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A B S T R A C T   

Membrane potential is an indispensable biophysical signal in neurobiology. Imaging neuronal electrical signals with fluorescent indicators allows for non-invasive 
recording at high spatial resolution. Over the past decades, both genetically encoded voltage indicators (GEVIs) and organic voltage sensing dyes (OVSDs) have been 
developed to achieve imaging membrane potential dynamics in cultured neurons and in vivo. More recently, hybrid voltage indicators have gained increasing 
attention due to their superior fluorescent quantum yield and photostability as compared to conventional GEVIs. In this mini-review, we summarize the design, 
characterization and biological applications of hybrid voltage indicators, and discuss future improvements.   

1. Introduction 

Membrane potential is a ubiquitous biophysical property in cell 
biology. In excitable cells, such as neurons, membrane potential is 
intricately regulated to achieve long distance electrical signaling: a 
neuron integrates its excitatory and inhibitory synaptic inputs into all- 
or-none action potential (AP) spikes. Conventionally, membrane po
tentials could be measured by electrode-based techniques, including 
whole-cell patch clamp and extracellular recording. While patch clamp 
has remained as the gold standard for electrophysiology owing to its sub- 
millivolt sensitivity and sub-millisecond temporal resolution, it never
theless suffers from high invasiveness, lack of sufficient spatial resolu
tion and limited multiplicity in terms of simultaneously recording from a 
large number of neurons (Lazzari-Dean et al., 2021). The development 
of microelectrode probes such as ultrathin CMOS array has dramatically 
increased measurement throughput by at least three orders of magni
tude (Shahrjerdi and Bedell, 2013). For instance, Neuropixels 2.0 probe 
offers more than 5000 recording sites along four narrow shanks (~1 cm 
per shank) (Steinmetz et al., 2021). However, as with other extracellular 
recording techniques, microelectrode arrays often provide only spike 
timing information but fail to report sub-threshold voltage changes. 

Voltage imaging in neurons offers another exciting avenue for 
measuring membrane potential dynamics with high spatial and 

temporal resolutions. For this purpose, organic voltage sensitive dyes 
(OVSDs) have been synthesized to visualize AP spikes in cultured neu
rons, brain slices and in vivo (Miller, 2016). A major drawback of OVSDs 
is their high lipophilicity, which hinders cell-specific targeting and 
causes high fluorescence background in the tissue. Genetically encoded 
voltage indicators (GEVIs) can be expressed in specified cell types and 
even subcellular compartments, thus substantially reducing background 
staining in a dense cell population (Adam et al., 2019). However, the 
photophysics of fluorescent proteins (FPs) in GEVIs are often inferior to 
synthetic dyes, in terms of both molecular brightness and photo
bleaching rate (Lavis and Raines, 2008; Wang et al., 2018). To overcome 
the above limitations, several hybrid strategies have been developed to 
combine the advantages of genetic expression with the remarkable 
photophysical properties of synthetic dyes (Fig. 1). Depending on their 
structures and design principles, existing hybrid voltage sensors could 
be broadly divided into two classes: protein-targeted OVSDs to achieve 
cell-specific labeling, and dye-modified GEVIs to improve the photo
physics of fluorescence reporters. In this mini-review, we discuss the 
design, characterization and biological applications of these hybrid 
indicators. 
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2. OVSD-derived hybrid voltage sensors 

Depending on their voltage-sensing mechanisms, OVSDs typically 
fall into four categories: solvatochromic dyes, electrochromic dyes, 
voltage-dependent redistribution dyes, and photoinduced electron 
transfer (PeT) dyes (Miller, 2016; Kulkarni and Miller, 2017). Hybrid 
strategies have been applied to each category to overcome indiscrim
inative staining. 

2.1. Solvatochromic dyes 

A solvatochromic dye is characterized by exhibiting enhanced fluo
rescence emission when entering less polar solvent. Such environment- 
sensitive fluorescence enhancement could be also observed when the 
dye is partitioned into the hydrophobic cellular membrane, as exem
plified by Merocyanine 540 (Fig. 2A), which was developed by Cohen 
and co-workers in the 1970s. Upon membrane depolarization, the 
negatively charged Merocyanine 540 accumulates in cell membrane due 
to electrostatic interactions and emits more intensely. As one of the 
earliest OVSDs, Merocyanine 540 could report APs in a giant axon of 
squid with ΔF/F0 of 0.1% (Davila et al., 1973). Since then, a broad 
palette of OVSDs have been developed (Sundukova et al., 2019; Yan 
et al., 2012). 

Nile Red (Fig. 2A) is another solvatochromic dye that exhibits a 
voltage sensitivity of − 5.1% ΔF/F0 per 100 mV. To achieve cell-specific 
targeting, Nile Red is conjugated with coenzyme A, which can be con
jugated with a GPI-anchored 8 kDa protein, acyl carrier protein (ACP)- 
tag (Fig. 2B). The resulting hybrid sensor, termed STeVI1 (semisynthetic 
tethered voltage indicator 1), could report APs in targeted neurons with 
a sensitivity of − 2.2% ΔF/F0 per AP (Table 1) (Sundukova et al., 2019). 

2.2. Electrochromic dyes 

Membrane-embedded electrochromic dyes respond to membrane 
potential changes through Stark effect, in which the interaction between 
the dye molecule’s electric dipole and external electric field shifts the 
energy levels of its electronic ground state and excited state. Conse
quently, the absorption and emission spectra of an electrochromic dye 
would quickly respond to changes in the membrane potential, typically 
with a spectral shift of less than 10 nm. For instance, the electrochromic 
hemicyanine dye, di-4-ANEPPS (Fig. 2A), has a sensitivity of − 10% ΔF/ 
F0 per 100 mV at 610 nm (Fluhler et al., 1985). 

Genetic targeting of electrochromic dyes has been achieved with 
enzymatic activation. For example, di-4-ANEPPS was modified with two 
phosphonooxymethyl-ammonium zwitterions. This OVSD precursor 
could not insert into the cell membrane until being dephosphorylated by 
a phosphatase displayed on the cell surface (Fig. 2B). The activated di-4- 
ANEPPS is voltage sensitive (− 10% ΔF/F0 per 100 mV), but has not 
been shown to report AP in neurons (Table 1) (Ng and Fromherz, 2011). 
Since the dynamic range of electrochromic dyes are dependent on the 

imaging wavelength, it is often important to carefully choose the 
bandwidth of emission filters to maximize the detection sensitivity. 
Detecting near the edge of the spectra yields much higher sensitivity 
than detecting near the peak. 

2.3. Voltage-dependent redistribution dyes 

Voltage-dependent redistribution dyes are cell membrane- 
embedded, negatively charged lipophilic molecules, which translocate 
between the inner and outer leaflets of the lipid bilayer in response to 
changes in the membrane potential. These dyes could act as fluorescence 
quenchers and are often paired with a membrane anchored fluorescence 
donor to achieve voltage-dependent modulation of Förster resonance 
energy transfer (FRET) quenching efficiency. For example, Tsien and co- 
workers used a phospholipid-modified coumarin as the donor and a 
membrane-embedded oxonol as the acceptor to develop a voltage sensor 
with a sensitivity of 50% ΔF/F0 per 100 mV (Gonzalez and Tsien, 1997). 
Similarly, the lipophilic anion quencher dipicrylamine (DPA) was paired 
with the membrane-targeted fluorophore DiO to achieve a voltage 
sensitivity of − 56 ± 3% ΔF/F0 per 100 mV (Bradley et al., 2009). 

To achieve cell-specific targeting, the synthetic fluorescence donor 
(e.g. DiO) was replaced with genetically targetable FPs (e.g. membrane- 
localized EGFP) (Chanda et al., 2005). Using farnesylated EGFP as the 
donor and DPA as the acceptor (Fig. 2B), the resulting hybrid voltage 
sensor (hVOS) could detect voltage signals from cultured neurons with a 
sensitivity of − 4.2% ΔF/F0 per AP (Table 1) (Chanda et al., 2005) 
Through a combination of FP engineering, linker optimization and 
membrane targeting motif screening, an improved version (hVoS 2.0) 
was developed to achieve a sensitivity of − 10% ΔF/F0 per AP in 
cultured neurons (Fig. 2C and Table 1) (Wang et al., 2010). In 2017, 
hVoS 2.0 was applied to voltage imaging in mouse brain slices, where it 
reported AP waveforms from distinct neuronal subtypes and captured 
the differences in response latencies from neighboring neuronal pop
ulations. Such information could be helpful to identify the connectivity 
within the neural network. At the subcellular level, voltage imaging with 
hVoS 2.0 offers sufficient spatial-temporal resolution to reveal the 
propagation of AP across cellular compartments (Bayguinov et al., 
2017). 

A common drawback of voltage-dependent redistribution strategy is 
its slow response kinetics, owing to the required migration of molecules 
inside the membrane. Besides, the charged quenching group embedded 
within the membrane will increase cell membrane capacitance, which 
often results in the decreased neuronal excitability. This perturbation on 
neuronal electrophysiology is particularly evident for DPA, whose con
centration has to be carefully controlled to not exceed 3 μM (Sjulson and 
Miesenbock, 2008). Recently, an azo-benzene dye quencher, termed 
Disperse Orange3 (D3), was identified as being less toxic in cells and 
acute brain slices (Alich et al., 2021). D3 replaced DPA as the quencher 
for membrane-anchored EGFP (GPI-EGFP), and the resulting dqGEVI 
(dark quencher GEVI) could detect neuronal APs with − 5.0% ΔF/F0 

Fig. 1. Scheme of basic strategies for “processing” an OVSD or a GEVI into a hybrid “product” with cell specificity and remarkable photophysical properties.  
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(Table 1) (Alich et al., 2021). 

2.4. Photoinduced electron transfer (PeT) dyes 

A PeT dye consists of a fluorescence reporter (e.g. fluorescein), an 
electron donor (e.g. aniline), and a molecular wire (e.g. alternating 
single and double bonds) connecting the two moieties. When added to 
cells, the hydrophobic molecular wire and electron donor are embedded 
into the cell membrane, while the negatively charged fluorescence re
porter is localized at the outer leaflet of the lipid bilayer. When the 

fluorophore is excited with light illumination, electronic transition 
would leave a vacant orbital in the ground state, which is then rapidly 
occupied by an electron that travels through the molecular wire from the 
aniline moiety. When this photo-induced electron transfer (PeT) process 
occurs, the electronic ground state becomes fully occupied, thereby 
decreasing fluorescence emission by preventing electronic transition 
from the excited state. At resting membrane potential, the trans
membrane electric field favors the movement of electrons towards the 
fluorophore, thus decreasing the fluorescence quantum yield. When the 
cell is depolarized, the electric field weakens PeT effect and increases the 

Fig. 2. OVSD-derived hybrid voltage sensors. (A) Chemical structures of representative organic voltage sensitive dyes (OVSDs): Merocyanine 540 (Davila et al., 
1973), Nile Red (Sundukova et al., 2019), and Di-4-ANEPPS (Fluhler et al., 1985). (B) Voltage sensing mechanisms of OVSD-derived hybrid sensors. From left to 
right: a hybrid solvatochromic dye is conjugated with coenzyme A, which is recognized by the acyl carrier protein (ACP)-tag (Sundukova et al., 2019); a hybrid 
electrochromic dye precursor is locally uncaged by cell membrane-targeted phosphatase; a hybrid voltage-dependent redistribution dye usually acts as a dark 
quencher, whose distribution within the cell membrane is regulated by membrane potentials, thus modulating the quenching efficiency of the targeted FP; a hybrid 
photoinduced electron transfer (PeT) dye is derivatized with a HaloTag ligand, which could be covalently linked to cell membrane-targeted HaloTag. Photoinduced 
electron transfer through the molecular wire is modulated by the direction and intensity of the transmembrane electric field. (C) hVoS 2.0 reports action potential in 
cultured neurons (Wang et al., 2010). (D) A maximum projection of z-stack imaged for RhoVR with two photo microscopy, voltage imaging for spike train in a mouse 
cortical brain slice (Deal et al., 2020). 

Table 1 
Summary of existing voltage indicators.  

Name Voltage sensing 
mechanism 

Sensitivity ΔF/F0 

(%) 
SNR Illum. 

intensity 
(W/cm2) 

Camera 
frame rate 
(Hz) 

Response 
kinetics (ms) 

Em. 
peak 
(nm) 

Ext. coeff. 
ε (M-1cm- 

1) 

Q. 
Y.bФ 

R.B.c Ref. 

100 mV APa APa τon τoff 

STeVI1 Salvatochromic -4.9 -2.2 16.2 1.2 770 1.9 1.9  581 38,000 0.7 0.793 (Fluhler et al., 
1985) 

di-4-ANEPPS 
precursor 

Electrochromismd -10.1 N.A. N.A. N.A. 40 N.A. N.A.  632 N.A. n.d n.d (Ng and 
Fromherz, 
2011) 

hVOS VDRDe -5 to 
− 34 

-4.2 N.A. N.A. N.A. 0.53 N.A.  507 55,900 0.6 1.000 (Chanda 
et al., 2005) 

hVoS 2.0 VDRDe -20 -10 N.A. N.A. 2000 < 0.5 < 0.5  475 43,000 0.62 0.795 (Wang et al., 
2010) 

dqGEVI VDRDe -6.6 -5.0 18 0.43 1080/ 
2225 

N.A. N.A.  507 55,900 0.6 1.000 (Alich et al., 
2021) 

VF-EX 2 PeT dye 21 7.3 20 N.A. 500 < 1 < 1  540 98,000 0.013 0.038 (Liu et al., 
2017) 

carboVF-EX 1 PeT dye 18 8.4 12 N.A. 500 < 1 < 1  593 N.A. 0.001 n.d (Ortiz et al., 
2019) 

VoltageSpy 22 
(PEG35) 

PeT dye 12.7 9.7 7.7 0.8 1000 < 1 < 1  546 N.A. 0.087 n.d (Grenier 
et al., 2019) 

RhoVR1- 
PEG25-Halo 

PeT dye 34 11.1 16.5 1.73–9.73 500 < 1 < 1  585 74,000 0.05 0.110 (Deal et al., 
2020) 

isoBeRST- 
Halo 7 

PeT dye 21 10 15 1.94 500 < 1 < 1  677 N.A. 0.042 0.094 (Ortiz et al., 
2020) 

VSD-HaloTag- 
TMR 

VSD -2 N.A. N.A. N.A. N.A. slow slow  574 92,000 0.1 0.274 (Tsutsui et al., 
2013) 

HArcLight635 VSD -3.5 -3 N.A. N.A. 400 2.2 1.6  656 81,000 0.75 1.811 (Deo et al., 
2021) 

HASAP635 VSD 9.3 5 N.A. N.A. 400 2.1 1.1  656 81,000 0.75 1.811 (Deo et al., 
2021) 

Voltron525 Rhodopsin -23 -13.5 5f 0.5–2.5 400 0.64 0.78  553 83,600 0.87 2.169 (Abdelfattah 
et al., 2019) 

AceD81S- 
HaloTagTMR 

Rhodopsin -19.1 -8.9 11.9 5 484 N.A. N.A.  574 92,000 0.1 0.274 (Xu et al., 
2019) 

Positron525 Rhodopsin 20 13 5f 1.8–6.0 400 0.63 0.64  553 83,600 0.87 2.169 (Abdelfattah 
et al., 2020) 

Flare1-Cy3 Rhodopsin -35.9 N.A. n.d 2.4 484 0.92 1.41  569 150,000 0.1 0.447 (Xu et al., 
2018) 

HVI-Cy3 Rhodopsin -39.1 -25.3 91.3 2.0–4.9 484 1.7 2.5  569 150,000 0.1 0.447 (Liu et al., 
2021) 

HVI-Cy5 Rhodopsin -19.6 -12.8 26.1 0.2–1.2 484 1.87 3.09  670 271,000 0.28 2.262 (Liu et al., 
2021) 

N.A. not available. 
a Measured in cultured neurons; 
b Quantum yield; 
c Relative brightness, calculated as the product of extinction coefficient and quantum yield, normalized to the brightness of EGFP; 
d Measured with 525/30 nm excitation filter and a long-pass emission filter (610 nm); 
e Voltage-dependent redistribution dye; 
f Measured in vivo. 
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brightness of the fluorophore (Fig. 2B). The longer the molecular wire 
and the better it aligns with the transmembrane electric field, the higher 
voltage sensitivity (Kulkarni and Miller, 2017). Since the time scale by 
which PeT occurs is far shorter than the nanosecond-scale fluorescence 
lifetime, PeT OVSDs has fast voltage sensing kinetics. 

The first generation of PeT OVSD, VoltageFluor2.1. Cl (VF2.1. Cl), 
was designed by Miller and co-workers. VF2.1. Cl emits yellow fluo
rescence with a linear response to voltage changes at a sensitivity of 27% 
ΔF/F0 per 100 mV, while no significant changes on neuronal electro
physiology was observed (Miller et al., 2012). Since then, Miller and 
co-workers have created a series of VF dyes that span the spectrum from 
green to near-infrared (Woodford et al., 2015; Deal et al., 2016; Huang 
et al., 2015). Meanwhile, hybrid voltage sensors based on VF dyes were 
also developed. VF-EX (Voltage-Fluor targeted by esterase expression) 
uses an enzymatic uncaging strategy to allow voltage imaging in defined 
neurons (Liu et al., 2017). Initially protected in the form of an acetox
ymethyl ether, fluorescence emission from VF-EX is blocked. When the 
VF-EX precursor is incubated with neurons expressing porcine liver 
esterase on the cell membrane, the protecting group is removed, thus 
locally restoring fluorescence. VF-EX 2 exhibits a sensitivity of 
21 ± 0.3% ΔF/F0 per 100 mV in targeted cells (Table 1). 

The enzymatic decaging strategy could be extended to other PeT 
dyes. For incidence, carboVF-EX was developed by replacing the fluo
rescein reporter with carbofluorescein (e.g. carboVF2.1(OMe). Cl). The 
resulting carboVF-EX 1 has an emission peak of 593 nm, which is 
~50 nm red-shifted relative to fluorescein. CarboVF-EX 1 reports AP 
with a sensitivity of 8.4% ΔF/F0 (Table 1), which is higher than VF-EX 2 
but lower than carboVF2.1(OMe). Cl itself (14 ± 1% ΔF/F0 per AP). It is 
likely that background staining of carboVF-EX 1 has reduced its voltage 
sensitivity (Ortiz et al., 2019). 

An alternative strategy is to target VF dyes with self-labeling protein 
tags. VoltageSpy is a sarcosine modified VF dye conjugated with a 13- 
amino-acid peptide SpyTag, which specifically reacts with cell 
membrane-localized SpyCatcher to form an isopeptide linkage (Zakeri 
et al., 2012). Through spacer optimization, VoltageSpy 22 (PEG35) could 
detect evoked APs with a sensitivity of 9.7% ΔF/F0 per AP (Table 1) and 
has been used to image subcellular (e.g. axons and dendrites) voltage 
dynamics in cultured neurons (Grenier et al., 2019). Similarly, 
RhoVR-Halos was developed by conjugating RhoVR (Deal et al., 2016) 
(Rhodamine-based Voltage Reporters) with HaloTag (Los et al., 2008) 
ligand, which specifically reacts with cell membrane-localized HaloTag. 
RhoVR1-PEG25-Halo exhibits a sensitivity of 11.1% ΔF/F0 per AP in 
cultured neurons (Table 1). Furthermore, RhoVR1-PEG25-Halo was 
applied to image in cortical layer 2/3 of mouse brain slices under 
860 nm two-photon illumination and showed a sensitivity of 4.3% per 
AP (Deal et al., 2020) (Fig. 2D). Recently, the HaloTag method has been 
extended to BeRST 1 (Berkeley Red Sensor of Transmembrane potential 
1), a silicon-rhodamine-based voltage sensor that emits in the far-red 
(> 650 nm) spectrum. The resulting isoBeRST-Halo 7 has a voltage 
sensitivity of 10% ΔF/F0 per AP in cultured neurons (Table 1) and 3.3% 
ΔF/F0 per AP in mouse brain slices (Ortiz et al., 2020). 

3. GEVI-derived hybrid voltage sensors 

Genetically encoded voltage indicators (GEVIs) can be readily tar
geted to specified neurons, but their photophysical properties are 
generally inferior to synthetic dyes. Voltage sensitivity of GEVIs arise 

from either voltage-driven conformational changes in the voltage- 
sensitive domain (VSD) (Jin et al., 2012; St-Pierre et al., 2014; Villette 
et al., 2019) or the voltage-dependent chemical equilibrium of microbial 
rhodopsins (Xu et al., 2019; Hochbaum et al., 2014; Gong et al., 2015; 
Zou et al., 2014; Piatkevich et al., 2019; Kannan et al., 2018). 

3.1. VSD-based GEVIs 

The VSD of voltage-sensing phosphatase from Ciona intestinalis (Ci- 
VSD) contains four transmembrane helices, designated as S1 to S4. Due 
to the presence of positively charged amino acid residues, the S4 helix 
would shift its position in response to changes in the transmembrane 
electric field, thus causing conformational changes in the VSD. This 
structural feature has been leveraged to construct a series of GEVIs by 
fusing FPs to N- or C-terminus of VSD. For example, as a CiVSD-super 
ecliptic pHluorin fusion, ArcLight exhibits high sensitivity (~35% ΔF/ 
F0 per 100 mV) but suffers from slow kinetics (response time constant 
τ = ~10 ms) (Jin et al., 2012). Voltage-induced conformational change 
of VSD could also be harnessed by inserting an engineered fluorescent 
protein to the loop connecting S3 and S4. In 2014, a circularly permuted 
GFP (cpGFP) was inserted to the VSD from chicken voltage sensitive 
phosphatase to create a faster voltage indicator, termed ASAP1 (Accel
erated Sensor of Action Potentials 1). The latest version, ASAP3 has 
achieved a voltage sensitivity of − 51 ± 1% ΔF/F0 per 100 mV and has 
been applied to report subthreshold potentials and spontaneous APs in 
anesthetic mice under two-photon microscopy (Villette et al., 2019). 

To further enhance the brightness and photostability of VSD-based 
GEVIs, the FP was replaced by HaloTag (Fig. 3A). Initial effort that 
used tetramethylrhodamine (TMR) to label HaloTag fused to the C- or N- 
terminus of CiVSD achieved a modest sensitivity of − 2% ΔF/F0 per 
100 mV (Table 1) (Tsutsui et al., 2013). The dynamic range could be 
greatly enhanced by using dyes that are more sensitive to the chemical 
environment of HaloTag. For example, the lactone-zwitterionic (L-Z) 
equilibrium of Janelia Fluor 635 (JF635) dye is affected by electrostatic 
interactions and local hydrophobicity. When the dye is tethered to 
HaloTag fused to the C-terminus of CiVSD, voltage-induced conforma
tional changes in the VSD would perturb the local environment of JF635 
and alters its absorption spectrum by shifting the L-Z equilibrium. This 
hybrid sensor, called HArcLight, showed − 3.5 ± 0.2% ΔF/F0 sensitivity 
per 100 mV and fast response for reporting APs (− 3% ΔF/F0 per AP) in 
cultured rat hippocampal neurons (Table 1) (Deo et al., 2021). Similarly, 
HASAP1 was developed by replacing the cpGFP in ASAP1 with a 
circularly permutated HaloTag (cpHaloTag) (Fig. 3B) (Deo et al., 2021). 
HASAP1 exhibits a sensitivity of 5% ΔF/F0 per AP in cultured rat hip
pocampal neurons (Table 1). 

3.2. Rhodopsin-based GEVIs 

Microbial rhodopsins have been widely used as optogenetic actua
tors, including photo-sensitive channels and pumps (Zhang et al., 2011). 
In 2011, Cohen and co-workers reported the first voltage-sensing phe
nomenon in the proton-pumping proteorhodopsin mutant, named 
PROPS, which they used to investigate electrical spiking in E. coli (Kralj 
et al., 2011). Since this seminal work, more proton-pumping rhodopsins 
have been developed into GEVIs, including Arch, QuasAr series (Adam 
et al., 2019; Hochbaum et al., 2014), Archer series (Flytzanis et al., 
2014), and Archon series (Piatkevich et al., 2019, 2018). These 

Fig. 3. GEVI-derived hybrid voltage sensors. (A) Voltage sensing mechanisms of GEVI-derived hybrid sensors. From left to right: 1) VSD-based hybrid voltage 
sensors. Voltage dependent conformational change in the VSD perturbs the chemical environment of the HaloTag-targeted fluorophore, thereby changing its 
fluorescence emission intensity. 2) Rhodopsin-based hybrid voltage sensor. A fluorescence donor is appended to the rhodopsin quencher through either HaloTag or 
PRIME. As membrane potential changes, electrochromic effect in the rhodopsin modulates the FRET quenching efficiency, thus changing the fluorophore emission. 
(B) Near-infrared sensor, HASAP1 indicated action potentials in a cultured neuron (Deo et al., 2021). (C) Voltron-JF525 was used to long-term monitor the activity of 
hippocampus PV neurons (Abdelfattah et al., 2019). (D) A voltage sensor with positive-going fluorescence response, Positron indicated action potentials in a zebrafish 
(Abdelfattah et al., 2020). (E) Another Near-infrared sensor, HVI-Cy5 indicated action potentials in a cultured neuron, and co-image with a red-shifted calcium sensor 
(Liu et al., 2021). 
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rhodopsin-based GEVIs all used the native near infra-red fluorescence of 
the retinal chromophore that is covalently linked to the protein back
bone through a Schiff base. Voltage sensitivity arises from electro
chromic effect, in which transmembrane electric field perturbs the 
reversible protonation/deprotonation chemical equilibrium of the Schiff 
base, thus affecting the absorption spectrum of the retinal. 

Rhodopsin-based GEVIs are characterized with far-red emission 
spectra and remarkable sensitivity and response kinetics. For example, 
QuasAr2 has sub-millisecond response kinetics and excellent sensitivity 
(90% ΔF/F0 per 100 mV and 48% per AP) (Hochbaum et al., 2014). 
However, a common drawback of rhodopsin-based GEVIs is their weak 
fluorescence, which typically requires intense laser illumination at 
> 100 W/cm2, more than two orders of magnitude higher than 
GFP-based indicators (Zou et al., 2014). It is important to note that SNR 
not only reflects the sensitivity of indicators, but also depends on their 
expression level and membrane trafficking. Recently, a combination of 
protein engineering and screening has improved the signal-to-noise ratio 
(SNR) and molecular brightness of rhodopsin-based GEVIs. For example, 
the photo-activatable variant of QuasAr2 (i.e. voltage-dependent fluo
rescence is enhanced by blue light), paQuasAr3 has a voltage sensitivity 
of ~40% ΔF/F0 per AP, which is somewhat lower than QuasAr2. Yet, its 
improved membrane trafficking and expression level compared to 
QuasAr2, and 2-fold enhanced brightness after photoactivation 
compared to QuasAr3, have more than offset the loss in dynamic range, 
ultimately leading to higher SNR (21 ± 12) for APs in brain slices than 
QuasAr2 (SNR = 16.5). paQuasAr3 has been used to detect APs and 
subthreshold potential changes in the olfactory bulb and hippocampal 
neurons in behaving mice (Adam et al., 2019). Soma-localized Archon1 
(approximately 2-fold brighter than QuasAr2) (Piatkevich et al., 2018), 
or SomArchon also successfully reported APs with good SNR (5–15) in 
the cortex, striatum and hippocampus of awake mice (Piatkevich et al., 
2019). 

To further enhance molecular brightness, FPs were fused to voltage- 
sensing rhodopsins as fluorescence reporters. Due the spectral overlap 
between the FP emission and rhodopsin absorption, electrochromic shift 
in the rhodopsin absorption spectrum would alter the FRET quenching 
efficiency between the FP donor and the retinal acceptor. Following this 
electrochromic FRET (eFRET) strategy, FPs have been fused to QuasAr2 
(Zou et al., 2014), Mac (Gong et al., 2014), and Ace2 (Gong et al., 2015) 
rhodopsin mutants to create a palette of bright GEVIs. For example, 
Ace2N-mNeon (Gong et al., 2015), a fusion between mNeonGreen and 
Ace2 rhodopsin from Acetabularia acetabulum, has a sensitivity of − 18% 
ΔF/F0 per 100 mV, and has been applied to voltage imaging in awake 
mice and fruit flies (Gong et al., 2015). More recently, red-shifted var
iants have been created by fusing mOrange2 or mRuby3/4 to Ace2 
(D81S) mutant (Xu et al., 2019; Kannan et al., 2018). The Ace2 
(D81S)-mRuby3 fusion, VARNAM, could report membrane potential in 
freely moving mice (Kannan et al., 2018). The Ace2(D81S)-mOrange2 
fusion has ~50% higher voltage sensitivity (− 25.9% ΔF/F0 per 
100 mV) than Ace2N-mNeon, due to better spectral overlap (Xu et al., 
2019). 

While rhodopsin-FP fusions have the advantage of being readily 
targetable to specified cell subtypes, FPs have several inherent limita
tions as fluorescence reporters. FPs are typically less bright than syn
thetic fluorophore and more prone to photobleaching. Their 
fluorescence emission spectra are often limited to green and red, 
whereas many far-red and even infra-red dyes are commercially avail
able. To overcome the above limitations of rhodopsin-FP GEVIs, hybrid 
chemigenetic indicators were created by using organic dyes with higher 
photostability and brightness as reporters instead of FPs. This strategy 
requires highly biocompatible and site-specific protein conjugation 
techniques to create the desired rhodopsin-dye linkage. Voltron 
(Abdelfattah et al., 2019) was created by fusing Ace2 rhodopsin mutant 
with HaloTag, which subsequently binds to its cognate ligand conju
gated with a fluorophore (Fig. 3A) (Los et al., 2008). Recently developed 
Janelia Fluor dyes (Grimm et al., 2017) could pass through the blood 

brain barrier, thus enabling voltage imaging in vivo. The high photo
stability of JF525, for example, has allowed Voltron to continuously 
report membrane potential dynamics in L1 neurons in the visual cortex 
for 15 min, with good SNR (4–5) at low illumination power density 
(0.3–2 W/cm2) (Fig. 3C and Table 1) (Abdelfattah et al., 2019). This 
strategy could be readily extended to other self-labeling protein tags, 
including SNAP-tag (Xu et al., 2019). Further engineering of Ace2 
rhodopsin, with a particular focus on the proton-pumping pathway, has 
led to the development of hybrid sensors with ~50% improved sensi
tivity (i.e. Ace(D81S)-HaloTagTMR (Xu et al., 2019)) or positive-going 
fluorescence response with a sensitivity of 13% ΔF/F0 per AP (i.e. 
Positron525 (Abdelfattah et al., 2020)) (Fig. 3D and Table 1). Together, 
these hybrid eFRET sensors have substantially improved brightness 
compared to their rhodopsin-FP GEVI counterparts, yet their voltage 
sensitivities are similarly low in terms of ΔF/F0, which are typically less 
than 15% for reporting a single neuronal action potential (Xu et al., 
2018). According to the eFRET theory, voltage sensitivity is linearly 
proportional to the baseline FRET efficiency, which is influenced by the 
spectral overlap, dipole orientation and donor-acceptor distance. In the 
cases of both rhodopsin-FP GEVIs and rhodopsin-HaloTag chemigenetic 
indicators, the C-terminally fused bulky protein tags (e.g. FP ~28 kDa 
(Zou et al., 2014), HaloTag ~34 kDa (Los et al., 2008)) has prevented 
close contact between the fluorophore donor and the retinal located at 
the core of the rhodopsin, thus limiting the FRET efficiency. A 
back-of-the-envelope calculation suggests that, in the shot noise-limited 
regime, SNR is highest when the baseline FRET efficiency reaches 67%, 
whereas most FP-based eFRET GEVIs have their baseline FRET effi
ciencies below 20%. Interested readers are referred to the Supplemen
tary Discussion of reference (Xu et al., 2018). 

To improve the FRET efficiency and hence voltage sensitivity, it is 
important to shorten the distance between retinal and fluorescent re
porter. One strategy is to replace bulky protein tags with small peptide 
tags, which are site-specifically derivatized with chemical fluorophores 
with small molecular size. This strategy has been implemented in Flare1 
(fluorophore ligation-assisted rhodopsin eFRET indicator 1), which 
utilized PRIME (probe-incorporation mediated by enzyme) and bio
orthogonal reaction to construct hybrid voltage indicators (Fig. 3A) (Liu 
et al., 2012). Site-specific labeling is achieved in two steps: first, a bio
orthogonal functional group handle (i.e. picolylazide) is enzymatically 
ligated to a 13-amino acid peptide (LAP peptide) inserted to the extra
cellular loop of engineered Ace2 rhodopsin mutant; then, an 
alkyne-functionalized fluorophore is introduced to the LAP peptide via 
copper-assisted alkyne-azide cycloaddition (CuAAC) reaction. Insertion 
of a short peptide rather than a well-folded protein to an internal loop 
could minimize the unwanted perturbation of membrane protein folding 
and trafficking. Flare1-Cy3 showed a sensitivity of − 35.9% ΔF/F0 per 
100 mV (Table 1) and was applied to optically map the gap 
junction-mediated electrical conduction over hundreds of micrometers 
in HEK293T cells (Xu et al., 2018). By replacing the neural toxic CuAAC 
reaction with the more biocompatible Diels-Alder reaction and by 
adopting an Ace2(D81C) mutant with higher sensitivity and red-shifted 
spectrum, an improved version of hybrid voltage indicator (HVI) was 
created. HVI achieved high dynamic range (ΔF/F0 = − 25.3% per AP for 
HVI-Cy3), especially in the far-red spectrum (ΔF/F0 = − 12.8% per AP 
for HVI-Cy5) (Table 1). HVI-Cy5 could be paired with optogenetic ac
tuators and green/red-emitting fluorescent indicators, allowing multi
plexed imaging and all-optical electrophysiology in cultured neurons 
(Fig. 3E) (Liu et al., 2021). 

4. Summary 

In this mini-review, we briefly summarized the history of hybrid 
voltage sensor development, focusing on the voltage sensing mechanism 
and the structural design. From the mechanistic point of view, hybrid 
sensors are created either by conjugating organic voltage-sensing dyes 
(OVSDs) to protein scaffolds or by modifying genetically encoded 
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voltage indicators (GEVIs) with dye reporters. In OVSD-derived hybrid 
indicators, the dye itself is both the voltage sensor and the fluorescence 
reporter, while the protein scaffold functions as a cell-specific anchor. 
To achieve high voltage sensitivity and high SNR, one has to battle 
against undesired non-discriminative staining in the sample, as any off- 
target fluorophore would contribute to the background and noise, thus 
corroding the sensitivity and SNR. In comparison, GEVI-derived hybrid 
indicators are more modular in design: the membrane protein scaffold 
senses the transmembrane electric field, while the synthetic dye acts 
merely as the fluorescence reporter. There must exist a transmission 
mechanism that harnesses voltage-dependent conformational changes 
(i.e. in VSDs) or chemical equilibrium shifts (i.e. in rhodopsins) to drive 
changes in fluorescence emission intensities. Therefore, optimizing the 
transmission efficiency is of paramount importance for GEVI-derived 
hybrid indicators. 

From the structural point of view, most hybrid sensors (with the 
exception of hVOS series) are characterized by the covalent linkage 
between a protein scaffold and a synthetic dye molecule. At the core of 
this design is the highly biocompatible chemical ligation reaction that 
occurs in the context of live neurons or brain tissues. Over the past de
cades, efforts in the chemical biology community have created an 
arsenal of bioorthogonal reactions (e.g. inverse electron demand Diels- 
Alder reaction), engineered enzymes (e.g. bacterial lipoate protein 
ligase, porcine liver esterase), and self-labeling protein tags (e.g. Hal
oTag, SpyCatcher). These tools offer the site-specific precision and fast 
reaction kinetics that are indispensable for constructing hybrid sensors. 
Future development of hybrid voltage sensors would continue to benefit 
from the ever-expanding toolbox of ligation methods, including smaller 
and more efficient self-labeling protein tags, evolved and/or computa
tionally designed enzymes, and newly discovered bioorthogonal 
reactions. 

Two challenges exist for future development of hybrid indicators. 
One is reagent delivery into the mammalian brain for in vivo imaging. In 
this respect, several HaloTag ligand-conjugated JF dyes have the 
advantage of being able to cross blood-brain barrier, so that when 
injected into orbital sinus, they could reach their HaloTag targets in the 
brain (Abdelfattah et al., 2019; Grimm et al., 2017). In comparison, 
HVI-Cy5 requires exogenous addition of a 37 kDa enzyme which could 
not be delivered in the same way as the JF dyes. Another challenge is the 
internalization of transmembrane protein scaffolds, which determines 
the duration of time in which the fluorescence label remains on the cell 
surface. Unlike GEVIs which are continually delivered to the plasma 
membrane through secretory pathway, hybrid indicators are assembled 
in situ during a short time window, after which they are slowly yet 
inevitably turned over due to endocytosis. 

The other challenge is phototoxicity that is often associated with 
synthetic dyes. Phototoxicity typically arises from photochemical pro
cesses that lead to the production of reactive oxygen species (ROS), 
which oxidizes and inactivates neighboring biomolecules. This is exac
erbated by a starvation for photons during kilo-Hertz voltage imaging, 
which necessitates high illumination power to achieve high SNR. Fluo
rophores with less phototoxicity are highly sought after. Recently 
developed Janelia Fluor dye series, such as JF549 and JF525, are bright 
and require lower illumination intensity (Gong et al., 2014). Imaging 
with far red fluorophores (e.g. HTL-JF635 and cy5 was used well with 
HASAP1 and HVI) are also advantageous as their long excitation 
wavelengths are not matched to the excitation peak of riboflavin mol
ecules (peak = 443 and 353 nm), which are native photosensitizers in 
the cellular environment. Therefore, hybrid voltage sensors would 
greatly benefit from the development of fluorophores with higher 
extinction coefficients, higher quantum yields, better photo-stability 
and more red-shifted spectra, all of which would contribute to 
achieving higher SNR with lower illumination power, thus reduced 
cellular phototoxicity. 

Overall, by harnessing the power of both chemistry and biology, 
hybrid voltage sensors have complemented existing OVSDs and GEVIs to 

achieve higher sensitivity, faster kinetics and more red-shifted spectrum 
(Fig. 4). While this hybrid strategy still faces several challenges associ
ated with in vivo imaging, we envision that these problems may be 
eventually solved through coordinated efforts of protein engineering, 
chemical synthesis, high-throughput screening in the future. 
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