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Oriented Chiral DNA-Silica Film Guided by a Natural Mica Substrate
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Abstract: The formation of highly ordered chiral organic/
inorganic films with high density and long-range orientation is
important in constructing chiral devices, such as broadband
polarization devices, liquid-crystal displays, or negative-reflec-
tion materials. A feasible strategy is presented to fabricate
three-dimensional mesostructured chiral DNA-silica assem-
blies into large-scale oriented arrangements. The highly
ordered film was aligned by a mica crystal substrate with the
bridging effect of suitable divalent metal ions, followed by the
growth of the DNA-silica composite by bottom-up assembly
with a “quartet templating” method. This simple and effective
route would perform well in the alignment and arrangement of
highly charged biomolecules, such as polypeptides, proteins,
viruses, and their inorganic assemblies, and furthermore could
allow the fabrication of chiral optical materials with long-range
ordering.

The precise engineering of nanostructures over a macro-
scopic surface into highly ordered three-dimensional (3D)
arrays is a substantial challenge in many applications in
nanotechnology.!! Among them, chiral nanostructures are of
great interest.”! The significant aspects of chiral devices,
especially chiral films such as broadband polarizers,”! chiral
liquid crystals* and chiral filters,”! often arise from their
long-range arrangement. The template-assisted self-assembly
(TASA) method to guide suitable chiral molecules to
assemble into 3D large arrays is an effective strategy to
fabricate long-range ordered chiral films. The combination of
top-down substrate design and bottom-up molecular self-
assembly would enable us to integrate individual nanostruc-
tures into arranged functional devices.®

As one of the most attractive biomolecular building
blocks, DNA molecules provide high stereoregularity for
building artificial nanostructures and possess inherent chir-
ality to assemble into delicate chiral materials."™” Using
elaborate intermolecular interactions, DNA can position
materials with precision into periodic or aperiodic struc-
tures.”®! Thus, controlling the orientation and arrangement of
DNA assembles on supporting substrates through TASA may
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be the fine approach for the fabrication of highly ordered
films with chiral structures.

Previously, we successfully oriented and selectively
arranged achiral 2D mesostructured DNA-silica platelets
on the surface of a lithographic silicon substrate through
TASA P! Furthermore, chiral DNA-silica impellers have also
been fabricated on silica wafers, showing both absorption-
and scattering-based optical activity (OA).'"! Unfortunately,
the randomly distributed impellers suffer from weak OA,
raising the requirements in terms of controlling the orienta-
tion of chiral DNA-silica assemblies. Meanwhile, the litho-
graphic process is energy-intensive, and the resolution is
limited to 7 nm length scales.'!! Tt is necessary to choose a new
substrate to align the structure.

Despite commonly used substrates having organized
lithographic patterns, flat crystalline substrates (highly
ordered large-scale organizations that arisen from natural
confined growth) such as mica,'” graphene,” and mono-
crystalline silicon wafers,'¥ are regarded as good candidates
to guide the ordered epitaxial growth of nanostructures.
These readily available templates often provide guiding
effects, which are attributed to their atomic-scale crystal
structure. Herein, muscovite mica sheets, a low-cost natural
laminar mineral that has atomically flat crystalline surfaces
with a 2D hexagonal arrangement and sufficient charge ™! are
expected to behave both as the substrate and the template
that will control the orientation of chiral DNA-silica films.
The DNA-silica chiral mesostructure was assembled by the
silicification of the chiral packing structure of short B-form
DNA molecules (100-250 bp after sonication treatment;
Supporting Information, Figure S1) in the presence of N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAPS) and a silica source, tetracthoxysilane (TEOS), via
a co-structure direction method.'® The cationic silane
TMAPS was applied as the linkage between DNA molecules
and silica source. The Mg®" ion was introduced as both the
chiral inducing agent and the bridging ion connecting the
crystalline mica and DNA-silica assembly to control the
direction of the chiral film.

Figure 1a shows scanning electron microscopy (SEM)
images of the DNA-silica film synthesized without Mg*" ions;
the film is composed of randomly distributed vertical blades
with thicknesses of 50-100 nm (inset of Figure 1a,), corre-
sponding to the length of the DNA molecule employed. The
heights of the blades are about 300 nm, judging from the side
view of the image (Figure 1as). In this case, the flat achiral 2D
DNA-silica plates that form on the mica substrate do not
exhibit chirality, as indicated by the powder remaining in
solution (Supporting Information, Figure S2a,b). The film
that formed is called an achiral DNA-silica film (ADSF).

With the addition of Mg®" ions, the blades adopted an
oriented, chiral feature, as shown in Figure 1b. This chiral
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Figure 1. a) SEM images of the ADSF at low and high magnifications,
top view (a; and a,) and side view (a;). b) SEM images of the OCDSF
at low and high magnifications, top view (b, and b,) and side view (b,
and b,). ¢) SEM images of the sparse OCDSF at low and high
magnifications, top view (c; and c,) and side view (c;). The molar
composition of the synthesis gel is DNA (phosphate groups)/Mg”"/
TMAPS/TEOS/H,0=1:0:6:15:17857 (a) and 1:1:6:15:17857 (b and c).

film, called an oriented chiral DNA-silica film (OCDSF), is
composed of numerous blades with a uniform thickness of
100-150 nm, aligned tightly along one horizontal direction
and over a continuous long range (tens of micrometers;
Supporting Information, Figure 1b, and 1b,). The top view
image of the OCDSF shows that the edges of the blades
contain many bulges and twist slightly (inset of Figure 1b,).
The side view of the blades confirms the twisting and also
shows an uneven wave-like morphology with 200-500 nm in
height (Figure 1b; and 1b,). The regular alignment is visible at
the macroscopic scale of 1 cm? showing a uniform appear-
ance under cross-polarized light (Supporting Information,
Figure S3a) and naked-eye observation (Figure S3b). The
chiral impeller morphology of the powder products remaining
in the reaction solution (Supporting Information, Figure S4a)
shows the right-handed stacking of the left-handed twisting
petals. This distortion would force the edge of the particle to
crack into an impeller-like conformation."™'”! The high
density of DNA molecules on the small substrate causes
increasing steric hindrance, preventing the formation of
totally impeller-like cracks but remaining only nuanced
bulges. Moreover, the end-to-end connection of the vertically
cambered blades, assisted by the templating effect of the mica
surface, resulting in a long-range wave-like morphology.

To obtain detailed information of the blades, we prepared
a sparse film by pre-treating the mica substrate with a lengthy
aqueous immersion step. The extended immersion in water
results in the abundant hydration of the mica surface, thus
preventing the effective anchoring of DNA and producing
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sparsely distributed blades. As shown in Figure 1c;, the blades
of the OCDSF are separated into short blades while keeping
a uniform orientation. As shown in Figure 1c, (top view) and
1c; (side view), the individual blades are composed of stacked
small petals with cracks on the edges and show cambered
shapes with lengths of about 2.5 um and a gentle right-handed
distortion along the horizontal long axis, which is illustrated in
the model. The right-handed stacking of the cracked blades
reveals the helical morphology and induces the greater
thickness of the blades than an individual achiral plate.

The long-range ordering of the OCDSF was further
confirmed by a grazing-incidence small-angle X-ray scattering
(GISAXS) measurement (Figure 2A; Supporting Informa-
tion, Figure S5). The strongest reflection intensities appear
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Figure 2. The long-range ordering of the OCDSF and the OA of the
films shown in Figure 1. A) Fan-shape integration of the GISAXS
patterns of the OCDSF with rotations of 0°, +10°, and —10°. B) DRCD
and UV/Vis spectra of the films shown in Figure T measured with

a white backboard.

when the blades are perpendicular to the X-ray beam.
Rotating the film by + 10° dramatically reduces the reflection
intensity shown on the 2D GISAXS patterns (Supporting
Information, Figure S5), which indicates the uniform orien-
tation of the blades on the mica surface. However, owing to
the cambered shape and the different domain of DNA
packing in different blades (inset model of Figure 1c;), the
diffraction patterns show domain structures with variations in
the growth directions. The fan-shape integrations of the 2D
patterns with a certain width also illustrate the rotation angle-
dependent result (Figure 2A). The reflections with a d-
spacing ratio of about /2 can be indexed to 10 and 11
reflections with the unit cell parameter a~2.5 nm, which
indicates the highly ordered 2D square mesostructure. The
structure was later confirmed by the transmission electron
microscopy (TEM) observations. The diffuse reflectance
circular dichroism (DRCD) spectra of the dense (Figure 2B b)
and sparse OCDSF (Figure 2B c) confirm the chiral property
of the oriented film. The spectra show negative peaks at
295 nm and strong positive peaks at approximately 350 nm,
whereas the ADSF does not show an obviously strong CD
signal (Figure 2Ba). For the chiral DNA-silica films, two
kinds of OAs, the absorption-based OA within the absorption
band of DNA molecular aggregation and the scattering-based
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OA resulted from the chiral superstructure, would be
observed.'”! The negative signals at approximate of 295 nm
correspond to a resonance phenomenon from the absorption
of the chromophores of the left-handed DNA long-range
packing.!"l The positive signals at 350 nm result from the
superposition of scattering OA of the left-handed twisted
petals and right-handed distortion of the stacking, while the
right-handed structure may show a dominating effect."”) The
scattering-based OA was further confirmed by the intensity
decrease when immerse the film into optically isotropic
solution (water and ethanol; Supporting Information, Fig-
ure S6A), owing to the refractive index n matching effect
(nsi0, = 1.46, npx &~ 1.65 (depending on the physical state),!"”)
ny,0 = 1.33, ng,on = 1.37; a detailed representation is shown in
the Supporting Information).**?*) However, as mica is
a birefringent material, weak signals can be observed from
the pure substrates (Supporting Information, Figure S7),
indicating that the DRCD signal of the ADSF would not be
Zero.

The relationship between the chiral properties of the
blades and the structure of the DNA self-assemblies in the
oriented films was confirmed by TEM (Figure 3a—f). The
sample was prepared by carefully scraping the blade of the

Figure 3. a) Low magnification TEM image of a chiral blade scraped
from the sparse film. b)-f) HRTEM images and the Fourier diffracto-
grams corresponding to the framed parts in (a); The tilting angle of
different parts are shown in the inset frame. g) TEM images of a piece
of the sparse OCDSF film showing the growth orientation of the film,
h) Electron diffraction of the mica substrate supporting the film, and
i) The corresponding model of DNA direction on the substrate.
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sparse film from the substrate. As shown in Figure 3b, when
the structure is aligned to an incident electron beam, a typical
contrast of the 2D packing DNA-silica complex with plane
group p4mm can be observed, which corresponds with the
GISAXS results. As the whole blade exhibits hierarchical
chiral structure with both left-handed and right-handed
chirality, five domains of the blade were aligned to the
electron beam by tilting the sample, and a twisted arrange-
ment can be revealed. The parts c can be aligned by tilting the
sample by 24.2° (Figure 3¢, where the tilting axis is shown in
the inset frame). The decomposed rotation angle along the b
to ¢ axis (red arrow in Figure3a) is calculated to be
anticlockwise 9.9°, indicating a left-handed twisting along
the long axis of the petals. Similarly, part e is aligned by tilting
by 20.4° (Figure 3¢). The decomposed angle along the d to
e axis (blue arrow in Figure 3a) is anticlockwise 17.3°,
confirming the left-handed property of the petals. From part
d to b then to f (green arrow, Figure 3a), the clockwise
rotation angle is calculated to be 1.4° revealing the slightly
right-handed distortion along the horizontal long axis of the
whole blade. Thus, the mesostructure of the blade agrees with
the model shown in Figure 3, which indicates the left-handed
DNA packing in the composing petals and right-handed
stacking of the twisted petals to form the final individual
chiral blades. Moreover, considering the vertical epitaxial
growth direction of the blades and that the 2D square DNA-
silica channels are perpendicular to the blades, it can be
concluded that the long axes of the DNA molecules in each
blade run largely parallel to the surface of the mica sheet and
perpendicular to the direction of the blades.

To interpret the relationship between the orientation of
the blade and the crystal structure of the mica, a piece of
sparse film along with the thin mica substrate was peeled off
from the substrate and observed by TEM (Figure 3 g-i). Low-
magnification TEM image shows the uniform direction of the
blades on the mica surface (Figure 3g). The electron diffrac-
tion pattern of the whole area indicates that the underlay mica
is a single crystal grown along the ab-plane. The blades are
uniformly aligned along the [110] direction of the mica crystal
(Figure 3h). As the DNA molecules are packed perpendic-
ular to the blade, the long axes of DNA molecules follow the
2D hexagonal pattern of the Mg*" ions on the mica surface.
Considering that the B-form DNA is a right-handed double
helix composed of 10 base pairs per pitch with the same base-
pair separation of 3.4 A, this anisotropic oriented absorption
of DNA molecules is supposed to be determined by the
nearest phosphate groups approaching the mica surface. As
two adjacent phosphate groups on the same strand is about
120° to the DNA long axis, the positions of the nearest
phosphate groups at the phosphate backbones of minor
grooves and major grooves fit with the anchored Mg*" in the
mica lattice along the diagonal axis of the hexagonal lattice,
providing efficient electrostatic interaction to anchor and
align the DNA molecules along the 2D hexagonal lattice (see
the Supporting Information, Figure S8 for details). From the
point of view of the 2D crystal surface, the 2D hexagonal
structure has three equal diagonal axes, which provides three
possible directions for DNA alignment. This explains the
infrequently observed direction rotation of nearly 120° of the
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different adjacent domains (Supporting Information, Fig-
ure S9), which would occupy the three equivalent axes of the
hexagonal pattern on the mica surface.

The considerable morphological differences between the
films synthesized with or without Mg*" prompted us to
consider the effects of the Mg>" ions on orientation. It has
been reported that the absorption of DNA on mica was
greatly affected by the bridging effect of metal counterions.*!
Atomic force microscopy (AFM) was used to prove the
existence of the guiding effect of the DNA-Mg”*" monolayer
on the subsequent silicification (Supporting Information,
Figure S10). Strips of DNA molecular aggregations on mica
substrates adopt a transformation from random to uniform
orientation with the increasing of Mg*" ions. The guiding
effect of the molecular layer is further supported by the SEM
images of the films produced with different concentrations of
Mg** ions (Supporting Information, Figure S11). Increasing
the Mg*" content leads to an improved alignment of the film,
suggesting the key influence of Mg*" ions.

According to the results described above, the formation
mechanism of the OCDSF was hypothesized based on the
“mica-Mg*'-DNA-silica ~ quartet  templating”  route
(Scheme 1). It is known that cleaved sheets of muscovite
mica have about 2.1 x 10" negative charges per cm?, which are
balanced by surface K* ions.”! The Mg®" ions can anchor on
the substrate surface by ionic exchange with the K" ions and
then reverse the negative charge into a positive charge,
motivating interaction between the mica surface and the
negatively charged DNA '#3] Therefore, first, the Mg>* ions
replicate the original hexagonally arrangement of K" ions,
then affects the absorption positions of DNA molecules,
whose long axis is along the diagonal axis of the hexagon. The
result is a DNA molecular aggregation layer (Scheme 1a),
which is similar to the assembled orientation of surfactant
molecules that is guided by the crystal orientation of
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mica.'"”™ The electron-screen effect of the Mg®" ions on
negatively charged DNA deposited the DNA-Mg*" layers on
the surface. Meanwhile, the stronger repulsive force between
charged DNA molecules resulted in their parallel arrange-
ment. Second, the molecular layer then acts as an adherent
landing site that accretes and organizes the DNA aggregates
packed by the polycations of the TMAPS condensation
networks with a preferential orientation (Scheme 1b). The
positively charged TMPAS electrostatic interacts with the
negatively charged phosphate of DNA molecules, acts both as
condensation agent of DNA and the co-structure directing
agent between templates and silica source TEOS. Here, the
excess Mg”" ions in solution break the charge equilibrium of
TMAPS and DNA and act on the dislocated DNA array to
induce the chiral packing, which induces the chiral structure
of the OCDSFE."“*! Moreover, the silane group of TMAPS
near the substrate dehydration reacts with the extra native
hydroxy groups of mica, which immobilize the aggregates.
Third, the co-condensation of TMAPS and TEOS around the
DNA template forms a rigid silica channel wall, leading to the
epitaxial oriented growth of a long-range 3D architecture, as
illustrated in Scheme 1c. However, in the absence of Mg”"
ions, the anchoring of TMAPS on the mica surface is random,
which cannot contribute to the uniformly aligned growth of
individual DNA-silica plates. As a result, no preferred
orientation would result. According to this mechanism,
other divalent alkaline metal ions, Ba*" and Sr*', also
succeeded in orienting the chiral films (Supporting Informa-
tion, Figure S12).

In conclusion, we have successfully oriented and arranged
mesostructured helical DNA-silica assemblies into large-
scale chiral films with long-range ordering utilizing the
“quartet templating” pathway. The ordered transferring
from a highly organized natural crystal to epitaxial patterns
provides an efficient route to arrange the biomolecules in

Scheme 1. Representation of the formation of the OCDSF. a) The formation of oriented DNA molecular layer on the surface of Mg?" anchored
mica sheets by the quartet templating mechanism. b) Sequential DNA chiral packing aggregates induced by TMAPS and Mg”". c) Growth of
mesostructured chiral DNA-silica assembles with long-range horizontal parallel arrangement by silica mineralization.
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chiral mesostructures and further develops the fabrication of
nanostructure molds. We expect that this simple and powerful
route will establish an avenue for the production of ordered
chiral organic-inorganic films. Furthermore, the method
would permit wider fabrication of chiral devices, such as
broadband polarization devices, liquid crystal displays, or
negative reflection materials, and would facilitate the ability
to scale up to 3D organizations combining template-assisted
self-assembly.
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