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Microcystin-leucine-arginine (MC-LR), stands out as the most lethal and broadly occurring variant of
microcystins, which are harmful substances generated by cyanobacteria during periods of excessive nutri-
ent enrichment in water bodies. Even at low levels, MC-LR can cause acute or chronic hepatic injury,
leading to inflammation and potentially promoting tumorigenesis, thereby imposing a significant burden
on human health. Vigilant surveillance of MC-LR is vital for safeguarding both the well-being of the public
and environmental security. Optical sensors are particularly advantageous for the detection of MC-LR,
owing to their exceptional sensitivity and ease of use. This review presents a comprehensive overview of
the current advancements and emerging trends in optical sensors for MC-LR detection, focusing on two
primary aspects: recognition elements and optical signal transduction. Recognition elements, including
enzymes, antibodies, molecular imprinted polymers (MIPs), and aptamers, are summarized along with
their characteristics. The review also thoroughly discusses optical signal transduction and its performance,
specifically addressing colorimetry, fluorescence, surface-enhanced Raman scattering (SERS), surface
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plasmon resonance (SPR), electrochemiluminescence (ECL) and other signal transduction methods.
Additionally, the review provides a summary of the achievements and challenges of current optical
sensors, as well as future application prospects for MC-LR optical sensors. This systematic review aims to
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1. Introduction

The rapid increase of water eutrophication and global
warming has led to frequent cyanobacterial blooms in many
vital freshwater systems." Within cyanobacterial blooms,
microcystins (MCs), especially MC-LR, have emerged as a sig-
nificant global concern due to their widespread occurrence
and hepatotoxic effects on aquatic life and humans alike.>?
While aquatic creatures are predominantly at risk of encoun-
tering MC-LR, humans have a broader range of exposure
pathways, including consumption, inhalation, dermal contact
and direct intravenous exposure. MC-LR has the ability to
readily penetrate the body via the circulatory system, sub-
sequently concentrating and inflicting harm on specific
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facilitate the further development of optical sensors for detecting microcystins.

organs, such as the liver, reproductive glands, kidneys, heart,
brain and so on.>° Exposure to MC-LR in high doses can lead
to conditions such as hepatomegaly, kidney failure, and severe
gastrointestinal inflammation, and potentially be fatal.>"*
Epidemiological and experimental perspectives suggest a cor-
relation between MC-LR exposure and an increased risk of
developing liver, prostate and colorectal cancers.'>"?
Considering the high toxicity of MC-LR, the World Health
Organization has established a guideline that the maximum
permissible concentration of MC-LR in potable water should
not exceed 1 pg L™

Creating sophisticated and sensitive detection techniques
for MC-LR is gaining greater significance. A variety of tra-
ditional analytical techniques have been recognized for detect-
ing MC-LR, including the enzyme-linked immunosorbent
assay (ELISA), protein phosphatase inhibition assay (PPIA),
liquid chromatography-mass spectrometry (LC-MS) and high-
performance liquid chromatography (HPLC).'>'® ELISA is
widely utilized for its specificity and sensitivity in determining
MC-LR, despite that the detection procedures involved can be
quite time-consuming and cumbersome. PPIA, one of the ear-
liest detection assays for MCs, is straightforward but lacks the
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ability to distinguish between different MC variants. LC-MS
and HPLC are the predominant techniques used for the quali-
tative and quantitative analyses of various MC variants,
however, they require sophisticated instruments and pro-
fessional operators.

Compared to the conventional analytical methods, sensors
demonstrate superiority in sensitivity, selectivity, and portabil-
ity and have seen rapid advancements for detecting
MC-LR."”"'® Sensors are composed of two main parts: the reco-
gnition component and the signal transduction component.
The recognition component engages with the target analyte,
and the transducer converts this engagement into a signal that
can be understood and processed.'® Therefore, a systematic
and comprehensive summary of the sensors for detecting
MC-LR, focusing on recognition components as well as signal
transduction, is of great significance. Existing review articles
mainly focus on specific detection techniques or particular
application scenarios. For instance, some reviews concentrate
on DNA nanotechnology-based MC-LR detection, while others
emphasize immunoassay methods.'®*° There are also reviews
that highlight the development of biosensors, electrochemical
sensors or molecularly imprinted polymers (MIPs) for the reco-
gnition of MC-LR.>'>* However, these reviews mostly cover
only a single technique or application area without compre-
hensively summarizing advancements in optical signal trans-
duction for detecting MC-LR. And no existing review systemati-
cally concludes the recognition elements for MC-LR. This
review will cover the entire process from recognition elements
to signal transduction, providing a comprehensive perspective
on the latest advances in optical sensors for MC-LR detection.

In this overview, we have examined the majority of the
studies and advancements in the field of optical sensor techno-
logy specifically aimed at detecting MC-LR. It primarily focuses
on two key functional units of optical sensors: recognition
elements and optical signal transduction (Fig. 1). Recognition
elements, which encompass enzymes, biological antibodies,
molecularly imprinted polymers (MIPs), and aptamers, along
with their performance, are systematically introduced. The
developments in optical signal transduction for MC-LR sensors
are comprehensively summarized, specifically addressing col-
orimetry, fluorescence, surface enhanced Raman scattering
(SERS), surface plasmon resonance (SPR), electrochemilumine-
scence (ECL) and other methods along with their underlying
mechanisms. The review also highlights the significant appli-
cations of these sensors, focusing on linear ranges, detection
limits (LOD), and practical applications. Furthermore, the
current achievements, challenges and future trends in sensors
for MC-LR are concluded. This systematic and comprehensive
review aims to provide a crucial foundation for subsequent
research on detecting MC-LR and even other cyanotoxins.

2. Recognition elements

Recognition elements, alternatively known as target receptors,
which play a pivotal role in identifying and binding to specific
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Fig. 1 The detection of MC-LR utilizing various recognition elements
and multiple optical signal transduction methods.

analytes of interest, serve as crucial elements within sensors.>®
The selection of recognition elements is pivotal in ensuring
the specificity and accuracy of the sensor to the target analytes.
This section summarizes recent developments in recognition
elements for detecting MC-LR, including enzymes, antibodies,
MIPs, and aptamers.

2.1 Enzymes

MGCs are capable of suppressing the function of protein phos-
phatases 2A (PP2A) and 1 (PP1). Consequently, PP2A and PP1
can be utilized as recognition elements in the construction of
MC-LR sensors, as the inhibition of the protein serine/threo-
nine phosphatases can be detected through various tech-
niques. In 2011, Sassolas et al. investigated the inhibitory
activity of MC-LR on various protein phosphatases (PPs),
including one recombinant PP2A, two natural PP2As, and one
molecular engineered PP1. Their findings revealed that the
half-maximal inhibition concentration (ICs,) for the PP2As
ranged from 0.21 pg L™ to 1.55 pg L™, while the ICs, value for
PP1 was found to be 0.56 pg L™".>® In 2015, researchers led by
Catanante developed an electrochemical biosensor for MC-LR
utilizing recombinant PP1a, with the IC5, value for this recom-
binant PPla being determined at 1.10 ug L™'.>” Despite the
development of sensors utilizing PPs as recognition elements
for MC-LR detection, these sensors exhibited a high rate of
false positives due to the inhibition of protease activity by
various other substances. Consequently, PPs have been
increasingly supplanted by alternative recognition elements,
for example antibodies and aptamers.

Recently, enzymes responsible for MCs degradation,
expressed by bacteria, have been proposed as novel recognition
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elements for detecting MC-LR. Li and colleagues created a
sensor using the enzyme MIrB as a recognition receptor for
MC-LR.”*® This sensor showed high sensitivity and specificity
towards MC-LR, suggesting that these specific degradation
enzymes could serve as effective recognition elements for
MC-LR detection. However, extensive research is still necessary
to fully establish the efficacy and practical application of these
enzymes in sensor technologies.

2.2 Antibodies

Antibodies, characterized by their Y-shaped structure and
ability to recognize specific molecules, are extensively utilized
as recognition elements due to their exceptional specificity
and binding affinity.'® Polyclonal antibodies (pAbs) and mono-
clonal antibodies (mAbs) specific to MC-LR, as well as diverse
antibody fragments, have been created and utilized for the
identification and detection of MC-LR.

In 1996, Liu and colleagues selected nodularin as the idiotype
antibodies (pAb1/r) to produce pAb2/m in mice. Subsequently,
the purified pAb2 was then used as an immunogen to generated
anti-anti-idiotype antibodies (pAb3/r) in rabbits. The resulting
pAb3/r demonstrated high specificity to MC-LR, with an IC50 of
700 ng L', but it also cross-reacted with various MC analogues.
The ICs, values of pAb3/r for MC-YR, MC-RR, and nodularin
were 19.2 pg L', 24.4 pg L™, and 24.3 pg L™, respectively.” In
2000, Metcalf et al. developed a polyclonal IgG antibody against
MC-LR by immunizing outbred Dutch rabbits. This antibody
exhibited cross-reactivity with all microcystin and nodularin var-
iants, including MC-LY, MC-LW, MC-LA and nodularin.*
Subsequently, several other pAbs were produced by immunizing
animals with MC-LR hapten.*"*> For example, Xu et al. prepared
a pAb with IC;, of 0.054 pg L' by immunizing New Zealand
white rabbits with MC-LR -KLH.”?

In comparison to pAbs, mAbs have garnered greater popu-
larity in the development of MC-LR sensors. In 1995, Nagata
et al. successfully produced six novel mAbs, designated as
M1A6, M7D4, M8H5, M9D1, M1C2, and M1H4, which specifi-
cally recognized the Adda moiety of MC-LR. The affinity con-
stants of these mAbs for MC-LR ranged from 1.5 x 1077 to 3.1
x 107'° L mol™", with M8H5 showing the highest affinity.** In
a subsequent study, Zeck et al. generated a novel mAb (clone
AD4G2) against the Adda moiety through the immunization of
mice in 2001. The ICs, of AD4G2 for MC-LR was 330 ng L™'.%*
To date, numerous mAbs with varying affinities to MC-LR have
been produced, including MC4G7 (ICs, = 0.27 pg L), C8C10
(ICs50 = 1.12 pg L), MC8C10 (ICs50 = 1.50 pg L"), and MC10E7
(ICs0 = 0.063 pg L™'). These mAbs have been widely employed
as recognition components in sensor technology.’*™*?
Traditional antibodies (pAbs and mAbs) tend to be unstable.

In addition to mAbs and pAbs, antibody fragments have
also been incorporated into the construction of MC-LR
sensors. Murphy and colleagues generated a specific single-
chain fragment variable (scFv) antibody fragment, designated
2G1. This 2G1 scFv exhibited an ICs5, to MC-LR of 4.8 pg L™
However, the 2G1 scFv demonstrated comparable cross-reactiv-
ity to MC-YR, MC-LW, MC-LF, MC-LA, MC-RR and nodularin.**
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Xu et al. discovered 16 MC-LR-specific phage scFv antibodies
from a library derived from a mouse immunized with MC-LR.
Among them, the highest efficiency anti-MC-LR phage scFv,
designated MscFv7, was efficiently produced in E. coli HB2151,
demonstrating an ICs, of 471 ng L™" against MC-LR. However,
MscFv7 demonstrated notable cross-reactivity to MC-RR and
MC-YR as well.*” Hassanain et al. digested the MC-LR IgG anti-
body (110 kDa) to obtain Fab’' fragments (55 kDa) for the
sensing of MC-LR. The reduced size of these Fab' fragments
provided advantages in surface coverage on nanoparticles,
thereby enhancing the ability of the nanoparticles with specific
functionalities to capture the target substance.’® Additionally
an A8 scFv was expressed and utilized to recognize MC-LR.*’

It is noteworthy that nanobodies and recombinantly engin-
eered antibodies have also emerged as advancements of
MC-LR sensors. Researchers led by Pirez-Schirmer selected a
highly sensitive nanobody (Nab A2.3) from a heavy-chain-only
antibody (VHH) phage display library, with an ICs, value of
370 ng L™".*® Xu and colleagues designed an innovative recom-
binant antibody (AVyy—MVy) via splicing anti-MC-LR mouse
scFv (MscFv7) and anti-MC-LR alpaca nanobody (ANAb12)
through chain shuffling technology, followed by random
mutation via site-directed mutagenesis. This AVyy-MVy
mutant demonstrated good stability and binding activity
towards MC-LR (ICso = 282 ng L™").*°

Although a large number of antibodies have been quickly
developed for the determination of MC-LR, studies have
exposed weaknesses in their production: the use of mamma-
lian expression systems makes the process of antibody pro-
duction time-consuming and laborious. The performance vari-
ations among these pAbs, mAbs, antibody fragments, and
recombinantly engineered AVyy-MVy in the recognition of
MC-LR are summarized in Table 1.

2.3 Molecularly imprinted polymers (MIPs)

MIPs are tailored materials, which consist of highly cross-linked
polymers with specific target molecular cavities. Biologically,
MIPs are often referred to as “plastic antibodies” or “artificial
antibodies” due to their selective recognition antibodies, which
are analogous to specific antibodies.”> MIPs are considered
powerful recognition elements for developing precise detection
techniques for various agents owing to their specific molecular
recognition capabilities, high stability in terms of chemistry,
mechanics, heat, ease of preparation and extended shelf life. In
the molecular imprinting process, reactive monomers selectively
bind to the reactive groups on the template molecule, leading to
the construction of solid polymeric structures. After the template
molecules have been extracted from the polymeric matrix, par-
ticular cavities remain, tailored for the re-association of the
target molecules (Fig. S11).>° Therefore, the selection of func-
tional monomers is crucial for synthesizing high-affinity MIPs
for the target analyte.

In 2002, Chianella et al. screened five functional monomers
for MC-LR employing computational techniques. An MIP,
crafted through computational methods, was formulated using
midazole-4-acrylic acid ethylester (UAEE) and 2-acrylamido-2-

This journal is © The Royal Society of Chemistry 2025
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Table 1 The performance of the produced antibodies against MC-LR
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Type of
antibody

Advantages

Disadvantages

Application

Name

ICs, for
MC-LE
(ngL™)

1C5, for MC
variants (ug L") Ref.

pAb

mAb

Antibody
fragment

Nanobodies

Recombined
antibody

High affinity, low cost

High specificity and
sensitivity

Strong matrix
penetration, high
stability

Extremely small size,
extreme stability

Programmable design
consistency

Low specificity

Preliminary screening

Single epitope, sensitivity Precision quantitative

to environment

Reduced affinity, complex

expression

High development
difficulty

High technical threshold,

lengthy development
cycle

This journal is © The Royal Society of Chemistry 2025

detection

In situ analysis

Direct detection in
complex samples

Ultra-sensitive detection,

clinical detoxification
therapy

pAb3/r

MS8H5

AD4G2

MC4G7

C8C10

MC8C10

MC10E7

scFv 2G1

MscFv7

Nab A2.3

AV
MVy

0.7

0.125

0.27

0.6

1.50

0.063

4.8

0.471

0.37

0.282

MC-YR (19.2 29
MC-RR (24.4
Nodularin (24.3)
MC-RR (0.118 34
MC-YR (0.295
MC-LA (0.479
Nodularin

(0.623)

MC-YR (0.33) 35
MC-RR (0.46)
MC-LY (0.43)
MC-LW (0.43)
MC-WR (0.35)
MC-LF (0.70

MC-LA (0.42
Nodularin-R

(0.16)

Adda (0.43)

MC-YR (0.22 35
MC-RR (0.28
MC-WR (0.29)
MC-HtyR (0.6)
MC-LY (>300)
MC-LW (>300)
MC-LF (>300

MC-LA (>300
MC-YR (8.1) 40
MC-RR (10.9)
MC-LW (>1000)
MC-LF (>1000)
Nodularin (1500)
MC-YR (11.0 39
MC-RR (17.8

MC-LF (>1000)
MC-LW (>1000)
Nodularin (2000)
MC-YR (0.050 43
MC-RR (0.066
MC-WR (0.069
MC-HtyR (0.15
MC-LY (104)
MC-LF (>1000)
MC-LW (>1000)
MC-LA (>1000)
Nodularin (0.62)
Adda (>1000

MC-YR (8.06 44
MC-RR (7.99

MC-LF (7.11)
MC-LW (10.08)
MC-LA (6.42)
Nodularin (9.28)
MC-YR (0.548 45
MC-RR (0.506
MC-LW (4.86)
MC-WR (856

MC-YR (1.01 48
MC-RR (0.83
DM-LR (0.47
MC-LA (1.2
MC-LY (6.7
MC-LW (6.7)
MC-WR (1.12)
DM-RR (0.86)
MC-LF (6.0)

MC-YR (0.313) 49
MC-RR (0.230
MC-WR (9.72)
MC-LW (5.04)
MC-LF (>2000
MC-LY (>2000
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Fig. 2 The chemical structure of the organic functional monomers utilized while constructing MIPs for specific recognition of MC-LR.

methyl-1-propanesulfonic acid (AMPSA) as the reactive mono-
mers. Compared to methacrylic acid (MAA)-MIP, the compu-
tational MIP exhibited an affinity for MC-LR (K4 = 0.3 + 0.08
nM) that was more than threefold greater than that of
MAA-MIP (K4 = 0.9 + 0.1 nM). Importantly, the MIP showed
minimal cross-reactivity with the analogues (MC-YR, MC-RR
and nodularin), which is in stark contrast to the behavior of
pAbs and even mAbs.>' Zhao et al. employed density func-
tional theory (DFT) calculations to determine the binding
affinity of 4 monomers—methacrylic acid (MAA), acrylamide
(AM), 2-aminothiophenol (0-ATP) and p-aminothiophenol
(p-ATP)—towards r-arginine. They concluded that the combi-
nation of p-ATP and MAA was the most appropriate for the
molecular imprinting of r-arginine.’”> Additionally, two sol-gel
MIPs were synthesized. One was prepared using diphenyl-
dimethoxysilane (DPDMS), (3-aminopropyl) trimethoxysilane
(APTMS), and tetraethoxysilane (TEOS), and the other was
made with (3-aminopropyl) triethoxysilane (APTES), TEOS,
DPDMS and potassium tetrakis(4-chlorophenyl)borate
(TKCIPB). Both of these sol-gel MIPs demonstrated high speci-
ficity for MC-LR in the company of other species commonly
found in environmental water samples.>*>*

Recently, the integration of MIPs with inorganic nano-
materials to create MIP-based hybrids has garnered significant
research interest. In these hybrids, MIPs serve as the reco-
gnition while inorganic nanomaterials are used for separation
or signal output. For instance, Pan et al. engineered a gra-
phene oxide-based ternary magnetic molecularly imprinted
polymer hybrid (T-MMIP hybrid) for MC-LR. In this hybrid,
GO-Fe;0, served as the base within the in-position copolymeri-
zation involving a template molecule (MC-LR), a cross-linking
agent (divinylbenzene, DVB) and functional monomer (AM).
The resulting T-MMIP hybrid displayed selectivity not only for
MC-LR but also for 8 variants (MC-WR, MC-LR, MC-YR,

1474 | Analyst, 2025, 150, 1470-1489

MC-LW, MC-LA, MC-LY, MC-LF and MC-RR).”> Besides, Chen
and colleagues employed pyrrole as the functional monomer
in the fabrication of MC-LR imprinted polypyrrole (PPy) on a
Cu,O/ITO electrode via electropolymerization, which generated
specific recognition sites that increased the electrode’s selecti-
vity for MC-LR.”® Additionally, various other MIP-based
hybrids have been fabricated, including MIP/CNTs,”” MIP/Au
NPs,*® MIP@CQDs@Si0,,”° MIP/RGO/Ti-Fe-O NTs.?° In these
hybrids, functional monomers such as AMPSA, sodium 4-vinyl-
benzenesulfonate, (vinylbenzyl)trimethylammonium chloride,
vinyl benzoate, APTES, and o-phenylenediamine (o-PD) were
used to prepare MIPs on the surface of these nanomaterials.
The organic functional monomers employed in the fabrication
of MIPs targeting MC-LR are shown in Fig. 2.

Apart from organic MIPs, the incorporation of MC-LR reco-
gnition sites directly into the preparation process of inorganic
photocatalytic MIPs has also been documented. Liu and col-
leagues synthesized a surface molecularly imprinted
TiO,@CNTs composite nanostructure (MI-TiO,@CNTSs) by
directly integrating MC-LR as the template molecule into the
precursor solution throughout the synthesis process of TiO,
on CNTs. This method effectively embedded artificial reco-
gnition sites for MC-LR within the material. The
MI-TiO,@CNT-based sensor that was developed demonstrated
exceptional sensitivity and selectivity in the detection of
MC-LR.%" MIPs offer distinct advantages in the recognition of
MC-LR, such as high selectivity, cost-effectiveness, and stabi-
lity. However, their complex preparation process, limited
regeneration capacity and anti-interference capabilities can
restrict their widespread application in certain scenarios.

2.4 Aptamers

Aptamers, referred to as chemical antibodies, are synthetically
crafted short sequences of DNA/RNA oligonucleotides. These

This journal is © The Royal Society of Chemistry 2025
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molecules are chosen and amplified in vitro through a pro-
cedure referred to as systematic evolution of ligands by expo-
nential enrichment (SELEX). Aptamers are characterized by
their high stability, specificity, low cost, and ease of
modification.®*

In 2001, Nakamura and colleagues successfully developed
the inaugural aptamer specifically designed to target MC-LR.
However, this screened aptamer presented poor sensitivity
towards MC-LR with a binding affinity (K4q) of 10> M, and
showed a higher specificity to MC-YR, limiting its applicability
in developing sensors for MC-LR.®* In 2004, Gu and Famulok
identified four clone RNAs specific against MC-LR, among
which MC25 clone RNA (5-CCGGGGUAG GGA UGG GAG GUA
UGG AGG GGU CCU UGU UUC C-3") demonstrated relatively
high affinity towards MC-LR with a K4 value of 4.6 pM.** In
2012, Ng and colleagues identified a range of DNA aptamers
targeting MC-LA, MC-LR and MC-YR. Among them, AN6 (5-
GGC GCC AAA CAG GAC CAC CAT GAC AAT TAC CCA TAC CAC
CTC ATT ATG CCC CAT CTC CGC-3') exhibited the highest
affinity towards MC-LR with a K4 of 50 + 12 nM.°® Since then,
AN6 has been widely adopted in subsequent aptamer-based
MC-LR sensors due to its favorable sensitivity and specificity.
Aptamers offer several advantages in recognizing MC-LR,
including high specificity, high sensitivity, and ease of
functionalization. These characteristics make them particu-
larly suitable for developing rapid and sensitive detection
methods. However, challenges remain in their complex selec-
tion process, susceptibility to nuclease degradation, and non-
specific adsorption, which need to be addressed.

3. Typical optical signal transduction

Signal transduction, the process that transfers the reaction
information between the recognition elements and the targets
into analytically useful signals, is another crucial component
of sensors.®® Effective signal transduction methods could sig-
nificantly enhance the detection sensitivity of the target ana-
lytes. Among various transduction approaches, optical signal
transduction has emerged as one of the most widely utilized
in constructing sensors for detecting MC-LR due to its advan-
tages such as straightforward operation, rapid response and
robust stability.'”*” Current optical sensors for MC-LR detec-
tion primarily focus on five signal output formats: colorimetry,
fluorescence, surface-enhanced Raman scattering (SERS),
surface plasmon resonance (SPR), and electrochemilumine-
scence (ECL). This section reviews recent advancements in
sensors for MC-LR detection, with a particular emphasis on
optical signal transduction.

3.1 Colorimetry

Due to its ease of use and simplicity, the colorimetric sensing
method has become a robust analytical technique for detect-
ing a wide array of analytes. A notable advantage of colorimetry
is that signal change can be directly identified with the
unaided eye. A key component in developing a colorimetric

This journal is © The Royal Society of Chemistry 2025
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platform is converting the response behavior into a visual
color change.®®

Au nanomaterials are one of the most widely used materials
in constructing optical sensors. In 2011, Zhu and colleagues
reported a G-quadruplex DNAzyme-based immunosensor for
detecting MC-LR. Within this research, G-quadruplex-hemin
DNAzymes and secondary antibodies were coated on the Au
NPs’ surface as new labels (CatG4-AuNP conjugates). These
CatG4-AuNPs conjugates could interact with the MC-LR anti-
bodies through the secondary antibodies and could facilitate
the H,0,-driven oxidation of ABTS to produce coloured pro-
ducts owing to the peroxidase activity of G-quadruplex-hemin
DNAzymes (Fig. 3A). This immunosensor was specifically
designed to detect MC-LR over a linear response range
(100-10 000 ng L"), featuring a LOD at 50 ng L™'.% Apart
from serving as a supporting matrix, Au NPs possess the prop-
erty of color-change due to the aggregation of particles. Li and
colleagues engineered a sensor utilizing aptamers for the
selective identification toward MC-LR, which was supported by
the aggregation of AuNPs. Aptamers were anchored to the
AuNPs’ surface via coordination bonds between gold atoms
and the nitrogen atoms, which in turn averted aggregation of
AuNPs caused by salts. When MC-LR was introduced to the
solution containing aptamer-protected Au NPs, the aptamers
selectively bound to MC-LR, thereby losing their protective
effect against salt-induced aggregation of the Au NPs. This
interaction led to a color change of the Au NPs from red to
violet-blue (Fig. 3B). This result suggested that the aptamer-
based colorimetric sensor was effective for MC-LR detection,
with a good linear response (0.5-7500 nM) and a LOD at 0.37
nM.”® Furthermore, an Au NP dimers sensor formed by two
DNA-Au NPs and an aptamer was used for colorimetric detec-
tion of MC-LR. Within the study, the aptamer underwent a
conformational change to bind with MC-LR, leading to the dis-
sociation of AuNP dimers and a shift in the solution’s color
from blue to red within a 5 minute timeframe (Fig. 3C). This
Au NP dimer-based colorimetric sensor demonstrated a linear
response range between 0.1 nM and 250 nM and a LOD of 0.05
nM.”!

Polydiacetylene (PDA) vesicles also exhibit sensitive color
changes due to conformational changes in the conjugated
backbone of PDA, making them suitable for optical signal
transduction. Xia and colleagues incorporated mAbs specific
to MC-LR into PDA vesicles, thereby creating MC-LR-recogniz-
ing vesicles (PDA-anti-MC-LR). The specific immunological
interaction between MC-LR and PDA-anti-MC-LR resulted in a
color shift discernible by the unaided eye, attributable to the
conformation change of the PDA.”? In addition to direct color
change caused by nanoparticle conformational change, indir-
ect color reactions were utilized for signal transduction. For
example, Tang and colleagues reported the employment of
antibody-modified  SiO,-coated magnetic nanoparticles
(Fe;0,@Si0,) and aptamer-modified PDA/CuNPs to bind to
distinct epitopes on MC-LR, creating sandwich-like complexes
that were magnetically extracted. Following the reaction with
bis(cyclohexanone)oxaldihydrazone (BCO), the copper in the
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extracted PDA/CuNPs was oxidized to Cu>" ions, which led to a
detectable absorption at 600 nm. It was discovered that the
absorbance intensity demonstrated a linear correlation with
MC-LR concentrations between 50 pM and 25 nM, featuring a
LOD of 50 pM.”?

Recently, the application of hydrogels in sensors has
attracted great attention. Abnous et al. described a colorimetric
sensor with graphene oxide (GO) incorporated within a hydro-
gel framework. The aggregation of GO sheets was induced by
the interaction of complementary MC-LR aptamers and adeno-
sine strands, with methylene blue (MB) sandwiched between
the GO layers. Upon the introduction of MC-LR, the formation
of the GO hydrogel structure was impeded due to the absence
of complementary strands, causing the solution to turn blue
that could be measured spectroscopically (Fig. 4A). This assay
showed a LOD as low as 219 pM.”* Additionally, in our pre-
vious study, we described a DNA hydrogel encapsulating Cu/
Au/Pt trimetallic nanoparticles (Cu/Au/Pt TNs) for colorimetric
sensing of MC-LR. Capitalizing on the heightened peroxidase-
mimicking activity of the nanozymes, the developed colori-
metric biosensor was able to sensitively quantify MC-LR within
4.0 ng L™'-10 pg L', with a LOD of 3.0 ng L™" (Fig. 4B).””

Colorimetric signal transduction determination of MC-LR
offers several advantages, such as ease of operation, low cost
and rapid response, making it suitable for on-site rapid screen-
ing and preliminary detection. However, its application in
high-precision and complex environments is limited by lower
sensitivity, restricted quantitative performance, and suscepti-
bility to interference. Therefore, colorimetric signal transduc-
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tion usually needs to be combined with signal amplification
strategies to enhance detection sensitivity.

3.2 Fluorescence

Fluorescence, recognized for its simplicity and high sensitivity,
is one of the most commonly used signal output modalities in
sensing platforms, ranging from biomedical diagnosis to
environmental monitoring.”® To date, numerous donor and
acceptor fluorophores have been utilized in developing fluo-
rescence sensors for MC-LR detection, encompassing
quantum dots (QDs), fluorescent dyes, carbon-based materials,
and gold nanomaterials, among others.””

QDs are potent materials for emitting fluorescence signals,
boasting distinctive optical characteristics such as high
quantum efficiency, narrow emission spectrum, photostability
and extensive absorption. Feng et al. synthesized a CdSe/ZnS
QD-hapten nanoprobe by linking carboxyl-functionalized
CdSe/ZnS QDs to aminoethyl-MC-LR. The signal was facilitated
by the fluorescence resonance energy transfer (FRET) occur-
ring between the CdSe/ZnS QD-hapten nanoprobes and the
Cy5.5-tagged antibodies. This sensor showed a good linear
response (0.10-4.0 pg L™') and a LOD of 0.03 pg L~'.7%
Similarly, in the study conducted by Lee et al., they engineered
a QDs-aptasensor employing the FRET approach, with magne-
tized QD525 (MB-QD525) functioning as the donor and the
dimeric cyanine PoPo3 dye, which was integrated into the
aptamer, serving as the acceptor. After the introduction of
MC-LR, the aptamer recognized and bound to MC-LR, releas-
ing PoPo3 molecules from the MB-QD525-aptamer—PoPo3

This journal is © The Royal Society of Chemistry 2025
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complex, causing a decreased emission within the linear
domain (0.1-100 pg L™") (Fig. 5A).”° In addition to the FRET-
based designs, the inner filter effect (IFE) between Au NPs and
MoS, QDs was applied to design a fluorescence assay for
detecting MC-LR by Cao and colleagues.®® Fluorescence emis-
sion from MoS, QDs at 509 nm, upon excitation at 862/
800 nm, was diminished owing to the presence of aptamer-
modified Au NPs. Once MC-LR was added, the aptamer selec-
tively bound to it. This binding caused the Au NPs to cluster in
a saline environment, which in turn inhibited the fluorescence
energy transfer. This process effectively restored the upcon-
verted fluorescence of MoS, QDs (Fig. 5B). Capitalizing on the
minimized background interference from the fluorescence
upconversion of MoS, QDs, this aptasensor was used to ident-
ify MC-LR in actual water collected from the Gorges Reservoir
area in China. It demonstrated a linear correlation from 50 pM
to 40.19 nM with a LOD of 10 pM. Furthermore, Xu et al. used
silane-doped carbon dots (Si-CDs) as fluorescence materials
for ultrasensitive analysis of MC-LR. In their research, pAbs
were labeled with horseradish peroxidase (HRP) for binding
with MC-LR or coated MC-LR. Following the removal of
unbound antibodies, the substrate solution consisting of H,0,
and ABTS was introduced. The HRP catalyzed oxidation of
ABTS to its oxidized form (ox-ABTS) caused significant fluo-
rescence quenching of the Si-CDs. (Fig. 5C). Variations in the
fluorescence intensity of Si-CDs enable the quantitative detec-

This journal is © The Royal Society of Chemistry 2025

tion of MC-LR in the range between 1 ng L™ and 3.2 pg L™
and provided a LOD of 0.6 ng L™".>* Considering that MC-LR
may influence the fluorescence of modified QDs, a novel “on-
off-on” chemosensing approach was devised for detecting
MC-LR using nitrogen and phosphorus co-doped carbon dots
(N/P CDs). The fluorescence emission strength of the N/P CDs
decreased in the presence of Fe** ions, which was attributed to
the construction of Fe-O-P bonds between the Fe** ions and
phosphorus-containing groups on the surface of the N/P CDs.
However, upon adding MC-LR, the fluorescence intensity of
N/P CDs could be recovered because of the rival coordination
of the MC-LR cavity and Fe*'. This strategy demonstrated a
linear relationship (50-3000 ng L"), with a LOD of 17.1 ng
L~".%! Additionally, a fluorescence sensor based on molecularly
imprinted polymer-coated carbon quantum dots
(MIP@CQDs@Si0,) was fabricated for detecting MC-LR, in
which the fluorescence of CQDs was quenched after the
adsorption of MC-LR through an electron transfer process.>”
Carbon materials, for example single-walled carbon nano-
tubes (SWCNTs) and colloidal graphene (CG), have been
exploited as transducers to translate recognition events into
discernible fluorescence signals. Liu et al. utilized CG along
with MC-LR-DNA conjugates to establish a rival fluorescence-
based immunoassay for detecting MC-LR. The MC-LR-DNA
probe rapidly adhered to the surface of CG through n-n stack-
ing, which resulted in significant fluorescence quenching due

Analyst, 2025, 150, 1470-1489 | 1477


https://doi.org/10.1039/d4an01576b

Published on 11 Mé&erz 2025. Downloaded on 01.03.26 19:44:11.

Critical Review

View Article Online

Analyst

Quantum Dots As Fluorescence Signal Output Materials

Magnetic beads QDs,s MB-QDs;s

FRETC

Aptamer

-@ -

MB-QDjs,s-aptamer  PoPo3 dye

No FRET =

& e =

MB-QDj,s-aptamer-PoPo3 MC-LR MB-QDj,s-aptamer-MC-LR Release PoPo3 dye
B T
\IEF = No 1EF Q)
-
93 o ; (MC-LR)
&) NaCl &) ® ™ ® “0“
> ‘7 9y
N .9 “ 9% e Hacl ApMciR @ @70
(X
Apt- AuNPs AuNP dispersion  MoS, QDs AuNP aggregation
C ¥
Washing (ox-ABTS) X
NAY Y ——
AANAAA —_— \
AAAAA © %
Fluorescence quenching °°
Without MC-LR Add ABTS Si-CDs s 1 ol
k:’ .% Washing o \
I ashing m R
AAAAA AAAAA ‘
With MC-LR Add ABTS Si-CDs Fluorescence maintenance ™

Fig. 5 (A) FRET based quantum QD525-aptasensor for detecting MC-LR.”® (B) The MC-LR sensing mechanism involving MoS, QDs for upconver-
sion luminescence and aptamer-conjugated Au NPs.8° (C) The Si-CD-utilized FELISA technique for the quantitative analysis of MC-LR.3®

to the excellent quenching performance of CG. On the other
hand, the competitive interaction between MC-LR-DNA and
anti-MC-LR antibodies disrupted the interaction between gra-
phene and MC-LR-DNA, thereby causing the restoration of the
fluorescence signal. The CG-based immunosensor enabled the
quantitative detection of MC-LR, achieving a LOD of 140 ng
L7'.%% In a separate investigation by Taghdisi et al, SWNTs
served as anchors for two distinct aptamers: one specific for
MC-LR and another for a fluorescent marker (dapoxyl). Upon
MC-LR being introduced, the aptamer designed to bind to the
target detached from the SWNTs. This release enabled the
aptamer specific to dapoxyl, which was also bound to
the SWNTs, to interact with the dye, causing a decrease in fluo-

1478 | Analyst, 2025, 150, 1470-1489

rescence. The SWNT-based fluorescence sensor demonstrated
a broad linear -correlation with MC-LR concentrations
(0.4-1200 nM) with a LOD of 138 pM.**

Au NPs, owing to their unique optical properties, are also a
kind of the most popular nanomaterials in the construction of
fluorescent sensors. Au NPs exhibit a surface-enhanced fluo-
rescence (SEF) effect on the fluorophores positioned a few
nanometers from the metal surface, while also possessing
efficient fluorescence quenching capabilities. Li and col-
leagues engineered a SEF immunosensor that leveraged gold
nano-crosses to amplify the fluorescence signal and employed
Cy5 as the fluorescent marker molecule. The fluorescence of
Cy5 could be enhanced by the Au nano-crosses without MC-LR

This journal is © The Royal Society of Chemistry 2025
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being present, since the Cy5-labeled goat anti-rabbit IgG was
captured on the Au nano-cross-coated MC-LR-antibodies.
Upon MC-LR being introduced, competitive interaction
between the free and coated MC-LR for the MC-LR antibodies
resulted in a decreased capture of Cy5-labeled goat anti-rabbit
IgG on the Au nano-cross-MC-LR antibodies, leading to a
decreased fluorescence intensity (Fig. 6A).%* In a related study,
Li et al. conjugated the Cy3 dye-labeled complementary ssDNA
(Cy3-cDNA) to plasmonic gold nanostars (GNSs) to create Cy3-
cDNA-GNS conjugates. The introduction of MC-LR-specific
aptamers resulted in the formation of Cy3-cDNA/aptamer
duplexes on the GNSs through the process of hybridization.
The presence of MC-LR triggered the preferential binding
of the MC-LR-specific aptamer to MC-LR, leading to the
disassembly of the Cy3-cDNA/aptamer duplexes and causing
fluorescence quenching as the Cy3 dye came into close proxi-
mity to the GNS surface (Fig. 6B). The fluorescence intensity
under steady-state conditions varied directly with the MC-LR
concentration spanning between 0.1 and 50 pg L™", exhibiting
a LOD of 0.50 pg L™'. Additionally, a surface-enhanced Raman
spectroscopy (SERS) signal was also obtained with a LOD of
770 pg mL "%

With the rapid advancements of biology, novel biological
signal amplification strategies have been incorporated into the
creation of a fluorescence sensor for detecting MC-LR. Xie
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et al. pioneered a nanofluidic system for the fluorescence
identification of MC-LR. In their study, Au NPs adsorbed the
FAM-labeled aptamers, quenching the fluorescence of FAM
and protecting the aptamers from digestion by deoxyribonu-
clease I (DNase I) enzyme. The interaction of the aptamer with
MC-LR resulted in the formation of an aptamer/MC-LR
complex, subsequently releasing from the Au NP surface.
Upon the introduction of the DNase I enzyme, it selectively
digests the aptamers, which in turn releases MC-LR to serve as
an additional target, enhancing the signal and leading to a
strong fluorescence emission (Fig. 6C). This amplification
approach, which incorporates the DNase I enzyme and AuNPs,
demonstrated a broad linear response (0.25 nM-20 nM) and
high sensitivity (LOD = 0.83 nM) toward MC-LR.%® Recently,
two novel CRISPR-based signal amplification strategies for
fluorescence sensing of MC-LR were reported by Yan’s and
Wu'’s group, respectively.®”®® In Yan’s research, they developed
an aptasensor platform, dubbed MC-LR-Casor, that leverages
CRISPR-Cas12a for the on-site detection of MC-LR. Initially,
the MC-LR-specific aptamer was annealed with a blocker DNA
sequence and then attached to magnetic beads (MBs), causing
the formation of the MB-aptasensor. Upon binding to MC-LR,
the aptamers released the blocker DNA, thereby activating
the CRISPR/Cas12a system. This activation led to the rapid
cleavage of the fluorescence reporter, resulting in strong
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fluorescence (Fig. 6D). Leveraging the CRISPR/Cas12a amplifi-
cation platform, the developed sensing system achieved a LOD
of approximately 3 pg L™".%” In our previous study, we devel-
oped an innovative and adaptable fluorescence sensor, termed
the Cas14-pMOFs sensor, by fusing the CRISPR/Cas14a mecha-
nism with two-dimensional sheets of porphyrin-based metal-
organic frameworks (2D-pMOFs). In this setup, the FAM-
labeled single-strand DNA (ssDNA-FAM) was adsorbed onto
the Cu-TCPP(Fe) nanosheet to serve as the fluorescence indi-
cator. The complementary DNA to the MC-LR aptamer (cDNA)
was designed to act as an activator for the CRISPR/Casl4a
system. When the MC-LR is exposed to its corresponding
aptamer during incubation, the ¢cDNA was released into the
solution, triggering the trans-cleavage activity of Cas14a. This
caused the cleavage of ssDNA-FAM into smaller DNA frag-
ments and their subsequent desorption from the Cu-TCPP(Fe)
nanosheets, which produced a fluorescence signal. The fluo-
rescence sensor was capable of detecting MC-LR within the
span between 0.05 ng mL~" and 1000 ng mL ™", with aLOD of
0.19 ng mL™".%®

Fluorescence signal transduction offers several advantages
in detecting MC-LR, such as high sensitivity, ease of operation
and rapid response, making it suitable for on-site rapid screen-
ing and preliminary detection. However, the high cost of fluo-
rescent dyes and their susceptibility to quenching by other
factors also limit their application in actual samples.

3.3 Surface enhanced Raman scattering (SERS)

SERS is an analytical method that merges the molecular
selectivity of Raman spectroscopy with the distinctive optical
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characteristics of plasmonic nanoparticles. In the SERS
system, the electromagnetic field at the surface of nano-
structured metallic particles is significantly enhanced due to
the plasmonic effects, resulting in an amplification of the
SERS signal intensity across multiple orders of magnitude.®
This amplification enables highly sensitive detection, down to
the single-molecule level. SERS offers several advantages,
including label-free and nondestructive characterization, as
well as a rapid response time, making it a powerful analytical
tool for biomedical diagnostics and environmental
monitoring.’**!

Great strides have been achieved in SERS-based detection
systems for tracking MC-LR, primarily concentrating on cre-
ation and fabrication of SERS substrates. Noble metals such as
Ag and Au are among the most popular materials for SERS
substrates, offering enhancement factors up to the order of
10'*.%° In 2015, Zhao et al. fabricated SERS-active Au nano-
flower-Ag nanoparticles (Au NF-Ag NPs) core-satellite assem-
blies, using the Y-shaped aptamer hybrid chains to assemble
the Au NFs and Ag NPs. The SERS-active assemblies exhibited
a substantial enhancement of the local electromagnetic field.
With the introduction of MC-LR, the assemblies disassembled,
causing a reduction in the SERS signal intensity (Fig. 7A). A
direct proportionality was found between the SERS signal
intensity of the assemblies and the MC-LR concentrations,
spanning between 10 pM to 10 nM, with the LOD reaching 8.6
pM.*? Similarly, Wei et al. modified cDNA and 4-ATP onto Au
NPs to prepare a SERS tag and constructed a hairpin aptamer
modified magnetic sphere. When MC-LR is present, the
hairpin aptamer would open, allowing the SERS tag to connect
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to the hairpin aptamer through complementary bases
(Fig. 7B). As a result, notable Raman signals were produced fol-
lowing magnetic separation, with MC-LR concentrations
varying from 100 pg L™" to 100 pg L~".%

To further enhance the local electromagnetic field, core-
shell nanostructures with ultra-small gaps were fabricated as
SERS probes. The Raman reporter could be situated in the
interstice between the core and the shell, acting as internal
standards, and shielded from external environmental pertur-
bations by the shell. Zhao et al. successfully synthesized SERS-
active Au@AgAu nanoparticles with a tunable gap that
enhanced the SERS activity. These Au@gap@AgAu nano-
particles were combined with GO/Fe;O4 nanoparticles through
n—7 stacking interactions between the GO and the MC-LR apta-
mers. With MC-LR being present, the Au@gap@AgAu nano-
particles detached from the GO/Fe;O, nanoparticles because
of the aptamers’ binding specificity, resulting in a reduced
Raman intensity of the SERS tags (Fig. 8A). This SERS-based
sensing method demonstrated improved reliability and repro-
ducibility for detecting MC-LR, with a linear detection varying
from 10 pM to 100 nM and a LOD of 9.82 pM.** Luo et al.
developed a core-dual shell structured SERS tag consisting of
layers of an Au core with a SERS label, a silver shell, and an
outer gold shell (Au@label@Ag@Au NPs). The inner Ag shell
layer enhanced the plasmonic enhancement and protected the
SERS label from environmental interference, while the outer
Au shell layer prevented the oxidation of Ag and improved bio-
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compatibility. By attaching aptamers to the outer gold shell,
the Au@label@Ag@Au nanoparticles were anchored onto
asymmetric gold nanoflowers (AuNFs) that were spread on flat
silicon substrates via DNA hybridization, creating core-satellite
nanostructures on these substrates. Introducing MC-LR led to
the dissociation of Au@label@Ag@Au NPs from the AuNFs,
leading to a weaker SERS signal. Notably, this SERS aptasensor
is capable of detecting MC-LR and MC-RR, either separately or
together, by adopting two different SERS labels, 4-mercapto-
benzonitrile (4-MBN) and 4-nitrothiophenol (4-NTP), each with
specific aptamers.”® Additionally, Li et al. constructed a SERS
tag by coating silica onto the Raman molecule modified plas-
monic gold nanostar (GNS) cores (GNS@Raman
reporter@SiO,). A SERS immunoassay was designed by immo-
bilizing the mAb onto both GNS@Raman reporters@SiO, and
the quartz chip. The stepwise introduction of MC-LR targets
and SERS probes facilitated the formation of a sandwich-like
complex, which was subsequently analyzed using SERS techno-
logy (Fig. 8B). This SERS sensor displayed a linear dynamic
detection range from 10 ng L™ to 100 pg L™ and reached a
LOD of 14 ng L™". Importantly, this SERS sensor demonstrated
valuable applicability in continuously monitoring dynamic
MC-LR production by a Microcystis aeruginosa culture.®
Graphene-derived plasmonic nanohybrids have likewise
been utilized for the fabrication of SERS sensors. To achieve
ultrasensitive detection of MC-LR, Ma et al. reported a real-
time assembled SERS aptasensor based on hollow triangular
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nanoplate AgClAu:plasmonic graphene oxide (HTNP AgClAu:p-
GO) nanocomposites. In this system, the HTNP AgClAu:p-GO
nanocomposites were assembled from networks to a laminar
structure through DNA hybridization using a biotin-streptavi-
din interaction protocol, with Raman reporters simultaneously
embedded into the laminar structures. The dynamic assembly
procedure could be adjusted in real time with the ratiometric
introduction of MC-LR, causing an alteration of the SERS
signal (Fig. 8C). This real-time controllable aptasensing
approach attained a broad linear response between 0.01 nM
and 5 nM and n LOD of 6.3 pM.%”

In addition to a single Raman signal output, dual-mode
signal transduction has been employed in detecting MC-LR.
Tian et al. proposed a dual sensing strategy that combines
SERS and FET technologies, utilizing AuNPs/GO composites as
the sensing material. This dual-mode biosensor allows for
detecting MC-LR qualitatively via its Raman fingerprint spec-
trum, while quantitatively determining MC-LR through the
graphene field effect transistor.”®

SERS significantly amplifies Raman signals, thereby greatly
enhancing detection sensitivity and even enabling single-mole-
cule detection. This is highly advantageous for detecting low
concentrations of MC-LR. Additionally, SERS can simul-
taneously detect multiple analytes, offering multiplexing capa-
bilities that make it suitable for analyzing complex samples.
However, the repeatability of SERS signals is influenced by the
properties of the substrate materials. Commonly used metallic
substrates like Ag and Au have trade-offs. Ag provides the best
enhancement effect but is less stable, whereas Au is more
stable but offers weaker enhancement and is more expensive.
These factors limit the large-scale application of SERS in the
detection of MC-LR.

3.4 Surface plasmon resonance (SPR)

SPR technology is an optical-based approach utilized to
measure the refractive index of an ultrathin layer of material
adsorbed on a metal surface. The SPR-based sensing strategy
offers several advantages, including automation, real-time
detection, reuse and reproducibility, making it an ideal candi-
date for signal output applications.®'*°

Herranz et al. modified the SPR chip with a self-assembled
monolayer (SAM) and then covalently attached MC-LR to the
SAM for detecting MC-LR. This refined SPR biosensor achieved
an ICs, value of 0.67 + 0.09 pg L™, covered a dynamic range
between 0.2 and 2.0 ug L™, and had a LOD of 73 + 8 ng L™" for
MC-LR. Capable of conducting four simultaneous measure-
ments within 60 minutes, each SPR chip could be utilized in a
minimum of assay and regeneration cycles without substantial
decrease in binding affinity. However, this SPR biosensor
exhibited high cross-reactivities towards MC-RR (88%) and
MC-YR (94%)."°" Devlin et al. covalently attached MC-LR to a
CMS5 chip and used it in a competitive assay with a 4-minute
injection period using an in-house produced mAb to detect
total MCs. This assay not only had the sensitivity to detect
extracellular MC-LR at 0.5 ng mL ™" but also could quantify
intracellular microcystin concentrations with a LOD of 50 pg
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mL™"." Tan et al. developed a SPR system that uses fre-
quency-shifted light of different polarizations to stimulate
laser heterodyne feedback interferometry (LHFI). This tech-
nique amplifies the reflectivity change caused by refractive
index (RI) variations on a gold-coated SPR chip surface. The
s-polarized light serves as a reference to compensate for noise,
thereby enhancing RI resolution. Using antibodies as reco-
gnition elements, the system achieves ultralow detection limits
for MC-LR (3.9 ng L™").'® Practical and automated, the SPR/
ESP/LRAUV system developed by William et al. integrates an
SPR instrument with an environmental sample processor
(ESP) and a long-range autonomous underwater vehicle
(LRAUV) to detect and quantify particle-associated MCs
(pMCs). This system complements existing cyanobacterial
harmful algal blooms survey techniques and enhances predic-
tive models for bloom and toxicity forecasts.'**

SPR signal transduction offers several advantages, such as
real-time monitoring and high sensitivity, making it particu-
larly suitable for studying the interactions between MC-LR and
recognition elements, as well as for detecting low concen-
trations of MC-LR. However, it also has drawbacks, such as
expensive instrumentation and a high dependence on
functionalization of the chip surface.

3.5 Electrochemiluminescence (ECL)

ECL refers to the light emitted from the excited state of the
ECL luminophore, which is generated on the electrode surface
via a high-energy electron transfer process that includes
electrochemical reactions. The technique integrates the advan-
tages of both electrochemical and spectroscopic techniques,
offering high sensitivity, good specificity, a broad linear range,
and cost-effectiveness. %

Graphene materials co-doped with boron (B) and nitrogen
(N) have garnered significant interest for their remarkable
luminescence characteristics, particularly in the development
of ECL sensors. Wang’s team has created a suite of ECL
sensors for detecting MC-LR, leveraging B,N co-doped gra-
phene. In their initial setup, the co-doped graphene hydrogels
(BN-GHs) were utilized to enhance the steric interference
between MC-LR and its corresponding aptamer. With the
increasing concentration of MC-LR in the system, the ECL
signals progressively diminished. This reduction occurred
because the specific binding between MC-LR and its aptamer
obstructed the approach of the coreactant TPrA to the Ru
(bpy)s>" on the electrode surface, leading to a lowered ECL
emission. A direct correlation was observed between the
decline in the ECL signal and the increasing concentrations of
MC-LR, spanning from 100 fM to 1 nM, with a LOD of 30
fM.’®” To enhance the ECL response of B,N co-doped gra-
phene, they designed a luminescent reagent by compositing
ZnO QDs and B,N co-doped graphene (BNG/ZnO). By utilizing
BNG/ZnO as the ECL luminophore and an aptamer for specific
target identification, they developed a cathodic ECL aptasensor
for detecting MC-LR. Within this setup, the ZnO quantum
dots produce intense ECL emission through their interaction
with K,S,0s, and the incorporation of B and N into the gra-
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phene matrix substantially boosts the ECL signal strength
(Fig. 9A). This synergistic enhancement resulted in a low LOD
of 30 fM and a broad detection range from 100 fM to 5 nM.'°®
Moreover, in order to further improve sensor performance,
SPR induction-enhanced ECL technology was introduced. The
approach incorporated B and N co-doped graphene quantum
dots (BN-GQDs) for luminescence and bismuth nanoparticles
(Bi NPs) to generate SPR. Lacking MC-LR, BN-GQDs were
linked to Bi NPs through the hybridization of the MC-LR
aptamer and its complementary DNA, allowing the ECL emis-
sion of BN-GQDs to induce SPR in Bi NPs, which in turn
strengthened the ECL response of BN-GQDs, resulting in a
high and enhanced ECL signal. However, with MC-LR being
introduced, BN-GQDs could not be linked to the Bi NPs, so
that the ECL signal decreased (Fig. 9B). Compared to the
BN-GHs and BNG/ZnO, this SPR enhanced ECL sensor was
beneficial for broadening the detection range (0.01-5000 pM)
and enhance the sensitivity (LOD = 0.003 pM).'*® In addition
to B and N co-doping, the incorporation of P can also enhance
the ECL efficiency of CDs and allows for fine-tuning of the ECL
wavelength."*°

Other materials, including Au NPs, CdS QDs, metal-organic
frameworks (MOFs) and copper nanoclusters (CuNCs), have
been used as ECL transducers.''” In research conducted by
Zhang et al., a sandwich-type ECL immunosensor was crafted
for detecting MC-LR, incorporating Au NPs and CdS QDs. The
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Au NPs were deposited on a glassy carbon electrode (GCE) to
link with the primary antibody specific to MC-LR (Ab1) and to
enhance electron transfer. Meanwhile, CdS QDs were prepared
and tagged to the secondary antibody (Ab2), serving as the
ECL luminescent labels. With MC-LR being introduced, a
sandwich structure was formed, resulting in a strong ECL
signal emission via the electron transfer interaction between
the CdS QDs that accept electrons and the reduced forms of
$,05°” in a phosphate-buffered solution. (Fig. 9C) This ECL
immunosensor possessed a linear response to MC-LR ranging
from 10 ng L™" to 50 pg L™ with a LOD of 2.8 ng L™"."*" MOFs
possess high porosity, large specific surface areas and tunable
chemical properties, making them one of the most popular
materials for ECL.""® Li et al. established an ECL-resonance
energy transfer (RET) system for MC-LR monitoring based
on 3,4,9,10-perylenetetracarboxylic acid/the metal-organic
frameworks NH,-MIL-125(Ti) (PTCA/NH,-MIL-125) and Au
NPs. In this system, complementary DNA1 and DNA2
were bound to the surface of PTCA/NH2MIL-125 and AuNPs,
separately. The specific MC-LR aptamer served as a linker to
connect the DNA1-PTCA/NH,MIL-125 and DNA2-AuNPs. The
ECL emission of PTCA/NH,MIL-125 was quenched by Au
NPs because of the spectral overlap between PTCA and Au NPs.
With MC-LR being included, the aptamer separated from the
sensor, breaking the bridge between PTCA/NH,MIL-125 and
Au NPs, and the ECL emission was restored. The quantifi-
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Fig. 9 (A) Schematic overview of the development and detection mechanism of the ECL sensing system incorporating BNG/ZnO.'°® (B) Schematic
portrayal of the fabrication and sensing mechanism of a Bi NP and BN-GQD-based sensor for MC-LR detection via SPR.19° (C) ECL immunodetection

system leveraging CdS QDs for MC-LR.**
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cation of MC-LR was accomplished by tracking the elevation in
the ECL signal following MC-LR binding, with a sensitivity MC-LR due to its high sensitivity, low background signal,
range spanning from 9.95 pg L' to 99.5 pg L' and a LOD of broad linear range and quick response time, which is ideal for
detecting low levels of MC-LR. Nevertheless, issues such as the

3.58 pg L71.1M
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ECL signal transduction is highly effective for detecting

Table 2 Comparison of analytical performance of representative optical-based sensors for the detection of MC-LR

Method of Recognition Linear range LOD (pg
detection elements Nanoparticle/composite used (rgL™ L™ Sample type Ref.
Colorimetry Ab G4-AuNPs conjugates 0.1-10 0.05 Lake water 69
Apt AuNPs 0.5-75 000 0.37 Tap/pond water 70
Apt Au NPs dimers 0.1-250 0.05 River water, PBS buffer and 71
human serum
mAb PDA vesicles 1-100 1.0 — 72
mAb and Apt PDA/CuNPs 0.05-25 0.05 Drinking/river water, orange 73
juice and milk
Apt GO hydrogel 0.65-1000 0.217 Tap water and serum 74
Apt Cu/Au/Pt TNs-encapsulated DNA 0.004-10 0.003 Tap and drinking water 75
hydrogel
Fluorescence mAb CdSe/ZnS QDs/Cy5.5 dye 0.10-4.0 0.03 Water 78
Apt MB-QD525/PoPo3 dye 0.0001-100 107" Cyanobacterial culture and 79
river water
Apt MoS, QDs and Au NPs 0.05-40 0.01 Reservoir water 80
pAb Si-CDs/ABTS/H,0,/HRP 0.001-3.20 6x10™*  Tap/lake/drinking water and 33
crucian
Cogrdination of  N/PCDs 0.05-3 0.017 Tap/sea water 81
Fe
MIP MIP@CQDs@SiO, 1-1000 9.3 ;< Lake/tap water 59
107
mAb Colloidal graphene 0-500 0.93 Lake/tap water and PBST 82
buffer
Apt SWNTs and dapoxyl 0.4-1200 0.137 Tap water and serum 83
Ab Au nano-crosses/Cy5 0.02-16 0.007 Fish 84
Apt GNSs/Cy3 0.1 to 50 0.50 Tap/lake/river water 85
Apt Au NPs/FAM/DNase I enzyme 0.25-20 0.83 Tap water 86
Apt CRISPR/Cas12a/FAM 1x107°-10 3.026 x River water 87
10~
Apt CRISPR/Cas14a/FAM/2D-pMOFs 0.05-1000 0.019 Tap/drinking water 88
SERS Apt Au NF-Ag NP 0.01-10 8.6 ;< Lake water 92
10~
Apt MNPs/AuNPs 0.01-200 0.002 Tap water 120
Apt Au@gap@AgAu NPs and GO/Fe;0, 0.01-100 9.82 x Lake water 94
NPs 107°
Apt Au@label@Ag@Au NPs 10-100 8x10™" M. aeruginosa culture 95
mAb GNS@Raman reporter@Sio, 0.01-100 0.014 Tap water and M. aeruginosa 96
culture
Apt HTNP AgClAu: p-GO 0.01-5.0 6.3 x Reservoir water 97
10~
Apt AuNPs/GO composite SERS for qualitative Deionized/tap/fresh lake 98
detection water
FET for quantitative
detection
SPR mAb Self-assembled monolayer 0.2-2.0 0.073 Drinking water 101
mAb CM5 chip 0.69-4.24 0.005 Cyanobacterial cultures 102
mAb SAMs on the SPR chip 0.013-1.01 0.0039 Lake water 103
ECL Apt BN-GHs 107%-1.0 3.0 x Tap/contaminated water and 107
107° human serum
Apt BNG/ZnO 107%-5.0 3.0 Tap/lake water 108
107
Apt BN-GQDs and Bi NPs 3.0 X 107°-5.0 3.0 x Tap/lake water 109
10~
mAb CdS QDs. 0.01-50 0.0028 River water 111
Apt PTCA/NH,MIL-125 and AuNPs 9.95 x 107°- 3.58 x Tap/river water 114
99.5 107°
LSPR Ab Antigen-ovalbumin modified 1-20 — Seafood 117
biological magnetosomes
CL Nanobody — — 0.33 Lake water 118
Ab HRP-functionalized Si NPs 0.02-200 0.006 Tap/lake/bottled drinking 119
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stability of luminescent reagents, electrode contamination,
and the need for rigorous sample pretreatment still need to be
addressed.

3.6 Other signal transduction methods

Apart from signal transduction methods mentioned above,
localized surface plasmon resonance (LSPR) techniques and
chemiluminescence (CL) techniques have also been employed
for the detection of MC-LR. LSPR is an optical phenomenon
arising from the interaction between electromagnetic waves
and the conduction electrons within metals. The localized
field decay characteristic of LSPR diminishes the solution’s
susceptibility to interference caused by refractive index vari-
ations and enhances the sensitivity to refractive index altera-
tions at the surface. AuNPs are frequently utilized in
LSPR.">"'' Sun and colleagues developed a simple LSPR assay
utilizing antibody-functionalized gold nanorods for signal
detection and biological magnetosomes modified with
antigen-ovalbumin for signal amplification to detect MC-LR in
seafood samples. The assay showed a linear response to
MC-LR concentrations from 1 to 20 ng mL™".""” CL techniques
involve the emission of light resulting from a redox reaction,
where a molecule within the reaction system absorbs energy,
becomes excited, and then emits light as it returns to its
ground state. The advantages of chemiluminescence tech-
niques include high sensitivity, a wide linear detection range
and rapid reaction. Zhao et al. developed a multivalent bifunc-
tional nanobody-based chemiluminescent immunoassay
(MBN-CLIA) for MC-LR detection in lake water, with a LOD of
0.33 ng mL™~."® Lu et al. developed a swift sandwich immuno-
assay method for detecting MC-LR in aqueous environments,
utilizing flow injection chemiluminescence. By employing Si/
ADb2 as the signal probe, they achieved a 13-fold increase in the
CL signal intensity, which resulted in a wide quantification
range spanning from 0.02 to 200 pg L™" and a sensitive LOD of
6 ng L71‘119

Based on the aforementioned discussion, various optical
strategies including colorimetry, fluorescence, SERS, SPR, ECL
signalling and other signal transduction methods have been
successfully employed for detecting MC-LR. The performance
characteristics of these optical sensors for detecting MC-LR are
summarized in Table 2.

4. Conclusion and future prospects

It is widely recognized that strengthening the surveillance of
MC-LR is essential for safeguarding environmental safety and
public health, given its detrimental impact on ecosystems.
Optical sensors offer a straightforward, rapid and economical
technique for the sensitive and reliable detection of MC-LR.
Consequently, this review systematically delineates recent
advances in optical sensors for the sensitive and reliable detec-
tion of MC-LR, providing a comprehensive summary of the
recognition elements and optical signal transduction mecha-
nisms utilized.

This journal is © The Royal Society of Chemistry 2025
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The selection of suitable recognition receptors is a critical
determinant of sensor performance. Initially, protein phospha-
tases were introduced as recognition receptors in sensors for
MC-LR, but their poor specificity led to their gradual replace-
ment by other recognition elements. Recently, the microcystin
degradation enzyme, MIrB, has emerged as a promising reco-
gnition element with potential applicability. However, it
requires further investigation. pAbs, mAbs, antibody frag-
ments, and AVygy-MVy exhibit high affinity for MC-LR, with
IC5, values as low as 0.06 pg L', and are widely employed in
MC-LR sensor construction. Nevertheless, these antibodies
exhibit considerable cross-reactivity with MC variants, particu-
larly MC-RR and MC-YR. MIPs offer unparalleled advantages
over other biomolecules in terms of chemical, mechanical,
and storage stability. The selection of appropriate functional
monomers and polymerization methods is crucial for fabricat-
ing high-affinity MIPs with MC-LR-specific cavities. Aptamers
have demonstrated considerable advancement in serving as
recognition elements in biosensors, attributed to their speci-
ficity and strong binding affinity. A high-affinity aptamer for
MC-LR, with a K4 value of 50 nM, has been selected and widely
applied in sensors. However, major limitations remain before
aptamers can be widely adopted, such as the impact of ionic
strength, total protein concentration, and temperature on bio-
sensing performance. Taken together, these recognition
elements each exhibit distinct advantages. The selection of an
appropriate signal recognition element should be based on
the subsequent signal transduction approaches, sample
characteristics, and detection fields. Furthermore, improving
the specificity and affinity of these enzymes, pAbs, mAbs,
MIPs, and aptamers through biological or chemical modifi-
cations, and developing new recognition units with superior
selectivity and sensitivity toward MC-LR, should be areas of
further study.

For optical signal transduction, ingeniously designed strat-
egies have been successfully implemented for detecting
MC-LR, with a specific emphasis on the colorimetric, fluo-
rescence, SERS, SPR, and ECL sensing strategies. A range of
nanomaterials, such as QDs, noble metal nanomaterials,
carbon-based nanomaterials and MOFs, have been employed
to transduce the recognition information into an optical
signal. These optical sensors have demonstrated potential
practical applications, achieving accurate quantification of
MC-LR in actual water samples, and in some cases, in complex
samples such as serum and tissue. However, several challenges
remain. The majority of optical sensors remain in the experi-
mental phase, concentrating on the demonstration of concept
and validation. Additionally, linking recognition elements with
nanomaterials for functionalization can inevitably add to the
complexity, expense, and time needed for the development of
optical sensors. Moreover, this conjugation might diminish
the recognition elements’ ability to distinguish targets
effectively.

With the remarkable progress in the design of optical
sensors for MC-LR detection, tremendous opportunities and
attractive application prospects are emerging. The following
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aspects are worth paying attention: (1) although the MC-LR
exhibits the highest toxicity among MCs, other harmful cyano-
toxins are also present in most of the water resources and also
require attention. Therefore, the development of optical
sensors with multi-target detection capabilities, combined
with high-throughput detection tools such as microfluidics, is
recommended for simultaneous detection of MC-LR and other
cyanotoxins. (2) Owing to the simplicity of optical sensing,
integrating field-deployable devices holds promise for on-site
applications. Leveraging compact devices and wireless connec-
tivity, the binding event of MC-LR can be transformed into a
quantifiable digital signal using portable devices like smart-
phones, with the analysis results being sent to remote servers.
This method enables field detection, moving beyond the con-
fines of a laboratory setting, and heralds the advent of a new
class of analytical tools for real-time surveillance. (3)
Benefiting from the appreciable sensitivity of the optical
sensors, a suitable prediction system for the early determi-
nation of MC-LR at picogram levels during cyanobacteria
bloom could be constructed based on the integration of
optical sensing with multi-disciplinary technologies, which
could significantly enhance environment safety and human
health protection.
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