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ARTICLES ON NEAR-FIELD MICROSCOPY AND SPECTROSCOPY

Probing single molecule orientations in model lipid membranes
with near-field scanning optical microscopy

Christopher W. Hollars and Robert C. Dunna)

Department of Chemistry, University of Kansas, Lawrence, Kansas 66045

~Received 18 October 1999; accepted 1 February 2000!

Single molecule near-field fluorescence measurements are utilized to characterize the molecular
level structure in Langmuir–Blodgett monolayers ofL-a-dipalmitoylphosphatidylcholine~DPPC!.
Monolayers incorporating 331024 mol % of the fluorescent lipid analog
N-~6-tetramethylrhodaminethiocarbamoyl!-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt~TRITC–DHPE! are transferred onto a freshly cleaved mica surface at low
(p58 mN/m) and high (p530 mN/m) surface pressures. The near-field fluorescence images
exhibit shapes in the single molecule images that are indicative of the lipid analog probe orientation
within the films. Modeling the fluorescence patterns yields the single molecule tilt angle distribution
in the monolayers which indicates that the majority of the molecules are aligned with their
absorption dipole moment pointed approximately normal to the membrane plane. Histograms of the
data indicate that the average orientation of the absorption dipole moment is 2.2° (s54.8°) in
monolayers transferred atp58 mN/m and 2.4° (s55.0°) for monolayers transferred atp
530 mN/m. There is no statistical difference in the mean tilt angle or distribution for the two
monolayer conditions studied. The insensitivity of tilt angle to film surface pressure may arise from
small chromophore doped domains of trapped liquid-expanded lipid phase remaining at high surface
pressure. There is no evidence in the near-field fluorescence images for probe molecules oriented
with their dipole moment aligned parallel with the membrane plane. We do, however, find a small
but significant population of probe molecules~;13%! with tilt angles greater than 16°. Comparison
of the simultaneously collected near-field fluorescence and force images suggests that these large
angle orientations are not the result of significant defects in the films. Instead, this small population
may represent a secondary insertion geometry for the probe molecule into the lipid monolayer.
© 2000 American Institute of Physics.@S0021-9606~00!70616-7#
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INTRODUCTION

Near-field scanning optical microscopy~NSOM! offers
new opportunities for probing sample structure and orga
zation at the molecular level.1–6 For example, the single mol
ecule fluorescence sensitivity and unique properties of
fields near the NSOM aperture have been exploited to c
acterize the three-dimensional orientation of individual ch
mophores in polymers.7,8 Typically, measurements of mo
lecular orientation are carried out on large ensembles wh
the sample is required to have a high degree of long ra
order.9–14 These types of bulk measurements average ac
the specific distribution of individual molecules which ca
hide important sample details. The single molecule orien
tion sensitivity of NSOM combined with its high spatia
resolution fluorescence and force imaging capabilities, th
fore, provide a powerful new tool for many applications.

Recently, far-field techniques have also demonstra
the capability of determining molecular orientations at t
single molecule level at both low15,16 and room
temperatures.17–19At low temperature, the orientation of te
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rylene molecules in a Shpol’skii matrix was characteriz
and at room temperature the distribution of carbocyanine
rivatives in thin films of polymethylmethacrylate~PMMA!
was investigated.15–19Both the far-field and near-field singl
molecule studies have illustrated the utility of measuring
dividual orientation distributions. In particular, the NSO
technique is unique in that these measurements are ca
out with subdiffraction limit spatial resolution and yield
simultaneous force mapping of the sample topography. T
combined capability affords the precise determination
single molecule orientations in regions of the sample that
physically well defined by the topography image. This
especially helpful for biological applications that often e
hibit complex morphologies.20–25

While technically difficult due to the strict requiremen
on tip quality, single molecule NSOM orientation measu
ments offer a new perspective on sample organization. Th
measurements are widely applicable for samples rang
from highly ordered crystals to highly disordered polyme
or glass systems. One area that seems particularly well su
2 © 2000 American Institute of Physics
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to take advantage of these capabilities is in the biolog
sciences. These semiordered systems are often characte
by domain or compartment formation within which there c
be a high degree of local order. Probing the thre
dimensional orientation of individual proteins in cellul
membranes, for instance, may shed light on import
structure-function relationships. NSOM complements
sectioning capabilities of confocal microscopy by providi
high resolution measurements of only those species loc
near the NSOM aperture. Therefore, the collection of opt
~orientation! and force ~topography! information with
NSOM should be especially informative for membra
bound species.

Lipid monolayers and bilayers formed using th
Langmuir–Blodgett~LB! technique have long been used
models for biological membranes.26–29 Extensive studies
have characterized the phase partitioning in these films
the effects that biologically relevant additives such as c
lesterol and small peptides can have on membr
properties.30,31Often, these effects can be observed by mo
toring changes in the film structure using high resolut
techniques such as fluorescence microscopy,27,28,32scanning
probe microscopy,33–37 or electron microscopy.38 Recently,
our group and others have illustrated the utility of NSOM f
these types of measurements, which has resulted in the
servation of new structures and processes at the subm
level.31,39–44

The capabilities of NSOM are often complimentary wi
other high resolution techniques. For studies on model li
membranes, the simultaneously collected near-field fluo
cence and force information provide a unique window in
the phase partitioning and effects of constituents on m
brane structure. This was illustrated by Hwanget al., where
high resolution near-field fluorescence measurements
vealed new structures in lipid monolayers ofL-a-
dipalmitoylphosphatidylcholine~DPPC! doped with choles-
terol and gangliosideGM1 .31 Following these results, we
have shown that the phase partitioning in DPPC monolay
can be unambiguously assigned by comparing the sm
height differences~5 to 8 Å! observed in the near-field forc
image with the near-field fluorescence image.39,40,44We also
showed that for model lipid bilayers, NSOM can unique
probe the phase partitioning on either side of the membr
with nanometric resolution.40

Here, we discuss an extension of these results dow
the molecular level where specific measurements of pr
orientation within the membrane are possible. Single m
ecule measurements made with NSOM on the fluores
lipid analog N-~6-tetramethylrhodaminethiocarbamoyl!-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, trieth
lammonium salt~TRITC–DHPE! doped into LB monolayers
of DPPC are used to characterize the molecular level st
ture. These measurements follow the original report
Betzig and Chichester which illustrated the capability
probing the three dimensional orientation of single ch
mophores with NSOM.8

As was shown by Betzig and Chichester, unique patte
are observed in the single molecule images which can
simulated using a simplified model for the near-fie
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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aperture.8 This model treats the diffraction of light throug
an infinitely thin, perfectly conducting screen and was fi
developed for other applications by Bethe in 1944,45 with
corrections later added by Bouwkamp in 1950.46 These cal-
culations predict a curvature in the electric field near
boundaries of a subwavelength aperture. The measurem
of Betzig and Chichester confirmed the presence of sim
fields near the NSOM aperture and illustrated how these
be utilized to probe the orientation of single fluorophores

In this paper, we exploit these properties to examine
orientation distribution of probe molecules doped into mo
lipid films of DPPC. By modeling the observed near-fie
fluorescence patterns using Bethe–Bouwkamp theory,
single molecule tilt angles are extracted for molecules do
into DPPC monolayers at both high (p530 mN/m) and low
(p58 mN/m) surface pressures. Histograms of the result
tilt angles for the two film conditions, surprisingly leads
distributions that are statistically identical. This indicates th
the immediate structure around the probe molecules in e
DPPC film condition are similar, suggesting that the lip
probe remains in a similar lipid phase environment that p
sists even at high surface pressure. These measuremen
compared with recent single molecule far-field fluoresc
studies which show that the dopant molecules do sens
change in the immediate surroundings as the surface pres
is increased.47 Together, the near-field and far-field fluore
cence measurements provide a coherent view of memb
properties that are normally hidden in bulk measureme
These studies, therefore, provide a direct, nonensemble a
aged window into the lipid film microstructure and homog
neity at two different surface pressures.

MATERIALS AND METHODS

Lipid monolayers were transferred onto a fresh
cleaved mica surface using a computer control
Langmuir–Blodgett trough~Model 611, Nima Technology!.
The trough incorporates a Wilhelmy sensor to precis
monitor the surface pressure during film compression
deposition. L-a-dipalmitoylphosphatidylcholine ~DPPC!
~Sigma! and N-~6-tetramethylrhodaminethiocarbamoyl!-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, trieth
lammonium salt~TRITC–DHPE! ~Molecular Probes! were
used without further purification. DPPC was dissolved
spectral grade chloroform to provide a concentration o
mg/ml. A small volume of TRITC–DHPE in optima grad
methanol was added to the DPPC solution to prod
DPPC/331024 mol % TRITC–DHPE mixture.

Lipid monolayers were formed by dispersing appro
mately 50mL of the DPPC solution onto an 18 MV water
subphase at room temperature. After the solvent was allo
to evaporate, the film was compressed at a rate of
cm2/min to the desired surface pressure. The compres
film was held at the desired pressure for several minu
prior to transfer onto a freshly cleaved mica surface at a
of 25 mm/min. For this study, films were transferred onto t
substrate at pressures ofp58 mN/m andp530 mN/m in a
headgroups down orientation.

The dye containing lipid monolayers were studied with
custom-built near-field microscope.20,48 Briefly, the NSOM
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
is built on an inverted fluorescence microscope~Zeiss, Ax-
iovert 135TV! and is operated using commercially availab
scanning probe electronics and software~Digital Instru-
ments, Nanoscope IIIa!, with only minor modifications made
for near-field microscopy. Aluminum coated near-field fib
optic probes are fabricated from 125mm single-mode optica
fiber ~Newport Corp.! in either the straight geometry or can
tilevered design using a micropipette puller~Sutter Instru-
ments, P-2000! and home-built evaporation chamber.20,49For
experiments utilizing straight near-field probes, a custom
signed near-field head is utilized to implement the she
force feedback mechanism. For cantilevered probes, a c
mercial AFM head ~Digital Instruments, Dimension! is
utilized to implement a tapping-mode feedback scheme.

In either imaging mode, the LB film is mounted direct
beneath the tip on a closed loopx–y piezo scanner that is
used to raster scan the sample under the near-field tip.
514 nm line of an argon ion laser~Liconix, 5000 series! is
passed through al/2 plate andl/4 plate to control the polar
ization and subsequently coupled into an optical fiber,
end of which is fashioned into a near-field tip. Light exitin
the near-field tip excites fluorescence in the sample whic
collected from below with a high NA oil immersion objec
tive lens~Zeiss, Fluar 40X 1.3 NA!. The residual excitation
light is filtered ~Chroma! and the collected fluorescence si
nal is imaged onto an avalanche photodiode dete
~EG&G, SPCM-200!.

RESULTS

Figure 1 shows a typical pressure isotherm for DPPC
a water subphase with arrows marking the locations at wh
films were transferred onto a freshly cleaved mica surfa
At low surface pressures, in the phase coexistence region
monolayer contains a mixture of less ordered liqu
expanded~LE! and more ordered liquid-condensed~LC!
phases. As the film is compressed further, a phase trans

FIG. 1. Pressure isotherm for DPPC/0.25 mol % TRITC–DPHE on a
MV water subphase. The various regions along the pressure isotherm
characterized by the existing lipid phases and proceed in increasing d
of order from the liquid-expanded~LE! region, liquid-expanded/liquid-
condensed~LE/LC! coexistence region, liquid-condensed~LC!, and highly
ordered solid-condensed~SC! regions. Arrows locate the regions of the pre
sure isotherm at which films were transferred onto a mica substrate.
shown are the chemical structures for DPPC and the fluorescent probe
ecule, TRITC–DPHE.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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to a highly ordered solid-condensed~SC! state is observed.50

The inset of Fig. 1 shows the chemical structures for
DPPC lipid and the fluorescent lipid probe TRITC–DHPE

Near-field fluorescence and tapping-mode force ima
are shown in Fig. 2~A! and 2~B!, respectively, for a DPPC
0.25 mol % TRITC–DHPE monolayer deposited onto mi
at a surface pressure ofp58 mN/m. The LC/LE phase par
titioning in the monolayer is characterized by a 5 to 8 Å
height difference between the LE and more upright L
phases in the force image and bright regions in the near-fi
fluorescence image.39,40,44 Comparison of the two image
shows that the TRITC–DHPE probe preferentially partitio
into the less ordered LE phase. The simultaneous near-
fluorescence and force images therefore provides an un
biguous view into the phase partitioning of the film. As th
concentration of the fluorescent probe is reduced
DPPC/331024 mol % TRITC–DHPE, single fluorescen
molecules can be resolved in the NSOM fluorescence
ages. For example, Figs. 2~C! and 2~D! show near-field fluo-
rescence and shear-force images of a typical monolayer
posited atp58 mN/m containing the reduced concentrati
of dye. The bright spots in the image represent the fluor
cence from single molecules in the DPPC monolayer. F
ures 2~A! and 2~B! were collected using a cantilevere
NSOM probe operating in tapping-mode feedback wh
Figs. 2~C! and 2~D! were collected using a convention
NSOM probe operating in shear-force feedback. The sh
force image shown in Fig. 2~D! is lower in quality than the
tapping-mode force image shown in Fig. 2~B!, but the height
changes in the monolayer are still discernible. Strai
NSOM tips were utilized in this study due to their superi
polarization characteristics.

Upon closer inspection of the NSOM fluorescence ima
shown in Fig. 2~C!, many of the single molecule features a
seen to actually consist of two lobes. As originally shown
Betzig and Chichester, the origin of these shapes can be
derstood within the context of Bethe–Bouwkamp theory
light diffracting through a subwavelength aperture.8 These
calculations treat the passage of light through a small hol
an infinitely thin, perfectly conducting screen.45,46 Surpris-
ingly, this simplified model provides a reasonably accur
picture of a near-field aperture, allowing for the calculati
of the field distribution in and around a near-field tip. Resu
from such calculations are shown schematically in Fig. 3

The predicted electric field containsz-components nea
the tip edges which can excite chromophores with absorp
transition dipole moments pointing towards the aperture.
ferring to Fig. 3, as the near-field tip is scanned acros
chromophore with az-oriented transition dipole momen
such as that shown by the double arrow, overlap is grea
near the tip edges and reduced when located directly ben
the aperture. Therefore, fluorescence is enhanced when
molecule is located at the edges of the aperture and dim
ished when it is located directly beneath the center of the
This leads to the patterns seen in the near-field fluoresce
image shown in Fig. 2~C!. These arguments can be used
qualitatively conclude that a significant number of t
TRITC–DHPE probe molecules in the DPPC monolayer
oriented with their absorption transition dipole moment~long
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FIG. 2. ~A! Near-field fluorescence
and~B! tapping-mode force images o
a DPPC/0.25 mol % TRITC–DPHE
monolayer transferred at a surfac
pressure ofp58 mN/m. Coexisting
LE and LC phases in the films are
characterized by low~LE! and high
~LC! topography regions in the force
image with a height difference of 5–8
Å. LE regions of lower topography
correspond to bright areas in the nea
field fluorescence image showing tha
TRITC–DPHE partitions into the LE
phase.~C! Near-field fluorescence and
~D! shear-force images of a
DPPC/331024 mol % TRITC–DPHE
monolayer transferred at a surfac
pressure ofp58 mN/m. The bright
features in the near-field fluorescenc
image correspond to the fluorescenc
from single TRITC–DPHE probe mol-
ecules in the DPPC monolayer. Th
dual-lobed pattern of the molecules in
dicates that the absorption transitio
dipole moment is oriented approxi
mately perpendicular to the plane o
the membrane. The polarization of th
excitation light is indicated by the
double arrow in the upper left corne
of ~C!.
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axis of the chromophore! aligned in thez direction.
Representative examples of the near-field fluoresce

patterns observed in DPPC films at both low and high s
face pressures are shown in Fig. 4. All data presented h
been rotated such that the excitation polarization is alig
along the horizontal direction of the images. The direction
the polarization was chosen as not to coincide with either
vertical or horizontal scan directions to avoid artifacts fro
emission intensity fluctuations that are inherent in sin
molecule studies. The progression in the asymmetry of
lobe amplitudes correlates with the degree of tilt in the pro
molecule. This can be easily understood by referring bac
the schematic shown in Fig. 3. For molecules with transit
dipole moments aligned perfectly in thez direction, the over-
lap with the field is equivalent for both sides of the tip ap
ture. This leads to lobes of equal amplitude in the fluor
cence image@Fig. 4~A!#. However, for molecules that ar
tilted @Figs. 4~B! and 4~C!#, there will be a difference in the
degree of overlap when the molecule is located under e
side of the tip. Therefore, the distribution in lobe amplitud
shown in Fig. 4 reveal both the direction in which the tra
sition dipole moment is tilted and the degree to which it
tilted. To provide a quantitative basis for comparison, sin
molecule fluorescence data such as that shown in Fig. 4
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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be compared with calculated fluorescence patterns using
simplified view of the near-field aperture.

As shown in the original report by Betzig and Chiche
ter, the single molecule patterns can be modeled by orien
a transition dipole beneath the tip and exciting it with t

FIG. 3. Schematic representation of the near-field tip and the calcul
electric field modeled using Bethe–Bouwkamp theory. The double ar
represents the absorption transition dipole moment of a probe mole
located beneath the tip. Forz-oriented molecules such as that represented
the double arrow, significant overlap between the electric field and the t
sition dipole moment only occurs when the molecule is located near
edges of the tip. This leads to dual-lobed features in the single mole
fluorescence image.
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 This a
square of the electric field aligned with it, calculated usi
Bethe–Bouwkamp theory.8 The results of such calculation
for various tilts of the transition dipole moment are shown
Fig. 5 along with line cuts through the simulated intens
patterns. Comparison of line cuts from the experimental
calculated data such as those displayed in Figs. 4 an
respectively, reveal a near-field tip diameter of 72 nm an
z/a ratio of 0.9, wherez is the tip-sample gap anda is the
NSOM tip aperture radius. The measured fluorescence
terns shown in Figs. 4~A!, 4~B!, and 4~C! are best fit using
transition dipole moment tilts~u! of 0.0°, 2.1°, and 13.5°
respectively, which are displayed in Fig. 5.

Using this approach, the structure in DPPC monolay
transferred under conditions of low and high surface press
are compared using data collected with the same near-
tip. Figure 6 illustrates the single molecule orientation dis
butions for TRITC–DHPE doped into DPPC monolayers
p58 andp530 mN/m. Approximately 60 molecules wer
analyzed under each film condition. Line cuts such as th
shown in Fig. 4 were fit with a sum of two Gaussian curv

FIG. 4. Representative near-field single molecule fluorescence data
tracted from images such as that shown in Fig. 2~C!. The left panels show
the fluorescence signal and the right panels display line-cuts through
data ~solid lines!. Examples have been chosen to represent a range o
angles present in the near-field images. The tilt of the chromophore
creases down the series of images resulting in an increasing different
the intensity from the two lobes. The line cuts are fit with a sum of Gau
ians ~dashed lines! to quantify the peak amplitude ratio used to determ
the tilt angle. The analysis results in tilts corresponding to 0.0°, 2.1°,
13.5° for images~A!, ~B!, and ~C!, respectively. The line cuts were pe
formed in the direction of the excitation polarization at the positions in
cated by the horizontal lines inserted into the left panels. The images in
left panels have been rotated for this alignment.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

129.237.46.100 On: Wed,
d
5,
a

at-

rs
re
ld
-
t

se
s

from which the ratio of peak heights were extracted. As
lustrated in Figs. 4 and 5, this ratio is very sensitive to
degree of tilt in the transition dipole moment. The analy
reveals average transition dipole tilt angles of 2.2°s
54.8°) at low pressure and 2.4° (s55.0°) at high pressure
Depending on the signal-to-noise of the particular featu
each of the measured tilt angles comprising the histogram
accurate within60.5° to 1.0°.

The distributions are remarkably similar and both sh
the same preference in tilt direction. The uniformity in th
tilt direction throughout the film is evidenced by the sing
peak in the tilt angle histograms. In fact, we find no statis
cal difference in the orientation of the probe molecule un
the two film conditions studied, which will be evaluated fu
ther in the discussion section. At both surface pressures
also find evidence for molecules tilted beyond the maxim
tilt angle ~16°! reported in Fig. 6. These molecules are tilt
such that one lobe of the pattern is lost in the signal-to-no
and they appear as single lobed features in the data. T
molecules are difficult to analyze accurately and were the
fore not included in the histograms reported in Fig. 6. Ho
ever,;13% of the molecules in each film condition appe
to have tilt angles greater than 16° which merits commen

As mentioned earlier, the results from the simulated d

x-
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FIG. 5. Simulated fluorescence signals calculated using Bethe–Bouwk
theory to model the near-field fluorescence patterns displayed in Fig. 4.
left panels show the simulated fluorescence signal and the right panels
play line cuts through the intensity patterns. Images~A!, ~B!, and ~C! cor-
respond to the simulation of the near-field fluorescence patterns gene
with tilts of 0.0°, 2.1°, and 13.5°, respectively. The line cuts were perform
in the direction of the polarization of the light at the positions indicated
the horizontal lines inserted into the left panels.
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 This a
are best fit using a near-field tip diameter of 72 nm. Ho
ever, single-lobed features in the data routinely exhibit a f
width-half-maximum~FWHM! that is significantly smaller
than this aperture diameter. These results can be explain
molecules tilted beyond our ability to detect both lobes in
fluorescence pattern but not lying directly in the membra
plane where the FWHM would be near that of the tip ap
ture. In fact, analysis of the images reveals no convinc
evidence for any molecules oriented such that their transi
dipole moment lies in the plane of the film.

The fluorescence pattern of a representative single lo
emission feature is shown in Fig. 7~A! along with the corre-
sponding line cut through the data. As the line cut illustrat
the FWHM of this feature is 54 nm which is much small
than the 72 nm aperture used in the imaging. This can
compared with Fig. 7~B!, showing the simulated fluores
cence signal for a dipole tilted 20°, calculated using the
aperture of 72 nm andz/a value of 0.9 found previously. The
simulated signal clearly shows the presence of the sec
lobe of much reduced amplitude. This second lobe is hid
in the noise of the experimental data such that the fluo

FIG. 6. Histograms of the measured transition dipole moment tilt
TRITC–DHPE in DPPC monolayers at surface pressures ofp58 mN/m
~top! and p530 mN/m ~bottom!. The distributions reflect 59 molecule
~top! and 61 molecules~bottom! and only contain data from single molecu
signals for which a dual lobed pattern was observed.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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cence feature appears as a single lobe of higher than
pected resolution. Without the second lobe, modeling of
tilt angle requires matching the peak shape from the d
with the simulated signal. This is much less sensitive to
tilt angle which adds a significant increase in uncertainty
the reported angles. For molecules tilted beyond our ab
to measure both lobes, the angle determination is only ac
rate to approximately610°.

DISCUSSION

The single molecule data displayed in Fig. 4 and a
lyzed in Fig. 5 clearly demonstrate the ability to character
the molecular level structure in lipid membranes w
NSOM. Distributions such as those shown in Fig. 6 not o
reveal the average orientations but, more interestingly,
specific distribution of molecules that make up the ensem
average. This provides a detailed picture of the membr
organization that can easily be extended to more complica
studies on protein and peptide insertion into biological me
branes. Moreover, as illustrated in Fig. 2, the simultane
near-field topography measurements add an important
mension by providing a consistent and complementary v
of sample properties that is particularly informative wh
combined with the near-field fluorescenc
measurements.39,40,42

Comparing the near-field force and fluorescence ima
shown in Figs. 2~A! and 2~B! confirms that the fluorescen
probe molecule TRITC–DHPE partitions into the less o

r

FIG. 7. A small population of probe molecules~;13%! are tilted beyond
the point where dual-lobed fluorescent patterns, such as those observ
Fig. 4, are detected. These molecules give rise to near-field fluoresc
features that appear sharper than that expected for the 72 nm diameter
field aperture utilized in the imaging.~A! Near-field fluorescence signa
~left! and line cut~right, solid line! of a representative molecule. The line c
is fit with a Gaussian~dashed line!. ~B! Simulated near-field fluorescenc
signal~left! and line cut~right! for a molecule tilted 20°. The FWHM of 54
nm for the more intense lobe of the calculated data is equal to that of
near-field fluorescence pattern shown in~A!. The line cuts were performed
in the direction of the polarization of the light at the positions indicated
the horizontal lines inserted into the left panels. Image~A! has been rotated
for this alignment.
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dered LE lipid phase, which is characterized by regions
reduced height in the force image and bright regions in
fluorescence image. As discussed earlier, reducing the p
concentration leads to the observation of single TRIT
DHPE molecules in the lipid film@Fig. 2~C!#. The individual
single molecule signals are found to consist of vario
shapes which others have shown can be analyzed to ex
the three-dimensional orientation of the probe in t
sample.7,8 For our particular system, this manifests itself
two-lobed fluorescent patterns in the near-field fluoresce
image which indicates that the majority of the absorpt
transition dipole moments are orientated perpendicular to
plane of the membrane. This is illustrated in the schem
shown in Fig. 3 and shown in the experimental data d
played in Figs. 2~C! and 4.

Using a simplified model for the near-field aperture,45,46

the fluorescent measurements can be modeled to extrac
tilt angle of the individual probe molecules~Fig. 5!.7,8

Analysis of near-field fluorescence images of DPPC mo
layers at low (p58 mN/m) and high (p530 mN/m) surface
pressures yield the transition dipole moment tilt distributio
shown in Fig. 6. The distribution in molecular orientatio
show remarkably narrow distributions for both film cond
tions. The small variance in the distributions reflect a h
degree of homogeneity in the films and in the lipids s
rounding the probe molecules, attesting to the quality of
lipid monolayers.

Somewhat surprisingly, we find no statistical differen
in the tilt angles for probe molecules dispersed in DP
monolayers at surface pressures ofp58 mN/m and p
530 mN/m. This, at first, is counterintuitive given the larg
structural changes known to accompany transitions from
lipid phase to another. For example, the 5 to 8 Å height
changes in the near-field force images displayed in F
2~B! and 2~D! are indicative of changes in the tilting of th
lipids in going from the less ordered LE phase to the m
structurally upright LC phase.33,35,40,44However, we find no
statistical difference in the tilt angles for TRITC–DHP
molecules doped in the two film conditions.

There are several possible explanations for the inse
tivity of the measured tilt angle to the surface pressure of
monolayer. It is possible that the TRITC–DHPE probe
insensitive to changes in the tilt of the surrounding lip
matrix because the fluorophore is located near the headg
region of the monolayer.51 Moreover, since the monolayer
are transferred onto the mica surface in a headgroup d
orientation, interactions with the surface may further d
crease the probe sensitivity to tilt. However, prelimina
single molecule measurements in our laboratory using a fl
rescent probe in which the fluorophore is located in the t
group regions of the film indicates a similar insensitivity
surface pressure, suggesting that this is not the case.

Instead, our results agree with far-field studies on sim
films deposited on an alkylated glass slide.52 In this study,
the fluorescent lipid analog NBD–PE was doped into mo
layers of DPPC. This probe preferentially partitions into t
less ordered lipid phase analogous to the TRITC–DH
probe utilized in these studies. Using a polarized evanes
field to excite the NBD–PE probe, the average orientat
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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was determined by analyzing the absorption dichroism
detected by the fluorescence emission. This study found
the NBD analog had an average tilt angle of 34.0° in DP
films which changed little with surface pressure. This inse
sitivity to surface pressure was interpreted as arising fr
probe molecules staying trapped in small, less ordered l
phases even as the pressure was increased.52

Our findings that the single molecule tilt distributions a
the same for DPPC films atp58 mN/m andp530 mN/m
tends to support this mechanism. This suggests that
changes taking place in the immediate surroundings of
probe molecule are not sufficiently large to dramatically
fect the orientation of the probe molecule. However, rec
far-field single molecule results from our laboratory indica
that the immediate freedom around the probe molecule
affected by increasing the film surface pressure.47 This study
found that the frequency of intensity fluctuations for the flu
rescent lipid probe diIC18, was intimately tied to the surfac
pressure of the lipid film. This was interpreted as reflectin
decrease in the tailgroup freedom of the film as the surf
pressure increased. Taken together, these studies sugge
the environment around the probe molecule does cha
with surface pressure, but not enough to significantly aff
the orientation of the molecule.

As discussed earlier, we find no evidence in either fi
condition for TRITC–DHPE probe molecules oriented wi
their dipole moments aligned in the plane of the film. Ho
ever, we find that;13% are oriented with tilt angles greate
than 16° which is currently beyond our ability to observe t
double-lobed fluorescence signals. These molecules ap
as a very high resolution features since they are essent
only excited when located under one side of the near-fi
aperture.

Figure 7~A! displays a typical molecule that has a t
angle beyond where we can detect the two-lobed struct
The matching simulated fluorescence signal shown in F
7~B! indicates this particular transition dipole moment
tilted 20° with respect to the membrane normal. However
mentioned earlier, the determination of tilt angles for the
molecules is much less accurate since it is based on fit
the shape of the fluorescence signal. Whereas the tilt a
for a dual-lobed single molecule signal can be determine
be better than61.0° depending on the signal-to-noise, f
the single lobed features the tilt can only be determined
610°. For this reason, these molecules were excluded f
the distributions shown in Fig. 6.

The ability to detect this minor, but significantly differ
ent population represents one of the key advantages of si
molecule studies. The narrow tilt distributions presented
Fig. 6, measured using the dual-lobed fluorescence sign
suggest that the majority of the probe molecules insert i
the membrane in well-defined positions with little tilt free
dom. The observation of a second population tilted sign
cantly beyond the mean value of 2.3° suggests ano
mechanism for probe insertion into DPPC monolayers. Ho
ever, one trivial source of highly tilted molecules can ar
from defects in the membrane structure. Examination of
near-field force images suggests that any defects in the m
brane, if present, are small on the nanometer scale. This
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
gests that membrane defects are not the dominant me
nism leading to the observed larger tilt angles. Therefo
this small population may represent a geometry in which
headgroup of the TRITC–DHPE probe molecule lies sign
cantly beyond the lipid head-group plane. This would lead
a greater tilt in the long axis of the chromophore which h
been suggested by previous far-field measurements on s
lar systems.53,54

With better signal-to-noise in the fluorescence signal a
more control over the precise geometry of the near-field
aperture, a larger range of single molecule tilt angles can
measured. For example, with the same tip aperture utili
here, calculations reveal an order of magnitude increas
the fluorescence signal is possible by simply reducing
tip-sample gap (z/a) from 0.90 to 0.27. This, however, ne
glects contributions from fluorescence quenching by
nearby metal coated tip which will tend to reduce t
signal.55–59 The calculations also indicate a difference in t
sensitivity that is coupled with changes in the tip-sam
gap. It may be possible, therefore, to both increase the si
and tune the sensitivity to the tilt angle by precisely contr
ling the geometry of the near-field tip. This has recently be
demonstrated by van Hulst and co-workers.7,60

These researchers demonstrated the ability to preci
define the geometry of the near-field tip aperture by mic
machining the tips using focused ion beam technology7,60

The resulting single molecule near-field fluorescence ima
exhibit patterns indicative of smallz/a ranges.7 At these re-
duced tip-sample gaps, calculations indicate that the d
lobed single molecule signals are slightly less sensitive to
angle which means both lobes are observable at higher ti
angles than those shown here. This may enable, for insta
the accurate measurement of the highly tilted molecu
found in this study. They also found a significant increase
the fluorescence signal with the micro-machined near-fi
tips.7 This gain may also greatly improve the analysis of t
highly tilted molecules, extending the range and utility
this technique.

CONCLUSIONS

Single molecule near-field fluorescence measurem
are utilized to probe the molecular level structure in su
ported DPPC monolayers at low (p58 mN/m) and high
(p530 mN/m) surface pressures. By analyzing the patte
observed in the fluorescence signal, the tilt angles for in
vidual fluorescent TRITC–DHPE lipid analogs doped in
the monolayers can be measured. Analysis of the fluo
cence images reveal that the majority of the TRITC–DH
probes insert in the film such that their absorption dip
moments are oriented approximately normal to the me
brane surface. Histograms of the measured angles results
mean tilt of 2.2° (s54.8°) at low pressure and 2.4° (s
55.0°) for monolayers transferred at high pressure. We
no statistical difference between the two distributions. T
insensitivity in tilt angle to surface pressure may reflect
lipid phase domains remaining trapped in the film at eleva
surface pressures.52 We find no evidence for probe molecule
oriented with their dipole moment parallel to the membra
surface, but;13%, of the fluorescence signals origina
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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from molecules tilted beyond 16°. This highly tilted popul
tion may reflect a second insertion geometry for TRITC
DHPE in the DPPC monolayers.53,54

These results illustrate how the unique properties
near-field microscopy can be utilized to probe the speci
molecular level structure in model lipid membranes. Exten
ing these studies into other biologically relevant systems
straightforward and may provide a general and useful t
for the biological sciences. These measurements can pro
new clues into specific structure-function relationships, f
from the ensemble averaging encountered with bulk te
niques.
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