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Colloidal crystallization using DNA provides a robust method for fabricating highly programmable
nanoparticle superstructures with collective plasmonic properties. Here, we report on the DNA-guided
fabrication of 3D plasmonic aggregates from polydisperse gold nanoprisms. We first construct 1D
crystals via DNA-induced and shape-directed face-to-face assembly of anisotropic gold nanoprisms.
Using the near-T,, thermal annealing approach that promotes long-range DNA-induced interaction and
ordering, we then assemble 1D nanoprism crystals into a 3D nanoprism aggregate that exhibits a
polycrystalline morphology with nanoscale ordering and microscale dimensions. The presence of closely
packed nanoprism arrays over a large area gives rise to strong near-field plasmonic coupling and
generates a high density of plasmonic hot spots within the 3D nanoprism aggregates that exhibit

Received 10th August 2021, excellent surface-enhanced Raman scattering performance. The plasmonic 3D nanoprism aggregates

Accepted 20th October 2021 demonstrate significant SERS enhancement (<10°), and low detection limits (10~°M) with good sample-
DOI: 10.1039/d1cp03684; to-sample reproducibility (CV ~ only 5.6%) for SERS analysis of the probe molecule, methylene blue.

These findings highlight the potential of 3D anisotropic nanoparticle aggregates as functional plasmonic
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1. Introduction

The ability of plasmonic nanoparticles to concentrate light into
nanoscale volumes and create locally enhanced strong electro-
magnetic (EM) fields has been exploited for a broad array of
applications such as optical antennae,™* ultrasensitive
sensors,” ® information processing,” surface-enhanced Raman
scattering (SERS),*'° surface-enhanced fluorescence (SEF),'"?
and nonlinear optics."® In particular, anisotropic-shaped nano-
particles (rods, prisms) such as those made of Au and Ag have
been the subject of intense interest in surface-enhanced spec-
troscopies, for instance, SERS**** and SEF,***® because of their
sharp edges and vertices that greatly confine the EM field, and
the tunability of their surface plasmon resonance throughout
the visible and near-IR (NIR) regions."”*° In addition, assem-
bling such nanoparticles in a predesigned spatial arrangement
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nanoarchitectures that could find applications in sensing, photonics, optoelectronics and lasing.

with gap sizes of the order of a few nanometers leads to the
formation of so-called plasmonic hot spots due to nanogap
effects.>*>' When a Raman reporter molecule or a fluorescence
emitter is placed in those hot spots, strong SERS and SEF
enhancement are observed due to strong near-field coupling
between neighboring nanoparticles that induces an enormous
EM field enhancement.”*?** The strength of the EM field
enhancement within the nanogap can be modulated by several
key factors such as the gap distance, the particle shape/size,
and the excitation configuration.”* The concept of nanogap
effects and the desirability of a high density of hot spots in the
excitation laser focal volume has led to the development of
various 2D and 3D nanoparticle superlattices with extensive
plasmonic coupling to obtain large-area SERS hot spots.>**°
The assembly of nanoparticles into 3D nanostructures with
tunable spacing provides a path towards the development of
tailorable functional materials with collective properties.>”>° In
turn, these properties have been utilized for different applications
including in magnetics,®® plasmonics,*® surface-enhanced
spectroscopies,®” photonics,®® and optoelectronics.** The maxi-
mum utility of the nanoparticle arrangement towards the realiza-
tion of novel nanomaterials depends upon the ability to control
the orientation and spacing between the nanoparticles within the
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superstructures.*>*® Common top-down and bottom-up strategies
to fabricate plasmonic superstructures include electron beam
lithography,®”*® the Langmuir-Blodgett technique,* the droplet
evaporation method,’®*" interface-based assembly,’*> and the
acoustic levitation technique.”® All of these methods are either
labor-intensive and costly or inefficient in terms of reproducibility
and specificity.**

DNA nanotechnology approaches have emerged as a power-
ful route to form design-based nanostructures that enable a
high degree of control over the placement of nanoparticles.***°
The programmability of the DNA length, recognition features,
and binding specificity in complementary DNA interactions
allow fine control in tuning the interparticle spacing, lattice
symmetry, and nanoparticle composition.’** These properties
make the DNA-induced assembly of nanoparticles an ideal
platform for developing well-defined 2D and 3D plasmonic
nanostructures from both spherical and non-spherical
nanoparticles.

Although the programmable DNA assembly has been
used to create well-defined 3D arrangements of anisotropic
nanoparticles (gold nanorods, cubes, rhomboids, and
dodecahedra),”*™° the formation of such nanostructures of
anisotropic gold nanoprisms using DNA has not been reported.
Herein, we demonstrate the stepwise hierarchical fabrication of
3D plasmonic aggregates from polydisperse anisotropic gold
nanoprisms and their application as SERS substrates. Using
DNA as the surface ligand and binding motif, prisms are
organized into 1D crystals through preferential face-to-face
binding, which maximizes the DNA interactions. By subjecting
the 1D nanoprism crystals to extended annealing below the T,
of the crystals, micrometer-scale 3D plasmonic nanoprism
aggregates composed of densely packed 1D nanoprism arrays
are fabricated. The plasmonic activity and suitability of
3D plasmonic aggregates as SERS substrates are investigated.
SERS analysis of the probe molecule methylene blue (MB) using
3D plasmonic aggregates demonstrates the excellent SERS
enhancement.

2. Result and Discussion

Gold nanoprisms in the size range 100-200 nm were synthe-
sized via the Diasynth method and purified following literature
precedents.>>®>” The purified nanoprisms were densely func-
tionalized with two complementary DNA strands, DNA-A and
DNA-A’ (see ESIt for details). DNA-induced hierarchical assem-
bly of the gold nanoprisms was accomplished in two steps: the
DNA-functionalized nanoprisms were first assembled into 1D
nanoprism arrays; these were then crystallized into 3D aggre-
gates in the second step via long-range DNA-driven interactions
of the 1D nanoprism stacks that were induced by thermal
annealing.

Prisms are essentially 2D nano-objects with two extended
flat surfaces that are significantly larger than their thickness.
The assembly of nanoparticles preferentially occurs through
binding events that allow maximum hybridization interactions
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between ligands anchored on the surface of the particles.>® One
can, therefore, assume that prisms having two large flat sur-
faces that can accommodate a high local ligand concentration
will exhibit face-to-face stacking. In the DNA-mediated assem-
bly of nanoparticles, in addition to shape complementarity, soft
shells of DNA dictated by chain length and rigidity also play a
crucial role in the orientational packing of anisotropic
nanoparticles.”>* For instance, the length of DNA linkers
can be used to control the DNA grafting density in different
surface facets of anisotropic nanoparticles, facilitating the
design of complex self-assembly schemes. A recent study by
Gang and co-workers has demonstrated that short DNA chains
tend to bind to the faces, whereas long DNA chains preferen-
tially graft on high-curvature locations of anisotropic cubic
nanoparticles.®' Here, we designed small DNA shells by graft-
ing short DNA linkers containing only 21 nucleotides to
nanoprisms in order to ensure a maximum DNA grafting
density on the flat surfaces of nanoprisms. Therefore, DNA-
functionalized prisms are expected to preferentially bind in an
associative manner via their large flat surfaces.

When equimolar solutions of two sets of nanoprisms func-
tionalized with complementary DNA strands were mixed in a
hybridization buffer and heated to 60-65 °C (well above T, ~
41 °C of the DNA strands), prisms assembled in a face-to-
face manner leading to the formation of 1D crystals with
a length varying from 500 nm to 1.2 pm and consisting of
20-40 monomer units, as shown in Fig. 1. The non-uniformity
and size variation of the 1D nanoprism crystal can be attributed
to the size disparity of the individual building blocks. Prior
theoretical and experimental works have shown that polydis-
persity in colloid suspensions suppresses the nucleation
growth and leads to the formation of different crystallites.®*

The melting temperature (Ty,) of the 1D nanoprism stacks
was determined by monitoring the change in absorbance at the
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Fig.1 DNA-mediated face-to-face assembly of gold nanoprisms. (a—c)
Representative SEM images of DNA-mediated face-to-face assembly of
nanoprisms into 1D stacks, and (d) melting profile of the 1D nanoprism
crystals, monitored at the SPR .« Of the nanoprisms. The inset shows the
first derivative of the melting curve.
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SPR /nmax Of the nanoprisms as a function of temperature. A
control experiment was also carried out by similarly annealing a
solution containing uncoated nanoprisms. The melting transi-
tion observed for the 1D nanoprism stacks, as shown in Fig. 1d,
and the absence of such a profile for thecontrol experiment
(Fig. S3, ESIt) indicates that the nanoprisms were densely
functionalized with DNA and the melting transition occurred
due to the de-hybridization of complementary DNA strands that
interconnected the nanoprisms into 1D stacks. The T}, of the
1D nanoprism stacks was found to be 68.5 °C, determined by
taking the first derivative of the melting curve and finding the
full width of the peak at half maximum (FWHM = 7.2 °C). The
melting transition occurred over a relatively broad range, which
could be attributed to the dispersity of the 1D nanoprism
stacks.

To achieve the long-range ordering and assembly of 1D
nanoprism stacks into 3D aggregates, we adopted the near-T,,
annealing-based nanoparticle crystallization approach. Ther-
mal annealing is often employed for long-range ordering and
crystallization processes in atomic and nanoscale systems.®"®
Thermal annealing below the T, of the initially formed DNA-
induced amorphous nanoparticle aggregates facilitates particle
rearrangement and long-range interaction without aggregate
dissociation by reducing the complementary DNA-mediated
attraction energy.>®°¢

Prior to thermal annealing below Ty,, the solution of
1D nanoprism stacks was spun down and resuspended in
250-300 pL phosphate buffer in order to concentrate the 1D
nanoprism stacks, as the organization of 1D nanoprism stacks
and crystal growth was not observed for dilute dispersions of
stacks even with extended annealing at elevated temperatures.
Concentrated dispersions of 1D nanoprism stacks were gradu-
ally heated at 65 °C, 66 °C, and 67.5 °C (below T,;, ~ 68.5 °C) for
a period of 1-3 hours (see ESIf for details). Dark-field
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microscopy was used to characterize the long-range ordering
and crystallization of the nanoprisms as thermal treatment
progressed.

As illustrated in the dark-field microscopy images, Fig. 2,
when thermal annealing was applied, the 1D nanoprism stacks
started to hierarchically assemble into 3D aggregates.

As the temperature increased from 55 °C to just below the
Ty, of the 1D nanoprism stacks, the crystal grain size continued
to grow larger. Fig. 2e and Fig. S3 (ESIt) show representative
SEM images of the nanoprism aggregates formed below T,,,
which are highly polycrystalline with crystal defects and exhibit
a size distribution ranging from 5-15 pm in diameter. By
contrast, previous studies on the DNA-driven assembly
of gold nanoprisms afforded only simple 1D face-to-face
stacking.>**”

High-magnification SEM images (Fig. 2f and Fig. S3, ESIt
insets) allow closer inspection of the 3D polycrystalline nanopr-
ism aggregates, revealing both lateral and perpendicular orien-
tations of 1D nanoprism stacks and the presence of crystal
defects within the aggregates. The polycrystallinity of the
nanoprism aggregates differs from the well-defined hexagonal
or honeycomb aggregates achieved by the salt-mediated crystal-
lization of nanoprisms,®®®® and predicted by a theoretical study
on the phase behavior of polyhedral particles.”® The lack of
well-defined hexagonal or honeycomb aggregates of the
nanoprisms could be due to the high polydispersity (around
30-40%) of the nanoprisms used in this study. Mirkin and co-
workers showed that having particles (spheres) with a polydis-
persity less than 10% is crucial for creating DNA-induced well-
defined programable crystalline structures.®®

Close-packed colloidal nanoparticle aggregates give rise to
enhanced plasmonic activity.”"”> We assessed the plasmonic
activity of the 3D nanoprism aggregates for applications in
surface-enhanced spectroscopies such as surface-enhanced

Fig. 2 DNA-mediated 3-D hierarchical organization of gold nanoprisms. Dark-field microscopy images of the long-range ordering of 1D nanoprism
stacks at (a) room temperature, (b) 65 °C, (c) 66 °C and (d) just below T,,, &~ 68.5 °C. (e and f) Representative low- and high-magnification SEM images of

the 3D nanoprism aggregates formed below T, respectively.
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Fig. 3 (a) Representative SEM image of the 3D hierarchical organization of gold nanoprisms on a glass slide and (b) Raman spectra of a pristine glass
substrate (black) and the 3D nanoprism aggregates (orange), and SERS spectra of 10~ MB adsorbed on a glass substrate (green) and the 3D nanoprism

aggregates (dark red).

Raman scattering (SERS). The SERS enhancement performance of
3D nanoprism aggregates was studied via the SERS analysis of
methylene blue (MB) as a model compound. MB was chosen as
the model compound for SERS analysis because of its well-known
characteristic Raman bands. Prior to Raman analysis, the nanopr-
ism aggregate substrate was deposited on a glass slide. The
organization of the nanoprisms remained unchanged after
drop-casting on glass substrates followed by air-drying, as shown
in the SEM image, Fig. 3a. All Raman analyses were carried out on
clean silica glass slides under the same experimental conditions,
using an excitation wavelength of 633 nm.

Fig. 3b shows the Raman spectra of a bare glass substrate,
bare nanoprism aggregates, and 10> M MB on a glass sub-
strate and on 3D nanoprism aggregates. The Raman spectrum
recorded for 10 ° M MB on the nanoprism aggregates reveals
strong Raman peaks with a good signal-to-noise ratio and char-
acteristics peak positions of MB that are consistent with previous
reports.”>””> Some of the most prominent bands in the SERS
spectra of MB are identified at 1621 em™" for (C-C) ring stretch-
ing, 1394 cm ™" for (C-N) symmetrical stretching, 1298 cm ™" (C-
H) in-plane ring deformation, 1154 ¢cm ' for (C-H) in-plane
bending, and 449cm™" for the (C-N-C) skeletal deformation
mode. These peaks were not observed in the Raman spectra of
the nanoprism aggregates and the glass substrate without MB,
indicating that these SERS signals belong to the probe molecule.

While the Raman analysis of 10 > M MB on the 3D nanopr-
ism aggregates reveals a highly structured spectrum with well-
defined characteristic peaks of MB, only two peaks with weak
intensities were observed at 1621 cm ™" and at 450 cm™" for the
same concentration of MB using the glass substrate, indicating
that the 3D nanoprism substrate is highly SERS-active. The
significant enhancement in Raman intensity for the band at
1621 cm ™' indicates a favorable orientation and adsorption of
the probe molecules to the nanoprisms’ surface.”® The strong
SERS enhancement for the 3D substrates is attributed to the

This journal is © the Owner Societies 2021

presence of the 3D close-packed organization of nanoprism
columnar arrays, which facilitates tip-to-tip, tip-to-edge, and
edge-to-edge interactions between neighboring nanoprisms
and multipolar plasmonic hybridization, leading to the for-
mation of large ensemble plasmonic hot spots, whereas plas-
monic coupling between nanoprisms in 1D face-to-face
orientations is significantly weaker.”””"°

To determine the molecular detection limit of the 3D nanopr-
ism aggregates, the SERS spectra for a series of concentrations of
MB were collected. Fig. 4a shows the SERS analysis of MB at
different concentrations ranging from 107> to 107 '°M. As
expected, the intensity of the SERS peaks for MB gradually dropped
as the concentration of MB was decreased from 107 to 10 M.

The SERS spectra show an obvious peak at 1621 cm ™ * for the
very low MB concentration of 10~° M, indicating that the 3D
nanoprism substrate is highly sensitive.

The SERS enhancement factor (EF) of the 3D nanoprism
aggregates was calculated from the SERS intensity of the
prominent band at 1621 cm ' (10°° M MB) and the Raman
intensity of the corresponding band (10~ M MB), considering
the bare glass substrate as the reference (see ESIt for details).
The SERS EF value of the 3D nanoprism aggregates was
estimated to be around 3 x 10° We observed a similar SERS
enhancement for another Raman reporter (thodamine B) using
3D nanoprism aggregates, Fig. S5 (ESIf). By contrast, the 1D
array of nanoprisms exhibits a significantly weaker SERS
enhancement, Fig. S6 (ESIT). These results are comparable to
or better than those of other nanoparticle-based plasmonic
SERS substrates for the SERS analysis of MB.”*7>80752

In order to assess the reliability and reproducibility of the 3D
nanoprism aggregates as SERS substrates, we adopted a statis-
tical approach to quantify the variation in the SERS response
between different samples. To determine the sample-to-sample
variation, SERS measurements were recorded for 5 different
samples, and for each sample, the signal intensity at 1621 cm™"
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Fig. 4 (a) SERS spectra of MB on 3D nanoprism aggregates at different concentrations, and (b) sample-to-sample SERS intensity variation at 1621 cm™
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recorded from 5 different substrates. Error bars represent standard deviations of SERS intensity at 1621 cm™* from at least 6 spots.

was measured from at least 6 different spots. Fig. 4b shows
sample-to-sample variation in the average SERS counts at the
1621 cm™ " band across 5 different samples. The average signal
intensity across the 5 samples was 19 194 counts with a coefficient
of variation (CV) of only 5.6%, indicating the excellent reproduci-
bility of the 3D nanoprism aggregates as SERS substrates.

3. Conclusion

In summary, we have demonstrated a DNA-mediated hierarch-
ical assembly of polydisperse gold nanoprisms into 3D aggre-
gates. DNA-functionalized nanoprisms were first assembled
into 1D columnar stacks of nanoprisms. Thermal annealing
below the Ty, of the 1D nanoprism stacks facilitated long-range
interactions between the 1D nanoprism stacks and therefore
assembly into 3D aggregates with sizes ranging from 5-15 pm
in diameter. The large number of closely arranged nanoprism
arrays in the 3D crystal led to the formation of an ensemble of
plasmonic hot spots, which gave rise to significant enhance-
ment in the SERS signal. SERS analysis of the probe molecule
methylene blue, using a 3D nanoprism substrate, showed a
significant enhancement (<10°), a high detection sensitivity
(as low as 10~°M), and excellent reproducibility. These findings
demonstrate that 3D aggregates of anisotropic nanoparticles
could find applications in diverse fields such as photonics,
chemical sensing, lasing, and nano-plasmonic waveguides.
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