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Glass Bead Probes of Local
Structural and Mechanical
Properties of Fluid, Supported
Membranes

Sanhita S. Dixit, Alan Szmodis, and Atul N. Parikh*®

Nonspecific interactions between microscopic particles and a
nearby “soft” surface report on the dynamical-mechanical
properties of the surface. A realization of this princi-
ple is afforded by diverse systems exhibiting an inter-
play between energies of adhesion and local elastic
deformation of the fluid.""? Within this framework,
the behavior of supported, fluid lipid membranes in-
teracting with microscopic colloids® is particularly in-
teresting because it offers a physical model for many
biologically important mechanisms, such as particle
engulfment, membrane fusion, and viral budding.?™®
Previous theoretical efforts establish that the elastic
response of the membrane is determined by a finely
coordinated balance between the adhesion, in-plane
tension, and bending energies.”® Model experiments
have focused primarily on the interaction between
“free” membranes of giant phospholipid vesicles
(>10 um) and latex microspheres.”'” Notable limita-
tions of giant vesicles in modeling particle adhesion
at biological membranes include their vanishingly
low lateral tension and the presence of large, out-of-
plane undulations.""'? At cellular surfaces, however,
the cytoskeleton constraints, the presence of trans-
membrane proteins, and even compositional asymmetries “re-
normalize” membrane tension and limit the codperativity in
the natural dynamics of the two leaflets.*'¥ In this regard,
supported membranes provide an attractive model
system.!>'% They are typically formed by rupture of lipid vesi-
cles onto planar surfaces. Depending on the substrate’s hydro-
philic or hydrophobic nature, vesicles rupture to form either bi-
layers or monolayers respectively."” Bilayers are separated
from the substrate surface by a thin water cushion =~ 1-3 nm
thick, which is believed to preserve their essential fluidity and
their elastic structural properties."®'® Lipid monolayers, on the
other hand, experience a rigid hydrophobic interface with the
substrate limiting the elastic response to a single leaflet. This
provides a limiting case for decoupling of dynamics between
the two membrane leaflets. In both cases, the lateral restric-
tions on membrane conformations imposed by the proximal
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surface reduce the configurational entropy and increases later-
al tension.

We presented microscopic, bare glass beads to binary pat-
terns comprising alternate regions of 1) lipid bilayers and
glass"™ and 2) lipid monolayers and bilayers."”” Representative
epifluorescence and brightfield data, shown in Figures 1a and
1b, display gravitationally settled beads on a patterned POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer (see
Experimental Section). Beads settle uniformly over the entire
surface. Physically perturbing the system via shaking or pipette
pumping, selectively removes beads from the bare surface.
Time-lapse bright-field images (Figures 1b-1f) reveal the for-
mation of a visually striking patterned assembly of beads (a

Figure 1. Amplification of bilayer patterns using beads. a) Epifluorescence and b) bright-
field image of a patterned POPC bilayer doped with 1% Texas-Red DHPE with gravita-
tionally settled 5.66 um beads. The UV-generated glass voids are devoid of lipid and
appear dark against a bright lipid grid. c)-f) Bead removal trajectory upon perturbation.

real-time movie is presented in Supporting Information, SI). A
comparison with the epifluorescence image (Figure 1a) of the
underlying bilayer confirms a direct correspondence with the
bead pattern (Figure 1f).

This emergence of “epitaxial” bead patterns is understood in
terms of differences in local interaction preferences. For mem-
brane-voids, weight of the bead is balanced by the electrostat-
ic repulsion from the planar glass substrate because of like
negative charges.”®*" Indeed, we observe that glass beads
hover over the exposed, lipid-free substrate regions executing
the expected Brownian fluctuations with frustrated out-of-
plane displacements.”” Thus, a small perturbation (e.g. shear)
can displace the beads. By contrast, beads over the bilayer do
not exhibit such Brownian dynamics due to a generic, but
strong adhesive interaction between glass and the membrane.
Previous studies have ascribed this interaction to a rather ill-
understood combination of van der Waals, electrostatic, and
hydration interactions.’”?

Beads also settle uniformly on binary POPC patterns juxta-
posing lipid bilayers (100x 100 um? squares) and surrounding
single-leaflet lipid monolayers (Figure 2). As established previ-
ously, fluorescence emission from the bilayer is roughly twice
as intense as the monolayer."”’ Physically perturbing the
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Figure 2. Discrimination of monolayer and bilayer morphologies using beads. a) A car-
toon of the monolayer/bilayer lipid assembly on a patterned OTS substrate. b) Epifluores-
cence image of the sample prior to bead deposition. c) Brightfield and d) epifluorescence
images showing 5.66 pm settled beads. Note that the beads in the bilayer region appear
fluorescent. e) High magnification (60X, 0.63 NA) fluorescence image revealing mem-

brane wrapping around the beads.

system, such as above, does not change the number of adher-
ent beads on the monolayer or bilayer regions.

Epifluorescence images provide an additional contrast be-
tween the beads adhering to the bilayer and the monolayer re-
gions. A fixed number of beads in the bilayer regions appear
roughly four-times more fluorescent (Figures2c and 2d),
whereas beads on the monolayer region do not. The latter
serves as a control negating possible lensing effects as cause
for this increase in fluorescence intensity. Thus, this dramatic
increase of fluorescence intensity reflects a significant wrap-
ping of the beads by the underlying membrane bilayer.” We
note that a simple comparison of fluorescence intensity cannot
be used to infer the extent of bead wrapping due to the
changes in fluorescence emission at the perturbed membrane
micro-environment in the vicinity of bead-bilayer interface. A
rough calculation indicates ~6-8% expansion of the projected
surface area due to membrane wrapping (see SI). Further, fluo-
rescence recovery after photobleaching (FRAP) measurements
in the vicinity of the fluorescent beads reveals two additional
aspects of the colloid-membrane complex: 1) the lateral probe
diffusivity of the membrane, a measure of membrane fluidity,
appears to remain essentially unchanged before and after
bead adhesion and 2) the membrane wrapped around the
beads is essentially continuous with the underlying supported
bilayer (see SI). In contrast, no such fluorescence acquisition by
beads or membrane wrapping is seen in the monolayer re-
gions. Taken together, these simple experiments suggest that
the reversible adsorption of glass beads to fluid lipid mem-
branes can be used as a simple means to differentiate local
morphologies, namely, lipid bilayers from monolayers and
voids or defects.

Next, we use the bead-membrane interaction to investigate
how the lateral fluidity or phase state of the membrane influ-
ences its ability to deform following bead adhesion. We used
binary monolayer/bilayer lipid patterns (see above) by spread-
ing DMPC (T,,=24°C) vesicles at room temperature on a pat-
terned OTS surface. The pattern is first cooled to 15°C. At this
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temperature, FRAP measurements confirm the gel
phase (Figure 3a) for the bilayer regions whereas the
monolayer regions remain fluid. This apparently
counter-intuitive monolayer fluidity parallels previous
observations by Seul et al.”” where the melting of a
monolayer depends on the properties of the underly-
ing silane substrate. Sedimentation of glass beads on
such a pattern, again, appears uniform. However, nei-
ther the gel bilayer (Figure 3b) nor the fluid mono-
layer of the pattern wet the beads. Upon heating the
sample to 30°C, beyond the bilayer transition tem-
perature, the beads adhering to bilayer regions selec-
tively acquire fluorescence as seen in Figure 3c. The
lipid monolayers, however, do not wrap around the
beads. These results indicate that the binding to
wrapping transition for bilayer-bead complex corre-
spond well with the main phase transition of lipid bi-
layers and the onset of large-scale lateral fluidity in
bilayers.”

Figure 3. a) Fluorescence micrograph of DMPC monolayer/bilayer regions on
a patterned OTS surface at 15°C. A photobleached spot at the center of the
image does not recover in intensity and confirms the gel phase of the lipid
bilayer. b) Fluorescence and brightfield images immediately after 5.66 um
bead sedimentation at 15 °C. ) Fluorescent and brightfield images 15 min
after heating the sample to 30°C shows fluorescent beads in the bilayer re-
gions.

These qualitatively different responses to bead adhesion by
symmetric bilayers and asymmetric, OTS supported lipid mon-
olayers provide insights into elastic properties of supported
membranes. First, for lipid monolayers supported on OTS, the
lower leaflet equivalent, namely OTS, is directly tethered to the
substrate. As a result, the “unbinding” of lipid monolayers re-
quired to wrap around the beads must impose a high hydro-
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phobic penalty through the requisite separation at the hydro-
phobic mid-plane and is therefore expected to be strongly
suppressed. Our results are entirely consistent with this picture
and provide a practical caveat against direct comparisons of
adhesive responses of monolayer and bilayer based models.
They further suggest that the interactions between the inner
leaflet of biological membranes and cytoskeleton may modu-
late the membrane’s elastic response to local deformation.
Second, the response of the lipid bilayer, namely wrapping,
sandwiched between the flat and the curved adhesive sub-
strates can be understood in terms of the interplay between
adhesion, bending, and tension energies.”* The presentation
of the bead provides a new source of adhesion energy for the
membrane. The contact energy of adhesion®” with beads
(=—k,q Ay=k,q 2m a*> z where z is the extent of membrane
wrapping in the units of the colloidal radius a and k,q repre-
sents the adhesion constant) drives the membrane assembly
around the beads. In the limiting case, if the bead-membrane
adhesion energy exceeds substrate-membrane adhesion
energy substantially,® the parent bilayer unbinds from the
planar glass wrapping the contacting beads. In our case, the
bead-membrane and substrate-membrane interactions share
comparable (glass-lipid) physical-chemical interactions result-
ing in an elastic membrane deformation.

The nature of this local membrane deformation is under-
stood as a result of the competing interactions due to the ten-
sion (=ma2z20 where o is the lateral tension within the mem-
brane) and curvature energies (=1/2k(C,+C,)?A,q=4nzk
where k is bending constant) of the membrane® under the
constraints of planar membrane configuration. As the charac-
teristic length scale for the bending energy for fluid bilayers®™
[=(k/0)"*~10-50 nm] is much smaller than the bead dimen-
sions used, the observed wrapping or membrane area dilation
must result in a corresponding rise in tension energy due to
the membrane’s elastic area compressibility. By accounting for
the number of fluorescent beads per membrane area and
near-complete wrapping of the beads by the membrane in
Figure 2 and related controls (see SI), we estimate the mem-
brane stretching to be roughly 6-8% in our data. This area di-
lation is accounted for by a combination of the membrane
excess stored in the thermal undulations of the supported bi-
layer and an increase in the average separation between
neighbouring lipids above its optimal value. The latter type of
area expansion involves a significant hydrophobic penalty and
is limited to 2-4% before membrane rupture or lysis and the
loss of planar topology."” The former is attributed to thermally
excited undulations ascribed previously to thickness and rela-
tive tilt variation modes®® which are preserved in fluid sup-
ported membranes.® Additional support for this tension-in-
duced area dilation explanation is provided by our observa-
tions that below the transition temperature, DMPC bilayers do
not wrap around the beads. The elastic area compressibilities
of “free” DMPC bilayers have been previously shown to de-
crease by an order of magnitude (lateral compressibility modu-
lus decreases from 50-60 dynecm™' for L, fluid phase to
almost 1000 dynecm™' for the solid Ly phase).” Thus, in prin-
ciple, by simply allowing the beads of known physical proper-
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ties (e.g. weight and charge) to settle on supported mem-
branes, local tension, area dilation, and hence its elastic area
compressibility are determined. Such experiments require pre-
cise determination of the extent of membrane wrapping. High-
resolution fluorescence microscopy and total internal reflection
fluorescence® investigations are in progress in our laboratory
to achieve such quantitative determinations. We note that ex-
isting methods for such measurements, namely micro-pipette
aspiration®” and physical compression®" are not easily amena-
ble to the planar supported membrane configuration.

In summary, interactions between glass beads and support-
ed lipid membranes can be used as a simple tool to character-
ize their local structural and mechanical properties. The affinity
difference of the beads for bilayers and glass results in a 100-
to 500-fold amplification of the underlying membrane patterns
and void-defects producing optical contrasts. Beads differenti-
ate monolayers from fluid bilayers by inducing a qualitatively
different elastic response, characterized by non-wetting or
non-deformed binding for monolayers and partial wetting or
membrane wrapping for bilayers. These results confirm the es-
sential role of inter-leaflet coupling and bilayer fluidity in de-
termining elastic response of supported membranes.

Experimental Section

Membrane patterns were produced following membrane photoli-
thography methods."”' Briefly, a supported bilayer on coverglass
was exposed to short-wavelength UV-radiation in an aqueous envi-
ronment through a physical mask to produce well-defined voids in
the bilayer reflecting the pattern of the lithographic mask (Fig-
ure 1a). A dry version of this patterning technique was used to
generate micrometer scale patterns of hydrophilic voids in octade-
cyltrichlorosilane (OTS) coated glass coverslips. Spreading of phos-
pholipid vesicles on a patterned OTS surface resulted in the forma-
tion of lipid monolayers on the OTS grid and lipid bilayers in the
UV-generated voids.

Phospholipids used were 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC, Avanti) Small unilamellar vesicles (SUVs) were prepared
from hydrated multilamellar lipid stock solution following the ex-
trusion method. The SUVs were doped with 1 mol% Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammo-
nium salt (TR-DHPE, Molecular Probes) to enable visualization by
fluorescence. Glass coverslips (Corning) were oxidized using Pira-
nha etch solution (3:1, sulfuric acid: hydrogen peroxide, 5 min,
90°C). All experiments occurred in PBS (phosphate buffer saline,
pH 7.4, 137 mm NaCl, 2.7 mm KCl). Glass beads (diameter 5.66 +
0.76 um and 0.97+0.10 um; 2.2gml™"; 10% in DI water, Bangs
Labs), diluted 100-fold in PBS, were incubated with patterned lipi-
dic surfaces placed at the bottom of crystallization wells. Under
these conditions, all bare glass surfaces display a net negative
charge via dissolution of surface silanol groups.*? Microscopy
images were acquired using a Nikon eclipse TE2000-S microscope
equipped with fluorescence and brightfield capabilities.
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