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Quantitative Imaging of Molecular Order in Lipid Membranes Using
Two-Photon Fluorescence Polarimetry
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ABSTRACT We present a polarimetric two-photon microscopy technique to quantitatively image the local static molecular
orientational behavior in lipid and cell membranes. This approach, based on a tunable excitation polarization state comple-
mented by a polarized readout, is easily implementable and does not require hypotheses on the molecular angular distribution
such as its mean orientation, which is a main limitation in traditional fluorescence anisotropy measurements. The method is
applied to the investigation of the molecular angular distribution in giant unilamellar vesicles formed by liquid-ordered and
liquid-disordered micro-domains, and in COS-7 cell membranes. The highest order contrast between ordered and disordered
domains is obtained for dyes locating within the membrane acyl chains.
INTRODUCTION

Molecular order is a key parameter in a large variety of

biological phenomena. Measuring orientational information

is essential for understanding of the molecular interactions

that drive the morphology of biomolecular assemblies,

from membrane protein aggregates to biopolymers involved

in signaling events, cell mechanics, and adhesion. Imaging

such organizations quantitatively using optical microscopy

remains a challenge. Essentially, this issue has been ap-

proached by fluorescence anisotropy measurements from

molecular probes localized at adequate and functional posi-

tions. This technique is based on a ratiometric analysis on

two states of incident and analyzed polarizations, resulting

in two accessible parameters I// and It depending on the

parallel or perpendicular configuration of the incident versus

analyzed directions. However, so far, investigations on non-

isotropic samples have been limited (1–9). Fluorescence

anisotropy is only successful in cases restricted to cylindrical

symmetry geometries of the molecular angular distributions,

and necessitates an a priori knowledge of either the mean

orientation of the molecular distribution, or its shape (10).

It also contains redundancies such as the impossibility of

differentiating the cases of an isotropic distribution from

that of a 45� (relative to the // or t directions) molecular

orientation. This obviously limits the possible range of appli-

cations of this method, since most biomolecular interactions

occur in complex structures of unknown symmetry axes.

We propose here to use a polarimetric approach where

multiple polarization states are analyzed. Recent works in

polarization-resolved, second-harmonic generation micros-

copy have demonstrated that rich information is contained

in polarization responses recorded from a tunable-incident

linear polarization in the sample plane (11)—for instance,
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to distinguish, specifically, the local nature (symmetry,

disorder) of molecular assemblies in molecular monolayers

(12) and in crystals down to the nanometer scale (13,14).

In this work, we implement a polarimetric two-photon exci-

tation fluorescence (TPEF) imaging technique, based on the

polarized readout of the fluorescence response to a tunable

incident polarization state. Two-photon excitation is chosen

for its intrinsic advantages relative to one photon fluores-

cence: in addition to less scattering, deeper optical penetra-

tion, and intrinsic spatial resolution (typically 300-nm

lateral), the nonlinear nature of the excitation indeed reduces

the angular photoselection and thus ameliorates the angular

sensitivity of polarized measurements. We show that polari-

metric TPEF circumvents the weaknesses of fluorescence

anisotropy imaging by providing information on molecular

order without any hypothesis on the average orientation of

the molecules. This technique is applied to the investigation

of the local molecular organization in heterogeneous artifi-

cial membranes and in cell membranes. Giant unilamellar

vesicles (GUVs) made of lipid mixtures, which are consid-

ered as model systems for the investigation of lipid interac-

tions (15–18), exhibit coexisting domains with different

fluidity, elasticity, and polarity properties. This phase segre-

gation into gel, liquid-ordered, and -disordered environ-

ments, is closely related to fundamental cell processes,

particularly for cell signaling, where the existence of lipid-

specific functional rafts platforms is still a debate (19–25).

So far, imaging lipid domains has relied on the use of dedi-

cated fluorescent probes specifically partitioning in regions

of known lipid composition or local polarity (26–28). Such

probes are also expected to undergo specific orientational

orders detectable by fluorescence anisotropy (26,27,29).

However, so far, no direct imaging of molecular order in

heterogeneous lipid domains has been attempted. Here we

illustrate the application of TPEF polarimetry on two issues

that cannot be addressed by a pure ratiometric method: the

doi: 10.1016/j.bpj.2009.08.052

mailto:sophie.brasselet@fresnel.fr


Fluorescence Polarimetry Imaging 2855
investigation of the orientational organization in coexisting

liquid phase with short-range order (Lo) and disordered

liquid (Ld) fluid domains of micrometric sizes in GUVs,

and in cell membranes of nonspherical shapes. The studied

GUVs are formed from a ternary mixture of the lipids

sphingomyelin, 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC), and cholesterol (15). Lo domains are known to

be essentially constituted by enriched sphingomyelin and

cholesterol regions, whereas DOPC is mainly present in disor-

dered liquid regions. The labeling of the lipid mixtures is per-

formed using different fluorescent probes present in both

types of domains: 6-dodecanoyl-2-dimethylamine-naphtha-

lene (Laurdan) (26), 6-dodecanoyl-2-[n-methyl-n-(carboxy-

methyl)amino]naphthalene (C-Laurdan) (27), 1-(4-trimethyl

ammonium-phenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH),

and di-8-ANEPPQ. Laurdan and C-Laurdan are specifically

chosen for their ability to provide a spectral identification

(and thus a control measurement) of the Lo and Ld domains

location on a GUV. A quantity of 1,10-dioctadecyl-3,3,30,
30-tetra methyl indo carbocyanine perchlorate (DiI-C18) is

also used as a preliminary control for the Lo and Ld domains

identification (28).

We show that polarimetric measurements permit a quanti-

tative analysis of the local molecular order in different phases

of the GUVs and in cell membranes, independently of the

position investigated on the vesicle or cell contour. We intro-

duce, in the data analysis, the effects of distinct absorption

and emission angles of the molecular transition dipoles, as

well as the presence of fluorescence resonance energy trans-

fer (homo-FRET) in the membrane.

MATERIALS AND METHODS

Materials

The fluorescent lipid probes TMA-DPH, DiIC18, di-8-ANEPPQ, and Laurdan

were purchased from Invitrogen Molecular Probes (Carlsbad, CA). C-Laur-

dan was synthesized by the group of Bong Rae Cho from Korea University

in Seoul, South Korea (27). DOPC and cholesterol (Chol) were obtained

from Avanti Polar Lipids, and chicken egg yolk sphingomyelin (SM) from

Sigma Aldrich (St. Louis, MO). Lipids were used without further purification

and were stored in chloroform/methanol (9:1) at �20�C until use.

GUVs and cell lines sample preparation

The giant unilamellar vesicles (GUVs) were prepared according to the elec-

troformation method developed by Angelova and Dimitrov (30). First,

10 mL of a 6.6 mM solution of DOPC, cholesterol, and SM (1:1:1) loaded

with fluorescent lipid probes (1:1000) were deposited at 40�C on two glass

slides covered with indium tin oxide. This temperature is chosen to facilitate

the evaporation of chloroform. The chloroform elimination was completed

by drying the slides under vacuum for 1 h. The slides were then sealed

together and solvent (428 mM solution of sucrose in water) was added to

the chamber and heated to the desired temperature (above the lipid mixture

phase transition, 55�C for DOPC/cholesterol/SM). In the last step, the

chamber was connected to an electrical generator (AC Exact, model No.

128; Exact Electronics, Hillsboro, OR). An 8 Hz, 25 mV peak-to-peak sinu-

soidal voltage was applied. It was increased by 100 mV steps every 5 min,

up to a value of 1225 mV. These conditions were maintained overnight.
Next, the application of electrical square pulses of the same amplitude at

4 Hz detached the GUVs from the slides. With this approach, we have ob-

tained GUVs with diameter ranging from 10 to 80 mm.

COS-7 cells (No. CRL-1657; American Type Culture Collection, Mana-

ssas, VA) were maintained in 37�C with DMEM medium (Lonza Braine,

Brussels, Belgium) completed by 5% fetal bovine serum, and penicillin-

streptomycin (50 units/mL). Before measurement, cells were transferred

onto glass coverslips, incubated for 3.5 h, washed twice with insertion buffer

(NaCl 130 mM, KCl 5 mM, CaCl 210 mM, glucose 5 mM, and HEPES

10 mM (pH 7.4)) and then stained with 5 mM di-8-ANEPPQ (dissolved

by absolute ethanol to 1 mM for preservation and usage) for 5 min. The cells

were then washed twice again and kept at room temperature in the insertion

buffer for the whole imaging process. TPEF polarimetry on cell membranes

was performed at room temperature.

Experimental setup

The experimental setup used in TPEF microscopy is depicted in the Support-

ing Material (Fig. S1). The excitation light source is a tunable Ti:Sapphire

laser (Chameleon, Coherent, Santa Clara, CA) that delivers 150-fs pulses

at a repetition rate 80 MHz. The incident wavelength is set at 780 nm for

C-Laurdan, Laurdan, TMA-DPH, and di-8-ANEPPQ, and 1040 nm for

DiIC18, with a typical averaged power of a few mWs. The laser beam is

reflected by a dichroic mirror and focused on the sample by a high numerical

aperture objective (water immersion objective, �60, 1.2 numerical aperture

(NA); Nikon, Melville, NY). The backward-emitted signal is collected by

the same objective and directed to a polarization beamsplitter that separates

the beam toward two avalanche photodiodes (model No. SPCM-AQR-14;

PerkinElmer, Boston, MA) used in photon-counting mode. Images are per-

formed by the scanning of the sample on a piezoelectric stage, which allows

precise location of polarimetric measurement points. The TPEF polarimetric

measurement consists in continuously rotating the linear polarization of the

incident laser beam in the sample plane by an achromatic half waveplate

mounted on a step rotation motor at the entrance of the microscope. For

each value of the polarization angle, the emitted signal is recorded on the

two perpendicular directions X and Y defining the sample plane. These direc-

tions also correspond to the s and p reflection directions for the dichroic

beamsplitter. A polarimetric image stack of 90 polarization angles is typi-

cally recorded within a few minutes, which can be lowered down to a few

seconds by decreasing the angular resolution.

Theory

Modeling two-photon excited fluorescence (TPEF) processes in molecular

media necessitates accounting for molecular two-photon absorption and

one-photon emission properties, their statistical orientational distribution,

and finally the incident and analyzed field polarization states. The molecular

angular distribution of fluorescent lipid probes is defined here by a normalized

molecular orientational probability distribution function f(q, f), with (q, f)

as the spherical angles denoting the molecular frame orientation (Fig. 1 a).

The value f(q, f) is related to the potential energy U(q, f) of the molecule,

according to the Boltzmann equilibrium relation f(q, f) f exp(�U(q, f)/

kBT). In lipid membranes, the orientational distribution is most often defined

as a cone shape (1,2,31), with an abrupt change of the probe potential at

a defined aperture angle q ¼ v. In this case, f(q, f) ¼ 1/(4pv) for q % v and

f(q, f) ¼ 0 otherwise. Different functions could be equally introduced such

as a cone contour f(q, f)¼ d(q� v) (5) or a normalized Gaussian distribution

f ðq;fÞ ¼ ð
ffiffiffiffiffiffiffiffi
ln 2
p

=vÞexpð�ln 2q2=v2Þ (4). The most general distribution

function is a decomposition over spherical harmonics with orders of

symmetry J, which weights can be independently retrieved up to J¼ 6 using

polarization-resolved TPEF (14). In lipid membranes f(q, f) is expected to be

a q-dependent cylindrical symmetry function, which can be restricted to the

order parameters hPJ ¼ 2, 4 6i defined as hPJi ¼
R

f ðqÞPJðcos qÞsin qdq

(with PJ(cos q) the J-order Legendre polynomials) (2,4,31).

The orientation of the angular distribution function in the macroscopic

frame is defined by the orientation angle (r, h) of its symmetry axis, as
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illustrated in Fig. 1, a and b, in the case of a cone distribution. Note that this

orientation does not necessarily correspond to the membrane-normal direc-

tion. Fig. 1 c, which illustrates the case where the distribution axis coincides

with the membrane normal in a spherical GUV or cell, shows the experi-

mental configuration where light is focused on an equatorial point (h ¼ 0).

In this situation the relevant parameters of the molecular distribution are

v and r. The TPEF response from one molecule depends on

1. the relative orientations of the excitation dipole and the incident field and

2. the emission dipole orientation.

The first development assumes that the excitation and emission dipoles are

parallel, the case of different orientations being more extensively described

below. The orientation of the excitation/emission dipole is given by the

respective polar and azimuthal angles q and s in the membrane frame (x0,
y0, z0), as described in Fig. 1 a. The components of the excitation dipole

moment in the laboratory frame (X, Y, Z) are given by2
4mXðq;f; r; hÞ

mYðq;f; r; hÞ
mZðq;f; r; hÞ

3
5¼
2
4�sinr �cosrsinh cosrcosh

cosr �sinrsinh sinrcosh

0 cosh sinh

3
5$
2
4sinqcosf

sinqsinf

cosq

3
5:

(1)

The TPEF signal from one single molecule is proportional to the product of

two-photon excitation and one-photon emission probabilities (11). The

emission contribution originates from the radiation of the molecule emission

dipole integrated over the broad range of collection angles by the high NA

objective. This effect is taken into account in the emission contribution

intensities JX and JY from the single dipole~mðq;f; r;hÞ and measured after

the objective for two respective X and Y orthogonal states of analysis direc-

tions, following (1)

where the coefficients K1, K2, and K3 quantify the mixing among the contri-

butions of different polarization components into the final fluorescence

intensity. In the present case of an NA ¼ 1.2 objective, K1 ¼ 0.86, K2 ¼
0.015, and K3 ¼ 0.262 (1).

The single molecule two-photon excitation probability is proportional to

j~m$~Ej4, with ~m the absorption dipole and ~E the incident optical field. The

time-averaged fluorescence intensity of an ensemble of molecules within

an orientational distribution f(q, f), analyzed along a given polarization state

i ¼ (X, Y), can finally be expressed as the incoherent sum over individual

fluorescent intensities (11)

Iiðr; h;a; vÞ ¼
Z 2p

0

Z p

0

j~miðq;f; r; hÞ$~EðaÞj4Jiðq;f; r; hÞ

� f ðq;fÞsinqdqdf;

(3)

when~EðaÞ is a linear polarization state vector oriented with an angle a rela-

tive to X. In the polarimetric measurement developed in this work, a is

a tunable parameter varying from 0� to 360�, obtained by rotating a half-

wave plate at the entrance of the microscope. The TPEF polarization

responses along the X and Y analysis directions are defined as the fluores-

cence intensities measured along the two detectors (Fig. S1). The main

difference with fluorescence anisotropy is that in our case, the whole range

of incident polarization angles is exploited. Here a complete analysis of the

molecular orientational distribution is therefore possible, using r, h, and v as

fitting parameters. Any other distribution could be investigated using other

representative fitting parameters or general order parameters.

In Eq. 3,~EðaÞ has to be defined at the focal point of the objective. Due to

the epi-geometry of the imaging setup, the input polarization undergoes

a reflection on the dichroic beamsplitter, which affects its linear state, by

adding ellipticity and dichroism at intermediate a-angles (11,32). The phase

difference d between the X and Y components of the field (ellipticity) and

their amplitude factor (dichroism g) are determined separately, using a

calibration procedure previously described (32); this gives d ¼ 0.26 and

g ¼ 0.005 for the dichroic beamsplitter used in this work.

RESULTS

For all experiments and simulations, the polarization

responses are represented as polar diagrams where each

measurement points is a vector pointing from the origin,

with an amplitude equal to the fluorescence intensity, and

a tilt angle relative to X equal to a. This allows a direct visu-

alization of the fluorescence angle dependence, relative to

a rotation of the excitation field polarization.

Influence of r, n, h, and the angular distribution
shape on the polarimetric responses

The theoretical TPEF polarization responses IX(a) and IY(a)

emitted by an assembly of fluorescent molecules are depicted

in Fig. 2 for different distribution parameters v and r,

assuming h ¼ 0 and a cone-shape angular distribution. For

relatively small aperture angles (v < p/6), the molecules

exhibit a quasi one-dimensional order and thus very
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FIGURE 1 Definition of the coordinates used in the analysis. (a) In the

microscopic frame, the v-parameter is the cone aperture of the distribution

function. The values (q, f) define the orientation of the molecular dipole

in the cone frame. (b) In the laboratory frame, the Z axis is the optical

axis, and X and Y denote the sample plane in which the excitation polariza-

tion is defined. The angles r and h specify the cone orientation in the macro-

scopic frame. (c) Experimental configuration. The excitation light is focused

on an equatorial point of the GUV where h ¼ 0.

JXðq; f; r; hÞ ¼ K1m2
Xðq; f; r; hÞ þ K2m2

Yðq; f; r; hÞ þ K3m2
Zðq; f; r; hÞ;

JYðq; f; r; hÞ ¼ K2m2
Xðq; f; r; hÞ þ K1m2

Yðq; f; r; hÞ þ K3m2
Zðq; f; r; hÞ;

(2)
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anisotropic IX and IY polarization responses. For larger cone

apertures, these two lobes are strongly deformed, due to the

contribution of a broader range of dipole orientations. Fig. 2

shows that this polarimetric analysis is strongly sensitive to

both width and mean orientation of the angular distribution

of the molecules: whereas the mean orientation r is seen to

predominantly affect the overall pointing direction of the

polarization lobes responses, the cone aperture v affects the

relative deformation of these lobes. This approach shows

that measurements with high angular accuracy can be

obtained with no a priori knowledge of either r- or v-values.

The effect of the out-of-plane orientation angle h of the

cone aperture shows that for h-angles below 45�, the polar-

imetric responses are seen to be essentially independent on h

(only minor deviations being seen in the curves amplitude).

According to the experimental geometry, the measured

distributions are located on the equatorial perimeter of the

membranes; therefore h is expected to lie close to 0� in

this study.

At last, TPEF polarimetric responses significantly depend

on the molecular angular distribution shape, which makes it

a possible probe for angular orientational behaviors. Fig. 3

depicts IX and IY polarization responses for three different

f(q, f) distributions described above: cone, Gaussian, and

cone-contour. The three functions have a full width at half-

maximum equal to v. Although of similar dependence with

a two-lobe shape response, the cone and Gaussian models

exhibit some differences in the opening of the lobes. The

cone-contour model is very different and can be easily

discriminated from filled-apertures models, which is not the

case in traditional fluorescence anisotropy measurements (5).

Determination of n in two-phase lipid mixtures
GUVs

The polarimetric TPEF technique is applied to the investiga-

tion of the static orientational order of different fluorescent

probes in GUVs lipid membranes made of Lo and Ld phases

obtained from DOPC/Chol/SM mixtures. Fluorescent probes

sensitive to their lipid phase environment are first used to

validate the use of polarimetric measurements: at 780-nm

excitation, C-Laurdan and Laurdan in raft mixtures made
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FIGURE 2 Influence of the r- and v-parameters on polar

polarization plots representing the calculated TPEF intensi-

ties IX (solid line) and IY (dotted line) as functions of the

incident field rotation angle a. The polar plots description

is given in the text. The X and Y sample plane macroscopic

axes indicated here are identical in all the following polar

plots figures. The dichroic parameters d ¼ 0.26 and g ¼
0.005 are used in this model for the incident field polariza-

tion state, which is representative of the experimental

configuration.
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FIGURE 3 Two-photon polarimetric

responses IX (solid line) and IY (dotted
line) as a function of the incident field

rotation angle a for different angular

distributions of the fluorescent molecules

at fixed r ¼ 0, 45� and v ¼ 50� parame-

ters. (From left to right) Cone, Gaussian,

and cone-contour distributions, all of

them have a full width at half-maximum

equal to v as represented on their

q-dependent section (far right graphic).

The dichroic parameters d ¼ 0.26 and

g ¼ 0.005 are used in this model.
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of both Lo and Ld phases are known to exhibit broad emis-

sion spectra with two maxima. The first one, at ~440 nm,

reflects the Lo phase whereas the second one, at ~490 nm,

is attributed to the Ld phase. By using appropriate filters,

the location of the two phases in a GUV can be discrimi-

nated. The presence of both domains is furthermore ascer-

tained by colocalization measurements using DiI-C18 as an

additional probe, which is known to locate in Ld domains

in such lipid mixtures (28). All further analyzes are done

without the DiI-C18 fluorophore in the membranes.

TPEF polarimetric responses of C-Laurdan and Laurdan

in DOPC/Chol/SM GUVs are depicted in Fig. 4, a and b,

for different points on the GUVs. In this experiment, no

specific spectral filtering is used; therefore, the lipid domains

are not distinguishable in the image. The fitting of the polar-

imetric responses is performed for both intensities IY and IX,

on both parameters v and r, using the angular distribution

models described above. The mean orientation angle of the

distribution r is therefore not artificially introduced, but is

deduced from the data fitting. In addition for a given position

on the GUV, v can be determined with a 50.5� precision,

with a slight increase of this error margin to 52� at high

cone apertures (in this situation, the shape of the polarization

responses is less sensitive to the r-orientation, as can be

expected from a large angular distribution of molecules).

Firstly, the data are seen to be consistent with models close

to a cone or a Gaussian aperture. The cone-contour model

can be discarded since it leads to very different polarimetric

dependencies (Fig. 3). A thorough analysis of the fitting

accuracy shows that a Gaussian model seems more adapted

than a cone shape to the observed phenomenon (Fig. S2).

This is consistent with a statistically driven orientational

behavior, measured at equilibrium. From the fitting of the

polarimetric angular dependencies, both cone and Gaussian

models lead to similar r- and v-values.

Secondly, the deduced mean orientation r of the molec-

ular distribution is seen to also correspond to the measured

normal direction of the membrane in the studied location.

At last, the measured distribution aperture angles v can

be clearly discriminated in two populations associated with

high and low aperture angles (Fig. 4 c). By comparing the

spatial location of the observed populations on the GUVs

using a spectral filtering imaging (Fig. 4 d), we deduce that

these two populations can be assigned to the Lo and Ld lipid

environments. The obtained v values are summarized in

Table 1, together with the corresponding order parameters

hPJ ¼ 2, 4, 6i defined above. The Lo phase is overall charac-

terized by a lower distribution aperture than in the Ld phase,

and by higher hPJ ¼ 4, 6i order parameters (the high J orders

are indeed signatures of a narrow angular distribution).

A similar study was performed for the TMA-DPH and

di-8-ANEPPQ fluorescent probes, which do not significantly

modify their spectral emission behavior in Ld and Lo phases.

The TPEF polarimetric responses for these probes in DOPC/

Chol/SM GUVs are depicted in Fig. 5, a and b. The fits

obtained from different points of the GUVs clearly show
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c FIGURE 4 Experimental polari-

metric responses IX (red/dark dots) and

IY (blue/light dots) of (a) C-Laurdan

and (b) Laurdan, as a function of the

input polarization a-angle, measured at

several locations on the GUVs contour.

Spectral detection range: 400–600 nm.

The r-values indicate the distribution

orientation obtained from the fit (contin-

uous lines) derived from the cone model

described in the text. The Lo and Ld

phases’ assignment is related to the

v-cone aperture values obtained from

the fit. (c) Distribution of the angular

aperture v obtained from polarimetric

measurements performed for each fluo-

rophore. (d) Spatial representation of

the Lo and Ld phases on a C-Laurdan-

labeled GUV, compared to a similar

image obtained with spectral filtering

(left, detection 400 nm 5 20 nm and

right, detection 560 nm 5 20 nm).

TPEF images are obtained at 780-nm

excitation with an incident circular

polarization to avoid any photoselection

effect in the image. The signals from the

X- and Y-sensitive avalanche photodi-

odes are added to remove the analysis

polarization effects. Diameter of the

GUV: 50 mm.
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two distinct populations (Fig. 5 c) such as previously

obtained with Laurdan-type molecules. The spatial location

of these populations shows the existence of micrometric

size domains, as illustrated on a di-8-ANEPPQ-labeled

GUV for which many points have been analyzed along the

whole contour (Fig. 5 d). Fig. 5 d also shows that the di-8-

ANEPPQ molecule seems to preferentially locate in the

disordered phase, the higher global intensity in this region

being a signature of a higher molecular density. Fig. 5 shows

finally that the lipid environment local rigidity can be

directly probed by an orientational information imaging.

Determination of n in cell membranes

The orientational behavior of di-8-ANEPPQ molecules was

finally investigated in COS-7 cell membranes using the

TPEF polarimetry technique. Adherent cells with nonspher-

ical shape were voluntarily chosen to probe the local molec-

ular order in regions where the local orientation of the cell

membrane is not easily determined. The equatorial plane

of the cells was studied to minimize the effect of the out-of

plane angle of the molecular distribution (h-angle in

Fig. 1 b). Fig. 6 shows examples together with the data for

a few points investigated on the cells contours. In all the

investigated cells, the r-value obtained from the data fitting

is roughly consistent with the membrane orientation visible

on the cell image. The corresponding v-value obtained

from the data fitting is found to be larger than for DOPC

GUV membranes. This high aperture angle in COS-7 cell

membranes has been found reproducibly on several cells

over their whole membrane contours.

Influence the emission/absorption dipoles
directions and energy transfer on the polarimetric
responses

In addition to the distribution features, two parameters

can potentially affect the TPEF polarimetric responses: the

angle between the absorption and emission dipoles of the

fluorescent probe, and the possible presence of fluorescence

resonant energy transfer between neighbor molecules

(homo-FRET). Both effects, for which excitation and emis-

sion become decorrelated, are expected to introduce a degree

of depolarization of the polarization responses, which might

lead to a misinterpretation of the polarimetric data. The anal-

ysis of these effects is detailed in the Supporting Material.

The dependence of the TPEF signals on the absorption-

emission dipoles relative angle x (Fig. S4) shows that the

polarimetric responses appear to be only slightly dependent

on x for x < 20�. By inserting x as an additional fitting

parameter in the analysis in all the polarimetric responses

mentioned above, we have found that

1. the x-angles for all the studied molecules cannot be higher

than 20� (above this angle, the fitting quality is strongly

affected), and

2. inserting x in the model does not change the resulting

angular apertures (v, r) of more than a few percent.

TABLE 1 Distribution aperture angle v obtained from the

polarimetric analysis for the studied molecules in both Lo

and Ld lipid phases

Phase C-Laurdan Laurdan TMA-DPH di-8-ANEPPQ

Lo (33 5 6)� (36 5 5)� (16 5 4)� (17 5 6)�

hP2i ¼ 1.715 hP2i ¼ 1.674 hP2i ¼ 1.920 hP2i ¼ 1.911

hP4i ¼ 0.415 hP4i ¼ 0.373 hP4i ¼ 0.769 hP4i ¼ 0.745

hP6i ¼ 0.267 hP6i ¼ 0.242 hP6i ¼ 0.602 hP6i ¼ 0.570

Ld (73 5 6)� (71 5 4)� (52 5 4)� (46 5 5)�

hP2i ¼ 1.320 hP2i ¼ 1.330 hP2i ¼ 1.479 hP2i ¼ 1.546

hP4i ¼ 0.169 hP4i ¼ 0.174 hP4i ¼ 0.241 hP4i ¼ 0.277

hP6i ¼ 0.116 hP6i ¼ 0.119 hP6i ¼ 0.162 hP6i ¼ 0.185

The values are obtained from the measurement of 10 molecules per GUV,

measured on five different GUVs in each case. The corresponding order

parameters hPJi (J ¼ 2, 4, 6) defined in the text are given for the Gaussian

distribution shape.
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FIGURE 5 Experimental polari-

metric responses IX (red/dark dots) and

IY (blue/light dots) emitted by an

assembly of (a) TMA-DPH and (b)

di-8-ANEPPQ molecules, measured at

several locations on GUV contours.

A large spectral band is detected at

~500 nm, with no specific spectral

filtering. The indicated r-values are

obtained from the fit (continuous lines)

derived from the cone model described

in the text. The Lo and Ld phases’

assignment is related to the v-cone aper-

ture values obtained from the fit. (c)

Distribution of the angular aperture v ob-

tained from polarimetric measurements

performed for each fluorophore. (c) is

the TPEF image of a di-8-ANEPPQ-

labeled GUV for a circular input polari-

zation. GUV size: 17 mm. The color lines superimposed illustrate the spatial location of the Lo and Ld phases deduced from the following v-values: v < 37�

(Lo) and v > 37� (Ld). Represented points: A, v ¼ 27.8�; B, v ¼ 12.3�; and C, v ¼ 46.5�.

Biophysical Journal 97(10) 2854–2862



2860 Gasecka et al.
The found x angles are furthermore consistent with the previ-

ously published values: x¼ 19� in Prodan (6-propionyl-2-di-

methylaminonaphthalene), a molecule similar to the Laurdan

and C-Laurdan structures (33), with x¼ 7–16� in TMA-DPH

(34).

The sensibility of the TPEF polarimetric responses to

the presence of homo-FRET between the molecules in a

membrane is analyzed in Fig. S6 using models previously

developed (35). The dependence of the polarimetric

responses as a function of the energy transfer efficiency

shows that above a 10% FRET efficiency, the depolarization

effect tends to deform the polarimetric curves, especially at

large cone apertures v. High FRET efficiencies induce a total

depolarization illustrated by almost-identical IX and IY polar-

ization dependencies. Introducing homo-FRET in the anal-

ysis of the polarimetric experimental data in GUVs and cells

tends to slightly improve the quality of the fit of both IX and

IY polarization dependence; however, the final values

obtained for both v- and r-parameters do not change signif-

icantly. This shows, in particular, that the homo-FRET

efficiency in the system is low (<10%). This is consistent

with the distance between fluorescent molecules (estimated

to ~10 nm accounting for their dilution and a typical lipid

cross section of ~50 Å), which is larger than the typical

distances (a few nanometers) over which a 50% FRET effi-

ciency occurs.

DISCUSSION

The TPEF polarimetric imaging technique, based on a

tunable incident polarization and a polarized readout, is

shown to be able to provide information on the molecular

angular distribution in different lipid environments at any

place of GUV and cell membranes, whatever their local

curvature.

To compare this technique with the more traditional fluo-

rescence anisotropy, we define the polarization factor ratio

A¼ (IY� IX)/(IYþ IX) measured for a circular incident exci-

tation. A varies between (þ1) when the fluorescence dipoles

lye along Y (r ¼ p/2), and (�1) when they lie along the X
direction (r ¼ 0). All intermediate values will be reached if

the molecular orientations are either distributed within

a cone (of aperture v), or globally rotated (of an angle r).

An image of the A factor is depicted in Fig. 7 a for a DOPC

GUV doped with C-Laurdan (similar images have been

obtained for the other studied fluorescent probes). Interpreting

such an image first requires the knowledge of the mean

orientation of the molecules relative to the membrane-normal

direction. The A(r,v) function (Fig. 7 c) can be used to

determine v, assuming a known cone mean orientation r, as

used in previous works (4,5), where the membrane-normal

or tangential directions were assumed to coincide with the

mean molecular orientation. The anisotropy image is more
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different cells contours. The indicated
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fit (continuous lines) from the cone

model described in the text. Scale

bars: 10 mm.
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complex in the case of lipid mixtures, as illustrated for

C-Laurdan in a DOPC/Chol/SM GUV (Fig. 7 b). Fig. 7,

a and b, can be analyzed assuming that the cone orientation

and membrane normal direction coincide. As readily seen

for C-Laurdan in a DOPC GUV (Fig. 7 a), anisotropy values

at points A and C in Fig. 7 c do not surpass A 5 0.4, for

which v ¼ 60�–80�. In a GUV formed by a (DOPC/Chol/

SM) lipid mixture (Fig. 7 b), the v parameter varies roughly

from 30� to 80� (points D and E in Fig. 7 b are most probably

in disordered regions). These values are of same order of

magnitude as the ones found from the TPEF polarimetric

measurements described above. Measurement points at

~r ¼ p/4 (point B) are not exploitable, as A is insensitive to

the molecular order in this case (Fig. 7 c). Therefore with

this pure anisotropy measurement, it is not possible to

distinguish the complete spatial localization of Lo and Ld

phases.

As the TPEF polarimetric measurements developed in this

work does not require the knowledge of the molecules mean

orientation, it has been applied directly to random positions

taken on GUVs or nonspherical cells. Different parameters

(nature of the angular distribution, excitation-emission

dipole angle, homo-FRET) have been computed and taken

into account for the estimation of the v-angle in Lo-Ld

two-phase GUVs and COS-7 cells.

Measurements performed on GUVs show that molecular

order is strongly dependent on the fluorescent probe struc-

ture, primarily because it is driven by lipid-fluorophore

interactions that are influenced by the molecular head posi-

tion. Cone aperture values obtained for both C-Laurdan and

Laurdan show that their orientational behavior deviates

substantially from a perfect orientational order. In the Ld

phase, where the lipid acyl chains are highly disordered,

the aperture angle is significantly increased. The reason

for the relatively high disorder in both Lo and Ld phases

might occur from the fact that these molecules locate in

the hydrophobic part of the membrane due to van der

Waals interaction between their Lauric chains and the lipid

chains (27,36), as also observed in DPH-derivative fluoro-

phores embedded in the membrane (5). Although C-Laur-

dan seems to explore a larger range of cone apertures

than other fluorophores (Fig. 4 d), superimposing aperture

angles and lipid phase images also shows a large spatial

variation between ordered and disordered regions. In partic-

ular, C-Laurdan is overall seen to be a more sensitive probe

of local orientational order, as also observed in previous

works (27).

In the case of TMA-DPH and di-8-ANEPPQ, although the

Lo or Ld environment cannot be identified from a control

spectral measurement, the TPEF polarimetric analysis

permitted us to directly create an image of the spatial distri-

bution of molecular order (Fig. 5 d). The cone aperture values

obtained are globally lower than for the Laurdan type mole-

cules, which is consistent with their inclusion localization in

the periphery part of the membrane. TMA-DPH, located near
the more ordered headgroup region, has been reported to

exhibit quasi-one-dimensional order in gel phases with cone

aperture angles below 20� (2), which is consistent with the

values found here in Lo regions. A similar behavior is

observed for di-8-ANEPPQ, although with a slightly higher

flexibility (Fig. 5 c). The values obtained for di-8-ANEPPQ

in Ld phases are close to the ones found for the BODIPY-PC

fluorescent lipid probe (4).

TPEF polarimetry measurements on COS-7 cells show

that the molecules mean orientation roughly lies along the

membrane-normal direction. However, in many points the

membrane is of complex shape and its global orientation

difficult to visualize. The simultaneous fitting on both

r- and v-parameters makes it possible to avoid speculating

on the local membrane contour as previously done (4,9).

The measured cone aperture angle on COS-7 cell

membranes shows that the di-8-ANEPPQ probes behave in

a slightly more disordered way than in DOPC GUV

membranes. Opposite disorder properties have been previ-

ously found when comparing DOPC and cell membranes

(29) in a solution of reconstructed vesicles. Possible artifact

origins to our observation have been ruled out. First, the

number of molecules present in the membrane is too low

to provoke homo-FRET effects. Second, the presence of

the rather small isotropic contribution of the intracellular

partitioning of the fluorescent probe is seen to not affect

the measurement, as ascertained by the evolution of the

polarimetric data when decreasing the size of the integration

area (below a few pixels, close to the diffraction limit, the

polarimetric data remain identical). A possible hypothesis

of this relatively high degree of disorder is the membrane

local morphology. Indeed, a preliminary study shows that,

when decreasing the osmotic pressure of the surrounding

medium, which makes the cells more spherical, the aperture

angle tends to decrease closer to the DOPC GUV values.

This measurement seems finally to highlight the properties

of the membrane subresolution scale structure: below the

300-nm optical limit, any disorder of the membrane at nano-

meter scales (ruffling, vesiculation) will lead to an increase

of the measured cone aperture of the probe molecules. In

a more general context, TPEF polarimetry can be applied

to the imaging of heterogeneous membranes organization

occurring in endocytosis, exocytosis (3), and cell surface

ruffling (9).

CONCLUSION

The sensitivity of polarimetric TPEF allows the identifica-

tion of quantitative features of the molecular angular distri-

bution in membranes. The spatial identification of molecular

order behaviors in heterogeneous lipid and cell membranes

can be used as a new type of probe of the lipid environment.

This possibility opens the scope of structural studies to

complex geometries of cells and biomolecular assemblies

of a priori unknown nature.
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