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Abstract
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Single molecule fluorescence measurements have recently been used to probe the orientation of
fluorescent lipid analogs doped into lipid films at trace levels. Using defocused polarized total
internal reflection fluorescence microscopy (PTIRF-M), these studies have shown that fluorophore
orientation responds to changes in membrane surface pressure and composition, providing a
molecular level marker of membrane structure. Here we extend those studies by characterizing the
single molecule orientations of six related BODIPY probes doped into monolayers of DPPC.
Langmuir–Blodgett monolayers transferred at various surface pressures are used to compare the
response from fluorescent lipid analogs in which the location of the BODIPY probe is varied
along the length of the acyl chain. For each BODIPY probe location along the chain, comparisons
are made between analogs containing phosphocholine and smaller fatty acid headgroups. Together
these studies show a general propensity of the BODIPY analogs to insert into membranes with the
BODIPY probe aligned along the acyl chains or looped back to interact with the headgroups. For
all BODIPY probes studied, a bimodal orientation distribution is observed which is sensitive to
surface pressure, with the population of BODIPY probes aligned along the acyl chains increasing
with elevated surface pressure. Trends in the single molecule orientations for the six analogs
reveal a configuration where optimal placement of the BODIPY probe within the acyl chain
maximizes its sensitivity to the surrounding membrane structure. These results are discussed in
terms of balancing the effects of headgroup association with acyl chain length in designing the
optimal placement of the BODIPY probe.

$watermark-text

Introduction
The view of biological membranes and their functional role in cellular processes continues
to evolve as new approaches are developed to probe these intricate structures.
Biomembranes are composed of a complex mixture of lipids, proteins, sterols, and other
species which combine to create highly heterogeneous and dynamic systems.1–5 This often
makes it difficult to directly link structural changes with membrane constituents, which has
motivated the long historical development of model systems that mimic the natural cellular
barrier. These simplified systems offer a high degree of control over important
thermodynamic and compositional parameters. They have been essential in understanding
natural membranes and developing and validating new tools for examining biological
systems.
Fluorescence microscopy is one of the most widely used approaches for probing structural
and dynamic attributes of both model and natural membranes. A wide variety of fluorescent
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lipid analogs have been developed that readily insert into the macroscopic lipid assembly
and often partition into particular domains, thus enabling heterogeneous structural features
to be delineated. This approach has been used extensively to probe specific environments
within lipid monolayers and bilayers, characterize phase structure, probe models of lipid
rafts, and study the dynamics and fluidity of lipid membranes.6–9 While fluorescence based
analysis of membranes has been extensively developed and utilized, interpretation of the
results and comparisons between studies is often complicated by the lack of detailed
knowledge of probe/lipid interactions. For example, measured diffusion constants can vary
by orders of magnitude, the assignment of dye partitioning within localized domains is often
contradictory, and even the same fluorescent probe can alter its domain partitioning
preference as a function of the lipid system composition.9–14 This has renewed interest in
understanding and controlling how probes insert into their target system.
There has been a considerable effort to design fluorescent probes capable of sensing the
deep regions of membranes by positioning the fluorophore within the lipid acyl tails. For
example, 1,6-diphenyl-1,3,5-hexatriene (DPH) has an elongated structure which is expected
to insert along lipid acyl tails and has been widely used to probe order in the lipid tail
region.15,16 However, anisotropy measurements by Levine et al. have shown that DPH does
not consistently insert as expected along lipid acyl tails but also inserts parallel to the
membrane plane.17

$watermark-text

Similar efforts have led to the development of lipid analogs incorporating the BODIPY
fluorophore.18,19 BODIPY probes are conceptually attractive for investigating the
hydrophobic region of lipid membranes since they are less hydrophilic than other probes and
have no net charge. BODIPY probes also exhibit excellent fluorescent properties with high
extinction coefficients, near unity quantum yields, and favorable photo-stability
properties.20,21 In order to examine the incorporation of this fluorophore within the structure
of lipid membranes, several studies have examined insertion properties of BODIPY lipid
analogs located at incrementally longer regions of the acyl tail.22–25

$watermark-text

Utilizing parallax analysis of fluorescence quenching, Kaiser and London have shown that
while the average depth of the BODIPY fluorophore within the membrane is dependent on
its position along the acyl tail, the BODIPY fluorophore also exhibits a broad distribution of
locations within the membrane.24 These results suggest that while the location of the
BODIPY marker within the membrane generally tracks its location along the acyl chain of
the probe, a significant population of fluorophores wrap back towards the headgroups and
interact with the hydrophilic region of the membrane. Quenching studies in giant vesicles,
moreover, found that essentially all of the BODIPY probes in the tailgroup looped back
around to interact with the headgroups of the membrane, regardless of their location along
the tailgroup.25
Clearly, the insertion geometry of BODIPY fluorescent membrane probes into lipid systems
is complicated and requires further exploration using complementary techniques. Recently,
we have shown that single molecule fluorescence measurements can characterize the
orientation of individual fluorescent lipid probes doped into lipid membranes.26–30 Using
polarized total internal fluorescence microscopy (P-TIRFM), the three-dimensional
orientation of fluorescent lipid analogs doped into films at trace levels can be characterized
by emission pattern mapping. Using an acyl chain linked BODIPY-C4C9-PC probe, we have
shown that these measurements are sensitive to membrane structure at the single molecule
level. Variations in membrane structure induced by surface pressure changes, relative
humidity, or additives such as cholesterol can all be tracked through changes in single
molecule probe orientation. Moreover, these studies revealed a distinctive bimodal insertion
geometry for the BODIPY-C4C9-PC probe, consistent with previous bulk studies of probe
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orientations in membranes. These measurements, therefore, can compliment studies done on
intact biological membranes and also provide molecular level details that help in their
interpretation. For example, fluorescent lipid probes are often used for diffusion
measurements in membranes which may be complicated by multiple insertion geometries.

$watermark-text

Here we extend the previous studies to characterize the insertion geometry for a range of
BODIPY lipid analogs in lipid films. In this study, the single molecule orientation
distributions of six BODIPY fluorescent probes in DPPC Langmuir–Blodgett (LB)
monolayers are examined. The BODIPY location in the acyl tail group is varied and analogs
containing both phosphocholine (PC) and fatty acid (FA) headgroups are compared. These
measurements are used to characterize how these probes insert and orient within DPPC
monolayers and how their orientation changes with surface pressure. These studies reveal a
general trend towards bimodal insertion geometries for BODIPY containing analogs. All six
analogs reorient in response to changes in membrane surface pressure. The sensitivity to
membrane surface pressure, however, is probe dependent and subject to the specific location
of the BODIPY probe in the acyl tail and identity of the headgroup. These results, therefore,
provide new insights into BODIPY containing probe insertion within membranes at the
molecular level, which is important for interpreting results from bulk studies using these
probes. The trends also provide guidance for the development of probes with increased
sensitivity to changes in their surrounding lipid matrix. Together, these measurements
illustrate the utility of single molecule fluorescence measurements for understanding the
complicated and highly heterogeneous interactions that are indicative of membrane systems.

$watermark-text

Results and discussion
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In previous studies, we have shown that defocused fluorescence imaging of individual
BODIPY fluorescent lipid analogs doped into model membranes can elucidate structural
changes in the lipid membrane at the molecular level.26–28 These studies have been valuable
for understanding how monolayer and bilayer systems may be influenced by factors such as
surface pressure, humidity, and composition. To expand the capabilities of this approach and
fully explore how probe orientations reflect membrane properties, here we analyze the single
molecule orientations of a series of BODIPY-linked fluorescent lipid analogs doped into
DPPC monolayers. The structures of DPPC and each of the fluorescent lipid analogs studied
are displayed in Fig. 1. Each probe incorporates a BODIPY fluorescent marker within the
acyl tail region of the lipid analog and is unique in terms of its fluorophore position along
the acyl chain or headgroup type. These studies, therefore, will help establish the role of
probe position and headgroup identity on insertion geometry in model membranes.
The emission dipole of the BODIPY marker lies approximately along the long axis of the
fluorophore.20 As shown previously, defocused P-TIRFM measurements enable
characterization of the three-dimensional orientation of the emission dipoles from individual
fluorescent lipid analogs doped into lipid membranes. These measurements, therefore,
provide a direct visualization into the probe insertion geometry and can be used to track
changes in the surrounding lipid matrix.
Each fluorescent marker was doped into DPPC monolayers at trace levels, compressed to
the desired surface pressure on a Langmuir–Blodgett (LB) trough, and transferred to a glass
coverslip for analysis. Deposition surface pressures ranged from 3 to 40mN m−1; which span
DPPC phase transitions from the predominantly liquid expanded (LE) phase, through the
liquid expanded (LE)/liquid condensed (LC) coexistence region, to the predominantly liquid
condensed (LC) phase. At low surface pressures, the DPPC monolayer is predominantly in
the LE state which is characterized by a large area per lipid (>80 Å2/molecule at 20 °C),
randomly oriented tailgroups, and reduced packing between the headgroups. As the
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available area per molecule is reduced by compressing the membrane, the LC phase appears
with tighter lipid packing (<60 Å2/molecule at 20 °C), ordered acyl tails oriented away from
the interface, and close packing of the lipid headgroups.

$watermark-text

To demonstrate the utility of defocused fluorescence imaging for determining single
molecule orientations, emission pattern mapping of the BODIPY fluorophore is illustrated in
Fig. 2. The figure displays examples of experimentally measured emission patterns observed
for a range of BODIPY orientations. Each example is compared with simulated emission
patterns using previously describe approaches, where the only adjustable parameters are the
polar (φ) and azimuthal (θ) angles of the BODIPY emission dipole and defocus distance.26
The extracted emission dipole orientations are shown schematically in Fig. 2.
By comparing measured single molecule emission patterns with simulated results,
orientation histograms are constructed to characterize the insertion geometry for each
fluorescent marker shown in Fig. 1. In particular, the polar (φ) angle or tilt angle defines the
extent of BODIPY tilt away from the surface normal and is used to describe the effective
ordering of the BODIPY probe within the acyl tails of the DPPC monolayer as a function of
surface pressure.

$watermark-text

Fig. 3 shows representative defocused single molecule fluorescence images of BODIPYC4C9-PC doped at ~10−8 mol % into DPPC monolayers deposited at increasing surface
pressures. Analysis of the single molecule emission patterns enables quantification of each
individual orientation which is shown schematically in the center panels of Fig. 3. The polar
(φ) or tilt angle of each emission feature is compiled to create tilt angle population
histograms for each surface pressure as shown in the bottom panel of Fig. 3.
As previous single molecule studies have shown, molecular orientations of BODIPY-C4,C9PC doped into DPPC films track changes in membrane ordering. Interestingly, consistent
with the results shown in Fig. 3, these measurements reveal a bimodal distribution of
orientations for BODIPY-C4,C9-PC doped into DPPC at all surface pressures studied.
Significant populations of BODIPY-C4,C9-PC molecules were found to orient either normal
(φ ≤ 10°) or parallel (φ ≥ 81°) to the membrane plane, with little population observed in the
intermediate orientations. As shown in Fig. 3, as the surface pressure is increased, the
population shifts towards the surface normal orientation with a concomitant decrease in the
surface parallel orientation.

$watermark-text

The bimodal distribution seen in Fig. 3 is consistent with a mechanism in which the lipid
analog can insert into the DPPC membrane in an extended configuration with the BODIPY
probe aligned along the lipid tails and a conformation in which the fluorophore wraps back
to interact with the lipid headgroups. These configurations would lead to the normal oriented
and parallel oriented populations, respectively. This is consistent with fluorescence
quenching studies which found that the BODIPY probes tend to associate with the lipid
headgroups even in condensed membranes.18,24 While BODIPY is often described as a
hydrophobic marker, distributed charge density within the ring system and charged
resonance structures contribute to the observed hydrophilic nature of the BODIPY probe and
its tendency to associate with membrane headgroups.
As shown in Fig. 3, the proportion of BODIPY-C4C9-PC probes oriented normal to the
membrane plane (φ ≤ 10°), which we term ordered abundance, increases with increasing
surface pressure. The bimodal orientation distribution and trend towards increased ordered
abundance at higher surface pressure is observed for all the BODIPY probes studied. Fig. 4
summarizes the single molecule orientation measurements for C5,C4C9, and C12 BODIPYPC and -FA probes in DPPC monolayers deposited at 3, 25, and 40 mN m−1. The extracted
ordered abundance-values for each of the probes are plotted as a function of surface pressure
Analyst. Author manuscript; available in PMC 2013 March 21.
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in Fig. 4. Each point in Fig. 4 is extracted from single molecule population histograms such
as that shown in Fig. 3, containing at least 450 molecules characterized from 3 different
films. These plots clearly show that as the molecular area is reduced by compressing the
monolayer to higher surface pressures, the ordered abundance for each probe studied
increases linearly.

$watermark-text

As shown in Fig. 4, the sensitivity with which each probe responds to increasing surface
pressure, however, is dependent on head group type and BODIPY position along the acyl
tail. Interestingly, the trends observed between BODIPY position and corresponding
sensitivity to increasing surface pressure are not the same for PC and FA probes. The
BODIPY-C4C9-PC probe exhibits the greatest sensitivity to changes in surface pressure
compared to the other BODIPY-PC probes, while BODIPY-C12-FA shows the greatest
sensitivity among the fatty acid probes examined. In addition, similar length PC and FA
probes show statistically different sensitivities to surface pressure. The C5 and C4C9 FA
analogs, for example, exhibit lower sensitivities to surface pressure compared with their PC
counterparts, while only the C12 FA analog exhibits higher sensitivity to surface pressure
than its PC equivalent.

$watermark-text

Several contributing factors may influence how the BODIPY probes insert into the
membrane and thus influence their sensitivity to the changing lipid environment as the
surface pressure is increased. The bimodal orientation distributions observed for all the
BODIPY probes studied here is consistent with a general insertion model in which BODIPY
probes aligned along the acyl chains lead to the normal oriented population (φ ≤ 10°) while
probes wrapped back towards the lipid headgroups give rise to the parallel oriented group (φ
≤ 81°). In general, as surface pressure is increased and the area per lipid is reduced, the rise
in normal oriented probes is consistent with an increasing population of BODIPY probes
aligned along the acyl chains. Two primary factors, therefore, contribute to the probe
insertion geometry; the order of the surrounding DPPC acyl tails and the probe proximity to
the polar headgroups.

$watermark-text

Before discussing the trends observed in Fig. 4, it is instructive to consider how the different
headgroups affect the BODIPY location for similar length probes. Previous studies have
shown that the position of fatty acid probes within membranes is strongly linked to pH.24,31
Upon protonation and deprotonation, fatty acids can change depths within the membrane of
up ~3 Å. Given this, the fatty acid BODIPY analogs shown in Fig. 1 are expected to sit
deeper within the DPPC headgroups than their PC counterparts, pulling the acyl attached
BODIPY probe several angstroms closer to the surrounding lipid headgroups. As a first
approximation, therefore, one would expect the relative probe depth of the BODIPY probes
in the membrane to follow the general trend BODIPY-C5-FA < BODIPY-C5-PC <
BODIPY-C4C9-FA < BODIPY-C4C9-PC < BODIPY-C12-FA < BODIPY-C12-PC.
Order within the surrounding DPPC acyl tails is necessary to induce order in the BODIPY
probe and thus increase the abundance of φ ≤ 10° emission patterns. Evidence for this
mechanism is provided by the trend that all PC and FA probes generally show an increase in
ordered abundance with increasing surface pressure. NMR and molecular dynamics
simulations show that the orientational freedom at each carbon along the acyl chain in a
DPPC membrane is dependent on its distance from the headgroup.32,33 These methods
suggest that toward the end of the acyl tail (at approximately carbon 12 in DPPC) order
begins to decrease rapidly with increasing distance from the headgroup, even at high surface
pressures. Therefore, a lipid analog which places the fluorescent marker towards the end of
the acyl tails in the monolayer will exhibit a decrease in ordered abundance compared to
shorter probes due to a lack of rigidity from the surrounding acyl chains. In Fig. 4, for
example, the BODIPY-C12-PC probe is much less sensitive to changes in membrane surface
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pressure than the shorter BODIPY-C4C9-PC probe. For the FA probes, however, the trend is
complicated. The trends in Fig. 4 reveal that the BODIPY-C12-FA probe is marginally more
sensitive to surface pressure than the shorter BODIPY-C4C9-FA probe which is the reverse
from that observed with the PC probes. However, because FA probes sit deeper in the
headgroups and pull the BODIPY probes several Ångstroms closer to the headgroups, these
probes in practice place the BODIPY group in ordered regions of the acyl tails as discussed.

$watermark-text

The second factor considered to influence BODIPY insertion geometry is probe-headgroup
electrostatic attraction given the charged resonance structures of the BODIPY probe. Probes
located closer to the phosphocholine headgroups are more affected by this attraction and will
have a greater resistance to orient along the acyl tails. Thus, probes linked with shorter acyl
tails, such as the C5 probes, are expected to exhibit lower sensitivity to acyl tail ordering
with surface pressure since the BODIPY probe experiences stronger headgroup association.
In Fig. 4, both the BODIPY-C5-PC and BODIPY-C5-FA probes exhibit the least sensitivity
to changes in membrane surface pressure, consistent with this mechanism.

$watermark-text

In general, the trends observed in Fig. 4 suggest that fluorescent lipid analogs with probes
located closer to the headgroups exhibit progressively lower sensitivities due to increased
electrostatic attraction to the headgroup region, while probes located near the terminal end
of the acyl chains show reduced sensitivities due to the of lack acyl chain order in this
region. Thus, these effects suggest that lipid analogs can be optimally tuned by judicious
placement of the BODIPY probe along the acyl tail to maximize its orientation sensitivity to
the surrounding membrane structure. Clearly, the data in Fig. 4 shows that the BODIPYC4C9-PC probe experiences the greatest sensitivity to changes in the membrane surface
pressure. This suggests that its BODIPY probe is positioned such that it minimizes the
electrostatic interactions with the lipid headgroups while keeping it in the ordered region of
the acyl tails. Because the FA probes sit deeper in the headgroups, the trends observed in
Fig. 4 suggest that probe lengths between BODIPY-C4C9-FA and BODIPY-C12-FA would
maximize their sensitivity to the surrounding lipid matrix. The slight difference in
sensitivities observed for comparable PC and FA probes in Fig. 4 is consistent with trends
expected given the different depths at which the headgroups reside in the membrane. This
also indicates that the extra acyl chain of the PC probes has little effect on probe insertion or
reorientation with surface pressure. The studies presented here, therefore, suggest that
bimodal insertion geometries for BODIPY lipid analogs are a general feature of this probe
and the BODIPY position can be tuned to maximize their sensitivity to the surrounding lipid
matrix.

$watermark-text

Experimental
Dipalmitoylphosphatidylcholine (DPPC) (Avanti Polar Lipids, Alabaster, AL) was obtained
at >99% purity and used without further purification. Fluorescent lipid analogs 2-(4,4difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-snglycero-3-phosphocholine (BODIPY-C5-PC) (D-3803), 2-(5-butyl-4,4-difluoro-4-bora-3a,
4a-diaza-s-indacene-3-nonanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (BODIPYC4,C9-PC) (B-3794), 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (BODIPY-C12-PC) (D-3792),
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoic acid (BODIPY-C5FA) (D-3834), 5-butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic acid
(BODIPY-C4, C9-FA) (B-3824), 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-3-dodecanoic acid (BODIPY-C12-FA) (D-3822) (Invitrogen Corporation,
Carlsbad, CA) were used as received.
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Lipid monolayers were prepared from 1 mg ml−1 stock solutions of DPPC dissolved in
chloroform and doped with ~10−8 mol % of the appropriate reporter dye. The solutions were
dispersed on a subphase of 18 MΩ water in a Langmuir–Blodgett trough (Type 611, Nima
Technology, Coventry, England). The chloroform was allowed to evaporate for 15 min prior
to beginning compression cycles. Each monolayer was subjected to two compression and
expansion cycles up to a surface pressure of 40mN m−1. Compression and expansion rates
were 100 cm2 min−1 and 80 cm2 min−1, respectively. Each monolayer was then compressed
to a particular target pressure and held at that pressure for 10 min. The monolayer was then
transferred to a Piranha-cleaned glass coverslip in a headgroup down geometry at a dipping
speed of 5 mm min−1. All monolayers were transferred and studied at 22 °C.

$watermark-text

Monolayer films were imaged using a total internal reflection fluorescence microscope
(TIRF-M) (Olympus IX71, Center Valley, PA) equipped with a 100×, 1.45 NA objective
(Achromat, Olympus). The 514nm line form an argon ion laser (Coherent Innova 90, Santa
Clara, CA) was directed through half-wave and quarter-wave plates (Newport, Irvine, CA)
to select for p-polarized excitation before being coupled into the microscope. Excitation was
directed through the objective with the optics defocused ~500nm and fluorescence was
collected, filtered, and imaged on a cooled CCD camera (Cascade 650, Roper Scientific,
Tuscon, AZ). Image collection was controlled with Slidebook software (Version 4.2.0.3,
Intelligent Imaging Innovations, Denver, CO) and analyzed with MATLAB (Natick, MA).

Conclusions
$watermark-text
$watermark-text

Defocused polarized TIRF-M measurements were used to characterize the tilt angles of
BODIPY containing fluorescent lipid analogs doped into DPPC monolayers. A total of six
analogs are studied where the location of the BODIPY probe is varied along the acyl chain.
Analogs with PC and FA head-groups are also compared with BODIPY probes located at
comparable locations in the acyl tail. Each probe was doped into LB films of DPPC at ~10−8
mol % and their single molecule orientations characterized over a range of surface pressures.
For all probes studied, the single molecule tilt angle histograms reveal a predominately
bimodal population distribution with probes oriented normal and parallel to the membrane
plane. The bimodal tilt distribution is consistent with other studies that have shown
BODIPY probes interact with both the acyl tails and lipid headgroups. The single molecule
measurements reported here for a range of BODIPY probes suggest this is a general feature
of membrane insertion for these lipid analogs. As the surface pressure of the film is
increased, the population shifts from parallel to normal oriented probes for all the BODIPY
analogs studied. The sensitivity to surface pressure, however, is shown to strongly depend
on BODIPY location within the acyl tails and identity of the headgroup. The single molecule
measurements suggest that analog structures which minimize BODIPY/lipid headgroup
interactions while placing the BODIPY probe within structured regions of the acyl chains
provides the optimal sensitivity to membrane surface pressure. Of the fluorescent lipid
analogs studied here, the BODIPY-C4C9-PC probe demonstrated the highest sensitivity to
membrane surface pressure changes. These results show that single molecule orientation
measurements can help unravel the complicated interactions between fluorescent lipid
probes and their surrounding membrane environments and provides a new tool for studying
membrane structure and heterogeneity at the molecular level.
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Fig. 1.

Chemical structures for DPPC and the six BODIPY fluorescent lipid analogs studied. As
shown by the structures, the BODIPY probe location in the acyl tail group is systematically
varied and analogs containing both phosphocholine (PC) and fatty acid (FA) headgroups are
compared in this study.
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Fig. 2.

(Left) Representative single molecule emission patterns measured using defocused polarized
total internal fluorescence microscopy. (Center) Simulated emission patterns used to
characterize the polar (φ) and azimuthal (θ) angles of the BODIPY probe emission dipole.
(Right) Schematic representations of the emission dipole orientations determined from the
simulated emission patterns. The scale bar is 100nm.
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Fig. 3.
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(Top panels) Representative defocused single molecule fluorescence images of BODIPYC4C9-PC doped at ~10−8 mol % into DPPC monolayers deposited at 3, 25, and 40mN m−1.
The scale bars are 1μm. (Center panels) Schematics showing the single molecule
orientations determined from simulating the single molecule fluorescence features measured
in the top images. (Bottom panels) Polar (φ) or tilt angle histograms for BODIPY probes in
DPPC monoalyers transferred at the surface pressure indicated. Each histogram summarizes
hundreds of individual tilt angles measured using the single molecule emission patterns
collected at each film condition. The bimodal tilt distributions reveal large populations of
BODIPY probes oriented normal (φ ≤ 10°) and parallel (φ ≥ 81°) to the membrane plane
which shifts toward normal oriented probes as surface pressure increases.
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Comparisons of the normalized population of normal oriented probes (φ ≤ 10°) as a function
of DPPC surface pressure for the BODIPY probes shown in Fig. 1. Trends in the normal
oriented BODIPY probes with (A) PC headgroups, (B) FA headgroups, and (C) all the
probes studied are plotted as a function of surface pressure. (D–F) The populations of
normal oriented probes versus surface pressure are plotted for lipid analogs that differ in
headgroup but place the BODIPY probe in comparable positions along the acyl chain.
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