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ABSTRACT With the increasing demand in recent years for high-performance devices for both energy and
health applications, there has been extensive research to direct the assembly of nanoparticles into meso- or
macroscale single two- and three-dimensional crystals of arbitrary configuration or orientation. Inorganic
nanoparticle arrays can have intriguing physical properties that differ from either individual nanoparticles or
bulk materials. For most device applications, it is necessary to fabricate two-dimensional nanoparticle superlattices
at programmed sites on a surface. However, it has remained a significant challenge to generate patterned arrays
with long-range positional order because most highly ordered close-packed nanocrystal arrays are typically
obtained by kinetically driven evaporation processes. In this report, we demonstrate a method to generate
patterned nanocrystal superlattices by confining nanoparticles to geometrically defined 2-D DNA sites on a surface
and using associative biomolecular interparticle interactions to produce thermodynamically stable arrays of
hexagonally packed nanocrystals with significant long-range order observed over 1—2 pum. We also demonstrate
the role of chemical and geometrical confinement on particle packing and obtaining long-range order. Finally,
we also demonstrate that the formation of DNA-mediated nanocrystal superlattices requires both interparticle
DNA hybridization and solvent-less thermal annealing.
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he ability to direct the assembly of

single or multicomponent nanopar-

ticles into meso- or macroscale
single two- and three-dimensional crystals
of any desired configuration, orientation,
and geometry is currently of significant in-
terest for high-powered applications in
both energy and health."'* While the
properties of nanomaterials of varying com-
position, size, and morphology can be
tuned easily, it has remained a daunting
task to hierarchically assemble nanocrystals
with perfect or near-perfect long-range or-
der in both two and three dimensions at
predefined sites on a substrate.’>'® Meth-
ods to engineer patterned 2-D nanocrystal
superlattices of arbitrary feature size, pitch,
and density have remained elusive because
highly ordered close-packed nanocrystal ar-
rays are typically obtained by kinetically
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driven evaporation processes, which pro-
duce local order but limited long-range po-
sitional order.>"”~'° To arrange organic
and inorganic materials into programmed
assemblies with precision and order, Nature
both sequesters the raw materials into con-
fined spaces and encourages their associa-
tion through highly specific noncovalent in-
teractions between biomolecules. We
demonstrate here that similar strategies
can be employed by confining nanoparti-
cles to geometrically defined 2-D DNA sites
on a surface and using biomolecular asso-
ciative interparticle interactions to generate
thermodynamically stable arrays of hexago-
nally packed nanocrystals with significant
long-range order observed over 1—2 pm.
We furthermore show that chemically im-
miscible boundaries at the edges of each
nanocrystal array strongly influence particle
packing and ordering; as the 2-D DNA fea-
tures decrease in size from 3 wm to 200 nm,
60° parallelogram DNA patterns promoted
long-range order of hexagonally packed
particles but square DNA arrays generated
largely disordered arrangements. In this re-
port, we also demonstrate that obtaining
long-range order within a nanocrystal su-
perlattice requires both interparticle DNA
hybridization and solvent-less thermal an-
nealing above the melting temperatures
(T, of the DNA strands.

RESULTS AND DISCUSSION

To confine particles specifically to geo-
metrically defined sites on a substrate, ar-
rays of micro- and mesoscale features of
DNA, oligonucleotides were first prepared
on silicon oxide using a modified version
of a previously developed subtraction print-
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ing process (Figure 1).2° By subtraction printing twice
on two separate silicon masters, 2-D DNA patterns
could be generated that encode sharp edges and cor-
ners with sub-200 nm resolution, which are typically dif-
ficult to obtain by conventional photolithography or
e-beam lithography. In order to minimize the thickness
of the DNA arrays, all of the polydimethylsiloxane
(PDMS) substrates were inked with 20 pmol of polyade-
nine (A;s) to produce DNA features 4—5 nm in height,
corresponding to about 1—2 layers of A;s. Next, as a
means to confine nanoparticles to the DNA arrays and
discourage their association outside of the patterned
domain, the remaining exposed silicon surfaces were
covalently modified with hexyltrimethoxysilane (HTS)
by vapor phase silylation for 15 h at 45 °C.2"?? Contact
angle and ellipsometry measurements of bare silicon
substrates exposed to HTS after 15 h confirmed suffi-
cient surface treatment to generate a highly hydropho-
bic surface. Through ellipsometry and AFM scratch
measurements, the film thickness was determined to
be between 0.769 and 0.8 nm and showed a water con-
tact angle of 78.2°.

After HTS surface treatment, 100 nM solutions of
polythymine (T;s5)-conjugated 10 nm gold nanocrystals
were adsorbed onto the printed polyadenine (A;s) sub-
strates, followed by ethanol rinsing to remove excess
gold and salts. After these steps, since the gold solu-
tions had only been in contact with the substrate for 5
min, the assembled particles were largely disordered
with respect to each other, and neither local nor long-
range order was seen (Supporting Information
Figure 1). To allow the nanoparticles to reach their equi-
librium state, the samples were next subjected to ther-
mal annealing in a humid environment at 60 °C—above
the T,, of the DNA—for 4—5 h. Annealing in this man-
ner promoted particle mobility while minimizing the
risk of particle removal due to the presence of bulk
solvent.

As shown in Figure 2A, after thermal annealing in
saturated water vapor for 5 h, extremely well-ordered
arrays of hexagonally packed nanoparticle superlattices
were observed within each patterned parallelogram ar-
ray. As will be discussed later, nanocrystal hexagonal
packing was most likely due to some of the surface-
bound A;s strands acting as bridging linkers between
T;5 strands on neighboring particles. While the nano-
crystal packing within 3 wm square DNA features also
showed a fair amount of order, in general, many more
grain boundaries were observed, and the edges of the
square gold nanocrystal arrays were not well-defined or
as sharp as those observed with the parallelogram pat-
terns (Figure 2B). By imaging a roughly 1.5 pm area
within a single parallelogram nanoparticle array, the
gold nanoparticles were found to tightly pack into a
well-ordered 2-D hexagonal superlattice. Fourier trans-
forms (FT) of selected areas within the 1.5 wm domain
show that the rotation of the superlattice over this im-

www.acsnano.org

Dual Subtraction

Si Pattern

DNA Layer

Figure 1. (A) Schematic of double subtraction method used to gener-
ate 2-D features of DNA on PDMS. (B) AFM images of 3 um and 400 nm
squares generated by double subtraction and printing. (C) AFM im-
ages of 3 wm and 400 nm parallelograms generated by double sub-
traction and printing.

age area varied by no more than *=7° (relative to area
IV), confirming strong long-range positional order
(Figure 3).

While it appears that the combination of interpar-
ticle DNA hybridization and thermal annealing allowed
for the formation of highly ordered superlattice nano-
crystal arrays, the role that particle confinement and the
hydrophobic boundaries surrounding each DNA pat-
tern play on nanocrystal packing and ordering remains
less clear. When large micrometer sized features of DNA
are used for the assembly process, it is difficult to dis-
cern the roles of the boundaries since any effect they
may have on particle packing and ordering is mitigated
at locations far from the edge. However, as the DNA
patterns decrease in size, the boundary edges and cor-
ners should begin to have a dominating effect if there is
in fact strong chemical confinement. These forces
might even be strong enough to prevent the energeti-
cally favored nanocrystal hexagonal packing seen thus
far such that while long-range order might be obtained
on smaller parallelogram DNA patterns, mainly disor-
dered arrays of particles would be seen on the DNA
squares.

In order to test the effect of strong geometric
chemical confinement on nanocrystal ordering,
~200 nm mesoscale parallelogram and square fea-
tures of A;s were first patterned on silicon as de-
scribed above. Next, as with the micrometer DNA
features, Tys-conjugated gold nanocrystals were
added followed by ethanol rinsing to remove ex-
cess salts and nanocrystals. All of the gold arrays
were subsequently subjected to thermal annealing
at 60 °C for 5 h. As is shown clearly in Figure 4A, the
sequestration of gold nanocrystals to the roughly
200 nm parallelogram features of DNA within the
HTS monolayer was enough to drive both local hex-
agonal packing of 10 nm gold nanocrystals as well as
good long-range positional order. Fourier transform
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Figure 2. Low- and high-magnification SEM images of nanocrystal superlattices obtained after adsorbing and annealing
Tis-conjugated gold to (A) 3 um parallelogram and (B) 3 um square patterns of A;s.

analysis of an image of an individual ~200 nm par-
allelogram nanoparticle array in its entirety yielded
six diffuse spots, quantitatively demonstrating par-
tial orientation order within the 200 nm superlattice.
In contrast, Tis-conjugated gold nanocrystals pat-
terned on the 200 nm square A;s domains showed
completely disordered arrangements (Figure 4B).
Because the DNA sequences, nanoparticle con-
centrations, annealing temperatures, and times were
all held exactly the same, the only reason disorder
would be observed within the square arrays and not
the parallelograms is that the edge and corner
boundaries of the mesoscale DNA patterns place a
significant constraint to prevent any particle migra-
tion or association with the neighboring hydropho-
bic HTS areas. Although it should be noted that the
overall edge roughness and corner sharpness of the

200 nm square and parallelogram nanoparticle ar-
rays are weak, highly ordered packing is still not ob-
served even in larger 400 nm square arrays where
edge roughness and corner rounding should be less
influential (Supporting Information Figure 2). This is
most likely because, even with a perfectly shaped
90° corner, the sides of a square would favor two
competing hexagonally close-packed (hcp) orienta-
tions rotated 30° with respect to each other. While
with very large squares, this would result in multiple
grains and grain boundaries, in smaller squares
these grain boundary defects will most likely oc-
cupy the majority of the packed nanoparticle area.
Therefore, despite the strong tendency of the par-
ticles to pack into hcp arrays as observed within the
parallelogram features, the boundaries of the square
DNA domains drove disorder toward the energeti-
cally unfavorable non-hcp orientations. The
clear difference in packing and ordering ob-
served between the two different patterned
DNA geometries demonstrates the strong
confinement effect the chemically immiscible
boundaries have on particle sequestration and
orientation and their importance toward ob-
taining long-range order within close-packed
nanocrystal arrays.

In order to demonstrate that the observed
hexagonal packing of the nanoparticles was
due to interparticle hybridization mediated by
the A;s strands, T1o-AAGACGAATATTTAACAA

Figure 3. SEM image of a 1.5 um area within a single parallelogram nanocrystal
array. The gold nanoparticles are tightly packed in a 2-D hexagonal superlattice.
Fourier transforms of selected areas show that the rotation of the superlattice over
this image area varies by no more than £7° (relative to area IV).
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(DNA-1) conjugated 10 nm gold was adsorbed
to 3 pm parallelogram arrays of the DNA oli-
gonucleotide A;o-TTCTGCTTATAAATTGTT
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Figure 4. Low- and high-magnification SEM images of nanocrystal superlattices obtained after adsorbing and annealing
Tis-conjugated gold to (top) 200 nm parallelogram and (bottom) 200 nm square patterns of A;s. Insets show FTs of a ~200
nm parallelogram and 200 nm square nanocrystal array, each in its entirety.

(cDNA-1). Because, in this case, a strand of DNA on the
surface can only hybridize to one strand on any given par-
ticle, no DNA-assisted inteparticle bridging can occur. Us-
ing the exact same assembly conditions as the T;s and
A;s systems, nanocrystal arrays from the DNA-1 and
cDNA-1 sequences appeared to be largely disordered
with very limited local order (Supporting Information
Figure 3). Because very minimal hexagonal packing was
seen in this case, it is clear that hexagonal ordering was
not caused by the physical entrapment of gold nanocryst-
als to a given domain but rather that the crystallographic
orientation was thermodynamically driven, with multiple
A;s strands acting as DNA linkers to drive interparticle as-
sociation. These interactions would be caused either by
substrate-bound DNA or desorbed DNA hybridizing to
two separate strands on neighboring gold nanoparticles.
When a strand of DNA on the surface can only hybridize
to a single strand on an individual particle, there is no in-
terparticle attractive force to drive assembly, resulting
largely in disordered arrangements.

MATERIALS AND METHODS

Silicon Patterns. Silicon line patterns of 200 and 400 nm dimen-
sions were fabricated as published.?* The micrometer sized Si
templates were obtained from a photolithographically patterned
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CONCLUSIONS

In conclusion, we demonstrate here that, by com-
bining particle sequestration and confinement with
interparticle attractive forces with thermal anneal-
ing, it is possible to obtain thermodynamically
stable, well-defined nanoparticle superlattices that
show long-range positional order at specific, prede-
termined sites on a substrate. We furthermore show
that strong confinement effects can be induced sim-
ply by having chemically immiscible boundaries at
the edges of each nanocrystal array and that these
can strongly influence particle packing and ordering.
The work shown thus far demonstrates the first les-
sons toward obtaining highly ordered 2-D and 3-D
nanoparticle structures in a deterministic and con-
trollable fashion, and these will be applied in future
studies toward engineering more complex nanocrys-
tal arrangements that show different crystallo-
graphic orientations or are composed of multiple
types of nanocrystal materials.

(100) silicon wafer (Ultrasil Corp.) and a reactive ion etch (RIE). A
positive photoresist was first spin-coated on the silicon wafer fol-
lowed by exposure using a a Karl Suss MA6Mask Aligner system
to create the patterned lines. After exposure and development, a
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2 wm thick mask was used to transfer the line patterns into sili-
con by RIE using a SFs/C4Fg mixture gas.

DNA Patterning. All silicon substrates were cleaned by sonica-
tion in acetone, ethanol, and DI water successively. PDMS sub-
strates were cleaned by sonication in ethanol and DI water. Both
PDMS and Si substrates were next rendered hydrophilic by UVO
(Jelight, model 42) treatment with 3 SCFH oxygen gas. UVO-
treated PDMS substrates were inked with 1 L of 20 uM polyad-
enine(A;s) (Integratred DNA Technologies) and incubated in a
humid chamber for 30 min. The DNA-inked PDMS substrates
were then briefly blown dry with nitrogen. Each subtraction
printing step was performed by loading a 50 g weight on top
of the PDMS, bringing it into contact with the silicon master for
30 s. DNA-patterned Si substrates were next vapor treated with
hexyltrimethoxysilane (Gelest Inc.) in a 45 °C oven.

Conjugation of AuNP—DNA. Ten nanometer gold nanoparticles
(Ted Pella) first reacted with bis(p-sulfonatophenyl)phenyl-
phosphine dihydrate dipotassium salt (Strem Chemicals) and
concentrated according to ref 24. The phosphine-stabilized
nanoparticles were then mixed with 5’-thiolated polythymine
(T15) using 200:1 molar ratios of DNA to gold and incubated for
at least 12 h. Excess salts and DNA were removed by washing
particle solutions out three times using a 30 kDa MWCO centri-
fuge filter (NANOSEP, Pall Corp.). Nanoparticles were resus-
pended in DI water and kept stored in a refrigerator at 4—8 °C.

AuNP Hybridization. Six microliters of DNA-conjugated gold
nanoparticle solution with MgCl, was dropped onto a DNA-
patterned Si substrate and absorbed for 5 min. To remove ex-
cess AUNPs and salts, the substrates were next briefly dipped in
the solutions of 125 mM Mg in 1X TAE buffer followed by a 5 s
50% ethanol rinse and a 30 min immersion in 90% ethanol. Ther-
mal annealing of the gold nanoparticle arrays was done by heat-
ing the substrates at 60 °C in a humid environment for 4—5 h.
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