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ABSTRACT: Biological membranes are complex organized molecular assemblies of lipids and
proteins that provide cells and membrane-bound intracellular organelles their individual identities
by morphological compartmentalization. Membrane dipole potential originates from the
electrostatic potential difference within the membrane due to the nonrandom arrangement
(orientation) of amphiphile and solvent (water) dipoles at the membrane interface. In this Feature
Article, we will focus on the measurement of dipole potential using electrochromic fluorescent
probes and highlight interesting applications. In addition, we will focus on ratiometric fluorescence
microscopic imaging technique to measure dipole potential in cellular membranes, a technique
that can be used to address novel problems in cell biology which are otherwise difficult to address
using available approaches. We envision that membrane dipole potential could turn out to be a
convenient tool in exploring the complex interplay between membrane lipids and proteins and
could provide novel insights in membrane organization and function.

■ THE MOLECULAR ORIGIN OF MEMBRANE DIPOLE
POTENTIAL

Biological membranes are quasi-two-dimensional thin sheets of
lipid bilayers of ∼5 nm thickness comprising a diverse array of
lipids and proteins held together by noncovalent interactions.
Biomembranes act as a semipermeable barrier for ions, proteins,
and other macromolecules, which separates the cellular interior
from the extracellular milieu and provide the cell its unique
identity.1 To overcome this selective barrier, specialized
membrane proteins such as ion channels, carriers, and pumps
are embedded in the membrane that allow selective transport of
materials across the lipid bilayer. As a result of the selective
barrier properties of membranes, concentrations of ions on both
sides of membranes (intracellular vs extracellular) are drastically
different, leading to generation of an electrical potential
difference due to an imbalance of charge across the membrane.
This is defined as the transmembrane potential (represented as
Ψ in Figure 1a). The magnitude of Ψ is in the range of 10−100
mV in cells3,4 and is an important regulator of the function of
membrane proteins such as voltage-gated ion channels.5

Transmembrane potential is relatively easy to measure by
placing electrodes on both sides of the membrane. On the other
hand, the surface potential (denoted asΨS) arises due to charged
headgroups of lipid molecules and adsorbed ions at the surface
of the membrane. The surface potential decays exponentially
away from the membrane surface and could be calculated using
the Gouy−Chapman model.6

The membrane dipole potential, Ψd, is an electrical potential
difference within the membrane that drops across the lipid
headgoup region of a lipid bilayer (Figure 1a).7−9 The origin of
Ψd lies in the anisotropic (nonrandom) arrangement of lipid and

water dipoles at the membrane interface giving rise to a net
electrical field within the membrane. The major contributor to
the magnitude of dipole potential is oriented water dipoles that
form hydrogen bonds with the carbonyl oxygen in the ester
linkage between the glycerol backbone and the sn-2 hydro-
carbon chain of phospholipids.10−14 Importantly, the chemical
nature of phospholipid headgroup is believed to be another
factor that could modulate the magnitude of Ψd.

13 However, in
case of the phosphatidylcholine (PC) headgroup, the major
phospholipid species in higher eukaryotic membranes, the P−−
N+ dipole between the phosphate group and nitrogen of the
choline headgroup is not a major contributing factor ofΨd, since
it is thought to lie parallel to the membrane surface.14

Interestingly, polyunsaturated fatty acids (PUFAs) could
influence the magnitude of dipole potential.15 The existence of
dipole potential was discovered in 1969 by two Russian
scientists, Liberman and Toplay,16 during their work on carrier
mechanism of fat-soluble (hydrophobic) tetraphenylborate
(TPB−) and tetraphenylphosphonium (TPP+) ions across
lipid membranes (see Figure 1b for chemical structures).
Their results revealed that membrane conductivity was ∼105
times higher with TPB− than with TPP+, although both ions
have identical radii. They hypothesized that the difference in
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membrane conductivity is due to an energy barrier within the
membrane due to presence of a positive potential within the
membrane. The term dipole potential and the concept of
oriented molecular dipoles inside the membrane were first used
by Hladky and Haydon in their work on specific conductance of
artificial planar membranes of PC, cholesterol, and glycerol
monooleate.17

■ METHODS FOR MEASUREMENT OF MEMBRANE
DIPOLE POTENTIAL

Although the concept of membrane dipole potential has its
origins in the 1970s, its application in the area of membrane
biology and biophysics has been slow, due to lack of suitable
experimental approaches for its measurement.18,19 Dipole
potential is difficult to measure since the potential difference
lies within the membrane and drops over a distance of a few
angstroms.2 Depending on the lipid composition, Ψd has been
estimated to be in the range of 100−1000 mV, which would be
expected to produce an electric field strength of ∼108−109 V
m−1.8,20 Dipole potential in membranes and other organized
molecular assemblies is popularly measured by a ratiometric
fluorescence approach using voltage-sensitive fluorophores,
initially developed by Leslie Loew.2,21−29 The mechanism
underlying the voltage sensitivity of these probes is electro-
chromic in nature which involves a large movement of electronic
charge within the molecule when it is excited from the ground
state to the excited state (Figure 2a). In such a scenario, if the
direction of the movement of charge lies parallel to an electric

field (such as the dipolar field within the membrane), the
transition energy would be sensitive to the strength of the
external electric field. If the fluorophore in an electrochromic
probe is oriented in such a way that the charge redistribution is
perpendicular to the membrane surface, it can be used as a good
indicator of membrane dipole potential. A change in dipole
potential will change the energy needed to excite the
chromophore and would be reflected in its fluorescence spectra
which can be experimentally recorded (see Figure 2b). As a
result, the excitation spectrum undergoes a shift due to a change
in the electric field where the probe is localized (shown in Figure
2b). The fluorescence intensity decreases on the blue edge of the
spectrum and shows an increase in the red edge due to decrease
in electric field. A ratio of fluorescence intensities at two
wavelengths would therefore represent a measure of the probe’s

Figure 1. (a) A schematic representation of electrostatic potentials
associated with biomembranes. The transmembrane potential (Ψ)
arises due to the net separation of charges between the two bulk
aqueous phases across the membrane. The surface potential (ΨS) is the
potential difference between the membrane surface and the bulk
aqueous phase and arises from charged molecules that are associated
with the membrane−water interface. The dipole potential (represented
as Ψd) is attributed to the potential difference that arises due to the
nonrandom orientation of dipolar residues of the lipids and associated
water molecules within the membrane. Reprinted with permission from
ref 2. Copyright 1994 Elsevier; see ref 2 for more details. (b) Chemical
structures of representative hydrophobic ions tetraphenylborate
(TPB−) and triphenylphosphonium (TPP+).

Figure 2. (a) Representation of a charge-shift probe bound to the
membrane and the origin of its response to a change in membrane
potential. The fluorophore, represented by the rectangle, is anchored
perpendicular to the membrane surface as a result of a polar group at
one end (represented by a circle) and hydrocarbon chains (represented
by a zigzag) on the other end. Excitation from the ground state to the
first excited state causes a large shift in charge down the long axis of the
chromophore (top panel). When the direction of the charge movement
lies parallel to an electric field (such as the field generated due to the
membrane dipole potential), membrane potential modulates this
charge redistribution (shown in the bottom panel) and alters the
excitation (hνA) or emission (hνF) energies. Reprinted with permission
from ref 24. Copyright 1982 Elsevier; see ref 24 for more details. (b) A
schematic representation of fluorescence excitation spectra of electro-
chromic probes in the presence of varying electric fields. The shift in the
excitation spectrum of styryl probes is associated with the local electric
field strength, the mechanism being electrochromic in nature. The
fluorescence intensity ratio (R), defined as the ratio of fluorescence
intensity values at the blue edge (λBlue) and red edge (λRed) of the
spectrum, is proportional to the dipole potential value of themembrane.
Since R is calculated as a ratio of fluorescence intensities, dipole
potential could be measured regardless of uneven probe distribution.
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response to the electric field within the membrane. This ratio
(defined as R) is a faithful indicator of the membrane dipole
potential. Importantly, taking a ratio cancels out variations due
to change in concentration of the probe as this would change the
magnitude of fluorescence intensity in the same direction at both
wavelengths. As a result, a fluorescence intensity ratio of the two
wavelengths normalizes away other factors except the response
of the dye to the electric field. Although the dual-wavelength
fluorescence ratiometric approach using voltage-sensitive
probes has emerged as the most popular approach to measure
dipole potential, other experimental methods8 such as electron
spin resonance,30 cryo-EM,20 atomic force microscopy,31

dielectric spectroscopy,32 vibrational spectroscopy,33−35 electro-
physiology,19 and molecular dynamics simulations36−43 have
been used for measurement of dipole potential.

■ USE OF VOLTAGE-SENSITIVE FLUORESCENT
PROBES TO MEASURE DIPOLE POTENTIAL

Figure 3a shows representative examples of voltage-sensitive
probes that are widely used for dipole potential measurements.

These probes belong to a structural class called styryl or
naphthylstyryl dyes which are amphiphilic membrane labeling
fluorophores that usually have a hydrophilic group acting as
membrane anchor and two hydrocarbon chains that align the
fluorophore parallel to the lipid molecules. The styryl probes
that have been most popular include di-4-ANEPPS (4-(2-(6-

(dibutylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-
pyridinium inner salt)27,45 and di-8-ANEPPS (4-(2-(6-(dio-
ctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-pyridi-
nium inner salt)2,46 (see Figure 3a). The naphthylstyryl
chromophore harbors a positive charge near the pyridinium
nitrogen in the ground state (as shown in Figure 3b).21 Upon
excitation, the chromophore experiences a large charge
redistribution, and the positive charge is relocated near the
arylamino nitrogen in the excited state (Figure 3b). Due to the
presence of a hydrophilic moiety in one end and a pair of
hydrocarbon chains to the other, the probe intercalates readily
among the amphiphilic lipids in membranes (shown in Figure
3c). As a result, the chromophore is oriented perpendicular to
the membrane surface which assures that the excitation-induced
charge redistribution would take place parallel to the dipolar
electric field within the membrane. A problem associated with
di-4-ANEPPS is its rapid internalization in cells due to its short
hydrocarbon tails. To overcome this, di-8-ANEPPS was
synthesized in which the butyl chains were replaced with octyl
chains.2,46 Notably, using the Parallax method,47 we previously
reported that the depth of penetration of the fluorescent
styrylpyridinium group, on the average, was ∼12.2 Å from the
center of the bilayer (see Figure 3c).44 This suggests that the
fluorophoremoiety in di-8-ANEPPS is localized at the interfacial
region of the membrane, in agreement with its proposed
interfacial localization.2,48 Interestingly, the measured local-
ization is consistent with the reported insensitivity of di-8-
ANEPPS to surface potential.2 It is worthmentioning that unlike
the ratio of fluorescence intensities of the excitation spectrum of
voltage-sensitive probes such as di-8-ANEPPS, the emission
ratios do not correlate with the dipole potential in lipid
vesicles.49 Di-8-ANEPPS can therefore only be used via an
excitation ratiometric mode to quantify the fluorescence
intensity ratio (R) which is proportional to dipole potential.
This is typically achieved by calculating the ratio of fluorescence
intensities using excitation wavelengths at 420 and 520 nm with
emission fixed at a red edge.44,50−52 Although the absolute value
of dipole potential has been difficult to measure, a linear
relationship between R and Ψd is available in the literature as51

R( 0.3)/(4.3 10 )d
3Ψ = + × −

(1)

This is based on a calibration curve constructed using
literature data of dipole potential from electrical measurements
on monolayers and bilayers.51 However, one must keep in mind
that this relationship is based on measurements carried out in
phosphatidylcholine vesicles and its extrapolation to other
complex membranes is not straightforward.
Although fluorescence-based approaches have emerged as a

useful tool to monitor dipole potential in biological membranes,
they suffer from a few limitations53 such as bleaching of probes
during long-term experiments. Photobleaching could lead to
undesirable photochemical activity (such as the production of
reactive oxygen species or chemical reactivity with other
membrane components) that could alter the chemical identity
of the membrane. In addition, probes themselves could alter
membrane physical properties if used at a higher lipid/probe
ratio (see below).
Does the dipole of electrochromic probes such as di-8-

ANEPPS contribute to the measured dipole potential? This is a
relevant question and merits comment. It has been previously
reported that di-8-ANEPPS could, in some cases, increase
membrane dipole potential in a concentration-dependent
manner.50 However, in case of di-8-ANEPPS, it was observed

Figure 3. (a) Representative chemical structures of charge-shift styryl
probes used for measuring membrane dipole potential. (b) Charge
redistribution in electrochromic fluorophores upon excitation. The
naphthylstyryl chromophore harbors a positive charge near the
pyridinium nitrogen in the ground state. Upon excitation, the
chromophore experiences a large charge redistribution and the positive
charge is relocated near the arylamino nitrogen in the excited state. (c)
Themembrane location of the fluorescent styrylpyridinium group in di-
8-ANEPPS is shown according to ref 44. The probe location is
illustrated in between phosphatidylcholine lipids in the outer
membrane leaflet. The horizontal dotted line at the bottom indicates
the center of the bilayer. Reprinted with permission from ref 44.
Copyright 2012 with Elsevier.
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that a molar excess of lipid molecules over dye of (i.e., at least
100-fold (lipid/dye, 100:1, mol/mol)) would circumvent any
effect due to the dipole of the dye.50 In other words, the
plateauing nature of the change in dipole potential beyond 100:1
(mol/mol) ratio of lipid/di-8-ANEPPS represents a lower limit
which is necessary to rule out any dye-induced artifacts. This
essentially means that at probe concentrations of 1 mol % (or
less), the dipole potential obtained will be free from the
influence of the probe dipole.

■ ROLE OF CHOLESTEROL IN MODULATING DIPOLE
POTENTIAL

Cholesterol is a crucial constituent of higher eukaryotic cellular
membranes due to its central role in the organization and
dynamics of the membrane and its functional implications in
cellular physiology.54−57 Cholesterol is nonrandomly organized
into distinct domains on the cell membrane that serve as
signaling hubs for biological functions. Apart from its
indispensable role in maintaining the organization and structure
of cell membranes,58 cholesterol is implicated in essential
cellular functions such as signal transduction and trafficking.59

Due to its unique chemical structure (Figure 4a), cholesterol is

known to influence several physicochemical properties of
membranes. For example, cholesterol is known to modulate
water penetration60,61 and membrane thickness.62 Using the di-
8-ANEPPS dual-fluorescence ratiometric approach, Starke-
Peterkovic et al. reported that 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) lipid vesicles containing increas-
ing concentrations of cholesterol showed a progressive increase
in dipole potential (Figure 4b).63 They further showed that
cholesterol could increase the dipole potential of both 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC, 18:1 PC)
and egg PC (a mixture of 16:0, 18:0, 18:1, 18:2, and 20:4 PC),
although the magnitude of the change is significantly smaller
than that observed in DMPC (see Figure 4b). We showed that
cholesterol induced a similar increase in dipole potential of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphophatidylcholine
(POPC) membranes (Figure 4c).44 The figure shows that the
membrane dipole potential exhibited an increasing trend with
increasing concentration of cholesterol and exhibited ∼60%
increase relative to control POPC membranes (without
cholesterol) in the presence of 40 mol % cholesterol.44 These
results are supported by previous observations that suggested
cholesterol increases dipole potential inmonoolein bilayer64 and
egg PC monolayer65 and recent observations made with

Figure 4. Cholesterol increases membrane dipole potential. (a) Chemical structures of cholesterol and its biosynthetic and evolutionary precursors.
Cholesterol is an indispensable component of higher eukaryotic membranes and is the end product of a multistep sterol biosynthetic pathway. 7-DHC
and desmosterol are immediate biosynthetic precursors of cholesterol in the Kandutsch−Russell and Bloch pathways, respectively. The chemical
structure of 7-DHC differs with cholesterol only in an extra double bond at the 7th position in the sterol ring, and desmosterol differs with cholesterol
only in an extra double bond at the 24th position in the alkyl side chain (highlighted in their respective structures). Ergosterol is the major sterol present
in lower eukaryotes such as yeast and fungi. The chemical structure of ergosterol differs from that of cholesterol in two additional double bonds (at the
7th position in the sterol ring and the 22nd position in the alkyl side chain) and an additional methyl group at the 24th position in the alkyl side chain
(highlighted). Coprostanol is a saturated sterol widely used as a biomarker. (b) Cholesterol increases the dipole potential of phosphatidylcholine
vesicles. Fluorescence intensity ratio (R) measured using di-8-ANEPPS for DMPC (■), DOPC (▲), and egg PC (●) vesicles are shown. Lines joining
the data points are provided merely as viewing guides. Reprinted with permission from ref 63. Copyright 2006 Elsevier; see ref 63 for more details. (c)
Effect of sterols on dipole potential of membranes. Dipole potential in POPC membranes as a function of increasing concentrations of cholesterol
(solid red hexagon), 7-DHC (solid purple circle), desmosterol (solid green square), ergosterol (solid blue triangle) and coprostanol (solid turquoise
triangle) are shown. The effect of these precursors on membrane dipole potential is very different from that observed with cholesterol, although the
structural differences among them are subtle. Lines joining the data points are provided merely as viewing guides. Reprinted with permission from ref
44. Copyright 2012 Elsevier; see ref 44 for more details.
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molecular dynamics simulation,38,39 dielectric spectroscopy32

vibrational spectroscopy,35 and fluorescence spectrocopy.66 The
ability of cholesterol to increase the dipole potential of
membranes could emanate from its unique molecular attributes
such as dipole moment perpendicular to the membrane surface
or through cholesterol induced changes on membrane
organization (e.g., condensation of lipid headgroup area and/
or water penetration).63 In addition, a combination of both
these effects could be operative.63

In higher eukaryotes, cholesterol is synthesized as the end
product of a long, multistep and highly regulated process that
involves more than 20 enzymes. Cholesterol is synthesized via
desmosterol (the Bloch pathway) or 7-dehydrocholesterol (7-
DHC, the Kandutsch−Russel pathway) as immediate bio-
synthetic precursors.67,68 The differences in chemical structure
between cholesterol and its immediate biosynthetic precursors
are subtle. Whereas 7-DHC differs with cholesterol only by a
double bond at the 7th position in the fused steroid ring,
desmosterol has only an additional double bond at the 24th

position in its alkyl side chain (see Figure 4a). The relative
contributions of these two pathways are stringently controlled
depending on tissue-type and age.69 Interestingly, the
accumulation of cholesterol biosynthetic precursors is impli-
cated in severe pathophysiological conditions.70,71 For example,
accumulation of 7-DHC is associated with Smith−Lemli−Opitz
syndrome, a manifestation of defective cholesterol biosynthesis
that results in growth impairment and mental retardation.72−75

In terms of the evolution of sterol structures, ergosterol
represents an important evolutionary precursor of cholesterol
and is the major sterol found in lower eukaryotes such as
protozoa, fungi, yeast, and insects such as Drosophila.76 The
chemical structure of ergosterol differs from that of cholesterol
in two additional double bonds (at 7th and 22nd positions) and
an extra methyl group at the 24th position of the side chain (see
Figure 4a). Do biosynthetic and evolutionary precursors of
cholesterol induce a similar dipolar environment in the
membrane as observed with cholesterol? Notably, the two
immediate biosynthetic precursors of cholesterol, 7-DHC and
desmosterol, display a relatively modest increase in dipole
potential up to ∼430 mV at the highest sterol concentration
(increase of ∼18% in both cases, Figure 4c).44 The increase in
dipole potential was even less (∼8%) when ergosterol was used.
As a control, we measured dipole potential with coprostanol (a
saturated sterol with no double bond used as a biomarker) which
exhibited ∼13% increase in dipole potential with its highest
concentration (Figure 4c).44 Although it has been previously
shown that these sterols, which differ with cholesterol only
subtly, exert differential effects on membrane organization,77−81

the differential effect on dipole potential merits comment.
Membrane dipole potential (Ψd) is related to dipole moment
(μ) and dielectric constant (ε) of the medium according to the
Helmholtz equation:8

A/( )d 0μ ε εΨ = ⊥ (2)

where μ⊥ is the perpendicular component of dipole moment
along the bilayer normal, A is the area per lipid molecule, and ε0
is the permittivity in vacuum. According to this relationship,
dipole potential should vary inversely with the effective
molecular area8 and linearly with dipole moment. A lower
value of membrane dipole potential in the presence of 7-DHC
could be attributed to the lower dipole moment of 7-DHC (1.42
D) relative to cholesterol (1.87 D) possibly due to shortening of
bond length and difference in tilt angle in the membrane.44 In

addition, the headgroup area of a lipid molecule in the
membrane bilayer has been reported to be greater in the
presence of 7-DHC (or desmosterol) relative to cholesterol.80,82

This implies that due to the difference in the condensing ability
of these sterols, dipole density is less in the presence of 7-DHC
(or desmosterol), which could lead to a reduction in dipole
potential. Overall, these results point out that the ability of a
sterol to modulate membrane dipole potential is varied and
depends on its molecular structure. Notably, even a subtle
difference in the chemical structure (such as an additional
double bond) could give rise to a drastic difference in their
ability to modulate dipole potential.
Cholesterol plays a crucial role in the cellular function of

membrane proteins and receptors owing to its unique structural
and stereochemical features.83−86 Stereoisomers of cholesterol
such as ent-cholesterol (enantiomer of cholesterol) and epi-
cholesterol (diastereomer of cholesterol) have been used as
useful tools to discriminate between specific and general effects
of cholesterol in membrane protein function (Figure 5a).85−91

Whereas ent-cholesterol is a nonsuperimposable mirror image of
natural cholesterol and has identical physicochemical properties
(such as compressibility and phase behavior) except for the
direction of rotation of plane-polarized light,88,92−94 epi-
cholesterol is a diastereomer of cholesterol in which only the

Figure 5. Membrane dipole potential is sensitive to cholesterol
stereospecificity. (a) Chemical structures of cholesterol, ent-cholesterol
and epi-cholesterol. Both ent-cholesterol and epi-cholesterol are
stereoisomers of cholesterol. ent-Cholesterol is the enantiomer of
cholesterol (enantiomers are nonsuperimposable mirror images of one
another). epi-Cholesterol, on the other hand, is a diastereomer and is
not a mirror image of cholesterol. ent-Cholesterol (but not epi-
cholesterol) shares identical physicochemical properties with choles-
terol. (b) Dipole potential in POPC membranes with increasing
concentrations of cholesterol (solid blue circle), ent-cholesterol (solid
green triangle), and epi-cholesterol (solid red square). Both cholesterol
and ent-cholesterol share comparable ability in increasing membrane
dipole potential. In contrast, epi-cholesterol displays a reduction in
membrane dipole potential and lacks the ability to increase dipole
potential. Lines joining the data points are provided merely as viewing
guides. Reprinted with permission from ref 97. Copyright 2014
Elsevier; see ref 97 for more details.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Feature Article

https://doi.org/10.1021/acs.jpcb.2c02476
J. Phys. Chem. B 2022, 126, 4415−4430

4419

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c02476?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c02476?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c02476?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c02476?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orientation of the hydroxyl group is inverted relative to native
cholesterol (Figure 5a). As a result, the biophysical properties
(such as tilt angles, condensing ability, and phase transition) of
epi-cholesterol and native cholesterol are different.88,94−96 We
previously showed that ent-cholesterol and cholesterol share
comparable ability in increasing membrane dipole potential
(Figure 5b).97 In contrast, the change in membrane dipole
potential is drastically different for epi-cholesterol and
cholesterol. Our results showed that not only epi-cholesterol is
unable to increase membrane dipole potential but also there is a
slight reduction in membrane dipole potential with increasing
concentrations of epi-cholesterol (see Figure 5b).97 It has been
previously reported that ent-cholesterol, but not epi-cholesterol,
could replace normal cholesterol in supporting normal growth of
mammalian cell lines98,99 and function of GPCRs.91 These
results suggest that dipole potential is sensitive to subtle changes
in sterol structures and this could be used as a useful tool to
monitor altered lipid−protein interactions due to subtle changes
in lipid structure.

■ FUNCTIONAL IMPLICATIONS OF MEMBRANE
DIPOLE POTENTIAL

It is natural that dipole potential would play a crucial functional
role in membranes since the electric field generated by dipole
potential is ∼108−109 V m−1, which is at least 1 order of
magnitude higher than the field strength generated by a 100 mV
of transmembrane potential (∼2.5 × 107 V m−1).9 Membrane
dipole potential is known to influence the translocation rates of
ions across lipid membranes100 and partition and translocation
of larger molecules.101,102 Importantly, dipole potential is known
to influence the structure and function of membrane proteins,
such as the Na+-K+-ATPase,51 phospholipase A2,

103 the ion
channel gramicidin,37,104−106 the simian immunodeficiency viral
fusion peptide,107 receptor tyrosine kinases,108 and amphiphilic
peptides such as p25.109 Table 1 shows a comprehensive list of
membrane proteins (and peptides) whose functions are known
to be affected by a change in membrane dipole potential. In
addition, dipole potential is sensitive to interaction of proteins
with membrane.109,125,126 Interestingly, the action of anesthetics
has been shown to be via modulation of membrane dipole
potential.106,127−133 It has also been suggested that local dipole
potential could play an important role in the function of proteins
localized to specialized membrane microdomains, where the
dipole potential is different from the bulk membrane due to the
enrichment of cholesterol in these domains.134,135

We extended dipole potential measurements to complex
natural membranes such as the bovine hippocampal membrane
and explored the functional correlates between dipole potential
and receptor activity. For this, we monitored the ligand binding
function of the serotonin1A receptor, a neurotransmitter
receptor in the G protein-coupled receptor (GPCR) super-
family,136−139 and explored receptor−cholesterol interaction by
dipole potential measurements. Figure 6a shows the dipole
potential of hippocampal membranes measured utilizing the
voltage-sensitive probe di-8-ANEPPS with increasing choles-
terol depletion.140 The figure shows that the dipole potential of
native hippocampal membranes displays progressive reduction
with decreasing membrane cholesterol content (i.e., with
increasing cholesterol depletion). This is in overall agreement
with previous reports in which it was shown that cholesterol
increases membrane dipole potential.44,63 In addition, we
previously showed that the polarity (as measured by dielectric
constant) of hippocampal membranes increases upon choles-

terol depletion.141 The observed reduction in dipole potential
values in cholesterol-depleted hippocampal membranes could
be attributed to the increase in the dielectric constant, since
dipole potential is inversely related to the dielectric constant
(see eq 2).8,44,63 Figure 6a further highlights the relevance of
membrane dipole potential in the context of the activity of the
serotonin1A receptor, as measured by specific radiolabeled
agonist ([3H]8-OH-DPAT) binding. The strong correlation
observed between change in receptor activity and membrane
dipole potential under cholesterol-depleted conditions is
noteworthy (Figure 6a). We further showed that replenishment
with 7-DHC in cholesterol-depleted hippocampal membranes

Table 1. List of Membrane Proteins and Peptides Whose
Functions Are Sensitive to Dipole Potential

protein/peptide affected function ref

p25 (amphipathic signal se-
quence of subunit IV of
cytochrome c oxidase)

• membrane insertion and folding 109

• binding affinity 36

gramicidin A

• open channel lifetime 104

• proton conductance 37, 105

• channel conductance 106

simian immunodeficiency virus
fusion peptide (12 residue N-
terminal segment of gp32)

membrane fusion
107

Na+-K+-ATPase ATPase activity 51

antibiotic peptide bacitracin skin permeability 110

human immunodeficiency
virus protease inhibitor sa-
quinavir

membrane binding
111

phospholipase A2 degradation of phospholipids 103

syringomycin E

• channel conductance, lifetime, and
number of synchronously operat-
ing small channels in the clusters

112

• channel-forming activity 113

• pore-forming activity 114

surfactin membrane conductance 115

ErB clustering and ligand binding affinity 108, 116

alamethicin

• channel-forming activity 117, 118

• binding affinity 36

• peptide orientation 119

WALP23 binding affinity 36

HIV fusion peptide gp41 binding affinity 36, 120

magainin binding affinity 36

cecropins channel-forming activity 121

P-glycoprotein ligand binding 122

signal sequence of E. coli LamB membrane interaction 123

penetratin
• endolysosomal entry 115

• cell penetration 124
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could not restore the ligand binding activity of the serotonin1A
receptor.140 This is attributed to the inability of 7-DHC in
restoring the dipole potential in hippocampal membranes (see
Figure 4c).44,140 As discussed earlier, a lower value of membrane
dipole potential in the presence of 7-DHC could be attributed to
the lower dipole moment of 7-DHC relative to cholesterol.44 In
addition, the inability of 7-DHC to support receptor function
could be further due to the differential ability of cholesterol and
7-DHC to polarize water molecules at the membrane inter-
face.63,142 These results suggest that the cooperative interplay
between membrane lipids and proteins that manifests in
functional changes of membrane proteins could be interpreted
using membrane dipole potential as a sensitive readout. For
example, the inhibition of the activity of Na+-K+-ATPase by
ether lipids143 could be due to the larger dipole potential for
ester lipid membranes than ether lipid membranes.11,20

We further explored the usefulness of membrane dipole
potential measurement as an indicator of membrane protein
solubilization.144 Solubilization of membrane proteins by
detergents represents a critical step in the purification of
membrane proteins.85,145,146 Solubilization leads to dissociation
of proteins and lipids from natural membranes into mixed
clusters of lipids, proteins, and micelles in the aqueous
dispersion. Although solubilization is a popular approach,

physicochemical principles underlying solubilization with
respect to the choice of detergent are poorly understood. To
gain insight into membrane dipole potential change and
solubilization, we monitored solubilization of the hippocampal
serotonin1A receptor and measured membrane dipole potential
by the dual-wavelength fluorescence ratiometric approach using
di-8-ANEPPS.145 Figure 6b shows change in dipole potential
upon solubilization, against the corresponding value of ligand
binding activity of the serotonin1A receptor. The plot suggests
the interdependence between the dielectric environment of the
membrane interior (followed using magnitude of dipole
potential) and solubilization (measured by specific agonist
binding). The characterization of the mechanism of solubiliza-
tion could help to move membrane solubilization techniques
from an art to a much more rational basis. A more
comprehensive understanding of the physical chemistry (such
as dipolar reorganization within the membrane) underlying
solubilization could add valuable information in the process of
membrane protein reconstitution and in preparation of
membrane protein crystals for X-ray crystallographic studies.

■ MICELLAR DIPOLE POTENTIAL: A NOVEL TOOL
FOR DETERMINATION OF CRITICAL MICELLE
CONCENTRATION

Do other organized assemblies such as micelles have dipole
potential? To address this question, we previously explored the
process of micelle formation from monomers for a representa-
tive variety of detergents and extended the concept of dipole
potential to micellar systems.147,148 We showed that the micelle
formation process (Figure 7a) is associated with profound
dipolar rearrangement, monitored as a change in micellar dipole
potential by the dual-wavelength ratiometric approach using di-
8-ANEPPS (Figure 7b,c).147 Although the term dipole potential
is generally used in the context of lipid bilayer mem-
branes,2,44,63,149 the nonrandom arrangement of amphiphiles
and water dipoles would also contribute to dipole potential in
organized molecular assemblies such as micelles. The voltage-
sensitive fluorescent probe di-8-ANEPPS responds to change in
dipole potential in micelles as it does in membranes due to an
electrochromic mechanism. In other words, the photophysical
property of the probe is independent of the shape and size of the
organized molecular assembly in which it is localized. We
showed that the characteristic trend of change in R-value during
micelle formation could be utilized to estimate the critical
micelle concentration (CMC) for a variety of detergents.147

Figure 7b,c shows the micellization process of a representative
anionic (sodium dodecyl sulfate, SDS) and cationic (cetyl-
trimethylammonium bromide, CTAB) detergent monitored
using dipole potential measurement. The R-value exhibited
maximum sensitivity to detergent concentration in a narrow
range of concentrations around the CMC of the respective
detergent, indicating significant dipolar reorganization during
micelle formation, followed by a plateau in the post-micellar
regime. Importantly, the trend of change in R-value during
micellization can be effectively analyzed for determining the
CMC of the corresponding detergent. The literature values of
CMC and the values obtained using this approach are in overall
agreement which validates this novel approach of CMC
measurement. This approach of using dipole potential to
explore micellar properties represents an exciting possibility of
novel ways to explore micellar assemblies.
Structural transitions such as shape change play an important

role in cell physiology and development.150,151 Change of shape

Figure 6. Influence of dipole potential on ligand binding activity of
serotonin1A receptors in hippocampal membranes. (a) Specific [3H]8-
OH-DPAT (agonist) binding to serotonin1A receptors are plotted
against the corresponding dipole potential in hippocampal membranes.
Cholesterol content in hippocampal membranes was depleted using
treatment with increasing concentrations of methyl-β-cyclodextrin
(MβCD). Reprinted with permission from ref 140. Copyright 2012
Elsevier; see ref 140 for more details. (b) Correlation of specific agonist
binding activity of the serotonin1A receptor with membrane dipole
potential upon solubilization. Every data point represents measure-
ments of specific [3H]8-OH-DPAT binding and the corresponding
value of membrane dipole potential. Linear regression analysis yielded a
correlation coefficient of ∼0.96. The significance of the correlation is
apparent from the 99% confidence band (plotted as dashed lines). The
influence of membrane dipole potential on the activity of the
serotonin1A receptor is noteworthy. Reprinted with permission from
ref 144. Copyright 2017 Elsevier; see ref 144 for more details.
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in cell membranes induced by an altered lipid composition is
known to affect the function of membrane proteins such as
mechanosensitive ion channels which are activated in response
to changes in membrane curvature.152 Charged micelles offer a
suitable system in which structural transitions can be
conveniently induced by modulating the ionic strength of the
medium (Figure 7a).153−158 We showed that sphere-to-rod
structural transition in charged micelles of SDS and CTAB is
associated with considerable dipolar reorganization (Figure
7d,e).148 The micellar dipole potential exhibited an increase
with increasing ionic strength (salt), due to an increase in the
population of confined (nonrandom) dipoles induced by
micellar shape change. It has been previously reported that
selective removal of phospholipids from the outer membrane
leaflet, alteration of membrane cholesterol level, metabolic
depletion, and introduction of fatty acids and charged
amphipathic agents in membranes lead to shape change of red
blood cells.159−161 It is envisioned that dipole potential
measurements could provide novel insight into structural

transitions in membranes that are associated with the dipolar
reorganization.

■ VISUALIZING MEMBRANE DIPOLE POTENTIAL:
INSIGHTS FROM DIPOLE POTENTIAL IMAGING

Modulation of membrane cholesterol content is utilized as a
popular approach to assess the cholesterol-dependent function
of membrane proteins and receptors. This is achieved by
depletion of membrane cholesterol either in an acute162,163 or
chronic75,164 fashion. For acute depletion, cholesterol is
physically removed using carriers such as methyl-β-cyclodextrin
(MβCD), a water-soluble carbohydrate polymer with a central
nonpolar cavity that selectively and efficiently extracts
cholesterol from membranes.165,166 On the other hand, chronic
(metabolic) depletion of cholesterol is typically achieved using
inhibitors of cellular cholesterol biosynthetic pathway. For this,
statins are used as a competitive inhibitor of HMG-CoA
reductase, the rate-limiting key enzyme in the cholesterol
biosynthetic pathway.167 Importantly, statins are used exten-
sively as cholesterol-lowering drugs to treat hypercholester-

Figure 7.Dipole potential as a tool to monitor micellization. (a) A schematic representation of micelle formation from detergent monomers above the
CMC and subsequently sphere-to-rod transition (in case of charged micelles) induced by high ionic strength. The structural transition takes place in
charged micelles (such as SDS or CTAB) at concentrations well above the CMC. The microenvironment and packing of molecules in rod-shaped
micelles are heterogeneous and are shown as cylindrical central part (lighter shade) and the spherical “end-caps” (darker shade). The headgroup
spacing is reduced in the cylindrical part of the rod-shaped micelle due to attenuation of charge interactions by the added salt. The process of
micellization for (b) SDS and (c) CTAB could be monitored using the change in the fluorescence intensity ratio (R) of the excitation spectra of di-8-
ANEPPS with increasing detergent concentration. The curves in panels (b,c) are nonlinear regression fits to the experimental data. The calculated
CMC values for each detergent are shown in each panel. Change in R of the excitation spectra of di-8-ANEPPS with increasing (d) NaCl concentration
for SDS micelles and (e) KBr concentration for CTAB micelles are shown. Lines joining the data points are provided merely as viewing guides.
Reprinted with permission from refs 147 and 148. Copyright 2015 Elsevier; see refs 147 and 148 for more details.
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olemia and dyslipidemia.168 Cholesterol depletion using MβCD
is an acute process due to the relatively short duration
(∼minutes) of treatment compared to a physiological scenario
where cholesterol-lowering drugs (such as statins) take a longer
time (hours to days) for cholesterol depletion. As a result, these
two processes lead to different consequences in many cases
(such as the organization of caveolae and GPI-anchored
proteins,169 induction of autophagy,170 activity of sodium/
phosphate cotransporter,171 and endocytosis of GPCRs172,173),
and this has resulted in a discussion on the fundamental
differences underlying these processes. To address this issue, we
measured the membrane dipole potential under conditions of
acute and chronic cholesterol depletion in CHO-K1 cells, using
a dual-wavelength ratiometric imaging approach (Figure 8).174

This approach is relatively simple and straightforward to
measure spatial variation in dipole potential of cell membranes
from intact cells using commercially available fluorescence
confocal microscopic setup.
For this, the surfaces of di-8-ANEPPS labeled CHO-K1 cells

were imaged using two different excitation wavelengths (458
and 514 nm, corresponding to argon laser lines) with a 650−710
nm emission bandpass keeping all other parameters constant for
both the images (see Figure 8a). Finally, a pixel-by-pixel map of
the fluorescence intensity ratio (R), defined as the ratio of
fluorescence intensities at an excitation wavelength of 458 nm to
that at 514 nm (650−710 nm emission bandpass in both cases),
was constructed. Although for fluorescence microscopy, an
emission ratiometric method would have distinct advantages
over excitation ratiometric method since it uses a single laser for
excitation, the emission response of di-8-ANEPPS is not
sensitive to the external electric field making emission
ratiometric approach unsuitable.49 However, for excitation
ratiometric approach, one must correct for the difference in
laser powers of two excitation wavelengths in order to compare
the absolute R-values across different measurements. As
mentioned earlier, the advantage of using di-8-ANEPPS is that
it undergoes very slow internalization due to 2 octyl chains
(instead of the butyl chains on di-4-ANEPPS).29 As a result, the
entire fluorescence of di-8-ANEPPS originates from the cell
surface, and it can be used to follow dipole potentials over long
time courses.2,46,174 A representative example of dipole potential
maps of cell membranes under chronic cholesterol-depleted
conditions is shown in Figure 8a. As can be seen from the R-
value heat map in Figure 8a, a progressive reduction in R is
observed with increasing lovastatin concentration, that is, with
decreasing membrane cholesterol. This is in overall agreement
with earlier reports by us44,140 and others63 which showed
cholesterol increases membrane dipole potential.14 Further, to
obtain a quantitative estimate of R, we averaged R over a large
number of cells under both chronic and acute cholesterol
depletion conditions. To gain insight into membrane dipole
potential in response to cholesterol depletion under chronic and
acute conditions, we plotted R as a function of membrane
cholesterol content under these conditions (Figure 8b). The
figure shows that R varies linearly with cholesterol content in
both cases, although R was dependent more strongly on
cholesterol content under chronic depletion conditions with a
∼2-fold higher slope compared to when depletion was carried
out acutely. This clearly suggests an intrinsic difference between
these two processes of cholesterol depletion. When the highest
concentration of lovastatin was used, ∼87% of cholesterol was
retained, corresponding to R of ∼1.6 (Figure 8b). On the other
hand, ∼63% of cholesterol remained when cholesterol was

depleted acutely at the identical value of R (∼1.6), thereby
highlighting the key differences between the two methods. It is
also apparent from the figure that membrane dipole potential
exhibits differences under acute and chronic cholesterol
depletion conditions, even when cholesterol content was
identical. These results suggest that membrane dipole potential
could reveal interesting differences in the reorganization of
molecular dipoles within the membrane induced by acute and
chronic cholesterol depletion, in addition to be dependent on
membrane cholesterol content.44,63,140 It should be noted that
the membrane dipole potential would depend on the actual

Figure 8. Dipole potential imaging reveals key molecular reorganiza-
tion under acute and chronic cholesterol depletion conditions. (a)
Representative confocal micrographs of CHO-K1 cells labeled with di-
8-ANEPPS (λex = 458 nm (upper panel) and λex = 514 nm (middle
panel); the emission bandpass was 650−710 nm in both cases) treated
with increasing concentrations of lovastatin. The corresponding
fluorescence intensity ratio (R) map (color-coded on a scale of 0.8−
3) under these conditions is shown in the bottom panel. R is defined as
the ratio of fluorescence intensities at an excitation wavelength of 458
nm to that at 514 nm (emission bandpass at 650−710 nm in both cases)
and was calculated using ImageJ (NIH, Bethesda, MD). The color-
coded map of R could be used to calculate membrane dipole potential
averaged over multiple cells. (b) A plot of R (a measure of membrane
dipole potential) with membrane cholesterol content for acute
(MβCD; maroon triangle) and chronic (lovastatin; blue circle)
depletion of cholesterol. An interesting feature is a difference in the
slope observed under acute (∼0.013) and chronic (∼0.037) depletion
conditions, thereby indicating a stronger dependence of R on
cholesterol content under chronic depletion conditions. The
orthogonal dotted projections on the axes show that membrane dipole
potential could vary appreciably even when membrane cholesterol
content is identical and vice versa. Reprinted with permission from ref
174. Copyright 2017 Springer Nature; see ref 174 for more details.
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process used to deplete cholesterol, and not merely on absolute
membrane cholesterol content. Collective insight from this work
could be relevant in understanding the ever-broadening
functional role of membrane cholesterol in GPCR function.
For example, we previously showed that the function162,164 and
oligomerization175 of GPCRs such as the serotonin1A receptor
exhibit a differential response to the actual process of cholesterol
modulation. Insights highlighting the differences between
various methods of cholesterol depletion could provide new
avenues of understanding the role of cholesterol in cellular
physiology associated with health and disease.

■ MODULATION OF DIPOLE POTENTIAL ACROSS
THE CELL CYCLE

The cell cycle is a stringently regulated sequential multistep
process essential for the growth and division of cells comprising
multicellular organisms.176 Although the involvement of nuclear
and cytoplasmic proteins in cell cycle progression has been
previously explored,177 the role of lipids, membrane organ-
ization, and physical properties is a relatively unexplored area.
We recently reported the modulation of membrane dipole
potential in various stages of the cell cycle using the ratiometric
imaging approach developed by us (Figure 9).178 For measuring
dipole potential in a cell cycle phase-specific manner, we utilized
a flow cytometry-based approach to sort CHO-K1 cells into

different cell cycle stages (G1, S, and G2/M) based on their
DNA content. We subsequently carried out membrane dipole
potential measurements using di-8-ANEPPS in these sorted cells
that belong to specific cell cycle phases. Our results show that
membrane dipole potential is highest in the G1 phase relative to
S and G2/M phases (Figure 9a). In particular, dipole potential
exhibited a significant reduction in S and G2/M phases (∼10%
and ∼8%, respectively) relative to the G1 phase of the cell cycle.
Interestingly, we observed a concomitant regulation of
membrane cholesterol content in the cell cycle, with the highest
cholesterol content in the G1 phase and considerable reduction
in cholesterol in S and G2/M phases (Figure 9b). Most
strikingly, we observed a close similarity in the dependence of
membrane dipole potential and cholesterol with the progress of
the cell cycle. Membrane dipole potential measurement
therefore could be a sensitive tool for estimating transient
physiological changes in lipid profile and conveniently used to
monitor membrane physical properties in cellular systems.
Interestingly, heterogeneity observed in the dipole potential in
cell membranes has been correlated with the presence of lipid
microdomains enriched in cholesterol and sphingolipids (often
termed as “lipid rafts”).111,135,179,180 It has been reported, using
three different ratiometric dipole potential sensitive probes and
their colocalization with “lipid raft” markers (such as cholera
toxin B, GPI-anchored green fluorescent protein, and an
anticholesterol antibody) that the local dipole potential is
significantly larger in lipid microdomains enriched in cholesterol
than in the rest of the cell membrane.135 This is further
supported by observations made with atomic force microscopy
performed with model membranes suggesting that the dipole
potential is larger in liquid-ordered domains.31

Alterations in the lipid composition of the cell membrane are
often associated with various diseases.181 Cholesterol levels were
previously shown to be modulated in cancer cells where cell
cycle regulation was compromised.182 Gaucher’s disease is a
lysosomal storage disorder that is characterized by the
accumulation of glucosylceramide due to mutations in the
enzyme glucocerebrosidase.183 Importantly, sphingolipid accu-
mulation, a characteristic of Gaucher’s disease, significantly
increases themagnitude of membrane dipole potential in the cell
membranes.135,184 These results suggest that changes in the lipid
composition due to pathological conditions could modulate
dipole potential in living cells, which could play an important
role in the pathophysiology of these diseases. We believe that
exploring the basis of cellular events from a biophysical
perspective such as measurement of membrane dipole potential
would result in a deeper understanding of such processes and
their regulation in relation to cellular function.

■ CONCLUSIONS AND FUTURE PERSPECTIVES
In this Feature Article, we provide a glimpse into the ever-
broadening functional role of dipole potential in biological
membranes. We further highlight the enormous (and largely
untapped) impact of dipole potential in addressing contempo-
rary problems in membrane biology, with the possibility of
adapting dipole potential measurements in various systems. This
has increased the reach of dipole potential measurements to
cellular systems, wherein a number of exciting and relevant
biological questions can be probed using the dipole potential
imaging approach. Taken together, the range of problems
explored by our group and others using the membrane dipole
potential approach shows that subtle changes in membrane
dipole potential could be crucial in understanding the effect of

Figure 9. Cell cycle-dependent modulation of membrane dipole
potential. (a) Modulation in R-value in specific stages of the cell cycle,
averaged over ∼40 independent measurements (*** corresponds to
significant (p < 0.001) difference in R in S and G2/M phases of the cell
cycle relative to G1 phase). Membrane dipole potential was measured
in CHO-K1 cells by the ratiometric imaging approach described in
Figure 8 using the voltage-sensitive probe di-8-ANEPPS. Membrane
dipole potential is highest in the G1 phase relative to S and G2/M
phases. (b) A schematic representation of concomitant regulation of
membrane cholesterol content in the cell cycle, with highest cholesterol
content in G1 phase and considerable reduction in cholesterol in S and
G2/M phases. These suggest a close similarity in the dependence of
membrane dipole potential and cholesterol with the progress of the cell
cycle. C/P ratio refers to total cholesterol/total phospholipid ratio
(mol/mol). Adapted with permission from ref 178. Copyright 2020
American Chemical Society; see ref 178 for more details.
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modulation of membrane lipids and the interplay between
membrane lipids and proteins in the spatiotemporally complex
cellular milieu. We envision that membrane dipole potential
could turn out to be a convenient tool in the complex interplay
between membrane lipids and proteins and could provide novel
insight in membrane organization and function.
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