342 Biophysical Journal Volume 75 July 1998 342-353

Submicron Structure in L-a-Dipalmitoylphosphatidylcholine Monolayers
and Bilayers Probed with Confocal, Atomic Force, and
Near-Field Microscopy

Christopher W. Hollars and Robert C. Dunn
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ABSTRACT Langmuir-Blodgett (LB) monolayers and bilayers of L-a-dipalmitoylphosphatidylcholine (DPPC), fluorescently
doped with 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (dilC, ), are studied by confocal microscopy,
atomic force microscopy (AFM), and near-field scanning optical microscopy (NSOM). Beyond the resolution limit of confocal
microscopy, both AFM and NSOM measurements of mica-supported lipid monolayers reveal small domains on the submi-
cron scale. In the NSOM studies, simultaneous high-resolution fluorescence and topography measurements of these
structures confirm that they arise from coexisting liquid condensed (LC) and liquid expanded (LE) lipid phases, and not
defects in the monolayer. AFM studies of bilayers formed by a combination of LB dipping and Langmuir-Schaefer monolayer
transfer exhibit complex surface topographies that reflect a convolution of the phase structure present in each of the
individual monolayers. NSOM fluorescence measurements, however, are able to resolve the underlying lipid domains from
each side of the bilayer and show that they are qualitatively similar to those observed in the monolayers. The observation of
the small lipid domains in these bilayers is beyond the spatial resolving power of confocal microscopy and is complicated in
the topography measurements taken with AFM, illustrating the utility of NSOM for these types of studies. The data suggest
that the small LC and LE lipid domains are formed after lipid transfer to the substrate through a dewetting mechanism. The
possible extension of these measurements to probing for lipid phase domains in natural biomembranes is discussed.

INTRODUCTION

The continuing evolution in fields such as microelectronicslipids at the air-water interface or Langmuir-Blodgett films
and optics has led to a renewed interest in the study of thiof supported lipids have been studied extensively.
organic films (Roberts, 1990; Sackmann, 1996; Swalen et As the surface area of a lipid monolayer confined at the
al., 1987). Organic films, formed on surfaces through theair-water interface is reduced, two-dimensional phase tran-
Langmuir-Blodgett (LB) technique, often exhibit interesting sitions occur that correspond to structural changes taking
surface-modifying properties that show promise in areagplace in the lipid monolayer (Gaines, 1966; Gennis, 1989).
such as nonlinear optics, photoresists and electrode modiFhese changes can be probed by a variety of techniques.
fying agents, and as passivating barriers for reducing suPerhaps the most general and widely utilized technique for
face corrosion (Roberts, 1990; Sackmann, 1996; Tollner etonitoring the phases present in LB films is fluorescence
al., 1997). Despite their potential in these areas, howevemicroscopy (Knobler, 1990; lsthe et al., 1983, 1984,
their use in practical devices has been slowed by theiMcConnell et al., 1984; Mowald, 1990). Fluorescent probe
inherent fragility and susceptibility to defects and impuritiesmolecules, which have a propensity to partition into a dis-
in the film structure (Swalen et al., 1987). These difficulties, tinct lipid phase, are doped into the lipid film in small molar
along with a fundamental interest in the structure of theseatios, thus providing a convenient marker for the coexisting
films, have driven research aimed at understanding theiphases present in the film. These studies have provided a
microscopic properties. wealth of information about the micron scale structures
Much of this research is focused on the microscopicpresent in lipid films formed under a variety of conditions.
structure of phospholipid films. Phospholipids are ubiqui-However, because of the resolution constraints inherent in
tous in biological membranes, and their LB films often conventional optical microscopy, these methods provide
exhibit interesting two-dimensional phase partitioning thatiittle information about the submicron structure. To obtain
may play important functional roles in cellular membraneshigher resolution information, many of the newer scanning
(Gennis, 1989; Lehtonen and Kinnunen, 1995; Tocanne girobe techniques have been successfully implemented at the
al., 1994; Vaz and Almeida, 1993). As such, the phaseanometric dimension. These techniques include methods
transitions and structures in Langmuir films formed from suych as atomic force microscopy (AFM) (Bourdieu et al.,
1993; Chi et al., 1993; Mikrut et al., 1993; Yang et al.,
1994a,b, 1995), the related frictional force microscopy
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Typically, contrast in the AFM studies arises from the Here we extend our initial report by studying the coex-
changes in height associated with the coexisting lipidisting LE/LC phase structure present in DPPC films depos-
phases. For example, monolayers of DPPC deposited dted on freshly cleaved mica surfaces. The atomically flat
substrates in the liquid expanded (LE)-liquid condensednica surface allows the coexisting lipid phases in a DPPC
(LC) coexistence region exhibit height changes-&-25A  monolayer to be unambiguously assigned by comparing
in going from the tilted LE phase to the more upright LC both the fluorescence and topography images collected with
phase (Hollars and Dunn, 1997; Masai et al., 1996; Yang éNSOM. Results from confocal, AFM, and NSOM measure-
al., 1994a,b, 1995). Similar height changes occur in manynents on both DPPC monolayers and bilayers are com-
phase-separated LB films, leading to a useful and generdlared, illustrating the unigue capabilities of NSOM for these
approach to mapping the phase structures present. Howevéypes of studies. Beyond the spatial resolution of confocal

because the AFM technique provides mainly topographicamicroscopy, both AFM and NSOM reveal small lipid is-
information, interpretation of the images can be Comp“_lands in the “LE” areas of DPPC mOﬂOlayerS transferred in

cated by defects in the film structure. Moreover, as thethe LC/LE coexistence region. These small structures have
complexity of the film is increased, as in the case of a lipidP€en observed previously in AFM studies and assigned to
bilayer, assignments of phase based solely on topographicglther distinct coexisting lipid phases or defects in the
information can become problematic (Dufrene et al., 1997Monolayer (Chi et al., 1993; Fang and Knobler, 1995;
Fang and Yang, 1997). Recently, several reports have ap@ntesson et al., 1995; Sikes and Schwart;, 1997; Yang et
peared which suggest that the NSOM technique may pro‘i"-’ 1994a,b, 1995). Because of the atomically flat mica

vide a complementary view of the lipid phase structure anurface, however, a direct comparison can be made between
offer new insights into the submicron structures (HoIIarsthe high-resolution force and fluorescence images collected
and Dunn, 1997; Hwang et al., 1995; Moers et al. 1994.vvith NSOM, which confirms that the domains arise from

Tamm et al., 1996). NSOM provides both high—resolutioncol‘:X'StIng lipid phla}ses.d i h livid bil h

fluorescence and topographic information, which remove Soolr\/ln;lore comp 'Ca,te ms, Su,g as fipt |e}yers,fthe
many of the ambiguities that can cloud the interpretation o Vi fluorescence images provide a unique view o .t e
results based on only one of these contrast mechanisms.Sme'Cron structures present on either side of the lipid

NSOM circumvents the spatial resolution constraints en_bnayer. Small domains, similar to those seen in the mono-

: . : : . layers, are observed in the NSOM fluorescence images from
countered in conventional optical microscopy by scanning

. : %oth sides of the lipid bilayer. These structures are not
small light source close to a sample surface (Betzig et al'\’/isible in the confocal measurements, because of limitations
1991; Paesler and Moyer, 1996; Pohl, 1991). NSOM has . . i

: . in spatial resolution, and are obscured in the AFM measure-
been applied to the study of single molecules (Ambrose ertnents because of the increased complexity of the membrane
al., 1994; Betzig and Chichester, 1993; Trautman et al. plexity

. . hy. ing th Its f fil f
1994; Xie and Dunn, 1994), aggregates and solld—stattOpOgrap y. Comparing the results from films transferred

3010 a variety of substrates and utilizing different transfer
systems (Buratto et al., 1994; Grober et al., 1994; Harris ettechniques suggest that the formation of the small lipid

al., 1,996; Higgins and Barbara, 1995), biological Sample%omains arises from a dewetting mechanism following film
(Betzig et al., 1993; Dunn et al., 1994, 1995; Enderle et al'transfer. The results shown here for both lipid monolayers
1997; Ha et al., 1996; Talley et al., 1996; van Hulst and, 4 pijayers illustrate the unique capabilities of NSOM in
Moers, 1996), and recently, LB films (Hollars and Dunn, yqhing small lipid structures. These measurements are dis-

1997; Hwang et al., 1995; Moers et al., 1994; Tamm et al.cssed in light of future experiments aimed at probing
1996), all with submicron spatial resolution. As an example gimijar structures in natural biomembranes.

NSOM has recently been useful in identifying new struc-

tures present in phase-separated DPPC monolayers (HO”aIWATERIALS AND METHODS

and Dunn, 1997; Hwang et al., 1995). We have utilized

NSOM to study DPPC monolayers formed on a glass sur-a-Dipalmitoylphosphatidylcholine (DPPC) (Sigma) and 'idioctade-
face and showed that the phases present in the mono|ay@1l-3,3,3.3’-tetramethylindocarbocyanine perchlorate (d{)fdMolecular

can be identified by comparina both the fluorescence an Probes) were used without further purification. DPPC was dissolved in
y P g %pectral grade chloroform (1 mg/ml), into which a small volume of a

topography images collected with NSOM (Hollars and concentrated solution of dilG in methanol was added to a final concen-
Dunn, 1997). However, in that study, the inherent roughnessation of 0.25 mol%. The lipid mixture was dispersed onto a 10 mM
of the glass surface supporting the monolayer, combineédueous MgGlsubphase and compressed to a surface pressure of 9 mN/m

with the small 5=10 A height difference between the LE andllyith a computer controlled Langmuir-Blodgett trough (model 611; Nima
echnology) equipped with a Wilhelmy pressure sensor. The compression

LC |Ip|d phases, compllcated a direct comparison betweerr]ate was 100 c&imin, and the films were transferred onto freshly cleaved

the fluorescence and topographic images for some of thgica surfaces at a dipping velocity of 25 mm/min. The mica substrate was

smaller lipid domains. Nevertheless, these results demormmersed in the subphase and pulled through the air-water interface to

strated the advantage of probing the lipid phase structurI&‘?‘T‘”Sfeffthe "tPid ”:E”O'ayer(;”l_a_:eadgr?uf’ down tS”“‘:tf“re'dFor J‘tyﬁf’
. . . ilayer formation, the second lipid monolayer was transferred under the

with N_SOM t_)y using both the flyorescence S|g'nature, US€Q,me conditions with the Langmuir-Schaefer technique.

extensively in fluorescence microscopy studies, and the The jipid fims were imaged with a custom-built microscope capable of

topographic changes, exploited in AFM studies. confocal microscopy, atomic force microscopy, and near-field scanning
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optical microscopy (Talley et al., 1996). Briefly, the microscope is similar distribution present in the monolayer (Derzko and Jacobson,
in design to the commercially available Bioscope atomic force microscopelggo; Hollars and Dunn, 1997; kohe et al., 1983). In Fig.
from Digital Instruments. The Bioscope is mounted on an inverted fluo- . : TR
rescence microscope (Zeiss Axiovert 135TV) equipped with either a Zeissﬁ A, ,the nonfluorescent circular domains, indicative of the
fluar 40 (1.3 NA) or 100< (1.3 NA) oil immersion objective lens. For C lipid phase, are surrounded by the fluorescently doped,
near-field measurements, cantilevered near-field fiber optic probes ar@pparently homogeneous LE regions. Many studies of this
fabricated as previously described (Talley et al., 1996) and mounted in &ype have been reported, and the phase distributions have
Dimension AFM head (Digital Instruments). For contact-mode AFM mea- heen characterized as a function of physical parameters,
3‘;;2”::?;2 iz'e'fc.’” nitride tips with a force constant-cd.06 N/m were such as temperature and surface pressure, as well as chem-
ging. For confocal and near-field measurements, the sampJe . S
is scanned using a separatg closed-loop piezo scanner (Physik Instru- ical constituents added to the lipid, such as cholesterol
mente). Excitation light in these experiments is provided by an argon ion(LOSche et al., 1983; McConnell, 1991; McConnell et al.,
laser (Liconix 5000) operating at the 514-nm line. Fluorescence from thel 984; Mchwald, 1990; Roberts, 1990). In general, the equi-
sample is collected from below the sample with the high-NA objective |ihrium size and shape of the domains are governed by a

lens, filtered to remove residual excitation light, and imaged on an ava : : _
lanche photodiode detector (EG&G, SPCM-200). For all experiments,balance between the line tension energy at the phase bound

piezo scanning and data acquisition were controlled with a Digital Instru-aries and longer range dipole-dipole interactions between
ments Nanoscope llla control station and software. the lipids.

With the higher magnification possible with AFM, new
features in the lipid monolayer can be revealed. Fi@ 2
RESULTS shows a 1Qum X 10 um AFM image of the same mono-
The pressure isotherm for DPPC/0.25 mol% djGs layer imaged with confocal microscopy in Fig./&2 The
shown in Fig. 1, along with the point on the isotherm (9large circular LC domains seen in the confocal image are
mN/m) at which the films were transferred onto a freshlyalso evident in the AFM image and appear to-b8-8 A
cleaved mica surface. This part of the isotherm correspondsigher than the surrounding LE regions. This height differ-
to a phase coexistence region where the DPPC monolay@nce is consistent with previous scanning probe (Hollars
contains both liquid-condensed (LC) and liquid-expandecand Dunn, 1997; Masai et al., 1996; Yang et al., 1994a,b,
(LE) phases (Cadenhead et al., 1980). This can be seen ¥995) and ellipsometry measurementsgtloe et al., 1984),
Fig. 2 A, which shows a typical 3wm X 35 um confocal although there is less agreement among the AFM studies,
fluorescence image of a DPPC/0.25 mol% di@nono-  because of the differing imaging conditions. As shown in
layer transferred onto a mica surface. Previous studies haveg. 2B, the “LE” region between the circular LC domains,
shown that dilGg preferentially partitions into the LE which appears homogeneous in the confocal fluorescence
phase, providing a convenient marker for the LC/LE phasémage, actually contains a distribution of smaller domains.

These smaller domains have been observed in previous
AFM studies on other LB films and interpreted in several
40 ways. Some studies suggest that this interdomain region
DPPC/0.25 Mole % dilC,, consists of defects separating small LC lipid regions (Fang
and Knobler, 1995; Santesson et al., 1995; Sikes and
Schwartz, 1997), whereas others suggest that it arises from
the coexistence of LE and LC lipid (Chi et al., 1993; Yang
et al., 1994a,b, 1995).

With the simultaneous near-field fluorescence and topog-
raphy measurements, however, these regions of the DPPC
films are confirmed to arise from distinct coexisting lipid
phases. Fig. 3A and B, shows the simultaneous near-field
fluorescence and topography images, respectively, of a 13
pum X 13 um region of the same DPPC monolayer. As in
the confocal image, the near-field fluorescence image con-
tains large circular LC regions that exclude the fluorescent
dye and appear dark. Between these large domains, how-
ever, the increased spatial resolution in the NSOM fluores-

40 60 80 100 120 140 160 cence measurements reveals structure in the fluorescence
Areal/Nolecule (Az) that was not evident in the confocal image. As in the AFM
image (Fig. 2B), the near-field topography image shown in
FIGURE 1 Room temperature pressure/area isotherm of DPPC/0.2&ig. 3B clearly reveals the small height differences (5—-8 A)
mol% dilC,s on a 10 mM MgC} subphase. The different regions along the associated with the coexisting lipid phases. These small
curve are identified as SC (solid condensed), LC (liquid (:ondensed)changes in topography are easily observed with the high

LC/LE (liquid condensed/liquid expanded), and LE (liquid expanded), . It . ilable in the f . h th
which reflects the predominant lipid phase present. The arrow marks thé'gﬂa -lo-noise avallable In € force image when €

pressure (9 mN/m) at which the monolayers were transferred onto afreshlb‘SO'M is opgrated in' a tapping-mode arrangement with
cleaved mica substrate. cantilevered fiber optic probes (Muramatsu et al., 1995;

SC

30

20 H

Pressure (mN/m)
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FIGURE 2 () Confocal fluores-
cence image (3m X 35 um) of a
mica-supported DPPC/0.25 mol%
dilC,g monolayer. The dilG; fluo-
rescent probe preferentially partitions
into the LE phase, providing a
marker for these regions. The dark,
circular regions are LC domains that
exclude the fluorescent probe. The
LE regions bright) appear homoge-
neous in this imageB) AFM image
(10 wm X 10 wm) of the monolayer
shown inA. AFM is sensitive to the
small height changes (5-8 A) associ-
ated with going from the tilted LE
phase to the upright LC phase. The
higher resolution AFM image shows
that the apparently homogeneous
“LE” regions observed imA actually
consist of an intermixing of smaller
lipid domains.

Talley et al., 1996). The two large LC domains of increasedknown propensity of dilGg to partition into the LE phase.
height seen in Fig. 3B correlate directly with the large Comparisons between the fluorescence and height data
nonfluorescent regions observed in the simultaneously colshown in Fig. 3 confirm that the small domains represent a
lected NSOM fluorescence image (FigA3. Furthermore, mixture of LC and LE lipid domains and are not due simply
the smaller LC domains seen in the “LE” region of FigB3 to defects in the lipid monolayer.

also exhibit the distinctive height changes expected for The collection of both fluorescence and height informa-
coexisting LC and LE phases. The lower topography LEtion with NSOM becomes increasingly important in assign-
domains (Fig. 3B) correlate directly with the bright fluo- ing the lipid phase as the complexity of the sample in-
rescent features observed in FigA3 consistent with the creases, as in the case of multilayer films. For example,
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FIGURE 3 @) 13 um X 13 um
Near-field fluorescence andB) to-
pography images of the monolayer
shown in Fig. 2. The high resolution
in the fluorescence image reveals
structure in the LE region, similar to
that observed in the AFM image
shown in Fig. 2B. The small 5-8-A
height differences associated with the
coexisting lipid phases are observed
in the near-field force image shown
in B. Regions of high fluorescence in
A map the LE domains and directly
correlate with the lower height re-
gions in B. This direct comparison
between the two images allows for
the unambiguous assignment of the
small domains to coexisting LE and
LC lipid domains.

even in the simplest case of a model lipid bilayer, theof pure DPPC, was deposited on top of the first, to form a
increased complexity in the surface topography can mak&-type bilayer by the Langmuir-Schaefer technique.

lipid phase assignments with AFM problematic. Fig. 4 The AFM image of the bilayer exhibits discrete height

shows a 10um X 10 um AFM image of a DPPC lipid changes in the film topography that occur in multiples of

bilayer formed on a mica surface. The first lipid monolayer,~8 A, approximately equal to the LE/LC height difference

consisting of DPPC/0.25 mol% dilg was transferred to seen earlier in the monolayer films. Three quantized height
the mica surface with the headgroups down using the LBevels are observed, consistent with stackings of LE on LE,
dipping technique. The second lipid monolayer, consistind_E on LC (or equally LC on LE), and LC on LC in the
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FIGURE 4 AFM image (1Qum X

10 pum) of a Y-type lipid bilayer
formed with the Langmuir-Blodgett
technique to transfer the first mono-
layer (doped with dilGg), followed
by the Langmuir-Schaefer technique
to transfer the second pure DPPC
layer. The film contains three quan-
tized height levels, each8 A high.
These levels are consistent with
stackings of LE on LE, LC on LE (or
LE on LC), and LC on LC in the
bilayer. Although confocal images of
the film show it still contains a mac-
roscopic structure similar to that seen
in Fig. 2 A, neither the large circular
solid domains or smaller coexistence
regions are discernible in the com-
plex surface topography.

bilayer. This convolution of topography information from distributions that may exist in the individual monolayers.
each side of the bilayer obscures the phase structure presertie simultaneously collected NSOM fluorescence image
in the individual monolayers. It is therefore not immediately shown in Fig. 5A, however, clearly shows the distinctive
apparent from the AFM image shown in Fig. 4 whether thefluorescent patterns seen earlier for the monolayer film. The
characteristic circular LC domains and mixing of the structure seen in the fluorescence image from the bottom
smaller LE and LC domains remain intact in the bilayermonolayer is qualitatively indistinguishable from that ob-
film. served for lipid monolayers alone (Figs. 2 and 3). Both the
Confocal fluorescence images (not shown), however, relarge, circular LC domains and the intermixing of smaller
veal that on the micron scale, the phase distributions seeilC and LE domains are observed in Fig.A Similar
previously for the monolayer films are also present in theNSOM fluorescence and topography images, collected on
bilayer. Each side of the bilayer was doped independentlpilayers formed by transferring a pure DPPC monolayer
with the fluorescent dye and imaged with confocal micros-first, followed by a DPPC/0.25 mol% dil monolayer on
copy. The results show fluorescence patterns qualitativelyop, are shown in Fig. 6. For this bilayer, the fluorescent
similar to that shown in Fig. 2. Therefore, although theprobe is in the uppermost monolayer of the film, and the
topography of the bilayer has been altered to the poinNSOM fluorescence image therefore reflects the phase dis-
where it is not possible to assign the individual domainstributions present in this monolayer. As before, the NSOM
with any confidence using AFM, confocal fluorescencefluorescence image detects phase distributions similar to
measurements can still delineate the macroscopic phagkose observed for monolayer films, whereas the force im-
structure present in each side of the bilayer. However, thage shows changes in the surface topography that are not
resolution limit in confocal microscopy still prevents the correlated with this structure. These results illustrate the
detection of the smaller domains. capability of NSOM to probe the small phase domains
To ascertain whether the small lipid domains observed irpresent on either side of the lipid bilayer, which are not
the monolayers are also present in the bilayer film, high-evident in either the confocal or AFM measurements.
resolution NSOM measurements were performed. Fig 5,
and B, shows the simultaneous NSOM fluorescence and
topography images, respectively, of the same bilayer ims
aged in the AFM (Fig. 4) and confocal measurements (no ISCUSSION
shown). The bottom DPPC monolayer is doped with 0.25Previous work and the results presented here illustrate the
mol% dilC,g, and the top DPPC monolayer contains noability of NSOM to probe the small phase structures present
fluorescent dye. As in the AFM image shown in Fig. 4, thein LB films (Hollars and Dunn, 1997; Hwang et al., 1995;
near-field topography image shown in Fig.B exhibits  Moers et al.,, 1994; Tamm et al., 1996). The combined
guantized height changes that reveal no discernible phadegh-resolution fluorescence and topographic information
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FIGURE 5 @) 10 um X 10 um
near-field fluorescence and) to-
pography images of the same bilayer
imaged with AFM in Fig. 4. The
near-field topography imageB) ex-
hibits height changes in the film sim-
ilar to those seen by AFM (Fig. 4).
The near-field fluorescence image
shown in A, however, reveals the
lipid phase structure present in the
bottom layer of the bilayer. This
structure is qualitatively similar to
that seen in the monolayer film

(Fig. 3).

provides a self-consistent view of the phase structurelasticity have also seen these smaller domains intermingled
present in lipid monolayers (Hollars and Dunn, 1997). Forwith the larger LC domains under similar monolayer trans-
example, in the case of the DPPC monolayer shown in Figfer conditions (Masai et al., 1996; Yang et al., 1994a,b,
3, comparing the lipid topography with the structure seen inl995). We find that these small domains are common fea-
the NSOM fluorescence image allows us to unambiguouslyures in our samples, regardless of the nature of the sub-
assign the small features observed in the “LE” region tostrate. For instance, these domains are observed in lipids
coexisting LE and LC domains and not simply to defects intransferred onto mica (Figs. 2 and 3), glass (data not
the film. As mentioned earlier, previous AFM studies usingshown), and lipid surfaces (Fig. 6), which suggests that their
various contrast mechanisms such as height, friction, antbrmation is not strongly coupled to the properties of the
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FIGURE 6 @) 10 wm X 10 um
near-field fluorescence and) to-
pography images of a bilayer formed
with the upper layer fluorescently la-
beled with 0.25 mol% dilGs. As in
Fig. 5, the near-field fluorescence im-
age @) reflects the structure present
in the top lipid layer, which is similar
to that observed for the DPPC mono-
layer. The near-field topography im-
age B) exhibits height changes that
are not correlated with the structure
observed in the near-field fluores-
cence image.

underlying substrate for this subphase. The origin of thes&994). Using a specially designed fluorescence microscope
small domains, however, remains unclear. Are they preserapable of probing various regions of the film during the
at the air-water interface, or simply introduced into thetransfer process, they were able to uncover changes in the
monolayer upon transfer onto the solid support? phase structure occurring at the substrate/subphase inter-
In a series of papers, Riegler and co-workers showed thdtaice. Monolayers composed of dimyristoylphosphatidyleth-
under certain conditions, the phase structure of lipid monoanolamine (DMPE) doped with 1.1% NBD-dihexadecylam-
layers can be modified by the dipping procedure that transine exhibited a local liquid-to-solid phase transition at the
fers the lipid onto the solid support (Riegler and Sprattemeniscus formed between the solid-subphase interface
1992; Riegler and LeGrange, 1988; Spratte and RieglerRiegler and LeGrange, 1988). This phase transition, it was
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proposed, arose from local pH variations in this regionwater interface could possibly answer this question, but
induced by the limited mixing between ions in the meniscughese measurements remain technically challenging and are
and those in the bulk solution. Recently similar experimentsunlikely to have the necessary sensitivity and resolution to
have found perturbations in the film structure attributable toanswer this question soon. NSOM measurements, however,
substrate-mediated condensation. The differing environmay be able to provide clues to the submicron lipid structure
ments of the floating and deposited monolayer at the subpresent at the air-water interface by scanning the NSOM tip
strate/subphase interface can lead to local morphologgcross the air/water interface at constant height. These ex-
changes in the film (Riegler and Spratte, 1992; Spratte an@eriments are currently under way in our laboratory.
Riegler, 1994). These mechanisms could possibly result in Regardless of the origin of the small domains, the results
the formation of the small LC/LE domains observed in Figs.shown in Figs. 5 and 6 demonstrate that each side of the
2 B through 6. lipid bilayer can be selectively probed at the submicron
Comparison of the NSOM results for bilayers, shown injeye| with NSOM, simply by controlling which side is
Figs. 5 and 6, however, suggests that these mechanisms ajgped with the fluorescent probe. In each case, the NSOM
not responsible for the small domain formation seen here. I, orescence image is able to reveal the underlying phase
Fig. 5, the NSOM fluorescence image reflects the structurgyrycture of the lipid film, which is not directly correlated
in the bottom lipid layer, transferred by the Langmuir- ity the surface topography observed in the force image.

Blodgett dipping technique. This structure is qualitatively Thege results are particularly interesting in light of recent

indistinguishable from that seen in Fig. 6, where the NSOMg;,dies which suggest that similar small lipid domains may

fluorescence image reflects the structure in the upper mongse present in biological membranes (Dupou et al., 1988;

layer, transferred by the Langmuir-Schaefer technique. Ifyetcalf et al., 1986: Tocanne et al., 1994; Wolf et al., 1988).
Langmuir-Schaefer film transfer, the entire substrate sur- tpare is currently a great deal of interest in understanding

face is exposed to the air-water interface, and the film igo (o0 of lipids in influencing the activity of membrane-

f[ransfe'rred In one step. Logal pH \{ar|at|ons or an evolutio ound proteins. Modulations of membrane thickness (Bald-
in the film structure due to interactions between bound an

f | . i ted in thi f i b in and Hubbell, 1985; Caffrey and Feigenson, 1981;
ree mt(?]no ?{(ﬁr Iiitn?f ex?ecxe md t'Stﬁor:r:gzr? |onr, tef['Criado et al., 1984; Johannsson et al., 1981; Peschke et al.,
causethe entire Interlace 1S exposed to the monofayer a :If%?; Peterson and McConnaughey, 1981; Salamon et al.,

same.tlme. It does not appear, therefore, that Fhe sm 994), stiffness (Lundbaek et al., 1996; Peschke et al.,
domains observed here are directly related to the film trans; ) .

. o . ~1987), and curvature (Baeza et al., 1994; Chernomordik and
fer process itself, but result from an evolution in the film

structure immediately following transfer onto the substrateZimmerberg’ 1995; Epand and Epand, 1394; Gibson and
y 9 Brown, 1993; Hui and Sen, 1989; Jensen and Schutzbach,

Studies have shown that LB monolayers can condens .
. . : 984; Kelusky and Smith, 1983; McCallum and Epand,
upon transfer to a solid support to form solid phase |sland§995; Navarro et al.. 1984: Rilfors et al.. 1994 Sackmann,

(Mikrut et al., 1993; Sikes and Schwartz, 1997; Sikes et al. 994) h b h o affect th fivity of certai
1996). This may represent an aggregation process, in WhiC}\ ) have all been shown to affect the activity of certain

a thinning of the water layer between the monolayer and théntegral proteins. For coe>.<|st|ng lipid phases, if prgsent,
substrate leads to island growth of a condensed phase (FaHifS€ Structures may provide a means of sequestering en-
and Knobler, 1995; Reiter, 1992; Srinivasan et al., 1988). IrfYMES 1N unique ph_ysmal environments (Joh_nson and Edi-
arid conditions, LB monolayers efa-dimyristoylphospha-  din. 1978) or provide topographical organizers for cell
tidic acid on a glass substrate can collapse into multilayef"€Mbrane receptors. They may also create boundary dis-
films (Mikrut et al., 1993). In humid conditions, on the other continuities in the membrane to increase passive transport,
hand, the small lipid domains of DPPC become very mobile€nhance pore development, or promote the fusing of lipid
on the mica surface and aggregate to form larger domains J€sicles to the membrane. Fluorescence recovery after pho-
like phase (Chen et al., 1989; Shiku and Dunn, 1998). Botfiobleaching (FRAP) studies on membranes from soybean
results illustrate the mobility of lipid monolayers after trans- Protoplast (Metcalf et al., 1986), cultured rose (Walko and
fer onto a solid support. Based on these observations, it iflothnagel, 1989), and maize (Dugas et al., 1989; Furtula et
unlikely that the small domains observed here are als@l., 1990) have all shown results which suggest that lipid
present at the air-water interface, but instead are induced ifticrodomains are present at the nanometric dimension.
the film by the thinning of the water layer between the lipids These results, however, are indirect and therefore are open
and the mica surface. to interpretation. Because of their small size, lipid microdo-

To unambiguously answer this question, however, it ismains will be difficult to access within the spatial resolution
necessary to probe the film structure at the air-water interconstraints governing conventional optical microscopy, and
face with sufficiently high spatial resolution to resolve the AFM measurements will be complicated by the complex
small domains, which, to our knowledge, has not been donesurface topography encountered in natural membranes. The
As shown earlier, confocal measurements lack the spatiaksults shown here, however, suggest that NSOM may pro-
resolution to resolve the smaller LE/LC lipid domains, vide the capabilities needed to bridge this gap and probe the
which is compounded at the air-water interface by the lossmall microdomains present in biomembranes at the nano-
of oil emersion objectives. AFM measurements at the airmeter level.
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CONCLUSIONS Betzig, E., J. K. Trautman, T. D. Harris, J. S. Weiner, and R. L. Kostelak.
1991. Breaking the diffraction barrier: optical microscopy on a nano-

The lipid phase structure in LB monolayers and bilayers of metric scaleScience251:1468-1470.

DPPC fluorescently doped with 0.25 mol% djlare stud- Bhushan, B., J. N. Israelachvili, and U. Landman. 1995. Nanotribology:

ied with the high spatial resolution of confocal microscopy, friction, wear and lubrication at the atomic scakature.374:607—-616.

. . Bourdieu, L., O. Ronsin, and D. Chatenay. 1993. Molecular positional
AFM, and NSOM. At a spatial resolution beyond that order in Langmuir-Blodgett films by atomic force microsco@gience.

possible with confocal microscopy, small lipid domains are 259:798-801.
seen with both AFM and NSOM in monolayers formed at aBuratto, S. K., J. W. P. Hsu, J. K. Trautman, E. Betzig, R. B. Bylsma, C. C.

surface pressure of 9 mN/m. Comparison of the height and Bahr. and M. J. Cardillo. 1994. Imaging InGaAsP quantum-well lasers
. . . using near-field scanning optical microscopy. Appl. Phys.76:
fluorescence images collected with NSOM is used to con- 7720_772s5.

firm that the small domains are distinct lipid phases and notadenhead, D. A., F. Mier-Landau, and B. M. J. Keliner. 1980. Phase
simply defects in the monolayer. For bilayers, both confocal transitions in insoluble one- and two-component films at the air/water
microscopy and AFM are unable to visualize the small interface.In Ordering in Two Dimensions. S. K. Sinha, editor. Elsevier,

d . tin the fil f I b f limit Amsterdam. 73.
omains present in the fiim—Cconfocal because ot imi a_Caf“frey, M., and G. W. Feigenson. 1981. Fluorescence quenching in model

tions in spatial resolution, and AFM because of the complex membranes. 3. Relationship between calcium adenosinetriphosphatase
surface topography of the bilayers. NSOM, on the other enzyme activity and the affinity of the protein for phosphatidylcholines

hand provides a high-resolution fluorescence mapping of with different acyl chain characteristicBiochemistry20:1949-1961.
the underlying phase structure in the bilayer that is not"e™ Y: b E. M. L. Gee, C. A Helm, J. N. Israelachvil, and P. M.
ying p y McGuiggan. 1989. Effects of humidity on the structure and adhesion of

immediately apparent in the topography image. It is also amphiphilic monolayers on micd. Phys. Chem93:7057—7059.

shown that both sides of the bilayer can be selectivelychernomordik, L. V., and J. Zimmerberg. 1995. Bending membranes to the

probed by controlling which side contains the fluorescent tsa}élz:lstgﬁtural intermediates in bilayer fusi@urr. Opin. Struct. Biol.
robe molecule. The insensitivity of the phase structure to_ >~~~ "~

P f hod h );1 ”p .. Céhi, L. F., M. Anders, H. Fuchs, R. R. Johnston, and H. Ringsdorf. 1993.

transfer met ods suggests that t e'sma coexisting LC an Domain structures in Langmuir-Blodgett films investigated by atomic

LE domains are not a result of the film transfer process, but force microscopyScience259:213-216.

instead arise from a thinning of the water layer after transfecriado, M., H. Eibl, and F. J. Barrantes. 1984. Functional properties of the

; inc acetylcholine receptor incorporated in model lipid membrade8iol.
to the solid support. Results from these and other studlgs Chein.259:0188.9198.

suggest that the small domains are not present at the alls_erzko| Z., and K. Jacobson. 1980. Comparative lateral diffusion of

water interface, but are introduced into the film after trans-  fiyorescent lipid analogues in phospholipid multibilaye&chemistry.
fer to the substrate. NSOM studies are currently being 19:6050-6057.
conducted on lipid films at the air/water interface in the Dufrene, Y. F., W. R. Barger, J. B. D. Green, and G. U. Lee. 1997.

o Nanometer-scale surface properties of mixed phospholipid monolayers
effort to resolve this issue. Taken together, these results - bilayersLangmuir. 13:4779—4784.

suggest that NSO_M .m.ay Pe uniquely sensitive to the phassugas, C. M., Q. Li, I. A. Khan, and E. A. Nothnagel. 1989. Lateral
structure present in lipid bilayers at the nanometer scale and diffusion in the plasma membrane of maize protoplasts with implications

may provide new clues to the existence of lipid phase for cell culture.Planta.179:387-396.

doma|ns |n natural b|0membranes Dunn,R.C.,E. V. AIIen, S.A. Joyce, G. A Anderson, and X. S. Xie. 1995.
Near-field fluorescent imaging of single proteitditramicroscopy.57:
113-117.
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