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The membrane potential of a cell regulates several physiological processes. Membrane potential fundamentals
are presented including electrophysiologic methods of membrane potential measurement. Voltage sensitive
probes have been developed to record effects caused by membrane voltage changes. The electrical field
dependent molecular effects used in optical membrane voltage determination are described. They comprise polar
molecule effects, donor-acceptor pair effects (Forster-type resonant energy transfer, photoinduced electron
transfer, photoinduced excited state intramolecular proton transfer), ground-state intermolecular proton transfer
in genetically encoded microbial rhodopsins, and transmembrane helix strand displacement in voltage sensitive

domains of genetically encoded voltage-gated ion channels and phosphatases. An overview of voltage sensitive
probes is given, including voltage sensitive dyes, voltage sensitive semiconductor nanoparticles, fluorescent
proteins, voltage-gated ion channels, voltage sensitive phosphatases, and microbial rhodopsins.

1. Introduction

Biological cells and cellular compartments are surrounded by
membranes (cell membranes, plasma membranes) [1]. Intracellular and
extracellular ionic concentration differences are managed by the selec-
tive permeable membrane lipid bilayer and the integral protein passive
ion channels (passive transporters) and active ion pumps (active trans-
porters) in the membrane [2]. They build up, maintain, and change an
electrical potential difference (membrane voltage, more precise trans-
membrane electrical potential difference) between the cell inside and
cell outside. The measurement of the membrane voltage and the moni-
toring of membrane voltage changes is essential in cell characterization
and cell functioning studies and is the field of electrophysiology [3].
Optical electrophysiology [4,5] using voltage-sensitive indicators [6-8]

enables multicellular in vitro and in vivo membrane voltage imaging
[4-13].

Membrane potential fundamentals are presented in Section 2. There,
the electrophysiologic methods of membrane potential measurement are
included (glass microelectrode impalement in cell without voltage or
current application, patch-clamp techniques with applied voltage or
applied current, bioimpedance spectroscopy) [3]. In Section 3 electric
field dependent molecular effects are described which are applied in
optical membrane voltage monitoring with voltage sensitive probes. The
various applied voltage sensitive probes are presented in Section 4.

Calcium ions are second messengers in cellular biology. They
generate versatile intracellular signals to regulate cell function. The
intracellular calcium concentration is nonlinearly influenced by the
membrane potential. Calcium indicators (chemical Ca®" indicators and
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genetically encoded Ca?" indicators (GECIs)) are used to measure the
calcium concentration. Monitoring the cytosolic Ca2* content in nervous
systems with GECIs has been applied to follow the neural activity in
nervous systems [14-17]. Chemical Ca®* indicators and genetically
encoded Ca®* indicators were described in [18] and are not further
discussed here.

2. Membrane potential fundamentals
2.1. Membrane basics

Membranes function to organize biological processes by compart-
mentalizing them [19-22]. Every cell is enclosed in a cell membrane
(also called plasma membrane). Plasma membranes are boundaries of a
cell or of an organelle (functional compartments in an eukaryotic cell,
like nuclei, mitochondria, chloroplasts, endoplasmic reticulum, Golgi
apparatus). In animal cells, the cell membrane is the outermost layer
which separates the cellular content (cytoplasmic region) from the
external environment (plasma region). Plant cells, fungal cells and
bacterial cells have a cell wall surrounding the cell membrane.

Both cell membranes and plasma membranes are selectively
permeable (semipermeable) to molecules. The membranes have the
structure of a lipid bilayer (phospholipids) with many types of large
molecules embedded in it (integral proteins) and attached to it (pe-
ripheral proteins) [23]. The lipid bilayer has a high electric resistivity
(no intrinsic permeability to ions). Some of the integral proteins are
active transporters. They are capable of actively transporting solutes
(like ions) through the membrane against a concentration gradient using
the energy expenditure of ATP hydrolysis. To them belong ion pumps
like Ca?*-ATPase for Ca®" transport, Nat/K*-ATPase for maintenance
of Na™ and K" gradients. Other integral proteins provide highly selective
pores for passive transport of solutes (like ions) along the concentration
gradient. They are passive transporters. To them belong ion channels
like voltage-gated ion channels, external or internal ligand-gated ion
channels, mechanical stress-gated ion channels, light-gated ion channels
[24].

Membrane proteins play a crucial role in ensuring selective transport
of molecules across membranes and controlling interactions between
cells. They act as channels, pumps, receptors, enzymes, energy trans-
duces. The selective permeability of the cell membrane is responsible for
the regulation of basic cellular processes including endocytosis (uptake
of macromolecules into the cell) and exocytosis (discharge of material
from vesicles at the cell surface) [24].

According to the reaction of membranes to electrical stimuli, cells are
characterized as electrically excitable cells and electrically non-
excitable cells [20,21]. In excitable cells, an electrical stimulus, that
changes the steady-state equilibrium membrane voltage (resting mem-
brane potential Urp) above a threshold value (action potential threshold
UaTt), causes a nonlinear response of the transmembrane ion channels
which leads to the generation of a transient membrane voltage spike,
characterized by depolarization with positive overshoot, repolarization
with negative overshoot (hyperpolarization) and recovery to the
steady-state resting potential. The spiky membrane potential is called
action potential [25]. To excitable cells belong nerve cells (neurons),
cardiac muscle cells (cardiomyocytes), skeletal muscle cells, smooth
muscle cells, secretory cells, touch receptor cells [26]. Non-excitable
cells do not generate an action potential. In non-excitable cells, the
steady-state equilibrium membrane voltage responses linear propor-
tional to external electrical voltage impacts (generates a graded
potential).

2.2. Extracellular and intracellular ion concentrations
The selective semipermeable lipid bilayer cell membrane with inte-

gral protein passive ion channels and active ion pumps stabilizes
different extracellular (plasma) and intracellular (cytosolic)

Next Research 7 (2026) 101497

concentrations of Na®, K, Ca?", Mg?*, H' and ClI". Typical concentra-
tions in cells of mammals are listed in Table 1 (taken from [27]).

2.3. Electric potential profile across membranes

The cell membranes are made of phospholipid bilayers consisting of
charged head groups and a non-polar hydrocarbon interior. They are
surrounded by extracellular plasma and intracellular cytosol. The elec-
trical potential distribution W(x) across the lipid bilayer and the extra-
cellular and intracellular surroundings is complex [28-32]. It is
schematically displayed in Fig. 1a. The extracellular potential is set per
definition to zero (Weytracellular = Pec = 0). There are contributions from
the surface potentials AY,, the membrane lipid dipole potentials A¥y,
and the transmembrane potential AY,, = U, = ¥ic — Ve (Wi is intra-
cellular potential). Uy, is called membrane voltage. The transmembrane
potential (membrane voltage) U, = ¥;. — ¥, is due to the differences in
intracellular and extracellular ion concentration. The surface potential
contributions A¥;at the solution-membrane interfaces are due to surface
interaction of lipid headgroups with ions at the membrane-solution
interface. The dipole potential contributions A¥; at the membrane
leaflets are caused by zwitterionic headgroups of the lipids (acting like
parallel plate capacitors).

It depends on the electrical potential measurement technique what
electrical potential at which position is probed or what potential dif-
ference between separate positions is measured, whether temporal po-
tential changes or temporal potential difference changes are followed.
Patch-clamp techniques measure the compartmental voltage difference
between intracellular and extracellular spaces, i.e. they measure the
transmembrane potential U, at their microelectrode position [3].
Electric field sensitive dyes probe the local electric field at their local
position in the membrane [29].

2.4. Membrane capacitor action and static transmembrane potential
behavior

2.4.1. Membrane capacitor action

Considering the transmembrane potential behavior, the cell mem-
brane (plasma membrane) may be described as a plate capacitor [3,20].
Only the phospholipid bilayer part is considered and treated as a plate
capacitor consisting of two electrical conductors separated by a dielec-
tric medium. The passive ion channels (leak channels) giving a resistor
part and the active ion pumps giving a voltage source of the whole
electrical circuit are not included [33]. The heterogenous non-polar
hydrocarbon interior of lipids is considered as a homogenous dielec-
tric medium [33]. The cell membrane voltage Uy, is the electrical po-
tential difference between membrane inside (intracellular) potential ¥;
and membrane outside (extracellular) potential ¥,.. In the cell mem-
brane description as a plate capacitor the electrical potential distribu-
tion is simplified by a linear electrical potential distribution inside the
membrane as displayed in Fig. 1b. The membrane voltage is determined
by the quotient of stored charge Qg;. at the intracellular membrane
surface (equal to minus the stored charge -Qsec at the extracellular
membrane surface) to the cell membrane capacitance Cp, [33,34]. That

Table 1
ITonic concentrations in cells of mammals and corresponding Nernst equilibrium
potentials for temperature T = 37°C (taken from [27]).

Ion Extracellular Intracellular Nernst equilibrium
concentration Cec concentration c;jc potential Uyernst (V)
(mM) (mM)

Na* 145 ~12 +67

K" 4.5 ~150 -94

Ca*t  ~15 ~1x 107" +129

Mg** =05 ~0.5 0

cr 115 ~10 -65

H* 4x107° ~1x10* -24
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Fig. 1. (a) Typical electrical potential ¥ versus transverse cell position x. A¥;: surface potential. A¥4: dipole potential. Up,: transmembrane potential = membrane
voltage. (b) Applied electrical potential ¥ versus transverse cell position x in membrane capacitor description.
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The capacitance is given by

&r€0Am

C
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(2)

where ¢, is the relative permittivity of the membrane, g9 = 8.85416 x 10
12 cvlm is the permittivity of free space, A, is the membrane surface
area, and dy, is the membrane thickness. The specific capacitance Cpsp,
per surface area, is

Cm _ Qs,ic/Am _ Os.ic ngice _ Er€o

Cne = A= Up Un U dn’ ®

where o5 = Qsic/An is the intracellular surface charge density, ng;c =
Gsic/e, is the intracellular surface charge number density, and e =
1.60217733 x 10° C is the elementary electric charge.
Rearrangement of Eq. 3 gives
dn dne

Um = Osjic = I jc .
Er€o Er€o

4

The dependence of the membrane voltage on the intracellular
membrane surface charge number density ng ;. is displayed in Fig. 2 (left
side ordinate). There is used a membrane thickness of d, = 5 nm [33]
and a relative membrane permittivity of e; = 11 [33], giving Cpsp =

0.0195 CV'm2

The electrical field strength Ey, inside the membrane is given by

Em = % = ns,ici~ (5)
m &réo

In the intracellular and extracellular space, the electrical field
strength is zero. In Fig. 2 the electrical field strength inside the mem-
brane Ep, versus the intracellular membrane surface charge number
density n is displayed (right side ordinate).

The intracellular, ng;., and extracellular, ngec = -ngj, membrane
surface charge number densities are determined by the intracellular,
Any i, and extracellular, Any ¢, excess volume charge number densities
which are caused by cation and anion transport through the selective
permeable membrane. They are given by

X — Xpni
Nsic = / Any e (x)dx = / A’lv.ie.OeXP< - w)“ = ANy ic o€ pebye ic

14 Debye.ic

(6a)

X — X
Ngec = —MNsjc = /Anv.ec(x)dx = /Anv,ec.oexp< - M)dx

Debye.ec

= Anv.ec,O l/ﬂDebye,ec . (Gb)

The integration occurs along the transverse coordinate x to the
membrane surfaces at positions xp i (intracellular) and xpyec (extra-
cellular). The excess volume charge number densities at the membrane
surfaces are Any .0 and Any ¢ 0. They decay exponentially with distance
from the membrane surfaces xpjic and Xmec with the Debye
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lengths? pepyec andZpepye .. Which are given by [35,36]

kT
<€’€OB> , (7a)

13 Debyeic —
ye,ic 2 |22
€ Ziij"uc zi,c

ereokpT 12
) (7b)

Cpebyescc = | 3= 12
e\ e i l2,

where kg = 1.38054 x 102 JK! is the Boltzmann constant, T is the
temperature (in K), n;, is the number density of intracellular ions i; of
valence z;, and n;, is the number density of extracellular ions i, of
valence z;, .

Rearranging of Eqgs. 6a and 6b gives

X — Xm.i N i X — Xm i
Ay (x) = Anv.ic,OeXp( _| m’“') == eXp( _| m'“‘),

13 Debye.ic Debye.ic 3 Debye,ic
(8a)

‘X - xm,ec| N ec |X - xm,ecl

Anv.ec (X) = Anv,ec.oeXP( - %z = 7 exp| —
Debye,ec Debye.ec Debye.ec
_ Ny ic exp( _ ‘x B xm.ec‘) .
13 Debye.ec 13 Debye.ec

(8b)

In Fig. 3 the excess volume charge number density An, versus the
transverse cell position x is displayed. x < Xxp jc = -5 nm belongs to the
intracellular space, and x > Xy ec = 0 nm belongs to the extracellular
space, The position inside the membrane is Xy jc < X < Xmec. dm is the
cell membrane thickness. The parameters used in Fig. 3 belong to a
membrane thickness dy = X ec - Xm,ic = 5 nm, a resting potential of Urp
=-60 mV where the intracellular surface charge number density is ng jc =
-7.3 x 10" em? and Nsec = 7.3 X 10! em™ (Fig. 2), and Debye lengths
of fDebye.ic = fDebye.ec =1nm.

2.4.2. Static membrane potential behavior

The plasma (extracellular) concentration and cytoplasmic (intracel-
lular) concentration of various ions (Na*, K, Ca®*, Mg?", CI) is
different, established by ATP-dependent ion pumps in the membrane
[37]. The intracellular and extracellular neutrality is warranted by
counterions. In ion-selective semipermeable membranes (cell mem-
branes), ion transport through the semipermeable membrane towards
concentration equilibration occurs by diffusion and it is counteracted by
transmembrane electrical potential buildup.

The free enthalpy AGgig of diffusion-controlled ion transport of a
membrane selectively permeable only for ion of sort A is given by [19,
35,38]

AGayy = NaksTin (““‘) , ©)

Acc
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surement is included in (a). The abbreviations used there are: 1: cell, 2: bath, 3: glass microelectrode (recording electrode), 4: reference electrode, 5: microvoltmeter.

where N, is the Avogadro constant, kg is the Boltzmann constant, T is the
temperature, cy, is the intracellular concentration of ion A, and ca,, is the
extracellular concentration of ion A.

The free enthalpy AGcharge Of charge-controlled ion transport is given
by [19]

AGchau'ge = zionNAeUm7 (10)

where zj, is the valence of the ion A (positive for cations and negative
for anions).

The total free enthalpy is [19]

ca,

AGuoa = AGuist + AGeharge = NaksTIn (i) + ZionNa€Up. an

Equilibration exists for AGyta = O giving the Nernst equation (Eq.
12) for the membrane voltage (internal electrical potential — external
electrical potential) [38]

Un = —kBTln(cA—“) 12

Zion€ CAec

Application of Eq. 12 to the typical intracellular and extracellular ion
concentrations of Na™, K*, Ca?*, Mg?", and CI" in mammalian cells listed
in Table 1 at a temperature of T = 310 K (37°C) gives the membrane
equilibrium voltages Uy = Unernst included in Table 1 [27].

The real thermodynamic membrane potential caused by the presence

of various monovalent and divalent ions of different intracellular and
extracellular concentrations and different ion permeabilities through the
membrane is given by the constant field equation given in [39].

For only monovalent ions the constant field equation given in [39]
reduces to the Goldman-Hodgkin-Katz equation [25,40,41] which reads

o kBT n (Eipka,icka,ec.i + ijan,jcan‘ic.j>

e Eipka,icka,ic.i + ijan.jcan.ecj

Un 13)

where Py, ; is the permeability coefficient (selectivity) of cation i through
the membrane, P, ; is the permeability coefficient of anion j through the
membrane, Ciaec,i and Crajici are the extracellular and intracellular
concentrations of cation i, and capec,j and Cap,jcj are the extracellular and
intracellular concentrations of anion j.

Considering only Na™, K*, and Cl" Eq. 13 reduces to

kT
e

Un a14)

(pNa‘r CNa*ec T pl(”r Ck+ec PCl’ CCl’.ic)
Pnat+Cnat i + P+ Cx+ ic + Per-Cat- e

For a single ion species, the constant field equation given in [39], and
the Goldman-Hodgkin-Katz equation of form Eq. 13 and Eq. 14 reduce to
the Nernst equation Eq. 12.

2.5. Dynamic membrane potential characteristics

The membrane reacts to extracellular and intracellular changes with
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membrane voltage changes [20,21]. The behavior is different for
excitable cells and non-excitable cells. In excitable cells, if a stimulus
rises the membrane voltage above a threshold value, then a nonlinear
membrane voltage pulse formation occurs (spike formation, action po-
tential generation); if the stimulus causes a membrane voltage change
below the action potential threshold, then the membrane voltage re-
sponses linearly (graded potential formation). In non-excitable cells, the

membrane voltage response is proportional to intracellular and extra-
cellular reactions.

2.5.1. Membrane potential spiking of excitable cells (action potential)

In excitable cells an action potential is generated when a stimulus
changes the membrane voltage from the resting potential, Urp, up to a
threshold value, the activation threshold potential, Uar [25]. Then a
membrane voltage pulse (action potential) is formed. In neurons,
voltage rise above Uar activates the integral membrane protein
voltage-gated Na' ion channels causing Na® influx (membrane con-
ductivity for Nat) with membrane voltage increase to positive values
(depolarization) on a sub-millisecond to millisecond timescale (strong
rise of permeability coefficient Py, for Uy, > Uar). The Na™ influx comes
to an end due to Na' inactivation (steep decrease of permeability co-
efficient Py,+) ending the membrane voltage rise (peak of action po-
tential Uppp). The rising membrane voltage begins to activates the
integral membrane protein voltage-gated K' ion channels causing a

W11 1
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delayed K* efflux (membrane conductivity for K, strong rise of
permeability coefficient Pg+) leading to a membrane voltage decrease
(repolarization) below the resting membrane voltage Ugp (hyperpolar-
ization, see Figures 20-33 in [19]). If no further stimulus occurs, then the
membrane voltage recovers to the resting membrane voltage by the
action of an ATP-driven sodium and potassium-based ion pump
(Na'/K"-ATPase). A further or ongoing stimulus causes the generation
of another action potential. During the action potential development
continued stimulation cannot influence the dynamics (refractory
period). Neurons encode and transmit information via action potentials
[42,43]. Action potentials are initiated in the axon and the dendrites [9,
42]. Dendrites integrate synaptic inputs [9,44] to trigger action poten-
tials, and dendrites carry back-propagating action potentials to synapses
[9,42,44-46]. In cardiac muscle cells, additionally voltage-gated Ca%*
channels are involved elongating the spike duration [47].

In Fig. 4a a typical membrane voltage pulse development (action
potential) in a neuron is shown for a short pulse above-threshold stim-
ulus (shorter than refractory period, solid curve) and for a longer pulse
above-threshold stimulus (longer than refractory period, dashed curve).
The applied stimuli are depicted in Fig. 4c (for details see [48]).

2.5.2. Membrane potential development of non-excitable cells (graded
potential)

In the membranes of non-excitable cells, no or not sufficient voltage-
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Fig. 4. Typical membrane voltage responses of an excitable cell (a) and of a non-excitable cell (b) to cellular stimulations (c). The situation is shown for a short
stimulation pulse (shorter than action potential duration, solid curves) and a longer stimulation pulse (longer than refractory period, dashed curves). Ugp: resting
potential. Uar: activation threshold potential. Uapp: activation peak potential. Hypopolarization = rise of membrane potential between resting potential and acti-
vation threshold potential. Depolarization = rise of action potential. Repolarization = decrease of action potential. Hyperpolarization = undershoot of action po-

tential below the resting potential.
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gated Na' and K ion channels are present to cause nonlinear-response
spike formation (cell firing). The membrane voltage response to stimuli
is governed by the cell’s compliment of ion channels and ion pumps.
Ca?* ion channels and CI' ion channels with slow dynamics may be
involved hindering spiky behavior and causing linear voltage response.
External action modulations have influence on the resting membrane
potential modulation and vice versa [49-54]. The membrane potential is
involved in regulation of cellular mechano-transduction [49], the cancer
progression [50,51], regulation of cell proliferation and differentiation
[53,54] and wound healing [55].

In Fig. 4b a typical membrane voltage development (graded poten-
tial, resting membrane potential modulation) in a non-excitable cell is
shown for pulse stimuli depicted in Fig. 4c.

2.6. Classical membrane potential studies (classical electrophysical
techniques)

The classical resting membrane potential measurement is carried out
with a special voltmeter that is electrically connected to the interior of
the investigated cell via a glass microelectrode and to the extracellular
environment (bath) with an reference electrode [56] (see https://www.
physiologyweb.com/lecture_notes/resting membrane_potential/restin
g_membrane_potential.html). In Fig. 3a a schematic experimental setup
for resting membrane potential measurement is included (works like
whole-cell patch).

Electrophysical patch-clamp methods have been developed [57-59].
There the recording glass microelectrode is attached to the cell mem-
brane (Giga-Ohm seal, inside the tip area are single membrane bound
ion channels located, cell-attached method) or the microelectrode dis-
rupts the membrane leading to different configurations (inside-out patch
recording, outside-out patch recording, whole-cell recording) [60,61].
The patch-clamp methods are used to study i) the dynamics of mem-
brane currents generated by ion passage through ion channels in the cell
membrane (voltage clamp method, fixed voltages are applied and result-
ing currents are measured) [60-63] and ii) the dynamics of membrane
potential development due to current inputs (current clamp method, fixed
currents are applied and resulting voltages are measured like graded
hyperpolarization potentials, graded hypopolarization potentials, or
action potentials) [63-65].

Multi-electrode array (MEA) technologies have been developed for
neuroscience and cardiology to stimulate action potential at subcellular,
cellular and multi-cellular level [66,67]. Planar electrode devices record
extracellular field potentials [67]. The recording of intracellular action
potentials of multiple cells was achieved with nanopillars on the elec-
trodes which penetrate the cell membrane and act as intracellular
electrodes [68-70].

Bioimpedance spectroscopy (electrical impedance spectroscopy,
dielectric spectroscopy applied to biology) is used to determine the
specific membrane capacitance and the cytoplasm conductivity of in-
dividual cells or cell suspensions [71-73]. Thereby the dielectric
permittivity and conductivity are derived from impedance measure-
ments in an electrical field frequency range from dc to 10° Hz [74,75].

3. Electric field dependent effects acting in optical membrane
voltage sensing

For sensing the electrical membrane potential of cells, voltage sen-
sitive probes are located extracellular and/or intracellular, attached to
the cell membranes, or entered into the cell membranes [29]. Genetic
targeting and tagging of the voltage probes to specified cell membranes
is applied [76].

The probes are voltage sensitive dyes [77-79], voltage sensitive
nanoparticles [80], and genetically encoded voltage indicators (GEVIs)
[81,82].

Voltage domain based GEVIs consist of four-segment (S1-S4) trans-
membrane voltage sensing domains (VSDs) based on phosphatases [83]
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or voltage-gated ion channels [84-86] coupled to fluorescent proteins.
The membrane potential causes conformational changes on the trans-
membrane segment S4 which causes changes in the fluorescence
behavior of the adjacent single fluorescent protein or fluorescent protein
pair [15].

Microbial rhodopsin based GEVIs change their retinal protonation
stage between neutral retinal Schiff base (RSB) and protonated retinal
Schiff base (PRSB) depending on the membrane polarization state [87].
In stand-alone rhodopsin (opsin-only) based GEVIs the different ab-
sorption and emission spectra of RSB and PRSB are probed [87]. In
rhodopsin-fluorescent protein based GEVIs fluorescent proteins are
fused to the microbial rhodopsins. The changed fluorescent protein
emission due the changes of the Forster-type resonant energy transfer
(FRET) between fluorescent protein and rhodopsin is probed [88]. In
chemigenetic microbial rhodopsin based GEVIs a protein tag domain
binds a fluorescent synthetic dye to rhodopsin and the voltage depen-
dent FRET behavior is monitored [89].

The voltage sensitivity of the probes may result from

i) electric field dependent polar particle effects,

ii) electric field dependent donor-acceptor effects,

iii) electric field dependent protonation-deprotonation of retinal in
genetically encoded microbial rhodopsin light-driven proton
pumps, and

iv) electric field dependent helix displacement in voltage sensitive
domains of genetically encoded voltage-gated ion channels and
phosphatases.

These various electric field dependent effects influencing the optical
response are discussed in the following.

3.1. Electric field dependent polar particle effects

3.1.1. Redistribution of ionic dyes (slow dyes)

Ionic dyes, which are permeable through membrane pores, accu-
mulate according to the membrane potential intracellular or extracel-
lular following the Nernstian diffusion-controlled ion transport (for
reviews see [29,77,90]). Cell hyperpolarization will cause increased
intracellular cationic dye concentration, while cell depolarization will
decrease intracellular cationic dye concentration. The opposite is true
for anionic dyes. The dye diffusion through the cell membrane is a slow
process. Therefore, the dye concentration change follows slowly any
membrane potential change. One speaks of slow dye membrane poten-
tial probes (response time in the second range). The membrane potential
is deduced from modified absorption and emission behavior of the dyes
in the intracellular cytosolic space or extracellular plasma space. It oc-
curs intracellular dye dimerization and aggregation in the case of
increased intracellular concentration and dye binding to cytosolic
macromolecules (change in absorption and emission spectra, fluores-
cence lifetimes, and quantum yields). The situation is schematically
illustrated in Fig. 5 for intracellular cationic dye dimerization/ mono-
merization under intracellular negative/ positive charged conditions. As
cationic dyes have been applied carbocyanines and rhodamines, as
anionic dyes have been used oxonols [29,77,90].

3.1.2. Molecular Stark effect of electrochromic dyes (fast dyes)

Polar molecules with different electronic dipole moments in the
ground-state and the excited-state cause different electric field depen-
dent shifts of ground-state and excited-state potential energy levels
(Stark effect like shifts [91-93]). It shows up in shifts of absorption and
emission spectra caused by solvent polarity (solvatochromism) [94] and
membrane polarization (electrochromism) [6,7,77,95,96]. One speaks
of potentiometric dyes or electrochromic dyes and also ‘charge-shift’
probes because of different electronic charge distribution in the
ground-state and excited-state [7]. The photoexcitation of electro-
chromic dyes causes excited-state intramolecular charge transfer
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Fig. 5. Schematic illustration of membrane potential influence on cytosolic cationic slow dye dimerization. ec: extracellular, ic: intracellular, D*: cationic dye.

(photoexcitation from ground-state to locally excited state (LE) followed by
by excited state charge redistribution to relaxed excited charge transfer -
state (CT)) [97-99]. Ws, = Ws,(0) — s, E. (15b)
The electric field dependent Sy ground state level energy W, is given The absorption and emission determining energy level difference
by AW, s, is
Ws, = W5, (0) — P, E, (15a) .
AWs, 5, = Wy, — Wy, = Ws, (0) — W, (0) — (ﬁ’sl - Fso) E. (15¢)

and the electric field dependent S, exited state level energy W, is given
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Fig. 6. Schematic dependence of Sy and S; level energies Wg, and Ws, of an electrochromic dye, transverse fixed inside the membrane, on intramembrane electric
field strength Ey;,, or membrane voltage Uy,. Dye potential energy curve diagrams versus nuclear coordinate are included for left-hand-side and right-hand-side E,, and
U, situations. Sp-S; absorption abs and S;-Sp fluorescence emission em are indicated. The electrochromic dye (D) positioned in the membrane is illustrated (for left
side intracellular membrane side is negatively charged, for right side intracellular membrane side is positively charged). The short small arrow represents the ground-

state dipole moment p’s,, the thick long arrow represents the excited-state dipole moment p’s,.The W(E,,) diagram is shown for meﬁsn || P’s, for negative Uy, and

Entl (an ||?sl> for positive Up,.
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D's, is the electric dipole moment of the molecule in the Sy ground-
state, Fsl is the electric dipole moment of the molecule in the S; excited-

state, and E is the electrical field strength.

In Fig. 6 the electric field dependence of the Sy and S; energy levels
and the corresponding absorption and emission spectral shifts due to
molecular Stark effect are illustrated (additional effects of real fast dyes
as reorientation of the dye molecule as a whole inside the membrane are
not included [29]). The dye is assumed to consist of hydrophilic end
group to anchor at the extracellular membrane leaflet, a hydrophobic
ionic chromophore inside the membrane and a lipophilic tail that sta-
bilizes the dye inside the membrane and orients the dye transverse to the
membrane [100].

3.1.3. Quantum-confined Stark effect of semiconductor nanoparticles
Semiconductor nanoparticles (having quantum well band structure)
behave similar to organic dyes [101,102] (in dyes: absorption and
emission between Sy ground-state and S; first excited state, in semi-
conductor nanoparticles: absorption and emission between valence
band and conduction band). The occurring quantum-confined Stark ef-
fect (QCSE) in semiconductor nanoparticle bioconjugates (nanoparticles
covered with biocompatible ligands), especially nanorod bioconjugates,
make them candidates for membrane voltage sensing [80,103-108].
Best performance was found for type-II ZnSe/CdS seeded nanorods
[104] (nomenclature: type-I A/B nanoparticles: due to photoexcitation
electron in conduction band and hole in valence band are located both
either in A or B; type Il nanoparticles: hole is located in A and electron is
located in B or vice versa). In an electrical field, the conduction bands and
valence bands are tilted along the direction of the electrical field,

extracellular
+++++—+++++
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electrons and holes are more localized and their energy difference is
field modified resulting in electric field dependent absorption/emission
spectral shifts (QCSE). The operation principle is schematically illus-
trated in Fig. 7.

3.2. Electrical field dependent donor-acceptor effects

For energy-transfer donor-acceptor pairs, an applied electrical field
may influence the efficiency of photoinduced Forster-type resonant
energy transfer (FRET) [97,109] and thereby affect the efficiency of
fluorescence emission. For electron-transfer donor-acceptor pairs, an
applied electrical field may influence the efficiency of photoinduced
electron-transfer (PeT) [97,110-112] and affect the efficiency of fluo-
rescence emission. In the same way for proton-transfer, an applied
electrical field may modify the efficiency of photoinduced excited-state
intramolecular proton transfer (ESIPT) and show up in a change of
fluorescence behavior [97,113]. In fluorescent proteins with protonated
neutral form /deprotonated anionic form equilibration, electric field
dependent ground-state proton transfer takes place which changes the
absorption spectrum and the fluorescence emission [114].

3.2.1. Electric field dependent Forster-type resonant energy transfer (FRET)

The applied electrical field may spatially separate or bring together
the energy-transfer donor-acceptor pair and thereby influence the
fluorescence behavior of the donor-acceptor pair. In this case one speaks
of electro-spatial Forster-type resonant energy transfer (esFRET) [79,
115-120]. For a polar (electrochromic) energy-transfer donor-acceptor
pair the applied electrical field may worsen or improved the energetic
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Fig. 7. Schematic illustration of ZnSe/CdS nanorod bioconjugate in cell membrane (A = ZnSe, bandgap energy 2.70 eV; B = CdS, bandgap energy = 2.42 eV). Top
part: intracellular negative charged (left side) and positive charged (right side) cell membrane with embedded nanorod. Bottom part: Illustration of electric field
strength dependent quantum well conduction band and valence band tilting (quantum-confined Stark effect QCSE) with accompanied absorption/emission spectral
shifts [103,104]. Left side: situation for intracellular negative charged membrane (blue shift of absorption and emission compared to uncharged membrane). Middle
part: situation for uncharged membrane. Right side: situation for intracellular positive charged membrane (red shift of absorption and emission compared to un-
charged membrane). VB: valence band. CB: conduction band. e*: hole (missing electron) in valence band. e electron in conduction band. Dashed arrows: photon

emission due to conduction band electron recovery to valence band hole.
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resonance condition for donor to acceptor energy transfer and thereby
influence the fluorescence behavior of the donor acceptor pair. For this
situation one speaks of electrochromic Forster-type resonant energy
transfer (ecFRET). An electric field dependent reorientation of an
energy-transfer donor-acceptor pair changes the energy transfer effi-
ciency and influences the fluorescence behavior. In this case one may
speak of an electro-orientational Forster-type resonant energy transfer
(eoFRET).

In Forster-type resonant energy transfer [109] the coulombic
(dipolar) interaction between energy donor and energy acceptor trans-
fers the excited donor electron in the LUMO-level (lowest unoccupied
molecular orbital) down to its HOMO-level (highest occupied molecular
orbital) and thereby transfers an electron from the HOMO-level of the
acceptor to its LUMO-level. In the process the transition energy, AW, is
conserved, i.e. Wp(LUMO) — Wp(HOMO) = W4 (LUMO) — W4 (HOMO),
and only singlet-singlet transfer is allowed, i.e. S;(D)+So(A)—
So(D)+S1(A) (no singlet-triplet spin-flip).

The rate of Forster-type energy transfer, kg, is given by [109,120,
121]

— Ro e
ker = krop (R_d) , (16)

where krop = 74, is the rate of 8-S relaxation of the donor in the
absence of the acceptor (tgpp is the corresponding fluorescence life-
time), Ry is the critical Forster distance where kpr = ko p, and Ry is the
(transition dipole center to center) distance between the donor and
acceptor. Ry is given by the relation [97,109,120,121]

9«2

RS =——
0" 128725n*

/EF,o,D(i)UaA(/l)ﬂd/% a7

where n is the average refractive index in the overlap region of acceptor
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absorption and donor emission, Erp(A) is the fluorescence quantum
distribution of the donor in the absence of an acceptor (fluorescence
quantum yield ¢pop = f Erop(4)dA), and 64 A()) is the absorption cross-
section of the acceptor at wavelength A. The orientation factor x is
determined by the orientation of the transition dipole moments of the
interacting molecules D and A according to [109,120]

Kk = €cos(@p,) — 3cos(pp)cos(p,), (18)

where ¢p and ¢a are the angles of the donor and acceptor transition
dipole moments to the connection line between donor and acceptor, and
@pa is the mutual angle between the transition dipole moments. k* may
vary between O and 4. For a statistical isotropic orientation of the

transition dipole moments it is &% = 2 /3 [109].

3.2.1.1. Electro-spatial Forster-type resonant energy transfer (esFRET). An
energy donor dye is anchored at the extracellular membrane side, and a
movable anionic acceptor dye is inside the membrane (situation
considered here, or vice versa). For intracellular negative charged
membrane (negative membrane potential) the anionic acceptor dye
moves to the donor dye and FRET from the donor dye to the acceptor dye
occurs. For intracellular positive charged membrane (positive mem-
brane potential) the anionic acceptor dye moves away from the donor
dye to the intracellular membrane side and the donor- acceptor energy
transfer diminishes. The method was applied in [97,115-117,122,123]
for studying membrane potentials. It is illustrated in Fig. 8.

3.2.1.2. Electrochromic Forster-type resonant energy transfer (ecFRET).

An energy donor molecule is anchored at the extracellular membrane
side, and an electrochromic acceptor molecule is fixed inside the
membrane near the extracellular side (similar situation for intracellular
membrane positioning). The electrochromic molecule inside the
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Fig. 8. Illustration of electric field dependent approaching/distancing of Forster-type resonant energy transfer molecules (electro-spatial FRET, esFRET). Top part:
donor (D) and acceptor (A" molecule positioning for intracellular negative (left) and positive charged (right) membrane. Bottom part: S and S; energy level system
for donor molecule D and acceptor anion A". Left side, nearby positioning of D and A” with strong Forster-type energy transfer. Right side, separate positioning of D
and A" with negligible Forster-type energy transfer. O and 1 indicate vibrational levels. abs: So-S; light absorption. em: S;-Sy fluorescence emission. CI: Coulombic
interaction. HOMO: highest occupied molecular orbital. LUMO: lowest unoccupied molecular orbital.
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membrane shifts its Sgp and S; energy levels with the intramembrane
electrical field caused by the membrane potential thereby changing the
efficiency of resonant Forster-type energy transfer and accompanying
fluorescence behavior. This behavior is illustrated in Fig. 9.

Small donor-acceptor dye molecule based ecFRET membrane voltage
probing has not been reported thus far, but it is applied in genetically
encoded archaerhodopsin-fluorescent protein membrane voltage sen-
sors in a somewhat different way (see below Section 4.6.2.) [124].

3.2.1.3. Electro-orientational Forster-type resonant energy transfer
(eoFRET). The rate of Forster-type energy transfer depends on the
orientation of the transition dipoles of the interacting donor and
acceptor molecules (see Eqgs. 16-18). This dependence was applied to
explain the functioning of a voltage-sensitive fluorescent protein
(VSFP1) consisting of a voltage sensitive domain of a potassium channel
and a pair of fluorescent proteins, CFP and YFP [125,126] (see section
4.3.5).

3.2.2. Electric field dependent photoinduced electron transfer (PeT)

In photoinduced electron transfer (PeT), after photoexcitation an
electron passes from an electron donor molecule D to an electron
acceptor molecule A [127-129]. After the photoinduced electron
transfer, the donor-acceptor pair recovers to the original ground-state
situation by charge recombination (REC) [121,130]. One distinguishes
between oxidative photoinduced electron transfer and reductive
photoinduced electron transfer [97,121]. In the case of oxidative
photoinduced electron transfer, the photoexcited electron in the donor
S; state (LUMOYp) is transferred to the energetically lower lying acceptor
S; state (LUMO,) [97,121] (oxidation of photoexcited unit). In the case
of reductive photoinduced electron transfer, the acceptor molecule is
photoexcited and the empty place in the acceptor Sy state (HOMO,) is
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filled by electron transfer from the energetically higher lying donor Sy
state (HOMOp) [97,121] (reduction of photoexcited unit). The situa-
tions of photoinduced oxidative electron transfer (PeT,) and photoin-
duced reductive electron transfer (PeT,) are illustrated in Fig. 10a.

The mechanism of photoinduced electron transfer is described
theoretically by the Marcus theory [110-112,129,131-135]. In a clas-
sical description the rate of electron transfer kper is given by the
Arrhenius-type Eyring equation [136-138]

ksT E,
kpeT 7KTeXP(—kBT)7 (19)

where x is the so-called electronic transmission factor (x ~ 1 for adia-
batic electron transfer, k << 1 for diabatic electron transfer), kg is the
Boltzmann constant, T is the temperature (in K), h is the Planck constant,
and E, is the activation energy of barrier crossing between electron
donor and electron acceptor. The term kgT/h is the attempt frequency
Vattempt Of barrier crossing (hvagemp: = ks T, see [19] page 476). The sit-
uation is illustrated in Fig. 10b for different donor and acceptor energy
level positions.

In a quantum mechanical perturbation theoretical description the
rate of photoinduced electron transfer is obtained applying Fermi’s
golden rule [135,139]

2z

P V2FC, (20)

kPeT =
where # =h/(2r) is the reduced Planck constant, V2 is the donor-
acceptor coupling constant (square of wavefunction overlap integral,
VR, of donor and acceptor state at donor-acceptor edge-to edge distance
R, V}% decreases exponentially with distance R), and FC is the Franck-
Condon weighted density of states (equations for Vg and FC are found
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Fig. 9. Illustration of electric field dependent energy level shifting for enabling Forster-type resonant energy transfer between donor and acceptor molecule
(electrochromic FRET, ecFRET). Top part: donor (D) and acceptor (A) molecule positioned at the same place for intracellular negative (left) and positive charged
(right) membrane. Bottom part: for left side Sy and S; energy level system for donor molecule D and acceptor molecule are not in optimum energetic position for
efficient FRET (Aem,max (D) # Aqbsmax(A)); for right side Sp and S; energy level system for donor molecule D and acceptor molecule A are in optimum energetic position
for efficient FRET (Aemmax(D) = Aqpsmax(A)). 0 and 1 indicate vibrational levels. abs: Sp-S; light absorption. em: S;-Sp fluorescence emission. CI: Coulombic

interaction.
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D-A + hv, ~D-A" DA’
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Fig. 10a. Illustration of photoinduced oxidative electron transfer (PeT,) and photoinduced reductive electron transfer (PeT,). Wy, vacuum level (beginning of
vacuum continuum). Wig: ionization energy. Wga: electron affinity. HOMO: highest occupied molecular orbital. LUMO: lowest unoccupied molecular orbital. hvp:

donor excitation photon energy. hva: acceptor excitation photon energy.
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Fig. 10b. Potential energy curves (parabola) for electron donor D and electron acceptor A situations. Left part: donor energy level is below acceptor energy level Wp
< Wy, normal Marcus-region. Middle part: donor energy level is above acceptor energy level Wp > W,, normal Marcus-region. Right part: donor energy level is
considerably above acceptor energy level Wp >> W,, inverse Marcus-region. E,: activation energy.
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in the literature [110-112,127,130-135,139]) .

The electron transfer requires an overlap of the donor electronic
wavefunction with the acceptor electronic wavefunction needing direct
contact of the donor and acceptor molecules [121,135]. In through-bond
electron transfer the molecular bridge (wire) between donor and
acceptor mediates the electron transport [139,140]. Stiff conjugated
double bond wires allow long-distance electron transport from donor to
acceptor [141,142].

In electric field dependent photoinduced-electron transfer mem-
brane voltage sensors, a hydrophilic dye D (absorbing and emitting in
the visible spectral range) is coupled via a lipophilic conjugated double
bond bridge (wire) to an aniline molecule A (absorbing and emitting in
the near ultraviolet spectral range). The hydrophilic fluorophore is
located at the extracellular membrane leaflet, the lipophilic conjugated
molecular wire and the aniline molecule are located in the membrane
interior and experience intramembrane electrical field strength. The
ionization energy (ionization potential) Wigp of the dye D is smaller
than the ionization energy Wiga of aniline A (for example Wig(rhod-
amine 6G at aqueous solution surface) = 5.6 eV [143], Wig(aniline in gas
phase) = 7.72 eV [144]). This energy leveling is the situation of
oxidative photoinduced electron transfer (photoexcited dye is electron
donor, unexcited aniline is electron acceptor). The electric field
dependent photoinduced electron-transfer situation applied in mem-
brane voltage determination is illustrated in Fig. 10c. The intra-
membrane electric field shifts the aniline LUMO energy level and
thereby changes the activation energy E, (Eq. 19) or the Franck-Condon
weighted density of states factor FC (Eq. 20) of electron transfer effi-
ciency (variation of rate constant for electron transfer versus standard
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free energy of the reaction according to the Marcus theory [110-112,
129,132-134,139,145]). The intramembrane field in the intracellular
negative charged membrane shifts the S; energy level of the aniline
molecule in the membrane below the S; energy level of the fluorophore
at the extracellular membrane side allowing through-bond oxidative
photoinduced electron transfer [97,139-141] from the fluorophore
(acting as electron donor) to the first excited state of aniline (acting as
electron acceptor).

Various photoinduced electron transfer (PeT) based membrane
voltage indicators consisting of fluorophore-wire-aniline donor-acceptor
pairs have been applied [118,119,122,142,144-149]. Voltage controls
fluorescence quenching by shifting the aniline energy level relative to
the fluorophore, gating electron transfer along the molecular wire.
Genetically targetable PeT-based membrane voltage indicators with a
membrane-anchored enzyme have been developed [150-152].

3.2.3. Electric field dependent photoinduced excited-state intramolecular
proton transfer (ESIPT)

Probes with proton donor - proton acceptor capability may process
proton transfer in applied electric fields [113]. Ground-state proto-
n-transfer (GSPT) and excited-state proton transfer (ESPT) require a
H-bond coupling of a proton donor moiety and a proton acceptor moi-
ety. A proper applied electric field may modify the donor-acceptor
equilibration conditions leading to proton transfer reactions.
Excited-state intramolecular proton transfer (ESIPT) was used for fast
ratiometric measurement of cellular transmembrane potential [153].
For this purpose, tautomeric dyes based on the 3-hydroxychromone
fluorophore were applied [153].
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Fig. 10c. Ilustration of electric field dependent photoinduced oxidative electron transfer (PeT,). Top part: donor (D) and acceptor (A) molecule connected with
conjugated double bond bridge (wire) positioned at the same place for intracellular negative (left) and positive charged (right) membrane. Direction of membrane

electrical field fm and direction of acceptor dipole moment (]) are indicated. Bottom part, left side: LUMO (S; energy level) of donor molecule is above LUMO (S,
energy level) of acceptor molecule allowing excited-state electron transfer from donor to acceptor after photoexcitation of the donor thereby hindering donor
fluorescence emission (smaller activation energy E, of barrier crossing, larger Franck-Condon weighted density of states factor FC for electron transfer). Bottom part,
right side: LUMO of acceptor molecule is above LUMO of donor molecule hindering excited-state electron transfer from the donor to acceptor after photoexcitation of
the donor thereby allowing donor fluorescence emission (larger E, of Eq. 19, smaller FC of Eq. 20). REC: charge recombination.
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The applied electric field modifies the excited state tautomeric
equilibrium between the initial normal excited state (N*) and a tauto-
meric state (T*) produced via an excited state intramolecular proton
transfer (ESIPT) [29,153]. Compared to the intracellular negative
charged membrane, the N* fluorescence emission decreases and the T*
fluorescence emission increases for the intracellular positive charged
membrane. The operation principle is displayed in Fig. 11.

3.2.4. Electric field dependent ground-state intramolecular proton transfer

Some fluorescent proteins like wild-type green fluorescent protein
from Aequorea victoria (wt AvGFP) exist in an equilibrium mixture of
neutral form and anionic form (e.g. neutral form of wt AvGFP with
tyrosine 66 (Y 66) has its absorption maximum at 397 nm, anionic form
of wt AvGFP with tyrosinate 66 (Y 66) has its absorption maximum at
475 nm [114,154,155]). The equilibrium of protonated neutral form
and deprotonated anionic form seems to be influenced by the electrical
field strength allowing membrane potential reporting [156,157].

3.3. Electric field dependent ground-state intermolecular proton transfer
in genetically encoded transmembrane opsins

Electric field dependent ground-state intermolecular proton transfer
occurs between an adjacent acidic amino acid (Asp, D) and the retinal
Schiff base chromophore in rhodopsin-based genetically encoded

extracellular
+4+++++++++ 4+

intracellular
* T*
N
1 S
S
abs em
So
T
\
So -
N

Tautomeric Dye D

Next Research 7 (2026) 101497

voltage indicators (GEVIs) [124,158-160]. One distinguishes between
negative-going rhodopsin-based GEVIs (H' pathway between retinal
and extracellular membrane face is blocked by mutation) [87,158] and
positive going rhodopsin-based GEVIs (H' pathway between retinal and
intracellular membrane face is blocked by mutation) [161].

3.3.1. Negative-going rhodopsin-based GEVIs

The outward H' pumping mechanism of the used light-driven out-
ward proton pumping microbial rhodopsins is blocked at the retinal to
extracellular membrane pathway by mutating the proton accepting
aspartic acid adjacent to retinal by an asparagine (D-N) mutation [87,
158]. The intracellular membrane to retinal pathway is unchanged, the
proton donating aspartic acid is present there.

Under intracellular negative conditions protonated retinal Schiff
base (PRSB) gives up its proton to the negative charged intracellular
membrane leaflet (e”) via an aspartic acid between PRSB and intracel-
lular membrane leaflet according to

PRSB +Asp™ + e —RSB+AspH + e —RSB+Asp” + H'e™. 2n

Under intracellular positive conditions neutral retinal Schiff base
(RSB) takes up a proton from the positive charged intracellular mem-
brane leaflet (H") via the same aspartic acid according to

RSB + Asp™ + H">RSB + AspH—PRSB + Asp". (22)
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Fig. 11. Schematic illustration of electric field dependent photoinduced excited state intramolecular proton transfer (ESIPT). Top part: intracellular negative charged
membrane (left) and intracellular positive charged membrane (right) with intramembrane containing tautomeric dye D. Bottom part: Under intracellular negative
conditions (left side), ESIPT is energetically hindered causing dominant fluorescence emission from photoexcited normal N dye. Under intracellular positive con-
ditions (right side), ESIPT from N* to T* is energetically possible and fluorescence emission from T* to T takes place. In the ground state occurs T — N ground-state
intramolecular proton transfer from the tautomeric T state to the original normal N state.
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Therefore, under intracellular negative conditions, the retinal Schiff
base chromophore is dominantly present in neutral form (RSB) which
absorbs in the near ultraviolet to violet spectral region [162,163]. While
under intracellular positive conditions, the retinal Schiff base is domi-
nantly present in protonated form (PRSB) absorbing in the green to
yellow spectral region [162,163]. The operation principle is displayed in
the top part of Fig. 12, and the bottom part of Fig. 12 shows the ab-
sorption and emission behavior of PRSB and RSB.

3.3.2. Positive-going rhodopsin-based GEVIs

The outward H" pumping mechanism of the used light-driven out-
ward proton pumping microbial rhodopsin is blocked at the intracellular
membrane to retinal pathway by mutating the proton donating aspartic
acid between intracellular membrane leaflet and retinal by an aspara-
gine (D-N) mutation [161]. At the retinal to extracellular membrane
pathway the proton accepting aspartic acid near the retinal is retained
and the proton releasing glutamic acid is changed to valine (E-V muta-
tion) [161].

Under intracellular negative conditions RSB takes up a proton from
the positive extracellular membrane leaflet (H™) via the blocked proton
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release and the aspartic acid proton acceptor near the retinal according
to

RSB + Asp™ + Val + H" —>RSB + AspH + Val-PRSB + Asp~ + Val. (23)

Under intracellular positive conditions PRSB gives up its proton to
the negative charged extracellular membrane leaflet (") via the same
aspartic acid proton acceptor and the (E-V) mutant according to

PRSB + Asp™ + Val + e"—RSB + AspH + Val + e">RSB + Asp™ + Val
+H'e .
@24

Therefore, under intracellular negative conditions the retinal Schiff
base chromophore is dominantly present in protonated form (PRSB)
which absorbs in the green to yellow spectral region [162,163]. While
under intracellular positive conditions, the retinal Schiff base is domi-
nantly present in neutral form (RSB) absorbing in the near ultraviolet to
violet spectral region [162,163]. The operation principle is displayed in
the middle part of Fig. 12. The bottom part of Fig. 12 shows Sp- S; energy
level schemes of RSB and PRSB.

FH+++++++++

___________ intracellular L 4 4 4 &+ &+ + + + + +
S, —h
g, 1t
aps em
aps em
\ V
S S———
RSB PRSB

Fig. 12. Schematic illustration of electric field dependent intermolecular ground-state proton transfer (GSPT) in rhodopsin-based genetically encoded voltage in-
dicators (GEVIs). Top part: negative going rhodopsin-based GEVI (H" transfer to extracellular membrane leaflet is blocked, and H' transfer to intracellular membrane
via Asp (D) is open). Left side: intracellular negative charged membrane containing transmembrane rhodopsin with dominant neutral retinal Schiff base chromophore
(RSB). Right side: intracellular positive charged membrane containing transmembrane rhodopsin with dominant protonated retinal Schiff base chromophore (PRSB).
Middle part: positive going rhodopsin-based GEVI (H" transfer to intracellular membrane leaflet is blocked, and H transfer to extracellular membrane leaflet via Asp
(D) is open). Left side: intracellular negative charged membrane containing dominantly protonated retinal Schiff base chromophore (PRSB). Right side: intracellular
positive charged membrane containing dominantly neutral retinal Schiff base chromophore (RSB). Bottom part: So-S; energy level schemes of RSB and PRSB. RSB has
its first absorption band in the violet/near UV spectral range, and PRSB has its first absorption band in the green/yellow spectral range.
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3.4. Electric field induced helix displacement in voltage sensitive domains
of genetically encoded voltage-gated ion channels and phosphatases

Voltage-gated ion channels are transmembrane proteins that form an
ion channeling pore and contain a four-segment voltage sensitive
domain VSD (S1-S4) which regulates the ion transport through the pore
according to the membrane potential [164-166]. Positively charged
residues in the S4 segment respond to changes in the membrane po-
tential, causing S4 to move inward (down state) at negative voltages and
outward (up state) at positive voltages [167,168]. In genetically enco-
ded voltage-gated ion channels, fluorescent proteins are fused to the ion
channels, whose fluorescence is influenced by the membrane potential
causing ion channel restructuring [84-86,169].

Voltage sensitive phosphatases (VSPs) (also named voltage sensor-
containing phosphatases) have a four-segment transmembrane domain
VSD (S1-S4) like the voltage-gated ion channels which regulate the
phosphatase activity in a voltage sensitive manner [170-174]. They are
a protein family found in many species including humans, mice,
zebrafish, frogs, and sea squirt [175]. Strong membrane voltage sensi-
tivity was found in the tunicate (sea squirt) Ciona intestinalis phosphatase
(Ci-VSP) [176] and in the chicken Gallus gallus phosphatase (Gg-VSP)
[177]. Their four-segment voltage sensitive domains (VSDs) were
genetically engineered and fused with fluorescent proteins to fabricate
genetically encoded voltage indicators (GEVIs) (based on Ci-VSP:
[178-181], based on Gg-VSP: [167,177,182-187]). The membrane
voltage induced S4 segment displacement modifies the fluorescent
protein emission behavior.

Three types of phosphatase-based GEVIs have been developed:

i) A single fluorescent protein (FP) [176,177,188] or a
circular-permuted fluorescent protein (cpFP) [189-191] was
fused to the VSD. Voltage-induced conformational changes in the
VSD influence the FP chromophore environment leading to
changes in the FP fluorescence behavior [154,189-195].

ii) Two adjacent VSDs, each with a special fused FP (S4-FP linker
length optimized), form an FP dimer under depolarization con-
ditions and thereby reduce their fluorescence emission
[196-202].

iii) A pair of matched FPs was fused to the VSD, and the FRET effi-
ciency depended on the membrane potential [167,179,181].

They are described in the following.
3.4.1. Single fluorescent protein or circular-permuted fluorescent protein
fused to voltage sensitive domain

The environmental charge situation may influence the chromophore
spectroscopic behavior in the fluorescent protein (FP) [203]. The N and

extracellular

+ 4+t
+
ST1S2]1S3
S4
+
_ + _
intracellular

Or;
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C termini of circular-permuted fluorescent proteins (cpFPs) are in close
proximity to the chromophore in the fluorescent protein making their
fluorescence behavior sensitive to the environmental situation. In
voltage-gated phosphatase-based GEVIs with fused FPs or cpFPs, a
membrane potential induced S4 position shift affects the FP chromo-
phore environment. It deforms the p-barrel structure of the FP acting on
the chromophore which may change its absorption and fluorescence
behavior [194,195,204,205]. A schematic illustration of a possible
modulation of the fluorescent protein emission due to VSD response to
the actual membrane potential is shown in Fig. 13a [177].

3.4.2. Single FP fused to voltage sensitive domain of VSP-based mosaic
GEVI

The mutated pH sensitive fluorescent protein (pHluorin) [154,203]
with negative charge on the outside of the p-can, superecliptic pHluorin
A227D (short names SE(A227D) or SEP), tends to dimerize in positive
charged environment. SE(A227D) was fused to the VSD of VSP-based
mosaic GEVIs at the intracellular membrane site. Under depolarization
conditions, the SEPs of adjacent VSDs alter their relative orientation and
position tending to dimerize and thereby reduce their fluorescence
emission [196-201]. Also, when dTomato FP was fused to S4 of the VSD
of VSP-based mosaic GEVIs with proper linker length, the FPs of adja-
cent VSDs tend to dimerize under depolarization conditions [202]. The
operation principle is schematically illustrated in Fig. 13b for the case of
SE(A227D) fused to VSD.

3.4.3. Matched fluorescent protein pair fused to voltage sensitive domain

In a VSP-based GEVI with a matched FP pair fused to the VSD, an
electric field induced S4 segment displacement causes a spatial
approaching or separation of the FP pair with accompanying increased
or reduced FRET. In the case of using a bioluminescent protein (BP) and
fluorescent protein (FP) pair, the electric field induced S4 segment
displacement changes the distance between BP and FP, thereby modi-
fying the bioluminescent resonant energy transfer (BRET) from BP to FP
and modifies the fluorescence emission of FP [206,207]. The situation is
illustrated in Fig. 13c.

4. Voltage sensitive probes

Voltage sensitive probes respond to the membrane potential. They
may be standalone systems reacting to the membrane potential with
their intrinsic absorption/emission behavior. They may be coupled
systems consisting of a membrane voltage sensing entity and an
accompanied signaling/reporting (absorbing/fluorescing/quenching)
entity. The probes may be arbitrarily intercalated/attached to arbitrary
membranes/membrane localizations, or they may be specifically tar-
geted to specific membrane types/localized membrane positions.

extracellular

54
st1l|s2||s3/] +
+
++ 4+ " + +
intracellular ﬁ

Fig. 13a. Schematic illustration of mechanism of voltage-sensing with VSD and fused FP or cpFP. Left side: intracellular negative charged membrane with down
positioned voltage sensitive segment S4. The corresponding fluorescence quantum yield of fused fluorescent protein is ¢ .. Right side: intracellular positive charged
membrane with up positioned voltage sensitive domain S4. The fluorescence quantum yield of the fused fluorescent protein is changed to ¢ ..
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Fig. 13b. Schematic illustration of mechanism of voltage-sensing VSP-based
mosaic GEVIs with fused superecliptic pHluorin A227D [196-201]. Top part:
intracellular negative charged membrane. The SEP fluorescent proteins fused to
segments S4 of the VSDs are present in fluorescent monomeric form. Bottom
part: intracellular positive charged membrane. Neighboring SEP fluorescent
proteins fused to segments S4 of the VSDs arrange to non-fluorescent dimers.

Voltage sensitive dye probes are described in [7,29,77,79,100,119,
186,208-214]. Genetically encoded voltage indicators (GEVIs) based on
voltage sensitive domains (VSDs) of voltage-gated ion channels or
voltage sensitive phosphatases (VSPs) are reviewed in [13,15,83,197,
215-218]. GEVIs based on microbial rhodopsin probes are reviewed in
[13,82,197,214-218].

Important parameters of the applied voltage probes are their pho-
tostability, biological toxicity, targeting, solubility, mobility, temporal
response, absorption cross-section, fluorescence quantum yield, signal
to noise ratio, electric field dependence of signal strength. The fractional
signal change of probes with membrane voltage change is expressed as
AS/S, where AS is the signal change due to 100 mV of voltage rise
(typical action potential height) and S is the signal before voltage change
(typically the signal at the resting potential). The signal in most cases is
fluorescence (then S = F), sometimes absorption (S = A), a ratio (S =R),
or another parameter. Data characterizing the probes are reported in the
original papers. The temporal response time, Tresp ~ Atap probe - AtAP,trues
where Atap probe is the temporal halfwidth of the measured probe signal
of the action potential and Atap trye is the true temporal halfwidth of the
action potential, gives the broadening of the measured action potential
compared to the true action potential. If the response time is longer than
the time separation between sequent action potentials, then individual
action potentials cannot be resolved.

4.1. Voltage-sensitive dye probes

Voltage sensitive dyes are reviewed in [29,77,118,119,186,211,219,
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220]. They may be grouped in intramembrane positioned electro-
chromic voltage-sensitive organic dyes with fast response to voltage
changes [7,29,100,119,211,221,222], membrane permeable ionic
organic dyes responding to membrane surface charge (slow dyes) [29,
77,90], intramembrane mobile dyes in combination with extracellular
membrane fixed fluorescent dyes for Forster-type resonant energy
transfer [79,115-117], and electron donor acceptor pairs for membrane
voltage probing via photoinduced electron transfer [142,148].

4.1.1. Membrane permeable dyes (Nernstian dyes, slow dyes)

Some ionic dyes are membrane permeable and their preferential
intracellular membrane localization or extracellular membrane locali-
zation follows the Nernstian concentation distribution law. Under
intracellular negative charged membrane conditions (negative mem-
brane potential) cationic membrane permeable dyes concentrate intra-
cellular and accumulate at the intracellular membrane leaflet, while
anionic membrane permeable dyes concentrate extracellular and accu-
mulate at the extracellular membrane leaflet. Under intracellular posi-
tive charged membrane conditions the situation is vice versa. The
Nernstian equilibrium formation takes some time (greater than sec-
onds). Therefore, one speaks of slow (responding) dyes.

Various Nernstian dyes have been applied belonging to cationic cy-
anines, cationic rhodamines, and anionic oxonols [29,77,90,223-227].
Permeability-controllable potentiometric fluorescent carbazole dyes
were developed bearing different lengths of alkyl chains [228]. As ex-
amples, the structural formulae of the cyanine dye 3,3’-dipropylth-
iadicarbocyanine iodide DiSCs3(5), the rhodamine dye
tetramethylrhodamine methyl ester (TMRM), and the oxonol dye
bis-(3-propyl-5-oxoisoxazol-4-yl) pentamethine oxonol (Oxonol VI) are
shown in Fig. 14 [29,90].

4.1.2. Membrane mobile dyes

Membrane mobile lipophilic dyes are applied in membrane voltage
sensitive probes based on electro-spatial Forster-type resonant energy
transfer (esFRET, see Fig. 8). At the extracellular membrane site, a
fluorescent dye is located acting as energy donor, and in the membrane a
charged mobile dye is used as energy acceptor. The mobile dye chooses
its position according to the membrane potential either at the extra-
cellular membrane leaflet near the energy donor causing efficient FRET
or at the intracellular membrane leaflet hindering FRET.

As lipophilic intramembrane mobile molecules were used alkyl-
thiobarbiturate-polymethine oxonol dyes DiSBAC,(m) (n = 4, 6, 10
number of methylene and methyl units in alkyl groups, m = 3, 5 number
of methine units in polymethine), [79,115,116,230], and butyl
barbiturate-trimethine oxonol DiBAC4(3) [186] with sub-millisecond
response time. Especially the non-fluorescent hydrophobic anion dipi-
crylamine (DPA’) [117,223,231-234] with 100 ps response time is
applied. The structural formulae of DisBAC4(5) and DPA™ are shown in
Fig. 15.

4.1.3. Intramembrane positioned electrochromic voltage-sensitive dyes (fast
dyes)

A group of dyes applicable for voltage sensing are polar dyes with
rather different electric dipole moments in the Sy ground-state and the
first S; excited-state. They are called voltage-sensitive dyes, potentio-
metric dyes, or electrochromic dyes. They are also labeled as ‘charge-
shift’ probes [7,95,96]. Amphiphilic dyes are used with the lipophilic
part binding to the cell membrane interior and the hydrophilic part
being at the cell membrane exterior [237]. Either membrane potential
dependent absorption spectra changes or fluorescence spectra changes
are measured. Potentiometric Probes develops and supplies
voltage-sensitive dyes for academic and pharmaceutical industry re-
searchers (https://potentiometricprobes.com). Voltage sensitive dyes
have been specialized to brain and cardiac electrophysiology [10,209,
238-243].

As an example, in Fig. 16 the structural formulae are shown of the
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Fig. 13c. Schematic illustration of voltage-sensing with a fused matched fluorescent protein pair or matched bioluminescent protein/fluorescent protein pair
evolving distance dependent FRET or BRET due to VSD restructuring. Top part, left side: intracellular negative charged membrane with down positioned voltage
sensitive segment S4. Top part, right side: intracellular positive charged membrane with up positioned voltage sensitive segment S4. Bottom part, left side: Under
intracellular negative conditions, FP/FP pair or BP/FP pair is separated with negligible FRET/BRET efficiency. Bottom part, right side: Under intracellular positive
conditions, FP/FP pair or BP/FP pair is near together with strong FRET/BRET efficiency and acceptor FP fluorescence emission.

popular naphthyl styryl pyridinium dye 4-(2-(6-(dibutylamino)-2-
naphthalenyl) ethenyl)-1-(3-sulfopropyl)-pyridinium, known as di-4-
ANEPPS, in the ground-state and first excited state [96]. Like
di-4-ANEPPS, the potentiometric dye di-8-ANEPPS is used [244,245]
(there dibutylamino group is replaced by dioctylamino group). This dye
is more lipophilic due to the longer methylene chain and therefore is
better retained in the leaflet of the cell plasma membrane [244-246].
Di-4-ANEPPS is more prone to internalization (accumulation in the cell
interior).

4.1.4. Electron donor acceptor pairs for membrane voltage probing via
photoinduced electron transfer (PeT)

Organic dye PeT based membrane voltage probes are molecule
complexes (dyads) consisting of a hydrophilic fluorophore, a lipophilic
conjugated double-bond bridge (wire) and an aniline moiety. The
applied fluorophores include rhodamines [151,222,247-249], fluores-
ceins [142,148,150,152,250,251], carbofluoresceins [147], indoc-
yanine green [226,227] and carborhodoamines [252]. As an example,
the chemical structure of a fluorescein-bridge-aniline complex named
VoltageFluor dye VF2.1(OMe).H [148] is shown in Fig. 17. The fluo-
rescein fluorophore acts as electron donor and aniline as electron
acceptor in the photoinduced electron transfer (see Section 3.2.2). For
VF2.1(OMe).H the response time is Tresp < 150 ps and the fractional
fluorescence change is AF/F = 48 % [148].

4.2. Voltage sensitive semiconductor nanoparticle probes

Semiconductor quantum dots (QDs, spherical) and quantum rods
(QRs, cylindrical shaped) behave like organic dyes [101]. They gener-
ally have a semiconductor core, a semiconductor shell, and a biocom-
patible coating for intramembrane localization or extramembrane
localization [102,253]. Examples are CdSe/ZnS and CdS/ZnSe QDs and
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QRs.

In intramembrane application the quantum-confined Stark effect is
exploited (see Section 3.1.3). Small shifts in absorption spectra and
emission spectra, or emission lifetime changes are measured [80,
104-106].

Extramembrane localized fluorescent nanoparticles were used with
intramembrane mobile dipicrylamine anion (DPA’) in FRET-based
membrane voltage probing [254]. Membrane-anchored upconversion
nanoparticles (UCNPs) together with intramembrane DPA” were applied
as FRET based near-infrared voltage sensors in real-time imaging of
neuronal activities in mice and zebrafish [116]. Polystyrene beads
loaded with dyes spectrally suitable for FRET interaction with DPA were
used for optical probing of local membrane potentials [234].

CdSe/ZnS quantum dot-peptide-fullerene bioconjugates were
developed and applied for in vitro and in vivo visualization of cellular
membrane potential based on electric field influenced photoinduced
oxidative electron transfer between quantum dot and fullerene [255,
256]. The quantum dot was anchored at the extracellular membrane and
a peptide with an attached Cg fullerene was in the membrane inside.
Under intracellular negative charged conditions the photoinduced
electron transfer was reduced (higher activation energy, Eq. 19; smaller
Franck-Condon weighted density of states factor, Eq. 20) and the
quantum dot fluorescence efficiency increased. Under intracellular
positive charged conditions the efficiency of the photoinduced electron
transfer was increased (smaller activation energy, larger Franck-Condon
weighted density of states factor) and the quantum dot fluorescence was
reduced.

4.3. Fluorescent proteins for membrane voltage probing

Fluorescent proteins (FPs) are widely used tools for cellular imaging
[257]. They are the fluorescent signal reporters in connection with
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c|;H3 CHs
3,3’-dipropylthiadicarbocyanine iodide (Aamax = 651 nm, AFmax
= 675 nm in methanol [229])
CHs Cloy CHs
| |
TMRM
Tetramethylrhodamine methyl ester (Aamax = 549 nm, Afpmax =
573 nm in methanol [229])
o o)
o o Oxonol VI
| A\ C=C—C=C—=C |
N H H H H H __N
CH2 THQ
C|:H2 (|:H2
(LH3 CHs

Bis-(3-propyl-5- oxoisoxazol-4-yl) pentamethine oxonol (Aamax

=599 nm, AF,max = 634 nm in mehanol [229])

Fig. 14. Structural formulae of the amphiphilic membrane permeable dyes 3,3’-dipropylthiadicarbocyanine iodide DiSC3(5) [90], tetramethylrhodamine methyl
ester (TMRM) [76], and bis-(3-propyl-5-oxoisoxazol-4-yl) pentamethine oxonol (Oxonol VI) [90]. Nomenclature for DiSC3(5): Sub-index 3 counts the methylene and
methyl units in the alkyl groups. In parentheses (5) counts the number of methine units of the polymethine chain. Listed parameters are taken from [229].

membrane voltage sensitive probes. The signal reporter mechanisms are
either Forster-type resonant energy transfer (FRET) [13,15,81,82,215,
217,258-260], environmental influence of chromophore fluorescence
situation [13,115,156,157,206-215], or change of fluorescent protein
monomerization/dimerization situation [196,197,199-202].

All FPs are capable of FRET if an appropriate resonant energy
transfer donor or acceptor is adjacent to the FP.

In cpFPs the N and C termini are in close proximity to the chromo-
phore of the fluorescent protein influencing the chromophore fluores-
cence behavior due to the environmental membrane negative/positive
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charge situation [189-191,193]. Electric field dependent chromophore
influence may also occur in normal FPs [176-178]. pH sensitive mutants
of green fluorescent protein (named pHluorin) change their excitation
wavelength dependent fluorescence emission in a pH dependent manner
[261]. The mutation may lead to ratiometric pHluorins (bimodal fluo-
rescence behavior) or ecliptic pHluorins (fluorescence diminishes at low
pH). The superecliptic pHluorin A227D mutant tends to dimerize under
membrane depolarization conditions with accompanying fluorescence
reduction [196-201]. Also, the basic orange fluorescent protein, dTo-
mato, derived from Discosma sp. shows an electric field dependent



A. Penzkofer Next Research 7 (2026) 101497

(0] O
HzC——(CHy); (CHz)3——CHgz
2 NN W .
)\ /K DiSBAC4(5)
S T (6] (0] T S
(C|3H2)3 (THz)a
CHs CHjy

Bis-(1,3-dibutyl-2-thiobarbiturate)-pentamethine oxonol (Aamax =
638 nm, AF,max = 663 nm, in ethanol [116])

NO, O,N
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Dipicrylamine anion (Aamax(ethanol) = 412 nm [195],
Aamax(acetonitrile) = 420 nm [235])

Fig. 15. Structural formulae of lipophilic anionic dye bis-(1,3-dibutyl-2-thiobarbiturate)-pentamethine oxonol (DiSBAC4(5)) [116] and dipicrylamine anion (DPA)
[236]. For DiSBAC4(5): sub-index 4 counts the methylene and methyl units in the alkyl groups, (5) counts the number of methine units of the polymethine chain.
Listed parameters are taken from [116,195,235].

"0,8
KNQI ~7N/_ﬁ di-4-ANEPPS
— i in ground-state

-038 -
KN _C@, /_ﬁ di-4-ANEPPS
— N
K in first excited-state

Fig. 16. Di-4-ANEPPS in ground-state (top part) and first excited-state (bottom part). Structural formulae are taken from [96]. (A3 max = 500 nm, Ap max = 725 nm, in
ethanol, from Potentiometric Probes). The sulfopropyl group is located at the extracellular membrane leaflet, the naphthyl-styryl pyridinium chromophore is located
in the membrane interior adjacent to the membrane leaflet, the dibutyl group is aligned parallel to the intramembrane lipid hydrocarbon tails.

dimerization behavior [202]. gallus [167,187,272-274], and others [200,202,275], iv) voltage sensi-
Mostly the mechanism of Forster-type resonant energy transfer tive domains of voltage-gated ion channels [84-86,276], and V)

(FRET) is applied [13,15,81,82,215,217,258-260]. The FP is selected chimeric ion channels and phosphatases [277,278].

according to the spectral requirements (wavelength region of absorption

and emission, overlap of donor fluorescence spectrum and acceptor 4.3.1. FRET-based fluorescent proteins in connection with intramembrane

absorption spectrum, efficiency of energy transfer, fluorescence quan- mobile molecules

tum yield of energy acceptor). An intracellular membrane anchored FP (farnesylated enhanced
The voltage sensitive probes are: i) membrane mobile molecules green fluorescent protein eGFP-F) was used with intramembrane nega-

[117,262], ii) transmembrane genetically encoded mutated microbial tively charged molecule dipicrylamine (DPA’) for FRET based mem-

rhodopsins with retinal chromophore [12,88,124,242,243,263], iii) brane voltage determination [117,262]. This hybrid voltage sensor is

voltage sensitive domains based on voltage sensitive phosphatase like named hVOS [117]. Its characteristic parameters are response time Tresp

Ciona intestinalis (Ci-VSP) [179-181,188,189,193,264-271], Gallus ~ 500 ps and fractional fluorescence change AF/F = 5-34 %. Under
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Fig. 17. Structural formula of the sulfofluorescein based VoltageFluor dye VF2.1(OMe).H (taken from [148]).

intracellular negative charged membrane conditions, DPA’ is located at
the extracellular membrane side (weak FRET interaction) and eGFP-F is
strongly fluorescent. Under intracellular positive charged membrane
conditions, DPA’ is located at the intracellular membrane side near to
eGFP-F (strong FRET interaction) and its fluorescence emission is
quenched.

4.3.2. FRET-based fluorescent proteins probe protonation state of retinal in
transmembrane microbial rhodopsins

An appropriate fluorescent protein is intracellularly fused to a mi-
crobial rhodopsin-derived voltage sensor in the cell membrane [88,117,
124,242,243,263]. The membrane voltage influences the neutral retinal
Schiff base (RSB) /protonated retinal Schiff base (PRSB) equilibration,
and the FP interacts with PRSB via FRET (see Section 3.3).

Various negative-going FRET based genetically encoded fluorescent
protein/rhodopsin voltage indicators have been realized:

Ace-mNeon [263] (Ace = Acetabularia acetabulum rhodopsin, mNeon
= mNeonGreen fluorescent protein), Tresp ~ 1 ms, AF/F ~ -10 %;
Ace-mScarlet [243], Tresp = 2 ms, AF/F ~ -8 %;

VARNAM (voltage-activated red neuronal activity monitor, a fusion
of Ace with mRuby3) [242], Tresp =~ 1 ms, AF/F =~ -13 %;
Mac-mOrange2 and Mac-mCitrine (Mac = rhodopsin blue-green light-
activated proton pump from fungus Leptosphaeria maculans) [88],
Tresp ~ 3 mS, AF/F ~ -12 %;
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Sulfofluorescein

Conjugated bridge

Aniline derivative

QuasAr2-FP, FP = eGFP, Citrine, mOrange, or mRuby2 (QuasAr =
Quality superior to Arch, an Archaerhodopsin 3 mutant from Hal-
orubrum sodomense) [124], Tresp ~ 4-7 ms, AF/F ~ -(8-13) %;
paQuasAr3-Citrine (paQuasAr3 = photoactivated QuasAr3) [12],
Tresp < 1 ms, AF/F ~ -40 %);

QuasAr6a-Citrine (Tresp ~ 1.8 ms, AF/F ~ -73 %) and QuasAr6b
-Citrine (tresp ~ 0.8 ms, AF/F ~ -24 %) [279].

Positive-going FRET based genetically encoded fluorescent protein/
rhodopsin voltage indicators have been realized with similar response
time and fractional fluorescence change as their negative-going coun-
terparts [161].

4.3.3. Fluorescent proteins report status of voltage sensitive domain from
voltage sensitive phosphatase of Ciona intestinalis (Ci-VSP)

The voltage sensitive domain VSD (S1-S4) from the voltage-sensitive
phosphatase of the sea squirt Ciona intestinalis (Ci-VSP) responds to the
electrical potential of the membrane. Especially the position of the
positive charged strand S4 is influenced by the membrane voltage and
modifies the fluorescence behavior of the fluorescent protein(s) fused to
the Ci-VSP-based GEVI [13,81,82,217]. Fluorescent protein FRET based
VSDs have two spectrally adjusted fluorescent proteins fused to the
voltage sensitive domain (S1-S4) which change their distance with the
membrane voltage (restructuring of S1-S4 strands) and thereby change
the FRET efficiency [179,181,264-268]. VSDs of Ci-VSP-based GEVIs
with a fused single fluorescent protein or a circular permuted fluorescent
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protein imply a change of the FP fluorescence efficiency due to the
electric field VSD restructuring acting on the p-barrel structure with
subsequent chromophore environment modification [180,188,189,193,
269-271]. VSDs from Ci-VSP based mosaic GEVIs with single fused
superecliptic pHluorin A227D mutants with negative charge on the
outside of the p-can imply membrane voltage dependent fluorescent
protein monomerization/dimerization with accompanying fluorescence
modulation [196-201]. Also, VSDs from Ci-VSP based mosaic GEVIs
with single fused dTomato show membrane voltage dependent fluores-
cent protein monomerization/dimerization [202].

4.3.3.1. Two fluorescent proteins fused to VSD of Ci-VSP. Several GEVIs
based on membrane voltage dependent FRET efficiency between two
FPs fused to the VSD of Ci-VSP have been realized (mechanism
explained in Section 3.4.3):

VSFP2.3: fusion of the FPs mCerulean and Cirtrine in tandem to VSD
(S1-54) of Ci-VSP, Tresp ~ 100 ms, fluorescence ratio AR/R ~ 10 %,
(VSFP = genetically encoded voltage sensitive fluorescent protein)
[176,265];

VSFP CR: the FPs Clover and mRuby2 are fused to VSD of Ci-VSP
[265], Tresp ~ 50 ms, fluorescence ratio AR/R ~ 12 %;

Mermaid: the FPs mUKG and mKOkx from corals are fused to S4 of VSD
of Ci-VSP, Tresp =~ 20 ms, fluorescence ratio AR/R ~ 40 % (Mermaid
= membrane-potential reporter made of ascidian and dual coral
fluorescent proteins) [181];

Mermaid2: two FPs fused to S1 and S4 of VSD of Ci-VSP, several
versions of FPs are used (mUKG + mKOk, CFP + YFP, CFP_W66G +
YEP, CFP + YFP_Y66G), Tresp =~ 5 ms, fluorescence ratio AR/R = 60-
100 % [266];

VSFP butterfly: the FPs mCitrine and mKate2 are fused to S1 and S4 of
VSD of Ci-VSP, Tresp ~ 10 ms, fluorescence ratio AR/R ~ 22 % [267];
Nabi: FPs mUKG and mKO (Nabil) or Clover and mRuby2 (Nabi2)
are fused to S1 and S4 of VSD of Ci-VSP, Tresp = 2-6 ms, fluorescence
ratio AR/R < 11 % (Nabi is name of butterfly in Korean) [268].

4.3.3.2. One FP or cpFP fused to S4 of VSD of Ci-VSP. Several Ci-VSP

based GEVIs have been developed using FPs or cpFPs intracellularly

fused to the S4 strand of the VSD. Their membrane voltage sensitivity is

based on voltage dependent VSD restructuring influencing the B-barrel

structure of the FP affecting the chromophore fluorescence behavior.
Examples are:

FlicR1: cpmApple is fused to S4 (FlicR = fluorescent indicator for
voltage imaging red), Tresp ~ 3 ms, AF/F ~ 3 % [193];

VSFP3.1: CFP is fused to S4, Tresp ~ 3 ms, AF/F =~ 10 % [176,259];

VSFP3(x): various red fluorescent proteins (Cerulean, Citrine, mOr-
ange2, TagRFP, mKate2) are fused to S4 of VSD of Ci-VSP [188].

4.3.3.3. One FP fused to S4 of VSD of Ci-VSP with dimerization tendency.
Ci-VSP based mosaic GEVIs with single fused superecliptic pHluorin
mutants have been developed which tend to FP dimerization under
depolarization conditions [196-201] (see Section 3.4.2). Besides the
dimerization tendency, the VSD restructuring acts on the p-barrel
structure of the fused superecliptic pHluorin mutants which influence
the chromophore environment and fluorescence behavior [195].
Examples are:

ArcLight: superecliptic pHluorin with mutation A227D is fused to S4
of VSD of Ci-VSP, Tresp = 10 ms, |AF/F| < 35 % [180,271,275];
Bongwoori: voltage indictor like ArcLight with modified linker, Tresp
~ 10 ms, |AF/F| < 20 % (Bongwoori is Korean name of mountaintop)
[270,280];
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Marina: ArcLight with D389A H390A Y442V mutations in super-
ecliptic pHluorin fluorescent protein (polarity of fractional fluores-
cence change is inverted), Tresp ~ 30 ms, AF/F ~ 30 % [281,282];
Ulla: ArcLight derived GEVI with supereliptic pHluorin mutation
T204E/F223D (polarity of fractional fluorescence change is inver-
ted), fast response, AF/F > 25 % [195] (Ulla = ascend in Korean)
Ilmol: FP dTomato is fused to S4 of VSD of Ci-VSP. Two adjacent
VSDs, each with a single dTomato act together tending to form
dTomato dimer under depolarization conditions, Tresp = 5 ms, |AF/F|
~ 4 % [202] (Ilmol = sunset in Korean).

4.3.3.4. Chimeric voltage sensitive domains with potassium ion channel
Kv3.1 part in Ci-VSP. The voltage sensitive domain (VSD) of Ci-VSP was
modified by partial replacement of parts of VSD with parts from potas-
sium ion channel Kv3.1.

Examples are,

chimeric VSFP butterflies: two FPs (CFP and YFP, or YFP and RFP) are
fused to the chimeric VSD [277,278], Tresp =~ 23 ms, AF/F = 4 %
[269];

VSD-FR189-188: cpFusionRed permutant at breaking point 189-188
was fused to S1 and S4 of the chimeric VSD [269] (spatial separation
mechanism of non-covalently bound parts of the split FP was
applied), Tresp = 27 ms, AF/F = 2 %;

nirButterfly: The FPs miRFP670 and miRFP720 were fused to the
chimeric VSD [283,284], Tresp ~ 2.2 ms, AF/F =~ 16 %.

4.3.4. Fluorescent proteins report status of voltage sensitive domain from
voltage sensitive phosphatase of chicken Gallus gallus (Gg-VSP)
Extracellular single FPs were fused to the S1-S4 voltage sensitive
domain (VSD) of the voltage sensitive phosphatase of chicken Gallus
gallus.
Examples are:

ASAP1: cpGFP is fused to S4 of Gg-VSP (ASAP = accelerated sensor of
action potential) [187], Tresp ~ 2 ms, |AF/F| ~ 20 %;

ASAP2s: ASAP1 with mutation R415Q in S4 which perturbs the
chromophore behavior of cpGFP resulting in changes of the fluo-
rescence emission [272], Tresp ~ 5 ms, |AF/F| ~ 40 %.;

ASAP3: Improved ASAP variant found by library-based mutagenesis
screening [182], Tresp ~ 12 ms, |AF/F| =~ 50 %;

ASAP4: Various mutations of ASAP2 with positive going voltage
response, similar response time and higher fractional fluorescence
change, e.g. AF/F = 180 % for ASAP4b [285];

ASAP5: ASAP3 145A,149K,412V,4131,414R, has higher gain and
faster onset time constant than ASAP3 [45];

SpikeyGi and SpikeyGi2: mutated ASAP3 variants [286], Tresp ~ 2 ms,
|AF/F| = 18.7 % for SpikeyGi and |AF/F| ~ 57.5 % for SpikeyGiZ2;
JEDI-1P: cpGFP is fused to VSD of Gg-VSP and used for 1-photon
microscopy (JEDI = jellyfish-derived electricity-reporting designer
indicator) [287], Tresp & 1.6 ms, |AF/F| ~ 55 %;

JEDI-2P: FP cyOFP1 is fused to VSD of Gg-VSP for 2-photon micro-
scopy [274], Tresp =~ 35 ms, |AF/F| =~ 50 %.

4.3.5. Fluorescent proteins integrated in voltage-gated ion channels for
membrane voltage reporting

Like voltage-gated phosphatases, voltage-gated ion channels contain
a four-segment voltage sensitive domain VSD (S1-S4) which regulates
the ion transport through the pore according to the membrane potential
[164-166]. Genetically encoded membrane voltage indicators have
been developed by fusing fluorescent proteins as reporters to the
voltage-gated ion channels [277]. Potassium ion channels [86], sodium
ion channels [85], and proton ion channels [86] have been used.

A modified green fluorescent protein (GFP) was fused into the Shaker
K* channel at the strand S6 so that voltage-dependent rearrangements in



A. Penzkofer

the K™ channel induced changes in the fluorescence of GFP [84]. It was
called Flash for fluorescent Shaker. A voltage-sensitive fluorescent pro-
tein (named VSFP1) consisting of a voltage sensing domain of Kv2.1
channel and a fluorescent protein pair, CFP and YFP, was designed to
record membrane potential dynamics (fluorescent protein pair fused to
S4 of Kv2.1, rotational movement of S4 caused change of FRET effi-
ciency due to reorientation of fluorescent proteins, eoFRET) [125,126].

A sodium channel fluorescent protein-based membrane voltage ac-
tivity reporting construct (named SPARC) was developed consisting of
GFP intracellularly inserted between S6 of part Il and S1 of part III of the
sodium ion channel tetramer [85,276]. Rapid changes of the membrane
potential modulated the fluorescence of the inserted GFP.

A voltage-gated proton channel from Chinese liver fluke Clonorchis
sinenis with fluorescent proteins mKate2 and superecliptic pHluorin
A227D allowed to optically monitor the membrane potential [86]. The
system was named Pado (Pado = wave in Korean).

4.4. Voltage-gated ion channels

The membrane voltage of voltage-gated ion channels regulate and
trigger their channel permeability and activity [164,169]. The Na' and
Ca?* channels consist of a single-polypeptide chain that comprises four
repeats (I, II, III, IV) each consisting of six membrane-spanning segments
(S1-S6) of which S1-S4 comprise the voltage sensing domain (VSD) and
S$5-S6 form the pore [164]. K" channels consist of four noncovalent
subunits forming a tetramer, each subunit (S1-S6) is composed of a
voltage sensing domain (S1-S4) and a pore part (S5-S6). The inner part
of the tetramer forms the ion channel (four S5-S6 segments) and the
outer part forms the voltage sensitive part (four S1-S4 segments) [164].
The H' channel is a dimer of two S1-S4 regions (without $5-S6 pore)
held together by coiled-coil interactions in the C-terminal domain, in
which each monomer has its own proton conduction pathway [288].

The S4 segment in each VSD contains three to eight repeated three-
residue motifs of a positive amino acid (mostly arginine R, sometimes
lysine K) followed by two hydrophobic amino acid residues. These
positive amino acids are sensitive to the electric field in the membrane,
so that S4 moves towards the intracellular or extracellular space upon
intracellular negative or positive charged membrane conditions,
respectively (sliding helix or helical screw model [228,290]) [164,173,
288-296].

The membrane voltage determination is achieved by fusing an
appropriate fluorescent protein to the voltage-gated channel which re-
sponds to the membrane voltage dependent structural change of the
voltage sensing domain S1-S4 (see Section 4.3.5).

4.5. Voltage sensitive phosphatases

A phosphatase is an enzyme that uses water to cleave a phosphoric
acid monoester into a phosphate ion and an alcohol [297,298]. Voltage
sensitive phosphatases (VSPs) consist of a transmembrane voltage
sensing domain (VSD) of four transmembrane strands (S1-S4) connected
to a cytoplasmic phosphatase region that dephosphorylates phosphoi-
nositides (PIPs) in the membrane in case of membrane depolarization
[174,179,299-301]. VSPs are found in many species including humans,
mice, zebrafish, frogs, chicken, and sea squirt [275].

The voltage-sensitive phosphatase Gg-VSP in chick embryonic tis-
sues and in the adult cerebellum of chicken Gallus gallus domesticus plays
a role in embryonic cell process outgrowth and is involved in the dif-
ferentiation of Purkinje neurons [30,302].

4.6. Microbial rhodopsins

Microbial rhodopsin based genetically encoded voltage indicators
(GEVIs) have been reviewed in [13,15,81,82,160,217,258,260,294,
302-304].

Microbial rhodopsins consist of an opsin protein and a covalently
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bound retinal chromophore [273,306]. The opsin apoprotein is built up
of seven transmembrane a-helices (TM1-TM7) with N-terminus located
extracellular and C-terminus located intracellular. The retinal is
attached by a Schiff base linkage to the e-amino group of a lysine side
chain in the middle of TM7 (retinal + lysine — retinal Schiff base +
H»0). In the dark-adapted form, retinal is present in all-trans configu-
ration. Photoexcitation causes isomerization to the 13-cis conformation.
Microbial rhodopsins have been identified from archaea, bacteria,
eukaryotic microorganisms and viruses with a variety of distinct func-
tions (pumps, channels, regulators, sensors) [307,308].

The structural formulae of all-trans retinal, all-trans protonated
retinal Schiff base (all-trans PRSB), 13-cis protonated retinal Schiff base
(13-cis PRSB), all-trans retinal Schiff base (all-trans RSB), and 13-cis
retinal Schiff base (13-cis RSB) are shown in Fig. 18.

Microbial rhodopsin light-driven outward proton pumps transfer
intracellular H' to the extracellular side in a photocycle. This photocycle
is initiated by photoexcitation of all-trans ground-state protonated
retinal Schiff base (PRSB,) to a local excited state (PRSB;*), followed by
excited-state 13-cis isomerization (PRSB,), then protein restructuring
leading to H' transfer to the extracellular side and PRSB, deprotonation
to neutral retinal Schiff base RSB,. It follows further restructuring with a
re-protonation of the isomerized RSB, from the intracellular side to
PRSB,. Then it follows re-isomerization to all-trans PRSB, and ground-
state restoration to the original dark-adapted situation [273,305,306,
309,310].

This microbial rhodopsin light-driven outward proton pump photo-
cycle scheme is shown in Fig. 19 (following [306]).

The most studied microbial rhodopsin light-driven outward proton
pump is bacteriorhodopsin (BR) from halophilic archaea Halobacterium
salinarum [311,312]. Important microbial rhodopsin outward proton
pumps, whose mutants find important application as membrane voltage
indicators, are: proteorhodopsin from an uncultivated y-proteobacte-
rium occurring in marine bacterioplankton [313-315], archaerhodopsin
3 (Arch, also abbreviated Arch 3 or Arch3) from Halorubrum sodomense
[87,316-319], Mac rhodopsin from fungal pathogen Leptosphaeria
maculans [88], and Acetabularia rhodopsin I and II proton pumps from
marine alga Acetabularia acetabulum [320,321].

Microbial rhodopsin-based GEVIs are mutated microbial rhodopsin
light-driven outward proton pumps where the proton pumping is
blocked by replacing an acidic amino acid (Asp, D) involved in the light-
driven outward proton transfer with a neutral amino acid (Asn, N) [87,
124,158]. They exhibit a membrane voltage sensitivity because their
PRSB - RSB equilibrium depends on the membrane potential [87,124,
158,322]. Generally, the proton pathway from retinal to the extracel-
lular membrane leaflet is blocked by D-N mutation of the proton
acceptor from the protonated retinal Schiff base leading to
negative-going rhodopsin -based GEVIs (see Section 3.3.1). In a recent
paper [161], the proton pathway from the intracellular membrane
leaflet to the retinal was blocked by D-N mutation of the proton donator
to the retinal Schiff base leading to positive-going rhodopsin-based
GEVIs (see Section 3.3.2).

A photocycle scheme for protonated retinal Schiff base in intracel-
lular positive charged membranes of negative-going rhodopsin-based
GEVIs, or intracellular negative charged membranes in positive-going
rhodopsin-based GEVIs, is shown in Fig. 20 [323-325].

In the primary cycle, the protonated retinal Schiff base in its ther-
mally stable original dark-adapted Sy ground-state (PRSB,) is photoex-
cited to its locally excited state (PRSB;*) in the S; potential energy
surface. From there the S; state isomerization begins along a torsional
reaction coordinate via the stationary point SP (dominant fluorescence
emission position), the funnel state Fu with S;-Sy internal conversion to
the Sy transition state. From there occurs either return to the original
ground state (PRSBy) or further torsion towards the ground-state pho-
toisomer PRSB,. This state is thermally unstable and recovers slowly
back to the original configuration by ground-state back-isomerization.

Continued light exposure excites the formed photoisomer PRSB, in a
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Retinal all-trans

Lys Protonated retinal Schiff base all-

trans, 15-anti

Protonated retinal Schiff base 13-cis,

15-anti

Retinal Schiff base all-trans, 15-anti

Retinal Schiff base 13-cis, 15-anti

Fig. 18. Structural formulae of all-trans retinal, all-trans protonated retinal Schiff base (all-trans PRSB), 13-cis PRSB, all-trans retinal Schiff base (all-trans RSB), and
13-cis RSB (see [18]).

H"
1C
PRSBt +hy == PRSBI* 1somerlzat10n: PRSBC restructurlng: RSBC N - PRSBC isomerization PRSBt
ps us restructuring 10 ms
+
H ec

Fig. 19. Photocycle scheme of a rhodopsin light-driven proton pump. PRSB,: ground-state all-trans protonated retinal Schiff base. PRSB,*: excited-state all-trans
protonated retinal Schiff base. PRSB.: photoisomerized ground-state 13-cis protonated retinal Schiff base. RSB,: ground-state 13-cis retinal Schiff base. Hg: proton
released to extracellular space. Hi: proton taken up from intracellular space. Approximate durations of the processes are indicated (ps, ps, ms, 10 ms).

secondary photocycle with photoisomerization of PRSB, to PRSB;. Under 4.6.1. Stand-alone rhodopsin (opsin-only) GEVIs

continued light exposure this primary and secondary photocycling oc- The fluorescence quantum yield of microbial rhodopsin based GEVIs
curs repeatedly. The exact dynamics depends on the excitation light is rather low. It is determined by the photoisomerization dynamics. It
intensity, excitation light duration, and excitation light frequency [326] was increased by directed mutations which slow down the photo-
(PRSB; and PRSB, have different Sy-S; transition frequencies and fluo- isomerization process along the excited-state torsional reaction coordi-
rescence behavior [323-325]). nate via a stationary point SP [159,305,323-325,327,328]. The

mutations resulted in a wide variety of Arch based GEVIs [11,87,
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photoisomerization (ps)

> PRSB,

SP

fluorescence (ps)

Y

returnal (ps)

Fu

Primary rhodopsin photocycle

ground-state back-isomerization (10 h)

photoisomerization (ps)

PRSB,+hv —s PRSB,*

returnal (ps)

» PRSB;
Fu

Secondary rhodopsin photocycle

Fig. 20. Photocycles schemes of protonated retinal Schiff base in rhodopsin-based GEVIs. Top part: primary PRSB photocycle of dark-adapted sample. Bottom part:
secondary PRSB photocycle of photoisomerized PRSB generated in primary photoexcitation process. PRSB: ground-state protonated retinal Schiff base. PRSP*:
excited-state protonated retinal Schiff base. SP: stationary point on S; state potential energy surface (from there dominant fluorescence emission). Fu: funnel state
(there S;-Sy internal conversion to Sy transition state with forward reaction to photoisomer and backward reaction to original conformation). In schemes is assumed:
PRSB, = thermal stable original (dark-adapted) isomer. PRSB.: in primary photocycle generated photoisomer which thermally recovers back to PRSB, by thermal

ground-state isomerization.

329-338]. Some obtained fluorescence quantum yields ¢ are:

wt Arch 3: ¢ = 1.1 x 10" [336,339],

Arch 3 D95N: ¢r = 4 x 107 [871],

Proteorhodopsin D97N: ¢p = 1 X 102 [1 58],

QuasArl: ¢p = 6.5 x 10 [163],

Arch 5: p = 8.7 x 107 [336],

Arch 3 D95E/T99C/P196S/T215A: ¢ = 9.7 x 107 [338],
Archon2: ¢ = 1.05 x 1072 [340],

Arch 7: ¢p = 1.2 x 1072 [336].

Modification of retinal to 3-methylamino-16-nor-1,2,3,4-didehy-
droretinal in the Arch mutants QuasArl and QuasAr2 led to red-
shifted membrane voltage sensors [341].

4.6.2. Fluorescent protein-rhodopsin based GEVIs

To overcome the moderate PRSB fluorescence efficiency of the wide
variety of Arch-mutant GEVIs, they were fused with appropriate fluo-
rescent proteins capable of FRET energy transfer from fluorescent pro-
tein to PRSB [124,332,333,342-345]. They are negative-going GEVIs, i.
e. the retinal to extracellular membrane H' pathway is blocked (see
Section 3.3.1). Under hyperpolarizing conditions, the retinal Schiff base
is present in neutral near UV absorbing form (RSB) without FRET
interaction, and the blue/green absorbing FPs are efficiently fluorescing
in the green/yellow spectral region. Under depolarizing conditions, the
retinal Schiff base is present in protonated form (PRSB) absorbing in the
green/yellow spectral region quenching the FP emission by FRET energy
transfer from FP to weakly emitting PRSB [124].
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The Arch-FP based GEVIs have been extended to other FRET based
mutated rhodopsin light-driven proton pump - fluorescent protein
GEVIs [88,263].

To them belong the negative-going GEVIs:

Mac GEVIs (rhodopsin from Leptosphaeria maculans, proton pump
inactivated mutants): MacN = Mac D139N, MacQ = Mac D139Q,
FPs: mCitrine and mOrange2 [87]

Ace GEVIs (rhodopsin from Acetabularia acetabulum): AcelQ-
mNeongreen and Ace2N-nNeonGreen [263], VARNAM
Ace-mRuby3 [217], and Ace2N-mScarlet [243].

Also, positive-going GEVIs, were realized, There the intracellular
membrane to retinal H™ pathway was blocked (see Section 3.3.2). They
include Ace2 with mNeonGreen and Ace2 with mRuby3 [161].

4.6.3. Chemogenetic dye-rhodopsin based GEVIs
Instead of fluorescent proteins, organic dyes tagged to rhodopsin Ace
have been developed for membrane voltage detection employing FRET
between intracellular dye and retinal. One speaks of chemogenetic
GEVIs or hybrid protein — small molecule GEVIs [89,346,347].
Examples of negative-going chemogenetic GEVIs are:

FlareFRET: fluorophore-ligation-assisted rhodopsin eFRETs like Ace-
L1-Cy3 called Flarel [347],

Voltron: Ace2N-HaloTag-Janelia Fluor (JF) dye [89],

Voltron2: Voltron A122D [348],
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HVI-Cy3 and HVI-Cy5: Ace2N-cyanine dye hybrid voltage indicators

[346].

Examples of positive-going chemogenetic GEVIs, named Positron

voltage indicators are [161]:

Ace2 with HaloTag containing dye JFsys,
Ace2 with HaloTag containing dye JFsgs,
Acel with HaloTag containing dye JFs3s5, and
Mac with HaloTag containing dye JFsgs.

4.7. All-optical electrophysiology

In all-optical electrophysiology the cell membranes are stimulated by
optogenetic activation, and the induced membrane potential dynamics
are probed with voltage sensitive optical probes [11,349-354]. For
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optogenetic activation mostly channelrhodopsin 2 [355] is genetically
encoded in the cell membrane of interest.

5. Conclusions

Biological cells and cellular compartments are surrounded by
membranes and the membrane potential steers the cellular functioning.
The membrane potential probing is essential for understanding cellular
processes, especially for neurons and cardiac cells.

In this paper membrane potential fundaments were developed. The
classical electrophysiology was described. Then the electric field
dependent probe effects, acting in optical membrane voltage probes,
were described. The developed probes, utilizing voltage sensitive dyes,
nanoparticles, fluorescent proteins, voltage-gated ion channels, voltage-
gated phosphatases, and microbial rhodopsins, were discussed. Table 2
gives an overview of applied membrane voltage probes concerning their

Table 2
Overview of applied membrane voltage probes.
Probe
Localization Mechanism Response Signal Fractional References
time Tresp signal change
|AS|/S
Dyes
Ionic dye (slow dye) Intracellular and Nernstian diffusion >1s Absorption or fluorescence ~ 100 % [29] [29,77,90]
extracellular through membrane
Electrochromic dye (fast Intramembrane at Molecular Stark ~1ns Absorption or fluorescence 2-10 % [29] [6,7,29,78,91,92,95,
dye) extramembrane leaflet effect 96]
Energy donor-acceptor Part at extramembrane esFRET, 0.4-10 s FRET fluorescence <10 % [79] [79,115,116]
pair leaflet, other part mobile in [79]
membrane
< 0.4 ms > 50 % [116]
[116]
Electron donor-acceptor Fluorophore at membrane PeT, <1ms PeT quenches fluorescence ~ 50 % [142] [142,147-152]
pair (fluorophore-wire- leaflet, aniline in membrane [142] emission
aniline)
Tautomeric dye Intramembrane ESIPT <1ms Emission from normal or ~15% [153]
tautomeric state. Two-band
ratiometric response
Nanparticles
Semiconductor nanorod Intramembrane QCSE < 3.5 ms Absorption/emission spectral < 69 % [104] [80,104-108]
bioconjugate [104] shift
Lanthanide upconversion UCNP at extramembrane esFRET ~ 20 ms FRET fluorescenc <10% [122]
nanoparticle + DPA leaflet, DPA mobile in
membrane
Fluorescent proteins
FP + DPA FP: membrane leaflet esFRET ~ 0.5 ms FRET fluorescence <34%[117] [117,231,262]
DPA": intramembrane mobile [117]
Phosphatase based GEVIs
Ci-VSD + FP(s) Transmembrane VSD and Displacement of <10 ms Emission of FP is modified by < 50 % [157,176,188,192,
intracellular FP(s) segment S4 of VSD S4 position 202,264-268,270,
271,281-283]
Gg-VSD + FP Transmembrane VSD and Displacement of < 20 ms Emission of FP is modified by < 50 % [167,182,187,272,
extracellular FP segments S3, S4 of S3 and S4 position 274,287]
VSD
Rhodopsin based GEVIs
Arch derivative + FP Transmembrane rhodopsin +  ecFRET 4-7ms [124] FRET fluorescence 8-13 % [124] [12,124,279,280,
intracellular FP 343]
Ace + FP Transmembrane rhodopsin + ecFRET ~ 3 ms FRET fluorescence 5-12 % [242] [242,243,263]
intracellular FP [242]
Mac + FP Transmembrane rhodopsin + ecFRET ~ 5 ms FRET fluorescence ~ 20 % [88]
intracellular FP
Ace -+ tagged dye Transmembrane rhodopsin +  ecFRET < 1ms[89]  FRET fluorescence ~ 23 % [89] [89,161,346-348]
tag with synthetic dye
Mac -+ tagged dye Transmembrane rhodopsin +  ecFRET < 50 ms FRET fluorescence ~ 3% [161]
(positive going) tag with synthetic dye
Arch derived, stand-alone Transmembrane, outward H" GSIPT <1ms PRSB fluorescence > 100 % [11,87,158,317]

pumping pathway is blocked

Abbreviations: Ace = rhodopsin from Acetabularia acetabulum. Arch = archaerhodopsin from Halorubrum sodomense. Ci-VSP = Ciona intestinalis voltage-sensitive
phosphatase. DPA = dipicrylamine. ESIPT = photoinduced excited-state intramolecular proton transfer. ecFRET = electrochromic FRET. esFRET = electro-spatial
FRET. FRET = Forster-type resonant energy transfer. FP = fluorescent protein. GEVI =genetically encoded voltage indicator. Gg-VSP = Gallus gallus voltage sensi-
tive phosphatase. GSIPT = ground-state intermolecular proton transfer. Mac = rhodopsin from Leptosphaeria maculans. PeT = photoinduced electron transfer. PeT, =
photoinduced oxidative electron transfer. PRSB = protonated retinal Schiff base. AS/S = (change of signal strength due to 100 mV depolarization)/(signal strength at
resting potential). UCNP = upconversion nanoparticle. VSD = voltage sensitive domain.
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localization, mechanism, response time and fractional signal change.

The genetically encoded voltage indicators enable probing func-
tional neural circuits [198,349,356-358] and cardiac tissue [359] at
high spatiotemporal resolution. The research field is very active, opti-
mizing the voltage indicators to the voltage imaging tasks in cell cultures
and in live animals. One-photon and two-photon excitation techniques
as well as various microscopic and deep-tissue imaging methods are
applied [360,361].

Further physical phenomena are exploited towards label-free mem-
brane voltage sensing [362,363] like mechanical deformation followed
by plasmonic imaging [364] or atomic force microscopy [365], light
scattering detection [366], crossed-polarizer birefringence measure-
ment [367], optical magnetic detection [368], low -coherence interfer-
ometric microscopy [369,370], hyperspectral stimulated Raman
scattering  [371-373], second harmonic generation [374],
field-dependent optical absorption in a graphene film [375], electro-
chromic optical recording of spontaneous neuroelectric activities with
polystyrene sulfonate (PEDOT:PSS) thin films [376,377], and all-optical
trionic biological voltage sensing with monolayer MoS; semiconductors
[378].
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