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This paper presents a novel method of measuring the adsorption of egg-phosphatidylcholine (egg-PC)
vesicles onto a micropatterned heterogeneous self-assembled monolayer (SAM). Microcontact printing
(uCP) was used to make an array of mercaptoethanol patches surrounded by an octadecanethiol (ODT)
SAM. Surface plasmon microscopy (SPM) followed the change in the different plasmon minima of the
mercaptoethanol and ODT SAMs with respect to lipid adsorption time. Gray scale analysis (GSA) of the
two domains showed clear differences in the kinetics of lipid adsorption, which were equated to a very
different mechanism of lipid vesicle fusion on microcontact printed («CP) SAMs compared with homogeneous
SAMs. Surface plasmon microscopy combined with GSA has allowed us to spatially deconvolute the
adsorption of lipid on a patterned surface, giving a unique insight into the lipid adsorption process.
Conventional surface plasmon resonance measurements were made on the homogeneous SAM moieties

in order to quantify the gray scale analysis in terms of adsorbed lipid thickness.

Introduction

The theory and background of surface plasmon mi-
croscopy (SPM) has been well documented by Knoll et al.*
In simple terms it can be understood by considering how
the angular position of the plasmon resonance minimum
(created by the interaction of incident laser light with a
thin metal film) is mediated by the thickness and refractive
index of material on or very close to the metal. If a gold
film is patterned with two self-assembling moieties of
different thicknesses and/or refractive indices, one of the
SAMs will come into resonance at a lower angle than the
other.! In conventional surface plasmon resonance spec-
troscopy (SPR) it is not possible to deconvolute the two
minima and a spatially averaged spectra is obtained over
the diameter of the spot of laser light. Surface plasmon
microscopy utilizes a spatial filter to expand the laser
beam in order to illuminate the whole sample area. The
reflected light is then detected by a CCD camera via a
microscope lens. Providing the features on the surface
are not too small (>4 um), the different adsorption minima
of the two SAMs can be seen. Previously SPM has been
used to study biotin—streptavidin binding and antigen—
antibody binding on surfaces.?® A general discussion of
SPM for analytical purposes is given by Yeatman.*

The adsorption of lipid vesicles on surfaces is an area
of great current interest, since it is claimed that it is
possible to create a biomimetic membrane on a surface
which shares the properties of natural cytoplasmic
membranes in terms of the functioning of incorporated
proteins and peptides.® These solid-supported lipid bi-
layersin principle allow transmembrane protein function
to be studied and may form the basis of the next generation
of biosensors. Many of the solid-supported membrane
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systems documented in recent literature are dependent
on the adsorption and self-organization of lipid vesicles
on surfaces.5~'! Two recent studies have shown that it is
possible to adsorb lipid vesicles onto a heterogeneous
micropatterned surface and retain the function of peptides
incorporated into the membrane, namely gramicidin and
valinomycin.®” However, understanding the adsorption
of lipid onto such micropatterned SAMs is far from simple,
since the roles of three separate components of the surface
(the two SAMs and their interface) need to be considered.®
Studies by surface plasmon resonance (SPR) of lipid vesicle
adsorption on hydrophobic SAMs point to the formation
of a monolayer of lipid molecules. This can be understood
by considering the surface energy advantages of making
a hydrophobic surface hydrophilic in an aqueous me-
dium.*® The system on a hydrophilic SAM is rather more
complex, with various studies suggesting at least the part-
adsorption of lipid vesicles as well as a lipid bilayer.*?

This paper describes the adsorption of egg-phosphati-
dylcholine (egg-PC) vesicles on a microcontact printed
(uCP) gold substrate consisting of an array of mercapto-
ethanol patches, 24 um in diameter with a center—center
distance of 40 um surrounded by an octadecanethiol (ODT)
SAM.

Experimental Section

Microcontact printing and production of patterned stamps have
been extensively described by Whitesides in previous reports.
Patterned stamps of poly(dimethyl siloxane) (PDMS) were made
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Figure 1. Schematic view of experimental surface plasmon
microscopy setup.

by pouring liquid PDMS onto a piece of patterned photoresist on
silicon, baked to cross-link the PDMS and peeled off, revealing
apattern of wells in the PDMS of the dimensions described above.
The PDMS stamp was “inked” with 5 mM ODT in HPLC grade
ethanol, dried under nitrogen, and applied to a gold film. The
gold film was of thickness 50 nm, created by thermal evaporation
of gold onto high refractive index LaSFN9 glass. The ODT
patterned gold was subsequently “backfilled” with mercapto-
ethanol by immersion for 5 minin 5 mM mercaptoethanol solution
in ethanol. The patterned substrate was removed, rinsed in
copious ethanol and water, dried under a stream of nitrogen,
and placed onto an LaSFN9 90° prism, using index match fluid
to ensure optical continuity. A Teflon flow cell was applied to the
SAM side of the gold, and the prism-substrate-flow cell was placed
in a surface plasmon microscope.8 Laser light from a He Ne laser
at 633 nm wavelength was passed through a spatial filter and
lens to create a broad coherent band of light which was directed
onto the back of the micropatterned substrate via the prism
(Kretschmann configuration), and the reflected light was detected
via a CCD camera. When the laser incident angle was stepwise
increased by using agoniometer, control software allowed images
tobe recorded at defined angles. The obtained SPM picture series
shows the angle dependent, laterally resolved reflectivity of the
patterned surface. Software routines were then used to analyze
the gray scale of defined areas in order to obtain SPM scan curves.
During the kinetic measurements pictures were recorded in set
time intervals at a fixed incident angle and were converted into
numerical values by gray scale analysis (GSA). A schematic view
of the experimental setup is shown in Figure 1.

Lipid vesicles were made by hydration and subsequent
extrusion (through 50 nm diameter pores) of freshly hydrated
egg-PC prior todilution to 0.2 mg/mL in citrate—phosphate buffer
at pH 5.5.6

Conventional SPR measurements were made of lipid adsorp-
tion on homogeneous liquid formed SAMs of both the mercap-
toethanol and the octadecanethiol (ODT). The plasmon curves
thus obtained were fitted using the Fresnel equations, to a model
layer system allowing the calculation of the thickness of adsorbed
lipid on the SAMs (assuming a lipid refractive index of 1.5).

Results and Discussion

SPR of Lipid Adsorption on Homogeneous SAMs.
Measurements of lipid adsorption on the homogeneous
SAMs are given in Figure 4. The thickness found for the
lipid on the ODT SAM was 18 A, consistent with a lipid
monolayer being formed. However, measurements on the
mercaptoethanol SAM gave a final thickness of >80 A,
suggesting either lipid multilayers or vesicle adsorption.
The thickness of lipid on the ODT layer was used to convert
the gray scale data to thickness. The gray scale value at
t = 0 was set to 0 A adsorbed lipid, on both the ODT and
mercaptoethanol areas. The change in gray scale from t
= 0 to after vesicle adsorption and rinsing on the uCP
ODT was equated to a thickness of 18 A. Hence, it was
possible to calibrate the gray scale in terms of film
thickness, so allowing the thickness of lipid adsorbed in
the mercaptoethanol areas to be calculated. These mea-
surements assume that the «CP ODT and the liquid
formed ODT have similar properties. This seems not
unreasonable, given that high-resolution AFM images of
the uCP ODT show a clear hexagonal lattice of ODT
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Figure 2. SPR adsorption curves around the reflectance

minimum, measured by conventional SPR (before and after
lipid adsorption) and SPM with GSA.

molecules (on terraces of Au(111)), previously seen on
liqguid formed ODT SAMs (not shown here). These
measurements are consistent with work done by Libioulle
et al., which suggests that the quality of xCP SAMs can
be made closer to that of liquid formed SAMs by using a
higher concentration of “inking” thiol solution.*

SPM and SPR of Lipid Adsorption on Patterned
SAMs. A conventional SPR curve of the patterned
substrate was obtained prior to conversion of the instru-
ment to a surface plasmon microscope. This was done to
find the average surface plasmon minima of the substrate
before the adsorption of the vesicles. Subsequently, a SPM
scan was recorded of the patterned substrate as described
above. In the gray scale analysis, 10 separate points (from
each image) from the mercaptoethanol region and 10
separate points from the ODT SAM region were analyzed.
The gray scale of these points was averaged to give the
plasmon minima curves seen in Figure 2.

As expected, the thinner mercaptoethanol patches come
into resonance first, indicated also by a contrast inversion
when the incident angle of the laser light was changed
around the averaged plasmon minimum position. As can
be seen from Figure 2, the mean value of the deconvoluted
plasmon minima positions coincides with the minimum
of the averaged SPR curve before vesicle adsorption.

For the kinetic measurements a fixed angle was then
chosen of slightly lower angle (56.4°) than the plasmon
minima, at which the greatest contrast in resonance
between the ODT and mercaptoethanol could be seen. At
this position the slope of the single-scan curves is large
enough to make the Kinetic measurements sensitive to
very small shifts of the plasmon minimaduring adsorption
of molecules to the SAMs. Figure 3 shows single images
from the recorded series taken at times that correspond
to markings in Figure 4. The SPM image of the substrate
at the chosen incident angle of 56.4° at timet =0 s is
shown in Figure 3A. The array of darker mercaptoethanol
patches (in resonance first) can clearly be seen surrounded
by a lighter ODT SAM.

On injection of lipid vesicles to the flow cell, the image
changed rapidly. Within 300 s it was possible to discern
that the image had almost inverted. In image 3B, at 800
s, it can clearly be seen that the array of dark hydrophilic
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Figure 4. Kinetics of lipid adsorption on hydrophilic mer-
captoethanol wells and the surrounding hydrophobic ODT and,
for comparison, on nonpatterned homogeneous liquid formed
SAMs of the two thiol moieties.

patches is now brighter than the surrounding area,
indicative that a greater thickness of material is present
in this region than on the surrounding ODT SAM. By
4000 s into the vesicle fusion, the contrast starts to fade
3C, until, by image 3D at 25 000 s, the image appears
virtually homogeneous. A total of 165 images were
recorded over the time of the kinetic experimentand were
analyzed by GSA in order to obtain the kinetics of the
vesicle adsorption to the two different thiol patches. The
gray scale of the same number of points as for the scan
curves has been averaged and converted to thickness
values (vida supra), as shown in Figure 4. A rinsing step
was also carried out to determine any change of thickness
after removing loosely adhered material. Within the
resolution possible by SPM, no quantifiable change was
seen.
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After the kinetic measurement was stopped, further
SPR and SPM scans of the surface were recorded to
evaluate the thickness change due to the adsorption
process (Figure 2). Note, because the image after lipid
adsorption was homogeneous (Figure 3D), it was not
possible to deconvolute the plasmon minima of the
mercaptoethanol and ODT areas. Therefore, the SPR and
SPM scan curves after the adsorption are identical (Figure
3).

Adsorption on ODT SAM. Although the adsorption
curve is inevitably noisier than that obtained by conven-
tional SPR, the basic shape of the adsorption curve fits
very well to previous measurements we and others have
made of egg-PC lipid adsorption on 100% ODT SAMs.810.11

Adsorption on Mercaptoethanol Patches. The GSA
analysis of lipid adsorption on the mercaptoethanol wells
has proved to be rather interesting, showing a marked
difference in the adsorption measured by conventional
SPR on 100% mercaptoethanol SAMs where asharp initial
adsorption is seen followed by a long period of gradual
increase in reflectance/thicknes but no adsorption peak
followed by a decline in reflectance was seen (Figure 4).
This suggests that adsorption of egg-PC vesicles in the
mercaptoethanol patches on the patterned SAM is affected
strongly by the edges of the patches, that is to say, the
hydrophilic/hydrophobic SAM interface. A reasonable
explanation could be that vesicles in the mercaptoethanol
patches initially adsorb as vesicles and sit on the surface.
A much longer process then takes place in which the
vesicles fuse with each other (Figure 4) and collapse on
contact with the surrounding hydrophobic area to form a
lipid bilayer. The end result of such a period of vesicle
collapse is seen in Figure 3D, where the surface appears
uniform although measurement of the total adsorbed
thickness of the lipid on the uCP SAM by conventional
SPR suggests that there is still significantly more lipid
adsorbed than would be expected for a simple lipid mono/
bilayer. Such an explanation would be supported be a
study previously carried out on similar systems, where a
range of mercaptoethanol areas were studied using
conventional SPR and AFM.8

Conclusions

The results presented in this paper show that lipid
adsorption onto heterogeneous patterned SAMs is a far
more complex process than previously thought. The spatial
deconvolution of the surface plasmon resonance has
allowed a remarkable insight into the possible mechanism
of lipid adsorption in the mercaptoethanol patches on the
patterned SAM, which shows the process is quite different
than that seen on homogeneous mercaptoethanol SAMs.
The contrast inversion seen in Figures 3 and 4 is most
interesting.
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