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a b s t r a c t

Integrating discrete plasmonic nanoparticles into assemblies can induce plasmonic coupling that produces

collective plasmonic properties, which are not available for single nanoparticles. Theoretical analysis re-

vealed that plasmonic coupling derived from assemblies could produce stronger electromagnetic field en-

hancement effects. Thus, plasmonic assemblies enable better performance in plasmon-based applications,

such as enhanced fluorescence and Raman effects. This makes them hold great potential for trace analyte

detection and nanomedicine. Herein, we focus on the recent advances in various plasmonic nanoassem-

bles such as dimers, tetramers, and core-satellite structures, and discuss their applications in biosensing

and cell imaging. The fabrication strategies for self-assembled plasmonic nanostructures are described,

including top-down strategies, self-assembly methods linked by DNA, ligand, polymer, amino acid, or

proteins, and chemical overgrowth methods. Thereafter, their applications in biosensor and cell imag-

ing based on dark-field imaging, surface-enhanced Raman scattering, plasmonic circular dichroism, and

fluorescence imaging are discussed. Finally, the remaining challenges and prospects are elucidated.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Plasmonic nanomaterials (Au, Ag, etc.) manifest excellent

electro-optical properties unrivaled to many conventional materials

owing to their unique localized surface plasmon resonance (LSPR)

properties, which have demonstrated a wide range of applications

in the fields of materials science [1], catalysis [2,3] and life sci-

ence [4,5], etc. [6]. LSPR is defined as when the frequency of inci-

dent light coincides with the oscillation frequency of surface plas-

mons, the free electrons oscillate collectively, while strong reso-

nant absorption or scattering peaks appear in the spectrum [7,8].

By localizing the energy of the light field to the metal surface, the

intensity of the electromagnetic field around the metal nanopar-

ticles is enhanced [9]. The LSPR-based optical properties of no-

ble metal nanomaterials are closely related to their morphology,

size, composition, dielectric environment, and interparticle spac-

ing, thus the modulation of their optical properties can be achieved

in a variety of ways [10,11]. Up to now, numerous works and re-

views have been reported on the study of the morphological com-
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position and dielectric environment of plasmonic nanoparticles re-

garding their LSPR properties [12–14]. Beyond these factors, LSPR

properties are closely related to the degree of assembly and disper-

sion of plasmonic nanoparticles as well. As the near-field coupling

between adjacent nanoparticles induces quite stronger local fields,

the electromagnetic field strength of plasmonic nanoassemblies is

enhanced by several orders of magnitude compared to that of sin-

gle nanoparticles [15,16]. The intensity of the near-field coupling

depends on the spacing of neighboring particles in the assembly,

the orientation of the nanoparticle arrangement, and the number

of nanoparticles in the assembly. By proper modification of the sur-

face or stimulation from the external field, these parameters can

be dynamically regulated during the assembly process, thus suc-

cessfully achieving the regulation of the optical properties of the

assemblies and laying the foundation for the practical applications

of the assemblies in various fields [17].

As the most important building blocks for assembly, Au

nanoparticles (AuNPs) can be aligned, stacked, and linked together

by controlling the position, gap distance, and orientation [18]. Re-

cently, much attention has been paid to the structure and opti-

cal activity of AuNPs-based assemblies, and a variety of assembly

methods have been developed. These assemblies are constructed

by templates or modifying AuNPs with suitable linkers [19]. Based
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Scheme 1. Schematic illustration of the preparation of plasmonic nanoassemblies

and their application in biosensing and cell imaging.

on these methods, numerous nanoassemblies with unique mor-

phology and well-designed structures have been developed, which

can be classified as dimer, trimer, multimer, satellite structure,

chain, etc. according to the aggregation state [15,20]. Among the

different assemblies, dimeric nanoparticles consisting of two ad-

jacent nanoparticles are the most basic geometries [21]. Plas-

monic dimers possess unique optical activities, for example, red-

shifted LSPR in extinction spectra, enhanced electromagnetic fields,

and anisotropic optical properties [22]. Multimeric assemblies of

trimers and above allow higher-order spatial structures, including

two- or three-dimensions [23]. Core-satellite nanostructures are

commonly defined as core nanoparticles surrounded by smaller

nanoparticles, resulting in a satellite-type layer, a geometry en-

dowing these nanostructures with super-strong coupling proper-

ties [24]. Additionally, the construction of one-dimensional chain

nanostructures based on templates, molecular linkers, polymers,

or ligand-mediated assemblies has also aroused a growing inter-

est [25–27]. Besides the representative nanoassemblies mentioned

above, more complex and novel nanostructures have been gener-

ated using assembly methods such as DNA origami [28,29].

Plasmonic near-field coupling between neighboring particles in

an assembly of noble metal nanoparticles, which yielded a strong

localized electromagnetic field, known as a “hot spot”, has inspired

research related to the preparation of plasmonic nanoassemblies

and their application in biosensing and cell imaging [30]. In this

review, we aim to summarize recent advances in the construc-

tion of Au nanoassemblies with various shapes and functions

(Scheme 1). We begin with a brief description of the geomet-

ric distinctions of nanoassemblies including dimeric, tetrameric

and multimeric with higher orders, core-satellite structures, and

nanochains. After that, various fabrication strategies for plasmonic

nano-assembled structures are described specifically according to

the preparation strategies, including the top-town techniques, self-

assembly, and chemical overgrowth methods. The tunability of

the optical properties of the assembled plasmonic nanomaterials

makes them outstanding nanoplatforms for various biological ap-

plications. The following advances in cell analysis- and imaging-

related applications will be discussed: (i) dark-field imaging, (ii)

surface-enhanced Raman scattering (SERS) imaging, (iii) plasmonic

chirality biosensor, and (iv) fluorescence imaging. Finally, the re-

maining challenges, future developments, and opportunities will be

illuminated.

2. Strategies for the preparation of plasmonic nanoassemblies

Since the metal nanoassemblies exhibit excellent properties

in many aspects, especially the change of optical properties in-

duced by surface plasmon resonance coupling, their in-depth

study has attracted increasing attention. As mentioned earlier,

the inter-particle plasmon resonance coupling effect of metal

nanoassemblies is closely related to particle morphology, compo-

nents, and size [9]. In recent years, with the continuous improve-

ment of nanoparticle synthesis and modification techniques, var-

ious methodologies for constructing assemblies have been devel-

oped. The existing methods can be divided into three major cat-

egories, that is, top-down techniques, nanoparticle self-assembly,

and chemical synthetic approaches.

2.1. Top-down techniques

The top-down approach means that the substrate is actually

a blank canvas and external factors are employed to write the

pattern. Conventional fabrication methods such as electron beam

lithography, glancing angle physical vapor deposition and focused

ion beam have been widely used for the fabrication of nanoassem-

blies, especially for dimers. In 2003, Rechberger et al. prepared Au

dimer structures with different spacing using electron beam lithog-

raphy [31]. Since then, this technique has been refined to pre-

pare Au or Ag nanodimers with different morphologies, and func-

tions [32]. For example, Au nanoring structure-based dimer arrays

with different spacings have been reported, which revealed the

anomalous sensitivity of nanoring to its anisotropic environment,

i.e., asymmetry in particle shape and high index of substrate effects

(Figs. S1A-C in Supporting information) [33]. However, expensive

instrumentations are often required and the preparation of assem-

blies with complex composition, narrow interparticle spacing, and

three-dimensional structure are difficult to achieve, which greatly

limits their further application [34,35].

In this regard, to enable easy fabrication of nanostructures with

continuously varying geometric parameters on a single substrate,

Ogier et al. reported a simple and powerful method, evapora-

tion on partially exposed rotating substrates (PERS), based on con-

trolled relative motion between the supporting substrate and par-

tial shutters during material evaporation to generate continuous

and precise gradients in nanoscale structural parameters, including

vertical thickness, lateral orientation and direction (Fig. 1A) [36].

Based on this, they successfully prepared a series of Au nanos-

tructures with a wide range of optical response variations, includ-

ing nanodiscs with continuously varying thicknesses, nanodimers

with continuously increasing spacing, and split-ring nanoparticles

with continuously varying orientations (Figs. 1B and C). Similarly,

Paria et al. combined the oblique angle deposition (OAD) technique

with a standard graphene transfer protocol to prepare an array of

two metal nanoparticles precisely separated by a single layer of

graphene. Under light irradiation at appropriate wavelengths, the

optical near-field at the particle junctions is strongly enhanced,

with an increase of an order of magnitude in the Raman signal

in the monolayer graphene [37].

2.2. Self-assembly methods

Self-assembly of nanoparticles mainly involves the modification

of functional molecules on the surface of nanoparticles, followed

by assembly induced by electrostatic interactions between oppo-

sitely charged nanoparticles or coordination chemistry, polymeric

linkers, dithiol linkers, proteins, and DNA have been reported [38].

DNA, a versatile and powerful ligand with programmable and

sequence-specific interactions, offers great opportunities for as-

sembling nanomaterials. DNA hybridization refers to the formation
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Fig. 1. (A) Fabrication of samples with continuously varying structure parameters.

(B) SEM images of representative dimers at φ =0°, 45°, and 90°, respectively (scale

bar=100nm). (C) SEM images of split-ring nanostructures taken at the different

angular positions (scale bar=200nm). Reproduced with permission [36]. Copyright

2016, Wiley-VCH.

of stable structures of DNA molecules linked by hydrogen bonds

through the complementary pairing of bases [28]. In 1996, Mirkin

et al. and Alivisatos et al. have demonstrated that DNA could be

modified on the surface of AuNPs by Au-S covalent bonding, and

further guided by DNA hybridization for Au self-assembly [39,40].

Since then, DNA-mediated AuNPs or other discrete nanoparticles to

form continuous one-, two- and three-dimensional structures be-

came one of the main methods for the assembly of nanoparticles

[41]. Generally, it is critical to mediate inter-particle interactions

for self-assembled DNA nanostructures, which can be achieved by

controlling the assembly mode of individual building blocks [28],

including direct hybridization [42] and DNA linker-mediated hy-

bridization [43]. While some achievements have been made in the

preparation of nanoassemblies based on these DNA hybridization

strategies, there are considerable impediments to strong coupling

and convenient charge transfer between adjacent nano-units in the

assembly. Deng’s group developed a chemical tool termed Ag ion

soldering (AIS) to overcome the above situation [44]. Briefly, the

dimer was first efficiently prepared from AuNPs linked by minimal

complementary DNA strands, which were loosely linked by van

der Waals (VDW) colloidal interactions, where Ag+ enhances VDW

“gluing” by forming Ag+-ligand complexes as ligand removers. The

immobilized dimers were further modified by fish sperm DNA (FS-

DNA) to ensure their colloidal stability in water (Fig. 2A). It is

worth mentioning that this method can be successfully used not

only for the preparation of Au dimers but also for the fabrica-

tion of various heterodimers (such as Au-Pd, Au-Pd, Ag-Pd) with

minimal interparticle distances (Fig. S2A in Supporting informa-

tion) [45]. DNA origami nanostructures are formed by long single-

stranded scaffold strands and a suitable set of short artificially

short strands [47]. Recently, DNA origami-based template method,

where discrete nanoparticles are organized into spatially ordered

nanostructures by precisely controlling the interactions between

the particles and the DNA template, has also gained extensive at-

tention and exploration over the last few decades [48]. Prompted

by the remarkably rich versatility offered by the sequence speci-

ficity and spatial addressability of DNA origami templates, DNA

origami technology has been exploited by researchers to gener-

ate various Au nanoassemblies with unique structural complexity

and customizable optical functionality, making them prospective

candidates for the construction of innovative Au nanoassemblies.

With DNA origami-mediated self-assembly methods, assemblies of

gold nanospheres, gold nanorods, gold nanostars, etc. with differ-

ent morphologies have been successfully prepared [49,50]. Tapio

et al. developed a versatile 3D DNA origami nanofork antenna

(DONA) with a gap size as low as 1.17nm by assembling Au or sil-

ver nanoparticle dimers with different gap sizes [46]. Employing

oxDNA simulations and atomic force microscopy (AFM), they con-

firmed that the structure exhibited better overall rigidity over the

previous SERS substrate as well as the capability to precisely place

biomolecules in the hot spot of the dimer (Fig. 2B). As the develop-

ment of DNA technology advances, more structurally complex and

functionally diverse DNA origami structures will be exploited con-

tinuously, which in turn guides the novelty and multifunctionality

of nanoassemblies.

Interactions between small molecular ligands immobilized on

nanoparticles (e.g., electrostatic interactions, hydrogen bonds, Au-

thiol bonds, and molecular cross-linkers) are a common method of

self-assembly as well [51–53]. Yoon et al. synthesized ideal dimers

of Au nanoparticles with smooth surfaces and high sphericity by

a substrate-based assembly strategy (Fig. S2B in Supporting infor-

mation) [54]. By eliminating inhomogeneities caused by variations

in gap morphology, unprecedented structural and plasmonic ho-

mogeneity was observed at the single-particle level. Due to their

orthogonal polarization behavior, contributions from transverse,

quadrupole, and octupole longitudinal plasma excitonic coupling

modes could be distinguished under the polarization-resolved

dark-field scattering spectroscopy. Alternatively, heterodimeric or

core-satellite structured assemblies could be prepared by means of

chemical linkers for systematic studies of structurally relevant op-

tical properties (Fig. 2C). Due to the close proximity between cores

and satellites, strong surface plasmon excitonic coupling was ob-

served from these asymmetric core-satellite nanoassemblies, which

appeared to be significantly red-shifted from the LSPR bands. The

dependence of the surface plasmon coupling on the gap distance

between the core and the satellite was systematically investigated

by varying the length of the alkane dithiol linker. As the length of

the alkane disulfide linker decreases from 1,16-hexadecanedithiol

to 1,2-ethanedithiol, the surface plasmon coupling band is gradu-

ally red-shifted, demonstrating enhanced surface plasmon coupling

[55].

The excellent processability and flexibility of polymers have

been widely recognized and applied in the fields of nanomateri-

als and biometrics, where polymer-driven self-assembly is also a

powerful tool to prepare a wide range of nanoparticle assembly

structures [56–58]. To efficiently creation of well-defined dimers

with flexible control of structure and further enrich the function-

ality of plasmonic assemblies for applications in biosensing and

nanophotonics, Tian et al. proposed a strategy to construct cage-

bridged plasmonic dimers based on polymer-assisted self-assembly

methods with molecular cage chemistry. The strategy controlled

size, composition, shape, symmetry, and interparticle distance in

a modular and cost-effective manner with a high degree of free-

dom and controllability, allowing the easy preparation of various

symmetric/asymmetric dimers with gap distances below 5nm and

tailored optical properties (Fig. 2D) [59]. Importantly, the molec-

ular cage embedded in the junction not only acted as a linker

between the two constituent elements but also conferred the as-

sembled dimer with the ability to precisely and reversibly enrich

the guest molecule in the hot spot region. Most currently con-

structed plasmonic assemblies exhibit optical signal enhancement

that tends uniformly distributed within a hot spot region, while
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Fig. 2. (A) Schematic illustration of DNA-directed AIS. Reproduced with permission [44]. Copyright 2019, American Chemical Society. (B) Schematic representation of the

DNA origami nanofork having a DNA bridge that is 90nt long (a). AFM and TEM images of the DNA origami nanofork (b). Two differently coated nanoparticles can be

attached selectively via DNA hybridization to the two different sequences of DNA capture strands on the arms and the bridge of the DNA origami to form DONA structures

(c). Reproduced with permission [46]. Copyright 2021, American Chemical Society. (C) The stepwise assembly process for asymmetric core-satellite nanoassemblies using

selective desorption. (a-h) Photographic and SEM images of the substrates after each step. Reproduced with permission [55]. Copyright 2021, American Chemical Society. (D)

Schematic illustration of the strategy for construction of molecular cage-bridged plasmonic dimer structures. Reproduced with permission [59]. Copyright 2022, American

Chemical Society.

precise tuning of site-specific electromagnetic field enhancement

by direct assembly processes has been rarely investigated [60]. To

address this issue, Zhu et al. prepared a series of Janus core-shell

nanogapped Au nanoparticles (JAuNNPs) with different degrees of

Au shell coverage. The internal nanogaps between the partial Au

shells and cores in JAuNNPs led to an asymmetric optical behav-

ior, which can be regulated by changing the internal nanogap [61].

Then a novel type of dimeric nanostructures (core-to-core or shell-

to-shell JAuNNDs, Fig. S2C in Supporting information) was pre-

pared by assembling amphiphilic JAuNNPs (50%) coated by differ-

ent hydrophilic polymers on Au cores and Au shells. Due to the

spatial arrangement-related hybrid plasmonic coupling mode, the

electromagnetic field enhancement positions of JAuNNPs vary with

the geometric configuration.

Amino acids are rich in functional groups, such as amino

groups, carboxyl groups, thiols, which can be utilized for the as-

sembly of AuNPs in various ways [62]. Additionally, the introduc-

tion of chiral amino acids equipped plasmonic probes with great

potential for application. For example, Cys is a special amino acid

containing thiols that play a very important role in physiological

processes. Since thiol groups can form Au-thiol bonds with AuNPs,

the use of Cys-as a linker to AuNPs opens up new avenues for the

assembly of AuNPs and has been successfully used for the con-

struction of Au nanorod dimer and multimers of different orien-

tations, with an in-depth investigation of their optical properties

[63]. As an emerging functional candidate performing a critical role

in specific molecular interactions, peptide is one of the most fun-

damental biomolecules linking chemistry and biology, affecting im-

portant physiological functions [64]. Peptides can be rationally de-

signed and directly immobilized on the surface of AuNPs via termi-

nal Cys, for which the peptide-based assembly strategy is similar

to that of amino acids, while being equipped with more function-

ality through carefully designed amino acid sequences [65]. An-

other assembly strategy is using peptides as templates. Through

inorganic recognition motifs, peptides can be specifically recog-

nized and adsorbed on the specific interfaces of AuNPs, as a way

to precisely control the location and spatial distribution of AuNPs

[66]. Moreover, based on the specific recognition ability of protein

molecules, fabrication protocols for nanoassemblies have also been

developed. Among them, antigen-antibody-mediated nanoparticle

assembly is a widely investigated approach. Based on this strat-

egy, the self-assembly of AuNPs, AuNRs, etc. can be achieved and

used for the ultra-sensitive detection of some biomolecules [67].

Compared with antigen antibodies, biotin possesses the advantages

of small size and high binding capacity. Biotin-avidin system (BAS)

is a typical biomagnification system, which is also widely used as

a bridge linkage to prepare a variety of directionally assembled

nanostructures [68].

Collectively, self-assembly-based methods are more flexible and

efficient, though the efficiency and yields of preparation tend to be

lower and much exploration in controlled assembly is still needed.

2.3. Chemical synthetic approaches

Recently, a wide range of synthetic protocols have been de-

veloped for the synthesis of dimeric and core-satellite structures

with controlled composition and properties, such as seed-mediated

method [22,69]. Generally, seed-mediated growth consists of two

main steps: (i) synthesis of seeds with well-defined structures; (ii)

nucleation and growth of the same or another metal on the seed

from one or several specific sites [70]. The key to the formation

of plasmonic nanoassemblies can be achieved by precise control of

several experimental parameters, including the kinetics of reduc-

tion, the type of capping agent, and the degree of lattice mismatch

between the seeds and the deposited metal [23,71].

The embedding of surface ligands can significantly affect the

metal-metal interfacial energy, making it possible to create nanos-

tructures that differ from conventional perceptions [72–74]. Due

to the lattice matching of AuNPs and AgNPs, the deposition of

Ag on the surface of AuNPs normally results in the formation of

concentric core-shell structures. Feng et al. managed to prepare

Au-Ag Janus structures by surface ligand modification and imple-

mented a continuous regulation from core-shell, eccentric core-

shell to dimeric structures by precise regulation of ligands (Fig.

S3A in Supporting information). Further studies showed that the

surface ligand density and the reduction rate of silver during the

synthesis process also have a decisive effect on the nucleation of

Ag. A series of Au-Ag satellite nanostructures with different va-

lence of Ag islands were prepared. Eventually, they proposed a de-

pletion sphere mechanism to explain the selection of nucleation

sites due to non-stationary concentration gradients. Some other

small molecules (e.g., aromatic molecules), as well as biological

macromolecules (e.g., DNA), also confirmed the ability to mediate

the synthesis of nanoassemblies [75]. Further exploration of plas-
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Fig. 3. Schematics illustrating (A) the typical wetting and (B) non-wetting Auon-

AuNR homometallic nanostructures, with the corresponding TEM images and pho-

tographs. Reproduced with permission [77]. Copyright 2020, Wiley-VCH.

monic nanomaterials is currently devoted to the controlled syn-

thesis of more complex assembly structures, in addition to the de-

sign of higher-order nanoassemblies [76]. Jia et al. reported a non-

wetting growth method that provides two new dimensions of syn-

thetic control in Au-Au homogeneous nanostructures, including the

number as well as the shapes of Au islands (Fig. 3A). By control-

ling the interfacial energy and growth kinetics, they successfully

prepared a series of Au-on-Au hybrid nanostructures. The newly

grown Au structures could be both spherical and dendritic wires

(Fig. 3B). This structural diversity allows the LSPR to be fine-tuned

over the full spectral range, making them excellent candidates for

plasma applications [77]. Noteworthy, despite the simplicity of this

method, its application is limited and it is difficult to achieve the

synthesis of complex assembled structures.

3. Application of plasmonic nanoassemblies in biosensing and

cell imaging

With the refined design and assembly, plasmonic nanoassem-

blies possess a variety of physical, chemical, and biological prop-

erties that are superior to those of monomeric particles, including

unique optical signals, catalytic properties, and local temperature-

tuned photothermal properties, etc. [78]. In this section, we will fo-

cus on reviewing their recent advances in biosensing and bioimag-

ing based on dark-field imaging, SERS imaging, plasmonic circular

dichroism-based bioassays and fluorescence-based bioimaging.

3.1. Dark-field microscope (DFM)-based cell imaging

As known, when excited, plasmonic nanoparticles exhibit col-

lective resonant behavior of their surface electrons, and the reso-

nant electrons radiate a light scattering signal with the same oscil-

lation frequency as the exciting light [7]. DFM is a typical optical

instrument that can collect and monitor the scattering signal from

plasmonic nanoprobes [79]. The assembly process of nanoparti-

cles commonly accompanies the electromagnetic field coupling be-

havior between the particles, and the enhanced electromagnetic

field caused by the coupling is manifested by a significant in-

crease in the scattering intensity and a shift in the scattering

wavelength [80]. More importantly, the scattering signal of an in-

dividual nanoparticle owns a high sensitivity to the spacing of

the assemblies and the degree of coupling. Accordingly, plasmonic

nanoassemblies are considered as excellent candidates for dark-

field imaging. By monitoring the assembly process and tracking

the assemblies in real-time, dynamic and precise analysis of a va-

riety of biomolecules, such as metal ions, enzymes, and miRNA,

within cells can be achieved [81,82]. Jun et al. designed a core-

satellite structured Au nanoassembly as a plasmonic ruler for the

study of early caspase-3 activation, achieving long-term monitoring

of caspase-3 activity in living cells [83]. As a further extension of

this method, Li et al. achieved quantitative assessment of miRNA-

21 concentrations in vitro and in vivo utilizing statistical analysis of

the time frame over which a strand substitution event occurs via

DNA-assembled Au core-satellite assemblies (Fig. 4A). The struc-

tural and optical stability of the plasmonic probes make it possi-

ble to observe continuously for hours without blinking and bleach-

ing under DFM. The combination of dynamic imaging with single-

molecule sensitivity and real-time statistical analysis in living cells

allows a limited number of nanoprobes to provide accurate quanti-

tative results, fulfilling the practical need to analyze trace amounts

of components in single living cells [84,85].

Additionally, relying on their good photostability, excellent sen-

sitivity to environmental media, and optical anisotropy derived

from the assembly, plasmonic nanoassemblies can be used in

protein-protein interaction studies to capture important nanoscale

information, such as protein dimerization as well as their confor-

mational changes through fluctuations in optical signals generated

by perturbations. Park et al. synthesized monovalent Au (mAu),

Au dimers assembled with a Y-shaped oligonucleotide structure

(mGYRO) as a rotational probe for monitoring the rotational mo-

tion of the membrane protein epidermal growth factor receptor

(EGFR) [86]. The conformational changes of the intracellular struc-

tural domain of EGFR were revealed at the single-molecule level

by monitoring the scattering intensity, successfully decoding the

structural dynamics undiscovered in living cells (Fig. 4B).

Moreover, by adjusting the LSPR properties, such as the size,

shape and composition of the plasmonic nanoparticles, it is

possible to analyze multiple biomolecules simultaneously using

DFM techniques. Fan and co-workers previously reported the

one-pot synthesis of Au nanostructures with different scatter-

ing colors, which were used as labels for real-time quantitative

receptor-mediated cytocytosis and intracellular transport of mul-

tiple protein-nanoparticle structures in single cells imaging [79].

Alternatively, simultaneous imaging of multiple targets can be

achieved based on nanoassemblies by combining different DNA-

encoding plasmonic nanoparticles with distinct color distinctions

[87]. Nam’s group reported a strategy for multiple molecule de-

tection using optokinetically (OK)-encoded nanoprobes (Fig. S4 in

Supporting information). Plasmonic nanoparticles with three differ-

ent dark-field light scattering signals [red (R), green (G) and blue

(B)] and partially complementary to three different targets miRNA

with mobile (M) or stationary (I) states were attached to a sup-

ported lipid bilayer (SLB), respectively. In situ single particle moni-

toring and normalized RGB analysis of the optokinetically combina-

torial assemblies among the three M-NPs and the three I-NPs us-

ing DFM enabled the differentiation and quantification of nine dif-

ferent miRNA targets in one sample. This multiplex assay enabled

the simultaneous detection of multiple miRNA targets in a highly

quantitative and specific manner within 1h and was expected to

be used for the diagnosis of different cancer types [88].

3.2. SERS-based cell imaging

SERS is defined as a technique that magnifies the Raman sig-

nal from molecules close to the plasmonic substrate with the en-

hancement of electromagnetic fields from rough metal surfaces.

SERS-based detection methods typically feature high sensitivity

and spectral resolution, allowing the detection of biological sam-

ples in a multiplexed, low background signal and non-invasive

manner [89]. Either individual plasmonic nanomaterials or their

assembled aggregates are considered to be excellent SERS sub-

strates in terms of electromagnetic field enhancement [15]. How-
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Fig. 4. (A) Structure changes of the PRs induced by miRNA (a), detection principle (b) and continuously imaging of single living HeLa cell after the introduction of PRs

(c), scale bar: 10 μm. Reproduced with permission [84]. Copyright 2018, American Chemical Society. (B) Synthesis of mGYROs, conjugating two monofunctionalized Au

nanoparticles (mAu NPs) (a), TEM image of mGYRO showing controlled locus of functionalization (b). Reproduced with permission [86]. Copyright 2018, American Chemical

Society.

ever, due to the hot spot formation, the plasmonic nanoassemblies

often offer stronger Raman enhancement than single nanoparticles

and hold considerable potential for applications of SERS-based de-

tection and imaging. With the ultra-strong electromagnetic field

in the gap, many nano-assembly-based SERS nanoprobes, includ-

ing dimer, core-satellite, etc., have been developed for imaging

biomolecules such as ATP, miRNA, and enzymes in cells [90–92].

Zhu et al. developed a promoted “click” SERS strategy for the

highly selective and uniform detection of biomolecules by simul-

taneous double-enhanced SERS emission (Fig. S5A in Supporting

information). Two different triple bond-labeled AuNPs were linked

together by DNA hybridization to form a SERS “hot spot” that en-

abled simultaneous amplification of the triple bonded Raman sig-

nal. Specifically, poly A-containing single-stranded DNA and Asp-

Glu-Val-Asp (DEVD)-containing peptide sequences were modified

onto the alkyne- or nitrile-encoded AuNPs. During apoptosis, the

generated caspase-3 would induce cleavage of the tetrapeptide se-

quence DEVD, which removed the masking of the peptide to the

triple bond on AuNPs and the SERS signal was restored (Fig. S5B

in Supporting information). This probe realized precise intracellu-

lar imaging of caspase-3 in living cells and in-situ monitoring of

the cell apoptosis process [93].

Considering the ultra-low concentration of intracellular active

substances and the limited sensitivity of SESR-based detection,

it is urgent to develop engineered nanoparticle assemblies with

ultra-strong electromagnetic field [94–96]. Moreover, the off-to-

on signal response with higher sensitivity and larger response

range facilitates the sensitive detection of intracellular trace sub-

stances [97]. Liu et al. designed a miRNA-triggered catalytic hair-

pin assembly-induced core-satellite nanostructure with multiple

strong hot spots. This unique plasmonic nanostructure was com-

posed of Au nanodumbbells as the cores, which possessed stronger

electromagnetic fields than the common Au nanospheres and Au

nanorods (Fig. 5A). The self-assembly strategy triggered by mRNA

within the cell could generate SERS signals from off to on, lead-

ing to a broad linear detection range of miRNAs from 10−19 mol/L

to 10−9 mol/L. The results of intracellular SERS imaging demon-

strated significantly different miRNA expression levels in different

cell lines (Figs. 5B and C). The proposed SERS platform facilitated

the design of metal nanoparticle assemblies with strong electro-

magnetic field intensity [98].

3.3. Plasmonic circular dichroism (CD)-based biosensing

The optical chiral signal represents one of the outstanding

properties of assembled nanomaterial. Chiral plasmon nanoassem-

blies are mainly constructed by assembling chiral/achiral plas-

monic nanoparticles under the guidance of various chiral

molecules/templates [99]. Some chiral molecules, such as amino

acids, chiral polymer molecules, DNA/RNA, and peptides, are usu-

ally attached to the surface of nanoparticles as chiral linkages or

as chiral driving molecules [100]. Experimentally and theoretically

have demonstrated that the assembly of asymmetric Au nanos-

tructures (such as dimers, pyramids, and helices) based on chiral

molecules, especially DNA and DNA origami, can fine-tune the chi-

ral activity by precisely regulating the assembly process [101,102].

Since the highly dependence of optical activity on the assembled

structure, a small structural change may lead to a large change in

the chiral signal, thus providing the foundation for the biosensing

platform based on chiral plasmonic nanoassemblies [103]. Accord-

ingly, with the optimization and in-depth study of chiral plasmonic

nanostructures with CD bands in the visible and near-infrared re-

gions, plasmonic chiral signals have been applied to the hypersen-

sitive analysis of cells [104]. For example, through target-specific

chirality or dechirality interactions, changes in CD signal can be

established with target concentration changes, providing a zero-

background biosensing approach. Such plasmonic chiral sensors

have been used to the ultrasensitive detection of metal ions, small

molecules, biomolecules in cells [105].

In this regard, Xu’s group has successfully prepared a se-

ries of plasmonic chiral nanoprobes for cell analysis. To achieve

background-free detection of intracellular Zn2+, they constructed

6
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Fig. 5. Schematic Representation of (A) the Fabrication routes of Au NPs-Au NDs CS and (B) Au NPs-Au NDs Core−satellite SERS sensors for miRNA detection and imaging

in living cells. (C) Bright-field image and Raman images of HeLa, NHDF, and MCF-7 cells were treated with the mixture of Au NPs-H1 probes and Au NDs-H2 probes,

respectively, and the expression level of mir-1246 in NHDF, HeLa, and MCF-7 cells detected by qRT-PCR (left) and Raman intensity at 1501 cm−1 detected by CHA strategy

(right). Scale bar: 8 μm. Reproduced with permission [98]. Copyright 2018, American Chemical Society.

Au@AgAu yolk-shell nanorods (YSNRs) with significant plasmonic

CD response using chiral d/l-Pen (Fig. S6A in Supporting informa-

tion). Interestingly, their chiral optical response can be tailored by

adjusting the gap size or aspect ratio of Au nanorod. The experi-

mental and theoretical results indicated that the hot spot induced

by the internal nanogap could enhance the plasmon-induced cir-

cular dichroism signal. Further fabrication of YSNR@AuNPs core-

satellite assemblies by using chiral YSNRs as chiral building blocks

yielded nanostructures with enhanced plasmonic CD activity (Fig.

S6B in Supporting information), which are fully suitable for the

quantitative detection of intracellular Zn2+. These high-performing

chiral nanoassemblies are promising in the fields of chiral catal-

ysis, ultrasensitive biosensors, and optical devices (Figs. S6C-E in

Supporting information) [106].

To compensate for the shortage of plasmonic CD in cell imag-

ing, nanoassemblies with multi-signal response capability have

attracted the close attention of researchers. As described ear-

lier, plasmonic nanoassemblies could serve as excellent SERS sub-

strates due to the strong electromagnetic fields generated by the

plasmonic coupling. As such, by rational design, chiral plasmonic

assemblies can function as emitters of both plasmonic CD and

SERS signals. Kuang’s group reported a bilayer core-satellite struc-

ture with high region-controllability and super-strong electromag-

netic fields. With the utilization of three types of single-stranded

DNA and controlling the amount of DNA on AuNPs, 30, 5, and

10nm-AuNPs can be controllably assembled into a bilayer nuclear-

satellite structure (C30S5S10 NS), by hybridization of specially de-

signed Y-shaped DNA (Fig. 6A). The chiral structure and the SERS

tags encoded in the gaps of the particles ensure that the two-

layer core-satellite assemblies display strong and controllable CD

and SERS signals. The strong CD and SERS signals generated by this

assembly can be utilized to realize highly sensitive in situ monitor-

ing of miRNAs in living cells (Figs. 6B and C). This superstructure

fabrication strategy provides a new access and technological basis

for the fabrication of advanced and controllable self-assembled su-

perstructures [107].

Fig. 6. (A) Schematic representation of Y-DNA-driven construction of Au NP chiral

C30S5S10 NSs with enhanced CD and SERS signals. By PEG and TAT modifications,

the C30S5S10 NSs was used for ultrasensitive detection of miRNA in living cells. (B,

C) SERS spectra (B) and CD spectra (C) of MCF-7, HeLa, and PCS-460–010 cells with

C30S5S10 NSs. Reproduced with permission [107]. Copyright 2020, Wiley-VCH.

3.4. Fluorescence-based biosensing and cell imaging

The interaction between fluorescent emission molecules and

plasmonic nanoparticles has been extensively studied. On the one

hand, Au nanomaterials with high molar extinction coefficients

and wide energy bandwidth are an efficient fluorescent quench-

ing agent as a result of the nonradiative interaction between chro-

mophores and metal nanoparticles. Accordingly, researchers have

constructed fluorescence resonance energy transfer (FRET) systems

by attaching fluorophores to the surface of AuNPs [108]. On the
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other hand, the local electric field enhancement induced by plas-

mon coupling can improve the excitation efficiency and radiation

decay rate of chromophores located in the gap region, thus sig-

nificantly increasing their fluorescence intensity, which is well-

known as metal-enhanced fluorescence (MEF) [109]. Assembled

metal nanoparticles exhibit better fluorescence enhancement than

isolated ones, therefore, nanoassemblies are widely used in MEF-

based biosensing systems [110,111]. The influence of different fac-

tors such as shape of nanoparticles, dye distribution, and separa-

tion distance on fluorescence enhanced by plasmonic coupling was

systematically investigated by Zhu et al. The fluorescent probe, cya-

nine 5 (Cy5), was immobilized in the gap region of coupled plas-

monic nanoparticles by DNA (Fig. S7A in Supporting information).

When Cy5-modified DNA was attached to the surface of AuNPs,

the fluorescence of Cy5 was quenched, while the quenched fluo-

rescence of Cy5 was activated after different enhanced substrates,

such as Au nanospheres, Au nanorods, Au@Ag core-shell struc-

tures, were hybridized with Au-Cy5 to form the nanoassemblies.

They found that the formation of assemblies with Au@Ag provided

the greatest fluorescence enhancement, and the enhancement fac-

tor was stronger with increasing particle size. As the prequenched

fluorescence reduced the background of detection, this plasmonic

coupling enhanced fluorescence phenomenon was further used to

develop a smart fluorescent off-on detection platform for highly

sensitive detection of DNA [112]. Furtherly, they investigated the

aggregation-induced plasmonic coupled enhancement with single-

photon excitation and two-photon excitation using AgNPs, which

confirmed that the fluorescence enhancement observed in the cou-

pled nanostructures was mainly attributed to the excitation ef-

ficiency of the aggregation-induced plasmonic coupling enhance-

ment [113].

Additionally, many studies have shown that by incorporating in-

organic luminescent components (e.g., quantum dots and upcon-

version nanoparticles, UCNPs) into Au-assembled nanostructures,

the signal stability and intensity can be effectively improved com-

pared to organic fluorophores, further facilitating their applications

in bioimaging [114]. The AuNR-Pt@Ag2S, prepared by attaching

Ag2S to Pt-modified AuNRs via DNA, was successfully applied for

miRNA quantification in the NIR-II region (1000–1700nm) under

808nm excitation [115]. A recent work by Kuang and co-workers

prepared an UCNPs-centered Au20-Au30 nanoparticles tetrahedron

(UAuTe) with NIR response by DNA hybridization that selectively

accelerated the clearance of senescent cells (Fig. 7). When the

beta-2-microglobulin antibody (anti-B2MG) on Au NPs recognized

senescent cells, near-infrared light induced the disassembly of

UAuTe by splitting the boron ester bond, which released Granzyme

B and induces apoptosis of senescent cells. This apoptotic process

could be followed by FRET-based signal between UCNP and Cy5

[116].

Notably, apart from the biosensing techniques discussed above,

plasmonic nanoassemblies have also been widely used in the fields

of photothermal imaging [117,118] as well as electrochemical sens-

ing [119,120] in recent years, mainly attributed to their enhanced

electromagnetic fields and ingenious structures that enable great

optimization of signals. Research in related fields is also currently

in full swing.

4. Conclusion and outlooks

Over the past few decades, advanced optical techniques based

on the utilization of plasmonic nanoassemblies as biosensing and

imaging probes have developed rapidly. In this review, we focus on

the current commonly used types of plasmonic nanoassemblies, in-

cluding dimers, trimers and higher order multimers, core-satellite

structures as well as linear and helical structures, and describe

their preparation methods specifically. In addition to the traditional

Fig. 7. (A) An NIR-induced dissassembly of UAuTe tetrahedron. (B) The NIR-induced

UAuTe tetrahedron used for senescence clearance and apoptosis tracking in vivo.

Reproduced with permission [116]. Copyright 2020, Wiley-VCH.

top-down methods, current self-assembly methods based on small

molecules, polymers, DNA and proteins, as well as the direct chem-

ical synthesis methods, have also received extensive attention and

investigations. Generally, these plasmonic nanoassemblies possess

many advantages over individual AuNPs, such as stronger electro-

magnetic fields, more functionality, more flexible responsiveness,

and wider applications. Finally, we summarize the recent progress

of these plasmonic assemblies based on dark field imaging and sin-

gle particle scattering spectroscopy, SERS imaging, plasmonic CD,

and fluorescence imaging for biosensing and cell imaging applica-

tions.

Despite the great progress in the synthesis and optimization of

plasmonic nanoassembly structures, many challenges and limita-

tions still exist. First, how to ensure the stability of AuNPs during

modification and assembly is a key issue, as the aggregation and

decomposition of AuNPs compromise the yield and function of the

assemblies, which often require specific surface modifications un-

der precisely controlled experimental conditions. Second, the sta-

bility of the assembled structures, high throughput and massive

production are concerns that need to be considered and urgently

addressed. There is still a need to develop new high-yield meth-

ods for the synthesis of monomeric AuNPs and chiral substrate

molecules, as well as for the construction of plasmonic nanoassem-

bly structures. Third, the vast majority of currently prepared as-

semblies are synthesized irreversible, which hinders their flexibil-

ity and application range as imaging and diagnostic nanoprobes.

Fourth, despite the increasing interest in plasmonic nanoassembly

probes in recent decades, their clinical applications are still ham-

pered by many unanswered questions regarding the biological tox-

icity, structural stability, and biodegradability of the nanoassem-

blies.

In the future, the construction and application of plasmonic

nanoprobes will move on to a new stage of development. Specif-

ically, it can be divided into the following aspects: (1) Explor-

ing novel assembly methods to achieve controlled and reversible

construction of nanostructure assembly and disassembly processes

will be important for the design of flexible biosensing, cell imag-

ing as well as diagnosis systems. (2) Plasmonic nanomaterials

can incorporate more novel elements in the assembly process,

which is conducive to the construction of multifunctional plas-

monic nanoprobes that can be utilized in the pursuit of more ac-
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curate diagnosis and enhanced therapeutic effects. (3) Since the

superstructure of plasmonic assemblies can generate stronger elec-

tromagnetic fields, the absorption and emission of light in the NIR-

II region can be achieved through reasonable structural tuning and

optimization, which is certainly a good candidate for future diag-

nostic and therapeutic applications. (4) In terms of plasmonic CD,

the development of tunable and high yield chiral nanostructure as-

sembly methodology, combined with the ongoing improvement of

the sensitivity and reliability of chiral-based biosensors, will sig-

nificantly benefit their development in the field of biosensing and

disease diagnosis.
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