IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Hierarchical Polymer Brush Nanoarrays: A Versatile Way to Prepare

Multiscale Patterns of Proteins

Yunfeng Lif Junhu Zhang,T Wendong Liu," Daowei Li,* Liping Fang,dr Hongchen Sun,* and Bai Yang*’T

"State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, *School of Stomatology, Jilin University,

Changchun 130012, P. R. China

© Supporting Information

ABSTRACT: This paper presents a versatile way to prepare multiscale and gradient
patterns of proteins. The protein patterns are fabricated by conjugating proteins covalently
on patterns of polymer brush that are prepared by techniques combining colloidal
lithography with photolithography, and two-step colloidal lithography. Taking advantages
of this technique, the parameters of protein patterns, such as height, diameters, periods, and
distances between two dots, can be arbitrarily tuned. In addition, the protein patterns with
varies of architectures, such as microdiscs, microstripes, microrings, microtriangles,
microgrids, etc., consisting of protein nanodots, are prepared and the sample size is up to 4
cm? The as-prepared patterns of fibronectin can promote the cell adhesion and cell

location.
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1. INTRODUCTION

Patterning proteins and other biomolecules at the nanoscale is
of great importance for medical and biological applications,
includin§ biosensors, drug screening, and research of cell
biology.'~” For example, protein and DNA nanopatterns can be
used to detect the proteome and genome content in a highly
parallel fashion, which has resulted in improved medical
diagnostic technologies. Nanopatterns possess advantages
compared to microarrays, including the higher density of
reaction sites and much smaller sample volume, so they can
lead to potentially higher sensitivity and improved kinetics.” In
addition, nanostructured surfaces play an important role in
research related to living cells.*”

Living cells are exquisitely sensitive to the hierarchical
adhesive extracellular matrix (ECM) microenvironment.® The
ECM typically consists of a viscoelastic network of nanofibrous
proteins, such as collagen molecules which are approximately
300 nm long and 1.5 nm wide, and these molecules form fibrils
that extend for tens of micrometers in length.® An immense
amount of research efforts have focused on understanding the
fundamental mechanism of interactions between cells and
artificially nanostructured surfaces via protein patterning and
how these surfaces relate to the subsequent cellular response.®
Protein nanopatterns with controllable features are a theme of
biomimetics that aims to recapitulate an in vivo-like environ-
ment in order to precisely manipulate the behavior of living
cells and interpret the signaling mechanism of interaction
between the cells and matrix.” The engineering of protein
nanoarrays can pave a novel way to induce desired cell
phenotypes and genotypes, and to study the principle of stem-
cell differentiation.® Besides these research goals, the protein
nanopattens can help to optimize the architectures of
biomaterials, including morphology, surface nano-topography
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and bioactivity, which shows a strong potential for significant
improvement of tissue engineering and wound healing.”

The past decade has witnessed the rapid development of the
preparation of protein nanopatterns.1 Despite these efforts,
with respect to achieving broad applications, a major challenge
is still in developing an effective way to prepare multiscale and
gradient type patterns of bioactive proteins surrounded by a
stable protein adsorption-resistant background. In general, two
approaches can be used to prepare protein patterns, namely
patterning by absorption and patterning by covalent bond. For
the former approach, protein patterns are fabricated by making
use of forces of physical absorption between proteins and
substrate by relying on micro- or nanofabrication techniques,
such as microcontact print, scanning probe microscopy
lithography and methods based on colloidal science."®™" For
the latter approach, protein patterns are prepared through
covalently immobilizing proteins on a reactive or patterned
layer.”°™ Such layers are usually made of reactive self-
assembled monolayers or polymer layers.”**” Recently,
polymer brushes have been used to immobilize proteins
covalently. These proteins exhibit three-dimensional (3D)
distributions on the polymer brush while maintaining efficiently
their biological activity.”*** Several methods have been used to
prepare patterns of polymer brush, such as nanoimprint
lithography, electron beam lithography, electro-oxidative
lithography, Langmuir—Blodgett lithography, etc.**~*
reports of protein patterns exist, however, based on the
fabricated patterns of polymer brush.*'
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In this paper, we report a novel method to fabricate
multiscale and gradient patterns of proteins by covalently
immobilized proteins on the hierarchical poly(2-hydroxyethyl
methacrylate) (PHEMA) brush patterns. The hierarchical
PHEMA brush nanopatterns are fabricated by method that
combines colloidal lithography with photolithography, and two-
step colloidal lithography. By using colloidal lithography,**~*°
the parameters of polymer nanopatterns, such as height,
diameters, periods, and distances between two polymer dots,
can be arbitrarily tuned. Different types of multiscale polymer
brush patterns, such as microdiscs, microstripes, microrings,
microtriangles and microgrids etc., consisting of polymer brush
nanodots, are fabricated by photolithography and oxygen
plasma etching. In addition, multiscale and gradient polymer
brush patterns are prepared by two-step colloidal lithography.
More importantly, various multiscale and gradient protein
patterns are fabricated after covalent immobilization of proteins
on the polymer brush, and these proteins maintain good
biological activity. As a proof-of-concept work, as-prepared
fibronectin (FN) patterns are used to fabricate cell patterns.

2. EXPERIMENTAL METHODS

Materials. Silicon wafers (100) and fused silica wafers were cut in
ca. 2.0 X 2.0 cm? pieces. HEMA monomer, 2, 2'-bipyridine, phosphate
buffer saline and CuBr, were provided by Alfa. Aminopropyltrime-
thoxysilane (ATMS), 2-bromoisobutyryl bromide, 4-dimethylamino-
pyridine (DMAP), N, N’-disuccinimidyl carbonate (DSC), CuCl,
tetramethylrhodamine B isothiocyanate (TRITC) labeled phallaoidin,
4,6-diamidina-2-phenylindole (DAPI), albumin bovine serum, and
anti-vinculin were purchased from Aldrich. Poly(ethylene glycol)-
silane (PEG-silane) (M, = 1000) was provided by Shanghai Yare
Biotech. Fibronectin (FN) was provided by Shanghai EYSIN
Biotechnology. 4% polyoxymethylene, Triton-X100, human immuno-
globulin G (IgG) and FITC-labeled goat anti-human IgG were
purchased from Beijing DINGGUO Biotechnology. Dichloromethane,
toluene, triethylamine, and absolute ethanol were used as received.
The water used in all experiments was deionized and doubly distilled
prior to use.

Grafting PHEMA from Surfaces. The detailed method to prepare
PHEMA brush on the silicon and fused silica wafers has been given in
our previous work.*® In brief, the silicon wafers and fused silica wafers
were cleaned in the mixture of 98% H,S0O,/30% H,0, (volumetric
ratio 7:3) for 30 min under boiling (Caution: strong oxide), and then
rinsed with deionized water and absolute ethanol several times, and
lastly dried with an N, stream. Next, these wafers were placed in a
sealed vessel, on the bottom of which was a few drops of ATMS. The
vessel was put in an oven at 60 °C for 1 h to enable the ATMS vapor
to react with the —OH groups on the silicon or silica wafers. After that,
wafers functionalized with -NH, were immersed in the solution of 10
mL anhydrous dichloromethane with 100 uL triethylamine. The atom-
transfer radical polymerization (ATRP) initiator, 2-bromoisobutyryl
bromide, was added dropwise into the solution at 0 °C, and the
mixture was left for 1 h at this temperature then at room temperature
for ca. 15 h. The wafers were cleaned by anhydrous dichloromethane
three times and absolute ethanol three times, and dried by N, flow.

For polymerization of PHEMA, 36 mg (0.16 mmol) of CuBr, and
244 mg of 2,2"-bipyridine (1.56 mmol) were added to 8 mL of an
aqueous solution of monomer (HEMA/H,O, 1:1 V:V), and the
mixtures were shaken in a ultrasonic bath until a homogeneous blue
solution formed. The mixtures were degassed by 30 min ultrapure
nitrogen flow, S5 mg (0.55 mmol) CuCl was added into the solution,
and it was shaken in a ultrasonic bath and changed into dark brown.
Lastly the wafers with initiators were immersed in the solution from 1
to 12 h under the nitrogen flow at room temperature. After
polymerization, the samples were cleaned by absolute ethanol and
deionized water by washing several times.
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Patterning of PHEMA Brush. PHEMA brush nanopatterns were
prepared by colloidal lithography using a 2D polystyrene (PS)
colloidal crystal as a mask. First, 2D PS colloidal crystals were prepared
by a modified interfacial method on the wafers with PHEMA brush
films. The PS microspheres used in our work were 320 nm and 580
nm. Subsequently, oxygen reactive ion etching (RIE) operating at 10
mTorr pressure, S0 SCCM flow rate, and RF power of 30 W with an
ICP power of 100 W was carried out for a length of time ranging from
90 to 420 s. Finally, PHEMA brush nanopatterns were obtained after
the remaining PS microspheres were removed by chloroform under an
ultrasonic bath.

The multiscale patterns of the PHEMA brush were prepared by
combining colloidal lithography with photolithography. A positive
photoresist was spin-coated on a cleaned wafer with PHEMA brush
nanopatterns and patterned by conventional photolithography
techniques using a mask. Subsequently, the PHEMA brush on the
wafer without covering of photoresist was removed by O, plasma.
Hierarchical patterns of polymer brush were obtained after the wafers
were finally rinsed with acetone and absolute ethanol to remove the
photoresist and dried with N, flow.

The multiscale, gradient patterns of the PHEMA brush were
prepared by two-step colloidal lithography. A PS colloidal crystal with
a period of 3.7 um was prepared by interfacial method on the wafers
with PHEMA brush nanopatterns. Subsequently, oxygen RIE was
performed using the same conditions mentioned for 8 min. After that,
the complex patterns of polymer brush were achieved after removing
the remaining PS microshperes.

Preparing the Multiscale Patterns of Proteins. To reduce
nonspecific absorption of proteins on the background, we immersed
the freshly prepared nanopatterns of polymer brush in a solution of
PEG-silane in anhydrous toluene for 12 h at room temperature. The
wafers were then rinsed by toluene and absolute ethanol several times,
and dried using an N, flow. The samples were immersed in a
deoxygenated solution of 0.1 M DSC and DMAP in anhydrous
dimethylformamide (DMF) for 24 h. The samples were rinsed
thoroughly with DMF and dichloromethane, and then dried by an N,
flow. When conjugating proteins to the polymer brush, the modified
samples were immersed in a solution of human IgG (50 pg/mL) or
fibronectin (FN) (50 pug/mL) in PBS for 2 h at room temperature.
After that, the wafers were rinsed by PBS several times to remove the
absorbed proteins on the surfaces of samples. To evaluate the activity
of the human IgG, we immersed the wafers with human IgG patterns
in a solution of FITC-labeled goat anti-human IgG (S0 pg/mL) in
PBS for 1.5 h. The wafers were rinsed using PBS several times to
remove the nonspecifically absorbed proteins.

Cell Seeding and Staining. Mouse MC3T3-E1 osteoblasts were
plated at a density of 1X10° cells per mL in H-DMEM media
supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1%
antibiotics (25.000 IU/mL penicillin and 25 mg/mL streptomycin) in
5% CO, at 37 °C. After culturing for 3 h, cells on the substrates were
washed in PBS, and incubated for approximately 1 min with
fluorescein diacetate (FDA) stock (S mg dissolved in 1 mL acetone)
dissolved in PBS (10 uL/10 mL), and washed once more. For cell
immunostaining, the cells were fixed by 4% polyoxymethylene in PBS
solution for 20 min and permeabilized for 10 min with 0.1% Triton X-
100. The cells were then incubated for 30 min at room temperature
with a 3% bovine serum albumin blocking agent and washed twice
with PBS buffer. Mouse monoclonal anti-vinculin 1.25 pg/mL was
added to the cells and incubated for 3 h at 37 °C and washed three
times in PBS. FITC-conjugated goat anti-mouse IgG (10 yg/mL) and
TRITC-phalloidin (100 ng/mL) were added to the surfaces and
incubated for 60 min at room temperature. Cells were thereafter
washed three times with PBS and finally incubated for 5 min at room
temperature with 2 yg/mL DAPI and washed three times. Stained cells
were kept in PBS at 4 °C.

Characterization. The atomic force microscopy (AFM) images
were recorded in tapping mode with a Nanoscope IIla scanning probe
microscope from Digital Instruments under ambient conditions. SEM
micrographs were taken with a JEOL FESEM 6700F electron
microscope with primary electron energy of 3 kV. The samples were

dx.doi.org/10.1021/am3031757 | ACS Appl. Mater. Interfaces 2013, 5, 2126—2132



ACS Applied Materials & Interfaces

Research Article

sputtered with a thin layer of Pt prior to imaging. The photograph and
fluorescent images of the samples were taken by OLYMPUS BXS1.
The thicknesses of the PHEMA brush films were measured by
Dektak150 surface profiler (Veeco).

3. RESULTS AND DISCUSSIONS

3.1. Preparation of PHEMA Brush Nanopatterns by
Colloidal Lithography. The nanopatterns of PHEMA brush
are fabricated by oxygen reactive ion etching (RIE) films of
PHEMA brush using two-dimensional (2D) polystyrene (PS)
colloidal crystals as masks. The procedures of fabricating
polymer brush patterns are described in detail in the
experimental section. Briefly, a film of PHEMA brush is
prepared by surface-initiated atom-transfer radical polymer-
ization (SI-ATRP) from an initiator monolayer on a silicon or
fused silica substrate (see Figure Sla in the Supporting
Information).** Subsequently, a 2D PS colloidal crystal is
prepared by the modified interface method on the substrate
with a film of PHEMA brush (see Figure S2 in the Supporting
Information).*” Finally, PHEMA brush patterns are fabricated
by oxygen RIE using 2D PS colloidal crystal as masks.*® Films
of PHEMA brush are high-quality and homogenous over a
wafer area with an RMS below 1 nm (see Figure Sla in the
Supporting Information). The thickness of the PHEMA brush
can be precisely controlled by changing the duration of
polymerization as a consequence of the nature of living
polymerization (see Figure S1b in the Supporting Information).
Figure S2 in the Supporting Information shows the 2D PS
colloidal crystals used as masks for patterning the polymer
brushes. The PS microspheres exhibit hexagonal packing on the
substrate over a large area, which contributes to the formation
of high-quality polymer brush nanopatterns.

Colloidal lithography, as a parallel technique of micro-
fabrication, allows preparing patterns in high-fidelity, large area
and low cost fashion, and can easily control the features of the
as-prepared patterns.*>"* Figure 1 presents the atomic force
microscopy (AFM) images of PHEMA brush patterns by
etching a 125 nm PHEMA film for 120 s (Figure la), 240 s
(Figure 1b), 300 s (Figure 1c), and 360 s (Figure 1d) using a
2D PS colloidal crystal of 580 nm in period (see Figure S2a in
the Supporting Information) as masks. As the duration of RIE
etching increases, the diameter of the polymer brush nanodot
decreases and the distance between the nanodots increases.
The formation mechanism of PHEMA brush patterns can be
explained as follows. In the process of colloidal lithography, the
PS colloidal crystal is also etched by oxygen plasma. During the
beginning stage, the PHEMA brush films are etched by oxygen
plasma through voids among the PS microspheres. After
etching 120 s, and then removing the PS microspheres, bridged
polymer brush patterns are formed on the substrate that are ca.
114 nm in height, the tops of which are relatively smooth. In
these cases, excess polymer brush exists between the nanodot of
polymer brush as a result of the lack of platform in the cross-
sectional profile of PHEMA brush patterns (Figure 1a). When
the etching time increases to 240 s, the polymer brush and PS
microspheres are etched substantially more, and the PHEMA
brush patterns also exhibit bridged morphologies that are ca.
120 nm in height. Almost no polymer brush is left in the defect
regions. The resulting morphology is more tapered than that of
samples etched for 120 s (Figure 1b). After etching for 300 s
and 360 s, the polymer brush patterns exhibit isolated
morphologies which are ca. 77 nm and 65 nm in height. In
these cases, the PS microshperes are etched completely, the
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Figure 1. AFM images and cross-sectional profiles of PHEMA brush
nanopatterns by etching PHEMA brush films of 125 nm for (a) 120,
(b) 240, (c) 300, and (d) 360 s, sizes are 6 ym X 6 pm.

heights of polymer brush patterns will decrease and the
distance between the polymer nanodots will increase due to the
absence of the masks of microshperes. In this work, the
polymer brush patterns exhibit tapered profile; however, such
tapered profiles are not caused by the lateral spreading of the
chains at the edge of the polymer brush nanodots.*® The
patterns of polymer brush are etched on the films of polymer
brush, but are not grafted from the patterns of ATRP initiators.
Therefore, the lateral resolution of polymer brush patterns is
easier to control precisely.*>

The patterns of PHEMA brush can be also tuned by
changing the thickness of PHEMA brush films. For example,
films of PHEMA brush in 65 and 170 nm thicknesses are
etched by oxygen plasma for 180 s and 300 s respectively, and
the 3D AFM images of the polymer brush patterns are shown
in Figure S3 in the Supporting Information. We can see that
their morphologies are almost the same and the heights of
PHEMA brush patterns are ca. S0 nm (see Figure S3a in the
Supporting Information) and 130 nm (see Figure S3b in the
Supporting Information), respectively. In addition, patterns of
polymer brush with different periods can be easily prepared by
using PS colloidal crystals of different periods as masks in the
process of colloidal lithography. Figure S4 in the Supporting
Information presents the patterns of PHEMA brush that are
320 nm in period. The PHEMA brush nanodots exhibit
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hexagonal non-close packing and are homogeneous over large
areas.

The patterns of PHEMA brush prepared by this method
possess some advantages. (1) By employing colloidal
lithography, a polymer brush pattern with wafer scale can be
prepared in a time-efficient and low-cost fashion, and the
nanoarchitecture parameters of polymer brush patterns, such as
period, height, and distance between polymer nanodots can be
controlled arbitrarily. The chemistry of the polymer brush
patterns can also be tuned by changing the kind of polymer
brush films being used. (2) Preparation of patterns of polymer
brush with precise lateral resolution is relatively simple because
of the absence of lateral spreading of the chains at the edge of
the polymer brush nanodots. (3) Colloidal lithography can be
easily integrated with other techniques of microfabrication;
therefore, many kinds of polymer brush patterns of multiscale,
complexity, and gradient can be prepared rationally.

3.2. Multiscale and Gradient PHEMA Brush Patterns.
The multiscale polymer patterns are crucial for self-cleaning
surfaces, antifouling surfaces, biosensors and biological
interfaces.”>* In this paper, multiscale PHEMA brush patterns
are prepared by fabricating as-prepared PHEMA brush patterns
using colloidal lithography making use of photolithography and
oxygen plasma etching. The hierarchical PHEMA brush
nanopatterns exhibit homogeneous architectures over wafer-
scale and the borderlines between the regions with and without
polymer brush nanodots are vivid. Figure 2a shows the
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Figure 2. Photograph of the (a) microtriangle and (d) microstripes of
the PHEMA brush patterns, the dark region is the polymer brush
nanodots and the bright region is the substrate, (b, c) 3D AFM images
and cross-sectional profiles of PHEMA brush microtriangle patterns, z
scale is 400 nm, (e, f) 3D AFM images and cross-sectional profiles of
PHEMA brush microstripe patterns, z scale is 400 nm.

6.0 [y

microtriangle patterns on the silicon substrate, which are
uniform over large areas. To address the detailed information of
the hierarchical nanopatterns, we evaluated their morphologies
by AFM. Figure 2b presents the 3D AFM image of a
microtriangle. We can see that each microtriangle consists of
PHEMA brush nanopatterns that are 580 nm in period and 68
nm in height (Figure 2c). By changing the masks in the process
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of photolithography, the types of the micropatterns can be
arbitrarily changed. Figure 2d presents the microstripe patterns
with and without PHEMA brush nanodots. The dark regions
consist of PHEMA brush nanodots, and the light regions are
the silicon substrate. We use AFM to evaluate the quality of
microstripe patterns, which are shown in Figure 2e. The
microstripes are made of PHEMA brush nanodots with a
period of 580 nm and a height of 60 nm (Figure 2f).
Recently, multiscale, gradient polymer brushes have been
found to have great potential in various applications such as
microfluidic devices, sensors, and biophysical research.*® In the
present system, the gradient patterns of PHEMA brushes are
fabricated by two-step colloidal lithography. Figure 3 shows the

Figure 3. AFM images and cross-sectional profiles of multiscale and
gradient patterns of PHEMA brush patterns. (a, b) 320 nm in period, z
scale is 100 nm, (c, d) 580 nm in period, z scale is 200 nm.

3D AFM images of multiscale, gradient patterns of PHEMA
brushes, and we can see that the patterns are homogenous. The
microcircles exhibit hexagonal non-close-packed arrays, inherit-
ing from the 2D PS colloidal crystals with a period of 3.7 pm.
The microcircles consist of PHEMA brush nanodots with
periods of 320 nm (Figure 3a) and 580 nm (Figure 3c),
respectively. The heights and diameters of the PHEMA brush
nanodots decrease from the centers to the edges of the
nanodots (Figure 3b, d). The mechanism of formation of the
gradient polymer brush patterns can be explained as follows.
The multiscale and gradient polymer brush patterns are
prepared by oxygen plasma etching, while the as-prepared
nanopatterns of polymer brush are prepared through colloidal
lithography using 2D PS colloidal crystals with a 3.7 ym period
as masks. The distances between the microsphere and PHEMA
brush nanopatterns gradiently enlarge from the center to the
edge of microcircles as a consequence of the round profile of
microsphere. The larger the space between the microspheres
and substrate is, the higher the density of oxygen plasma
scattering becomes. As a result, in the process of etching, the
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Figure 4. Fluorescent photograph of the multiscale IgG patterns after covalently bonding FITC-anti-IgG. (a—c) Microdisc protein patterns, (d, g)
microring protein patterns, (e, h) microtriangle protein patterns, (£ i) microgrid protein patterns.

density of oxygen plasma gradiently increases from the centers
to the edges of microcircles. Also the speed of etching in the
regions below the microspheres gradiently increases from the
centers to the edges of the microcircles. After removing what is
left of the microspheres, the multiscale and gradient patterns of
PHEMA brush are achieved. The feature sizes and chemical
compositions of the polymer brush nanopatterns can be easily
controlled by colloidal lithography, and the types of masks for
photolithography can be designed arbitrarily, so the library of
the multiscale and gradient polymer brush patterns can be
constructed rationally. These multiscale and gradient patterns
of PHEMA brushes will pave a novel way to fabricate complex,
multiscale and gradient proteins and other biomacromolecules
for practical applications.

3.3. Multiscale Patterns of Proteins. Multiscale protein
patterns are fabricated by covalently immobilizing proteins on
the PHEMA brush patterns. In order to reduce the absorption
of proteins on the substrate, a monolayer of poly(ethylene
glycol)-silane (PEG-silane) is immobilized on the regions
without PHEMA brush patterns before conjugating with
proteins. After that, patterns of PHEMA brush are immersed
in a solution of 0.1 M N, N’-disuccinimidyl carbonate (DSC)
and 4-dimethylaminopyridine (DMAP) in anhydrous dime-
thylformamide (DMF) to obtain the succinimidyl group
modified PHEMA brush patterns. After modification by
succinimidyl groups, the heights of PHEMA brush nanodots
increase from ca 38 nm to 44 nm due to replacement of the
small hydroxyl group by the larger succinimidyl group (see
Figure SSa in the Supporting Information). Protein patterns
can be easily fabricated by immersing a succinimide modified
PHEMA brush nanopattens in a solution of human
immunoglobulin G (IgG), because succinimidyl group are
highly reactive with the primary amine groups of proteins. The
PHEMA brush patterns used to prepare protein patterns are ca.
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580 nm in period and 38 nm in height (see Figure SSa in the
Supporting Information). The morphology of the IgG patterns
undergoes almost no change (see Figure SSb in the Supporting
Information), and the height of the protein patterns increases
to about 62 nm after covalently immobilizing IgG (see Figure
SSa in the Supporting Information).

To evaluate the biological activity of IgG, patterns of human
IgG are immersed in a solution of FITC-labeled goat anti-
human IgG in PBS, rinsed using PBS several times to remove
the non-specifically absorbed proteins, and then the samples are
investigated by fluorescence microscopy under blue light
excitation (Figure 4). The IgG patterns are observed to be
homogeneous over large areas and the signal intensity across
the entire area is nearly the same throughout. These results
indicate that the proteins are not denatured during the
immobilization process. Many multiscale patterns of proteins
can be prepared using the hierarchical patterns of the PHEMA
brush as templates. As a proof-of-concept experiment, micro-
disc patterns (Figure 4a), five-microdisc patterns (Figure 4b),
microring patterns (Figure 4d), microtriangle patterns (Figure
4e), and microgrid patterns (Figure 4f) have been fabricated
and the proteins maintain their biological activity. After
enlarging the micropatterns of proteins, we can see that each
unit consists of nanodots that are 580 nm in period and every
protein dot can be seen clearly (Figure 4c, g, h, i). The gradient
patterns of proteins have been prepared by covalently
immobilizing proteins on the gradient patterns of the
PHEMA brush, which are shown in Figure S6 in the Supporting
Information. We can see that the protein patterns exhibit
hexagonal non-close-packed over wafer-scales, and the proteins
maintain their activity. Moreover, preparation of the gradient
protein patterns over a large area using conventional methods is
by comparison a difficult task.
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Figure 5. Cell adhesion on the FN patterns. (a, d) Phase contrast micrographs of mouse MC3T3-E1 osteblasts after 3 h culture, (b, e) fluorescent
micrographs presenting F-actin in the cytoskeleton, (¢, f) fluorescent micrographs of cell nuclei stained by DAP], the scale bar is 100 ym.

The multiscale patterns of proteins have great potentials in
the fields of biosensors, biointerfaces and research of cell
behavior due to their advantages. For example, proteins present
in 3D distributions on the polymer brush as a result of the 3D
distributions of hydroxyl groups on the PHEMA brush. The
protein patterns are held robustly in place by covalent bonds
between the protein and the polymer brush. In addition, the
polymer brush, which serves as the linkers between proteins
and substrates, are long enough that they can prevent
denaturation of proteins when they absorb on the substrate.
Finally, complex, multiscale and gradient protein patterns can
be prepared arbitrarily to any desired designs.

3.4. Cell Adhesion on the Multiscale Patterns of
Proteins. The multiscale patterns of proteins are an ideal
matrix to promote cell adhesion and to prepare cell patterns.
FN patterns were used to perform experiments of cell culture.
Cell experiments confirmed that mouse MC3T3-E1 osteblasts
adhered well onto the multiscale patterns of FN resulting in
organized cell patterns (Figure S), and the cells maintained
good biological activity (see Figure S7 in the Supporting
Information). In our experiments, after being cultured for three
days, we found that the cell patterns were maintained well.
Figure Sa, d present that most of the cells adhere onto the FN
regions, because the FN can promote cell adhesion. To explore
the organization of actin filaments, we stained the F-actin in the
cytoskeleton by tetramethylrhodamine B isothiocyanate
(TRITC) labeled phallacidin. The actin localizes in the region
of FN in an organized fashion (Figure Sb, e). 4,6-diamidina-2-
phenylindole (DAPI) was employed to stain cell nuclei, which
are clearly visualized in Figure Sc and f. All the observations in
these cell experiments confirm that cells can adhere and spread
on multiscale patterns of FN. Moreover, localizing a single cell
can be realized with the assistance of multiscale patterns with a
diameter of 20 ym (Figure Sb, c). More importantly, taking
advantage of microstripe patterns of FN, the adhesion and
elongation of cells can be controlled simultaneously (Figure Se,
f). These multiscale patterns of proteins will pave a possible
way to extensively study cell-biomaterial interactions that rely
on multiscale material features that are gust like those found in
the microenvironment of the ECM.>*~>7

4. CONCLUSION

In summary, we have presented a method to prepare multiscale
and gradient patterns of proteins. The proteins were
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immobilized on the PHEMA brush patterns by covalent
bonds and maintained their biological activity. Making use of
this technique, protein patterns with different architectures and
feature sizes have been prepared and the size of sample can be
up to 4 cm’. In addition, as-prepared patterns of FN can
promote cell adhesion and cell location. This technique for
preparing protein patterns possesses several advantages, such as
high-throughput, parallel fabrication and cost-efficiency. As a
result, such patterns of proteins are very promising for extensive
investigations in biomaterial and related areas.
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