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Uniform Oligonucleotide Films

Hyunwoo Noh,™* Albert M. Hung,” Chulmin Choi,*$ Ju Hun Lee,"* Jin-Yeol Kim,*$ Sungho Jin,"*5 and

Jennifer N. Cha™**

*Department of Nanoengineering, *Materials Science and Engineering Program, and *Department of Mechanical and Aerospace Engineering, University of California, San

Diego, 9500 Gilman Drive, M/C 0448, La Jolla, California 92093-0448

ABSTRACT One of the most challenging but potentially rewarding goals in nanoscience is the ability to
direct the assembly of nanoscale materials into functional architectures with high yields, minimal steps, and
inexpensive procedures. Despite their unique physical properties, the inherent difficulties of engineering wafer-
level arrays of useful devices from nanoscale materials in a cost-effective manner have provided serious roadblocks
toward technological impact. To address nanoscale features while still maintaining low fabrication costs, we
demonstrate here an inexpensive printing method that enables repeated patterning of large-area arrays of
nanoscale materials. DNA strands were patterned over 4 mm areas with 50 nm resolution by a soft-lithographic
subtraction printing process, and DNA hybridization was used to direct the assembly of sub-20 nm materials to
create highly ordered two-dimensional nanoparticle arrays. The entire printing and assembly process was
accomplished in as few as three fabrication steps and required only a single lithographically templated silicon
master that could be used repeatedly. The low-cost procedures developed to generate nanoscale DNA patterns
can be easily extended toward roll-to-roll assembly of nanoscale materials with sub-50 nm resolution and fidelity.
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n recent years, a wealth of nanoscale

materials has demonstrated unique

physical characteristics with the poten-
tial to yield enormous societal benefits, par-
ticularly toward health and energy.’ "’
However, challenges in fabricating devices
from these materials over large areas, repro-
ducibly, cheaply, and with high fidelity have
hindered their widespread application. This
is due primarily to the difficulties in parallel
manipulation of large quantities of indi-
vidual components whose dimensions are
well below 10 nm and organizing them into
configurations that are amenable to device
and circuit wiring. Conventional patterning
approaches based on lithography have to
date been limited to defining relatively
large-area features that result in the deposi-
tion of poorly organized ensembles of these
nanostructures, thus compromising their
performance.

In light of some of these challenges, self-
assembling biological systems such as DNA
and protein arrays have been investigated
to address sub-20 nm scale materials.'® 3’
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The beauty of biological templates is that
these systems provide immediate access to
the sub-10 nm regime, and biomolecular
recognition can be used to accurately posi-
tion particular sets of nanoscale objects at
will. For example, DNA- and protein-based
self-assembled arrays have been used to
build discrete assemblies of gold and semi-
conductor nanocrystals into two-
dimensional patterns.?' 24272 Despite
these single demonstrations, however, pro-
duction of highly parallel arrays of nano-
scale materials over very large areas has not
yet been shown. In fact, methods to gener-
ate large-area assemblies of nanoparticles
have only recently been demonstrated with
the discovery and implementation of finite
100 nm DNA structures, known as DNA
origami.>? However, in all of these studies,
the DNA scaffolds had to be assembled on
substrates patterned by electron-beam li-
thography, which is highly time-consuming
and expensive (unpublished data).

In the aforementioned studies, the ini-
tial primary challenge was to accurately
place and direct the assembly of the DNA
strands and structures themselves on sur-
faces. One of the best known and least ex-
pensive methods to fabricate patterned
DNA arrays is microcontact printing (wCP),
but the inherent difficulties of generating
poly(dimethylsiloxane) (PDMS) stamps with
submicrometer dimensions have hindered
attempts to pattern DNA below 500 nm.
More recently, Wang and co-workers used
poly(methylmethacrylate) (PMMA) stamps
that were prepared first by nanoimprint li-
thography (NIL) to generate 250 nm lines of
covalently attached single-stranded DNA
(ssDNA) on silicon.?* Stellacci and Crooks
also independently developed a replica-
based stamping approach starting from
patterned ssDNA covalently attached on
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surfaces to generate daughter patterns of ssDNA on
other substrates.>*** Obtaining DNA patterns with sub-
micrometer dimensions has yet to be achieved using a
simple stamping approach that obviates repeated use
of lithography tooling such as NIL or photolithography
or the need for chemical attachment of DNA to surfaces.

Recently, Delamarche and co-workers developed a
facile “subtraction printing” method to fabricate large-
area antibody arrays with 100 nm resolution.>® While
proteins have directed the assembly of nanocrystals, is-
sues of protein stamping and stability make them diffi-
cult and expensive to use for nanoscale assembly. Since
DNA can be further used to direct the assembly of
nanoscale materials, we investigated this technique to
create arrays of linear ssDNA of varying dimensions.

The general scheme of using the subtraction print-
ing method for obtaining clean patterns of ssDNA on
silicon and native oxide is shown in Figure 1. In subtrac-
tion printing, material is transferred from flat PDMS to
a patterned silicon master only where there is confor-
mal contact between the DNA film and the silicon sur-
face, but not where there are etched holes or trenches
in the silicon substrate. This leaves behind patterned
DNA arrays on the flat PDMS that are subsequently
transferred (“printed”) by contact with a planar silicon
or oxide surface. While this had been clearly demon-
strated with antibodies in the earlier work, the basic
chemical and physical differences between that of DNA
and proteins required significant optimization for suc-
cessful inking of DNA on PDMS and transfer to silicon.

One of the predominant criteria to obtain well-defined
patterns of DNA or proteins through subtraction-based
PDMS stamping is the optimization of adhesion between
the biomolecules and the PDMS surface relative to the re-
ceiving surface.>”® Because the PDMS surface is much
more hydrophobic than cleaned oxide or glass substrates,
it can sometimes be difficult to obtain conformal wet-
ting and adhesion of charged, hydrophilic species, like
DNA, to the PDMS substrate. For both wCP and subtrac-
tion printing, a certain amount of adherence between
DNA and PDMS is needed to avoid dewetting or delami-
nation. For subtraction printing, sufficient adhesion be-
tween the DNA and the silicon surface is absolutely nec-
essary because the process requires complete transfer of
DNA from the PDMS upon contact, whereas partial trans-
fer can sometimes be sufficient for wCP. Another major
challenge with printing hydrophilic species is controlling
the amount of water in the system in order to prevent ex-
cess flow of the biomolecules while still allowing for ma-
terial transfer.

Due to the highly charged nature of both single- and
double-stranded DNA and high levels of hydration, the is-
sue of flow proved to be a significant challenge toward
obtaining proper subtraction and printing of DNA films
on PDMS even after removal of excess solvent by spin-
coating or nitrogen drying. In initial studies, a standard
published procedure for biomolecule inking on PDMS
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Figure 1. Schematic depicting method of DNA adsorption to planar
PDMS and subtraction printing to generate patterns of ssDNA on sili-
con. Solutions of ssDNA were first adsorbed and slowly evaporated on
UV/ozone-treated planar PDMS substrates. After drying in a humidi-
fied environment for ~45 min, the DNA films were brought into con-
formal contact with UV/ozone-treated lithographically patterned sili-
con masters. After subtraction printing, patterned ssDNA domains
remained behind on the planar PDMS, which were then transferred
to flat silicon substrates.

was used where DNA solutions were first incubated on
the PDMS substrates for varied amounts of time followed
by nitrogen blow-drying for a few seconds. The DNA so-
lutions used in these experiments varied in magnesium
concentrations ranging from 0 to 125 mM MgCl,, and
both untreated and UV/ozone-treated PDMS substrates
were tested. However, in all cases, DNA solution inking on
PDMS followed by nitrogen drying or spin-coating
yielded both poor pattern fidelity (Figure 2) as well as
the negative tone of the expected patterns. This was the
case regardless of DNA concentration, magnesium con-
centration, inking time, pretreatment of the silicon sub-
strates with magnesium solutions, surface oxidation of
PDMS by UV/ozone, or spin-coating speeds. We hypoth-
esize that the large hydration sphere around the DNA
strands increases DNA mobility, causing the adsorbed
DNA strands to act as a fluid and essentially flow into the
etched domains of the silicon substrate, leaving behind
any excess DNA on PDMS as a DNA film with micrometer-
sized holes. In contrast, when DNA solutions were com-
pletely dried on the PDMS stamps, no DNA was observed
to transfer from the PDMS surface to either the pat-
terned or planar silicon substrates. In light of both of
these results, it became clear that, although excess sol-
vent must be removed from the adsorbed DNA film, the
DNA strands also needed to remain partially hydrated in
order for effective transfer from PDMS to silicon to occur.
As a means to both address issues of DNA flow as
well as effective transfer from PDMS to silicon, DNA so-
lutions of varying concentrations were left to slowly
evaporate on the flat PDMS surfaces in a humidified en-
vironment. The reason for this setup was to reproduc-
ibly control the evaporation speed of the DNA solutions
on PDMS. A critical component of the subtraction print-
ing process required DNA films that contained no vis-
ible excess water but were hydrated enough to allow
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Figure 2. (A) SEM image of 20 um holes etched into silicon. (B) Fluorescence image of DNA patterns generated using 20
m silicon master when DNA was inked onto the PDMS by nitrogen blow-drying DNA solutions preadsorbed onto the PDMS

substrates.

for effective transfer, and these were most reproduc-
ibly obtained by slow evaporation of the DNA solutions
on PDMS in Petri dishes lined with Kimwipes. A sample
procedure is as follows: 20 pmol (1 L) of ssDNA was
spread onto 3 mm X 4 mm PDMS substrates and left
for 45 min in a humidified chamber built from Petri
dishes lined with wet Kimwipes (Figure 1). Immedi-
ately after solvent evaporation (45 min), all of the
samples were treated briefly with a nitrogen flow for
5—10 s and brought into conformal contact with UV/
ozone-treated lithographically patterned and etched
silicon substrates. Any DNA patterns generated by sub-
traction printing and left on the flat PDMS substrates
were next brought into a second conformal contact
with planar, UV/ozone-treated silicon substrates (Fig-
ure 1). As shown in Figure 3, silicon masters with 5 and
1 wm holes could be used to generate 5 and 1 wm dot
patterns of single-stranded DNA (ssDNA), polyadenine,
Ass, on flat silicon.

Next, sub-1 wm silicon masters generated by deep
UV lithography (DUV) were used to measure the scal-
ability of the patterns that could be generated. By us-
ing the exact same patterning steps as for the larger
micrometer-size patterns, ssSDNA domains as small as
100 nm were repeatedly patterned on silicon with ex-
cellent fidelity. Both ssDNA dots and lines as small as 95
nm were also generated (Figure 4), illustrating effec-
tive pattern transfer regardless of shape. Even smaller
features were obtained by placing silicon line patterns
made by DUV lithography in a conventional resistive
heating furnace to oxidize in O, (99%) for 3 h at 1000
°C, then etched to form sub-50 nm lines. These were
then replicated by NIL into PMMA resists, which were
used as an etching mask to faithfully transfer the pat-
terns into Si wafer by a SF¢/C4Fg mixture RIE, achieving
40 nm wide trenches in silicon. As shown in Figure 5a,
these silicon masters could be used to obtain 40—50
nm lines of ssDNA with ease. Finally, the ease and mild-
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ness of the subtraction printing process prevents the re-
moval or degradation of the previously deposited ss-
DNA, allowing for multiple patterning of different
ssDNA sequences into complex patterns. Specifically,
grid-like, 100 nm line patterns of ssDNA were produced
by performing two sequential printing steps at right
angles to one another (Figure 5b).

While there was some variability of DNA film thick-
ness across the PDMS substrate, this did not appear to
cause visible differences in the overall fidelity of the DNA
patterns obtained on the receiving silicon surface. As de-
termined by AFM height measurements, each domain
was approximately 5 nm in height, correlating to an ap-
proximate film thickness of 1—2 strands of A;s DNA oligo-
nucleotides. If it is assumed that a 15mer ssDNA is ~5
nm when fully extended, then one can assume that at
least a single monolayer of ssDNA is patterned. However,
since ssDNA is known to often coil and form condensed
and globular structures,® it is more likely that multiple
layers of ssDNA are patterned on the silicon surface after
printing. Regardless, any ssDNA not directly adsorbed to
the silicon surface would be washed away in either water
or buffer, leaving behind only a monolayer of ssDNA on
the substrate. Indeed, since no covalent chemistry was
employed in these studies to directly conjugate the DNA
to the silicon surface, much of the adsorbed and pat-
terned ssDNA domains were observed to completely
wash away with repeated water rinses. However, high
magnesium buffer (125 mM MgCl,) was found to pre-
vent the complete disassociation of the ssDNA from the
silicon surface.* This use of magnesium became a criti-
cal aspect when using the patterned DNA for directing
nanoparticle assembly. In order to generalize this process
for nanomaterials sensitive to excess magnesium, meth-
ods to covalently conjugate the ssDNA to silicon after
transfer from PDMS are currently being investigated.

The ability to generate 50 nm features of ssDNA over
macroscopic areas repeatedly and with minimal lithogra-
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Figure 3. (A) Etched holes (5 um) in silicon and dot patterns (5 pm) of fluorescently tagged polyadenine (A;s). (B) Optical micro-

graph of 1 um holes etched in silicon and AFM height images of 1 um dot patterns of polyadenine obtained after subtraction print-
ing from the silicon master.
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Figure 4. (A) Etched lines (~100 nm) in silicon and lines of ssDNA (95 nm) generated after subtraction printing of DNA films with
the 100 nm silicon patterns. (B) Etched holes (180 nm) in silicon and dot patterns (180 nm) of ssDNA. (C) Etched holes (160 nm, square
array) in silicon and dot patterns (160—170 nm, square array) of ssDNA generated.

phy or complex chemistry provides a means to direct
the assembly of nanoscale materials at low cost and with
a limited number of fabrication steps. The assembly of

gold nanocrystals onto lines of printed ssDNA through
DNA hybridization is demonstrated here. Specifically, 10

nm gold nanocrystals modified with polythymine (T;s)
www.acsnano.org
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Figure 5. (A, Left) Large-area AFM image of 50 nm DNA lines obtained after subtraction printing. (Right) AFM images of 50 nm DNA
lines obtained after subtraction printing and height profile analysis. (B, Left) AFM images of 100 nm crossed lines of ssDNA. (Right)
Higher magnification AFM image of 100 nm crossed lines of ssDNA and height profile analysis.

were reacted at room temperature in magnesium buffer
for 5 min with 50 nm patterned lines of A;s. After adsorp-
tion of the gold nanocrystal solutions, the substrate was
quickly immersed in a fresh bath of Tris-acetate-EDTA
(TAE) buffer with 125 mM MgCl, to wash away excess, un-
bound gold nanocrystals. Next, the samples were intro-
duced to solutions of 50% ethanol (v/v) and 50% water to
wash away excess magnesium and finally immersed in
90% ethanol for 20 min to remove excess water and effec-
tively dry the nanocrystals to the patterned DNA lines.

As shown in Figure 6, the patterned ssDNA remained on
the surface after introduction of new solutions of T;s con-
jugated 10 nm gold nanoparticles. All of the gold nano-
crystals appeared to hybridize to the A;s sites in a matter
of minutes, and extended incubation did not appear to
cause a substantial difference in the number of nanopar-
ticles bound. Furthermore, when ssDNA lines were an-
nealed at room temperature with solutions of DNA-
conjugated gold nanocrystals, two-dimensional, close-
packed arrays of gold nanoparticles were obtained with
observed hierarchical ordering of the gold colloids them-
selves (Figure 6b,¢). Although the printed ssDNA lines
were measured to be between 50 and 60 nm in width,
the assembled gold nanocrystal lines varied in widths
from 60 to ~100 nm. The differences in the widths of the
printed ssDNA lines from the nanocrystal line patterns

AN AN voL.3 « NO.8 = NOH ET AL

are presumed to occur due to nanocrystal hybridization
that can occur at the edges of the ssDNA domains. When
100 nm crossed line patterns of A;s were exposed to the
Tis-conjugated 10 nm gold nanocrystals, continuous ar-
rays of nanoparticles were obtained that clearly followed
the DNA crossed line patterns (Figure 6d). The ability to
obtain long-range order of nanocolloids by confining the
particles to sub-100 nm domains can clearly be applied
toward fabrication of useful photonic, electronic, and
magnetic devices and will be of future study.

We have demonstrated here a facile method to pro-
duce submicrometer features of ssDNA that allow the
arrangement of a wide variety of nanoscopic compo-
nents over macroscopic areas. The strengths of this ap-
proach are its versatility, ease of fabrication, and mini-
mization of lithographic tooling and processes.
Furthermore, the resulting nanometer scale chemical
patterns allow not only the directed placement of nano-
scale materials but also the investigation of the role of
chemical confinement in creating complex assembled
arrays. Finally, mild conditions used in the stamping
process will facilitate the fabrication of three-
dimensional nanoscale assemblies routinely and pre-
dictably over large areas, a feat that has been difficult
to achieve with current technologies.

www.acsnano.org



Figure 6. (A) Thymine (T;5)-conjugated 10 nm gold nanocrystals annealed to ~50—60 nm polyadenine (A;s) patterned lines on
silicon. (B,C) Higher magnification image of gold nanocrystal assemblies showing two-dimensional nanoparticle packing within
the 60—100 nm nanocrystal line patterns. (D) Gold nanocrystal assemblies on 100 nm crossed lines of polyadenine (A;s).

MATERIALS AND METHODS

PDMS Preparation. PDMS substrates (Sylgard 184, Dow Corn-
ing) were prepared by mixing and degassing a mixture of base
and curing agent (ratio 10:1). PDMS liquid was poured into a Petri
dish and then thermally cured at 80 °C in an oven for 1 h.

Silicon Masters. The silicon masters were fabricated on (100) sili-
con wafers patterned with 193 nm deep ultraviolet (DUV) lithog-
raphy and a reactive-ion-etch (RIE) process with an oxide hard-
mask. Approximately 100 nm thick SiO, was deposited on 300
mm diameter silicon wafers in an Applied Materials 5000 plasma
enhanced chemical vapor deposition (PE-CVD) system using tet-
raethoxysilane (TEOS) chemistry. A UV-sensitive high-resolution
photoresist was then spin-coated on the silicon wafers. An anti-
reflective (AR) coating was applied on top of the resist to elimi-
nate standing waves in the photoresist. The DUV lithography was
performed on an ASML/SVGL Micrascan 193 nm step-and-scan li-
thography system. The resist was developed, and the fine litho-
graphic features were transferred with high fidelity by RIE etch-
ing first into the oxide layer to create the hard-mask and then
into the silicon substrate. The SiO, was etched with fluorine-
based chemistry in an Applied Materials Centura 5200 etcher,
and the silicon was etched with chlorine-based chemistry in a
LAM Rainbow 9400PTX etcher.

Silicon Masters with Sub-50 nm Dimensions. Original line patterns
(120 nm) generated by DUV lithography were placed in a con-
ventional resistive heating furnace and oxidized in pure O, (99%)
for 3 h at 1000 °C, with optional chemical etching of the oxide
layer to form the pillar pattern with sub-50 nm width for nanoim-
print. The Si template was then replicated by imprinting onto a
poly(methylmethacrylate) (PMMA)-coated silicon wafer using an
ANT-2 nanoimprinter. After transferring the pattern into the sub-
strate, PMMA was used as an etching mask to faithfully transfer
the patterns into Si wafer by a SFs/C4Fg mixture RIE, achieving a
sub-50 nm wide line hole.

www.acsnano.org

DNA Patterning. Si master and planar Si substrates were
cleaned with acetone, ethanol, and DI water successively using
a sonication bath. PDMS substrates were treated with ethanol
and DI water successively using a sonication bath. After clean-
ing, both the silicon and PDMS substrates were treated with a
UVO cleaner (Jelight, model 42) for 1 h under 3 scfh oxygen gas.

UVO-cleaned PDMS substrates were inked with 1 L of 20
.M amine-modified polyadenine and incubated in a Petri dish
lined with wet Kimwipes for 45 min. The DNA-inked PDMS was
then briefly treated with nitrogen gas for 5—10 s. Both the sub-
traction and printing steps were done using 50 g weights and us-
ing 30 s transfer times.

Gold Nanoparticle Conjugation. Phosphine-stabilized 10 nm gold
nanocrystals (Ted Pella) were reacted with 5’-thiolated poly-
thymine (T;s) using ratios of 200:1 DNA to gold. After a mini-
mum of 1 h, excess DNA was removed by microcentrifuge filtra-
tion and gel electrophoresis was run to confirm DNA to gold
conjugation. Ts-modified gold nanocrystal solutions were re-
acted at room temperature for 5 min with the patterned A;s. Af-
ter adsorption of the gold nanocrystal solutions, all of the sub-
strates were quickly immersed in a bath (1X TAE buffer) of 125
mM MgCl, for 2 s to wash away excess gold nanocrystals. Next,
the samples were introduced to a solution of 50% ethanol in wa-
ter (v/v) for ~2 s and then immersed in 90% ethanol to wash
away excess salts and dehydrate the DNA.

Characterization. SEM images were obtained with Phillips XL30
ESEM. All images in this paper were taken with a secondary elec-
tron mode. The accelerating voltage was 20 kV. Tapping mode
AFM images were obtained using Digital Instrument MultiMode
Nanoscope IV with an “E” scanner and using Ultrasharp AFM tips.
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