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Block copolymer self-assembly to pattern gold
nanodots for site-specific placement of DNA
origami and attachment of nanomaterials¥
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Directed placement of DNA origami could play a key role in future integrated nanoelectronic devices.
Here we demonstrated the site-selective attachment of DNA origami on gold dots formed using a pattern
transfer method through block copolymer self-assembly. First, a random copolymer brush layer is grafted
on the Si surface and then poly (styrene-b-methylmethacrylate) block copolymer is spin-coated to give a
hexagonal nanoarray after annealing. UV irradiation followed by acetic acid etching is used to remove the
PMMA, creating cylindrical holes and then oxygen plasma etching removes the random copolymer layer
inside those holes. Next, metal evaporation, followed by lift-off creates a gold dot array. We evaluated
different ligand functionalization of Au dots, as well as DNA hybridization to attach DNA origami to the
nanodots. DNA-coated Au nanorods are assembled on the DNA origami as a step towards creating nano-
wires and to facilitate electron microscopy characterization of the attachment of DNA origami on these
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Au nanodots. The DNA hybridization approach showed better DNA attachment to Au nanodots than
localization by electrostatic interaction. This work contributes to the understanding of DNA-templated
assembly, nanomaterials, and block copolymer nanolithography. Furthermore, the work shows potential

rsc.li/nanoscale for creating DNA-templated nanodevices and their placement in ordered arrays in future nanoelectronics.

Additionally, bottom-up nanofabrication is a promising

1. Introduction
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The growth of nanofabrication has led the way for innovations
in various areas, including medicine, textiles, agriculture,
food, and electronics.' Some of these, including medical and
energy-serving products, have already been established and
marketed,” while others like optics and nano sensing are still
in the laboratory stage.® Miniaturization allows for manufac-
ture of portable,® implantable,” and even injectable devices.®
Current top-down nanofabrication techniques have been
effective in meeting the global demands of increased capacity
per unit area and lowered costs for improved devices. New
technologies, such as 3-D integration” and new materials for
interconnects,® will help to continue these advances.
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alternative to developing nanoscale designs as it is widely
applicable and potentially scalable to generate large numbers
of devices.” Furthermore, bottom-up nanofabrication tech-
niques often consume little energy,'® do not need expensive
patterning tools'* and provide a fundamental platform for
materials assembly and characterization."> In bottom-up
methods, self-assembly is essential as it enables the construc-
tion of complex architectures from molecular building
blocks.™ Our work is centred on two types of self-assembled
soft-matter systems: block copolymers (BCPs) and DNA
origami.

BCPs contain two or more covalently bonded segments of
different polymers. They can self-assemble into ordered struc-
tures with nanofeatures whose size can be engineered by
managing the molecular weights of the individual segments."*
Nanoscale patterns that result from BCP thin films are
suitable for various applications of nanofabrication, including
electronics, optics, solar cells, magnetic storage, and
acoustics."

DNA origami, initially presented by Paul Rothemund in
2006,"® can create 2-D and 3-D nanoscale objects through pro-
grammed self-assembly based on hydrogen bonding between
base pairs. DNA origami uses a long, single-stranded DNA

This journal is © The Royal Society of Chemistry 2023
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(ssDNA), called the scaffold (typically viral DNA ~7000 nucleo-
tides long), with hundreds of designed short ssDNA called
staple strands. Each staple strand has multiple binding sites
that connect distant scaffold domains via crossover base
pairing, folding the scaffold into desired shapes. The versati-
lity of DNA origami templates in various applications, includ-
ing medical,"” plasmonic'® and electrical,'® can be increased
through functionalization with nanomaterials.>® Aryal et al.*!
utilized the site-specific binding nature of DNA to fabricate
plus, cross, and c-shaped structures and created metal nano-
wires on these shapes. By careful engineering, different
materials can be attached to the same DNA origami
template.”*** In addition to hybridization, chemical®* and
electrostatic interactions® allow for nanomaterial attachment
that is not DNA sequence specific. Electronic materials such as
Au,”® Te,”® Ag,”” Cu®® and Pd*® have been assembled to create
continuous wires. Furthermore, carbon nanotubes° have been
attached to DNA origami to create field-effect transistors with
tuneable conductivity.*°

Periodic arrangements of DNA-organized devices are useful
for optical and electronic applications. It is common to inte-
grate the bottom-up self-assembly of DNA structures with top-
down lithographic methods for surface patterning. For
example, Ding et al.*' placed DNA origami nanotubes, having
multiple thiol groups near each end, on surface-patterned gold
islands created by electron-beam lithography (EBL). They
further demonstrated an interconnection strategy by construct-
ing complex networks of DNA origami nanotubes whose orien-
tation was precisely controlled by the spacing and pattern of
the gold islands. Moreover, Gopinath et al** showed the
directed self-assembly of DNA origami using electron beam
patterning. They created triangular binding sites with nega-
tively charged surface carboxylate groups surrounded by hydro-
phobic methyl groups. A DNA origami with fluorescent groups
bound strongly on the carboxylate groups via Mg*" bridging,
and they demonstrated optical features that could be useful in
nanophotonics or nanoelectronics. Gerdon et al.** reported a
method combining top-down fabrication and bottom-up self-
assembly to control the delivery of individual DNA origami
onto a single nanometer-scale gold pattern formed by EBL.
They modified the gold with a carboxylic acid-terminated self-
assembled monolayer to attract DNA origami and enable the
controlled placement of nanostructures onto surfaces.
Nanosphere lithography (NSL) is an alternative to EBL for pat-
terning surfaces.>* NSL allowed nonspecific DNA origami pla-
cement where they adsorbed to exposed SiO, by forming salt
bridges with Mg>" at the bottom of nanoholes in a Au film.*®

EBL and ion-beam lithography have several deficiencies,*
including expensive equipment and maintenance and loss of
design resolution because of scattering in the substrate.’” NSL
can pattern only a few shapes and designs. Furthermore, NSL
is restricted by the self-arrangement of spheres to drive the
nanopatterning, so only homogenous repeating arrays result
from this method. Although larger or smaller nanoparticles
(NPs) can be generated by varying the diameter of the nano-
spheres, changing the in-plane NP size independently from
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the distance between the NPs is not straightforward.*® In order
to obtain significant advantages in terms of speed, power con-
sumption, and cost in fabrication of tiny features, researchers
will need to overcome issues arising from the cost and com-
plexity of the technology. Self-assembly of nanostructures may
offer a powerful solution to these issues at sub-20 nm sizes.

BCP nanolithography refers to the use of BCPs to pattern
target substrates to generate functional nanostructures in thin-
film geometries. This work focuses on a BCP system composed
of polystyrene (PS) and poly(methyl methacrylate) (PMMA) that
spontaneously microphase-separates into a hexagonal lattice
of vertical PMMA cylinders in a matrix of PS on a surface
under appropriate processing conditions.***° The orientation
of the minor and major BCP phases in thin films depends on
many factors, including substrate surface energy, film thick-
ness, roughness and topography.*® Landeke-Wilsmark et al.*'
used a poly(styrene-b-2-vinylpyridine) BCP to create well-
ordered, dense arrays of discrete Au NPs. Frascaroli et al.*?
obtained an ordered array of Ti/Pt electrodes on a HfO,/TiN
surface, fabricating memory devices with a well-controlled dia-
meter of 28 nm utilizing polystyrene-b-poly(methyl methacry-
late) (PS-b-PMMA). Bandyopadhyay et al.** demonstrated the
feasibility of spontaneously depositing DNA-conjugated gold
nanospheres into arrays of appropriately functionalized nano-
pores obtained from hexagonally ordered thin PS-b-PMMA BCP
films on silicon. The deposition was mediated by electrostatic
interactions or specific DNA hybridization in the nanopores
modified with either positively charged aminosilanes or oligo-
nucleotide probe sequences. Such DNA nanosphere arrays can
be used as capture surfaces for the secondary self-assembly of
DNA functionalized nanoscopic entities, such as quantum
dots or carbon nanotubes,** with potential for use in biosen-
sing. Pearson et al.*® reported a method of assembling DNA
origami to chemically modified BCP micelle patterned 5 nm
Au NPs. In addition, they demonstrated the attachment of
DNA to those nanoscale binding sites by designing ssDNA-SH
overhangs onto the origami. Having tighter control of pattern
spacing and dimensions by using multiple BCPs would be
advantageous. Additionally, leveraging standard thin-film
evaporation approaches with BCP patterns, combined with
localization of DNA origami on the metal, could be beneficial.
Importantly, incorporating DNA origami structures offers
potential to assemble electronic nanomaterials and to fabri-
cate arbitrary shapes using the DNA origami platform.

In this paper, we demonstrate the use of a self-assembled
PS-b-PMMA BCP nanopattern combined with thin film depo-
sition and lift-off to direct the placement of DNA origami
structures. We evaluated the formation of Au nanodots on a
silicon substrate using five different PS-b-PMMA BCPs, as a
way of studying different nanopattern sizes and pitches. We
also evaluated multiple surface modification approaches for
directing DNA origami onto these patterns to increase yields.
We further used the DNA templates localized on the Au dots
for site-specific attachment of Au nanorods (NRs). Our work
provides a self-assembly patterning method to create DNA
origami nanoarrays, avoiding the cost of top-down lithography
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methods at the nanoscale. Moreover, this technique enables
scalable, parallel, large-area nanofabrication, which could lead
to advances in plasmonic and nanoelectronics applications.
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Fig. 1 (a)-(f) Schematic illustration of Au dot formation.

Fig. 2 SEM images of BCP thin films after removal of PMMA for (a) C67,
(b) C99, (c) C207, (d) L625 and (e) L1051.
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2. Results and discussion

BCP thin films underwent a two-step process to remove PMMA
by UV exposure and acetic acid etching, followed by plasma
etching to remove the underlying random copolymer brush
layer as described in section 3.2 and illustrated schematically
in Fig. 1. It is common to use UV degradation of PMMA for its
subsequent removal as a minor component in PS-b-PMMA. UV
radiation results in both the fragmentation of PMMA and sim-
ultaneous cross-linking of the PS matrix.*® The degradation
products from PMMA are then rinsed away in acetic acid.
Fig. 2 shows the results of experiments performed to study
PMMA removal and the effects of cylinder size with scanning
electron microscopy (SEM) images of BCP thin films after
removal of PMMA for the five BCPs. The smallest diameter
(22 nm) and centre-to-centre distance between adjacent feature
pairs (39 nm) resulted from the smallest overall molecular
weight BCP (C67) in Fig. 2(a), whereas the largest values
measured (117 nm and 205 nm for the diameter and centre-to-
centre distance, respectively) resulted from the largest mole-
cular weight BCP (L1051). All the other BCP thin films had
feature sizes in-between, as presented in Table 1, confirming
that feature size and spacing can be controlled by the mole-
cular properties of the BCP.

Plasma etching was performed to remove the underlying
random polymer brush and allow metal to deposit directly on
the Si surface on the inside of the cylindrical features during
the evaporation step. This plasma step etches the BCP mask
and polymer brush at approximately the same rate, and Fig. 3
shows SEM images of thin-film BCPs after plasma etching.
The hole diameter and centre-to-centre distance between adja-

Table 1 Mean size (+ one standard deviation) for surface features after removal of PMMA, plasma etching and lift-off

After removal of PMMA After plasma etching After lift-off
BCP Diameter (nm) Distance® (nm) Diameter (nm) Distance® (nm) Diameter (nm) Distance” (nm)
C67 21.5(+4.4) 38.9(+3.7) 21.5(2.1) 38.4(4.2) 17.5(+1.9) 41.1(+3.6)
€99 25.4(3.7) 51.3(x4.3) 28.2(+2.9) 49.0(+3.7) 21.5(+2.6) 51.8(4.8)
C207 40.2(3.7) 79.0(4.9) 45.7(+5.2) 82.8(+4.8) 31.0(5.0) 81.7(+4.4)
L625 82.6(+9.8) 146(+12) 81.7(+6.8) 163(+14) 65.4(+7.8) 154(+17)
L1051 117(+13) 205(+17) 123(+7) 215(+12) 105(+11) 219(+16)

¢ Centre-to-centre distance between adjacent feature pairs.
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Fig. 3 SEM images of BCP thin films after plasma etching of (a) C67, (b) C99, (c) C207, (d) L625 and (e) L1051.
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cent feature pairs for BCP thin films followed the same pattern
observed after PMMA removal as seen in Table 1.

To study Au dot diameter and the centre-to-centre distance
between adjacent feature pairs after lift-off, we performed
further SEM characterization. Fig. 4 shows images of Au dots
for all five BCPs. The smallest Au dots (~18 nm diameter) are
obtained from C67 whereas the largest Au dots (~105 nm dia-
meter) are obtained from L1051. All the other Au dot dia-
meters are in between these values (see Table 1). The measure-
ments of the features changed slightly (5-10% difference) as
depicted by SEM images. Some sections have one or more
mislaid or missing Au dots as seen in Fig. 4a. This absence
may be due to over sonication resulting in removal of some Au
dots. The highest yields of Au dots were obtained when the
thickness of the plasma-etched BCP was greater than that of
the evaporated metal layers. Fig. 4d has Au dots with an imper-
fect and less round shape. The dot shape imperfection could
be because the hole edges were rougher due to incomplete
homopolymer resegregation during the thermal annealing
step after solvent vapor annealing.”” The L1051 BCP was also
thicker than the other BCPs we studied, and with 10 nm Au/Cr
deposition, lift-off happened very quickly, within 2 min. For
the L1051 BCP Au deposition thicker than 10 nm would be
feasible in future studies. Fig. 4f shows a tilted 65° view of a Si
surface with Au dots after the lift-off of the L625 BCP. The final
Au dots have a disk shape with a height around 10 nm as veri-
fied by SEM and atomic force microscopy (AFM) height ana-
lysis. The Au dots are disk shaped, rather than hemispherical
(see Fig. S1 in the ESIf) supporting the inference that the
PMMA self-assembled into vertical cylinder-like shapes. After
deposition of Cr and Au and the lift-off step, the feature dia-
meter decreases (Table 1). This effect in lift-off is often referred
to as “shadowing”. The centre-to-centre distance between adja-
cent feature pairs changes by less than one standard deviation
of the mean distance between plasma etching and metal film
lift-off.

We performed AFM imaging to study the DNA templates
before placing them on Au dot surfaces. As shown in Fig. S2a
in the ESI,T the height of the DNA origami was ~2 nm as seen
from the yellow colour, compared to the background Si surface
in brown. However, it was difficult to see Au dots and bar DNA
together in AFM due to the contrast in the image colour for
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the height difference between Au dots (10 nm) and DNA
(2 nm). We attached DNA-coated Au NRs on the DNA origami
to clearly show in SEM where DNA deposited on the surface.
Fig. S2b and c in the ESI} show Au NRs attached to bar DNA
origami (~400 nm long) on a Si surface and aligned along the
DNA origami. These data confirm that the DNA template
formed well, and that DNA-coated Au NRs hybridized well with
the protruding sticky ends from the DNA origami, supporting
these processes in subsequent experiments.

We selected L625 and L1051 BCPs as Au dot surfaces to
study DNA origami attachment because they have large
enough distances between the Au dots to place bar DNA
origami between only 2-3 Au dots, and they have larger indi-
vidual Au dot surface areas for DNA attachment. We used
thiol-Au interactions to attach functional groups to direct DNA
origami onto the Au islands. We studied two ligands to func-
tionalize the Au islands for electrostatic attachment of DNA
origami. First, we used 3-mercaptopropanoic acid (3-MPA) to
form a carboxylate-terminated self-assembled monolayer
(Fig. 5a) that was treated with Mg>*. The electrostatic inter-
actions between carboxylate groups and Mg”* should promote
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Fig. 5 DNA origami attachment on Au dots through ligands. (a)
Schematic diagram of attaching DNA origami using 3-MPA. (b) SEM
image of DNA-coated Au NRs attached to bar DNA origami on Au
islands functionalized with 3-MPA and Mg?*. (c) Schematic diagram of
attaching DNA origami using MUTAB/DDT. (d) SEM image of DNA-
coated Au NRs attached to bar DNA origami on Au islands functionalized
with MUTAB/DDT.
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Fig. 4 SEM images of top views of Au dots after Cr/Au deposition and lift-off for (a) C67, (b) C99, (c) C207, (d) L1051, and (e) L625. (f) 65° tilt image

of Au dots for L625.
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ionic attraction of the negatively charged DNA origami to the
surface pattern. Fig. 5b shows SEM data for Au dots created
from the L625 BCP coated with 3-MPA and Mg”", then treated
with DNA origami and further reacted with DNA-coated Au
NRs that hybridize to sticky ends on the DNA origami, follow-
ing the same treatment shown in Fig. S2b and c.f Au NRs
appear to be located on and between the Au dots. The data
indicate that some DNA origami are on the Au dots and brid-
ging between them, as shown through some Au NRs that
follow a DNA origami pattern. There are also non-specifically
attached Au NRs on the Si surface, not clearly associated with
Au islands.

We also wused (11-mercaptoundecyl)-N,N,N-trimethyl-
ammonium bromide (MUTAB) to functionalize the Au dots to
provide a direct positive charge to attract DNA origami
(Fig. 5c). Because MUTAB contains a bulky positively charged
group that creates repulsion and may limit monolayer cover-
age, we used 1-dodecanethiol (DDT) to provide space between
the bulky groups and reduce the repulsion. Fig. 5d shows Au
dots created from the L625 BCP treated with MUTAB/DDT and
then coated with DNA-covered Au NRs hybridized to DNA
origami structures. As seen in Fig. 5d, DNA-coated Au NRs
connect between islands, presumably following the DNA tem-
plates. There were also some instances where two Au NRs
attached side-by-side, probably on a DNA template. More non-
specifically attached NRs are on the Si surface in Fig. 5b than
in 5d. A likely explanation for this difference is that Mg>* could
also interact nonspecifically with surface silicon oxide groups
and attract the DNA origami or DNA-coated Au NRs onto that
region (rather than attachment of the thiol ligands to the oxide
surface). Fig. 5b, d, and Fig. S3a, b in the ESIf show the DNA-
coated Au NRs attached to Au dots, consistent with how they
appear when attached to DNA origami in Fig. S2b and c.t
Thus, we carried out additional experiments to test if the DNA
attachment was related to random deposition of DNA on Au
dots or directed by the Au dot functionalized ligands.

To better understand the interaction between DNA and the
ligands on the Au dots, we studied samples of DNA-functiona-
lized Au NPs on MUTAB/DDT functionalized Au dots, as seen
in Fig. S4a in the ESL{ The Au NPs can be seen both on the
ligand-modified Au dots as well as on the Si surface. We
hypothesized that there could be residual polymer material on
the surface that also attracted DNA-coated Au NPs. We thus
used plasma treatment to remove organic content from the
surface with subsequent thermal annealing to remove gold
oxide from the Au dots following a published method,** before
the thiol ligand functionalization. Then we treated the surface
with Au NPs using the same conditions as in Fig. S4a.} After
plasma treatment, annealing and functionalization (see
Fig. S4b in the ESIY), there is less nonspecific attachment of
DNA-coated Au NPs on the Si but also less specific attachment
of DNA-coated Au NPs on the Au dots compared to Fig. S4a in
the ESLf We used eqn (S1) in the ESIt and measured the
surface density of Au NPs on the Au dots relative to Si in
Fig. S4a and S4b in the ESIt to be 2.7 and 1.6, respectively. We
concluded that the plasma treatment and annealing decrease
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the likelihood of Au NP placement on the Au dots, or that the
ligand functionalization was not as efficient on the plasma
cleaned and annealed Au dot surface as it was before.

To address the issues observed with nonspecific DNA
adsorption on surfaces when we used thiol-modified organic
ligands, we explored an alternate approach. The bar DNA
origami was designed with protruding poly-A DNA sequences
as described in section 3.3, allowing it to hybridize to thiolated
poly-T strands for covalent linkage to Au dots, and then poly-T
coated Au NRs could be localized through hybridization to the
DNA template. We used a substrate with Au dots made from
BCP L1051 because the centre-to-centre distance between adja-
cent Au dots is the largest (~220 nm), so one bar DNA origami
would localize between only 2-3 Au dots. Bar DNA origami
hybridized to DNA-linked Au dots were seeded with DNA-
coated Au NRs and characterized by SEM (Fig. 6 and Fig. S57).
The images show some Au NRs that appear aligned over dis-
tances consistent with a ~400 nm long DNA template localized
on top of the Au dots (Fig. 6a, b, e, f and h), whereas in other
instances Au NRs localized along the edges of the Au dots
(Fig. 6a, d, e, f, g, h and i). The bar DNA attachment yield was
higher in this method compared to electrostatic interaction,
indicated by the ratio of DNA attachment per Au dot of 0.20 (x
0.10, from 12 SEM images) for DNA hybridization vs. a ratio of
0.08 (+ 0.04, from 12 SEM images) for both electrostatic place-
ment methods.

Additional experiments were performed to confirm the
location of DNA origami attachment on the surface using a Au
dot substrate where unintentionally, the surface had some
areas with Au dots and some areas that did not contain Au
dots. Fig. S6a and b in the ESIf show zoomed-out and
zoomed-in views, respectively, of an area with partial lift-off,
after placement of DNA origami and seeding with DNA-coated
Au NRs. The DNA-coated Au NRs, likely hybridized to bar DNA
origami, are seen on and between the Au dots. In contrast,
Fig. S6c and d in the ESI{ shows no attachment of Au NRs
after the same DNA origami placement process on an area
where unintentional lift-off resulted in no Au dots on the
surface. This result clearly confirms the need for Au dots on
the surface for DNA directed placement, demonstrating that

Fig. 6 (a)—(i) SEM images of DNA-coated Au NRs seeded onto bar DNA
origami structures attached to Au dots by sticky end hybridization.

This journal is © The Royal Society of Chemistry 2023
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the DNA origami and Au NR localization are driven by Au dot
interactions.

This work thus opens new possibilities for depositing DNA
origami at directed surface locations made from BCP self-
assembly. An important development is the placement of DNA
origami using Au-thiol interaction on Au dots created by BCP
lift-off. This finding offers a route to the fabrication of nanoe-
lectronics or plasmonic sensor devices. There is also potential
for scaling up through combining the complementary self-
assembly methods of BCP nanolithography and DNA hybridiz-
ation to further connect to nanodots electrically using top-
down patterning.

3. Experimental
3.1. Chemicals and materials

Ethylenediaminetetraacetic acid (EDTA) was acquired from
Life Technologies (Carlsbad, CA, USA). Tris(hydroxymethyl)
aminomethane (Tris base) and ascorbic acid were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). Cetyl trimethyl-
ammonium bromide (CTAB) (H5882, 98%), HAuCl,, NaBH,,
MUTAB, DDT, 3-MPA and Tween 20 were purchased from
Sigma-Aldrich (St Louis, MO, USA). Acetic acid, hydrochloric
acid, magnesium chloride, NaCl and magnesium acetate (Mg
(Ac),-4H,0) were obtained from EMD Chemicals (Gibbstown,
NJ, USA). Silver nitrate was purchased from Mallinckrodt
Chemicals (Philipsburg, NJ, USA). Tris(2-carboxyethyl) phos-
phine (TCEP) was acquired from Alfa Aesar (Ward Hill, MA,
USA). Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipo-
tassium salt (BSPP) was purchased from Strem Chemicals
(Newburyport, MA, USA). A colloidal solution of 5 nm Au NPs
was purchased from Ted Pella Inc. (Redding, CA, USA). For
solution preparation and sample rinsing, water (18.3 MQ) was
generated with a Barnstead EASYpure UV/UF purification
system (Dubuque, IA, USA). TAE-Mg** buffer (10x, pH 8.3) was
prepared according to standard laboratory procedures using
400 mM Tris base, 200 mM acetic acid, 10 mM EDTA, and
125 mM Mg(Ac),-4H,0. Toluene, propylene glycol monomethyl
ether acetate (PGMEA) and tetrahydrofuran (THF) were pur-
chased from Sigma-Aldrich and used as received.

PS-b-PMMA BCPs (molecular specifications are in Table 2)
C67, C99, C207, L625, and L1051 were purchased from
Polymer Source Inc. (Dorval, Quebec, Canada). Likewise,
homopolymer PS (M, = 3.5 kg mol™, My/M, = 1.05; M, =

Table 2 PS-b-PMMA BCP details and surface preparation conditions
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12.5 kg mol™", M,/M,, = 1.04) and PMMA (M, = 3 kg mol ™,
M,/M,, = 1.14) were purchased from Polymer Source Inc. A
hydroxyl-terminated random copolymer “neutral” brush of PS
and PMMA—f{rom Dow Chemical (Midland, MI, USA; P(S-r-
PMMA)-OH; 60% styrene determined by "*C NMR)*® dissolved
in PGMEA—was diluted to a concentration of 1% (w/w). All
BCPs were dissolved in toluene or PGMEA at a concentration
of 1-2% (w/w) as indicated in Table 2. Two blend solutions
were prepared by mixing PGMEA solutions of BCPs and homo-
polymers with the same concentration by weight to obtain
desired mass fractions. One blend solution included L625 and
12.5 kg mol™ PS in mass fractions of 80% and 20%, respect-
ively. The other blend solution included 1.1051, 3.5 kg mol™*
PS, and 3 kg mol™* PMMA in mass fractions of 40%, 40%, and
20%, respectively.

M13mp18 ssDNA was acquired from New England Biolabs
(Ipswich, MA, USA). For DNA origami formation synthetic
staple strands with 10 additional protruding adenines were
ordered from Eurofins MWG Operon (Huntsville, AL, USA).
Single-stranded poly-T DNA with a thiol group attached to the
5" end (8-mer, gel purified) was also obtained from Eurofins
MWG Operon. In order to attach DNA oligonucleotides to Au
NRs and DNA origami, the dry poly-T DNA was dissolved and
diluted to 1 mM in water.

3.2. Gold island fabrication

Fig. 1 shows a schematic illustration of the surface fabrication
of Au islands for the attachment of DNA origami. Si surfaces
were first cleaned by exposure to oxygen plasma for 60 s at
100 mTorr and 20 W (March Plasma CS1701F, Concord, CA,
USA). The random copolymer brush was then grafted to the
oxidized silicon surface to form a neutral underlayer (Fig. 1a),
as described previously.*® Briefly, the random copolymer was
spin coated at 1500 rpm to obtain a film 20-30 nm thick. The
sample was then thermally annealed at 250 °C for 5 min to
ensure chemical grafting of the material. Excess ungrafted
polymer was removed by rinsing in PGMEA for 30 s. The final
thickness of the grafted neutral layer was ~6 nm.

BCPs or BCP/homopolymer blends were spin coated onto
the grafted neutral brush layer at speeds from 1500-5000 rpm,
yielding films 20-50 nm thick, except for the L1051 blend,
which was 70-80 nm thick. Films were then annealed to
induce the self-assembly process (Fig. 1b) in two distinct ways,
depending on the BCP or blend solution used. C67 and C99

Type MW* (kg mol™) M, /M, Coating details Annealing details” Thickness®
C67 46.1-b-21 1.09 1% toluene, 3000 rpm 180 °C overnight in vacuum 48 nm
C99 64-b-35 1.09 1% toluene, 3000 rpm 220 °C overnight in vacuum 46 nm
C207 150-b-57 1.08 1% toluene, 5000 rpm SVA-THF, flow = 1 sccm, SR = 3.0 39 nm
L625 400-h-225 1.09 1% PGMEA, 5000 rpm SVA-THF, flow = 0.5 sccm, SR = 3.6 23 nm
L1051 536-b-515 1.09 2% PGMEA, 1500 rpm SVA-THF, flow = 0.5 sccm, SR = 3.6 83 nm

“MW given as PS block-b-PMMA block. ” SVA: solvent vapor annealing, SR: swell ratio = ratio of film thickness swollen with solvent/initial film
thickness. The polymer volume fraction during SVA = 1/SR. ° Thickness measured by ellipsometer.
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were thermally annealed overnight in a vacuum oven as indi-
cated in Table 2. C207 and the blends containing L625 and
L1051 were annealed by solvent vapor annealing at 21 °C with
THF for 60 min using a method that has been described pre-
viously.”® Continuous nitrogen purging at prescribed flow rates
of 0.5-1 sccm was used to regulate film swelling by solvent,
obtaining minimum polymer fractions of 0.33, 0.28 and 0.28
for C207, the L625 blend, and the L1051 blend, respectively.
The L1051 blend film was subsequently thermally annealed in
air on a preheated hot plate at 250 °C for 30 s to sharpen the
interface between PS and PMMA domains.”” PMMA removal
was accomplished by degradation of PMMA using UV
irradiation for 5-10 min under a low pressure mercury arc
lamp (G10T5 1/2VH, Atlantic Ultraviolet Corporation,
Hauppauge, NY, USA) in a closed chamber purged with con-
tinuously flowing nitrogen. The incident power for the 254 nm
line was ~8 mW cm™> at the sample position. Degraded
PMMA was then selectively removed by sample immersion in
acetic acid for 3 min and subsequent rinsing with deionized
water. Fig. 1c depicts the BCP film after PMMA removal by UV
irradiation and acetic acid etching to form the template for
patterning. To ensure good adhesion between the Si substrate
and the evaporated metal in the next step, it was necessary to
also etch through the neutral brush layer in the holes. Plasma
etching (Planar Etch II, Santa Clara, CA, USA) was performed
to etch the BCP and neutral brush layer (Fig. 1d). The etching
time was brief (~10 s), and low power (<50 W) was used for
each type of BCP. A thermal evaporator was utilized to deposit
a ~3 nm chromium adhesion layer, followed by the deposition
of ~6 nm of gold (Fig. 1e). The total thickness of both chro-
mium and gold was kept below 10 nm, with small variations
in individual Cr and Au thicknesses for the different BCPs
studied. The substrate was sonicated in toluene in the lift-off
process to remove the BCP template and leave the Au dots
behind (Fig. 1f). The duration of sonication ranged from
2-120 min, with sonication stopped at the time when the gold
reflection disappeared from the substrate surface.

3.3. Assembly of DNA origami

DNA origami was made from M13mp18 ssDNA, as in previous
work.>" For the attachment of DNA-functionalized Au NRs
onto the bar shaped DNA origami, staple strands with 10
additional adenine bases were extended from the DNA origami
as sticky-end sequences. For folding of DNA origami, a 100 pL
solution containing M13mp18 ssDNA (2 nM) and staple
strands with 10 additional adenine bases (40 nM) was heated
initially to 95 °C and cooled to 4 °C in a TC-3000 thermal
cycler (Techne, Burlington, NJ, USA) for 1.5 h.

3.4. DNA origami attachment using 3-MPA or MUTAB/DDT

Au dot surfaces prepared as described in section 3.2 were
placed in 1, 5 or 10 mM solutions of 3-MPA, or MUTAB (5 mM)
and DDT (5 mM) in ethanol separately for at least 12 h, after
which the surfaces were rinsed with ethanol. DNA origami
(10 pL, 1 nM) in 10x TAE-Mg>" buffer was deposited onto a
0.5 cm x 0.5 cm Si substrate with Au dots previously functiona-
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lized with 3-MPA or MUTAB/DDT in a humid chamber for at
least 12 h at room temperature. Finally, chemically and DNA
functionalized Si substrates were rinsed with distilled water for
5 s and dried with flowing air for 1-2 s to remove loosely
adhered DNA origami.

3.5. Au NP deposition on Au dot surfaces functionalized with
3-MPA or MUTAB/DDT

Au NP-DNA conjugates were prepared according to published
work.”® The Au NPs were deposited onto Au dots functiona-
lized with 3-MPA or MUTAB/DDT to study the surface density
of attached functional groups. Additionally, Au NPs were de-
posited on the Au dot surface after plasma treatment (250 W,
5 min) and thermal annealing (200 °C, 1.5 h, 10% H, + 5%
Ar), followed by 3-MPA or MUTAB/DDT functionalization as
described in section 3.4.

3.6. DNA origami attachment using thiolated DNA on Au
dots

Fig. 7 illustrates the hybridization attachment on Au dots for a
segment of bar DNA origami. To fold the DNA origami, a
similar procedure was followed as in section 3.3, with the
exception of the introduction of thiol groups into the DNA
origami, where thiolated poly-T (8 uM) was added to the initial
mixture. After annealing the DNA origami, the disulfide bond
in the thiol-modified oligonucleotides was reduced to a mono-
thiol bond using TCEP (20 mM, 1 h). The DNA origami solu-
tion was purified to remove unattached staple strands using
100 kDa Microcon centrifugal filters (St Louis, MO, USA). DNA
origami (10 pL, 1 nM) in 10x TAE-Mg?" buffer was deposited
onto the Si substrate containing Au dots (0.5 cm x 0.5 cm) in a
humidified chamber for at least 12 h at room temperature.
Finally, the surface was rinsed with distilled water for 5 s and
dried with flowing air for 1-2 s.

3.7. Seeding Au NRs on DNA origami

Au NRs were synthesized following published work;>> for
coating DNA on Au NRs, we followed a reported method.>">*
The molar ratio of thiol DNA to Au NRs was ~250: 1. Binding
was triggered by depositing as-prepared DNA-functionalized
Au NRs in solution (20 pL) onto the Au dot substrate with DNA

| |

1l
% o Poly A
S

7 Sy ™S Thiolated Poly T

Au island

Fig. 7 Schematic diagram of hybridization attachment of DNA origami
on Au dots.
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origami previously deposited. The samples were placed in a
humidified chamber for 1 h, then rinsed carefully with dis-
tilled water and dried under a gentle flow of dry air.

3.8. Characterization

BCP film thicknesses were measured with a Filmetrics F20-UV
(San Diego, CA, USA) or a WOOLLAM (Lincoln, NE, USA) ellips-
ometer. SEM images of the samples were taken in ultra-high-
resolution mode on a Thermo Scientific Verios UC G4 electron
microscope (Hillsboro, OR, USA). Feature distances were
measured using SEM images, and 50-200 measurements were
obtained. AFM images were taken using ‘Peak Force’ tapping
mode AFM (MMAFM-2, Bruker, Santa Barbara, CA, USA) with
Bruker ScanAyst automatic image optimization and Bruker
silicon tips on nitride cantilevers.

4. Conclusions

We describe the deposition of DNA origami on patterned sur-
faces using self-assembled BCP thin films as a patterning
mask. We further showed different diameters and centre-to-
centre distances in forming Au dot arrays using five different
BCPs. Gold nanodots formed from BCP nanolithography allow
DNA origami to be selectively placed at directed surface
locations. We utilized electrostatic interactions with two
different thiolated carbon linkers, which provide either a nega-
tively charged carboxylate group interacting with Mg>* ions or
a positively charged group to attract the negatively charged
phosphate backbone of DNA. We further used DNA hybridiz-
ation to attach thiolated DNA strands and successfully place
DNA origami onto Au nanodots. DNA-coated Au NRs were
attached onto the DNA origami to indicate in SEM images
where the DNA localized on the Au dot surface. This method is
promising, with a need for subsequent research on obtaining
sufficient seeded structures to better interconnect Au dots in
an area. Coupled with electroless plating, this approach
should enable the fabrication of electrically relevant nano-
structures at designed locations.

Future work should focus on optimizing the concentration
of thiolated DNA strands for improved placement of DNA
origami on the Au dot substrate and improving DNA-coated Au
NR seeding on DNA. Increasing the concentration of thiolated
DNA strands for Au dot localization would allow a simpler
workflow through using CTAB-coated Au NRs to attach electro-
statically and show the locations of DNA origami placement.
Additionally, attaching thiol-modified DNA to the Au dots and
then hybridizing DNA origami with complementary sticky
ends would improve the specificity of attachment of DNA
origami to Au dots. Alternate BCP arrangements including
lamellar phases could be attractive for creating Au arrays for
placing bar DNA origami as a promising future effort.
Furthermore, semiconductor nanorods and other materials
could be incorporated with these DNA structures to fabricate
electrical components such as transistors. Our work opens the
way for placement of DNA in targeted locations, facilitating

This journal is © The Royal Society of Chemistry 2023
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electronic nanomaterial deposition to address a range of scien-
tific needs in nanoelectronics and photonics. This process
may be further expanded to the localization of nanomaterials
like carbon nanotubes or semiconducting nanowires onto
DNA origami, enabling the formation of ordered and dense
arrays of functional devices and their connection into circuits.
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