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Recent advances of plasmonic nanoparticle-based
optical analysis in homogeneous solution and at
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Plasmonic nanoparticles with special localized surface plasmon resonance (LSPR) characters have been
widely applied for optical sensing of various targets. With the combination of single nanoparticle imaging
techniques, dynamic information of reactions and biological processes is obtained, facilitating the deep
understanding of their principle and design of outstanding nanomaterials. In this review, we summarize
the recently adopted optical analysis of diverse analytes based on plasmonic nanoparticles both in homo-
geneous solution and at the single-nanoparticle level. A brief introduction of LSPR is first discussed.
Colorimetric and fluorimetric homogeneous detection examples by using different sensing mechanisms
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and strategies are provided. Single plasmonic nanoparticle-based analysis is concluded in two aspects:
visualization of chemical reactions and understanding of biological processes. The basic sensing mecha-
nisms and performances of these systems are introduced. Finally, this review highlights the challenges

rsc.li/analyst and future trend of plasmonic nanoparticle-based optical analysis systems.

Introduction

There has been a consistent increase in quantitative and
dynamic analysis of chemical and/or biological targets, which
reveals their status and behaviors and explains their important
roles in diverse fields, including environment, materials, food
and life sciences.' In the past few decades, a number of elec-
tronic detection methods and related-instruments have been
developed for this purpose. In comparison with electronic
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sensing, optical analysis by measuring photons rather than
electrons attracts increasing research interest because of the
simplification of analytical instruments and low cost. In
addition, optical analysis avoids the use of strong electronic or
electromagnetic fields, and has no special demands on the
properties of materials and provides high safety to the oper-
ators. Despite the exploration of many organic probe-based
optical sensing systems, the complicated preparation/fabrica-
tion, as well as the photon instability of organics, partially
limits their practical applications, ie., long-term tracking.
Therefore, it is appealing to construct stable optical systems
with new materials.

With the ever-increasing nanoscience, nanomaterials with
a large specific surface area and unique optical/electronic
properties are widely used for catalysis, adsorption, and
detection.”* In particular, plasmonic nanoparticle-based
optical analysis has been extensively applied for the investi-
gation of various targets, such as chemicals, biomolecules,
physical characteristics (e.g., temperature and viscosity), and
so on.>” The localized surface plasmon resonance (LSPR) of
noble metal nanoparticles associated with the collective oscil-
lation of surface free electrons not only affects the color of the
nanoparticles, but also interacts with nearby photons/electrons
and results in the change of fluorescence. In this case, plasmo-
nic nanoparticle-based optical analysis can be performed with
absorption and fluorescence. Because of the high stability of
LSPR, it enables long-term tracking of single plasmonic nano-
particles, which reveals the dynamic variations and detailed
processes of chemical/biological reactions.®°

The growing applications of plasmonic nanoparticles in
various fields have been realized in the last decade. Although
many review papers introducing plasmonic nanoparticle-based
applications in individual research areas have been reported, a
comprehensive summary of optical analysis both in homo-
geneous solution and at the single-nanoparticle level will
facilitate the researchers to choose an appropriate system in
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the future work. In this review, we essentially focus on recent
advances in optical analysis using plasmonic nanoparticles
(e.g., gold and silver) that have been reported since 2015. The
LSPR property of homogeneous solution and single nano-
particles is discussed briefly. Optical analysis in homogeneous
solution based on colorimetry and fluorimetry follows with
discussion of the detection of diverse chemical and physical
characteristics. Single plasmonic nanoparticle analysis with
enhanced detection sensitivity is introduced. Beyond detec-
tion, single nanoparticle-based dynamic analysis for tracking
chemical reactions and biological processes is also delineated.
Finally, the challenges and future outlooks of plasmonic nano-
particle-based optical analysis for multiplex target detection in
complex surroundings are discussed based on our findings
and experience.

LSPR of plasmonic nanoparticles

LSPR is an interesting optical property of plasmonic nano-
particles, which originates from the resonant oscillation of
conduction electrons at the plasmonic nanoparticle surface
with electromagnetic field.'® Taking spherical gold nano-
particles (Au NPs) as an example, the resonant oscillation of
conduction electrons is related to the electromagnetic field
(Fig. 1). The oscillation behaviors are largely dependent on the
relationship between the light frequency and plasma fre-
quency. It is reported that if the light frequency is higher than
the plasma frequency, the dielectric constant of plasmonic
nanoparticles is positive and light is transmitted."> However,
the dielectric constant becomes negative when the light fre-
quency is smaller than the plasma frequency, leading to the
reflection of most of the light. As a consequence, the resonant
oscillation of conduction electrons not only enhances the ability
of photon absorption, but also increases the scattering efficiency.
Both photon absorption and scattering weaken the strength of
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Fig. 1 Schematic illustration of the origin of LSPR.

incident light. Therefore, it is more accurate to represent the
plasmonic nanoparticle-induced loss of light with extinction
rather than absorbance only. Because of the collective oscil-
lation of surface free electrons, it dramatically increases the
photon absorption and scattering efficiency. As a result, in
comparison with traditional organic dyes, the plasmonic nano-
particles usually show a high extinction coefficient, which is
usually several orders of magnitude larger.>® Beyond the incre-
ment of extinction, the LSPR can also boost the electric fields
near the plasmonic nanoparticle’s surface, and the enhance-
ment is reversely proportional to the distance to the nano-
particle surface. That is, the strongest enhancement is on the
surface of plasmonic nanoparticles. Plasmonic nanoparticle-
based optical analysis usually relies on these two effects.
Generally speaking, the LSPR peak of most plasmonic nano-
particles is in the visible range, resulting in bright color in
solution or at the single-particle level. Interestingly, the LSPR
characters of plasmonic nanoparticles are tunable by changing
the size, morphology, interparticle distance, surrounding
environment, etc.'"* For example, regarding Au NPs, the
maximum absorption wavelength is simply proportional to the
size.’® The increased size of Au NPs increases the number of
surface free electrons and decreases the discrete energy gap.
Then, the maximum LSPR absorption of Au NPs shows a red-
shift with the increase in size. However, for gold nanorods (Au
NRs), they have two distinct LSPR bands, originating from
longitudinal and transversal LSPR, respectively. The transver-
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sal one is proportional to the diameter of Au NRs, which is
similar to that of Au NPs, while the longitudinal LSPR is only
dependent on the aspect ratio (AR, length/diameter) of Au
NRs. Despite the different LSPR properties of Au NPs and Au
NRs, the increased size can increase the number of oscillation
electrons, extinction coefficient and scattering intensity. In
addition, resonant oscillation of conduction electrons can be
affected by the interparticle distance. In other words, the inter-
particle plasmon coupling has effects on the LSPR of plasmo-
nic nanoparticles. Note that the dramatic red-shift of LSPR
absorption is observed during the aggregation of plasmonic
nanoparticles, and the accompanying color change can be uti-
lized as a signal report of the dispersity of plasmonic
nanoparticles.

In addition to the size, morphology, and interparticle dis-
tance, the surrounding environment also plays an important
role in the LSPR of plasmonic nanoparticles. As referred above,
the resonant oscillation is related to both the light frequency
and plasma frequency. With a certain plasmonic nanoparticle,
the plasma frequency is fixed due to the definite dielectric
function of the nanoparticle. Nevertheless, the frequency of
light can be affected by the surrounding environments with
different refractive indexes. Thus, surface ligands, media,
temperature, and ionic strength can influence the LSPR of
plasmonic nanoparticles. Such a phenomenon has been
proved through theoretical calculations by Mie et al. using Au
NPs as the model.>" The refractive index can change the inci-
dent electromagnetic field on the Au NP surface through the
calculation, and subsequently alters the LSPR of Au NPs.

Optical assays in homogeneous
solution

The extremely high extinction coefficient, as well as the
tunable LSPR frequency, makes plasmonic nanoparticles a
popular probe for the design of optical analysis systems.""'* A
parameter that changes or utilizes the LSPR of plasmonic
nanoparticles can be explored for the development of versatile
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systems. Since the extinction of plasmonic nanoparticles is
dependent on the refractive index, the change of the particle
morphology, size, interparticle distance, and local environ-
ment caused by targets has been advanced for the exploitation
of sensitive and selective optical systems. The LSPR of plasmo-
nic nanoparticles not only induces the color change of colloid
solution, but also interacts with organic dyes by modulating
their fluorescence signals. Based on these facts, plasmonic
nanoparticle-based optical analysis systems are usually
designed through the change of absorption and fluorescence.
Additionally, the LSPR of plasmonic nanoparticles greatly
enhances their scattering intensity, making them adaptable
for intensity analysis based on dynamic light scattering
techniques.”

Colorimetric assays

Among these plasmonic nanoparticles, Au NPs with easy
preparation and surface functionalization have attracted great
attention. As mentioned above, the interparticle distance
affects the collective oscillation of free electrons, which results
in the color change of colloid Au NPs from red to blue. Once
the aggregated Au NPs become redispersive, color recovery
from blue to red is observed. Such color variation suggests the
feasibility for designing a general system toward different
targets through colorimetric response. Taking this into con-
sideration, a number of works have been reported for colori-
metric sensing of diverse analytes including DNA, protein,
amino acid, metal ions, anions, and even cells.*'*'** For
target-induced colorimetric changes, there are essentially two
interaction pathways: target-ligand interaction and target-
surface interaction.

Target-ligand interaction. Target-ligand interaction can
change the dispersity of Au NPs and then alter the solution
color. On the basis of this strategy, many AuNP-based colori-
metric platforms have been established for the detection of
DNA, protein, and ions. In most platforms, the added targets
can bind to surface ligands and cause the aggregation of Au
NPs. Target-ligand interaction not only induces the aggrega-
tion of Au NPs; sometimes, it can inhibit the formation of
aggregates. There are two ways that inhibit the aggregation of
Au NPs: competition and disassembly. The mechanism of the
first way is that the functionalized Au NPs tend to form aggre-
gation in a normal way; however, the introduced target will
bind to the surface ligand and enhance the dispersity. As a
result, the number of aggregates decreases with the increasing
concentration of target molecules. For disassembly, large
aggregates are first formed. Upon adding targets, target-ligand
interaction cuts off the crosslink between adjacent Au NPs and
changes the aggregate into individual Au NPs.

For instance, the classical DNA detection is based on
target-ligand interaction induced aggregation with a sandwich
structure, in which two different single-stranded DNAs
(ssDNAs) are separately modified onto the Au NP surface.
Upon the introduction of target DNA, both ssDNAs form stable
double stranded DNA (dsDNA) through intermolecular hydro-
gen bonding and aggregate Au NPs subsequently. With this
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mechanism, scientists developed many systems for oncogene
detection.'® It is well known that ssSDNA shows high stability
once attached onto the Au NP surface, which is partially due to
the decreased accessibility toward DNAase. However, the
hybridization efficiency of ssDNA on the Au NP surface is sur-
prisingly higher than that of free ssDNA in solution. According
to isothermal titration colorimetry, Fong et al. found that such
an uncommon enhancement is attributed to enthalpy, about
~20 kcal mol~*.*® Molecular dynamics simulations also proved
that structural confinement of ssDNA on the Au NP surface
can lead to the increment of enthalpy. In contrast, free sSSDNA
has the trend to form stable dsDNA without lower enthalpy.
Thus, to some extent, SSDNA-Au NPs is better for DNA sensing
in comparison with ssDNA only. Because of the similar mole-
cular structure of DNA and RNA, such a mechanism is also
applicable for the detection of RNA. By using RNA functiona-
lized Au NPs as the optical reporter, Ding et al. realized the col-
orimetric analysis of microRNA-148a with a limit of ~1.9 nM."”

DNA is one of the most important biomaterials with super-
natural features. It can bind to DNA, RNA, protein, and even
small molecules. Utilizing DNA-protein binding affinity, Mao
et al. reported a fast and convenient gene detection protocol by
modulating the interaction between dsDNA-protein and Au
NPs.'® Using human papillomavirus (HPV) as the model,
Sso7d diagnostic protein from hyperthermophilic archaebac-
teria Sulfolobus solfataricus was investigated. Sso7d protein
with cysteine residues can bind to Au NPs and readily causes
aggregation (Fig. 2A). Sso7d protein can also strongly bind to
dsDNA with a specific sequence. However, Sso7d protein
shows negligible affinity to ssDNA. In this case, the introduc-
tion of target gene (HPV types 16 and 18) induces the for-
mation of dsDNA, which binds to Sso7d protein and sup-
presses the aggregation of Au NPs. With the assistance of poly-
merase chain reaction, they achieved HPV 16 and HPV 18 frag-
ment detection in Pap smear clinical specimens (n = 52), with
a sensitivity and specificity of 85.7%/100.0% and 85.7%/
91.7%, respectively. Beyond DNA and proteins, Au NPs also
show great potential in sensing of small molecules and ions.
Using calix[4]arene derivative capped Au NPs as the probe, Yin
et al. achieved colorimetric detection of aliphatic diamines at
the submillimole level based on host-guest interaction."® With
this system, other monoamines, e.g., amino acids, show negli-
gible influence. With the use of chelation, colorimetric Cu>*
detection has been reported using cysteamine modified Au
Nps.?’

To realize high selectivity, hydrogen-bonding, as well as
chelation, has been explored for the design of specific systems.
However, these interactions are sensitive to surrounding
environments, and sometimes lead to false results. To over-
come this issue, Yuan et al reported the construction of
sensing systems with satisfactory selectivity and rapidity by
introducing chemical reactions.”’ Chemical reactions are gen-
erally unique and respond to a specific target. Utilizing this
tactic, they proposed a selective and rapid colorimetric detec-
tion platform for hydrogen sulfide (H,S) with the combination
of azide-sulfide chemistry and an active ester-primary amine

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Schematic representation of DNA-dependent Sso7d- or Cys-Sso7d-induced aggregation of Au NPs. Reprinted with permission from ref.
18. Copyright 2017, American Chemical Society. (B) Schematic representation of the sensing principle of AE-Au NP probes for the detection of H,S.
Reprinted with permission from ref. 21. Copyright 2015, American Chemical Society. (C) Schematic illustration of colorimetric Co?* detection using
Ag-Au BNPs. Reprinted with permission from ref. 22. Copyright 2017, Royal Society of Chemistry. (D) Schematic illustration of H,S induced aggrega-
tion of the FSN-Au NRs. Reprinted with permission from ref. 29. Copyright 2015, Royal Society of Chemistry.

cross-linking reaction. The addition of H,S first reduces the
azido derivative to primary amine, and the generated amine
then reacts with active ester spontaneously to cross-link adja-
cent Au NPs, as shown in Fig. 2B. The rapid reaction rate
makes the colorimetric response appear within 5 minutes.
Since the azide-sulfide chemistry is reactant-specific, other
anions including F~, Br™, I, N3~, NO,, NO;~, SO;*7, SO,>",
and glutathione (GSH), or other thiolates (i.e., tiopronin and
thioglycolic acid) do not interfere in H,S sensing. By exploring
the selective chelation reaction, they developed a colorimetric
Co>" detection method using S,0;>" coated silver-gold bi-
metallic nanoparticles (Ag-Au BNPs).>> The sensing mecha-
nism is that simultaneous addition of Co** and ethylenedia-
mine (en) leads to the formation of a positively charged
(en),C0S,0;" complex on the surface of Ag-Au BNPs (Fig. 2C).
The formed (en),CoS,0;" decreases the electrostatic repulsion
between adjacent Ag-Au BNPs and causes the aggregation.
Such a chelation reaction is Co®" selective, and other metal
ions, such as Cu**, Pb*", Ag*, Zn**, Ba®*, Mn**, Fe*', Fe*", Ni**
and Hg>', cannot result in a conspicuous colorimetric
response.

In addition to direct target-ligand interaction induced
aggregation, the introduction of a special target (competitor)
can inhibit the aggregation. For example, Zhang et al. reported
a rapid and colorimetric DNA detection based on the compe-
tition strategy.>> SYBR Green I, a typical DNA dye with multi-
charges, was utilized to induce the aggregation of citrate-
capped Au NPs within 1 min. Target DNA drives the formation
of dsDNA, which adsorbs SYBR Green I and inhibits the aggre-

This journal is © The Royal Society of Chemistry 2020

gation of Au NPs. This method allows the visual detection of
target DNA at 0.1 nM. Using a DNA aptamer modified Au NP
dimer as the optical reporter, Wang et al. explored a novel
approach for the design of colorimetric assays.”* The Au NP
dimer was formed by a contrivable DNA conformation with a
head-to-hand structure. The specific aptamer-target binding
provides good selectivity toward an expected object (microcys-
tin-LR) over other interferents. Different from Au NP cluster
formation, this work utilizes a Au NP dimer, providing high
sensitivity with a LOD of 0.05 nM.

Target-surface interaction. In consideration of diverse mole-
cular interactions and programmable molecular structures,
target-ligand interaction is the popular way to design colori-
metric assays. On the other hand, some targets also have
strong affinity to Au atoms. Thus, they can react with the Au
NP surface directly during approaching and affect the LSPR
properties. For target-gold surface interaction, growth, etching,
or aggregation usually appears.

Targets with reducing ability can change metal ions to
metal atoms, and then induce the growth of metal nano-
particles.”® With the silver mirror reaction-assisted formation
of silver nanoparticles (Ag NPs), colorimetric detection of redu-
cing sugars (glucose, galactose, fructose, mannose, maltose,
and lactose) has been performed.>® The LOD toward glucose
was determined to be 40 nM, which is much lower than that in
other reported works. Beyond the redox reaction, the amalga-
mation reaction also affects the morphology of Au NPs. Using
gold nanostars (Au NSs) as the probe, Xu et al. reported the
colorimetric Hg”" detection by amalgamation-induced mor-

Analyst, 2020, 145, 4737-4752 | 4741
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phology transition.”” The shape transition of tips on Au NSs
dramatically affects the LSPR properties, resulting in sensitive
color change. Because of the selective and rapid amalgamation
reaction, this method displays high selectivity over other tran-
sition metal ions and exhibits excellent sensitivity toward Hg>*
with a LOD of 0.24 nM.

In the presence of an oxidant, Au NRs can be gradually oxi-
dized into small Au NPs, accompanying colorimetric change.
On the basis of this phenomenon, Mao et al. developed a por-
table method for the visual detection of different targets by
integrating the DNA hydrogel and Au NRs together.”® In this
work, a hydroxyl radical generated from H,0, and Fe** acts as
the oxidant. With such a system, targets that can produce
H,0, with appropriate treatment are theoretically detectable.
In addition, targets that change the conformation of the DNA
hydrogel are also detectable. By regulating the backbone of the
DNA hydrogel, the colorimetric detection of Pb*>" and cocaine
was proved.

Note that the most important role of surface ligands is to
prevent Au NPs from aggregation. Once the target-gold surface
binding affinity is stronger than ligand-surface interaction, the
ligand would be replaced by the added target, leading to the
aggregation of Au NPs. H,S with strong binding affinity to
metal (gold and silver, comparable to the covalent bond)
attracts growing research interest. Based on fluorosurfactant
functionalized Au NRs (FSN-AuNRs), Yuan and Lu et al. pro-
posed a colorimetric H,S detection platform with satisfactory
selectivity (Fig. 2D).>° The condensed FSN ligand bilayer gives
Au NRs high stability against salt, pH and temperature. The
introduced H,S can cross the FSN bilayer interstices due to the
small size and remove FSN because of the strong Au-S affinity.
The decreased surface protection induced the formation of Au
NR aggregates and color change of solution. With this
designed nanoprobe, the colorimetric response induced by
0.2 pM H,S was detected. The combined Au-S binding and
small size of H,S ruled out the interference from other sulfur
containing anions (i.e., S,05>7, SO;>~ and SO4>7) and thiolates
(e.g., GSH, cysteine, and methionine). Moreover, this method
was successfully applied for the evaluation of H,S synthetase
activity with high accuracy. H,S has also forceful binding
affinity to silver, and yields Ag,S on the Ag NP surface. Such a
reaction suggests the possibility of colorimetric H,S sensing
with Ag NPs. Employing DOPA capped Ag NPs as the reporter,
a colorimetric H,S detection approach has been established by
Sanskriti et al.>® The proposed system works in the pH value
range from 5 to 11 and realizes sensitive H,S sensing with a
LOD of 65 nM.

Fluorimetric assays

As is known, the LSPR originates from the collective oscillation
of conduction electrons from a plasmonic nanoparticle
surface. Those excited electrons can interact with the dipole of
nearby fluorophores and change their fluorescence properties.
In general, this interaction may cause two different results:
fluorescence quenching and fluorescence enhancement.
Specifically, quenching or enhancement induced by LSPR can
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be affected by many factors, including the size and the mor-
phology of plasmonic nanoparticles, fluorescence characters
of fluorophores, and the distance between fluorophores and
plasmonic nanoparticles. The synergy of all factors decides the
final influence on fluorescence. Among these factors, distance
is the most important one as summarized in Aroca’s report.**
When the distance is less than 10 nm, the fluorescence of
fluorophores undergoes a distinct decrease due to the energy
damping. A reasonable explanation is that the collective oscil-
lation of conduction electrons generates intense electromag-
netic local field on the surface and it decays exponentially on
the nanometer scale outside the surface. Thus, LSPR induced
fluorescence quenching usually occurs within 10 nm of the
plasmonic nanoparticle surface. Interestingly, within such a
short distance, the electromagnetic local field interacts with
all kinds of dipoles with no dramatic difference. As a result,
fluorescence of all dyes with different emission maxima can be
efficiently quenched. In other words, spectral overlap between
LSPR and fluorescence is not necessary. Once the distance
becomes larger than 10 nm, the influence from local electro-
magnetic field may change, leading to different fluorescence
regulation effects (i.e., fluorescence enhancement).’” In com-
parison with LSPR-induced fluorescence quenching, the latter
requires suitable LSPR and fluorescence pairs. And maximum
fluorescence enhancement was found when the excitation
wavelength of the fluorophore matches the LSPR spectra.***
Interestingly, when the size of Au NPs becomes very small, the
LSPR disappeared due to the decreased conduction electrons,
which enlarges the discrete energy gap. As a consequence, Au
NPs turn fluorescent.>®

LSPR-regulated fluorescence of fluorophores. As referred
above, when the distance between the fluorophore and Au NPs
is less than 10 nm, the fluorescence is dramatically quenched
without the demand of spectral overlap. Based on this charac-
ter, Au NPs are widely used to construct hybrid nanomaterials
with organic or inorganic fluorophores. The fluorescence of
organic or inorganic fluorophores is firstly quenched by Au
NPs. Upon adding the target, the hybrid structure is destroyed
and the fluorescence is recovered. Such a mechanism is exten-
sively explored for the design of Au NP-based fluorimetric
sensing.

The DNA-AuNP platforms have attracted growing interest
during the last two decades.*®?” Different from colorimetric
assays, dye-labelled DNA is linked onto the surface of Au NPs.
The introduction of the target weakens the adhesion of dye-
labelled DNA and results in the desorption of the probe from
the surface. Then, the quenched fluorescence recovers. With a
fluorescence “turn-on” strategy, this approach usually exhibits
high sensitivity toward targets. Through the DNA-RNA hybrid-
ization, this strategy is also applied for fluorimetric detection
of RNA using dye-labelled DNA-modified Au NPs.*® Through
the amplification of nuclease, Pompa and Fiammengo et al.
reported a universal route for the fluorimetric analysis of
microRNA (Fig. 3A).%° In the proposed system, nuclease only
acts on a dsDNA-like structure when the target microRNA com-
bines the DNA probe. Such a design permits the sensitive

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Schematic of nuclease-amplified DNA detection. Reprinted with permission from ref. 39. Copyright 2014, American Chemical Society. (B)

Scheme of the simultaneous imaging of Zn?* and Cu?*

in living cells based on DNAzyme-modified AuNPs. Reprinted with permission from ref. 40.

Copyright 2015, American Chemical Society. (C) Schematic illustration of the process of mRNA detection in Hydra. Reprinted with permission from
ref. 41. Copyright 2019, American Chemical Society. (D) The schematic representation of the mechanism of quenching of fluorescein by Au NPs and
turn-on response of Au NP quenched fluorescein in the presence of fenitrothion. Reprinted with permission from ref. 43. Copyright 2018, Elsevier.

target microRNA perception at 0.2 fmol. As the DNA-modified
Au NPs show inherent high stability, this platform is also
capable of microRNA sensing in live Hydra vulgaris (Fig. 3B).*°
The large surface area of Au NPs allows high DNA density;
thus, it is possible to detect multiple targets with diverse DNA
functionalization on the same Au NPs. This assumption is
demonstrated by many researchers. Li et al. realized simul-
taneous detection of Cu®** and Zn>" in HepG2 cancer cells
using DNAzyme-modified Au NPs (Fig. 3C)."" Note that the
surface functionalization of thiolated-DNA is usually time-con-
suming and not very efficient. To facilitate the attachment of
dye-labelled DNA, Wu et al. proposed an electrostatic attraction
approach.”” By this method, dye-labelled DNA is assembled
onto a positively charged Au NP surface rather than Au-S
covalent bonding, largely shortening the time cost of probe
construction. By cooperating with the hybridization chain reac-
tion, the proposed system provided sensitive fluorescence
imaging of YM155 microRNA in HeLa cells.

Beyond dye-labelled DNA, fluorescence of other fluoro-
phores can also be efficiently quenched with direct interaction.
Therefore, organic and inorganic fluorophores are used to con-
struct fluorimetric sensing systems with Au NPs. Simple
mixing of fluorescein and Au NPs leads to evident fluorescence
quenching, after the addition of fenitrothion, a well-known
pesticide containing phosphorus and sulfur atoms, causing
visible fluorescence enhancement.*> The increased fluo-
rescence is due to the fenitrothion-induced aggregation of Au
NPs, which desorbs fluorescein and inhibits the fluorescence
quenching from LSPR (Fig. 3D). Using this simple system,
Nebu et al. successfully detected fenitrothion with a LOD of
6.05 nM. It is reported that perylene tends to form an excimer
by intercalating the interparticle space of Ag NPs.** The fluo-
rescence of the excimer was boosted by the LSPR of Ag NPs.

This journal is © The Royal Society of Chemistry 2020

Thus, heparin-mediated aggregation of Ag NPs greatly
enhances the fluorescence of perylene, making a perylene/Ag
NP system a good candidate for fluorimetric detection of
heparin and heparinise. The LODs toward heparin and hepari-
nise were 5 nM and 0.005 U mL™", respectively. In addition, in-
organic fluorophores, such as semiconducting quantum dots,
graphene quantum dots, upconversion nanoparticles, etc.,
have been explored to develop fluorimetric systems.*>*®

Autofluorescence of Au NPs. When the size of metallic NPs
decreases to 2 nm, the LSPR cannot be observed due to their
small size and deficient free electrons. These Au NPs, posses-
sing discrete electronic energy levels and usually emitting
bright fluorescence, can act as fluorimetric reporters, denoted
as fluorescent Au NPs (f-Au NPs).”” The originated fluo-
rescence is related to the metal centered electron transition,
ligand to metal/metal-metal charge transfer, and metal/metal-
metal to ligand charge transfer.® Thus, by using these fluo-
rescent NPs as a signal reporter, varied fluorescence could be
detected by changing the electron transition pathways.

The changed surface oxidation largely affects the metal cen-
tered electron transition. Lu et al. reported a fluorimetric
hemoglobin detection method using f-Au NPs.*® The sensing
mechanism is based on the hydroxyl radical-induced oxidation
of the f-Au NP surface, which inhibits the metal centered elec-
tron transition and subsequently quenches the fluorescence.
With this approach, a LOD of 5.0 nM toward hemoglobin is
realized.

The ligand to metal/metal-metal charge transfer or metal/
metal-metal to ligand charge transfer is very important to
ligand (ie., thiolates and polymers) stabilized f-Au NPs.
Particularly, GSH stabilized f-Au NPs are brighter in aggregated
state.’® Recently, Yuan and co-corkers found that 11-mercap-
toundecanoic acid capped f-Au NPs have stronger emission in
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Fig. 4 (A) Schematic illustration of the H,S detection principle using GSH/MUA-f-Au NP nanoprobes. Reprinted with permission from ref. 51.
Copyright 2020, Springer. (B) Illustration of the synthetic route toward the preparation of dual-ligand protected f-Au NPs. Reprinted with permission
from ref. 52. Copyright 2011, Royal Society of Chemistry. (C) Schematic principle of dual-ligand stabilized f-Au NPs for H,S sensing. Reprinted with
permission from ref. 53. Copyright 2013, Royal Society of Chemistry. (D) Illustration of f-Au NP array-based discrimination of nitrophenol isomers by
integrating host—guest interaction and inner filter effect. Reprinted with permission from ref. 55. Copyright 2018, American Chemical Society.

aqueous media (poor solvent) than in EtOH (good solvent).>!
The enhanced emission is assigned to the rigidification of
11-mercaptoundecanoic acid (MUA), which restricts the
rotation of MUA and enhances the ligand to metal/metal-
metal charge transfer efficiency. This phenomenon has been
utilized to detect H,S in an aqueous/EtOH mixture (Fig. 4A).

To apply f-Au NPs into sensing application, the selectivity
toward expected targets should be high. However, this demand
is difficult to realize. A major problem is that the surface thio-
late usually plays one role: maintaining the fluorescence or
recognizing targets. To overcome this challenge, Yuan and co-
workers developed a dualligand functionalization strategy.
That is, one of the ligands (MUA) maintains the fluorescence
of Au NPs, and the other (different thiolates) captures the
designed targets (Fig. 4B). Using this approach, they reported
the sensitive detection of Pb>" with a LOD of 5 nM using gluta-
thione and MUA co-functionalized f-Au NPs.”> The specific
GSH-Pb*>" chelation provides high selectivity toward Pb** over
other metal ions or anions. By exploring a fluorescence turn-
on strategy, they also achieved selective H,S detection using
1-(10-mercaptodecyl)-5-methylpyrimidine-2,4-dione (TSH) and
MUA co-functionalized f-Au NPs.>® The formation of the TSH
dimer under UV light irradiation causes the aggregation of
f-Au NPs and quenches the fluorescence. However, the added
H,S adsorbs onto the f-Au NP surface and inhibits the aggrega-
tion through strong electrostatic repulsion (Fig. 4C). As a
result, the fluorescence enhances with the increasing H,S
concentration.

The above-mentioned systems detect only one target. To
realize multiple target analysis, a sensor array-based technique
is usually combined. Array-based detection strategies utilize
the selective interaction between the sensing elements and
target, which generates a unique response pattern for a
specific target.®® Through the protein-f-Au NP interaction,
Yuan et al. proposed a sensor array for the discrimination of
eight proteins with different molecular weights and isoelectric
points.’> They used dual-thiolates as the surface stabilizing
ligands, one is to interact with proteins, and the other is to
produce fluorescence. With low protein concentration (4,g, =
0.005), they realized 100% discrimination of 48 unknown
protein samples. In comparison with proteins, isomers of
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small molecules with tiny structural differences are more
difficult to discriminate. To improve the differentiation ability,
they introduced the host-guest interaction and inner filter
effect.>® In this work, three f-Au NPs with diverse emission char-
acters were modified with f-cyclodextrin. With the integration
of the host-guest (B-cyclodextrin/nitrophenol) interaction and
inner filter effect (nitrophenol/f-Au NPs), they achieved suc-
cessful discrimination of three nitrophenol isomers (Fig. 4D).
And interestingly, mixtures of two isomers have also been well
distinguished under different compositions.

Optical assays at the single-
nanoparticle level

The signal from homogeneous solution represents the ensem-
ble averaging results, that is, all events are recorded through
averaging. If the signals from individual plasmonic nano-
particles can be collected, more information might be
obtained. Toward this purpose, many works on measuring the
optical signals (LSPR absorption spectrum and scattering
intensity) have been explored. In comparison with convention-
al analysis methods, optical assays with single plasmonic
nanoparticles generally supply high sensitivity due to the
reduced number of probes and targets. On the other hand,
ensemble averaging measurement cannot reveal the detailed
feature of individual events; thus the events with low possibili-
ties might be neglected. Optical analysis at the single plasmo-
nic nanoparticle level can collect information from individual
objects and show dynamic characters, providing a promising
tool for the deep understanding of reaction dynamics and bio-
logical processes with the integration of time-resolved and/or
spatially resolved strategies.

Optical detection based on single plasmonic nanoparticles

The design of single plasmonic nanoparticle-based detection
systems is similar to homogeneous assays, while the detected
signal originates from individual single plasmonic nano-
particles rather than from the bulk solution.® There are three
categories of detection ways: aggregation of single plasmonic
nanoparticles, surface/morphology variation of single plasmo-
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nic nanoparticles and single plasmonic nanoparticle-regulated
fluorescence.

Aggregation of single plasmonic nanoparticles. To demon-
strate the feasibility of sensitive optical detection with single
plasmonic nanoparticles, Xiao et al. reported a single Au NP-
based colorimetric system using a classical DNA sandwich
mechanism (Fig. 5A).°® The formation of a Au NP dimer
causes the red-shift of the scattering spectrum from single
nanoparticles. On the basis of dark-field microscopy and color
charge coupled devices (CCD), color change in single Au NPs
was observed. Most importantly, formation of dimers rather
than Au NP aggregates largely reduces the consumption of
DNA, leading to a very low LOD of 0.02 pM (~5 orders of mag-
nitude lower than homogeneous colorimetric approaches)
toward DNA analysis. The number of Au NP aggregates
increased with the increase of DNA concentration. With the
assistance of a flash-lamp, Au NP aggregate counting can be
achieved in solution phase based on dark-field microscopy.’”
By counting the number of Au NP aggregates, DNA analysis
shows good linearity ranging from 0.1 to 100 pM. They also
proved the observation of H,S-induced aggregation of GSH
modified Au NPs in the presence of NaCl.>® Through the
counting at the single-particle level, the increment of the
number of Au NP aggregates upon adding 0.1 nM H,S was
detectable, and the number showed a linear trend within the
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concentration range of 0.1 nM to 10 uM. Using DNA-Ag" inter-
action, Xie et al. proposed a single Au NP-mediated colori-
metric Ag" assay using dark-field microscopy.>® In comparison
with normal DNA-Ag" assays, this method shows high sensi-
tivity toward Ag" sensing with a LOD of 28.8 pM.

The aggregation of plasmonic nanoparticles not only
causes a red-shift in scattering color, but also enhances the
scattering intensity. Through enhancing the scattering inten-
sity of single Au NPs, Poon et al. proposed a general immuno-
assay for cancer biomarkers (Fig. 5B). Individual Au NPs and
Ag NPs were linked by an antigen-antibody immunoreaction.
The scattering intensity of the resulting Au NP-Ag NP pair was
much higher than that of a sole Au NP or Ag NP. Using the
scattering intensity as the signal transmitter, they realized
quantification of three typical antigens, including carcinoem-
bryonic antigen (CEA), prostate-specific antigen (PSA), and
alpha fetoprotein (AFP). The LODs toward these antigens were
found to be 1.7, 3.3, and 5.9 pM, respectively. By changing Au
NPs with 100 nm gold nanospots, Kang and co-workers
reported a very sensitive single-particle immunosensor based
on 3D light sheet microscopy.®® With this approach, they
detected norovirus at a LOD of 7.8 zM with a wide linear
dynamic range of 7.8 zZM-240 aM. This LOD is 10 to 10° times
lower than that of other reported methods. The immunoassay
allows the design of various probes for multiple targets with

B Capture antibody functionalized
gold nanoparticle \

Target antigen ——p %
Recognition antibody functionalized "
silver nanoparticle — .?,‘

B

Dark-field illumination '

Immunoreaction

‘e
-

o
v
-
», \s3
i\
b
-~ W) o

(" 1) Plasmon resonance induced
scattering intensity enhancement

D Y 1

Protection of ‘. °
Cu?* by PPi GNP-catalyzed
L] Reduction of Cu?*
O by NADH

PPi Detection with B
Color-coded Single
Particle Assay

oNe
Cu?* + NADH — Cu® + NAD* + H*

Dark-Field
Condenser

2% 03

40x
Objective

+ &
@ GNPs @ GNPs@Cu 0 Cu? & NADH PP

(A) Schematic diagram of the single-molecule sandwich assay with plasmonic Au NPs. Reprinted with permission from ref. 56. Copyright

2010, American Chemical Society. (B) Schematic illustration of colorimetric antigen sensing at the single-particle level with Au NP-Ag NP pairs.
Reprinted with permission from ref. 60. Copyright 2016, American Chemical Society. (C) Working principle of single-nanoparticle analysis for PPi
assay with Au PNLs. Reprinted with permission from ref. 65. Copyright 2019, American Chemical Society. (D) Diagram of the light path for the
optical microscopic imaging of single nanoparticles and the principle of the color-coded single-particle detection for PPi Assay. Reprinted with per-

mission from ref. 68. Copyright 2019, American Chemical Society.

This journal is © The Royal Society of Chemistry 2020

Analyst, 2020, 145, 4737-4752 | 4745


https://doi.org/10.1039/d0an00609b

Published on 11 May 2020. Downloaded on 5/4/2026 11:34:02 PM.

Critical Review

suitable antigens. Ma et al. reported a simple system to simul-
taneously detect CEA and AFP by target-induced fixing of
antigen-capped Ag NPs and Au NPs.®” The digital counting of
Ag NPs and Au NPs represented the concentration of CEA and
AFP, respectively. With this method, CEA and AFP were simul-
taneously detected in the concentration range of 0.5-10 ng mL ™.

Surface/morphology variation of single plasmonic nano-
particles. The optical properties of single plasmonic nano-
particles are related to the morphology, size, composition, and
surrounding media.®® These factors usually change the scatter-
ing color and intensity of single plasmonic nanoparticles. As is
known, H,S has a strong trend to bind to metal nanoparticles
and form a M,S, surface coating layer, which changes the
refractive index and subsequently affects the LSPR. Utilizing
Au@Ag core-shell nanorods as the probes, Xiong et al. pro-
posed a sensitive H,S detection method based on the Ag,S-
mediated red-shift of LSPR. The shifted wavelength was pro-
portional to the concentration of H,S, and a LOD of 0.01 nM
was obtained toward H,S.*!

By using gold triangular nanoplates (Au PNLs) as the
optical probe, Gu et al. observed the etching of Au NPLs in the
presence of Cu® and I” (Fig. 5C).°® The blue-shifted LSPR and
reduced scattering intensity of single Au PNLs upon adding
Cu”" and I" were dramatically inhibited with the introduction
of pyrophosphate (PPi). Through linear expression of the scat-
tering intensity ratio, PPi was indirectly detected in the con-
centration range from 7 to 100 nM. The LOD was calculated to
be 1.9 nM. Meanwhile, colorimetric analysis based on single
plasmonic nanoparticle etching has been applied for other
chemicals. For example, Au NPs with surface coating by the
MnO, layer (Au NP@MnO,) showed a distinct red-shift in
maximum scattering wavelength. Taking this feature, the Xiao
group developed a colorimetric assay for alkaline phosphatase
by using Au NP@MnO, and 2-phosphol--ascorbic acid.®® The
introduction of alkaline phosphatase led to the dephosphory-
lation of 2-phosphol-i-ascorbic acid and formation of
L-ascorbic acid, which reduces MnO, into Mn**. As a result, a
blue-shift in LSPR spectra of single Au NPs was observed. On
the basis of this approach, alkaline phosphatase analysis with
a linear dynamic range of 0.06 to 2.48 mU mL™"' was con-
ducted with a LOD of 5.8 pU mL™". Through the oxidation of
silver by MnO,", they developed a sensitive MnO,~ detection
method based on the LSPR red-shift of Au@Ag NPs.®”

It is reported that Au NPs can catalyze the surface depo-
sition of copper in the presence of reduced nicotinamide
adenine dinucleotide (NADH) and Cu**. The surface copper
deposition causes a LSPR red-shift. However, the deposition of
copper can be inhibited by PPi. Xiao and co-workers thus pro-
posed a single Au NP-based colorimetric assay for the detec-
tion of PPi based on the above mechanism (Fig. 5D).°® With
the calculation of the yellow/all particle ratio, PPi was detected
with a LOD of 1.49 nM. Beyond the chemical reaction, surface
adsorption of biomolecules (e.g., protein and DNA) also leads
to the change of the refractive index.®®’® With the use of Au
NRs, Lin et al. realized in situ protein corona detection by com-
paring rotational diffusivity.”
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With the use of a color CCD, the RGB tricolor information
of single plasmonic nanoparticles can be obtained. Based on
the RGB analysis, Liu et al. revealed the binding process of
thiols to single Au NPs.”" The mechanism is that binding of
thiols results in the change of the surface refractive index and
causes the variation of LSPR characters. However, spherical Au
NPs respond to a refractive index with low sensitivity, leading
to a slight RGB ratio change. In comparison with Au NPs, Ag
NPs are more sensitive toward the refractive index. Using
spherical Au@Ag core-shell NPs as the probes, Hao et al. rea-
lized H,S detection at 50 nM through R/G ratio analysis of
single Au@Ag NPs.”

Single plasmonic nanoparticle-regulated fluorescence. The
collective oscillation of surface free electrons affects the fluo-
rescence of both organic fluorophores and inorganic fluoro-
phores. Such a phenomenon also occurs nearby the surface of
single plasmonic nanoparticles.”? Based on the fluorescence
quenching behavior, the Xiao group reported some works on
fluorimetric detection using fluorescence microscopy.”*””
Approaching Au NPs quenches the luminescence of upconver-
sion nanoparticles (UCNPs) efficiently. The linking of antigen-
modified Au NPs and UCNPs through antigen-antibody inter-
action was used for the detection of PSA.”* Upon adding PSA,
Au NPs were linked to UCNPs and quenched their lumine-
scence. The decreased UCNP number in fluorescence imaging
was explored to quantify the concentration of PSA. By this
method, PSA was detected with a LOD of 1.0 pM. Through a
DNA aptamer linker, the integrated Au NP-UCNP pair can be
separated with the addition of aflatoxin B1.”® The introduction
of aflatoxin B1 bound to the DNA aptamer and destroyed the
Au NP-UCNP pair, which recovers the luminescence of UCNPs.
Thus, the increased number of fluorescent spots can be
applied for the detection of aflatoxin B1. This system allows
the detection of aflatoxin B1 in the concentration range of 3.13
to 125.00 ng mL™", with a LOD of 0.17 ng mL™". By replacing
UCNPs with fluorescent polymer dots, they also proposed
another system toward sensitive glutathione S-transferase
detection with a LOD of 1.3 ng mL™".”> When the distance
between plasmonic nanoparticles and dye is larger than
10 nm, fluorescence enhancement may show up.
Chakkarapani et al. found that the fluorescence of the capsai-
cinoid can be enhanced ~100-fold by 100 nm Au NPs with a
protein spacer.”” They discovered that 100 nm Au NPs showed
the best fluorescence enhancement over other Au NPs with the
size from 10 to 250 nm, majorly because the LSPR (532 nm) of
100 nm Au NPs matches the absorption (532 nm) of the capsai-
cinoid well. Through the fluorescence enhancement, they
achieved highly sensitive capsaicinoid detection in the concen-
tration range from 18 zM to 85 pM.

Single plasmonic nanoparticle tracking

The reaction difference between the homogeneous area and
microscale is also an important factor for the discovery of new
pathways and the design of new materials. Single plasmonic
nanoparticle imaging reveals the details of individual events;
thus spatial and long-term tracking of single plasmonic nano-
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particles would benefit the deep understanding of chemical
and biological processes. According to many reports, single
plasmonic nanoparticle tracking has shown great potential in
various fields, especially chemical reaction visualization and
biological process understanding.”®%°

Visualization of chemical reactions. Most chemical reactions
are too fast to allow the observation of the detailed process.
With the advantage of single plasmonic nanoparticle tracking,
Huang and co-corkers reported the imaging of the Ag NP amal-
gamation reaction (Fig. 6A).*" The color-coded dark-field
images of Ag NPs changed from blue to green after amalgama-
tion, providing an alternative tool to imaging real-time amalga-
mation. Using sole Ag NPs as the reference, inconspicuous
amalgamation of Ag NPs caused by slight Hg*" (>0.1 nM)
could be monitored via scattering intensity and RGB color cali-
bration. Using Ag NPs as the probe, they also observed a galva-
nic exchange reaction upon adding Au®**.*? This reaction oxi-
dized Ag NPs and deposited Au NPs simultaneously, leading to
a red-shift of LSPR scattering spectra. As a result, dramatic
color change in the dark-field image from blue to red at the
single Ag NP level was observed. Different from homogeneous
assays, the very slow galvanic exchange reaction was observed
during the initial stage in the microscale. This finding may
facilitate the development of special cases that requires a slow
reaction rate by involving the galvanic exchange reaction. To
explore more reaction details, He and co-workers developed a
high-speed dark-field microscope to monitor single Au NRs.**
With this technique, a chemical reaction of platinum nanodot
coated Au NRs (AuNR@PtNDs) was investigated.®® In compari-
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son with a conventional dark-field imaging technique, this
one possesses higher time-resolution. They studied the
AuNR@PtND-assisted H,0, decomposition and observed
different rotational states of AUNR@PtNDs. These two states
were correlated with the different formation mechanisms of O,
nanobubbles, which are dependent on the concentration of
H,0,. Besides, with the combination of image-processing
algorithms, this technique was capable of sensing viscosity
from 237 cP to 0.8 cP. In order to achieve high-throughput
information-rich evaluation of plasmonic nanoparticles, they
combined efficient microcolumn separation technology and a
laser light-sheet scattering imaging technique.?* The oxidation
of Au NRs by H,0, with heterogeneous reaction intermediates
and pathways was observed inside a capillary.

Direct visualization of the catalytic process is of significance
to explore highly efficient catalysts. The peroxidase-like cata-
Iytic activity of Au NPs has been widely reported and applied
for colorimetric sensing of glucose or H,0, in homogeneous
solution. However, the origin of catalytic activity and a detailed
catalytic process are still unclear. A real-time peroxidase-like
catalytic reaction was observed by Li et al. through construct-
ing a halo-like Au nanostructure (nanohalo), which links
13 nm Au NPs onto the surface of 50 nm Au NPs with DNA
hybridization.*> The interparticle distance was found to be
~9 nm via controlling the number of DNA base pairs; such a
distance favors strong plasmon coupling. According to their
result, three distinct LSPR variations versus reaction time were
observed. Upon adding glucose, the maximum LSPR showed
an immediate red-shift of 2.52 nm, then a rapid blue-shift of
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6.88 nm, and finally a red-shift of 3.53 nm. The first red-shift
of LSPR was assigned to the adsorption of glucose, which
changes the surface refractive index. The following blue-shift
and red-shift were attributed to the charging and discharging
of 13 nm Au NPs. Combining the electrochemical measure-
ment, the intrinsic peroxidase-like catalytic activity of single
Au NPs was also detected by Hafez et al.®® Their results demon-
strated the important roles of a highly accessible surface area
and particle collision in the high activity of single Au NPs. In
view of the high resolution and low background of a single-
molecule fluorescence imaging technique, Fang and co-
workers used a fluorimetric method to evaluate the catalysis of
Si0, coated platinum nanoparticles.’” Through the single-
molecule fluorescence measurement, they found that the
molecular transport and reaction kinetics were distinctly
affected by the confined metal reaction centres, which is
essential to the rational design of effective nanocatalysts. In
order to have a better understanding on morphology depen-
dent catalytic kinetics from single nanoparticles, the Xiao
group explored the morphology dependent catalytic property
of single gold nanoparticles after shape transition (Fig. 6B).*®
The morphology of spherical gold nanoparticles was modu-
lated to a rod shape with a tightly focused Gaussian laser
beam based on the photothermal effect. Then, the distinct
catalytic property of single gold nanoparticles before and after
symmetry breaking was disclosed at the single-particle level for
the first time. According to the single-molecule fluorescence
imaging results, they found that the catalytic efficiency
decreased when the heterogeneous lattice structure was
destroyed after the morphology adjustment. In situ kinetic evi-
dence indicated that the lattice defect was one of the most
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import factors to control the catalytic efficiency of nano-
particle-based heterogeneous catalysts.

Understanding of biological processes. Single plasmonic
nanoparticle imaging techniques with a high signal-to-noise
ratio also provide promising tools to biological process
exploration.?°° However, in comparison with chemical reac-
tions, biological processes and reactions are more complicated
and usually reversible. Thus, they require the acquisition of
more information during the signal collection. Anisotropic
plasmonic nanoparticles with multiple LSPR characters can
act as good candidates to afford optical information. In par-
ticular, more and more effort has been dedicated to the under-
standing of the polarization-sensitive behaviours of aniso-
tropic plasmonic nanoparticles (e.g., Au NRs) in multi-dimen-
sions.”’ Au NRs are good directional plasmonic emitters with
both longitudinal and transversal LSPR. Three-dimensional
orientation of Au NRs has been extensively used to indicate
the processes of molecular interaction, biological transpor-
tation, cell activity, intracellular confinement, etc.®”°> For
example, with a dsDNA linker, Xiong et al. reported a spring-
like Au NP pair for the visualization of reactive oxygen species-
mediated variation of intracellular mechanical force
(Fig. 7A).°* The plasmon coupling between two Au NPs leads
to a red-shift in LSPR and increment of scattering intensity. As
reported, the coupling effect is largely distance dependent.’®
Then, the mechanical force stimulated by H,O, enlarges the
interparticle distance of the Au NP pair, resulting in the blue-
shift of LSPR spectra and decrease of scattering intensity.
Dynamic LSPR spectra and scattering intensity of the Au NP
pair were observed, revealing the inconsistent production of
H,0, in living cells.
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Fig. 7 (A) Schematic illustration of imaging mechanical force transduction with plasmonic nanosprings in live cells. Reprinted with permission from

ref. 94. Copyright 2017, American Chemical Society. (B) The light path for single-particle tracking of individual Au NRs (GNRs) on a lipid membrane
and a schematic illustration of the binding-mediated translational and rotational diffusion from individual functionalized Au NRs on a lipid mem-
brane. Reprinted with permission from ref. 99. Copyright 2019, Royal Society of Chemistry. (C) Representative dark-field images and scattering
spectra changes of single Au NP@MnO, from different living cells. (a) Represents the HepG2 cells, (b) represents 3 T3 cells, and (c) represents HepG2
cells. (d) Schematic illustration of two kinds of transmembrane processes for the Au NP@MnO,. (e) SEM image of the Au NP@MnO, at different
deformation states. Reprinted with permission from ref. 101. Copyright 2019, Wiley-VCH.
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The cellular uptake of nanomaterials attracts growing atten-
tion due to their high performances and large specific surface
area. The most important part is the cytomembrane-nano-
material interaction, which decides the entrance pathway and
efficiency of nanomaterials.” Toward this point, many
researchers focus on understanding the membrane-nano-
material interaction by using plasmonic nanoparticles as the
optical probe.”® To simplify the physical structure and prepa-
ration of membranes, some of them study the lipid membrane
instead of the cell membrane. As an example, the Xiao group
reported lots of work on monitoring the diffusion of Au NRs
on lipid membranes.””””® They proved that Au NRs are not
static on the membrane but experience hopping diffusion
(Fig. 7B).>® That is, when Au NRs adsorb onto the membrane,
both translational diffusion and rotational diffusion exist.
Based on the single Au NR tracking, they found that the trans-
lational diffusion was primarily affected by the mobility of the
ligands on the binding sites, while the translational diffusion
could be facilitated by the rotational diffusion. A similar
phenomenon was also observed by Xu et al.”

Despite having a similar structure, a lipid membrane still
cannot stand for a real cytomembrane. Thus, the single Au NR
tracking on a living cell membrane was conducted through a
polarization-resolved dual-channel imaging system.'®® The
binding sites of Au NRs were modified by surface coating with
viral capsid proteins. Interestingly, anomalous confined
diffusion of Au NRs with randomly distributed large walking
steps was observed. This does not appear in non-coated Au
NRs. Accordingly, the non-Gaussian step distribution also
demonstrates the heterogeneous binding and desorption pro-
cesses on the cytomembrane. On the basis of Au NR-cytomem-
brane interaction and the single plasmonic nanoparticle track-
ing, Ling et al. monitored real-time cell membrane vesiculation
by using hybrid 2D Au NP@MnO, nanomaterials (Fig. 7C)."""
The formation of the 2D Au NP@MnO, structure first caused a
red-shift of LSPR. After endocytosis, the intracellular mole-
cules (e.g., GSH) etched the MnO, and led to the blue-shift of
the LSPR. The blue-shifted LSPR allowed the confirmation of
completion of the engulfment process. In addition, this vesicu-
lation-induced etching also provided promise to screen local
environment redox states at the single-cell level.

Conclusion and perspectives

In this review, we have presented an overview of the recent pro-
gress of plasmonic nanoparticle-based optical analysis both in
homogeneous solution and at the single-nanoparticle level.
The LSPR of plasmonic nanoparticles enables the sensitive
detection of various targets in homogeneous solution based
on colorimetry and fluorimetry. With a reduced number of
nanoparticles, optical analysis at the single-nanoparticle level
provides higher sensitivity. Most sensing systems show a LOD
at the pM level for the expected targets. With a rational design,
ultra-high sensitivity with a LOD at fM and even zM is achieved
with single-nanoparticle assay. Additionally, the time-resolved
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and spatially-resolved single-nanoparticle tracking allows the
understanding of the actual process of chemical reactions and
biological functions.

Despite the successful analysis of various targets in homo-
geneous solution and at the single-nanoparticle level using
plasmonic nanoparticle-based optical systems, there are still
some challenges. For homogeneous assays, three major limit-
ations need to be improved in future. First, the poor stability
of plasmonic nanoparticles limits their applications in rela-
tively pure media (in vitro) with low interference and ionic
strength. However, biological assays are usually conducted in
complicated media with high salt concentration and a strong
matrix effect. The salt-induced electrostatic screening and
matrix-mediated non-specific interaction change the dispersive
state of plasmonic nanoparticles, and sometimes cause false
results. As a result, quantitation of trace amounts of bio-
markers (e.g., microRNA and protein) in biological media is
difficult. Second, the plasmonic nanoparticle-based optical
analysis generally focuses on a sole target. Howbeit, as indi-
cated in many reports recently, most diseases (i.e., cancers and
tumors) are associated with more than one biomarker, and
some biomarkers are related to several tumors. Simultaneous
detection of multiple targets is thus more reliable to diagnose
or predict cancer diseases. For example, with the combination
of electrochemiluminescence and LSPR-regulated lumine-
scence, simultaneous detection of multiple targets has been
widely explored through spatial-resolved, potential-resolved,
and spectrum-resolved strategies.'”> They however may suffer
from irreversible oxidation and desorption of luminophores,
plasmonic nanoparticles of special optical properties, and
fussy electrode modification. To boost the analysis of multiple
targets, microchip-based multichannel analysis with the com-
bination of plasmonic nanoparticles is worth being tried.

Single plasmonic nanoparticle-based optical analysis pro-
vides high sensitivity and allows the dynamic understanding
of reaction and biological processes. Imaging of single plasmo-
nic nanoparticles with distinct LSPR and different surface
modifications may facilitate multiple target analysis. In com-
parison with homogeneous solution assays, single-nano-
particle assays perform all experiments on individual nano-
particles and require the usage of a photon detector. To
achieve effective optical analysis at the single-nanoparticle
level, there are two problems that need to be fixed in the
future work. One is the uniform morphology of plasmonic
nanoparticles. It is well known that the size and shape largely
affect the LSPR of plasmonic nanoparticles. Wide distribution
in size and/or morphology leads to inconsistent results. For
example, the dark-field images of both Au NRs and aggregated
Au NPs are red color spots, making their differentiation
difficult. Also, limited by the wavelength dependent-photo col-
lection efficiency of optical detectors, single-nanoparticle
imaging with a high signal-to-noise ratio can only be obtained
when the LSPR matches the detector’s optical response curve.
Thus, the exploration of a simple approach for precisely and
reproducibly tuning the LSPR of plasmonic nanoparticles is
still a challenging job in future. The other problem is the
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urgent demand for a new imaging technique with super
resolution. The interference of halos from adjacent plasmonic
nanoparticles extremely restricts the accurate analysis. That is,
the discrimination of two individual plasmonic nanoparticles
with a distance less than the light diffraction limit (~200 nm)
is very hard. Although a few works have reported the sub-diffr-
action limit imaging of single plasmonic nanoparticles, the
specially designed optical system may hinder their widespread

dissemination and application.
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