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Abstract

Colorimetric detection of target analytes with high specificity and sensitivity is of
fundamental importance to clinical and personalized point-of-care diagnostics.
Because of their extraordinary optical properties, plasmonic nanomaterials have been
introduced into colorimetric sensing systems, which provide significantly improved
sensitivity in various biosensing applications. Here we review the recent progress on
these plasmonic nanoparticles-based colorimetric nanosensors for ultrasensitive
molecular diagnostics. According to their different colorimetric signal generation
mechanisms, these plasmonic nanosensors are classified into two categories: 1)
inter-particle distance-dependent colorimetric assay based on target—induced forming
cross-linking  assembly/aggregate  of  plasmonic  nanoparticles; and 2)
size/morphology—dependent colorimetric assay by target-controlled growth/etching of
the plasmonic nanoparticles. The sensing fundamentals and cutting-edge applications
will be provided for each of them, particularly focusing on signal generation and/or
amplification mechanisms that realize ultrasensitive molecular detection. Finally, we

also discuss the challenge and give our future perspective in this emerging field.

Keywords localized surface plasmon resonance; colorimetric sensor; nanoparticles;
biosensor; biomarkers; point—of-care testing; molecular diagnostics; clinical

diagnostics
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Molecular diagnostics is fundamental in the prevention, identification and
therapeutics of various diseases, and therefore the development of powerful
diagnostic tools is critically important.®* For example, in vitro detection of
biomarkers at trace level can help in early diagnosis and therapeutics. Traditional
diagnostic techniques including polymerase chain reaction (PCR), enzyme-linked
immunosorbent assay (ELISA) and mass spectrometry (MS) have been extensively
used in clinical practice, however, they are still limited capability in detecting many
biomarkers with low abundance, which are of potentially high clinical relevance.>>®
Apart from the issues in sensitivity and specificity, the established methods are often
not allowed for cost—effective, on-site and timely diagnosis, because most of them are
expensive, labor—intensive, time consuming and require high skills for operators. To
keep up with the increased demand molecular profiling of disease and personalized
health care, therefore, further development towards new-generation ultrasensitive
diagnostic technologies are eagerly awaited.

Due to the simplicity, reliability and promising in the point-of-care (POC)
testing, colorimetric format—based assay point toward their use as one general method
for molecular diagnostics.>®** For example, the colorimetric ELISA is one of the
most used diagnostic techniques, which employs enzyme label to trigger colorimetric
catalytic reactions for signal output.’®*® In such assay, the enzymes catalyze the
oxidation of chromogenic molecules and then induce the color appearance of the
solutions, which is easily naked-eye observed or quantified by a simple UV—visible
spectrophotometer. This traditional method, however, has the limitation in the
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detection sensitivity for the colorimetric assays, which influenced by several key
factors: first, according to the law of Beer-Lambert, the extinction coefficients of the
organic chromogens often limit the sensitivity for the traditional colorimetric sensors;
second, the traditional colorimetric strategy basically relies on the optical density
variation of the colored product, whereas our eyes are not insensitive to the shading of
a color, making its difficulty to distinguish targets between samples with naked—eye
inspection; third, the enzymes are often utilized as the biological catalysts in enzyme
cascade amplification strategy, as thus to keep catalytic activities of enzyme is critical
in the process of transportation, storage, and use. Over the past few years, to develop
better colorimetric sensors for visual detection of ultralow concentration of analytes,
many various concepts have been proposed to tackle these limitations, including using
signal amplification strategy and advanced nanomaterials with extraordinary

physi-chemical properties, particularly the plasmonic nanomaterials.?3%121>17
Plasmonic nanomaterials including gold nanopaticles (AuNPs) and silver
nanoparticles (AgNPs), armed with unique plasmon resonance properties, are
providing new opportunity for colorimetric sensors.”*®**8 Since its pioneered work
by Mirkin and co-workers in 1997,'° the plasmonic nanoparticles—based colorimetric
assay has drawn dramatically increased interests. In such colorimetric assay, the color
generation is caused by the change of optical absorbance properties plasmonic
nanoparticles. Importantly, the absorbance (i.e., color) of the nanoparticles is easily
modulated by their shape/morphology, size, distribution, metal composition as well as
the local environment. Additionally, the plasmonic nanoparticles normally have
4/68
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ultrahigh extinction coefficients (e.g., 2.7 x 108 M* cm™* for AuNPs with diameter of
13 nm),®° thereby a much improved sensitivity can be achieved, enabling the
ultrasensitive detection of target molecules.?*®

To date, although many reviews have extensively detailed the preparation and
functionalization of plasmonic nanomaterials as well as their applications in

236911182122 nane of them has focused on an instructive

(bio)sensing and imaging,
and complete review of the exciting advancement in the topic of using plasmonic
nanomaterials for colorimetric molecular diagnostics. Thus, we here intend to present
an authoritative overview of the plasmon-associated colorimetric nanosensors for
molecular diagnostics and address on their latest development and progresses in the
past five years (typically 2012~2016). In this review, we first briefly introduce the
sensing mechanism behind the colorimetric detection system with plasmonic
nanoparticles, and then provide a comprehensive coverage of their typical molecular
diagnostics applications with different strategies. According to the different signal
generation mechanism from plasmonic nanomaterials, the molecular diagnostics
strategies will be mainly categorized into inter—particle distance—dependent and
size/morphology—dependent colorimetric plasmon nanosensors (Figure 1). With each
of them having important merits, we will systematically overview their latest progress
and current standing in the biosensing field, including their integration with different
signal amplification strategies (e.g., enzymatical reaction, polymerization, nucleic
acid thermal amplification) and POC analysis systems. Finally, we offer new
perspectives on the further development of these colorimetric assays in molecular
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diagnostics.

Figure 1

] PLASMONIC NANOPARTICLES-ASSOCIATED COLORIMETRIC
SENSORS
Plasmonics refers to the phenomenon because of the free electrons oscillations on
the metal surface under light stimulation.® When incident light has the same
frequency as that of the surface electron oscillating against the attraction force to their
positive nuclei, the resonance can be achieved, which is also described as surface
plasmon resonance (SPR, see Figure 2).2 Typically, two SPR modes have been
explored: one is propagating surface plasmon resonance (PSPR) at the flat dielectric—
metal interface; the other is localized surface plasmon resonance (LSPR) when those
plasmons are highly confined to the surface of the colloidal nanoparticles or other
nanostructures (e.g., two-dimensional nanostructured array).”** While the PSPR can
propagate surface electromagnetic waves at metal surface, it is the LSPR to be the
central of this review.
Figure 2
In plasmonic nanostructures, especially those made from gold and silver, the LSPR
yields highly confined and enhanced electromagnetic fields on the boundary of
nanoparticle surfaces, together with the appearance of a pronounced absorption peak
in the visible and near infrared frequency range.” This implies that the nanoparticles’
size, shape, surface coating and dielectric environments as well as the nanoparticles—
6/68
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chemical entities interaction can influence the oscillations, and these events can be
transformed to the LSPR spectral change in either absorption/extinction or scattering,
and even color variation of the plasmonic nanoparticles solutions.”® These
extraordinary plasmonic phenomena have given rise to a fast—developing field in
colorimetric nanosensors, where the introducing of the targets induces the LSPR shift
of plasmonic nanoparticles and is accompanied by the color change of the solution
either by forming cross—linking assembly/aggregate or transforming size/morphology
of plasmonic nanoparticles. According to the different signal generation mechanism,
these ultrasensitive assays will be summarized into two categories of
inter-nanoparticle  distance—dependent colorimetric assay and nanoparticles’

morphology/size—dependent colorimetric assay.

1. Inter-particle Distance-Dependent Colorimetric Assay with Plasmonic
Nanoparticles. The aggregation of plasmon nanoparticles with appropriate sizes
(diameter > 3.5 nm) will induce the surface plasmon coupling between the
neighboring particles, along with the LSPR shift and visible color transition of
nanoparticles solution.”” For example, the AuNPs aggregation (or re-dispersion)
events correspond the tonality transition of the solution from red to blue (or from blue
to red).’® Therefore, this inter-particle distance—dependent optical property of
plasmonic nanomaterials provides a practical basis of the colorimetric assays for the
sensing of any targets, such as metal ions, small molecules, macromolecules or living
cells.}3%91121 1n this section, we will systematically overview the molecular
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interactions driving the aggregates of plasmonic nanoparticles and their applications
in molecular detection, which has been rarely focused in the other reviews.

From the technological point of view, the interactions among plasmonic
nanoparticles are finely modulated by various covalent/non-covalent forces, including
electrostatic interactions, hydrophobic forces, hydrogen bonding and specific
biological bonding.?®** During the driving plasmonic nanoparticles interaction, these
forces are largely interrelated and easily affected by many external factors, such as
temperature, pH and buffer solution. Therefore, it will be challenging to completely
unfold the basic principles for each inter-nanoparticles interactions.?® In this section,
we will only highlight the methodology of using each of driving forces to control the
inter-distance of the nanoparticles, and illustrate the important role of surface
coating/modification of plasmonic nanoparticles in the colorimetric sensing
applications.

1.1 Electrostatic interactions. An Electrostatic interaction or bond is frequently used
for the buildup of assembled plasmonic nanostructure. When plasmonic nanoparticles
surfaces (especially AuNPs and AgNPs) are electrically charged, the electrostatic
interaction can facilitate the nanoparticles assembly. Under the purely electrostatic
interactions, the external stimuli including various surrounding environments (e.g.,
pH, ionic strength, electrical field, light, temperature, mechanical stress) or the
introducing of specific biomolecular species (e.g., proteins, DNA) may influence the
nanoparticles surface and even control aggregation or re-dispersion of nanoparticles,
thus resulting in a LSPR change. Based on these stimuli-responsive capabilities,
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numerous studies have been reported on electrostatic interactions-involved
plasmon-based colorimetric assay.“®*'* A problem, however, is that the detection
sensitivity for direct quantification is usually insufficient due to the inherent weak
force of electrostatic interactions. Indeed, except for the using multivalent
electrostatic interactions, many other methodologies have been proposed to amplify
the interaction forces during nanoparticles aggregation events and improve the
sensitivity, particularly the combination of enzymatical catalysis, polymerization and
other highly efficient physi-chemical reactions (Table 1).33*/
Table 1
Thiol compounds including L-cysteine and homocysteine have high binding
affinity to AuNPs through the Au—S bonding, Because of the existence of
deprotonated carboxyl group and protonated amine group of cysteine, the AuNPs are
apt to aggregate via the electrostatic interaction among cysteine-modified AuNPs. In
contrast, disulfide cystine can form monolayer on gold surface, resulting in increased
steric hindrance to prevent aggregation of AuNPs. Thus, through controlling the
amount of cysteines or their oxidation process, the cysteine-stimulated aggregation of
AuUNPs could be used as an auxiliary reporting system for AuNPs-based colorimetric
nanosensor systems.*>**° For examples, with the catalytic capability of Cu®* in the
oxidation of thiols to disulfide, Lu et al. developed a plasmon-based colorimetric
sensor for the sensitive detection of Cu?* and proteins using citrate-capped AuNPs.*®
Alternatively, in the presence of H,0O,, iodide can also catalyze the oxidation of
cysteines to form disulfides.®® As H,O, can be produced by glucose oxidase
9/68
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(GOx)-biocatalyzed oxidation of glucose yields or depleted by HRP oxidation
reaction, the H,O,-related biocatalytic reaction could be monitored by the similar
cysteine-modified colorimetric sensing system.> For example, Jiang group employed
HRP-catalyzed oxidation of iodide and iodide-catalyzed oxidation of cysteine to
modulate the dispersion/aggregation of AuNPs so as to achieve ultrasensitive
colorimetric detection (Figure 3).* In this strategy, the HRP-triggered cascade
reaction can achieve naked-eye readout with enhanced sensitivity. Otherwise, Abbas
and coworkers developed an enzyme-free plasmonic colorimetric sensor with signal
amplification via cysteine-loaded liposomes (Figure 4).%° The introducing of a single
pathogen in the sample would trigger the breakdown of cysteine-loaded
nanoliposomes and subsequent aggregation of AuNPs. Moreover, the lowest
concentration of target antibody detected with naked eye was down to 6.7 attomolar
(aM), which was much lower than conventional ELISA.
Figure 3 and Figure 4
To enhance detection sensitivity, the acetylcholinesterase (AChE)-based hydrolysis
has also been integrated into plasmon-based colorimetric assay.*®*®°**?> AChE is a
serine protease with high efficiency in hydrolyzing its substrate acetylthiocholine
(ATC) to a sulfhydryl compound, thiocholine. The produced thiol group on
thiocholine can covalently attach onto the surface of plasmonic nanoparticles
(especially AuNPs), resulting in the positive charges on the nanoparticles. The
alteration of the surface charge distributions facilitates much stronger electrostatic
interaction between the nanoparticles, and thus changes the agglomeration state of
10/68
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plasmonic nanoparticles. Based on this AChE-amplified sensing system, Liu et al.
developed a sensitive colorimetric assay for specifically monitoring the activity of
AChE and their inhibitor screening (Figure 5).>* In this work, AChE catalyzed the
conversion of ATC to thiocholine, which would bind to the surface of AuNPs and
meanwhile facilitated the ligands replacement, resulting in nanoparticles aggregate
and Rhodamine B released from nanoparticles surface. Thus, this system provided
dual-readout signals (both in fluorescence recovery and color change). Using this
AuNP-based dual readout assay system, the level of AChE in complex fluid was
successfully monitored with a high detection sensitivity (0.1 mU mL™)®* Chen and
co-workers reported the combination of AChE-catalyzed hydrolysis reaction with
AuNPs-based colorimetric sensing platform for ultrasensitive colorimetric sensing of
pathogen even in clinical samples (Figure 6).%. Later on, Lu and Xia depicted the
strategy using AChE reaction to modulate the cysteine-based aggregation of gold
nanorods (AuNRs) and utilized in the colorimetric assays for organophosphate
pesticides (OPs) and cholinesterase (ChE) in human blood.>® Similarly, Nie et al.
employed this sensing method for detection of Treponema pallidum (T. pallidum)
antibodies, with a limit of detection down to 0.98 pg mL™.*® The above studies have
well demonstrated that the inclusion of AChE-based enzymatical reaction could

effectively enhance the sensitivity of plasmon-based colorimetric sensing.

Figure 5 and Figure 6

Besides, polymers are often utilized to improve the stability and dispersion of
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nanomaterials, but also capable of bridging nanoparticles together resulting in
entanglement and aggregation. This nanoparticles/polymer assembly process can be
driven by electrostatic interactions, hydrogen bonding, or more specific molecular
interactions. Such assemblies have useful applications in drug delivery, biosensing,
and catalysis. Recently, Stevens and co-workers described a new assay format that
uniquely takes advantage of polymerization based signal amplification, by using GOx
to trigger free-radical polymerization of a cationic monomer to control the AuNPs
aggregation. Such a design takes advantage of polymerization-based signal
amplification, and could be used to detect low concentrations of enzymes (e.g., HRP
and catalase) and metal ions (e.g., iron and copper) with the naked eye. Given that
polymerization based signal amplification is currently limited by appropriate readout

methods, it is anticipated that this new platform will provide tools for biosensing.

1.2 Covalent Bonding. Covalent bonding can enable to fabricate stable well-defined
assemblies from plasmonic nanoparticles, such as multilayer structure. In addition,
this inter-molecular interaction allows to incorporate several other functional groups
on to nanoparticles surface by reacting through excess reactive groups, resulting in
the tailored multifunctional assemblies. Although covalent bonding is lack of the
flexibility in the self-assembly process compared to other forces, it may provide
higher binding force among the building block, resulting in improved assembly
efficiency and thereby enhancement of the sensitivity and shorter detection time in
colorimetric assay, as a particular example of the use of click chemistry.*>%*
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The versatile surface chemistry of covalent bonding can facilitate the use of
functionalized plasmonic nanoparticles for fabricating colorimetric sensors.*** For
example, Stevens et al. utilize peptide-functionalized AuNPs as colorimetric sensing
platform for monitoring the activity of blood coagulation Factor XI11.** The Factor
X1l catalyzed the formation of covalent crosslinking among the peptide
chains-functionalized AuNPs through &-(y-glutamyl)-lysine bonds, corresponding to
the nanoparticles aggregation and a color change in nanoparticles solution. The
colorimetric assay allowed highly sensitive analysis of Factor XII activity down to
0.01UmL™

Alternatively, the click chemistry reactions-based covalent bonding, especially
Cu(l)-catalyzed 1, 3-dipolar cycloaddition of azides and alkynes (CUAAC), has been
widely used in plasmon-based colorimetric nanosensors.*3*°® In this strategy, AUNPs
were typically modified with azide and alkyne groups by the ligand exchange reaction,
and thus the existence of Cu (1) would trigger the CUAAC reaction and then crosslink
the azide-AuNPs and alkyne-AuNPs to cause their aggregation. This aggregation of
nanoparticles leads to the color change of AuNPs from red to blue, and the status of
aggregation can be correlated to the concentration of Cu (I). This methodology has
been employed for the detection Cu(l), Cu(ll) (by reducing Cu(ll) into Cu(l)) and
many other related targets, such as reducing agents to Cu (II) (e.g. ascorbic acid and
NO)**** and biological molecules.**** For example, Jiang et al. utilized the
CuAAC-mediated AuNPs aggregate for colorimetric immunoassays of proteins by
indirect detection of Cu(ll). They proposed to use copper monoxide (CuO)
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nanoparticles to conjugate with secondary antibody instead of the enzyme label in the
conventional immunosensensors. After the immunoreaction procedures, the labeled
CuO nanoparticles would be dissolved by acid to release Cu (Il) and further reduced
to Cu(l) which then initiated CuAAC reaction (Figure 7). This colorimetric
immunoassay can therefore be used for many applications, including POC-format
assays. Actually, the formation of Cu(l) to trigger CUAAC can be realized by the other
classically enzymes, such as akaline phosphatase (ALP).** Under ALP-catalyzed
dephosphorylation process, ascorbic acid-phosphate can be transformed into ascorbic
acid, which acts as a reducing agent to react with Cu(ll) to generate Cu(l). Based on
the ALP-mediated transforming Cu(ll) to Cu(l), Jiang and coworkers developed a
CuAAC-based immunosensors for naked-eye detection of 80 ng mL™' rabbit
antihuman 1gG. This CuAAC-amplified naked-eye detection presented an enhanced
sensitivity than conventional immunoassay.
Figure 7
1.3 Hydrophobic Interaction. Hydrophobic interactions, as the nonspecific
interactions, are important in biological systems (e.g. lipid bilayers). By tuning the
solvent composition and the hydrophobic property on nanoparticles surface,
hydrophobic interactions are often used for the buildup of nano-assembly or
multilayer films. For example, they have been proposed to be the the main driving
force to initiate the solvent-induced assembly of hydrophobic AuNPs into
three-dimensional (3D) clusters.®®> In combination with a unique set of optical
properties of plasmonic nanomaterials such as LSPR, the hydrophobic interactions
14 /68
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can be potentially used in both biosensing and nanomedicine. Specifically, the
fabrication of amphiphilic plasmonic nanostructures with polymer brushes could be
extended for molecular diagnostics, biomedicine and treatment.>®*® For instance,
through the amphiphilicity-driven self-assembly of hybrid nanoparticles, plasmonic
nanoparticles can be embedded in the well-defined vesicles with collapsed
hydrophobic polymers. Becuase of the strong plasmonic coupling effect, greatly, the
plasmonic vesicles have enhanced optical properties (e.g. scattering, SERS,
photothermal conversion) and extend to application in single particle plasmonic
imaging, photothermal therapy and photoacoustic imaging.>® By tuning the strength of
hydrophobic interaction between biopolymer DNA and AuNPs, Lin et al. recently
proposed a colorimetric detection of DNA methylation® In this method, hydrophobic
interactions would influence the DNA solvation and thereafter the short-range gold-
DNA interactions, because of the requirement of dehydration of DNA-bases (or
DNA-backbone) during DNA-gold adsorption event. The resulted sensing assay
could naked-eye discriminate the methylation level of nasopharyngeal carcinoma cells,
and even distinguished the heterogeneity of DNA methylation in twelve cancer cell
lines, predicting its possibility in epigenetic studies.
1.4 Biologically Specific Interactions. The specific interactions between biological
molecules include multiple intermolecular forces, such as hydrogen bonding,
hydrophobic and electrostatic interactions, and importantly they provide specific
recognition to the targeting molecules. In the past several decades, the biologically
specific interactions have enlarged the nanomaterial structures and functions. Through
15/68
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the biological forces, various nanomaterials have been self- assembled to functional
films, and extended in the (bio)sensing, medicine and other applications. Based on the
biologically inter-molecular interaction, including avidin—biotin, antibody—antigen,
carbohydrate—protein interactions and DNA hybridization, kinds of colorimetric
plasmon nanosensors have emerged over the years. In the light of their most
established and emerging applications, we here introduce and discuss the DNA
hybridization and carbohydrate—protein interactions—involved plasmonc colorimetric
assays.

Various nucleic acids-based recognition units coupled with plasmonic
nanoparticles have been well established in the colorimetric sensors,®3337:3944:60-64
Typically, these colorimetric sensors involved the AuNPs functionalized with either a
probe DNA or a functional DNA (e.g., aptamer and DNAzymes) for capturing the
target analytes. When complementary DNA or other targets were added into the
AuNPs probes solution, the DNA hybridization would result in the nanoparticles
aggregation with a color change and then enable the quantitative colorimetric
detection of targets. The AuNPs-based colorimetric assay relies on the formation large
AuNP aggregates by DNA hybridization, therefore the sensitivity and dynamic
detection range are usually limited at the nM level. This sensitivity is insufficient for
DNA biomarkers in most clinical samples where their concentrations generally range
from aM to pM. In the past several years, many effective amplification strategies were
integrated into the naked-eye nanosensors with an enhanced sensitivity. Chan et al.
combined the DNAzyme catalyzed amplification strategy for diagnosis of infectious
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diseases.®® With this enzyme-catalyzed signal amplification, a limit of detection for
target DNA down to 50 pM could be achieved, much lower than those using direct
AUNPs assays. Recently, Valentini et al. utilized the versatility of PCR to amplify the
DNA-based colorimetric detection for HIV template DNA down to 0.01 zeptomoles
(zM) (Figure 8).*" Alternatively, isothermal (PCR-free) amplification was also used
for the naked-eye detection of cancer-related point mutations, with the detection limit
in the low pM range.® In such amplification, the helicase-dependent isothermal
reaction was permitted high amplification efficiency and meanwhile avoids the
complicated thermal cycles in the traditional PCR. This colorimetric nanosensor could
provide more sensitive detection for single mismatch discrimination up to 4 orders of
magnitude compared to the AuNP-based direct colorimetric assays.
Figure 8
Through carbohydrate—protein interactions, plasmonic nanoparticles can be
controlled assembled and developed into colorimetric sensing platforms for
monitoring various carbohydrates and proteins." Geddes et al. have explored the
self-assembly of dextran and concanavalin A (Con A)-modified AuNPs for
competitive  colorimetric  sensing of glucose.*® Besides carbohydrate,
carbohydrate—binding proteins could also be detected based on the
lectin—carbohydrate interactions—involved colorimetric plasmon nanosensor. For
example, Kataoka et al. reported the using controlled assembly of
B-D-lactopyranoside (Lac)-modified AuNPs for the naked-eye detection of Ricinus
communis agglutinin (RCA1-o, a ricin surrogate).® In this method, the protein RCA120
17 /68

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Sensors

concentration could be related to the dispersion/aggregation status of nanoparticles,
thus allowing the quantitativel detection of lectin. Significantly, when these AuNPs
were functionalized with the galactose derivative with thiolated group, a detection
limit of 9 nM for RCA,0could be achieved. In an alternatively study, Con A could be
identified through controlling the aggregation of mannose- and Con A- modified
AuNPs.®" Similarly, other carbohydrate-binding protein can be sensed by the manno-
and gluco-oligosaccharide-coated AuNPs using the lectin Con A.®® Russell et al.
employed Lactose-stabilized AuNPs to determin the calcium ion-mediated
carbohydrate-carbohydrate interactions.® Uzawa et al. utilized the functional AuNPs
with different synthetic sugar probes for discriminating ricin toxin at nM level.”
Likewise, sialic acid modified-AuNPs could be utilized for the colorimetric detection
of JC virus VLPs via sialic acid recognition.”

1.5 Host—Guest Interactions and Others. The host—guest interaction exists in the
molecular system, where a host molecule can recognize and bind a certain guest
molecule. This interaction plays an important role in the supramolecular systems or
materials because of its high efficiency, good selectivity, and stimuli responsiveness.?
In plasmon-based colorimetric assay, the controlled assembly of plasmonic
nanoparticles can be achieved using the host—guest systems. For example, since
Cucurbit[8]uril (CB[8] (CB[8]) can accommodate with two N-terminal aromatic
residues of peptides, the introducing of CB[8] will trigger the cross-linking
aggregation of the peptide-modified AuNPs. Based on this effect, a low concentration
of 0.2 nM for tumor biomarker Flt-1 could be achieved, comparable with traditional
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methods.*® Wen et al. also demonstrated beta-cyclodextrin modified-AuNPs could be

directly employed as optical probes for colorimetric detection of dopamine.”

Indeed, other non-covalent interactions including metal coordination and
aromatic stacking, van der Waals forces can be employed as driving forces in
plasmon-based colorimetric nanosensors. For example, the interaction between
chelating ligands and metal ions has been used for the colorimetric detection of metal
ions, in which chelating agents were generally functionalized on the nanoparticles.
The introducing specific ion could induce the nanoparticles aggregation because of
the chelating ligand-mediated forming cross-linked complexes. Chen et al. used
15-crown-5 moieties-modified AuNPs for the naked-eye detection of potassium ions
(K") because of the interaction between 15-crown-5 moiety and K*.”® Hupp and
coworker reported utilizing 11-mercaptoundecanoic acid (MUA)-modified AuNPs for
the naked-eye detection of heavy metal ions.” In such colorimetric sensor, the
surface-attached carboxylates act as metal ion receptors and the related heavy-metal
ion chelation process induce the color change (red to blue). Similarly, Li* and Ca*
have been detected by  phenanthroline-modified  AuNPs "  and

lactose-functionalized AuNPs, respectively.®

2. Plasmonic Nanoparticles’ Morphology/Size-Dependent Colorimetric Assays.
Besides the inter-nanoparticle distance—dependent mechanism (i.e., target—triggered
inter-particles cross—linking or aggregation) for colorimetric plasmon nanosensors,

the precise tuning of the morphology/shape and size of plasmonic nanoparticles have
19 /68
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also been applied for the colorimetric sensing in the target-mediated molecular events.

Since the nanoparticles growth can be tuned by many synthetic parameters, such as
precursor, reducing agents, capping agents and others, there have been numerous
reports on the controlling growth with some key parameters, i.e., very small change
will result a totally different resulted nanoparticles, yielding differentiable features in
the optical properties, particularly LSPR. Therefore, through tuning the kinetics of
growth/etching of plasmonic nanoparticles, a variation of LSPR and solution color
can be easily identified, and thereby the morphology/size—dependent properties can be
controlled by some target—induced recognition events. In the light of the evolution
approach in the size and morphology of nanoparticles, the related colorimetric
nanosensors will be categorized and overview i) target-induced plasmonic
nanoparticles growth— and i) plasmonic nanoparticles etching— dependent
colorimetric assays.
2.1 Target-Induced Plasmonic Nanoparticles Growth for Colorimetric Assays.
Specifically, the biomolecular—related reducing agents have been chosen as the key
parameter for the controlling the nanoparticles growth. With this, hydrogen peroxide
(H20,) and other reducing agents can be quantified by the plasmonic nanoparticles
growth—based sensing mechanism.”®"® For example, H,O, can reduce AuCl,” (or Ag")
to Au(0) [or Ag(0)], thus enlarging the seeding AuNPs (or AgNPs) and leading to an
obvious LSPR change. However, the growth of plasmonic AuNPs is largely
determined by the concentration of H,O,. Thus, based on the mechanism, H,O,—
controlled nanoparticle growth can be combined and developed into novel plasmonic
20/68
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colorimetric nanosensor. Keunen et al.”’ reported using H,O, to control the synthesis
of gold nanoparticles with highly symmetric stellated structure (AuStNPs) and
sensing for iodide. They found the stellation of AuStNPs could be controlled by
multiple synthetic parameters including the used seed particles, reaction conditions,
etching agent of iodide. under the regulation of the size and degree of stellating of
AUStNPs, the LSPR was varied from ca. 850 nm to ca. 530 nm. Based on this, they
demonstrated its sensing for lodide sensing with a limit of detection as low as 3.2 pM.
Liu and coworkers recently reported a wash—free homogeneous plasmonic
colorimetric immunoassay combined with the controlled growth of AuNPs in aqueous
solutions.” In this strategy, the inter-particle spacing in the protein—~AuNP oligomers
was modulated by the controlled growth on the the AuNPs aggregate. Upon the gold
growth, the particle size was enlarged and the inter-particle distance decreased,
thereby inducing a visible optical transition. With this approach, the in vitro detection
of cancer biomarkers (e.g. CEA) in serum samples from patients’ needs only 30 s by
the naked eye. Because of its rapid and convenient sensing advantages, this resulted
colorimetric immunoassay may allow the timely diagnosis.

As the aforementioned, this epitaxial growth on nanoparticles can be effectively
linked with the catalytic enzymes, such as GOx (generating H,O;) and catalase
(consuming H,0,).8% This relationship could be the basis for the fabrication of the
plasmon-based colorimetric nanosensors. The solution parameters for nanoparticles
growth (e.g. reducing agent, pH, etc.) can be associated with the kinetic reaction of a
specific enzyme. Thus, the enzyme—mediated plasmonic nanoparticles growth can be
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easily integrated with colorimetric plasmon sensing systems for various analytes,
especially the conventional ELISA format.®® Importantly, the signal generation
mechanism includes an enzymatical and chemical cascade reaction during growth,
leading to a significant increase in sensitivity. Potentially, all enzymes including
natural enzymes and artificial enzymes, which are able to catalyze the decomposition
of enzymatic substrates to reducing agents, can promote generation of metal
nanoparticles. In such colorimetric assay, various enzymes including oxidase, catalase,
alkaline phosphatase, dehydrogenase and acetylesterase have been proposed to control
the growth of plasmonic nanoparticles and explored for various molecular detection
(Table 2).27,76,79,83—97
Table 2
GOx is a robust and available enzyme in catalytic oxidation of p—D—glucose with
O, to produce b—gluconolactone and H,O,. Consequently, by the epitaxial growth of
nanoparticles can be controlled by the amount of GOx. This relationship could be the
basis for the GOx-mediated plasmon-based colorimetric sensing. Stevens et al.
demonstrated GOx could control the epitaxial growth on AuNPs, and extend to the
development of a new plasmonic nanosensor with inverse sensitivity, in which a
lower concentration of analyte induces a larger LSPR shift.®® This inverse plasmonic
assay allowed for the detection of PSA at ultralow concentration even in whole serum,
with a limit of detection as low as 107 g mL™. This strategy provides a great
opportunity for developing ultrasensitive plasmonic to detect DNA, RNA or other
analytes. Yan and coworker further combined small sized AuNPs anchored on
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magnetic beads (MBs), acting as dual functionalities of signal production and
magnetic separation, for naked—eye detection of thrombin.®® Since the extinction
coefficients of AuNPs are highly dependent on the size of particle, the small sized
AuUNPs (diameter <5 nm) solution under low concentration (normally <10 nM) was
colorless, whereas the solution with the same concentration of the larger sized
nanoparitlce usually appeared to be red. Based on this fact, Xiong et al. Utilized 5 nm
AUNPs as seed for GOx—catalyzed growth and developed a simple colorimetric assay
for glucose (Figure 9).** Furthermore, Liu and co-workers,® recently utilized the
GOx—controlled growth system with 5 nm AuNPs for quantitative detection of
attomolar PSA. By virtue of this strategy, the naked—eye low detection limit for PSA
was down to 93 aM (60 fg mL™) and a wide linear dynamic range (4 orders of
magnitude) was obtained in patient serum, indicating their capability for clinical
detection.
Figure 9
Otherwise, catalase can efficiently decompose H,O,, thereby allowing catalase as
the enzyme label in nanoparticle growth-based colorimetric assays.”’¢90:94:9598.99
Stevens and coworkers combined this catalase—controlled nanoparticles growth with
traditional sandwich immunoassay and developed to the new plasmonic ELISA,
where the catalase was conjugated onto the second antibody®™ When the analytes
were absent, abundant H,O, induced the quick reduction of Au®* and thereby
resulting in dispersed spherical AuNPs with the appearance of red color. By contrast,
when the analytes was present, H,O, was consumed by the catalase labeled on the
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secondary antibody and retarded the AuNPs enlargement, leading to the aggregation
of AuNPs and correspondingly a blue solution (Figure 10). They utilized the
sandwich immunoassays for test of HIV-1 capsid antigen p24 and prostate specific
antigen (PSA). In both cases, a detection limit of 10 *® g mL™ was achieved in whole
serum. Later on, this sensing strategy was extended to the naked-eye detection of
other targets, such as methyltestosterone (MT, a growth promoter during the cattle
production cycle) 2”, HIV-1 protein gp120 ** and bacteria Salmonella typhimurium (S.
typhimurium).®® Through catalase carrier to load more enzyme labels, a higher
sensitivity could be achieved. Chen and coworkers immobilized catalase on SiO,—
based nano-spherical brushes for enhancing the detection sensitivity for Listeria
monocytogenes (L. Monocytogenes) with 5 orders enhancement compare to the
conventional HRP-based immunosensor.%® Similarly, Zhao et al. utilized catalase—
functionalized SiO, nanoparticles for the colorimetric sensing of microRNA, which
could provide an high amplified colorimetric signal and improve the assay sensitivity
down to aM level.*
Figure 10
Besides H,O,-related enzymes, the hydrolytic enzymes including alkaline
phosphatase (ALP) have been extensively used in plasmon-based colorimetric
assay.?" 899193100 5 this strategy, ALP can catalyze the dephosphorylating of some
specific phosphate—contained substrates, such as ascorbic acid—phosphate and p-
aminophenol-phosphate, the generated molecules (eg., ascorbic acid, p—aminophenol)
enable the reduction of metal ions (e.g., Au** and Ag") and enlarge the metal seeds
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(e.g., AuNPs and AgNPs). If using a sandwich—format immunoreaction, the target can
be quantified by the color change. Zhou et al.®° combined ALP—-induced silver growth
on the AuNP and immuno—magnetic separation for the visual sensing of ALP and
avian influenza virus (Figure 11). In another example from Yang et al.,” they utilized
AuUNRs as seeds in the ALP-mediated plasmonic ELISA (Figure 12). AuNRs, as
anisotropic nanocrystal with well-defined and controllable shapes, are highly
sensitive to the variations in local refractive index, thereby leading to the LSPR
change and providing the possibility of use in the sensitive colorimetric nanosenosr.
In this colorimetric sensing system, the enzyme label of ALP could control the
growth of ultrathin silver shells on the AuNRs. In the presence of antigen, ALP was
first carried by a silica particle through a sandwiched structure, and then catalytically
produced 4—-aminophenol, which consequently depositing the silver layer on AuNRs,
thus resulting in the LSPR shift of AuNRs along with a color change. For the
detection of PSA, 10 fg mL™ target can be effectively detected, which was 10*~fold
enhancement over conventional ELISA, exhibiting a highly efficient signal
amplification .
Figure 11 and Figure 12
Alternatively, other enzymes including dehydroganase and acetylesterase, have also
been introduced into the plasmonic nanoparticles” growth-based colorimetric assays.
88, 102104 Dehydroganase, belonging to oxidoreductases, oxidizes a substrate by a
reduction reaction to transfer one or more hydrogens to an electron acceptor, usually
being NAD*/NADP" or a Flavin coenzyme. Since the reduced form of the enzymatic
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cofactor NADH is able to reduce metal ions (Au** or Ag") to deposite onto seeding
AuNPs, the NAD"—dependent dehydrogenases, for example, alcohol dehydrogenase
(ADH) allows for the fabrication the nanoparticles growth—based colorimetric sensing
system in solution.®%1%1% | ong and coworkers reported a strategy-based
plasmonic ELISA using ADH-mediated gold growth on AuNPs to generate the
colorimetric signal generation for the naked-eye detection of disease biomarkers
(Figure 13).% Otherwise, esterases can hydrolyzed esters to an alcohol and an acid in
a chemical reaction, which has been well used in the biosensing application,
specifically like AChE and lipase ***
Figure 13
Besides the above natural enzyme, artificial enzymes have also been explored to
control the nanoparticles growth and apply for the plasmon-based colorimetric
sensing system. The artificial enzymes are kinds of synthetic organic molecule or
nanomaterials with enzyme-like characteristics, including nanozymes and artificial
DNAzymes. Nanozymes are kind of nanomaterials with enzyme-like characteristics,
including nanoceria (i.e., CeO, nanoparticles), ferromagnetic nanoparticles, iron
oxide.® In term of biological catalytic effects, a number of examples have shown the
inorganic nanoparticles could mimic the action of enzymes. For example, it is found
that GNPs can mimic the catalytic activity of GOx, which catalyzing the glucose
oxidized to glucolactone and simultaneously produced H,0O,. By taking advantage of
the GOx-like oxidization effects, Li et al. reported a AuNPs—based catalyzed system
for monitoring blood glucose and detection of DNA hybridization.”® More recently,
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Zhao reported the utilizing the gold nanoclusters (AuNCSs) as the mimetic enzyme for
ultrasensitive plasmonic ELISA, which enabled the visual detection of ultratrace
targets through naked—eye readout (Figure 14).”° They expanded this strategy to
detect other analytes, indicating the promising for practical applications.
Figure 14
DNAzymes, also called deoxyribozymes or DNA enzymes, are catalytically active
DNA molecules. It can be utilized as label to signal out and amplify the sensing event
in plasmon-based colorimetric assay. Wang and coworkers used the HRP—mimicking
DNAzymes to modulate the AuNPs growth and apply in the plasmonic detection of
thrombin.®* An ultralow detection limit of 10 aM thrombin was achieved, with greatly
improvement in the sensitivity compared to the traditional colorimetric methods using
AuNPs. Compared to the natural enzyme label, artificial enzymes with high catalytic
capabilitys can be easily synthesized and modified with low cost, as well as more
stable against stringent conditions.
2.2 Target-Induced Plasmonic Nanoparticles Etching for Colorimetric Assays.
Controllable chemical etching, as one of most vital strategies for controlling the
nanostructure, has been used in electronic, catalysis and optic sensing applications,
including in the plasmon-based colorimetric sensing systems. Usually, it involves the
oxidation of plasmonic nanoparticles in the presence of the etchant, leading to the
composition/morphology change of the nanoparticles, which can be naked-eye
detected. For example, the etching of silver triangular nanoplates (also called silver
nanoprisms, silver TNPs) can reshape in the presence of H,O, or halides to yield
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silver nanodisks. The change in shape from the sharp edges of the triangles to the
rounded corners of spherical nanoparticles changes the color of the solution from
blue/purple to red or yellow colored depending on the concentration of the analytes.
According to the plasmonic nanoparticle-based etching mechanism with specific
oxidation agents, we here summarize the recent progress of plasmonic nanoparticles
etching—based colorimetric assays, which are categorized to the H,O,, heavy metal,
and anion mediated nanoparticles etching—dependent colorimetric assays.

2.2.1 H,0,—Mediated Etching. Besides using as reducing agent for nanosynthesis,
H,0, is also a powerful oxidizing agent for the plasmonic nanoparticles under specific
conditions. As we refer to above, H,O, can be produced by the enzymatic oxidation of
glucose by GOx or consumed by catalase, the H,O,—mediated nanoparticles etching
can be developed to plasmon-based colorimetric nanosensors with incorporation of
enzyme. Jin and co—workers combined the GOx-responsive hybrid Ag/Au bimetallic
nanoshells (NSs) system into plasmon nanosensor for glucose detection.® Upon the
surface—confined enzymatic oxidation of glucose by GOx, Ag would be selectively
dissoluted from the Ag/Au NSs by H,0,, resulting in a morphological evolution and
the LSPR band of NSs red—shifted gradually. Later on, Xu and coworkers used this
similar strategy for in situ detection of GOx enzymatic activity.’” Indeed, the strategy
should extend into analytical platform including other H,O,—generated reactions, such
as the the substrate—enzyames system of choline—choline oxidase, lactic acid—lactate
oxidas and glutamate—glutamate oxidase.

Because of their strong shape dependent optical properties, silver—based
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anisotropic nanomaterials have been chose as plasmonic probes. Especially, the silver
TNPs with 3D sharp tip or corner-like structure will significantly contribute to the
surface plasmonic properties and improve the naked—eye sensitivity in the H,O,—
mediated etching event. Xia et al.'® developed a sensitive colorimetric sensing
system with silver TNPs and GOx for the detection of glucose in serum. Liang et
al.’® integrated the H,O,—controlled etching system into sandwich immuno-assay
ELISA format with GOx label for naked-eye sensing of cancer-related biomarkers in
serum (Figure 15). In the presence of targets, the conjugated GOx on the detection
antibodies induced the H,O, etching of silver TNPs and simultaneously a colorimetric
blue-to—purple change. The naked—eye detection limit for PSA was down to 4.1 fg
mL?, which was more sensitive than that of the conventional HRP-based
immunosensors (1.25 ng mL™).
Figure 15
With help of the other signal amplification strategies, the sensitivity of H,O,
etching-based colorimetric sensors can be further enhanced. Yang et al. combined
GOx—mediated etching of silver TNPs with nuclease—free signal amplification and
further improved the sensitivity for the naked—eye DNA detection.™™® Recently, Tang
et al. proposed a plasmonic sensing strategy with bacteria—responsive DNAzyme for
detection of target bacteria.'* Using Escherichia coli (E. coli) as a model analyte,
they demonstrated that the sensing system could provide low concentration (down to
50 bacteria per mL) quantification of E. coli even in the complex fluids (e.g., milk,
serum, juice) with naked eyes.
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2.2.2 Heavy Metals—Mediated Etching. Because of their high oxidation potentials,
most heavy metals generally can be used as effective etchants. Under the optimized
conditions like temperature, pH, the presence of other reagents, plasmonic
nanoparticles can be effectively etched by the specific metal or metal ions, resulting in
the spectral shift of nanoparticles solution. On the basis of this mechanism, the heavy
metal-mediated etching process can be integrated to plasmon-based colorimetric
sensing systems, and developed for the specific and sensitive determination of various
metals.***™3 For example, with the Hg*—mediated morphology change of 1-
dodecanethiol-coated silver TNPs, Chen et al. developed a simple colorimetric
approach for Hg?* sensing.™* *° Later on, Zhu and coworkers. reported a colorimetric
sensisng platform for Pb?* detection in complex real samples. They found the
thiosulfate (S,04°") can adsorb onto positively CTAB—capped AuNR surfaces by the
electrostatic interactions *° and experience the redox reaction to form (Au(S;03),> )
on the AUNR surface.™’ Because of the formation of Pb—Au alloy (AuPb, and AuPbs),
the addition of Pb?* can significantly increase the etching rate of the gold, which is

dependent on the concentration of Pb®* ion. This sensor was further extended into the

detection of Pb?* in complex fluids (lake, seawater, urine, and soil samples). Wen et al.

18 found the presence of Cu®* even with low concentrations helped dissolution of the
surface Au—O complex, thus resulting in the reshaping of GNRs. Based on this

1.*° and Chen et al.®® developed the sensitive plasmonic

observation, Zhang et a
nanosensors for naked-eye detection of Cu*. Liu et al. found only S,05° could be
used as a catalyst for Cu?*~mediated etching of AuNRs, and thereby obtained a
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detection limit for Cu®* of 220 nM. This sensor has been validated in the detection of
Cu?* in human serum and tap water.*?!

2.2.3 Anion—Mediated Etching. The chemical etching of plasmonic nanoparticles
can also be triggered by the specific anions including cyanide (CN") and halide (e.g.,
CI7, Br7, I), thereby resulted in the colorimetric assays based on anion—-mediated
etching of plasmonic nanoparticles. CN™ is susceptible to dissolve gold and silver via
the formation of the soluble cyano—-complex, such as [Au(CN);] and
[Ag(CN),]~**#*"?* In the presence of CN~, AuNRs can be progressively chemical
etched at their tips, resulting in the change of AuNRs aspect ratio and subsequently
the blue-shift LSPR absorption. Lee et al. recently reported cyanide-based
colorimetric sensor based on the selectively etching on AuNPs, allowing for the
sensitive detection of cyanide with the naked eye (Figure 16).'%

Figure 16

Alternatively, halide ions plays a vital role in the morphology—controlled syntheses
and modulating the optical properties of plasmonic nanoparticles. It is known that the
adding of iodide ions can significantly influence the morphology of anisotropic
nanostructures, such as Au NRs and Au TNPs, because iodide ions can selectively and
strongly bind with the Au (111) facet and facilitate the anisotropic growth of
nanoparticles. Furthermore, the iodide ions were found to accelerate the selective
etching along longitudinal direction of CTAB—-stabilized AuNRs, leading to the blue-
shifted LSPR absorption peaks and the color change of solution.!*?* Based on
halide—mediated etching of plasmonic nanoparticles, the colorimetric nanosensors
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have been proposed for the detection of halide ions and other targets. For example,
Liu et al. reported a AuNRs-etching colorimetric nanosensor for the naked-eye
detection of I, with the limit of detection of 0.88 nM.**® Zhang and coworkers
combined the iodine—induced etching of AuNRs for on-site detection of dissolved
oxygen (DO).'® In the assay, the quantitatively detection of target DO could be
converted to the detection iodine, which leading to the selective etching of
CTAB-capped AuNRs along the longitudinal direction. Under given conditions, they
achieved the naked—eye detection of DO in different aqueous samples. Later on,
Zhang et al. utilized the catalytically formed to mediate the etching of AuNRs and
applied for the ultrasensitve visual detection of molybdate.*?’

Besides, the interaction of AgNPs and halide ions has studied and used in the
nanoparticles etching—based colorimetric nanosensors, especially with the silver TNPs

as the plasmonic indicator.*?® In the presence of I", the edges and corners of the silver

TNPs are actively and easily coordinate with I, resulting in the shape change from

nanoprism to nanodisk, along with a distinct color change of solution from blue to red.

Huang and coworkers studied the kinetic etching of silver TNPs by halide.**" With
this etching ability of I7, Jiang and coworker developed a simple sensing approach in
the detection of inorganic anions based on the LSPR shifts of silver TNPs.}®
Similarly, Yang et al. used the iodide—controlled etching of citrate—stabilized Ag TNPs
for colorimetric sensing of iodide with the detection limit down to 8.8 nM.** Li et al.
found that the cysteine could inhibit the etching to Ag TNPs from 17, and then
extended the mechanism of anti—etching for the colorimetric detection of cysteine.
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LOD for cysteine detection was down to 25 nM by the naked eye.*?®

m CONCLUSIONS AND FUTURE PERSPECTIVES

The integration of various plasmonic nanomaterials to a variety of biological
milieus, addressing their tunable nanostructures and optical properties, facile
modification as well as biocompatibility, and so forth have been widely covered in the
literature. Above we have elaborately discussed the recent efforts to construct
plasmonic nanoparticles-based colorimetric assay systems for the ultrasensitive
sensing of various analytes. Significantly, we reviewed two typical different strategies
of colorimetric plasmon nanosensors, ie., inter-particle distance-dependent assay and
plasmonic nanoparticles’ size/morphology-dependent assay. Compared to traditional
colorimetric assays with organic chromophores, each of these plasmon-based assays
shows remarkable advantages, especially the highly sensitivity in response to external
stimuli. We here highlight how, mainly over the past five years, scientists have
demonstrated increasingly impressive examples of tailored plasmonic nanosensors by
engineering the assembly or reconfiguration (growth/etching) of size- and
shape-controlled nanoparticles for molecular detection. Despite the significant
progress in fabricating nanoplasmonic platforms and developing their colorimetric
applications as summarized above, several aspects related to current and future
practical applications in molecular diagnostics still need to be addressed. Below, we
intend to detail some of scientific research directions in this field, which are expected

to redefine the plasmon-based colorimetric sensing assay in the near future.
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At a fundamental level, the future development of such colorimetric assays resorts
to the innovations in plasmonics-based optical responsibility and nanostructured
materials.>***** Progress of material science has facilitated the plasmon-based
colorimetric assay for the naked-eye detection of analytes at ever-lower levels, which
in turn, has greatly contributed to their practical diagnostics. A rich library of
stimulus-responsive plasmonic nanosystems can be used to fabricate the sensitive
colorimetric sensors. Currently, gold/silver nanospheres and nanorods are the most
widely used plasmonic nanomaterials in the colorimetric nanosensors, owing to their
mature syntheses, facile surface modification, physicochemical stability as well as
tunable optical properties. Although many other plasmonic nanostructures with varied
chemical compositions (from aluminum to silver, gold) and different shapes (from
spheres, rods to plates, stars) can be explored to fabricate plasmon-based colorimetric
nanosensors, several alternative plasmonic nanomaterials beyond coinage metals have
been predicted or even developed for plasmon-based colorimetric sensing use. As one
example, we note that some of highly doped 2D materials—mainly for graphene and
transition-metal oxides/chalogenides—exhibited tunable plasmon resonance peaks in
the visible-near infrared region, which thereby expected to enable the highly sensitive
plasmonic sensing of external targets.*> Along with the rich plasmonic nanomaterials
and collective optical properties, it is believe that the plasmon-based colorimetric
nanosensors will continue to be of great benefit to the diverse sensing applications.

Motivated by the clinical and POC diagnostic applications, plasmon-based
colorimetric sensing will undoubtedly undergo further improvements and refinements
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in the future to meet the practical applications. First, the plasmonic
nanomaterial-associated colorimetric assays normally have the common disadvantage
of the less stability and reproducibility compared to traditional assays. Since the
LSPR is markedly influenced not only by inter-particle distance, shapes and sizes of
plasmonic nanostructures but also by the interface and surrounding mediums, the
aggregate/dispersion state of plasmonic nanoprobe is susceptible to external stimulus
in complicated environments, such as the existence of high salt and other interfering
substrates Otherwise, because of the large surface area of nanomaterials, other
impurities were usually non-specifically adsorbed during the sensing events, which
leads to the false detection signals. Although specific surface chemistry using
antifouling agents like bovine serum albumin and polyethylene glycol could resist
surface fouling in practical use, there still remains many challenges.*****’ For instance,
polyethylene glycol molecules are subjective to be auto-oxidized in biological fluids
and thereby unsatisfied for the long-term clinic uses.** *¥" Reecently, some novle
surface chemistries including the use of zwitterionic molecules have been developed,
suggesting that they would be useful ways for issuing these problems in the plasmonic

nanomaterials-associated colorimetric assays.**®
High-throughput and ultrasensitive detection of biomolecules is critical for the
development of plasmon-based colorimetric sensing in the diagnostic applications.
Recent work suggests that combining fluidic devices (e.g. microfluidic chips) with
plasmonic nanosensing system could dramatically improve the throughput capability
for the parallel measurement of multiple targets in a single test, and also meet the
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requirements of fluidic sample-based POC diagnostics.*® For example, by integrating
the AuNPs-based colorimetric sensors with a microfluidic chip, multiplexed POC
detection could be achieved. In addition, molecular amplification in plasmon-based
colorimetric sensing applications can now be achieved through many different
strategies, whereas simple and general amplification strategies are still in high
demand. In addition to this point of view, a reliable and robust strategy to amplify the
plasmon-based colorimetric sensing signal is essential for the detection of trace
biomarkers at the clinical level.

Another serious concern is how to quantitatively detect with personalized
equipment (e.g. smartphones, wearable devices) and transfer the technique into the
clinic, which will be the future goal for plasmon-based colorimetric diagnostics.3*4°
For examples, the imaging of AuNP solution can be done with a personalized
smartphone and then processed to digital information, thereby realizing the
quantitatively analysis of the analytes. It is expected to extend this concept into many
other plasmon-based colorimetric sensing platforms. Otherwise, most of current
plasmon-based colorimetric sensing systems are merely proof-of-concept
demonstrations and remain challenging in the clinic. So as to accelerate clinical
translation from this field research, it is essential to collaborate with front-line
medical step for academic field.**°

Over all, as an analytical technique, the plasmon-based colorimetric sensing system
exhibit significant advantages and are challenging the traditional colorimetric assay.
The preliminary achievements made by plasmon-based colorimetric nanosensors in
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the past decade are promising, but have not been fully explored. Give the future of

such assay related to POC/clinical diagnostics, there is still a need to focus on the
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fundamental research and their clinical translation, with the integration of advanced
12 nanotechnology, biotechnology and other emerging technologies such as microfluidic

15 chip, personalized equipment, etc..
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m VOCABULARY

colorimetric analysis, an analytical technique for the quantitative detection of the
colored compounds using the human color perception; surface plasmon resonance, the
resonant oscillation of free conduction electrons stimulated by incident light;
plasmonic nanoparticles, nano-sized particles whose electron density can couple with
electromagnetic radiation of wavelengths; molecular diagnostics, a collection of
techniques used to analyze biological markers; biosensor, an analytical device that

combines a biological component with a physicochemical detector.

m ABBREVIATIONS

ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction; SPR,
surface plasmon resonance; LSPR localized surface plasmon resonance; PSPR,
propagating surface plasmon resonance;AuNPs, gold nanoparticles; AgNPs, silver
nanoparticles; AuNRs, gold nanorods; silver TNPs, silver triangular nanoplates; NSs,
nanoshells; CuO, copper monoxide; AuNCs, gold nanoclusters; nM, nanomolar; fM,
femtomolar; aM, attomolar; zM, zeptomoles; POC, point-of-care; 3D,

three-dimensional;  NIR, near-infrared; GOx glucose oxidase; AChE,
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acetylcholinesterase; ATC, acetylthiocholine; EV71, enterovirus 71; HFMD, hand,
foot, and mouth disease; ChE, cholinesterase; OPs, organophosphate pesticides; T.
Pallidum, Treponema pallidum; S. Typhimurium, Salmonella typhimurium; L.
Monocytogenes, Listeria monocytogenes; E. coli, Escherichia coli; CuAAC,
Cu(l)-catalyzed 1, 3-dipolar cycloaddition of azides and alkynes; ALP, akaline
phosphatase; MP, Mycoplasma pneumonia; MNAzyme, multicomponent nucleic acid
enzymes; KRAS, Kirsten rat sarcoma viral oncogene homologue; Con A,
concanavalin A; H,O,, hydrogen peroxide; CEA, Carcinoembryonic antige; ALP,
alkaline phosphatase; HBsAg, hepatitis B surface antigen; PSA, prostate specific
antigen; MT, methyltestosterone; ADH, alcohol dehydrogenase; AFP, o—fetoprotein;

ATCh, acetylcholine; DO, dissolved oxygen
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Table 1 Intermolecular Force Involved in Plasmonic Nanoparticles Aggregate for Plasmon-Based Colorimetric Nanosensors.

Citrate-capped AuNPs

Citrate-capped AuNPs
Citrate-capped AuNPs
Citrate-capped AuNPs

Citrate capped AuNPs
Alkyne-modified AUNP
Peptide-modified AuNPs

PEG-modified AuNPs

Polypeptide-functionalized
AuNPs

DNA-modified AuNPs

Aptamer-linked AuNPs
DNA-linked AuNPs
DNA-conjugated AuNPs
1-Thiolglucose modified
AuNPs
Peptide-modified AUNPs

Enzyme-triggered polymerization

AChE-catalyzed hydrolysis
AChE-catalyzed hydrolysis

Cysteine loaded liposome

HRP-mediated, iodide-catalyzed reaction
ALP-triggered click chemistry
Enzyme-catalyzed covalent crosslinking
W.0.

W.0.

PCR
Orient-aggregation of AuNPs dimers
Orient-aggregation of AuNPs dimers

Isothermal amplification

Glyco-chemical interactions

CB[8]-aromatic group interaction

Iron/copper
HRP
Catalase,

T. pallidum antibodies
EV71 orCA16
Live pathogen
Rabbit 19G
Anti-HCV antibodies
Rabbit antihuman IgG
Factor XIII activity
H,0,

HCAII;

Fab57
HIV-related DNA
Microcystin-LR
DNA
DNA Point Mutations

FimH positive bacteria

Flt-1

ACS Paragon Plus Environment

2~50 ppb
N.A
N.A.

1 pg/mL~10 ng/mL
10* -108 copies/mL
N.A.

N.A.

N.A.

0.8 ~ 2000 ng/mL.
N.A.
10~ 2000 mM
N.A.

N.A.
0.1-250 nM
1.0 pM~10 nM
N.A.
N.A.

0.2~10nM

50 ppb
250ng/mL
0.7 ng/mL
0.98 pg/mL

10° copies/mL
Single copy
17 aM
1 ng/mL
2 ng/mL
0.01 U mL

10 mM

10 nM;

25nM

0.01 zeptomoles
0.05 nM
1.0pM

32 fmol

1.5*¥107 CFU/mL[J

0.2nM

46

38
36

45

35
34
41
42

47

37
39
a4
33

43

40
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Table 2 Enzyme-Mediated Growth of Plasmonic Nanoparticles for Plasmon-Based Colorimetric Nanosensors.

AuNPs

AuNPs

AuNPs

AuNPs

Ag@AuNPs

5 nm AuNPs
Au@Fe;0, NPs

ACS Sensors

HAUCI, + H,0,—* > AU@GNP

HAUCI, + NH,OH—%** s Au@GNPs

2AU*" +3H,0, —* 5 2AU@GNP + 30, +6H*
2H,0, — Catalase o 2H,0+0,

2Au* +3H,0, ——— — AP 5 2AU° +30, +6H"
2H202 HRP-mimicking DNAzyme 2H20 + 02

GOx

Glucose + O, + H2O0—=—==— Gluconic acid + H,0,

Ag® +H,0,— W\ s@GNs

Glucose + 0, + H:0—C9%_;, Gluconic acid + H,0,

HAUCI, + H,0,— ", AL@GNPs

CA15-3
T3 Thyroid Hormone;
19G
CEA
PSA
gp120
Methyltestosterone
Listeria monocytogenes
MicroRNA
S. typhimurium

thrombin,

PSA

glucose

thrombin

ACS Paragon Plus Environment

7.52 x 10 U/mL
2.0 x 107 mg/mL
3.74 ng/mL
5.66 ng/mL
1x10%* g/ml
8 x10%M
0.01 ng/mL
80 CFU/mL
0.1pM
10 cfu mL*

10 aM

108 gml?

0.1 mM
500 pM

79

85

94

27

86

96

90

92

93

84

83
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Pd@Au NSs ascorbic acid 2 - phosphate —2~— ascorbic acid PSA 0.05 ng mL™* %

H,PdCl, + AA—2% 5 Au/PdNP
TMB + H,0, 2P _,TMB_,
AUNPs p - Aminophenyl phosphate monohydrate Avian Influenza Virus Particles 12 fM ®
—22 5 p-aminophenol + PO}

©CoO~NOUTA,WNPE

p -aminophenol + Ag* —2% 5 AUNP/Ag

AuNRs ascorbic acid 2 - phosphate—2~— 4 - aminophenol PSA 10 pg mi* =

Ag" +4-aminophenol — s AUNR/Ag

Ag/AUNSs L . DNA 26 M o
¢ ascorbic acid 2 - phosphate—2%— ascorbic acid

Ag’ +AA 2N 5 AUNS/Ag

AUNRs ascorbic acid 2 - phosphate—2%— ascorbic acid PSA 3fgmL? &

HAUCI, + AA—22% 5 AuNPs

AuNPs . ADH HBsAg 1pgmL* &
NAD™ + ethanol —=——— NADH + acetaldehyde

HAuUCI, + NADH —— AuNP
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Figure 1. Schematic representation of colorimetric sensors with plasmonic nanoparticles, which

are classified to two categories of inter-particle  distance-dependent

size/morphology-dependent assays.
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Figure 2
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Figure 2. Schematic representation of a localized surface plasmon, in which coherent
electrons oscillate around the nanoparticle surface under the electric field. Reprinted

with Permission from ref 23. Copyright 2003 American Chemical Society
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Figure 3. (A) Plasmonic immunoassay based on HRP-mediated modulation of
AuUNPs that enables naked-eye readout. In the presence of H,O,, HRP-catalyzed
oxidation of iodide and iodide-catalyzed oxidation of cysteine can modulate the
dispersion/aggregation of AuNPs. (B) A comparison of the color of solution
between conventional TMB-based assay and AuNPs-based assay in the detection
of HRP-conjugated antibody (HRP-Ab). Reprinted with Permission from ref 35.

Copyright 2015 American Chemical Society.
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Figure 4
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Figure 4. Schematic illustration of the liposome-amplified plasmonic immunoassay.
One target could rapidly trigger a chemical cascade reaction leading to AuNPs
aggregation, which includes different steps: a) Capture of the target (biomarker,
pathogen, toxin) using sandwich immunoassay; b) After washing steps, biotinylated
secondary antibody was allowed to interact with the immunocomplex; c) After
incubation and washing, streptavidin was added to interact and bond to biotinylated
IgG; d) After washing steps, biotin-conjugated liposomes containing cysteine were
added to the medium followed by AuNPs solution; e) Addition of PBS-Tween-20 1x
to the medium causes the breakdown of the liposomes and the release of cysteine,
resulting in the immediate aggregation of AuNPs and color transition from red to
dark-blue (f). Reprinted with Permission from ref 46. Copyright 2014 American

Chemical Society.
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Figure 5
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Figure 5. (A) The scheme of colorimetric and fluorometric detection of AChE using
RB-capped AuNPs. In the presence of thiocholine, derived from the hydrolysis of
ATC catalyzed by AChE, the well-dispersed RB-capped AuNP will be aggregated
through electrostatic interaction, along with the fluorescence recovery of RB. (B) The
color change of such assay for AChE in the presence of the different concentrations of

AChE. Reprinted with Permission from ref 51. Copyright 2012 John Wiley and Sons.
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Figure 6
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32 Figure 6. AChE-mediated AuNPs-based sandwich ELISA assay. (A) The scheme of
35 used ELISA format. The target enterovirus 71 (EV71) is capture by the antibody (Ab1l)
38 onto polystyrene (PS) substrate and recognized by a AChE-conjugated detection
40 antibody (Ab2) which is loaded onto the magnetic beads (MB). (B) Naked-eye
43 detection of EV71 with concentration ranging from 10* to 10® copies mL™

46 phosphate buffered saline (PBS) and human throat swab (HTS). Reprinted with

48 Permission from ref 36. Copyright 2013 John Wiley and Sons.
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Figure 7
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Figure 7. AuNPs-based immunoassay with the combination of CuO-mediated click
chemistry. The CuO label was dissolved by acid to liberate copper ions, which act as
a catalyst of click chemistry, and thus leading to the aggregation of the azide- and
alkyne-functionalized AuNPss. The resulted color change from red to blue in turn
reflected the existence of the target. Reprinted with Permission from ref 53. Copyright

2011 John Wiley and Sons
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Figure 8
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Figure 8 Assay principles. A standard reverse primer and a forward primer were used
to to perform asymmetric PCR. After the amplification, single-stranded products
depleted from the forward primer was accumulated. Upon addition of a sample
containing the amplified target, two set of DNA probe-modified AuNPs would
aggregate and color-shift because of the hybridization among the DNA probes and
the universal tag. Reprinted with Permission from ref 37. Copyright 2016 John Wiley

and Sons.
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Figure 9 (A) Schematic illustration of the GOx-catalyzed growth of AuNPs-based
immunoassay for the detection of prostate-specific antigen (PSA). PSA was first
captured by antibody (Abl) and then recognized by the GOx-conjugated detection
antibody (Ab2) on the surfaces of MBs. The H,O, generated from GOx-catalyzed
oxidation of glucose could mediated the growth of the AuNPs, along with the solution
changing to red from colorless. (B) The naked-eye detection of PSA in PBS and sera
samples. Reprinted with Permission from ref 82. Copyright 2014 American Chemical

Society.
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Figure 10
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34 Figure 10 (A) Schematic diagram of ELISA (a) and expected results with
36 conventional and plasmonic ELISA (b,c). Reprinted with Permission from ref 98.
39 Copyright 2013 The Nature Publishing Group. (B) Visual detection using plasmonic
42 ELISA for PSA and HIV-1 antigen p24. BSA-spiked samples were used as negative
44 controls, which yield red-colored solutions, whereas target-containing samples yield
47 blue-colored solutions. Reprinted with Permission from ref 95. Copyright 2012 The

50 Nature Publishing Group.
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Figure 11
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Figure 11 (A) Schematic illustration of the colorimetric immunoassay for HON2 AlV.
(i) immuno-reaction process using immnomagnetic beads (MB); (ii) signal-generation
process based on enzyme-mediated silver reduction on AuNPs. (B) Visual detection
of HON2 AIV. Reprinted with Permission from ref 89. Copyright 2014 American

Chemical Society.
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Figure 12 (A) Scheme of the colorimetric sensing principle for PSA. In the presence
of PSA, alkaline phosphatase loaded on silica particles would be anchored to the
substrate through sandwich immuno-reaction, which then catalyzed the producing of
4-aminophenol. The yielded 4-aminopheno could reduce silver ions to consequently
deposit metallic silver on the AuNRs, resulting in the shift of LSPR peak of the
AuNRs along with color-changed solution. (B) The color transition of the
nanoparticle solution upon adding alkaline phosphatase with different concentrations;
(C) The naked-eye detection of PSA with the concentrations range of 0~1000 pg mL*

PSA. Reprinted with Permission from ref 93. Copyright 2015 The Royal Society of
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Figure 13
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Figure 13 (A) Scheme of the enzymatic reaction-amplified ELISA.with plasmonic
nanoparticles. (B) Colorimetric detection using plasmonic ELISA for the HBsAg,
AFP, and BSA with the concentrations of 10°® -10 3 g mL™?, respectively. Reprinted

with Permission from ref 88. Copyright 2015 American Chemical Society.
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Figure 14. (A) Scheme of the sandwich plasmonic nanosenor and (B) colorimetric

detection of avidin. Reprinted with Permission from ref 76. Copyright 2016 American

Chemical Society.
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Figure 15
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Figure 15 (A) Schematic illustration of the GOx-catalyzed etching of silver
TNPs-integrated colorimetric immunosensor for the detection of PSA. (B)
Colorimetric sensing of PSA with different concentrations in foetal bovine sera.

Reprinted with permission from ref 109. Copyright 2015 Elsevier.
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Figure 16 (A) Schematic illustration of the CN -induced etching of AuNRs and (B)
the color change of AuNRs solution by adding CN™ with different concentrations (0.1-

0.5 mM). Reprinted with permission from ref 123. Copyright 2016 Springer.
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