
 1 

Accurate determination of the orientational distribution of a fluorescent 

molecule in a phospholipid membrane 

ŠtěpánTimr,
a
 AlexeyBondar,

b,c
 Lukasz Cwiklik,

a,d
 Martin Štefl,

d
Martin Hof,

d
Mario Vazdar,

e
 Josef 

Lazar,
b,c*

andPavelJungwirth
a,f*

 

a
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech 

Republic,Flemingovonám. 2, 16610 Prague 6, Czech Republic. 

b
Institute of Nanobiology and Structural Biology GCRC, Academy of Sciences of the Czech 

Republic, v.v.i., Zámek 136, 37333 NovéHrady, Czech Republic. 

c
Faculty of Science, University of South Bohemia, Branišovská 31, 37005 ČeskéBudějovice, 

Czech Republic. 

d
J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, 

v.v.i., Dolejškova 3, 182 23 Prague 8, Czech Republic. 

e
RudjerBošković Institute, Division of Organic Chemistry and Biochemistry, POB 180, HR-

10002 Zagreb, Croatia. 

f
Department of Physics, Tampere University of Technology, P.O. Box 692, FI-33101 Tampere, 

Finland. 

*
Corresponding authors: lazar@nh.cas.cz (J.L.) and pavel.jungwirth@uochb.cas.cz (P.J.)  

 

Keywords:hydroxyflavone, vesicles, molecular orientation, fluorescence spectroscopy, 

polarization microscopy,molecular dynamics, quantum chemistry. 



 2 

Abstract  

 Orientation of lipophilic dye molecules within a biological membrane can report on the 

molecular environment, i.e., the physical and chemical propertiesof the surrounding 

membrane. This fact, however,remains underutilized, largely because of our limited quantitative 

knowledge of molecular orientational distributions and the fact that robust techniques allowing 

experimental observation of molecular orientations of dyes in biological membranes are only 

being developed. In order to begin filling this lack of knowledge and to develop appropriate 

tools, we have investigated the membrane orientational distribution of the 3-hydroxyflavone-

based membrane dye F2N12S. Results of our single- and two-photon polarization microscopy 

observations of linear dichroism of F2N12S-labeled giant unilamellar vesicles are consistent 

with a Gaussian-like orientational distribution of the transition dipole moment of the dye, with a 

mean tilt angle of 53.4 ± 0.1with respect to the bilayer normal and a standard deviation of 14.3 

± 0.5. Independently, by combining quantum chemical calculations and molecular dynamics 

simulations,we obtained very similar values; a mean tilt angle of48 ± 4anda standard deviation 

of 13 ± 2. The good agreement between theexperimentally and computationally obtained 

valuescross-validates both approaches and gives confidence to the resultsobtained.The results 

open a door to robust quantitative determinationsof orientational distributions of fluorescent 

molecules (ranging from simple synthetic dyes to fluorescent proteins attached to membrane 

proteins) associated with lipid membranes.  Such determinations enable rational development of 

a novel class of sensitive fluorescent optical probes, reporting on cellular events through changes 

in linear dichroism. 

 

 



 3 

Introduction 

The past several decades have witnessed a tremendous interest in development of new, 

improved fluorescent sensorsof biological and biophysical processes, both synthetic and 

genetically encoded.
1
The fluorescence property used for detection depends on the particular 

feature or process being observed, and on the particular fluorescent sensor being used.Properties 

commonly exploited in fluorescent sensors include: (i) overall fluorescence emission intensity, 

(ii) excitation or emission spectra, (iii) fluorescence lifetime, or (iv) fluorescence anisotropy 

(FA).
2
While variations in the former three observables are largely due to changes in the 

electronic structure of the fluorophore, FA reports on molecular orientation and molecular 

rotation.
3
 

Recent work by us
4
 and others

5
has involved yetanother mode of fluorescence reporting–

fluorescence detected linear dichroism (FDLD). In FDLD measurements,differences in 

absorption of light ofmutually perpendicular (or multiple
67

) polarizations arebeing conveniently 

measuredthrough observations ofthe corresponding fluorescence intensities. Unlike FA, FDLD is 

not suitable for investigating molecular processes involving molecules in solution. However, in 

observations of fluorescently labeled membranes, filaments, or other microscopic structures, 

FDLD presents several important advantages over FA that make FDLD measurements 

substantially more sensitive and, therefore, open up a large number of new applications.
4, 

8
Namely, FDLD is unaffected by non-collinearity of excitation and emission transition dipole 

moments(TDM),andneither is itaffected by molecular rotation between the events of excitation 

and emission. In fact, not being dependent on the angular rotational rate, FDLD reports purely on 

molecular orientation and,therefore, offers unambiguous interpretation of measurements. 

Furthermore, FDLD observations can be made using high numerical aperture objective lenses, 
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which are needed for efficient collection of fluorescence from biological samples,which is also 

aided by absence of polarization optical components in the emission pathway. FDLD 

measurements are less affected by light dispersion by the sample than FA measurements.  

While microscopic FDLD imaging is more difficult to implement than FA imaging due to 

a need to modulate the excitation light polarization, the difficulty has been overcome by beam 

multiplexing
5c

, and photoelastic
9
 and electro-optical polarization modulation.

4
Microscopic 

FDLD measurements often take advantage ofoptical sectioning abilities, such as those of total 

internal reflection fluorescence (TIRF) microscopy
10

or of point scanning fluorescence 

microscopy techniques
5c, 8

 (single-photon (1P) confocal, two-photon (2P)). Using electro-optical 

polarization modulation allows facile and sensitive microscopic observations of FDLD in living 

cells and animals, even labeled at low levels with genetically encoded fluorescent proteins. 

Changes in FDLD in fluorescently labeled proteins have now been used to report, with high 

sensitivity, on molecular processes these proteins undergo.
4, 5b, 11

Through changes in protein 

conformation, several processes of high scientific interest such as variations in intracellular 

calcium concentration, activation of G-protein signaling, or changes in cell membrane voltage
12

 

have been visualized.  Due to its favorable properties and the importance of its biological 

imaging applications, FDLD microscopy is likely to become a major imaging tool, used for 

sensitive detectionof various membrane biophysical properties that affect molecular orientation, 

both of fluorescent proteins and of fluorescent dyes. 

Apart from allowing qualitative observations of changes in molecular orientation, FDLD 

measurements should also allow quantitative determinations of molecular orientations of 

fluorescent molecules within lipid membranes in giant unilamellar vesicles (GUVs) and, 

ultimately, in living cells and organisms. This capability may become valuable in rational 
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development of fluorescent probes, particularly genetically encoded ones. Considerable progress 

in this area has already been made. One-photon confocal and two-photonFDLD measurements, 

in combination with second harmonic generation, have been used to infer parameters of an 

orientational distribution (i.e., the mean tilt angle with respect to the bilayer normal and its 

standard deviation) of the one-photon excitation transition dipole moment (1PE TDM) of a dye 

(di-4-ANEPPS) incorporated in GUVs.
8
 Similarly, 2P polarimetric analysis has been used to 

derive parameters of orientational distribution of the synthetic dyes Laurdan, C-Laurdan, di-8-

ANEPPQ and TA-DPH, in vesicles and cells.
12

Polarized TIRF microscopy
10

 measurements of 

molecular assemblies and single fluorescent molecules
13

 embedded in lipid membranes have 

allowed obtaining parameters of orientational distributions of dyes such as DiI or BODIPY
14

. 

What is, however, missing, is a quantitative verification of dye orientational distribution 

parameters by independent means, needed to show that assumptions made in structural 

interpretations of optical microscopy data are justified.  These assumptions include smoothness 

of the lipid membrane, colinearity of excitation and emission TDMs, vector-like behavior of the 

2P absorptivity tensor, Gaussian distribution of the fluorophore orientations, and absence of 

interference with the membrane structure by illumination (particularly at intensities used for 2P 

excitation).   

Although results of linear dichroism measurements (without using fluorescence as a 

readout) in highly organized samples,such as photosynthetic complexes in extensively oriented 

thylakoids
15

, have been shown to agree well with other structural data, it is not clear to what 

extent these results apply to small, diffusing dye molecules in synthetic lipid vesicles.One 

attempt to verify results of optical measurements has been made for the dye DiI-C18(3), through 

molecular dynamics simulations of the dye embedded in a phosphatidyl choline membrane.
16
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However, the convergence of the simulations was limited, the orientation of the TDM within the 

molecule was not calculated, and the corresponding pioneering optical measurements were 

made
17

 for different systems with chemically complex membranes of biological origin, and at a 

time that allowed only limited interpretation in terms of molecular orientation distribution. 

Newer polarized TIRF measurements of DiI
18

were made using a different lipid system. A 

comparison of molecular orientations of a BODIPY-labeled lipid between polarized TIRF 

experiments on lipid monolayers and molecular dynamics (MD) simulations has revealed only a 

moderate agreement between the two approaches
13, 19

, possibly due to insufficient convergence 

of MD simulations, assumptions made about the BODIPY TDM, or inaccuracies in interpretation 

of the optical measurements. Therefore, the validity of determinations of orientational 

distributions of fluorescent molecules within lipidic membranes through optical microscopy 

remains to be independently verified. 

In order to close this gap in knowledge and to establish the ability of FDLD microscopy 

to yield accurate information on orientational distributions of fluorescent molecules in 

membranes, we characterize here such a distribution of a fluorescent dye in a model membrane 

system through FDLD measurements and, independently, via a combination of quantum 

mechanical (QM) calculations and MD simulations. Our model membrane system consists of 

GUVs composed of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and the 

selectedfluorescent molecule is a 3-hydroxyflavone dye, namely N-[[4′-N,N-diethylamino-3-

hydroxy-6-flavonyl]methyl]-N-methyl-N-(3-sulfopropyl)-1-dodecanaminium (F2N12S), see 

Figure 1. F2N12S is a member of a recently developed family of bright (both with 1P and 2P 

excitations) membrane staining dyes, sensing polarity and hydration of lipid membranes via a 

mechanism involving an excited state intramolecular proton transfer and formation of hydrogen 
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bonds with water, potentially accompanied by changes in molecular orientation.
20

 F2N12S has 

been used in detection of apoptotic cell death,
21

 to visualize lipid domains in GUVs,
22

 and to 

provide evidence for lipid domains in the outer leaflet of cell membranes.
23

 For the purpose of 

the present study it is important that the molecular structure of F2N12S is also suitable for QM 

calculations, and for MD simulations of the dye embedded in a lipid bilayer. Furthermore, its 

excitation spectrum, exhibiting a single absorption transition
24

, allows simple interpretation of 

FDLD measurements in terms of a single excitation TDM. 

 

 

 

Figure 1. Molecular structures of the membrane-forming phospholipid POPC and the fluorescent 

dye F2N12S. 

 

 

  



 8 

Methods 

Interpretation of FDLD data in terms of molecular orientation.The absorption probability 

of a linearly polarized light by a molecule in a process of 1P excitation (1PE) is proportional to 

     , where   is an angle between the 1PE TDM of the molecule and the direction of the 

electric field vector. The observed intensity of fluorescence is then
5c, 25

 

                                                                              (1)
 

where I0 is the intensity of the emitted light when the fluorophore transition moment and the 

polarization of the incident light are aligned.   

Although 2P absorption properties are generally determined by a transition tensor rather 

than a vector, for certain molecules, including F2N12S, a vector description using the 1PE TDM 

is applicable as an approximation.
26

 These molecules are characterized by a significant 

difference between the electric dipole moments of the ground and excited state which is, 

moreover, parallel to the corresponding 1PE TDM.
26

 In these cases, the transition tensor has a 

dominant contribution proportional to the 1PE TDM. In contrast to 1P excitation, the 2P 

absorption probability depends on the fourth power of     ,
5c, 25b

 

                                                                             (2) 

In our experiments, LD was quantified using the dichroic ratio  , defined as 

      ⁄                                   (3) 

where    and    are intensities of fluorescence excited with light polarized in two orthogonal 

directions (horizontal and vertical in the images), lying in the focal plane of the objective. We 

described the orientation of the 1PE TDM of dye molecules embedded in the membrane with a 

tilt angle   (between 0° and 90°) with respect to the membrane normal, integrating over angle   

corresponding to the rotation around the normal.
17

 The direction of the membrane normal 



 9 

relative to a Cartesian coordinate system (with the   and   axes being parallel to the horizontal 

and vertical polarizations, respectively, and the   axis aligned with the laser beam) was 

expressed by angles   and   as depicted in Figure 2. Since we imaged GUVs in their equatorial 

planes, we treated   as being equal to zero. Consequently, the following formulas for the 

intensities of fluorescence resulting from a 1P excitation with light polarized in the horizontal 

and vertical direction were used:
8
 

  
           〈   

  〉         ⁄ 〈     〉         (4a) 

  
           〈   

  〉         ⁄ 〈     〉         (4b) 

Here, angle brackets represent expectation values determined by the characteristic distribution of 

the tilt angle  . For 2P excitation, the following relations apply:
8
 

  
           〈   

  〉          ⁄ 〈      〉         ⁄ 〈     〉        (5a) 

  
           〈   

  〉          ⁄ 〈      〉         ⁄ 〈     〉        (5b) 

The dichroic ratio   (eq 3) was measured along GUV membranes as a function of angle  . 

Theoretical predictions of           for 1P and 2P excitation, derived using eqs 4a,b and 5a,b, 

respectively, were fitted to experimental data. Two expectation values 〈     〉 and 〈     〉 (the 

remaining expectation values being dependent on them) were obtained from a combination of 1P 

and 2P measurements as independent parameters characterizing the distribution of  . The 

distribution of   was assumed in the form 

                   (6) 

where the      term reflects the change in density of states with α.  

On the basis of experimental data,      was approximated in three different ways, using a 

Gaussian function, an entropy maximizing function, and a truncated Legendre polynomial 

expansion. In the Gaussian approximation,     was described as 
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             e p ( 
      

 

   
)         (7) 

Here, A is a normalization factor, and parameters    and   determine the position and width of 

the Gaussian distribution. Note that due to the presence of the      term in eq 7,    and   no 

longer directly correspond to the mean and standard deviation of the tilt angle distribution. 

Within another approach requiring      to maximize entropy we used an orientational 

distribution in the following form: 

        (                     )                                              (8) 

where   is a normalization factor,          and          are Legendre polynomials in      of 

the second and fourth order, respectively, 

          
 

 
               (9) 

          
 

 
                                                        (10) 

and parameters    and    are determined on the basis of the constraints obtained from 

experiments.
27

 

As the third possibility, we approximated      with a truncated Legendre polynomial 

expansion. Thus, 

            [   〈  〉          〈  〉        ]          (11) 

where 〈  〉 and 〈  〉 are the expectation values of          and         , which can be 

expressed in terms of 〈     〉 and 〈     〉.  
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Figure 2. Geometrical model of the 1PE TDM orientation of a fluorescent probe embedded in a 

membrane, similar to that in Refs. 
12, 17

. Vectors    and    show directions of the horizontal and 

vertical polarization. 

 

MD Simulations. Classical MD simulations were performed using the program GROMACS 

4.5.2.
28

 A periodic box containing a single F2N12S molecule, 128 POPC molecules forming a 

bilayer, and 8952 water molecules was simulated. Four different sets of initial conditions were 

prepared with the dye molecule inserted into the vicinity of the membrane, with its alkyl chain 

being either inside or outside the bilayer. After energy minimization and a short 10 ns 

equilibration period, 500 ns runs were performed at constant pressure and temperature for each 

set of initial conditions. A time step of 2 fs was employed. Temperature of 310 K (i.e., increased 

by 17 °C in comparison to experiments to speed up sampling) was maintained by the Nosé-

Hoover thermostat
29

 with a time constant   = 1 ps, while pressure was kept at 1.01 bar by the 
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Parrinello-Rahmanbarostat
30

 with a time constant   = 2 ps. The LINCS algorithm
31

 was 

employed for constraining the bond lengths of F2N12S and POPC molecules, while the bond 

lengths of water molecules were constrained with the SETTLE algorithm.
32

 The non-bonded 

interaction cut-off was set to 1 nm, and the long-range electrostatic interactions were accounted 

for using the particle mesh Ewald method
33

 with grid spacing of 0.12 nm and fourth-order 

interpolation.  

In order to construct force field parameters for the F2N12S dye, we first performed ab initio 

geometry optimization of the dye molecule with a shorter four-carbon alkyl chain in place of the 

original twelve-carbon chain. The B3LYP functional
34

 with the cc-pVDZ basis set
35

 was 

employed within the Gaussian 09 program
36

. Atomic charges were subsequently obtained from 

the Merz-Kollman-Singh ESP fit
37

 for the optimized structure. After removing the terminal 

CH3group of the shortened alkyl chain of the optimized structure and adding the missing nine 

CHngroups, the PRODRG2 server
38

 was employed to generate a GROMACS topology file based 

on the united-atom GROMOS-87 force field
39

 with corrections detailed in Refs. 
40

. To ensure 

consistency in interactions with membrane phospholipids, the default CH2 and CH3 united-atom 

types of the alkyl chain were replaced with the LP2 and LP3 atom types adopted from the united-

atom Berger lipids force field.
41

 The nine terminal CHn groups of the alkyl chain were given a 

zero charge, in accord with the Berger lipids force field, and the charges of the second and the 

third CH2 groups were decreased by 0.03e to ensure neutrality of the whole structure. 

Furthermore, the dihedral potentials assigned to five dihedral angles of the molecule were 

modified on the basis of quantum calculations, (for details see Supporting Information). POPC 

molecules were described using the Berger lipids force-field
41

 and water using the SPC model.
42
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1PE TDM Calculations. To determine the mean orientation of the 1PE TDM relative to the 

molecular geometry of the dye embedded in the bilayer, the 1PE TDM corresponding to the S0 

→ S1 (π→π*) transition was calculated for a series of 87 randomly chosen snapshots from the 

four MD trajectories described above. The TD-DFT/B3LYP method
43

 with the def2-SVP basis 

set
44

 was employed with the nine terminal CHn groups of the twelve-carbon alkyl chain being 

removed from the quantum system.The surrounding environment was modeled as point charges, 

an approach already used for calculating absorption and emission spectra of another polar probe 

(PRODAN) embedded in a phospholipid bilayer.
45

 Hydrogen atoms were added to the united 

atom geometry of the dye using the Open Babel package.
46

 The resulting direction of the 1PE 

TDM relative to the geometry of the molecule was described in terms of two angles, one 

between the projection of the 1PE TDM onto the plane of a selected aromatic ring and a vector 

connecting a pair of atoms of this aromatic ring, the other indicating the deviation of the 1PE 

TDM from the plane of the aromatic ring. 

GUV Preparation. GUVs were prepared using the electroformation method
47

modified by 

Stöckl et al.
48

 A mixture containing 97 mol % of POPC, 2 mol % of biotinylated DPPE, and 1 

mol % of the F2N12S dye was prepared in a small glass test tube. The total lipid concentration 

was 200 nmol in 100 µl of chloroform. The lipid mi ture was uniformly spread on two preheated 

(48°C) titanium plate electrodes, 25 µl on each (for details of the chamber design see Ref. 
48

). 

The electrodes were placed in a dessicator and kept under vacuum for two hours. Next, the pair 

of electrodes was isolated using Parafilm, the swelling chamber was filled with 0.1 M of sucrose 

solution (Π = 103 mOsm), and a sinusoidal voltage was applied. The voltage and frequency 

sequences were as follows: (1) initiation stage with duration of 50 min, frequency of 10 Hz, and 

voltage being linearly raised in 50 mV intervals from 150 mV to 1.1 V; (2) GUVs formation 
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stage with duration of 90 minutes, frequency of 10 Hz, and voltage of 1.1 V; (3) GUVs detaching 

with duration of 30 min, frequency of 4 Hz, and voltage of 1.3 V. The titanium electrodes were 

kept at 48 °C during the whole electroformation process. Newly formed GUVs were carefully 

transferred to an Eppendorf test tube, stored at room temperature, and used within three days. 

Prior to measurements, GUVs were diluted twenty-fold in a glucose solution (60 mM glucose, 10 

mM NaCl, 10 mM HEPES, Π=103 mOsm) and pipetted (400 μl) into an imaging chamber (μ-

Slide 8 well, iBidi, Germany) precoated with streptavidin bound to biotinylated albumin. 

Microscopy and Image Processing. Polarization microscopy experiments were carried out on 

a custom-built confocal laser scanning microscope based on the iMic2 microscope (Till 

Photonics, Germany) at a temperature of 20 °C.  Imaging was performed using a UApoPlan/IR 

×60 NA1.2 water-immersion objective lens (Olympus, Japan). Polarization of the excitation 

beam was altered between horizontal and vertical direction by a polarization modulator (RPM-

2P, Innovative Bioimaging, USA) operated at 100 kHz, synchronized with acquisition of 

individual pixels by the microscope. The 1P setup is shown in Figure S3 in SI. Fluorescence was 

excited by a 405 nm laser (50 mW, PowerLaser, Czech Republic), with the beam diameter 

restricted by a pinhole to ~0.5 mm, so that the light emerging from the objective formed a 

narrow (~20°) cone. A 500 nm short-pass dichroic mirror placed outside the scanner was used to 

separate fluorescence from excitation light. Fluorescence was directed through a confocal 

pinhole (LSM410, Carl Zeiss, Germany) to a photomultiplier (R6357, Hamamatsu Photonics, 

Japan) equipped with a Brightline 542/27 emission filter (Semrock, USA). The 2P setup is 

shown in Figure S4 in Supporting Information. The Chameleon Ultra II laser (Coherent, Inc., 

USA) with GVD compensation was operated at 810 nm, and a 735 nm long-pass dichroic mirror 

(Semrock, USA) was used to separate fluorescence from excitation light. The photomultiplier 
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was equipped with a short-pass HQ700SP-2P emission filter (Chroma, USA). Image 

deconvolution, processing, and analysis were performed in a manner similar to that described for 

2P polarization microscopy
4
. Background was calculated as the mean pixel value of regions not 

containing any GUVs, and subtracted. A 3% correction for depolarization of the 405 nm laser 

beam by the optical setup was applied to the 1P data. A correction factor compensating for 

unequal intensities of the two perpendicular polarizations of the excitation beam was established 

from the fluorescence signal of an isotropic sample. GUV membranes were marked with splines 

obtained using the Active Cells plugin
49

 of the image analysis software Icy.
50

 For each 

polarization, the intensities of pixels located within a distance of five pixels from the spline were 

binned according to the angle of the spline normal relative to the horizontal direction. For each 

of these 3° bins, the value of the dichroic ratio was calculated. In order to account for 

polarization sensitivity of the emission pathway, we applied a correction that made the dichroic 

logratio profiles be centered at zero. We quantitatively analyzed at least ten representative 

GUVs, both for 1P and 2P imaging experiments. 

 

Results and Discussion 

Membrane distribution of F2N12S from MD simulations. To determine the molecular 

orientation of the F2N12S dye within the model membrane computationally, we employed a 

series of MD simulations.  Four distinct sets of starting conditions with the dye initially in the 

aqueous phase all showed stabilization of the dye within the membrane no later than 150 ns after 

the beginning of the simulations. In two cases, the relocation proceeded through an intermediate 

state characterized by the aromatic rings being located in the polar part of the bilayer, the twelve-

carbon alkyl chain embedded in the hydrophobic core of the membrane, and the diethylamine 
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group pointing out of the membrane into the water environment. Ultimately, the aromatic rings 

adopted a tilted orientation with the diethylamine group directed towards the center of the 

bilayer, the SO3
–
 group embedded in the polar part of the membrane, and the twelve-carbon alkyl 

chain located among acyl chains of the POPC molecules (Figure 3). 

 

Figure 3. A cropped snapshot from a MD simulation showing a typical orientation of the 

F2N12S dye in POPC bilayer. Color coding: cyan, carbon; red, oxygen; white, hydrogen; blue, 

nitrogen; yellow, sulfur; and tan, phosphorus. 

 

Figure 4.  Total density profiles of selected atoms and groups of the system as a function of the 

distance from the bilayer center. The signal from the dye is only on one side of the bilayer since 
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the dye never flipped across the membrane during the duration of the MD simulations.Note that 

the flip-flop kinetics of F2N12S were characterized experimentally previously.
51

 

The last 300 ns of each of the 500 ns simulations, after the system equilibrated, were used for 

further analysis. The results of this analysis, in the form of density profiles of selected atoms or 

groups of the dye and lipid molecules, are summarized in Figure4. The density profile of the 

ammonium nitrogen of the dye peaks at 1.30 nm from the bilayer center, i.e., below the average 

location of sn-1 and sn-2 carbonyl oxygen atoms of POPC. The density profile of the OH group 

of the dye acquires its maximum 1.25 nm from bilayer center, while the diethylamine nitrogen 

peaks much deeper, at 0.65 nm. The SO3
–
 group of the dye has a density profile with a maximum 

at 1.60 nm, i.e., at the same distance from the bilayer center as the sn-2 carbonyl oxygen and 

below the peaks of the phosphate phosphorus and choline nitrogen. However, a more detailed 

inspection reveals that the choline head groups of the neighboring POPC molecules can tilt down 

to interact with the SO3
–
 group. Finally, the terminal C12 atom of the twelve-carbon alkyl chain 

exhibits a broad density profile with a peak at 0.25 nm, close to the center of the bilayer. Overall, 

we found the typical location of the dye to be deeper than anticipated in a previous experimental 

study,
21

 which placed the ammonium nitrogen only slightly below the phosphate group and the 

other nitrogen somewhat below the sn-1carbonyl oxygen. Additional results of the trajectory 

analysis, including detailed information on interactions of the dye within the bilayer, can be 

found in Supporting Information. 

Orientation of the 1PE TDM within the F2N12S molecule. To determine the orientation of 

the 1PE TDM within the F2N12S molecule, we performed quantum chemistry calculations. The 

1PE TDM vector was calculated for a set of geometries of the F2N12S dye randomly selected 

from the four performed MD simulations after localization of the dye inside the bilayer. Despite 
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the differences in geometry and effects of the environment, the orientation of 1PE TDM with 

respect to the aromatic rings of the dye proved to be constant within a few degrees. Namely, 

the1PE TDM orientation was described with in-plane and out-of-plane angles   and   (see 

Figure 5), with mean values of   = 9° and   = 1°, and standard deviations    = 2° and    = 5°, 

respectively. Therefore, when computing the distribution of the 1PE TDM tilt angle   with 

respect to the membrane normal from MD simulations, we could safely assume that the 

orientation of the 1PE TDM relative to the aromatic rings was fixed at the mean values of   and 

 . 

 

  

 

Figure 5. Mean 1PE TDM orientation within the frame of the aromatic rings of the F2N12S 

molecule.   = 9° is the angle between an a is defined by the two marked carbon atoms and the 

projection of the 1PE TDM onto the plane of the aromatic ring containing these two atoms;   = 

1° quantifies the deviation of the 1PE TDM from the plane of the aromatic ring. 
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Orientational 1PE TDM distribution from FDLD measurements. In order to test the ability 

of FDLD measurements to yield accurate information on molecular orientation, we carried out 

1P and 2P FDLDmeasurements on F2N12S stained GUVs, and used the resulting data to infer 

information on the orientational distribution of the F2N12S 1PE TDM within the lipid bilayer. In 

both measurements, we detected weak but clearly observable FDLD, with a maximum of       

close to 0.25 (i.e.,  = 1.19) for 1P excitation and 0.15 (i.e.,  = 1.11) for 2P excitation. Examples 

of our imaging results are shown in Figure 6. By fitting 1P and 2P experimental data with 

functions based on the theoretical model described in Methods, we found 〈     〉 to be 0.372 ± 

0.001 and 〈     〉 within 0.181 ± 0.002 (mean ± 2×SEM), or, in terms of the expectation values 

of          and         , 〈  〉 = 0.057 ± 0.002 and 〈  〉 = –0.211 ± 0.010. 

Using the experimental values of 〈     〉 and 〈     〉, or equivalently, 〈  〉and 〈  〉 we 

reconstructed the distribution of the tilt angle   in three different ways by fitting the 

experimental data with eqs 7, 8, or 11 (Figure 7A–C). In all three cases, the results show 

similarly shaped broad distributions of tilt angles with a single peak in the middle region of  . 

For the Gaussian approximation (Figure 7A), our FDLD measurements are consistent with    

within the 95% confidence interval of (50.0, 50.3)° and   within (192.2– 3.52  , 192.8 – 

3.53  )°, yielding a mean tilt angle value of 53.4 ± 0.1 and a standard deviation of 14.3 ± 0.5. 

The mean value and standard deviation of the distribution constructed by entropy maximization 

(Figure 7B), with    = 0.13 ± 0.04 and    = –2.4 ± 0.3, are similar, being equal to 53.7 ± 0.1 

and 14.7 ± 0.5, respectively. The estimate of the orientational distribution relying on the 

truncated expansion in Legendre polynomials (Figure 7C) assumes negative values for low  , 

precluding rigorous evaluation of the mean value and standard deviation. 
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Figure 6. FDLD of F2N12S in POPC GUVs observed with 1P and 2P excitations. (A), (B) 

Images of representative GUVs acquired using 1P and 2P excitation, respectively. Fluorescence 

intensity is indicated by brightness, dichroic ratio (in the form of        ) by hue, as indicated by 

the color bars. The arrows show the directions of excitation beam polarization. (C), (D) Plots 

showing the dependence of         on the orientation of the membrane normal, as obtained from 

the series of 1P and 2P measurements, respectively. The red curves represent the theoretical 

model described in Methods fitted to the experimental data.  

Orientational 1PE TDM distribution from QM calculations and MD simulations. Having 

determined the 1PE TDM orientation relative to the geometry of the dye molecule, we were able 

to use our MD trajectories to determine the distribution of the 1PE TDM tilt angle   from the 

simulations. The results are histogrammed in Figure 7, showing the orientational distribution 

constructed from all four MD trajectories (the tilt angle distribution for individual trajectories 

can be found in Supporting Information).The tilt angle distributions constructed from MD 

trajectories are consistent with amean tilt angle of 48 ± 4 and a standard deviation of 13 ± 2. 
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Thus, the mean value of α obtained by a combination of QM calculations and MD simulations 

differs from the value obtained from FDLD measurements by less than 6, and the standard 

deviations of the distributions practically coincide (Figure 8). Overall shapes of the tilt angle 

distributions from simulations and experiments are in a very good agreement with each other, 

with the Gaussian approximation matching best the simulation results (Figure 7A). The slight 

discrepancy could be attributed to small inaccuracies in the force field used for simulations and 

experimental factors such as membrane roughness or fluorescence background effects. 
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Figure 7. Comparison of the 1PE TDMtilt angle distribution obtained from simulations 

(histograms)with experimental results based on a (A) Gaussian approximation, (B) entropy-

maximizing function, and (C)truncated expansion in Legendre polynomials. 
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Figure 8. Means and standard deviations of 1PE TDM tilt angle distributions obtained from 

simulations and experiments (      denoting a distribution based on a Gaussian approximation 

and       a distribution based on entropy maximization). The error bars denote 95% confidence 

intervals. 

 

Conclusions 

  Using 1P and 2P polarization microscopy on F2N12S-labeled GUVs, and a combination of 

quantum chemistry calculations and molecular dynamics simulations, we have made two 

independent determinations of the orientational distribution of the one-photon excitation 

transition dipole moment of this fluorescent dye in a POPC bilayer. Both approaches yield very 

similar values of the mean 1PE TDM tilt angle with respect to the normal of the membrane, and 

virtually identical widths of the orientational distributions. The present results thus validate the 

experimental approach relying on GUVs and FDLD microscopy, and, at least for this particular 

system, the Gaussian approximation of the 1PE TDM tilt angle distribution. However, an 

important question remaining to be answered is how generally applicable the commonly assumed 

Gaussian distribution is, since at least one dye/lipid system has been shown to adopt a more 

complex orientational distribution
13-14

. Nonetheless, our results add credibility to previous 
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determinations of orientational dye distributions made using FDLD microscopy.  We conclude 

that the combination of 1P and 2P polarization microscopy and molecular simulations allows for 

accurate determination of the orientational 1PE TDM distribution, providing detailed insights 

into molecular orientations.  

Since dye orientation can sensitively report on biophysical properties of its environment (lipid 

composition, membrane potential, etc.), the present work makes an important contribution 

towards full exploitation of molecular orientation of a dye as a source of detailed information 

about the cellular membrane and its biophysical environment. With further work, it should 

become possible to extend our current studies from fluorescent dyes to fluorescently labeled 

membrane proteins, and from the simplest model membranes to chemically more complex 

systems and living cells, ultimately developing FDLD microscopy into a technique capable of 

yielding detailed quantitative structural information on membrane proteins in living cells.  
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Supporting Information provides further details on computational and experimental procedures 

and contains additional results of MD trajectory analysis. This material is available free of 

charge via the Internet at http://pubs.acs.org. 
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