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Assemblies of plasmonic nanoparticles enable new modalities for biosensing. Engineered super-
structures from metal nanoparticles can enhance the plasmon resonances and chiroptical activity of
nanoscale dispersions. Such phenomena are keys to the fabrication of highly sensitive, selective and
fast-responding detection platforms, making them promising candidates for clinical applications. This
tutorial review summarizes and discusses recent advances in this area. The topics covered in the review
include the basic strategies adopted for assembly and engineering of plasmonic nanoparticles, optical
properties of the assembled nanostructures and their applications to both in vitro and in vivo detection
of biological compounds. We also offer our vision of the future prospects of this field of research.
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Among emerging applications in this area are novel nanosensors and platforms, for food safety,

rsc.li/chem-soc-rev environmental monitoring, health safeguarding, as well as biodefense.

Key learning points

(1) Basic strategies for the fabrication of plasmonic superstructures

(2) Composition-, morphology- and configuration-dependent optical properties

(3) Methods for signal amplification

(4) Ultrasensitive and highly selective optical responses in nanoparticle assemblies due to collective effects
(5) Multi-modal optical responses in vivo and in vitro.

1. Introduction

When excited by electromagnetic radiation, plasmonic nano-
materials, such as gold and silver, can confine and manipulate
photons at the nanoscale by the collective oscillation of con-
duction electrons, which is known as localized surface plasmon
resonance (LSPR). The resonant wavelength (significantly
exceeding their dimensions) is dependent on the local dielectric
environment and the geometry (size, shape, composition, and
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orientation) of the nanostructures." When nanoparticles (NPs)
are located in close proximity to each other, their individual
surface plasmons couple, resulting in high electric fields loca-
lized in the gaps between the NPs. These regions with enhanced
electric fields are often referred to as “hot spots”.> The enhanced
electromagnetic field near the surface of NPs or in the hot spots
can result in a variety of unique emerging phenomena, such
as plasmon-enhanced absorption, surface enhanced Raman
scattering (SERS), and plasmon-enhanced luminescence. Due
to these unique effects, plasmonic nanoassemblies can find
numerous applications in biosensing, photocatalysis, meta-
materials, light harvesting, photothermal transduction, photo-
voltaics, and non-linear optics.>* Owing to their vast potential,
the assembly of plasmonic NPs into desired geometries is
currently one of the most dynamic fields of research in nano-
technology, drawing the attention of researchers across scientific
disciplines, from materials science to chemistry, physics, biology
and medicine.>® These intrinsically attractive features can be attri-
buted to the following advantages of these materials: (1) intricate
or hierarchical superstructures; (2) synergistic amplification of the
signals; (3) rapid sensing of multiple components.
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Controllable and tunable optical properties, such as LSPR,
SERS, circular dichroism (CD) and photoluminescence (PL),
can be engineered for plasmonic nanoassemblies, based on the
judicious selection of building blocks and assembly strategies,
which result in tailored morphologies. Both bottom-up and
top-down manufacturing processes have been utilized for the
construction of nanoassemblies. Among the different strategies,
self-assembly driven by non-covalent interactions has been one
of the most successful approaches. As a result, a great variety of
plasmonic nanoassemblies with diverse geometries and varying
numbers of components have been reported. These include
plasmonic dimers,”® trimers,’ tetramers,'® core-satellite,""
propeller-like,"* pyramids,'>'* toroids,"® side-by-side (SBS),'
end-to-end (ETE), single NP/nanorod (NR) helices,>” double
NP helices,® stair-like NR helices,'® coil-like NR helices, twisted
chains, layer-by-layer (LBL) assembled®®*® and other films,****
ordered arrays,”® supraparticles® and superlattices.”> The
particular configuration of each of these assemblies determines
their respective optical response. Of specific interest is the
chiral activity in asymmetric assemblies, whereas symmetric
assemblies remain, in the first approximation, achiral.®>®
Engineered nanoassemblies are mainly composed of plasmonic
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NPs, represented by AuNPs,” AgNPs,'® Au nanostars,”” AuNRs,'®
Au@Ag NPs,”® Au@SiO, NPs,® as well as non-plasmonic NPs, such as
magnetic NPs (Fe;O, NPs),*> up-converting NPs (UCNPs),"" CdTe
NPs,”* and silver sulfide (Ag,S) NPs,** as building blocks.
In addition, small organic molecules, supramolecular polymers®
and biomolecules such as peptides,” proteins, oligonucleotides,"?
DNA origami,” and cellulose fibers,”® have been used to fabricate
plasmonic assemblies with targeted geometrical features. Impor-
tantly, small environmental modifications can precisely regulate the
self-assembly behavior, leading to enhanced properties in some
selected assemblies, which can be exploited for the development
of ultrasensitive sensing devices.">* It is however challenging to
design rational nanostructures with augmented plasmonic features
to achieve synergistic amplification effects in nanoassemblies.
Another key task involves triggering such amplified effects
rapidly and efficiently, as well as integrating them into
sensing devices. Even though many sensors based on plasmonic
materials have been reported, fabrication of robust, highly
selective and fast-responding sensors which can satisfy daily life
requirements are still in the development stage. Therefore, it is
essential to address the recent progress of plasmonic nano-
assemblies for detection applications.
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In this tutorial review, we provide basic concepts of plasmonic
nanoassembly engineering and some strategies that have been
proposed for their use as sensors. We summarize and discuss
recent significant advances and future directions of this field.
We particularly focus on non-covalent chemistry-driven self-
assembly of plasmonic nanomaterials, and resulting optical
responses for the design of novel biosensors.

2. Strategies for the assembly
of plasmonic nanostructures
2.1 DNA-mediated assembly

A variety of biomolecules have been used as linkers or templates
to direct plasmonic self-assembly. These include DNA, peptides,
proteins, lipids, viruses and other biopolymers. DNA, owing to
its precise and predictable programmability by Watson—Crick
base pairing, excellent biocompatibility, feasible integration of
functional nucleic acids, and convenient synthetic routes, is one
of the most versatile and robust building blocks for the synthesis
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of complex three-dimensional NP assemblies. Of particular
interest is DNA origami, with unique addressability and custom
design structures which enable a wide variety of plasmonic
engineering designs with collective physicochemical properties
and enhanced optical response. NP dimers constitute the most
basic structures among the various assemblies. For example,
Lohmiiller et al. demonstrated the synthesis of AuNP dimers
with controlled interparticle spacing using a DNA origami
template.” The DNA origami block comprised an 8064-nucleotide-
long scaffolding DNA strand, which was folded into shape by
200 short DNA strands (~40 nucleotides long). Thiolated single-
stranded DNA-modified AuNPs were then hybridized onto the
origami structure by three 15-nucleotide-long linking strands.
Two AuNPs were closely placed on two sides of the three-layered
DNA origami block, by linking DNA molecules (Fig. 1a). The
distance between the NPs could be controlled by the thickness of
the origami sheet and the linking DNA molecules. Molecules
placed at the resulting hot spots exhibited intense SERS response,
which was highly dependent on the direction of polarization with
respect to the dimer axis. On the other hand, Liu and coworkers
adopted an attractive strategy toward the synthesis of recon-
figurable AUNR dimers exhibiting distinct chiral properties.®
A switchable DNA origami template was used, which was made
of two 14-helix bundles folded from a long single-stranded DNA
scaffold with the help of hundreds of staple strands. The two
DNA bundles were linked together by the scaffold strand passing
twice between them at one point, which regulated the angle
between the two DNA bundles. Eight unpaired bases were
introduced to each DNA connector to avoid Holliday junction
formation. Two complementary DNA-functionalized AuNRs were
robustly hosted on each DNA bundle through twelve binding
sites with reconfigurable conformation (Fig. 1b). The synthesis
of DNA origami-templated heterogeneous trimers with nano-
meter precision and high assembly yield was demonstrated by
Liedl and co-workers.’ A cylindrical DNA bundle was constructed
with three equally spaced attachment sites, and by specific
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Fig. 1 DNA-mediated plasmonic nanoassemblies (a—e). AuNP dimer (a),” AUNR dimers (b),® Au—Ag—Au NP trimers (c),° AUNP helices (d),® and toroidal
structures (e)'® assembled with DNA origami as the template. (f—j) AQNP pyramids (f),** propeller-like AUNR—UCNP tetramers (g),*?> AUNR dimer—UCNP

core—satellite assemblies (h),"* AgNP superlattices (i)** and AuNR ETE structures (j

)16 assembled utilizing DNA-programmable methods. Reproduced with

permission: ref. 7, 11 and 15 Copyright 2014, 2016, 2017 American Chemical Society (ACS); ref. 5, 8, 9 and 16 Copyright 2012, 2013, 2014, 2017 Macmillan
Publishers Ltd; ref. 12, 13 and 31 Copyright 2013, 2015, 2016 Wiley-VCH Verlag GmbH & Co.

complementary sequence modification and hybridization, two
AuNPs and one AgNP were specifically bound on the designed
outer sites and middle site, respectively (Fig. 1c). The resulting
heterotrimers showed an interparticle gap of 40 nm between
the two AuNPs, which was pivotal to ultrafast energy transfer
by plasmon coupling. DNA-origami technology has also been
employed for the fabrication of more attractive and complex
superstructures. As shown in Fig. 1d, AuNP helices with a
designated configuration (right- or left-handed), and designed
helical parameters with 34 nm diameter and 57 nm helical pitch,
have been successfully synthesized by the attachment of nine
AuNPs on the surface of 24-helix DNA origami bundles.” Each
attachment site was composed of three-staple extensions, each
of them being a 15-nucleotide-long single-stranded oligo-
nucleotide. The AuNPs were functionalized with multiple thiol-
modified DNA strands, complementary to such staple exten-
sions. Interestingly, the geometry of the plasmonic nanohelices,
including helical pitch and diameter, was tailored by varying the
NP size. In another example, a toroidal plasmonic superstructure
was assembled on a hierarchical DNA origami."® Four curved
DNA origami monomers were linked via head-head and tail-tail
connectors, resulting in an intact origami ring formation.
Specifically, each origami monomer was functionalized with

4680 | Chem. Soc. Rev., 2018, 47, 4677-4696

24 AuNPs, displaying a toroidal diameter of 120 nm (Fig. 1e).
The approaches described herein can in principle result in a
plethora of assembled nanostructures possessing tunable optical
responses.

DNA-bridged plasmonic superstructures can also be con-
structed without resorting to DNA origami templates. Xu et al.
demonstrated the assembly of Ag pyramids with high yield
through a simple and well-designed DNA frame."? Four AgNPs
were modified with four different single-stranded DNA frag-
ments, which could be complementarily hybridized with each
other. In particular, each single-stranded DNA was segmented
into three parts, which constituted the six sides of the pyramids.
AgNPs were located at the apexes of the pyramids, acting as the
connecting vertices (Fig. 1f). The diameter of the pyramids was
calculated to be 48 &+ 2.4 nm, and the gap between adjacent NPs
was estimated to be 8 £ 0.3 nm. Importantly, by embedding
cancer biomarker-specific aptamers in the single-stranded DNA
sequences, pyramids with tunable gaps were obtained. These
nanostructures exhibited strong SERS response, capable of atto-
molar detection of the selected disease biomarkers. Moreover,
propeller-like NR-UCNP assemblies and AuNR dimer-UCNP
core-satellite superstructures were also reported, based on
conventional DNA hybridization, without the fabrication of

This journal is © The Royal Society of Chemistry 2018
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DNA templates (Fig. 1g and h).""'?> By design of DNA linkers
with well-defined interparticle spacing, Mirkin and coworkers
demonstrated the DNA-mediated assembly of plasmonic
superlattices.>® Face-centered cubic or body-centered cubic
AgNP superlattices and binary Ag-AuNP superlattices were
fabricated, wherein NPs were located at the end sites of DNA
oligonucleotides with three terminal cyclic disulfide groups as
robust anchors (Fig. 1i). In a different approach, polymerase
chain reaction (PCR)-driven NR assemblies were reported by
Xu, Kotov and coworkers.'® AuNRs preferentially bound with
thiol-terminated primers at their ends or side facets could act
as “monomers” for the PCR replication system in ETE or SBS
assemblies, respectively. Specifically, the length and complexity
of the assemblies were strongly dependent on the number of
PCR thermal cycles (Fig. 1j). The dihedral angle between the
adjacent NRs in SBS assemblies acquired negative values of
—9.0 for dimers, —7.2 for trimers, —8.0 for tetramers, and —7.0
for pentamers. The consistently negative values corresponded
to the rightrotating enantiomers of the SBS assemblies.
Importantly, the PCR-driven assembly approach opens a new
avenue for the synthesis of large-scale nanoassemblies.

2.2 Peptide/protein-mediated assembly

Similar to DNA hybridization, peptides and proteins can also
be used as building blocks to direct plasmonic NP assemblies.
This can be achieved through the localized and precise deposition
of NPs onto designed supramolecular templates or through anti-
body-antigen specific recognition systems. Specifically, peptides
can be self-assembled into hierarchical superstructures with
varying morphologies. The wide range of chemical functional
groups present on the template can be used for the oriented
nucleation and stabilization of metal NPs on its surface. Rosi
and co-workers demonstrated the peptide-based double-helical
assembly of AuNPs."® Peptide nanofiber assemblies comprising
L-amino acids (C;,-1-PEP,, conjugates, C;,-L-PEP,, = [C;1H,3CO}-
AYSS-GAPPMAPPF) were used to achieve left-handed AuNP
double helices, by mixing the C;,-1-PEP,, conjugates with Au
precursor solution and HEPES buffer. The resulting AuNP
double helices displayed quantifiable metrics, including regular
pitch (~ 82 nm), interhelical distance (~7.5 nm) and interparticle
distance (~ 1.7 nm), for spherical AuNPs with an average diameter
of 5.7 nm (Fig. 2a). The left-handedness of the double helices was
derived from the left-handed twist in the nanofiber templates
formed from the C;,-1-PEP,, conjugates. Similarly, right-handed
AuNP double helices were achieved by the use of templates
possessing the opposite (p) isomer, namely C;,-p-PEP,, con-
jugates. Likewise, controllable and well-defined AuNP single
helices were obtained based on other peptide conjugates,
C15-(PEPX%),, where PEPX,%* was AYSSGAPPM®*PPF."” Impor-
tantly, the C;4-(PEPY;™), conjugates were arranged perpendi-
cular to the faces in cross-p architecture and assembled into
helical ribbons instead of typical twisted nanofibers. As the
inner surface of the helical ribbons was sterically hindered,
the AuNPs bound only on the outer surfaces via the exposed
polyproline o-helices (Fig. 2b). Therefore, the resulting structures
were single helices and not typical double helices, exhibiting

This journal is © The Royal Society of Chemistry 2018
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exceptionally strong chiroptical activity. Stupp and coworkers
reported ordered arrays of AgNPs on peptide nanofibers.”* Novel
peptide-amphiphiles were self-assembled into supramolecular
nanofibers with aldehyde groups on their surface. The aldehyde
moieties were employed to reduce two Ag" ions into Ag, clusters,
being oxidized into carboxylic acid groups (via the Tollens
reaction) without an external reducing agent or additives for
nucleation control. Reduction of Ag" ions and subsequent nuclea-
tion in the medium led to the formation of uniform and spatially
ordered AgNPs over the nanofibers (Fig. 2c). In general, plasmonic
nanostructures can be controllably assembled by carefully designing
the peptide conjugate templates.

Similar strategies to those used for peptide-directed NP
assemblies can be employed in the case of proteins because
they share the same basic functional groups in the amino acid
building blocks. However, additional approaches have been
reported for protein-mediated NP assembly, based on unique
and specific antibody-antigen affinity pairs. As shown in
Fig. 2d, Au-Ag NP heterodimers were assembled with high
yield through the typical sandwich immunology mode or
competitive recognition format.” In the case of the competitive
recognition format, antigen-modified AgNPs were directly
recognized by antibody-coated AuNPs, leading to the formation
of heterodimers after immunology incubation. In the case of
the sandwich format, AuNPs and AgNPs were respectively
functionalized with monoclonal antibodies to protein analytes
and complementary secondary antibodies, which were linked
together by the protein analytes. The NP pairs acquired scissor-
like geometry, with the long axes of the NPs forming an angle of
~9°, corresponding to right-handed rotating enantiomers. In a
similar but slightly different approach, Dujardin and coworkers
reported the fabrication of massive assembled AuNP films
based on repeat protein pair formation.>® The artificial protein
pairs, named o-repeat protein pairs, possessed high mutual
affinity due to their highly stable periodic architecture and
nanomolar dissociation constants. Peptide-primed AuNPs were
functionalized with selected interacting proteins and targets by
ligand exchange, resulting in high affinity pairs, which drove
the self-assembly of AuNPs into a massive film (Fig. 2e).

2.3 Other templates

In addition to biological systems (DNA, peptides and proteins),
a variety of other templates have also been employed for the
controlled assembly of plasmonic NPs. These include organic
assemblies, polymeric substrates and silica nanostructures, to
name a few. Some of the earlier work in this area was carried
out by using LBL assembly by Kotov and Liz-Marzan.*® This
approach was extended by Kotov and coworkers to chiro-
plasmonic assemblies whose nanoscale architecture was con-
trolled by the macroscale strain.*® Similar approaches can be
applied to other plasmonic materials, such as metallic carbon
nanotubes.*®

Plasmonic NPs dispersed or incorporated into supramolecular
polymers can self-organize into nanoscale or even microscale
superstructures with ordered geometries and three-dimensional
(3D) patterns. Kumacheva and co-workers demonstrated the

Chem. Soc. Rev., 2018, 47, 4677-4696 | 4681
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Fig. 2 Peptide/protein as well as other supramolecular/polymeric template-mediated plasmonic nanoassemblies (a—c). AUNP double helices (a),*®
AUNP single helices (b)*” and AgNP ordered arrays (c)?* were assembled with peptides as the template. (d and e) Au—Ag NP heterodimers (d)* and massive
AUNP film (e)?® were assembled under the direction of proteins. (f and g) Composite AUNR—CNCs film (f)?2 and diverse AuNP helices via cylindrical
confinement (g)?° were assembled with supramolecular or polymer assemblies as templates. (h) Non-close-packed AuNP array superlattices prepared by
post-assembly etching method.2> Reproduced with permission: ref. 4, 17, 18, 22—24 and 29 Copyright 2013, 2014, 2016, 2017 ACS; ref. 25 Copyright

2017 American Association for the Advancement of Science (AAAS).

formation of chiral plasmonic films based on cellulose nano-
crystal (CNC) assemblies as templates.*> CNCs can assemble into
chiral, nematic-ordered, cholesteric liquid crystalline phase
layers, forming a left-handed helical structure by the anti-
clockwise rotation of adjacent CNC layers. Oppositely charged
AuNRs can co-assemble with CNCs by mixing within an aqueous
suspension and slow water evaporation, so that the NRs are
oriented parallel to the CNCs’ long axes and perpendicular to the
direction of the left-handed helix (Fig. 2f). The resulting compo-
site plasmonic films with tunable geometries (such as helical
pitch and NR dimensions) show tailorable chiroptical activities
ranging from the visible to the near-IR spectral regions.
A lamellar composite film was assembled by Kramer’s group,
based on a symmetric block copolymer of polystyrene-b-poly(2-
vinylpyridine) (PS-b-P2VP) and PS-coated AuNPs via a selective
solvent casting method.*> A two-phase macrostructure was
achieved, with a low NPs concentration in the lamellar surface
layers and high NPs concentration in the hexagonal substrate

4682 | Chem. Soc. Rev., 2018, 47, 4677-4696

layers, presenting NP-induced phase transitions in the self-
assembled diblock-copolymer films. Pablo and coworkers
assembled block copolymer-NP composite films on chemically
nano-patterned substrates.*® They focused on the experimental
and theoretical investigation of the location and distribution of
NPs within the ordered film, which depended on the thermo-
dynamic state of the composite in equilibrium with the surface.
By subjecting supramolecular block-copolymer assemblies to
cylindrical confinement, Xu and coworkers succeeded in fabri-
cating complex 3D NP assemblies.>® Block-copolymers formed
hexagonally packed cylindrical assemblies, induced by drop-
casting the macromolecules onto an anodic aluminum oxide
membrane and thermal annealing at 110 °C. By incorporating
various amounts of AuNPs, complex 3D nanocomposite nano-
wires including double rows of spherical NP clusters, single NP
arrays, stacked NP rings, single or double helical ribbons could be
fabricated (Fig. 2g). In a recent report by Klajn and co-workers, a
series of non-close-packed NP superlattices were prepared by a

This journal is © The Royal Society of Chemistry 2018
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post-assembly etching method.”® Briefly, binary NP superlattices
were self-assembled at the diethylene glycol-air interface via
evaporation from monodisperse colloids of AuNPs and Fe;O,
NPs, which were subsequently transferred onto a carbon film.
The ligands on the NPs were then removed by thermally induced
desorption. The resulting tunable porous NP arrays were observed
after the selective etching of one component from the binary NP
superlattices and the resulting reorganization, exemplified by
AuNP tetrahedral quintets formed by dissolving the supporting
Fe;0, NPs (Fig. 2h). Template-less assemblies can also be formed
with a variety of plasmonic materials, taking advantage of the
intrinsic ability of NPs to self-assemble.

3. Properties of plasmonic
nanoassemblies
3.1 SERS effects

SERS is based on the large amplification of the Raman scattering
signal from analytes in close proximity to a plasmonic substrate.
Typically observed enhancement factors (EFs) range from 10” to
10°?® The huge enhancement mainly originates from two
mechanisms: (i) electromagnetic enhancement due to magnifica-
tion of the electric field and (ii) chemical enhancement by
charge-transfer processes between the metal and the analyte.®
Conventional SERS methods are restricted by low or unreliable
signals arising from rough noble metal surfaces (Au, Ag or Cu)
or uncontrollable hot-spots in random assemblies. Recently,
discrete plasmonic nanoassemblies with strong electromagnetic
fields and modulated hot-spots have been widely used as SERS-
substrates. In a representative example, Suh et al. reported
nanogap-tailorable SERS active nanodumbbells, with a single
Cy3 dye molecule located between two DNA-tethered AuNPs,
followed by Ag shell deposition on the surface of AuNP
heterodimers.”® No Raman signals were detected for mono-
meric Au-Ag core-shell NPs (5 nm or 10 nm Ag shell), AuNP
heterodimers without an Ag shell, or Au-Ag core-shell nano-
dumbbells with thin Ag shell thickness (<3 nm), due to
insufficient electromagnetic enhancement (Fig. 3a). Raman
signals with an EF of 10" could be observed from Au-Ag
nanodumbbells with ~5 nm thick Ag shells. However, a larger
shell thickness of 10 nm yielded less reproducible SERS signals
due to the misplacement of Cy3 dye or formation of improper
junctions. In general, an effective electromagnetic enhancement
is critical for SERS techniques. In this respect, nanostars have
attracted much attention, as they possess multiple tip branches
which produce strong intrinsic hot-spots. Uniform 3D Au nano-
star dimers with sub-10 nm gaps were fabricated by Toma and
co-workers on silicon pillars, via a top-down method.”” The SERS
performance of the Au nanostar homodimers was greatly depen-
dent on the polarization of the incident light with respect to the
dimer, pillar height, and interparticle spacing. A maximum
enhancement factor of 10’ was achieved for an optimum geo-
metry of such Au nanostar dimers (Fig. 3b). Sen et al. recently
demonstrated much higher EF values originating from the plasmon
coupling between the sharp tips and cores of Au nanostar dimers,
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even up to 2 x 10" at 7 nm interparticle gaps with 633 nm laser
excitation, which were strong enough for single analyte detection.”

Besides dimeric structures, more complex assemblies have
also been constructed as efficient SERS substrates. Finkelstein
et al. built AUNP tetramers using DNA-origami as templates.'®
The hot spots resulting from the small gaps between closely
spaced NPs endowed the assembled tetramers with significant
Raman signal enhancement (larger than a hundred times) per NP,
as compared to isolated NPs (Fig. 3c). Based on the fourth-power
law for SERS enhancement, the value of the real component of
permittivity for the metal is the main factor determining the
efficiency. Hence, much larger SERS enhancements can be pre-
dicted for Ag as compared to Au at their corresponding LSPR
maxima. Therefore, Ag nanomaterials constitute a better choice of
SERS substrates in terms of signal intensity.>

In a report by Xu et al, nanoscale pyramids of Ag NPs were
assembled using DNA bridges with specific geometry determined by
the DNA frame.”® The efficiency of the plasmonic resonances
between the NPs in the assembly was relatively small in the
expanded state but could be enhanced by the collapse of the
nanopyramids, leading to intense plasmon coupling (Fig. 3d).
Importantly, multiplexing Raman reporters were simultaneously
embedded into the “DNA frame”, making it suitable for subsequent
multiplexed biosensing. In addition to materials based on noble
metals, carbon nanomaterials have also found application as Raman
substrates. Chen et al reported a SERS-active AuNP-plasmonic
hybrid nanostructure comprising carbon nanotube rings coated with
AuNPs.* As shown in Fig. 3e, pure carbon nanotube rings presented
intrinsic but low Raman activity, which showed a 110-fold increase
after AuNP coating. However, the SERS performance dropped
significantly upon complete coating of an Au nanoshell, presumably
due to the removal of the plasmon coupling effect.

3.2 Chiroptical properties

Chirality is observed in a wide variety of objects in nature.
Many biological molecules, such as nucleic acids, proteins, and
sugars, are chiral and have preferred handedness in living organ-
isms. However, these chiral bio- or organic molecules typically
display modest chiroptical activity and limited spectral range.
Nanoscale engineering is beneficial to the development of new
types of chiral materials with the capacity (i) to rotate the polariza-
tion of light and (ii) for differential absorption of right- and left-
circularly polarized light to a larger extent. Plasmonic NPs and their
assemblies exhibit strong optical activity in a wide electromagnetic
spectral range, and therefore have attracted much attention, leading
to the rise of the field of chiral nanomaterials. Due to the enhanced
chiroptical activity, chiral plasmonic nanomaterials can find appli-
cations in biosensing and photonic devices.

Homo- and heterodimers made of presumably spherical NPs are
not expected to display chirality, according to basic symmetry
considerations. However, Xu and Kotov reported chiral Au-Ag NP
heterodimers, exhibiting a characteristic bisignate line shape in the
visible wavelength range (350-700 nm). The structures exhibited a
high chiral anisotropy factor (g) of 2.05 x 10~>.* The strong optical
activity was attributed to the prolate shape of the NPs and a
consistent dihedral angle, with scissorlike geometry, of the NP
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dimer. Pronounced CD spectral changes could be observed with the
variation in conformation of the dimer. By manipulating the dihe-
dral angles of AuNR dimers, the CD “wave” could be altered through
periodic alterations of sign and amplitude in the plasmon region

4684 | Chem. Soc. Rev., 2018, 47, 4677-4696

(500-900 nm, Fig. 4a).® Such spatial and temporal reconfiguration
may enable in situ optical monitoring of biological processes or
dynamic transitions, as well as optical super fluid which could be
switched between positive and negative refractive indices.
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Plasmon enhanced optical activity has not only been observed in
these simple assemblies, but also in twisted or helical NP or NR
superstructures. Liedl and co-workers fabricated chiral AuNP single
nanohelices on DNA origami templates, with characteristic bisignate
signatures in the visible range.’ The ellipticity value showed a giant
increase (a factor of 400 fold) when AuNPs of larger size were used
(Fig. 4b). Moreover, the CD intensity was further enhanced (up to
10* M ' em™ ") by deposition of an Ag shell on the AuNP helices. CD
enhancement induced by Ag deposition was also observed in AuNP
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double nanohelices. As shown in Fig. 4c, the amplitude of the CD
peaks was dramatically increased when increasing the Ag shell
thickness, with a significant concomitant blue shift.'"® Recently,
Liu and co-workers reported programmable AUNR superstructures
with tailorable plasmonic chiroptical activity."” Using well-designed
DNA aptamers, the NR superstructures were driven to form distinct
chiral conformations (stair- or coil-like) and handedness (right- and
left-handed), with characteristic peak-dip and dip—-peak spectral line
shapes (Fig. 4d).
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Besides the “rigid” system modifications (templates, changes
of interparticle gap or sizes of building blocks, and Ag deposition)
described above, the optical activity can also be modulated by the
macroscale stretching of “flexible” solid-state substrates. Kotov
et al. reported strain-modulated chiroptical nanocomposites
made from LBL assembly of AuNP multilayer films on twisted
elastic substrates.*® As shown in Fig. 4e, the AuNP multilayer films
displayed strong CD bands at the plasmon wavelength, attributed
to linear effects of circular extinction and the S-like shape of
the NP chains. The ellipticity values increased considerably
with increasing strain (by at least ten fold for stretching to 50%)
and reverted back as the stress was released, depicting cyclically
modulated optical activity by mechanical stretching. These experi-
ments constitute a demonstration of chirality transfer from
the macro- to the nanoscale. Similar behavior was obtained for
nanocomposites made of carbon nanotubes, expanding the chiro-
ptical activity to the near-IR part of the spectrum.

3.3 Photoluminescence response

3.3.1 Photoluminescence quenching. Plasmonic metal
NPs possess weak inherent photoluminescence (PL) because
the radiative recombination of relaxing electron-hole pairs is
disfavored; they are known however to quench the fluorescence
of organic molecules, semiconductor NPs (aka quantum dots
(QDs)), and UCNPs. This phenomenon is known as nanometal
surface energy transfer (NSET), and depends on particle size
and separation distance. Particularly, the distance dependence
of the quenching process of fluorophores and QDs is critical for
the design of nanosensors due to its effect on the transfer
efficiency. Bradley et al. investigated the quenching efficiency
of semiconductor QDs by AuNP monolayer assemblies.”!
Bilayers of CdTe NPs and AuNPs were LBL deposited on a
quartz substrate with tunable thickness, using polyelectrolytes
as the spacer layers. Distance and concentration dependent
quenching was observed, as a function of polyelectrolyte spacer
layer thickness or AuNP concentration, as shown in Fig. 5a.
With reduced separation and higher AuNP concentrations, the
PL emission quenching increased and the emission lifetime
was shortened due to nonradiative energy transfer from the
QDs to the AuNP layer. Furthermore, stronger quenching of QD
emission was observed for QDs with red-shifted PL arising from
the LSPR of the AuNP layer, as compared to the resonant case.

3.3.2 Plasmon-enhanced photoluminescence. The strong
local fields of plasmonic nanoassemblies can also give rise to
fluorescence enhancement depending on a range of parameters
including the excitation wavelength, the size and morphology
of NPs, the interparticle distance, and the spectral correlation
between NPs and fluorescent materials (LSPR wavelength of the
plasmonic assemblies, absorption and emission properties of
the fluorescent materials). Tinnefeld et al. reported strong PL
enhancement for a dye molecule located at the docking sites of
assembled nanoantennas.’ AuNP dimers with 23 nm gaps were
assembled on pillar-shaped DNA origami, and a dye-labeled
DNA strand was immobilized on the pillar. In general, more
pronounced enhancement occurred for bigger NPs and dimers,
exemplified by 28-fold enhancement for a dimer but 8-fold for
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the monomer (Fig. 5b). A maximum of 117-fold enhancement
was achieved for a 100 nm AuNP dimer with a 23 nm gap, which
enabled higher count rates in single-molecule applications and
relaxed the requirements for single-molecule-compatible fluorescent
dyes. Another report by Lin and co-workers focused on the impor-
tance of distance, as well as the spectral properties, on the enhance-
ment of fluorescence brightness.”® Bilayers of AuNRs and UCNPs
were assembled with a polyelectrolyte spacer layer. By fine-tuning
the spacer thickness and AuNR sizes, distance and spectrum-
dependent plasmon induced luminescence enhancement was
observed. Stronger enhancement occurred for larger layer thickness,
up to a maximum enhancement factor of 22.6-fold obtained at a
layer thickness of 8 nm. There is equilibrium between the non-
radiative energy transfer from UCNPs to AuNRs and enhancement
of excitation efficiency by local field effects, which ultimately resulted
in the luminescence enhancement (Fig. 5¢). Meanwhile, AuUNRs with
LSPR at 980 nm exhibited higher enhancement in comparison with
other AuNRs in the system. This was attributed to an increase in
absorption cross-section of the UCNPs caused by the efficient energy
transfer from the overlapping LSPR of the NRs to the UCNPs.
In general, LSPR of plasmonic nanoassemblies can have either
quenching or enhancement effects, depending on the separation
distance and spectral characteristics.

3.3.3 Forster resonance energy transfer. When a donor-accep-
tor pair of fluorophores is introduced, Forster resonance energy
transfer (FRET) can be modulated by the proximal plasmonic
NPs. Kotov and coworkers created examples of nanoassemblies
with exciton-plasmon hybridization*' and utilized them for
biosensing.** The key advantage of this technique is the ability
of these assemblies to transduce protein concentration into a
wavelength shift rather than a change of intensity, which greatly
increases the reliability of detection. Sohn et al. reported FRET in
hybrid assemblies of block copolymers, QDs, dyes and AgNPs.*®
The fluorophores in the vicinity of the AgNPs were found to
undergo radiative and nonradiative decay processes, resulting in
either enhanced or quenched PL. In particular, a fast NSET decay
process occurred from QDs to AgNPs, leading to inhibited FRET
from QDs to dyes (Fig. 5d). However, an additional homopolymer
spacer layer could switch on the FRET, even in the presence of the
AgNP film. The near-field interactions among QDs, dyes, and
plasmonic NPs could be engineered by nanoscale organization,
where radiative and nonradiative decay processes of fluorophores
occurred in close proximity to NPs, leading to enhanced or
quenched fluorescence, as well as FRET from QDs to dyes. There-
fore, the NPs can serve as an optical switch, potentially controlling
FRET in optoelectronic devices or in biological systems.

4. Emerging sensor applications
4.1 LSPR shift-based sensors

A shift in LSPR wavelength can be observed upon refractive
index changes in the environment around NPs. In general,
LSPR shift-based biosensing primarily relies on target-mediated NP
aggregation. However, Jiang et al. reported a dispersion-dominated
LSPR method for glutathione detection by target-directed
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Fig. 5 Photoluminescence response of plasmonic nanoassemblies. (a) Distance and concentration dependence of PL quenching efficiency of QD
monolayers deposited on top of a AuNP monolayer.* (b) The mean fluorescence enhancement of dye at docking sites of AUNP nanoantennas with
varied NP sizes.® (c) Distance- and spacer-dependent plasmon-enhanced fluorescence in UCNP.2° (d) Steady-state and time-resolved fluorescence
monitoring of hybrid assemblies of AuNP film, QDs and dyes.>® Reproduced with permission: ref. 21 and 36 Copyright 2012 ACS; ref. 3 Copyright 2012
AAAS; ref. 20 Copyright 2015 Macmillan Publishers Ltd.

prevention of arginine-modified AuNP aggregation via mercury— glutathione levels. In a recent report by Stevens et al., a similar
thiol interaction.?” A nanomolar limit of detection (LOD) was reversed LSPR strategy was employed which was further
achieved which enabled the determination of intracellular improved by polymerization-based signal amplification for
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better sensitivity.*® Polymerization may occur in the presence of
free radicals generated from glucose oxidase, which can be
inhibited by the presence of catalase. Even a very low monomer-
to-polymer conversion can trigger the NP aggregation, resulting
in high sensitivity to the presence of radical-generating enzyme
targets (catalase sensitivity down to 1 ng mL™ ') (Fig. 6a).
Tan et al. established a colorimetric sensor platform for detection
of exosomal surface proteins, based on a panel of aptamers-
complexed AuNPs.** The AuNPs were non-specifically bound to
aptamers by noncovalent complexation, which protected the NPs
from aggregation. In the presence of exosome surface proteins,
aptamers strongly bound to the proteins, leading to aggregation,
which resulted in an obvious color change. The measurement of
the exosomal level of CD63 was achieved. This platform also
enabled the differentiation of various exosomal proteins within
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minutes by capturing and profiling exosomal protein information.
Large and long-range NP aggregates are unpredictable, uncontroll-
able and unstable, and show limited sensitivity improvement and
a narrow dynamic concentration range of the target analytes.
However, Kim et al. demonstrated an ultrasensitive LSPR bio-
sensor based on oriented NP aggregation.’® As shown in Fig. 6b,
oriented AuNP dimers were selectively assembled from asym-
metrically PEGylated AuNPs with a Y-shaped DNA duplex, in the
presence of target DNA sequences, and exhibited highly sensitive
concentration-dependent response due to tunable narrow inter-
particle distances (below 1 nm). This oriented NP aggregation
strategy achieved a sensitivity of DNA detection as low as 1.0 pM,
which was 10 000-fold improved as compared to traditional LSPR
methods. Furthermore, it offered improved long-term stability and
a wider dynamic detection range (>2 orders of magnitude).
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1 ng mL138 (b) Target oligonucleotide-induced AuNP dimer formation, showing DNA sensitivity down to 1.0 pM.*° (c) Plasmonic nanosensor with
inverse sensitivity by enzyme-guided coating of Ag on an Au nanostar leading to large LSPR shift. The nanosystem shows PSA sensitivity down to
107° ng mL™t (4 x 1072° M) in whole serum.*° Reproduced with permission: ref. 38 and 40 Copyright 2013, 2014 ACS; ref. 30 Copyright 2012 Macmillan

Publishers Ltd.
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Besides the great improvements achieved in conventional
methods, various studies have reported the development of
new classes of LSPR sensors. Stevens and co-workers reported
an ultrasensitive LSPR biosensor based on the enzyme-guided
crystal growth of plasmonic NPs.>* A thin Ag shell could be
coated on Au nanostars under low concentrations of Ag" ions,
resulting in a large LSPR blue shift, whereas only a smaller shift
was observed for high concentrations of Ag" ions, due to the
growth of Ag nanocrystals instead of Ag shell formation
(Fig. 6¢). Importantly, the concentration of Ag" ions could be
reduced in a controlled manner by additional enzymes such as
glucose oxidase. When Au nanostars and the enzyme glucose
oxidase were modified with monoclonal antibodies against
targets and secondary antibodies, a plasmonic ELISA occurred
with an inverse LSPR response as the sensing signal. This was
demonstrated by the successful detection of a cancer biomarker
(prostate specific antigen, PSA), with a sensitivity down to
10"° ng mL ™" (4 x 1072 M) in whole serum. The outstanding
detection performance was attributed to the inverse sensitivity
regime. Importantly, LSPR sensing has completely different
sensing mechanisms than other sensing techniques (e.g. SERS),
so that hot spots are not so critical in LSPR sensing as in SERS
sensing. LSPR sensing relies on changes due to local variations
of the refractive index, which are closely related to the polariz-
ability of the NPs or their assemblies. Therefore, nanostructures
with a larger aspect ratio (NRs for example) are more sensitive to
variations of the local environment, due to a strong and intrinsic
polarization dependence. In general, the sensitivity will improve if
the orientation of these elongated structures is matched with the
polarization of the electric field.

4.2 SERS-based sensors

As described above, SERS spectroscopy is a powerful sensing
technique, extensively used for non-invasive and ultrasensitive
detection of a wide range of molecules. Recent advances in
SERS detection include the reports by Tian et al of shell-
isolated NP-enhanced Raman spectroscopy (SHINERS), with
amplified Raman signal induced by AuNPs coated with ultra-
thin silica or alumina layers.® Importantly, the ultrathin coating
enabled a shell-isolated mode, which exhibited stronger hot-spots
and reduced agglomeration of NPs. Simple “smart dust” (shell-
isolated NPs) spreading over the probed surface improved the
sensitivity and reproducibility of SERS biosensing. This was
demonstrated by successful practical applications including
in situ probing of hydrogen adsorption on a Pt/Si surface, living
yeast cells and pesticide residues on food or fruits (Fig. 7a).
Recently, a variety of approaches were reported for multiplex
SERS biosensing based on plasmonic nanoassemblies. Bazan
et al. demonstrated multiplex protein detection by SERS-
encoded AgNP dimers.** As shown in Fig. 7b, AgNP dimers
were assembled by dithiolated Raman-active molecules, and
subsequently modified with monoclonal antibodies against a
protein target, serving both as the capture probes and Raman-
sensing probes in a sandwich immunoassay. By simply coating
with different Raman reporters and related antibodies, the
AgNP dimer tags enabled single-spot simultaneous detection

This journal is © The Royal Society of Chemistry 2018
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of multiplex protein targets with 100 pM sensitivity. SERS-active
Ag pyramids were also reported for multiplexed cancer bio-
marker analysis."® The plasmonic nanopyramids were assembled
by AgNPs based on a well-designed DNA framework, embedding
multiplex biomarker-specific aptamers in the DNA frame and
coating different Raman reporters on the corresponding AgNPs.
In the presence of target proteins, increased Raman intensities
were observed because of stronger hot-spots generated from the
shorter gaps, showing attomolar detection of proteins (0.96 aM
for PSA, 85 aM for thrombin and 9.2 aM for mucin-1) in one
pot (Fig. 7c¢).

Most examples of SERS biosensing have been performed in a
single phase, either on solid substrates or in solution. Recently,
Edel et al. demonstrated multiphase SERS detection for trace
analytes.”* Hydrophilic AuNPs in the water phase and Raman
active target analytes in an organic phase under gentle agitation
resulted in a thin AuNP layer incorporated with analytes that
self-assembled at the liquid/liquid interface. Upon transfer
onto a coverslip for SERS measurements, a LOD of ~10 fM
was achieved for the fluorophore malachite green isothio-
cyanate (Fig. 7d). Under similar conditions, when the analytes
were initially dissolved in the water phase, the LOD was further
improved to 1.15 fM, owing to direct binding to the NPs. This
multiphase SERS sensor can achieve simultaneous dual-analyte
detection or be used at a liquid/air interface, widely expanding
the scope of the SERS biosensing platform. In a recent report by
Liz-Marzan and co-workers, in situ and ultrasensitive detection
of a quorum-sensing signalling metabolite (pyocyanin) in growing
Pseudomonas aeruginosa biofilms and microcolonies was achieved
by surface-enhanced resonance Raman scattering (SERRS)
spectroscopy.*® Pyocyanin, produced by P. aeruginosa, presents
a broad absorption band in the visible-NIR region (550-900 nm),
which exhibits resonant Raman scattering under laser excitation at
633 nm or 785 nm. Therefore, the recording of SERRS, rather than
the more common SERS, enabled higher enhancement factors
for extremely sensitive biosensing. Micropatterned Au@SiO,
supercrystal arrays were fabricated as the enhancing substrate,
comprising AuNRs organized in micrometre-sized pedestal-like
structures coated with mesoporous silica. The supercrystals
showed a high density of efficient hotspots and collective
plasmonic modes, enabling in situ detection of pyocyanin down
to 10~'* M, thus being a powerful analytical approach for
studying intercellular communication on the basis of secreted
molecules as signals.

4.3 Chiroplasmonic sensors

CD spectroscopy is an accurate method for the determination
of higher order hierarchical structures of chiral biomolecules
and secondary/tertiary structure of proteins. However, the low
sensitivity and the need for UV excitation have greatly limited
its applicability to biosensing. Chiroplasmonic nanoassemblies
with new CD bands in the visible or near-infrared wavelength
ranges make it possible to develop CD-based biodetection with
high sensitivity. Chiroplasmonic side-by-side AuNR assemblies
based on the PCR method demonstrated ultrasensitive bio-
sensing of long DNA strands.'® The side-by-side assembly of
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NRs resulted in strong bisignate CD signals in the plasmonic NRs (7-9 degree twist between the NR axes). The amplitude of
region (500-800 nm), attributed to the twisted conformation of the CD signals showed a positive relation to the AuNR numbers
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in the assembly (n < 10), and the g-factor increased from
1.6 x 107° to 2.3 x 10 * for 2-10 PCR cycles. This CD response
was used for the biodetection of oligonucleotides by employing
reactant DNA templates within the PCR process, with a low
LOD of 3.7 aM (Fig. 8a). This was considerably more sensitive
than typical PCR (0.1 fM), reverse transcription PCR (156 aM) or
SERS (1.14 fM). Importantly, the chiroplasmonic method was
less dependent on the gap distance, as compared to the
conventional methods wherein hot-spots are employed (such
as LSPR, SERS), making it particularly useful for the analysis of
larger analytes (>2 nm). Subsequently, Au-Ag NP heterodimers
demonstrated expanded bioanalytical applications for other
biological compounds with improved LODs.* Targeted peptides
or proteins induced heterodimer assemblies with ultrastrong
and linear decrease or increase in CD intensity based on
competitive recognition or sandwich immunoassay patterns.
The determined LOD was 0.8 pM for an environmental toxin
(microcystin-LR) and 15 zM for a cancer biomarker (PSA)
(Fig. 8b). Importantly, DNA, peptides or proteins modified on
the surface of NPs/NRs may serve as recognition probes, which
drive the self-assembly between the NPs or NRs. As their bio-
logical functions are retained in the assemblies, the robustness
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of performance can even be improved as compared to discrete
conditions. Recently, Kadodwala et al. demonstrated an improved
LOD in the bioanalysis of higher order hierarchical protein
structures based on chiral plasmonic nano-metamaterials.*® Left-
handed and right-handed plasmonic “shuriken” nanostructures
fabricated using a top-down method exhibited bisignate CD
signals in the 700-750 nm spectral region. The enhanced
sensitivity of superchiral evanescent fields from the shuriken-
like structures enabled picomolar detection of protein higher
order structures (tertiary/quaternary) by CD spectroscopy (Fig. 8c).

4.4 Photoluminescence-based sensors

Photoluminescence-based detection is another popular sensing
method, widely used in the field of biotechnology and life
sciences, mainly relying on strategies including the quenching
and recovery of luminescence via NSET, plasmon-enhanced
luminescence, and FRET response. Spherical nucleic acids,
also called nanoflares, were reported by Mirkin’s group for
single-cell level detection of intracellular mRNA in live cells.””
The nanoflares were composed of 13 nm spherical AuNPs densely
modified with a monolayer of antisense single-stranded DNA,
serving as the recognition sequence. A reporter flare sequence
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containing a dye was hybridized to the nanoflares, leading to
fluorescence quenching. When the complementary mRNA
target was present, it displaced the reporter flare and bound
to the recognition sequence, resulting in recovery of the fluores-
cence signal. Coupling with flow cytometry enabled nanoflares
for detection of genetic markers of circulating tumor cells with
as few as 100 live cancer cells per milliliter of blood. Recently,
hybrid nanopyramid NPs with dual luminescent response were
reported for intracellular dual microRNAs biodetection.'* The
hybrid pyramids were assembled with one UCNP, two Ag,S NPs,
and one Au-Cu,S; NP, with the direction of a well-defined DNA
frame. Two sensing DNA sequences were embedded in the DNA
skeleton that could be respectively recognized by two target
microRNAs (miR-21 and miR-203"). In the presence of miR-21,
the Ag,S NPs separated from the pyramids, leading to the
recovery of the quenched luminescence. When miR-203” was
present, a similar situation occurred for the UCNPs. Due to the
NIR excitation and distinct emission spectral regions (NIR-II
emission of Ag,S NP and visible emission of UCNPs), the
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assembled nanopyramids showed excellent photostability and
high signal-to-noise ratio for intracellular detection. The LOD
was 0.09 fM/10 pgrna for miR-203" and 0.23 fM/10 pgraa for
miR-21 (Fig. 9a). The developed method could distinguish
between normal cells (primary uterine fibroblast cells, low
microRNA expression) and cancer cells (human epithelial cancer
cells, high microRNA expression). Moreover, the expression levels
of miR-21 and miR-203°, which are difficult to measure with
conventional methods, were accurately quantified for the cancer
cells using this technique.

Recently, Li et al. reported a sensitive label-free aptamer
sensor based on directional surface plasmon coupled emission
in nanoscale assemblies.*® As shown in Fig. 9b, a layer of dye-
coated Au nanofilm was fabricated onto a quartz substrate, with
efficiently quenched fluorescence because of NSET. An ultra-
thin linker layer, composed of cationic polymers and abundant
negative-charged aptamers, was employed on the surface of the
dye-coated Au nanofilm, serving both as the linker for subse-
quent NP connection and as the sensing layer for the targets.
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In the presence of targets, the introduced AgNPs assembled on
the surface of the linker layer due to electrostatic attraction,
leading to fluorescence emission via significant plasmon
coupling. In contrast, in the absence of targets, the AgNPs
did not undergo assembly on the surface due to strong electro-
static repulsion, resulting in undetectable fluorescence. A linear
calibration curve of thrombin sensing was established, showing a
LOD of 33 pM. The selectivity of the sensor was tested, showing no
obvious influence by either negatively charged proteins (bovine
serum albumin) or positively charged proteins (lysozyme), even at
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100-fold excess of the target proteins. The use of ultrathin layers
triggered the capture of the target protein (aptamers as the
recognition probes) whereas the intense plasmon-enhanced
fluorescence emission guaranteed high specificity and sensitiv-
ity for the biosensor.

To avoid false positive signals, Wang et al reported
upgraded FRET nanoflares for intracellular mRNA detection.*’
The FRET nanoprobe was composed of an AuNP, a recognition
sequence and a donor-acceptor labeled flare. In the absence
of targets, low FRET efficiency was observed because of the
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separation of the labeled donor and acceptor on the flare. When
the target DNA was present, the flares dissociated and formed
hairpin structures, resulting in high FRET efficiency because of
the proximity of the donor and acceptor (Fig. 9¢c). Through this
upgraded FRET method, the expression levels of TK1 mRNA were
successfully determined in different cancer cells (human liver
hepatocellular carcinoma cell line, breast cancer cell line) and
various tumor progression stages of cancer cells. Importantly, no
false positive was observed for the FRET nanoflares in contrast
to the conventional single-dye nanoflares, which was attributed
to minimized thermodynamic fluctuations and to chemical anti-
interference.

4.5 Combined methods

Apart from the single-mode sensors described above, combined
methods comprising different kinds of individual sensors have
been reported, with improved sensitivity or specificity, due to
the combined merits of the individual modes. Jiang et al.
reported a dual readout (colorimetric and fluorometric) assay
for highly sensitive acetylcholinesterase detection based on
AuNP assemblies.’® Dispersed rhodamine B-modified AuNPs
aggregated under the influence of thiocholine generated from
the hydrolysis of acetylthiocholine catalyzed by the presence
of the acetylcholinesterase target, resulting in simultaneous
fluorescence recovery and colorimetric responses. The ratios of
the UV-vis absorption spectral areas (aggregated/dispersed area
under the absorption peak) and fluorescence intensity were
calculated to monitor the acetylcholinesterase level in the
cerebrospinal fluid of transgenic mice suffering from Alzheimer’s
disease. The LOD was 1.0 mU mL ™" for the colorimetric method
and 0.1 mU mL™! for the fluorescence method, much lower than
other AuNP-based acetylcholinesterase biosensors (Fig. 10a).

Recently, Xu demonstrated a bimodal DNA cancer bio-
marker detection method with improved reliability and versatility
based on propeller-like NR-UCNP plasmonic tetramers.'* The
assembled tetramers, embedded with hairpin-like recognition
DNA sequences, possessed distance-dependent chiroplasmonic
activity and enhanced upconversion luminescent emission.
In the presence of DNA targets (Vall7 polyprotein gene from
the hepatitis A virus), the tetramers adopted longer distances
because of the extended conformation of the hairpin-like DNA
strands, resulting in linearly reduced intensities of upconver-
sion luminescence emission as well as of the CD signal. The
determined LOD was 20.3 aM by the luminescent signal and
13.2 aM by the CD signal. The dual signals showed good
agreement in analysis of DNA from a complex biological matrix,
which enabled more accurate quantitative detection of cancer
biomarkers for early disease diagnosis (Fig. 10b).

Besides the improved sensitivity, specificity or accuracy,
combined methods can also pave the way for high-throughput
biosensing. A recent report demonstrated dual target simulta-
neous intracellular biodetection by AuNR dimer-UCNP core—
satellite assemblies.'’ As shown in Fig. 10c, SERS-active AuUNR
dimers initially assembled with Raman dye molecules-modified
miR-21 recognition sequences, but disassembled in the presence
of the miR-21 target, leading to reduced SERS response. UCNPs
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were then assembled around the AuNR dimers through
mismatched telomerase sequences, which exhibited quenched
luminescence. When the telomerase targets were present, the
quenched luminescence was recovered by weak NSET for larger
interparticle distances between the plasmonic NRs and UCNPs.
Therefore, dual detection was achieved based on the independent,
simultaneous SERS and luminescence responses, with a LOD of
3.2 x 10 IU for intracellular telomerase and 0.011 aM nggna
for intracellular miR-21.

5. Concluding remarks and
perspectives

In summary, rapid developments have been achieved in plas-
monic nanoassemblies and detection applications, making
great progress in the design and construction of nanostructures,
manipulation of plasmonic properties, and sensing applications.
Precisely assembled nanostructures with specific spacing,
angle and configuration have been fabricated, even for multi-
component, hierarchical and sophisticated superstructures
such as single/double helices and superlattice arrays. Further,
a variety of synergistically enhanced and tailorable plasmonic
properties (SERS, plasmon-enhanced luminescence, plasmon-
induced CD) have been realized, and diverse, novel multi-
modal responses achieved (multiplex luminescence/Raman,
LSPR-luminescence, Raman-CD, luminescence-Raman). In the
realm of sensing applications, plasmonic assemblies enable
extremely high sensitivity down to the single particle or even
single molecule level, which are difficult to achieve by conven-
tional methods. The simultaneous multi-modal response
characteristics of the engineered assemblies enable precise
and reliable quantitative analysis for various target analytes
in vitro and in vivo, including ions, heavy metals (Pb, Hg), small
molecules (biotoxins, antibiotics, pesticides, narcotics, explosives),
biomacromolecules (peptides, proteins, enzymes, DNAs, RNAs), as
well as for the sensitive determination of the secondary/tertiary
structure of proteins, and enantiomer discrimination.

Plasmonic nanoassemblies have achieved remarkable sensi-
tivities, breaking through the limits of conventional detection
methods. However, further improvements and developments
are still needed. First of all, some of the current assemblies are
based on expensive and complex templates such as origami
constructions. It will be desirable to simplify their synthetic
protocols to allow broader utilization in clinical practice.
Second, more advanced assembly strategies must be developed
for the fabrication of high-yield and high-throughput nano-
structures. Third, the stability and plasmonic properties of the
nanostructures, along with their high sensitivity, should be
preserved when in complex systems such as in the cell matrix.
Further research is required for the exploration of intracellular
retention, toxicity, biodegradability and tissue penetration
of plasmonic assemblies. Fourth, NP constructs for plasmon-
mediated SERS require high stability and reproducibility in the
cell matrix, high penetration in vivo, and in situ visualization. Fifth,
chiroplasmonic nanoprobes have reached attomolar sensitivity,
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even in cells. Hence, CD instruments with capabilities of multi-
plexed imaging and portable chiroptical instruments are highly
desirable. Expansion to higher hierarchical structures or other
biomolecules can be explored with new CD instruments with IR
capabilities. Sixth, plasmon-enhanced luminescence has been
reported for the detection of various targets, however, better
synthetic methods and regulatory strategies are required
toward addressing the difficulties related to precise manipula-
tion. Seventh, current plasmonic nanosensors are mainly
focused on the proof of concept, and are far from practical
applications. There is still a relatively long way to address the
barriers of entry into the mainstream market. This includes
long-duration testing for the stability and reproducibility of the
nanoscale assemblies in complicated matrices, especially
under high concentrations of protein or fatty acids in physio-
logical conditions. Overall, addressing some of the above
challenges can lead to miniaturized devices based on plasmonic
assemblies that display fast response, extremely high sensitivity
and specificity, robustness and simplicity of use.
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