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Aims: The applicability of particle lithography with monodisperse mesospheres is tested
with various proteins to control the surface coverage and dimensions of protein
nanopatterns. Methods & Materials: The natural self-assembly of monodisperse spheres
provides an efficient, high-throughput route to prepare protein nanopatterns.
Mesospheres assemble spontaneously into organized crystalline layers when dried on flat
substrates, which supply a structural frame or template to direct the placement of proteins.
The template particles are displaced with a simple rinsing step to disclose periodic arrays of
protein nanopatterns on surfaces. Results & Discussion: The proteins are attached
securely to the surface, forming nanopatterns with a measured thickness of a single layer.
The morphology and diameter of the protein nanostructures can be tailored by selecting
the diameter of the mesospheres and choosing the protein concentration. Conclusions:
Particle lithography is shown to be a practical, highly reproducible method for patterning
proteins on surfaces of mica, glass and gold. High-throughput patterning was achieved
with ferritin, apoferritin, bovine serum albumin and immunoglobulin-G. Depending on the
ratio of proteins to mesospheres, either porous films or ring structures were produced. This
approach can be applied for fundamental investigations of protein-binding interactions of
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biological systems in surface-bound bioassays and biosensor surfaces.

Patterning proteins is important for emerging
nanoscale biological and medical applications [1,2.
There are few tools for writing or inscribing struc-
tures at the nanoscale and this problem has been
approached using electron- or ion-beam litho-
graphy techniques, reactive ion-etching systems,
high-powered lasers and clean rooms. Such meth-
ods are costly, require special skills, equipment or
facilities and are not accessible readily to an average
laboratory. There is a need for economical meth-
ods that can create reproducibly organized arrays
of nanomaterials with high throughput and low
cost. Particle lithography provides an approach for
rapidly preparing millions of exquisitely uniform
nanometer-sized structures on flat surfaces using
conventional benchtop chemistry steps of mixing,
centrifuging, evaporation and drying. Particle
lithography, which is often referred to as nano-
sphere lithography, uses submicron-sized spherical
particles as a mask or template to produce nano-
structures on surfaces. This technique has been
applied successfully to produce arrays of poly-
mers [3-6], proteins [7-10], metals [11-19], vertical
nanorods/pillars [20,21], carbon nanotubes [22] and
self-assembled monolayers [23-25]. Robust, regular
arrays of nanostructures can be generated repro-
ducibly with well-defined dimensions, thickness
and arrangement, even for fragile biological
systems, such as proteins.
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Protein patterning is a critical technology for
the integration of biomolecules into miniature
biological-electronic devices. Direct applica-
tions of protein patterning are found in bio-
sensing, medical implants, control of cell
adhesion and growth and for fundamental
studies of cell biology [26.271. Surface-bound
arrays of protein patterns have been applied for
antibody screening [28,29], testing protein activi-
ties (301 and for the analysis of antibody—antigen
interactions [31]. Proteins, such as bovine serum
albumin (BSA), immunoglobulin-G (IgG) and
staphylococcus protein A, have been patterned
with particle lithography [9,10].

Understanding the interactions of protein
binding to substrates or antibodies provides
essential groundwork towards developing new
technologies for biosensing. Immobilized bio-
molecules on surfaces serve as the receptor and
in some cases as the signal transducer in bio-
sensors and biochips. Surface-bound arrays of
protein nanostructures provide a test platform
that is probed readily using atomic-force
microscopy (AFM). Using AFM for analysis
enables label-free detection of pathogens and
provides a means to monitor molecular inter-
actions in real-time under physiological solu-
tions [32,33]. Detection for AFM is based on
high-resolution imaging, as well as force and
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height measurements and, therefore, does not
require signal amplification, which can intro-
duce error. For protein studies, the drying step
can cause denaturation of a portion of the sur-
face-bound proteins. In addition, proteins tend
to aggregate and form multilayers when dried.
The random, irregular distribution and surface
coverage of proteins and problems with dena-
turation are detrimental for quantitation with
surface-based assays. Therefore, the placement
of biological ligands in precisely defined loca-
tions can increase the density of sensor ele-
ments and lead to improved detection limits
and molecular-level control of the surface reac-
tivity [34,35]. Miniaturization of protein arrays

provides high array densities, which reduce the
quantities of analytes and sample volumes
required for analysis dramatically.

Materials & methods

Materials & reagents

Ferritin and apoferritin were obtained from MP
Biomedical Inc. (Solon, OH, USA). BSA and
rabbit 1gG were purchased from Sigma Bio-
chemicals (St Louis, MO, USA) and used with-
out further purification. Monodisperse latex and
silica spheres were acquired from Duke Scientific
(Palo Alto, CA, USA). Hydrogen peroxide
(30%) and sulfuric acid (95.5%) were acquired
from Sigma-Aldrich (St Louis, MO, USA).

Figure 1. Particle lithography steps with proteins.
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Figure 2. Example structural template formed by particle
lithography with 300 nm latex mesospheres.

3.2 x 3.2 pm?
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Preparation of substrates

Three different substrates were used for AFM
investigations. Ruby muscovite mica was
acquired from S&J Trading Inc. (Glen Oaks, NY,
USA). Pieces of mica (1 x 1 cm2) were cut and
cleaved immediately before depositing sample
solutions. Gold thin films (150 nm) evaporated
on mica substrates were obtained from Agilent
Technologies Inc. (Chandler, AZ, USA). A pro-
cedure reported previously for preparing ultraflat
gold films on glass slides was applied to prepare
template-stripped surfaces [3s]. Round glass cover
slides, diameter 12 mm, were obtained from Ted
Pella Inc. (Redding, CA, USA). Glass slides were
cleaned for 30 min by immersion in piranha
solution, a 3:1 mixture of sulfuric acid and 30%
hydrogen peroxide. (Caution: piranha solution is
highly exothermic and corrosive.) Next, the slides
were rinsed with deionized water and dried in air.
For particle lithography, a volume of pro-
tein/mesosphere solution was deposited and
dried on the cleaned slides.

Atomic-force microscopy

Images were acquired using an Agilent
5500 AFM/SPM system equipped with Picos-
can v5.3.3 software. An ambient environment
was used for AC (tapping)-mode imaging. Rec-
tangular silicon nitride cantilevers (NSC 14/Al,
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resonance frequency 160 kHz, spring constant
5N/m) from MikroMasch (Portland, OR,
USA) and silicon AFM probes (Tap 150AL, res-
onance frequency 150 kHz, spring constant
5 N/m) with an aluminum reflex coating from
Budget Sensors (Redding, CA, USA) were used
for AFM imaging.

Particle lithography with proteins

Arrays of protein patterns were prepared by mix-
ing aqueous solutions of proteins with monodis-
perse spheres of silica or latex at various ratios. A
10 pl drop of the mixture was deposited on a flat
surface and dried at room temperature
(Figure 1A). Surface coverage could be tuned to
form at least one layer of spheres and varied
between 1 and 4% wt/volume depending on the
diameter of the particles. The monodisperse
spheres form a structural template, which directs
the placement of proteins on surfaces. During
the drying step, mesospheres assemble spontane-
ously into a close-packed crystalline layer with
the proteins surrounding the base of the spheres.
The samples were dried under ambient humid-
ity, which ranges from 60-64% in our air-condi-
tioned laboratory. The final step is to remove the
particles by rinsing the sample surface with
deionized water (Figure 1B). The larger spheres are
displaced easily by rinsing the sample; however,
the proteins remain attached to the surface to
form symmetric circular patterns surrounding
the template spheres.

Results & discussion

For particle lithography, the natural self-assem-
bly of monodisperse mesospheres furnish a struc-
tural template to guide and direct the placement
of proteins on surfaces. Because the spheres have
the same diameter, a close-packed hexagonal
arrangement of latex or silica particles is pro-
duced when aqueous solutions are dried on
atomically flat surfaces (Figure?2). The tightly
packed mesospheres do not fully cover the sur-
face; areas between spheres provide a conduit for
aqueous protein solutions to gravitate to the sur-
face. The model proteins chosen for our investi-
gations are highly soluble in water. The proteins
are carried with the water meniscus during ambi-
ent drying, to form regular, evenly distributed
arrays of protein nanostructures at the base of
the template particles. The mesospheres provide
a structural template that masks spherical areas
of the surface. After the templates are rinsed
away, the protein nanostructures can be applied
for surface investigations and assays.
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Figure 3. Aggregated domains of
ferritin formed naturally on mica(0001).
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(A) High surface coverage produced with
0.5 mg/ml. (B) Lower coverage (0.2 mg/ml).

(C) Combined line profiles for A and B.

Ferritin and apoferritin [37,38], BSA [39] and
19G [40] were chosen as model proteins for AFM
investigations with particle lithography because
of their well-studied physical and chemical prop-
erties. The direction for future investigations
with the selected model proteins will be to image
surface changes when binding secondary bio-
molecules to nanostructure arrays for fundamen-
tal analysis of protein interactions and events
mediated by molecular recognition.

Nanomedicine (2008) 3(4)

Films of ferritin formed by direct
deposition at different concentrations
Ferritin forms the primary complex for the
uptake and storage of iron in mammals. The
shape of ferritin is nearly spherical and it has a
diameter of 10-12 nm [41,42]. The protein struc-
ture consists of 24 subunits forming a shell con-
taining up to 4500 iron(lI11) ions [37]. Ferritin is a
promising component for engineering diverse
nanomaterials owing to its catalytic [3843-45),
magnetic [46-48] and electrical [49,50] properties.
The protein shell or cage of ferritin has been used
in synthetic reactions with various metal ions to
form inorganic nanoparticles of materials, such
as Fe;0,, Co;0,, Mn;0,, CoPt, Pd, Ag, CdS
and CdSe [51. Monitoring levels of ferritin is
required for the diagnosis and treatment of ane-
mia and complications that affect iron deficiency
or iron metabolism.

For AFM and surface investigations, a prob-
lem is presented for controlling the distribution
and surface coverage for studies of biomolecular
reactions on various substrates. Methods of
sample preparation that enable control of sur-
face coverage are useful for a range of bioanalyt-
ical applications. The process of drying, surface
forces and intermolecular-attractive interactions
tend to pull proteins together into tightly
packed aggregates. An example is presented in
Figure 3 for solutions of ferritin dried on mica
under ambient conditions. Nearly monolayer
coverage (84%) is achieved in Figure 3A, disclos-
ing tightly packed assemblies of ferritin spheres.
The sample was prepared by drying a 10 pl
drop of an aqueous solution of ferritin
(0.5 mg/ml) on a 1x1cm?2 piece of freshly
cleaved mica. The dark areas are uncovered
areas of the substrate. For the examples in
Figure 3, the AFM tip is unable to penetrate
between proteins that are packed together
closely. Thus, imaging and measurements are
limited to interrogating the exposed upper sur-
face of the clusters. By diluting samples
(0.2 mg/ml), lower surface coverage (36%) is
achieved; however, the proteins still tend to
cluster together (Figure 38). With an incomplete
surface layer, there are only a few individual
protein spheres visible between the larger
domains of ferritin aggregates. A combined plot
of the height of the protein layer is displayed for
Figures 3A & 3B, with red- and blue-line profiles,
respectively (Figure 3C). For both samples, the
height measured 11 + 2 nm, in close agreement
with the known dimensions of ferritin (12 nm)
obtained from x-ray crystallography [52].
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Aggregation is not simply a problem for AFM
surface investigations. Scaling up from the nano-
scale to microarrays, the self-aggregation of pro-
tein layers affects the sensitivity and reliability of
bioassays and biosensor surfaces. The sensing
elements of biochips and biosensors are com-
posed of an adsorbed layer of biomolecules or
proteins for selective reaction with targeted ana-
lytes. For surface assays, detection is mediated by
molecular recognition. Thus, if the target sites of
immobilized proteins are inaccessible or masked
by neighboring proteins, then the necessary
binding reactions cannot take place. Inherently,
surface-bound assays are often less sensitive than
solution-based assays owing to the effects of
crowding and self-aggregation.

Nanopatterns of ferritin produced on
mica, gold & glass substrates

Patterns of ferritin molecules can be formed on
various surfaces using particle lithography. The
natural self-assembly of mesospheres provides a
structural template to tune the surface coverage
of proteins. Ferritin molecules can be organized
into arrays of ring structures, as demonstrated
for surfaces of mica, template-stripped gold and
glass (Figure 4). Monodisperse spheres of colloi-
dal silica (500 nm) were used as structural tem-
plates for the examples presented in Figure 4. For
AFM topographs, the shapes of individual ferri-
tin adsorbates can be resolved with better reso-
lution than the previous example of Figure 3
because, at lower surface coverage, the tip can
probe between molecules to profile the shape of
the proteins more accurately. Topographic
images are a convolution of the tip geometry
and the shape of the sample. Lateral dimensions
are often broader than the expected geometry
for AFM topographs; however, height measure-
ments furnish reliable information to measure
the diameters of protein particles.

Successive zoom-in views of rings of ferritin
on mica are viewed in Figures 4A-4C. Mica is used
commonly for preparing biological samples with
AFM because of the hydrophilic nature of the
surface [s3]. After mica is cleaved, clean and
atomically flat surfaces are produced, with
roughness of less than 0.1 nm. The flatness and
hydrophilicity of the substrates provide an ideal
platform for particle lithography. The shapes and
interpattern spacing are uniform and symmetric.
Because there are few defects on surfaces of mica,
throughout broad areas of the surface, the AFM
images reveal long-range order and periodicity. A
few individual proteins are scattered in areas
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between the ring patterns; however, no proteins
are detected inside the rings. The rings encircle
bare areas of the substrate that were uncovered
when the silica mesospheres were rinsed away.
The displacement of template particles is com-
plete because the spheres are removed easily by
the rinsing step. The surface coverage of ferritin
is approximately 17% for the sample prepared
on mica. Each sample in Figure 4 was prepared at
a ratio of approximately 700 ferritin per silica
sphere. Approximately 6400 ferritin proteins
would encapsulate a silica sphere fully; therefore,
the ratio corresponds to a fraction of a mono-
layer shell for producing ring nanostructures. A
close-up view (Figure 4B) reveals the hexagonal
arrangement of the rings. A further zoom-in
view of a single pattern reveals the morphology
and arrangement of individual ferritin particles
that form the ring (Figure 4C). The height of the
rings measures 12 £ 1 nm, in close agreement
with the expected diameter of ferritin. The
center-to-center spacing between rings measures
550 + 30 nm, which corresponds well to the
diameter for the template silica spheres. The
outer diameter of the rings for this sample meas-
ures 350 + 20 nm (Figure 4D). To evaluate the
reproducibility of the method in forming uni-
form pattern morphologies, additional samples
were prepared 2 weeks later with 500 nm silica
spheres, using the same ratios. The average
width of the nanopatterns from different prepa-
rations measured 333 17 nm (n=116) and
319+ 21 nm (n = 140), in which the reported
error term is the standard deviation of the mean
value. By comparing the mean values, these
measurements establish that the reproducibility
of particle lithography conservatively has an
error term of less than 6%.

Conductive films of gold provide an electrode
for electrochemistry-based measurements for
biosensors and voltammetry studies. Patterns of
ferritin produced on surfaces of template-
stripped gold are shown with successive zoom
views in Figures 4E-4G. Within the 4 x 4 pm?
area of Figure 4E, there are 21 rings, in compari-
son to a density of 40 rings formed within the
same size area of mica in Figure 4. Approximately
12% of the surface is covered with ferritin for
the gold substrate. At the nanoscale, the surface
of gold is rougher than mica, the roughness of
the template-stripped film is approximately
0.6 nm. Thus, a few defects, such as cracks and
domain boundaries, are visible on bare areas of
the surface. The long-range order and periodic-
ity of the arrays are affected by the roughness of
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Figure 4. Arrays of ferritin rings produced on various surfaces using particle lithography.
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(A) Topograph (4 x 4 um2) for nanostructures on mica(0001). (B) Zoom-in view (2 x 2 um?2). (C) Close-up of a single ferritin ring

(0.45 x 0.45 um?). (D) Cursor profile for B. (E) Arrays of ferritin rings on template-stripped gold (3.5 x 0.5 um3). (F) Zoom-in view of E
(1.7 x 1.7 um?). (G) A single ring pattern from F (0.6 x 0.6 um?). (H) Cursor profile for F. (I) Ferritin rings formed on glass (4 x 4 um?).
(J) Zoom-in view of I (1.7 x 1.7 um?). (K) Close-up of a single ring from J (0.4 x 0.4 um?). (L) Line profile for J.
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the surface, producing a few imperfections in
the shapes of nanopatterns. Gold surfaces are
more hydrophobic than mica, which influences
the ordering and packing density of silica
spheres. Fine details of the shape of the proteins
within rings are revealed in zoom-in views
(Figures 4F & 4G). The diameter of the rings meas-
ures 200x5nm and the height measures
11 £+ 2 nm (Figure 4H). There is a significant dif-
ference between the size of the ferritin rings
formed on gold and mica, which is attributed to
surface wettability. The hydrophilic surface of
mica results in spreading of the protein rings to
span a larger area.

Nanopatterns of ferritin can also be formed
on glass surfaces using particle lithography
(Figures 41-4K). Glass is an appropriate substrate
for biosensing owing to the many possibilities

Nanomedicine (2008) 3(4)

for optical, microscopy and spectroscopy meas-
urements. There are approximately 20 rings of
ferritin within a 4 x 4 um? area (Figure 41) and
approximately 19% of the surface is coated with
protein. Also, the shape of the rings is not as
symmetric as for mica and gold surfaces; a
number of rings formed on glass are incomplete,
with missing proteins. Zooming-in for a close-
up view (Figure 4J), the spacing between rings
measures 600 = 30 nm, which is wider than the
500 nm diameter of the silica-mesosphere tem-
plate. The periodicity is influenced by a number
of parameters, such as surface treatment, rough-
ness and hydrophobicity; however, the surface
coverage and periodicity can be optimized by
changing the protein:particle ratios. The results
of Figure 4 demonstrate that, for different sub-
strates, the solution conditions need to be
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adjusted to optimize the density of nanostruc-
tures. By increasing the concentration of pro-
teins, a higher surface density can be produced.
A single ring structure is viewed in Figure 4K,
showing the circular arrangement of proteins.
The size of ferritin adsorbates is actually fairly
uniform; the observed variances in height are
caused by the pits and valleys of the rougher
glass substrate, as well as the drying conditions
of the sample. The cursor profile indicates that
the rings are 7+2nm in height, which is
smaller than the expected 12.5 nm dimension of
ferritin (Figure 4L). The surface of glass is rougher
than mica or gold, with an average roughness of
0.2-0.5 nm. The roughness profile of the glass
surface is evidenced by the jagged baseline of the
cursor outline (Figure 4L).

In comparing the ring structures of ferritin
produced using particle lithography for various
surfaces, as one can expect, there are distinct
differences in the periodicity, geometry and sur-
face coverage (Table1). Rings of proteins pre-
pared on the hydrophilic surface of mica have
larger diameters and more proteins surrounding
each ring, whereas the nanopatterns formed on
gold and glass have similar periodicity but
smaller ring diameters. The factors that influ-
ence the pattern morphologies are the surface
roughness and wettability. During the drying
step of particle lithography, the amount of
spreading at the macroscopic level affects the
ordering and compactness at the nanoscale.

Rings of apoferritin produced on
surfaces of glass

The protein shell of ferritin without an iron core
is known as apoferritin. The shell or protein
cage of apoferritin consists of the same
24 subunits as ferritin, with similar dimensions.
Ring structures of apoferritin molecules were
produced on glass substrates using 500 nm silica
spheres as a template (Figure 5). An AFM topo-
graph (Figure 5A) displays well-organized rings of
apoferritin assembled in a hexagonal arrange-
ment, with interpattern spacing matching the
diameter of the templating silica spheres. A few

individual molecules of apoferritin are scattered
across the surface between ring patterns and the
approximate surface coverage of apoferritin is
15%. The ratio of apoferritin to silica spheres is
1000:1, approximately 15% of the number of
proteins for a full layer surrounding a 500 nm
sphere. In the corresponding phase image
(Figure 5B), the soft and compressible areas of
protein are distinct from the harder areas of the
glass substrate. The morphologies of the indi-
vidual proteins do not appear to be spherical;
however, the shapes observed are an imaging
artifact caused by the blunt, angular profile of
the AFM tip. Images produced by AFM are a
convolution of the shape of the imaging probe
and the sample morphology. The height of the
rings measures 12 + 1 nm (Figure 5C), which is in
close agreement with the known diameter of
apoferritin (12 nm).

Patterns of IgG formed by
particle lithography
Antibodies, such as IgG, are used for a wide
range of bioassays, such as sandwich immuno-
assays [355455]. Molecules of 1gG have a
Y-shaped geometry with two antibody-binding
domains at the ends of a Y-like fork, which are
spaced 14.5 nm apart, according to x-ray dif-
fraction studies [s6,57]. The tail of the Y-shaped
molecule contains one or more carbohydrate
chains. The distance between the two antibody-
binding domains and the end of the carbo-
hydrate domain is 8.5 nm. The thickness of the
molecule is 4.0 nm. The hinge region at the
center of the Y-shape link the amino acid chains
together and is composed of disulfide bridges.
High-throughput patterning of 1gG can be
accomplished using particle lithography. An
AFM topographic view displays 130 rings of
19G within the 10 x 10 pm?2 frame of Figure 6A,
covering approximately 10% of the surface. At
this density, approximately 130 million rings
were produced for a 1 x 1 cm?2 sample. The
ratio of IgG:spheres is 3300:1; however,
because 1gG has a smaller surface area than fer-
ritin, 20,000 proteins would be needed for an

Table 1. Comparison of nanopattern morphologies on various surfaces.

Substrate Mica
Periodicity 600 = 30 nm
Ring diameter 360 + 20 nm
Number of proteins perring  15-18
Surface coverage 17%

www.futuremedicine.com

Gold Glass

650 £ 50 nm 650 £ 70 nm
270 = 20 nm 290 + 10 nm
10-13 9-11

12% 19%
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Figure 5. Nanopatterns of apoferritin
molecules formed on glass.

Height (nm)
o [9)]

o

200
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(A) Hexagonal arrangement of rings of apoferritin.
(B) Corresponding phase image. (C) Cursor profile
for the line in A.

encapsulating shell layer. In a close-up view
(Figure 6B), the ring patterns exhibit a hexagonal
packing arrangement, conforming to the perio-
dicity and packing order of the structural tem-
plate of 500 nm silica mesospheres. The pores
of the 1gG rings pinpoint the uncovered areas
of the substrate where the silica mesospheres
were displaced by a rinsing step. The proteins
adsorb near the base of the spheres and are dis-
tributed evenly throughout the surface to form
regular shapes and diameters. A 3D view reveals

Nanomedicine (2008) 3(4)

the uniformity of the pattern heights (Figure 6C).
The corresponding 2D view (Figure 6D) and
phase-contrast channel (Figure 6E) furnish details
of the ring morphologies. Phase images often
display surface details that cannot be resolved
clearly in height images. Although the Y shape
of 1gG is not evident at this magnification, par-
ticles of individual proteins are apparent in the
zoom views. The rings of 1gG measure
5+ 1 nm (Figure 6F) in height, which matches
the dimensions for an 1gG molecule that is
lying flat on the surface.

Effect of protein:particle ratios

Serum albumin is the most abundant protein
found in plasma and its affinity for binding
materials has been well studied [ss,59]. For surface
bioassays, a blocking step is important to prevent
nonspecific binding of proteins. Solutions of
BSA are a common blocking reagent used to
backfill uncovered areas of surfaces, applied in
ELISA and in agglutination assays. To develop a
generic approach for surface-bound protein
assays, the practical step is to nanopattern BSA to
prevent nonspecific binding of proteins. There-
fore, BSA is a sensible choice for AFM surface
investigations with nanopatterning.

When changing the ratios of proteins to meso-
spheres, well-defined protein nanostructures are
still produced, which generate differences in sur-
face coverage and pattern morphologies. An
example in which the ratio of proteins to meso-
spheres was changed systematically is presented
for BSA patterns formed on mica in Figure 7. At a
high BSA-to-latex ratio (13,600:1), AFM topo-
graphs reveal a continuous film of BSA with an
organized arrangement of circular dark holes or
pores (Figures 7A-C). The areas between particles fill
completely with proteins to encircle the bare cavi-
ties where the mesoparticles were displaced. A
honeycomb arrangement of pores within a film of
BSA is displayed in Figure 7A, produced using
300 nm latex spheres as structural templates. The
periodic arrangement of dark spots is uncovered
areas of mica within a monolayer film of BSA.
The uncovered areas can be used to deposit a sec-
ond molecule or these vacant areas can furnish an
in situ landmark for monitoring changes in height
after biochemical assays. At a high ratio, the sur-
face coverage of BSA is 83% for Figure 7A. In com-
parison, approximately 22,600 BSA molecules
would be required to completely surround and
encapsulate a single 300 nm latex sphere. A close-
up view of the surface (Figure 7B) displays the uni-
formity and periodicity of the patterned pores.
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There are 316 pores within the 6 x 6 um? area,
which extrapolates to a surface density of
877 million nanostructures produced with a single
10yl drop of protein solution placed on a
1 x 1 cm? area of mica. The even surface profile,
symmetric patterns and regular spacing of pores is
viewed clearly with a 3D representation in
Figure 7C. The thickness of the protein film meas-
ures 3.8 + 0.3 nm, matching the dimensions of a
single layer of BSA (Figure 7D) and in agreement
with the 4.0 nm diameter of BSA obtained by x-
ray crystallography [s0]. The spacing between pores
measures 270 = 20 nm, which is 10% smaller than
the expected 300 nm diameter of the latex spheres.
The periodicity of the resulting nanopatterns
depends on the separation of latex spheres, which
is observed to be 5-15% smaller than the latex
diameters. Because polystyrene latex is deforma-
ble, the decrease in diameter is attributable to
shrinking of latex particles when dried [9].

By using a low BSA-to-latex ratio (6800:1),
ring-shaped nanopatterns of BSA were produced
on mica(0001) with 300 nm latex (Figures 7E-7g).
The ratio of 6800:1 corresponds to an incomplete

shell of BSA encapsulating a 300 nm latex
sphere, approximately half of a surrounding
layer. The proteins closely surround the base of
the latex to leave pore-shaped structures when
the spheres are removed. The surface areas
between the rings are not filled completely at this
lower protein ratio (Figures7E & 7F). A more
ordered, tighter packing can be produced with
changes in solution conditions. The compact
hexagonal arrangement of patterns is viewed
clearly in the 4 x 4 um? frame, with a few BSA
molecules scattered between rings. The periodic-
ity of the nanopatterns measures 283 + 16 nm,
which matches well with the expected 300 nm
diameter of the latex-templating particles.
Approximately 26% of the surface is covered
with rings of BSA; thus, the surface coverage can
be tuned by controlling the ratio of proteins and
spheres. A zoom-in topograph (1 x 1 um?) in
Figure 7F displays a hexagonal arrangement of
BSA rings. A few BSA clusters are attached to the
surface between the ring-shaped nanostructures.
A 3D representation of a single ring clearly
reveals the assemblies of BSA molecules

Figure 6. Ring patterns of IgG produced on mica. Successive zoom-in topographs.

(A) 10 x 10 umZ?; (B) 3 x 3 um?; (C) 2 x 2 um?; (D) 2 x 2 um?; (E) phase image for D; (F) height profile for the line in D.
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Figure 7. The ratios of protein:latex determine the morphology of patterns.

0.3 x 0.3 pm?

(1 x 1 um?2). (G) View of a single ring of BSA; (H) line profile for G.

(A) AFM topograph (10 x 10 pm?2) of pore-shaped structures produced at high ratio with 300 nm latex. (B) Zoom-in view of pore
structures (6 x 6 um2). (C) View of the 3D surface morphology. (D) Cursor profile for the line in C. At lower protein:latex ratio,
ring-shaped structures were produced (E) using 300 nm spheres (4 x 4 um?2). (F) Zoom-in view of hexagonal arrangement of rings
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(Figure 7G). The height of BSA nanostructures
can be measured by referencing the uncovered
areas of mica as a baseline. The height of the
rings measure 3.7 £0.4nm, matching the
expected dimension of a single layer of BSA
(Figure 7H).

Particle lithography provides a simple and
effective approach for producing nanoscale pro-
tein structures. Once the experimental condi-
tions have been chosen, dozens of samples
prepared using those conditions reveal similar
morphologies. The surface morphologies were
highly consistent and reproducible for a given
ratio and particle diameter. All of the examples
of protein nanopatterns presented exhibit circu-
lar or ring-shaped nanostructures when using the
solution-based approach for particle lithography.
These results are different from results cited from
literature reports using methods of metal evapo-
ration, which disclose triangular or pyramid
nanostructures. Our approach for solution parti-
cle lithography does not use a mask and evapora-
tion of metals at high temperatures; rather, the
mesospheres serve as a structural template during
ambient drying. In solution, the proteins assem-
ble surrounding the base of the latex or silica
spheres when dried, conforming to the shape of
the particle templates. Therefore, the circular

538 Nanomedicine (2008) 3(4)

ring or pore morphologies are determined by the
spherical shape of the mesospheres.

Conclusion

Particle lithography is a highly reproducible
approach that applies straightforward bench
chemistry steps to prepare millions of individual
protein nanostructures on surfaces. Particle
lithography provides a high-throughput route to
control the coverage and dimensions of surface
structures of proteins at the scale of nms. The
generality of this approach was demonstrated
with various surfaces (mica, gold and glass) and
different proteins (ferritin, apoferritin, 19G and
BSA). By varying the ratio of proteins to mes-
oparticles, different pattern morphologies, such
as rings or pores, are produced. The arrangement
of proteins reflects the long-range order, dimen-
sions and periodicity according to the hexagonal
packing of templating mesospheres.

Future perspective

The examples presented with model proteins rep-
resent a solid beginning for the development of
more complex surface-bound bioassays. Periodic
arrays of nanostructures offer a valuable test plat-
form for studies of surface chemistry at the nano-
scale. A number of possible experiments and
potential applications are envisioned because
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well-defined arrays of nanostructures enable pre-
cise reproducible dimensions for successive meas-
urements. As an example, for fundamental AFM
investigations of reactions mediated by molecular
recognition, the changes in the morphology of
protein nanostructures can be monitored after
chemical agents, nanoparticles or other small
molecules are introduced to protein nanopat-
terns. Well-defined protein arrays offer precise
reproducible surface features for multiple meas-
urements. By performing experiments in aqueous
buffers, studies of protein-DNA interactions and
antigen—antibody binding can be accomplished
by imaging the evolution of surface changes dur-
ing biochemical reactions. The particle templates
used for preparing test platforms can be scaled to
ever smaller dimensions, for studies of size-
dependent properties at tens of nanometers,
approaching single-molecule detection.
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Executive summary

« There is a growing need for methods that can create organized arrays of nanomaterials reproducibly with high throughput and
low-cost. Particle lithography provides such an approach for rapidly preparing millions of exquisitely uniform nanometer-sized
structures on flat surfaces using basic steps of benchtop chemistry.

» Surface self-assembly is emerging as an indispensable approach for organizing materials at the molecular scale for practical
reasons, such as low cost, applicability to a wide range of nanomaterials and capabilities for high-throughput manufacture of
regularly shaped surface structures.

< Unlike methods of particle lithography with metal evaporation, which produce periodic arrays of triangular structures,
solution-based particle lithography creates rings and pore-shaped geometries.

 Particle lithography provides a toolkit for fabricating protein nanopatterns on flat surfaces, providing superb control of the
spacing and arrangement of nanostructures. With particle lithography, chemists can inexpensively produce robust, regular
nanostructures using the conventional tools of mixing, centrifuging and drying.

article lithography, millions of nanostructures can be prepared on a range of different surfaces with relatively few defects
Jh reproducibility. The nanopatterns may potentially be applied for engineering the surfaces of biochips and biosensors.
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