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The ion channels formed by gramicidin A molecules embedded in a Langmuir-
Blodgett film have been visualized by scanning tunneling microscopy at
atmospheric pressure. The film was a bilayer of dipalmitoyllecithin molecules on a
graphite surface. The results of the study agree with existing molecular models.

The structure and electronic properties of Langmuir-Blodgett films are of interest
in the effort to solve a variety of fundamental and applied problems. For example,
Langmuir-Blodgett films of lipid and monomolecular and bimolecular layers modified
by molecules are used as models of cell membranes with ion channels and are also used
to decipher the molecular mechanisms for the ionic conductivity of cell walls.' The
experimental methods which have been used in previous studies detect only the func-
tional properties of the channels. A new approach to studying the ion channels embed-
ded in lipid membranes is to use a scanning tunneling microscope (STM),? which has
already been used to study pure Langmuir-Blodgett films.>® Tunneling microscopy®’
differs from the standard methods of electron microscopy and spectroscopy in that the
energy applied is small, and the spatial resolution is high, not only in vacuum but also
in gases and liquids.® This flexibility is particularly important for studying biological
specimens.®’

In this letter we are reporting a study of a Langmuir-Blodgett film of dipalmitoyl-
lecithin (DPML) with embedded ion channels formed by gramicidin A molecules.
The substrate was a clean cleaved surface of pyrolytic graphite, which has been studied
thoroughly by scanning tunneling microscopy and which has a sufficient number of
atomically smooth regions.'” A bilayer of DPML molecules was formed on the sub-
strate by the OLB method.> We then added an alcohol solution of the gramicidin
(10~* g/liter) to the surface of the substrate coated with the lipid bilayer. The grami-
cidin molecules became embedded in the lipid bilayer as a result. The experiments
were carried out at atmospheric pressure in the STM described in Refs. 10 and 11.

For comparison we studied STM images of a clean graphite substrate, of a lipid
bilayer, and of a lipid bilayer modified with gramicidin molecules. In the case of the
clean graphite we observed a hexagonal structure with the known period;®”'® this
period was then used for spatial calibration of the subsequent images. After the depo-
sition of the DPML bilayer, we observed a considerably “noisier” regular structure
with a length scale ~0.6-0.7 nm, which is much larger than the length scale of graph-
ite. We accordingly associate the observed STM image with the outer monolayer of the
membrane.

Figure 1 shows an STM image of a lipid bilayer modified with gramicidin A
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FIGS. 1 and 2. Scanning tunneling mi-
croscopy image of ion channels (top
view) in a Langmuir-Blodgett film of di-
palmitoyllecithin. V=230 mV,
I, =0.3 nA. The positive potential is
applied to the tip.

molecules. Figure 2 shows an STM image obtained during a repeated scan of a region
of smaller area near the characteristic features in Fig. 1. Figure 3 shows a section of
the STM image along the Y-Y"' in Fig. 2.

The characteristic structures in Figs. 1 and 2 appeared only in the case of a lipid
layer modified with gramicidin molecules. This fact, along with the size and shape of
the observed structures, suggests that gramicidin A molecules embedded in the lipid
bilayer are being visualized in Figs. 1 and 2. The typical size of the molecule according
to the STM image is ~ 1.5 nm. At the center of the image there is a “dip” with a
typical size ~0.5 nm (Fig. 3). These results agree with existing molecular models, '
according to which the gramicidin A molecule is a cylinder 1.2 nm in diameter and 1.5
nm long with an internal channel 0.4 nm in diameter.

We determined the optimum values of the tunneling current /- and of the voltage
V,—i.e., the values which result in high-quality STM images of the molecules. These
values turned out to be slightly different for the gramicidin A and the DPML. We
were thus unable to select conditions under which the periodic structure of the lipid
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FIG. 3. Section of an STM image of an ion channel.

bilayer would be manifested along with the STM image of individual gramicidin mole-
cules on a single frame. However, a control experiment in which we varied the scan-
ning conditions revealed that the gramicidin molecules are separated by a layer of
close-packed DPML molecules with an intermolecular distance of 0.6-0.7 nm.

In summary, this study has demonstrated a new capability: Individual ion chan-
nels in a lipid membrane can be visualized by STM. This capability opens up some
important opportunities for learning about the molecular mechanisms by which these
channels function. We wish to stress that the contrast of these STM images may be
due to either geometric factors or local electronic properties of the specimens (the
height of the tunnel barrier, the local density of states, etc.). To determine the nature
of the contrast, we are carrying out some additional measurements of the local work
function, i.e., of I-(V;) and dI;/dV .
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