
Coulomb energy spacing is 5C tneV (assum- 
ing that the  oxide layer between the  dot 
and channel is 1 n m  thick) (6) ;  (i i)  because 
the harr~er  layer is thin,  the  voltage drop 
between the  channel and the  floating gate 
is very small; and (iii) once a n  electron is 
added to the  floating gate, the  potential of 
the  floating gate rises, further reducing the  
voltage difference between the channel and 
the  floating gate and preventing another 
electron from tunneling into the  floating 
gate. Therefore, for a fixed charging volt- 
age, the  charging process is self-regulated 
and stops once the floating gate is charged 
with a fixed number of electrons, leading to 
a threshold shift i~ldependent of charging 
time and a staircase relation between the  
charging voltage and the threshold shift. 

T h e  discrete threshold shift is not a result 
of interfacial tram. T h e  threshold shifts due 
to the traps will not be equally spaced (be- 
cause the charge will be trapped at different 
locations of the channel), and the charging 
process will be time dependent (7). 

Desuite the  small floatine gate and the  " "  

lon lebel ot channel doplng, the  del Ice has 
a good subthreshold slope of 108 m V  per 
decade. because the Inverslon la\ el ~nduced  
by the control gate effectively acts as a n  
ultrashallow source and dram for the  de- 
vice. This characteristic is also a t t r ih~~ tab le  
to the l o x  source and drain voltage. 

As ~ndicated by Eq. 1,  the  threshold 
voltage can be much larger than the  present 
55 tnV lf the  thickness of the  control pate - 
oxide is Increased or the  fringing gate ca- 
oacitance can be reduced. Also, if a thicker 
tunnel oxide is used between the  channel 
and the floating gate, the  charge o n  the  
floating gate can be held much longer than 
the current 5 s. 

T h e  SEMM should be ~nr~est leated more 
thoroughly before being put into manufac- 
turing. O n e  of the most itnportant cluestions 
to he studied is the  effects of variations of 

Burled o x ~ d e  

I Coulomb 
blockade 

Fig. 5. (A) Schematic band diagram before and 
after injection of an electron into the dot. A single 
electron stored in the dot can raise its potential by 
e2/Ctt. block~ng the entry of other electrons from 
the channel (C,, is the total capacitance of the 
floating gate). (6) Schematic cross section of the 
device showing the capacitive coupling between 
varous elements. 
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Micropatterning Fluid Lipid Bilayers 
on Solid Supports 

Jay T. Groves, Nick Ulman, Steven G. Boxer* 

Lithographically patterned grids of photoresist, aluminum oxide, or gold on oxidized 
silicon substrates were used to partition supported lipid bilayers into micrometer-scale 
arrays of isolated fluid membrane corrals. Fluorescently labeled lipids were observed to 
diffuse freely within each membrane corral but were confined by the micropatterned 
barriers. The concentrations of fluorescent probe molecules in individual corrals were 
altered by selective photobleaching to create arrays of fluid membrane patches with 
differing compositions. Application of an electric field parallel to the surface induced 
steady-state concentration gradients of charged membrane components in the corrals. 
In addition to producing patches of membrane with continuously varying composition, 
these gradients provide an intrinsically parallel means of acquiring information about 
molecular properties such as the diffusion coefficient in individual corrals. 

T h e  patterning of s~lrfaces into defined re- 
gions of contrasting properties has recently 
received considerable attention. Successes in 
this field include the develop~nent of mi- 
crometer-scale patterns in surface ~vettability 
( I )  and nlicrocontact printing, nrhich has 
produced patterned self-assembled monolay- 
ers with subrnicrotneter features 12. 3 ) .  A t  
the same time, light-directed synthesis has 
been used to generate spatially addressable 
cornhinatorial libraries of D N A  and nrotein 
sequences o n  solid substrates (4). Here, we 
describe patterning of surfaces x i t h  proper- 
ties rese~nbllng those of living cells: fluid 
hilayer metnhranes o n  solid supports. This 
work has been stimulated hv the desire to 
create integrated devices capable of manip- 
ulatine molecules 111 a bilaver lnernhrane and 
to pattern spatially addressable libraries of 
chemically distinct, fluid membrane patches. 

Supported ~ne~nhranes  are self-mem- 
bling, two-dimensional (2D) fluid systems 
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(Fig. 1). T h e  bilayer membrane consists of 
two opposed leaflets of phospholipid tnole- 
cules and is the basic structure central to all 
living cell membranes. Bilayers on solid sup- 
ports were originally developed tor studies of 
interactions between living cells, =here they 
have proven highly ~~sef i l l  (5, 6). Supported 
membranes can he formed by spontaneous 
fusion of lipid bilayer vesicles with a n  appro- 
priate hydrophilic surface such as oxidized Si 
(7, 8). Interactions betxeen me~nbranes and 
surfaces involve electrostatic and hydration 
forces as =ell as attractive contributions from 
long-range van der Waals forces. -411 ener- 
getic minimum tlghtly traps the membrane 
near the surface. Supported hilayers are typ- 
icall\- separatgd from the solid substrate by a 
thin (-  10 A) film of water (9-1 1 ) and 
retain Illany of the properties of free metn- 
branes, including lateral fluidity. T h e  fluidity 
is long range, with mobile components of 
both leatlets of the bilayer freely diffusing 
over the entire sulface of the  substrate. 

The lateral fluidity of supported tnem- 
branes is a key feature that distinguishes them 
from other surfaces. A l t h o ~ ~ g h  fluidity pro- 
vides the me~nbrane nit11 a variety of ~u~lique 
properties, it presents an  intrinsic difficulty in 
that membrane components are colltillually 
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mixing. Micropartitioning of fluid membranes 
allows fabrication of surfaces that Dreserve 
their distinctive properties while gaining pre- 
cise control over the diffusive mixing and flow 
of membrane components. 

Oxidized Si and fused silica (Si.0,) wa- 
fers are . suitable substrates for supported 
membranes (12). Standard positive pho- 
toresist (13) was spun onto wafers to a 
thickness of 1 pm. The wafers were exposed 
to ultraviolet light through a photolitho- 
graphic mask and developed. After a 3-min 
etch in Ar plasma, the photoresist-parti- 
tioned surfaces were ready for membrane 
deposition. For fabrication of A1203 and Au 
barriers, the photoresist was exposed with 
the inverse mask and used as a template for 
lift-off of electron beam-evaporated thin 
films. Supported bilayers were formed by 
fusion of small unilamellar vesicles (diame- 
ter -25 nm) consisting primarily of L-a- 
phosphatidylcholine (PC) molecules doped 
with 1 mol% of the fluorescently labeled 
lipid Texas Red DHPE (14). The vesicle 
fusion process is quite general, accommo- 
dating a variety of lipid compositions as 
well as the incorporation of membrane pro- 
teins (7, 15, 16). Vesicles spontaneously 
assembled from solution in a matter of sec- 
onds to form. a continuous single bilayer on 
the exposed portion of the SiO, substrate. 
Excess vesicles were rinsed away while the 
meinbrane was k e ~ t  under water at all 
times. Supported membranes were stable 
under water and retained their uniformity 
and fluidity for weeks. 

Membrane-coated surfaces can be viewed 
directly by fluorescence microscopy and ap- 
pear uniform to the diffraction-limited reso- 
lution of the microscope. A supported mem- 
brane was partitioned into an array of isolat- 
ed membrane patches by micropatterned 
lines of photoresist (Fig. 2A). The photore- 
sist barriers appear dark against the fluores- 
cence from the Texas Red lipid probe in the 
membrane (1 7). These 200 pm by 200 pm 
corrals are part of a 1-cm2 array of 2500 
identical regions. The smallest corrals we 
observed were 5 pm by 5 pm, with 1-pm- 
wide barriers (18). About 2.8 million such 
corrals are contained in the 1-cm2 arrav. 

Long-range fluidity within the corrals 
could be observed bv fluorescence recoverv 
after photobleaching: A circular spot of light 
was used to seauentiallv ~hotobleach the , . 
fluorescent probe molecules in five individ- 
ual corrals (Fig. 2B). Long-range fluidity of 
the membrane is indicated by the spreading 
of the bleached region to fill each square 
corral. If the membrane were not fluid, a 
circular bleached (dark) region would re- 
main (19). Lines of ~hotoresist are effective . , 

barriers to lateral diffusion, as demonstrated 
bv their abilitv to confine the ~hotobleached 
region of membrane within the square corral. 

Bleach patterns such as those shown in Fig. 
2. B and C. were stable for manv davs. , , .  
whereas spots photobleached into mem- 
branes without any such barriers diffused 
away completely in about 30 min (20). The 
barriers shown in Fig. 2, A and B, are 10 pm 
wide; those in Fig. 2C are 2 pm wide, and 
the narrowest lines tested to date, 1 pm, 
were equally functional as d i h i o n  barriers 
(1 8). These results demonstrate that, within 
a given corral, diffusive mixing occurs as in 
free fluid membranes and that there is no 
intermixing between different corrals. " 

A noteworthy point is that the barriers 
used to confine the fluid membrane are not 
mechanical. Supported bilayers are highly 
conformal and will follow the contour of 
corrugated surfaces without disruption. We 
have deposited membranes on Si02 sub- 
strates with topographies identical to those 
of the photoresist-patterned surfaces and 
observed no difference in lateral diffusion 
properties compared with flat, unpatterned 
SiO, surfaces. Thus. it is the difference in 
the surface electrostatic and chemical prop- 
erties of the substrate and barrier material 
that give rise to the partitioning of the 
membrane. We have also found that Au 
and A1203 are effective as barrier materials. 
In principle, any substance that does not 
support fluid membranes can form an effec- 
tive barrier to lateral diffusion (21 ). How- 
ever. ~hotoresist is the easiest material to , A 

pattern with a photomask, and nonconduc- 
tive media are most convenient for electro- 
phoretic experiments (see below). 

Micropartitioned membranes are suit- 
able substrates for further lithographic pat- 
terning. A light-directed chemical transfor- 
mation (photobleaching of the fluorescent 
probe) can be used to selectively alter the 
com~osition of the membrane in individual 
corrals. Corrals were photobleached se- 
quentially with varying exposure times to 
generate an array of patches with differing 

Bulk water 

I Substrate 

Fig. 1. Schematic diagram of a supported bilayer 
partitioned by a microfabricated barrier. The size 
of the membrane is exaggerated to illustrate its 
structure; actual membranes are typically 50 A 
thick and are separated from the surface by a -1 0 
A layer of water. The height of the barriers ranged 
from 100 A (Au) to 1 pm (photoresist) with widths 
between 1 and 30 pm. The functionality of a bar- 
rier depends on the surface properties of the ma- 
terial, not the topography. 

concentrations of the fluorescent probe 
molecule (Fig. 2C). Because of the fluidity 
of the membrane, such an array can also be 
created with a single exposure if the area of 
a bleach spot is varied within individual 
corrals. Lateral diffusion will make the com- 
position within each corral homogeneous in 
a matter of minutes. We have found that 

Fig. 2. (A) tpmuorescence photograph of four 
corrals (200 pm by 200 pm) of a fluid, supported 
bilayer on an oxidized Si wafer patterned with 
photoresist. The photoresist barriers appear as 
dark lines against the bright fluorescence from the 
Texas Red DHPE lipid probe incorporated in the 
membrane. (B) An array of corrals (1 00 pm by 100 
pm) in which certain individual corrals were pho- 
tobleached. Diffusive mixing of molecules within 
each corral has caused the circular bleached spot 
to spread, tilling the square corral, while the pho- 
toresist barriers have prevented mixing between 
separate corrals (19). (C) Epifluorescence photo- 
graph of an array of corrals (50 pm by 50 pm, with 
barriers 2 pm wide) in which certain individual 
corrals were selectively photobleached with vary- 
ing exposure times. Corrals were exposed in in- 
crements of 30 s, with the darkest corral receiving 
a 3-min exposure. We created similar patterns 
with varying concentrations of the fluorescent 
probe with a single exposure by masking variable 
fractional areas in different corrals. 
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creating variable composition arrays by ei- 
ther of these techniaues works eauallv well. . , 
However, the single-exposure method has 
the advantage of being compatible with the 
use of a photomask to pattern large numbers 
of corrals simultaneously. 

Another way of creating patterns in the 
supported bilayer that takes advantage of both 
fluiditv and confinement is electro~horetic 
redistribution of charged membrane compo- 
nents. When an electric field is applied par- 
allel to the membrane, the charged molecules 
drift in the plane of this 2D fluid (22, 23). 
The PC molecules that constitute the bulk of 
the membrane are neutral, and thus it is ex- 
pected that they will be unaffected by the 
field. Steady-state, electric field-induced con- 
centration profiles (24) of the negatively 
charged fluorescent probe can be clearly seen 
to build up against the barriers in confined 
regions of the membrane (Fig 3, A and B). 

Fig. 3. Epifluorescence photographs of electric 
field (E)-induced concentration gradients of the 
negatively charged fluorescent probe lipid (Texas 
Red DHPE) in membranes confined by rnicrofab- 
ricated corrals. Each of the upper two corrals is 
200 pm wide. Reversal of the field causes the 
direction of the profile to reverse. These are 
steady-state gradients at a field strength of 15 
V/crn. The time required to switch from one direc- 
tion (A) to the other (B) is -25 min. 

Patterns of photoresist barriers are also fluo- 
rescent and amear as an intermediate shade 
of red in these photographs. Images of the 
same region with the electric field in opposite 
polarities are shown, demonstrating the re- 
versibility of these profiles. At a field strength 
of 15 V/cm, it took -25 min for a steady-state 
concentration gradient to form in the 200- 
~m-wide corrals; a complete reversal in the 
direction of the profile took the same amount 
of time. The profiles could be switched nu- 
merous times without any apparent effect on 
the membrane or the barriers. When the field 
was turned off, it took -30 min {or gradients 
in the 200-~m-wide corrals to relax back to 
uniformity by diffusive mixing. 

The electrophoretic response can also be 
used to acquire physical information about 
the membrane in individual corrals. The 
profile of the steady-state gradient in dilute 
systems can be quantitatively described by 
competition between lateral diffusion and 
field-induced drift (24, 25). Image analysis 
thus provides an intrinsically parallel means 
of monitoring these molecular properties in 
numerous corrals. More complex profiles 
have been observed in highly concentrated 
domains of membrane-tethered proteins; 
such systems may be useful in the study of 
intermolecular interactions (1 5). 

The techniques described here provide 
new opportunities for the study of physical 
and biological properties of membranes. In 
particular, secondary lithographic modifica- 
tion of the membrane could be generalized 
by combination with light-directed synthe- 
sis (4). Spatially addressable molecular li- 
braries (peptide sequences, for example) 
could be synthesized and-displayed on the 
surface of confined patches of fluid mem- 
brane. In some ways, this approach is anal- 
ogous to phage display, except that here the 
peptide sequence is defined by its location 
in the array, thus providing immediate 
identification. Such libraries would be es- 
pecially useful for cell screening because of 
the native-like surface provided by the sup- 
ported membrane. For example, purified 
major histocompatibility complex protein 
incorporated into a supported membrane 
can effectively replace the antigen-present- 
ing cell in the presentation of a prepro- 
cessed antigen to a helper T cell (5, 6). 
Other studies have underscored the similar- 
ities between s u ~ ~ o r t e d  membranes and cell . . 
surfaces by demonstrating a substantial ef- 
fect from the lateral mobilitv of adhesion 
proteins in the supported bilayer on the 
specific binding of cells (26, 27). Addition- 
al possibilities include the construction of 
electrically or photochemically addressable 
barriers and further development of photo- 
lithographic techniques to directly change 
the physical, chemical, or biological prop- 
erties of the fluid membrane patches. 
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