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ABSTRACT We review the main trends in the development of fluorescence probes to obtain information about the structure,
dynamics, and interactions in biomembranes. These probes are efficient for studying the microscopic analogs of viscosity,
polarity, and hydration, as well as the molecular order, environment relaxation, and electrostatic potentials at the sites of their
location. Progress is being made in increasing the information content and spatial resolution of the probe responses. Multi-
channel environment-sensitive probes that can distinguish between different membrane physicochemical properties through

multiple spectroscopic parameters show considerable promise.

INTRODUCTION

The biological functions of cell membranes are strongly
coupled with their fundamental physicochemical properties.
The membrane electrostatics, phase state, hydration, and
dynamics of the constituting molecules determine the
membrane structure and control the binding and transport
of molecular and ionic species. They also determine the
correct insertion, proper folding, and function of membrane
proteins. Therefore, monitoring these properties in situ is an
important task in membrane biophysics. The unique features
of fluorescence techniques in comparison with other tools
that are capable of monitoring these properties (notably
NMR, FTIR, EPR, etc.) are their ultimate sensitivity up to
a single-molecule level and their ability to operate in biolog-
ical systems of varying complexity, up to the level of living
cells and tissues.

In this work we review fluorescent probe approaches in
lipid membranes with a particular focus on environment-
sensitive fluorophores. These molecules provide information
on the properties of their molecular environment directly
by changing their fluorescence characteristics (wavelength
maximum, fluorescence intensity, and/or fluorescence life-
time). However, many questions remain concerning fluores-
cence sensing of biomembranes with molecular probes. How
well does the spectroscopic response of a particular probe
reflect a studied membrane property? At which precise loca-
tion in the membrane does the probe monitor a given param-
eter? Is it possible to obtain information about more than one
membrane property by using the same probe? To address
these questions, a careful analysis of the probe response as
a function of its localization has to be performed, and multi-
parametric probes capable of simultaneously monitoring
several parameters through different channels have to be
developed.
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Parameters targeted by fluorescence probing

First, we should define the membrane properties and under-
stand how they are reflected in the spectroscopic response of
the fluorescent probes. Microviscosity (the reciprocal to
fluidity) is the measure of frictional resistance to rotational
and translational motions of molecules. Membrane microvis-
cosity can be estimated by fluorescence anisotropy of rod-
shaped probes (typically diphenylhexatriene (DPH)) (1),
which reflects their rotational motion in the membrane, or
by fluorescence intensity of molecular rotors (2), which
reflects intramolecular rotations of the probe segments.
Because in lipid membranes the probe rotational mobility
(of rods and rotors) is not isotropic but restricted in space,
it also reflects the level of lipid order (or lipid packing) in
the bilayer. Microviscosity and lipid order are the main
parameters that discriminate different membrane phase
states: gel (Lg), liquid-ordered (L), and fluid (L, and Lyg).
The gel phase and the liquid-ordered phase, which is
believed to be responsible for the functional lipid domains
(rafts) in cell membranes (3,4), present a higher level of lipid
order and microviscosity compared to the fluid phase.

The polarity of lipid membranes is also frequently ad-
dressed with the use of fluorescent probes. In isotropic
media, such as organic solvents, absorption and fluorescence
spectra shift as a function of polarity, and this shift can be
expressed in empirically established units (5) and analyzed
on the basis of a well-developed physical theory (6). Its
background takes into account the difference in the energies
of the fluorophore ground and excited states, which can vary
based on their dipole-dipole interactions with the environ-
ment. Polarity sensing in membranes is an attempt to transfer
this concept to the highly anisotropic structure of bilayers, in
which polarity gradients extend on the same length scale as
the fluorophore sizes. Moreover, polarity sensing in
membranes is complicated by the strong local electric fields
produced by ordered charges and dipoles that generate spec-
troscopic effects similar to those of disordered dipoles in

doi: 10.1016/j.bp;j.2009.02.012


mailto:Yves.Mely@pharma.u-strasbg.fr

3462

isotropic polar solvents. This makes the probe response in
lipid membranes orientation dependent, and polarity sensing
based on scaling in isotropic media, problematic.

The static electric fields in membranes are often classified
as surface (¥y), dipole (&), and transmembrane (¥,) poten-
tials (7). These three potentials differ in origin and localiza-
tion. The surface potential, which is generated by the charged
headgroups of phospholipids and the adsorbed ions at the
interface, spans between the membrane surface and the bulk
water. This potential is strongly connected with the interfacial
pH and therefore is commonly monitored by pH-sensitive
surface-located probes (8). The dipole potential originates
from the ordered dipoles of lipids (ester groups and dipolar
headgroups) and ordered water molecules. It localizes
between the membrane surface and the central hydrophobic
part of the bilayer. Finally, the transmembrane potential is
generated by the difference in the ion concentrations at the
two sides of the bilayer and spans across all its length. Both
Y and ¥4 potentials can be detected by shifts in the position
of absorption/emission bands of electric-field-sensitive (elec-
trochromic) probes localized inside the membrane (9,10).

Hydration describes the highly depth-dependent distribu-
tion and dynamics of water molecules in the lipid membrane
(11). Hydration is connected with membrane electrostatics,
since the oriented water dipoles solvating the phosphate
and carbonyl groups contribute to the electric fields in the
bilayer (12). Because water is the most important dipolar
and H-bonding component in lipid bilayers, sensing
membrane hydration is based on wavelength shift (13) or
quenching (14) resulting from dipolar and H-bonding inter-
actions of water with the fluorophore. As in common polar
solvents, fluorescent probes can detect the rate and extent
of the structural relaxations of their surrounding (frequently
called solvent relaxation (15)). These relaxations around the
excited-state dipole describe mainly water dynamics (15).
However, unlike neat water, where the relaxations are on
a picosecond timescale, the relaxation time of water in lipid
bilayers extends to the nanosecond scale due to the
constraints imposed by the viscous lipid environment. Since
the fluorescence lifetimes of the probes are also on the same
timescale, fluorescence spectra may shift within the time of
the probe emission and therefore the shifts in the steady-state
fluorescence spectra will depend on the relaxation dynamics.

The structural anisotropy and the steep nanoscale gradi-
ents of all biophysical properties in membranes require
new approaches with fluorescence probes. It is becoming
clear that methodologies based on approximating the probe
environment as an isotropic medium have reached the limits
of their possibilities. Moreover, when measured in
membranes, these properties become less clearly defined
and are often interrelated. We believe that fluorescence probe
approaches should be developed along the following lines:

1. When probing a membrane, one should know the precise
location and depth of the probe in the bilayer, and avoid

Biophysical Journal 96(9) 3461-3470

Demchenko et al.

the use of probes with a broad distribution of locations
(16). The orientation of the fluorophore should also be
well controlled, especially when the electrostatic proper-
ties (dipole and transmembrane potential) are being
measured (9,17).

2. A single fluorophore at a particular location should sense
two or more independent membrane parameters that can
be independently estimated. Two possibilities can be real-
ized here. One is to apply the dyes that exist in two or
several ground-state and/or excited-state forms, so that
the fluorescence of these forms can be sensitive to different
parameters. The other is to benefit from the ability to locate
the same environment-sensitive fluorophore in different
orientations in the membrane, which allows one to distin-
guish between vectorial (membrane potential) and scalar
(hydration and fluidity) properties (18).

3. There should be a switch from a continuous-medium to
a molecular-scale interpretation of fluorescence probing
data, which is a difficult task. Such a switch in the interpre-
tation of protein fluorescence (19) showed that variations
in positions of tryptophan emission bands that were inter-
preted earlier as polarity effects were in fact the effects of
molecular-scale electric fields. This switch is more difficult
to perform in biomembrane studies because of the lack of
structural information with atomic-scale resolution. The
development of molecular-dynamics simulations may offer
solutions in the future.

Environment-sensitive probes

Among the environment-sensitive fluorophores currently
used in membrane research, we should mention molecular
rotors and solvatochromic and electrochromic dyes. The
molecular rotors are fluorophores that exhibit strong varia-
tions in their fluorescence quantum yield depending on their
intramolecular rotation, which is a function of the environ-
ment viscosity. Indeed, in more viscous media these rota-
tions are slowed down, which increases the fluorescence
intensity of the fluorophore. Being incorporated into lipid
membranes, these fluorophores monitor the microviscosity
of their surroundings at their sites of location (2). Typical
examples of these probes are DCV], its carboxy analog,
and some recently developed analogs of Prodan (Fig. 1).

A more widely used class of environment-sensitive fluoro-
phores consists of solvatochromic dyes that exhibit shifts in
their emission spectra as a function of such properties as
polarity and hydration of their environment. These dyes
exhibit strong changes in dipole moments upon electronic
excitation. Universal dipole-dipole and specific (H-bonding)
interactions of these dyes with their surroundings change the
energy of the probe electronic transitions and thus shift the
maxima of their excitation and emission spectra. Typical
examples of such dyes are NBD, Prodan, 7-(dialkylamino)-
coumarin, and Nile Red (Fig. 1). In these fluorophores, the
dipole moment increases dramatically upon electronic
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FIGURE 1 Examples of environment-sensitive fluorophores for studying

the biophysical properties of lipid membranes. The fluorophores are denoted
by their short names or abbreviations.

excitation due to an intramolecular charge transfer (ICT)
from the electron donor (dialkylamino group) to the electron
acceptor (carbonyl group; Fig. 2). As a result, these dyes
exhibit a red shift of their emission spectrum in response
to an increase in solvent polarity and the relaxation rates of
their surroundings (13,20). Moreover, an additional strong
red shift of the Prodan emission is connected with H-bonding
to H-bond donor molecules in the environment (21). Such
effects are typical for environment-sensitive dyes that
contain H-bond acceptor groups (such as carbonyl), which
are of particular interest for studying membrane hydration.
Electrochromic dyes operate by the same photophysical
principle as solvatochromic dyes, namely, a strong ICT
upon electronic excitation. They are commonly rod-shaped
molecules that bear electron donor and acceptor groups on
the two opposite sides. A typical example is styryl pyridi-
nium dyes (Fig. 2). The interaction of the ground- and
excited-state dipoles with an external electric field results
in electrochromic shifts of both absorption and emission
bands (17,22). However, since the shifts in emission spectra
are distorted by molecular relaxations, shifts in excitation
spectra are commonly used (23). The excitation spectra are
affected by the solvation of the highly polar ground states,
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FIGURE 2 Schematic representation of the ground and excited states
of the solvatochromic probe Prodan and the electrochromic probe di-4-
ANEPPS in lipid bilayers; hv indicates the excitation, and hy' indicates
the emission. To indicate the probe locations, two PC molecules constituting
the outer monolayer are shown.
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which results in anomalous blue-shifted excitation spectra
depending on the lipid composition, phase state, hydration,
etc. (23-25). As a result, there is a strong demand for
advanced environment-sensitive dyes capable of distinguish-
ing solvation (and particularly hydration) from the electric
potentials.

Advanced multiparametric probing

Measuring two or more membrane parameters by applying
several probes is not always reliable, since even probes
that are similar in structure can occupy different positions
and interact with different partners. The ideal method would
be to extract several types of information from a single
probe. This can be achieved by establishing an equilibrium
between several emissive states. Of the known excited-state
reactions that generate several emissive species (26),
excited-state intramolecular proton transfer (ESIPT) appears
to be the most promising. Indeed, this reaction can generate
emissive species with very different sensitivities to parame-
ters of their environment (27).

Particularly interesting in this respect are 3-hydroxychro-
mone (3HC) dyes. Due to a reversible ESIPT reaction, in
addition to the commonly observed normal (N*) excited
state, they show a tautomer (T*) excited state (Fig. 3), which
is also highly emissive. The relative energies of these states
control their relative intensities (28,29). Due to ICT from the
4’-dialkylamino to the 4-carbonyl group, the N* state attains
a large dipole moment (29,30) similarly to classical solvato-
chromic dyes such as Prodan. In contrast, the ESIPT product
T* state exhibits a much smaller dipole moment (30,31).
Therefore, the position of the N* emission band, unlike the
T* band, is an indicator of solvent polarity. Moreover, since
the N* state possesses a much larger dipole moment, inter-
molecular interactions stabilize this state as compared to
the T* state, resulting in a shift of the ESIPT equilibrium
and redistribution of fluorescence intensity between the
two bands. As a consequence, their intensity ratio (N*/T*)
describes the environment polarity (29) and electrostatics
(32).

In lipid bilayers, 3HC probes present two different
ground-state forms: 1), the H-bonded form with water
(hydrated) and 2), the non-H-bonded (nonhydrated) form
(Fig. 3), which allows an additional parameter describing
the membrane hydration to be obtained (16). These forms
exhibit differences in the excitation and emission spectra.
Whereas the nonhydrated form (blue-shifted in excitation)
exhibits a dual emission (N* and T* bands) as in aprotic
organic solvents, the H-bonded form exhibits a single emis-
sion band (H-N* band) similar to the spectra obtained in
protic solvents (16,33). Deconvolution of their emission
spectra into three bands (N*, T*, and H-N*; Fig. 3 B)
provides information about the relative contribution of the
hydrated form of the probe through the so-called ‘“‘hydra-
tion”” parameter (H-parameter), defined as the ratio of inten-
sities of the H-N* band to the sum of the N* and T* bands.
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Moreover, the N*/T* ratio can be used as a polarity indi-
cator.

Time-resolved studies of the 3HC probe F2N12S, in
which the fluorophore is located at an interface (Fig. 4)
and exhibits a significant H-N* emission, confirmed that
ESIPT equilibrium between N* and T* forms is established
on a timescale of 40-70 ps, and different relaxation kinetics
involving the H-N* form are completed on a nanosecond
timescale (34). These data suggest that the hydration
H-parameter describes both the ground-state hydration and
the water relaxation in the lipid environment, in analogy to
the generalized polarization parameter previously introduced
for Prodan and Laurdan dyes (13,16). In contrast, the N*/T*
ratio is controlled by the rapidly established N*-T* equilib-
rium in the excited state, and therefore mainly describes the
interactions with the static electric fields in the membrane.
Thus, it is clear that the hydration H-parameter and the N*/T*
parameter are intrinsically independent and describe different
membrane properties.

Dye location in lipid bilayers

The gradients of all physical parameters across the bilayer
are very steep even in comparison with the fluorophore sizes.
As a consequence, knowledge of the precise probe location
becomes crucial for evaluating their response. The most
trivial approach is to apply polar fluorescent probes to study
the polar membrane interface, and apolar probes to study its
hydrophobic interior. However, this approach often fails
because the probe molecule may exhibit several locations
and orientations in the bilayer. In particular, small fluoro-
phores of medium polarity can distribute in both polar and
apolar regions. Moreover, ground-state hydration of a probe
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FIGURE 3 (A) Ground (below)
and excited (above) states of 3HC deriv-
atives in lipid membranes. Upward
arrows represent excitation, and down-
ward arrows represent emission. The
correspondent band maxima (in nm)
are indicated. (B) Fluorescence spec-
trum of 4-(dimethylamino)-3-hydroxy-
flavone in large unilamellar vesicles
composed of egg yolk PC, and its
deconvolution into the emission bands
of the N*, H-N*, and T* forms.
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capable of forming H-bonds is an additional feature that
causes this distribution. Steady-state and time-resolved fluo-
rescence data on Nile Red (35), coumarins (36), and Prodan
(37,38) demonstrate that these probes can be located simul-
taneously in both polar and apolar regions of the membrane.
Similarly, two ground-state forms of the uncharged and non-
substituted 3HC dye 4’-(dimethylamino)-3-hydroxyflavone
(probe F)—one corresponding to the H-bonded form with
a surface location, and the other to the non-H-bonded form
located deeper—were found in lipid bilayers (16). Both
forms show different emission profiles, reporting on different
environments of the two locations.

Structural changes in membranes may cause relocation
and reorientation of the probe. Recent data on giant unila-
mellar vesicles (GUVs) directly show that Prodan and Laur-
dan do not present any preferential orientation in fluid phase
membranes, whereas in liquid-ordered and gel phase
membranes they present a constrained vertical orientation
(non-H-bonded form) (39). Moreover, hydrostatic pressure
(38) and cholesterol (40) can cause Prodan relocation. Fluo-
rophore relocation on modification of membrane properties
was also proposed for NBD derivatives (41) and 3HC probe
F (16). Relocation of a probe along the polarity gradient may
also occur during the time of emission, when the excited
state is much more polar than the ground state (42).

The polarity of the fluorophore itself is also an important
factor in its ground-state location. For example, covalent
attachment of the relatively polar NBD to flexible acyl chains
does not allow its localization close to the bilayer center,
because it loops back to the interface (43,44). This and other
unsuccessful attempts suggest that instead of using modifica-
tions of lipids, amphiphilic constructions that can fix the
fluorophore at a desired orientation and depth should be
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synthesized. This can be achieved by choosing a relatively
low-polar fluorophore and applying a combination of
charged and apolar substituents. Typical examples are Laur-
dan and Patman, which exhibit a more precise location in
lipid bilayers than the parent Prodan (15). Recently devel-
oped fatty acid analogs of Prodan utilize similar design
principles (45). A similar strategy was also applied to
develop a series of 3HC probes (Fig. 4), in which the conju-
gation of the fluorophore to both an ionic headgroup and
a long alkyl chain(s) provides a well-defined depth and
orientation to the fluorophore in the lipid bilayer (33,46—48).

Hydration and relaxation dynamics

Two aspects of membrane hydration in lipid bilayers should
be considered: 1), the distribution of water molecules across
the bilayer; and 2), their dynamics. Both of these factors
influence the spectral shifts and produce time-resolved
effects (15,20). The relaxation dynamics of different probes
in membranes, which includes relaxation of water molecules,
is slower by 3-5 orders of magnitude than in neat water and
comparable to the fluorescence lifetimes. These slow relaxa-
tion dynamics lead to characteristic dependencies of the
positions of the fluorescence spectra on excitation wave-
length (the red-edge effects (49,50)). A more retarded
dynamics is observed at the level of the glycerol backbone
and acyl chains than at the polar interface (42,51). Therefore,
the relaxation dynamics in membranes should be studied
with respect to a particular membrane site. To probe the
relaxation dynamics on the level of the glycerol and the
headgroup regions of the bilayer, a relatively polar fluoro-
phore (such as NBD) can be attached to the polar headgroup
of phospholipids (41,49). For instance, Laurdan (39) and
Patman (36) allow the hydration and relaxation dynamics
of the glycerol region of the bilayer to be probed.

Hydration in the glycerol region is connected with
a variety of membrane parameters. It increases strongly
with membrane curvature, as revealed by the relaxation
dynamics of Prodan and Patman probes (36) and the spectral
response of the F2N§ probe (33). In line with this curvature
effect, mechanical stress (52) and external pressure (53) can
also affect membrane hydration. Moreover, a strong increase
in hydration is produced by an increase in temperature within
the fluid phase, as reported by Prodan- (37) and NBD- (41)
based probes, as well as the F2N8 probe (33).

Hydration is also connected to the presence of cholesterol
and other sterols, which decrease the membrane’s perme-
ability to water (54). Cholesterol expels water from the fluid
phase bilayers (13,33) and decreases the water relaxation
dynamics in the fluid phase.

Hydration and lipid-order IN bilayers

The fluid phase of lipid bilayers, which is characterized by
a low lipid order and high mobility of lipids, exhibits fast
relaxation dynamics and a high level of hydration. In
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contrast, the gel phase, which is characterized by a high lipid
order and slow lipid mobility, exhibits low hydration.
Viscosity-sensitive probes, such as DPH derivatives and
molecular rotors, clearly show the differences between these
two phases (1,55). Moreover, the hydration evaluated from
the lifetime measurements of the DPH-based probe (TMA-
DPH) also correlates well with the phase state, so that the
phase with higher lipid order (and higher microviscosity)
presents a lower level of hydration (14).

In contrast, solvatochromic probes frequently show compli-
cated behaviors with a change in the lipid order, particularly
during the main phase transition. For instance, the spectro-
scopic response of acyl chain NBD-labeled lipid is opposite
to the response of the corresponding headgroup-labeled lipids
(41). On the gel to fluid phase transition, the NBD probe bound
to the acyl chain relocates toward the membrane surface, and
while bound to the headgroup, it undergoes a deeper embed-
ding. A particularly strong spectroscopic response (red shift)
during this transition is observed with Prodan and Laurdan,
suggesting a dramatic increase in the hydration of the probe
environment (56) and probably changes in the probe loca-
tion/orientation. Indeed, while in the fluid phase, these probes
show no preferential orientation in the bilayer, whereas in the
gel phase they adopt a uniform vertical orientation (57), exhib-
iting poor accessibility to water.

The hydration (H-parameter), as measured by the 3HC
probe F2N8 anchored at the glycerol region (Fig. 4), shows
only a moderate increase on the gel-fluid phase transition
(33). This small effect probably reflects the fact that this fluo-
rophore is anchored by a charged group and thus is unable to
relocate and/or attain vertical orientation in the gel phase. This
speculation is supported by the larger changes in the apparent
hydration for the unanchored 3HF derivative, probe F (16).
The smaller dehydration effects observed with the F2N8
probe could also be due to partial expelling of the fluorophore
by the ordered gel phase to a shallower bilayer region.

Therefore, when analyzing the response of environment-
sensitive probes to phase transition, one should take into
account the fact that changes in lipid packing may affect
the probe location/orientation in the bilayer.

Raft domains

The liquid-ordered (L,) phase of lipid bilayers, which
consists of saturated lipids (either phosphatidylcholine
(PC) or sphingomyelin (SM)) and cholesterol, is of particular
interest since it is thought to be responsible for the so-called
raft domains in cell membranes. Similarly to the gel phase,
the L, phase is also characterized by a high lipid order, as
evidenced by both DPH (58) and molecular rotor probes
(55). According to Prodan and Laurdan data, hydration is
much lower in the L, phase than in the fluid phase, being
close to that of the gel phase (13). An environment-sensitive
dye of the styrylpiridinium family, di-ANEPPQ, also shows
a blue-shifted emission in the L, phase with respect to the
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fluid phase (24), suggesting a decreased water relaxation.
Moreover, in contrast to the fluid phase, the L, phase shows
a strong second harmonic generation signal, suggesting that
the probe adopts a vertical orientation (24).

Using the 3HC F2N8 probe, we confirmed that hydration
is lower in rafts than in the gel phase (59). This could be
explained not only by exclusion of water by cholesterol
in the glycerol region, but also by changes in the probe
location and orientation in the bilayer. Observation of the
probe fluorescence in GUVs under polarized excitation
supports this idea (Fig. 5). Indeed, in the fluid phase,
uniform fluorescence intensity was observed all over the
GUVs, confirming that the probe exhibits a variety of orien-
tations. In contrast, in the L, phase, maximum fluorescence
intensity is observed in the regions where the light polariza-
tion is perpendicular to the bilayer plane. This suggests that
the high order of the L, phase imposes a vertical orientation
to the fluorophore, as previously shown with Laurdan and
di-ANEPPQ.

The sensitivity of environment-sensitive probes to the
membrane lipid phase has been used to visualize rafts in
membranes (24,39,55,60). Since the L, phase demonstrates
high lipid order and slow dynamics, the corresponding
domains can be visualized using the enhanced fluorescence
intensity of a molecular rotor based on a Prodan analog
(55). Because of their response to membrane hydration, Laur-
dan and di-ANEPPQ probes allow color imaging of the lipid
domains (24,39). Remarkably, the latter approach is indepen-
dent of the partition of the probe between the different phases,
and provides a direct assignment of the phases according to
their hydration. Recently, a Prodan-based fatty acid was
introduced that has a higher specificity to cell plasma
membranes and thus is probably more suitable than other Pro-
dan derivatives for cellular studies of lipid domains (45).
Similarly, a 3HC probe, F2N12S, partitions into both L,
and Ly phases, thus allowing a direct recognition of these
phases by fluorescence ratiometric imaging (Fig. 5) (61).

Electrostatics: surface potential

The surface potential (¥) is the electrostatic potential at the
membrane-water interface.
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This parameter is difficult to measure directly with electro-
chromic dyes because such dyes are located at the interface
and thus are easily quenched and/or strongly affected by
water relaxation. Alternatively, sorption-desorption of
charged dyes (62) can be used, as well as probes that respond
to local proton concentrations at different distances from the
bilayer interface (8). These limited approaches were recently
complemented by the use of 3HC dyes (F2N8 and F2N12S)
that are localized at the interface and thus are also sensitive to
the surface potential (46,47).

To account for a possible contribution of hydration to the
response of 3HC probes to the surface charge, we decon-
volved their spectra into three bands (Fig. 3 B) and analyzed
their intensity ratios. The N*/T* ratio of these dyes is
strongly connected to factors that affect the surface potential
(e.g., the charge of the lipid headgroup), whereas the hydra-
tion H-parameter does not show any correlation with the
surface charge (16). Moreover, the N*/T* ratio remains
insensitive to factors that strongly affect the H-parameter,
namely, the membrane curvature, temperature, and phase
state (16,33). Thus, the N*/T* ratio of the interface-located
3HC probes is a parameter that is highly selective to the
membrane surface potential. As shown further below, the
N*/T* parameter can be also used to evaluate the dipole
and transmembrane potentials with other specially designed
3HC probes located deeper in the membrane.

An important application of the shallow-located 3HC dye
F2N128S, which can simultaneously sense both hydration and
surface charge, is to detect apoptosis, the biological process
of programmed cell death. In its early stage, apoptosis results
in the loss of transbilayer asymmetry, which is accompanied
by changes in the surface charge (phosphatidylserine (PS)
exposure), lipid order, and hydration. PS exposure is usually
observed with annexin V-FITC, a fluorescently labeled
Ca”"-dependent PS-binding protein (63). The F2N12S probe
was designed to detect the exposure of anionic lipids at the
outer leaflet of cell membranes. Cell apoptosis generated
by actinomycin D resulted in significant changes in the
dual emission of the probe, allowing ratiometric imaging
as well as fluorescence flow cytometry to differentiate
apoptotic from normal cells (Fig. 6). Analysis of the spectro-
scopic response of F2N12S suggests that it corresponds to

wu 085 / 025

FIGURE 5 Probing raft domains using probe F2N12S. (A) Fluorescence spectra of F2N12S in lipid vesicles composed of DOPC (black solid curve),
DOPC+35% cholesterol (green dashed curve), and SM + 35% cholesterol (magenta dotted curve). Fluorescence ratiometric images (520/580 nm) of
GUVs composed of (B) DOPC, (C) SM + 35% cholesterol, and (D) the ternary mixture (DOPC/SM/ cholesterol in the molar ratios 1/1/0.7). Two-photon
excitation (830 nm) was used. Arrows indicate the orientation of the light polarization. Image size: (B) 50x50 um, (C) 15x15 um, and (D) 45x45 um.
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a combination of two factors related to the loss of the trans-
bilayer asymmetry: 1), the increase in the negative surface
charge; and 2), the loss of the L, phase of the outer leaflet
of the plasma membrane.

Electrostatics: dipole potential
and transmembrane potential

Unlike surface potential, dipole (¥4) and transmembrane
(W) potentials are localized inside the lipid bilayer. There-
fore, their detection requires an electrochromic fluorophore
presenting a vertical orientation in the membrane. Because
these two potentials apply at different levels in the lipid
bilayer, probing ¥, requires a location of the fluorophore
somewhere between the apolar bilayer center and the
membrane surface, whereas probing ¥, requires a location
in the apolar region close to the bilayer center.

To control the vertical orientation of a fluorophore within
the bilayer, it appears more appropriate to design amphiphilic
probe molecules rather than labeled lipids. These probes
should contain a charged group on one end of the fluorophore
to anchor it close to the bilayer headgroups, and also hydro-
phobic groups on the opposite end to ensure its deep insertion
in the hydrophobic part of the bilayer. This was successfully
realized with the use of styryl dyes (10,64) and their analogs
(65). These probes, having a charged group and hydrophobic
chains on the opposite sides of the rod-shaped fluorophore
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FIGURE 6 Apoptosis detection using probe F2N12S.
(A) Fluorescence spectra of F2N12S in normal and apoptotic
(treated with actinomycin D) CEM cells. Ratiometric images
of (B) normal and (C) actinomycin D-treated cells stained
with F2N12S. The size of the images is 60x70 um.

(Fig. 2), attain a vertical orientation in the bilayer and span
between the headgroups and the alkyl chains of lipids. There-
fore, they show a strong sensitivity of their excitation spectra
to ¥ 4(9) and, to alesser extent, ¥ (64). These probes respond
to the insertion of dipolar molecules such as 6-ketocholesta-
nol (6-KC) or phloretin into lipid bilayers, removal of the
carbonyl groups from phospholipids (to obtain ether lipids),
and modification of the lipid unsaturation degree, which
significantly modify ¥ 4. Despite their sensitivity to ground-
state interactions and excited-state relaxations, which are
unrelated to membrane electrostatics, and their own dipole,
which can modify the local ¥4 itself (66), these styryl dyes
are still the reference fluorescent probes for ¥4 measurements
(9,23,25).

Further progress requires the development of probes that
1), do not possess a large ground-state dipole; 2), allow
quantitative ratiometric recording of fluorescence emissions,
with the major contribution from the electrostatic effects sup-
pressing the side effects from the relaxation processes; and
3), allow the desired location and orientation of the fluoro-
phore moiety. 3HC dyes meet all of these requirements
well. By using a design similar to that of styryl dyes, we
developed two probes (F4AN1 and BBPZ) in which the fluo-
rescent moieties and consequently the dipole moments are
oriented vertically in lipid bilayers but inversely with respect
to each other (Fig. 4). In both cases, the probes strongly
respond to variation of ¥, as evidenced by changes in the

FIGURE 7 Monitoring the membrane
dipole potential with F8N1S (A/-A3)
and PPZ8 (B/-B3) probes in living cells.
Fluorescence spectroscopic response of
F8N1S (A7) and PPZ8 (B1) to variations
of the dipole potential in THP-1 cell
plasma membranes produced by addi-
tion of 6-KC. Confocal fluorescence
images of cells stained with F8NI1S
(A2 and A3) and PPZ8 (B2 and B3)
without (A2 and B2) and with (A3 and
B3) 6-KC. Scale bar: 10 um.
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N*/T* ratio of their two emission bands (18). Moreover, it
was shown that these changes and the variations of the
hydration H-parameter are independent (67). Two improved
derivatives, F8N1S and PPZ8 (Fig. 4), which bind selec-
tively to the cell plasma membranes, were applied to measure
Y 4 in living cells (Fig. 7) (68).

The transmembrane potential is a highly dynamic parameter
that can change in living cells on the timescale of microsec-
onds. Therefore, electrochromic probes, which are character-
ized by a fast response to ¥, appear to be essential tools in
this domain (69,70). As previously mentioned, styryl-based
electrochromic dyes (such as di-4-ANEPPS; Fig. 2) and their
analogs were originally proposed for ¥, detection (10,64).
Recently improved analogs with near-infrared absorbance
and higher solubility are particularly suited for in vivo ¥
imaging (71). However, their weak response in the excitation
spectra (7% signal change per 100 mV) is frequently insuffi-
cient for measuring small ¥, variations. The response of these
probes could be improved by the use of nonlinear fluorescence
microscopy techniques, which are highly sensitive to probe
orientation (72). However, since these measurements cannot
be used with common microscopy instrumentation, their
wide application in cellular research is limited, necessitating
the search for new probes.

To improve the sensitivity of electrochromic dyes to the
transmembrane potential, researchers developed much
longer rigid analogs of styryl dyes (ANNINE probes) that
span from the surface of the bilayer to almost the middle
of the bilayer (65,73). This improved the sensitivity to ¥,
more than twofold. However, as with their parent probes,
only the excitation spectra could be used.

For this reason, we attempted to apply the 3HC fluoro-
phore for ¥, detection. To that end, we selected an extended
fluorophore to improve the two-wavelength electrochromic
response at low polarities, and coupled it with two rigid
arms bearing charged groups to impose a vertical orientation
and a deep insertion in the lipid bilayer (probe di-SFA;
Fig. 4). In model and cellular membranes, the obtained probe
showed fluorescence spectra corresponding to a very low-
polarity environment (¢ ~ 3—4), in line with a deep insertion
(48). In cell membranes, the probe response of 12% per
100 mV was larger than the corresponding response of the
styryl probes (64), but less than that of the new generation
of ANNINE probes (65). Nevertheless, the key advantage
of this 3HC probe lies in its ratiometric response in emission,
which enables easy application in fluorescence microscopy
by using a single excitation source and a two-color fluores-
cence detection setup.

OUTLOOK

The field of biomembrane science is putting more and more
stringent demands on organic fluorescent probes. Other fluo-
rophores, such as quantum dots, metal nanoparticles, or
conjugated polymers, being the size of the bilayer, are too
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large to provide the necessary site-selective response. There-
fore, environment-sensitive fluorescent dyes remain the
major tools for getting information about the structure and
dynamics in biomembranes. The main developmental trends
are to improve the probes’ selectivity for a particular
membrane property, to increase the information content of
the probe response, and to address the biophysical properties
at a particular membrane depth. In this respect, the develop-
ment of multichannel environment-sensitive probes capable
of distinguishing between different membrane physicochem-
ical properties through additional spectroscopic parameters
constitutes a substantial step forward. With the aid of these
probes, essential cellular processes such as apoptosis can
be followed at the level of plasma membranes.
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