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ABSTRACT: Noble metal nanoparticle-based colorimetric sensors have become
powerful tools for the detection of different targets with convenient readout. Among
the many types of nanomaterials, noble metal nanoparticles exhibit extraordinary optical u—-u ” ~”
responses mainly due to their excellent localized surface plasmon resonance (LSPR)
properties. The absorption spectrum of the noble metal nanoparticles was mostly in the A e =

isible range. This property enables the visual detection of various analytes with the naked o0, Ums %0 _' 0
RSl 8 property yt :
eye. Among numerous color change modes, the way that different concentrations of
targets represent vivid color changes has been brought to the forefront because the color U %l] [' Y ’VSF!HD}%@Q ‘)“0 bo
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distinction capability of normal human eyes is usually better than the intensity change \
capability. We review the state of the art in noble metal nanoparticle-based multicolor @ . &
colorimetric strategies adopted for visual quantification by the naked eye. These Oo—=: “

multicolor strategies based on different means of morphology transformation are classified

into two categories, namely, the etching of nanoparticles and the growth of nanoparticles.

We highlight recent progress on the different means by which biocatalytic reactions

mediated LSPR modulation signal generation and their applications in the construction of multicolor immunoassays. We also
discuss the current challenges associated with multicolor colorimetric sensors during actual sample detection and propose the
future development of next-generation multicolor qualification strategies.

KEYWORDS: multicolor immunoassays, localized surface plasmon resonance, colorimetric sensor, noble metal nanoparticles,
biosensor, etching, growth

ith the merits of cost-effectiveness, simplicity of environment, and distance of the colloidal nanoparticles or
detection, and direct readout, colorimetric methods other nanostructures.'' Therefore, the LSPR-based plasmonic
are widely used as a robust tool for detection of a variety of colorimetric sensors have been applied to construct colori-
analytes.l_3 Conventional colorimetric methods are mainly metric sensing platforms for various targets, including
based on the interaction between organic dye probes and biomarkers, bacteria, organic contaminants, DNA, and small
targets.4’5 The transformation of chromogenic substance with molecules.!2~!7
the color change from colorless to a vivid color display can be Over the past decades, noble metal nanoparticles have been

observed with the naked eye or qualified by a simple UV—vis
spectrum.”” However, most of the traditional dye-based
colorimetric assays are normally low sensitivity and limited
by available analytes because most of the organic dyes exhibit
low extinction coefficients.

In comparison, noble metal nanoparticles exhibit much
higher extinction coeflicients, especially gold and silver
nanomaterials, 1000 times higher than that of organic dyes
in the visible region, resulting in a nanomolar level (even lower
range) sensitivity with a tunable dynamic range.”” These
excellent optical properties are due to their unique localized
surface plasmon resonance (LSPR), which is caused by free

widely used for the fabrication of diverse colorimetric sensors.
As shown in Figure 1, these sensing strategies can be divided
into two categories: (a) monochrome change, such as mimic
enzyme catalysis and aggregation of nanoparticles;'*~*° and
(b) multicolor change, such as etching and growth of
nanoparticles.”””> The monochrome colorimetric sensing
platforms based on the aggregation mechanism mostly
employed noble metal nanoparticles as the sensing unit, such
as gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs).”*~* Typically, the color generation is caused by a

electron oscillation on the metal surface under light Received: March 3, 2019
stimulation.'’ The intensity and frequency of the LSPR band Accepted: March 21, 2019
are highly confined to the size, shape, composition, dielectric Published: March 21, 2019
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Figure 1. Scheme of noble metal nanoparticle based colorimetric
strategies.

strong plasmon coupling between the nearby particles. The
morphology, size, or distance variation of these nanoparticles
leads to the plasmon band shift and an obvious color
change.’>’' The conventional LSPR-based plasmonic colori-
metric platform usually exhibits high sensitivity and simple
design, thereby enabling the ultrasensitive detection of target
molecules. Although the conventional colorimetric platforms
own relatively high sensitivity and versatility, the aggregation
model of this colorimetric platform still faces several problems.
First, external environment variation, such as temperature, pH,
salt, and charged molecules, may also cause the nanoparticle
aggregation.”” This nonresponse aggregation would lead to
false positive/negative results. Second, tedious modification of
recognized molecules on the nanoparticles required sophisti-
cated personnel and time-consuming preparation. Third, the
intensity or limited kinds of color change of the solution are
unsuitable for determination by the naked eye, since human
eyes are sensitive to the kinds of color change compared to the
intensity variation, resulting in difficulty of colorimetric
qualification with the naked eye.

Over the past few decades, the plasmonic sensor with
multicolor change has become a newly developing research
field. The main factor for successful polychromatic change is
that in which the LSPR variation of nanoparticles covers most
of the visible absorption spectrum. The LSPR is sensitive to
the variation of size, shape, and dielectric environment of the
nanoparticles, and thereby the etching or growth of nano-
particles leading to the change of plasmon band. The
multicolor plasmonic sensors show significant optical property
improvement toward monochromic biosensors, such as the
following: (1) most of these nanoparticles constructed for
multicolor sensing were stable in the complex matrix; (2) the
color change of the multicolor platform was more abundant
than that of the conventional single color change; (3) the
majority of multicolor biosensors were conducted directly with
any complicated modification. Therefore, growing research
attention was focused on the construction of multicolor
sensors for different analytes.
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Although numerous excellent plasmonic colorimetric plat-
forms have been extensively reviewed, most of them are
focused on the aggregation modules, while the multicolor
colorimetric platforms have rarely been reported.”® Anisotropic
nanoparticles have become a potential chromogenic substrate
in multicolor sensing platforms due to their extraordinary
optical property. For example, gold nanorods (AuNRs) possess
two different plasmonic bands: one is the transverse mode
band and the other corresponds to the longitudinal mode
band.’*** The aspect ratio (length/width) is extremely
sensitive to the size or morphology change.’® The longitudinal
band will shift with the variation of aspect ratio, causing a
series of vivid color change as colorful as a rainbow.>” Herein,
we exclusively review the progress of multicolor immunoassays
based on noblemetal nanoparticles and address their challenges
and future directions in the construction of colorimetric
Sensors.

B GENERAL MECHANISMS AND DIFFERENT
STRATEGIES FOR MULTICOLOR IMMUNOASSAYS

A variety of colors have significantly improved the accuracy of
colorimetric detection with the naked eye. To ensure that this
colorimetric strategy can be easily carried out, a colorimetric
standard card corresponding to the standard concentration of
target must be constructed. Typically, the multicolor standard
card was similar to pH test strips, whereas the concentration of
H" can be quickly read out by the color distinction. Therefore,
a suitable multicolor substrate must be selected which is
essential for vivid color display. Second, the relationship
between target concentration and color change should be
constructed. Specifically, different concentrations of standard
solutions were tested, and the color display according to a
certain concentration of target was recorded. Typically, the
procedure for visual quantification of an unknown concen-
tration of sample was as follows: (1) compare the color of
unknown sample according to the established multicolor
standard card; (2) select a proper standard reference with
nearly the same color change; (3) in case the color of the
sample was in between the colors of two neighboring standard
solutions, the average concentration of these two standard
solutions was designated as the sample concentration.”®

Noble Metal Nanoparticle-Etching-Based Multicolor
Immunoassays. The enzyme is a natural catalyst which can
extensively improve the capability for substance decomposi-
tion, leading to significant signal amplification. Meanwhile, the
robust strategies of enzyme-labeling on the antibody or DNA
can dramatically improve the possibility for sensitive detection
of DNA, RNA, protein, and small molecules.**™* In
conventional ELISA assays, horseradish peroxide (HRP) is
an important heme-containing enzyme which can biocatalyze
the oxidation of enzyme-specific chromogenic substrates (e.g.,
3,3',5,5 -tetramethylbenzidine (TMB) and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS)) from colorless
into colored products, and the intensity signal of the solution
can be analyzed by a microplate reader or the naked eye.**~**
Although the conventional antibody—antigen immunoassays
have been successfully transferred into colorimetric readout,
the monochromic color changes have drastically curtailed the
sensitivity and selectivity of visual detection with the naked
eye.*”" Therefore, a vast amount of color change caused by
the different concentrations of analytes is of paramount
importance and can obviously improve the accuracy of
detection.
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Figure 2. (A) Schematic illustration of multicolor immunosensor for visualization detection based on TMB** mediated etching of AuNRs. (B) UV
spectra of the solution after the reaction between AuNRs with different concentrations of TMB?* (a-d). (C) Corresponding TEM images, statistical
analysis, and solution color of the AuNRs after reaction with TMB?* (a-f). (D) Colorimetric plasmonic ELISA detection of CEA (a) and PSA (b);
the comparison of quantification results of CEA (c) and PSA (d) in the serum samples with different strategies. Reprinted with permission from ref

53. Copyright 2017 Elsevier.

TMB is a commonly used commercialized substrate for
colorimetric assays.”’ Typically, the colorless TMB was
oxidized into blue color (TMB") under the catalysis of HRP,
and changed further into yellow (TMB') in the acidic
environment. Thus, analyte concentration can be measured by
the absorbance of the colored solution.” Interestingly, the
protonated TMB (TMB?*) was found to be capable of etching
AuNRs. We assume that the redox reaction can take place
between AuNRs and TMB>" because the standard electrode
potential (E®) of TMB**/TMB (0.741 V vs NHE) is higher
than that of AuBr* —(CTA)**/Au in the presence of CTAB.
For example, our group demonstrated that TMB>* exhibits
remarkable oxidative ability, and can act as an effective
oxidation reagent to react with AuNRs at a certain
stoichiometric ratio. The length of AuNRs was quantitatively
etched and the solution color displays vast vivid changes (from
brown to red as colorful as a rainbow) (Figure 2).”’ The
detection procedure was carried out on an antibody—antigen
sandwich structure. This multicolor display was conducted on
the conventional HRP—TMB/H,0, colorimetric system
directly without any complex steps. The dominant factor of
the solution color change is due to the fast etching of AuNRs
(~90 s) without any colorimetric interference, thus allowing
the rapid colorimetric detection of target molecules. The
degree of blue-shift of AuNRs’ longitudinal LSPR peak was
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linear to the increasing amount of target molecules added.
Meanwhile, the numerous resulting color changes can easily be
observed with the naked eye, thus allowing the semi-
quantitative detection by visualization. This platform has
been successfully applied for the detection of carcinoem-
bryonic antigen (CEA) in human serum with a visual detection
limit as low as 2.5 ng/mL. Furthermore, this strategy also
applied to the prostate-specific antigen (PSA) detection with
satisfactory results.

Because TMB/H,O0, is a versatile chromogenic substrate in
the immunoassay system, our group also developed a
multicolor glucose sensor for the rapid detection of glucose
molecules in human urine samples with satisfactory results
(Figure 3).>* Herein, glucose oxidase (GOx) catalytically
decomposed substrates (glucose and dissolved oxygen) into
gluconic acid and H,0,. The resulting H,0, molecules can
also react with TMB by the catalysis of HRP, resulting in a
wonderful colorful change when the AuNRs were added.
Combined with this dual-enzyme catalysis system, the colorless
glucose solution has sufficiently transferred into the multicolor
display.

Furthermore, our group has also combined the TMB**
mediated AuNRs etching strategy with enzyme inhibition of
H,S; the concentration of H,S in the rat brain has been
sufficiently detected coupled with microdialysate (Figure 4).>°
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Figure 3. (A) Schematic illustration of multicolor colorimetric sensor
for glucose detection. (B) UV—vis spectra of the AuNRs change (a);
and the LSPR shift upon the addition of a different amount of glucose
(b); visual inspection of glucose using the proposed plasmonic sensor
(c). Reprinted with permission from ref 54. Copyright 2016 The
Nature Publishing Group.
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Figure 4. (A) Scheme illustration of multicolor colorimetric sensing
platform for the detection of H,S in the rat brain. The HRP was
deactivated by H,S, which then affects the etching degree of AuNRs
with different amounts of TMB**, which results in vivid color change.
(B) UV-—vis spectra change (a); LSPR shift (b); and the
corresponding color change of the solution as a function of H,S
(¢). Reprinted with permission from ref SS. Copyright 2018 American
Chemical Society.
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It is of great significance to detect H,S in the brain because the
concentration of H,S is a vital indicator of nerve disease,
diabetes, and liver cirrhosis. It was found that H,S can destroy
the catalytic capability of HRP, and thus affected the amount
of TMB?* generated. Therefore, the relationship between the
concentration of H,S and solution color change was
established according to the previously reported TMB?*
mediated oxidation of AuNRs. The concentration of H,S can
be successfully detected with the color change of the solution.
This multicolor H,S sensor has the advantages of simplicity,
cost-effectiveness, and direct qualification without the
assistance of any sophisticated types of equipment.

Specifically, previous studies have shown that hydrogen
peroxide can effectively etching AuNRs at room temperature.
However, the reaction rate is extremely low and requires a high
concentration of H,0,.°® In contrast, as for the Fenton’s
reaction which disproportionately breaks down H,O, with the
Fe’* catalyst to produce hydroxyl radical (eOH), much
stronger oxidation capability is shown over that of H,0,.”
Therefore, based on this mechanism, H,0,—Fe*" mediated
etching of AuNRs was combined for the construction of a
robust plasmonic colorimetric platform (Figure 5).*® The
concentration of H,0, could be quantitatively controlled by
the catalysis of catalase, thus regulating the etching degree of
AuNRs at the same time. In this strategy, catalase serves as a
powerful enzyme marker labeled with the detection antibody
or DNA. The specific amount of H,0, was quantitatively
regulated by the as-formed enzyme tagged structure. Thus,
upon the introduction of wanted targets, the aspect ratio of the
AuNRs was dramatically decreased, accompanied by the
extinction spectrum change, thereby inducing a vivid multi-
color change of the solution. Therefore, this high-performance
analytical strategy has formed the basis of visualization
detection of DNA, RNA, proteins, and small molecules with
a color change.

To measure the fish freshness, the concentration of
hypoxanthine (Hx) is chosen as a fatal index during the
detection.”® Therefore, there is a great demand to develop a
powerful, rapid, simple detection procedure of Hx. Due to the
catalysis property of xanthine oxidase (XOD), H,0, was
generated quantitatively by the decomposition of Hx in the
presence of dissolved 0,.°”7°' In this respect, XOD was
utilized in enzyme-mediated AuNRs oxidation to evaluate the
fish freshness with color distinction by the naked eye (Figure
6).%” In this assay, the generated H,0,, which was produced by
the catalytic decomposition of Hx, can transform to € OH with
more effective oxidation capability upon the addition of Fe*".
By virtue of its portability and easy visualization, the multicolor
naked-eye fish freshness assessment has been successfully
constructed and shown great potential application for in-field
evaluation.

AuNanobipyramid@Ag Nanorods (AuNBP@Ag) show an
extraordinary optical property similar to AuNRs. The
extinction spectra of AuNBP@Ag can be modulated over the
entire visible absorption spectrum, confirming the construction
of multicolor immunosensors (Figure 7).°* This detection is
combined with the conventional sandwich immunoassay
system whereas catalase was labeled on the detection antibody.
The AuNBP@Ag was etched by the oxidation of e OH with the
presence of target molecules. Compared to the conventional
one-direction shifts of LSPR peak, AuNBP@Ag Nanorods
exhibit the unusual peak movement. Specifically, the
longitudinal LSPR peak of the solution blue-shifted first, and
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then red-shifted, and then blue-shifted again. The resulting
color of the solution shows similar interesting variations which
are also related to different concentrations of squamous cell
carcinoma antigen (SCCA). To improve the accuracy and
sensitivity of the AuNBP@Ag-etching based colorimetric
platform, the spectrum intensity and the peak position change
of the AuNBP@Ag were combined for quantification. The
colorimetric results showed a linear correlation in the
concentration of SCCA from 2.5 to 105 ng/mL with a limit
of detection of 0.85 ng/mL.

Ag nanoprisms also exhibit excellent optical properties,
which were suitable for multicolor sensing. A convenient and
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sensitive colorimetric method using a homogeneous system
(unmodified Ag nanoprisms and GOx contained) for the
effective detection of glucose in serum was conducted.”* The
Ag triangular nanoprisms can be etched from triangular to
round by H,0, due to the enzymatic catalysis of glucose. Thus,
the blue shift in LSPR can be observed with a color change
from blue to mauve, which enables the visual and quantified
detection of glucose. The detection limit was 2.0 X 107" M
with a detection range from 2.0 X 1077 to 1.0 X 107* M.
Another application of Ag nanoprisms was the visual detection
for DNA.®> On the basis of inherent sensitivity of plasmonic
Ag nanoprisms, the enzyme-mediated etching of silver
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Figure 7. (A) Schematic illustration of multicolor colorimetric

platform for the visualization detection of SCCA. Catalase labeled
secondary antibody formed the sandwich structure and subsequently
catalyzed the hydrolyzation of H,0,. The addition of Fe®* catalyzes
the remained H,0, to generate ®OH, consequently etching AuUNBP@
Ag to allow the colorimetric detection of SCCA. (B) Characterization
of AuUNBP@Ag reacts with different amount of H,0,. (C) UV—vis
spectrum (a) and color imaging (b) results of the multicolor sensor
for the detection of SCCA. Reprinted with permission from ref 63.
Copyright 2018 Elsevier.

nanoprisms was applied for DNA deposition. In the presence
of DNA, the silver nanoprisms were selectively oxidized by
enzyme catalysis generated H,O,. The concentration of DNA
can be detected by the color change with the naked eye or
quantitatively with UV—vis equipment. Besides, silver nano-
particles or clusters w1th a specific shape show great potential
for multicolor sensing.°® The results demonstrated that a wide
range of colors, sizes, and shapes can be selectively tuned by
fine control of the reagent’s molar concentrations.
Etching-based multicolor sensors can also be applied in the
point-of-care-test (POCT) diagnosis. A multiplexed lateral
flow POCT sensor was conducted for the detection of febrile
illnesses based on the optical properties of Ag nanoparticles.’”
Different sizes of Ag nanoparticles were combined with three
monoclonal antibodies through electrostatic adsorption
mainly, which was favor to distinguish among different
pathogens. Based on the merit of the multicolor change, the
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concentration of different biomarkers can be distinguished by
the color of the test lines at the same time.

Nanoparticle Growth Based Multicolor Assays. As
mentioned previously, the heteroepitaxial growth of nano-
particles leads to the form of a core—shell nanostructure.
Variation of the size, shape, or composition in as-formed
nanoparticles results in the LSPR spectral position change as
well as solution color variation. Therefore, this mechanism
paves a new avenue for the construction of plasmonic
multicolor colorimetric sensors. In the conventional seed-
mediated synthesis of AuNRs protocols, ascorbic acid (AA) is
of vital importance because it not only acts as a reducing agent
but also influences the morphology of materials. Alkaline
phosphatase (ALP), a common commercially used enzyme in
molecular diagnosis, was found to have the capability for
catalytic hydrolysis of ascorbic acid 2-phosphate (AA-P) to
generated AA.°*%° Thus, ALP-mediated growth or etching of
nanoparticles can be integrated with multicolor colorimetric
platforms for the detection of various targets. Tang’s group
developed a multicolor colorimetric protocol for monitoring
the activity of ALP based on the formation of gold/silver core/
shell nanorod.” In this assay, the LSPR absorption of AuNRs
was precisely tuned by enzyme-mediated deposition of silver
nanoshell on the surface of gold AuNRs. Upon the addition of
enzyme, the AA-P was hydrolyzed to generated the reductive
ascorbic acid, which leads to the reduced silver coating on the
AuNRs. Therefore, high-resolution color change due to the
size variation of nanoparticles can effectively ensure visual
detection by the naked eye. This proposed biosensor was much
cheaper than the conventional colorimetric strategy, and the
as-formed Au@Ag nanoshell can remain stable for a long time.
Later on, Chen and co-workers reported a multicolor
colorimetric platform of Escherichia coli detection in low-
resource settings.”' In this assay, the bacterial cells could be
infected with T7 bacteriophages (phages), resulting in the
release of f-gal for enzyme-induced colorimetric detection. In
the presence of f-gal, p-aminophenol (PAP) was produced
with the catalysis of the substrate p-aminophenyl A-p-
galactopyranoside. Thereby, the enzyme-induced metallization
led to the LSPR shifts and multicolor changes from light green
to orange-red. In comparison to the conventional antibody-
based platform, one of the most significant advantages is that
the phage-based system not only shows excellent selectivity but
also acts as a signal amplification strategy. This is advantageous
compared to an antibody-based platform because of their
specificity for target bacterial cells, their ability to distinguish
between live and dead cells, and their low cost. Similarly, Gao’s
group demonstrated a highly efficient signal amplification assay
for the sensitive detection of PSA with the naked eye.”” On the
basis of enzyme-catalyzed growth of the core/shell nanostruc-
ture, the silver shells were deposited on the AuNRs by the
reduction of p-aminophenol, or dephosphorylation of p-
aminophenol phosphate due to the catalysis of ALP.
Consequently, in the presence of PSA, the LSPR plasmon
band blue-shifted accompanied by a series of color changes.
This assay was successfully applied for visualizing the detection
of the PSA concentration with the naked eye, which was 10*
fold higher than the conventional colorimetric ELISA assay.

As another example, our group revealed that AA-controlled
in situ growth of gold nanoparticles was suitable for the
multicolor ELISA platform construction.”® The labeled ALP
efficiently triggered the removal of the phosphate group from
AA-P to produce AA, thus providing a basic reducing reagent
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for in situ growth of AuNRs. The as-generated different
amounts of ascorbic acid added to the starting solution result
in the formation of AuNRs with narrow size distributions and
different aspect ratios. As a result, the ALP-mediated in situ
growth of AuNRs displayed rich color change in response to
the concentration of target molecule variation (Figure 8A). By
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Figure 8. (A) Scheme of ALP-mediated in situ growth of AuNRs
colorimetric biosensor. Reprinted with permission from ref 73.
Copyright 2016 Royal Society of Chemistry. (B) Scheme of growth of
AuNBPs based on the catalysis of ALP. (C) TEM (a-c) and color
images (d) of AuNBPs in the presence of different concentration of
HSNI1. Reprinted with permission from ref 74. Copyright 2016
American Chemical Society.

virtue of this strategy, the proposed plasmonic multicolor
sensors ensure detection of ultralow concentration of PSA by
the naked eye with a detection limit as low as 1 X 107*° g/mL.
The linear dynamic range was from 107 to 200 pg/mlL,
indicating their potential applicability for the identification of
ultralow concentration of disease biomarkers in a wide linear
range with the naked eye.

It is reported that AuNBPs shows narrow plasmonic line
widths with good stability. The deposition of the silver
monomer on the surface of AuNBPs leads to the LSPR peak
shift and multicolor change of the detection solution.”* The 4-
aminophenol, which was generated during the catalyzed
dephosphorylation of p-aminophenol phosphate by ALP, can
reduce the silver ions to generated a silver shell on the surface
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of AuNBPs. Upon the addition of target molecules, the
longitudinal LSPR band of as-formed AuNBP@Ag starts to
blue-shift, accompanied with vivid color variation. Notably, this
technique is successfully applied to detect HSN1 virus with
satisfactory results (Figure 8D). The LOD was as low as 1 pg/
mL with a wide linear range from 0.001 to 2.5 ng/mL for the
detection of HSN1 virus antigen. This growth of AuNBP
platform shows much better sensitivity compared to the other
nanoparticle growth strategies.

In addition, gold nanocages can also used for the
construction of multicolor biosensor by the formation of
gold/silver core/shell structure.”> For example, Wang’s group
utilized 6gold nanocages for the sensitive colorimetric detection
of AA.”® Specifically, in the presence of AA, silver shells from
the reduction of Ag" ions were grown on the surface of gold
nanocages. Thereby, the Au@Ag nanocages was formed
instead of self-nucleation. Because both the morphology and
the component were transformed due to the silver deposition,
the LSPR of as-formed Au@Ag nanocages shifts to a shorter
wavelength with a perceptible color change. Here, the
concentration of AA in the range from 0.05 to 7.5 uM was
detected and the quantitative test results can be directly read
out by the naked eye. In another example from Gao et al,, they
designed a plasmonic colorimetric strategy based on the
enzyme guided silver deposition on gold nanostars (AuNS).”’
In this study, they found that the growth of Au@Ag nanostars
results in a substantial blue-shift of the LSPR peak
accompanied by different kinds of color change from blue to
orange. To improve the detection sensitivity, they combined
both the hybridization chain reaction signal amplification and
the enzyme catalysis. Here, as a proof-of-concept, the Au@Ag
nanostars was formed upon the addition of different
concentrations of DNA. The concentration of DNA in the
range of 10 fM to 50 pM was successfully detected, and this
proposed strategy could be easily extended for the other
applications due to the assistance of conventionally used ALP
as a label.

B CONCLUSIONS AND PERSPECTIVES

In this Perspective, the noble metal nanoparticle-based
multicolor immunoassays have been elaborately discussed.
We summarized the general mechanisms and discussed in
detail different strategies for multicolor immunoassays.
Compared to the conventional nanoparticle aggregation
based colorimetric strategies, the growth or etching of
nanoparticles based multicolor plasmonic sensors shows
remarkable advantages in colorimetric immunoassays. First,
the as-prepared nanoparticles can be used directly without
further modification, thus remarkably improving the detection
efficiency. Second, these detection platforms are stable due to
the surfactant coated surface of nanoparticles; therefore, no
false response would be yielded by the autoaggregation of
nanoparticles and allow ultrasensitive determination under
complex matrix. Third, the concentration of the solution can
be directly read out by different kinds of color change with the
naked eye, and the multicolor display has extensively improved
the detection accuracy. Therefore, the applications of multi-
color immunoassays are spread through various applications,
including food safety analysis, environmental pollutant
detection, and point-of-care testing.”””

However, several critical issues still need to be addressed
before the broader application of noble metal nanoparticle-
based colorimetric sensors. Because the multicolor platforms
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are mainly established by the growth or etching mechanisms of
nanoparticles, it is vitally important to obtain highly uniform
materials with stable optical and chemical properties. However,
current approaches for the preparation of nanoparticles could
not afford the requirement of synthesizing highly uniform
nanomaterials for wide-scale applications. Besides, most of the
traditional synthetic protocols require long incubation time
and tedious washing steps, which dramatically limited the
practical applications of these sensors. Moreover, the relation-
ship between solution color change and morphology, size, or
composition of nanoparticles as yet lack theoretical calculation.
Computer simulations will become a powerful tool for suitable
nanomaterial candidate selection. An example application is
analyzing the structure of the anisotropic nanoparticles (such
as AuNRs, Au flowers, and Au@AgNRs), which is being
studied using FDTD modeling in combination with scanning
tunneling microscopy, low-energy electron diffraction, and
surface-sensitive X-ray spectroscopic techniques. Therefore,
many efforts should pay attention to producing a large number
of stable nanomaterials in the future.

Motivated by the point-of-care testing diagnostic applica-
tions, the multicolor sensing will undergo further improvement
to meet the requirement of practical applications. First, the
enzyme catalyst-based growth or etching of nanoparticles has
the common disadvantage of long-term catalytic reaction time.
Second, the transformation in sizes, shapes, or morphologies of
plasmonic nanoparticles is susceptible to the external
complicated environment. Third, most of the multicolor
colorimetric systems are constructed in the solution system,
which is not convenient for further household use.

Quantitative detection of target molecules is critical for the
construction of noble metal nanomaterial-based multicolor
colorimetric platforms in practical applications. Although the
abundant kinds of color change have met the needs of more
accurate detection with the naked eye, the color discrimination
with the naked eye could merely afford the semiqualifications.
Thereby, the integration of multicolor display and smart-
phones or wearable devices could further expend the qualified
application of plasmon-based colorimetric diagnostic.

In summary, a vast amount of excellent multicolor
immunoassays show significant advantages compared to the
traditional colorimetric assays that form a solid foundation for
the in-field and point-of-care testing applications. The
transformation of this technique from the laboratory to large-
scale application brings both opportunity and challenge.
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