodes to apply controlled electric fields over
an ensemble of QDs while measuring the 2PF. (b) Single action
potential (red trace) and corresponding QD 2PF (black trace) at an
expanded timescale. (c) Electrical recordings (red traces) and
corresponding 2PF recordings (black traces) of drug-induced effects
on cardiac contractility parameters measured by QD 2PF, which are
in the absence of epinephrine, and increase in the cardiomyocyte
beat rate in the presence of 1 and 5 M epinephrine. Reprinted with
permission from [92]. Copyright (2020) American Chemical
Society.

investigated the effects of adrenaline, which increased heart
rate, contractile force, and relaxation rate. Figure 12(c) demon-
strates the electrical activity trajectories of cardiac cells under
different scenarios (exposed to adrenaline concentrations of 0,
1, and 5 uM), providing proof of concept for optically mon-
itoring cardiac muscle cell activity through QD-modified col-
lagen substrates. However, the researchers acknowledge the
need for further investigation, particularly in non-contractile
electrophysiological cells such as neurons. Furthermore, con-
sidering the higher temporal resolution requirements of neural
activity recordings (below milliseconds), the current research
has not yet met these criteria [92]. Future research may
focus on improving temporal resolution and conducting more
extensive studies on different cell types to achieve broader bio-
logical monitoring.

Thus, QDs hold significant promise in the realm of real-
time optical voltage imaging in neuroscience. Their excep-
tional photoluminescent properties provide sensitivity and
resilience to photobleaching, rendering them advantageous for
deep-tissue imaging. Various modulation techniques, includ-
ing QCSE, FRET, and PET, have been utilized to gauge
electric fields and track neuronal activity using QDs. Recent
research endeavors have prioritized enhancements in neur-
onal membrane fixation methods and surface modifications,
thereby augmenting the biocompatibility of QDs. While stud-
ies have showcased the efficacy of QDs in responding mem-
brane potential changes and monitoring cellular activity in
vivo, visualizing instantaneous voltage changes in individual

neurons at both the single-cell and network levels remains
complex and chanlleging, underscoring the need for further
research endeavors [84].

5. Optical response-based electrophysiological
recording with optoelectronic semiconductors

Optoelectronic semiconductors are essential components in
the field of biological optical sensors. They have extensive
applications across various domains. Semiconductor mater-
ials and devices, which emerged with the invention of the
field-effect transistor (FET) in the late 1940s, have revolu-
tionized electronic and photonic technologies. Advancements
in device scalability, signal transduction, and remote control
have led to engineering marvels like integrated circuits [94],
ion-sensitive FETs [95], and optically addressable cell sensors
[96]. Among these innovations, the use of inorganic semicon-
ductors for the optical recording of biological electrical sig-
nals has gained significant attention. Inorganic semiconduct-
ors stand out for their high carrier mobility, rapid response,
and sensitivity [97, 98]. They can be configured into multi-
functional devices that offer desired attributes such as ampli-
fication, fast signal conduction, and low power consumption
[99, 100]. This enables the precise detection of complex bio-
logical dynamics, facilitating in-situ biochemical and bio-
physical measurements, detection of molecular and cellular
heterogeneity, transient biological interactions, and network-
level feedback analysis [101, 102]. Inorganic semiconductor
devices can also harness radiation energy and convert it into
various forms, including photoelectric conversion [103, 104].
This allows the operation of miniaturized wireless devices.
Examples like photovoltaic retinal implants, which use micro-
sized silicon photodiodes to receive light signals and stimulate
neurons, demonstrate the promising applications of inorganic
semiconductors in biomedical settings. Furthermore, the abil-
ity to integrate inorganic semiconductor systems using transfer
printing technology and printing photovoltaic effects expands
their functionality and broadens the scope of semiconductor
applications in biomedical research [105].

As neuroscience and biomedical research progress, the
importance of inorganic semiconductors is increasingly recog-
nized. Lee et al introduce a wireless and injectable sensing sys-
tem named micro-opto-electrode (MOTE), which integrates
AlGaAs micro-light-emitting diodes (uLEDs) and 180 nm
complementary metal-oxide-semiconductor (CMOS) circuits
through heterogeneous integration [106]. Figure 13(a) illus-
trates that the MOTE system consists of optical and electronic
components, with micrometer-scale AlGaAs diodes as both
photovoltaic elements and data communication LED diodes
[107, 108]. These diodes emit specific wavelengths for emis-
sion (Agmission = 825 nm) and power supply (Apower = 690 nm),
optimizing photovoltaic efficiency and minimizing brain
absorption [109]. Figure 13(b) shows the circuit diagram
of MOTE and a SEM image of the fully released device.
Figure 13(c) shows the optical response of MOTE and demon-
strates the use of a 500 Hz, 500 pVPP test signal at the input
differential electrode. The signal is amplified and encoded,
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Figure 13. (a) Schematic diagram of a micro-scale
opto-electronically transduced electrode (MOTEs) based neural
recording. The inset shows that the device mainly includes an
optical component for power conversion and light data
communication and an electrical component for electrical signal
amplification and processing. (b) system block diagram and the
SEM image of a MOTE. (c) Illustration of a MOTE decoding
example with a 500 Hz and 500 ;' VPP signal applied at the input
differential electrodes. (d) A MOTE insertion into a mouse brain
using a pulled p-pipette. (e) In vivo, MOTE measurement with
optical pulses (top) and decoded signal (bottom) although the
inconspicuous neural response. Reproduced from [106]. CC BY 4.0.

then converted into optical pulses detected by a photodetector
(PD). The time sequence of these pulses (Ar) is used to recon-
struct the original sinusoidal input. In vivo experiments are
conducted to assess the insertion of MOTE into a mouse brain.

The device exhibited stable operation for over six months in
saline and more than two months within the mouse brain.
Figure 13(d) shows the u-pipette insertion method by affixing
a p-pipette containing MOTE onto an XYZ micro-positioner
with a stainless-steel wire serving as a driving mechanism.
Once a skull opening is created, the u-pipette descends to
the dura mater. MOTE, being similar in size to a razor blade,
can puncture the dura mater with minimal insertion damage
[106]. Although variability in insertion positions may some-
times result in the non-capture of neural signals, figure 13(e)
demonstrates that MOTE can function normally and pro-
duce output pulses. This highlights the durability of hetero-
geneous integration as a long-term, wireless neural record-
ing solution. The size and flexibility of the MOTE system
also make it a strong contender against traditional electrode
shanks and coil/ultrasound-based implants, opening up new
possibilities for neuroscience research. With ongoing semi-
conductor device manufacturing technology advancements,
miniaturization and integration have become important trends.
Further miniaturization and mass production of these devices
without the need for cutting or manual assembly could sig-
nificantly expand their range of applications. These micro-
sensor platforms, characterized by their near invisibility, cost-
effectiveness, deployability in ultra-small environments, and
reduced invasiveness as implantable devices, hold great prom-
ise for various applications.

As semiconductor device manufacturing technology
advances, miniaturization and integration have become key
trends [110-118]. Further miniaturization and scaled manu-
facturing processes have the potential to broaden the applic-
ation domains of these devices. Cortese et al introduce the
optical wireless integrated circuit (OWIC) platform, which
integrates silicon electronic devices with inorganic micro-
LEDs to create compact 100 pm-scale packages [119]. These
devices are manufactured, packaged, and released simultan-
eously using lithography, achieving a density of approxim-
ately 10 000 independent sensors per square inch. Figure 14(a)
shows an optical image of an OWIC sensor powered remotely
by a 532 nm laser, emitting light at a wavelength of 840 nm,
collected through a microscope objective, and monitored using
a silicon PD. Figure 14(b) illustrates the relationship between
the power output of the micro-LED and the applied voltage
to its input electrodes. The normalized change rate is approx-
imately 2.3 x 1073 mV~', showcasing the device’s precision
in detecting small voltage alterations by observing the corres-
ponding change in light output [119]. The sensor achieves a
voltage resolution of 8 1 V/Hz!? under continuous illumin-
ation, operates at speeds exceeding 10 kHz, and consumes
about 60 W. By operating at a 30% duty cycle (figure 14(c)),
the power consumption can be further reduced to an average of
18 uW. Even at an average power of 1 W, the voltage sensitiv-
ity remains below 0.1 mV/Hz!2. While this resolution suffices
for numerous applications, it falls short of detecting neural
activity, suggesting that future enhancements may entail more
intricate circuit designs [119]. Figure 14(d) demonstrates the
use of OWIC in measuring the local conductivity of sealed
microfluidic channels containing water, demonstrating real-
time optical recordings in a sealed polydimethylsiloxane
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Figure 14. (a) Optical image of an optical wireless integrated
circuits (OWIC) sensor with labeled components: input Pt
electrodes, silicon photovoltaic, silicon MOSFET, and GaAs-based
microLED. (b) Characteristics of optical power output as a function
of voltage applied to the input electrodes. (c) A pulsed input voltage
of 20 mV (black) is optically recorded by the voltage sensing OWIC
(red) operating at continuous and pulsed input power. (d) Local
solution conductivity in the microfluidic channel is optically
recorded from a voltage-sensing OWIC and measured with a
commercial probe as a reference. The insert is the optical image of
the OWICs in the channel. Reproduced with permission from [119].

channel filled with a low-concentration potassium chloride
(KCl) solution. The measured conductivity values closely
match those obtained with commercial instruments, illustrat-
ing the efficacy of OWIC in practical settings. Furthermore,
in vivo experiments are conducted to insert OWIC into a living
mouse brain, where OWIC measures temperature with both
the device and the surrounding vascular system visible. This
demonstrates the promising potential of OWIC as an embed-
ded sensor in living organisms. The OWIC platform marks a
significant advancement in true microscale wireless sensors,
albeit still in the first-generation and proof-of-concept stage.
Expectations are high for the platform to evolve to incorpor-
ate more complex NMOS and CMOS circuits rapidly. Future
research directions may encompass low-duty-cycle power
schemes [119], differential radiation measurements with two
different wavelength micro LEDs [120], narrow wavelength
collimated vertical configurations for lower power consump-
tion, improved communication protocols, and longer reading
distances.

Furthermore, Ding et al introduce a heterogeneous integ-
rated optoelectronic sensor for optically monitoring changes
in bioelectric signals [121]. This sensor combines thin-film,
micro-scale inorganic, and organic semiconductor devices. It
incorporates gallium arsenide (GaAs)-based double-junction
PDs (DJPD) with lateral dimensions of approximately
300 x 300 pm?, indium gallium phosphide (InGaP) red LEDs
with dimensions of about 90 x 90 pum?, and organic elec-
trochemical transistors (OECTSs) based on PEDOT:PSS. The
OECT features a channel length of approximately 55 um, a
width of around 30 pm, and a thickness of about 100 nm. The
circuit concept for this sensor is depicted in figure 15(b). This
sensor comprises GaAs-based DJPD and InGaP LEDs, form-
ing an optoelectronic upconversion device. It can be excited
by infrared illumination to emit red light [122]. Figure 15(c)
shows multiple such devices that are serially connected to
modulate an OECT channel current through variations in
external gate voltage (V) or changes in electrolyte concen-
tration. Transferred on a 16 pum-thick polyimide film sub-
strate, the sensor includes an LED emitting red light when
stimulated by infrared light. An external laser source with
a wavelength of about 810 nm excites the GaAs DJPD,
converting this energy into electrical power for driving the
InGaP LED and the OECT. Figure 15(d) shows the simulated
current-voltage curve of DJPD under an excitation intensity
of ~2 W cm~? alongside the operational states of the LED
and OECT connected in series. Notably, increasing Vg dims
the red light emission from the LED, as observed by a CMOS
camera (figure 15(e)). The correlation between optical output
and Vg, confirmed through both measurement and calcula-
tion (figure 15(f), determination coefficient of 0.99), demon-
strates high consistency. The PEDOT:PSS-based OECT struc-
ture facilitates rapid doping and undoping processes, rendering
the optical signal from the integrated sensor entirely revers-
ible under cyclic Vg applications, showcasing the potential
for optical voltage sensing. To evaluate the electrical sens-
ing capabilities, the team simulated an in vivo electrocar-
diogram (ECG) using synthetic waveforms generated by a
function generator. The input signal, ranging between 10 and
100 mV peak amplitude at a frequency of 1 Hz, is applied to
the gate. A fluorescence microscope monitored the changes in
light intensity emitted by the sensor, submerged in a 10 mM
NaCl solution with Ag/AgCl wires serving as gate electrodes
(figure 15(a)). The optical readings closely matched the input
voltage signals, as depicted by the 10 mV result (figure 15(g)).
However, accurately capturing ECG signals, typically below
1 mV, poses challenges due to fluctuations in light emis-
sion and the limited amplification capabilities of the OECT.
Further device geometry and optical configuration enhance-
ments could improve performance. Despite these challenges,
this prototype device demonstrates practical applications in
wirelessly detecting bioelectric signals. Future research should
focus on enhancing sensitivity for ECG recordings below
1 mV, reducing the sensor size for cellular recordings below
10 pm, and scaling up to high-sensitivity arrays of more
than 1000 channels. These advancements could significantly
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Figure 15. (a) Schematic diagram of optical recording of the
electrical signals with heterogeneously integrated, thin-film
optoelectronic device. (b) The circuit diagram (c) and optical image
of the device design, including an InGaP-based red LED and a
GaAs-based double junction photodiode (DJPD) connected to a
PEDOT:PSS based organic electrochemical transistor (OECT). (d)
Calculated current—voltage of the DJPD (red) with an excitation
power density of ~2 W cm™? at a wavelength of ~810 nm, as well
as combined red LED and OECT (black) under different input gate
voltages (V) ranging from 0 V to 0.6 V. (e) Microscopic images of
the red emission from the LED under Vg from 0 V to 0.6 V. (f)
Calculated (red line) and measured (black dots) upconversion
emission intensity as a function of V. (g) Measured luminescence
changes (red) from the LED structure in response to the synthesized
ECG signals (black) with a voltage of 10 mV. © (2023) IEEE.
Reprinted, with permission, from [121].

expand the biomedical applications of such devices. This
study presents new possibilities for integrating optoelectronic
semiconductor materials and structures, underscoring the
immense potential of heterogeneous integration in biomedical
sensing.

Thus, advancements in optoelectronic semiconductor tech-
nology have made significant progress in the field of biomed-
ical sensing. Researchers are integrating inorganic semicon-
ductors to accurately record biological signals optically and
developing sensor platforms like the MOTE and the OWIC to
push the boundaries of sensitivity, miniaturization, and wire-
less functionality. The combination of inorganic and organic

semiconductor devices shows promising potential for mon-
itoring bioelectric signals with unprecedented accuracy and
versatility [123, 124]. These breakthroughs highlight the cru-
cial role of semiconductor materials in advancing biomedical
research and healthcare applications. However, challenges,
including cytotoxicity [125-127], mechanical compatibility
[128-130], and signal amplification [99, 100, 131] remain
under investigation and improvement. With ongoing innov-
ation and interdisciplinary collaboration, the future holds
immense potential for enhancing the capabilities of optoelec-
tronic semiconductor sensors and expanding their applications
in biomedicine.

6. Conclusion

The optical recording of electrophysiological signals is
important in neuroscience research for imaging cellular
electrical activity. Table 1 summarizes recent representat-
ive advances in non-invasive monitoring optical electro-
physiology, each relying on different sensing mechanisms.
Electrochromic materials have a high SNR, rapid response
time, and can monitor neural electrical signals without labels.
Plasmonic technology provides high sensitivity and abund-
ant photon counts by modulating signals in response to local
changes in electrical potential. However, challenges such as
scattering particle noise and electro-optical effects need to
be addressed, along with further research on biocompatibil-
ity and safety. QD technology offers sensitivity and resol-
ution by leveraging the properties of QDs, there is still a
need to optimize the interaction between QDs and cell mem-
branes, as well as enhance biocompatibility. Optoelectronic
semiconductor methods have rapid response times, wireless
functionality, and integration potential, but toxicity, compatib-
ility with biological tissues, and signal amplification and pro-
cessing improvements are necessary. These techniques have
potential advantages in neuroscience, medical diagnostics, and
biological research, such as rapid response, high sensitivity,
label-free monitoring, and multifunctionality. However, they
also face common challenges, including biocompatibility, sig-
nal processing capability, and limitations in sensitivity and
resolution.

In the future, combining different optical recording tech-
niques may optimize voltage imaging performance. However,
implementing in vivo voltage imaging in the brain is chal-
lenging due to brain tissue scattering and weak intracellu-
lar signals being obscured by noise [132, 133]. Alternative
approaches show promise, like using long-wavelength infrared
illumination or near-infrared light detection with plasmonic
nanoparticles and ECORE. Additionally, integrating inorganic
semiconductors to enhance sensor performance and reduce
power consumption may expand the application of optical
recording of electrophysiological signals, improving control
and imaging of neuronal activity. In conclusion, interdis-
ciplinary collaboration and innovation are key to advancing
the optical recording of electrophysiological signals for new
insights into neural activity and developing diagnostic and
therapeutic approaches.
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Table 1. Recent advances in non-invasive optical recording electrophysiology.

Response  Spatial

Mechanism Methods Reading technique Biological specimen time resolution Detection limit  Year
ECORE Differential Rat 0.2 ms 334um 6.7 uV 2020 [39]
detection of hippo-campal
reflected light neuron/brain
slice,
Voltage-induced color HiPSC-derived
change in iCMs
electrochromic ox-PPE Absorption Escherichia 10s N/A 02V 2020 [52]
materials spectroscopy coli,
gram-positive
and
gram-negative
strains
Plasmons interact with Plasmonic Dark-field opto- ~ HiPSC-derived 0.2 ms 1 pm 2x 10> Vem™! 2019 [71]
light, changing their =~ nanoantenna electrochemical iCMs
physical properties analysis
QD—Peptide—  Confocal laser HeLa cells, 100 ms 1 pm 0.5mV 2017 [88]
fullerene scanning PC12 cells,
Quantum dot PL bioconjugates microscopy to primary cortical
response to record PL neurons
electrophysiological ~ Platform for Confocal laser Live Xenopus 50 ms 1 cm 0.25mVem™' 2019 [91]
signals monitoring P scanning laevis retinal
response of QDs microscopy to ganglion cell
record PL axons
MOTE Optical Mouse brain 100 ps 30 um N/A 2020 [107]
communication
Detection of tr.ansmlts EL
luminescence in signals
. . Heterogeneous  EL recording by  ECG signals 1 ms 10 pm 10 mV 2022 [123]
electrical signal . .
modulation device }ntegrat}on ﬂgorescence
inorganic and microscopy
organic
semiconductor
devices
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