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Resilient three-dimensional ordered architectures
assembled from nanoparticles by DNA

Pawel W. Majewski'2, Aaron Michelson®, Marco A. L. Cordeiro', Cheng Tian', Chunli Ma',
Kim Kisslinger', Ye Tian', Wenyan Liu’, Eric A. Stach®*, Kevin G. Yager', Oleg Gang

Rapid developments of DNA-based assembly methods provide versatile capabilities in organizing nanoparticles
(NPs) in three-dimensional (3D) organized nanomaterials, which is important for optics, catalysis, mechanics, and
beyond. However, the use of these nanomaterials is often limited by the narrow range of conditions in which DNA
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lattices are stable. We demonstrate here an approach to creating an inorganic, silica-based replica of 3D periodic
DNA-NP structures with different lattice symmetries. The created ordered nanomaterials, through the precise 3D
mineralization, maintain the spatial topology of connections between NPs by DNA struts and exhibit a controllable
degree of the porosity. The formed silicated DNA-NP lattices exhibit excellent resiliency. They are stable when
exposed to extreme temperatures (>1000°C), pressures (8 GPa), and harsh radiation conditions and can be pro-
cessed by the conventional nanolithography methods. The presented approach allows the use of a DNA assembly
strategy to create organized nanomaterials for a broad range of operational conditions.

INTRODUCTION

Starting from the visionary idea of using DNA for organizing nano-
scale matter (1) and from the early demonstration of using DNA
motifs for linking inorganic particles (2, 3), DNA-based assembly
methods have become a powerful approach to creating nanoscale
structures, including planar (4-7) and three-dimensional (3D) archi-
tectures (8, 9) from DNA (6, 10-14), nanoparticle (NP) clusters (15-17),
and 3D NP lattices guided by DNA grafted to particle surfaces (18-21).
The usefulness of DNA-based nanomaterial assembly approaches is
particularly attractive due to the intrinsic limitations of lithographic
methods for fabrication of 3D arrays and incorporation of wet
chemistry-derived nanoscale objects. Enabling 3D fabrication of
rationally organized nanomaterials is critical for emerging technol-
ogies, including quantum information systems, neuromorphic com-
puting, and optical and mechanical metamaterials (22-25), and these
functionally desired structures are typically not attainable by the
established nanofabrication approaches. From the self-assembly
perspective, the challenge of creating structurally robust and ratio-
nally organized complex 3D nanomaterials is well recognized. For
example, a comprehensive strategy for the assembly of designed NP
lattices using polyhedral DNA origami constructs of different shapes
(26-29) and particles of different geometries (30, 31) for the forma-
tion of diverse types of lattice symmetries has been demonstrated.
Given the exquisite structural control offered by DNA in creating
complex 3D structures with integrated functional nano-objects
(13, 16, 32-35), it is increasingly important to have the ability to
translate the assembly methodology into a generation of materials
that are not limited by the environmental requirements of DNA. For
instance, stabilization of DNA structures using polymers and
peptoids for a range of buffer conditions was demonstrated (36, 37)
as a method for preserving DNA structures in a broader range of
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liquid environments. Moreover, the future photonic, catalytic, and
mechanical applications of DNA-assembled NP-based materials
might operate at high temperatures, in vacuum or reactive environ-
ments, at elevated pressures or under radiation conditions. This
challenge also requires an understanding of the behavior of nano-
structures at these extreme conditions (38-42). Thus, it is important
and timely to develop methods that can take advantage of the
DNA -enabled assembly methodology for the creation of complexly
designed and resilient 3D NP-based materials stable under a wide
range of temperatures and environments.

Several approaches that use DNA for templating inorganic
materials have been investigated. For example, DNA-metallization
processes were actively developed for low-dimensional DNA (43, 44)
structures using metals, oxides, and sulfides. However, due to un-
controlled nucleation, it has been difficult to achieve continuity of
structures and thus replication of these architectures. The molecu-
lar intercalation (45) allows the modification of a double helix more
precisely, but it does not permit stabilization over a broad range of
conditions. The use of silica for templating organic structures has
attracted much attention (46, 47). Silica offers excellent chemical and
temperature stability and access to a broad range of functionaliza-
tion chemistries and allows subsequent processing, such as atomic
layer deposition. In this study, we demonstrate a method for con-
verting 3D DNA-NP lattices into silica replicas while maintaining
the topology of interparticle connections by DNA struts and the
integrity of NP organization. We also show that such ordered 3D
structures are resilient to high temperature, high pressure, and radi-
ation. Our approach preserves the 3D architecture of the lattice, NP
placement, and the connectivity of DNA origami struts while allow-
ing one to tune the porosity of the lattices via strut thickness. Using
in situ x-ray scattering and electron microscopy methods, we show
that these materials are stable at extreme conditions (>1000°C) and
pressures (8 GPa), and their architecture can be tuned through the
selection of origami shape and NP, and through the silication pro-
cess. The approach offers a plethora of opportunities for creating
resilient 3D NP-integrated structured materials with control of
nanometer-scale architecture, which can find applications in optics,
catalysis, and nanomechanics.
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The sol-gel approach (48) has been extensively used for creating
structural materials using silica templating of lyotropic surfactant
phases (46, 49) and block copolymers (50), but structural diversity
is limited by the most common cubic, lamellar, and columnar mor-
phologies of the underlying phase. Sol-gel methods were also used
to silicate more complex objects, such as proteins or even mamma-
lian cells (51, 52), to tailor morphology and surface chemistry of
shaped NPs (53), as well as to embed NP assemblies into a silica
matrix (54, 55). Recently, an existence of ultrasmall symmetric silica
cages formed from micelles was reported (56) and such cages were
used to form 2D lattices (57). Various methods of obtaining DNA-
templated silicas, including the formation of hollow tubules and
circular replicas (58), ordered nanochannel arrays, and porous
DNA -silica xerogels (59), have been reported. More recently, sol-
gel methods have been used to transition NP lattices assembled by
DNA shells grafted to NP surfaces into a solid phase (55); however,
in this approach, the entire lattice is fully encapsulated in silica
matrix. The precise control over the silica architecture and lattice
porosity is not possible. Nanoscale templated growth using DNA
origami has been demonstrated for origami constructs fixed to a
surface in native magnesium buffer (60) and DNA lattice in low
magnesium buffer (61), and these approaches allow templating
DNA nanostructure but do not incorporate nanocomponents. In
the approach presented here, we show that silication can be used for
creating 3D silica-NP architectures in the bulk and native magne-
sium buffer. These inorganic replicas of engineered DNA origami-
AuNP superlattices (26, 27) exhibit remarkable resilience under
harsh environmental conditions. Because of the practically unlimit-
ed opportunities in creating superlattices using designed origami
motifs, the presented approach leads to the creation of by-design
fabrication of 3D inorganic architectures that can be loaded with
functional components.

DNA-AuNP
superlattice

Inorganic SiO2-AuNP
superlattice replica

RESULTS

Our process was specifically devised to yield a conformal coating for
the 3D nanoscale structure, thus preserving the entire 3D architec-
ture, which is determined by the position of NPs in a lattice and
interparticle connectivity by DNA struts of DNA frames (27). In our
approach, the reaction conditions are optimized to achieve uniform
silication within the 3D DNA-NP frameworks, thus templating re-
sults in an inorganic replica of the entire architecture with the ability
to control its structurally defined porosity through the degree of
silica coating. To form inorganic replicas, we balance mineralization
of DNA origami and AuNP preserving the overall lattice architec-
ture, including the topology of the connections between particles
provided by the struts of the polyhedra origami that connect NPs.
In Fig. 1A, we show a two-step sol-gel coating process with organic
silica precursors, (trimethoxysilyl)propyl-N,N,N-trimethylammonium
chloride (TMAPS) and tetraethoxysilane (TEOS). We structured
our approach to yield conformal coating of the 3D nanostructure,
which has both well-defined DNA origami objects and functional-
ized NPs with single-stranded DNA stands grafted to particles’ sur-
faces. We stress that, unlike DNA origami, in which its molecular
structure is well defined, NPs are intrinsically polydisperse. This
can result in a distribution of a number of strands in NP shells and,
consequently, a larger degree of coating heterogeneity of NPs com-
pared to origami.

Thus, to control the uniformity of silica coating, we balanced the
rate of precursor diffusion into the superlattice and the reaction rate
of the precursor hydrolysis at the surface of the DNA struts of DNA
frames that connect DNA-functionalized NP. In particular, the hy-
drolysis of SiO; precursor (TEOS) and its deposition rate onto the
DNA bundles must be much slower than the diffusive transport of
the precursor into the superlattices. This provides an even coating
on the struts that, in turn, avoids excessive silica deposition on the

Fig. 1. Mineralization of 3D DNA origami-gold nanoparticle superlattices into all-inorganic 3D silica-Au replicas with preserved architecture. (A) Face-centered
cubic (FCC) superlattice formed by programmable water-based self-assembly by DNA-functionalized AuNPs (red), 15-nm core, and DNA origami tetrahedra frames (green)
is converted into an inorganic replica in a two-step sol-gel process . In the first step (1), positively charged ligand molecules (TMAPS) are added to coordinate phosphate
groups in DNA strands acting as a heterogeneous nucleation site for SiO, condensation after silica precursor (TEOS) is added in the second step (2). Low-magnification (B) and
high-magnification (C) transmission electron microscopy (TEM) images reveal intricate details of air-dried silicated FCC AuNP superlattice that maintains an architecture

of the assembled DNA-NP superlattice.
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surface of superlattice grains, which would restrict subsequent dif-
fusion of the additional precursor into the lattice interior. An addi-
tional constraint is the selectivity of the coating process, which
limits the growth of the SiO; shell to the DNA surface of the bundles
and prevents the formation of silica elsewhere. The latter demand is
met in the first step of the process. This involves the incubation of
DNA in the diluted tris-acetate-EDTA (TAE) buffer with 10 mM
MgCl, in the presence of the DNA ligand, TMAPS, which, due to its
positively charged headgroups, forms an anchoring layer between
the negatively charged phosphate residues in the DNA backbone and
the subsequently used silica precursor, TEOS (Fig. 1A, top). The use
of the TMAPS linker is critical for the stability of SiO,-coated
superlattices produced; a short incubation at 4°C of superlattices
with the linker is required to facilitate the subsequent coating. This
differs from previous 2D (60) and 3D (61) templating approaches
that operate at room temperature. After addition of TEOS, the mix-
ture is gently stirred for another 4 hours and temperature is gradu-
ally raised to 25°C over the course of 16 hours, thus allowing to coat
an entire lattice (Fig. 1A, bottom). After the coating reactions, the
stability of superlattices is greatly enhanced; they are stable against
the removal of magnesium ions stabilizing the DNA bundles in ori-
gami, substitution of water to ethanol, and even complete removal
of the solvent.

Figure 1B shows a low-magnification transmission electron mi-
croscopy (TEM) micrograph of a face-centered cubic (FCC) DNA
origami-AuNP superlattice coated with 8 nm of silica. This FCC
lattice was assembled using DNA tetrahedron frames and 15-nm
AuNP (refer to the Supplementary Materials for details of lattice
composition and synthesis). The intricate details of the lattice com-
posed of DNA origami tetrahedral building blocks are revealed in
the bright-field (BF) high-magnification TEM image (Fig. 1C). The
silica coating is visible both on the surface of DNA bundles (17 nm
diameter after silication) and as a ~5-nm layer on the 15-nm AuNP,
resulting from the presence of thiol-functionalized single-stranded
DNA on the surface of the particles. Silica coating is visible throughout
the whole coated specimen, including small grains visualized via
TEM and larger grains visible by scanning electron microscopy
(SEM) (Fig. 2, A and B). Global preservation of the superlattice
structure in all grains is further indicated by small-angle x-ray scatter-
ing (SAXS) experiments performed on the samples before (Fig. 2C)
and after the silica coating (Fig. 2D). The same set of diffraction
peaks, indicative of the FCC symmetry, is present both for the
DNA-NP lattice in aqueous solution and for the same silicate lattice,
where a slight shrinkage (about 5%) in lattice constant is observed
after the coating. By comparison, unmodified DNA-based lattices
will collapse upon drying, completely disrupting the 3D periodic
order (figs. S5 and S6). The silication process does not destroy the
lattice organization; in fact, it appears to improve structural order,
as evidenced by peak sharpening and the presence of a larger num-
ber of higher-order peaks. This improvement in quality might be
attributed to the suppression of fluctuations within the lattice and
merging of domains during silication.

To investigate the distribution of individual elements in the formed
AuNP-DNA-SiO; superlattice and to correlate their locations, we
conducted a detailed study using energy-dispersive x-ray spectros-
copy (EDS); see the Supplementary Materials for details. The bottom
panels in Fig. 2 show the EDS spectrum for the silicated lattice
(Fig. 2F) elemental mapping for phosphorus (Fig. 2G), gold (Fig. 2H),
and silicon (Fig. 2I). While the presence of gold atoms, as expected,
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is sharply concentrated at the location of nodes in the lattice (gold
NPs), the remaining atoms tend to be distributed more evenly over
the whole lattice. In particular, the phosphorus signal originating
from the phosphodiester DN A backbone collocates with the middle
region of the silicated struts and at the surface of gold NPs. Nitrogen
atoms, present in DNA nucleotides and in the positively charged
quaternary amine group of the ligands, are distributed in a similar
fashion, indicating inclusion of the ligands into the growing silica
shell. Figure 2] shows three elemental signals (Au, P, and Si) super-
imposed on high-angle annular dark-field (HAADF) micrograph,
indicating an excellent colocalization of elements, as one would ex-
pect from a well-formed lattice replica.

DISCUSSION

Our silication approach allows us to generate a variety of silica lat-
tices using an underlying 3D scaffold provided by DNA-NP lattices
of different types, as determined by the DNA frame geometry and
NP placement (26, 27). By varying the amount of silica precursor, a
control over the thickness of deposited silica can be achieved. Thus,
both the type of lattice and its filling can be regulated, which pro-
vides control over the design of 3D silica-NP ordered materials.
Specifically, the amount of TEOS used in the templating step directly
controls the thickness of the SiO; shell grown around DNA bundles
forming origami struts and DNA-functionalized NPs. Furthermore,
we have noticed a threshold value at the molar ratio of TEOS:DNA
of about 10:1, which is a minimum necessary to stabilize the super-
lattices during subsequent exchange of solvent and drying process.
Below this value, sub-1-nm layers of SiO; are formed and the lattices
tend to collapse when the stabilizing Mg”" ions are removed during
the solvent exchange to ethanol.

The formation of prescribed 3D NP lattices can be controlled
through DNA polyhedral frames, in which vertices are encoded to
bind NPs, and NPs play the role of nodes for connecting frames (27).
The final symmetry of the lattice is determined by the topology of
interparticle connections, as provided by frame linkages. In this study,
we investigated NP assemblies formed directly by tetrahedral, cubic,
and octahedral DNA frames, which induces an assembly of NP into
FCC, simple cubic (SC), and FCC lattices, respectively. Figure 3
presents TEM images of three distinct coated superlattices oriented
by adjusting the tilt angle of the sample holder in the optimal way to
reveal the symmetry of the lattice and the degree of coating. The
FCC lattice formed by DNA 15-nm AuNPs tetrahedra oriented in the
(110) plane coated by using a 20:10:1 molar ratio of TEOS:linker: DNA
nucleotide is shown in the DF image in Fig. 3A. This structure pro-
vides an example of a relatively thin, 5-nm silica-coating structure
with large porosity. An SC lattice containing 10-nm AuNPs imaged
in dark field in (100) orientation was coated with silica shell of inter-
mediate thickness (15 nm) obtained at 90:15:1 TEOS:linker:DNA
ratio. Conversely, an FCC superlattice made of octahedral frames,
shown in Fig. 3C, was coated with a saturating ratio of TEOS:
linker:DNA (50:10:1), which results in closing the voids and forma-
tion of space-filling silica matrix with preserved order of NPs.

The 3D silica architectures, formed from the AuNP-DNA-SiO,
superlattices, display a remarkable chemical and thermal stability.
The buffer containing Mg** ions, which stabilizes DNA origami in
the uncoated samples, is no longer necessary to maintain a DNA
origami integrity. Thus, silicated lattices can be readily suspended
in a broad range of polar solvents (water, ethanol, and methanol).
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Fig. 2. Structural and elemental characterization of silica-AuNP replica lattice by electron microcopy. (A) Scanning electron microscopy (SEM) images of grains of
SiO,-coated FCC DNA-AUNP superlattice. (B) High-resolution SEM reveals that each grain is a monodomain with sharply terminated grain boundaries and dihedral angles
corresponding to the symmetry of the lattice. Small-angle x-ray scattering (SAXS) patterns of the superlattice before coating (C) and (D) after the coating with SiO,.
(E) High-angle annular dark-field (DF) scanning TEM micrographs of ethanol-washed SiO,-coated FCC DNA-AUNP superlattice after air drying. Energy-dispersive x-ray
(EDX) analysis reveals the atomic composition of the sample confirming highly controlled localization of elements delivered to the lattice in the coating procedure. (F) An
EDX spectrum of the image with indicated spectral positions of elements, (G) phosphorus (DNA strands in the origami and on the surface on AuNPs), (H) gold (AuNPs)

mapping, (I) SiO; (silica), and (J) overlaid Au, P, and Si elemental maps.

To date, DNA-NP lattices have demonstrated enormous control over
structure but have been quite limited in application due to the lim-
ited range of conditions under which they are stable, as compared to
that required for real-life applications. To examine temperature sta-
bility of the lattices, we heated silicated FCC lattices up to 1200°C in
a dry state. We observe neither lattice collapse nor change of the
lattice symmetry via SAXS (Fig. 4H). This thermomechanical stability,
which persists even during rapid thermal ramps (>100°C/min), is
remarkable considering the fine structure and open nanoarchitecture.
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It is a manifestation of the chemical stability of SiO; as well as
the ability of open strut-like nanoarchitectures to redistribute large
stresses throughout the lattice. The observed uniform shrinkage,
approximately 5% of lattice constant, upon the high-temperature
treatment, is related to the initial dehydration upon residual water
evaporation. A subsequent solidification of sol-derived silica results
in the isotropic compacting of the superlattice by a further 12%.
The thermal behavior of superlattices can be directly tracked by
in situ observation upon heating the formed silica replica lattice in
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Fig. 3. Superlattices formed with different polyhedra DNA origami and AuNP are mineralized with controllable coating thicknesses. (A) FCC superlattice formed
by 15-nm AuNPs and DNA origami tetrahedra with the unit cell shown in gray and a corresponding DF STEM image of a thinly coated grain imaged in the (110) plane.
(B) Simple cubic superlattice built by DNA cubic cages and 10-nm AuNPs oriented in the (100) plane. Intermediate silica precursor amount was used, yielding 15-nm-thick
coating around DNA struts. (C) Model of 10-nm AuNPs in octahedral DNA units forming FCC lattice and BF TEM image of the coated lattice imaged in the (221) plane. The

amount of precursor used renders complete coating and filling of space between the particles and DNA.
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Fig. 4. Thermal stability of 3D silicated DNA-NP superlattice. Silica-coated superlattice is heated in situ under STEM observation from 25° to 1200°C (A to E) and cooled
back to room temperature (F). Once heated beyond the melting point of gold (1064°C), some of the NPs disappear, leaving behind a hollow SiO; replica of the superlattice
(F). The process is accompanied by the gradual shrinkage of the superlattice, (G) as tracked by the analysis of scattering peak shifts in the SAXS data (red dots) and Fourier-

transformed TEM images (black squares). The lattice constant after the heating (blue diamond) is ~13% smaller when compared to the starting material.

the transmission electron microscope. Figure 4 shows a time-resolved
image series (TEM mode) of a silica FCC superlattice composed of
DNA origami tetrahedra heated from room temperature to 900°C.
The first observed feature is the thermochemical stability of the
structure even at temperatures where the DNA structures had al-
ready undergone a decomposition/pyrolysis process. On the other
hand, the organic removal and additional mechanical stress relief
during the experiment lead to shrinking of the structure, as seen in
the fast Fourier transform of each image, presenting a reduction of
11 to 13% of the superlattice parameters (Fig. 4 and fig. S16), cor-
roborating the conclusions of temperature-resolved SAXS analysis.
Thus, this in situ heating TEM experiment provides a direct evidence
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that this phenomenon occurs without structural degradation on the
local scale, i.e., the FCC structure remains intact.

Interesting phenomena are observed for NPs when the lattice is
heated to yet higher temperatures (to 1200°C): The gold NPs shrink
and some of them eventually disappear at a temperature above 1100°C,
while a fraction of NP is still preserved. The shrinkage is presum-
ably related to increased mobility of gold as the temperature reaches
the melting point, whereupon the metal may diffuse out of the initial
lattice positions and throughout the 3D silica scaffold (movie S1). A
fraction of silica scaffolded sites seal NPs, hindering the diffusion
even at 1200°C. We have examined the possibility of gold diffusion
by tracking through the use of EDS, in the presence of NP and after
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their disappearance. Figure S16 shows the EDS mapping for the
structure at room temperature (fig. S2, A to D) and the same area
after a heating cycle (fig. S2, E and F), which indicates the shrinking
of gold NP, but there is not any relevant trace of gold signal over the
rest of the main SiO, scaffold. To eliminate the effect of prolonged
irradiation of gold particles with the electron beam, known to pro-
mote sample changes in microscopy experiments (e.g., sputtering,
melting, and recrystallization), we have studied and compared the
high-temperature sample areas located away from the electron beam.
We observed that the superlattice in this experiment (movie S1 and
fig. S2) and other structures located away of the electron beam irra-
diation area, after the heating cycle (fig. S17) exhibited the same
pattern of phenomena with gold particles shrinking and vanishing,
indicating purely thermal NP evaporation mechanism. Thus, we
conclude that substantial thermally induced migration is the main
path for the vanishing of particles at high temperatures. These ex-
periments also reveal a remarkable resilience of the lattice, which
remains intact despite the mobility and redistribution of gold metal
at vertices of the lattice strut positions.

Besides the observation of the gold NP’s disappearance, their
melting process inside silica encapsulation was also possible to follow
by an in situ observation. During the heating experiment at ~1150°C,
the annular DF signal [scanning TEM (STEM)] (movie S1) showed
quick oscillations of contrast over time, inferring changes in the
crystal order. Although signals from the larger angle of collection of
electrons (>80 mrad, as in HAADF-STEM) have almost exclusively
Rutherford scattered electrons (i.e., no diffraction information), lower
angles of collection of electrons [as in medium/low angle annular
dark field (MAADF-STEM/LAADEF-STEM) or BF-STEM] convey
the contribution of coherent elastic scattering (i.e., diffraction con-
tribution). Because any phase transition (as melting) will interfere
with the diffraction signal contribution, it will be noticed only in
signals with lower angles of collection of electrons, but unnoticed in
higher angles, which is exactly observed in this experiment (see

A B

movie S2 of the same experiment). This supports the conclusion that
this is a melting process.

To further probe the mechanical properties of formed silica-NP
lattices, we have performed high-pressure compression experiments.
By controlling a silica growth, the thickness of struts was changed,
thus resulting in porous (about 20% silica) and fully silica filled FCC
lattices. Samples of silica-coated 3D DNA-gold NP superlattice were
placed in a diamond anvil cell and studied by in situ high-pressure
SAXS at a pressure up to 8 GPa (Fig. 5). The scattering pattern indi-
cates that the lattice is preserved under isotropic compression up to the
highest probed pressure, 8 GPa. No significant changes in the lattice
quality are observed at the intermediate-high pressure (3.9 GPa), as
shown by the broadness and number of scattering peaks. However,
at 8 GPa, some degradation of order becomes apparent, although the
lattice still persists because the scattering pattern that corresponds to
the FCC lattice is present. Using the second-order Birch-Murnaghan
equation of state, we obtained bulk modules of measured lattices
from SAXS data (see the Supplementary Materials). The fitted bulk
modulus for the 20% silica-coated FCC superlattice is 30.1 + 5.5 GPa,
and the value for the 100% silica-coated FCC superlattice is 50.4 +
9.9 GPa, which is compared favorably with the reported bulk modulus
(36 and 50 GPa) of silica (62). We note that these silicated lattices
show a mechanical response that differs drastically from DNA-NP
lattices (63). It has been shown that distribution of bulk modulus can
arise due to different conditions of pH and concentration in solution,
affecting grain structure at the different scales. However, in our study,
by creating a nanoporous lattice, we observe that such a lattice with
20% filling nevertheless offers about 60% of the bulk modulus. Several
effects can contribute to this observation: (i) hydrostatic pressure of
oil penetrating lattice in our high-pressure experiment can offset the
measurement of bulk modulus; (ii) a microscale structure of struts,
analogously to effects in nanoporous gold (64); and (iii) larger-scale
heterogeneity in a sample. Thus, future studies with a direct mechanical
indentation of lattices are required to elucidate these observations.
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Fig. 5. Mechanical properties of the silicated FCC DNA-NP superlattice under compression stress. SAXS patterns of the coated superlattice composed of DNA origa-
mi tetrahedra and 15-nm gold NPs under high hydrostatic pressure generated using Almax plate diamond anvil cell. (A) Scattering data of the sample containing 20%
silica by volume compressed to different pressures up to 8.00 GPa and (B) completely filled with silica. The vertical dashed line is used to guide the eye to track the
111-peak shift under increasing pressure. (C) Evolution of the unit cell volume of the superlattice as a function of pressure, coated by a varied amount of SiO,. Green markers,
20% silica; red markers, 100% interstitial volume filled by silica. The solid lines indicate fitting results to the second-order Birch-Murnaghan equation of state and the
calculated bulk moduli (By) of the superlattice coated to a different thickness of silica (see the Supplementary Materials).
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Fig. 6. 3D imaging of the silicated nanoparticle lattice using a focused ion beam processing and serial reconstruction. (A) SEM image of a DNA-NP superlattice
structure. (B) Representation of the FIB/SEM collection process wherein a 10-nm layer of sample was removed sequentially by ion milling. (C) Slices of SEM images showing
the evolution of pyramid domain. (D) 3D representation of AuNP lattice showing ordered and disordered domains within the assembled volume (see also supplementary

movies and the Supplementary Materials).

The strength and durability afforded to the structure were allowed
for processing materials using typical semiconductor industry meth-
ods that are nearly impossible to apply to soft matter-based struc-
tures. Silicated lattices can be postprocessed using both e-beam and
focused ion beam (FIB) milling. By using the unique capabilities of
the FIB/SEM to section nanometer-scale slices from a structure, the
entire superlattice can be sliced, imaged, and reconstructed to reveal
the full 3D nature of the lattice (see Fig. 6 and figs. S20 and S21).
With this technique, we visualize the growth of an ordered grain
evolving from a disordered aggregate state (Fig. 6). The lattice facets
along (111) planes with a truncation on top of the pyramid corre-
spond to the (100) plane. The ability to slice through the sample
allows imaging the interior of assemblies. Through this method, it
will thus be possible to obtain information about defects and dis-
locations of nanoscale superlattices unlocking untold amounts of
information pertaining to the nucleation and defect formation
mechanisms in self-assembled lattices.

The radiation robustness of the silica encapsulated lattices is
further demonstrated by its stability during bombardment by x-ray
photons using high-flux synchrotron source, such as National Syn-
chrotron Light Source IT (NSLS IT) (BNL). DNA-NP lattices typically
degrade after exposure to x-ray beam during SAXS measurements.
The damage onset is indicated by changes in a scattering pattern,
such as a decrease of intensity of diffraction peaks and a disappear-
ance of high-order peaks (fig. $22). In comparison with native
DNA-NP lattices, silica encapsulated lattices could withstand a sig-
nificantly higher radiation exposure, as probed by x-ray imaging
using irradiation by nanofocused x-ray beam (see the Supplementary
Materials). The damage is pronounced by appearance of the hole in
the exposed area (fig. S23). We estimate that silication allows to sus-
tain the delivered radiation dose about six orders of magnitude higher
than a native DNA-NP lattice (table S1). The high tolerance to the
radiation of processed DNA-NP lattices opens opportunities to
apply flux-intensive x-ray methods, such as x-ray tomography and
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ptychography, to nondestructive real-space 3D probing of DNA-
assembled lattices. The greater penetration depth of x-rays would
supersede electron microscopies’ limited range and allow in-depth
analysis of local structure, defects, and dislocation not otherwise
possible with scattering techniques alone. The presented method
for creating highly structured NP-based materials might also be
potentially applicable for the fabrication of engineered radiation-
shielding nanocomposite materials (65) and nuclear nanotechnology
applications requiring highly radiation-tolerable and highly archi-
tectured nanomaterials (66).

We present a facile synthetic approach to a new class of periodic
supramolecular nanostructure obtained by templated growth of
amorphous silica on gold NP-DNA superlattices and subsequent
calcination of the latter. The process results in all-inorganic replica
preserving the arrangement of gold NPs with DNA strands converted
to SiO,. Such structures, given their fine structure, are amazingly
stable, even in solvent-free environments. The in situ heating TEM
observations of superlattices demonstrated their great thermome-
chanical stability, with no loss or changing of the main SiO; struc-
ture order, and only modest shrinkage. The possibility of removing
the organic part and the gold NPs, prediction of superlattice parame-
ter shrinkage without structure order changing, provides a promis-
ing avenue toward the construction of a new class of nanostructured
porous materials.

MATERIALS AND METHODS

Silica-coating process

All chemicals used in the conversion of AuNP-DNA superlattices
were purchased from Sigma-Aldrich. AuNP-DNA superlattices were
gently centrifuged to remove unbound DNA and redispersed in
10 times diluted standard TAE buffer containing 10 mM MgCl, to
obtain a final concentration of the lattice-bound DNA of 91 mmol/ul
(single-nucleotide basis is used throughout this protocol). The
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linker, TMAPS, was added at the 5:1 molar ratio with respect to the
bound DNA concentration and incubated at 4°C for 30 min upon
gentle stirring, followed by the addition of silica precursor, TEOS.
Silica precursor diluted in absolute ethanol is added at the end of the
initial incubation with the linker. The dilution facilitates handling
small amounts of liquid and also improves the miscibility of the
precursor with the coating buffer and thus the homogeneity of the
coating mixture. The molar ratio of the TEOS-to-lattice-bound
DNA was varied depending on the desired coating thickness
from 5:1 to 1000:1. Following the 4-hour incubation period at
4°C, the temperature of the reaction mixture was gradually in-
creased to room temperature over a course of 16 hours with gentle
agitation throughout the process. Silica-coated superlattices were
harvested by centrifugation and washed with ethanol-water for
several times and air-dried directly on TEM grids or Si wafers for
electron microscopy studies.

Conversion to all-inorganic replicas

The conversion of hybrid inorganic-inorganic superlattices to all-
inorganic AuNP-SiO; replicas was performed by the oxidative calci-
nation in a high-temperature furnace at 500°C for 1 hour in the O,
atmosphere. The calcined samples were subsequently studied by SAXS.

Small-angle X-ray scattering

SAXS experiments were carried out at the NSLS II coherent hard
x-ray scattering (CHX) and complex materials scattering (CMS)
beamlines. The scattering data were collected with a Dectris photon-
counting area detectors and converted to 1D scattering intensity
versus wave vector transfer, g = (4r/A) sin (6/2), where A = 0.8551 A
and 0 are the wavelength of incident x-ray and the scattering angle,
respectively. The scattering angle was calibrated using silver behenate
as a standard. The structure factor S(q) was calculated as I,(q)/I(q),
where I,(g) and I,(q) are background-corrected 1D scattering in-
tensities extracted by angular averaging of detector images for as-
sembled systems and dissociated particles, respectively.

High-pressure experiments

The high pressure is generated by Almax plate diamond anvil cell;
the culet size of Boehler-Almax-designed diamond is 450 pm with
bevel. Tungsten is chosen as a gasket material and is preindented
to 90 um. A hole with a diameter of 300 um is drilled in the center
of the preindented tungsten gasket to serve as a sample chamber.
Then, ruby balls together with the silica-coated superlattice sample
dispersed in the high-pressure liquid medium (a mixture of methanol,
ethanol, and water, 16:3:1 volume ratio) are loaded into the sample
hole. The pressure is calibrated by the fluorescence shift of the ruby
R; line; the quasi-hydrostatic condition can be monitored by the
separation and width of ruby R; and R; lines.

The high-pressure SAXS was carried out at the CMS beamline of
NSLS II, Brookhaven National Laboratory. The wavelength of x-ray
is 0.918 A. The SAXS data were collected by MAR charge-coupled
device detector. The sample to detector distance and geometric
parameters were calibrated by using silver behenate. The 2D x-ray
patterns were converted to 1D intensity by Fit2d software.

In situ heating (S)TEM experiments

TEM samples were prepared by dropping the suspension of DNA-
AuNP superlattice in a disposable 3-mm-diameter microelectro-
mechanical system (MEMS) device (which serves as both the heating
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element and the specimen support grid) or in an amorphous carbon
film supported on nickel grids. The isothermal in situ heating exper-
iments were performed in two microscopes. STEM imaging was carried
out by using a MEMS-based heating holder (FEI NanoEx-i/v) in the
FEI Talos F200X TEM equipped with X-FEG electron source and a
four-quadrant 0.9-sr energy-dispersive x-ray spectrometer (windowless)
operated at 200 kV. Additional in situ experiments (TEM imaging)
were performed in a Gatan 628 single-tilt heating holder (with an
Inconel-based resistive heater) in JEOL JEM2100F with Schottky
field-emitter source. Both microscopes were operated at 200 kV. The
thermal ramp was executed by heating the sample at 0.5°C/s from
room temperature up to the desired temperature (900°C or 1200°C
in the experiments herein). The sample was held at the maximum
temperature for 10 min and then cooled down to room temperature
at the rate of -0.5°C/s.

Serial sectioning experiments
DNA-NP superlattices (20 nm Au) were drop-cast onto a clean sil-
icon wafer. Imaging and serial sectioning were performed using FEI
Helios NanoLab 660 SEM/FIB; Auto Slice and View G3 software
suites were used to automate collection. The particle cluster was
imaged with an Elstar in-lens BSE detector (TLD-BSE) with a 3 us
dwell time and a 100 pA current. A sacrificial layer of Pt was depos-
ited on top of the sample to help avoid damaging the sample before
slicing, after which a trench was milled surrounding the sample and
the fiducial marker was placed with Pt for Auto slice and view func-
tionality. The FIB current was set to 0.43 nA; a 10 nm step size for
layer removal was selected. A total of 151 slices were collected in
this method.

Avizo/Amira software was used to perform corrections, filter,
and view data.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabf0617/DC1
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