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he resolution limits of conventional

top-down lithographic fabrication

techniques have steadily improved
over the last decades. As a result, sub-100
nm fabrication technologies have now be-
come new standards in the semiconductor
device industry. The rate of progress, how-
ever, cannot be maintained, as fundamental
thermodynamic limits are being reached.’
The next generation of lithography tools at-
tempt to circumvent these fundamental
limits but with a remarkable increase in pro-
duction cost.2 These hurdles have moti-
vated the exploration of novel and more
unconventional nanofabrication
techniques.>* Bottom-up assembly strate-
gies involving the self-assembly of small
building blocks (e.g., molecules and nano-
particles) to form more complex nanostruc-
tures are currently being explored as alter-
native nanofabrication tools. Chemical
synthesis allows for the production of bulk
quantities of multicomponent nanoparticle
building blocks, monodisperse in size, in a
variety of shapes. Structures well beyond 1
nm, (e.g., the shell thickness in core—shell
nanoparticles)® can be synthesized, which is
well outside the scope of any lithographic
method.

Although conversely, it remains uncer-
tain whether such bottom-up assembly
strategies alone will be successful in pro-
ducing complex devices, such as electronic
or plasmonic circuits with macroscopic di-
mensions. A more likely scenario is that
bottom-up techniques will be used as
complementary process steps within a se-
quence of classical top-down fabrication
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ABSTRACT A method for the templated DNA-directed self-assembly of individual gold nanoparticles (AuNPs)
into discrete nanostructures is described. The templating nanostructures consisted of a linear configuration of six

metal dots with a center-to-center dot distance of 55 nm, fabricated by means of electron beam lithography. The

40 nm DNA-capped AuNPs were immobilized onto this templating nanostructure to produce a linear configuration

of six adjacent AuNPs. The geometry of the templating nanostructure was found to be critically important for

the successful direction of a single nanoparticle onto individual adsorption sites. For optimized template structures

the immobilization efficiency of nanoparticles onto the individual adsorption sites was found to be 80%. The

nonspecific association of nanoparticles with specifically adsorbed nanoparticles and the between adsorption of

nanoparticles, bridging two individual adsorption sites, were the two main defects observed in the immobilized

assemblies. Less than 1% of all surface confined AuNPs adsorbed nonspecifically in the areas between the self-

assembled regular arrays.
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methods.®""" The integration of syntheti-
cally produced nanostructures into litho-
graphically produced structures would al-
low for the exploitation of their unique
properties that result from their refined
nanostructure.'>~'% Furthermore, chemi-
cally prepared single-crystalline metal
nanoparticles were shown to exhibit dra-
matically reduced surface plasmon damp-
ing, compared to lithographically fabricated
nanostructures, qualifying them as ideal
building blocks for plasmonic
applications.'®"’

Controlled self-assembly is required to
achieve this and ultimately demands for
self-assembly techniques that allow to di-
rect individual nanoparticles onto pre-
defined surface sites. Combining chemical
nanoparticle synthesis and advanced
bottom-up self-assembly strategies with
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conventional top-down lithographic techniques would
enable the assembly of nanoparticles with unique
optical,'®" 2 electronic,?'?2 and photovoltaic?*?* proper-
ties into predefined formations (tetrapots, =%
superlattices,?®?° barcode-like,3*3" and pyramidal®?
structures).

Gold nanoparticles (AuNPs) have received a great
deal of attention in the past decade due to their inter-
esting optical properties®>3* and are thus attractive can-
didates for use in optical devices, where the optical cou-
pling ability of AuNPs* is exploited for signal transfer.3
The plasmonic coupling of AuNPs is strongly depend-
ent on the interparticle distance,*”® making it a critical
parameter to control when fabricating plasmonic
structures.

The self-assembly of nanoparticles onto surface pat-
terns can be driven by a number of processes, such as
electrostatic interaction, chemical binding, and hydro-
philic/hydrophobic interaction.3*~* DNA-directed self-
assembly is unmatched by other self-assembly tech-
nigues due to its unlimited programmability, which
allows the encoding of specific adsorption sites for a
multitude of different nanometer-sized building
blocks.%” This will be of great importance if the parallel
self-assembly of a number of different nanoscale build-
ing blocks onto a common substrate is envisaged.

DNA-directed assembly of AuNPs into complex con-
figurations in solution,*~*” as well as onto surfaces,**~>0
has been reported. Although the DNA-assisted assem-
bly of building blocks has been investigated for over a
decade, the assembly of nanobuilding blocks into nano-
sized configurations, and onto nanopatterned arrays,
in high yields still remains a key challenge. Zhang et al.
reported on the difficulty of the templated assembly of
individual DNA-capped AuNPs onto a two-dimensional
DNA nanogrid, observing an overall single particle im-
mobilization efficiency of roughly 60%.>° Other research
groups have reported on the assembly of AuNPs in so-
lution. Both Claridge et al.?” and Qin and Yung have re-
ported the DNA-assisted AuNP assembly into dimers,
trimers, and tetramers. Claridge and co-workers used
branched DNA scaffolds to produce different tetramer
structures and estimated that the assembly process
yielded the desired structures with 9% efficiency. Re-
cently, several groups reported the DNA-directed as-
sembly of metal nanoparticles onto DNA origami.”’ >3
Sharma et al.> achieved a yield of 91% when directing
lipoic acid-mediated AuNP—DNA conjugates onto
origami nanoarrays.

In this study we explore the possibility of directing
individual nanoparticles onto single absorption sites
by DNA-directed self-assembly. For the fabrication of
nanoscale devices it will be crucially important to al-
low the assembly of nanoscale building blocks in close
vicinity to each other. For this study a simple model sys-
tem was chosen; self-assembling AuNPs with a 40 nm
diameter onto electron beam lithography (EBL) crafted
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gold nanopatterns, directed by Watson—Crick base
pairing. The immobilization efficiency was calculated,
and the distribution of assembly configurations as-
sessed. To the best of our knowledge, this is the first re-
port of DNA-directed assembly of nanobuilding blocks
onto lithographically defined nanopatterns of high
resolution over a large area with great specificity.

The templating nanopattern consisted of a matrix
of six-dot lines. The six-dot line structures were chosen
as an arbitrary representation of potential plasmonic
structures. A combination of adsorption site diameter
and pitch (center-to-center distance of two adjacent ad-
sorption sites) was selected that allowed to assemble
single metal nanoparticles at high yield in close proxim-
ity (Supporting Information, Figures SI-1 and SI-2).

Two different templating nanopatterns architectures
were studied: substrate A (sub-A) with elevated fea-
tures and substrate B (sub-B) with negative surface fea-
tures. In Scheme 1 the proposed method for the direc-
tion of AUNPs onto the templating nanopattern is
schematically represented.

The nanopatterned substrates were fabricated by
EBL (Scheme 1, 1) crafting the nanopattern arrays into
the resist poly(methyl methacrylate) (PMMA), followed
by the nanopattern development (Scheme 1, 2). A chro-
mium (adhesive layer) and gold layer were evaporated
onto sub-A immediately following the development
(Scheme 1, 3a). To attain the negative surface features
in sub-B, a 110 nm silicon oxide layer was grown on the
silicon substrate prior to the PMMA deposition, the
nanopattern was crafted into the PMMA, and the sub-
strate was immersed into an ammonium bifluorid
etchant buffer, transferring the nanopattern into the
silicon oxide, followed by bimetal evaporation (Scheme
1, 3b). Subsequent lift-off yielded the gold nanopat-
tern, comprising of a matrix of six-dot lines. An area of
1 mm? was patterned with a total of four million 6-dot
line features. The nanopattern arrays were functional-
ized with thiol-terminated DNA strands (surface DNA)
(Scheme 1, 4), and a linker strand, with the function of
linking the AuNPs to the templating nanopattern struc-
tures, was hybridized onto the surface DNA (Scheme 1,
5). The linker DNA was a single-stranded oligonucle-
otide comprising of two segments of 15 base pairs: one
complementary to the surface DNA and the other
complementary to the particle DNA. In the final step,
the AUNP—DNA conjugates were assembled onto the
nanopatterns through hybridization of particle DNA to
the sticky-end of the linker DNA (Scheme 1, 6). When
the AuNP self-assembly process was conducted with-
out a linker (omitting step 5 in Scheme 1), no immobili-
zation of AuNPs onto the nanopattern was expected,
as nothing would link the AuNPs to the nanopattern.

RESULTS AND DISCUSSION
Atomic force microscope (AFM) and scanning elec-
tron microscope (SEM) micrographs of the two nano-
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Scheme 1. Schematic Representation of Top-Down Nanopattern Fabrication and Bottom-Up Gold Nanoparticle Self-
Assembly Process (Not to Scale)® 9(1) Nanopattern arrays crafted into PMMA by means of EBL; (2) pattern development; (3) etching
(sub-B only), chromium and gold evaporation, and PMMA lift-off, yielding sub-A with elevated feature and sub-B with negative surface fea-
tures, schematically illustrated; (4) gold nanopattern arrays functionalization with thiol-terminated surface DNA; (5) linker DNA hybridized onto
surface DNA; and finally (6) AuNP—DNA conjugates were hybridized onto the templating nanopattern arrays. The inset show an illustration
of the DNA interaction that drives the self-assembly, where the linker DNA (red in illustration) links the particle to the nanopattern array, as
it comprises of two different 15 base-pair segments: one complementary to the surface DNA (black in illustration) and the other complemen-
tary to the particle DNA (blue in illustration, sticky-end).

pattern substrates, sub-A and sub-B, are displayed in (A and B) and sub-B (C and D) yielded by top-down fab-
Figure 1. The SEM and AFM micrographs shown in Fig-  rication, displaying the remarkable precision of the fab-
ure 1 depict the two templating nanostructures: sub-A  rication method. The height of the features of sub-A
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Figure 1. SEM and AFM micrographs displaying the architecture of the two nanopatterned substrates used for this study:
(A) SEM micrograph of sub-A, (B) AFM micrograph and cross-section profile showing in more detail the six-dot lines that make
up the templating nanopattern, with elevated features 15—18 nm high, (C) SEM micrograph of sub-B, (D) AFM micrograph
and cross-section profile of sub-B, showing in closer detail the etched profiles containing six individual metal dots, located
below the surface plain, evident as six local maxima in the cross-sectional profile.
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Figure 2. AFM micrographs and scheme of sub-A following the AuNP self-assembly process (the color-height bar applies to
A and B including the inset): (A) successful hybridization of DNA-capped AuNPs, (B) close-ups of a few six-dot lines, the in-
set shows the negative control assembled onto a nanopattern carrying surface DNA but no linker, (C) three-dimensional rep-
resentation of one templating nanostructure with assembled AuNPs, visualizing how the AuNPs adsorb to the side of the ar-
ray, and (D) schematic illustration of the lateral adsorption of AuUNPs onto the lithography defined templating structure.

was estimated to be 15—18 nm (~5 and ~12 nm Cr
and Au, respectively), and the depth of the holes of
sub-B was estimated to be between 4 and 6 nm (~2
and 6 nm Cr and Au, respectively). The templating
nanostructures were spaced roughly 500 nm apart in
the x-direction and 220 nm in y-direction (center-to-
center). Typical AFM micrographs depicting sub-A fol-
lowing the bottom-up self-assembly of AuNPs are dis-
played in Figure 2.

As seen in Figure 2, the AuNPs adsorbed to the
nanopattern at high yield. When the AuNP self-
assembly process was conducted without linker DNA
(omitting step 5 in the self-assembly process illustrated
in Scheme 1), no immobilization of AuNPs was ob-
served (inset in Figure 2B), demonstrating that the self-
assembly was entirely DNA-driven. Although the immo-
bilization efficiency was high and the assembly clearly
DNA driven, the AuNPs did not immobilize straight onto
the six-dot lines, and thus the immobilized AuNPs did
not reproduce the templating nanopattern well. Instead
the particles appeared to laterally adsorb to the lithog-
raphy defined templating nanostructure, forming
double lines. In Figure 2B a close-up of a few six-dot
lines with assembled AuNPs are displayed; in these im-
ages the templating nanostructure (darker shaded six-
dot lines) and AuNPs (brighter round spots) can be vis-
ibly distinguished, clearly displaying that the AuNPs
preferably adsorbed to the side of the nanopattern. In
the AFM micrograph shown in Figure 2C, a three-
dimensional representation of one templating nano-
structure with immobilized AuNPs, the lateral adsorp-
tion to the templating structure is very clearly visual-
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ized. The immobilization onto the nanopattern
occurred in a nonregular manner, consequently a
strong variation in the number of particles per six-dot
line as well as their adsorption location onto the distinct
dots was observed. The elevated geometry of the nano-
pattern allowed for the binding of multiple AuNPs from
different angles, schematically illustrated in Figure 2D. It
was observed that higher DNA (surface and linker) and
AuNPs concentrations favored the simultaneous ad-
sorption to both sides of the six-dot lines (Supporting
Information, Figure SI-3). When conducting the surface
and linker DNA hybridization step in DNA solutions of
lower concentration and the AuNP immobilization step
in more dilute AUNP—DNA conjugate solution, the oc-
currence of lateral adsorption to the nanostructure was
somewhat decreased. The main problem of the lateral
adsorption however prevailed, as it was due to the ge-
ometry of the templating structures rather than the
AuNP self-assembly process.

Due to the observations made for the self-assembly
of AUNPs onto sub-A, an alternative templating nano-
pattern architecture was developed, with the intention
to decrease the number of possible adsorption sites on
each array dot (sub-B; fabrication described above, de-
picted in Figure 1C and D). A1 X 1T mm area was pat-
terned to facilitate the statistical analysis of the AUNP
self-assembly process. Typical SEM micrographs of
sub-B following the self-assembly procedure are shown
in Figure 3.

The self-assembled AuNPs were found to closely re-
produce the underlying templating nanopattern struc-
ture over the entire patterned area. Unprecedented
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Figure 3. SEM micrographs and schemes of sub-B following the AuNP self-assembly process: (A) large area SEM micrograph
of the nanopatterned following the AuNP self-assembly process, (B) close-up of selected six-dot lines, and C) schematic illus-
trations of observed defects in assembly configurations, namely, vacant adsorption sites, between adsorption (in between

two intended adsorption sites), and side-on adsorption.

control over the DNA-directed assembly of individual
nanoparticles onto lithographically defined nanopat-
terns could be achieved, demonstrating the feasibility
to place individual nanometer-sized building blocks
into precise positions within lithographically defined
structures. No particle immobilization was observed in
a control experiment (Figure SlI-4), where the assembly
process was conducted with templating nanostructures
that carried surface DNA but no linker DNA, indicating
that the observed assembly was directed by DNA hy-
bridization. Figure 3B shows a close-up of a representa-
tive area within the nanopattern.

The probability of an adsorption site being occu-
pied was 80%. This was determined by counting the to-
tal number of vacant adsorption sites found on a 10 X
9 wm area on the substrate depicted in Figure 3A, and
comparing it to the total number of adsorption sites
(Supporting Information, Table SI-1). The total number
of nonspecifically adsorbed AuNPs (no contact with any
array) on this area was 34, which amounted for 0.72%
of the total number of AuNPs, an exceptionally low
number.

While the templating linear six-particle arrange-
ment was well reproduced by the self-assembled par-
ticles; certain assembly irregularities (‘defects’) were ob-
served. These are schematically depicted in Figure 3C.
Three major defect types were observed: (1) adsorption
sites which were not occupied by AuNPs (vacancies),
(2) between adsorption of nanoparticles, simulta-
neously bridging two individual adsorption sites, and
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(3) the side-on adsorption, where nanoparticles adsorb
laterally to already immobilized particles.

The number of AuNPs immobilized onto each six-
dot line was determined from a typical TEM image (Sup-
porting Information, Figure SI-5), and the statistical dis-
tribution, based on the assessment of 922 assemblies, is
shown in Figure 4. Close to 50% of all six-dot lines had
5 AuNPs immobilized, and in more than 98% of all six-
dot lines, 4—7 AuNPs were adsorbed. Of all the six-dot
lines, 20% had a total of 6 AuNPs immobilized.

The assemblies were further divided into three cat-
egories: (1) uninterrupted and (2) interrupted lines and
(3) lines with side adsorption. All assemblies with par-
ticles not immediately onto the templating nanostruc-
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Figure 4. Chart displaying the distribution of the number of particles
encompassed in assemblies divided into assembly groups of 3—7 and
>7 particles. The distribution of the assembly configurations (lines, in-
terrupted lines, and lines with side adsorption) for each assembly
group is displayed to the right. The 14 assembly subcategories ob-
served are depicted at the top of the chart.
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ture were categorized into group 3, even if they were
further defected, i.e., an assembly immobilized into an
interrupted line with side-on adsorption was classified
into group 3 solely. The statistical analysis showed that
for six-dot lines with five or less AuNPs within the as-
sembly, the interrupted line configuration was the most
common, while for assemblies that carried six and more
AuNPs, lines with side-adsorption were most com-
monly observed. A total of 19.6% of all assemblies that
featured six adsorbed AuNPs exhibited the aspired ar-
rangement of six AuNPs in a linear configuration, per-
fectly reproducing the templating structure of the
nanopattern.

Few six-dot lines had four or less particles immobi-
lized in an uninterrupted line, still the number of six-
dot lines with four AuNPs immobilized was very high.
These assemblies were almost exclusively arranged in
an interrupted line and were the result of the between
adsorption defect, illustrated in Figure 3. This was also
the case for six-dot lines with five AuNPs assembled. Of
all the six-dot lines, only the ones with five AuNPs im-
mobilized contain a significant number configured into
an uninterrupted line (33.8%). If the AUNPs assemble
in between the indented adsorption sites (between ad-
sorption), five can “fit” onto the templating nanostruc-
ture. For six particles to sit in a straight line on the nano-
structure, the particles must immobilize straight onto
the dots of the six-dot lines (i.e., onto the intended ad-
sorption site). The geometry of these templating nano-
structures appeared to favor between adsorption. This
is believed due to the geometry of the six-dot lines. The
isotropic wet chemical-etching process used here re-
sults in the removal of a significant amount of SiO, in
the areas between the six adsorption sites. This is illus-
trated by the cross-sectional analysis shown in Figure
1D, revealing six (gold) adsorption sites as local maxima;
however, these appear not to be separated by a detect-
able SiO, barrier. This thermodynamically favors the si-
multaneous binding to two adjacent adsorption sites in
a between fashion.>* Additional experiments (Support-
ing Information, Figures SI-6 and SI-7) suggested that
the side-on adsorption was a consequence of the com-
bined linker/surface DNA length, allowing for the sticky-
end section of the linker DNA to stretch beyond the
templating nanostructure. Deeper holes reduced the
occurrence of side-on adsorption, thus it is believed
that a shorter DNA strand, possibly in conjunction with
carefully controlled increase in hole depth, would sup-
press the recurrence of the side-on adsorption defect. A
high hybridization efficiency of AuNPs was observed
onto individual adsorption sites (80%). As opposed to
the observations made by Zhang et al.,*® the drop in ef-
ficiency was not due to interparticle repulsion but a re-
sult of AuNPs being sterically hindered from adsorbing
onto spatially confined adsorption sites, located at in-
terjacent sites between two already adsorbed particles.
For the self-assembling AuNPs to perfectly reproduce
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the templating nanostructure, the geometry of the six-
dot lines should be modified; the diameter of the dot
could be decreased, the center-to-center pitch distance
slightly increased, and the hole depth increased (with
anisotropic etching methods). This would prevent the
between adsorption from occurring, while also dramati-
cally lowering the recurrence of side-on adsorption.

CONCLUSION

We have studied the templated assembly of DNA-
capped gold nanoparticles (AuNPs) onto surface nano-
patterns fabricated by electron beam lithography (EBL)
with the aim to control the assembly of individual nano-
particles into discrete arrays. The templating structure
was composed of 6 metal patches of 36 nm diameter
and a center-to-center distance of 55 nm, encoding ad-
sorption sites for 6 individual nanoparticles. In an ini-
tial attempt, the gold surface patterns were fabricated
by simple EBL/lift-off techniques, yielding elevated gold
patterns of approximately 20 nm height. The DNA-
directed adsorption of several AuUNPs from different
angles to the same surface site could be observed. As
a result the array of self-assembled AuNPs did not rep-
resent a good match to the underlying nanostructure.
In order to reduce the possible adsorption angles an ad-
ditional wet chemical-etching step was included in the
template fabrication process. As a result, gold surface
nanopatterns template with negative surface features
could be fabricated. DNA-directed self-assembly of
AuNPs onto these templates yielded particle assem-
blies that reproduced the nanofeatures of these litho-
graphically defined nanopatterns with unprecedented
accuracy. The efficiency of binding AuNPs onto indi-
vidual absorption sites was found to be 80%. Less than
1% of all surface confined nanoparticles was adsorbed
nonspecifically in areas between the self-assembled
regular arrays. Different types of assembly defects were
indentified, which are believed to be a consequence of
the specific template geometry that results from the
isotropic wet chemical-etching step applied. Replacing
this procedure with an anisotropic reactive ion-etching
process should allow fabricating recessed gold struc-
tures, separated by intact areas of unetched silicon. This
improved architecture would allow to avoid the be-
tween adsorption which represents the most common
defect observed in this study. A number of additional
factors influence the assembly yield, and their further
optimization is likely to afford strong improvements in
the assembly yield and the suppression of defect forma-
tion. This could pave the way toward the integration
of complex nanometer building blocks into optical and
electronic circuits through self-assembly, yielding com-
plex structures with unique optical and electronic prop-
erties not attainable through any other fabrication strat-
egy. Such building blocks can be produced in bulk
quantities with sub-nm features and high structural
complexity through chemical synthesis. Additional
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functionalities can be conferred to such building blocks
through their conjugation with molecular functional-
ities with particular biological, electrical, and optical
properties. Alternative assembly strategies, such as

METHODS

Synthesis of AuNP—DNA Conjugates. AUNP solution (Ted Pella,
OD1, 1 mL, as received) was placed in a microcentrifuge tube
and centrifuged at 3800 rpm for 40 min. The supernatant was
disposed off, and a 100 .M oligonucleotide (Fidelity Systems) so-
lution (10 pL particle DNA: 3'-[HS]5-T;s-TAA TCA GCG TCA TAA-
5') was added to the AuNP solution, resulting in a ratio of 1160:1
ssDNA: AuNPs. The mixture was gently mixed with a vortexer
(200 rpm) for approximately 2 h at room temperature (RT), upon
which 140 pL ultra pure water (Barnstead NANOpure Ultrapure
system), 250 pL buffer Il (40 mM K,HPO./KH,PO,4 10 mM EDTA,
0.1% tween 20), 50 pL 5 M NaCl, and 5 pL 100 mM bis(p-
sulfonateophenyl)phenylphosphine dihydrate dipotassium
(BSPP, Sigma-Aldrich) were added dropwise to the mixture and
left at RT for 1 h. Incubated at RT overnight and thereafter, the
excess DNA was washed off by adding 1 mL of NANOpure wa-
ter and centrifuging the mixture for 40 min at 3800 rpm. The su-
pernatant was disposed off, and the procedure was repeated
twice. After the final cleaning step, 80 L of buffer Il was added,
and the mixture was kept in the refrigerator, where it was stable
for months. The absorption spectra show the characteristic plas-
mon absorption peak at 527 nm for 40 nm particles. The concen-
tration of the AuUNP—DNA conjugate solutions was calculated
to be 1.4 nM by assuming an extinction coefficient (¢) of 6.7 X
10° M~'em ™" (product information, Ted Pella), and & does not
change drastically for AUNPs upon DNA functionalization.

Nanopattern Fabrication. A 50 nm layer of poly(methyl methacry-
late) (PMMA) was spin coated onto a (101) silicon substrate (1%
PMMA 950 in chlorobenzene, 2000 rpm). Electron beam lithog-
raphy (EBL) was conducted using a VISTECH VB300 EBL system.
The pattern was then developed for 100 s in a mixture of cold
(—5 °C) isopropanol:water (7:3) placed in a sonication bath). For
sub-A vacuum depositions of chromium (5 nm) and gold (12 nm)
were carried out using an Edwards 501 evaporator inside a
glovebox. Samples were placed on a rotating tray with a source
to substrate distance of 25 cm. Deposition rates and film thick-
nesses were measured using a calibrated quartz thickness moni-
tor inside the vacuum chamber and were evaporated from open
tungsten boats (RD Mathis, ME8 0.005 W) at a vacuum of less
than 5 X 10~® mbar. The deposition rate for both Cr and Au were
0.01—0.02 nm/s. For sub-B, the substrate was immersed into
EtOH for 20 s prior to immersing into a 10% NH,4HF, in NAN-
Opure water for 15 s, rinsed with NANOpure water, and dried be-
fore evaporation. Vacuum deposition was carried out using a
custom-made evaporator from LB Equipment. The substrates
were placed onto a nonrotating substrate holder, with a sub-
strate to source distance of 32 cm. Deposition rate and film thick-
ness were monitored using a quartz thickness monitor inside
the chamber, and the metals were evaporated from open tung-
sten boats (RD Mathis, S9A 0.005 W) at a vacuum less than 2 X
1077 Torr. A2 nm Cr and a 6 nm Au layer were deposited at a rate
of 0.01 nm/s. For both sub-A and sub-B, the PMMA was re-
moved by immersing the samples in 1,2-dichloroethane (DCE,
Sigma-Aldrich) and placing them in an ultrasonic bath for 1—5
min. The procedure was repeated three times. In order to mini-
mize the nonspecific adsorption of the DNA-tagged AuNPs, the
silicon surface was modified with
2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (PEG-
silane, Gelest Inc.). Then 1.2 pL PEG—silane, 1.2 mL toluene, and
1 pL 32% hydrochloric acid (HCI, Sigma Aldrich) were mixed in
a microcentrifuge tube, and 1 mL of the mixed solution was
taken out, and placed into a clean beaker. The samples were im-
mersed into the solution and left at RT for 1 h. Following the sur-
face modification step, the samples were washed with toluene
(three times) and ethanol (twice) and were thereafter dried un-
der a stream of nitrogen.
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electrostatic self-assembly, are currently being investi-
gated for applications where the DNA surface capping
is likely to hinder, e.g., the electronic addressing of the
self-assembled nanostructures.

DNA Modifications. In a typical experiment, a 10 pL solution of
surface DNA (5'-[HS]5-T;5-TTA TGA CCC TGA TTA-3') was pre-
pared in buffer I. A 20 L solution of reducing gel (PIERCE, Immo-
bilized TCEP Disulfide Reducing Gel) was washed twice with
buffer | (0.5 NaCl, 20 mM K;HPO4/KH,PO,, pH = 7) by centrifug-
ing and disposing the supernatant, the DNA-solution was added,
and the suspension left at RT for 1 h. The substrates were placed
in a hybridization chamber (HC, Corning Incorporated), and a
10 pL drop of the surface DNA solution was placed onto the
sample. Incubated at RT overnight. The substrates were then
placed in a microcentrifuge tube filled with buffer | and mixed
with a vortexer for 10 s. The buffer was replaced with fresh
buffer, and this process was repeated twice. A solution of linker
DNA (5'-ATT AGT CGC AGT ATT TAA TCA GGG TCA TAA-3') was
prepared in buffer I. Excess liquid was dried off the sample with
a lint-free paper towel (Kimwipes) by tipping the sample edge to
the tissue, making use of capillary force. Sub-A was placed back
into the HC, and a 10 pL drop of the linker solution was placed
onto the substrate. Sub-B was placed into a temperature-
controlled hybridization chamber (TC, Eppendorf Thermomixer
comfort), at 64 °C, and a 20 p.L drop of the linker solution was
placed onto the substrate, incubated at 64 °C for 3 min, where-
upon the temperature was decreased to 25 °C over 10 min. After
a 4—12 h incubation period, the substrates were placed in a mi-
crocentrifuge tube filled with buffer | and mixed with a vortexer
for 10 s. The buffer was replaced with fresh buffer, and this pro-
cess was repeated twice.

AuNP—DNA Conjugate Assembly onto Nanopattern Template. The
excess liquid was dried off the sample with a lint-free paper
towel (Kimwipes) by tipping the sample edge to the tissue, mak-
ing use of capillary force. Sub-A was placed in a HC, and a 10
wL drop of the AUNP—DNA conjugate mixture was placed onto
the substrate. After an incubation period of 2—2.5 h the sub-
strate was placed in a microcentrifuge tube filled with buffer Il
(0.5 NaCl, 20 mM K,HPO4/KH,PO,4, 5 mM EDTA, 0.05% tween 20).
The AuNP—DNA conjugate mixture was placed in a round-
bottom flask, and sub-B was immersed. The flask was placed in
a 42—44 °C water bath that was allowed to slowly reach RT and
incubated for 12 h, upon which the substrate was placed in a mi-
crocentrifuge tube filled with buffer II.

The final substrate cleaning process: a small beaker was
filled with buffer Il (beaker 1), and another beaker was filled
with 0.1 M ammonium acetate (beaker 2). The substrates were
first immersed in beaker 1, gently swirled around, and then im-
mersed in beaker 2 (to remove salt traces). The edge of the
sample was brought into contact with a lint-free paper towel
(Kimwipes), using capillary force to dry the sample. The sample
was kept at a tilted angle in air until completely dry.

Characterization. The samples were characterized using an
Atomic Force Microscope (AFM) from Agilent Technologies (5500
AFM). Nanoworld’s high-frequency non-contact probes with alu-
minum coating for enhanced reflectivity (NCHR), with a typical
resonance frequency of 320 kHz and a force constant of 42 N/m,
were used for imaging.
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