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Probing Membrane Order and Topography in Supported Lipid Bilayers
by Combined Polarized Total Internal Reflection Fluorescence-Atomic
Force Microscopy
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Institute of Biomaterials and Biomedical Engineering, Terrence Donnelly Centre for Cellular and Biomolecular Research, University of Toronto,
Toronto, Canada

ABSTRACT Determining the local structure, dynamics, and conformational requirements for protein-protein and protein-lipid
interactions in membranes is critical to understanding biological processes ranging from signaling to the translocating and mem-
branolytic action of antimicrobial peptides. We report here the application of a combined polarized total internal reflection fluo-
rescence microscopy-in situ atomic force microscopy platform. This platform’s ability to image membrane orientational order
was demonstrated on DOPC/DSPC/cholesterol model membranes containing the fluorescent membrane probe, Dil-Cyq or
BODIPY-PC. Spatially resolved order parameters and fluorophore tilt angles extracted from the polarized total internal reflection
fluorescence microscopy images were in good agreement with the topographical details resolved by in situ atomic force micros-
copy, portending use of this technique for high-resolution characterization of membrane domain structures and peptide-

membrane interactions.

INTRODUCTION

Identifying and characterizing the inter- and intramolecular
interactions that govern the assembly and function of mole-
cules within and at membrane interfaces is critical to under-
standing the basics of cell signaling, cell-cell interactions, and
molecular transport. Toxins may exert their influence through
pore complexes or other mechanisms of membrane disruption.
Antimicrobial or cell-penetrating peptides necessarily need to
pass through the membrane to exert their action. Intrinsic
membrane proteins may require specific intermolecular inter-
actions with specific lipids or other membrane components or
structures to exert their function. Indeed, fundamental ques-
tions remain as to the underlying mechanisms associated
with the formation, dynamics, and compositional variance
of lipid microdomains, or so-called membrane rafts (1-10).
To date, fluorescence-based imaging techniques have
proven to be among the most powerful approaches for exam-
ining membrane structure, phase separation, and domain
dynamics (11-26). However, it is becoming increasingly
evident that new forms of quantitative imaging that improve
spatial and/or temporal resolution, provide new contrast mech-
anisms, or combine complementary imaging modalities are
needed to further our understanding of microdomains and
related membrane protein-lipid interactions (27). Examples
of emerging imaging techniques to study membranes include:
fluorescence lifetime imaging (28), fluorescence interference
contrast microscopy (29), coherent anti-Stokes Raman scat-
tering microscopy (30), secondary ion mass spectrometry
imaging (31), and other super-resolution modes of optical
microscopy (32,33). A compelling argument can also be
made for the application of correlated approaches that combine
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two or more imaging techniques—so-called combinatorial
microscopy (34). We and others have shown that coupled fluo-
rescence and atomic force microscopy (AFM) is a useful
approach for examining fundamental lipid-lipid and lipid-
protein interactions in model membranes and live cells
(35—43). Our studies of peptide-induced membrane remodel-
ing prompted us to consider strategies that would provide addi-
tional insights into the effect of these peptides on membrane
structure (44). For example, while coupled fluorescence and
atomic force microscopy is effective for mapping the dis-
tribution of fluorescently labeled lipids and proteins against
topography, these platforms are not typically configured for
assessing molecular orientation or conformation, especially in
the case of molecules that insert into the membrane’s hydro-
phobic core. Furthermore, the function of membrane-associ-
ated molecules is intrinsically linked to their structure and
orientation in the membrane. One means of assessing their
orientational order is through a time- and ensemble-averaged
quantity known as the order parameter, (P,) (45-54). Order
parameters can be obtained via a number of orientation-sensi-
tive techniques: Optical birefringence, ultraviolet-visible linear
dichroism spectroscopy, polarized attenuated total internal
reflection Fourier transform infrared (pATR-FTIR) spectros-
copy, polarized Raman spectroscopy, electron spin resonance
spectroscopy, nuclear magnetic resonance Spectroscopy
(NMR), wide angle x-ray scattering, and time-resolved fluores-
cence polarization anisotropy. The main differences among
these techniques arise from the type of dipolar interactions
that are probed, the number of order parameters that can be
accessed, and the characteristic timescale of the measurement.
Order parameter measurements have been critical to the study
of membrane structure and dynamics (10,55,56), and in
particular the effect of membrane-associated proteins. For
membranes, order is usually described by the carbon-deuterium
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NMR order parameter (Scp), the measurement of which has
been important to our understanding of the molecular dynamics
and phase behavior of lipids and cholesterols in oriented model
membranes (10,23,56-64). Recently, fluorescence polarization
anisotropy was used to characterize the effect of cholesterol on
the phase state and ordering of naturally occurring lipids using
liposomes derived from membrane extracts of RBL-2H3 mast
cells (55).

Techniques based on polarized fluorescence imaging are
providing valuable insights into the molecular order and
fluidity of membrane nanostructures, both in vitro and
in vivo (12,65-79). These techniques exploit the dichroic
absorption and/or the anisotropic emission of polarized light
by fluorescent lipids or proteins to spatially detect and infer
their orientation, organization, conformation, and rotational
mobility. We report here the design and implementation of
a combinatorial microscopy platform that integrates polar-
ized total internal reflection fluorescence microscopy
(pTIRFM) (80,81) with in situ AFM (36,82,83). This corre-
lated imaging modality allows us to now directly map local
variations in fluorescent probe orientational order inferred by
pTIRFM against topographical features observed by AFM.
Spatially resolved (diffraction-limited) orientation imaging
was demonstrated on dioleoylphosphatidylcholine (DOPC)/
distearoylphosphatidylcholine (DSPC)/cholesterol model
membranes containing the fluorescent membrane probe
Dil-C, or BODIPY-PC. Order parameters and fluorophore
tilt angles (Appendix B) extracted from the pTIRFM images
were in good agreement with the topographical details
resolved by in situ AFM, portending the application of this
technique for high-resolution characterization of membrane
domain structures and peptide-membrane interactions, and

A Atomic force
microscope

Substrate

Microscope objective
(1.45NA)

Back focal plane = === === == -ccco----
‘ @ Translating
2 o mirror
Dichroic mirror

Emitted

Focusing laser
fluorescence

Emission filter —

————
Tube lens / ‘

Fixed ! O
EMCCD mirror
camera / @

@ Focusing Beam

lens expander
Glass
wedge

Rotatable
beam A2 wave plate

4
T | e

Glan-Taylor
linear polarizer

1971

in particular, the dynamics and mechanisms of antimicrobial
peptide and toxin activity (36,37), and protein-induced
membrane restructuring (35).

Polarized total internal reflection fluorescence
microscopy

When light passes through a material with a high refractive
index, n,, into another medium with a low refractive index,
ny, the amount of light transmitted through and reflected by
the interface is dependent on both indices of refraction, as
well as the beam’s incident angle on the interface, «. At
internal angles of incidence equal to or greater than the critical
angle, o, as defined by Snell’s law, total internal reflection
(TIR) of the incident beam occurs, creating a surface-traveling
electromagnetic wave, or evanescent field/wave that pene-
trates into the lower index medium with exponentially
decaying intensity in a direction away from the interface
(84). Since the evanescent field is confined to an extremely
thin region (typically 200 nm or less) just above the
substrate-sample solution interface, TIRFM is well suited
for illuminating and imaging interfacial phenomena with an
axial resolution that surpasses conventional confocal micros-
copy. Both prism- and objective-based TIRFM designs have
been applied to study a wide range of cellular processes,
including cell adhesion and exocytosis (81,85-89). AFM
can be easily combined with an objective-based TIRFM
design in which a laser beam is focused onto the back-focal
plane of the microscope and positioned on the periphery of a
high numerical aperture (NA) microscope objective (Fig. 1
A). In this configuration, the AFM would be accessing the
sample from above, typically in a tip-scanning mode, while

FIGURE 1 Schematic (A) and digital
photograph (B) of the pTIRFM/AFM
instrument. See text for details on the
optical components and their arrange-
ment. The numbered circles in panel B
correspond to the regions of the optical
train also labeled in panel A by
numbered circles.
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fluorescence can be simultaneously or sequentially acquired
through the sample substrate from below by TIRFM.

When molecules are exposed to polarized light, photon
absorption is dependent on both molecular structure and
orientation with respect to the polarization axis. In the case
of biological systems, this property allows the orientation
and rotational mobility (i.e.: the orientational order) of
membrane components to be determined from polarized light
measurements. In TIRF, the evanescent field has unique pho-
toselection properties that allow one to probe the time- and
ensemble-averaged orientational order of a collection of
fluorescent molecules embedded in a two-dimensional
medium by examining the dichroism of fluorescence as
a function of the illuminating light’s polarization angle, .
Fluorescent molecules with absorption dipoles oriented at
different tilts relative to the substrate normal are preferen-
tially excited if the electric field vector of the evanescent
wave is inclined at the same projected polar angle as the
absorption dipole.

In a pTIRFM imaging experiment, by measuring the fluo-
rescence intensity of a region of interest (ROI) as a function
of the evanescent field’s polarization angle (y), it is then
possible to estimate the average molecular order of the fluo-
rescent probes located within the ROIL. To do so however,
requires understanding how the fluorescent signal should
behave under different fluorophore orientation conditions.
A generalized theory of pTIRF has been developed for
uniaxial (cylindrical symmetry) conditions (see Appendix
A and (80) for details). The normalized, steady-state fluores-
cence intensity as a function of the evanescent wave’s polar-
ization angle, J(y), is given by

S(¥) = 1 + B(cos™y — cos’), (1)

where ¥/ is the experimentally determined polarization angle
at which J(y) is a maximum (restricted to 0° or 90° for
uniaxial symmetry), B describes the distribution of fluoro-
phore orientations within the detection volume, and is related
to the pTIRF (P,) order parameter by

. (1 + 1)

+ (P) (21, + I, - I,)
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the orientational order of the parent molecule to the orienta-
tional order of the fluorophore by this measurement can be
nontrivial.

We have adapted this same formalism to our objective-
based pTIRFM/AFM microscope configuration. pTIRFM
images of the same field of view are captured by an elec-
tron-multiplying charge-coupled device (EMCCD) camera
as Y is increased from 0° (p-polarized) to 90° (s-polarized),
generating a y-image stack. This image stack can then be
processed on a per-pixel basis to evaluate J(i) and B using
Eq. 2. From these data, a spatial map of (P,), or order param-
eter image, can be created and compared to an AFM topog-
raphy image of the same ROL

MATERIALS AND METHODS
Construction of the pTIRFM/AFM platform

A list of vendor product numbers for certain instrument parts is provided in
accompanying Supporting Material. The pTIRFM/AFM instrument was
modified from the platform described earlier (35,36) (Fig. 1). The instrument
consisted of a Digital Instruments (Veeco, Santa Barbara, CA) Nanoscope
Illa Bioscope AFM mounted on an Olympus IX70 inverted microscope
(Olympus Canada, Markham, Ontario, Canada) with objective-based total
internal reflection fluorescence optics (Olympus Canada, PLAN-APO
60x objective, 1.45 NA) and an additional 1.5x image magnification lens
built into the microscope frame. Several key modifications were made to
the optical microscope’s excitation pathway to permit polarized TIRF illu-
mination of the sample. First, the optical fiber-launched laser was replaced
with free-space launched 532 nm and 473 nm diode-pumped solid-state
lasers (Extreme Lasers, Seabrook, TX) mounted to a vibration-isolated
optical table with translating and tilting stages (Thorlabs, Newton, NJ). A
dichroic mirror (Thorlabs) oriented at 45° relative to both laser beams
allowed both beams to travel down the same optical path. Switching
between the two lasers was achieved with two Uniblitz shutters (Vincent
Associates, Rochester, NY) mounted in front of both laser apertures and
controlled by the image acquisition software. The excitation laser beam
was passed through a fixed visible wavelength Glan-Taylor linear polarizer
prism and an achromatic half-waveplate, which, when rotated properly (84),
allows the electric field vector defining the polarization angle of the excita-
tion beam, v/, to be set to any angle between 0° and 90°. The half-waveplate
was held in a motorized rotation mount (Newport Corporation, Irvine, CA)
controlled by a motion controller through custom software (National Instru-

(1= (P)) + cos2y, [ (L,

where I, I, and I, are the evanescent field intensity direc-
tional components, which can be calculated when the relative
index of refraction of the interfacial system (n = n,/n,) and
the illumination beam angle of incidence («) are known.
From these expressions, an experimental determination of
B from J(y) leads to a quantitative assessment of (P,) for the
fluorescent species in the ROI It is important to stress,
however, that optical polarization methods like pTIRF can
only characterize the average orientation and motional
freedom associated with the absorption transition moment
of the fluorophore linked to a parent molecule. Relating
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ments, Austin, TX, LabView, Ver. 7.0). The half-waveplate rotation angle
could be set to within +0.003°. The polarizer and half-waveplate were
aligned to the parallel and perpendicular directions of the optical bench
and microscope stage using the method described by Lakowicz (90). A
170-um-thick glass wedge was oriented in the pathway after the half-wave-
plate such that the laser intensity, when measured at the microscope objec-
tive with a laser power meter, was nearly equal (<3% variation) for all
values of . This particular optical adjustment is crucial for quantitative
fluorescence polarization microscopy (66). A series of three properly spaced
lenses expanded the laser beam into a 3/4” diameter collimated beam and
focused it onto the back-focal plane of the microscope objective after reflect-
ing off the microscope filter cube’s dichroic mirror (473 nm excitation laser/
505 nm cut-on wavelength dichroic mirror or 532 nm excitation laser/565
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nm cut-on wavelength dichroic mirror). The illumination spot at the
substrate-sample interface was ~90 um in diameter (see Fig. 3 A). While
larger or smaller illumination spot sizes could be obtained by selecting
appropriate focal length lenses and arranging the optical elements accord-
ingly, due to space restrictions, we were limited to a combination and
arrangement of lenses that resulted in an ~90-um diameter spot. This illumi-
nation area readily accommodated the 20 um x 20 um AFM scans that were
performed in the centermost region of the spot. The laser polarization extinc-
tion ratio (PER) was measured using a second identical linear polarizer and
a laser power meter placed at the objective (91). With a blank glass substrate
chamber filled with buffer solution in place and in focus on the microscope
stage, the PER was 127:1. When blank mica-glass substrates were used,
a PER value of 120:1, with ~1% variation between substrates, was obtained.
While the slightly lower PER for the mica-glass substrates suggests a slight
depolarization of the light by the mica, it also indicates that linear polariza-
tion is well maintained through the microscope’s excitation optics and
remained sufficiently high for pTIRFM experiments. A manual translating
mirror allowed the focused laser beam to be moved radially from the center
of the objective aperture (polarized epifluorescence mode) toward the
periphery (pTIRFM mode) to meet the TIR condition. The critical angle,
«a, for the substrate-solution interface was determined by the visual disap-
pearance of the laser beam at the objective and by observing the position
of the focused laser spot in the back-focal plane of the objective with a Ber-
trand lens. It could also be located by the sudden disappearance of free-
floating vesicles in solution above the bilayer in the camera preview
mode of the image acquisition software. Since x-ray diffraction studies of
supported lipid bilayers have shown that an ~1-2 nm thick water layer sepa-
rates the membrane from the substrate (92,93), TIR is expected to occur at the
substrate/water interface. In our experiments, freshly cleaved mica substrates
were optically coupled to glass coverslips with the angle of incidence set to or
just beyond the substrate/water interface critical angle of 60°. Fluorescence
emanating from the sample was collected by the objective lens and imaged
through a bandpass interference filter housed in the microscope filter cube
(473 nm excitation; 500-550 nm bandpass, 532 nm excitation; 565-605 nm
bandpass). All pTIRFM images were captured using a Photometrics (Tucson,
AZ, Cascade I EMCCD camera (512 x 512 pixels, 16 x 16 um pixel size)
using Media Cybernetics (Bethesda, MD) ImagePro Plus Ver. 6.0 image
acquisition software. The lateral back-projected pixel dimensions of the
camera at the optical microscope sample plane was 178 x 178 nm, which
was close to the optimum Nyquist sampling rate of 100 x 100 nm (94).
Therefore, all optical images presented here are slightly undersampled.

pTIRFM/AFM image acquisition and analysis

The pTIRFM/AFM image acquisition protocol was as follows: a sample
ROI was brought into focus and a stack of 10 pTIRFM images was captured,
incrementing ¥ in 10° steps from p- to s-polarization for each successive
image. In Appendix C, we show that the minimum number of images to
collect in a pTIRFM study of a uniaxial system is two. The exposure time
was 200 ms with the EMCCD camera multiplication gain set to 3000 for
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all images. The incident laser power was adjusted before acquisition such
that the brightest image in the y-stack was just below the camera saturation
levels in the camera preview mode. Immediately after pTIRFM acquisition,
a 20 x 20 um AFM image of the central area within the same TIR
illuminated ROI was acquired. Smaller AFM scans of the same area were
acquired as necessary. All AFM images were captured in tapping-mode in
aqueous pH 7.4 HEPES buffer using short-thin 125 um V-shaped DNPS
tips (Nanoprobes, Veeco) driven at a tip oscillation frequency of ~8.5 kHz,
and a drive amplitude setpoint of 0.3 V. All AFM images were acquired as
512 x 512 pixel images at a scan rate of 1 Hz. All experiments were per-
formed at room temperature. All AFM images were subjected to a zero-order
flatten and an x axis second-order plane fit filter using Digital Instruments
Nanoscope IIla software (Ver. 5.30rl). The pTIRFM order parameter
images were calculated using an in-house-written National Institutes of
Health ImagelJ (http://rsb.info.nih.gov/ij/, Ver. 1.41f) macro that is available
upon request (95). The macro accepts a pTIRFM y-stack, the laser angle of
incidence («), and the substrate/sample relative index of refraction (n) as
inputs (o = 60° and n = 0.84 for these experiments). The plug-in then
subtracts the background, determines v, by inspection, normalizes all ij
pixels in the pTIRFM y-stack, and calculates factor B at each ij pixel (Bj;)
using a least-squares numerical algorithm. For each Bj;, (P,);; is evaluated
and plotted in a new image. The order parameter image is color-coded using
Imagel’s 8-bit FIRE lookup table. Order parameter images were analyzed
using Imagel’s built-in image histogram and image threshold functions.
The pTIRFM analysis was always restricted to the centermost homogenous
region of the TIRF illumination ROI, matching the 20 x 20 um area imaged
by the AFM to avoid both analyzing pixels with low pTIRFM signal/noise
ratios and compensating for spatial inhomogeneities at the boundary of the
TIRF illumination profile.

Materials and lipid bilayer preparation

A list of vendor product numbers for the materials listed here can be found in
online Supporting Material. Dioleoylphosphatidylcholine (DOPC; 18:1),
distearoylphosphatidylcholine (DSPC; 18:0), and cholesterol were purchased
from Avanti Polar Lipids (Alabaster, AL). 1,1’-dieicosanyl-3,3,3’,3'-tetrame-
thylindocarbocyanine perchlorate (Dil-C,() was purchased from Molecular
Targeting Technologies (Westchester, PA). 2-(4,4-difluoro-5,7-dimethyl-
4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine (BODIPY-PC) was purchased from Molecular Probes
(Eugene, OR). For chemical structures of molecules used in this study, see
Fig. 2. Tetramethylrhodamine-5-isothiocyanate (TRITC) used in the pTIRFM
calibration experiments was purchased from Molecular Probes. Stock solu-
tions of lipid/cholesterol and dye in chloroform were prepared at 10 mg/mL
and 1 mg/mL, respectively. Membrane bilayers were prepared by vesicle
fusion (96) onto freshly cleaved grade V-1 muscovite mica sheets (SPI,
West Chester, PA) using the method described previously (97). Substrates
were secured in an Attofluor open well chamber (Invitrogen Canada,
Burlington, Ontario, Canada) and held rigidly in a magnetic holder to the
microscope stage.
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FIGURE 2 Chemical structures of the
molecules used in model lipid bilayer
experiments of this study. (A) DOPC.
(B) DSPC. (C) Cholesterol. (D) Dil-
C,o. (E) BODIPY-PC. The location

%&; and orientation of the transition dipole
moments are indicated by double-ended
arrows.
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Dil-C,y and BODIPY-PC were chosen as lipid order-sensing probes in
this preliminary study for several reasons:

1. Dil has been used to image lateral heterogeneity in model and cellular
membranes (98).

. Dil-C;p and BODIPY-PC partition unequally between different
membrane phases, and both fluorescent probes were used to solve the
DOPC/DSPC/cholesterol phase diagram (23,62,64).

3. Bothprobes possess a well-defined transition dipole moment, and as aresult
exhibit strong photoselection when illuminated with polarized light.

. The orientation of Dil and BODIPY-PC in giant unilamellar vesicles
(GUVs) has been studied previously using fluorescence polarization
microscopy (FPM) (65,66,73,75), confirming that the transition dipole
moments of Dil-C,, and BODIPY-PC are oriented roughly perpendicular
and parallel to the bilayer normal, respectively.

5. Dil-C,y and BODIPY-PC probe the orientational order of different
regions of the lipid bilayer. Specifically, Dil addresses the motional
freedom of the lipid headgroups while BODIPY-PC provides insights
into the local order of the lipid acyl chains.

pTIRFM calibration

Calibration experiments designed to detect and correct for dichroism in the
microscope optics involved performing pTIRFM imaging of randomly
oriented fluorophores in solution near the TIR interface (1 ug/mL TRITC
in ethanol on clean 170-um-thick glass coverslips). For a randomly oriented
fluorescent species and in the absence of instrument dichroism, (P,) should
theoretically equal zero and (6.) (Eq. 18) would be the magic-angle value
of 54.7° (80). In our calibration experiments, we measured a pixel-average
(P2) =0.015 £ 0.009 ({6.) = 54.2° = 0.4°), indicating a negligible instru-
ment bias (f(§) ~1, Appendix A)) (Fig. 3). As aresult, no polarization correc-
tions were made to the raw pTIRFM images.
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At the end of each experiment, the optical microscope was switched into
polarized epifluorescence mode and the excitation beam polarization was
rotated 180° to check for in-plane azimuthal (parallel to the membrane surface)
sample dichroism. In all experiments, no such dichroism was noted, confirming
that the in-plane component of the fluorophore absorption dipole distribution
was randomly oriented about the membrane normal (uniaxially symmetric)
on the timescale of the experiment and thus the applicability of Eq. 2.

RESULTS

To demonstrate the capabilities of our pTIRFM/AFM plat-
form, we characterized the topography and local order of
two different fluorescent lipid analogs incorporated into
mica-supported lipid bilayers composed of DOPC, DSPC,
and varying amounts of cholesterol. The phase diagram of
this ternary mixture was solved recently, revealing several
composition-dependent regions of macroscopic immisci-
bility (23). Generally, the addition of cholesterol to a solid
ordered (S,) lipid phase composed of lipids with saturated
acyl chains increases the lateral mobility of the lipids and
decreases the orientational order of the acyl chains to create
a liquid-ordered state (L,). Conversely, the addition of
cholesterol to a liquid-disordered lipid phase (Ly) composed
of lipids with at least one or more unsaturated bonds in the
acyl chains decreases the lateral mobility and increases
orientational order. The ordering and phase separation
behavior of ternary mixtures of saturated lipids, unsaturated

FIGURE 3 Calibration of the polar-
ized TIRF microscope. (A) A y-image
stack of a randomly oriented, dilute
solution of TRITC dye molecules dis-
solved in ethanol (532 nm excitation).
The image contrast settings are the
same for these images allowing the
gradual decrease in fluorescence
intensity as ¥ is increased from 0° to 90°
to be visualized. The intensity spatial
distribution of these images reflects
the nearly Gaussian-shaped profile
(TEMgp mode) of the TIRF illumination
spot. (B) Calculated order parameter
image of the y-image stack in panel A.
This image is colored according to the
color scale in the image histogram
shown in panel C. The plotted image
histogram is restricted to the 20 X
20 um region of interest in panel B.
The histogram is peaked close to the
expected value of (P,) = 0 for a random
distribution of fluorophore absorption
dipoles. (D) The normalized fluores-
cence intensity of five random pixel
positions from the central-most region
of the illumination spot in the y-image

(54.7 deg)
Pixel 1
Pixel 2
Pixel 3
Pixel 4
Pixel 5

Calculated order parameter image 0

10

20 30 40 50 60 70 80 90
TIR Polarization Angle, ¥ (°)

stack in panel A are plotted against the
theoretical curve (solid line, Eq. 13;

(6.) = 54.7°, (Py) = 0, B =0.27) expected for a random distribution of dye molecules when imaged by the pTIRFM technique. The good agreement between
the measured points and the theoretical curve indicates that it is valid to calculate the order parameter on a single pixel level and that the pTIRFM technique can be

measured with diffraction-limited spatial resolution.
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lipids, and cholesterol are, however, not as clearly defined or
predictable (23).

Correlated pTIRFM-AFM imaging of a 1:1 DOPC/DSPC/
30 mol % cholesterol/1 mol % BODIPY-PC lipid bilayer
revealed clear evidence of lipid phase separation into well-
defined micron-sized domains (Fig. 4). From the pTIRFM
Y-image stack, the fluorescence intensity was greater in
both membrane phases when illuminated with p-polarized
light (¢ = 0°) as compared to illumination with s-polarized
light ( = 90°). Qualitatively, this suggests that the absorp-
tion transition dipole moment of BODIPY-PC was largely
oriented parallel to the membrane normal, in agreement
with previous studies in GUVs (73,75). The AFM images
of these same regions revealed that the dark domains in the
fluorescence images were ~1 nm lower than their surround-
ings, suggesting that they are likely composed of DOPC. We
attribute this topographical difference to variations in lipid-
order and acyl-tail packing between DOPC and DSPC,
with the DSPC lipids adopting a more ordered arrangement.
The pTIRFM order parameter image, based on the BODIPY-
PC signal, confirmed this difference in localized membrane
order with the lower domains exhibiting a (P5)jow value of
0.218 + 0.029 with a corresponding (f.)iow = 46.2° =+
1.1°. In the surrounding taller phase, the corresponding
(P2)nigh and (f¢)nign values were 0.302 = 0.023 and 43.0° +
0.9°, respectively. The error in these measurements was
determined by the standard deviation of the (P,) pixel values
thresholded over the low and high topography regions in the
order parameter image.

1975

The same lipid mixture when doped with 1 mol % Dil-Cy
exhibited a similar morphology; however, the pTIRFM
Y-image stack showed greater fluorescence intensity in both
phases when illuminated with s-polarized light (Fig. 5).
This result qualitatively suggested that the absorption dipole
moment of Dil-C,, was oriented mostly perpendicular to
the membrane normal, in agreement with the findings of other
FPM studies (65,66,99) and suggestive of a motif wherein its
two alkyl side chains are inserted into the membrane. Our
assignment of this orientation was further supported by the
negative order parameters measured for both the low and
high topography membrane regions ({P2)jow = —0.348 =+
0.011; (0c)iow = 71.1° £ 0.7°; (P2)nign = —0.383 + 0.005;
and (0c)nign = 74.8° £ 0.4°). The difference in the Dil-C,
order parameters is likely a consequence of differences in
the lateral packing of the lipids within these different regions
caused by the presence of and interaction with cholesterol.

We then examined the effect of cholesterol concentration on
orientational order in the DOPC/DSPC model membrane
system by examining changes in (P,) values (Fig. 6). Each point
represents the average (P,) value determined from >1000
pixels from regions of interest in an order parameter image
that were identified as either low or high topography in the
corresponding AFM image. In the case of DOPC/DSPC/choles-
terol membranes containing 1 mol % Dil-C,y, (P») for both the
high and low domains decreased linearly with increasing
cholesterol concentration; however, in the case of the DOPC/
DSPC/cholesterol membranes containing 1 mol % BODIPY-
PC, the (P,) values in the high and low topography regions

1:1 DOPC/DSPC / 30 mol% Cholesterol / 1 mol% Bodipy-PC

p-polarization (y = 0°) s-polarization (3 = 90°)

L R s

F,\ it
ol e

()

5 um

0.1

Calculated order parameter

lD;. ‘i ;‘: %:
"\“
g

0.35

FIGURE 4 Representative pTIRFM/
AFM image set of a (1:1) DOPC/
DSPC/30 mol % Cholesterol/1 mol %
BODIPY-PC lipid bilayer at room
temperature. (A) The y-image stack
showing the gradual decrease in image
intensity as the evanescent field polari-
zation angle is increased from 0° to
90°. Panels B and C compare the p-
and s-polarized images of the 20 X
20 pum region enclosed by the open
square in the first frame of panel A.
(D) Calculated order parameter image
of this same region. The very low order
parameter spots in this image (solid) are
unfused lipid vesicles that are also
visible in the corresponding AFM
topography image (E).
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exhibited opposite trends with cholesterol concentration, with
a local maximum value of (P»),y and a local minimum value
for (P>)nign at the intermediate cholesterol concentration of
15 mol %.

Domain morphology was also dependent on cholesterol
concentration. With 30% cholesterol, the BODIPY-PC doped
DOPC/DSPC bilayers were populated by smooth, contiguous
taller domains surrounding smaller irregularly shaped lower
domain islands. This same morphology was seen for the
Dil-C,, doped DOPC/DSPC bilayers; however, the taller
domains were less well-defined and appeared fragmented
(Fig. 5). We would note that these features were also readily
resolved by pTIRFM.

In the case of the 15 mol % cholesterol compositions,
close inspection of the taller domains by AFM revealed
that they were not contiguous but rather comprised closely
packed collections of smaller (<250 nm in diameter) round
tall domains interspersed with lower topography domains
(Fig. 7). These morphologies were present for both the
Dil-C,;, and BODIPY-PC doped cases. However, while
these features were readily resolved by AFM, they were
not observed by pTIRFM due to their subdiffraction limited
size. Section analysis revealed that the height difference
between the interspersed lower domains and the taller
surrounding domains was ~1.5 nm, while the difference
was ~1.2 nm between the taller domains and the surrounding
lower phase domains (Fig. 7 F). This particular composition
is very close to a tie line in the ternary phase diagram
for DOPC/DSPC/cholesterol, bordering on a region that
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FIGURE 5 Representative pTIRFM/
AFM image set of a (1:1) DOPC/
DSPC/30 mol % Cholesterol/1 mol %
Dil-C, lipid bilayer at room tempera-
ture. (A) The y-image stack showing
the gradual increase in image intensity
as the evanescent field polarization
angle is increased from 0° to 90°. Panels
B and C compare the p- and s-polarized
images of the 20 x 20 um region en-
closed by the open square in the last
frame of panel A. (D) Calculated order
parameter image of this same region.
The bright spots with an order param-
eter close to zero (open) are unfused
lipid vesicles (also visible in B) that
were swept away by the raster scanning
motion of the AFM tip and subse-
quently do not appear in the corre-
sponding AFM topography image (E).

AFM topography
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contains three distinct lipid phases (62,64). It is possible
that these interspersed lower domains within the taller
domains are the putative third phase that has been observed
macroscopically in fluorescently labeled GUVs. These
observations suggest careful interpretation of (P,). Since
we have shown that (P,) can be domain- or phase-depen-
dent, it should be viewed as a composite value incorporating
order parameters associated with all domains located within
the diffraction-limited ROI. This strongly suggests that one
must be cautious in assuming that the ROI is homogeneous.
Our correlated pTIRFM/AFM approach provides an excel-
lent means of addressing the issue of heterogeneity within
the diffraction-limited ROI. This is particularly important
in cases where the reporter molecule, such as Dil-Cy,
may partition into multiple phases.

Occasionally defects in the supported bilayer made it
possible to resolve the supporting mica substrate (Fig. 7 D).
Within these defects, small ~10-nm diameter lipid islands
were resolved by AFM. A (P5)gefect Value of —0.220 =+
0.020 was obtained in these regions, suggesting a more disor-
dered distribution of Dil-C, absorption dipole orientations
relative to that seen on the larger membrane patches. This is
not unexpected, as these islands likely represent some inter-
mediate state between a contiguous, cohesive, planar bilayer
and a freely floating vesicle. This observation further supports
the use of the correlated pTIRFM/AFM approach since the
(P2)detect Value is obtained from diffraction-limited region
of interests holding both small Dil-Cyy-containing lipid
islands and bare, unlabeled mica.
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FIGURE 6 Summary data for pTIRFM/AFM bilayer experiments con-
taining various amounts of cholesterol (5, 15, and 30 mol %). (A) (1:1:x)
DOPC/DSPC/Cholesterol bilayers labeled with Dil-Cyy. (B) (1:1:x)
DOPC/DSPC/Cholesterol bilayers labeled with BODIPY-PC. (Solid
squares) pTIRFM order parameter values associated with high topography
membrane regions. (Open squares) pTIRFM order parameter values associ-
ated with low topography membrane regions. Each measured point in the
graphs is an average of at least 1000 pixels averaged over the appropriate
topography regions in a 20 x 20 um pTIRFM order parameter image.
The error bar for each point is determined by the standard deviation of
measured pixel values around the average.

DISCUSSION

Lipidomics research is focused on understanding how lipid
composition influences membrane protein behavior, struc-
ture, and dynamics, and their effect on cellular activity
(100). It is therefore important to develop tools and tech-
niques that can follow these changes. The proof-of-concept
experiments reported here demonstrate that a coupled
imaging platform (pTIRFM/AFM) can resolve not only the
partitioning of lipids and fluorescent probes into segregated
two-dimensional domains, but also directly measure orienta-
tional order in these domains.

Our pTIRFM/AFM experiments with model DOPC/
DSPC/cholesterol membranes labeled with either Dil-C, or
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BODIPY-PC have demonstrated that this technique can
provide spatially resolved insights into molecular orientation
in model membranes. The positive pTIRFM order parameter
measured for samples labeled with BODIPY-PC are indica-
tive of a time-averaged dipole orientation that is mostly
parallel to the membrane normal, as would be expected for
an acyl-chain-labeled lipid analog. Conversely, the samples
labeled with Dil-C,q displayed a negative pTIRFM order
parameter, which is consistent with a dipole orientation that
is mostly perpendicular to the membrane normal. Estimates
of the static tilt angle of the probe’s absorption dipole
((6.)), are in good agreement with previous FPM studies
of these reporters in GUVs. A recent all-atom molecular
dynamics simulation of 1,1’-dioctadecyl-3,3,3’,3'-tetrame-
thylindocarbocyanine perchlorate (Dil-C;g) in a free-standing
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine  (DPPC;
16:0) bilayer revealed that the average tilt angle of the Dil-
C,g chromophore was 77 = 17°, which is in good agreement
with the tilt angles measured here by pTIRFM (101).

The fundamental role of cholesterol in biological
membranes has been the subject of intense study for many
years. Early model membrane studies focused on the effect
of cholesterol in simple binary cholesterol/lipid mixtures.
Before the lipid raft hypothesis, x-ray diffraction, NMR
spectroscopy, fluorescence spectroscopy, and calorimetric
experiments revealed that the addition of cholesterol to
a pure saturated lipid membrane system generally reduced
the order of the system whereas the addition of cholesterol
to a pure unsaturated lipid membrane system has the oppo-
site effect, increasing the order of the system to create the
so-called liquid-ordered state (58—60). The lipid raft hypoth-
esis and discovery of detergent-resistant membrane fractions
in cells highlighted the importance of examining ternary
lipid mixtures composed of saturated lipids, unsaturated
lipids, and cholesterol (3—6). The ternary model membrane
systems studied to date can be classified into one of two
types (62,64) with the distinction between Type I and
Type II being whether the domains can be observed by
optical microscopy (Type II) or needed to be confirmed by
other spectroscopic and imaging techniques (Type I). The
phase diagrams of both types of ternary membrane mixtures
are complex, exhibiting various combinations of liquid-
disordered, liquid-ordered, and solid-ordered states.
Modeling the phase behavior of these complex systems is
contingent on data acquired using techniques capable of
determining the various levels of order that are present (62).

The DOPC/DSPC/cholesterol membrane system is known
to readily undergo macroscopic phase separation with
changes in cholesterol concentration producing changes in
membrane order. As we have shown, the measured steady-
state pTIRFM order parameter reflects the order of the probe
molecule and more specifically that of its chromophore and
its location within the membrane. While these results are
not surprising since the chromophores for Dil and BOD-
IPY-PC reside in different parts of the membrane, the trends
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FIGURE 7 pTIRFM/AFM images of
a 1:1 DOPC/DSPC/15 mol % choles-
terol/1 mol % Dil-C20 lipid bilayer at
room temperature. The s-polarized (A)
and p-polarized (B) pTIRFM images.
(C) Order parameter image. (D) AFM
topography image of same field of
view in the pTIRFM images. This
image shows that the large dark feature
in panels A and B is a membrane defect
that exposes the mica substrate (~6 nm
height difference). Panels E and F are
smaller scanned AFM topography
images of the boxed regions in panels
D and E, respectively, and they reveal
domain substructures that are not
resolved optically. The dashed white
lines in these AFM images correspond
to the plotted height line profiles below
the images. The bright spots over the
membrane in the p-polarized image in
panel B are unfused vesicles that are
swept away by the raster-scanning
motion of the AFM tip during imaging.
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in order parameter as a function of cholesterol concentration
are intriguing. The Dil-C20 results suggest that, with
increasing cholesterol, the Dil chromophore becomes more
horizontally rigid, lying parallel to the membrane plane in
both the high and low topography phase-separated regions
of the bilayer (Fig. 6 A). This trend is consistent with
a loss of motional flexibility and increase in orientational
order near the phospholipid headgroups, possibly due to
the cholesterol’s putative condensing or umbrella effect. In
the case of BODIPY-PC, a decrease in acyl-chain order
was noted for the high topography phase with a concomitant
increase in acyl-chain order of the low topography phase as
the cholesterol concentration increased from 5 to 15 mol %
(Fig. 6 B). At 30 mol % cholesterol, the order parameters
for both phases returned to their original 5 mol % cholesterol
values. It is possible that this change in observed order
parameter reflects the increase in the number of coexisting
membrane phases predicted by the ternary phase diagram
at this particular cholesterol loading.

These experiments serve to illustrate the challenges in
relying solely on the spatial localization of fluorescent
membrane probes as an indicator of a membrane’s physical
state. Partitioning of membrane probes such as Dil and
BODIPY-PC has been shown to be dependent on the
membrane lipid composition (77), and in some cases, the
fluorescent label attached to membrane molecule (lipid or
protein) can cause the molecule to alter its partitioning char-
acteristics (97). Furthermore, as we have shown, the absolute
fluorescent intensity of a labeled membrane phase can be
strongly influenced by the photoselection effect and the
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orientational order of the fluorescent probe, especially in
the case of planar-supported membrane bilayers. Conven-
tional epifluorescence or confocal microscopy of these
systems, even when unpolarized light is used, preferentially
excites fluorescent molecules that are oriented with their
absorption dipole oriented parallel to the membrane. The
combination of pTIRFM and AFM can resolve these
ambiguities since the pTIRFM order parameter and AFM
topography data sets provide complementary and spatially
correlated information. The mapping of membrane topog-
raphy by AFM can help identify cases where subdiffraction
limited domains are present, which will influence one’s inter-
pretation of the measured order parameter.

It is important to note that errors in the pTIRFM order
parameter calculation can arise if there is rapid feature
motion, such as diffusion of unfused vesicles, relative to
the image acquisition time as this can cause problems with
subsequent image manipulation. Furthermore, it has been
reported that photooxidation of fluorescent probes can cause
domains to appear and grow on the timescale of a few
seconds (102), an effect seen in this work at very high,
>50 mol % cholesterol concentrations. Care must be taken
to examine image sets for these kinds of errors and exclude
them from any statistical analysis of the calculated order
parameter images. Another potential source of error in
pTIRFM arises from the collection efficiency of the micro-
scope objective and/or the anisotropic emission of polarized
light from the fluorescent probes through the supported lipid
bilayer substrate. While our calibration experiments revealed
that this error was negligible, and within the uncertainty of
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any given order parameter measurement, calibration experi-
ments must always be performed to determine whether these
effects dominate the measured fluorescence signals. If signif-
icant instrument or substrate dichroism is present, then
a more rigorous analysis of the F(y) curves that accounts
for this bias must be performed (103).

Polarized TIRF microscopy of live cells has been demon-
strated previously (81) using a prism-based TIRF micro-
scope geometry (which is not compatible with AFM). In
that publication, however, the formalism developed by
Thompson et al. (80) was not implemented. In the former
work (81), the authors focused on developing a method to
visualize regions of the basal membrane of living cells that
are undergoing blebbing or invagination during endocytosis
or exocytosis. Instead of calculating a spatial map of the
order parameter on the cell surface, the authors described
generating a qualitative cell membrane orientation image
as the ratio of p- to s-polarized images. Although an advan-
tage of the order parameter is that it is model-independent
and does not make any a priori assumptions about the fluo-
rophore arrangement in relation to the membrane system,
in the case of real cell membranes, the order parameter
reflects a convolution of local order and local orientation
of the membrane relative to the substrate. As long as the flat-
ness of the cell membrane against the supporting substrate
can be independently verified, the same analysis outlined
in this article could be applied to determine the local order
of the fluorescent probe. These limitations of cellular
imaging have been discussed for polarized confocal imaging
(70). Combined pTIRFM/AFM studies of live cells are
further complicated by the fact that the AFM necessarily
probes the apical side of the cell membrane while pTIRFM
is restricted to the basal side of the cell membrane. Depend-
ing on the nature of the cell, and where on the cell one is
interested in imaging, correlation of the AFM and pTIRFM
signals may be difficult. We further note that the timescale
differences present in the current application would exist in
the case of pTIRFM/AFM imaging studies of live cells. As
a raster-scanning and feedback-controlled imaging tech-
nique, AFM is necessarily slower than optical imaging.
Live cell imaging by AFM can be challenging in general
with video-rate AFM imaging being particularly difficult.
A particularly compelling application of the combined
pTIRFM/AFM imaging technique for live cell experiments
would involve using the AFM to manipulate the apical
membrane while observing basal membrane rearrangements
and changes in probe order by pTIRFM.

CONCLUSION

We have developed a coupled polarized objective-based
TIRF-AFM platform and demonstrated its utility in
analyzing the phase separation properties of ternary model
membranes composed of saturated and unsaturated lipids
and cholesterol. Having established that the combined
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pTIRFM/AFM imaging technique can directly interrogate
the spatially heterogeneous orientational order of fluorescent
probes embedded in phase-separated model membranes, it is
now possible to extend the technique to more complex
systems where the system under study is perturbed so that
time-lapse changes in the probe’s orientational order and
membrane topography can be monitored. The ability to
measure orientational and topographical dynamics associ-
ated with various raft-mediated phenomena, such as
membrane remodeling due to the action of antimicrobial
peptides, will provide a more complete picture of the molec-
ular events associated with these activities, both in model
and real cell membranes (14,22,26). While this work used
fluorescent lipid analogs to infer orientational order, this
technique can be readily applied to any fluorescently labeled
proteins, provided a priori knowledge of the fluorophore
linkage to the protein of interest is available (103,104).
The imaging system described here can be readily expanded
to include fluorescence resonance energy transfer and fluo-
rescence correlation spectroscopy capabilities by adding
the appropriate color and/or polarization filters (105,106).

APPENDIX A: REVIEW OF pTIRFM IN UNIAXIALLY
SYMMETRIC SYSTEMS

At the TIR substrate-sample interface, evanescent wavefronts propagate hor-
izontally along the surface in a direction defined as the x axis. A right-handed
Cartesian coordinate system is formed from a direction such that the z axis
lies parallel to the interface normal and points away from the interface into
the lower refractive index medium 7;. Under pTIRFM illumination, rotating
Y causes the evanescent wave electric field vector to rotate from a direction
linearly polarized parallel to the interface (s-polarization, y = 90°) to a direc-
tion that is linearly polarized mostly perpendicular to the interface (p-polar-
ization, ¥ = 0°). These directional properties of the polarized evanescent
wave can be understood by examining the explicit equation that represents
the evanescent electric field vectors, E.,,. Using complex notation, E.,, is
written as (107,108)

E., = (EX(COSIP),Ey(simp),EL(Cos‘p))e—zz/dpe,-(kx,(,w,)7
3)

where A is the vacuum wavelength of the exciting laser light, ky is the
magnitude of the evanescent wave vector, and dj, is the evanescent field
penetration depth as described below:

2mn,sini
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The value dj, characterizes the axial thickness of the evanescent field illumi-
nation profile, representing the distance over which the illumination intensity
drops to 1/e of its strength at the interface from medium n,. Ey, Ey, and E, are
the directional components of the evanescent electric field vector and can be
expressed in terms of « and the relative index of refraction n = ny/nj:

2cosa (sinza — nz) 12

Ex — c*i(éu +7‘r/2)’ (6)

(n“cosza + sin’a — n2)
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where 6 | and 6 are phase factors relative to the incident light beam wave-
fronts from the 7, medium below the TIR interface. Equations 3—8 show that
an incident plane wave linearly polarized perpendicular ( = 90°) or parallel
(¥ = 0°) to the plane of incidence gives rise to an evanescent electric field
that is also polarized perpendicular or parallel, respectively, to the plane of
incidence. However, while the perpendicular evanescent field (designated
E,) is strictly linearly polarized in the y direction, the parallel evanescent
field (designated E,) has a polarization with components along both z and x:

E = E7, €))

E, = EX + E. (10)

The E,, vectors cartwheel through the xz plane as a function of coordinate x
and time ¢. E;, is more along z than x, however, and at the critical angle, the x
component of the p-polarized electric field vanishes. The polarization char-
acteristics of the evanescent field should be distinguished from those present
in polarized epifluorescence microscopy. With polarized epifluorescence
microscopy, the illuminating light beam traverses normal to the substrate-
sample interface (parallel to the z axis) and polarization is therefore restricted
to the xy plane.

A fluorescent molecule preferentially absorbs light when the polarization
vector of the excitation light is parallel to the transition dipole moment of
the molecule. Consider a single fluorescent molecule with a defined absorp-
tion transition dipole moment, u,s. For simplicity, we assume that the emis-
sion dipole is parallel to u,ps. The single molecule is oriented in a flat lipid
bilayer such that s has polar angle § and azimuthal angle ¢ with respect to
the membrane normal. We assume that the bilayer is uniaxially symmetric,
lying adjacent and parallel to the TIR interface on the lower index medium
n; side. The probability of absorption of light by this single molecule,
A(0,¢,¥), when illuminated by a polarized evanescent wave is given by
the squared scalar product of the vectors p,,s and Ecy:

A0, 0,9) = ((Haps * Eew)’). (11)

The angled brackets in the above equation denote a time-average over the
characteristic time associated with light absorption (picosecond range). In
this work, we are not working at the single molecule level. Rather, the
membranes are doped with many fluorescent probes (1 mol %) and thus
any given region of interest in the sample contains a large collection of
oriented fluorescent probes that can be mathematically represented by an
orientation probability distribution function, N(6,¢). Since these probes
are free to rotationally diffuse in the membrane, we expect the azimuthal
angle of the probes in any region of interest of the membrane to be
randomly distributed at any given moment in time (Supporting experi-
mental evidence for this assumption is provided in the section on pTIRFM
calibration). N(6,¢) therefore depends only on the probes’ polar angle
distribution (N(6,¢)—N(f)) and can be mathematically described by
a series expansion of orthogonal basis functions that also exhibit cylindrical
symmetry. The associated Legendre polynomials, Pj(cosf), satisfy this
condition and are the most logical choice of basis functions for the expan-
sion, thus permitting the distribution to be expressed with the following
normalization condition:

=]

N(8) = > (P1)Pi(cosb), (12)

=1
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/ﬂN(ﬁ)sinﬁdﬁ = 1. (13)
0

The (P;) values are weighting coefficients for each term in the infinite series
and are sometimes referred to as model-independent order parameters. Equa-
tion 12 is of a general mathematical form and can be equally well applied to
describe any distribution of oriented molecules or dipoles (of any type—
electronic, vibrational, spin magnetic, etc.) that possess uniaxial symmetry.
This equation is frequently encountered in the theories describing other
orientation-sensitive biophysical techniques such as polarized attenuated
total internal reflection Fourier transform infrared (pATR-FTIR) spectros-
copy and nuclear magnetic resonance (NMR) spectroscopy.

The (P)) order parameters are measurable quantities that can be interpreted
to characterize the time- and ensemble-averaged structural order of the
absorption dipole distribution in a defined detection volume. If the absorp-
tion dipoles in the detection volume change their direction significantly
during the typical light absorption timescale of picoseconds, then N(6)
will also include a time average. Since pTIRFM is a light absorption/
dichroism technique, its intrinsic timescale lies in the picosecond range,
providing information about the instantaneous dipole orientation distribu-
tion in a detection volume, averaged over many transition cycles during
the instrument sampling/exposure time (~200 ms in this work). When all
(Py) values are known, N(6) is completely and uniquely identified. Unfortu-
nately, most orientation-sensitive biophysical techniques are capable of
measuring only a finite number of order parameters, usually only the first
few up to rank / = 2 or / = 4 (the odd terms vanish for dipoles possessing
bidirectional symmetry). On the other hand, the lower rank terms in the
series are usually the most important and the higher rank terms can be trun-
cated to yield an expression for N(f) that approximates the real orientation
distribution.

The raw steady-state fluorescence intensity signal as a function of the
evanescent wave polarization angle, F(y), is predicted to be proportional
to the integrated sum of the absorption by a single fluorescent molecule
weighted by the orientation probability distribution of all fluorescent mole-
cules in the region of interest over all possible polar angles:

F(y) = 2nK /0 ﬂN(ﬁ)A(ﬁ)f(ﬂ)sinﬁdﬁ, (14)

where K is a constant encapsulating various fluorescent probe parameters
(molar extinction coefficient, quantum efficiency, probe concentration)
and instrument efficiency factors (illumination intensity, detector sensitivity,
etc.) that only affect the absolute value of F(y). The quantity f(6) is an orien-
tation-dependent instrument correction factor that accounts for the fact that
the NA of the objective is less than a solid angle of 27 and therefore never
quite captures one-half of emitted fluorescence from a region of interest. The
quantity f(#) can also deviate from unity because large NA objectives can
depolarize light that traverses through them (in either direction) (65,66)
and also because the substrate can affect the angular spread of fluorescent
light emitted from fluorophores with different polar orientations (80,109).
Substitution of Eqs. 9—11 into Eq. 14 and evaluation of the integral using the
orthogonality property of the associated Legendre polynomials followed by
normalization of the expression (J(¥)=F)/F(yy)) leads to Eq. 2. Param-
eter B in Eq. 2 depends directly on the order parameters (P,) and (P4)—
all higher rank order parameters vanish after performing the integral (see
Eq. 20 in (80)). Timbs and Thompson argued that when the effects of the
microscope objective collection efficiency are sufficiently small (f(f) = 1),
the dependence of B on (P,) is weak, and thus a measurement of B
by pTIRFM gives a fairly accurate determination of (P,) alone (99). The
expression for B when (P,) = 0 therefore reduces to Eq. 2 where

Iy = |E’= E,E,, (15)

I, = |E,[' = EE, (16)
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I, = |E,)* = E,E.. 17)

The * symbol in Egs. 15-17 denotes the complex conjugate operation.

APPENDIX B: INTERPRETATION OF THE (P5)
ORDER PARAMETER

By definition, the (P,) coefficient of the series expansion N(6) is the average
value of the P,(cosf) = 1/2(3cos?0—1) function over all polar angles of the
dipoles in the orientation distribution, where —0.5 < (P,) < 1. It is impor-
tant to emphasize that the order parameter cannot provide an unambiguous
determination of the inclination or motional freedom of the fluorescent probe
dipoles since (P») is only the first nontrivial coefficient in an infinite series of
terms that make up N(6) (Eq. 12). These limitations have been discussed in
greater detail elsewhere (49,53,110). Nevertheless, the single (P,) order
parameter that can be measured experimentally is a very useful quantitative
model-independent indicator of the degree of order in a system. For
example. (P,) = 1 indicates complete ordering of all fluorophore dipoles
along a direction parallel to the reference axis (z axis) whereas, when
(Py) = —0.5, the dipoles are ordered perpendicular to the reference axis
(but without any preferred azimuthal orientation within the plane perpendic-
ular to the z axis). A measured value of (P,) = 0 suggests a randomly
oriented distribution of dipoles since (P,) and all higher-ranking order
parameters vanish for an isotropic arrangement of molecules. Values of
(P2) between —0.5 and 0 or between 0 and 1 are usually interpreted to
describe degrees of dipole ordering intermediate to these extremes. Since
(Py) by itself cannot be used to formulate a complete determination of
N(6), one strategy has been to assume a physically plausible model of
N(6) for the system of interest and then interpret a measured value of (P,)
in the context of this model. The simplest model assumes an infinitely
narrow distribution (a delta function) of absorption dipoles centered at a polar
angle 6., in which case the (P,) order parameter is given by the following:

(Py) = %(3<c0520c> -1). (18)

When this model is used, the average tilt angle of the dipoles, (f.), with
respect to the z axis can be calculated from an experimental evaluation of
(P»). While the relationship between (P,) and (f.) is nonlinear, it is mono-
tonic and single-valued. Furthermore, it is only an accurate measure of dipole
orientation when 6, has a single steady-state uniform value throughout the
sample. More complex models that account for dispersion about the tilt angle,
such as the so-called wobble-in-a-cone model, have been developed to affix
a more realistic meaning to the order parameter (80,99,111).

As has been discussed, the orientational order parameter (P,) only describes
a single-valued unique orientation when (P,) = —0.5 or 1. At all other inter-
mediate values, the scalar (P,) value reflects a distribution of molecular
orientations. Changes in (P,) may arise from changes in average molecular
orientation, the distribution of molecular orientations about the average, or
both. However, as has been emphasized by Burghardt, despite these limita-
tions, the measured order parameter is still a intrinsic property of the system
and provides real structural information about dipolar arrangements and
motions (112). Burghardt further noted that model-independent order
parameters should be measured to facilitate comparisons with other experi-
mental approaches.

It is important to appreciate that, although the order parameter is an unequiv-
ocal scalar value measured with respect to an external director axis about
which the molecules are symmetrically oriented, there may be a family of
director axes for different types of motions. If the motions about these axes
are independent of each other, then the measured order parameter can be rep-
resented as a product of individual contributions (49). It should also be
emphasized that optical polarization methods like pTIRFM can only charac-
terize the average orientation and the orientational freedom of the fluoro-
phore’s transition dipole moment. Relating this information to the overall
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orientation and motion of the parent molecule is nontrivial and it is not clear
that the fluorophore’s orientational order is necessarily reflective of that of the
parent molecule and its local surroundings. Recently efforts have been
underway to computationally evaluate orientational order (113-119). In the
case of the fluorescent lipid analogue indocarbocyanine (Dil), molecular
symmetry arguments can be used to roughly determine the orientation of
the absorption transition dipole moment with respect to the molecule. Since
Dil exhibits mirror symmetry, its hydrocarbon tails are parallel to the axis
of symmetry halfway between them, and the conjugated bridge in the head-
group is perpendicular to the axis of symmetry (Fig. 2). The absorption and
emission dipole angles must therefore exist as a symmetric pair with respect
to the long axis of the conjugated bridge axis. Numerical calculation and time-
resolved fluorescence anisotropy studies confirm that both transition dipoles
lie nearly parallel to the bridge axis (81). A similar argument can be made for
the other fluorescent probe used in this study, BODIPY-PC.

APPENDIX C: THE FLUORESCENCE-DETECTED
DICHROIC RATIO

What is the minimum number of images required to determine (P,) by
PTIRFM? As is the case with most polarization-sensitive techniques, the
minimum number of measurements is two, namely the two orthogonal
components of the fluorescence intensity F(y = 0°) and F(y = 90°) (90).
The advantage of measuring F at several polarization angles is that it facil-
itates a more reliable fitting of the least-squares algorithm that is applied in
the calculation of factor B from experimental data. The tradeoff, of course, is
that it requires more time to collect multiple images, which could lead to
errors when the system is undergoing rapid changes in the distribution of
probe orientations/order. The unnormalized form of Eq. 2 after performing
the integral of Eq. 14 and dropping the numerical constant 27K is given
by (see Egs. 15-17 in (80))

F(y) = d + bcos?y, 19)
where

!

a = I,(1—(P)), (20)

b= (I,—1I, + L)+ (P)(2L, + I, - I,). (1)

In analogy to the pATR-FTIR dichroic ratio, R*™® (50,53,110,120), which is
defined as the ratio of the integrated intensity of a spectroscopic infrared
absorption band, A, when excited with parallel (s-) and perpendicularly
(p-) polarized infrared light,

= (22)

a similar quantity for pTIRFM, which we call the fluorescence-detected
dichroic ratio R™P , can be defined as

RFD:Q_

F,  F(y =90°)
N (I, =1, + L) + (P2)(2L, + I, —1,().
i

(23)
The equation above can be rearranged to create an explicit expression for
(P,) in terms of R™:

I, —R™I, + 1
py =Ty T 24
(Po) == RFL, — 21, @4

This expression for the pTIRFM order parameter is identical to the equation
that defines the pATR-FTIR spectroscopy order parameter in terms of RA™R
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in the thin film approximation (50,110). Since pTIRFM is a spatially
resolved technique, R™™ can be calculated at each pixel in the image from
the measured F, and F, images, yielding R}L-[.) The above equation can
then be used to calculate (Py);;.

When the incident angle is set to the critical angle (« = o), Ix = 0, and (P»)
reduces further to

R™I, — 1,

S B 25
R™I, + 2, 23)

(P2)

If the numerator and denominator of the above equation are multiplied by
G=1/R™, the expression for (P,) takes on a more familiar form resembling
the equation for fluorescence polarization anisotropy:

I, — GI,
(Py) = =

= 26
I, + 2GI, (26)

SUPPORTING MATERIAL

A figure is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)00204-5.
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