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Phospholipid bilayers formed by fusion of small unilamellar
vesicles (SUVs) onto glass, mica, or organic-modified surfaces
constitute an attractive model of a biological membrane for studying
membrane processes.1 Monolayers2 and bilayers2g,3 of phospho-
lipids may also be deposited or tethered to surfaces of metal
electrodes such as mercury or gold, which can then be used to study
the influence of electric field on voltage-gated membrane pro-
teins and lipid-lipid and lipid-protein interactions.4 There-
fore, significant efforts have been made to study the mechanism
by which phospholipids spread at solid supports.5 The objective of
this note is to describe the first electrochemical scanning tunneling
microscopy (EC-STM) studies of spreading 1,2-dimyristoyl-sn-
glycero-3-phosphatidylcholine (DMPC) vesicles into a film at a
Au(111) electrode surface. We will show that during the initial
stage, DMPC molecules adsorb flat with the acyl chains oriented
parallel to the surface and assemble into an ordered monolayer
similar to the monolayer formed by alkanes.6 With time, the
molecules reorient and the monolayer is transformed into a
hemimicellar film.

The experiments were carried out in a dilute aqueous solution
of SUVs ∼4 × 10-5 M total DMPC (Sigma, 99.0+%, St. Louis,
MO) concentration in 50 mM KClO4 (ACS Certified Fisher, Fair
Lawn, NJ, twice recrystallized). All images were acquired with a
Nanoscope II EC-STM (Digital Instrument, Santa Barbara, CA)
with an A scanner using a constant-current mode. A small bead
produced by melting a gold wire spot welded to a gold plate was
the working electrode. The (111) facets at the bead surface were
used for the acquisition of images. The electrode was flame annealed
before each experiment. A gold ring was the counter electrode,
and a miniaturized Ag/AgCl (saturated KCl) was the reference
electrode (-40 mV vs the saturated calomel electrode). The STM
tips were electrochemically etched tungsten wires coated with
transparent polyethylene. All images were acquired at a potential
of E ) 200 mV (Ag/AgCl) at which the charge density at the Au-
(111) surface was close to zero.

Figure 1 shows an image of the Au(111) surface acquired 3 min
after injection of a dilute solution of DMPC vesicles into the
electrochemical cell of the STM instrument. The image reveals rows
formed by DMPC molecules crossing the double lines of the
substrate, which are characteristic of a reconstructed Au(111)
surface.7 The adsorbed layer consists of several domains that are
rotated by 60 or 120°. The molecular rows are oriented at an angle
of 60° (on other images the angle varied between 50 and 70°) with
respect to the direction of the reconstruction lines of the underlying
gold surface. A change of the direction of the reconstruction line
by 120° has no effect on the ordering of the DMPC molecules.
However, the domain boundaries of the organic adlayer coincide
with the surface reconstruction domain boundaries. The average
width of the molecular row, measured as a valley to valley distance
in the direction normal to the row, amounts to 4.4( 0.2 nm. The
separation between the reconstruction line is equal to 6.3 nm,
consistent with the literature.7

Figure 2 shows a higher resolution image of the DMPC adlayer.
It reveals that each row consists of two parallel bands of closely
packed molecules (∼2 nm long stripes) separated by a distance
0.50( 0.02 nm in the direction normal to the molecular axis. The
molecular axes are always oriented at 30° with respect to the direc-
tion of the reconstruction line. The angle between the molecular
axes and the direction of the molecular row may vary within the
range of 90( 10°. This gives a spread of the angles between the
molecular row and the reconstruction line within the limits 60(
10°.

Figure 1. Image of a Au (111) surface atE ) +200 mV acquired 3 min
after injection of a solution of DMPC vesicles (0.04 M total DMPC
concentration). Supporting electrolyte: 50 mM KClO4. Imaging condi-
tions: It ) 729.0 pA,Etip ) -150 mV.

Figure 2. Higher resolution image of the monolayer of DMPC on Au (111)
at +200 mV in 50 mM KClO4 with 0.04 M total DMPC concentration.
Imaging conditions:It ) 1.00 nA,Etip ) -150 mV.
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These properties indicate that packing of DMPC molecules into
a two-dimensional, ordered adlayer is quite similar to the packing
of n-alkanes at the Au(111) surface.6 The 0.50( 0.02 nm distance
between molecular stripes is equal to the distance between two alkyl
chains in an ordered adlayer of alkanes.6 Apparently, the stripes
are images of individual acyl chains of the DMPC molecule. Like
alkanes, the phospholipid molecules are assembled by aligning the
acyl chains in the nearest neighbor direction NN (the [01h1]
direction) of the reconstructed Au(111) surface. This behavior
indicates that ordering of DMPC molecules is to a large extent
determined by chain-substrate interactions. The chain-chain and
polar head-polar head interactions control the angle between the
molecular axis and the row direction and this in turn determines
the angle between the row and the reconstruction line. The
molecular rows form a 60° angle with the reconstruction line when
the molecular axes are normal to the row direction. When the
molecular axes are oriented at 80° with respect to the row, the angle
between the row and the reconstruction line is 50 or 70°.

The thickness of the DMPC bilayer in a single crystal of DMPC,
determined by X-ray diffraction, is equal to 5.49 nm, with 3.4 nm
corresponding to the hydrocarbon region and 2.09 nm to the polar
head region.8 The thickness of two molecular rows that constitute
the repeat unit in the STM images is about 1 nm smaller. This
behavior suggests that the polar heads are rotated out of the plane
of the two acyl chains and directed toward the solution. This
conformation allows the head to remain in a fully hydrated state.

The images show stripes of the acyl chains, but the polar head
region of the DMPC is invisible. The ability to image an insulating
molecule by STM may be explained in terms of a weak coupling
between electronic states in the adsorbate and in the substrate near
the Fermi level that gives the adsorbate a property of an antenna
capable of receiving tunneling electrons.6e,9Therefore, the coupling
for the polar head region is poor or the polar head is mobile. The
two acyl chains are connected through the ester bonds to the
glycerol moiety. Indeed, images of “U”-shaped features could be
seen in Figure 2 and other high-resolution images not shown here.
However, the contrast (coupling) is weaker for the glycerol moiety
of the molecule than for the acyl chains.

The images of flat-lying DMPC molecules could be observed
only in dilute vesicle solutions and during a short period of time
after the injection of vesicles to the cell. After about 30 min, the
film was transformed into a totally different structure, as shown in

Figure 3. The Au(111) surface is covered by long stripes 4.5 nm
wide with a 0.13 nm peak to valley corrugation and a thickness of
2.2 ( 0.1 nm, determined from an independently measured force
distance curve using an atomic force microscopy (AFM) instrument.
The thickness of the film is slightly less than one monolayer, and
the molecular resolution is lost. This structure is characteristic for
the aggregation of zwitterionic and ionic surfactants into a hemimi-
cellar state in which the long rows represent hemicylindrical surface
micelles.10

At hydrophilic surfaces such as glass, quartz, and mica, spreading
of vesicles involves adsorption, rupture, and either sliding of a single
bilayer or rolling of two juxtaposed bilayers in a tank tread-type
motion1,5 on a thin lubricating film of the solvent. In this note we
present the first evidence that spreading of phospholipids from
vesicles at a gold electrode surface involves a different mechanism.
The molecules released by rupture of a vesicle initially self-assemble
at the metal surface into a well-ordered monolayer. The self-
assembly is controlled by the acyl chain-metal surface interaction.
When more molecules accumulate at the surface, the monolayer is
transformed into a hemimicellar state. In solutions with high vesicle
concentrations, the hemimicellar state is transformed further into a
bilayer.3c-e
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Figure 3. Hemimicellar structure of a film of DMPC molecules at a Au-
(111) electrode at+200 mV in 50 mM KClO4 with 0.04 M total DMPC
concentration. Imaging conditions:It ) 1.00 nA,Etip ) -150 mV.
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