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Abstract: We establish two methods to deposit native biomembranes (human erythrocyte membranes
and sarcoplasmic reticulum membranes) selectively onto biocompatible microtemplates. The first method
utilizes UV photolithography to micropattern the regenerated cellulose, while the second uses the “stamping”
of protein barriers onto homogeneous cellulose supports. The relatively simple methods established here
allow for the position selective spreading of three-dimensional native cells into two-dimensional films,
retaining the orientation and lateral density of transmembrane proteins in their native state.

Introduction reconstitute transmembrane proteins into artificial phospholipid
Supported lipid membranes have been intensively and widely vesicles (proteoliposomes) and to deposjt them on .solid surfaces;
studied in the last couple of decades as a general model Systenlpowever,'a fundamental drawback of this method is that control
of cell- and tissue surfacés® Several methods have been ©f the orientation and density of the proteins in vesicles is
developed for micropatterning solid supported membranes to difficult. One of the most straightforward ways to overcome
manipulate and characterize each corral individuifyFor this issue is to use native cells as natural proteoliposomes. As
example, the membrane patterns can be used as quasi twodenerally known, the orientation of transmembrane proteins in
dimensional fluid matrixes (instead of bulk three-dimensional Cell membranes is stringently regulated by natdélong this
matrixes such as gels) that allow for the accumulation and line, several studies have been conducted to immobilize native
reorganization of functional molecules by electrophoré&ihe cells (erythrocyte, Hela cellls, Stc.) on several types of colloidal
use of micropipettors will enable the parallel monitoring of Particles (Latex, silica, etc’~2! Previously, we reported the
interactions between the partitioned membranes and the analyteSPréading of native cell membranes (erythrocytes) onto planar
(antibodies, drugs, etc.) by spotting different analytes onto sqlld substrate goated homggeneously with cellulose fifms.
individual corrals. Moreover, the partitioning of membranes Since no adhesion or rupturing of cells could be observed on
prohibits the diffusion of proteins across the separating barriers Paré glass substrates, the results suggested the potential for
and, therefore, includes a large potential for complementary printing” arrays of native cell membranes. Here we demonstrate

coupling of supported membranes and semiconductor d&viges direct spreading of native cells on biocompatible microtemplates,
by matching of the lateral dimensions. which has never been reported. In the following, two simple

Incorporation of transmembrane (integral) proteins into the methods are described to process microtemplates of regenerated

membrane introduces biospecific functions, which enables Onecellulose for local immobilization of native biomembranes on
to physically model cell adhesidf:1” One method is to planar supports without losing membrane asymmetry.
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Figure 1. Preparation of cellulose microtemplates. The first method (a)
uses deep UV photolithography to micropattern the cellulose, while the
second (b) utilizes the “stamping” of protein barriers onto polymer supports.

the extracellular part of glycophorin could be labeled with a first

monoclonal antibody (mouse 1gG) and a second polyclonal antibody
(goat anti-mouse 1gG) with tetramethylrhodamine isothiocyanate . .
(TRITC, outside label), while (2) the cytoplasmic domain of Band 3 Figure 2. (a) Fluorescence image of cellulose micropatterns exposed to a

. . ) . solution of bovine serum albumin labeled with fluorescein isothiocyanate
could be recognized with a first monoclonal antibody (mouse IgG) and (FITC-BSA) after removing the photomask. FITC-BSA adsorbs only onto

a second TRITC-labeled polyclonal goat anti-mouse IgG antibody the ablated area (bare glass substrate). (b) Human erythrocyte membranes
(inside label). To gain the maximum immunofluorescence signals, the spread on cellulose microtemplates (without BSA treatment). After incuba-
concentration, incubation time, and pretreatment with bovine serum tion, the cytoplasmic domain of Band 3 is identified with a monoclonal
albumin (BSA) were carefully optimized.In brief: The first mono- and a TRITC-labeled polyclonal antibod_y (inside label). (c) Orientation_ of
clonal antibody for the inside label was diluted 2500 times (by volume), e érythrocyte membrane after spreading. Erythrocyte ghosts selectively

. . . ) adhere and rupture only on the cellulose micropatterns, exposing their
while the one for the outside label was diluted 500 times. For both cytoplasmic side.
labelings, the second polyclonal antibody was diluted 150 times. The
incubation time for each antibody labeling was about 30 min.
Nonspecific adsorption of antibodies was avoided by treating the sample
with a solution of bovine serum albumin (BSA, 30 mg/mL) for 1 h
before the immunolabeling. Prior to the spreading upon cellulose Results and Discussion

microtemplates, we confirmed that intact erythrocyte ghosts retained Figure 2a shows the fluorescence imaae of cellulose micro
their native orientation throughout the preparation, exhibiting fluores- 9 9

cence signals only from antibodies to the extracellular domain of Patterns exposed for 10 min to a solution of BSA (1 mg/mL)
glycophorin. labeled with fluorescein isothiocyanate (FITC) after removing
Ultrathin films of cellulose (thickness-5 nm) were prepared by the photomask. FITC-BSA adsorbs onto the ablated area (i.e.,
Langmuir-Blodgett deposition of synthetic trimethylsilyl cellulose ~Pare glass substrate). Human erythrocyte ghosts are then
(TMSC) onto hydrophobized glass substrates, followed by regenerationincubated with the cellulose micropatterns at 7 for 2 h.
with HCI vaporl®2224 preparation of cellulose microtemplates was After several washes to remove any unbound intact erythrocytes,
represented in Figure 1. The first method (a) used deep UV photo- the inside labels are applied (Figure 2b). A homogeneous
lithography to micropattern the cellulo3gwhile the second (b) utilized  fluorescence signal from the TRITC-labeled antibody confirms
the ‘stamping” of homogeneous protein barriers onto polymer: that the immobilized erythrocyte membrane exposes the cyto-
supports®>2 Ni electron microscope grids (SCI Science Ser\{|cgs, plasmic domain uniformly (Figure 2c). Here, the treatment with
Munich, Germany, feature size: 40m, spacing between the grids: 1+ BsA s inserted only to visualize the patterns before
60 um) were used as photomasks. An EM grid was fixed onto the . . . . . .

. incubation with the cells, but it does not influence the resulting
cellulose surface with a drop of chloroform, and the sample was f h b It should b d that th
illuminated for 30 min with a 500 W mercury arc lamp, using a thermal patterns o ery? rocytg m(_em ranes. It shou e noted that the
filter of fused silica (thickness: 6 mm, Melles Griot, Bensheim, fluorescence signals in this image are from labeled transmem-
Germany). The illumination with deep UV light (emmision linestat ~ brane protelns.and not from lipids. QutSI'de.Iabellng reveals no
= 244, 194, and 185 nm) led to the ablation of cellulose backbones fluorescence signal up to our detection limit (data not shown),
and alkylsilaned#28 resulting in a hydrophilic glass surface. A poly-  suggesting that all the adherent cells ruptured and inverted their
(dimethysiloxane) (PDMS) stamp was for_med by curing the two-part orientation to “inside-out”. Here, the treatment of the cellulose
elastomer, Sylgard 184 (Dow Corning, Midland, MI), upon patterned patterns with BSA solution has no influence on the selective
photore&_st at 70C for 1 h26 The photorea;t was spun toathlckness spreading of cell membranes; the spreading of erythrocyte
of approximately 1.5um onto hexadimethyldisilazane (HMDS)-primed e myranes took place only on the cellulose film but not on the
silicon wafers (3x 3 cn?) and was patterned with standard photo-

. X ) N, glass surface.

lithographic techniques. These masters were used indefinitely. PDMS . . . N
Figure 3a shows the fluorescence image of “stamped” FITC-

BSA patterns in an aqueous buffer. A poly(dimethysiloxane)

Glass Substrate

was cured on the masters and plasma-cleaned for 50 s to render the
surface hydrophilic.
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Figure 3. (a) Fluorescence image of “stamped” FITC-BSA patterns using
a PDMS stamp. (b) Incubation of erythrocyte ghosts to the same microtem-
plates and subsequent inside labeling yield homogeneous fluorescence
signals from areas with cellulose films. (c) “Inside out” orientation of
erythrocyte membranes after deposition onto cellulose with FITC-BSA
patterns. The protein patterns are stable after spreading and labeling.

micropatterns of FITC-BSA are stable for several days under
water without any degradation. Incubation of erythrocyte ghosts
to the microtemplates and subsequent inside labeling yields
homogeneous fluorescence signals from areas with the cellulose
cushion, but no fluorescence signal can be detected from areas
with FITC-BSA. The fluorescence image with the FITC filter
set is identical to that in Figure 3a, confirming that the protein
barriers remain stable after treatment with cells and antibodies. :
Outside labeling of this system also exhibits no fluorescence 160 Lm L
signals, which verifies that spreading of cell membranes also _. ) ) o ,
. L . . . Figure 4. (a) Fluorescence images of the cellulose film with “stamped
results in an inside-out orientation (Figure 3c). FITC-BSA patterns. (b) After spreading of SR vesicles, the cytoplasmic
Immobilized erythrocyte membranes can cover macroscopi- head of C&™-ATPase is labeled with a monoclonal and a TRITC-labeled

cally large surfaces homogeneously for both types of microtem- polyclonal antibody. The protein patterns are stable after spreading and

- ; . Jabeling. (c) Fluorescence images of the photostructured cellulose film
plates. Immune-fluorescence labeling of transmembrane protemgtreated with FITC-BSA solution. (d) Selective spreading of SR membranes

exhibits no boundaries between the ruptured membrane patchesnto cellulose micropatterns. The adsorbed FITC-BSA effectively prevents

suggesting that the immobilized cell membranes fuse with eachthe spreading of SR membranes onto the bare glass substrate. (e and f)

other and “wet” the surface continuously. Since the height Fluorescence images of the same micropatterns taken with a lower

deviati 5 . h ller th th idth of h magnification, demonstrating the uniform confinement of SR membranes
eviation (-5 nm) is much smaller _an e wi of eac over a macroscopically large area.

pattern &5 um), the surface heterogeneity can be treated almost

as a columnar one. Therefore, the spreading of cell membranessalcium ions in muscle fibers and contain two calcium ion

can be understood as an analogue of “complete wetting”, transporters: the ryanodine receptor an@'cAaTPase. The SR

characterized by a positive disjoining pressure and a positive vesicles are disrupted through the preparation, and therefore,

spreading coefficiens: the membrane orientation cannot be controlled. After the vesicles
are incubated with cellulose micropatterns at’@#for 2 h, the
S=0g — 0su— O cytoplasmic head of Ca-ATPase in the immobilized SR

. membrane is labeled with a first monoclonal mouse 1gG
whereos., gsu, andoy. correspond to the tensions at substrate/ antibody and a second TRITC-labeled polyclonal goat anti-

liquid, substrate/membrane, and membrane/liquid interfaces, y,,,se 1gG antibody. When SR vesicles are incubated with the
respectively. For exgmple, strong electro‘_s,tatlc attracthns _be'cellulose film with “stamped” FITC-BSA patterns (Figure 1b)
tween strong polycations and weak polyanions (glycocalix with and labeled with antibodies, we also observe clear patterns of

sialic acid residues) destabilize the membrane and result in thetr | Tc_1abeled C& -ATPase within the isolated grids (Figure

formation of regions of tight local contact (de-wettirfg)Cell 4, parts a and b). Parts d and f of Figure 4 show the TRITC-
membranes therefore prefer cellulose surfaces over bare glasg,pajed SR membranes on a photostructured cellulose film
and BSA-coated substrates to achieve a positive disjoining (Figure 1a), which had been pretreated with 1 mg/mL of FITC-

pressure gnd a positive spreading coefficient._ . BSA solution before spreading membranes (Figure 4, parts c
In addition to erythrocyte ghosts, sarcoplasmic reticulum (SR) ;.4 e). In these series of experiments, treatment of the

vesicles are spread onto the similar cellulose micropatterns. SRphotoIithgraphicaIIy patterned cellulose (Figure 1a) with FITC-

vesicles, microsomes extracted from rabbit muscle as reportedgga prior to incubation with the SR vesicles is necessary, since
by de Meis and Hasselbaéh,are purchased from Nimbus

Biotechnologie GmbH (Leipzig, Germany). SR vesicles store (29) de Meis, L.; Hasselbach, W. Biol. Chem.1971, 246, 4759-4763.
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preliminary experiments showed that SR membranes readily can significantly be impeded by the steric hindrance from the
spread not only upon cellulose films but also on other surfaces neighboring proteins (antibody complexes) and cytoskeletons.
such as bare glass slides, poly(lysine), etc. (data not shown).Thus, quantitative measurements of protein mole fractions and
This can be attributed to the fact that SR vesicles resemblethe use of smaller marker molecules will be necessary to gain

artificial proteoliposomes more than native cells, because the fyrther insight of the diffusion of proteins in the planar, native
extracted SR membranes are free of glycocalix and cytoskeletonsg|| membranes.

and consist only of lipids and proteins. Similar to what is

observed for erythrocyte ghosts, SR vesicles selectively spreadscjusions

on the prepatterned cellulose film, where 2GATPase is

homogeneously distributed. Fluorescence images taken at lower |n this article, position and orientation selective spreading of
magnification (Figure 4, parts e and f) clearly demonstrate the native cell membranes (human erythrocyte membranes) on solid
uniform confinement of immobilized membranes over a mac- g psrates has been demonstrated by the use of biocompatible

roT:clzopicaIIy large area. ter ohotobleaching (FRAP _ microtemplates of regenerated cellulose films. In contrast to the
uorescence recovery after photobleaching ( ) experi- previously reported techniques for the micropatterning of

ments suggest no clear sign of protein diffusion in both of the _ ... . o . , ;
. . . . artificial lipid bilayers on bare solid substrates, the relatively
native membrane®¥,which can be attributed to the following: . . : . . .
; . simple microstructuring of biocompatible ultrathin films enables
(1) In intact erythrocyte membranes, Band 3 proteins are bound . . . .
three-dimensional native cells to be transformed into two-

to the cytoskeleton (spectrin) via ankyrin. The cytoskeleton di ional il ithi fined Si he ori
which remains after erythrocyte rupture as suggested by previous .|menS|ona ims W't, In con mg geometry. mcgt € ‘?“e“tf”"
reportd®2! acts as a net, preventing protein diffusion across tion and lateral density of proteins can be kept as in their native

spectrin network. The mesh size, which is less tham! is state, quantitative evaluation of the proteins’ function on solid
smaller than the diameter of the bleached spe@ gm), and substrates is possible. These microtemplates can be further
thus, diffusion is not observed. (2) Direct immune-fluorescence applied to immobilize microsomes from rabbit muscles (SR
labeling of the proteins provides sufficient drag to protein Vvesicles). Both types of membrane micropatterns retain their
diffusion. Two IgG antibodies (first monoclonal and second structure for more than a week, verifying their thermodynamic
polyclonal) are used to label each protein. The total molecular and mechanical stability. Thus, the processing methods estab-
weight of two 1gGs is up to 300 kD, which is larger than that lished here allow for further manipulation by the addition of
of the protein (about 50 kD for Band 3 and 110 kD for’Ga other native cell membranes to design heterobiofunctional
ATPase). The diffusion of such “bulky” antibody complexes surfaces to study the function of membrane proteins under more
native environments.
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