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Abstract

Several methods based on single- and two-photon fluorescence detected linear dichroism have
recently been used to determine the orientational distributions of fluorescent dyes in lipid
membranes. However, these determinations relied on simplified descriptions of non-linear
anisotropic properties of the dye molecules, using a transition dipole moment-like vector instead
of an absorptivity tensor. To investigate the validity of the vector approximation, we have now
carried out a combination of computer simulations and polarization microscopy experiments on
two representative fluorescent dyes (DiI and F2N12S) embedded in aqueous phosphatidylcholine
bilayers. Our results indicate that a simplified vector-like treatment of the two-photon transition
tensor is applicable for molecular geometries sampled in the membrane at ambient conditions.
Furthermore, our results allow evaluation of several distinct polarization microscopy techniques.
In combination, our results point to a robust and accurate experimental and computational
treatment of orientational distributions of DiI, F2N12S and related dyes (including Cy3, Cy5,
and others), with implications to monitoring physiologically relevant processes in cellular
membranes in a novel way.
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Figure 1. The investigated fluorescent dyes. (A) F2N12S; (B) DiI.

Introduction
Experimental observations of anisotropic optical properties of fluorescent dyes have long been
used to make inferences about orientation of fluorescent molecules associated with phospholipid
membranes1-2. Polarization microscopy has provided information about distinct lipid domains3,
temperature- and pH-induced lipid phase transitions4, or cell membrane ruffling5. More recently,
anisotropic optical properties of membrane-associated fluorescent proteins have been utilized to
observe molecular processes taking place in living cells, such as reorganization of septin
filaments during cell division6, activation of G-protein signaling pathways7, or changes in cell
membrane voltage8. Polarization microscopy has thus become an important tool of biological
sciences.
Apart from simply observing changes in orientational distributions of fluorescent molecules,
polarization microscopy should allow quantitative determinations of molecular orientational
distributions. In order to develop the quantitative capabilities of polarization microscopy for
biophysical and biological applications, independent verification of results of polarization
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microscopy is imperative, ideally on a system that allows a full molecular understanding of the
orientational behavior of the fluorescent molecules. To this end, giant unilamellar vesicles
(GUVs) labeled with fluorescent dyes serve as a convenient, well defined model system, for
which techniques of both polarization microscopy and molecular modelling, can allow
unprecedented levels of understanding.9-11 Such a system thus represents a convenient
“playground” where experimental and computational tools can be sharpened and interpretations
verified, such that the same techniques could then be reliably applied to physiologically relevant
membrane-related processes in live cells.
Two important developments in quantitative applications of polarization microscopy have
recently been made: i) development of a range of mathematical models allowing interpretation of
fluorescence microscopy data in terms of molecular orientational distributions10, 12, and ii) a first
independent verification of quantitative polarization microscopy results13. While three plausible
mathematical models (based on a Gaussian approximation, entropy maximization, or expansion
into Legendre polynomials) have been used in the past10,
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, a new model, based on Fourier

expansion algebra, promises to greatly simplify interpretation of polarization microscopy data 12.
Our contribution to determinations of molecular orientation has been an independent
verification of polarization microscopy results by means of computer simulations 13. We have
recently achieved this by exploring orientational behavior of the 3-hydroxyflavone dye F2N12S,
often used as an apoptosis marker14, and known to exhibit anisotropic optical properties when
embedded in lipid membranes3. Using a combination of single-photon (1P) confocal and twophoton (2P) fluorescence detected linear dichroism (FDLD) on F2N12S-containing GUVs
composed of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), we obtained data which could be
interpreted, using a suitable model, in terms of an orientational distribution of the dye in the
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membrane of the GUV. The three previously published models, based on a Gaussian
approximation, entropy maximization, or expansion into Legendre polynomials were used for
this interpretation.13, 15-16 All yielded orientational distributions which were similar to each other
and in quantitative agreement with calculations combining molecular dynamics (MD) of the
F2N12S molecule in an aqueous POPC bilayer with ab initio evaluation of the 1P transition
dipole moment (TDM) of the dye molecule at geometries sampled by the MD simulations.13
Although at least in this particular case our interpretation of polarization microscopy results
appears to be in good agreement with results of our computations, important issues remain to be
resolved. Chief among them is the issue of how general this agreement is. We see two possible
scenarios through which interpretations of polarization microscopy data could yield results in
disagreement with reality: orientational distributions distinct from those covered by the existing
mathematical models and molecular optical properties of the investigated fluorophores differing
from those assumed by the mathematical models used. While complex orientational distributions
have recently begun to be investigated12, non-linear optical properties of fluorescent molecules in
realistic environments remain largely unexplored.
In the present work, we make a contribution towards establishing polarization microscopy as a
reliable tool for determining orientations of membrane-associated fluorescent molecules in four
respects. First, in the present study we add to F2N12S another dye molecule with very different
geometric

and

electronic

properties,

namely

1,1'-dioctadecyl-3,3,3'3'-

tetramethylindocarbocyanine perchlorate (DiI, DiIC18(3)). Second, we expand the tested range
of models used to convert polarization microscopy data to orientational distributions, by
including a Fourier expansion approach. Third, we develop a semi-automated image analysis
procedure. Finally, and most importantly, we extend our calculations to include not only the 1P
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TDMs but also the 2P transition tensors, testing the previously used simplified description of
non-linear optical properties by treating them as a TDM-like vector13. The main goal of the
present work is to establish the accuracy and limits of this simplification for two model
fluorescent dyes, and thus to improve the accuracy and reliability of determinations of molecular
orientational distributions by two-photon polarization microscopy.

Methods
2PA anisotropy. Validity of the simplified description of non-linear optical properties of
fluorescent molecules hinges on the electronic and structural properties of the molecule under
consideration. The rate of a 2P absorption (2PA) process bringing a molecule from its ground
state 𝑔 to an excited state 𝑓 is proportional to the square of the incoming light intensity and the
2𝑃
2PA cross section 𝜎𝑔𝑓
(𝜔), described by the following expression:
2𝑃
(𝜔) = 𝐴 |∑𝑚
𝜎𝑔𝑓

(𝝁𝑔𝑚 ∙𝒆)(𝝁𝑚𝑓 ∙𝒆)
𝜔𝑔𝑚 −𝜔

2

| 2𝜋𝑔(2𝜔)

(1)

In this expression, the sum runs over all states of the molecule, 𝝁𝑖𝑗 and 𝜔𝑖𝑗 are the transition
dipole moment (TDM) and the angular frequency corresponding to the transition between states 𝑖
and 𝑗, and 𝒆 and 𝜔 are the polarization vector and the angular frequency of the incoming light. In
addition, 𝐴 equals 𝜔2 ⁄(8𝑛2 𝜀02 ℏ2 𝑐 2 ), where 𝑛 is the refractive index of the environment, and
𝑔(2𝜔) is a normalized line shape function. The sum over intermediate states m in Equation 1 can
be written in terms of the 2P transition tensor 𝑺𝑔𝑓 as
∑𝑚

(𝝁𝑔𝑚 ∙𝒆)(𝝁𝑚𝑓 ∙𝒆)
𝜔𝑔𝑚 −𝜔

=

1
2

𝒆𝑇 𝑺𝑔𝑓 𝒆

(2)

Because 𝑺𝑔𝑓 is symmetric, it can be diagonalized, and the product 𝒆𝑇 𝑺𝑔𝑓 𝒆 can be expressed as
𝒆𝑇 𝑺𝑔𝑓 𝒆 = 𝑠1 (𝒗1 ∙ 𝒆)2 + 𝑠2 (𝒗2 ∙ 𝒆)2+ 𝑠3 (𝒗3 ∙ 𝒆)2

(3)
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where 𝑠1 , 𝑠2 , and 𝑠3 are the three eigenvalues of 𝑺𝑔𝑓 and 𝒗1 , 𝒗2 , and 𝒗3 the corresponding
2𝑃
eigenvectors. As a consequence, if 𝑺𝑔𝑓 only has a single dominant eigenvalue 𝑠1 , 𝜎𝑔𝑓
(𝜔)

becomes approximately proportional to cos4 of the angle between 𝒆 and 𝒗1 :
2𝑃
(𝜔) ≈
𝜎𝑔𝑓

𝐴𝒔𝟐𝟏
4

(𝒗1 ∙ 𝒆)4 2𝜋𝑔(2𝜔)

(4)

Thus, under these circumstances, the anisotropic optical properties of a molecule can be
described by a vector, instead of the full description by the 2P transition tensor 𝑺𝑔𝑓 . A particular
example of this behavior occurs if the TDM 𝝁𝑔𝑓 between the ground and final state is
approximately parallel to the difference ∆𝝁𝑔𝑓 in the permanent dipole moments of states 𝑔 and
𝑓, and, at the same time, if ∆𝝁𝑔𝑓 is large. This follows from the fact that the sum in Equation 2
can be rewritten as a contribution of two terms:17
∑𝑚

(𝝁𝑔𝑚 ∙𝒆)(𝝁𝑚𝑓 ∙𝒆)
𝜔𝑔𝑚 −𝜔

= ∑𝑚≠𝑔,𝑓

(𝝁𝑔𝑚 ∙𝒆)(𝝁𝑚𝑓 ∙𝒆)
𝜔𝑔𝑚 −𝜔

1

+ 𝜔 (𝝁𝑔𝑓 ∙ 𝒆)(∆𝝁𝑔𝑓 ∙ 𝒆)

(5)

The first term describes the transition as if proceeding via all possible intermediate states 𝑚 ≠
𝑔, 𝑓, while the second term corresponds to a direct transition from 𝑔 to 𝑓. If the latter term is
dominant, it follows that the parallelism of 𝝁𝑔𝑓 and ∆𝝁𝑔𝑓 leads to the behavior described in
Equation 4, with the eigenvector 𝒗1 being approximately identical to 𝝁𝑔𝑓 . Therefore, in such
cases, the vector used for the simplified description of anisotropic non-linear optical properties
can be the 1P TDM, 𝝁𝑔𝑓 .

Calculations of 1P and 2P optical properties. All 1P and 2P calculations were carried out
using the time-dependent density functional theory (TDDFT) method in the DALTON 2013
program18,19 for excitations from the ground state to the first excited state. The B3LYP
functional20 and the cc-pVDZ basis set21 were used in all calculations. As a first step, we
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characterized the absorption properties of B3LYP/cc-pVDZ optimized ground state geometries
of both dye molecules in vacuum. These idealized calculations were then extended by examining
the absorption properties of a conformational distribution randomly extracted from our MD
simulations (69 snapshots for F2N12S and 82 snapshots for DiI). To account for the effects of
the membrane environment, we approximated all water and POPC molecules as point charges.
The long hydrophobic alkyl chains of both dyes made a negligible contribution to the absorption
properties studied, therefore, in order to reduce the computational time, we shortened the chain
by 9 methanediyl groups in the F2N12S case and 15 in the DiI case. Hydrogen atoms were added
to the united-atom geometries by using the Open Babel toolbox22. For each geometry, we
performed a calculation of the 2P transition tensor 𝑺01 , the difference ∆𝝁01 in the static dipole
moment between the ground state and the first excited state, and the TDM 𝝁01 . The matrix 𝑺01
was diagonalized in order to obtain its eigenvalues 𝑠𝑖 and the corresponding eigenvectors 𝒗𝑖 . To
determine the sensitivity of the calculated absorption properties with respect to the size of the
basis set and the exchange–correlation functional used, we performed benchmarks comparing
double- and triple-zeta basis sets and the B3LYP functional with its long-range corrected variant
CAM-B3LYP23 (see Supporting Information (SI)).
MD Simulations. Our MD simulation protocol for F2N12S has already been described in our
previous study.13 Simulations of the DiI probe embedded in a POPC bilayer were carried out in a
similar fashion using the program GROMACS 4.6.524. The simulation box contained one DiI
cation, 128 POPC lipids, 5120 water molecules, and one chloride counterion to neutralize the
positive charge of the DiI chromophore. After energy minimization and a 100 ns simulation to
achieve stabilization and equilibration of the dye in the bilayer, we performed a 1.5 µs
production run at constant temperature and pressure. Simulation parameters (time step,
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temperature and pressure treatment, as well as treatment of chemical bonds and non-bonded
interactions) were the same as those used previously for F2N12S. As in our previous study, the
united-atom Berger lipids force field25 was used to assign force field parameters to POPC
molecules and the SPC model to describe water. The DiI molecule was parameterized with the
GROMOS-87 force field26 with corrections detailed in Refs.27,28, the standard CH1, CH2, and
CH3 united-atom types being substituted with Berger lipids LP1, LP2, and LP3 atom types to
ensure consistency in interactions with membrane phospholipids. Atomic charges for the DiI
chromophore (see Table S3 in SI) were obtained from a Merz-Kollman-Singh ESP fit29 using the
CAM-B3LYP functional20 with the cc-pVDZ basis set21 in the program Gaussian 09,30
performed on a locally optimized geometry of the isomer displayed in Figure 1, with the two 18carbon alkyl chains each replaced with a methyl group. The 17 remaining CHn groups of both
alkyl chains were assigned a zero charge, in agreement with the Berger lipids force field used.
Microscopy and image processing. A procedure utilizing GUV electroformation31, used
recently13 for GUVs containing F2N12S, has been used to prepare GUVs composed of 99%
POPC and 1% DiI. Microscopy experiments performed on DiI-containing GUVs were carried
out similarly to those described for F2N12S.13 Briefly, the direction of polarization of a narrow
laser beam (543 nm for 1P excitation, 1000 nm for 2P excitation) was alternated rapidly between
horizontal and vertical by an electro-optic modulator (RPM-2P, Innovative Bioimaging), in
synchrony with acquisition of individual pixels (2P excitation) or lines (1P excitation) by the
laser scanning microscope. Image deconvolution and analysis then allowed correlating dichroic
ratio (𝑟; 𝑟 = 𝐹h ⁄𝐹v , where 𝐹h and 𝐹v are fluorescence intensities observed upon excitation with
light polarized horizontally and vertically in the image, respectively) with orientation of the
GUV membrane.

9

Distinct from experiments described previously, image segmentation and outline shape
analysis have now been performed in a semiautomatic fashion using software (MemSkel)
developed by us for this purpose, and available at http://www.kky.zcu.cz/en/sw/memskel. The
segmentation procedure was based on seeded region growing32. Briefly, within each image, a
few pixels representative of the GUV outline were manually selected. The remainder of the GUV
outline was then selected automatically, through a series of steps. In each step, pixels
neighboring those previously judged to be part of the GUV outline were examined. Each pixel
being examined was classified as either belonging or not belonging to the GUV outline, by
comparing its intensity to the mean intensities of neighboring pixels that had/had not been
deemed to belong to the GUV outline. If needed, the output of this segmentation procedure was
then manually adjusted.
The segmented images were used to determine the orientation of the GUV outline. In
MemSkel, a skeleton of the GUV outline segment was identified through sequential thinning,
and reduced to a closed loop of a single-pixel width. The closed loop was approximated by a Bspline. Each pixel within a five-pixel distance from this spline was then associated with a value
describing the GUV outline orientation. The entire range of GUV outline orientations was
divided into 3° bins, and both fluorescence intensities associated with each pixel were binned
according to the orientation of the GUV outline, which yielded total intensities 𝐹h and 𝐹v for each
bin. FDLD was then quantified in terms of log 2 𝑟. To account for polarization sensitivity of the
excitation and emission pathways, a correction coefficient was added to log 2 𝑟. The correction
coefficient was determined by requiring that the overall sums of both fluorescence intensities
recorded during an experimental session were equal. Overall we analyzed 15 GUVs for 1P
excitation and 33 GUVs for 2P excitation.
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Interpreting FDLD information in terms of molecular orientations. The dependence of
log 2 𝑟 on the GUV outline orientation was fitted to a theoretical model of 1P and 2P absorption
described in Ref.13 The fit supplied two parameters characterizing the orientational distribution
of the TDM relative to the membrane normal: the expectation values 〈cos2 𝛼〉 and 〈cos 4 𝛼〉,
where 𝛼 denotes the angle between the TDM and the membrane normal. These expectation
values then provided a basis for searching orientational distributions matching the experimental
data. To obtain possible orientational distributions compatible with FDLD measurements, four
different approaches were employed. Analogously to our previous work on F2N12S,13 we
considered a Gaussian-shaped distribution, a distribution maximizing entropy, and a fourth-order
expansion into Legendre polynomials. For the present study of DiI orientation, in order to take
into account the fact that angles 𝛼 and 180°−𝛼 are indistinguishable by means of FDLD
measurements, we chose to represent the Gaussian-shaped distribution not as a single Gaussian
peak but rather as a sum of two peaks with the same widths 𝜎 and with the centers being
positioned symmetrically at 𝛼0 and 180°−𝛼0 . Finally, we made a Fourier series expansion of a
function representing the 2P dependence of fluorescence intensity on membrane orientation,
modeled using the experimentally determined values of 〈cos2 𝛼〉 and 〈cos4 𝛼〉. By using the
second- and fourth- order Fourier coefficients as described in Ref.12, we obtained another
estimate of the orientational distribution of the TDM.

Results
2PA properties of F2N12S and DiI in idealized conformations. In order to characterize the
2PA properties of the two dyes, we calculated the 𝑆0 → 𝑆1 2P transition tensors, the TDMs
(𝝁01 ), and the changes in the electronic dipole moment (∆𝝁01) for the dye molecules in their
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optimized geometries in vacuum (Fig. 2). For F2N12S we found that the magnitude of ∆𝝁01 was
relatively high at 11.5 D (Debye) and that the vectors ∆𝝁01 and 𝝁01 were close to parallel (their
directions differing by 9°). The 2P transition tensor exhibited a single dominant eigenvalue 𝑠1
(−6.6 · 10-14 D2 · s), close to 60 times larger than the second largest eigenvalue (1.1 · 10-15 D2 ·
s). Therefore, the directionality of 2PA anisotropy was effectively described with a single vector,
an eigenvector 𝒗1 corresponding to the dominant eigenvalue. The direction of 𝒗1 differed only
little from that of 𝝁01 (by 5°) and ∆𝝁01 (by 4°), suggesting that 2PA directional properties of
F2N12S can be approximately characterized by a vector. Direction of this vector can be
approximated by the direction of the TDM, or of change in molecular dipole moment.
Interestingly, analogous calculations performed on an optimized geometry of the other
investigated dye, DiI, yielded rather different results (Fig. 2, right pane). The direction of the
TDM (𝝁01 ) was found to be parallel to the long axis of the chromophore, as assumed by other
authors1, 5. However, the change ∆𝝁01 in the electronic dipole moment in DiI was perpendicular
to the direction of the TDM, and its magnitude (0.7 D) was less than 1/10th of that calculated for
F2N12S. The 2P transition tensor featured two nonzero eigenvalues 𝑠1 and 𝑠2 of the same
magnitude (4.5 · 10-15 D2 · s) and opposite signs, with the corresponding eigenvectors 𝒗1 and 𝒗2
bisecting the right angles between ∆𝝁01 and 𝝁01 or −𝝁01, respectively (see Figure 2, right pane).
As a consequence, unlike in the case of F2N12S, the 2PA anisotropy of DiI could not be
described with a single vector but rather with two perpendicular ones. Thus, our calculations on
optimized geometries of the two dyes suggest that 1P optical anisotropy properties cannot be
used to estimate anisotropy properties of 2PA.
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Figure 2. Directional optical properties for optimized geometries of the investigated dyes. Left
pane: F2N12S, right pane: DiI. Blue surface: angular dependence of 2PA cross-section. Blue
arrows: dominant eigenvectors of the 2P transition tensor. Green arrows: direction of the TDM
𝝁01 . Orange arrows: direction of the change ∆𝝁01 in the electronic dipole moment upon
excitation.
MD simulations. In order to investigate the optical properties of realistic conformational
distributions of DiI and F2N12S, such distributions had to be obtained (Fig. 3). For F2N12S, we
were able to use the results of our previous MD simulations.13 Briefly, the chromophore of
F2N12S remained approximately planar throughout our simulations, with the aniline ring not
deviating significantly from the plane of the 3-hydroxychromone. This is in agreement with an
earlier DFT-coupled spectroscopic study of the conformations of hydroxyflavones.33 Similarly,
the torsional angle around the bond connecting the amine to the aromatic ring stayed close to
zero.
For DiI, a classical MD simulation of the dye embedded in a POPC bilayer provided a picture of
the conformational distribution, as well as of the location and orientation of the dye. The DiI
chromophore adopted a range of conformations which were mainly characterized by
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chromophore bending and twisting along the long axis, such that the angle between the planes of
the two phenyl rings was predominantly around 30°.The chromophore of F2N12S was located
just below the polar part of the bilayer, and it assumed a relatively broad distribution of tilted
orientations relative to the membrane surface. In agreement with published results on charged
DiI in a DPPC membrane,11 the chromophore of DiI was found to be located below the N and P
atoms of the phosphatidylcholine headgroups, that is, well below the membrane–water interface.
Our simulation also confirmed a predominantly parallel orientation of the DiI chromophore with
respect to the membrane surface.
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Figure 3. Results of MD simulations of the investigated dyes. Left panes: F2N12S, right panes:
DiI. A) A typical conformation, position, and orientation of the dye molecule embedded in the
lipid membrane. B) Position of the dye molecules within the lipid bilayer. The mass density
profiles of POPC nitrogen and phoshoporus were scaled by a factor of 3 and those of F2N12S
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and DiI by a factor of 30. C) Distribution of orientations of the long axes (indicated by the red
arrows) of the dye molecules within the membrane.
Optical properties of conformational distributions of F2N12S and DiI. In order to assess
the robustness of our calculations of 2P transition tensors and the vectors ∆𝝁01 and 𝝁01 , we
performed ab initio calculations for geometries obtained from MD simulations of the two dye
molecules. We have identified several notable correlations between electronic and absorption
properties of the molecules (Fig. 4).
For the F2N12S dye, the results closely resembled those obtained for the optimized geometry.
Specifically, on average, the magnitude of the second largest eigenvalue of the 2P transition
tensor only amounted to 1 % of that of the dominant eigenvalue. The average angles between
∆𝝁01 and 𝝁01 were 12 ± 3° (mean ± standard deviation), and those between 𝒗1 and 𝝁01 were
7 ± 2°. Our analysis of results for different conformations revealed a positive correlation between
the magnitude of the change in the electronic dipole and the absolute value of the dominant
eigenvalue (Fig 4A, left pane). Similarly, a positive correlation was found between the angles of
∆𝝁01 and 𝒗1 relative to 𝝁01 (Fig. 4B, left pane). In addition, we found that the magnitude of the
dominant eigenvalue, and consequently the 2PA cross section, decreased with an increasing
angle between 𝒗1 and 𝝁01 (Fig. 4C, left pane), showing that geometries with non-parallel vectors
𝒗1 and 𝝁01 contributed less to the total 2PA cross-section.
For DiI, evaluation of the 2P transition tensor and the vectors 𝝁01 and ∆𝝁01 for geometries
from MD simulations yielded surprising results. While the TDM 𝝁01 remained nearly parallel to
the long axis of the chromophore (with an average angle of 4° and a standard deviation of 2°),
both direction and magnitude of ∆𝝁01 varied considerably among the sampled conformations.
The direction of ∆𝝁01 spanned a wide range of angles between parallel and perpendicular to 𝝁01
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(with an average of 30° and a standard deviation of 22°). The magnitude of ∆𝝁01 was low for
most snapshots, but reached up to 3.6 D in several cases (see Fig 4A, right pane). Notably, the
magnitude of ∆𝝁01 correlated strongly with the absolute value of the largest eigenvalue of the 2P
transition tensor and dominance of this eigenvalue over other eigenvalues. The absolute value of
the second largest eigenvalue was below 18 % of that of the largest eigenvalue for all snapshots
with |∆𝝁01 | greater than 1.0 D, and below 3 % for the seven geometries with the largest |∆𝝁01 |.
Therefore, the geometries with the largest magnitudes of ∆𝝁01 were not only responsible for the
most substantial contribution to the total 2PA absorption cross section (proportional to the
squares of the eigenvalues), but their 2PA anisotropies could also be effectively described with
single vectors. These geometries featured deviations from structural identity of the two ring
systems by slight ring puckering (see Figure S2 in SI), disrupting the fluorophore’s symmetry.
Interestingly, unlike magnitudes, the directions of ∆𝝁01 and 𝒗1 corelated only weakly (Fig. 4B,
right pane). However, the geometries with the largest (and most dominant) eigenvalues showed
small values of the angle between 𝒗1 and 𝝁01 (Fig 4C, right pane). Thus, when averaged over all
sampled molecular conformations, for both dyes the angular dependence of the effective 2PA
cross section (obtained by averaging the 2PA cross sections of all the individual geometries)
agreed well with approximation of the 2PA cross section using 𝝁01 . The results were largely
consistent across functionals and basis sets (SI).
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Figure 4. Correlations between electronic and optical properties for conformational distributions
of the investigated dye molecules. Left panes: F2N12S, right panes: DiI. A) Relationship
between the magnitude |∆𝝁01 | of the change in the dipole moment of the molecule and the
magnitude of the dominant eigenvalue 𝑠1 of the 2P transition tensor. The inset shows a histogram
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of |∆𝝁01 |. B) Relationship between the angles of the electronic dipole change and the dominant
eigenvector 𝒗1 relative to the TDM. Insets show histograms of the two angles. C) Relationship
between the magnitude of the dominant eigenvalue and the angle between the dominant
eigenvector and the TDM.
The surprising (in light of the distinct absorption properties calculated for optimized
geometries) conclusion of our calculations is that for both dyes, the robust dominance of a single
eigenvalue in the 2P transition tensor, particularly for geometries with a small angle between 𝒗1
and 𝝁01 , gives rise to an effective angular dependence of the 2PA cross section (average of all
2PA cross sections for geometries from MD) almost identical in shape with an approximation of
the 2PA cross section using the mean direction of the TDM (Fig. 5).

Figure 5. Angular dependence of the 2PA cross-sections of the investigated dye molecules,
calculated for conformational distributions. Left pane: F2N12S, right pane: DiI. The blue surface
depicts the effective cross section based on geometries from MD, while the red surface presents
an approximation of 2PA cross section using the mean direction of the TDM. Contrast with 2PA
cross-sections calculated for optimized geometries (Fig. 2) is striking.
Verification through polarization microscopy experiments. Our results suggesting that both
F2N12S and DiI exhibit 2PA properties consistent with a single dominant eigenvector should be
verifiable by two-photon polarization microscopy (2PPM) on giant unilamellar vesicles (GUVs)
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containing the dyes. By comparing information on molecular orientation obtained through
interpretation of 2PPM images, with information on molecular orientation obtained through MD
simulations, we should be able to assess the validity of our 2PA property determinations. The
results of such comparisons are summarized in Fig. 6.
In order to gain experimental insight into the orientation of the dyes in a POPC bilayer, we
have performed 1P and 2P FDLD measurements on GUVs stained with DiI and performed
improved analysis of data previously acquired13 on F2N12S stained GUVs. For DiI we observed
pronounced FDLD with both 1P and 2P excitation, in contrast with rather weak 1P and 2P FDLD
previously detected for F2N12S.13 For DiI, the maximum values of log 2 𝑟 (2.3 for 1P excitation
and 3.5 for 2P excitation, corresponding to 𝑟 = 4.9 and 𝑟 = 11.3, respectively) occurred in
regions of the membrane where the membrane normal was aligned with the vertical polarization.
For F2N12S, the 1P and 2P FDLD showed maximum values of 0.25 and 0.15 (𝑟 = 1.19 and 𝑟 =
1.11), respectively, observed in sections of the membrane aligned with horizontal polarization of
the excitation light. FDLD values obtained by the current semi-automated image processing
procedure were virtually indistinguishable from those obtained previously by a manual
procedure (data not shown).
The FDLD data were then interpreted in terms of orientational distributions by four distinct
approaches. On the basis of a fit to a theoretical model of 1P and 2P FDLD,13 we determined the
expectation values 〈cos2 𝛼〉 and 〈cos 4 𝛼〉 (𝛼 being the angle between the TDM and the normal
direction to the membrane). It is to be noted that although both 〈cos2 𝛼〉 and 〈cos4 𝛼〉 can be
obtained from 2P data alone, allowing determinations of orientational distributions using only 2P
excitation12, in our experimental arrangement, 1P excitation yielded markedly more accurate and
consistent values of 〈cos 2 𝛼〉. For DiI we found 〈cos 2 𝛼〉 and 〈cos4 𝛼〉 to be equal to 0.095 ±
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0.002 and 0.029 ± 0.001, respectively (the values after ± are the half-widths of the 95%
confidence intervals of the fit). This corresponds to the expectation values 〈𝑃2 〉 and 〈𝑃4 〉 of the
second and fourth Legendre polynomials in cos 𝛼 being equal to −0.358 ± 0.003 and 0.15 ± 0.01.
Considering a Gaussian-shaped orientational distribution, we found the best match for
parameters 𝛼0 = 89 ± 1° and 𝜎 = 20.8 ± 0.3° (Fig. 6A, right pane) although the agreement was
not perfect, with 〈cos2 𝛼〉 and 〈cos4 𝛼〉 of the Gaussian-shaped distribution equaling 0.103 ±
0.002 and 0.027 ± 0.001, respectively. Using the expectation values 〈cos2 𝛼〉 and 〈cos 4 𝛼〉
determined from the experimental data, we also obtained an entropy maximizing distribution
with parameters13 𝜆2 = −3.0 ± 0.2 and 𝜆4 = 0.5 ± 0.2 (Fig. 6B, right pane), a fourth-order
expansion into Legendre polynomials shown in Fig. 6C (right pane), and a distribution based on
a Fourier series expansion of fluorescence intensity with parameters12 𝑆2 = 1.40 ± 0.01, 𝑆4 =
0.71 ± 0.06,

𝜑2 = 90°, and 𝜑4 = 0° (Fig. 6D, right pane). For F2N12S, the previously

determined Gaussian-shaped distribution, entropy-maximizing distribution, and expansion into
Legendre polynomials (Figs. 6A–C, left panes) were complemented by a distribution obtained
using the Fourier series approach (𝑆2 = 0.07 ± 0.01 𝑆4 = 0.87 ± 0.05, 𝜑2 = 0°, and 𝜑4 = 45°;
Figure 6D, left pane). For both DiI and F2N12S, the results of the four different approaches to
FDLD data interpretation are compared in Table 1 in terms of the peak position, half-width at
half-maximum, and the root-mean-square deviation (RMSD) from the orientational distribution
obtained from MD.
All four interpretations of polarization microscopy data yield orientational distributions in
good agreement with MD data, in terms of distribution shape, position of maximum and
distribution width. Small differences between experimental and computational results can be
attributed to a combination of factors such as subtle errors in alignment of microscope optics, in

21

synchronization of polarization modulation with acquisition of individual pixels, polarization
impurity, image background subtraction, or force field imperfections. Importantly, no signs of
systematic errors that would point to flaws in our experimental procedures are present. Thus, our
results provide a strong validation of our experimental approach.

Distribution
Gaussian
Maximum
entropy
Legendre
polynomial
Fourier
expansion
MD

Peak
position [°]

F2N12S
Half-width
[°]

Peak
position [°]

DiI
Half-width
[°]

RMSD
[10-3]

RMSD
[10-3]

53.0 ± 0.4

16.0 ± 0.6

4.1 ± 0.2

90.0 ± 0.0

23.0 ± 0.3

3.2 ± 0.2

50.8 ± 0.3

14.1 ± 0.9

3.6 ± 0.2

90.0 ± 0.0

18.7 ± 1.5

5±1

52.4 ± 0.1

19.3 ± 0.3

3.7 ± 0.1

90.0 ± 0.0

23.8 ± 0.5

4.0 ± 0.4

44.4 ± 0.2

23.6 ± 0.5

4.8 ± 0.2

90.0 ± 0.0

27.3 ± 0.6

1.8 ± 0.4

46

15

0

90

30

0

Table 1. Characteristics of orientational distributions derived from different interpretations of
polarization microscopy data, namely position of the peak of the distribution, distribution halfwidth at half-maximum, and difference from MD simulation-derived distribution expressed as
RMSD.
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Figure 6. Orientational distributions of the transition dipole moment relative to the membrane
normal for F2N12S (left panes) and DiI (right panes). Histograms from MD are compared with
microscopy-derived orientational distributions derived using different assumptions on their
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shape: single Gaussian peak (A), entropy maximizing distribution (B), fourth-order expansion
into Legendre polynomials (C), and fourth-order Fourier expansion (D), based on a combination
of 1P and 2P data. Microscopy data for F2N12S are from Ref.13
Applicability of the results to general dye molecules in lipid membranes
The above results for two geometrically and electronically very different dye molecules
empower us to formulate more general guidelines for modeling orientational distributions of dye
molecules in phospholipid membranes. First, the combination of 1P and 2P FDLD with four
plausible approaches for interpreting the experimental data (i.e., Gaussian distribution, entropy
maximization, expansion into Legendre polynomials, or Fourier expansion) provide robustly
consistent orientational distributions. These four distributions may differ in details from each
other, nevertheless the overall shapes, mean positions, and widths are similar to each other, while
at the same time being distinct for different dye molecules.
Second, the combination of MD simulations of dye molecules in aqueous phospholipid
bilayers with ab initio calculations of 1P TDMs and 2P transition tensors for dye geometries
sampled by MD provides orientational distributions in qualitative agreement with those obtained
from experimental data. As a matter of fact, the discrepancies between distributions obtained via
molecular modeling vs. experiment are comparable to, if not smaller than deviations between the
four individual models employed to convert the experimental data into orientational distributions
(see Figure 6 and Table 1).
Third, we have shown that the properties of the 𝑆0 → 𝑆1 2P transition tensor, namely its
potential reducibility to a vector behavior resembling the 1P TDM, depend on the geometry and
electronic properties of the particular dye molecule. For asymmetric aromatic dyes, such as the
F2N12S molecule, the 2P absorption cross section tends to be dominated by the term combining
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the 1P TDM with the change in the permanent dipole moment.34-35 Moreover, if these two
vectors 𝝁01 and ∆𝝁01 are (almost) parallel to each other, the 2P transition tensor has only a
single dominant eigenvalue, which effectively reduces its complexity to a simple vector, as in 1P
formulas. For more symmetrical dyes, such as DiI, the same terms tend to dominate the 2P
absorption process, however, in the optimal geometry of the molecules, the 𝝁01 and ∆𝝁01 vectors
are far from being parallel to each other. Nevertheless, for most geometries sampled at ambient
conditions the symmetry is sufficiently lifted such that the two vectors become closer to parallel,
allowing again for a simplified treatment of the 2P absorption process as in the case of the
F2N12S dye. The applicability of the simplified vectorial approach to 2P absorption is further
strengthened by the fact that geometries with more parallel 𝝁01 and ∆𝝁01 vectors exhibit also
higher 2P absorption cross sections.
These guidelines, obtained with F2N12S and DiI, imply the vectorial approach to 2P
absorption is likely applicable to a wide range of fluorescent molecules. We expect other
carbocyanine dyes, differing from DiI only subtly, either in the aromatic moieties (DiO, Cy3),
length of the conjugated bridge moiety (DiD, DiR) or both (Cy5), to exhibit non-linear optical
properties similar to those of DiI. The same is true for 3-hydroxyflavone dyes related to F2N12S,
and probably also for ANEP dyes and for fluorescent proteins similar to the green fluorescent
protein. However, non-linear optical properties of other, less rod-like fluorescent molecules
(such as Atto and Alexa dyes, derivatives of fluorescein, rhodamine, or BODIPY) will need to be
investigated before the vector approximation of their absorptivity tensor is used.
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Conclusions
We have performed a combined experimental and computational study of the orientational
behavior of two fluorescent dyes, F2N12S and DiI, in phospholipid membranes. On the
experimental side, fluorescence detected linear dichroism combined with Gaussian distribution,
entropy maximization, Legendre polynomials expansion, or Fourier expansion methods allowed
for constructing orientational distributions of each of the two dyes in GUVs composed of POPC
lipids. On the computational side, we employed a combination of MD simulations of the dye
molecules in aqueous POPC bilayers with ab initio calculations of 𝑆0 → 𝑆1 one-photon
transition dipole moments and two-photon transition tensors for geometries sampled by the MD.
The results of all the applied methods are robustly consistent with each other for each of the two
dyes, which possess different electronic properties, as well as orientational membrane
distributions. Moreover, we have shown that for both dyes a simplified vector-like treatment of
the two-photon transition tensor is applicable—for F2N12S for all geometries, while for the
highly symmetric DiI for most of the geometries sampled at ambient conditions that break the
symmetry of the minimal geometry. The present work, including semi-automated image
processing, thus points to an experimentally and computationally feasible robust treatment of
orientational distributions of general fluorescent dye molecules in phospholipid membranes,
opening a new pathway to monitoring physiologically relevant processes in cellular membranes.
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