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CONSPECTUS: For decades, plasmonic nanoparticles have been extensively studied due to their extraordinary properties,
related to localized surface plasmon resonances. A milestone in the field has been the development of the so-called seed-
mediated growth method, a synthetic route that provided access to an extraordinary diversity of metal nanoparticles with
tailored size, geometry and composition. Such a morphological control came along with an exquisite definition of the
optical response of plasmonic nanoparticles, thereby increasing their prospects for implementation in various fields. The
susceptibility of surface plasmons to respond to small changes in the surrounding medium or to perturb (enhance/quench)
optical processes in nearby molecules, has been exploited for a wide range of applications, from biomedicine to energy
harvesting. However, the possibilities offered by plasmonic nanoparticles can be expanded even further by their careful
assembly into either disordered or ordered structures, in 2D and 3D. The assembly of plasmonic nanoparticles gives rise to
coupling/hybridization effects, which are strongly dependent on interparticle spacing and orientation, generating
extremely high electric fields (hot spots), confined at interparticle gaps. Thus, the use of plasmonic nanoparticle assemblies
as optical sensors have led to improving the limits of detection for a wide variety of (bio)molecules and ions. Importantly,
in the case of highly ordered plasmonic arrays, other novel and unique optical effects can be generated. Indeed, new
functional materials have been developed via the assembly of nanoparticles into highly ordered architectures, ranging from
thin films (2D) to colloidal crystals or supercrystals (3D). The progress in the design and fabrication of 3D supercrystals
could pave the way toward next generation plasmonic sensors, photocatalysts, optomagnetic components, metamaterials,
etc. In this Account, we summarize selected recent advancements in the field of highly ordered 3D plasmonic superlattices.
We first analyze their fascinating optical properties, for various systems with increasing degrees of complexity, from an
individual metal nanoparticle through particle clusters with low coordination numbers, to disordered self-assembled
structures and finally to supercrystals. We then describe recent progress in the fabrication of 3D plasmonic supercrystals,
focusing on specific strategies but without delving into the forces governing the self-assembly process. In the last section,
we provide an overview of the potential applications of plasmonic supercrystals, with a particular emphasis on those related
with surface-enhanced Raman scattering (SERS) sensing, followed by a brief highlight of the main conclusions and
remaining challenges.

Introduction experimental involved (e.g.  solvent,

temperature, humidity).
This Account focuses on plasmonic supercrystals and their

parameters
2,6,7

A supercrystal can be defined as a highly ordered 3D
assembly of nanocrystals/nanoparticles, which may still

exhibit the intrinsic properties of its building blocks, but
also displays unique collective properties originating from
interparticle coupling effects.”” By tuning the location,
orientation, shape or composition of the nanoparticles,
novel high-performance materials with custom-made
properties can be created.’” It is thus essential to properly
understand particle crystallization processes, to rationalize
and direct the formation of the desired supercrystals, in
terms of symmetry, lattice spacing and even crystalline
habit or shape. Such processes are complicated due to the
wide range of nanoparticle interactions, as well as other

potential use for diverse applications. We do not intend to
discuss interparticle interactions, external forces or
thermodynamics involved in the nanoparticle assembly
process.”® We will describe state-of-the-art techniques to
fabricate highly ordered 3D plasmonic nanostructures
comprising Au and Ag nanoparticles. By showing recent
works including computational simulations and
experimental data, we analyze the optical properties of
plasmonic supercrystals, as well as the applicability of such
plasmonic platforms.



Optical properties: Why plasmonic supercrystals?

Metal nanoparticles and films thereof have been
extensively used as nanoprobes within sensing devices,®
because of their ability to concentrate electric fields at the
nanoscale, thereby enhancing the interaction between
light and molecular analytes.””* Plasmonic nanoparticle
supercrystals can be foreseen as sensing platforms in either
liquid or gaseous phase where the samples can flow
between nanoparticles, where the electric field is strongly
confined, thereby facilitating e.g. the analysis of clinical
samples." However, the fundamentals and design rules
for optimum spatial distributions are not clear yet. We
describe in this section recent literature where scientists
from different areas attempted to define the fundamentals
and basic design principles to develop supercrystals for
enhanced spectroscopy applications. We first describe the
optical response of single particles to gradually move into
3D nanoparticle arrays.

Localized surface plasmon resonances and hot spots
Nanometals have been the fuel for the nanosensing
revolution due to their fascinating optical properties. In
particular, metals having negative values of real
permittivity can trap light at the metal-dielectric interface,
coupling the electric field to free electrons in the metal, to
form a hybrid surface wave named surface plasmon. For
small nanoparticles, the electric field of incoming light can
induce an electrical dipole through the displacement of
conduction electrons from their equilibrium positions with
respect to the core ions, resonating coherently with the
incident light wave. This phenomenon is known as
localized surface plasmon resonance (LSPR) and generates
intense electric fields confined at the nanoparticle surface,
which can alter certain properties (absorption, emission,
Raman scattering, etc.) of nearby molecules.” Additionally,
the plasmonic resonance frequency strongly depends on
nanoparticle size, composition," shape® and surrounding
medium.”® Therefore, the rational design and synthesis of
plasmonic nanostructures is an attractive path to obtain
more efficient sensing devices. As an example,
nanoparticles containing spikes, ie. nanostars, can
strongly confine light at the tips of such spikes.”"®
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Figure 1. Comparison between SERS enhancement factors for
clusters of spherical nanoparticles with coordination numbers 1 to
7, normalized to the enhancement by a single particle excited by
a 633 nm laser line. Near field intensity calculated for clusters with
low coordination numbers, excited at 633 nm, along planes
passing by the centers of the lower spheres. Bright yellow areas
correspond to hot spots. Adapted with permission from ref. 19.
Copyright (2012) Wiley-VCH.

Assembly of nanoparticles into dimers, tetramers, clusters
or chains has been shown to originate larger enhancement
factors,””® increasing by orders of magnitude with the
number of assembled nanoparticles (Figure 1), in
correlation with interparticle coupling. When two
nanoparticles are close enough, individual plasmon
resonances couple together generating hybridized
plasmon modes.”* Considering that a plasmonic
nanoparticle can be described as a nanoantenna with an
associated electric dipole,”® when two nanoparticles are
brought into close proximity their corresponding dipoles
are hybridized, creating symmetric and antisymmetric
plasmon modes, depending on their relative dipole
orientations. The symmetric mode is due to coupling of
mutually aligned longitudinal dipoles, leading to a large
induced dipole. Symmetric modes are strongly coupled to
the far field, which makes them radiative and therefore
known as “bright” plasmons. On the other hand,
antisymmetric hybrid modes stem from anti-aligned
dipoles, resulting in no net dipole moment. Such modes
cannot couple to the far field and are commonly known as
“dark” plasmons. Both optical modes can generate
extremely high local fields at nanogaps between
nanoparticles, called hot spots (Figure 1),” which are
considered the best positions to place a target analyte for
efficient sensing.

The relationship between cluster size and optical
properties has also been studied through solvent-induced
self-assembly of 20 nm polystyrene-stabilized gold
nanoparticles.** Gold nanoparticles in THF gradually
aggregate upon water addition, producing stable clusters



upon introduction of a copolymer comprising polystyrene
and poly(acrylic acid) blocks (PS-b-PAA). The authors
observed that by increasing the length of grafted
polystyrene (7, 17, 38 nm) the final cluster diameter also
increased (49, 146, 270 nm) (Figure 2A). This trend was
explained by hydrophobic forces driving clustering, which
are closely related to the molecular weight of grafted
polymer. Cluster size in turn affects the optical response,
the LSPR redshifting further for larger diameters (number
of particles per cluster) (Figure 2B). Structurally, electron
tomography analysis revealed that the clusters display
multi-shell structures with well-defined distances between
concentric layers (Figure 2C).” This configuration was
numerically confirmed by implementing the length of
polymer chains and diameter of gold nanoparticles into
pairwise attractive and repulsive interactions.
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Figure 2. Clustering of gold nanoparticles. (A) TEM images for
clusters of different size. (B) UV-Vis-NIR spectra of clusters
showing redshift as cluster size increases. (C) Left: Electron
tomography reconstruction of an individual cluster with shell-like
structure. Center: Comparison of radial distribution functions.
Right: computational reconstruction of the cluster. Adapted with
permission from refs. 24 (Copyright (2012) American Chemical
Society.) and 25 (Copyright (2014) American Chemical Society).

The morphology of the nanoparticle building blocks is also
critical. For example, a rod-like shape gives rise to tunable
plasmonic response, due to the possibility of exciting
transverse and longitudinal surface plasmon resonances.
Additionally, controlled assembly of nanorods would
enable a unidirectional plasmon propagation, resulting in
high performance platforms for enhanced spectroscopies.
This was nicely demonstrated in a recent computational
analysis of the SERS efficiency of random sub-monolayers
of gold nanoparticles, as a function of nanoparticle
morphology and coverage (interparticle distance).”® As
expected, monolayers of spheres and rods show increasing

SERS intensity for higher coverage, with a sharp increase
when hot spots arise, at surface coverage above 60%. The
use of anisotropic nanoparticles is shown to provide an
extra tool for design of optical platforms, e.g. nanorod
monolayers performing better than nanospheres at longer
wavelengths, due to coupling of longitudinal LSPR modes.
However, the same study showed that nanostars with
efficient response at single nanoparticle level do not
perform much better at high coverage arrangements,
which was also observed experimentally.”*”’ Dense
monolayers of randomly distributed gold nanostars behave
as an effective metamaterial, preventing the formation of
hot spots. It should however be noted that, the absence of
hot spots could also be attributed to the randomness of the
array. Similar design criteria for the selection of
nanoparticle shape can be translated to 3D arrangements.

Optical properties of 3D nanoparticle assemblies
Supercrystals have been obtained from colloidal
dispersions of nanoparticles with various geometries, often
resulting in large areas with a homogeneous optical
response.”®®* In an interesting development, 3D
assemblies have also been obtained as well-defined pillars,
even arranged at precise distances so that the plasmonic
response is coupled to a collective photonic mode in the
plane*  Anisotropic nanoparticles offer  different
orientation possibilities, e.g. defining areas within the 3D
structure where the electric field is amplified, such as
planes between ordered monolayers (Figure 3).>**

Since hot spots in supercrystals are spatially confined at
nanogaps between nanoparticles, the degree of order is a
key parameter to define uniform interparticle distances
and field enhancement. Taking Au nanorods as reference
materials, large-scale simulations have shown than
disordered nanostructures show broad absorption and
scattering features similar to those of densely packed 2D
nanoparticle films.® Calculations of SERS enhancement
efficiency at different heights across the disordered
structure demonstrated a significant decay when going
deeper below the surface, i.e. gradual depletion of hot spots
due to poor light penetration. Some analogies can be
established between disordered 3D supercrystals and
randomly deposited 2D nanoparticle films. In both cases,
close packing and large areas are required to increase the
density of hot spots resulting from plasmon coupling. It is
however important to keep a balance between close
packing (short interparticle distances), dimensions and
sufficient interstitial space that allows molecular diffusion
in between nanoparticles.”

Electromagnetic simulations for ordered nanorod
supercrystals yield well-defined plasmonic features, which
are strongly dependent on the alignment of the rods with
the light polarization conditions.” The optical response of
3D nanorod supercrystals allows at certain wavelengths the
generation of propagation modes, which are affected by
the finite size of the supercrystal, producing photonic
standing wave patterns which can penetrate through the
whole structure of the supercrystal (Figure 3). Unlike
disordered 3D structures, hot spots (corresponding to
maxima of the standing waves) are distributed at different



resonant depths without depletion at deeper regions. In a
more detailed experimental and theoretical analysis, it was
found that an optimum number of monolayers can be
identified, but further work in this direction is required.
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Figure 3. Scheme of a 3D supercrystal formed by vertically
oriented nanorods and electric field intensity distribution at
various interlayer planes. Adapted with permission from ref. 33.
Copyright (2014) American Chemical Sociey.

Fabrication of plasmonic supercrystals.

Self-assembly can be considered as a thermodynamic
process, directed by various types of interactions between
the building blocks and the medium, which can be induced
by external fields, or by using predefined templates.3* The
forces involved in these interactions can occur at interfaces
(solid-liquid or liquid-air) or within a liquid phase.

Directed assembly. Focusing on plasmonic nanoparticles,
the controlled assembly of nanoparticles in a liquid can
give rise to the formation of colloidal crystals, which is
often driven by specific interactions between capping
ligands on nanoparticle surfaces. Macfarlane et al’’
proposed the grafting of Au nanoparticles with polymer
chains that terminate in functional groups capable of
supramolecular binding. These non-covalent interactions
enable programmable bonding that drives particle
assembly. Alternatively, van der Boom et al.?® studied the
influence of the crystallinity of the building blocks and the
nature of molecular cross-linkers as the key points to
obtain Au superlattices. The most widely recognized
approach to obtain nanoparticle superlattices is likely
DNA-mediated assembly, first proposed by Mirkin and
colleagues (Figure 4) DNA hybridization guides
nanoparticle  assembly = mimicking the  atomic
crystallization into Wulff polyhedra. DNA can even be
used as a programmable ligand to obtain 2D and 3D
mesoscale superlattices with either plasmonic or photonic
properties, by controlling interparticle spacing.* The
modular DNA design allows defining the distance between

nanoparticles by expanding the rigid duplex region, as
demonstrated by small-angle X-ray scattering (SAXS,
Figure 4C). In a further advancement, Liu et al.
demonstrated the possibility of fabricating 3D diamond
superlattices using DNA origami as topological linkers.*
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Figure 4. (A) Schematic view of DNA-directed assembly, where n
represents a modular portion of the linker. (B) Representative
SEM image of a supercrystal made of 20 nm Au nanoparticles. (C)
SAXS plots for nanoparticle superlattices with varying
interparticle distances (i.d.). Adapted with permission from refs.
39 (Copyright (2014) Springer Nature) and 40 (Copyright (2015)
Springer Nature).

Nanoparticle crystallization can be favored by either
drying or sedimentation effects involving two different
media (solid-liquid or liquid-air interfaces). Different
methodologies to obtain 3D nanoparticle assemblies
including drop casting,** dip-coating,* layer-by-layer,*
Langmuir-Blodgett,* spin-coating,** stamping,*¥ or
microfluidic pervaporation® have been reported. Often,
the resulting 3D assembly is an array of randomly
distributed nanoparticles with no control on morphology
and dimensions, but careful control of certain parameters
such as humidity, temperature or surface modification
allows to obtain 3D hierarchical nanoparticle assemblies,
i.e., supercrystals.

Depletion forces. Alternatively, the synergy between
depletion and electrostatic forces has been proposed as a
driving force to induce the spontaneous assembly of
anisotropic nanoparticles, such as gold nanorods or
nanoplates, into colloidal crystals.** The presence of small
nonadsorbing objects, such as micelles, in a colloidal
dispersion, can induce depletion forces that favor
nanoparticle assembly. Interestingly, it has been reported
that the resulting lattice parameter can be tuned by
controlling depletant concentration, temperature and
ionic strength.** The combination of depletion forces with
nanoscale  geometrical features in  anisotropic
nanoparticles can also be used to direct the assembly into
a variety of structures, as recently demonstrated for
beveled gold triangular nanoprisms (Figure 5A).* In a
different approach, Schroer et al.** explored the formation
of gold nanoparticle supercrystals through a pressure-
induced approach. Functionalization of the particles with
poly(ethyleneglycol) (PEG) and a high salt concentration



were defined as pre-requisites to favor a liquid-to-solid
phase transition, by applying hydrostatic pressure.

Drop casting. In general terms, we can claim that, drop-
casting remains an ubiquitous strategy to fabricate
nanoparticle assemblies. The technique literally comprises
the evaporation of the solvent from a nanoparticle
dispersion, deposited on a substrate. Solvent evaporation
generates capillary forces and convective liquid flow,
which kinetically induce the deposition of nanoparticles
into 2D or 3D assemblies. The obtained nanostructures are
however not necessarily ordered and usually present
different particle density and organization at the borders
(the well-known coffee-ring effect), due to Marangoni
flows.” In an attempt to improve the quality of the
resulting 3D assemblies in terms of size and order, various
effects including the wettability of the substrate, the
evaporation rate of the solvent®™> or the particle surface
chemistry,> have been investigated. Guerrero-Martinez et
al* explored the replacement of cetyltrimethylammonium
bromide (CTAB) on gold nanorods by a cationic gemini
surfactant, which was expected to form stiffer bilayers
connected to adjacent nanorods (Figure 5B). The quality
of the 3D assembly could be further improved by
controlling the temperature and humidity (20 °C and 90%,
respectively) to slow down the evaporation rate,* resulting
in Au nanorod supercrystals with lateral dimensions up to
40 pm. A similar approach was followed by Liao et al.> to
obtain micrometer-sized supercrystals from polyhedral
gold nanoparticles as building blocks. Slow evaporation of
the water droplet in a moist environment at 9o C resulted
in supercrystals with different morphologies, defined by
the building block morphology (Figure 5C). Interestingly,
the obtained supercrystals were evenly distributed
throughout the entire substrate surface originally covered
by the droplet, rather than the wusual -coffee-ring
assemblies.
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Figure 5. (A) Depletion induced assembly: surfactant (micellar)
concentration dictates the obtained configuration. Reproduced
with permission from ref. 49. Copyright (2017) American
Chemical Society. (B) Gemini surfactant stabilized Au nanorods
assembled into 3D standing superlattices upon drop casting.
Adapted with permission from ref. 32. Copyright (2009) Wiley-
VCH. (C) Schematic illustration of a setup used to assemble
nanocrystals by drop-coating under temperature and humidity
control, and SEM image of a cubic supercrystal obtained by
assembly of Au nanocubes. Reproduced with permission from ref.
52. Copyright (2013) American Chemical Society.

Template-assisted method. The above methodologies do
not allow for a precise control over the dimensions and
morphology of the assemblies, as well as their position and
organization over large areas. Such drawbacks have been
overcome using template-assisted techniques,”® by drying
a highly concentrated nanoparticle dispersion between a
hydrophilic substrate and a polydimethylsiloxane (PDMS)
mold with holes that replicate the desired morphology.
Careful removal of the mold resulted in regularly stamped
assemblies on the substrate. This approach was used not
only to form supercrystal arrays over macroscale areas, but



also with lattice parameters that can be tuned between 400
and 1600 nm, thereby providing control over the optical
response (lattice plasmon modes), from the visible to the
NIR*
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Figure 6. (A) Schematic illustration of an evaporation-based
microfluidic cell used for 3D assembly. (B-D) SEM images
showing a large 3D assembly (915 pm length, 100 pm width, 7 pm
height). C and D were acquired from selected areas highlighted
by the boxes. Adapted with permission from ref. 30. Copyright
(2015) American Chemical Society.

Microfluidics-induced assembly. Although the template-
assisted method allows a tight control over their
morphology and organization, the fabrication of
supercrystals over extended areas may be of interest for
some applications. A recently developed microfluidic-
induced approach was applied to obtain 3D assemblies
with arbitrary morphologies and dimensions (from few
microns to millimeters).”* The method comprises a
PDMS microfluidic evaporation cell made by standard soft
photolithography, which is filled through capillary forces
with a highly concentrated nanoparticle dispersion
(Figure 6A). Subsequent evaporation of the solvent

through the PDMS membrane drives the particles towards
the end of the microchannel, where eventually the
supercrystal nucleates and grows by continued
nanoparticle deposition. Figure 6B,C,D illustrates the
formation of a supercrystal from Au octahedra, spanning
nearly 1 mm in length, 100 pm in width, and an average
height of 7 pm.*

Applications

Precise control on the nanoparticle arrangement into
larger ordered domains offers a unique opportunity to tune
the magnetic, optical and electronic properties of
individual building blocks, leading to novel collective
properties within 3D superstructures, such as vibrational
coherence, reversible metal-to-insulator transitions,
enhanced p-type conductivity, spin-dependent electron
transport, enhanced ferro- and ferrimagnetism, tunable
magnetotransport and efficient charge transport.”* We
dedicate this section to some potential applications of 3D
plasmonic supercrystals, which however remain mostly at
the proof-of-concept level, meaning that application in
real-world devices is still far from being fully implemented.

Following an unusual direction, Fan and co-workers™
demonstrated the transformation of plasmonic
supercrystals made of Au nanospheres into a 3D network
of gold nanowires, through a stress induced phase
transformation process. The gradual compression of the
plasmonic supercrystal under isotropic hydrostatic
pressure (below 8 GPa) allows a precise control of
interparticle distances and therefore the modulation of
plasmon coupling. At pressures above 8 GPa a
nonhydrostatic pressure field is generated, driving
adjacent particles to contact, coalescence and eventually
sintering together into a 3D ordered nanowire network.>
Such a pressure-dependent control over lattice structure
provides a reversible process that can be used to
understand fundamental collective physical properties and
to get insight into novel electronic and photonic
behaviors.”

The optical applications of 3D plasmonic supercrystals
have still been insufficiently explored in the fields of
metamaterials and sensing. A hierarchical 3D assembly
made of densely packed “raspberry-like” plasmonic
nanoparticles has been recently shown to behave as a
metamaterial with strong isotropic artificial optical
magnetism at visible frequencies.®® Regarding optical
sensing, Huang and co-workers™ reported the application
of polyhedral Au@Pd core@shell nanoparticle
supercrystals to LSPR hydrogen sensing, taking advantage
of the ability of Pd to dissociate molecular hydrogen and
form palladium hydride.



500 nm

c
d
e
t A
AN An o \

%0 1200 1600 600 800 1000 1200 1400 1600 1800
Rarman shift/cm* Raman shift/ecm™

B Surface modification

SERS TDPP 30keps

.Fel*
SERS TDPP-Fe 137 Keps

SERSTDPP-Fe’-CcO [  [L

T T T T T T
400 800 1200 1600

C Time-elapsed diffusion

Raman shift/cm™!
16
s
[S
~
"
]
x
0 ~ o
800 1000 1200 1400 1600
Raman shift/ cm’’

Figure 7. Examples of SERS-based sensing with plasmonic supercrystals. (A) Direct sensing of scrambled prions: SEM image of a gold
nanorod supercrystal (left), representation of the prion mutation and its detection at 1% mutation (middle) and detection in human
plasma after matrix subtraction (e,f) show the SERS spectra of scrambled prions in blood (right). Adapted with permission from ref. 60.
Copyright (2011) National Academy of Sciences. (B) CO detection via surface binding: SEM image of a pyramidal supercrystal (left),
schematic representation of the adsorption of an iron porphyrin with high CO affinity (middle), SERS spectra of free porphyrin, porphyrin
coordinated to iron, and the iron porphyrin complexed with CO (right panel, the arrows highlight spectral changes after CO
complexation). Adapted with permission from ref. 61. Copyright (2013) Wiley-VCH. (C) Detection of the bacterial quorum sensing
biomarker pyocyanin: SEM images of silica-covered Au nanorod supercrystals colonized by P. aeruginosa (left), SERRS mapping of
pyocyanin on the substrate (middle) and, SERRS spectra measured at selected times during the bacteria growth (right). Adapted with

permission from ref. 12. Copyright (2016) Springer Nature.

On the other hand, the use of plasmonic supercrystals for
SERS-based sensing is by far the most intensively
investigated application. Plasmonic supercrystals can
sustain standing waves, which are responsible for strong
SERS enhancement.” The key factors behind the design of
efficient SERS substrates not only rely on the morphology
and composition of the building blocks, but also on their
orientation within the nanostructure. For example, the
SERS sensing capabilities of 3D nanorod superlattices
change depending on the parallel or perpendicular
orientation to the incoming light.** Supercrystals with both

orientations were obtained by drop casting, using both Au
and Au@Ag nanorods. The analysis revealed that the SERS
enhancements at crystals of standing nanorods were 4-fold
larger than those in lying structures, which was attributed
to electric field transfer on the supercrystal. A further 4-
fold increased SERS intensity was obtained for
supercrystals comprising Au@Ag nanorods, due to the
better plasmonic performance of silver with respect to
gold.62 It should be noted however, that silver based SERS
substrates are less stable over time as they are prone to
oxidation under ambient conditions.



Also using supercrystals of standing Au nanorods, Alvarez-
Puebla et al.”* demonstrated intense and homogeneous
SERS response, together with high stability and
reproducibility. The latter required removal of analytes
using plasma etching the subsequent reuse of the
plasmonic substrate. Plasmonic Au nanoparticle
supercrystals thus offer the possibility of quantitative
direct SERS detection or analysis in complex media. The
great potential of these SERS substrates was explored
toward the ultrasensitive detection of scrambled prions in
serum and blood. The authors demonstrated that
misfolded prions could be identified, even when their
relative concentration was as low as 1% of the normal prion
content, even at a total prion concentration of 0.1 nM,
which is equivalent to 10 molecules per area sampled, that
is, the zeptomolar regime (Figure 7A).

Alternatively, the surface of 3D supercrystals can be
selectively modified with a highly active SERS molecule
that can undergo vibrational changes upon interaction
with the target analyte. This approach has been explored
by Alba et al. for the reversible SERS-based detection of
carbon monoxide in the atmosphere.” The sensor
comprises a periodic array of pyramidal gold nanosphere
assemblies, with side lengths of 4.4 pm and 3.0 pm height,
fabricated by the template-assisted technique. The
pyramidal superlattices with high plasmonic field
accumulation, particularly at the tips, were functionalized
with a thiolated iron porphyrin that shows high affinity
and reversible binding to oxygen and carbon monoxide
(Figure 7B). A detection-limit for CO between 1 and 100
ppm was reported. Additionally, the active sensor could be
recovered within less than five minutes upon exposure to
air, through oxygen mediated displacement, which
enabled continuous monitoring of CO gas in the
environment.

Although the SERS enhancement within a 3D plasmonic
supercrystal is mostly concentrated at its external
surface,* the above mentioned propagation modes would
require strategies toward plasmonic supercrystals which
permit the diffusion of the selected analyte from the
external medium into the superlattice. Hamon et al."
proposed the simultaneous coating and infiltration of Au
nanorod supercrystals with mesoporous silica, to enhance
the stability of the supercrystal as well as improving
molecular diffusion. The porosity of the silica matrix was
shown to selectively allow the diffusion of small molecules
and ions through the inner part of the plasmonic substrate.
In this way, interferences from other molecules present in
solution could be prevented. The results showed that silica
infiltration improved the Raman enhancing properties of
the plasmonic substrate up to 7-fold, suggesting a better
accessibility to internal hot spots through the silica pores.®
The molecular sieving capabilities of this nanostructured
substrate were demonstrated for the in situ, label-free
detection of pyocyanin, a bacterial quorum sensing (QS)
signaling metabolite, in growing Pseudomonas aeruginosa
biofilms and microcolonies (Figure 7C).” A limit of
detection down to 10™ M enabled ultrasensitive surface-
enhanced resonance Raman scattering (SERRS) detection

of QS events in low-density bacterial cultures, even at the
initial hours of growth, as well as imaging of bacterial
communication from undisturbed biological samples.

Conclusions and outlook

In this Account we focused on the fabrication of 3D
plasmonic supercrystals, as well as relevant applications
thereof. Even though it may be out of the scope here, we
propose that further research on the comprehension of
internal and external key forces involved in nanoparticle
crystallization will be of great importance toward
fabricating high performance supercrystals. Numerical
simulations have predicted a great potential for
monodisperse plasmonic nanoparticles of different size
and shape in surface enhanced spectroscopies, when
assembled into highly ordered 3D crystals. The localized
surface plasmon modes of individual nanoparticles would
then couple and originate collective modes that, given the
finite size of the crystal, produce photonic standing waves
penetrating the whole structure of the supercrystal.
Therefore, not only the external surface of the assembly
would display a high electric field enhancement but also its
inner gaps and planes. Unfortunately, most of the
proposed methodologies to obtain 3D assemblies do not
favor subsequent infiltration of analytes, e.g. when dealing
with SERS-based sensing applications. A challenging task
is thus the development of novel assembly methods that
overcome this limitation.

Another interesting field that requires development is the
fabrication of heterogeneous assemblies through, e.g. the
formation of binary systems with arbitrary combinations of
nanoparticles. For example, the DNA-mediated assembly
has been recently proposed as a general strategy to obtain
binary = heterogeneous  systems involving  gold
nanoparticles and either quantum dots or magnetic
nanoparticles.* Such studies should be extended to other
types of particles such as upconverting nanoparticles or
perovskites so that plasmon enhanced luminescence
emission could be produced. Alternatively, starting from a
closed packed binary superlattice, it is possible to obtain
distinct nanoporous materials with the same chemical
composition but different nanoscale architectures by the
selective removal of one of their components, which
envisions a wide range of optical, mechanical and catalytic
properties.* Additionally, none of these heterogeneous
systems has been explored in detail with other self-
assembly approaches, such as the template-assisted or the
microfluidic-induced pervaporation.
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