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Probing the Orientational Distribution of Dyes in Membranes
through Multiphoton Microscopy

James E. Reeve,™ Alex D. Corbett,™ Igor Boczarow,! Tony Wilson,* Hagan Bayley," and Harry L. Anderson™
TDepartment of Chemistry and *Department of Engineering Science, University of Oxford, Oxford, United Kingdom

ABSTRACT Numerous dyes are available or under development for probing the structural and functional properties of
biological membranes. Exogenous chromophores adopt a range of orientations when bound to membranes, which have
a drastic effect on their biophysical behavior. Here, we present a method that employs optical anisotropy data from three
polarization-imaging techniques to establish the distribution of orientations adopted by molecules in monolayers and bilayers.
The resulting probability density functions, which contain the preferred molecular tilt © and distribution breadth v, are more
informative than an average tilt angle (¢). We describe a methodology for the extraction of anisotropy data through an
image-processing technology that decreases the error in polarization measurements by about a factor of four. We use this
technique to compare di-4-ANEPPS and di-8-ANEPPS, both dipolar dyes, using data from polarized 1-photon, 2-photon
fluorescence and second-harmonic generation imaging. We find that di-8-ANEPPS has a lower tilt but the same distributional
width. We find the distribution of tilts taken by di-4-ANEPPS in two phospholipid membrane models: giant unilamellar vesicles
and water-in-oil droplet monolayers. Both models result in similar distribution functions with average tilts of 52° and 47°,

respectively.

INTRODUCTION

Dyes are versatile reporters of structure and activity in bio-
logical membranes. However, the behavior of dyes bound to
membranes is influenced by their orientation (1-5). The in-
tramembrane tilt angle, ¢, is the angle between the long axis
of a molecule and the normal of the plane in which it resides
(Fig. 1 A). In most cases, the long axis of the dye molecule
can be assumed to be coincident with its transition dipole
moment (TDM). Previously, studies that have quantified
tilt angle have employed solid-state NMR (6-8), electron
paramagnetic resonance (9,10), polarization coherent anti-
Stokes Raman scattering (11), infrared dichroism (12-15),
polarization anisotropy fluorescence (16-26), and second-
harmonic generation (SHG) microscopy (11,27-34).
Experimental data from these investigations have been
complemented by computational methods for modeling
molecules in membranes (8,35-38).

Further, the attachment of dyes has provided a method
for investigating the tilt of membrane proteins (33). Change
in tilt angle can also be used to monitor biophysical
processes such as membrane potential changes. Voltage-
sensitive dyes such as RH421 rely on a reorientation
mechanism for their slow voltage-sensitive response as an
applied electric field changes their alignment in the
membrane (39,40).

The most intuitive description of molecular alignment,
the expected tilt angle (¢), may be found by substituting
flo) = ¢ into the general expression
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where P,;,(¢) is the tilt-angle probability density function
(PDF) over all available orientations. Measurements of
orientation-dependent phenomena typically rely on simplifi-
cations of the PDF to find (¢) but do not reach a general
solution for P,;;(¢) itself. This sheds little light on the nature
of the system because identical (¢)-values may arise from
different PDFs, as illustrated in Fig. 2.

We introduce two parameters, 4 and vy, which, when
included in the tilt PDF, allow a more complete description
of the tilt distribution of any species in a biological
membrane. The parameter p describes the preferred, or
lowest enthalpy, molecular state before the density of avail-
able states is considered, while v is the range of states
around u that the dye is capable of adopting, i.e., the breadth
of the distribution (see Fig. 8). Furthermore, comparison or
unification of the physical techniques that extract dye orien-
tation from experiment requires consensus on the form of
the tilt PDF. By choosing a specific case, a uniaxial dye,
and using a more accurate image-processing methodology,
we compare the tilt PDF of a molecule in two model
phospholipid membranes through the application of three
methods in parallel: polarized one-photon, two-photon,
and SHG imaging (Fig. 1 B).

MATERIALS AND METHODS
Materials

Di-4-ANEPPS  (3-(4-(2-(6-(dibutylamino)naphthalen-2-yl)vinyl)pyridin-1-
ium-1-yl)propane-1-sulfonate) and di-8-ANEPPS (3-(4-(2-(6-(dioctylamino)
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FIGURE 1 (A) Transition dipole moment (TDM) of each molecule is
tilted at an angle ¢ from the membrane normal and an angle y around it.
The intensity of fluorescence or SHG from the ensemble of dyes is depen-
dent on the angle away from the laser polarization, 6. (B) Variation of SHG
from di-4-ANEPPS, which varies periodically with ¢ around the equator of
a model membrane (giant unilamellar vesicle). The shape of this curve,
when fit to a model, allows extraction of trigonometric moments of the
tilt distribution, P,;;,(¢). The direction of laser excitation is co-linear with
the direction of signal detection and perpendicular to the plane of the image
in panel B.

naphthalen-2-yl)vinyl)pyridin-1-ium-1-yl)propane- 1-sulfonate) were pur-
chased from Biotium (Hayward, CA) and diphytanoyl phosphatidylcholine
(DPhPC) was obtained as a lyophilized powder from Avanti Polar Lipids
(Alabaster, AL). All other materials, including dodecane and indium-tin-
oxide-coated glass slides were obtained from Sigma (St. Louis, MO).

Droplet imaging

Droplets of buffer were introduced into a bath of lipid and dye in dodecane
according to the following protocol:

Phosphate-buffered saline (20 pL, 50 mM NaH,PO,4, 50 mM NaCl,
pH 7.0) was added to a solution of DPhPC (1.0 mg/mL) and ANNEP dye
(50 uM) in dodecane (1.0 mL) in a small vial and the mixture was shaken
gently. Alternatively, DPhPC (0.5 mg/mL) and ANNEP dye (50 uM) was
dissolved in phosphate-buffered saline (20 uL, 50 mM NaH,PO,4, 50 mM
NaCl, pH 7.0) then added to dodecane (1.0 mL) in a small vial and the
mixture was shaken gently. The mixture was poured into a well with a silan-
ized borosilicate coverslip (100-um thickness) forming the base. Droplets
~60 pum in diameter were allowed 10 min to equilibrate and imaged by
scanning multiphoton microscopy.
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FIGURE 2 Two different probability density functions can produce iden-
tical () values (vertical line). Therefore, measures of (¢) alone do not
adequately describe the system. For examples, these two probability density
functions differ in where the lowest energy molecular tilt (u) lies—i.e.,
normal to the membrane (solid) or tilted by 37° (shaded).
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Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) were prepared from DPhPC in 200 mM
sucrose via an electroformation method (41,42). Each dye was added to
obtain a concentration of 50 uM, then the mixture was immobilized in
a silica sol-gel immediately before imaging. Immobilization was performed
as recently described by Esquembre et al. (43) by formation of an aqueous
silica sol through hydrolysis of tetramethylorthosilicate followed by gela-
tion with pH 7.4 buffer. Once a suitable GUV was located, SHG and
two-photon fluorescence (2PF) images were obtained in transmission and
epifluorescence channels, respectively.

Microscopy setup

Imaging was conducted on a custom-built microscope based around a model
No. BX60M upright microscope (Olympus, Melville, NY) adapted with
standard LINOS Microbench components (LINOS Photonics, L-1882,
Luxembourg). The light source was a Tsunami Ti:Sapphire laser (Spectra
Physics, Santa Clara, CA) producing 100-fs pulses centered at 850 nm. A
LUMPIanFL N 40x0.8 NA lens (Olympus) was illuminated at the back
aperture with a 90 mW beam after passing through a 1000:1 polarizing
beamsplitter (Newport, Irvine, CA). After passing through an excitation
filter, the two-photon epi-fluorescence was filtered with a 550-650-nm
bandpass filter (FF568-Di01-25x36; Semrock, Rochester, NY) before being
captured with a H7422P series photon-counting photomultiplier tube (Ha-
mamatsu Photonics, Hamamatsu, Japan).

Use of a dichroic to filter emission may result in a polarization bias of no
more than 10% and we calculate that this should influence detected light by
only +2%. SHG emission was condensed in the forward direction, passing
through an excitation filter and a 422—432-nm notch filter (FF01-427/10-25;
Semrock) before reaching a model No. DM0016 photon-counting photo-
multiplier tube (Sens-Tech, Slough, Berkshire, UK). The alignment of the
emission polarizer in SHG imaging was determined using a nonlinear
frequency-doubling crystal.

Laser scanning was achieved with a pair of orthogonally mounted galva-
nometer mirrors (VM1000+-; Cambridge Technology, GSI Group, Lexing-
ton, MA). Synchronous point scanning and data collection were
orchestrated through LABVIEW software (National Instruments, Austin,
TX) running on a reconfigurable FPGA card (NI PCI-7830R; National
Instruments).

THEORY
Tilt angle from ratiometric imaging

Dipolar chromophores are uniquely suited to optical inves-
tigation through the use of one- and two-photon linear
dichroism, as well as polarization-dependent SHG. For
most dyes, the angle between the long molecular axis and
optical transition dipole moment (TDM or dominant hyper-
polarizability tensor element) is small. The fluorescence or
SHG signal observed from any point in a dye-doped
membrane is a function of the tilt distribution of chromo-
phores in the membrane, P,;(¢), and the angle between
the membrane normal and the polarization of the excitation
source, 0 (Fig. 1) (19,23,30,31).

In general, linear dichroism is a consequence of the pho-
toselection rule: light absorbed by a molecule is propor-
tional to the square of the projection of its TDM vector
onto the electric field vector of the excitation field. Applica-
tion of the one- and two-photon photoselection rule requires
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that we assume dyes have a single, well-defined TDM at the
wavelength of excitation (44). We avoid effects resulting
from polarization of the emission by excluding polarizers
from the collection channels and choosing an experimental
setup with D, symmetry. We ensure the highest possible
polarization purity through inclusion of a 1000:1 polarizing
beamsplitter as the penultimate optic before the objective,
and we use a relatively low NA lens (objective NA = 0.8;
see Materials and Methods) to prevent the convergence of
the beam from generating significant off-axis polarization.

The direction of laser excitation is co-linear with the
direction of signal detection, and the whole setup is radially
symmetric with respect to this principle axis (into the page,
Fig. 1 B). We choose this arrangement so that in the far field,
fluorescence anisotropy does not vary with angular displace-
ment, 0. The geometric arrangement of the TDM, in the
plane perpendicular to the beam axis, means that projection
of the toroidal emission onto the detector is independent of 6
(44). To support this symmetry argument, we include
a mathematically rigorous proof in the Supporting Material.

In the case of SHG images (where all output light is
collected with condensing optics), we only consider the
angular dependence of scattered second-harmonic light
from dyes possessing a single dominant hyperpolarizability
vector, (,,,. To satisfy these requirements, we use ANEPPS
chromophores (Fig. 3 A) (45), which are dipolar molecules
with a single dominant TDM and (3,,, directed along the
primary molecular axis (30,31). The di-4-ANEPPS and
di-8-ANEPPS dyes are suitable for imaging in each of the
modalities described here and have been shown to be useful
voltage-sensitive plasma membrane reporters (45).

A dilute solution of chromophores ensures that dye mole-
cules act as individual radiators or scatterers within the
membrane and we assume that, in this regime, there is no
effect of concentration on tilt angle.
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FIGURE 3 (A) Structure of di-4-ANEPPS and di-8-ANEPPS, the dyes
used in this study and the membrane models used in this experiment: Phos-
pholipid DPhPC (lipid) membranes incorporating ANEPPS dyes (solid and
open lozenges) in (B) the water droplet model and (C) GUVs.
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Tilt-angle intensity functions

Absorption and subsequent fluorescence of polarized light is
governed by the photoselection rule (19,44)

Lpp(a) = Iy cos’® a )

for an isolated dipolar fluorophore with its TDM oriented at
an angle « to the polarization of the excitation. The relation-
ship between the tilt of the population of chromophores and
polarization of laser light can be found by starting with the
molecular dipole for a uniaxial absorber,

0
i 01, 3)
||

and performing a series of rotations, taking into account the
tilt (¢), rotation around the normal at that tilt (), and the
rotation relative to the laboratory frame (#), shown in Fig. 1:

1 0 0 cosy siny 0
i =10 cosf —sinf||—siny cosy O
0 sinf cosd 0 0 1
1 0 0
X [0 cose —sing |u. @
0 sing cosg

For a polarized electric field oscillating collinearly with
the dipole,

0
E, = |0, 5)
E

—/ . E
cos o = li/ . (6)
||| E|

Integration over the solid angle (y), rotation on its own
axis (n), and the population of tilted dyes (¢) yields an
expression for the angular dependence of emission for
a distribution of dyes, where [, is emission at optimum
alignment:

2w 2 2w
Lipe(0,0) = Io/ dn/ dtﬁ/ doP (@) cos” a. (7)
0 0 0

After substituting and normalizing,

Liee(0, ) 4 2/ / d‘ﬁ/ doP (e ®)

(cos 6 cos ¢ — sin 6 cos ¢ sin <p)
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which simplifies to give an expression for the angular
dependence of one-photon fluorescence:

1
Liee(0,0) = I, (0052 0(cos® ) —|—§sinzt9<sin2 <p>> )

Therefore, through a similar approach to that of Corry
et al. (19), we find that the one-photon fluorescence (1PF)
of an ensemble of dyes with a given P,;;(¢) distribution at
an angle # from the excitation polarization depends on the
expression

1
Lipe(0, @) <01PF cos® 0 + 3 sin’ 0), (10)

where the angular intensity function’s shape is determined
by the relative contributions of the cos* and Y2 sin*4 terms.
We call the ratio of these terms the 1PF order parameter,
P1PF = (cos’)/(sin’ep), which in turn is a function of the
tilt angle PDF (Eq. 1).

Two-photon linear dichroism depends on the square of
the one-photon photoselection rule because the absorption
of two photons requires two photoselection events. For
two-photon excitation of a dipolar dye, we assume that
absorption is dominated by a single tensor element, such
that we may treat the molecule as having a single two-
photon pseudo-TDM, directed along its molecular axis
(23). Therefore, the two-photon selection rule (18,19,44)

Lpr(a) = I cos* a, (11)
when taking the appropriate rotations, yields the depen-
dence of

Lire (0. 0) / dn / y / doP.u(e
x (cos 6 cos ¢ — sin @ cos ¢sin (p) (12)
integrated,

Lee(0,0) = I (COS4 0{cos* @)
+ 3 sin” 6 cos 6(cos’ ¢ sin” @)
3
+3 sin* 0(sin* (p>) (13)

and, simplified, yields the expression for the angular depen-
dence of two-photon fluorescence of

3 3
Lpp(0, @) I <192pp cos* 0 4+ 6 sin® 20 + §19’2PF sin* 0) ,

(14)

where the 2PF order parameters are defined @, pr = (cos*e)/
(sin®2¢) and ¥',pp = (sin*p)/(sin®2¢), and are trigono-
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metric moments of a probability density function (see Eqgs.
18B and 18C, respectively).

As with 1PF and 2PF, the angular dependence of SHG is
a consequence of photoselection. For SHG, because the
interaction of light with the tilted chromophores is via
coherent scattering rather than absorption, the mechanism
of photoselection is different. Output SHG intensity is
a function of the second-order nonlinear susceptibility
tensor, X2 normal to the membrane, which is derived
through the projection of molecular contributions to the hy-
perpolarizability onto the membrane frame (31). Because
SHG is a second-order nonlinear phenomenon, we arrive
at a tilt-angle-dependent expression for x* by performing
the appropriate rotations on (3, the rank 3 tensor that
describes the molecule’s hyperpolarizability. We find that
the induced second-harmonic dipole moment ,u(o)zu,,z across
the membrane has two major contributions,

1
W = EEf) (8. cos> 6 + B, sin” 6), (15)

where 8, = (cos’¢)B. and 8, = Ya(sin>pcos¢)B. are the tilt-
angle-dependent hyperpolarizabilities converted from
contributions in the molecular frame B, to the membrane
frame and E,,, is the excitation field amplitude. Because total
power radiated parallel, Plyc, scales as the square of
induced polarization, and by transforming to the laboratory
frame, we arrive at the relation

Pl o cos? 6. (16)

Thus, we arrive at an expression for the angular dependence
of SHG parallel to the incident field (29,30),

L6 (8,9)  (cos®  + 39gq sin B cos 6)°, (17

with an SHG order parameter ¥syc = Ya(sin“pcose)/
(cos’). From this collection of models, if given experi-
mental data for how intensity, /, varies with 6, we may
extract the four order parameters:

Dipr = ifj‘” (18A)

®)
e = % (18B)
o = %, (18C)
Yspe = IM (18D)

2 (cos® o)
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Previous studies have only extracted one of these order param-
eters and subsequently assumed the simplest possible distribu-
tion of tilt angles. For example, the assumption that all
molecules lie at only one angle ¢ from the membrane normal
(as in Fig. 1) results in the simplification: (f()) = f({¢)).
Furthermore, although estimated values of (@) may be com-
pared between compounds, they are not particularly instruc-
tive without more information on the breadth of the
distribution or the preferred tilt of the molecule (Fig. 2). More
recent studies have taken tilt distribution into account—Ben-
ninger et al. (18) found (cos’¢) and (cos’p) moments from
2PF images, but experimental imprecision left them unable
to resolve a parameterized distribution function. In the study
of a densely incorporated dye, Gonella et al. (34) excluded
particular distributions by combining SHG imaging with
grazing-incidence x-ray diffraction, but were left with a range
of possible distributions due to experimental constraints.

Experimental models

The order parameters in Eq. 18, A-D, which determine the
variation of / with #, can be extracted from experimentally ob-
tained images of membranes aligned over a range of angles
relative to the excitation field. Laser scanning confocal
microscopy images of spherical cell models give the signal
intensity of a membrane over the full range of #, which may
then be fit to Eq. 18, A-D, to yield the relevant order param-
eter. We choose spherical cellular models, imaging at the
equator such that the cross-sectional image is a circle or ellipse
with periodically varying intensity around its circumference.

We have previously used a basic cellular model, which is
constructed from droplets of water in oil encapsulated by
a lipid monolayer (Fig. 3 B), providing a stable system that
is easily imaged (46). Here, we show that this model provides
a robust, reproducible, high-throughput method of quanti-
fying tilt angle with the minimum of specialist equipment.
The drawbacks are that the oil-water phase boundary may
cause lensing effects that can divert some emitted light or
distort the point-spread function required for 2PF and SHG
modes. Further, oil may partition into the membrane, influ-
encing the orientation of the embedded dye molecules.

The second model, giant unilamellar vesicles (GUVs,
Fig. 3 ), is more biologically relevant but has the disadvan-
tage of being less robust and prone to SHG fading over time
as dyes undergo flip-flop (32). GUVs are more mobile and
deformable than water droplets and must be immobilized
or else image distortion occurs during scanning microscopy.
GUVs also require a more sophisticated fabrication, have
a limited lifetime, and are more difficult to produce in
a quantity suitable for high-throughput imaging.

Image processing

To find the tilt-angle-dependent order parameters ¢ pp
Bopr ¥opr and Vs (Eq. 18, A-D) with a high degree of
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accuracy, we developed what to our knowledge is a novel
image-processing methodology (Fig. 4, and see MATLAB
Image Processing Software Outline in the Supporting Mate-
rial). Our algorithm treats the image as a surface and fits the
data to a two-dimensional function. This polar fitting
approach has the advantage of taking the entire weighted
radial cross-sectional circumference into account, so that
all pixels in the image contribute to the fit (as opposed to
user-defined region-of-interest approaches, such as taking
an oval profile (1,18,25,30), which are prone to human
bias and sampling error). A successful fit produces a
parameterized model that may be plotted as either a two-
dimensional intensity plot or three-dimensional surface
(Fig. 5 D, and Fig. 6, B and D) for comparison with the orig-
inal image (Fig. 6, A and C).

Images were processed by a custom-made MATLAB
program (The MathWorks, Natick, MA). Once the circle
center-point is either manually or semiautomatically
defined, the software expresses the image in polar coordi-
nates, whereupon each pixel is described by an angle from
the excitation polarization, @, a radius from the center of
the circle, p, and an intensity, I. This expression of the
image in polar coordinates may then be fit to Eq. 19
(Fig. 5 D),

I = a1(07 0’7 19)R(p)pl7 0.7 87 07 0//) +Vﬂ7 (19)

where bold terms are input data and others such as a, the
amplitude of the signal, are fitting parameters. 1(6,6',%) is
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FIGURE 4 Flow chart for image processing with our polar fitting tech-
nique (left) and the oval profile technique (right), showing the reduction
in the number of essential manual steps that may lead to error. Experimental
steps (open), automatic steps (dark-shaded), and manual steps (light-
shaded) result in the desired output (solid). (In each case, the dashed box
represents the software used to process the image; steps outside of the
dashed box require manual processing.)
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FIGURE 5 Two-dimensional (A) angular function modeled with 6’ = /2
(relative to polarization, double-headed arrow), V1pr = 7/2, (B) radial func-
tion modeled with p’ = 100 pixels, ¢ = 10 pixels, e = §” = 0 and (C) back-
ground function modeled with ¢/ = 5 pixels and ¢ = ¢” = 0. Their
combination results in Egs. 10 and 11 that are represented by function (D).

the angular intensity function around the circumference
(see Tilt Angle from Ratiometric Imaging, above, and
Fig. 5 A), which depends on ¢, the direction of polarization
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relative to the image frame and ¢ the characteristic order
parameter of the dye in the membrane. R(p,p’,0,¢,0,0")
defines the radial form, a Gaussian of breadth ¢ centered
at a distance p’ from the center-point (Fig. 5 B) with eccen-
tricity & along a major axis 6" from the laboratory frame.
The value v, is the background or shot noise. The full
expressions are presented as Eqs. S10-S12 in the Support-
ing Material.

Unlike SHG images, where signal is only generated from
ordered regions, 1PF and 2PF images suffered from both
structured and isotropic backgrounds that required the inclu-
sion of a further modifier (besides the additional order
parameter ¥ for 2PF images). In Eq. 20, b is a multiplier
that determines the contribution of E(p,p’,¢’,,0,0"), a radial
error function with breadth determined by ¢,

I =al0,0,9,9)R(p,p,0,¢0,0")
+bE(p7pl50J785 07 6”) +V’7' (20)

The models are parameterized using a nonlinear least-
squares minimization, producing either 7 or 10 outputs,
one of which is the order parameter. Reinsertion of these
parameters into the model reconstructs the fit as an idealized
image that may then be assessed for goodness of fit (Fig. 5 D
and Fig. 6, A and B).

&g
o o

304

>
=
(2]
c
[}
=
=

512

1.00 4

0.754

0.504

0.254

SHG Power (normalized)

0.00

0 90 180 270 360
Angle Around Profile (degrees)

FIGURE 6 Analysis of an SHG image of di-4-ANEPPS in a monolayer of DPhPC on the surface of a water droplet in oil. The polar-fitting technique
renders the SHG image as a surface (A), with signal intensity plotted on the z axis and pixel location on the x and y axis. The parameterized model (B) is
also plotted for comparison. Similarly, the two-dimensional SHG image (C) is plotted alongside the two-dimensional parameterized model (D) for compar-
ison, image dimensions: 300 x 300 um. We also include a plot from analysis of the image by the oval profile method (E). This method considers only
a subset of data points (shaded points), which do not accurately represent the image and subsequently is prone to experience more error and a poorer fit

(solid line).
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RESULTS
Polar fitting versus oval profile

Our polar-fitting approach to image analysis (Fig. 6, B and
C) confers a significantly greater accuracy compared to
the standard oval profile approach (Fig. 6 D). We eliminate
a degree of the human error involved in ellipsoid definition
and use significantly more data points (by fitting the
Gaussian weighted profile of the circular lineform), result-
ing in a fourfold improvement in the reproducibility of the
fit (Table 1). Furthermore, the fitting approach is less influ-
enced by noise overlapping the equator because we consider
the image in its entirety (Fig. 7). The oval profile method
relies on data points extracted from beneath a user-defined
oval placed over the region of interest. Our polar-fitting
manual technique requires that the user specifies only the
extremities of the oval. The software uses this input to calcu-
late the center point, and then fits an oval to the image. The
semiautomated approach operates on a similar algorithm;
however, the image is thresholded, then extremities of the
oval are found automatically.

Testing polar fitting

As a test of our protocol, inexperienced operators (n = 7)
were asked to perform each of these three data extraction
operations (oval profile, polar manual, and polar semiauto-
mated) on one image. The human error from oval profiling
led to a six- to ten-times greater variance when finding order
parameters compared to the polar-fitting techniques. We
found that in general, this difference arose from erroneous
placement of the oval profile—an operation performed by
eye and consequently subject to human error. Each of the
inexperienced users was then asked to process a series of
12 similar images, again using each of the three processing
techniques. The oval profiling approach gave order parame-
ters with four times the experimental imprecision of our
techniques, which returned order parameters with only
2.5% error (Table 1).

We demonstrate that our polar fitting approach is general
and robust by processing an image superimposed with struc-
tured background noise (Fig. 7 A): blebs formed at the
surface of an apoptotic cultured HeLa cell. A polar-fitting
analysis of the image yields a closer fit than the oval profile

TABLE 1 Order parameters for di-4-ANEPPS in GUVs found
by three image-processing methods and the error associated
with each technique for both analysis of one image and for

a batch of images (n =7)

One image Twelve images
S1pr + Error Sipr + Error
Oval profile 0.729  0.019 2.6%) 0.747 0.078 (10.4%)
Polar manual 0.715  0.0027 (0.4%) 0.725  0.018 (2.5%)
Polar semiautomated  0.716  0.0013 (0.2%) 0.727  0.018 (2.5%)
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FIGURE 7 One-photon fluorescence intensity around the equator of (A)
a bleb on the exterior of a cultured HeLa cell stained with di-4-ANEPPS
and (B) a model image of a single bleb reconstructed from the original
image after parameterization, image dimensions: 26.5 x 26.5 um. (C).
This image was processed by using two methods. In the first, the oval
profile method extracts data from the delineated area (dotted line) over
the bleb. Each fitting technique generates an angular intensity fit that
overlays the data (shaded points). The overlap of the signal data with
background fluorescence from the cell can be seen as an anomaly on
the polar plot from 345° to 60°. The polar fitting (solid line) is less influ-
enced by this anomaly than the oval profile (dashed line), resulting in
a better fit.

method and allows reconstruction of an image of the bleb
itself (Fig. 7 B). The polar fit generates a more accurate fit
that is less influenced by the structured noise of the cell
(Fig. 7 O).

Distributional analysis

Describing the physical system that gives rise to functional
behavior and the average tilt, (), requires the tilt proba-
bility density function, P,;{(¢), of molecules in the
membrane. The form of P,;,(¢) is a product of the mole-
cule’s preferred tilt and a statistical term that describes the
number of available states (Fig. 8). An amphiphilic mole-
cule will be most stable when its lipophilic parts are
embedded in the hydrocarbon core of the membrane and
its hydrophilic parts are embedded in the polar region of
the membrane. This tends to drive the molecule to orient
normally with respect to the membrane plane (i.e., ¢ = 0).
Our model assumes that the preferred tilt adopts a Gaussian
distribution centered at a tilt u from the normal, with

Biophysical Journal 103(5) 907-917
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FIGURE 8 Two distinct tilt probability density functions (solid curves)
showing ¢ (vertical solid line), and their contributing preferred tilt (dotted
curves) and statistical (dot-dashed curve) terms. One PDF has a large u and
a small v (B), whereas the other has a small u and large y (C). A represen-
tative cartoon (A) shows the physical interpretation of the quantities u
and vy, which may be calculated for given experimentally extracted order
parameters.

a variance y away from this tilt u (Fig. 8). The statistical
sing term describes the change in of density of states with
¢. The normalized product is our proposed PDF,

—(p — )’

ey

|
Pu(p) = N sin ¢ exp

where N is a complex term depending on u and vy, which
normalizes the probability density function. Given this
proposed probability function, we may solve Eqgs. 18,
A-D, as a system of nonlinear equations for the values of
w and vy (see Fig. S10, Fig. S11, Fig. S12, and Fig. S13 in
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the Supporting Material). This overdetermined system
may be expected to present a number of solutions; however,
solving equations in pairs or the full set of four equations via
a Levenberg-Marquardt minimization both provide solu-
tions consistent with the equations plotted in u X 7y space
(Fig. 9).

The combination of any two of the three microscopy
modalities we employ is sufficient to estimate values of u
and vy, as demonstrated by our droplet monolayer model.
In this case, 1PF images could not be obtained due to out-
of-plane fluorescence, but a probability density function
may still be found through the combination of SHG and
2PF (Table 2). Our solutions give values of u and v from
which we obtain the full probability density function and
then can calculate a value of {¢)for comparison with litera-
ture values.

Tilt angle of ANEPPS chromophores in
membranes

Our multidimensional modeling approach yielded order
parameters for ANEPPS chromophores in two-model
membrane systems over three microscopy modalities
(Table 2). Images of both GUVs and water droplets in oil
were acquired in 1PF, 2PF, and SHG. Representative anal-
yses are presented as Fig. S3, Fig. S4, Fig. S5, Fig. S6,
Fig. S7, Fig. S8, and Fig. S9. The results, which represent
the collation of a number of images (n > 6), are summarized
in Table 2. After solving the order parameters for u and vy,
we can plot their probability density functions (Fig. 10),
which are good descriptions of the tilt of the ANEPPS chro-
mophores in model systems. The parameters u and y give

90 §

67.5

, U (degrees)

Mean
N
N
w

A3

22.5 45 67. 90
Variance, 7 (degrees)

FIGURE 9 Isosurface of the normalized linear combination of solutions
to Egs. 18, A-D, for di-4-ANEPPS in GUVs. The surface is plotted on a log-
arithmic scale in u x vy space: (light shading) regions of lowest error.
(Hatched area) Regions of very high root-mean-square error, which have
been removed from the plot for clarity. (Solid disk) Solution presented in
Table 1, found by a Levenberg-Marquardt minimization algorithm. The
four contributing isosurfaces may be found in Fig. S10, Fig. Sl1I,
Fig. S12, and Fig. S13 in the Supporting Material.
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TABLE2 One-photon, two-photon, and SHG order parameters and calculated biophysical parameters, which describe the tilt-angle
probability density function of di-4-ANEPPS in two-model membrane systems and di-8-ANEPPS in one

S1pr Ya2prF Yapr Ysue p Y (@)

di-4-ANEPPS Droplets —* 0.60 + 0.033 0.45 £+ 0.068 0.59 + 0.024 35.8° £ 1.5° 31.2° £ 3.6° 47°
GUVs 0.75 £+ 0.056 0.45 += 0.058 0.63 = 0.059 0.44 = 0.026 36.7° + 6.6° 38.1° = 4.7° 52°

di-8-ANEPPS Droplets —* 0.58 + 0.052 0.23 £ 0.047 0.38 £ 0.040 21.8° £ 5.5° 31.4° £ 3.1° 38°

*One-photon fluorescence data cannot be obtained for the droplet model because background fluorescence is too intense.

a better description of the distribution of orientations than
(@); however, we calculate (@) from p and v to facilitate
comparison with results from other research groups. For
di-4-ANEPPS, we obtain an average expectation value (¢)
over the two membrane systems of 49.5° + 2.5°.

A comparison with published studies of di-4-ANEPPS
reveals that our values in model membranes are similar to
those obtained from Langmuir-Blodgett films: 49° at a real-
istic bilayer pressure of 22 mN/m (28). Our outcome of 38°
for the analogous di-8-ANEPPS (Table 2) agrees with both
studies of black lipid membrane bilayers, in which it adopts
a tilt angle of 36° * 3° (32) and with an investigation of
silicon-supported POPC bilayers, in which it tilts to 38°
(48). An earlier study of similar styryl dyes (49) found
that longer alkyl chains encourage tilting in membranes;
however, computation by Hinner et al. (35) on slightly
different compounds reached the opposite conclusion, illus-
trating that the factors determining tilt distribution are not
fully understood. We find that the mean tilt (u) of di-8-
ANEPPS is lower than that of di-4-ANEPPS (Table 2) but
that both have similar distributional variance (y). From
our values of u and vy, we see that in both systems, di-4-
ANEPPS has a preferred attitude relative to the membrane;
however, the variety of positions that it can fill is larger in
GUVs than in lipid monolayers. Differences in the bilayer
pressure or lipid phase may account for this difference.
The droplet monolayer is more likely to be swollen by its
exposure to dodecane (Fig. 3, B and C), which increases
lateral pressure in the membrane area and reduces the range
of available states (38).

0.03 .
% di-8-ANEPPS in DMs
50.025 foN
S
= 0.02 di-4-ANEPPS in DMs
@
$0.015
a] di-4-ANEPPS in GUVs
£ 0.01
e)
8
£0.005
o
O —
0 45 90 135 180
@ (deg)

FIGURE 10 Probability density functions for di-4-ANEPPS (solid lines)
and di-8-ANEPPS (dashed line) with accompanying expected tilt angles
(vertical lines) for monolayers (solid) and GUVs (shaded).

DISCUSSION

We have demonstrated that the combined analysis of three
types of optical image (1PF, 2PF, and SHG) of the same
dye-containing lipid membrane provides a level of insight
into the angular distribution of the dye that cannot be ob-
tained from a single imaging technique. Appropriate treat-
ments of fluorescence and second-harmonic generation
photoselection yield a system of equations for signal
strength with angular displacement from a polarized excita-
tion. These equations may be expressed in terms of trigono-
metric moments of the distribution of tilts that a dipolar
chromophore in a membrane may occupy.

Image analysis using the entire circular image in polar
coordinates allows us to achieve a more accurate and repro-
ducible fit than use of an oval profile. We have demonstrated
the versatility and robustness of this method over a range of
imaging modes and with significant background noise. The
additional accuracy gained through use of this technique
allows a better parameterization of P,;,(¢), the probability
density function, which describes the tilt of a population
of molecules in the bilayer. The finding that tilt-angle distri-
bution varies little between GUVs and the droplet mono-
layer system confirms that the droplet monolayer system
is representative of a biological membrane for imaging
applications. This is a valuable finding for high-throughput
imaging studies because the droplet monolayer system is
simpler to construct and more reliable to image (50).

Because model membranes are homogeneous on the
length-scales of a multiphoton point spread function
(~1 wum), theoretical treatment of photoselection allows
determination of molecular tilt. Heterogeneous cell mem-
branes complicate this process though tilt-dependent SHG
may still be observed in the presence of membrane structures
such as invaginations (51). Although invaginations may
obfuscate tilt-dependent fluorescence by causing deviation
from the D.; symmetry, some groups have been able to
resolve fluorescence anisotropy from cellular membranes
(23,29).

The ramifications of these findings extend over a range of
imaging and biophysical techniques. Given the heteroge-
neity of cellular membranes, probing the local lipid environ-
ment is important for the study of cellular processes (3). The
differences in polarity and viscosity in different regions of
a cellular membrane may have a significant effect on the
tilt of an exogenous dye such as di-4-ANEPPS (52). For
example, understanding the orientational distribution of
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molecular rotors, which probe local intracellular and intra-
membrane viscosity, could have a large impact on how
viscosity measurements are interpreted (53,54). The frus-
trated rotation of such probes should be a function of both
their tilt and position in the membrane; a known probability
density function can be inserted directly into a theoretical
treatment (a singular expected tilt, {¢), cannot), the implica-
tions of which could be addressed by molecular dynamics
simulations.

Further work could reveal mechanistic detail behind the
electric field modulation of slow voltage-sensitive dyes, esti-
mating the distribution of dyes before and after the applica-
tion of a field. Application of potential to a membrane could
affect both the mean tilt of a dye in the membrane (1), and
the range of tilts away from that position (). For example,
a dye with a low mean tilt may have a voltage-sensitive
mechanism that relies on the reduction of v, whereas sensi-
tivity from a dye with a high mean tilt is more likely to be
a consequence of alignment of the mean dipole with the
field, reducing u. Our approach resolves these mechanisms,
whereas use of a single modality would be constrained to
simply monitoring the change in structure factor upon appli-
cation of a field. Improving our understanding of dipolar
dyes through predictable tilt behavior in membranes will
lead us toward designing more effective voltage-sensitive
dyes for the study of action potentials (39,40,45).

SUPPORTING MATERIAL

Thirteen figures, equations, a MATLAB Image Processing Software
Outline, and a discussion of emission anisotropy (55) are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00861-2.
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