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Abstract: The field of plasmonics has grown at an incredible pace in the last couple of decades, and the
synthesis and self-assembly of anisotropic plasmonic materials remains highly dynamic. The engineering of
nanoparticle optical and electronic properties has resulted in important consequences for several scientific
fields, including energy, medicine, biosensing, and electronics. However, the full potential of plasmonics
has not yet been realized due to crucial challenges that remain in the field. In particular, the development
of nanoparticles with new plasmonic properties and surface chemistries could enable the rational design of
more complex architectures capable of performing advanced functions, like cascade reactions, energy con-
version, or signal transduction. The scope of this short review is to highlight the most recent developments
in the synthesis and self-assembly of anisotropic metal nanoparticles, which are capable of bringing forward
the next generation of plasmonic materials.
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Introduction

Nanotechnology represents the next scientific revolution and the biggest technological leap in human history,
providing groundbreaking solutions in almost every aspect of modern lives, leading to faster computers,
improved security, longer lifetimes, and a cleaner Earth. According to the Engineering and Physical Sciences
Research Council, two of the grand challenges in materials science for the next century are “assembling and
control at the nanoscale” as well as the “smart design of functional materials” [1]. At its core, nanotechnol-
ogy asserts that “less is different”, meaning that when decreasing materials size down to the nanoscale, a
whole family of new phenomena arises, with the need for a new level of description [2]. In the case of metallic
nanoparticles, the emergence of plasmons is the most striking phenomena, and plasmonics has become one
of the most active branches of nanotechnology, and the field has rapidly merged into different disciplines,
gathering the interest of scientists and engineers of diverse backgrounds [3-10].

Plasmons: the interaction of metallic nanoparticles with light

Michael Faraday authored the first published scientific study on the optical properties of thin films and col-
loidal suspensions of gold particles in 1857 This work was an attempt by Faraday to explain the nature of
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the Purple of Cassius, a metal nanoparticle-based pigment that dates back to the seventeenth century [11].
Faraday concluded that the different colorations were directly linked to the dimensions of the gold particles
and the thickness of the thin films, he described for the first time the intrinsic thermodynamic instability
of gold colloids, and discovered the first synthetic and stabilization process of gold nanoparticles in water
[12, 13]. Within the following century, the fundamental physical comprehension of plasmon generation was
achieved. Today, a plasmon is more generally defined as the collective oscillation of conduction band elec-
trons induced by an external electromagnetic field. This interaction is described by the dielectric function of
a material, and for metals, this can be approximated using the Drude-Lorentz model, in which the electrons
are treated like a cloud of charged particles and the metal nuclei are considered fixed [14-16]. If the metal
object is smaller than the excitation wavelength, its electron cloud reacts coherently to the external field,
and the phenomenon takes the name of localized surface plasmon resonance (LSPR, Fig. 1a) [15-17]. Another
important consequence of the reduced size of the probed particle is that the spatial dependence of the exter-
nal electromagnetic field can be ignored, and the system can be described under the guasi-static approxi-
mation regime [14, 18, 19]. Using these approximations, Gustav Mie derived the extinction cross section of
a plasmon in 1908, solving Maxwell’s equations for the case of a nanoscale metal sphere immersed in an
electromagnetic field [16, 17, 20]:
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where o_ (w) is the extinction cross-section, ¢,(w) and ¢ (w) are the real and imaginary parts of the dielectric
function of the metal, ¢ _ is the dielectric constant of the embedding medium, R is the radius of the particle,
and 4 is the wavelength of the electromagnetic radiation. Here, the maxima of eq. (1) identify the resonance

conditions for generating LSPR, associated with the spectral absorption band at a specific peak wavelength.
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Fig. 1: Interaction of metal nanoparticles with light. (a) Schematic representation of the effect of an incoming electromagnetic
wave on the electron cloud of a spherical nanoparticle. (b) Schematic representation of a plasmonic field decaying with distance
from the metal surface. (c—e) Extinction (black line), absorption (red line) and scattering (blue line) cross-section for gold
nanoparticle of different diameter: (c) 20 nm, (c) 40 nm and (d) 80 nm.
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An important consequence of plasmon excitation is the confinement of a localized electric field at the surface
of the metal, which is significantly more intense than the one associated with the external excitation (Fig. 1b)
[16]. This plasmon-generated electromagnetic field represents the heart of surface-enhanced phenomena,
such as surface-enhanced Raman scattering (SERS) [21-23], surface-enhanced infrared absorption (SEIRA)
[24], and surface-enhanced fluorescence (SEF) [25]. Similar expressions to eq. (1) can be written for scatter-
ing cross-section. Consequently, both scattering and extinction cross-sections depend on particle size where
their ratios vary as 1/R%. As such, the contribution of scattering increases for bigger particles, as illustrated in
Fig. 1c—e using boundary element method (BEM) simulations [26]. As a direct consequence of this relation-
ship, the interacting photon can either be scattered or absorbed by the metal nanoparticle. Scattering effects
are used for single-particle spectroscopy, sensing, and generation of optical nano-antennas and waveguides
with low heat generation. On the other hand, absorption is used for photothermal applications, energy
conversion and photocatalysis [27]. All of these applications rely on the capability of precisely engineering
plasmon resonance conditions to generate plasmonic bands with a desired wavelength, and harvest photons
in a broad range of frequencies from the middle infrared to the ultraviolet [28, 29].

Synthesis of anisotropic plasmonic nanoparticles

With the start of the new millennium, the introduction of the seeded growth synthesis approach brought about a
major turning point by providing access to an exceptional variety of shapes, including rods, wires, stars, cubes,
tetrahedra, and more irregular branched structures. This method involves two physically and temporally sepa-
rated steps: the synthesis of small metal nanoparticle seeds (<5 nm), and their dispersion in a growth solution
[30-35]. The capability for independent nucleation and growth optimization of the metal crystals has resulted
in an unprecedented level of control over nanoparticle size and shape [30, 33, 34, 36-38]. These advances have
established seeded-growth protocols as the most commonly used for anisotropic metal nanoparticle synthesis,
and it has been the subject of many reviews [36, 39-44]. With the seeded-growth method, the morphology of
the final product can be controlled with size and shape of the seed, concentration of the capping agents in the
growth solution, and ratio of the metal salt to reductant [31, 32, 39, 42, 45]. Some of the most common shapes
are summarized in Fig. 2, together with their plasmonic properties. The effect of nanoparticle shape on plas-
monic properties can be mathematically determined by applying Mie’s theory to an ellipsoid having three axes
a=b#c, leading to two different resonance conditions [15, 16]. This is experimentally verified with nanorods,
which display transverse and longitudinal plasmon bands (Fig. 2d,f) [46]. Additionally, shape anisotropy dic-
tates which crystal facets dominate the surface of the final product. These domains have drastic consequences
on electronic conductivity, catalytic activity, and surface reactions [30-32, 39, 47-51].

The importance of seed size and crystallinity for the controlled growth of well-defined and homogeneous
nanoparticles became evident a few years following the introduction of the first seed-growth method [31, 52,
53]. However, unlike the efforts that were canalized in the optimization of growth conditions, the protocol for
seed preparation has remained comparatively unchanged. These considerations suggest that more robust
methods for seeds synthesis, and an improved understanding of their evolution during particle growth will
facilitate the design of novel synthetic protocols. Many groups explored this direction in the last 5 years:
Niu et al. and O’Brien et al. both demonstrated an iterative growth/etching cycle that can be used to prepare
homogeneous single-crystal gold seeds, reducing both the amount of by-products and the size dispersity of
grown particles [54, 55]. This strategy was extended by Liz-Marzan’s group where gold nanorods and trian-
gular nanoprisms were utilized as starting materials to produce well-defined single-crystalline and mono-
twinned seeds, respectively [56-58]. This enabled the systematic investigation of seed size and twinning
grade on the shape evolution of gold nanoparticles changing the growth media (Fig. 3). The most significant
finding of this study is that twin-defects can be introduced during growth, but cannot be removed. Further-
more, this work indicated that the growth process is size-dependent, which suggests that the optimization of
these protocols should be focused on employing larger seeds with a more stable crystallographic structure in
the desired growth conditions [56].
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Fig. 2: Examples of gold metal nanoparticle shapes seen through transmission electron microscopy. (a) Nanospheres,

(b) nanohexahedrons (i.e. cubes), (c) nanotriangles, (d) nanorods, (e) nanostars, (f) UV-visible spectra showing the optical
properties of the different nanoparticle shapes presented in panels (a—e): nanospheres (red), nanohexaedrons (green),
nanotriangles (blue), nanorods (purple), nanostars (yellow). The plasmonic properties of each shape can be further tuned
changing nanoparticle size and aspect ratio.

In the same year, Liz-Marzan’s group also optimized a mild thermal treatment on small citrate-capped gold
nanoparticles to increment the population of penta-twinned seeds [59]. Remarkably, this protocol improved
the shape-yield for gold bipyramids, penta-twinned nanorods, and decahedra above 90 % (Fig. 4a—c) [60].
Moreover, the prepared seeds displayed improved long-term stability and remained functional for several
months, instead of being prepared freshly for every synthesis, one of the common problems with seeded-
growth methods. They also took advantage of state-of-the-art electron tomography analyses [61-63], super-
imposing low and high angle annular dark field scanning transmission electron microscopy (LAADF- and
HAADF-STEM) in a dose-efficient manner. This approach enabled the characterization of the gold nanopar-
ticle internal structure, identifying crystal planes and twin defects (Fig. 4d) [64]. Additionally, this technique
combined with energy dispersive X-ray spectroscopy (EDS or EDX) allowed the identification of the position
of the original seed (coated with a thin layer of palladium) inside the grown particle (Fig. 4e—g) [60, 64]. The
growth of the gold crystal around the seed resulted to be heavily dependent on the percentage of palladium
introduced and on the shape of the final product, giving new insight into the mechanistic aspect of symmetry
breaking and anisotropic nanoparticle growth (Fig. 4h).

Exploring new types of ligands and surfactants employed in the synthesis of gold nanostructures is
another aspect that requires new insights. Although physicochemical properties such as carbon chain length,
charge, and concentration have been analyzed in great detail [65-70], and the combination of additives has
been explored [58, 71, 72], the collection of compounds that are typically used as stabilizers for colloidal
suspensions of nanoparticles is still incredibly limited. In a recent publication in Nature, Lee et al. reported
the introduction of chiral ligands in the growth mixture for the synthesis of enantiomerically pure gold nano-
particles, and demonstrated unprecedented control over their chiral plasmonic properties (Fig. 5a—c) [73].
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Fig. 3: Role of the seeds for the growth of gold nanoparticles of different morphologies. (a) Schematic representation of the
experimental procedure used to systematically study the role of size and twinning in the growth of gold nanoparticles.

(b,c) TEM images of the starting nanotriangles (b) and nanorods (c). (d—g) Angular dark field scanning TEM images of seeds
obtained from the oxidative etching of nanorods [12 nm, (d), and 20 nm, (e)], and nanotriangles [12 nm, (f), and 20 nm, (g)].
Diffraction contrast is present, which indicates the presence of twins (as indicated in some representative particles by white
arrows). In the case of the single crystal seeds obtained from gold nanorods, twins could not be observed for the vast majority of
the analyzed particles. Scale bars: (b,c) 200 nm; (d—g) 50 nm. Adapted with permission from Ref. [56] — Published by The Royal
Society of Chemistry.

While enantiomers and enantioselectivity are ubiquitous concepts in biological systems and biochemical
reactions, the study of plasmon chirality has been hindered by synthetic limitations involving enantiomeri-
cally pure plasmonic products. Although various groups have reported strong chiral effects in different plas-
monic assemblies, facile methods for the large-scale production of three-dimensional chiral structures has
remained elusive [74-78]. Lee et al. utilized a straightforward approach in introducing selective handedness
through the addition of cysteine and cysteine-containing peptides in the growth media [73]. These molecules
bind to intrinsically chiral ‘kink’ sites present on high-index facets of growing crystals (Fig. 5d,e) [79, 80].
Remarkably, the obtained chiral optical activity (g-factor 0.2) is orders of magnitude higher than those associ-
ated with previously reported particle assemblies, small molecules, or proteins. Further development of these
synthetic strategies will have important implications in the fabrication of three-dimensional chiral nano-
structures for the rational design of artificial chirality and chiro-optical properties for active color displays,
holography, reconfigurable switching, chirality sensing, and all-angle negative-refractive-index plasmonic
materials.

Another general approach for tailoring the plasmonic properties of anisotropic gold colloids is the post-
synthetic modification of the nanoparticle shape with overgrowth [58, 81-83], oxidative etching [84, 85], and
epitaxial deposition [29, 86, 87]. In a ground-breaking work published last year in Science, Gonzalez-Rubio
et al. explored an unconventional approach by demonstrating the possibility of refining gold nanorod sus-
pensions using a femtosecond pulsed laser. This innovative methodology demonstrates the potential for
tuning the final optical properties of the collective colloid assembly close to those computationally predicted
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Fig. 4: High-yield synthesis of penta-twinned gold nanoparticles. (a—c) Effect of seed concentration on the growth of
bipyramids (a), nanorods (b), and decahedra (c). Top: UV-vis-NIR spectra of colloids prepared with different seed concentrations.
Bottom: representative TEM images of nanoparticles prepared in a single growth step from different amounts of seeds. The
numeric labels indicate the correspondence of spectral and microscopy analysis. (d) Longitudinal orthoslices through the
HAADF-STEM reconstruction (Top row), transversal orthoslices through the LAADF-STEM reconstruction, from which the twins
can be segmented (Middle row), and the dose-efficient superimposition of the two analysis (Bottom row), of a decahedron
(Left column), a bipyramid (Central column) and a nanorod (Right column) grown from Au/Pd seeds (Pd 20 mol%). (e) HAADF-
STEM image of a thermally treated seed overgrown with palladium (10 mol%), preserving the crystal structure. (f) EDS mapping
of Au@Pd (10 mol%) showing the outer distribution of Pd. (g) 3D visualization of the reconstructed volume of an individual
nanorod (Top) and bipyramid (Bottom) obtained through the standard growth process using Au/Pd seeds, 10 and 50 mol% Pd
for rods and bipyramids, respectively. (h) The position of the Pd seed inside Au bipyramids was determined using multimode
tomography. The seed is located either at the connection point of the five twin planes (Left) or next to it (Right). Adapted with
permission from Ref. [60, 64]. Copyright 2017 American Chemical Society.

for a single nanorod (Fig. 6a,d,e) [88]. Here, the experimental keystone is the ability to balance the energy
delivered to the crystal lattice by the laser and the one dissipated through the surrounding medium in order
to avoid drastic deformation of the nanorods (Fig. 6f-h) [89, 90]. This balance induced a slow reshaping of the
particle towards a more thermodynamically favored product [91]. The final nanorod aspect ratio dispersity
is as low as 2% (Fig. 6a), an outstanding improvement as compared to the starting material, which at best
has shown a variation of 15 %. Moreover, the process can be applied to nanorod colloids with longitudinal
LSPR bands placed in any region of the spectra (Fig. 6b), and it was demonstrated as effective even when
irradiating colloids with wide initial distribution in aspect ratio and size (Fig. 6c). The only limitations are the
inevitable blue shift of the band associated with the refining process, and the availability of a laser with the
correct wavelength. If extended to other shapes and materials, this approach holds the potential to pave the
way towards a new era in the fabrication of plasmonic nanoparticles.

Plasmon hybridization and self-assembly

Self-assembly processes are ubiquitous in nature at all scales [92]. Apart from the creation of a certain
degree of order, these phenomena are joined by three important characteristics: the balance of attractive
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Fig. 5: (a) Opposite handedness of three-dimensional plasmonic helicoids controlled by cysteine chirality transfer and chiral
morphology development mechanism. (a—c) Circular dichroism spectra (a) and SEM images of chiral nanoparticles synthesized
using L- (black line, b) and D-Cysteine (red line, c). Insets: higher magnification images highlighting the edges (solid lines)
tilted by an angle +¢ with respect to the vertices (dots) and cubic outline (dashed lines). For L-Cysteine, both [100] (left) and
[111] (right) directions are shown. (d) Schematic illustration of the time-dependent evolution of the chiral morphology. All
models are viewed along the [110] direction. Starting from a {321}-indexed nanoparticle with an equal ratio of R and S regions,
different R-S boundaries are split, thickened and distorted. (¢) SEM images of helicoids | and Il at different growth times. The
chiral components that developed in into the final helicoid | and Il are highlighted in red and blue, respectively. Adapted by
permission from Ref. [73]. Copyright 2018 Springer Nature Publisher.

and repulsive interactions [93-96], the rational design of building blocks [97], and the generation of novel or
enhanced properties [98, 99]. For plasmonics, the interest in self-assembly originates from the opportunity
to control the interaction of the electron clouds of nanoparticles brought in close proximity within the range
of few nanometers [100, 101]. In fact, plasmon coupling offers additional ways of tuning the optical response
of plasmonic nanostructures [102]. Additionally, this leads to the formation of regions characterized by an
extremely high electric field, called “hot-spots”, where the interacting nanoparticles are closest to each other
[103]. As such, the last decade has seen intense activity in this field, with the development of various strate-
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Fig. 6: Preparation of gold nanorod colloids with ultranarrow LSPRs by femtosecond laser—controlled reshaping.

(a—c) Experimental (symbols) and fitted (lines) optical density spectra of colloids, before and after 1 h irradiation with

(a) 800-nm 50-fs laser pulses 3.2 J/m? (red to blue); the spectrum of the purified irradiated colloid (green) nearly matches that
calculated for a single particle (black). (b) 750-nm 50-fs laser pulses 3.2 ]/m? (blue to purple). (c) 800-nm 50-fs laser pulses,
1hat3.2)/m?(violet to brown) and 1 h at 3.8 J/m? (brown to green). Insets: aspect ratio probability densities derived from the
optical fits. (d,e) Representative TEM images of reshaped nanorods at different magnifications, confirming narrow aspect ratio
distribution and quasi-quantitative shape-yield. (f) Effect of total deposited energy on the evolution of gold nanorods aspect
ratio. (g,h) Representative TEM image of reshaped nanorods upon irradiation with 5.1)/m?[0.6 eV/atom, (e)], and 3.2 J/m?
[0.38 eV/atom, (f)] for 1 h. Adapted from Ref. [88]. Reprinted with permission from AAAS.

gies for the production of complex structures using plasmonic building blocks, with promising applications
in optical sensing of various analytes [104-106], single-molecule studies [107, 108], plasmonic-enhanced
spectroscopies [109-111], metamaterials [112-114], and photovoltaics [115].

Recently, Liz-Marzan’s group demonstrated the potential of these kinds of architectures for the sensing
of biologically relevant analytes in complex matrixes. Gold nanorod supercrystals were fabricated using a
template-mediated self-assembly (Fig. 7a—c), and their plasmonic properties were tuned to maximize the
enhancement of the SERS signal [116, 117]. These nanoarchitectures were proposed to work in complex
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Fig. 7: Fabrication of plasmonic supercrystals and SERS in situ detection of quorum sensing signaling molecules.

(@) Schematic representation of the gold nanorod-sylica hybrid supercrystal fabrication process. (b—c) SEM image of a
supercrystal obtained with a starting Au concentration of 375 mM (ca. 800-fold more concentrated than the initial nanorod
dispersion) at different magnification. (d) SEM image of a gold nanorod-silica hybrid supercrystal cross-section. (e) Pyocyanin
SERS detection using nanorod-silica hybrid supercrystals, showing a sub-nM limit of detection. (f,g) SEM (f) and optical image
(g) of silica-coated Au nanorod supercrystals colonized by Pseudomonas aeruginosa after 20 h incubation. (h) SERS mapping
of pyocyanin (1600 cm™) recorded at 20 h of growth. (i) Representative SERS spectra measured at 0, 1, 3 and 20 h (785 nm laser
line, 0.98 kW cm=250x objective, and acquisition time 100 ps). Adapted with permission from Refs. [111, 118, 119]. Copyright
2017 American Chemical Society (Ref. [111]). Published by The Royal Society of Chemistry (Ref. [118]). Copyright 2016 Springer
Nature Publisher (Ref. [119]).

media such as living bacteria colonies, therefore a mesoporous silica layer was grown around the nanorod
supercrystals in order to increase their structural stability, and to avoid proteins and other bulky contam-
inants reaching the sensing surface (Fig. 7d,e) [118]. Ultimately, these hybrid plasmonic superstructures
were utilized for in situ, label-free SERS detection of pyocyanin (a quorum sensing signaling metabolite)
in growing Pseudomonas aeruginosa biofilms (Fig. 7f-h) [119]. Additionally, this approach offers an signifi-
cant improvement in temporal resolution, with pyocyanin detection within the first hour of biofilm growth
(Fig. 71) [120, 121].

From a thermodynamic perspective, it is important to distinguish two different kinds of processes: static
and dynamic self-assembly. For static assembly, the particles will self-assemble into the most stable ordered
structure upon thermodynamic equilibrium, whereas dynamic self-assembly (also called self-organization or
dissipative self-assembly) occurs in non-equilibrium systems and disorder will occur once the external energy
ceases to be dispensed (i.e. the assembly persists only if the system is dissipating energy) [122, 123]. These
dynamic assemblies can lead to the creation of highly responsive systems capable of fast adaptation and
integration into complex environments [124-126]. This can be extremely beneficial for plasmonic-enhanced
spectroscopies. In fact, both irreproducibility and inhomogeneity of the signal over the sensing area are two
major limitations that hinder the translation of hot-spot-based techniques into commercial products. In this
frame, the introduction of dynamic self-assembly for controlling hot-spot formation can boost the develop-
ment of robust sensing platforms. Velleman et al. assembled plasmonic nanoparticles into a self-healing,
low-defect 2D film at a liquid-liquid interface, and were able to demonstrate the dynamic modulation of inter-
particle distance within the film using electrolytes or pH adjustments, manifesting sub-nanometer precision
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Fig. 8: Modulating plasmon coupling and SERS enhancement through dynamic self-assembly at the liquid-liquid interface.
(@) Schematics of the nanoparticle film formation via emulsification of a nanoparticle aqueous solution with an immiscible
solvent. The emulsion is allowed to settle, leaving a 2D array of nanoparticles at the liquid-liquid interface. (b) Photographs of
the gold nanoparticle film taken from above, prepared at 0.02 w/v% citrate (left) and after reducing the citrate concentration
to 0 w/v% (right). (c) Schematic of water delivery through a micropipette for localized modulation of nanoparticle spacing.

(d) Extinction spectra of the gold nanoparticle film exhibiting a red-shift and broaden of the LSPR as the citrate is removed.

(e) Raman spectra of the model analyte 4-mercaptobenzoic acid adsorbed onto the surface of the nanoparticles before

(cyan) and after (orange) reduction in the citrate concentration. (f,g) Optical microscopy images extracted from a video as a
micropipette was brought close to the nanoparticle film and water was injected just above the layer. (f) As the water is pumped
in above the gold nanoparticle layer the film turns from a pink color to blue/gray. (g) Images displaying the self-healing
properties of the film. The micropipette is lowered towards the interface of the film, which turns the film blue/gray. As the
pipette is extracted away from the interface, the film is seen to return to its original pink color. Adapted with permission from
Ref. [127] with permission of The Royal Society of Chemistry.

(Fig. 8a) [127, 128]. This ability to tailor the plasmonic properties on the same sample, allows for an unprec-
edented degree of control over hot-spot formation and SERS enhancement in real-time, and a more profound
understanding of the assembly process (Fig. 8e). In particular, spherical nanoparticles are brought closer
together upon reducing the citrate concentration, either by injecting water with a pipette, or replacing the
entire aqueous phase with milli-Q water (Fig. 8b—d). Surprisingly, the proposed platform responds rapidly to
environmental changes, and shows quick self-healing properties (Fig. 8f,g). Although this work has focused
on model molecules only, its extension to more complex matrixes and analytes of interest can finally bridge
the gap for the fabrication of a commercial SERS device.

The possibility of performing correlated studies at the level of a single nanoparticle is crucial toward the
understanding and manipulation of optical phenomena at the nanometer scale [129, 130]. To this end, optical
tweezing has proven to be a promising technique for analyzing single microscopic objects that are physically
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Fig. 9: Light-mediated optical trapping of single nanoparticles. (a) Steady ionic distribution under optical heating generates a
thermoelectric field £ for trapping the metal nanoparticle. The repulsive electric field E, arises from the positive charges of the
thermoplasmonic substrate and balances E.. (b) Simulated in-plane temperature gradient VT and direction of the corresponding
trapping force. The incident laser beam in (a,b) has a diameter of 2 um and an optical power of 0.216 mW. The green arrows

in (b) show the direction of the trapping force. (c) Parallel trapping of six 100 nm silver nanoparticles into a circular pattern.

(d) Parallel trapping of six 140 nm gold nanotriangles into a triangular pattern. Scale bars: 5 um. Adapted with permission from
Ref. [137]. Copyright 2018 Springer Nature Publisher.

held and moved exploiting their refractive index mismatch with the environment. This technique has been
applied to a variety of systems, including quantum dots, single molecules, biological machinery, and whole
cells [131, 132]. Although optical tweezing has also been demonstrated to successfully trap plasmonic nano-
particles with different sizes and shapes, there are still many limitations preventing its universal application
[133, 134]. In particular, the heat generated upon excitation of the LSPR reduces the stability of the trap [135],
limiting the technique to nanoparticles significantly smaller than the laser wavelength [136], and requires
high laser power, potentially damaging the trapped object and the ligands on its surface [90]. In a series of
recent publications, Zheng’s group developed opto-thermoelectric nanotweezers (OTENT), overcoming the
standard limitation of optical trapping for plasmonic objects, and demonstrating capture and manipulation
of gold nanoparticles with single-particle resolution (Fig. 9) [137-139]. This method relies on the generation
of a thermoelectric trapping field through optical heating, using a porous gold film and cationic surfactant,
cetylthrimethylammonium chloride (Fig. 9a) [137]. In particular, the higher diffusion thermal coefficient of
the positive micelles compared to the counter-ions induces the formation of a temperature gradient through
laser irradiation, imposing a nonuniform micelle concentration [139]. This results in a temperature-depend-
ent local electrostatic potential that generates an electric force on the charged gold nanoparticles, driving
their migration toward the hot region (Fig. 9a,b). Moreover, the same principle can be exploited for mobiliz-
ing plasmonic nanoparticle assemblies over the surface, and can be easily parallelized to trap multiple parti-
cles simultaneously (Fig. 9c,d) [139]. The main advantages of this novel technique are the drastic reduction in
laser power, the simple optics required, and the possibility of applying it to trap nanoparticles with different
morphologies, sizes, and compositions.
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Conclusions and outlook

This review illustrates how plasmonics remains an active and developing area of research, with a variety of
phenomena that have yet to be explored or fully understood. From a synthetic perspective, the possibility
of narrowing the nanoparticle size dispersity to the point of obtaining colloids of nearly identical objects
could bridge a long-lasting gap that exists between nanochemistry and traditional synthetic chemistry, where
molecules of a certain compound are undistinguishable. Furthermore, the harvesting of intrinsically chiral
plasmons can open the door to new and exciting applications for metal nanoparticles, such as magneto-
plasmonics (using the magnetic component of the plasmonic field) [140, 141], or new forms of enantioselec-
tive catalysis. Along with the addition of new particles, new strategies of self-assembly for greater control
of hot-spot formation, distribution, and gap distance between interacting particles, could push the current
limitations of plasmonics-based ultrasensitive sensing techniques including nano-electronics and quantum
plasmonics [142]. Altogether, this review highlights a chemical perspective on the advancement of aniso-
tropic particle synthesis, assembly, and applications. On a final note, the author would like to emphasize the
importance of recognizing and embracing the interdisciplinary nature of this field. The combined efforts of
chemists, physicists, biologists, and engineers will be crucial towards a deeper scientific understanding and
the development of new applications.
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