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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. Dunn®
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 monolayerslot-dipalmitoylphosphatidylcholinéDPPQ.
Monolayers incorporating 810 % mol% of the fluorescent lipid analog
N-(6-tetramethylrhodaminethiocarbampl,2-dihexadecanodrglycero-3-phosphoethanolamine,
triethylammonium sal{TRITC—DHPE are transferred onto a freshly cleaved mica surface at low
(7=8 mN/m) and high ¢=30mN/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 iso224.4°) in
monolayers transferred at=8 mN/m and 2.4° ¢=5.0°) for monolayers transferred at
=30mN/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 molecules13%) 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 Physid$$0021-9606800)70616-1

INTRODUCTION rylene molecules in a Shpol'skii matrix was characterized

Near-field scanning optical microscoglSOM) offers a_nd gt rogm te_mperature the distribution of carbocyanine de-
new opportunities for probing sample structure and organitivatives in thin films of polymethylmethacrylaté®MMA)
zation at the molecular lev&t® For example, the single mol- Wwas investigated®~*°Both the far-field and near-field single
ecule fluorescence sensitivity and unique properties of th&1olecule studies have illustrated the utility of measuring in-
fields near the NSOM aperture have been exploited to chadividual orientation distributions. In particular, the NSOM
acterize the three-dimensional orientation of individual chrotechnique is unique in that these measurements are carried
mophores in polymers? Typically, measurements of mo- out with subdiffraction limit spatial resolution and yield a
lecular orientation are carried out on large ensembles whergmyitaneous force mapping of the sample topography. This
the sggfle is required to have a high degree of long ranggympined capability affords the precise determination of
order.™"" These types of bulk measurements average across'?ngle molecule orientations in regions of the sample that are

the specific distribution of individual molecules which can hvsically well defined by the topoaraphy imadge. This is
hide important sample details. The single molecule orientaP " y y pograpny ge.

tion sensitivity of NSOM combined with its high spatial SSPEcially helpful for biclogical applications that often ex-
resolution fluorescence and force imaging capabilities, therdliPit cCOMplex m.orpholgg'leg‘? _ _
fore, provide a powerful new tool for many applications. While technically difficult due to the strict requirements
Recently, far-field techniques have also demonstrate@n tip quality, single molecule NSOM orientation measure-
the capability of determining molecular orientations at thements offer a new perspective on sample organization. These
single molecule level at both I0w!® and room measurements are widely applicable for samples ranging
temperature$’ At low temperature, the orientation of ter- from highly ordered crystals to highly disordered polymers
or glass systems. One area that seems particularly well suited
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to take advantage of these capabilities is in the biologicahperturé This model treats the diffraction of light through
sciences. These semiordered systems are often characterized infinitely thin, perfectly conducting screen and was first
by domain or compartment formation within which there candeveloped for other applications by Bethe in 1924yith
be a high degree of local order. Probing the three-corrections later added by Bouwkamp in 1980hese cal-
dimensional orientation of individual proteins in cellular culations predict a curvature in the electric field near the
membranes, for instance, may shed light on importanboundaries of a subwavelength aperture. The measurements
structure-function relationships. NSOM complements theof Betzig and Chichester confirmed the presence of similar
sectioning capabilities of confocal microscopy by providingfields near the NSOM aperture and illustrated how these can
high resolution measurements of only those species locatdee utilized to probe the orientation of single fluorophores.
near the NSOM aperture. Therefore, the collection of optical  In this paper, we exploit these properties to examine the
(orientation and force (topography information with  orientation distribution of probe molecules doped into model
NSOM should be especially informative for membranelipid fims of DPPC. By modeling the observed near-field
bound species. fluorescence patterns using Bethe—Bouwkamp theory, the
Lipid monolayers and bilayers formed using the single molecule tilt angles are extracted for molecules doped
Langmuir—BlodgetiLB) technique have long been used asinto DPPC monolayers at both highr &30 mN/m) and low
models for biological membrané&:?° Extensive studies (7=8 mN/m) surface pressures. Histograms of the resulting
have characterized the phase partitioning in these films anféit angles for the two film conditions, surprisingly leads to
the effects that biologically relevant additives such as chodistributions that are statistically identical. This indicates that
lesterol and small peptides can have on membrantghe immediate structure around the probe molecules in each
properties’>31 Often, these effects can be observed by moniDPPC film condition are similar, suggesting that the lipid
toring changes in the film structure using high resolutionProbe remains in a similar lipid phase environment that per-
techniques such as fluorescence microséép§?scanning ~ Sists even at high surface pressure. These measurements are
probe microscopy:~" or electron microscopy Recently, —compared with recent single molecule far-field fluorescent
our group and others have illustrated the utility of NSOM for Studies which show that the dopant molecules do sense a
these types of measurements, which has resulted in the oBhange in the immediate surroundings as the surface pressure
servation of new structures and processes at the submicré increased! Together, the near-field and far-field fluores-
leve|31:39-44 cence measurements provide a coherent view of membrane

The capabilities of NSOM are often complimentary with properties that are normally hidden in bulk measurements.
other high resolution techniques. For studies on model lipidl Nese studies, therefore, provide a direct, nonensemble aver-
membranes, the simultaneously collected near-field fluores2ged window into the lipid film microstructure and homoge-
cence and force information provide a unique window intoneity at two different surface pressures.
the phase partitioning and effects of constituents on mem-
brane structure. This was illustrated by Hwaetgal., where MATERIALS AND METHODS
high resolution near-field fluorescence measurements re- Lipid monolayers were transferred onto a freshly
vealed new structures in lipid monolayers df-a-  cleaved mica surface using a computer controlled
dipalmitoylphosphatidylcholinédDPPQ doped with choles- | angmuir—Blodgett trougtiModel 611, Nima Technology
terol and gangliosideSy;.%" Following these results, we The trough incorporates a Wilhelmy sensor to precisely
have shown that the phase partitioning in DPPC monolayergonitor the surface pressure during film compression and
can be unambiguously assigned by comparing the smalleposition. L-a-dipalmitoylphosphatidylcholine (DPPQ
height differences5 to 8 A) observed in the near-field force (Sigma and N-(6-tetramethylrhodaminethiocarbampy,2-
image with the near-field fluorescence imdg&’**We also  dihexadecanoy$nglycero-3-phosphoethanolamine, triethy-
showed that for model lipid bilayers, NSOM can uniquely lammonium salt(TRITC-DHPB (Molecular Probeswere
probe the phase partitioning on either side of the membranased without further purification. DPPC was dissolved in
with nanometric resolutioff spectral grade chloroform to provide a concentration of 1

Here, we discuss an extension of these results down tmg/ml. A small volume of TRITC—-DHPE in optima grade
the molecular level where specific measurements of probmethanol was added to the DPPC solution to produce
orientation within the membrane are possible. Single mol-DPPC/3x 10~ *mol % TRITC—DHPE mixture.
ecule measurements made with NSOM on the fluorescent Lipid monolayers were formed by dispersing approxi-
lipid analog N-(6-tetramethylrhodaminethiocarbampyl2-  mately 50uL of the DPPC solution onto an 18 M water
dihexadecanoy$nglycero-3-phosphoethanolamine, triethy- subphase at room temperature. After the solvent was allowed
lammonium sal{ TRITC—DHPB doped into LB monolayers to evaporate, the film was compressed at a rate of 100
of DPPC are used to characterize the molecular level stru@m?/min to the desired surface pressure. The compressed
ture. These measurements follow the original report offilm was held at the desired pressure for several minutes
Betzig and Chichester which illustrated the capability ofprior to transfer onto a freshly cleaved mica surface at a rate
probing the three dimensional orientation of single chro-of 25 mm/min. For this study, films were transferred onto the
mophores with NSOM. substrate at pressures a#f=8 mN/m and7w=30mN/m in a

As was shown by Betzig and Chichester, unique patternheadgroups down orientation.
are observed in the single molecule images which can be The dye containing lipid monolayers were studied with a
simulated using a simplified model for the near-field custom-built near-field microscop&?® Briefly, the NSOM
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- o e to a highly ordered solid-condensé8iC) state is observetf.

El o TRITC-DHPE o The inset of Fig. 1 shows the chemical structures for the

Z |[sc NAANAANAAAE I S ° DPPC lipid and the fluorescent lipid probe TRITC—DHPE.

£ e R Near-field fluorescence and tapping-mode force images

gzo | DPPC . are shown in Fig. @) and 2B), respectively, for a DPPC/

@ Lc Wh‘" . 0.25 mol % TRITC-DHPE monolayer deposited onto mica

g o St oma Nk at a surface pressure af=8 mN/m. The LC/LE phase par-

o 10l titioning in the monolayer is characterizey la 5 to 8 A

P height difference between the LE and more upright LC

E phases in the force image and bright regions in the near-field

“ .l fluorescence imag¥®:*>** Comparison of the two images
200 300 200 500 shows that the TRITC—DHPE probe preferentially partitions

Surface Area (cm)z into the less ordered LE phase. The simultaneous near-field
_ fluorescence and force images therefore provides an unam-
FIG. 1. Pressure isotherm for_ DPPC/Q.25 mol % TRITC—DPH_E on a 18bigu0us view into the phase partitioning of the film. As the
MQ water subphase. The various regions along the pressure isotherm are . f the fl be i d d
characterized by the existing lipid phases and proceed in increasing degr&?ncentraﬂOP4 of the fluorescent prol e Is reduced to
of order from the liquid-expandedLE) region, liquid-expanded/liquid- DPPC/3x10 *mol% TRITC-DHPE, single fluorescent
condensedLE/LC) coexistence region, liquid-condens@dC), and highly molecules can be resolved in the NSOM fluorescence im-

ordered solid-condensé8C) regions. Arrows locate the regions of the pres- ; £ _
sure isotherm at which films were transferred onto a mica substrate. Alsgges' For example, Figs(@ and 2D) show near-field fluo

shown are the chemical structures for DPPC and the fluorescent probe mdi€SCENCe and shear-force im?-ges of a typical m0n0|aye_r de-
ecule, TRITC-DPHE. posited atr=38 mN/m containing the reduced concentration

of dye. The bright spots in the image represent the fluores-
, , i . ) cence from single molecules in the DPPC monolayer. Fig-
is built on an mve_rted fluorescer_lce mlcroscc(!Zelss, A_x- ures 2A) and ZB) were collected using a cantilevered
iovert _135T\0 and is opergted using comme_rglally available g probe operating in tapping-mode feedback while
scanning probe electronics and softwai@igital Instru- Figs. 2C) and 2D) were collected using a conventional

ments, Nanoscope IlJawith only minor modifications made g probe operating in shear-force feedback. The shear-
for near-field microscopy. Aluminum coated near-field ﬁberforce image shown in Fig.(®) is lower in quality than the

o_ptic probes are fabr?cat(.ad from 121'.1‘5n_single—mode optical tapping-mode force image shown in FigB2, but the height
fiber (Newport Corp). in either the straight geometry or can- changes in the monolayer are still discernible. Straight

tilevered design using a micropipette pulli@utter Instru- : o . ; ;
ments, P-2000and home-built evaporation chamef° For ’p\)lje(\)r:\:attli%i Vgﬁ;?aléttlgfizgcg this study due to their superior
experiments utilizing straight near-field probes, a custom de- Upon closer inspection.of the NSOM fluorescence image
signed near-field head _is utilized to_ implement the Shear'shown in Fig. 2C), many of the single molecule features are
force_feedback mechar_ns_m. For cantﬂevered_ probgs, a COMeen to actually consist of two lobes. As originally shown by
m?.rc'a' AFM head (D|g|ta|_ Instruments, Dimensignis Betzig and Chichester, the origin of these shapes can be un-
utilized .to m_plemgnt a tapplng—modg fe-edback sche_me. derstood within the context of Bethe—Bouwkamp theory for
In either imaging mode, the LB film is mounted directly light diffracting through a subwavelength apertfiréhese

beneath the tip on a closed loop-y piezo scanner thqt 'S _ calculations treat the passage of light through a small hole in
used to raster scan the sample under the near-field tip. Thaen infinitelv thin. perfectly conducting scre&® Surpris-
514 nm line of an argon ion lasgkiconix, 5000 seriesis y P y 9 ) P

passed through &2 plate anc\/4 plate to control the polar- ingly, this simplified model provides a reasonably accurate

R . : : icture of a near-field aperture, allowing for the calculation
ization and subsequently coupled into an optical fiber, th ' C ) :

L . . ! S ..~ "of the field distribution in and around a near-field tip. Results
end of which is fashioned into a near-field tip. Light exiting

. X . . .~ .from such calculations are shown schematically in Fig. 3.

the near-field tip excites fluorescence in the sample which is The predicted electric field contaimscomponents near

collected from below with a high NA oil immersion objec- hep : . rcompor .
the tip edges which can excite chromophores with absorption

tive lens(Zeiss, Fluar 40X 1.3 NA The residual excitation transition dipole moments pointing towards the aperture. Re-
light is filtered (Chroma and the collected fluorescence sig- 'St P pointing towa perture.
frerrmg to Fig. 3, as the near-field tip is scanned across a

nal is imaged onto an avalanche photodiode detecto h h ith iented t ition dipol t
(EG&G, SPCM-200. chromophore with az-oriented transition dipole moment,

such as that shown by the double arrow, overlap is greatest
near the tip edges and reduced when located directly beneath
the aperture. Therefore, fluorescence is enhanced when the
Figure 1 shows a typical pressure isotherm for DPPC omolecule is located at the edges of the aperture and dimin-
a water subphase with arrows marking the locations at whiclished when it is located directly beneath the center of the tip.
films were transferred onto a freshly cleaved mica surfaceThis leads to the patterns seen in the near-field fluorescence
At low surface pressures, in the phase coexistence region, thimage shown in Fig. @). These arguments can be used to
monolayer contains a mixture of less ordered liquid-qualitatively conclude that a significant number of the
expanded(LE) and more ordered liquid-condenséHdC) TRITC-DHPE probe molecules in the DPPC monolayer are
phases. As the film is compressed further, a phase transitiariented with their absorption transition dipole moméanhg

RESULTS
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FIG. 2. (A) Near-field fluorescence
and (B) tapping-mode force images of
a DPPC/0.25 mol% TRITC-DPHE
monolayer transferred at a surface
pressure of7=8 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
A. LE regions of lower topography
correspond to bright areas in the near-
field fluorescence image showing that
TRITC-DPHE partitions into the LE
phase(C) Near-field fluorescence and
(D) shear-force images of a
DPPC/3X10 “mol % TRITC-DPHE
monolayer transferred at a surface
pressure ofr=8 mN/m. The bright
features in the near-field fluorescence
image correspond to the fluorescence
from single TRITC-DPHE probe mol-
ecules in the DPPC monolayer. The
dual-lobed pattern of the molecules in-
dicates that the absorption transition
dipole moment is oriented approxi-
mately perpendicular to the plane of
the membrane. The polarization of the
excitation light is indicated by the
double arrow in the upper left corner
of (C).

axis of the chromophojealigned in thez direction. be compared with calculated fluorescence patterns using the
Representative examples of the near-field fluorescencgimplified view of the near-field aperture.
patterns observed in DPPC films at both low and high sur-  As shown in the original report by Betzig and Chiches-
face pressures are shown in Fig. 4. All data presented hawver, the single molecule patterns can be modeled by orienting
been rotated such that the excitation polarization is alignea transition dipole beneath the tip and exciting it with the
along the horizontal direction of the images. The direction of
the polarization was chosen as not to coincide with either the
vertical or horizontal scan directions to avoid artifacts from
emission intensity fluctuations that are inherent in single
molecule studies. The progression in the asymmetry of the
lobe amplitudes correlates with the degree of tilt in the probe
molecule. This can be easily understood by referring back to
the schematic shown in Fig. 3. For molecules with transition
dipole moments aligned perfectly in tkelirection, the over-
lap with the field is equivalent for both sides of the tip aper-
ture. This leads to lobes of equal amplitude in the fluores-
cence imaggFig. 4A)]. However, for molecules that are

tilted [FIgS. 4B) and 4C)]' there will be .a difference in the FIG. 3. Schematic representation of the near-field tip and the calculated
degree of overlap when the molecule is located under eacflecyic field modeled using Bethe—Bouwkamp theory. The double arrow
side of the tip. Therefore, the distribution in lobe amplitudesSrepresents the absorption transition dipole moment of a probe molecule
shown in Fig. 4 reveal both the direction in which the tran-located beneath the tip. Faworiented molecules such as that represented by

sition dipole moment is tilted and the degree to which it istr_u_a dou_ble arrow, significant overlap between the electrl_c field and the tran-
sition dipole moment only occurs when the molecule is located near the

tilted. To provide a quantitative basis for compari_son_, singl&qges of the tip. This leads to dual-lobed features in the single molecule
molecule fluorescence data such as that shown in Fig. 4 calorescence image.
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FIG. 4. Representative near-field single molecule fluorescence data eXIG. 5. Simulated fluorescence signals calculated using Bethe—Bouwkamp
tracted from images such as that shown in Fi@)2The left panels show theory to model the near-field fluorescence patterns displayed in Fig. 4. The
the fluorescence signal and the right panels display line-cuts through thieft panels show the simulated fluorescence signal and the right panels dis-
data(solid lineg. Examples have been chosen to represent a range of tilplay line cuts through the intensity patterns. Imagks (B), and(C) cor-
angles present in the near-field images. The tilt of the chromophore infespond to the simulation of the near-field fluorescence patterns generated
creases down the series of images resulting in an increasing differential iwith tilts of 0.0°, 2.1°, and 13.5°, respectively. The line cuts were performed
the intensity from the two lobes. The line cuts are fit with a sum of Gauss-in the direction of the polarization of the light at the positions indicated by
ians (dashed linesto quantify the peak amplitude ratio used to determine the horizontal lines inserted into the left panels.

the tilt angle. The analysis results in tilts corresponding to 0.0°, 2.1°, and

13.5° for images(A), (B), and (C), respectively. The line cuts were per-

formed in the direction of the excitation polarization at the positions indi- . . . .
cated by the horizontal lines inserted into the left panels. The images in thBrom which the ratio of peak heights were extracted. As il-

left panels have been rotated for this alignment. lustrated in Figs. 4 and 5, this ratio is very sensitive to the
degree of tilt in the transition dipole moment. The analysis
reveals average transition dipole tilt angles of 2.28 (
square of the electric field aligned with it, calculated using=4.8°) at low pressure and 2.46€5.0°) at high pressure.
Bethe—Bouwkamp theofy/The results of such calculations Depending on the signal-to-noise of the particular feature,
for various tilts of the transition dipole moment are shown ineach of the measured tilt angles comprising the histogram are
Fig. 5 along with line cuts through the simulated intensityaccurate within=0.5° to 1.0°.
patterns. Comparison of line cuts from the experimental and The distributions are remarkably similar and both show
calculated data such as those displayed in Figs. 4 and Bhe same preference in tilt direction. The uniformity in the
respectively, reveal a near-field tip diameter of 72 nm and 4ilt direction throughout the film is evidenced by the single
z/a ratio of 0.9, wherez is the tip-sample gap andis the  peak in the tilt angle histograms. In fact, we find no statisti-
NSOM tip aperture radius. The measured fluorescence patal difference in the orientation of the probe molecule under
terns shown in Figs.(#), 4(B), and 4C) are best fit using the two film conditions studied, which will be evaluated fur-
transition dipole moment tilt$6) of 0.0°, 2.1°, and 13.5°, ther in the discussion section. At both surface pressures, we
respectively, which are displayed in Fig. 5. also find evidence for molecules tilted beyond the maximum
Using this approach, the structure in DPPC monolayersilt angle (16°) reported in Fig. 6. These molecules are tilted
transferred under conditions of low and high surface pressursuch that one lobe of the pattern is lost in the signal-to-noise
are compared using data collected with the same near-fieland they appear as single lobed features in the data. These
tip. Figure 6 illustrates the single molecule orientation distri-molecules are difficult to analyze accurately and were there-
butions for TRITC—DHPE doped into DPPC monolayers atfore not included in the histograms reported in Fig. 6. How-
7=8 and7=30mN/m. Approximately 60 molecules were ever,~13% of the molecules in each film condition appear
analyzed under each film condition. Line cuts such as thost have tilt angles greater than 16° which merits comment.
shown in Fig. 4 were fit with a sum of two Gaussian curves  As mentioned earlier, the results from the simulated data
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FIG. 7. A small population of probe moleculés 13%) are tilted beyond
84 g=24° the point where dual-lobed fluorescent patterns, such as those observed in
74 ) Fig. 4, are detected. These molecules give rise to near-field fluorescence
c=5(0° features that appear sharper than that expected for the 72 nm diameter near-
o 64 field aperture utilized in the imagingA) Near-field fluorescence signal
O (left) and line cut(right, solid line of a representative molecule. The line cut
£ is fit with a Gaussiar{dashed ling (B) Simulated near-field fluorescence
E 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 the
near-field fluorescence pattern shown(4). The line cuts were performed
in the direction of the polarization of the light at the positions indicated by
the horizontal lines inserted into the left panels. Imégehas been rotated
for this alignment.
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cence feature appears as a single lobe of higher than ex-
FIG. 6. Histograms of the measured transition dipole moment tilt for pected resolution. Without the second lobe, modeling of the

TRITC-DHPE in DPPC monolayers at surface pressuress8 mN/m  tjlt angle requires matching the peak shape from the data
(top) and =30 mN/m (bottom). The distributions reflect 59 molecules with the simulated signal. This is much less sensitive to the

(top) and 61 moleculeghottom) and only contain data from single molecule . . e g . . .

signals for which a dual lobed pattern was observed. tilt angle which adds a significant increase in uncertainty _f_or

the reported angles. For molecules tilted beyond our ability
to measure both lobes, the angle determination is only accu-

o i o rate to approximately-10°.
are best fit using a near-field tip diameter of 72 nm. How-

ever, single-lobed features in the data routinely exhibit a full-
width-half-maximum(FWHM) that is significantly smaller
than this aperture diameter. These results can be explained as The single molecule data displayed in Fig. 4 and ana-
molecules tilted beyond our ability to detect both lobes in theyzed in Fig. 5 clearly demonstrate the ability to characterize
fluorescence pattern but not lying directly in the membranghe molecular level structure in lipid membranes with
plane where the FWHM would be near that of the tip aper-NSOM. Distributions such as those shown in Fig. 6 not only
ture. In fact, analysis of the images reveals no convincingeveal the average orientations but, more interestingly, the
evidence for any molecules oriented such that their transitiospecific distribution of molecules that make up the ensemble
dipole moment lies in the plane of the film. average. This provides a detailed picture of the membrane
The fluorescence pattern of a representative single lobeorganization that can easily be extended to more complicated
emission feature is shown in Fig(A) along with the corre- studies on protein and peptide insertion into biological mem-
sponding line cut through the data. As the line cut illustratesbranes. Moreover, as illustrated in Fig. 2, the simultaneous
the FWHM of this feature is 54 nm which is much smaller near-field topography measurements add an important di-
than the 72 nm aperture used in the imaging. This can benension by providing a consistent and complementary view
compared with Fig. (B), showing the simulated fluores- of sample properties that is particularly informative when
cence signal for a dipole tilted 20°, calculated using the tipcombined with the near-field fluorescence
aperture of 72 nm angfa value of 0.9 found previously. The measurements:4%4?
simulated signal clearly shows the presence of the second Comparing the near-field force and fluorescence images
lobe of much reduced amplitude. This second lobe is hiddeshown in Figs. PA) and 2B) confirms that the fluorescent
in the noise of the experimental data such that the fluoregprobe molecule TRITC-DHPE partitions into the less or-

DISCUSSION
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dered LE lipid phase, which is characterized by regions ofvas determined by analyzing the absorption dichroism as
reduced height in the force image and bright regions in theletected by the fluorescence emission. This study found that
fluorescence image. As discussed earlier, reducing the prolibe NBD analog had an average tilt angle of 34.0° in DPPC
concentration leads to the observation of single TRITC—films which changed little with surface pressure. This insen-
DHPE molecules in the lipid filngiFig. 2(C)]. The individual  sitivity to surface pressure was interpreted as arising from
single molecule signals are found to consist of variougprobe molecules staying trapped in small, less ordered lipid
shapes which others have shown can be analyzed to extrgohases even as the pressure was incre¥sed.
the three-dimensional orientation of the probe in the  Our findings that the single molecule tilt distributions are
sample’® For our particular system, this manifests itself asthe same for DPPC films at=8 mN/m andz=30 mN/m
two-lobed fluorescent patterns in the near-field fluorescenceends to support this mechanism. This suggests that any
image which indicates that the majority of the absorptionchanges taking place in the immediate surroundings of the
transition dipole moments are orientated perpendicular to thprobe molecule are not sufficiently large to dramatically af-
plane of the membrane. This is illustrated in the schematidect the orientation of the probe molecule. However, recent
shown in Fig. 3 and shown in the experimental data disfar-field single molecule results from our laboratory indicate
played in Figs. C) and 4. that the immediate freedom around the probe molecule is
Using a simplified model for the near-field apert(té®  affected by increasing the film surface pressiiréhis study
the fluorescent measurements can be modeled to extract tfeund that the frequency of intensity fluctuations for the fluo-
tilt angle of the individual probe moleculegFig. 5.”%  rescent lipid probe dilG, was intimately tied to the surface
Analysis of near-field fluorescence images of DPPC monopressure of the lipid film. This was interpreted as reflecting a
layers at low ¢r=8 mN/m) and high ¢=30 mN/m) surface decrease in the tailgroup freedom of the film as the surface
pressures yield the transition dipole moment tilt distributionspressure increased. Taken together, these studies suggest that
shown in Fig. 6. The distribution in molecular orientationsthe environment around the probe molecule does change
show remarkably narrow distributions for both film condi- with surface pressure, but not enough to significantly affect
tions. The small variance in the distributions reflect a highthe orientation of the molecule.
degree of homogeneity in the films and in the lipids sur-  As discussed earlier, we find no evidence in either film
rounding the probe molecules, attesting to the quality of thecondition for TRITC-DHPE probe molecules oriented with
lipid monolayers. their dipole moments aligned in the plane of the film. How-
Somewhat surprisingly, we find no statistical differenceever, we find that-13% are oriented with tilt angles greater
in the tilt angles for probe molecules dispersed in DPPCGhan 16° which is currently beyond our ability to observe the
monolayers at surface pressures #=8 mN/m and =  double-lobed fluorescence signals. These molecules appear
=30 mN/m. This, at first, is counterintuitive given the large as a very high resolution features since they are essentially
structural changes known to accompany transitions from onenly excited when located under one side of the near-field
lipid phase to another. For example, thed & A height  aperture.
changes in the near-field force images displayed in Figs. Figure 7A) displays a typical molecule that has a tilt
2(B) and 2D) are indicative of changes in the tilting of the angle beyond where we can detect the two-lobed structure.
lipids in going from the less ordered LE phase to the moreThe matching simulated fluorescence signal shown in Fig.
structurally upright LC phas&:>>4%4However, we find no  7(B) indicates this particular transition dipole moment is
statistical difference in the tilt angles for TRITC—DHPE tilted 20° with respect to the membrane normal. However, as
molecules doped in the two film conditions. mentioned earlier, the determination of tilt angles for these
There are several possible explanations for the insensimolecules is much less accurate since it is based on fitting
tivity of the measured tilt angle to the surface pressure of thehe shape of the fluorescence signal. Whereas the tilt angle
monolayer. It is possible that the TRITC—-DHPE probe isfor a dual-lobed single molecule signal can be determined to
insensitive to changes in the tilt of the surrounding lipid be better than+1.0° depending on the signal-to-noise, for
matrix because the fluorophore is located near the headgroubpe single lobed features the tilt can only be determined to
region of the monolayet' Moreover, since the monolayers *10°. For this reason, these molecules were excluded from
are transferred onto the mica surface in a headgroup dowthe distributions shown in Fig. 6.
orientation, interactions with the surface may further de- The ability to detect this minor, but significantly differ-
crease the probe sensitivity to tilt. However, preliminaryent population represents one of the key advantages of single
single molecule measurements in our laboratory using a fluamolecule studies. The narrow tilt distributions presented in
rescent probe in which the fluorophore is located in the tail+ig. 6, measured using the dual-lobed fluorescence signals,
group regions of the film indicates a similar insensitivity to suggest that the majority of the probe molecules insert into
surface pressure, suggesting that this is not the case. the membrane in well-defined positions with little tilt free-
Instead, our results agree with far-field studies on similadom. The observation of a second population tilted signifi-
films deposited on an alkylated glass sliddn this study, cantly beyond the mean value of 2.3° suggests another
the fluorescent lipid analog NBD—PE was doped into mono-mechanism for probe insertion into DPPC monolayers. How-
layers of DPPC. This probe preferentially partitions into theever, one trivial source of highly tilted molecules can arise
less ordered lipid phase analogous to the TRITC—-DHPHrom defects in the membrane structure. Examination of the
probe utilized in these studies. Using a polarized evanescenear-field force images suggests that any defects in the mem-
field to excite the NBD-PE probe, the average orientatiorbrane, if present, are small on the nanometer scale. This sug-
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gests that membrane defects are not the dominant mechftem molecules tilted beyond 16°. This highly tilted popula-

nism leading to the observed larger tilt angles. Thereforetion may reflect a second insertion geometry for TRITC—

this small population may represent a geometry in which théHPE in the DPPC monolayers>*

headgroup of the TRITC—DHPE probe molecule lies signifi-  These results illustrate how the unique properties of

cantly beyond the lipid head-group plane. This would lead tmear-field microscopy can be utilized to probe the specific,

a greater tilt in the long axis of the chromophore which haanolecular level structure in model lipid membranes. Extend-

been suggested by previous far-field measurements on siming these studies into other biologically relevant systems is

lar systems3°* straightforward and may provide a general and useful tool
With better signal-to-noise in the fluorescence signal andor the biological sciences. These measurements can provide

more control over the precise geometry of the near-field timew clues into specific structure-function relationships, free

aperture, a larger range of single molecule tilt angles can bfom the ensemble averaging encountered with bulk tech-

measured. For example, with the same tip aperture utilizediques.

here, calculations reveal an order of magnitude increase in
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