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he generation of chemically pat-

terned surfaces with multiple length

scales on flat surfaces for selective
immobilization of biomolecules is an active
area of research in nanobiotechnology.' Such
surfaces have numerous biological and med-
ical applications in areas including biosensors
and bioanalytics, tissue engineering, micro-
array technology, drug screening, and funda-
mental studies of cell biology.> ° For
example, there is a substantial interest in
gaining a fundamental understanding of the
cell—artificial surface interactions mediated
via the protein adlayer and how this relates
to subsequent cellular responses, wound
healing, and tissue integration.'® Chemi-
cally patterned surfaces provide an ideal
platform to study various cellular functions
such as attachment, proliferation, differen-
tiation, and apoptosis through variations of
pattern geometry and chemistry."'~'* How-
ever, the accurate and controlled immobili-
zation of low concentrations or even
individual biomolecules on a surface re-
mains a key challenge, restricting both the
study and application of protein based de-
vices. Therefore, a primary goal is to develop
simple, robust, and cheap approaches to
biomolecule patterning from length scale
ranges from micrometers to a few nanome-
ters over relatively large areas.

Over the past few decades, several stra-
tegies for chemical patterning have been
developed such as conventional photo-
lithography,'® soft lithography,'®scanning
near-field optical lithography,” dip-pen
lithography,'® imprint lithography,'® and
electron beam lithography,?® to name a
few. Some drawbacks of these methods
include molecular intercalation, side reac-
tions, and use of harsh solvents; thus, the
quality, resolution, and further activity of

SINGH ET AL.

ABSTRACT We demonstrate the use of binary colloidal assemblies as lithographic masks to
generate tunable Au patterns on Si0, substrates with dimensions ranging from micrometers to
nanometers. Such patterns can be modified with different chemistries to create patterns with well-
defined sites for selective adsorption of proteins, where the pattern size and spacing is adjustable
depending on particle choice. In our system, the binary colloidal assemblies contain large and small
particles of similar or different material and are self-assembled from dilute dispersions with particle
size ratios ranging from 0.10 to 0.50. This allows masks with variable morphology and thus
production of chemical patterns of tunable geometry. Finally, the Au or Si0, regions of the pattern
are surface modified with protein resistant oligoethyleneglycol self-assembled molecules, which
facilitates site selective adsorption of proteins into the unmodified regions of the pattern. This we

show with fluorescently labeled bovine serum albumin.

KEYWORDS: protein patterning - self-assembly - binary colloidal assembly - binary
colloidal lithography - nanofabrication - surface functionalization

biological species on the patterned surface
are affected adversely.?' Although these
methods have generated very valuable
knowledge of how to pattern different ma-
terials and in subsequent biological studies,
they also suffer some limitations. These
include low throughput, limits to the choice
of deposited materials, high costs, they can
be time-consuming, and some of them
require complex instrumentation, which
limits availability to many laboratories. Col-
loidal lithography (CL) has emerged as an
alternative technique that has the potential
to overcome several of these limitations.??
This lithographic technique uses a self-as-
sembled colloidal crystal monolayer as a

mask for depositing various metals,?®  *Address correspondence to

catalysts,* polymers,®® and inorganic ma-
terials on surfaces.?® The advantages asso-
ciated with CL are that it does not require
direct access to conventional lithographic
equipment, and can be easily integrated
with existing material deposition techni-
ques such as sputtering/evaporation,®’
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Figure 1. Schematic illustration showing the generation of different chemical patterns from low and high size ratio BCAs, and
subsequent protein patterning after surface modification of the patterned surface. (a) A mixed suspension of different sizes of
colloidal particles is spread inside a rubber ring. (b,e) BCAs form after complete evaporation of the solvent. (c) Au sputtering
over the colloidal mask and the removal of particles by sonication or lift-off yield chemically patterned surfaces. (f) Heating
the composite template made from PS and SiO, particles for 5 to 10 min at 100 °C and removal of SiO, particles by HF

treatment. (g) Au deposition over the mask generates a chemical pattern comprising six holes arranged in hexagonal fashion.
(h, i) Heating the composite masks for longer duration (20—45 min) at 120 °C and removal of silica particles by HF etching.
(j) Au deposition and subsequent removal of PS particles yield disklike gold patterns. (d, k) The chemical modification of the
patterned surface with protein resistant molecules guides the specific adsorption of the protein to unmodified regions.

chemical vapor deposition,®® reactive ion etching,®®

and plasma polymerization to produce chemical pat-
terns of desired chemistry.3%3! Recently, CL has also
shown its capability to generate non-close-packed
patterns on planar and nonplanar supports,**~>* and
direct patterning of biomolecules or quantum dots
without any need for deposition techniques.®®~>% A
possible limitation of CL is the use of colloidal particles
of sizes below 200 nm that can lead to short-range
ordering with several defects or particle aggregates,
which severely affects the quality of subsequent che-
mical patterns.®

To challenge this limitation we employ binary colloi-
dal assemblies (BCAs) as a lithographic mask. The self-
assembly of large particles is facilitated by the small
particles and produces well-ordered colloidal masks
with fewer numbers of defects and works well with
nanoparticles>' The self-assembly of binary colloidal
particles produces tunable masks depending on the
size ratios (y = small to large) of particles used, which
facilitates versatile chemical patterns with controllable
spacings down to the nanoscale. In addition, composite
BCAs made from, for example, polystyrene (PS), and
silica (SiO,) particles, can also be used as a mask after PS
or SiO, particles are selectively etched away. Although,
several methods have been studied for the controlled
growth of different binary colloidal crystals, including
evaporation-induced self-assembly,”® stepwise spin
coating,”’ and template-assisted assembly,** we find
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that the long-range ordering of binary crystals can be
achieved by employing a modified method proposed
by Denkov et al. (1992).** Here, the colloidal solution
was confined inside a ring to grow monolayers of
monocomponent colloidal crystals. Recently, we
showed that a binary colloidal mask could be success-
fully used to form nanoscale patterns by combining
BCAs (y < 0.30) with plasma polymerization.' Our
objective in this study was to change the chemical
pattern geometry by using different and composite
BCAs (both low and high size ratios) as lithographic
masks, and utilize them to adsorb proteins selectively
after surface modification. Different chemical micro-
and nanopatterns can be created by exposing the
templates to sputter-coating processes. Sputtering is
a less directional deposition process compared to
evaporation and does not cause any shadowing effect,
thus enabling the formation of continuous patterns.**
For this study, Au was chosen as the depositing material
(foreground pattern) on the silicon/glass substrates
(background) due to its unique chemical and optical
properties and uses in biological applications.*>™*’ In
addition, various protein immobilization strategies
have also been developed for gold surfaces to preserve
protein conformation and activity.*® The patterned
surfaces were further subjected to selective adsorp-
tion of biomolecules after chemical modifica-
tion with protein resistant molecules, for example,
1-(mercapto-11-undecyl)-tri(ethylene glycol) (EGs-SAM)
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Figure 2. (a) Schematic representation of the interstitial sites made by the monolayer of large particles where s and r refer to
the radius of inscribed circle and the large particle, respectively. SEM micrographs show BCAs at low size ratio (i.e., y < 0.30).
(b) 2 um COOH—PS (¢ = 5.3 x 10~%) and 200 nm NH,—PS (¢ = 9.5 x 10~°); scale bar = 3 um. (c) 1 um SO,—PS (¢ =2.7 x 10°%)
and 110 nm NH,—PS (¢ = 5.6 x 10 >); scale bar = 3 um. (d) 500 nm NH,—PS (¢ = 1.1 x 10~ %) and 60 nm COOH—PS (¢ = 9.5 x
10 %); scale bar = 1 um. (e) 200 nm NH,—PS (¢ = 6.6 x 10~ °) and 60 nm COOH—PS (¢ = 9.4 x 10 °); scale bar = 1 um (inset scale
bar = 200 nm). “¢" refers to volume fraction of the particle. Au against SiO, patterns in panels f—i correspond to the BCA

shown immediately above them in panels b—e: (f) t = 10 min, scale bar = 4 um, (g) t = 10 min, scale bar = 1 um, (h) t =5 min,

scale bar = 500 nm, and (i) t = 5 min, scale bar = 200 nm.

and 2-[methoxy-(polyethylene glycol)propylltrichloro-
silane (PEG-silane), which was verified using X-ray
photoelectron spectroscopy (XPS).

RESULTS AND DISCUSSION

Figure 1 shows a systematic illustration of tunable
patterns from low and high size ratio BCAs. In step 1, a
binary colloidal suspension in highly purified deionized
water is drop-cast inside a rubber ring fixed onto a clean
hydrophilic surface (Figure 1a). The mechanism of its
formation is described elsewhere' but briefly, the
highly ordered BCAs are formed as a consequence of
capillary and convective flow forces after complete
evaporation of solvent.** In addition, electrostatic re-
pulsive forces also acted between the particles either in
suspension or on the substrate and prevent aggrega-
tion during the assembly formation until entropic
induced crystallization occurs at the last stages of
solvent evaporation.*® We did not observe any size
separation or clustering of particles after mixing two
different sized colloidal particles. This may be ex-
plained by calculating a depletion interaction energy
(~0.003KsT, where Kg is the Boltzmann constant and
T is the temperature), which is much lower than an
electrostatic energy (~10°KgT) for the 2 um COOH—PS
and 200 nm NH,—PS (y = 0.10) system at all inter-
particle separations (see Text in the Supporting
Information). Notably, varieties of BCAs are observed
after the complete evaporation of a colloidal suspen-
sion inside the ring (Figure 2b—e). The formation of
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these binary crystals depends highly on the size ratio
and concentration of the particles employed during the
self-assembly process; although we have not studied
the role of the particle concentration ratio on BCA
formation, previous studies have shown this effect *%>%>!
However, our main finding is that the size ratio has also
a larger influence on the type of BCA when a very low
concentration of small particles is insufficient to com-
pletely cover the substrate. Thus, geometrical packing
constraints or size ratio dictates the arrangement of
small particles in the interstices within the monolayer
of large particles.

The small particles can assemble in two different
interstices of the particles including the triangular voids
generated from the three large neighboring particles,
and the channels between the two large neighboring
particles (Figure 2a). At low size ratio (y = 0.10) and for
2 um COOH-PS, the size of small particles (200 nm
NH,—PS) is much less than the theoretical diameter of
the inscribed circle (~1155 nm). Therefore, several
small particles freely move in the free space available
within the large colloidal crystal layer, and evaporation
of the solvent from voids causes them to settle over
both the interstices (i.e., triangular void and channel
between the two large particles) of the large particles
arranged in hexagonal fashion (Figure 2b). Here, we did
not see a complete coverage of the large particles by
the small particles because the capillary forces arising
from menisci formation around the large particles are
strong enough to overcome an electrostatic attractive
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Figure 3. (a, b) Schematic diagram shows the effect of deposition time (t) on the lateral dimensions of the patterned surfaces
(Au/SiO,). SEM micrographs show reduction in the lateral dimension and morphological changes in chemical patterns
produced from 2 um COOH—PS/200 nm NH,—PS binary colloidal masks (c) t = 10 min, scale bar = 2 um; (d) t = 20 min, scale bar
=3 um; and 1 um SO,—PS/110 nm NH,—PS (e) t = 10 min, scale bar = 1 um; (f) t = 20 min, scale bar = 1 um.

interaction between the primary amines and carboxylic
groups and drive the small particles into interstices.”®
Some previous reports have theoretically described a
so-called “halo effect” which claims that the small
particles stabilize the large particles in suspension
preventing accumulation.>® Similar results were also
obtained for other low size ratio values (Figure 2¢,d). As
y increases to 0.20 or above, interstices of large particles
are uniformly packed by a single layer of the smaller
particles (Figure 2e). Here, the theoretical diameter of
the inscribed circle (~115 nm) is two-times larger than
the size of small particles. In all cases a monolayer of the
large particles are formed and their contact to the
substrate provides a template for pattern formation.
The larger versions of SEM micrographs (Figure 2b—e)
are also displayed in the Supporting Information (see
Figures S1—S4). Once the assemblies are created, they
are exposed to a Au sputtering source and the chemi-
cally patterned surfaces result after the removal of the
binary colloidal mask by either lift-off (by tape
stripping) or sonication in solvent (Figure 1c,g,j). The
surface modification of chemical patterns with protein
resistant molecules directs the specific adsorption of
biomolecules to unmodified regions (Figure 1d k).

The series of scanning electron microscopy (SEM)
micrographs (Figure 2f—i) are evidence of Au against
SiO, (silicon substrate) chemical patterns produced
from the different BCA masks (y < 0.30). A longer
deposition time produces clear contrast between the
Au and substrate. A Au patterned surface generated
from 2 um COOH—PS and 200 nm NH,—PS shows
lower height areas (holes) of ~1 um diameter located
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in an array corresponding to the original array of the
large particles (Figure 2f). It is noteworthy that the
diameters of these holes are less than the diameters
of the large particles because of the shadowing exerted
by the large particles. It may be understood considering
the bimodal kinetic energy distribution of gas-phase
atoms proposed by Haynes et al** According to this
model, low kinetic energy atoms (~0.1 eV) travel along
direct line-of-sight. In contrast, only high energy (~1 to
20 eV) atoms that travel along off-normal trajectories
strike the substrate. Thus, this effect is thought to be
due to diffusion that enables energetic species to
undergo some “sideways” movement and the film form
underneath “ledges” created by large particles. These
high energy atoms may also be responsible for the off-
normal axis Au deposition on the substrate, giving
smaller diameters of holes corresponding to the origi-
nal size of the larger particles. The detailed mechanism
for Au footprint formation through a binary colloidal
layer is currently unknown; however, the hypothesis is
that the atoms reach the substrate by diffusion through
the voids of the small particles or the crystals of the
small particles can allow diffusion of the energetic
species. The entire surface area of the substrate under
the binary colloidal crystals is coated except for the area
in contact with the large particles.

The lateral dimensions of the patterned features are
determined by the size of close-packed large colloidal
particles in the BCAs, while the height is controlled by the
amount of material deposited, that is, deposition time (t).
With a BCA mask made from 1 um SO,—PS/110 nm
NH,—PS particles, the hole size has a diameter of
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Figure 4. SEM micrographs showing the generation of different geometries of chemically patterned surfaces using composite
BCA masks of high and low size ratios: (a) 1 «um plain-SiO, (¢ = 5.0 x 10 % and 500 nm NH,—PS (¢ = 1.1 x 10~*), = 0.50, scale bar
=1 um; (b) etching of 1 um SiO, particles after melting the PS particles, scale bar = 1 um. (c) The resultant patterned is obtained
after Au deposition, and subsequent removal of masks, scale bar = 1 um; (d) 2 um plain-SiO, (¢ = 4.4 x 10 % and 1 um SO,—PS
(p=2.7 x 10, y = 0.50, scale bar = 3 um; (e) etching of 2 um SiO, particles after melting the PS particles, scale bar =2 um. (f) The
disklike Au features of sizes ~850 nm are obtained after Au deposition and removal of PS mask, scale bar = 2 um; (g) 2 um plain-
SiO, (p =44 x 10~% and 200 nm NH,—PS (p=9.5x 1079), y =0.10, scale bar = 3 um. (h) The large particles are etched after the
melting of small PS particles, scale bar = 3 um. (i) Disklike Au features of sizes ~800 nm after Au deposition and removal of PS

masks, scale bar = 2 um.

~590 nm (Figure 2g). The chemical contrasts generated
by using BCA masks of combinations 500 nm NH,—PS/
60 nm COOH—PS and 200 nm NH,—PS/60 nm
COOH—PS show footprints of ~250 nm and ~100 nm,
respectively (Figure 2h,i). To determine the Au film
thickness, the surface topography of the Au against
SiO, patterns was characterized by tapping-mode atom-
ic force microscopy (TM-AFM). AFM height images of
chemical patterns obtained by using a 2 um COOH—PS/
200 nm NH,—PS mask and its section profile reveal the
thickness of Au film to be ~4 nm at t = 6 min (see Figure
S5a in the Supporting Information). Similarly, the section
analysis of the AFM height image of the patterned
surface generated from a 1 um SO,—PS/110 NH,—PS
mask shows a Au film thickness of ~6 nm at t = 6 min
(see Figure S5b in the Supporting Information).

Furthermore, the diameter of the holes within the
patterns can be reduced by simply increasing the
deposition time (Figure 3a,b). For example, the reduc-
tion in the hole diameters (~1 um to ~750 nm) was
observed with an increase in the deposition time from
t =10 min to t = 20 min using a BCA mask composed of
2 um COOH—PS/200 nm NH,—PS (Figure 3¢,d). This is
evidence that lateral diffusion of energetic atoms
results in Au deposition on the substrate in the contact
area of the large particles.** Similarly, the effect of
deposition time was also studied on the BCA mask
produced from 1 um SO,—PS/110 NH,—PS, where the
reduction in hole diameters from ~450 nm (t = 10 min)
to ~200 nm (t = 20 min) was observed (Figure 3ef).
Therefore, this technique has significant versatility
since it allows the generation of well-defined feature
sizes down to 100 nm and below by a simple choice of
appropriate lower size ratios of BCA masks (y < 0.30)
and by varying the deposition time.
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We also explored the possibility of using a high size
ratio (y = 0.50) BCA mask. Self-assembly of the two
colloidal particles having a large difference in their size
results in a distinct morphology of BCA where the small
particles occupy the triangular voids generated from
the hexagonal arrangement of the large particles
(Figure 4a). Here, the diameter of the large particle is
1 um, and the diameter of the small particles (500 nm)
is comparable to the maximum theoretical diameter of
the inscribed circle (~560 nm). Therefore, only one
small particle settles within each triangular void cen-
tered on an interstice in contact with particles in the
adjoining interstices. This type of chemically patterned
surface is highly dependent on the morphology of BCA
mask (y = 0.50), which can easily be tuned in many
ways. In the first approach, the large particles in a
composite BCA mask fabricated from mixtures of 1 um
plain-Si0,/500 nm NH,—PS particles are created
(Figure 4a). The large particles (1 um plain-SiO,) were
etched away by 5% hydrofluoric acid (HF) treatment
after heat treatment of the PS particles at 100 °C for
10 min (Figure 4b). When this template is coated with
Au (t =5 min), a different type of chemically patterned
surface is generated after sonication in toluene to
remove the PS particles (Figure 4c). The Au/SiO, pat-
terns consist of six SiO, holes of diameter ~270 nm
arranged in a hexagonal fashion, corresponding to the
original position of the 500 nm PS particles on the
silicon substrate.

In a second approach, a composite BCA mask pro-
duced from 2 um plain-SiO,/1 um SO,—PS was heat-
treated at 120 °C for 45 min to deform the PS particles
for making planar contact (Figure 4d). A PS mask
comprising holes of diameter ~840 nm forms after
the large particles were etched in 5% HF solution
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(Figure 4e). The formation of a PS mask was monitored
at different heating time periods (see Figure S6 in the
Supporting Information). It was found that the PS
particles start deformation within 5 min, and their
degree of spreading increases with an increase in the
heating time influencing the size of the hole. The
detailed mechanism of this process is well-described
in the previous reports elucidating the role of inter-
facial energy of particles, and the contact angle be-
tween the particle and solid support.>>** Finally,
disklike Au features of sizes ~850 nm are generated
onto a substrate after 5 min of Au deposition through a
polymer mask and its removal by sonication in toluene
(Figure 4f). Hence, the composite high-size-ratio BCA
masks enable the formation of tunable chemical pat-
terns varying from micrometer to nanosized features,
which can easily be controlled by processing para-
meters such as the size of the colloidal particles
comprising BCA masks, melting temperature, and time.

Disklike Au patterns can also be created on the
substrate from the composite BCA masks (y < 0.30)
with precise control over the dimension of the features.
To demonstrate this, BCA masks were made using the
2 um plain-SiO, and 200 nm NH,—PS colloidal particles
(Figure 4g). The large particles (2 um plain-SiO,) were
etched in 5% HF solution after the BCA mask was
heated at 120 °C for 30 min (Figure 4h). Here, the PS
particles fill the interstitial sites formed by the assembly
of the large particles, and the deformation of PS

TABLE 1. Elemental Composition (atomic %) of the
Patterned Surface Generated from BCA Masks (2 um
COOH—-PS/200 nm NH,—PS, t = 10 min) before and after
EG3-SAM Treatment and Subsequent BSA Adsorption on
Chemically Modified Surface

sample C N 0 S Au Si
Au/Si0, 26.2 515 10.9 1.2
Au/Si0; (EG3-SAM) 30.7 45.2 49 1.9 11

Au/Si0, (EG-SAM-+BSA) 526 144 244 33 31 3.4

2
x 10~
a C-C/C-H

285.0eV
C-0-C/C-OH

286.9eV

\'i L I T 1 1 I T T T I
292 290 288 286 284 282
Binding Energy (eV)

particles occurs above the PS glass transition tempera-
ture (Ty ~ 100 °C). When the prepared mask is ex-
posed to Au sputtering for 5 min, again disklike Au
features of size ~800 nm (center to center distance
~ 2 um) form on the substrate after the removal of PS
masks by 10 min of sonication in toluene (Figure 4i).
The size and separation between the Au features can
be controlled by the sizes of the large particles in the
BCAs. BCAs comprising 1 um plain-SiO5/110 nm
NH,—PS and 500 nm plain-SiO,/60 nm COOH—PS
resulted in Au disks of sizes ~610 nm (center-to-center
distance &~ 1 um) and ~200 nm (center-to-center
distance ~ 500 nm), respectively, over the large areas
(see Figure S7 in the Supporting Information).

To demonstrate the applicability of these chemical
patterns as a platform for protein patterning, proof of
concept experiments were performed with bovine
serum albumin (BSA). The Au regions of surfaces were
modified selectively with EG5-SAM to prevent proteins
sticking and thereby directing adsorption to the un-
modified regions of the pattern. XPS was conducted to
examine the surface chemistry of Au/SiO, patterned
surfaces. For this, a series of samples were generated
from the BCA (2 um COOH—PS/200 nm NH,—PS, y =
0.10) masks with constant deposition time, t = 10 min.
Table 1 shows the corresponding elemental composi-
tion of the patterned surface before and after EG5-SAM
modification generated from XPS survey spectra. The
observed chemical composition confirms the deposi-
tion of Au layer onto the silicon substrate, and the
presence of sulfur (S) is evidence of the grafting of the
EG3-SAM onto Au regions. In addition, the high resolu-
tion C 1sand S 2p spectra also confirmed the successful
EGs-SAM grafting (Figure 5a,b). The C 1s spectra consist
of two components with the binding energies of
~2850 eV (C—C/C—H), and ~2869 eV (C—O-—
C/C—O0H), accounting for carbon atoms in the alkyl
chains and in the tri(ethyleneglycol) groups,
respectively.>® The S 2ps,, component in the S 2p
spectrum has a binding energy of ~162.1 eV

E .l(]l
525_; b

5153 Au-§

S 2p,,
162.1eV

; I L . I LI [ L | I T T I L I
168 166 164 162 160 158
Binding Energy (eV)

Figure 5. High resolution XPS spectra of the chemically modified surface generated from 2 um COOH—PS/200 nm NH,—PS.

(@) C1s (b) S 2p.
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Figure 6. FM images demonstrate a specific adsorption of R-BSA on unmodified glass regions on different chemical patterns
generated from: (a) 2 um COOH—PS/200 nm NH,—PS, scale bar = 20 «m, (b) 5 #m plain-5i0,/500 nm NH2—PS (95 ;;m = 1.4 x
1072 and @500 nm = 1.1 x 10~ %), scale bar = 20 um. FM images showing fluorescent signals from disklike Au features on the
glass substrate produced from BCA masks: (c) 2 #m plain-Si0,/200 nm NH,—PS, scale bar = 20 um; (d) 5 um plain-SiO,/500 nm

NH,—PS, scale bar = 20 um.

correspond to the formation of bound Au—S bonds at
the SAM/Au interface.”® When EGs-SAM modified sur-
faces were exposed to the protein solution of BSA (1
mg/mL in phosphate buffer saline (PBS)) for 2 h under
ambient conditions, a sufficient amount of adsorbed
protein was detected by XPS (Table 1).

To confirm that the patterns were capable of allow-
ing selective protein adsorption to the unmodified
regions, chemically modified patterns were exposed
to tetramethylrhodamine-labeled bovine serum albu-
min (R-BSA) followed by fluorescent microscopy (FM).
Figure 6a shows a FM image after R-BSA adsorptiontoa
pattern generated from a 2 um COOH—PS/200 nm
NH,—PS BCA mask (y = 0.10) with a Au layer deposited
at t = 10 min. It is evident that the fluorescent signals
are mostly due to R-BSA specifically adsorbing onto the
unmodified SiO, regions within the patterned surface.
These protein-coated spots are of sizes ~1 um or less
and are separated from each other by a distance
~2 um corresponding to the original large particles center-
to-center distance (SEM micrograph in Figure 2b). The
separation between the protein spots and their size
can easily be tuned with varying the type of BCA mask.
For example, a BCA mask produced from a 5 um plain-
SiO, and 500 nm NH,—PS yields ~5 um separation of
the protein spots with a spot size of ~2.5 um on the
chemically patterned surface (Figure 6b). We have
also generated disklike Au patterns on glass using a
composite BCA mask with y < 0.30 (as shown in
Figure 4i). Here, PEG-silane was used to modify the
background substrate and minimize nonspecific BSA
adsorption. Figure 6 panels c and d show the specific
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adsorption of R-BSA onto the disklike Au regions
generated from 2 um plain-Si0,/200 nm NH,—PS
and 5 um plain-SiO0,/500 nm NH,—PS BCA masks,
respectively. Again, the distance and separation be-
tween the proteins adsorbed on Au disk regions can
be tuned with varying the size of the particles em-
ployed during the formation of the BCA masks.

CONCLUSION

A simple and versatile approach to generate micro-
meter to nanometer tunable ordered chemical patterns
that can be used to create protein patterns, using self-
assembled BCA masks against Au sputtering has been
successfully demonstrated. The design of the patterned
surface is highly dependent on the sizes of colloidal
particles employed during the BCA mask formation,
their size ratio, and the chemistry of particles, that is,
polystyrene or silica. For y < 0.30, BCA mask patterns
are generated comprising a hexagonal pattern of SiO,
holes with a background of Au. The lateral dimensions
of these patterns can be varied with size of the large
particles used in the binary colloid and the Au deposi-
tion time. BCA masks made from PS and silica particles
having y = 0.50 yield multiple chemical patterns (holes
or discs), which can be altered by adjusting the tem-
perature when melting the PS particles. We also have
shown the use of low size ratio composite BCA masks to
generate tunable Au disklike patterns of controllable
spacings and sizes. The approach reported here offers
several advantages which include the following: precise
control of the chemical patterns using colloidal parti-
cles of desired size; it is fast and inexpensive, that is, no

A N NS
VOL.5 = NO.5 = 3542-3551 = 2011 @L%N {\)

WWW.acsnano.org

3548



sophisticated instrument is required; the method gen-
erates nanoscale features employing micrometer sized
particles; possibility to produce large area ordered
chemical patterns of variable geometries, which is
especially important for developing technological

EXPERIMENTAL SECTION

Materials. Monodisperse 200 nm NH,—PS particles (2 wt %
solid) were purchased from the Polyscience Inc. (USA); 60 nm
COOH—PS (4 wt % solid), 110 nm NH,—PS (2 wt % solid), 500 nm
NH,—PS (2 wt % solid), 1 um SO4—PS (8.3 wt % solid), and 2 um
COOH—PS (4 wt % solid) were purchased from Invitrogen, USA.
One micrometer plain-SiO, (10% wt solid), 5 um plain-SiO, (10%
wt solid), and 500 nm plain-SiO, (10% wt solid) were received
from Microparticles GmbH, Germany, and 2 um plain-SiO; (9.1%
wt solid) was purchased from Bang Laboratories, Germany.
Ammonium hydroxide, hydrogen peroxide (30%), absolute
ethanol (HLPC grade), hydrofluoric acid (40%), and albumin
from bovine serum (BSA) (lyophilized powder) were purchased
from Sigma Aldrich. EG3-SAM and PEG-silane were used as
received from Asemblon Inc. (Germany) and Gelest (USA),
respectively. The fluorescent labeled tetramethylrhodamine
bovine serum albumin (R-BSA) conjugate was bought as a
lyophilized powder from Invitrogen (USA).

Binary Colloidal Assembly and Chemical Pattern Formation. Sub-
strates (glass or silicon wafer cutinto 1 cm? pieces) were cleaned
by 15 min of sonication each in solutions of ethanol, toluene,
and ethanol, followed by drying with N, gas. All substrates were
then UV—ozone treated to remove organic contamination.
Highly purified deionized water was used as the solvent during
colloidal assembly. The volume of colloidal particle solution (Vp),
number of the particles in the solution (N), and subsequently,
their volume fractions (¢) were calculated assuming the area of
substrate encircled by the rubber ring, diameter, and % wt solid
content of particles employed (see equations in the Supporting
Information). We have also determined the number ratio of
large to small particles for different binary colloidal assemblies
used in the work (see Table S1 in the Supporting Information). In
this method, we used very low amounts of colloidal particles; for
instance, to make 200 nm NH,—PS and 2 um COOH—PS binary
crystals inside a 1 cm diameter rubber ring, 200 nm (¢ = 9.5 x
10"°)and 1 BuLof2um(p=53x1 04 particles were mixed in
100 uL of highly purified deionized water (0.5 «S/cm
conductivity). They were left for 1 h to allow them to be well
dispersed. Rubber rings were cleaned thoroughly by sonication
in ethanol for 15 min. After the rubber ring was fixed to the
substrate, the colloidal particles suspension was dropped care-
fully inside the ring. The substrate was then kept in a vacuum
desiccator at room temperature until complete evaporation of
the solvent, which typically took 2—3 h, depending upon
ambient temperature and humidity. An Edwards sputter coater
5150B (Edwards High Vacuum Ltd., UK) was used for the
sputtering of gold over the colloidal patterned surfaces
(2.5 W, argon pressure of 2 x 1072 bar).

Grafting and Specific Protein Adsorption. For grafting of EG5-SAM,
the prepared chemically patterned surfaces were cleaned in
basic piranha solution (ammonium hydroxide/hydrogen perox-
ide/purified deionized water, 1:1:5) at 75 °C for 1 h. The cleaned
surfaces were rinsed with purified deionized water and dried
with N, gas, and then samples were UV ozone treated for 30 min
to remove organic contamination. Immediately, the fresh sam-
ples were immersed into an EG3-SAM solution (1 mM solution in
absolute ethanol) for 48 h. After thiolation, surfaces were rinsed
three times with absolute ethanol and dried with N,. To graft
PEG-silane, the Au patterned surfaces were cleaned for 15 min of
sonication in ethanol, and afterward these surfaces were kept in
UV—ozone treatment for 2 h to achieve a perfect hydrophilic
surface and to remove any organic contaminants. The fresh
samples were dipped into a prepared 1% PEG-silane solution in
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applications; and nanopatterning of biomolecules
(proteins, DNA and polysaccharides) that is of interest
for cell culture dishes, biosensors with improved sensi-
tivity, enhancing immunoreaction efficiency and tissue
engineering applications.

toluene for 3 h under ambient conditions. After the surface
treatment, the samples were washed twice in toluene for 5 min
each, and once in deionized water for 5 min. The freshly grafted
samples were exposed to 1 mg/mL R-BSA in PBS (pH = 7.4) for 2
h. After adsorption, samples were rinsed with PBS and purified
deionized water to remove loosely bound proteins.

Characterization Techniques. Field emission scanning electron
microscopy (FEI Nova 600 NanoSEM) was employed for imaging
samples using a 5 keV electron source. Prior to imaging,
colloidal assemblies were sputtered with gold for 1 min to
avoid charging effects. AFM imaging in tapping-mode was
performed under ambient conditions at room temperature
(23 + 2 °C) using the Nanoscope lll, Digital Instrument, USA.
Fluorescent microscopy (Carl Zeiss Axiovert 100, Germany) was
used to characterize the protein patterned surface. XPS analyses
were performed using a Kratos Axis Ultra DLD spectrometer
(Kratos Analytical, UK), equipped with a monochromatized
aluminum X-ray source (Algq, hv = 1486.6 eV) operating at 10
mA and 13 kV (130 W). A hybrid lens (electrostatic and
magnetic) mode was employed along with an analysis area of
approximately 300 um x 700 um. Survey spectra were collected
over the range of 0—1100 eV binding energy with analyzer pass
energy of 160 eV, and high resolution spectra of C 1s and S 2p
regions were obtained with an analyzer pass energy of 20 eV.
XPS data were processed with Casa XPS software (Casa Software
Ltd., UK).
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