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Abstract: Due to the complexity of heterogeneous reactions and heterogeneities of individual catalyst
particles in size, morphology, and the surrounding medium, it is very important to characterize the
structure of nanocatalysts and measure the reaction process of nanocatalysis at the single-particle
level. Traditional ensemble measurements, however, only provide averaged results of billions of
nanoparticles (NPs), which do not help reveal structure-activity relationships and may overlook
a few NPs with high activity. The advent of dark-field microscopy (DFM) combined with plas-
monic resonance Rayleigh scattering (PRRS) spectroscopy provides a powerful means for directly
recording the localized surface plasmon resonance (LSPR) spectrum of single plasmonic nanopar-
ticles (PNPs), which also enables quantitative measurements. In recent years, DFM has developed
rapidly for a series of single-particle catalytic reactions such as redox reactions, electrocatalytic re-
actions, and DNAzyme catalysis, with the ability to monitor the catalytic reaction process in real
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1. Introduction

Heterogeneous catalysts play a vital role in the development of the modern chemical
Publisher’s Note: MDPIstays neutral  jndustry and are essential for catalyzing many chemical reactions [1]. Traditional ensemble
with regard to jurisdictional clims in - meagurements usually measure the average results of a large number of molecules or
nanoparticles (NPs) while lacking information on the small number of highly active NPs.
Additionally, the reaction rate is different for each catalyst particle and depends upon each
particle’s morphology, composition, size, and surrounding environment. This heterogeneity
hampers the generation of a deeper understanding of how these parameters affect catalytic
activity since they, together with electronic and spillover interactions with the support,
directly control the catalytic performance. Consequently, investigating nanocatalysts at the
This article is an open access articde  SiNgle-particle level and in real time is needed to elucidate the catalytic reaction mechanism
distributed under the terms and and dQSign hlghly effective catalysts [2]
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signals throughout single particles, each of which is considered as an independent signal
output [3]. In the field of single-particle catalysis, novel analytical methods have been
developed to study local catalytic activities and structure relationships at a single-particle
level with high spectral and spatial resolution. Many techniques, such as atomic force
microscope (AFM), scanning electron microscope (SEM), transmission electron microscopy
(TEM) can characterize the structure of single nanoparticles [4]. Moreover, super-resolution
fluorescence microscopy [5], tip-enhanced Raman spectroscopy (TERS) [6,7], and in situ
X-ray absorption spectromicroscopy [8], etc., can be used to study the catalytic behaviors of
heterogeneous nanocatalysts at the single-particle level. There is no doubt that many efforts
have been made to analyze single-particle or single-molecule catalysis for understanding
catalytic reaction mechanisms. However, due to the quenching of fluorescence, broad
background signal in TERS spectra, and the X-ray damage to the sample, it remains a
challenging task to achieve in situ measurement of catalytic reaction at the single-particle
level in the field of heterogeneous catalysis.

In the context of single-particle catalysis, single-particle plasmonic sensing based
on dark-field microscopy (DFM) and plasmonic resonance Rayleigh scattering (PRRS)
spectroscopy [9] have attracted much more attention. It provides the possibility to study
individual plasmonic nanoparticles (PNPs) in the 10-100 nm size regime. The basic prin-
ciple of nanoplasmonic sensing relies on the localized surface plasmon resonance (LSPR)
effect. When light from the UV-Vis-NIR spectral range interacts with PNPs, especially Au
nanoparticles (Au NPs) and Ag nanoparticles (Ag NPs) of a size comparable to or smaller
than the wavelength of light, the LSPR of PNPs originates from the interaction between the
collective coherent oscillation of conduction electrons and incident radiation [10]. Since
the unique plasmonic properties of PNPs are highly sensitive to their size [11], shape [12],
composition [13], and surrounding environment [14], entirely different absorption and
scattering spectra of each PNP can be observed through DFM. According to the Mie theory,
the extinction (sum of absorption and scattering) spectrum of metal NPs can be calculated
according to the equation as follows [15]:
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where a is the radius of the metallic NP, A is the wavelength of light, €, and ¢; are the real
and imaginary components of the metal-dielectric function respectively, &, is the dielectric
constant of the external environment, and x in front of &,,; depends on the NP, geometry
called the polarization factor that corresponds to the aspect ratio of the NP, which equals
2 for a sphere. The values of x can be up to 20 when the aspect ratio is high [16]. Of
note, as shown in Equation (1), the extinction spectrum can be fine-tuned by changing the
NP’s size, shape, composition as well as the local dielectric environment. Therefore, the
specific scattering spectrum of individual NPs can be monitored by dark-field scattering
microscopy with the advantages of high sensitivity, nonblinking, optical stability, and ease
of preparation compared with previously reported methods [17].

Dark-field imaging techniques based on the LSPR of PNPs have provided new insights
for real-time monitoring of dynamic catalytic reaction processes at the single-particle level.
It was not until 2000 that DFM coupled with a spectrometer to obtain the scattering
spectrum of single 80 nm Ag NPs that this technique is widely used for imaging single
NPs [18]. Oblique illumination keeps the incident light from entering the objective and
only part of the photons are collected by the objective to generate bright dots in the DFM
images, causing a dark background and high contrast. As the scattering spectrum is very
sensitive to the morphology and electron density of the NP itself, as well as the refractive
index of the surface adsorbates and surrounding medium [19], DFM can be used to reveal
the precise structure-activity relationship for individual NPs in real time. This review first
provides a comprehensive overview of the working principle of DFM, the description of
the data analysis methods, as well as DFM-coupled technology combinations. Furthermore,
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we focus on the single-particle measurements of nanocatalysis in various catalytic fields
including chemocatalysis, electrocatalysis, photocatalysis, as well as biocatalysis. It is
worth noting that this review does not attempt to cover all the achievements that have
been made in single-particle catalysis via DFM, so only those milestones and recent
results are presented. Future challenges and perspectives are also discussed at the end
of this review.

2. Dark-Field Microscopy (DFM)

DFM is a microscopy technique used for both light and electron microscopy in which
only the specimen is illuminated by the light or electron beam, while the rest of the spec-
imen field is dark, causing a dark background and high contrast. Since the invention of
DFM in 1830, DFM imaging has offered the advantages of high sensitivity, high spatial and
temporal resolution, accurate single-particle analysis, and low background compared to
bright-field microscopy. Most of the important developments and widespread applications
of modern DFM occurred after 2000, marked by the availability of high-quality color pho-
tographs and corresponding scattering spectra at the single-particle level [18]. Coupled
with a spectrometer to measure the scattering spectra of a single NP, dark-field spectroscopy
has become a very important plasmon spectroscopy technique for single-particle measure-
ments. Conventional DFM is suitable for imaging PNPs larger than 30 nm in general
experiments, while innovative optical structures are used to achieve direct imaging of Au
NPs as small as 10 nm that are bound to a functionalized surface [20]. In recent years, much
research has been conducted on DFM techniques to improve the collection performance of
scattered spectra.

2.1. Working Principle

The low background signal is an inherent advantage of DFM imaging, which is due
to the unique operating principle of the DFM. In the obliquely illuminated focal plane,
scattered light from the subject is transferred to the objective lens or charge-coupled device
(CCD) camera, while the unscattered incident light is usually excluded from the detection
of the probe scattering signal [21].

As shown in Figure 1, when the sample is obliquely illuminated by the white light
source, it can be used to excite plasmonic nanoprobes with different wavelengths. The
central part of the DFM is the condenser equipped with the dark-field ring. As a critical
component of DFM, the condenser ensures that the excitation light is incident at high angles
so that only light scattered by the test sample is collected by the microscope objective. In
the concentrator, a light baffle is used to cut off the central part of the vertically incident
light, in which case no light enters the objective. The incident light from the edge portion
is transmitted through the optics in the concentrator into an illumination cone, thereby
only illuminating the focal plane of the sample. Subsequently, the incident light follows
the original path away from the signal acquisition area. After the above steps, only the
scattered light from the probe is detected, producing a background-free imaging effect. One
of the most important features of DFM is that the numerical aperture of the objective lens
is smaller than the dark-field concentrator, thus, only the scattered light from the sample
will be collected by the objective and detected by a CCD camera [22]. In addition, there are
two forms of DFM shown in Figure 2, i.e., upright and inverted microscopes [23], which
depend on the relative position of the objective and the light source. Due to the above
simple working principle, low-cost DFM imaging techniques have been widely used for
single-particle measurements.
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Figure 1. Schematic of the typical optical path of the DFM with the dark-field condenser.
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Figure 2. Upright (A) and inverted (B) types of dark-field microscope.

2.2. Data Analysis

The signal monitoring via DFM is mainly based on LSPR wavelength shifting and scat-
tering intensity changes [24]. This requires distinguishable signal changes, and the spectral
analysis or color-coding is conducted for data processing with additional spectrometers
and image processing techniques. DFM scattering measurement of PNPs is realized by con-
verting the scattering spots of NPs in the DFM images to digital color information, avoiding
the time-consuming process of scanning the spectrum of NPs. Although it is simpler and
faster to obtain the color information of individual PNPs than to obtain their scattering
spectra, researchers still hope to further develop color-coded methods for high-throughput
PNP scattering measurements.

At present, the most widely used color model is based on RGB (red, green, blue) by
transferring the scattered light color to digital RGB information. There are 24 bits per
pixel, including three 8-bit integers (0-255), which indicates the intensity of the RGB colors
in color images. Each color in turn can be decomposed into an RGB value containing
chromaticity and intensity information. Consequently, the RGB information of the color
images can be transferred into the spectral wavelength of the scattering light. Long and
co-workers developed a colorful way to easily estimate the diameter of single Au NPs
based on the RGB value of each pixel in the DFM images [25]. A MATLAB program was
used to convert RGB chromaticity information from dark-field images directly into the
diameters of Au NPs within 1's, which relied on the relationship between the particle size
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and the peak wavelength of the scattering light. The calculated diameters were in good
agreement with those measured using SEM, while more convenient and less costly, and the
optimized calculations were able to measure thousands of NPs using a laptop computer
within several minutes.

Although RGB-based methods have been widely used to analyze DFM images, this
method still has some limitations. For example, the RGB color model is not close to the
human visual system for color observations and requires software to calculate R, G, and B
percentages. By using computer programming to code the color of single PNPs, as shown
in Figure 3A, Huang and co-workers developed a novel color-coding method, called the
HSI analytical method, that greatly eliminates manual error and achieves the automatic
analysis of data [26]. The essentials of the HSI color model dictate that every color can
be expressed with three components: hue (H), saturation (S), and intensity (I). Each light
spot in the DFM image includes many pixels, and each pixel has different hue values
in the HSI system. The algorithm of this program includes image segmentation, image
tags, and hue calculation of each particle in a pixel. They used computer programming
to automatically convert the obtained color points in the scattered light DFM images into
digital hue values in the HSI color model. In such a case, the HSI values of the scattered
light color of single PNPs could be attained by using common software (e.g., Image-Pro
Plus, IPP) or the following equations:

_ V3(G - B)
H_mCtan((R—G)—i—(R—B)) )
[ =2(R+G+B) 4

To further verify the possibility of using the HSI model to analyze the scattering light
color of single Au NPs, they investigated the scattering light color change of a single Au
NP in different refractive index solvents and analyzed the color changes of the scattered
light during the attachment of thiolated DNA to Au NPs. Compared with RGB analysis,
HSI analysis enables the corresponding hue value of each spot in DFM images to be
automatically calculated and obtained by computer programming, which is easier to
achieve and closer to the human visual system. In recent years, HSI analysis has served
as a better alternative for RGB analysis to analyze the scattered light of PNPs. Chen and
co-workers also analyzed the scattering light color of single plasmonic assemblies using
the HSI model to reveal the difference in the colorimetric response of different kinds of
assemblies [27].

The RGB- and HSI-based methods mentioned above enable the DFM imaging scat-
tering measurements of PNPs by converting the scattering spots of NPs to digital color
information, which shows that the color-coded method based on image processing tech-
nique is a promising approach for high-throughput LSPR scatterometry of PNPs. However,
the visibility and quality of DFM imaging in complex biological samples are limited by
background scattering interference, such as in the living cells. To improve the resolution
and imaging quality of plasmonic single-particle DFM imaging, researchers have made
adjustments and improvements based on DFM imaging modes and plasmonic probe mate-
rials, which can eliminate the background interference in DFM. As an important branch of
artificial intelligence (Al) field, deep learning has powerful capacity in feature extraction
and recognition. It can provide a new approach to recognize and analyze the scattering
light of plasmonic nanoparticles obtained from complex biological systems. Huang and
co-workers firstly proposed the U-Net neural network deep learning method to analyze
the scattering light of PNPs under DFM imaging [28]. Based on training U-Net deep neural
network and constructing a DFM image semantic analysis model, the recorded DFM scat-
tered light images were converted into binary images to statistically learn to distinguish
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between the scattering light of PNPs and background scattering signals in living cells
(Figure 3B). The changes of Cytochrome C in live MCF-7 cells under UV light-induced
apoptosis were monitored by identifying and monitoring the scattering properties of the
Au nanorods (Au NRs) nanoprobes. Compared with traditional methods, this method can
achieve higher accuracy, stronger generalizationability, and robustness. In conclusion, the
introduction of deep learning techniques for feature extraction and disturbance elimination
of scattering light in DFM imaging is of great significance for scattering measurement
studies and imaging analysis in chemistry.
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Figure 3. (A) Schematic illustration of the HSI color coding analysis for the attachment of thiolated
DNA to Au NPs based on the HSI color-coding of single PNPs, the procedure of image processing
through computer programming, and the HSI color model. Reprinted with permission from [26].
Copyright 2016 Royal Society of Chemistry. (B) Schematic illustration of the scattering light analysis
process of plasmonic nanoparticles in living cells using deep learning. Reprinted with permission
from [28]. Copyright 2021 American Chemical Society.

2.3. Technology Combination

Combining DFM with other techniques can overcome the inherent shortcomings of
a single technique to achieve a high spatial and temporal resolution of imaging, high
sensitivity, and excellent penetration depth. So far, the combinations of DFM with fluo-
rescence imaging, surface-enhanced Raman scattering (SERS), Al (mainly based on deep
learning), and other technologies have broadened the application ranges of the DFM tech-
nique. Although DFM and fluorescence imaging work differently to cut off incident light
interference, their combination has the potential to achieve sensitive and high-resolution
imaging. Li and co-workers fabricated traceable spherical nucleic acids (SNAs) by modify-
ing 50-nm spherical Au NPs with fluorophore-labeled DNA [29]. The in-situ correlation
imaging using DFM and fluorescence microscopy revealed the intracellular distribution of
SNAs, whereas DFM combined with SEM allowed semi-quantification of SNA clustering
states in solution. In addition, the combination of DFM and SERS can play to the best of
both. DFM can play a role in mechanism exploration as well as target detection, while
SERS can effectively lead to a low limit of detection. Pradeep and co-workers reported
simultaneous observation of plasmonic scattering and Raman spectroscopy on single Ag
NPs with citrate capping [30]. Time-lapse observations have shown that the changes in
the plasmonic properties of laser-induced Ag NPs led to SERS, opening the possibility
of real-time observation of multispectral observations of intermolecular and interparticle
reactions at the single-particle level. DFM combined with Al algorithm has been used
to process scattered images to eliminate background noise and obtain high-resolution
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images. Some researchers proposed that Al could be applied to biomedical analysis by
using an RGB-based recognition model to convert the color of scattered light into digital
RGB information [31]. In a recent study, as shown in Figure 4, Zhou and co-workers
proposed an Al-assisted DFM enumeration strategy for the accurate assay of Enterovirus
A71(EV71) [32]. They selected two common plasmon resonance nanoparticles probe of an
appropriate size that have a strong LSPR effect, but are not excessively large to affect the
binding to the target virus EV71 particles. The first probe immobilized on the chip aims to
quickly capture the target viruses in the sample. Therefore, a 40 nm commercially available
silver nanoparticle that appears bright blue under DFM was used to form dichromatic
sandwich structures with the Au NR that is displayed in red under DFM. Subsequently,
the DFM images of the capture chip were subjected to a two-step screening, including
image processing and the deep learning screening to eliminate false positive results and
background noise. Cluster analysis was used for the first screening to eliminate the most
irrational images, and then the images were manually labeled as ‘bind” and ‘no bind” based
on professional judgement (for instance, gap length, size, and regularity) as a training data
set for deep learning models. Consequently, the corresponding hue value of each spot in
the DFM image was calculated and acquired automatically, which greatly improved the
accuracy of the program and eliminated manual errors.
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Figure 4. Working principle of the Al-assisted enumeration of ultra-small EV71 virus with two plas-
mon resonance probes under DFM. Reprinted with permission from [32]. Copyright 2022 Elsevier.

3. Single-Particle Measurements of Catalytic Reactions

Due to the diversity in composition, size, and morphology of NPs, it is necessary to
introduce heterogeneity in catalytic activity within the NP populations [33]. Therefore, it is
important to monitor heterogeneous catalytic processes and investigate mechanisms on the
surface of individual NPs to avoid ensemble averaging effects in bulk systems. Relying
on the sensitive detection of optical signals, approaches in the study of nanocatalysis
with single-molecule and single-particle resolution include single-molecule fluorescence
microscopy [34], and SERS spectroscopy [7], X-ray microscopy [8], etc. Although these
methods allow for the real-time observation of catalytic processes at the single-particle
level, there are still many limitations to studying catalytic reactions. For example, single-
molecule fluorescence microscopy requires that the fluorescent product or reactant cannot
be enhanced or quenched by the catalyst and the fluorescent product must dissociate from
the catalyst surface after a short residence time [17].
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Dark-field spectroscopy makes it possible to study catalysis on single NPs with higher
detection sensitivity, selectivity, and spatial resolution. On the one hand, the changes in
physical and chemical properties of plasmonic nanocatalysts result in the LSPR wavelength
shifts and scattering intensity changes, which can be directly monitored by DFM. On
the other hand, several indirect LSPR sensing strategies have been developed for those
who do not support a measurable LSPR signal. As pioneered by Larsson and co-workers,
arrays of nanofabricated Au nanodisks were used as an indirect platform, causing shifts
in plasmon resonances to measure surface coverages to continuously monitor three well-
known catalytic reactions: oxidation of Ysrogen (H; + 1/20, — H;0), oxidation of carbon
Yhoxide (CO + 1/20, — COy), and NOy storage and reduction over Pt/BaO catalysts [35].
The indirect plasmonic antenna mediated strategy also enables LSPR to monitor other
catalytic reactions using non-plasmonic NPs. Since palladium (Pd) can strongly adsorb
H; and react with it to form PdH, and Au NPs show excellent plasmonic properties in the
visible region, Alivisatos and co-workers placed Pd nanoparticles in the adjacent position of
a gold nanostructure to form an Au nanoantenna. As a result, the process of H, adsorption
by Pd nanoparticles could be detected by the scattering spectrum of gold nanostructures,
leading to a maximum scattering wavelength shift of 10 nm due to the changes in the
dielectric environment of single Au nanostructures [36]. Using the same principle, they
further extended this indirect strategy to study catalysis on similar hybrid nanostructures
(Au@Pd core-shell) [37].

Single-particle measurements via DFM have been widely applied in various catalytic
reactions ranging from electrocatalysis and photocatalysis to chemical sensing and bio-
logical sensing. As visualizing a catalytic reaction process is critical for understanding
the reaction mechanism and designing high-performance catalysts, dark-field imaging
techniques combining with scattering spectroscopy provide new insights for real-time
monitoring of dynamic reaction processes at the single-particle level. The wavelength shift
and intensity change of the scattering spectrum among single NPs can be modulated easily
by changing their size, shape [12], composition [13], dielectric medium [14], and plasmon
coupling status [38]. Consequently, DFM can be used to monitor the catalytic process by
direct or indirect strategy and reveal the precise structure—activity relationship for NPs.

3.1. Chemocatalysis

Plasmonic metallic NPs are important heterogeneous catalysts for many chemical trans-
formations due to their size-induced high surface-to-volume ratio and high chemical poten-
tial [39]. For DFM-based single-particle detection assay, many powerful scattering-based
nanoprobes have been developed, such as Au NPs, Au NRs, Ag NPs, silver nanocubes,
and so on [40—43], which are widely used as catalysts in some heterogeneous redox reac-
tions. The changes in physical and chemical properties of plasmonic nanocatalysts will
significantly affect the wavelength and intensity of scattering spectra during the catalytic
reactions, so the scattering spectrum of individual NPs can be monitored by DFM [44].
Since the signal is not calculated by numerous molecules, the single-particle-based DFM
strategy can greatly enhance the sensitivity and avoid the ensemble averaging effect from
the sample. This advantage facilitates the real-time monitoring of catalytic reactions by
either direct or indirect strategy.

The idea of using DFM to monitor redox catalytic reactions on individual NPs was
implemented for the first time about a decade ago. Mulvaney and co-workers firstly
achieved direct measurement of the rates of redox catalysis on single Au nanocrystals [45].
Combining DFM and PRRS, they directly observed the kinetics of atomic deposition onto a
single Au nanocrystal and electron transfer during the oxidation of ascorbic acid on the
Au nanocrystal surface. It is worth noting that the electron transfer rates of 4600 electrons
per second could be directly measured, but only about 65 molecules of O, per second were
monitored, which was highly limited by the signal-to-noise collection efficiency of the
CCD spectrometer.
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Since then, DFM has been widely used to study single-particle catalysis without inter-
ference from ensemble averaging effects by observing the scattering spectra of individual
NPs [46]. Using inverted dark-field spectroscopy, Long and co-workers monitored the
catalytic activity of nanocomposites toward 4-nitrophenol reduction at the single-particle
level in real-time, thus providing information about the catalytic process and elucidating its
mechanism [47]. Based on the plasmonic signals obtained from individual nanocomposites,
the electron charging and discharging rates of these nanocomposites were calculated to
quantify the number of electrons transferred during the heterogeneous catalysis at the
single-particle level.

Dark-field spectroscopy can be used not only for the direct monitoring reaction process
in real time, but also for the indirect monitoring strategy. Due to the limitation of CCD
sensitivity, conventional DFM can only capture the scattered light from large Au NPs with
diameters over 50 nm, which are usually catalytically inactive. As shown in Figure 5, Li
and co-workers designed a DNA-directed programmable assembly strategy to fabricate
a halo-like Au nanostructure (nanohalo) for indirect monitoring of the catalytic reaction
under DFM [48]. After modification with thiolated oligonucleotides having complemen-
tary sequences, they further studied the redox reaction of glucose and dissolved oxygen
catalyzed by a single Au nanohalo. Assembling catalytically inert plasmonic 50 nm Au
NPs and catalytically active 13 nm Au NPs into a multicomponent nanoarchitecture, the
catalytic reaction occurring on the 13 nm nanoparticle changed its permittivity, which led
to a significant change in the plasmonic resonance of nanohalo. The above findings made it
possible to indirectly monitor the catalytic reactions occurring on the 13 nm Au NPs. Not
only did they establish a single-particle analysis method for glucose catalysis using Au
nanohalo, but also extended the concept of plasmonic nanoantennas to provide a general
method for studying heterogeneous catalysis on nanocatalysts.
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Figure 5. (A) Synthetic scheme for the preparation of Au nanohalo through the self-assembly
of Au NPs of different diameters modified with complementary oligonucleotides. (B) Schematic
demonstration of the distance between L- and S-Au NPs, which is determined by the rationally
designed length of oligonucleotides. (C) Number of oligonucleotides per particle of different kinds
of L- and S-Au NPs. Inset shows the colored product that is catalyzed by L- and S-Au NPs that
loaded different amounts of oligonucleotides. (D) LSPR spectra and the corresponding band peak
shifts of one Au nanohalo (up) and one L-NPs (down) during the catalytic reaction under the
same experimental condition. Reprinted with permission from [48]. Copyright 2015 American
Chemical Society.
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As powerful scattering-based nanoprobes for DFM-based assay, Au NPs with size
dimensions of around 50 nm are considered a suitable size for dark-field imaging that
exhibit uniform green color and excellent scattering signal from individual NPs. Xiao and
co-workers designed a color-coded single-particle detection strategy for pyrophosphate
(PPi) detection and monitored the reduced nicotinamide adenine dinucleotide (NADH)-
dependent catalytic deposition of copper on Au NPs surface in situ with dark-field optical
microscopy, which was based on the LSPR shift of individual Au NPs induced by the
refractive index changes [49]. Given the fact that PPi had a strong affinity toward Cu?*,
the Cu?* could not be reduced to the Au NP surface and the number of green particles in
the solution varied with the PPi concentration. Therefore, the concentration of PPi could
be accurately determined by quantitatively counting the fraction of yellow particles with
color-coded dark-field optical microscopy. It is worth pointing out that not only was the
red-shift of the scattering spectrum from the Au NPs, but the scattering intensity from
individual particles also gradually increased, which was in good agreement with the results
from the bulk solution measurements. Similarly, Chen and co-workers developed a simple,
ultrasensitive, and highly selective single particle-based dark-field method for colorimetric
detection of pyrophosphate ions and pyrophosphatase [50].

The reaction process of organic chemistry can also be studied by dark-field spec-
troscopy. Click chemistry, as a powerful synthetic chemical method, has attracted great
attention in diverse fields with simple reaction conditions and high selectivity. Copper-
catalyzed azides and alkynes cycloaddition (CuAAC) reaction is one of the most reliable
and widespread synthetic transformations in click chemistry with high reaction speed
and few by-products. Lin and co-workers constructed an auto-identified sensor at the
single-particle level for rapid determination of L-histidine based on the DFM, combining
the advantages of the high selectivity of click chemistry and the accuracy of intelli-
gent algorithms [9]. The color of scattering light spots for the aggregation of alkynyl
and azide functionalized Au NPs induced by the CuAAC reaction was quite different
from that of the monomers under DEM. In the presence of L-histidine, it could bind to
Cu?* and inhibit the production of Cu*, thus preventing the aggregation of Au NPs.
Therefore, there was a distinct change of color with the addition of L-histidine and the
colors of scattering light spots could be identified accurately and automatically with the
Meanshift algorithm.

DFM has been successfully applied to study catalytic processes at the single-particle
level under liquid-phase conditions, as introduced by Mulvaney and co-workers in their
seminal paper [45]. Studying gas-generating catalysis at the single-particle level is also
essential to searching for highly active nanocatalysts and elucidating the reaction mech-
anism for many energy-related research fields. Zhou and co-workers successfully used
nanobubbles to study the gas generating catalysis of formic acid dehydrogenation on
individual Pd-Ag nanoplates (Figure 6) [51]. When nanobubbles were produced on single
Pd-Ag nanoplates, the scattering intensity increased and the scattering intensity versus
time trajectories could be obtained for each nanoplate. In recent years, this research group
further used DFM to study the evolution process of single nanobubbles generated from
formic acid dehydrogenation on single Pd-Ag nanoplates [52]. They found that some of
the nanobubbles in this system could exhibit three distinct states representing different
sizes, which transformed among each other indirectly through some intermediate states.
It is worth mentioning that monitoring nanobubbles via DFM can be applied to other
types of gas generation catalysis, such as water decomposition, water electrolysis, and
electro-oxidation in fuel cells.
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Figure 6. Track gas-generating catalysis on a single NP by monitoring the nanobubble via DFM.
(A) TEM image of Pd-Ag (mole ratio is nPd:nAg = 1:1) nanoplate catalysts. The inset is the high-
resolution TEM image. (B) Experimental scheme using DFM and a microfluidic reactor to image
the nanobubble containing the gas from the dehydrogenation of formic acid on a single Pd-Ag
nanoplate. (C) Schematic of the light scattering of a nanobubble on a single Pd-Ag nanoplate catalyst.
(D) Wide-field DFM image of individual Pd—Ag nanoplates undergoing formic acid dehydrogenation.
The insets are the SEM images of the single Pd—Ag nanoplates after the reaction. (E) The scattering
intensity versus time trajectory for the evolution of nanobubbles on a single Pd—-Ag nanoplate.
Reprinted with permission from [51]. Copyright 2017 American Chemical Society.

3.2. Electrocatalysis

Nanocatalysts are structurally heterogeneous in terms of size, morphology, and chemi-
cal composition, leading to the dramatically different electrocatalytic activity of individual
nanocatalysts [19]. Detection of electrocatalytic activity is one of the key points in the
evaluation of catalysts and thus has significant potential to contribute to the development
of efficient catalyst materials. Conventional electrochemical techniques are applied to
characterize electrocatalytic activity, such as those using the total electrode activity, Tafel
plot, cyclic voltammetry, and Faraday efficiency [53,54]. However, these conventional elec-
trochemical measurements are not suitable for monitoring the catalyst state, performance,
and distribution, whose results are usually comprehensive functions of many NPs [51]. To
eliminate average effects and better understand the factors inducing catalysis containing
the surface morphology, composition, and surroundings, it is necessary to develop devices
and techniques capable of in situ monitoring electrocatalytic events that take place at single
nanocatalysts [55].

Noble metallic NPs, especially plasmonic Au NPs, play an important role in electro-
catalysis due to their interesting optical and catalytic properties. Upon LSPR excitation,
a strong electromagnetic field and a high concentration of energetic charge carriers are
generated at the nanostructured surface [56]. In this context, the surface plasmon resonance
(SPR) imaging technique provides an efficient method to monitor the electrochemical reac-
tions on single NPs by recording the electrochemical current on single Pt nanoparticles [57].
Moreover, DFM-integrated electrochemistry, which makes it possible to visualize the elec-
trochemical processes related to charge transfer at the single-particle level and can also
acquire quantitative information on NP structure-activity [58,59], has attracted more and
more attention.

Since scattering spectra of NRs are more sensitive to the surface changes than nanospheres
due to the larger aspect ratio, spectra peak wavelength shifts of single Au NRs can offer
information such as electron transfer and substance exchange of the redox process related
to the reaction mechanism. Long and co-workers investigated the electrocatalytic oxidation
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of hydrogen peroxide (H,O,) on the single Au NRs surface and explored the catalytic
mechanism for the first time, using a novel developed spectroelectrochemistry technique
that combines DFM and electrochemistry (Figure 7) [60]. It is worth noting that Au NR
acted as a reagent in this catalysis reaction, rather than conducting wires or substrate as
reported in previous literature examples of electrocatalytic processes. As different Au
NRs exhibited various catalytic activities, the time-dependent dark-field scattering spectra
of the single Au NRs revealed information about the surface of single Au NRs during
the cyclic voltammogram scanning process. The electrocatalytic reaction mechanism on
single Au NRs was also investigated by the plasmon resonance scattering shift of single
Au NRs with the elimination of the bulk effect, showing that the gold atoms on the
surface participated in the redox reaction and catalyzed the oxidation of Hy,O; via the
formation of gold hydroxide/oxide. This method offers a unique way of monitoring
electrochemical processes at the single-particle level, and also improves the understanding
of the electrochemistry mechanism including electron transfer, substance exchanging, and
catalyst poisoning.
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Figure 7. (A) Setup of dark-field microscopy integrated with an electrochemical workstation. (B) Elec-
trocatalytic oxidation of HyO; on the surface of Au NRs in KNO3 and KCl solutions, respectively.
(C-E): Simultaneous plasmonic scattering spectra peak shift of single NR (C) and electrochemical
current of entire samples (D) under the applied triangular wave potential (E) on the Au NRs. (F) Au
NR with hydroxide/oxide film was partially reduced into Au atom, and H,O, was oxidized into O,
after treatment of HyO, in KNOj3 solution (up). Au NR was corroded by the formation of [AuCl]™,
and gold chloride blocked the catalytic activity of Au NR for oxidation of H,O, in KCl solution.
Reprinted with permission from [60]. Copyright 2014 American Chemical Society.

The electrocatalytic reaction process can also be directly monitored in real time by
simply observing the scattering intensity change under DFM. Lin and co-workers made
it possible to visualize the electrocatalytic reactions involving single nanocatalysts by
forming hydrogen nanobubbles [61]. Once hydrogen ions were reduced to H; on the
surface of Au NPs@Pt at a specific potential, the formed H; nanobubbles covered the
surface of nanocatalysts and led to a significant increase in the scattering intensity of the
NPs. Moreover, the spatial and temporal distribution information on the electrocatalytic
activity could also be obtained from the scattering spot brightness that was observed by
DFM. Consequently, this method gains the advantage of obtaining more information than
conventional electrochemical methods and is vital for electrochemical catalytic mechanism
research and catalyst selection.

The electrodeposition process at the single-particle level can be directly detected
by DFM through a strong LSPR scattering signal. Zhou and co-workers proposed a
highly sensitive and high throughput single-particle coulometry method for studying
the electrochemical activity and oscillation of single PtTe nanocatalysts [62]. Based on
microbattery reactions, LSPR, and commercial DFM, the formic acid electro-oxidation
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activity on single PtTe nanocatalysts was detected by monitoring the enhanced scattering
intensity signal of deposited Ag NPs. Among these, DFM was used to verify the formation
of Ag NPs on the surface of PtTe nanocatalysts. Revealing the distribution of electrocatalytic
activity and charge transfer at the single-particle level, this study provides a common
method to measure the catalytic activity of the single nanocatalysts for other electrochemical
reactions, such as the electro-oxidation of methanol and ethanol. Similarly, Kanoufi and
co-workers used DFM to in situ monitor the electrodeposition of single cobalt NPs down to
a radius of 65 nm and obtained unique mechanistic insights about electrocatalysis with the
analysis of the scattered light, which were not accessible from traditional single-particle
electrochemistry [63].

3.3. Photocatalysis

Photocatalysis research has made great progress in the last two decades as UV-visible
light photocatalysis can effectively convert solar energy into chemical energy. However,
there are still major issues that need to be addressed before photocatalysis becomes a viable,
efficient process for a wide range of applications, especially in industrial applications [64].
The key step in photocatalysis is the effective charge separation of electron-hole pairs. To
better understand the process and propose appropriate mechanisms, real-time monitoring
of the photocatalytic process at the single-particle level is needed. Since surface plasmon
resonance is very sensitive to the shape, size, and constituent materials of the nanostructures
as well as their surrounding medium, it provides a facile method to record the resonance
energy, intensity, and linewidth of the surface plasmon resonance via DFM.

To improve the photoelectric conversion efficiency, it is important to track the path
of electron transfer and measure the rates of redox catalysis. Mulvaney and co-workers
demonstrated that the electron density of metallic NPs could influence the LSPR scatter-
ing band and achieve the quantification of electron exchange [65]. Based on this prin-
ciple, Huang and co-workers monitored the photoinduced chemical transformation of
p-aminothiophenol (p-ATP) to 4,4’-dimercaptoazobenzene (DMAB) on single Ag NPs and
proposed the reaction mechanism [66]. DFM was used to effectively analyze the real-time
changes of the scattering signals from single Ag NPs. Interestingly, it showed a bidirectional
movement of the scattering light of Ag NPs due to the electron-transfer delay of p-ATP. It
is worth mentioning that this strategy can also be utilized to study the photoreactions of
other sulfhydryl-containing organic molecules containing electron transfer. Similarly, they
successfully used DFM to digitize and monitor the energetic charge distributed in time
during the plasmon resonance-driven photocatalytic reaction on the Au NPs surface at the
single-particle level [67], as shown in Figure 8. In addition, a novel color-coding method
was developed to accurately quantify the number of energetic charges in PNPs flowing
into the adsorbed p-ATP molecules.

Plasmon-induced hot carriers are of particular importance to realize photocatalysis [68].
Most studies involving hot carriers focus on conventional plasmon materials like Auand Ag
whose plasmon resonances are dominated by intraband transitions in the visible range [69].
However, the photocatalytic activity of noble metal NPs has not been acknowledged as
significant due to the low productivity of hot carriers [70], the low energy of hot carriers [71],
and the high charge-carrier recombination rate [72]. Additionally, plasmon resonances
dominated by interband transitions can generate much more electron-hole pairs than
intraband plasmon resonances, making the generated hot carriers possess enough energy
and lifetime by crossing a band gap [73]. Noble metal NPs combined with semiconductors
have been widely studied for improving charge separation of photogenerated electron-hole
pairs to suppress the recombination of photogenerated electrons and holes, thus enhancing
the overall photocatalysis of semiconductors [64].



Catalysts 2022, 12, 764

14 of 20

@ Hot electron

- 123 4568678510
0, Au,0; AuNPs

B

Dark-field image

; C Energy flow of each AuNPs

AuNP

Energy flow

450 500 550 600 650 700

Figure 8. The energetic charge flow in the plasmon-driven photocatalytic oxidation reaction at a
single NP by DFM; (A) Photocatalytic oxidation mechanism of p-ATP to DMAB on the surface
of Au NPs, (B) typical DFM images before and after the photocatalytic reaction as represented in
(A,C) flow of energetic charge in each Au NPs to the adsorbed molecules during the photocatalytic
reaction. Dynamic changes of DFM imaging and scattered spectra of Au NPs during the oxidation
reactions of p-ATP. (D) Dynamic DFM imaging of Au NPs captured at the same position every 20 min.
(E) Spectral measurement of the same Au NP at different time points during the reaction. Reprinted
with permission from [67]. Copyright 2022 American Chemical Society.

Yang and co-workers realized the plasmonic monitoring of single-particle catalysis
in doped semiconductor materials via DFM [73]. As a typical example of semiconductor
plasmonic materials, heavily doped titanium oxide (TiO,_x) can achieve plasmon reso-
nances dominated by interband transitions, while noble metals were only used to achieve
the generation of hot carriers. As the surrounding refractive index significantly influenced
the plasmon resonance wavelength, the scattering peak shift of TiO,_, NPs immersed
in methyl orange (MO) solution could be recorded in situ. This characterization at the
single-particle level by DFM provides a new method to detect the catalytic process and
catalytic rate of single particles in a direct way. Through the photodegradation character-
ization via dark-field scattering spectrum, they demonstrated that the TiOp_yx NP dimer
possessed a higher photodegradation rate than individual particles with a size of 270 nm
in the visible-light photodegradation process because of the “hot-spot” generated in the
dimer structure.

Light-induced significant electron transfer can also be demonstrated by single-particle
dark-field scattering spectroscopy. Tuan and co-workers fabricated Au@CdSe core-shell
heterostructures by pre-growth of Ag;Se as an intermediate layer that favored the formation
of a CdSe shell in a subsequent cation-exchange reaction [74]. The broader linewidths and
lower intensity of the longitudinal surface plasmon resonance were measured by DFM,
suggesting an efficient electron transfer from the Au rod to the CdSe shell in Au@CdSe NRs
when exciting the SPR. Compared to the bare Au NRs, the redshift of the plasmon band in
Au@CdSe NRs arose from the higher refractive index of the CdSe layer than air and the
quartz substrate. Under UV irradiation, they further studied the dependence of the catalytic
reactivity on shell thickness in photocatalysis via the reduction of methylene blue (MB)
molecules, showing that a thinner shell thickness resulted in higher photocatalytic activity.

3.4. Biocatalysis

Noble metallic NPs have attracted significant attention in the field of biocatalysis and
biosensing. Although Ag NPs scatter about 10 times more strongly than Au NPs at their
maximum scattering wavelengths, Au NPs are more favorable for biosensing purposes due
to their extraordinary surface stability, lower toxicity, and excellent biocompatibility. DFM
has provided a powerful means to differentiate morphology and local environment changes
of single NPs from large ensembles. Consequently, the ability of DFM to track individual
NPs has been widely used to explore the interactions between biomolecules and NPs and
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measure reaction dynamics during the biocatalytic processes. The scattering spectra will
have a dramatic shift when the size or morphology of nanomaterials changes, which is
usually related to the biocatalytic growth of single NPs involving a biomolecule-induced
redox reaction. Particularly, monitoring the process of biocatalytic reactions at the nanoscale
offers detailed information with high sensitivity, which can improve the understanding of
reaction mechanisms.

The excellent catalytic activity of Au NPs expands their applications in the construction
of sensitive biosensors to monitor biocatalytic processes and detect biomolecules at the
single-particle level. Fan and co-workers found that Au NPs with glucose oxidase (GOx)-
like catalytic activities could in situ catalyze glucose oxidation [75]. They further indicated
that the intrinsic glucose oxidase-like catalytic activity of Au NPs could be finely regulated
by DNA hybridization owing to the marked difference in adsorption of single-stranded
and double-stranded DNA on its surface [76]. Based on the above findings, a single Au
NPs-based nanoplasmonic aptasensor for adenosine triphosphate (ATP) detection was
presented by changing the probe DNA to an anti-ATP aptamer [77]. The ATP-induced
conformational change of the aptamer resulted in the recovery of self-catalytic growth of
Au NPs. DEM could visualize this process in real time and translate it to remarkable PRRS
spectra peak shift signal. This single nanoplasmonic assay with catalytic Au NPs as the
probe brought out a new method for biomolecular sensing, which could detect ATPs as
low as 4 nM. Importantly, since no special chemical modification and sequence engineering
of the aptamer is involved in this method, this simple design holds great promise for
both in vitro and in vivo parallel detection and real-time imaging of multiple targets by
using different aptamers. According to the same principles, conformational changes in
guanine-rich DNA could be used to detect DNA-related catalytic reactions on the surface
of Au NPs via DFM [78].

Furthermore, The LSPR wavelength of Au NPs is also highly dependent on the
dielectric properties of the surrounding environment, and the resulting spectral shift
induced by charge changes can be used to sensitively detect the molecular interaction
occurring on the NP surface. By the combination of DFM imaging and PRRS spectra,
Wang and co-workers achieved the direct observation of the catalytic progress of natural
horseradish peroxidase (HRP) in situ on single Au NPs and sensitive detection of H,O; at
the same time [79]. The produced single HRP-Au NPs exhibited a good localized catalytic
response toward H,O,-Diaminobenzidine, leading to the oxidative products accumulated
around Au NPs. As the surface accumulation of the oxidative products caused a direct
change of the dielectric constant within the nanoenvironment around the Au NPs, the
biocatalysis-triggered LSPR changes of single Au NPs could be measured. Moreover, this
generic strategy has a good perspective for a broader bioanalysis situation by substituting
the HRP with another specified biocatalyst.

Core-shell Au nanostructures have been used for single-particle-based spectral shift
measurements in the biocatalysis processes because the LSPR wavelength of core-shell
structure is also sensitive to morphology changes or the surface refractive index [80]. Using
single Au NPs as real-time optical probes, Long and co-workers successfully realized the
nicotinamide adenine dinucleotide (NAD*)-dependent biocatalytic deposition of copper on
Au NPs to form Au@Cu core-shell nanostructure in the presence of alcohol dehydrogenase
(AlcDH) [81]. This work also demonstrated the ability to use DFM and scattering spectra
to monitor the NADH-dependent intracellular metabolism enzymatic pathways in HeLa
cancer cells, as well as to detect enzymatic activity at the single-particle level inside and
outside cells. Notably, functionalized NPs have been designed to resist surface fouling in a
range of biosensors. Similar to the detection of biomolecular-induced Au NPs growth, Au
core-shell structure etching strategy also contributes to changes in scattering spectra [82].

Recently, Au/Ag nanocages with unique hollowed nanostructure and bimetallic com-
position were also selected as optical probes to investigate the dynamic biocatalytic process
via dark-field imaging with time elapse. Li and co-workers chose Au/Ag nanocages as
plasmon probes for microRNA detection based on visualized scattering signal changes [83],
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as shown in Figure 9. Combined with the recognition, hybridization chain reaction, and
nucleic acid signal amplification strategy, the DNAzyme-catalyzed etching of the Ag compo-
nent of individual Au/Ag nanocages was induced by reactive oxygen species (ROS), which
was produced by the decomposition of H,O, with the catalysis of hemin/G-quadruplex.
Since Au/Ag nanocage probes showed great distinguishable and stable optical signals
in the DN Azyme-catalyzed etching process, the proposed dark-field scattering biosens-
ing was convenient for visualizing scattering signal changes and accurately judging the
end-point during real-time monitoring, especially for ultrasensitive detection at the single-
particle level.
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Figure 9. (A) DFM sensing principle induced by target recognition and assisted by CHA-HCR
amplification. (B) DFM images monitored over time while the pretreated concentration of microRNA-
21 was 20 fM. The yellow arrows and cycles mark the points of interest. (C) DFM images of two
individual plasmonic probes functionalized with hemin/G-quadruplex in DFM detection buffer. The
#1 and #2 yellow arrows mark the points of interest. Reprinted with permission from [83]. Copyright
2021 Elsevier.

4. Perspective and Outlook

Followed by a basic introduction to DFM and DFM-coupled technologies, the applica-
tions of DFM in single-particle measurements of catalysis are highlighted in this review.
The past decade has witnessed the rapid development of DFM in the field of a series
of heterogeneous catalytic reactions, such as redox reactions, electrocatalytic reactions,
DNAzyme catalysis, etc. As simpler is better, the high sensitivity, low background, as well
as low-cost instrumentation make this technology a good choice in single-particle catalysis.
It is elucidated that the scattering spectra of individual NPs during catalytic reactions
vary with the structure of single NPs and the environmental permittivity. Benefiting from
this superiority, DFM can be used to measure the catalytic reaction process in real time
and reveal the catalytic mechanism at the single-particle level. Moreover, DFM is of great
significance for the screening of highly active and selective catalysts by determining the
relationship between structure and catalytic activity at the single-particle level.

Although many exciting results have been demonstrated, further efforts remain to be
developed to improve the performance of dark-field imaging techniques in single-particle
studies. Combinations with other technologies and the integration of multiple optical
techniques are required to achieve comprehensive measurements in single-particle cataly-
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sis [19]. For example, the combination of DFM and fluorescence spectroscopy can achieve
dual-channel sensing detection based on light scattering and fluorescence signals from
nanoprobes. In addition, DFM cannot realize the automatic analysis of the target at present,
so it is necessary to develop intelligent data analysis methods to realize powerful informa-
tion extraction and rapid readout. It is believed that deep learning can be widely applied
to the scatterometry study and imaging analysis in chemistry [84]. With the development
of DFM in practical applications, the miniaturization and portability of instruments will
become the trend. Some portable DFM devices have been explored to achieve quick on-site
testing in actual samples, such as dark-field smartphone microscopy [85] and lab-on-chip
dark-field imaging devices using novel substrates [86].

Furthermore, more efforts have to be made to broaden the application range of DFM in
single-particle catalysis including high-performance emerging technologies and materials.
Traditional plasmonic nanomaterials have excellent optical properties but can only be
used under specific conditions, which greatly limits the application of DFM in a variety
of catalytic reactions. To overcome this limitation, some alternatives to conventional plas-
monic nanomaterials are needed, including non-metallic NPs that exhibit strong Rayleigh
scattering, as well as functional plasmonic nanomaterials such as aluminum plasmon-
ics [87], plasmonic molecules [88], plasmonic metasurfaces and arrays [89], and plasmonic
chirality [90]. Recently, individual nanobubbles have been used as probes for various cat-
alytic fields by scattering imaging analysis [91]. In addition, the use of DNA self-assembly
technology in the synthesis of PNPs can produce ultra-sensitive nanoprobes [92]. The
combinations of PNPs with non-plasmonic nanocatalysts also provide the possibility for
the detection of non-plasmonic nanocatalysts and catalytic reactions. It is expected that
DFEM would play an important role in single-particle catalysis by inspiring the development
of highly effective catalysts and novel technologies.
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