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ABSTRACT: This paper presents a novel method to fabricate
elliptical ring arrays of proteins. The protein arrays are
prepared by covalently grafting proteins to the polymer brush
ring arrays which are prepared by the techniques combining
colloidal lithography dewetting and surface initiated atom-
transfer radical polymerization (SI-ATRP). Through this
method, the parameters of protein patterns, such as height,
wall thickness, periods, and distances between two elliptical
rings, can be finely regulated. In addition, the sample which

contains the elliptical protein ring arrays can be prepared over a large area up to 1 cm? and the protein on the ring maintains its
biological activity. The as-prepared ring and elliptical ring arrays (ERAs) of fibronectin can promote cell adhesion and may have

an active effect on the formation of the actin cytoskeleton.
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1. INTRODUCTION

Fabrication of the patterned surfaces with distinct chemical
contrast and finely controlled morphology is of great interest
because it can be widely used in the fields of electronic,'
magnetic,2 chemical,®> and biological sensors.* % In particular,
proteins and other biomolecules patterns which have a feature
size of nanometer or sub-micrometer have been widely used in
the fields of biosensors, drug screening, biomedical interfaces,
tissue engineering,11 artificial growth of neuronal net-
works,”>™'* and research of cell biology.ls_lg Furthermore,
the ordered or disordered nanopatterns possess great
advantages, such as higher amount of reaction sites and much
smaller sample dosage compared with the microarrays. As a
result, the nanopatterns lead an enhanced detection sensitivity
with reduced quantities of analytes and reagents, as well as
improved kinetics.”® For instance, protein and DNA patterns in
nanoscale can be used to characterize the proteome and
genome content in a highly parallel manner, which has
promoted the development of the medical diagnostic
technologies.21

In the past decade, the patterned polymer brushes have got a
great development. The polymer chains extend from the
surface, making themselves sufficiently dense and leading to
highly steric crowding, which results in an entropically
unfavorable conformation. And several methods have been
used to fabricate polymer brush patterns, which combined the
controlled surface-initiated polymerization with lithography
techniques, such as photolithography, electron-beam lithog-
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raphy, scanning probe microscopy lithography, soft lithography,
and Langmuir—Blodgett lithography.”*~> As a result, patterns
with a feature size of 100 nm have been produced by
nanoimprinting lithography**~*
printing.** However, they cannot be used to fabricate polymer
brush patterns with large area at a low-cost and in a time
efficient manner. Moreover, finely controlling the structure
parameters, such as compositions, shapes, and dimensions of
the features, is a key point for the polymer brush patterns to be
applied in the fields of macromolecule sensors, novel micro- or
nanofluidic devices, and biomacromolecule patterns for protein
and cell studies. In addition, it is still a major challenge to
develop a cost- and time-eflicient method to fabricate protein
patterns in high-throughput and activity manner, especially for
those with both micrometer and nanometer features in one
sample, and a background of stable protein-resistant.

During these years, micro- and nanoring arrays are proposed
to be of great importance and have attracted great interest in
many scientific and technological fields.**>° Due to the
efficient-process methods to fabricate arrays, the structure
parameters could be modulated via varying their diameter, wall
thickness, and arrangement.SI’52 Few works are focused on
exploiting the ring structures to fabricate polymer/biomolecules
arrays. It is highly significant to develop an efficient method to
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prepare biomolecule arrays for biological studying. In this
paper, we report a simple and cost-efficient method to fabricate
protein patterns via covalently grafting protein to elliptical
poly(2-hydroxyethyl methacrylate) (PHEMA) brush ring arrays
over a large area of nearly 1 cm” The elliptical PHEMA brush
ring arrays were fabricated by the method of combined colloidal
lithography dewetting with surface initiated atom-transfer
radical polymerization (SI-ATRP) as shown in Figure 1. By
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Figure 1. Typical procedure of preparing patterned ring polymer
brush.

this method, the parameters such as wall thickness, distances
between two PHEMA rings, and height of the elliptical ring
arrays, with their respect ratio altered from 1 to 2.5, can be well
controlled via regulating the process of colloidal lithography
dewetting and the parameters of the polymerization process.
Also, this method can be used to fabricate some inorganic,
metal, or responsive material ring structures which can be
applied in the fields of photonics, electronics, and magnetics.
More importantly, the elliptical protein ring patterns are
fabricated after protein covalently grafting to the polymer
brush, and the proteins on the ring maintain their biological
activity. This covalent grafting method can efficiently avoid the
unfolding and partial denaturation of the protein patterns
which were prepared by adsorption.***”

2. EXPERIMENTAL SECTION

2.1. Materials. Silicon wafers (100) and fused silica wafers were
cut in ca. 2.0 X 2.0 cm® pieces and soaked in a piranha solution (a
mixed solution of concentrated H,SO, and 30% H,0, with the
volumetric ratio 7:3) for 30 min under boiling (Caution: strong oxide)
to make the surface hydrophilic, and then they were rinsed with
deionized water for several times and at last dried with nitrogen gas
(N,) stream. 2-Hydroxyethyl methacrylate (HEMA) monomer, 2,2'-
bipyridine, phosphate buffer saline, and copper(II) bromide (CuBr,)
were provided by Alfa Aesar. Polystyrene (PS, M, = 280000), 3-
aminopropyltrimethoxysilane (APTMS), 2-bromoisobutyrylbromide,
4-dimethylaminopyridine (DMAP), N,N’-disuccinimidylcarbonate
(DSC), copper(I) chloride (CuCl), tetramethylthodamine B iso-
thiocyanate (TRITC) labeled phallacidin, 4,6-diamidina-2-phenyl-
indole (DAPI), albumin from bovine serum, and anti-vinculin were
purchased from Aldrich. PDMS elastomer kits (Sylard 184) were
purchased from Dow Corning (Midland, MI). Poly(ethylene glycol)-
silane (PEG-silane) (My, = 1000) was provided by Shanghai Yare
Biotech. Fibronectin (FN) was provided by the Shanghai EYSIN
Biotechnology. Polyoxymethylene (4%), Triton-X100, human immu-
noglobulin G (IgG), FITC-labeled goat anti-human IgG, FITC-labeled
BSA, and FITC-labeled rabbit anti-mouse IgG were purchased from

Beijing DINGGUO Biotechnology. Dichloromethane, toluene,
triethylamine, absolute ethanol, N,N-dimethylformamide (DMF) and
the four components of the photoresist were used as received. The
water used in all experiments was deionized and doubly distilled prior
to use.

2.2. Fabrication of the Elliptical Initiator Ring Arrays. The
—NH, groups were grafted onto the silicon and fused silica wafers by
gas-phase growth method as demonstrated in our previous work.>® In
brief, the wafers were placed in a sealed vessel in which several drops
of APTMS were dropped on the bottom, while the wafers and the
drops were separated. Then the vessel was heated for 1 h at 60°C in an
oven to make the —NH, grafted onto the wafers via the chemical
reaction between APTMS vapor and the —OH groups on the silicon
or fused silica wafers. Then the —NH, group modified wafers were
immersed in the mixed solution of 10 mL anhydrous dichoromethane
and 140 uL triethylamine, followed by adding 100 uL of 2-
bromoisobutyryl bromide (the ATRP initiator) into the solution
containing the —NH, modified wafers at 0 °C. The sealed vessel was
left at this temperature for 1 h and then placed at room temperature
for 15 h. The wafers were rinsed with anhydrous dichoromethane and
absolute ethanol, and then dried by N, stream.

The initiator elliptical ring arrays were fabricated by colloidal
lithography dewetting. First, the ATRP initiator grafted wafers covered
by a layer of PS were prepared via spin coating the toluene solution of
PS with the concentration of 6 mg-mL" onto the wafers. Then the
elliptical PS ringlike arrays were prepared on the surface of the initiator
covered wafer by colloidal lithography dewetting method. In brief,
after spin-coating the PS film onto the substrate, a resin mold of EHAs
(elliptical hemisphere arrays) was compressed onto the surface of the
sample under a 1X10° Pa pressure to make the thickness of the PS film
attached to the down side of the EHAs thinner, because it flows to the
space between the arrays to form elliptical ringlike PS arrays. Finally,
the elliptical initiator ring arrays were achieved via etching off the
interconnecting flashing layer (the PS film inside and between the PS
rings with a thinner thickness than the rings) of the elliptical PS
ringlike arrays and the exposed initiators by the oxygen reactive ion
etching (RIE), which was performed using Plasmalab 80 Plus
instrument (Oxford Instrument). In this work, the RIE operating at
10 mTorr pressure, 50 SCCM oxygen gas flow rate, and RF power of
60 W, ICP power of 0 W was carried out from 60 to 90 s. After the
RIE process, the retained PS were removed by DMF under ultrasonic
bath.

2.3. Preparing Polymer Brush Patterns by the Method of
Grafting from Surfaces. In this experiment, HEMA was chose as the
monomer to prepare polymer brush patterns via the method of
grafting from surfaces. For the polymerization of PHEMA, 36 mg
(0.16 mmol) of CuBr, and 244 mg (1.56 mmol) of 2,2-bipyridine
were added to 8 mL of aqueous monomer solution (the volumetric
ratio of HEMA/H,O equals 1:1), and the mixtures were shaken in an
ultrasonic bath until a homogeneous blue solution formed. The
mixtures were degassed for 30 min by ultrapure N, flow, 55 mg (0.55
mmol) CuCl was added into the solution, and then it was shaken in an
ultrasonic bath until the color of the solution changed into dark
brown. Lastly, the wafers with initiators were immersed in the solution
from 1 to 12 h under nitrogen flow at room temperature. After
polymerization, the samples were cleaned by using absolute ethanol
and DMF via washing several times.

2.4. Preparing the Patterns of Protein—Polymer Conjugates
and Negative Control Experiments. Before the polymerization of
PHEMA in this part, the wafers with elliptical ATRP initiator ring
arrays were immersed in the toluene solution of PEG-silane (M, =
1000) with the concentration of 0.0S mg'mL'1 for 12 h at room
temperature for the purpose of reducing the protein nonspecific
absorption on the background. The wafers were then rinsed with
toluene and absolute ethanol for several times and dried by N, flow.
Then PHEMA was grafted from the surface by the method of SI-
ATRP. After that, the elliptical ring arrays of protein—polymer
conjugates were prepared by the coupling reaction between PHEMA
and protein which is mediated by DSC. In brief, The samples were
immersed in the solution of 0.1 M DSC and DMAP in anhydrous
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DMEF and then were deoxygenated by ultrapure N, flow for 24 h. The
samples were rinsed thoroughly with DMF and dichloromethane, and
then dried by N, flow. For the conjugation of proteins to the polymer
brush, the modified samples were immersed in a solution of human
IgG (50 ugmL") or fibronectin (FN) (50 pg:mL"') in phosphate
buffered saline (PBS, pH = 7.4) for 2 h at room temperature. After
that, the wafers were rinsed with PBS several times to remove the
physically absorbed proteins on the surfaces of the samples.

To confirm that the human IgG covalently grafted to the polymer
brush, a negative experiment was performed as follows: the wafers with
polymer brush ring arrays without succinimidyl modification were
immersed in a solution of human IgG (50 ug'-mL") for 2 h at room
temperature. After that, the wafers were treated with ultrasonication
for 30 s and rinsed with PBS several times to remove the physically
absorbed proteins on the surfaces of the samples.

To evaluate the biological activity of the human IgG on the elliptical
ring arrays, the wafers with elliptical human IgG ring arrays were
immersed in a solution of FITC-labeled BSA (50 ug:mL"), FITC-
labeled rabbit anti-mouse IgG (50 ug'mL"), and FITC-labeled goat
anti-human IgG (50 pug-mL") in PBS for 1.5 h. And then the wafers
were treated with ultrasonication for 30 s and rinsed using PBS for
several times to remove the nonspecifically absorbed proteins.

2.5. Cell Seeding and Staining. Mouse MC3T3-E1 osteblasts
were plated at a density of 3x10* cells/mL in H-DMEM media
supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1%
antibiotics (25.000 ITU-mL™" penicillin and 25 mg-mL" streptomycin)
in 5% CO, at 37 °C. After culturing for 12 h, cells on the substrates
were washed in PBS to remove the physical absorbed organics and
prepare for stain. For cell immunostaining, the cells were fixed with 4%
polyoxymethylene in PBS solution for 20 min and then permeabilized
with 0.1% Triton X-100 for 10 min. After that the cells were incubated
in a 3% bovine serum albumin blocking agent for 2 h at room
temperature and washed twice with PBS buffer. Mouse monoclonal
anti-vinculin with a concentration of 1.25 pg-mL" was added to the
cells and incubated at 4 °C for 12 h and then washed three times in
PBS. FITC-conjugated goat anti-mouse IgG (10 ug:mL') and
TRITC-phalloidin (37.5 ng'mL"') were added to the surfaces and
incubated for 60 min at room temperature. Cells were thereafter
washed three times with PBS, incubated with 2 pg-mL"' DAPI for 5
min at room temperature, and then washed three times. Stained cells
were kept in PBS at 4 °C.

2.6. Characterization. Atomic force microscopy (AFM) images
were recorded in tapping mode with a Nanoscope IIla scanning probe
microscope from Digital Instruments under ambient conditions. The
fluorescent images of elliptical protein ring arrays were taken by using
an OLYMPUS BXS51 instrument. The confocal fluorescent microscopy
images of the cells cultured on the ring and elliptical ring patterns were
taken by using the laser scanning confocal microscope OLYMPUS
BX81 (FluoView FV1000).

3. RESULTS AND DISCUSSIONS

3.1. Fabrication of the Elliptical PHEMA Ring Arrays
by Colloidal Lithography Dewetting and SI-ATRP. The
elliptical PHEMA brush ring arrays are fabricated by grafting
the PHEMA from the surfaces which were modified by elliptical
ring ATRP initiator arrays. Figure 1 shows the schematic
illustration of this process. Firstly, the mold which will be used
for colloidal lithography dewetting was prepared (Figure S3,
Supporting Information). In brief, we used the two-dimensional
(2D) non-close-packed (ncp) colloidal monolayers of 1 um
silica spheres as original templates to fabricate poly-
(dimethysiloxane) (PDMS) well arrays. The PDMS molds
were stretched to a certain direction to turn the spherical well
arrays into elliptical ones after they were peeled off from the
ncp templates for the purpose of fabricating photopolymeriz-
able resin elliptical hemisphere arrays (EHAs) which will be
used as the template to fabricate elliptical ring arrays. To
fabricate the photopolymerizable resin EHAs, the stretched

PDMS molds were coated with a thin film of oligomer via spin-
coating. After the polymerization of the oligomer under UV
exposure, the PDMS mold was peeled off and the photo-
polymerizable resin EHAs template achieved. Figure S4 shows
the scanning electron microscopy (SEM) images of original
2D-ncp colloidal crystals used to fabricate the PDMS mold,
AFM images of 2D hexagonal ncp nanowells on the PDMS
mold, and SEM image of the photopolymerizable resin EHAs
template used for micromolding. The images indicate that the
photopolymerizable resin EHAs were successfully fabricated
and the ordering property of the ncp template was maintained.
Then the photopolymerizable resin EHAs template was
compressed onto the initiator modified substrate coated with
a 20 nm PS film under a pressure of about 1X10* Pa while the
PS film was prepared by spin-coating a 6 mg-mL" toluene
solution of PS onto the substrate. After that the EHAs template
and the substrate were heated for 3 h at 100 °C in an oven
while maintaining the pressure. During this process, the
polymer performs a flow state when the temperature is above
the glass-transition temperature (T,) of the PS. Thus, with the
help of the capillary force caused by the narrow spaces between
EHAs and substrate, the flow state PS will flow into the narrow
spaces and dewet around the surface of the EHAs template to
form the ringlike morphology. After cooling down the system
to room temperature and peeling off the EHAs template, the
elliptical PS ring arrays were achieved including the PS flashing
layers both inside and outside the ridge of the ring structure.
Then after the redundant flashing layer of PS and the initiators
exposed both inside and outside, the elliptical ring structures
were removed via RIE treatment, the remaining PS ring arrays
were washed off with toluene, and then the elliptical ATRP
initiator ring arrays were achieved. Finally, the elliptical
PHEMA ring arrays were prepared via grafting the PHEMA
from the surface modified with elliptical initiator ring arrays by
the method of SI-ATRP.

Figure 2 shows the AFM images of the elliptical PHEMA
ring arrays fabricated by the above method. The 3D AFM
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Figure 2. (a) 3D AFM images of patterned PHEMA brush elliptical
rings. (b) AFM images of patterned PHEMA brush elliptical rings and
cross-sectional analysis; z scale is 200 nm, and sizes are 10 ym X 10

pm.

image of the elliptical PHEMA brush ring arrays in Figure 2a
shows that the elliptical polymer brush ring arrays exhibit
hexagonal ncp and homogeneous architectures over large areas
which can be larger than 100 um?>. Also, using this method, the
sample area which contained the ring arrays can reach 1 cm®
though there are some defects. Figure S5 shows the AFM
images that were collected from the 1 cm” sample from five
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Figure 3. (a—c) AFM images of PHEMA brush patterns grafting from ATRP initiator patterns after 30, 60, and 75 s etching. Sizes are 10 ym X 10
um; the statistical graph below each image shows the feature wall-thickness distribution of the elliptical rings. (d—g) AFM images of PHEMA brush

patterns with different aspect ratios. Sizes are 6 ym X 6 ym.

locations that distributed at the center and four corners; these
images indicate that the elliptical ring arrays maintain the
ordering property which can reach 100 gm* over 1 cm? area.
Moreover, the wall thickness of the ring is uniform and the
polymer brush ring arrays are vertical to the substrates. The
cross-sectional analysis of the elliptical PHEMA brush ring
arrays in Figure 2b demonstrates that the height of the ring is
about 84 nm with the aspect ratio about 2. These prove that the
elliptical PHEMA brush ring arrays have been successfully
fabricated over a large area. This method provides a new way to
fabricate complex polymer brush structures. In addition, with
the help of SI-ATRP, ring arrays consisting of different kinds of
polymers can be successfully prepared and the application of
functional polymer patterns will be widened.

3.2. Fabrication of the Elliptical Polymer Ring Arrays
with Tunable Height and Aspect Ratio. As we know that
the attractive properties of elliptical ring arrays are greatly
depended on the geometric parameters of the ring, thus it is
meaningful to fabricate elliptical ring arrays with different
physical features via modulating the geometric parameters
during the fabrication process.

In this experiment, the feature structure of the polymer ring
arrays can be finely controlled by regulating the experimental
conditions. For the samples having the same aspect ratio, the
feature structure of the elliptical ring arrays can be precisely
modulated by regulating the etching time of the RIE process.

12590

Figure 3a—c shows the AFM images of the elliptical polymer
brush ring arrays with the same aspect ratio and different wall
thickness of the ring structure. The different wall thickness is
caused by the different etching time during the process of
fabricating the elliptical ATRP initiator ring arrays via removing
the flashing layer of PS and the exposed ATRP initiators by the
RIE treatment. The etching time was 30 s (Figure 3a), 60 s
(Figure 3b), and 7S s (Figure 3c). From the AFM images, we
can get the information that the wall thickness of the polymer
brush ring decreased as the etching time increases during the
process of initiator etching. The wall thickness of the elliptical
rings in each image were measured, and the results show that
the major wall thicknesses are 507 nm (Figure 3a), 468 nm
(Figure 3b), and 332 nm (Figure 3c). These results indicate
that the wall thickness of the ring structure can be continuously
regulated via choosing the appropriate conditions and etching
time in the RIE step.

Moreover, due to the excellent elastic property of the PDMS
which guarantees the freedom of structure changing, we can
achieve elliptical well arrays with different aspect ratios which
can be adjusted in a certain range via changing the force applied
to stretch the PDMS well arrays during the process of EHAs
fabrication. Figure 3d—g shows the AFM images of the elliptical
PHEMA brush ring arrays with different aspect ratios which
were fabricated by PDMS micromolds which were stretched
under different forces. As shown in the images, when no force
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(a)

Figure 4. Fluorescent photographs of the IgG ring patterns with aspect ratios 1 (a), 1.5 (b), and 2.5 (c) after bonding FITC-anti-IgG.

was applied, the rings are nearly circular and the aspect ratio is
about 1 (Figure 3d). After a force of 0.1, 0.3, and 0.6 N was
applied, the rings changed from circular to elliptical with the
aspect ratio of 1.5 (Figure 3e), 2 (Figure 3f), and 2.5 (Figure
3g). Besides, we can see that the order of the structures did not
change after the stretch of the PDMS micromolds. These
results indicate that the elliptical ring arrays with a larger aspect
ratio can be fabricated via reasonable design and operation;
meanwhile, the size of the polymer brush rings can be easily
modulated via changing the diameter of the microspheres
which were used as the original templates during the process of
ring arrays fabrication by colloidal lithography dewetting.
Figure S6 shows the images of the elliptical ring arrays which
were fabricated by using the microspheres of different
diameters as the original templates, and these results proved
the maneuverability of this method in fabricating elliptical ring
arrays.

3.3. Preparation of the Elliptical Protein Ring Arrays.
Elliptical protein ring arrays are prepared via covalently
immobilizing proteins on the PHEMA brush patterns. For
the purposes of reducing the nonspecific absorption of proteins
on the samples, a monolayer of PEG-silane is grafted onto the
regions without ATRP initiator patterns before the polymer-
ization of the PHEMA. After obtaining the elliptical PHEMA
brush ring arrays via grafting the PHEMA from the surface of
the ATRP initiator modified substrate as-prepared, the samples
are immersed in a solution of 0.1 M DSC and DMAP in
anhydrous DMF to obtain the succinimidyl group decorated
PHEMA brush ring arrays. Then the protein ring arrays can be
easily prepared by immersing the succinimidyl modified
PHEMA ring arrays in the solution of human immunoglobulin
G (IgG), since the succinimidyl group is highly reactive with
the primary amine groups of the proteins. To confirm the
human IgG is covalently grafted to the polymer brush and to
evaluate the biological activity of IgG, negative control
experiments were performed as mentioned and investigated
by fluorescence microscopy under blue light excitation. Figure
S1 shows the fluorescent photographs achieved from the
negative control experiments. Figure Sla is the human IgG
pattern prepared on the PHEMA ring arrays without the
succinimidyl modification after binding FITC-labeled goat anti-
human IgG. Figure S1b—d shows the human IgG patterns
prepared on the activated PHEMA ring arrays after binding
FITC-labeled BSA (Figure S1b), FITC-labeled rabbit anti-
mouse IgG (Figure Slc), and FITC-labeled goat anti-human
IgG (Figure S1d). Figure Sle—h shows the fluorescent
photographs of the (a)—(d) samples after treatment with
ultrasonication for 30 s and washing with the buffer solution
respectively. From the comparison of Figure Sla, d, e, and h, we

can see that, without the succinimidyl modification, human IgG
just adheres to the surface via physical absorption rather than
grafts to the polymer brush covalently with no ordered ring
protein pattern achieved. However, for the succinimidyl
modified one, the protein ring arrays were achieved via grafting
the protein to the polymer brush covalently, which were stable
enough for the pattern and could maintain their morphology
after the ultrasonic treatment. These results indicated that the
human IgG was grafted to the polymer brush through covalent
reaction instead of physical absorption, which insures the
stability of the protein patterns. Through the comparison of
Figure S1b—d, f-h, the human IgG on the nanoring arrays
maintains its biological activity, for the FITC-labeled goat anti-
human IgG can react with human IgG specifically followed by
the formation of visible protein patterns and the patterns are
maintained after ultrasonic treatment. On the other hand, since
FITC-labeled BSA and FITC-labeled goat anti-human IgG did
not have the specificity to react with human IgG, there are no
visible ordered protein patterns achieved and the FITC-labeled
proteins were easily removed from the IgG patterns via
ultrasonic treatment. These results proved that the FITC-
labeled goat anti-human IgG combined with the human IgG on
the polymer ring arrays via the specific interaction between
antigen and antibody, and the human IgG maintain their
biological activity. All of these data proved that proteins which
have the amino group (—NH,) can covalently graft to the
polymer brush to form protein patterns and maintain biological
activity by using this DSC active method. Figure 4 shows the
fluorescence photographs of the IgG ring arrays with aspect
ratio 1 (Figure 4a), 1.5 (Figure 4b), and 2.5 (Figure 4c). From
the fluorescence photographs, we can see that the protein ring
arrays are homogeneous over large areas and the signal
intensity is nearly the same throughout the entire area, which
proves that the protein ring arrays are finely prepared and the
biological activity is maintained. Moreover, this kind of complex
protein patterns can be used as new substrates to study the
reactions of cell—substrate and cell—cell, since the protein
patterns are held robustly in situ by covalent bonds. In addition,
the polymer brushes act as linkers between the protein and
substrate which is long enough to prevent the denaturation of
proteins when they are absorbed onto the substrate.

3.4. Cell Adhesion on the Ring and Elliptical Ring
Arrays. As we know, since the properties of the substrates and
the interfaces between cell and substrate have great influence
on cell adhesion and other behaviors, we need to fabricate
different surfaces to make it clear how the surface or interfaces
affect the cell behavior. Under this background, the ring arrays
and elliptical ring arrays of protein are an ideal matrix which
provides nice surfaces and interfaces to study the different
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adhesion behaviors on holomorphic symmetry and unholo-
morphic symmetry substrates. The fibronectin (FN) ring arrays
of the circular one and the elliptic one with the aspect ratio 2.5
were used to perform the experiment of cell culture. After
culturing for 12 h, the actin cytoskeleton, cell nucleus, and
vinculin were stained with TRITC-phalloidin, DAPI, and
mouse monoclonal anti-vinculin/FITC-conjugated goat anti-
mouse IgG, respectively. Figure S shows the confocal

% 50 pum
100 um 50
—

50 um
Een—

100 um
I

Figure S. Confocal fluorescent microscopy images of the cell cultured
on the ring (a,b) and elliptical ring (c,d) patterns: blue, nucleus; red,
actin cytoskeleton; green, vinculin.

fluorescent microscopy images of the cell cultured on the
ring (Figure Sa,b) and elliptical ring (Figure Sc,d) patterns with
the stain colors of blue, red, and green representing the nucleus,
the actin cytoskeleton, and vinculin, respectively. The images
confirmed that mouse MC3T3-E1 osteblasts adhered well onto
the FN modified substrates, for the FN can promote cell
adhesion and the cells maintained good biological activity since
the cells performed great degree of spreading on both
substrates. However, the adhesion behaviors are different on
the substrates with different physical features. The cells adhered
to the FN ring arrays had disclike morphology with disordered
spreads (Figure Sa), while the actin cytoskeleton showed a
flexible state and assembled into a clewlike morphology (Figure
Sb). However, the cells adhered to the elliptic one showed
elongation profiles with much ordered spreads (Figure Sc),
while the actin cytoskeleton showed a rigid state and mostly
distributed on either side of the cell nuclei with a polarized
orientation (Figure 5d). These results might be caused by the
FN interface between cell and the substrate. For the ring one,
the orientation of the isotropic microstructure could not
provide the polarized induction, and the cells showed to be
spread disordered since the environment around them is the
same. However, for the elliptical one, the ratio of protein region
at the long axis direction reached 78% while this value was just
about 52% at the short axis direction; thus, the protein region
provide more adhesion sites at the long axis direction than the
short one which induced the cell spreading along the long axis

12592

direction. For the same reason, the elliptical protein ring
provides more adhesion sites along the long axis direction.
There might be more feet to anchor to the protein pattern than
the short one, so it may efficiently promote the orientation of
the skeleton along the long axis and be rigid. For the cells on
the ring pattern, each direction provides the equal chance to
anchor, so the stretch force from different directions is the same
which made the skeleton be clewlike and seem flexible. These
phenomena show that the surface or interface which contains
protein patterns had an active influence on cell adhesion
behaviors which might be useful in tissue engineering in the
future. In addition, the cell behaviors on this 3D substrate are
different from that of the cells adhered to the 2D patches as
reported by another group.>** In our experiment, the spread
area of the cytoskeleton is larger than the focal adhesion which
is different in that the focal adhesion area is much larger than
the cytoskeleton. Besides, there is no fusiform focal adhesion
formed at the periphery of the cell which is obviously seen on
the 2D patch surfaces (Figure S2). These results proved that
the symmetry of underlying structure had a great effect on cell
adhesion behaviors and the formation of the actin cytoskeleton.
Further experiments need to be done to allow us to draw more
specific conclusions.

4. CONCLUSION

In summary, a novel method to fabricate elliptical protein ring
arrays with controllable feature parameters which were
mediated by elliptical polymer brush ring arrays is presented.
By this method, elliptical protein ring arrays with different
aspect ratios and feature sizes can be prepared over a large area.
Moreover, the as-prepared arrays of FN can be used to study
the cell adhesion behaviors and the morphogenesis of the actin
cytoskeleton. As a result, the protein arrays are very promising
surfaces for cell—substrate interactions, cell—cell interactions,
and extensive investigations in biomaterials and related areas.
Due to the high-throughput, parallel fabrication, and cost-
efficiency, this method is readily accessible to researchers in
many fields, including microfluidics, biosensors, and funda-
mental biology studies. Moreover, the elliptical polymer brush
nanoring arrays have potential applications in fabrication of
metal nanoring arrays, oil—water separation, and multiple
detection.
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