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In this report we demonstrate that a simple, three-step
lithographic processÐinvolving microcontact printing (m-
CP), polymer grafting, and subsequent polymer functionali-
zationÐresults in patterned surfaces exhibiting excellent cell

adhesion and spatial definition. The patterned substrates
consist of cell corrals having lateral dimensions of 63 mm and
wall heights of 54� 4 nm. The corrals have hydrophobic,
methyl-terminated n-alkanethiolate bottoms, which promote
cell adhesion, and the walls consist of hydrophilic poly(acrylic
acid)/poly(ethylene glycol) (3-PAA/PEG) nanocomposite
polymers that resist cell encroachment. Peritoneal IC-21
murine macrophage cell growth occurs only within the
boundaries of the corrals. This approach provides a simple
and chemically flexible route to local definition of cells on
surfaces.

Formation of biological tissue structures, such as nerves and
blood vessels, require micron-scale morphologic control and
spatial positioning of cells. To achieve this on artificial
substrates, the adsorption and adhesion of cells and proteins
have been studied on self-assembled monolayers (SAMs)
made up of alkanethiolates or alkylsilanes and on thin
polymer films.[1±5] There have been a smaller number of
studies focused on the adhesion and motility of cells on
patterned substrates.[6±11]

Our approach for exerting micron-scale control over cell
adhesion involves four steps (Scheme 1).[12] After preparation
of a suitable poly(dimethylsiloxane) (PDMS) stamp from a
TEM-grid master (TEM� transmission electron microscopy),

Scheme 1. Formation of micron-scale corrals with hydrophobic
alkanethiolate bottoms and walls consisting of a hydrophilic three-
layer poly(acrylic acid)/poly(ethylene glycol) nanocomposite.

an evaporated gold substrate is patterned with a hexadeca-
nethiol (C16SH) SAM by soft lithography.[13] Second, the
unmodified regions of the gold substrate are filled with a
SAM of 11-sulfanylundecanoic acid (also called mercaptoun-
decanoic acid, MUA). Next, the terminal acid groups of the
MUA-patterned portions of the mixed monolayer are acti-
vated and treated with a,w-diamino-substituted poly(tert-
butyl acrylate) (H2NR-PTBA-RNH2) to yield the amide-
grafted polymer layer. Hydrolysis of PTBA with MeSO3H
yields the first layer of PAA, and two additional cycles of
activation, grafting, and hydrolysis yields a hyperbranched
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three-layer PAA film (3-PAA). The details of this synthesis
and the properties of the resulting films have been reported
previously.[14] These films contain a high density of acid
groups, which can subsequently be functionalized with
methoxypoly(ethylene glycol)amine (MeO-PEG-NH2) by
simple amidation chemistry.

Fourier transform infrared ± external reflection spectrosco-
py (FT-IR ± ERS), ellipsometry, contact-angle measurements,
and X-ray photoelectron spectroscopy (XPS) were performed
on macroscopic regions of a partially patterned substrate. This
battery of analytical methods confirms that PAA grafting and
subsequent functionalization with PEG occurs only on MUA-
modified regions of the gold surface. These studies also
indicate that covalent attachment of PEG occurs primarily at
the surface of the 3-PAA film. For example, the peak at
1730 cmÿ1 in Figure 1 a arises from the acid carbonyl group of
3-PAA. After grafting of PEG to the surface, new amide
bands appear at 1645 and 1545 cmÿ1 (Figure 1 b), but the
somewhat diminished acid carbonyl peak remains, indicating
only partial derivatization of the 3-PAA film. Exposure of

Figure 1. FT-IR ± ERS spectra of a) a 3-PAA film; b) the film in a) after
derivatization with MeO-PEG-NH2, immersion into a 0.1m ethanolic
solution of HCl to convert unchanged carboxylate groups into the acid
form, washing with CH2Cl2, and sonication in ethanol to remove
physisorbed material from the surface; and c) the film in b) after
derivatization with PEG, immersion in aqueous 0.1m CsOH, and rinsing
with water and ethanol.

these films to an aqueous CsOH solution resulted in the
disappearance of the peak at 1730 cmÿ1 and appearance of
new carboxylate peaks at 1580 and 1400 cmÿ1 (Figure 1c),
confirming the presence of unfunctionalized acid groups
within the interior of the composite. In Figure 1 b the presence
of a C-O-C stretching band at 1145 cmÿ1, peaks at 2878 and
2940 cmÿ1 due to the CH3 and CH2 stretching modes of PEG,
the NÿH stretch at 3303 cmÿ1, and the decrease in the broad
OH stretch around 3100 cmÿ1 are additional support for PEG
grafting on 3-PAA films. Ellipsometric and tapping-mode
AFM mesurements indicate that prior to PEG grafting the
3-PAA film is 23� 3 nm thick,[12] but after addition of PEG
the composite film thickness increases to 54� 4 nm. Addi-
tionally, the water contact angle increases from 218 to 278.
Interestingly, there is no change in the water contact angle
after soaking of this film in aqueous CsOH solution, even
though the film still contains acid groups that have not yet
reacted; in the absence of the PEG layer the water contact

angle decreases from 218 to less than 58 upon deprotonation of
acid groups with CsOH. These results strongly suggest the
absence of unchanged acid groups on the surface of the
3-PAA/PEG nanocomposite film. Additional evidence comes
from surface-sensitive X-ray photoelectron spectroscopy
(XPS) studies of CsOH-treated 3-PAA/PEG films; there is
no signal corresponding to Cs, whereas a prominent Cs 3 d
doublet for PEG-free 3-PAA films appears. Control experi-
ments carried out on a C16SH SAM, rather than on the
reactive, acid-terminated MUA monolayer, indicate no
growth of PAA and no grafting of PEG.

Prior to cell immobilization all films are sterilized with UV
light. Ellipsometry and IR spectroscopy indicate that steri-
lization does not damage the films chemically or topograph-
ically. Figure 2 a shows a bright-field micrograph of macro-
phage cells adhered to an unpatterned hyperbranched 3-PAA
film. Adhesion and growth of cells occur because the 3-PAA
film contains a high density of acid functional groups. Surface

Figure 2. Optical micrographs of macrophage cells seeded onto polymer-
modified gold surfaces. a) Adhesion and growth on hyperbranched 3-PAA
polymer films grafted onto a self-assembled MUA monolayer. b) Inhibition
of adhesion and growth on a 3-PAA film after grafting a layer of PEG to the
3-PAA surface.

sulfonate, hydroxyl, and carboxyl groups have all been
demonstrated to promote cell attachment and growth.[15]

Figure 2 b is an optical micrograph of a 3-PAA/PEG film that
was seeded with cells at the same density used for Figure 2 a.
These data clearly demonstrate that cells neither adhere to,
nor grow on, the 3-PAA/PEG films. The absence of cell
adhesion on the PEG surface is consistent with the exclusion
of protein adsorption, which has been attributed in part to the
large excluded volume of PEG chains.[16] These results imply
that the relatively thick PEG layer must fully cover the
underlying 3-PAA film and that the 3-PAA film, in turn, fully
coats the MUA-functionalized gold surface.

Figure 3 shows a bright-field optical micrograph of a
square-grid pattern (derived from a TEM-grid master) con-
sisting of C16SH and 3-PAA/PEG on a gold substrate. The
grid is a 3-PAA/PEG polymer film and the bottoms of the
corrals consist of a C16SH SAM (last frame of Scheme 1).

A micrograph of macrophage cells seeded onto a patterned
3-PAA film is presented in Figure 4 a. That macrophage cells
grow on both the methyl-terminated SAM and across the
3-PAA corral walls is anticipated by Figure 2 a. Figure 4 b
shows an optical micrograph of a patterned surface in which
the corral walls have been modified with PEG. It indicates
that PEG inhibits cell adhesion and growth, and that the cells
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Figure 3. Optical micrographs of a gold surface patterned using m-CP
followed by polymer grafting. The grid is composed of a 54-nm-thick, PEG-
grafted 3-PAA polymer composite, and the squares contain a 1.8-nm-thick
n-hexadecanethiol (C16SH) monolayer.

Figure 4. Optical micrographs of a) cells grown onto a patterned film
having 3-PAA walls (no PEG) and C16SH bottoms: cells adhere to and
grow over the 3-PAA walls; b ± d) macrophage cells patterned onto the
PEG-modified substrate shown in Figure 3: cells are confined within the
corrals, and there is no evidence for cellular interactions between corrals.

are confined to the methyl-terminated SAM surface. These
results clearly demonstrate that simple polymer chemistry can
be used to control growth; note especially that no part of the
cell body escapes the corral. Figures 4 c and 4 d are higher
resolution micrographs of macrophage-patterned regions of
the surface. The macrophage cells in these images possess the
correct morphology. For example, the peripheral skirt of the
cytoplasm and the surface ridges of the cell are evident.
Additionally, the cells are well spread, as evidenced by the
clearly defined extended processes. Close examination of the
macrophage in Figure 4 d reveals that it grows only to the
boundary of the 3-PAA/PEG corral wall even though the wall
is much thinner than the cell. Macrophage cell growth is
dependent on the anchorage, so as long as there is surface

available the cells will continue to grow. In the case of a fixed
area, cell survival is a function of cell-seeding density. At low
densities, more surface is available for cell proliferation. We
have been able to grow cells for over three days at a density of
1.0� 104 cells mLÿ1.

In summary, we have made use of a simple soft-lithography
technique and covalent grafting of suitable polymers to
prepare micron-scale corrals for cell adhesion and growth.
The strict control of cell position and function is a funda-
mental focus in the development of applications ranging from
cellular to tissue engineering,[17] and for biosensing applica-
tions. Sequential grafting with polymeric building blocks
facilitates a rapid increase in the height of the corral walls, and
PEG grafting is so complete that there is no evidence of cell
growth outside the corrals. Because the interiors of the corral
walls contain unchanged carboxylic acid groups, they can
selectively bind metal ions; entrap organic molecules, drugs,
and enzymes;[18] or be chemically modified to prevent
permeation of aqueous solutions between corrals.[19] Thus,
these cell corrals provide new platforms for chemical sensing
applications and for tailoring polymer surface properties[20]

for a wide variety of biomedical applications. Moreover, this
simple patterning strategy may lead to more complex
structures such as ensembles of organized tissues, including
nerves and blood vessels.

Experimental Section

Methoxypoly(ethylene glycol)amine (MeO-PEG5000-NH2) was grafted on
3-PAA by immersing the 3-PAA film in 10 mL of dried DMF, to which
200 mL of N-methylmorpholine and 200 mL of ethyl chloroformate were
added while stirring. After 10 min the substrate was removed, rinsed with
ethyl acetate, dried under N2, and then immersed in a solution of MeO-
PEG5000-NH2 in DMF/CH2Cl2 (9/1; 0.1 g of MeO-PEG5000-NH2 in 9 mL
DMF and 1 mL CH2Cl2) for 1 h. The slide was then removed, dipped into a
0.1m ethanolic solution of HCl for 10 min to protonate unfunctionalized
carboxylate groups and remove salts, dipped in CH2Cl2 for 1 h, sonicated in
CH2Cl2 for 10 min, washed with EtOH to remove physisorbed material
from the surface, and finally dried under flowing N2.

The polymer surfaces were sterilized by placing the substrates under 245-
nm UV light for 2 h. SV-40-transformed peritoneal IC-21 mouse macro-
phages were cultured in RPMI-1640 media supplemented with fetal bovine
serum and an antibiotic/antimycotic solution at 37 8C. Cells were plated on
supported thin films at a density of 1.0� 105 cells per mL in all experiments
except for cells plated on 3-PAA patterned films (1.0� 104 cells per mL).
After 24 h of incubation at 37 8C in a 5 % CO2 incubator, the substrate-
confined cells were put in 10 % formalin for 24 h. They were then
dehydrated through a series of ethanol washes, treated with hexamethyl-
disilazane, and imaged by optical microscopy.
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Pleated Sheets and Turns of b-Peptides
with Proteinogenic Side Chains
Dieter Seebach,* Stefan Abele, Karl Gademann, and
Bernhard Jaun

The properties of peptides and proteins depend on their
three-dimensional structure, which itself is determined by the
sequence of the amino acids, that is, the primary structure. The
mechanisms of formation and the parameters determining the
stability of secondary structures of proteinsÐincluding not
only the helix, the pleated sheet, and the turn, but also the
random-coiled regionÐare not yet fully understood.[1] In
contrast, b-peptides (oligomers of b-amino acids[2]) adopt
predictable[3] secondary structures that can also be identified
by calculations.[4] This also holds for b-peptides whose back-
bones are not conformationally restricted by cyclic residues.
Thus, b-peptides composed of more than five homochiral b2-,
b3-, or like-b2, 3-amino acids[5] with proteinogenic side chains
form a 314 helix in methanol with all substituents in lateral
positions;[3] on the other hand, chains consisting of (R)-b2/(S)-

b3 or unlike-b2, 3 residues were expected to adopt an extended
conformation, with formation of pleated sheets (Figure 1 a);
in b-peptide sections with (S)-b2/b3 or with geminally disub-
stituted b2, 2-amino acid moieties we have observed the

Figure 1. a) Model of a fully extended b-peptide chain. b-Amino acid
sequences with R1 to R6 6�H, R7�H (unlike-b2, 3, type I) or, for example,
R1, R4, R5 6�H, R2, R3, R6, R7�H ((S)-b3/(R)-b2, type II) preclude a b-
peptide from adopting the 314-helical secondary structure; the linear
arrangement is enforced.[2, 3, 6] Geminal disubstitution, for example R5 and
R7 6�H, prevents both the formation of the helix and the aggregation to a
pleated sheet (see 14-membered hydrogen-bonded turns in Figure 2 and
the discussion in reference [3]). b), c) Ten-membered hydrogen-bonded
turns found in the b2-b3-segments of the 12/10/12 helix[3, 7] or formed by
geminally disubstituted b-peptides.[8]

formation of ten-membered hydrogen-bonded rings (Fig-
ure 1 b, c). These results and conclusions have provided
guidance in our search for b-peptidic parallel and antiparallel
pleated sheets and turns, and we have prepared (by known
methods[3, 9]) the b-peptides 1 (in solution) and 2 (on solid
phase), containing unlike-b2, 3-amino acids. Herein, we report
their structures.
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Unsurmountable solubility problems arise upon chain
elongation with formation of b-peptides such as 1 (type I in
Figure 1 a), so that attempted dimerizing coupling of 1 to give
a hexapeptide was unsuccessful.[10] The crystal structure and
crystal packing of 1, which indeed forms sheets, are shown in
Figure 2.[11] The parallel amide planes in the individual strands
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