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Abstract

Frequent contamination of foods with microbial toxins produced by microorganisms such as bacteria, fungi, and algae
represents an increasing public health problem that requires the development of quick and easy tools to detect them
at trace levels. Recently, it has been found that colorimetric detection methods may replace traditional methods in the
field because of their ease of use, quick response, ease of manufacture, low cost, and naked-eye visibility. Therefore,
it is suitable for fieldwork, especially for work in remote areas of the world. However, the development of colorimetric
detection methods with low detection limits is a challenge that limits their wide applicability in the detection of food
contaminants. To address these challenges, nanomaterial-based transduction systems are used to construct colorimetric
biosensors. For example, gold nanoparticles (AuNPs) provide an excellent platform for the development of colorimetric
biosensors because they offer the advantages of easy synthesis, biocompatibility, advanced surface functionality, and
adjustable physicochemical properties. The selectivity of the colorimetric biosensor can be achieved by the combi-
nation of aptamers and gold nanoparticles, which provides an unprecedented opportunity to detect microbial toxins.
Compared to antibodies, aptamers have significant advantages in the analysis of microbial toxins due to their smaller
size, higher binding affinity, reproducible chemical synthesis and modification, stability, and specificity. Two colori-
metric mechanisms for the detection of microbial toxins based on AuNPs have been described. First, sensors that use
the localized surface plasmon resonance (LSPR) phenomenon of gold nanoparticles can exhibit very strong colors in
the visible range because of changes caused by aggregation or disaggregation. Second, the detection mechanism of
AuNPs is based on their enzyme mimetic properties and it is possible to construct a colorimetric biosensor based on
the 3,3',5,5'-tetramethylbenzidine/Hydrogen peroxide, TMB/H,0, reaction to detect microbial toxins. Therefore, this
review summarizes the recent applications of AuNP-based colorimetric aptasensors for detecting microbial toxins,
including bacterial toxins, fungal toxins, and algal toxins focusing on selectivity, sensitivity, and practicality. Finally,
the most important current challenges in this field and future research opportunities are discussed.
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Introduction are distributed all over the entire world and threatening

the health and life of humans and livestock, and affect-

Food contamination by microbial toxins produced by
bacteria, fungi, and algae (such as fungal toxins, bacte-
rial toxins, and algal toxins) is becoming a serious prob-
lem for human health [1]. The composition of microbial
toxins varies from small organic molecules to macro-
biomolecules (such as peptides and proteins) [2]. They
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ing domestic and international trade [3—5]. For example,
bacterial toxins such as a staphylococcal toxin, clostridia
botulinum toxin, Clostridium difficile toxin, Bacillus
anthracis toxin, and Shiga toxins that cause various dis-
eases are secreted in the food during growth [6]. Fungi can
also produce small toxic hydrophobic metabolites called
mycotoxins such as aflatoxins (AFs), ochratoxin (OTA),
fumonisins (FB), zearalenone (ZEN), patulin (PAT), deox-
ynivalenol (DON), and trichothecenes. They are a major
global health problem due to the fungal contamination of
grains and peanuts and their persistence in food samples.
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It is estimated that more than 25% of the crops produced
are contaminated with mycotoxins [7, 8], resulting in bil-
lions of dollars in losses each year [9]. In addition, cancer
research institutes have reported that mycotoxins are con-
sidered carcinogenic, mutagenic, teratogenic, and tumo-
rigenic due to their mode of action. Algal toxins such as
microcystins (MCs), cylindrospermopsin (CYN), breve-
toxin (BTX), okadaic acid (OA), anatoxins (ANTXs), and
saxitoxins (STXs) are a secondary toxic metabolite caused
by an algal bloom and also constitute a threat to the human
health and the ecological environment as well. At very low
concentrations and in their presence, some microbial tox-
ins cause significant additive and/or synergistic toxicity or
acute poisons [5]. Accurate analysis of microbial toxins in
food ensures product quality, enforces regulatory require-
ments, and ensures compliance with national and inter-
national food standards to protect potential public health
and safety threats. Therefore, it is important to develop
methods of measuring microbial toxins in real samples
from a variety of sources.

Several analytical methods have been developed for the
detection of microbial toxins, including high-performance
liquid chromatography (HPLC), high-performance liquid
chromatography-tandem mass spectrometry (HPLC/MS/
MS), and enzyme-linked immunosorbent assay (ELISA)
[10, 11], and mouse bioassay (MBA) [12, 13]. HPLC-
based methods are high reliability and accurate, but usu-
ally require expensive laboratory facilities and equipment,
complex sample pre-treatment, and well-trained operators.
These disadvantages severely limit the applicability of
chromatographic analysis as a fast and easy-to-use on-
site detection tool. Compared to chromatography, immu-
noassays use antibodies that are sensitive to pH and tem-
perature, making them very susceptible to denaturation.
In addition, the production of antibodies both in vitro and
in vivo presents a challenge for the development of immu-
noassays as an alternative method to detect some toxins
[14]. Therefore, the development of rapid, inexpensive,
and sensitive analytical methods for monitoring microbial
toxins remains highly desirable.

In the past decade, colorimetric biosensors have emerged
as an alternative for microbial toxins detection because of
their simplicity, low cost, high sensitivity, and specific
detection, without the need for complex equipment. Vari-
ous colorimetric sensing mechanisms, such as nanozyme
catalysis, local surface plasmon resonance (LSPR), ligand-
receptor binding, fluorescent on—off adjusting, and the
color change of photonic crystals under-stimulation, are
now well known, depending on the type of materials used
to produce colorimetric sensors [15]. However, this review
focuses on sensors that utilize the LSPR phenomenon of
gold nanoparticles and its nanozyme catalysis to construct
colorimetric sensors.
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Colorimetric sensors based on localized surface
plasmon resonance of gold nanoparticles (AuNPs)

Nanomaterials are often used for superior sensing appli-
cations in biosensors, to provide low detection limits
and high sensitivity [16]. For example, due to their high
extinction coefficient and size-dependent optical prop-
erties, AuNPs are widely used as colorimetric reporters
to improve capture efficiency, signal amplification, and
detection limit (DL) [17-23]. In particular, it is attracting
more attention due to its strong light absorption in the
visible region, mainly due to LSPR. LSPR is an optical
phenomenon that results from the interaction of electro-
magnetic waves with the conduction of electrons in met-
als [24, 25]. Under the irradiation of light, the conduc-
tion electrons in the gold nanostructure are driven by the
electric field to collectively oscillate locally at a resonant
frequency relative to the lattice of positive ions (Fig. 1)
[25-30]. Electromagnetic field decay length for localized
surface plasmon is on the order of 6 nm (decay exponen-
tially). The short field decay of the LSPR reduces the
sensitivity of the solution to interference from refractive
index fluctuations and increases the sensitivity to refrac-
tive index changes on the surface. The sensing capability
of the LSPR absorption sensor can also be modified by
tuning particle morphology, particle size, inter-particle
interactions, particle composition, dielectric properties,
and the local dielectric environment of the nanoparticle
(refractive index) [31]. The principle of detection is based
on the presence of any target analyte that can directly
or indirectly trigger the aggregation redispersion of gold
nanoparticles which results in a visible color change from
red to blue or vice versa [26, 30-34].

AuNPs-based nanozymes colorimetric sensors
Recently, a new class of nanomaterials named nanozymes

is a promising candidate for artificial biomimetic enzymes
used to fabricate colorimetric sensors [35]. They were

Fig. 1 Localized surface plasmon resonance (LSPR) scheme in which
the free conduction electrons in metal nanoparticles are driven to
oscillate due to strong coherence with incident light
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developed to address the limitations of natural enzymes such
as high costs in preparation and purification, low operational
stability, difficulty in storage, and sensitivity of catalytic
activity to specific working conditions (i.e., narrow sub-
strate, temperature, and pH ranges) which often hampered
the development and practical applications of colorimetric
biosensors [36]. These gold nanoparticle-based nanozymes
have shown several advantages over natural enzymes such
as good conductivity, controlled synthesis at low cost, high
stability against stringent conditions, and facile function-
alization [37]. Studies conducted in recent years reported
that gold nanoparticles have shown excellent enzyme
mimetic activity similar to peroxidase, oxidase, catalase,
superoxide dismutase, or reductase and therefore could be
utilized for the fabrication of TMB/H,0, reaction-based
colorimetric sensors and biosensors [38]. The recognition
mechanism of AuNPs is based on the oxidation of a variety
of chromogenic substrates (e.g., 3,3',5,5'-tetramethylben-
zidine (TMB), 2,2'-azino-bis(3-ethylbenzthiazoline-6-sul-
fonic acid) (ABTS), 3,3'-diaminobenzidine (DAB), and
o-phenylenediamine dihydrochloride (OPD)) in the pres-
ence of hydrogen peroxide (H,0,) and exhibiting a marked
color change which is the basis of the colorimetric detection
[39-42]. Nanozymes exhibit favorable catalytic activity, and
their substrate selectivity is inadequate. For example, most
peroxidases and oxidase mimics, nanozymes, catalyze not
only the oxidation of TMB but also other substrates such as
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)diam-
monium salt (ABTS) and OPD [43]. Improving the substrate
specificity of nanozymes for the detection of food contami-
nants usually requires the integration of molecularly imprint
polymers or biorecognition elements, such as nucleic acid
probes, aptamers, and antibodies. For bacterial toxins, spe-
cifically designed peptides can be used to achieve specific
detection by the enzymatic activity of several toxins, such
as botulinum toxin [44, 45].

Among these, aptamers (single-stranded DNA or RNA
oligonucleotides) are one of the most popular biorecogni-
tion elements due to their ability to selectively bind their
target molecules, which helps improve the sensor specificity
[46-50]. The molecular recognition of aptamers with the tar-
get compound is the result of intermolecular forces involving
hydrogen bonds, stacking of aromatic rings, van der Waals
forces, hydrophobic effect, and electrostatic interactions.
As an alternative to conventional antibodies, aptamers have
the distinct advantages of high stability, flexible chemical
modification, high selectivity, low immunogenicity, bio-
compatibility, low cost, facile chemical synthesis, and high
tolerance to pH and temperature [51-53]. Therefore, they
have a great potential to be used to develop an AuNPs-based
colorimetric aptasensor for the detection of microbial toxins
in food and environment samples.

Aptamers, on the other hand, can be used as a new thera-
peutic tool to combat chronic infections, as they are also
used to block the functionality of microbial toxins, apart
from their use in aptasensors [54]. For example, it has been
reported that it binds to and neutralizes S. aureus alpha toxin
[55], S. aureus enterotoxin B (SEB) [56], staphylococcal
enterotoxin A (SEA) [57], anthrax toxin [58], botulinum
neurotoxins (BoNTs) [59], and aflatoxins B1 (AFB1) [60].
Due to their unique properties, aptamers are a simple and
inexpensive treatment that has fewer side effects, is less
toxic, and is less immunogenic than traditional antibiotics.
Therefore, in addition to its use in aptasensors, it has the
potential to be a powerful tool for the dissemination of new
therapeutic factors with the ability to inhibit the function of
microbial toxins.

This review, therefore, summarizes the recent applica-
tion of AuNPs-based colorimetric aptasensor for the detec-
tion of microbial toxins, including bacterial toxins, fungal
toxins, and algal toxins focusing particularly on selectivity,
sensitivity, and practicality. To my knowledge, there are no
systematic reviews that specifically focus on AuNPs-based
on colorimetric aptasensor for detection of microbial toxins.
To fill this gap, this systematic review summarizes the appli-
cation of AuNPs for detecting microbial toxins using colori-
metric aptasensors. Finally, it discusses the current major
challenges and opportunities for future research in this field.

Detection of microbial toxins
Detection of bacterial toxins
Detection of botulinum neurotoxins

BoNT is produced by Clostridium botulinum and is clas-
sified into seven serotypes designated from A to G, each
composed of a 100 kDa heavy chain (HC) and a 50 kDa light
chain (LC). They are connected by disulfide bonds [11, 61,
62]. They cause botulism, a life-threatening neuroparalytic
disease [63, 64]. Human botulism is caused by serotypes
A, B, E, and sometimes F. Among them, type A is the most
powerful and has the longest effect in vivo (up to 6 months)
[65-67]. This toxin cleaves the soluble proteins of N-eth-
ylmaleimide-sensitive factor attachment protein receptors
(SNARE). For example, synaptosomal associated protein
25 (SNAP-25) is primarily cleaved by three serotypes A,
C, and E at the residues 197-198, 198-199, and 180-181,
respectively. Syntaxin is cleaved between residues 253
and 254 by serotype C. Synaptobrevin (VAMP) is cleaved
between the amino acids 7677, 59—60, 58-59, and 81-82
by serotypes B, D, F, and G [65, 68]. As a result, it blocks
the release of acetylcholine from presynaptic nerve endings
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at the neuromuscular junction of both the central and periph-
eral nervous systems, causing flaccid muscle paralysis [65].

Food poisoning, infant botulism, and wound botulism are
the most common forms of this disease. For example, food-
borne botulism is a form of poisoning mainly observed in
humans, occurring when the bacteria Clostridium botulinum
undergoes a growth phase that leads to the production of
toxins in food before consumption. Ingestion of food con-
taminated with biologically active BoNTs can cause food
poisoning and can cause respiratory paralysis, coma, and
death in 70 kg humans after ingestion of only 70 pg [66].
These are potent bacterial toxins that contaminate the food
supply and are likely to be exploited as bioterror agents.
Currently, the most widely used detection method to monitor
toxin activity is the mouse bioassay. This test is sensitive, but
slow, expensive, has limited throughput, and poses ethical
issues for the use of live animals. Therefore, it is important
to develop a low-cost, easy-to-use, fast, and sensitive method
for real-time monitoring of low-level BoNTs in foods.

For example, Chen et al. [67] have developed a sensitive
colorimetric detection of BoNT activity using gold nano-
particles (Fig. 2). First, the SNAPtide, modified with biotin
and cysteine in its two ends, would be cleaved into two short
peptides by BoNT activity. The unreacted-cleaved peptides
with biotin were removed by magnetic separation, leaving
only the cysteine-terminated peptide. Next, AuNPs were
added to bind with the cleaved peptides via the thiol group
of cysteine. These peptide-functionalized AuNP aggregate
and cause color changes upon addition of Cu®*, enabling
macroscopically identifiable colorimetric signals at a low
concentration of 1 ng mL™! (6.67 pmol L™!). Due to spectral
absorption, the detection limit is reached at 0.25 ng mL™!
(1.67 pmol L™}, 3 o/s). The main advantage of this meth-
odology is the simplicity of the assays combined with the
relatively high sensitivity. However, using AuNPs, Cu?*, and
modified magnetic micro-particles increases the cost. Also,
like most assays, it has not been fully tested against differ-
ent BoNT serotypes and different sample matrices. Based

on a similar methodology, Halliwell and Gwenin [69] used
AuNPs to detect BoNTs using the principle of utilizing
the visible color change that occurs when colloidal gold is
exposed to sodium chloride. The developed methodology
uses the process of BoNT cleaving SNAP-25; nine amino
acids are removed from the C-terminus of the protein. This
shortening of SNAP-25 reduces the protective layer present
around the AuNPs in the gold colloid which in turn increases
their susceptibility to aggregation upon exposure to the
sodium chloride. This assay is capable of detecting BONT/A
up to detection levels of 373 fg mL~! by UV—vis spectros-
copy on a semi-micro cuvette scale, and further developed a
microscale assay for high throughput of samples, and were
able to find the detection limit of 600 fg mL~'.

Detection of Clostridium difficile toxin B

Clostridium difficile, an anaerobic, spore-forming, Gram-
positive bacterium, is involved in nosocomial intestinal
infections and can cause antibiotic-associated diarrhea and
pseudomembranous colitis in humans and animals [70].
Most C. difficile strains produce two major toxins, i.e.,
TcdA and TedB [71]. Toxin A (TcdA) is a deadly entero-
toxin that can cause hemorrhage and fluid secretion. Toxin
B (TcdB) is a very potent cytotoxin for many cultured cells
[72]. Al-Saadi and co-workers have developed a prototype
nano-gold assay to detect C. difficile toxin B directly and
inexpensively. A total of 105 C. difficiles were clinically
isolated, cultured, and DNA extracted. Subsequently, 17.3
pL of the extracted genomic DNA was restricted by the
addition of 0.5 pL of the enzyme, 2 uL of buffer, and 0.2 pL.
of acetylated bovine serum albumin. It was then incubated
at 37 °C for 1 h and inactivated at 65 °C for 20 min. The
assay was performed as follows. The extracted DNA 22 uLL
(1.7 ng uL™") was placed in a sterile PCR tube. Next, 13
pL of hybridization buffer was added and mixed well (final
concentrations of primer and NaCl after the addition of
AuNP were 0.9 pmol L™! and 0.04 mol L™, respectively)

Fig.2 A The working principle
of the colorimetric detection

of active botulinum neurotoxin
(BoNT) using gold nanoparti-
cles. B Absorbance ratio (A520/
A680) of the AuNP solution
(reproduced with permission
from Shan et al. [67], Copyright
2016 Elsevier B.V.)
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Fig.3 Schematic diagram showing the principle of AuNPs-based col-
orimetric assay for C.difficiles and its toxin B. In positive samples,
the primers were complementary to the DNA/RNA target and are
not available in hybridization buffers containing NaCl to protect and
stabilize AuNp, resulting in AuNP aggregation and blue formation.
In contrast, if there is no target or non-specific DNA, the primer is
released into the reaction mixture and binds with AuNP to prevent
aggregation and the color does not change (reproduced with permis-
sion from Tahani et al. [73], Author(s) retain the Copyright 2017)

to obtain a final volume of 35 pL per PCR tube. The mix-
ture was then heated to 95 °C for 30 s, annealed at 50 °C
for 30 s, and then cooled to room temperature for 10 min.
Next, 25 pL of colloidal AuNP was added to the mixture
and the color was observed within 1 min. All C. difficile-
positive specimens were further tested for toxin B accord-
ing to a similar method for detecting C. diff DNA by AuNP,
but with specific toxin B (Ted B) primers (5-CAC GCC
TGG) (AGA ATC TAT ATT TGT AGA AA-3) (Fig. 3). It
has been reported that the prototype’s development is sim-
ple, sensitive, and fast, as evidenced by the color change
from red to blue within a minute. They have also reported
as the developed assay is cheaper than commercially avail-
able assays for clinically diagnose of C. difficiles toxin B,
especially in developing countries [73].

Detection of staphylococcal enterotoxin B

Staphylococcal enterotoxins (SEs), an important group of
heat-stable toxins produced by S. aureus, are associated with
food-borne diseases resulting from the consumption of con-
taminated foods [74-78]. For example, SEB, with its high
stability to heat and proteolytic activity, is a major cause of
food poisoning and causes gastrointestinal symptoms such as
vomiting, emesis nausea, and diarrhea. It is currently listed
as a category B bio-weapon agent and anaphylactic shock
with low levels of exposure (20-100 ng/person) [75]. In
addition, SE is associated with the development of diseases
such as atopic eczema, rheumatoid arthritis, and toxic shock
syndrome. The lethal dose of SEB aerosol is 0.02 ng kg™,
and it is estimated that it may induce an emetic response
in humans as low as 0.4 ng kg_l [79, 80]. Therefore, reli-
able and sensitive detection of SEB is important to avoid

the potential risk to human health from foods contaminated
with SEB.

Mondal and co-workers reported a simple, sensitive, and
selective AuNPs-based colorimetric biosensor for the detec-
tion of SEB using SEB-binding aptamer as a recognition ele-
ment. This assay is based on aptamer conformational change
in the presence of SEB and a red-to-purple color change due
to the phenomenon of salt-induced AuNP aggregation that
can be monitored with the naked eye or with a UV—vis spec-
trometer. Results showed that the AuNPs could effectively
differentiate the SEB-induced conformational change of the
aptamer in the presence of a given high salt concentration.
Linear responses were obtained with SEB concentrations
ranging from 50 pg mL~'to 0.5 ng mL~!. This assay was
highly specific for SEB compared to other related toxins.
The detection limit (LOD) of SEB reached within a few min-
utes was visually improved from 50 to 0.5 ng mL~! by spec-
troscopy [78]. Similarly, the detection of SEB by aptamer-
based colorimetry using AuNPs as a probe was reported by
the Liu group [79]. SEB could be detected at a concentration
of 10 ng mL~" by the AuNPs-based colorimetric method.

Zhou et al. reported colorimetric quantification of staph-
ylococcal enterotoxin B by using gold nanoparticles with
DNAzyme (Fig. 4) [80]. This assay is based on the growth
of gold nanoparticles mediated by the hemin/G-quadruplex
DNAzyme, which results in a red-to-blue color change in the
presence of SEB. This method is enzyme-free and does not
require labeling. The rate of AuNP formation is controlled
by the hemin/G-quadruplex DNAzyme, which is the key
to the signaling mechanism. In the presence of SEB, the
aptamer target reaction regulated the amount of single-probe
G-strands that form DNAzymes that can consume hydrogen
peroxide. The AuNP growth process is affected by the result-
ing concentration of H,O, and causes a color change. A wide
linear range from 0.1 to 500 pg mL~! was achieved and the
detection limit was calculated to be 1 pg mL~".

Detection of fungal toxins
Mycotoxins

Of the 300 mycotoxins identified and reported, the most
important are AF, OTA, fumonisin, patulin, ZEN, tri-
chothecene, DON, and T2 toxin [81]. The principle of myco-
toxin detection using a colorimetric sensor is based on the
protection of AuNP from salt-induced aggregation by aptam-
ers due to the strong van der Waals interaction between DNA
bases and gold. This electrostatic affinity induces aptamer
adsorption that stabilizes dispersed nanoparticles. During
recognition of mycotoxins, aptamers desorb from the surface
of AuNP and preferentially form a complex with the target.
Subsequently, under the action of the electrolyte or cationic
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Fig.4 A Schematic diagram of colorimetric analysis of SEB detec-
tion based on DNAzyme led to the growth of AuNPs. B Photograph
of AuNPs grown for macroscopic SEB detection. C Corresponding
plasmon absorption spectra of different SEB concentrations. D The

polymer, stable gold aggregates are formed, which leads to a
change in the color of the solution. This aptasensing strategy
has been widely reported (label-free AuNP-based aptasen-
sors) for the rapid detection of mycotoxins such as aflatoxins
B1, B2, AFMI1, ochratoxin A, and zearalenone.

Detection of aflatoxins

Aflatoxin is a mycotoxin produced by molds Aspergillus
flavus and Aspergillus parasiticus, present in a wide range
of food products [82-85]. AFs play an important role in
developing countries; they have acute toxicity and can lead
to cancer, immunologic suppression, and nutritional interfer-
ence [85, 86]. The most common AF are aflatoxins B, B,,
G|, G,, M}, and M,. Among them, AFB1 is usually predomi-
nant in amount (75%) and constitutes the most toxic, which
is listed as group I carcinogen by the International Agency
for Research in Cancer [87-92]. It is with this concern that
most countries have established exposure limits for AFB1
in China and the USA, the maximum permissible level of
AFBI is 20 pug kg™! (parts-per-billion (ppb)) in corns and
groundnuts [84]. To prevent food safety scares, and avoid
subsequent economic losses, various methods have been
developed for the detection of AFB1, like HPLC/fluores-
cence [90], ultra-high-performance liquid chromatography-
tandem mass spectrometry [91], HPLC-MS/MS [92], and
immunochromatography [93] such as commercially avail-
able lateral flow strip assays [94], ELISA [95], and electro-
chemical immune analysis [96]. Although these approaches
are highly sensitive, simpler, and cost-effective methods
are still desirable. Alternatively, colorimetric biosensors
are considered a promising sensor platform for detecting
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linear range between the decrease in absorbance at 550 nm and the
log concentration of SEB (reproduced with permission from Dandan
et al. [80], Copyright 2016 Springer-Verlag Wien)

mycotoxins because of their cost-effectiveness, ease of use,
and macroscopic readability [1].

Recently, Kasoju et al. reported an aflatoxin B1 aptasen-
sor that can detect aflatoxin B1 using a specific aptamer—gold
nanoparticles called AFB1-Apt—AuNPs nanoconjugates on
a microfluidic paper-based analytical device (UWPAD). The
Apt—AuNPs nanoconjugates were adsorbed to paper by
physical adsorption and AFB1 flowed over the pPAD [97].
In the absence of aflatoxin B1, aptamers were adsorbed on
the AuNPs surface by physical adsorption, increasing the
stability of the AuNPs in the presence of NaCl and the color
of AuNPs remained red. In presence of aflatoxin B1, the
aptamer bound to AuNPs is replaced, forming a complex
with aflatoxin B1 leaving AuNPs to react with NaCl caus-
ing aggregation (change in color from wine red to blue).
Microfluidic devices showed an excellent response to the
detection of aflatoxin B1 in the range of 1 pmol L™ to 1
umol L™! with a detection limit of up to 10 nmol L™! in
spiked samples. Using a similar principle, Kasoju and co-
workers developed colorimetric detection of aflatoxin M1
(AFM1) in milk samples using a pPAD [98]. The detection
mechanism of aflatoxin M1 detection is based on aptamer-
modified AuNPs. AuNPs citrate capped showed aggregation
in the presence of NaCl. AuNPs bound to particular aptam-
ers remained dispersed in the presence of NaCl. Aggregation
is caused by the addition of AFM1, which displaced specific
aptamers and causes aggregation of AuNPs in the presence
of NaCl. A paper microfluidic device in which milk sam-
ples containing AFM1 are moved by capillarity and quickly
turn blue color due to aggregation of specific aptamers with
AFM1. On the other hand, in the control (without AFM1
aptamer), no aggregation was observed. The analytical linear
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range is 1.00 umol L™! to 1.00 pmol L', and the detection
limit is 3 pmol L~" and 10 nmol L=! in standard buffer and
spiked milk samples, respectively, was observed by naked
eyes, similar to the results obtained with AFB1.

Luan et al. have developed a label-free aptasensor for
detecting AFB1 using the unmodified AuNPs and AFB1
binding DNA aptamer. Aptamers were adsorbed on the
AuNP surface based on electrostatic interactions. The elec-
trostatic repulsive force improves the stability of AuNPs
against NaCl-induced aggregation. Upon addition of the
target, the AFB1-aptamer complex was formed, the surface
of AulNPs separated, and salt-induced aggregation of AuNPs
occurred. These events changed the wine-red color to blue-
purple, which could be easily observed with the naked eye or
measured with a UV-vis spectrometer. The linear response
and detection limit of this system were determined to be
0.025-100 ng mL~" and 0.025 ng mL™!, respectively. The
method presented was fast, sensitive, simple, and inexpen-
sive [99]. Chen et al. [100] developed an AuNPs-based col-
orimetric aptasensor using an enzyme-free catalytic DNA
circuit for amplified detection of aflatoxin B1. The calcu-
lated LOD was 2 pmol L™!, with a wide linear range from 10
pmol L' to 1 umol L™, Recently, Zhu et al. [101] fabricated
a colorimetric biosensor for simultaneous ochratoxin A and
aflatoxins B1 detection in agricultural products. The detec-
tion ranges for AFB1 and OTA were found to be 5-250 ng
mL~! and 0.5-80 ng mL~!, respectively.

A label-free colorimetric aptasensor for rapid detection of
AFB1 was developed using a specific aptamer, cationic per-
ylene probe (CPP), and unmodified citrate—stabilized AuNPs
(Fig. 5) [102]. In the absence of AFB1, free specific aptamer
forms a complex structure with the CPP, resulting in the
solution remaining red without aggregation of AuNPs. On
the other hand, in the presence of AFBI1, the aptamer com-
petes to interact with AFB1 and CPP. In particular, aptamers

are highly specific for AFB1 and are CPP-free in solution.
Supplementation with AuNP stabilized with unmodified cit-
rate turns the color blue as a result of CPP-induced aggrega-
tion of AuNP. The color change of AuNP is due to localized
surface plasmon resonance absorption associated with nano-
particle size, shape, and aggregation. This phenomenon can
be measured by colorimetric detection, and the analytical
linear range was found to be 1-10 ng mL~! by a spectropho-
tometer and 1-6 ng mL~! by a homemade LED-LDR col-
orimeter, respectively. Using a detector spectrophotometer
and a homemade colorimeter, they found that the detection
limits were 0.36 and 0.18 ng mL~!, respectively. In a real
application, the proposed method should be combined with
the affinity column as sample preparation.

Another aflatoxin, aflatoxins B2 (AFB2), is a highly toxic,
teratogenic, mutagenic, and carcinogenic metabolite pro-
duced by fungi of the genus Aspergillus, mainly Aspergillus
flavus, Aspergillus parasiticus, and Aspergillus nomius [81].
Studies have shown that aflatoxin species exhibit immuno-
suppressive effects as a result of the inhibition of DNA,
RNA, and protein synthesis by a variety of mechanisms.

Luan et al. used gold nanoparticles to create a colori-
metric detection of AFB2 (Fig. 6) [103]. In the absence of
aflatoxin B2, the aptamer’s random coil structure stabilizes
the surface of AuNPs and shows a red color under high NaCl
conditions. In the presence of aflatoxin B2, the formation
of aflatoxin B2-aptamer conjugate destabilizes AuNPs
from NaCl-induced aggregation and changes the color of
the dispersion. This method was characterized by a linear
dynamic range of 0.025 to 10 ng mL~!, and a detection
limit of 25 pg mL~!. This is lower than the MRL (maxi-
mum residue level) of edible foods set by China and the
European Commission. In addition, this method was able to
detect AFB2 with high selectivity when AFB1 was present
as an interfering substance. This AFB2 detection method
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Fig.5 A Schematic diagram of AFB1 detection with a label-free col-
orimetric aptamer using specific aptamers, CPPs, and AuNP based on
localized surface plasmon resonance absorption. B Ratios of AFB1
to A650/A520 at various concentrations were detected by spectropho-

tometers. C Linear calibration curve plots, and D images of AFB1
at various concentrations (reproduced with permission from Jamras
et al. [102], Copyright 2020 Elsevier B.V.)
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has several advantages over other analytical methods such
as high sensitivity, high stability, short analysis time, and
cost-effectiveness in food and agricultural products.

A label-free colorimetric aptasensor for measuring AFM 1
based on LSPR and aggregation of AuNPs has been reported
(Fig. 7) [104]. It is based on the competitive interactions of
aptamer with AuNPs or AFMI in the presence of sodium
chloride. Aptamers interact selectively with AFM1 and can-
not prevent sodium chloride-induced aggregation of AuNPs.
The color change of the solution caused by the shift of the
LSPR peak aggregated AuNPs was measured by the col-
orimetric method. They found that the detection limit was
0.002 ng mL~!. In addition, it reported that the recovery rate
was found to be over 80% and the RSD was less than 10%.

An optical aptasensor has been developed for AFM1
detection based on salt-induced aggregation and target-
induced protection of gold nanoparticles. For this assay,
streptavidin-coated silica nanoparticles (SNPs) (dsDNA)
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modified with aptamer/were prepared. With the addition of
AFM1, the AFM1 aptamer attached to AFM1 and the CS
aptamer displaced from aptamer/AFM 1-modified SNPs, and
the free CS adsorped on the surface of AuNPs and protect
AuNPs against salt-induced aggregation. On the other hand,
in the absence of AFM1, SNPs (dsDNA) modified with
aptamer/CS is stable and CS cannot bind to AuNP, result-
ing in salt-induced aggregation of AuNP and the sample
turning purple. The proposed aptasensor can detect AFM 1
with a linear dynamic range of 300-75,000 ng L=}, with
a detection limit of 30 ng L™!. This detection method was
also effectively applied to the detection of AFM1 in the milk
samples [105].

The colorimetric approach has attracted sensing methods
due to its simplicity and the observation of color changes in
the sample with the naked eye [106]. A colorimetric aptasen-
sor has been introduced for sensitive detection of AFM1
based on the catalytic activity of CRISPR-Cas12a, rolling
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circle amplification (RCA), and AuNPs. In the presence of
AFM1, the CRISPR-Cas12a is inactivated and the addition
of T4 DNA ligase and phi29 DNA polymerase forms a large
single-stranded DNA (ssDNA) structure on the surface of
AuNP. After adding nitrophenol, the color of the sample
remains yellow. However, due to CRISPR-Cas12a activation
and primer digestion, no large DNA structure is observed on
the surface of AuNP in the absence of a target. Therefore,
the color of the sample changes to colorless. The results
showed that the biosensor showed high selectivity for AFM 1
and the approach reached the detection limit of only 0.05
ng L', In addition, the spiked milk sample AFM1 can be
identified with high sensitivity. Overall, this approach is
extremely sensitive and does not require complex equipment.
Therefore, it still holds a promising potential for the detec-
tion of other mycotoxins in real samples by simply replacing
the applied sequences.

Detection of ochratoxin
OTA, a toxic secondary metabolite, is primarily derived

from species of the genera Aspergillus and Penicillium
[107-111]. In addition, it is found in large quantities in

various types of foods and beverages such as wheat, corn,
coffee, cocoa, beer, wine, and dried fruit [112, 113]. OTA
has strong hepatotoxicity, neurotoxicity, immunotoxicity,
renal toxicity, teratogenicity, carcinogenicity, and mutagenic
effects [114—117] and is classified as a group 2B carcino-
gen. Moreover, OTAs are also highly chemically and ther-
mally stable, very difficult to remove once they enter the
food chain, and are expected to seriously endanger people’s
health [118]. OTA has also been reported to affect protein
synthesis and apoptosis, immunosuppression, immune Sys-
tem depletion, suppression of antibody responses, altered
immune cell activity, and inhibition/activation of enzymes
involved in the regulation of cytokine production [119, 120].
However, traditional assays for detecting OTA are expensive
and complex. Alternatively, colorimetric aptasensors using
unmodified gold nanoparticles have received a great deal of
attention due to their low cost, simplicity, and practicality,
and have been developed for a variety of purposes in recent
years [115].

Recently, a colorimetric aptamer based on the enzyme-
induced aggregation of AuNPs was developed by combining
the highly sensitive enzyme-mediated aggregation of AuNPs
with the efficient binding ability of an aptamer toward
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Fig.8 A Schematic of the mechanism of colorimetric aptasensor
based on an enzyme-induced aggregation of AuNPs for OTA detec-
tion. B Visual photo of semi-quantitative determination of OTA. C
UV-vis absorption spectra in the presence of different OTA concen-

trations. D The relationship between the normalized absorption inten-
sity at 520 nm versus different OTA concentrations [1]. (Reproduced
with permission from Yue et al. [1], Copyright 2019 Elsevier B.V.)
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OTA (Fig. 8) [1]. This colorimetric method was developed
to detect OTA indirectly via alkaline phosphatase (ALP)
activity. Briefly, aptamer-modified magnetic beads (MBs)
are bound to DNA-bound ALP by hybridization. After
OTA detection, magnetic separation was able to collect
the amount of the released enzyme. ALP then hydrolyzes
ascorbic acid 2-phosphate (AAP) to ascorbic acid (AA),
which mediates the reduction of MnO, nanosheets to Mn?".
These metal cations allow AuNPs to aggregate, resulting in
color changes in the sensor system. The dynamic range was
6.25 to 750 nmol L', and an improved LOD of 2 ng-mL™!
was recorded. This colorimetric method was applied to the
matrix of grape juice and red wine matrix with sufficient
recovery.

On the other hand, a label-free aptamer-based assay has
been developed for sensitive and specific detection of OTA
using a cationic polymer and AuNPs [119]. OTA aptamers
have been used as recognition elements for OTA colorimet-
ric detection based on AuNPs aggregation by the cationic
polymer. By spectroscopic quantitative analysis, colorimet-
ric analysis was able to detect OTA up to 0.009 ng mL™!
with high selectivity in the presence of other interfering
toxins [119]. Xiao et al. have demonstrated a colorimet-
ric detection method based on the disassembly of AuNP
dimers to detect OTA. The system featured low detection
of 0.05 nmol L', with a dynamic range of 0.2 to 250 nmol
L~! [120]. The proposed sensor was used to detect OTA in
red wine. The OTA concentration measured by this method
was consistent with the results obtained with a commercially
available ELISA Kkit.

Interestingly, Liu et al. reported gold nanoparticle-
aptamer-based LSPR detection of ochratoxin A in the
extended detection range by calibration curves obtained at
low and high OTA concentrations [115]. Yang and co-work-
ers have developed a colorimetric detection method for OTA
using unmodified AuNPs as an indicator and its aptamer as
a specific recognition element. OTA’s aptamers are easily
adsorbed onto the surface of AuNPs, improving the stability
of AuNPs against salt aggregation. However, in the presence
of OTA, the conformation of the OTA aptamer changed from
a random coil structure to a G-quadruplex structure thus
losing the ability to protect AuNPs. Upon the addition of
salt, electrostatic repulsion between AuNPs was screened,
resulting in the aggregation of AuNPs. The detection could
be realized by monitoring the color change of the AuNPs
even with naked eyes. The linear range of the colorimetric
aptasensor covered a large variety of OTA concentrations
from 20 to 625 nmol L~! and the detection limit of 20 nmol
L~! was obtained [121].

Multicolor detection of OTA has also been reported by
etching AuNRs (diameter ~ 14 nm) mediated by G-quad-
ruplex (AG4-OTA)-hemin DNAzyme and exonuclease
I [110]. TMB?*, a product of peroxidase-like activity in
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acidic solutions, can etch AuNR by oxidizing Au (0) to Au
(D). Changes in AuNR’s optical properties due to changes in
inter-particle distance and the number of hydrogen bonds
are described as a key sensing strategy. The linear response
range of 10 to 200 nmol L~! OTA and LOD was found to be
as low as 30 nmol L™! by visual observation and 10 nmol
L~! by spectrophotometric. Selectivity for OTA was tested
using the interfering mycotoxins AFB1, ZEN, and OTB.
This method was successfully used to determine the OTA
of a spiked beer sample.

Recently, Tain et al. reported the multi-colorimetric
detection of ochratoxin A by enzymatic metallization of
gold nanorods and structural switching aptamers using a
similar approach (Fig. 9) [122]. DNA ALP immobilized
magnetic beads using streptavidin and biotin-labeled
OTA aptamers. In the presence of OTA, aptamers bind
to OTA to form G-quadruplexes and release ALP-tagged
complementary DNA (cDNA-ALP). After magnetic sepa-
ration, cDNA-ALP catalyzed the decomposition of ascor-
bic acid-2-phosphate into ascorbic acid reduced Ag* and
formed an Ag shell on the surface of AuNR. This caused
a blue shift in the vertical local surface plasmon reso-
nance peak of AuNR, resulting in a macroscopic change
visible to the naked eye. Linear response range 12.5 to
20,000 nmol L~! OTA with LOD 9.0 nM was reported.
This method demonstrates the potential for on-site visual
semi-quantitative detection of mycotoxins in foods.

Fe;O,NP (Au @ Fe;0,) doped with AuNPs was syn-
thesized in one step by a simple solvothermal method. The
peroxidase-like activity of Au @ Fe;O,NP was effectively
enhanced by the synergistic effect of Fe;O,NP and AuNP.
Based on this, an efficient colorimetric aptasensor has
been developed that takes advantage of Au @ Fe;O,NP’s
unique dual function as a signal indicator and magnetic
separator. First, an amino-modified aptamer specific for
OTA was surface-attached to the surface of amino-ter-
minal glass beads using glutaraldehyde as a linker. Next,
amino-modified capture DNA (cDNA) was labeled with
amino-functionalized Au @ Fe;O,NP, and an aptamer was
constructed by hybridization reaction between cDNA and
aptamer. On the other hand, when added, the OTA-aptamer
complex was formed and Au @ Fe;O,NP bound to cDNA
was released into the bulk solution. By simple magnetic
separation, the collected Au @ Fe;O,NP can produce a
blue solution in the presence of 3,3',5,5'-tetramethylben-
zidine, and H,0,. When the reaction is stopped by adding
H™ ions, the blue product can turn into a yellow product
with higher absorbance. This colorimetric aptasensor can
detect only 30 pg mL~' OTA with high specificity. They
have reported that this colorimetric aptasensor utilizes for
the first time the peroxidase-like activity of nanomateri-
als for OTA detection and provides an effective route for
routine food safety quality control [123].
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exonuclease-assisted multicolor OTA detection. D Calibration curve
for detecting the different concentrations of OTA. (Reproduced with
permission from Xinhui et al. [118], Copyright 2018 Springer-Verlag
GmbH; Fengyu Tiana et al. [122], Copyright 2020 Elsevier Ltd.)
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Fig. 10 A The working principle of DNA hydrogel encapsulated in
AuNP for visual detection of OTA. Incorporation of OTA causes the
hydrogel to disintegrate and release AuNP, resulting in a supernatant
changing from colorless to red. This can be observed with the naked

Targeted aptamer-crosslinked hydrogels have
been designed and synthesized for portable and visual quan-
titative detection of OTA in foods and beverages by Liu et al.
(Fig. 10) [124]. The hydrogel network is formed by hybridi-
zation between a designed DNA strand containing an OTA

eye. B The standard working curve was obtained by monitoring the
absorbance of the supernatant at 520 nm (reproduced with permission
from Rudi et al. [124], Copyright 2015 American Chemical Society)

aptamer and two complementary DNA strands grafted onto
a linear polyacrylamide strand. Upon introduction of OTA,
aptamers bind to OTA and cause hydrogel dissociation. It
then releases preloaded AuNPs that are visible to the naked
eye. To enable sensitive visual and quantitative detection,
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Au @ Pt core—shell nanoparticles (Au @ PtNPs) were
encapsulated in hydrogels to produce a quantitative display
on a volume bar graph chip (V-chip). In the V-chip, Au @
PtNP catalyzes the oxidation of H,O, to produce O,. This
guides the color bar to move to a concentration-dependent
distance for visual quantitative reading. In addition, OTA
immunoaffinity column (IAC) was introduced, which con-
centrates OTA from beer, to improve the detection limit of
complex real samples. After enrichment, V-chip can detect
only 1.27 nmol L' (0.51 ppb), which meets the European
Commission’s test requirements (2.0 ppb). The integration
of target-responsive hydrogels with IAC’s portable enrich-
ment, signal amplification, and quantitative readout with a
simple microfluidic device provides a new method for port-
able detection of the food safety hazard toxin OTA.

Detection of ZEN

ZEN is a type of resorcylic acid lactone, a secondary metab-
olite produced by several Fusarium species. A mycotoxin
that poses a food safety threat and is found in most grains
such as rice, wheat, corn, barley, oat, sorghum, sesame, hay,
and corn silage [125]. Chronic exposure to ZEN can cause
serious side effects such as neurotoxicity, carcinogenicity,
and immunotoxicity. In addition, ZEN as mycoestrogen can
impair reproduction and affect the endocrine system [86].
Therefore, innovations in the design of analytical techniques
for detecting ZEN are very important.

Recently, zearalenone was determined using Au nano-
particles modified with a specific aptamer (Fig. 11C) [47].
In the absence of a target, the aptamers are involved in a
hybridization reaction with a complementary sequence on
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Fig. 11 A Schematic illustration of the principle of AuNP nanozyme
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reaction condition. C Schematic representation of the colorimetric
aptasensor for the detection of ZEN, based on the Exo Ill-assisted
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curve of the ZEN aptasensor. A, and A are the absorbances at 400 nm
before and after the addition of various concentrations of ZEN,
respectively [44, 71, 117] (reproduced with permission from Shumin
et al. [47], Copyright 2018 Springer-Verlag GmbH; Seyed et al. [126],
Copyright 2018 American Chemical Society)
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the surface of Au nanoparticles. In the presence of zearale-
none, double-stranded DNA dissociates. The color change
is associated with the catalytic oxidation of aminophenol on
the exposed golden surface. Treatment of the system with
exonuclease increases the signal by digesting the hybridized
DNA and recycling the analyte bound within the surface
layer. Low ZEN requirements and signal amplification are
some of the distinct advantages of the proposed aptasen-
sor. The presented aptasensor was able to detect ZEN with
a wide linear dynamic range of 20—80 000 ng L', with a
detection limit of 10 ng L™". The aptasensor has been applied
to human serum, with a detection limit of 40 ng L™!, spiked
serum sample recovery of 95-103%, and relative standard
deviations (RSDs) of 7.1% or less.

Sun and co-workers have developed an aptamer-based
colorimetric analysis for measuring ZEN [126]. It is based
on the inhibition of AuNP’s peroxidase-mimetic activity
by ZEN aptamers. In the absence of ZEN, ZEN aptamers
are absorbed on the surface of AuNPs by electrostatic inter-
action, and the shield on the surface of AuNP inhibits the
peroxidase-like activity of AuNPs to oxidize TMB. How-
ever, in the presence of ZEN, aptamers bind to ZEN due to
their high specific affinity and are unable to adsorb AuNPs
due to structure change, promoting the recovery of AuNP’s
peroxidase-like activity and changing the colorless TMB
into blue oxXTMB. The color change can be observed with
naked eyes. The linear range of this aptasensor has been
determined to be 10250 ng mL~! and provides a LOD of
10 ng mL~!. The specificity of the assay was validated by
examining the effect of potential interferents. The recoveries
ranged from 92 to 110%, and the standard deviation varied
from 2.4 to 6.4%, demonstrating the good accuracy of this
sensing system.

Detection of algal toxins
Detection of microcystins

Algal toxins can cause neurotoxicity, hepatotoxicity, and
cytotoxicity in humans through the consumption of con-
taminated water and food [127-129]. Microcystin-LR
(MC-LR), which contains leucine (L) and arginine (R), is a
known group of algal toxins produced by cyanobacteria that
are harmful to animals and human health [130, 131]. MCs
are cyclic polypeptides composed of five constant amino
acids and two different L-amino acids, forming a family of
congeners that have different toxicities [132-135]. Acute
poisoning with MC-LR causes skin irritation, diarrhea,
and liver damage and poses a serious threat to water sup-
ply around the world. WHO has established guidelines for

microcystin-leucine-arginine (MC-LR) in drinking water to
be less than 1 ug L™, including both free and intracellular
toxins [136—138]. Several analytical techniques have been
developed to determine MC-LR including immunoassays,
HPLC, liquid chromatography-mass spectrometry (LC-MS),
and whole-cell bioassays. However, these methods require
complex sample preparation, expensive equipment, highly
specialized skills, and a lot of time [137]. Therefore, research
on new methods for detecting MC-LR at low concentrations
is becoming an increasingly important topic.

Recently, Li and co-workers [138] have developed a sen-
sitive colorimetric aptasensor for detecting MC-LR in real
water samples (Fig. 12). In this case, aptamer-modified sur-
face AuNP prevents electrostatically induced aggregation
of AuNP to high salinity. Without aptamer modification,
elevated salt concentrations bring about aggregation which
manifests as a change in the color of the solution. When
MC-LR was added, the MC-LR-aptamer complexes caused
the aptamer to break away from the surface of AuNPs, lead-
ing to the aggregation of AuNPs, and the color converted
from red to blue. No change in color is observed when the
system is challenged with competing analytes, demonstrat-
ing sensor selectivity. The detection limit was reached at
0.37 nmol L™,

On the other hand, Wang and co-workers demonstrated
MC-LR colorimetric detection based on the disassembly
of AuNP dimers bound by aptamers. In the absence of
the target molecules, the aptamers acted as linkers, caus-
ing the asymmetrically modified AuNP to form a dimer,
making the solution appear blue. On the other hand, if a
target molecule is present, the aptamer undergoes a struc-
tural change process when it binds to the target molecule.
This decomposed the AuNP dimer and changed the color
of the solution to red. The proposed biosensor LOD was
reported to be 0.05 nmol L! (Fig. 12) [139]. Recently, Gue
and co-workers have shown that forming AuNP dimers, as
opposed to larger-scale aggregates, results in an improve-
ment of not only the sensitivity but also the dynamic range
and long-term stability of such colorimetric-based biosen-
sors. In addition, they showed that a significant improve-
ment in LOD is achievable because the distance between
particles is minimized when a Y-shaped DNA double chain
is formed during dimer formation [33].

A sensitive and easy approach for colorimetric quan-
tification of MC-LR in fish tissue is obtained by AuNPs
and a truncated aptamer Apt-910-2, which was obtained
by mutation and rational truncation from the previously
selected 60-mer one. The binding affinity and specificity of
the 23-mer Apt-910-2 for MC-LR have been improved as
compared to the selected 60-mer one. The linear operating
ranges of aptasensor are determined to be 10 to 150 ng mL ™!
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Fig.12 A Schematic illustration for the colorimetric sensor and the
mechanism for the analytic determination of MC-LR. B The linear
calibration curve of A646/A521 versus the logarithm of MC-LR con-
centrations from 0.5 nmol L™! to 7.5 umol L~!. C The correspond-
ing color changes of AuNPs under different concentrations of MC-LR
(0.5 nmol L™ to 7.5 umol L™!). D Schematic diagrams representing
the formation and disassembly of AuNP dimers. E Extinction spec-

and the LOD is found to be 0.38 ng mL~". Applicability was
confirmed using spiked fish tissue samples with recovery

tra of the sensors in response to different concentrations of MC-LR
of sample numbers 1 to 9 were 0, 0.1, 0.5, 2.5, 10, 25, 50, 100, and
250 nmol L', respectively. The inset located at the top right shows
the calibration curve for MC-LR detection (reproduced with permis-
sion from Xiuyan et al. [138]; Fangfang et al. [139], Copyright 2015
Elsevier B.V.)

rates ranging from 75.18 to 87.72% and with the visual LOD
of 10 pug kg~! in fish tissue judged by the naked eye [140].

Fig. 13 A Schematic illustration
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Table 1 Colorimetric aptasensors based on AuNPs for the detection of microbial toxins: linear range and limits of detection (LODs)

Microbial toxins Mechanism of colori- Linear range Limit of detection (LOD) References
metric detection

Bacterial toxins

BONT/A SPR 10—0.001 ng mL™! 0.25 ng mL™! [67]
SPR 250-1500 fg mL™! 373 fg mL~! (cuvette) [69]

600-2000 fg mL™! 600 fg mL~! (96-well plate)

SEB SPR 50,000—0.5 ng mL™! 0.5 ng mL~! [78]
SPR 10—50 ng mL™! 10 ng mL™! [79]
SPR 0.0001—0.5 ng mL™! 0.001 ng mL™! [80]

Fungal toxins

AFBI SPR 0.001—1000 nmol L™} 10 nmol L™ [97]
SPR 0.025—100 ng mL™! 0.025 ng mL™! [99]
SPR 0.1—1000 nmol L™ 0.002 nmol L™ [100]
SPR 1-10 ng mL™~! by a spectrophotometer and 0.36ng L™ [102]

1-6 ng mL~! by a homemade LED-LDR 0.18 ng mL~! (homemade colorimetry)
colorimeter

AFB2 SPR 0.025—10 ng mL~! 0.025 ng mL™! [103]

OTA Nanozymes-based probe 6.25 to 750 nM 5.0 nmol L™! [1]
SPR 20—625 nmol L™ 20 nmol L™ [121]
Nanozymes-based probe 10-200 nmol L' OTA 30 nmol L™! by visual observation [110]

10 nmol L™! by spectrophotometry

SPR 0.05 to 50 ng mol L™! 0.009 ng mL™! [119]
Nanozymes-based probe 12.5-20,000 nmol L™! 9.0 nmol L™! [122]
SPR 0.2—250 nmol L™ 0.05 nmol L™! [120]

AFM1 SPR 0.005—0.100 ng mL™! 0.002 ng mL™! [104]
SPR 1 umol L™ to 1 pmol L™! 3 pmol L™! in standard buffer [98]

10 nmol L™! spiked milk samples

SPR 300-75,000 ng L™ 30ng L7! [105]
Nanozymes-based probe 0.2-300 ng L™ 0.05ng L™! [106]

ZEN Nanozymes-based probe 20—80 000 ng L™ 10ng L! [47]
Nanozymes-based probe 10-250 ng mL ™! 10 ng mL™! [126]

Algal toxins

MC-LR SPR 0.5-7500 nmol L™ 0.37 nmol L~! [138]
SPR 0.1-250 nmol L 0.05 nmol L~! [139]

Saxitoxin Nanozymes-based probe 78.13 to 2500 pmol L™ 42.46 pmol L™ [143]
SPR 10 fmol L™ to 0.1 mmol L~! 10 fmol L™! [142]

Abbreviations of microbial toxins: Ochratoxin A (OTA), aflatoxin B1 (AFB1), aflatoxin M1 (AFM1), botulinum neurotoxin (BoNT/A), staphy-

lococcal enterotoxin B (SEB), zearalenone (ZEN)

Detection of saxitoxin

STX is a shellfish paralytic poison (SPT) that accumu-
lates in shellfish tissues throughout the food chain and
can cause symptoms of toxicity in various system organs
when humans ingest toxin-contaminated seafood. This
toxin is easily absorbed from the gastrointestinal tract
and is not destroyed by human digestive enzymes. It
is stable even at high temperatures and in acidic solu-
tions and poses a great danger to human health [141].
Currently, the main methods for detecting saxitoxin are
HPLC, MBA, LC-MS/MS, and ELISA. However, these

traditional methods have several limitations, including
the need for technicians, expensive equipment, time con-
sumption, and animal ethics issues. Therefore, there is an
urgent need to develop a fast, selective, and sensitive on-
site STX detection method for seafood safety and quality
monitoring.

For example, Qiang et al. [142] have prepared AuNPs
and aptamer (AuNPs-aptamer) biosensors for specific and
quantitative detection of STX. AuNPs were protected from
salt-induced aggregation by specific aptamers. However, in
the presence of STX, the aptamer reacts specifically with
STX resulting in the color change of the AuNP solution. The
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detection limit was reported to be 10 fmol L™! (3 fg mL ™),
and a good linear relationship was found in the range of 10
fmol L™! to 0.1 mmol L™!. The STX detection time is 30 min
and is used for specific detection of STX in seawater.

Zhao et al. [143] reported a competitive colorimetric
aptasensor transduced by hybridization chain reaction-
promoting catalysis of AuNPs nanozyme for sensitive
detection of saxitoxin (Fig. 13). The anti-STX aptamer
hybridized to the complementary strand on the mag-
netic beads and was competitively bound by STX. The
supernatant containing the aptamer that binds to STX
was obtained by magnetic separation. This triggers a
hybridization chain reaction (HCR) to produce variable
length, sticky, rigid double-stranded DNAs (dsDNA).
These HCR-dsDNA were found to be able to signifi-
cantly enhance the peroxidase-like catalytic capacity
of AuNPs nanozyme for TMB. The concentration of
STX was responded to in a “turn on” mode, based on
its enhanced color conversion. Aptasensor achieves high
sensitivity with a LOD of only 42.46 pM. In addition,
analysis of STX from real samples achieved a wide lin-
ear detection range of 78.13 to 2500 pM, and analysis
of STX from shellfish samples showed good selectivity
and good recovery of 106.2 to 113.5% was obtained. This
strategy can be used to develop robust aptasensors for
easy and sensitive detection of other small molecules and
toxins. Table 1 summarizes the linear ranges and limit of
detections (LODs) for some important mycotoxins,algal
toxins,and bacterial toxins described in this review.

Conclusions and outlook

This review summarizes recent applications of colori-
metric aptasensors based on localized surface plasmon
resonance of AuNPs for the detection of microbial tox-
ins. Gold nanoparticle-based colorimetry aptasensors are
inexpensive, easy to handle, can be analyzed in the field
with the naked eye, and have no prerequisite for modern
equipment. However, there are still some limitations and
challenges that need to be addressed. First, the interfer-
ence in analyzing real-world samples remains a challenge
limiting the wide range of applications of AuNP-based
colorimetric assays. Therefore, when analyzing a real
sample, sample preparation techniques should be used to
reduce matrix interference. Second, it requires improved
selectivity, sensitivity, and narrow dynamic range com-
pared to other analytical techniques such as chemilumines-
cence and fluorescence. To improve the selectivity, highly
specific aptamers with strong affinities for microbial toxins
should be incorporated into the AuNP nanoprobe. On the
other hand, it is necessary to improve the sensitivity of
colorimetric measurement by using signal amplification to

@ Springer

detect microbial toxins. For example, AuNP-based detec-
tion strategies have been combined with the reduction of
silver (I) to provide signal amplification leading to a LOD
improvement by several orders of magnitude. In addition,
increasing the size of the AuNPs and decreasing the den-
sity of the receptor groups on the surface of each AuNPs
will increase sensitivity. Third, large-scale synthesis meth-
ods of AuNPs with uniform performance are lacking for
their wide range of applications. Despite the challenges
mentioned above, colorimetric aptasensors based on local-
ized surface plasmon resonance of AuNPs are particularly
promising for the development of colorimetric aptasen-
sor for onsite detection of microbial toxins, especially in
underdeveloped areas without advanced equipment. On the
other hand, the peroxidase-like activity of gold nanoparti-
cles was recently utilized to build a colorimetric detection
platform for microbial toxins. AuNPs-based nanozymes
have outstanding advantages over traditional biocatalytic
approaches, such as ease of synthesis, low cost, tunable
activity, long shelf life, and high environmental stability,
but several challenges remain to be overcome. One of the
biggest challenges is the low selectivity of the nanozymes
compared to natural enzymes. To improve the substrate
specificity of nanozymes for enzyme activity, there are
several studies based on binding strategies that induce
the presence of substrate binding sites to biomolecules,
imprint polymers, or aptamers. Another potential strategy
to improve both activity and substrate specificity is to use
assemblies of nanozymes or complex structures containing
nanozymes and natural enzymes. Despite some success
with AuNPs-based colorimetric nanozyme aptasensors
for the detection of microbial toxins, research in this area
is still in its infancy. Therefore, AuNPs-based nanozyme
colorimetric aptasensors are expected to make important
contributions in the field of biosensing for measuring
microbial toxins in the future.
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