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Highly ordered hierarchical biomolecule-inorganic struc-
tures, such as bone, dentine, eggshell, and marine mollusc
shells, are ubiquitous in nature.!"! The artificial organization of
nature-inspired, biomolecule-templated hierarchical inor-
ganic materials is a key challenge in enabling many nano-
technological applications.”! “Bottom-up” self-assembly is
a widely applied strategy for synthesizing and fabricating
ordered hierarchical/multilevel spatial structures or morphol-
ogies from components ranging from nanometers to micro-
meters in size. Alternatively, “top-down” lithographic
approaches allow for arbitrary geometrical designs and
superior nanometer-level precision, accuracy, and registra-
tion. Template-assisted self-assembly (TASA) combines
bottom-up self-assembly with top-down patterned templates
to eliminate defects and induce registration and orientation in
thin-film materials, providing rich opportunities to produce
biomimetic multilevel hierarchies.”!

Using TASA, the orientation and periodicity of zero-
dimensional (0D) spherical block copolymer microdomains,
colloid crystals, and metal nanoparticles and 1D metal oxide
nanotubes/nanowires were guided into 2D/3D hierarchical
spatial architectures.®*®*l In these systems, the use of
biomolecular building blocks has attracted great attention
because of their biocompatibility, inherent molecular-recog-
nition properties, and facile use in bottom-up fabrication.
Recently, DNA origami-like triangles (with precise banding
of gold nanocrystals) were successfully placed and oriented
on lithographically patterned surfaces.”) These systems are
the most typical examples of selectively aligning 2D assem-
blies to date. The successful selective alignment, placement,
and arrangement of anisotropic 2D/3D hierarchically meso-
structured assemblies with sufficient long-range order, how-
ever, have rarely been reported.
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DNA, which is one of the most attractive chiral biomol-
ecules, has the ability to condense and self-assemble into
multiple liquid-crystal phases, including blue phases, chiral
cholesteric phases, and 2D columnar phases.”’ By employing
a quaternary aminosilane (TMAPS, N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride) as both the condensing
agent and the co-structure-directing agent (CSDA)® and
tetraethyl orthosilicate (TEOS) as the inorganic source, we
recently discovered a novel route for preparing 2D DNA-
silica platelets (DSPs) with 2D square p4mm and 2D hexag-
onal p6mm symmetries through the self-assembly of DNA
and silica mineralization.’! The successful synthesis of DSPs
provided a potential route for creating multilevel, hierarchi-
cally mesostructured spatial DNA-silica films (DSFs) by
combining bottom-up self-assembly with a top-down litho-
graphically patterned template (see the Supporting Informa-
tion).

Our strategy was to selectively align, place, and arrange
DSPs at different positions on patterned silicon substrate
surfaces by thermodynamically and kinetically controlling
DSP formation, which depends on the charge density of the
quaternary ammonium groups, which in turn depends on their
positions on the patterned silicon substrate, the ionization
degree of DNA, and the TMAPS concentration. Herein,
unpatterned silicon substrates were used to control the
alignment of 2D DSPs, whereas silicon substrates that were
lithographically patterned with 2D rectangles were used to
selectively control the placement and arrangement of DSPs.

As the silanol-terminated surface was electrically neutral,
the electrostatic interactions between DNA and the substrate
surface were increased by the following procedure. The
silicon substrates were sequentially cleaned with a solution of
hydrofluoric acid (HF), acetone/ethanol, and deionized water
three times. The surfaces were then chemically modified by
silanization with TMAPS, which terminated the substrate
surface (see the Supporting Information, Figure S1)."”! Then,
the quaternary-ammonium-functionalized silicon substrates
were immersed into a DSP synthesis gel to grow the DSFs
in situ (see the Supporting Information). It should be noted
that the glossy (unpatterned) and patterned sides of the
silicon substrate were immersed face-down and horizontally
into the upper part of the synthesis gel (Figure S2) to ensure
that the DSPs grew on the substrate surface and were not
deposited from the synthesis gel.

Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) images of the
microscopic morphologies and mesostructures of DSFs that
were grown on the unpatterned silicon substrates at different
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Figure 1. Alignment of 2D mesostructured DSPs on the surface of an
unpatterned silicon substrate. Low- and high-magnification SEM
images and corresponding HRTEM images of the DSFs at pH 4.6 (a;—
a;) and 7.4 (b,—b;). The molar composition of the synthesis gel was
DNA/TMAPS/TEOS/H,0/HCl or NaOH =1:6:15:18000:x, where

x (HC)=0.3 (a) and x (NaOH)=0.9 (b).

pH values of the synthesis gel are shown in Figure 1. At
a lower pH values (< 4.9), the horizontally aligned 2D DSPs
formed on the substrate surface were hexagonal and had
diameters in the range of 0.8-1.2 um (Figure 1a;,a,).”) In
contrast, when the pH was increased to 5.4-8.8, randomly
oriented hexagonal DSPs with diameters of 0.8-1.5 um grew
vertically on the substrate surface (Figure 1b;,b,). The DSFs
formed at intermediate pH (between 4.9 and 5.4) exhibited
a mixture of horizontal and vertical alignment (Figure S3).
HRTEM images showed that both the horizontally and
vertically aligned DSPs had a highly ordered 2D square
p4mm symmetry (Figure 1a,,b;)."1 When the pH was
increased to values above 9.2, the symmetry of DSP
mesostructures that were vertically aligned on the substrate
surface became 2D hexagonal p6mm (Figure S4)."°! Tt can
easily be imaged that the DNA molecules were vertically and
horizontally arranged on the substrate surface in the hori-
zontally and vertically aligned DSPs, respectively (Figure S1).
Furthermore, the DSP diameter and density decreased with
increasing TMAPS concentration (Figure S5).

The observed alignments of the DNA molecules and
DSPs at different pH values can be explained in terms of the
electrostatic interactions between DNA and the quaternary-
ammonium-modified substrate. The ionization degree of the
negatively charged phosphate groups on the DNA, which
increases gradually with increasing pH,['? is critical to the
interactions between DNA and the positively charged silicon
substrate. At a lower pH, the ionization degree of DNA was
too low for DNA to interact with the quaternary ammonium
groups on the substrate surface. In this case, the DNA
molecules could not be electrostatically arranged on the
surface, making it difficult to grow DSPs in situ. It is possible
that the hexagonal DSPs might have formed in the synthesis
gel and subsequently migrated and adhered to the substrate
surface, where the DNA-silica complexes further condensed
with TEOS, because of electrostatic interactions between the
negatively charged silicate in the DSP framework and the
positively charged quaternary ammonium groups on the
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surface. The preferential interaction between the surface and
the larger sides of the hexagonal DSPs led to horizontal
alignment on the surfaces (Figure S1, lower pH). In contrast,
at a higher pH, the highly ionized DNA molecules interacted
with each other along their helical axis and lay horizontally on
the positively charged substrate surface to form flat DNA
layers.'¥l The DNA molecules subsequently self-assembled
and grew epitaxially with TMAPS and TEOS, producing
vertically aligned DSPs in situ (Figure S1, higher pH).[%!
Multilevel, hierarchical spatial architectures with selec-
tively placed and oriented 2D DSPs were fabricated on
lithographically patterned silicon substrates using TASA. For
this purpose, 2D rectangles that were 0.5-3 um wide (both
grooves and protuberances) and approximately 200 nm deep
were printed on the silicon substrates using lithography
(Figure S6). The SEM images of DSFs that were synthesized
on the patterned substrates with features that were 2 um wide
and approximately 200 nm deep are shown in Figure 2. The

Figure 2. Placement of vertically aligned 2D mesostructured DSPs on
the surface of a lithographically patterned silicon substrate. Top and
side views of the low- and high-magnification SEM images of the DSFs
synthesized with TMAPS concentrations of 7 mgmL™" (a), 9 mgmL™"
(b), and 12 mgmL™" (c). The pH of the reaction solution was ca. 5.8.
The molar composition of the synthesis gel was DNA/TMAPS/TEOS/
H,0 =1:x:15:18000, where x=3.5 (a), 4.5 (b), and 6 (c).

placement of the DSFs was controlled by changing the
TMAPS concentration at lower pH values of the synthesis
gel, but they exhibited an oriented arrangement only at higher
pH and a higher TMAPS concentration. All DSPs were
vertically aligned, which indicates that the DNA molecules
were horizontally arranged on the substrate surfaces because
of stronger electrostatic interactions between the negatively
charged DNA and the positively charged quaternary ammo-
nium groups on the substrate surface at higher pH values
(compared pH 4.6, as shown in Figure 1a). All of the DSPs
assembled on the patterned substrate surfaces had 2D square
p4mm mesostructures (Figure S7).

At a lower TMAPS concentration of approximately
7mgmL~", a large proportion of vertically aligned 2D
mesostructured DSPs with diameters of 0.8-1 um were
selectively placed in the grooves of the patterned substrate
at a pH of approximately 5.8 (Figure 2a,-a;). These small
DSPs were similarly grown at a lower pH of 5.0 (Figure S8a).
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The selective placement of the vertically aligned 2D DSPs in
the wider grooves also resulted in a similar assembly behavior
and arrangement (Figure S9). When the TMAPS concentra-
tion was slightly increased to approximately 9 mgmL ™!,
vertically aligned 2D DSPs grew indiscriminately (without
selective placement) over the entire surface of the patterned
substrate (Figure 2b and Figure S10). A further increase in
the TMAPS concentration to approximately 12 mgmL™
resulted in the selective placement of randomly oriented
2D mesostructured DSPs on the protuberances of the pat-
terned substrates (Figure 2¢,—c;).

Vertically aligned 2D mesostructured DSPs (similar to
those shown in Figure 2¢) were selectively placed on the
protuberances with widths of 0.5-3 ym at a lower pH of
approximately 5.8 and a higher TMAPS concentration of
approximately 12 mgmL~!, which indicates that this synthesis
system is capable of selective placement (Figure 3). It should

Figure 3. Placement of vertically aligned 2D mesostructured DSPs on
the protuberances of silicon substrates with different patterned widths.
Low- and high-magnification SEM images of DSFs synthesized on
surfaces with patterned widths of 3 pm (a), 1 um (b), and 0.5 um (c).
The pH of the reaction solution was approximately 5.8. The molar
composition of the synthesis gel was DNA/TMAPS/TEOS/
H,0=1:6:15:18000.

be noted that the DSPs at the groove edges were parallel to
each other and perpendicular to the longitudinal direction of
the rectangular pattern when the patterned width was as large
as 2 um (Figure 2c and Figure 3a). A similar long-range
arrangement of randomly oriented DSPs in the grooves and
parallel DSPs at the edges was clearly observed as the pH of
the synthesis gel was gradually increased to 6.8 (Figure S8b).

When the pH was further increased to approximately 7.8,
and a TMAPS concentration of 12mgmL™" was used,
vertically aligned DSPs grew mostly at the edges and
exhibited a long-range parallel alignment (perpendicular to
the longitudinal direction of the pattern) regardless of the
patterned width (1-3 um; Figure 4). The DSP sizes in the
oriented DSFs gradually decreased from about 1.5 um (Fig-
ure 4a) to 1.2-1 um (Figure 4b) and approximately 0.6 um
(Figure 4c) as the pattern width decreased from 3 um to 1 pm,
possibly because of limited space for the self-assembly of the
growing DSPs. The 2D DSPs rarely grew in the grooves and
on the protuberances, which indicates that these synthesis
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Figure 4. Arrangement of vertically aligned 2D mesostructured DSPs at
the edges of a lithographically patterned substrate showing their
orientation perpendicular to the longitudinal direction of the rectangu-
lar pattern. Low- and high-magnification SEM images of DSFs synthe-
sized on surfaces with patterned widths of 3 um (a), 2 um (b), and

1 um (c). The pH of the reaction solution was approximately 7.8. The
molar composition of the synthesis gel was DNA/TMAPS/TEOS/H,0/
NaOH=1:6:15:18000:1.2.

conditions allow for selectivity in both the placement and
orientation of the DSPs.

The selective placement and orientation of the 2D
mesostructured DSPs on the patterned substrates can be
explained by the equilibrium that exists between the thermo-
dynamic and kinetic controls for different DSP positions on
the patterned silicon substrate. In this synthesis system, two
competing processes, DSF growth on the supporting substrate
and DSP precipitation, occur simultaneously in the synthesis
gel. Both the high density of quaternary ammonium groups
and the high ionization degree of DNA thermodynamically
favor the formation of DSPs both on the substrate surface and
in solution, whereas higher reactant concentrations and
higher pH values kinetically facilitate the assembly and
precipitation of DSP. A synthesis condition that allows
sufficient interaction between the substrate and the reactants
and simultaneously prevents DSP precipitation in the gel is
needed to grow DSPs at specific positions on the substrate.

First, for the patterned substrate, the charge density of the
quaternary ammonium groups on the silicon substrate surface
could strongly depend on their position on the surface with
the differential density of silanol groups caused by litho-
graphic machining (with different degrees of roughness). It is
possible that because of differences in the exposed surface
after lithographic machining, the density of the silanol groups
decreased with a decrease in surface roughness, which means
that this density varied between different surface sites.
Specifically, it was expected to decrease in the following
order: at the edges, in the grooves, and on the protuberances
(Figure S11). Correspondingly, after modification of the
surface with TMAPS, the positive-charge density of the
quaternary ammonium groups would have decreased in the
same order at the edges, in the grooves, and on the
protuberances, which results in a concomitant decrease in
the thermodynamic adsorption of the DNA molecules and
subsequent growth of the DSFs (Figure S11). It was difficult
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to provide direct evidence of changes in the densities of the
surface atoms by energy-dispersive X-ray spectrometry
(EDX) in the SEM observations because the amounts of
oxygen and nitrogen atoms were small compared to that of
silicon. Second, in terms of the synthesis conditions, the
ionization degree of negatively charged DNA molecules
(phosphate groups) could be tuned by adjusting the pH of the
synthesis gel because DNA is a weak polyanion with an
isoelectric point of pH 4-4.5.1! Therefore, a higher pH should
render the self-assembly of DSPs more thermodynamically
favorable, but the higher TMAPS concentration and pH used
here favored the condensation of the silica source and led to
a higher co-assembly rate (precipitation rate; Figure S11).
The formation of the DSPs varied with different positions on
the patterned surfaces; thus, the placement and arrangement
of the DSPs on the patterned substrate surfaces were
controlled by changing the pH and TMAPS concentration
of the synthesis gel.

Initially, DSP formation depended on the thermodynamic
effect of the highest positive charge density on the patterned
substrate; thus, DSPs were formed predominantly at the
edges and were always oriented perpendicularly to the
longitudinal direction of the rectangular pattern under the
conditions tested. Therefore, the vertically aligned DSPs were
selectively placed near the edges of the patterned substrate
and arranged parallel to each other in situ.

First, when DSPs formed in the grooves (Figure 2a) at
lower pH and TMAPS concentration, the thermodynamic
assembly and silicate condensation rates were lower (Fig-
ure S12a). Under these conditions, the growth of DSPs would
be thermodynamically controlled. Therefore, DSPs grew at
the edges and in the grooves where the charge density of
positively charged quaternary ammonium groups was higher
(Figure S11, Route A). Second, as the TMAPS concentration
increased and DSPs began to grow on the protuberances
(Figure 2¢ and 3), the DSP assembly process was gradually
accelerated (Figure S12a—c). Under these conditions, the
higher charge density of the quaternary ammonium groups
in the grooves, which would promote the adsorption of large
amounts of DNA and TMAPS and induce a higher DSP
assembly rate, would lead to significant DSP precipitation,
and correspondingly, the growth of DSFs would be hindered.
In contrast, the DSPs that had grown near the edges extended
over the entire protuberances at an appropriate pH and
TMAPS concentration (Figure S11, Route B). It is possible
that an intermediate TMAPS concentration resulted in DSP
growth on the entire surface of the patterned substrate
because of a balance between the growth of DSFs and DSP
precipitation (Figure 2b). Third, for the growth of DSPs near
the edges (Figure 4), increasing the pH of the reaction gel
would further accelerate the assembly rate because the high
ionization degree of DNA facilitates the DSP assembly with
TMAPS (Figure S12c—d). Therefore, significant DSP precip-
itation would occur throughout the entire solution, and DSFs
would only grow near the edges because the growth strongly
depends on thermodynamic effects (Figure S11, Route C). At
intermediate pH values, DSPs selectively grew parallel to
each other near the edges and randomly oriented on the
protuberances (Figure S8b).
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To the best of our knowledge, this work is the first to
demonstrate the selective control of the alignment, place-
ment, and arrangement of 2D mesostructured platelets
through TASA. The multilevel, hierarchical, vertically
aligned 2D DSPs were selectively placed and arranged at
different positions on the lithographically patterned substrate
surfaces by changing the electrostatic interactions between
the negatively charged DNA and the positively charged
quaternary-ammonium-functionalized surface, which allowed
for the thermodynamic and kinetic control of the self-
assembly and epitaxial growth of DSFs in situ. The proposed
approach has two important implications for oriented self-
assembly. First, it offers a novel, feasible, and very promising
method for the alignment, placement, and arrangement of
highly charged biomolecules, such as peptides, proteins, and
viruses, and their inorganic assembly with long-range order
using TASA. These biomolecule—inorganic hybrid materials
(especially films) might be integrated into sensitive multi-
array biosensors and biodevices. Second, these materials can
be used as hard templates for the synthesis of a variety of
hierarchical oriented/aligned inorganic films® that may
find applications in photonics or electronics or in sensors.
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