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Abstract

Plasmonic nanoparticles such as Au and Ag with localized surface plasmon resonance (LSPR) property exhibit
unique scattering and absorption features. The plasmonic scattering and absorption bands are mainly located at
visible light region which can be easily applied in visual detections. By modulating the size, shape and composition of
gold and silver colloid solutions, plenty of colorimetric methods have been designed for the detection of metal ions,
biomolecules and environmental contaminants. For many years, the LSPR-based measurements are implemented in
reagent tubes. Since 2000, the plasmon resonance scattering (PRS) light of metal nanoparticles captured by dark-field
microscopy enables the investigation at the nanoscale dimension. Mono-dispersed nanoparticles under a dark-field
microscope showed distinct scattering light spots, like colorful stars in the dark sky. The PRS light of a single
nanoparticle opens a new way for ultra-sensitive sensing which eliminates the average effects in bulk and provides
more accurate reaction information. Thus, individual nanoparticles with specific scattering colors are excellent
nanoprobes in the applications of biology, physics, and chemistry. In this review, the plasmonics based colorimetric
nanosensors are presented. Particularly, the application of in-situ PRS in the dynamically monitoring of electrocatalytic
reactions is highlighted. We firstly introduce a short history of the discovery and development of plasmonic nano-
particles from the ancient artwork to the modern characterization techniques. Some factors including morphology,
and dielectric constants that are correlated to the LSPR bands and scattering light colors are listed. Secondly, we
demonstrate the use of single plasmonic nanoparticles as visualized color-coded nanoprobes. As the morphology of
particles has strong effect on the PRS light, elegant sensors have been conceived by the etching and growth of
nanoparticles with different sizes and shapes. On the other hand, the real-time monitoring of particle structure
evolution could also reveal the mechanism of the material fabrication at the nanoscale. In addition, core-satellite
nanostructures with various linkers are proposed as ultra-sensitive sensors according to the inter-particle coupling
effect. Subsequently, we summarize several advanced techniques for nanoscale signal extraction and amplifications.
For instance, to expand the application of colorimetric nanosensors, converting the colors into RGB values could
clearly distinguish the subtle color changes. Combining with high-throughput signal processing method, thousands of
nanoparticles can be rapidly analyzed, which can greatly enhance the measurement efficiency. Except the PRS color,
the PRS intensity could also provide abundant information and is easier to be captured. A facile method by converting
the PRS intensity of single nanoparticles into visible colors is presented, which is mighty suitable for the in-situ
monitoring of fast electrochemical process with high time resolution.
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1. Introduction knows that it is impossible. However, if we move
the view from the extensive universal to the micro

When you watch the sky at night, have you  world, everything will become possible. Coinage
thought about what if the stars have colors? It  metal nanoparticles such as Au, Ag, and Cu have
would be such a fantastic scene, but everyone unique LSPR feature which will generate strong
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scattering light under incident light excitation
[1-3]. Employing dark-field microscopy (DFM),
the plasmon resonance scattering (PRS) spots of
mono-dispersed plasmonic nanoparticles with
specific colors will be captured, just like the
colorful stars shining in the dark background [4,5].
DFM achieves the observation of a single particle
at nanoscale dimension which overcomes the op-
tical diffraction limitations. Taking advantages of
the PRS spectroscopy of nanoparticles including
high spatial resolution, high intensity, non-blink-
ing and bleaching, plentiful label-free and non-
invasive sensors have been developed [6—9].
Notably, combining DFM with electrochemistry,
the nanoscale electrochemical reactions could be
in-situ characterized [10—12].

Recently, several reviews have presented the
fundamentals and applications of PRS of single
nanoparticles [13—16]. However, most of the re-
views focused on the scattering spectral wavelength
and intensity dependent outputs. It is important to
note that the visual color-coded measurements are
also promising methods for sensing, such as in-situ
fast and on-site detections [17—19]. For instance,
gold and silver nanoparticles have been widely
applied in the fields of environments, life science
and food safety including the colorimetric de-
tections of metal ions, biomolecules, pesticide res-
idues and banned additives [20—22]. Therefore, in
this minireview, we highlight the direct colori-
metric sensing of single plasmonic nanoparticles
based on DFM, especially in the fields of electro-
chemical and electrocatalysis. Remarkable nanop-
robes, constructed by modulating the morphology
and composition of particles, and inter-particle
coupling, are demonstrated. Some advanced signal
amplification and conversion methods for
improving detection efficiency are discussed.

2. Background of PRS and dark-field
microscopy

For metal nanoparticles whose diameters (d) are
far smaller than the wavelength of the incident
light (1), the abundant surface electrons in metals
will oscillate with the external light as shown in
Fig. 1A [23,24]. When the oscillation frequency of
surface electrons and incident photonics are over-
lapped, LSPR will occur inducing an enhanced
particle-light interaction. LSPR phenomenon of
metal nanoparticles leads to strong extinction
including absorption and scattering of light [25].
The extinction property of gold nanoparticles
(GNPs) has been discovered and applied 1600
years ago. The “Lycurgus Cup” from ancient Rome
containing GNPs can change the color at different
light irradiation directions: red color with light

from the rear (absorption) and green color with
light from the front (scattering) as illustrated in
Fig. 1B. Following the rapidly developed modern
science, the LSPR effect has been widely applied in
the fields of pharmacy, life science, and electro-
catalysis [26].

From 2000, the advent of dark-field microscopy
(DFM) enabled the observation of the scattering
light of a single plasmonic nanoparticle, which
dramatically promoted the application of LSPR
from tubes to nanoscale dimension, even down to
single molecular level [27,28]. The PRS light is a
kind of Rayleigh scattering without energy loss,
thus the scattering wavelength is the same as the
incident light, which cannot be separated by the
optical filter. DFM employs side illumination
method that the incident light irradiates on the
samples with an angle after passing through a
dark-field condenser (Fig. 1C) [23]. With a trans-
parent substrate, the excitation light will transfer
along with the incident direction. The generated
isotropous PRS light could be collected by the
objective lens and captured by a color camera to
give dark-field images (colorful stars) or through a
spectrometer and highly sensitive charge-coupled
device (CCD) to give scattering spectra (Fig. 1C).
Particularly, the PRS cross section o, is sensitive
to the size, shape, composition, and environ-
mental refractive index of the particles as depicted
in Eq. (1-3) [1,6,29]. Particles with larger size and
shape factor will lead to spectral redshifts. For
instance, gold nanospheres usually show green
scattering light at a spectral range of 540 to
580 nm; while gold nanorods always exhibit a red
color located from 600 to 800 nm [12,30]. On the
other hand, the plasmon resonance bands of silver
and gold nanospheres exhibit blue and green
colors, respectively [31]. Therefore, color-coded
single nanoparticle probes have been constructed
by tuning the PRS bands with ultra-high sensi-
tivity and spatial resolution [32]. Moreover, this
visualized colorimetric detection is measured only
by the DFM cameras without the expensive
spectrometer and CCD setup, which is time-saver
and low-cost.

8’
Gsm:ﬁaz (1)
&— &
=3V 2
«=3 e+ 2¢, )
\%
o= 32 (3)

(L + E"’yﬂ) + Aepx? + Be? x* — i4”2§"’ v

£—¢ 2

Eq. (2) represents the ideal nanospheres,
while Eq. (3) represents prolate spheroids. Here, «
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Fig. 1. (A) Interaction between incident electric field and surface electron cloud of metal nanoparticles. (B) Scheme of the “Lycurgus Cup” excited
from different directions. (C) Typical dark-field microscopy and spectroscopy setup. Reproduced with permission from Ref. [23], copyright 2012

Royal Society of Chemistry.

is the polarizability, V is the volume of the particle,
¢ is the dielectric constant of the particle, ¢,, is the
dielectric constant of the surroundings, L is the
shape factor, and y is the size parameter, A and B
are functions of L in longitude and transverse
directions, respectively.

3. Color-coded sensors

3.1. Size and composition dependent sensors

The specific plasmon resonance scattering colors
enable the characterization of the morphology and
composition changes of a single nanoparticle, which
is critical for the precise fabrication of nano-
materials. For instance, the electrodeposition and
dissolution processes of single Ag, Au and Cu
nanoparticles were monitored by PRS color
changes, that the scattering light always red shifts
during the enlargement of nanoparticles [33—38].

As shown in Fig. 2, a SP1 nanopore array was used
as the template, thus, the electron could only be
transferred through the nanopore while the nearby
membrane is non-conductive. This work offers an
approach for the monitoring of the nano-confined
reactions in a single nanopore. Moreover, the aging
of copper nanoparticles was recognized by the
scattering color fading [39]. The freshly electro-
deposited Cu nanoparticles showed a noticeable
redshift from green to red as the size increased.
When the potential was off, the red color slowly
dimed due to the oxidation of Cu nanoparticles to
CuO,. On the other hand, the formation of core-
shell nanostructures will cause more interesting
PRS changes resulting from both the morphology
and composition alternations. A 5 nm Ag film
deposited on gold nanostars induced that the PRS
spectra red shifted ca. 100 nm and the scattering
light changed from near-infrared range to visible
red color [40]. Utilizing the featured plasmon
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Fig. 2. Electrodeposition in the SP1 generated nanochannels, and Ag, Au, and Cu NPs deposited on the SP1-HBM/ITO template using a
developing solution of AgCIO,, HAuCl,, and CuSO, with the standard deposition potentials of 0.05, 0.05, and 0.6 V vs. Ag/AgClI, respectively. (A)
Structure of SP1. (B) The images of typical color changes of a single Ag NP changing from blue to red, as the electrodeposition time is increased,
indicating the in-situ and real-time monitoring of the growth process of single NPs. (C) SP1-HBM/ITO template. Reproduced with permission

from Ref. [34], copyright 2012 Wiley.

resonance of Au and Ag nanoparticles, PRS-tunable
Au-Ag alloyed nanoislands were fabricated. The
nanoalloy consisted of color filter mosaic could be
easily controlled in the visible range through
different Au-Ag ratios, which is a promising imag-
ing material in the future displays [41].

Except metals, the surface decoration by non-
metal elements and materials were investigated to
expand the applications of plasmonic particles. The
in-situ growth of electrodeposited single Au@Hg
nanoalloys was monitored by the visual color
changes and spectral shifts [42,43]. During the
adsorption and diffusion of Hg atoms into Au
nanoparticles, the PRS spectra of Au@Hg nano-
alloys exhibited a blueshift with a subsequent red
shift. The real-time scattering light changes indi-
cated the interaction between Au and Hg during
the Au amalgamation process and the nanoalloys
could be on-site controlled by modulating the
growth time and applied potentials. Metal@-
semiconductor core-shell structures were devel-
oped through electrochemical depositions of ZnS,
CdSe and CdS on the gold nanoparticle surface
[44]. The spectral redshift and color changes
showed the dynamic deposition process, and
realized the tailor of geometry and resonance
bands of nanoalloys, which could be functioned as
specific photocatalysts.

Benefitting from the PRS sensitivity to the
nanostructures, a series of visual nanosensors have

been constructed with ultra-high sensitivity and
selectivity. Utilizing the catalytic ability of GNPs,
an elegant adenosine triphosphate (ATP) sensor
was developed [45]. In the presences of HAuCl,
and glucose, small gold nanoparticles will grow
into larger particles, leading to the change of PRS
color from green to red. However, when the GNPs
were modified with aptamer, the catalytic property
of GNPs would be inhibited. With the treatment of
ATP, the aptamer was removed from the gold
surface and re-activated the GNPs growth to red
color. This method achieved the detection of ATP
as low as nmol-L ™! with high selectivity. Similarly,
the etching process of plasmonic nanoprobes have
been applied in the detection of pyrophosphate,
permanganate and pesticides according to the PRS
color changes [46—48]. The metabolism of HeLa
cells has been monitored in vitro according to the
reduced nicotinamide adenine dinucleotide
(NADH) mediated deposition of Cu on the GNPs
surface to form a core-shell structure as shown in
Fig. 3 [49]. The incubated GNPs in HeLa cells
exhibited green color which is changed into red/
orange color after the addition of copper ions,
indicating the presence of cellular NADH.
Furthermore, this method has been applied in the
screening of anticancer drugs of taxol which could
affect the cellular metabolism by inhibiting the
generation of NADH. This NADH mediated
reduction of copper ions has also been applied in
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Fig. 3. (A) Scheme showing the growth of GNP seeds by the NADH-catalyzed deposition of a Cu shell in a living cell. (B) Bright-field image of
HeLa cells containing GNPs with treatment by taxol (10 mmol-L™") and then incubation in 50 mmol-L™" CuCl, for 3 h. (C) DFM image of
corresponding HeLa cell in (B). (D) The detail view of HeLa cell DFM images; i-1 to i-4: corresponding scattering spectra of different GNPs in
living HeLa cell. (E) Bright-field image of HeLa cells containing GNPs without treatment by taxol and then incubation in 50 mmol-L™" CuCl, for
3 h. (F) DFM image of corresponding HeLa cell in (E). (G) The detail view of HeLa cell DFM images; I-1to I-4: corresponding scattering spectra of
different Au@Cu core-shell NPs in living HeLa cells. Reproduced with permission from Ref. [49], copyright 2011 Wiley.

the colorimetric quantitative detection of pyro-
phosphate [50].

3.2. Inter-particle coupling based sensors

When two or more plasmonic nanoparticles get
close (less than 5 nm), inter-particle coupling will
occur inducing distinct PRS spectra redshift and in-
tensity increase [51]. Ultra-sensitive sensors, even
single molecule detection can be probed by

combining nanoparticles via various linkers [52].
A molecular ruler was constructed by single-
stranded DNA linked Au-Au and Ag-Ag dimers [53].
Upon the DNA hybridization process, the PRS
spectra of particle pairs showed a blueshift that the
rough double-stranded DNA increased the inter-
particle distance and weakened the plasmon
coupling. Furthermore, hybridized and unpaired
DNA chains could be clearly recognized according to
the color changes of plasmonic nanoparticles [54]. In
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addition, the carbohydrate-protein interaction was
detected by coupling two GNPs with protein conca-
navalin A and dextran [55]. In addition to the
biomolecule interactions, a copper ions sensor was
constructed by inter-particle coupling arising from
the Cu"-catalyzed click reaction as shown in Fig. 4
[56]. Alkyne- and azide-functionalized GNPs would
be cross linked in the presences of Cu** and sodium
ascorbate, leading to the color change of GNPs from
green to red with obvious spectral redshift. The click
reaction linked GNPs enables the detection of copper
ions down to nmol-L ! with high selectivity. More-
over, the strong coupling between nanoparticles and
plasmon substrates was investigated by an in-situ
polymerization process in between the particles and
substrate [57]. This controllable plasmon coupling
offers an excellent colorimetric sensing platform for
applications in different fields.

3.3. Converted color-coded single particle detection

The DFM based colorimetric detection enables
the visualization of individual particles at nano-
scale dimensions, with high sensitivity and low
lost, without the spectrometer and gratings setup.
Nevertheless, the recognition of the colors of
plasmonics is mainly based on the naked eyes and
it is difficult to distinguish the subtle color changes
(less than 20 nm wavelength shift), which limits its
applications. To overcome this problem, many
methods have been conceived to enhance the color
recognition ability.

The color of PRS light was transformed into
corresponding readable tricolor system RGB
values to enhance the color resolution [32]. The
percentage of each RGB channel intensity was
applied to characterize the PRS spectral shift. By
this means, the interaction between GNPs and
small organic molecules was observed. In the
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presence of H,S, Ag particles will be oxidized into
AgS resulting in the distinct PRS change [58].
Using the R/G intensity ratio, a facile H,S sensor
was proposed with single Au@Ag probes. In
addition, the galvanic exchange process of Ag NPs
and Au®" was real-time monitored through a dig-
ital RGB three-channel method [59]. Based on a
pixel by pixel statistical analysis of the RGB infor-
mation, plasmonic nanoparticles were employed in
the observation of epidermal growth factor re-
ceptors (EGFR) in living cells [60]. To further
enhance the PRS signal extraction in the living
cells, a bias-modified fuzzy C-means algorithm
was applied to reduce the strong scattering back-
ground of cell itself [61]. Moreover, the conversion
from PRS color into HSI (hue (H),saturation (S) and
intensity (I)) color system was exploited in the
color-coded single particle sensing to precisely
distinguish the color changes [62,63]. Assisted by
artificial intelligence, the false positive results and
background signal will be eliminated to intensively
improve the color recognition efficiency and pre-
cision [64].

The collection of PRS spectra is generally recor-
ded by a spectrometer and a highly sensitive CCD,
which is time consumed and high cost. A facile
chrominance-coded method was developed to es-
timate the PRS spectra peak position and corre-
sponding diameter of single GNPs as shown in
Fig. 5A [65]. The captured dark-field image of
GNPs was converted into RGB values and then
transformed into spectral wavelength based on the
chromaticity diagram. Subsequently, the obtained
spectral peak wavelength was used to calculate the
diameter of the nanospheres according to the Mie
theory. Benefitting to a rapid signal recognition
program, this method enables the high-
throughput measurement of thousands of nano-
particles in the dark-field images (Fig. 5B—D).
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Fig. 4. (A) Cu™-catalyzed click reaction at the single-particle level. (B) A typical dark-field image of a modified GNP on a microscopic slide before
(D) and after (I) the additions of Cu®" and sodium ascorbate. (C) Corresponding scattering spectra of a single GNP before (I) and after (D) the click
reaction. Reproduced with permission from Ref. [56], copyright 2013 Wiley.
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Fig. 5. (A) Scheme of the conversion from PRS light color to RGB values, spectral wavelength and corresponding particle diameter. (B) Dark-field
image of mono-dispersed gold nanospheres. (C) Calculated spectral wavelength of the 1766 nanoparticles in the dark-field image in (B). (D)
Calculated diameters of the 1766 nanoparticles. Reproduced with permission from Ref. [65], copyright 2012 American Chemical Society.

Utilizing a digital CMOS camera, the time resolu-
tion of the colorimetric approach could further be
improved which has been applied in biosensors
and particle recognition [64,66].

3.4. Polarized scattering light

For the anisotropic nanoparticles such as nano-
rods, the plasmon resonance modes at different
directions could be revealed with polarized inci-
dent light. For instance, for a single nanorod with
longitudinal and transverse resonance modes,
rainbow colors from green, yellow to red were
revealed at different polarization angles [67]. A
gold nanorod based core-satellite nanoprobe was
constructed as a microRNA-21 biosensor under
polarized irradiation [68]. The transverse PRS light
of gold nanorod is green color, which will shift to
red color upon the coupling with the satellite
particles linked by microRNA-21 molecules.

Moreover, color-selective plasmonic nanoarrays
were fabricated to fine control the PRS features
with different nanostructures and periodicities
[69]. Based on the polarization-dependent PRS
light, an aluminum disk array was fabricated so
that the PRS color could be modulated by the disk
size and gap distance from blue to cyan. When the
x- and y-periods are asymmetric, it will exhibit
different colors under x-/y-polarized incident light.
A four-level security print was thus constructed by
encoding the information in the x- and y-period-
icities [70].

3.5. From true color to fake color

Combining DFM with electrochemistry is
capable of in-situ electrochemical detection at
nanoscale. For instance, the electrooxidation of
glucose, the intermolecular electron transfer and
charging process have been investigated by the
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Fig. 6. (A—E) Calculated intensity change (41/1,) of different nanoparticles in a dark-field image during CV scanning from —0.10 V to 1.00 V and
then to —0.10 V in 0.1 mol-L™" KNO; solution, at a scan rate of 10 mV-s™" vs. a Pt quasi-reference electrode. (F—]) Statistical intensity change
distributions and averaged results of every single nanoparticle in the dark-field image during CV scanning corresponding to the potential in
(A—E). Results with the increased intensity in (G—I) were not taken into consideration. (K—O) Proposed redox reaction process of gold nano-
particles during CV scanning corresponding to the potential in (A—E), anions and cations are from the electrolyte. Reproduced with permission

from Ref. [74], copyright 2016 Royal Society of Chemistry.

PRS signals [71—73]. However, most of the above
mentioned plasmonic sensors are dependent on
the true color of the PRS light of the nanoparticles,
which is related to the spectral wavelength posi-
tions. It is worthy to note that, the scattering in-
tensity also contains abundant sensing information
which has rarely used in the visualized measure-
ments. Therefore, a high-throughput method was
established to extract and recognize the scattering
intensity changes from the dark-field images [74].
To directly visualize the scattering intensity, a
signal amplification and conversion program was
applied. The PRS signals of particles were firstly
transferred into the enhanced intensity values and

then were converted into fake colors as shown in
Fig. 6. The color distribution represents the in-
tensity alternations. This method was subse-
quently applied in the in-situ monitoring of the
electrochemical process. The redox of the plas-
monic catalysts and correlated catalytic reactions
were clearly distinguished. The high-throughput
signal extraction step enables the synchronous
observation of thousands of nanoparticles. Both
the scattering light intensity distributions of each
nanoparticle and the averaged values at each po-
tential could be dynamically captured with a time
resolution of ms and a nanoscale spatial resolution.
The real-time heterogeneity of each individual
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nanoparticle was obviously revealed from the color
difference during the electrochemical reactions.
Furthermore, by combining this color-code
method with plasmon resonance energy transfer,
the electrochemical redox of polymerized dyes
were in-situ investigated with ultra-high sensi-
tivity, even down to single molecule level [75].

4. Conclusions

The unique PRS properties of plasmonic nano-
particles have been discovered and applied for
many years. Benefitting from the development of
nanotechnology, the deep understanding of the
inherent PRS fundamentals has promoted the wide
applications of plasmonics in different areas
including lift science, environment, and catalysis.
This review has summarized the color-coded
sensing of single nanoparticles using dark-field
microscopy, especially in the field of nano-electro-
chemistry. The visualized colorful PRS light of
nanoparticles was successfully modulated by
altering the size, shape and composition, as well as
the inter-particle coupling. Thus, facile sensors have
been developed with ultra-high sensitivity and
time/spatial resolution. It is worthy to note that the
development of fine controllable and color-selective
nanostructures is still challengeable. Especially, the
complex materials with multiple functions such as
magnetics, photocatalysts and electrocatalysts are
promising probes in the field of sustainable energy
resource. Furthermore, high-throughput and multi-
channel methods are urgently necessary to enhance
the measurement efficiency which is critical for in-
situ and operando detections.
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