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Abstract

Fluorescence near-®eld scanning optical microscopy (FL-NSOM) is used to probe the nanoscale structure in stained phospholipid

monolayers deposited on glass substrates at moderate surface pressures. The FL-NSOM images reveal new liquid-expanded (LE) and

liquid-condensed (LC) domains, including one-to-one correlation between ¯uorescence contrast and ®lm topography. In particular, ®lms

of the phospholipid DPPC stained with DiIC12 exhibit multilayer structures that are observed within the solid phase domains and have LE-

like ¯uorescence signals. These features are attributed to clusters of dye molecules resulting from the localized collapse of the ®lm upon

compression. Such collapsed features are also observed in supported ®lms of 100% DiIC12 deposited at high surface pressure. In these ®lms,

spatially-resolved spectroscopy shows that the collapsed structures are amorphous based on the ¯uorescence spectrum while the molecules

within the solid phase of the ®lm have a ¯uorescence spectrum indicative of molecular aggregates. q 2000 Elsevier Science S.A. All rights

reserved.
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1. Introduction

The self-organization properties of amphiphillic mole-

cules at the air±water interface and subsequent transfer to

solid supports (Langmuir±Blodgett or Langmuir±Schaeffer

transfer) has been widely exploited as a means for organiz-

ing molecules in layered structures with applications in biol-

ogy (synthetic membranes), chemistry (substrates for

sensors) and physics (non-linear optics) [1±5]. Local char-

acterization of the resulting monolayer and multilayer ®lms

has traditionally relied on far-®eld microscopy techniques

such as Brewster angle microscopy of unstained monolayers

and ¯uorescence microscopy of stained monolayers [6±8].

While these methods have yielded important insights into

the microscopic structure of LB ®lms, the spatial resolution

of these techniques is limited to several hundred nm by

diffraction. Recently, applications of ¯uorescence near-

®eld scanning optical microscopy (FL-NSOM) [9,10] to

LB-®lms has demonstrated spatial resolution below 50 nm

[11,12]. These initial FL-NSOM images have shown the

existence of unforeseen nanoscale liquid-expanded (LE)

and liquid-condensed (LC) domains, grain boundaries

between coalesced LC domains and mixed domains. In

addition, the feedback mechanism that regulates the height

of the NSOM tip provides a topography signature of the

solid (LC) and liquid (LE) domains that can be correlated

with the ¯uorescence signal [12]. Thus, NSOM not only

provides high spatial resolution, but also provides a one-

to-one mapping of ¯uorescence and topography simulta-

neously. In this paper, we use ¯uorescence NSOM to

compare the nanoscale structure of DPPC monolayers

supported on glass substrates and stained with two different

dye molecules, DiIC12 and Bodipy-PC. In each system the

dye molecules phase-separate into the LE phase of the

monolayer making the LE phase ¯uorescent while the LC

phase is dark. As will be discussed thoroughly in the text,

the DPPC/DiIC12 ®lms show circular domains of bright

¯uorescence within solid phase domains that exhibit a corre-

sponding topography feature indicating that the ®lm has

collapsed. The DPPC/Bodipy-PC monolayers do not show

collapsed structures under the same deposition conditions

and show the same nanoscale features seen in previous

NSOM experiments.

2. Experimental

The monolayer ®lms utilized in this experiment were

assembled at the air±water interface using either a commer-

cial Langmuir trough (Nima, UK) or a home-built Langmuir

trough [13]. The phospholipid DPPC (Avanti Polar Lipids,

Alabaster, AL) and the ¯uorescent probes BodipyPC and
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DiIC12 (Molecular Probes, Eugene, OR) were each used as

purchased (purity . 99%). The water subphase consisted of

ultrapure, deionized (18 MV) water (Nanopure System).

The stock solution consisted of 1 mM DPPC in chloroform

doped with dye in a mole ratio of 100:2 (mol DPPC/mol

dye). The stock solution was sonicated for 15 min prior to

deposition on the water subphase. Monolayer ®lms were

deposited on the subphase by addition of 25 ml of stock

solution. The chloroform solvent was then allowed to

evaporate for several min before compressing the ®lm.

The monolayers were compressed at room temperature

with a typical pressure±area isotherm presented in Fig. 1.

The initial non-zero slope is indicative of the LE phase

followed by the plateau, which represents the phase coex-

istence of LE/LC. The rise in slope after the coexistence

indicates the LC phase. Film ¯uorescence was recorded

in-situ, during compression on the home-built trough,

using a microscopy apparatus described previously [13].

Transfer onto 0.17 mm thick glass cover slips was done by

either standard vertical deposition on the up-stroke (10 mm/

min), or a method analogous to the Schaefer technique. In

this technique the substrate is pre-positioned parallel to and

just under the surface of the water. Upon removal of a small

increment of water from the trough, the monolayer ®lm is

laid to rest on the substrate. The deposited monolayer is then

observed with far-®eld ¯uorescence microscopy to verify

that it did not deform during deposition.

Far ®eld ¯uorescence images are taken using a Leitz

¯uorescent microscope (Leica Microsystems, Germany)

coupled with a CCD camera (Santa Barbara Instrument

Group, Santa Barbara, CA). The microscope utilizes re¯ec-

tion geometry along with an interchangeable ®lter cube

system. The ®lter cubes include a bandpass ®lter for excita-

tion, a beam splitter for directing both excitation and ¯uor-

escence, and a long pass ®lter for removing the excitation

light. In this con®guration, ®lter sets can be easily

exchanged to suit the varying ¯uorescence properties of

probe species. The illumination source is a xenon arc

lamp, and both the excitation and ¯uorescence collection

are achieved using a 10£ objective (NA � 0:4).

An NSOM instrument similar to the one shown in Fig. 2

has been described in detail elsewhere [10], and will be only

brie¯y described here. The high optical resolution of NSOM

is achieved by the use of a standard tapered optical ®ber

coated on the side with ~100 nm of Ag to form a sub-wave-

length aperture at the tip [9,10]. The optical ®ber probes

used in the experiments described here all have aperture

diameters of 100^10 nm. In transmission NSOM, the

sample is excited in the near-®eld by the sub-wavelength

aperture, and the resulting ¯uorescence is collected in the

far-®eld on the opposite side of the sample with a high NA

aperture air objective (NA � 0:80). The excitation source

was the 514 nm line of an Ar1 laser (Spectra Physics, Moun-

tain View, CA). The light collected by the objective is

passed through a holographic notch ®lter to remove trans-

mitted laser light. The resulting ¯uorescence signal is then

split 50/50 by a di-chroic beam splitter and sent simulta-

neously to both a CCD spectrometer (Princeton Inst., Tren-

ton, NJ) and an avalanche photodiode single photon

counting module (EG&G, Oak Ridge, TN). This enables

the parallel processing of spatially-resolved spectroscopy

and integrated ¯uorescence microscopy. The NSOM scan-

ner is entirely home-built and uses commercial scanning
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Fig. 1. Typical pressure-area isotherm of DPPC spread on an ultra pure

water subphase at room temperature. The different phases are labeled: LE,

liquid expanded; LC/LE, liquid condensed/liquid expanded coexistence;

and LC, liquid condensed. The LE/LC phase coexistence is evident as

observed from the plateau in the isotherm. The monolayer of DPPC/

Bodipy-PC was transferred at the point marked by the lower arrow (15

mN/m), and those of both DPPC/DiIC12 and pure DiIC12 were transferred

at the upper arrow (20 mN/m). It should be noted that the small amount of

dye added does not adversely affect the phase behavior of DPPC [7].

Fig. 2. Block diagram illustrating our transmission NSOM apparatus. The

IR laser and the photodiode (PD) are used for the optical shear force

detection, which in turn is used in a feedback circuit to maintain the tip

in the near-®eld of the sample as the sample is raster scanned. Transmitted

¯uorescence is collected in the far-®eld with a microscope objective, prop-

erly ®ltered, and sent simultaneously to both an avalanche photodiode

(APD) and a CCD spectrometer.



electronics (Digital Instruments, Santa Barbara, CA) to

raster the sample and form the image.

The NSOM tip aperture is maintained in the near ®eld of

the sample surface (10±50 nm) using the standard optically

detected shear force feedback technique [14]. The probe is

dithered on resonance in the plane of the sample. The dither

motion is monitored by focusing laser light normal to the tip

surface and detecting the scattered light synchronously with

the dither frequency using a lock-in ampli®er. As the tip

approaches the sample surface, the dither amplitude drops

sharply with the tip-sample distance. The output of the lock-

in ampli®er serves as the input to feedback electronics,

which control the tip±sample gap. Upon scanning the

sample, the feedback signal provides a topographical map

of the sample surface simultaneously with ¯uorescence. It is

important to note that damage to the monolayer ®lm by the

shear force feedback was rare and topography features as

small as 1 nm (in height) could easily be observed in our

experiments.

The same instrumentation shown in Fig. 2 is also adap-

table to laser scanning confocal microscopy (LSCM) for

images that do not require the high resolution imaging or

simultaneous topography imaging of NSOM. In LSCM, the

NSOM tip is removed from the apparatus and the laser is

directed into the objective and focused to a small spot (~500

nm). The ¯uorescence is collected with the same objective

and detected in exactly the same manner as in ¯uorescence

NSOM. Just as in FL-NSOM an image is formed point-by-

point by raster scanning the sample.

3. Results and discussion

The images of Fig. 3 illustrate the advantages in spatial

resolution afforded by FL-NSOM over far-®eld ¯uorescence

microscopy for a DPPC/BodipyPC monolayer deposited in

the region of coexistence of the LE and LC phases (see Fig.

3). The image of Fig. 3a shows the characteristic cloverleaf

LC domains (dark regions) surrounded by LE domains

(bright regions) [6,7]. The LSCM image of Fig. 3b shows

a close-up of one of the LC domains of Fig. 3a. This image

shows sub-micrometer features not resolved by the FFM

technique. Further enhancement of the resolution can be

seen in the NSOM images (Fig. 3c) of another ®nger region

of the same monolayer, in which optical resolution of the

order of 100 nm was observed. It should be noted that the

topography image acquired simultaneously with the NSOM

image showed no topography features above the noise of the

shear force signal (,1 nm). The very thin (~100 nm) dark

lines and bright lines are indicative of grain boundaries in

between two LE domains and two LC domains, respec-

tively. The observation of such grain boundaries has proven

dif®cult for far-®eld techniques but is easily observed in

NSOM images of stained phospholipid monolayers [11,12].

Although the topography image of the DPPC/Bodipy-PC

monolayer was featureless, the correlation between topogra-
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Fig. 3. Fluorescence images of DPPC/BodipyPC monolayers taken with

three separate techniques: (a), FFM; (b), LSCM; and (c), NSOM. The neat

image captured using FFM has optical resolution on the order of 1 mm.

Using LSCM the resolution is narrowed to just under 500 nm, revealing a

more complex LC domain than observed using FFM. Resolution less than

the diffraction limit (~100 nm) is obtained using NSOM, which reveals a

much sharper image than LSCM along with nanoscale features not

observed by previous techniques.



phy and ¯uorescence has proven to be an important advan-

tage of NSOM and its application to organic ®lms

[12,15,16]. An example of this advantage is illustrated in

the images of Figs. 4 and 5. The ¯uorescence microscopy

image of Fig. 4 is from a monolayer ®lm of DPPC/DiIC12

transferred at a surface pressure of 20 mN/m (the LC phase

region as seen from Fig. 1). The same LC and LE domains

seen in the image of Fig. 3a are visible here with an added

feature of small circular bright spots within the larger LC

domains. A close-up view within one of these LC domains

is shown in Fig. 5a. Without further study we might have

concluded that these were LE domains embedded in the LC

phase based on their LE-like ¯uorescence signal. However,

our NSOM data (Fig. 5a,b) collected from the same sample

revealed that there is in fact a one-to-one correspondence

between these ¯uorescent domains and topographical

features. A line trace through the topography features

shows that the height is of the order 100 nm tall (~75 mole-

cular lengths). We attribute the topographical features to the

ultimate collapse of regions concentrated with DiIC12 mole-

cules for the following reason. The DiIC12 molecules are

poorly solvated by the DPPC [17] even in the LE phase,

due to the large head group of DiIC12 and the alkane chain

length mismatch of DiC12 (12 carbons) and DPPC (18

carbons). The DiIC12 molecules form concentrated regions

within the liquid phase of the monolayer, and upon further

compression, these regions collapse out of the monolayer

structure in order to avoid close packing into the LC phase.

Also, the large collapsed structures resemble mountains as

is expected from collapsed ®lms [18]. Clustering effects of

short chain indocarbocyanine dye molecules in DPPC

monolayers have been observed in far-®eld ¯uorescence

quenching experiments [19]. In addition, these collapsed

features were not observed in NSOM images of DPPC/
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Fig. 4. Fluorescence image of a DPPC/DiIC12 monolayer taken with

LSCM. The monolayer was transferred at 20 mN/m and room temperature.

The LC domains appear to have a honeycomb-type matrix, which could be

attributed to small LE domains imbedded in the LC domains.

Fig. 5. High resolution ¯uorescence microscopy of DPPC/DiIC12 mono-

layers. The images in parts (a) and (b) are the FL-NSOM and topography

images of two bright spots, respectively. The ¯uorescence intensity contrast

scales linearly from 50 to 200 Kcps. Part (c) shows a line trace through the

topography of one of the collapsed structures.



DiIC18 ®lms (not shown) where the alkane chain length is

matched between DPPC and DiIC18.

Similarly shaped collapsed features are observed in single

component monolayers of DiIC12 (1.0 mM solution in

chloroform) deposited at a surface pressure above 30 mN/

m. In addition, the density of these features increases with

increasing surface pressure. Since there is no DPPC present

in these ®lms the collapsed features are attributed to a

conventional collapse: a release of compression strain for

molecules in the crystalline phase at high surface pressure

[6±8]. It is important to note that while the mechanism for

forming these collapsed features in single component mono-

layers is different to that in stained phospholipid mono-

layers, the sizes and shapes of the features are very

similar. In the single component monolayers it was possible

to use NSOM to probe the internal structure of these

collapsed features using spatially-resolved spectroscopy.

Also, the heights of the collapsed regions appear to have

the same range of sizes as the DPPC/DiIC12 ®lms (see Fig.

6c). The absence of a phospholipid in this ®lm makes it

optically interesting, because the entire ®lm is ¯uorescent.

The two spectra shown in Fig. 7a were acquired from a

bright area (denoted A) and a dim area (denoted B) of the

®lm. It is clear from the spectroscopy data that the dark

region is actually emitting, but with a much less intensity

(a factor of 10) than the bright domain. As seen in the data of

Fig. 7a, the spectra also differ in line-width and relative

intensity of the vibronic bands. The differences in the two

spectra were studied further by ®tting each of the spectra to

three gaussians, and then directly comparing the individual

gaussians to one another. This analysis showed that the

center of mass of spectrum B is shifted 3 nm to the red

relative to the spectrum taken from region A. Also, the

®rst vibronic peak of spectrum B became less intense than

the second and third vibronic peaks by a factor of two when

compared to spectrum A. The spectra taken from the bright

domain are identical in shape to that of a thick amorphous

®lm of DiIC12 (Fig. 7b). We also observed the same ¯uor-

escence spectrum for the collapsed features in the DPPC/

DiIC12 monolayers. These results imply that the collapsed

domains are amorphous and not ordered. On the other hand,

the spectra taken from the dark region are indicative of an

ordered monolayer ®lm based on the decreased emission,

broadened line-shape and a red shift in the peak intensity.

All of these are characteristic of aggregate states (such as J-

or H-aggregates) common in ordered ®lms of isocyanine

dyes such as DiIC12 [15,20,21].

4. Conclusion

From our results, we attribute the circular bright regions

of the DPPC/DiIC12 and single component DiIC12 ®lms to

amorphous clusters of dye molecules formed from a loca-

lized collapse of the Langmuir monolayer. Since these

regions make up less than 1% of the surface area of the
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Fig. 6. (a) Simultaneous FL-NSOM; and (b), topography images of single a

component DiIC12 monolayer. Part (c) shows a line trace through the topo-

graphy feature in the image of part (b).



®lm (see Fig. 4), the signature of collapse (leveling off or

drop in surface pressure) is often not observed in the

isotherm. Furthermore, without the simultaneous topogra-

phy and ¯uorescence capability of NSOM, these regions of

the ®lm would be nearly impossible to assign. Thus, NSOM

techniques represent an important tool in probing nanoscale

properties in thin ®lms.
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Fig. 7. Fluorescence spectra of a single component DiIC12 (a), monolayer;

and (b), multilayer taken with NSOM apparatus. The two spectra of part (a)

represent spectra taken from spots labeled A and B in the image of Fig. 6a.

Also shown in part (a) are the curve ®ts (bold lines). The spectrum labeled B

has been multiplied by a factor of ®ve in order to display both spectra on the

same intensity scale. The spectrum in (b) is from a thick amorphous ®lm of

DiIC12.


