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Formation and dynamics of supported phospholipid membranes on a periodic 

nanotextured substrate 

James H. Wernert', Gabriel A. Montaftot , Agnes A. Zurekt, Elshan A. Akhadovt, Anthony L. 

Garcia§, Gabriel P. Lopez§*, and Andrew P. Shrevet* 

Abstract 

We have studied and modeled the morphology and dynamics of planar lipid bilayer 

assemblies supported on a textured silicon substrate that contains nano-structured features 

perpendicular to the plane of observation. Using a combination of characterization 

methods, including atomic force microscopy and quantitative fluorescence microscopy, we 

have discovered the bilayer assemblies are conformal to the underlying nanostructured 

substrate. As far as the dynamics are concnerned, the lipids freely diffuse in and out of the 

plane of observation while supported by the nanotextured material. In a microscopic sense, 

diffusion is isotropic along the patterned substrate. Macroscopically, when observed over 

length scales exceeding the dimensions of the nano-structured features, the diffusion 

appears anisotropic. The observed macroscopic anisotropy is well simulated using models 

of diffusion on the nanostructured surface that assume the lipids diffuse homogeneously 

and isotropically on the supporting nanotextured substrate. 
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Introduction. 

Supported planar lipid bilayers are important model systems enabling the control, organization 

and study of membranes and membrane-associated proteins. I In addition to fundamental 

biophysical investigations, supported bilayers are useful scaffolds for many practical 

applications, such as electrophoretic separations2
,3 or protein recognition arrays4, 5. For many of 

these applications, there is often a need to physically segregate and isolate sections of planar 

lipid bilayers on nanometer to micron length scales. To this end, patterning methods directly 

taken from microelectronics, such as micro-contact printing and stamping techniques6
-
lo or 

photolithographic methods! 1-13, have seen widespread use for containing and controlling lipid 

domains in two spatial dimensions. 

While methods to control and characterize the interaction of planar lipid bilayers with 

nano and micro structured surfaces in two dimensions are rather well established, a handful of 

recent experimental investigations have also begun to address the interaction of planar lipid 

bilayers with substrates that demonstrate texture or patterning in three spatial dimensions on 

nanometer to micron length scales. 14, 15 For example, Parthasaranthy, Yu, and Groves!4 studied 

the phase segregation of lipid/cholesterol mixtures in double bilayer assemblies formed on a 

solid support that was spatially patterned with micron-scale rounded stripes that protruded 

several hundred nanometers from the surface. This study discovered that phase segregation was 

critically dependent upon the local curvature. In another recent study that explored the 

interaction of planar lipid bilayers with nano-structured 3D surfaces, Lopez and coworkers l5 

found that mixtures of long- and short-chain lipids in an appropriate concentration ratio formed 

micron-scale bilayer assemblies (bicelles) capable of spanning hundred nanometer-sized troughs 

on nanostructured silicon. 

For both fundamental research concerning lipid organization and for applications such as 

trans-membrane protein separation technologies2 it is important to understand the interactions 

between textured substrates and the adhered lipid assemblies. One desires characterization 

methods that can study lipid morphology on multiple length scales both in and out of the plane of 

observation. Here, we demonstrate various methods of characterizing lipid bilayers and their 



adherence to simple, three dimensionally nano-structured substrates. Atomic force microscopy 

(AFM), microscopy of the underlying substrate, as well as a optical 

measure of membrane fluorescence recovery after photobleaching, are used to 

characterize a planar lipid bilayer assembly supported on a three dimensionally nano-structured 

While FRAP, like microscopy, is generally a technique limited in spatial 

resolution to the of light used for we show that a analysis 

of recovery photobleaching can used to nano-morphology of the lipid 

bilayer. For membrane compositions, surfaces, and environmental conditions here, 

and AFM measurements both demonstrate that lipid bilayer is conformal to the 

underlying 

Materials and Methods. 

Silicon Wafers. Oxidized flat silicon wafers were obtained from NOVA Materials, 

Ltd. (Carrollton, and were using interferometric lithography, as previously 

described,ls, 16 Prior to use, were cleaned to intense deep-uv light (l to 

for up to 90 

Vesicle preparation and Supported Lipid bilayer formation. I-Palmitoyl-2-01eoyl-sn-glycero-3-

phosphocholine (POPC) was purchased in powder form from A vanti Polar Lipids and 

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt 

was purchased from Invitrogen. Lipid solutions were made in chloroform (Sigma) and stored at 

1 mg/ml concentrations of POPC were and the case of studies the lipid 

solution contained 0.2-0.5 lipid mole % 

small amount of lipid in chloroform is 

phosphate solution at 

Texas create liposome solutions, a 

under gas and re-suspended in 100 

(Sigma). A liposome solution was 

created three times liquid nitrogen. were 

r-rp'QT"'" using a mini-extruder (A vanti) with 0.1 !lm polycarbonate membranes. Lipid 

bilayers were formed placing a 25!l1 aliquot 1 mg/mlliposome solution on a Petri dish and 

placing the nanostructured surface face down on the solution. After 15 min., the sample is placed 



in a doubly-distilled H20 reservoir, turned over and gently rinsed in the reservoir prior to FRAP 

and AFM analysis. 

SEM of grooved silicon grating. High resolution Scanning Electron Microscopy images were 

obtained using a Quanta 400 FEG from FEI Company. Images were obtained in vacuum. Prior to 

imaging, the substrate was cleaned in a UV /Ozone environment for 10 min. 

Atomic Force Microscopy. All AFM images were performed using a Molecular Imaging Pico 

Plus II Atomic Force Microscope in MAC mode using standard MAC II cantilevers and operated 

at resonance frequencies in air of ~ 70 kHz and in liquid at ~20-3S kHz. Images were obtained at 

scan rates of ~ 1-1.5 Hz. 

Fluorescence Recovery After Photobleaching (FRAP). FRAP experiments were performed using 

an Olympus IX-81 inverted optical microscope equipped with an Orca 3-CCD camera 

(Hamamatsu, C7780-20). Bleaching was performed by using a SOx objective and narrowing the 

iris to produce a small circular initial bleached area. Subsequent images were taken using 

automated software allowing opening of the shutter for only enough time to obtain an image, 

thus reducing any long-term photobleaching effect. Images were obtained once per minute. 

FRAP Analysis. Fluorescence recovery after photo bleaching is governed by the two dimensional 

diffusion equation. 17 In our case, the diffusion coefficient for molecules diffusing parallel or 

perpendicular to the grooved surface appear, macroscopically, to be different (see Results and 

Discussion sections). To account for this anisotropy in the macroscopic diffusion, the 

fluorescence recovery after photobleaching is modeled using a two-dimensional diffusion 

equation (Eqn. 1) that has different diffusion coefficients for the directions parallel or 

perpendicular to the grooves in the surface: 

(1) 



In the above equation, C denotes the concentration of the fluorescent lipid and the coordinate 

system has been rotated such that the x and y axes are parallel with the principle diffusion axes 

(e.g. the x-direction is parallel to the grooves and the y-direction is perpendicular to them). 

Assuming the concentration of fluorescent molecules following the bleach can be 

adequately described as a Gaussian (Eqn. 2), 

C(X,y,t = 0) = cw[l- a· exp(-~J. exp[-~JJ 
2 0" xO 2 0" yO 

(2) 

then, Eqn. 1 can be solved by a Fourier Transform method, with the concentration of fluorescent 

lipid as a function of time being given by: 

C(X,y,t)=cwll-a._O"-X-oO"---,-y-O -exp( X2 2:.exp[_------'---y_2 ----;O-2JJ 
O"x(t) O"y(t) 20"x(t) 20"y(t) 

(3) 

In Eqn. 2 and 3, Cw denotes the concentration of the fluorescent lipid unperturbed by a bleach, a 

is a value ranging between 0 to 1 to reflect the "depth" of the bleach, O"xO is the standard deviation 

of the initial bleach in the x-direction at t = 0 and O"yO is the standard deviation of the initial 

bleach in the y direction. The variables O"x(t) and O"y(t) describe how the initial Gaussian bleach 

widens over time and are given by: 

(4) 

To determine Dx and Dy from the photobleaching recovery, we fit successive frames of the 

photo bleaching movies to an elliptical Gaussian (Eqn. 3, with O"x(t) , O"y(t) treated as freely 

floating variables in the fit function (fitting done by chi-squared minimization in Igor Pro 

(Wavemetrics, Lake Oswego, OR). A plot of the standard deviation squared for either of the 



principle axes obtained from the fits to the data versus time should be linear, with a slope of 

twice the diffusion coefficient for that axis. 

Results. 

SEM, AFM and light diffraction experiments were used to determine the dimensions, 

morpohology and condition of the nanostructured surfaces. From SEM micrographs, the wells 

were determined to be 320 run deep with a width of 160 run and an average periodicity of 522 

run (Fig. 1). An oxide layer can also be observed as the lighter contrasting portion of the 

structure that tracks along the outer portion of the structured material. Figure 2a is a 3D 

rendering of an AFM topography image of the nanostructured surface. The 2D topography image 

is shown in the inset. The nanostructured surface is very smooth and free of debris. The 

uniformity and periodicity of the nanostructured substrate is apparent in Figure 2c. The spacing 

between the centers of the nanostructured throughs in this image is :::::530 run, in close agreement 

with the SEM results (Fig. 1). However, due to the nature of the tip shape and depth of the wells, 

accurate depths and distances between steps are not attainable from AFM results, in contrast to 

the SEM measurements. This limitation of AFM is commonly encountered in imaging high­

aspect ratio structures such as these. As another independent probe of the nature of the textured 

surface, we measured the diffraction of light from the grating-like surfaces for several incident 

angles (data not shown), and analyzed the observed diffraction angle using a standard grating 

equation. This analysis indicates that the periodicity of the surface texture is 518 ± 4 run, in 

quantitative agreement with the SEM analysis. Thus, SEM, AFM and light diffraction methods 

all produce consistent results in terms of the dimensions of the textured surfaces. 

AFM of the nanostructures incubated with pope indicates formation of a bilayer that 

appears to conform tightly to the surface (Figure 2b). The width (full-width at half maximum) of 

the raised structures in the images increases from 419 run to 431 run, presumably due to the 

presence of the lipid (Figure 2d). This increase is consistent with the presence of a lipid bilayer 

on either side of the structure, thereby increasing the total thickness of each structure by 

effectively two bilayers. There also appears to be a decrease in the depth of the wells in the 

presence of the lipids, however, this change is also likely influenced by the tip geometry and an 



inability to completely insert the tip into the wells. Therefore, this decrease of depth is 

considered to be related to the increased thickness due to the lipid bilayer, rather than indicating 

that the bilayer is not conforming to the wells. 

In order to characterize the fluidity of the lipid bilayers formed on the nanostructured 

surface, we performed fluorescence recovery after photobleaching. Figure 3a shows recovery of 

a bleached area of bilayer. The line represents the long axis of the grooves in the substrate. 

Initially, the bleached area is circular. Over time, fluidity of the lipids causes unbleached lipid to 

diffuse into the bleached area and bleached lipid to diffuse out of the bleached spot. However, 

while the surface recovers from bleaching, the diffusive recovery observed is not typical. In 

general, the recovery of a circular beach is isotropic and the image at any given instant retains 

radial symmetry. Here, instead of recovering at an equal rate in all dimensions, recovery is faster 

along one axis than the other: the fluorescence image over time becomes elliptical rather than 

circular, due to a quicker recovery along the axis of the grooves in the substrate (Dx), and a 

slower recovery perpendicular to the grooves in the substrate (Dy) (Figure 3b). This particular 

bleach recovery was fit using Eqn 3 to obtain values for both Dx and Dy, yielding diffusion 

constants of 0.76 and 0.18 J..lm2/s respectively (see Fig. 4a). These values reflect an effectively 

faster diffusion along the length of the grooves relative to that perpendicular to the grooves, with 

a corresponding increase in diffusion coefficients of a factor of 4.2. Averaging the results of 

analysis of multiple experiments yields a ratio of diffusion coefficients of 4.3 ± 0.2, with a 

corresponding slow diffusion coefficient of 0.21 flm2/sec and a fast diffusion coefficient of 0.90 

flm2/sec. Comparison of these results to simulated diffusional behavior is described in the 

Discussion section. 

Discussion. 

The formation of substrate-supported POPC bilayers that are conformal with the textured 

substrate is validated by the results of the experimental results reported above. AFM experiments 

carried out using high resolution tips provide an indication that the membranes are invaginated 

into the grooves of the substrate: the observed width of the grooves in the presence and absence 

of the phospholipid differs by about 12 nm, a value consistent with the narrowing of the effective 



groove by the presence of two lipid bilayers, one on either side of the groove. However, AFM is 

unable to image to the full groove depth, and so leaves unresolved whether or not the membranes 

are fully conformal with the contours of the substrate. In order to begin to address this question, 

quantitative fluorescence microscopy techniques can be applied. 

In fluorescence recovery after photo bleaching (FRAP) measurements, a striking 

anisotropy in diffusion constants is observed in directions parallel to and perpendicular to the 

groove direction. In principle, two possible effects could contribute to such anisotropy. One 

would be that the textured surface inhibits diffusion in the direction perpendicular to the grooves, 

whether for a membrane that is conformal to the surface or for one that is suspended above the 

groove, and the second is that a membrane conformal (or nearly so) to the grooved substrate 

demonstrates a smaller effective diffusion coefficient perpendicular to the grooves simply 

because the diffusing molecules must traverse a longer distance on the surface than is observed 

in the image plane. We first note that a suspended membrane is inconsistent with the AFM 

images, which clearly demonstrate that the membrane is at least partially conformal with the 

topology of the substrate. We also note that the diffusion coefficient along the "fast" axis of the 

anisotropic diffusion is near 1 Ilm2/sec, or nearly equal to that observed for typical supported 

bilayers of pope on silica surfaces. Thus, along one axis, there is no indication that the nature of 

the textured surface influences diffusive behavior. A plausible explanation for the observed 

anisotropy remains that the effective observed diffusion for a membrane conformal to the surface 

should be reduced in the direction perpendicular to the grooves because the diffusing molecules 

have to travel further than is observed in the image plane in order to traverse the vertical regions 

of the grooves. In order to explore whether this explanation is valid and also to what degree the 

FRAP experiments provide evidence for a nearly conformal membrane on the surface, we next 

consider a detailed, quantitative analysis of a diffusion process and a FRAP experiment on a 

textured (grooved) surface. 

It is possible to relate the observed ratio in the diffusion coefficients to the underlying 

morphology of the surface. Figure 5 is an illustration of the periodic nanostructured substrate 

similar to the SEM image shown in Figure 1. For molecules that are traveling by Brownian 

motion on this surface, there are 2 principal directions for diffusion, parallel or perpendicular to 



the grooves. Molecules traveling parallel to the grooves would appear to diffuse "nonnally," as a 

molecule that travels an actual distance "d" on the surface in this direction also appears 

macroscopically to have traveled a distance "d" in this direction. However, for the motion of a 

molecule in the direction perpendicular to the grooves, the apparent diffusion coefficient is 

slower. This slowing reflects the fact that a molecule travelling in this direction does not appear 

to cover as much macroscopically observable distance as it actually travels, for part of the 

motion involves moving up and down the grooves of the surface. The time involved to move 

diffusively across a single period of the grating (a unit cell, see Fig. 5), for the grooved substrate 

would scale as t - (a+2b+c)2. Alternatively, if the molecule did not have to go up and down 
D 

the vertical parts of the surface in this direction, the time to go across a unit cell would scale as 

2 

t - (a + c) . Thus, one might expect the "apparent" diffusion coefficient, Dapp, in this dimension 
D 

to scale as the ratio of these times, e.g.: 

(a+ci D 
Dapp::::: 2 

(a+ 2b +c) 
(5) 

As b tends to zero or infinity, the above relation reaches the expected asymptotic values of Dapp :::::: 

D and Dapp :::::: 0, respectively. Note that this simple model compares time (and not distances) 

across a "grooved" or "flat" (i. e., b=O) unit cell, and thus scales as the squares of the distances , as 

appropriate for diffusional behavior. Using the dimensions of the surface detennined by SEM 

(a:::::360 run, b:::::320 nm, c:::::160 nm), Equation 5 yields Dapp equal to -0.2*D. Thus, the ratio 

obtained from this simple model, (D/Dapp), is - 5, in reasonable agreement with the measured 

diffusion ratio, 4.3 ± 0.2. Nevertheless, there are several approximations used in this simple 

analysis of the FRAP data that could influence the validity of this comparison, so a more detailed 

analysis is next considered. 

One may question whether Equations 1-4 adequately model the diffusion on these 

surfaces. For example, can the concentration profile on these surfaces following a bleach be 

approximated as a Gaussian? Since molecules on the vertical portions of the surface all should 

have approximately the same probability to be bleached, the underlying concentration of 



fluorescent molecules is inherently "banded" at the beginning of the recovery. Moreover, the 

number of fluorescent lipids observed in the x-y plane is a periodic function along the direction 

perpendicular to the grooved surface (it is larger at every wall of the grooved surface), and is not 

clamped at a fixed value coo' However, since we observe the surface at visible wavelengths 

(excitation light of ~ 600 nm) through a 0.45 numerical aperture (NA) objective, spikes in 

fluorescent lipid concentration are effectively "smeared-out" due to diffraction. Further, the 

finite size of the CCD pixels (each pixel in the FRAP image corresponds to a box of ~ 0.6 /-lm 

sides) also blurs out the underlying spatial periodicity. Equations 1-4 take in account neither the 

non-Gaussian nature of the initial bleach nor the fact the underlying concentration of fluorescent 

lipids is non-uniform in one spatial dimension. 

In order to test the impact of the above issues on the measured data, we constructed a 

simulation to model the macroscopically observed response expected from a bleach occurring on 

the nano-grooved surface. Figur 6a shows how the fluorescent image of a bilayer on this surface 

would look at infinite spatial resolution following a bleach from a Gaussian excitation source. 

The vertical white stripes in this image are the walls of the grooved surface and reflect the fact 

these regions have a large number of fluorescent lipids per unit distance in the lateral direction. 

Fig. 6b shows what this surface would look like when viewed through a 0.45 NA objective with 

the CCD camera. This image is the convolution of Fig. 6a with a Gaussian Point Spread Function 

(PSF) that has a standard deviation of 0.5 /-lm to account for diffraction and CCD pixilation. 

Lastly, Fig. 6c shows what the underlying concentration profile looks like on an "unfolded" 

surface following the Gaussian bleach. The "unfolded" surface has a uniform lipid concentration 

away from the bleach center, but the bleach itself has a banded structure reflecting the presence 

of the vertical walls of the grooves (note that this latter image is at infinite spatial resolution and 

has not been convolved with a PSF). 

Our simulations start from the image shown in Fig. 6c and use finite time steps and a 

finite spatial mesh to evolve the concentration profile away from the t=O value. In our 

simulation, each spatial grid point (mesh size) is 20 by 20 nanometers. This mesh size is smaller 

than the features of the grooved surface and, for convenience, is also chosen as a common 

divisor of all dimensions (a=360 nm, b=320 nm, c=160 nm). The number of fluorescent lipids in 



a given mesh point (i,j) is denoted by N ij , with the fluorescence intensity obtained from this point 

being directly proportional to the number of fluorescent lipids. The number of fluorescent lipids 

at mesh point i,j following a time step ~t is given by: 

In Equation 6, p is the probability of diffusion of a lipid from one mesh to its nearest neighbor in 

a time step ~t. The number of fluorescent lipids at the i,j mesh point at t+~t, Nij(t+~t), is the 

number that were there at time t plus the influx of molecules from this mesh point's nearest 

neighbors minus the efflux of molecules leaving the mesh point due to diffusion. The probability 

for diffusion out of the grid point in time ~t, p, is directly related to the diffusion coefficient of 

the lipids as p=D* ~tJ(~xi. These simulations take a finite time step, ~t, of 80 Ils, assume a 

diffusion coefficient of 1 Ilm2/s, and as mentioned above, have a mesh size of ~x = 20 nm. This 

places the probability of diffusion across a given mesh boundary, p, at 0.2 per 80 IlS timestep. 

Our simulations diffuse the lipids using the above master equation on the "unfolded" 

surface (e.g., Figure 6c). The surface is then "refolded" and blurred by a Gaussian PSF to arrive 

at an image such as that shown in Figure 6b. This procedure creates a series of FRAP images 

spaced apart in time by 80 IlS. We analyze the simulated image every 1000th frame (i.e. every .08 

seconds) using the models described in Eqns 1-4. The top panel of Figure 7 shows the simulated 

FRAP image obtained at t = 1.04 seconds after the bleach (Frame 13000). Below this image are 

plots of the standard deviations obtained from elliptical Gaussian fits (Eqn 3) to the images as a 

function of time. The slopes of these lines yields two times the diffusion coefficient for that axis 

(Eqn 4). The linear fit to the "fast" axis of the Gaussian yields 0.9803 ± 0.0005 Ilm2/s as the 

measured diffusion coefficient while the "slow" diffusion axis has an apparent diffusion 

coefficient of 0.193 ± 0.00 I Ilm2/s. The simulated data (Fig. 7) is in good agreement with the 

measured anisotropic FRAP data ( ig. 4). Moreover, the ratio of the fast to the slow diffusion 

coefficient on the synthetic data is ~ 5.07, in very good agreement with the ratio expected using 

the simple approximation laid forth in Eqn 5, ~4.98. 



The agreement between the ratio for the diffusion coefficients obtained from the synthetic 

data (5.07) is closer to the value expected from the simple predictive model (~4.98) than either is 

to the measured data (~4.3 ± 0.2). Both the simple predictive model and the simulated data 

assume the substrate is a perfect rectangular structure and that the lipid bilayer is perfectly 

adherent and conformal to the surface, when realistically, neither of these assumptions are 

exactly true. As the SEM image of Fig. 1 shows, the underlying surface morphology has some 

curvature and is not a perfect square well. Moreover, even if the nano-structured surface was 

perfectly rectangular, a bilayer adhering to this surface would slightly round off the corners, due 

to the fact there is a minimum radius of curvature to which a bilayer can wrap a tightly curving 

substrate. 18 Using the models laid forth by Cremer and Boxer l8
, the minimum radius of curvature 

for a POPC bilayer on a silicon oxide surface is ~ 15 nm, indicating that some softening of tight 

cornering features could be occurring on these surfaces. This softening of the sharp features, in 

addition to deviations from ideal square well structure of the underlying substrate, helps to 

explain the slight discrepancy between the measured ratio of the diffusion coefficients (~4.3 ± 

0.2) with the ratio expected either from the simple predictive model, Eqn. 5 (4.98) or that 

obtained from numerical simulations (5.07). 

Conclusions. 

In conclusion, we have used a combination of AFM and quantitative fluorescence microscopy to 

demonstrate the formation of POPC bilayers conformal to a nanotextured surface. These studies 

illustrate how such membrane architectures may be characterized, and open opportunities for 

future studies directed at how nanotextured surfaces with tunable physical or chemical properties 

might be used to influence membrane structure, dynamics and functions. We are planning future 

studies to address the role of substrate dimensions, the influence of lipid composition, the 

possible generation of fluid floating layers (in contrast to previously demonstrated bicelle­

derived suspended membranes (REF 15), which are essentially laterally immobile), and the use 

of constructs for the study of biological processes such as cell-surface interactions. 
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Figure Captions. 
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