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ARTICLE INFO ABSTRACT

Keywords: Cyanobacteria produce toxins such as microcystin-LR (MC-LR), which are associated with potential hepato-
Microcystin-LR toxicity in humans. The detection of cyanobacteria and their toxins in drinking water and sea food is therefore
Aptasensor crucial. To date, methods such as high performance liquid chromatography (HPLC), protein phosphatase in-
Optical hibition assay (PPIA), and Raman spectroscopy have been employed to monitor MC-LR levels. Although these
Electrochemical

techniques are precise and sensitive, they require expensive instrumentation, well-trained personnel and involve
time-consuming processes meaning that their application is generally limited to well-resourced, centralised la-
boratory facilities. Among the emerging MC-LR detection methods, aptasensors have received great attention
because of their remarkable sensitivity, selectivity, and simplicity. Aptamers, also known as “chemical” or
“artificial antibodies”, serve as the recognition moieties in aptasensors. This review explores the current state-of-
the-art of MC-LR aptasensor platforms, evaluating the advantages and, limitations of typical transduction
technologies to identify the most efficient detection system for the potentially harmful cyanobacteria associated

toxin.

1. Introduction

Cyanobacteria (blue-green algae), as gram-negative prokaryotes,
are able to grow under extreme conditions including high levels of salt
and UV radiation, low nutrition concentration and limited light
(Kaushik and Balasubramanian, 2013). Changes in climate and ac-
celerated eutrophication of water reservoirs may lead to cyanobacteria
bloom (Abnous et al., 2017a; Zegura et al., 2011).

Microcystins (MCs) are cyclic hepta-peptide metabolites produced
by species of the genera Anabaena, Microcystins, Aphanizomenon, Nostoc
and Planktothrix, during water blooms (Liu and Sun, 2015). To date,
more than 90 congeners of MCs have been identified. The different
variants are mainly formed due to the presence of different a-amino
acids found only at positions 2 and 4 of the molecule (Liu and Sun,
2015). Combinations between leucine (L), arginine (R) and tyrosine (Y)
are able to form the common variants MC-LR, MC-RR, and MC-YR (Liu
and Sun, 2015). MC-LR is the most frequently addressed member of this
family, due to its abundance and potential toxicity (Lone et al., 2016).

The environmental risk of MCs in the aquatic ecosystems is sig-
nificant, with the occurrence of cyanobacterial blooms in drinking
water resulting in numerous public health alerts (Pham and Utsumi,
2018). The impact of MCs on animals and plants has been extensively
reported via numerous studies and reviews (Pham and Utsumi, 2018).
MC-LR is extremely toxic, due to its inhibitory effects on intracellular
serine/threonine phosphatases 1 and 2A (PP1 and PP2A) (Ma et al.,
2016, 2017).

The mechanism of the MC uptake in plant cells remains unclear
(Corbel et al., 2014). However, it is suggested that MCs are able to
penetrate cell membranes via diffusion or root absorption (Peuthert
et al.,, 2007), resulting in several disorders of plant physiology and
metabolism (Smith et al., 1994). Focusing on mammalian cells, MC-LRs
are absorbed through the active uptake by multispecific organic-anion
transporting polypeptides (OATP), present in hepatocytes and cells
lining the small intestine (McLellan and Manderville, 2017).

Humans may be exposed to MC-LR mainly through consumption of
sea foods (Rezaitabar et al., 2017), agricultural plants (Miller and
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Russell, 2017) and drinking water (Gaget et al., 2017), leading to ill-
nesses and deaths. For example, 70 deaths were confirmed due to direct
exposure to MCs during the “Caruaru Incident” in Brazil in 1996 (Liu
and Sun, 2015). Additionally, the International Agency for Research on
Cancer (IARC) categorized MC-LR as possible human carcinogen
(Group 2B) (Li et al., 2017b; Lundqvist et al., 2017). Apart from the
liver, the testis is another target organ for MC-LR; its presence not only
disrupts motility and morphology of sperm but also alters male hor-
mone levels (Lone et al., 2015; Zhang et al., 2017a). Moreover, im-
munotoxicity (Chen et al., 2017), genotoxicity (Zegura, 2016), and
developmental toxicity (Qi et al., 2016) associated with this cyanotoxin
has been investigated.

The World Health Organization (WHO) has set a cut-off con-
centration of 1 ug L as an acceptable level for MC-LR in drinking water
(He et al., 2017; Zhang et al., 2017b). To date MC-LR is the only cya-
notoxin to receive such guidance, highlighting its toxicological profile
(Turner et al., 2018). Thus, the development of sensitive analytical
methods for detection of MC-LR is greatly needed. Low concentrations
and different isoforms of MCs in environmental samples present sig-
nificant analytical challenges (Zanato et al., 2017; Zhang et al., 2017b).
Various analytical approaches such as high performance liquid chro-
matography (HPLC), protein phosphatase inhibition assays, and en-
zyme-link immunosorbent assay (ELISA), have been employed for MC-
LR determination (Hu et al., 2017; Qileng et al., 2018). Although these
techniques are commonly accepted, the assays are time-consuming and
require complicated and costly instrumentation, which somewhat limits
their application (Liu et al., 2017a; Wei et al., 2017). It also means that
testing has to be performed within a central laboratory, rather than at
the source of suspected MC-LR contamination. On the other hand, the
development of novel biosensor platforms has enabled the re-
producible, and accurate detection of MC-LR in a portable format
(Qileng et al., 2018).

Aptamers are single-stranded nucleic acid sequences that recognize
their targets with remarkable affinity and selectivity (Nimjee et al.,
2017). These so-called “chemical antibodies” are produced through an
in vitro process named Systematic Evolution of Ligands by EXponential
enrichment (SELEX) (Nimjee et al., 2017). From a historical point of
view, the first aptamer for MC-LR detection was developed by Naka-
mura and co- workers in 2001 (Nakamura et al., 2001). This aptamer
could perform label-free detection of MC based on surface plasmon
resonance and had a detection range of 50 pgmL™ to 1 mgmL™’. The
poor detection limit of the proposed aptasensor was attributed to its low
affinity. In 2004, Gu and co-workers used different aptamers for de-
tection of MC-LR. Among the different RNA aptamers used, MC25 clone
RNA showed relatively high affinity and it was able to react with MC-LR
at concentrations as low as 0.5 pmol L (Gu and Famulok, 2004).

In 2012, Ng and co-workers proposed various sequences for MC-LR,
MC-LR, and MC-YR detection with different affinities. Among them, a
60-mer sequence, named ANG6, exhibited the best selectivity
(Kg=50 = 12nM) towards MC-LR. Because of its favorable properties,
this aptamer was employed in different MC-LR aptasensors (Ng et al.,
2012).

In comparison to their protein counterparts, aptamers offer several
advantageous characteristics including lack of immunogenicity, ease of
synthesis and modification, and low molecular weight (Lyu et al.,
2016).

Aptasensors are biosensors in which an aptamer is employed as the
recognition moiety (Hosseini et al., 2015). To date, numerous apta-
sensors have been designed for detection of toxins (Li et al., 2017a),
viruses (Ghanbari et al., 2017), bacteria (Brosel-Oliu et al., 2017)
proteins (Bini et al., 2008), metals (Taghdisi et al., 2015) and drugs
(Abnous et al., 2017a) in different matrices. In recent years, a number
of aptasensors for the detection of MC-LR have been developed (Abnous
et al., 2017b; Taghdisi et al., 2017).

Nanomaterials (NMs) are regarded as a promising agents for con-
struction of aptasensors, due to their physico-chemical properties such
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as disposability, small size, and high surface area. For instance, carbon
NMs are involved in sensing systems, because of their pronounce bio-
compatibility and electrical conductivity (Rowland et al., 2016). Ad-
ditionally, magnetic NMs are able to extract and concentrate a target
compound from a complex matrix.

This review aims to discuss the state-of-the-art of MC-LR apta-
sensors. Key performance indicators such as sensitivity, accuracy, ro-
bustness and cost-effectiveness of such aptasensors are evaluated.

2. Aptasensor-based optical detection of MC-LR

Optical aptasensors involve aptamers as the recognition element
and an optical-based technique as the transducer. Unique features such
high sensitivity, fast response and ease-of-use led to extensive appli-
cation of optical aptasensors for monitoring toxin levels. Colorimetric
(Abnous et al., 2017b), fluorescent (Taghdisi et al., 2017), and surface-
enhanced Raman scattering (SERS) (Hassanain et al., 2017) are ex-
amples of optical systems that have been used to develop aptasensors
for MC-LR detection.

2.1. Colorimetric aptasensors for MC-LR detection

Colorimetric-based biosensors are arguably the simplest of the
sensing systems, providing good performance with simple to use and
cost-effective technologies. The possibility of detection with the naked
eye is also appealing, with such sensors representing a ‘low-tech’ so-
lution that is deployable across resource poor-settings (Ansari et al.,
2017).

The aggregation potential of gold nanoparticles (AuNPs) has been
utilized in the sensing of various analytes (Bostan et al., 2017); the
colour of the solution varies as a consequence of particle aggregation,
which in turn is influenced by the presence of analytes (Ansari et al.,
2017).

Exploiting this phenomenon, Li and co-workers developed a highly
sensitive colorimetric aptasensor for detection of MC-LR in water. As
shown in Fig. 1, modifying the surface of AuNPs with aptamers prevents
the electrostatically induced aggregation of AuNPs in high salt con-
centrations from occurring. Without aptamer modification, elevated
salt concentrations bring about aggregation which manifests as a
change in colour of the solution. Upon addition of MC-LR (the target
analyte) to the aptamer-modified AuNPs, a violet-blue colour is ob-
served as the specific interaction between aptamer and its target
(Fig. 1C). No change in colour is observed when the system is challenge
with competitor analytes, thus demonstrating sensor selectivity. The
recoveries ranged from 98.5% to 102.2% and standard deviation varied
from 7.4% to 10.7%, demonstrating a good accuracy for this sensing
system (Fig. 1D) (Li et al., 2016b).

Compared to other techniques, colorimetric-based biosensors re-
lying on assembly/disassembly of aggregates generally demonstrate
limited dynamic responses with relatively low sensitivities (e.g. limit of
detection in sub-nanomolar or nanomolar range) (Wang et al., 2015).
However studies have shown that disassembly of preformed AuNP ag-
gregates, can enhance the sensitivity and time-to-result of the systems
(Song et al., 2011; Waldeisen et al., 2011). Recently, Gue and co-
workers showed that forming AuNP-dimers, as opposed to larger scale
aggregates, results in an improvement of not only the sensitivity but
also the dynamic range and long-term stability of such colorimetric-
based biosensors. Additionally, they have shown that formation of a Y-
shaped DNA duplex upon dimer formation, mimises the inter-particle
distance such that a significant improvement in LOD is achievable (Guo
et al.,, 2013). A crucial challenge in development of AuNPs sensing
platforms, is the "corona shield effect" which could be overcome by
utilization of polyethylene glycol (PEG) (Danesh et al., 2017).

Such an approach has been used to develop a colorimetric-based
aptasensor for the detection of MC-LR with an LOD value of 0.05nM
(Wang et al., 2015). In this study, AuNPs were first functionalized with



H.B. Bostan et al.

Biosensors and Bioelectronics 119 (2018) 110-118

S

Pure AuNPs

NaCl
3 & A
Salt-induction
AN \@\ NaCl
g \‘.\\.\ B
° Aptamer @ | salt-induction
.0
. C AN @~ NaCl
Pure AuNPs |~ - \\’\ > \‘\ ==
Aptamer \‘\ Salt-induction
NaCl @
A \@ @
D N AQNO - 3 v )
Aptamer N\ Salt-induction
Coloration
' Au NPs NAANAAN Aptamer * MC-LR . Interference

Fig. 1. Colorimetric-based aptasensor for detection of MC-LR in water, developed based on aggregation/disaggregation properties of AuNPs. Copied from the study of

Li et al. (Li et al., 2016b) with permission.
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Fig. 2. Schematic diagrams showing the production and disassembly of AuNP
dimers. In the absence of the target, the complex of functionalized AuNPs and
aptamer produced a Y-shaped structure. Addition of MC-LR resulted in dis-

ruption of Y-duplex and changes in solution colour. Copied from the study of
Wang et al. (Wang et al., 2015) with permission.

PEG and two probe oligonucleotides (probes 1 and 2, Fig. 2), to which
an aptamer was added (Fig. 2a), Addition of the aptamer resulted in the
formation of a Y-shaped duplex and dimerisation of AuNPs which was
observed as a blue solution. Addition of the target molecule (MC-LR)
results in disruption of the Y-duplex as the aptamer preferentially in-
teracts with its target. Consequently, the AuNP dimers dissociate and a
colour change is observed within 5 min (Fig. 2b). This aptasensor exerts
its maximum performance at temperatures ranging from 15° to 35°C
and at higher temperatures remarkable signal decreases are observed.
This reduction of signal, which is regarded as a major drawback in such
sensing systems, is caused by alterations of DNAs affinity at relatively
high temperatures (Wang et al., 2015).

A colorimetric aptasensor was developed for determination of MC-
LR based on a hairpin aptamer, graphene oxide (GO) hydrogel, me-
thylene blue (MB), complementary strand (CS) and streptavidin-mod-
ified magnetic particles (SMPs). In this assay, MB, SMPs, aptamer, CS

112

and adenosine acted as dye, immobilizer, recognition probe, and GO
gelation promoters, respectively. Graphene oxide (GO) is a nanoma-
terial produced by oxidation of graphene. Characteristics such as high
water dispersibility and thermal conductivity, make it a popular ma-
terial for incorporation in biosensors. Importantly, there are intense
interactions between bases of single-stranded oligonucleotides and
hexagonal cells of GO. This interaction not only protects oligonucleo-
tides from nuclease cleavage, but also quenches the fluorescence of dyes
(Ling et al., 2016). The hairpin structure of the aptamer helps to
maximise selectivity. In the absence of the target analyte, the gelation
process of GO is increased by the presence of the CS and adenosine, and
MB remains between the GO sheets. However, in the presence of MC-
LR, the less robust hydrogel structure allows MB to leach out from the
hydrogel, imparting a blue colour to the solution which can be mea-
sured spectroscopically. This system provides a limit of detection (LOD)
of 221 pM and 412pM in spiked tap water and serum samples, re-
spectively (Abnous et al., 2017b). Recovery values ranged between
91 = 8.1 and 98.2 *+ 6.7%, suggesting a good reliability for the pro-
posed aptasensor.

Although GO represents favorable properties, synthesis of this na-
noparticle needs expertise. In addition, when GO is applied for detec-
tion of a given compound in serum samples, sensitivity of the sensing
platform may vary due to interactions between GO and proteins. This
problem can be overcome by pretreatment of GO with molecules like
polyethylene glycol (PEG) and albumin (Danesh et al., 2017).

2.2. Fluorescent aptasensors for MC-LR detection

In general, two approaches are used in the development of fluor-
escence-based aptasensors. The first is based upon directly labeling the
aptamers with fluorophores to generate so-called ‘signaling aptamers’,
while the second involves labeling the aptamer with a molecule de-
signed to quench fluorescence in fluorescence resonance energy transfer
(FRET) approaches (Shahdordizadeh et al., 2017). FRET occurs as a
result of non-radiative energy transmission between donor fluorophore
and acceptor molecule (chromophore/fluorophore) (Sekar and
Periasamy, 2003). FRET can be utilized to explore binding dynamics,
molecular interactions as well as biomolecular conformation (Sahoo,
2011).

Various donor and acceptor fluorophores including inorganic na-
nostructures, fluorescent proteins, and organic dyes, have been
exploited in the generation of fluorescence based aptasensors (Jamali
et al., 2014). Recently, a novel aptasensor was designed using single-
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walled carbon nanotubes (SWCNTs). SWCNTs are allotropes of carbon
which consist of a sheet of graphene (Bostan et al., 2016). Extra-
ordinary features such as high surface area, excellent mechanical and
thermal stability, and electrical conductivity justify widespread appli-
cation of SWCNTs in biosensors (Herrero-Latorre et al., 2015; Jain
et al., 2015). In the study by Taghdisi et al., SWCNTs were used as a
solid support to which two aptamers, one targeting MC-LR and the
other targeting a fluorescent dye (dapoxyl), could bind (Fig. 3). If the
anti-MC-LR aptamer is bound to the surface of the SWCNTs (i.e. in the
absence of MC-LR) the anti-dapoxyl aptamer is able to form a complex
with the dye which produces as strong fluorescent signal. When MC-LR
is present, the originally surface bound MC-LR aptamer dissociates from
the SWCNTs allowing the anti-dapoxyl aptamer to bind the carbon
nanotube, which results in a substantial attnetuation of the fluorescence
intensity. Under optimal conditions, this aptasensor demonstrated
highly sensitive detection of MC-LR with a LOD of 138 pM Good re-
coveries were achieved for serum samples (between 88.46 = 2.6 and
103.7 = 8.4%) reflecting high reliability and accuracy for this apta-
sensor (Taghdisi et al., 2017).

As a relatively new generation of nanomaterials, upconversion na-
noparticles (UCNPs) have demonstrated unique optical properties in-
cluding low background, remarkable luminescence and lack of auto-
fluorescence. Consequently these materials provide a good alternative
to traditional fluorescence based readouts for bioassays (Nguyen et al.,
2014). When UCNPs are doped with lanthanide ions, they show inter-
esting properties such as prominent visible luminescence emission (Wu
et al., 2015).

Wu and co-workers fabricated an aptasensor that could detect MC-
LR and okadaic acid (OA), using a dual FRET system (Wu et al., 2015).
They employed NaYF4: Yb, Ho UCNPs and Mn?*-doped NaYF4: Yb, Er
UCNPs as donors. Two Black Hole Quencher® species (BHQ1 and
BHQ3) were used as the acceptors. In this system, specific MC-LR and
OA aptamers were attached to the NaYF4: Yb, Ho UCNPs and Mn?"-
doped NaYF4: Yb, Er UCNPs, respectively. Each donor-acceptor couples
were produced by hybridizing the aptamers with their specific cDNA. In
the absence of the targets, upconversion luminescence is quenched by
acceptors. On the other hand, when analytes were added to the system,
luminescence values were increased. The linear range of aptasensor was
between 0.1 and 50ngmL’. Additionally, recovery ranged from
97.68% to 120.1% in shrimp, fish and water matrices. RSD of this
sensing interface at 10 ng mL " was 6.47% (n = 7), which indicated that
the proposed analytical method has a good reproducibility. This tech-
nique had the potential of monitoring MC-LR and OA in foodstuff and
environment, simultaneously (Wu et al., 2015).

Although FRET-based reporters are extensively used, they may have
various limitations. For instance, physical vicinity between donor and
acceptor and weak signal-to-noise ratio are known as important
downsides of them (Nosrati et al., 2018). In addition, matrix condition
such as temperature, pH, and ionic concentrations may affect fluores-
cence intensity. By means of time-resolved fluorescence, this limitation
can be solved (Danesh et al., 2017).

Fluorescence Intensity

g

g

—
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Fig. 3. Schematic presentation of MC-LR de-
termination based on a fluorescent approach.
In the presence of MC-LR, Apt binds MC-LR
and leaves the surface of SWNTs. So, DAP- 10
could bind the surface of SWNTs, resulting in a
weak fluorescence intensity (a). In the absence
of MC-LR, the Apt remains on the surface of
SWNTs and DAP-10 could not bind the surface
of SWNTs, leading to a strong fluorescence
intensity (b). Copied from the study of Taghdisi
et al. (Taghdisi et al., 2017) with permission.
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Molybdenum disulfide (MoS,) is an inorganic compound which is
classified as transition metal dichalcogenide (TMDC) (Woods et al.,
2016). It displays marked conductivity and fluorescence quenching,
which coupled with its strong affinity toward single-stranded DNA /
aptamers, make it a valuable material for inclusion in biosensors (Liu
et al., 2014; Shuai et al., 2017). Exploiting the enhanced fluorescence of
core/shell UCNPs and quenching property of MoS,, a simple sensitive
aptasensor for MC-LR was developed with an LOD value of 2 pg mL™*
(Fig. 4). In this system, the aptamer was immobilized on core/shell-
UCNPs, which were subsequently adsorbed onto MoS, through van der
Waals interactions via the nucleobases. Whilst adsorbed, energy is
transferred from the core/shell-UCNPs to the MoS, which results in
quenching of the fluorescence. In the presence of the target (MC-LR), an
aptamer — target complex is formed, which results in desorption form
MoS; leading to recovery of fluorescence. The linear range of this ap-
tasensor was determined to be 0.01-50 ngmL™. The recovery values
ranged between 94% and 112% (with minimal RSD), reflecting ex-
cellent recovery and reproducibility of this method (Lv et al., 2017).

2.3. Surface Enhanced Raman Scattering (SERS) aptasensors for MC-LR
detection

SERS is an oscillatory spectroscopic method which integrates mo-
lecular fingerprints of Raman spectroscopy technique with potential
single-molecule sensitivity (Cialla et al., 2012). In this system, fol-
lowing adsorption of the desired compound on a nanostructured
coinage metal surface, Raman scattering is increased (Mosier-Boss,
2017). Such approaches are associated with a number of perceived
advantages including speed, the label free, non-destructive testing of
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Fig. 4. Schematic illustration of fluorescence aptasensor developed for de-
termination of MC-LR. In this sensing interface, an specific aptamer was im-
mobilized on core/shell-UCNPs and then introduced to the MoS,. In this
structure, MoS, quenched fluorescence of core/shell-UCNPs. Addition of target
resulted in desorption from MoS, surface and fluorescence recovery. Copied
from the study of Lv et al. (Lv et al., 2017) with permission.
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samples as well as the ability to simultaneously analyse different tar-
gets, however reproducibility remains a challenge (Fisk et al., 2016).

Highly branched tips of gold nanoflowers (AuNFs) exert high sur-
face to volume ratio (Yi et al., 2013). AuNFs not only yield stable SERS
signal, but also show remarkable electromagnetic field improvement
(La Porta et al., 2015). Additionally, SERS activity is increased by silver
(Ag) surfaces. Using (AuNF)-AgNP core- satellite assemblies, Zhao and
co-workers produced a Raman aptasensor with amplified SERS signal
and high sensitivity (LOD = 8.6 pM) (Zhao et al., 2015). For production
of these SERS active assemblies, AuNF and AgNP probes were hy-
bridized with MC-LR aptamers. Following introduction of the target,
those assemblies were destroyed leading to signal reduction. The re-
covery rates ranged from 94.48 + 3.42-97.70 + 3.56%. Good re-
covery and low RSD insured that this sensing platform has acceptable
accuracy and reproducibility (Zhao et al., 2015).

Poor selectivity is an important drawback in label-free SERS
methods (Hassanain et al., 2017). To overcome this problem, several
clean-up and extraction steps are needed (Hassanain et al., 2017).

(Wang et al., 2015)
2016b)
(Wu et al., 2015)
(Taghdisi et al.,
(Lv et al., 2017)
(Zhao et al., 2015)
(Du et al., 2016c¢)

(Li et al.,
(Abnous et al.,
2017b)

2017)

Ref.

2.4. Electrochemiluminescence (ECL) aptasensors for MC-LR detection

Electrogenerated chemiluminescence, particularly known as ECL,
involves excited states at or near electrode surfaces (High et al., 2001).
ECL offers several advantages including wide range of targets, low
background signal, and cost-effectiveness (Zhou et al., 2011). Three-
dimensional graphene hydrogels (3D GHs), as a new generation of ul-
tralight and porous carbon-based materials have attracted extensive
attention. 3D GHs not only represent high surface to volume ratio, but
also provide special sites for ECL luminophore molecules assembly (Du
et al., 2016c).

Recently, an ECL aptasensor was designed with an LOD of 0.03 pM
(Du et al., 2016c). In this case, boron and nitrogen co-doped graphene
hydrogels (BN-GHs) were used to amplify steric hindrance between MC-
LR and its specific aptamer. Additionally, quartz crystal microbalance
(QCM) was applied to investigate these events. Linear range of pro-
posed platform was determined from 0.1 pM to 1000 pM This sensing
system does not require high price labeling and complicated probe
immobilization stage. After incubation of aptasensor with 5 pM, an RSD
of 5.3% was obtained (n = 12), suggesting a good repeatability (Du
et al., 2016c).

In general, optical aptasensor-based platforms have remarkable
merits Like feasibility of quantitative analysis without need for ad-
vanced devices. Colorimetric aptasensors are able to detect targets and
used with the naked eye. In spite of advancements in optical apta-
sensors, they still have limitations such as requirement of time- con-
suming processes and low portability (Nosrati et al., 2017). Table 1
exhibits the characteristics of optical-based aptasensors.

5’-GGC GCC AAA CAG GAC CAC CAT GAC AAT TAC CCA TAC CAC CTC ATT ATG

CCC CAT CTC CGC-3’ [ sequence A ( Kg= 50 + 12nM)]

sequence A
5-GGG TGG GTG GGG GGC GCC AAA CAG GAC CAC CAT GAC AAT TAC CCA TAC

CAC CTC ATT ATG CCC CAT CTC CGC CCC CAC CCA CCC — 3’ (K4 not mentiomed)

sequence A
Not disclosed

Aptamer/Ky
sequence A
sequence A
sequence A

Linear range
0.0995-248.797
0.4975-7463.917
0.6468-995.189
0.1 — 50
0.398-1194.22
0.0001-0.9951

0.01-50

0.0085 + 0.0003 0.0099-9.9518

LOD (ng mL™1)
0.0497

0.3682

0.2179

0.025

0.1373

0.002

0.00003

3. Electrochemical-based aptasensors for MC-LR detection

In the case of electrochemical aptasensors, the aptamer is im-
mobilized directly onto the electrode surface and target-aptamer in-
teractions are monitored using a number of electrochemical transduc-
tion approaches (Meirinho et al., 2016). Molecular interactions that
occur at the electrode surface manifest as measurable changes in elec-
trical output such as impedance, voltage, and current (Wang et al.,
2016).

In comparison with optical methods, electrochemical transduction
offers several benefits including ease of miniaturization, compatibility
with novel microfabrication technologies, fast response, simplicity, etc.
(Meirinho et al., 2016). To date, a number of different electrode sur-
faces such as glassy carbon electrodes (GCE), screen printed electrodes
(SPE), and carbon paste electrodes (CPE) have been applied for de-
signing electrochemical aptasensors (Meirinho et al., 2016).

In 2014, an electrochemical aptasensor targeting MC-LR was fabri-
cated using graphene-modified SPE. Herein, the anti-MC-LR aptamer

Employing aptamer, graphene oxide, and methylene

blue acting as an optical probe
Using the enhanced fluorescence of core/shell (CS)

UCNPs and quenching property of MoS,
Steric hindrance initiated signal amplification effect

Using two donor (upconversion nanoparticles) and

Based on disassembly of orient-aggregated gold
acceptor (BHQ1 and BHQ3) couples

nanoparticle dimers

Single-walled carbon nanotubes (SWNTs) as
immobilizers, dapoxyl as a fluorescent dye
Using gold nanoflower-Ag NP core- satellite

AuNPs aggregation in the presence of salt
assemblies as signal amplifier

Strategy

scattering (SERS)
Electrochemi-luminescence (ECL)

Detection method
Colorimetry

Colorimetry
Fluorescence
Fluorescence
Surface-enhanced Raman

Colorimetry
Fluorescence

Optical-based aptasensors.

Table 1
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ITO

NG

Capture

BiOBr
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Spiked with
For use
MC-LR

f._Oxidation

v

With MC-LR

No change

MC-LR apatamer

Fig. 5. Schematic illustration of PEC aptasensing system developed using BiOBrNFs-NG/ITO electrode. In this aptasensor, visible light-responsive materials were
introduced by immobilization of BiOBrNFs-NG nanocomposites on electrode. Copied from the study of Du et al. (2016a) with permission.

was simply adsorbed on the electrode surface by exploiting the -1t
stacking interactions between nucleobases of DNA aptamer and cells of
graphene. It was observed that following the non-covalent modification
of the electrode with the aptamer, the square wave voltammetric (SWV)
reduction signal of the [Fe(CN)g] 43 redox couple dropped.
Introduction of target to the aptasensor led to dose-dependent increases
in peak current. The system demonstrated high sensitivity and se-
lectivity with a LOD of 1.9 pM (in buffer). Recovery rate of this system
was 98.1% and 91.7% in spiked fish extract and tap water, respectively.
(Eissa et al., 2014).

Desirable advantages like ease of operation and good sensitivity
make electrochemical impedance spectroscopy (EIS) a popular mea-
surement approach in the generation of aptasensors (Hayat et al., 2013;
Lin et al., 2013; Randviir and Banks, 2013; Rivas et al., 2015). Com-
bining the advantages of aptamer-based recognition and EIS resulted in
the development of a label- free aptasensor by Lin and co-workers, for
detecting of cyanobacterial toxin MC-LR in water samples (Lin et al.,
2013). In the proposed system, MC-LR aptamers with immobilised onto
gold electrodes, to form a monolayer with relatively high electro-
chemical impedance. Upon binding with the target analyte, the apta-
mers underwent a conformational change, which allowed easier
transfer of an external redox mediator, [Fe(CN)s]>7*, to the electrode
surface. This manifests itself as a reduction of the apparent impedance
of the system. Over the range of 1.0-5.0 X 107! mol L, a linear re-
lationship was observed between MC-LR concentration and electro-
chemical impedance changes. The LOD of this sensing model was de-
termined to be 1.8 x 107! mol L, whilst sample recovery was in the
range of 91.2-113.7%. Low relative standard deviation (RSD) value of
the resulting impedances (3.52%) indicated that the fabricated sensing

system has good reproducibility (Lin et al., 2013).

In another study, cobalt (II) salicylaldiimine metallodendrimer
(SDD-Co(II)) was doped with AgNPs to design a electrochemical ap-
tasensor for MC-LR detection at nanomolar levels (Bilibana et al.,
2016). In the proposed system, a thin film of SDD-Co (II) was deposited
onto a GCE surface and then AgNPs were electro-synthesized on the
surface of film. A 5’ thiolated DNA aptamer was subsequently en-
couraged to self-assemble on AgNPs. The sensing platform demon-
strated linearity between 0.1 and 1.1 pgL™" with a LOD of 0.04 ugL™.
Employing standard spiking methods, the average recoveries were
calculated as between 94% and 115% in water samples (Bilibana et al.,
2016).

In 2012, Ng and co-workers fabricated electrochemical aptasensors
using three different aptamers to monitor microcystin congers. Here, 5’
disulfide-terminated aptamers were immobilized on the gold electrode
and then exposed to redox cations ([Ru (NHs3)e] T2). This led to high
reduction peak current of [Ru (NHz)e] +3 When analytes were added to
the system, significant decreases in reduction peak current were ob-
served. The aptasensor, which employed an AN6 sequence (GGCGCC
AAACAGGACCACCATGACAATTACCCATACCACCTCATTATGCCCCAT
CTCCGCQC), was able to detect MC-LR with an LOD of 11.8 p.M. Linear
responses were observed from 10 p.M. to 10 nM (Ng et al., 2012).

In recent years, the photoelectrochemical (PEC) technique has gain
marked attention. PEC benefits from the advantage of electrochemical
method and uses an optical approach (the advantages of both electro-
chemical and optical techniques have been noted above) (Du et al.,
2016b). High sensitivity, simplicity of miniaturization, low-cost and
simple equipment are examples of PEC merits (Okoth et al., 2016).

Photocatalysts play an essential role in the PEC technique, as they
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Table 2

Electrochemical-based aptasensors.

Ref.

Aptamer/Ky

Linear range

LOD (ng mL™)

Strategy

Detection method

(Ng et al., 2012)

0.0099-9.9518 sequence A

0.0117

5-disulfide terminated aptamers immobilized on the gold

electrode

Square wave voltammetry (SWV)

2014)

(Eissa et al.,

0.0001-0.9951 sequence A

0.0018

Unlabeled DNA aptamer anchored on a graphene electrode

Electrochemical impedance

spectroscopy (EIS),SWV
EIS, Cyclic voltammetry (CV)

(Bilibana et al.,

2016)

sequence A

0.1-1.1

0.04

Cobalt (II) salicylaldiimine metallodendrimer (SDD-Co(I))

doped with AgNPs

2016a)

(Du et al.,

0.0001-99.518 sequence A

0.00003

BiOBr nanoflakes/N-doped graphene (BiOBrNFs-NG) provided

as a visible light-responsive material

EIS

(Liu et al., 2016)

sequence A

0.000001-0.00047

0.0000005

Aptamers immobilized on graphene functionalized titanium

dioxide nanotubes (TiO, NTs)

EIS

(Lin et al., 2013)

5-TTT TTG GGT CCC GGG GTA GGG ATG GGA GGT ATG GAG GGG

TCC TTG TTT CCC TCT TG— 3’ (K4= 0.5 micromol/L)
sequence A

0.0099-0.0497

0.0179

Immobilization of MC-LR aptamers on the gold electrode

CV, EIS

(Liu et al., 2017b)

0.00001-0.0995

0.000005

Z-scheme CdTe-Bi,S; heterojunction play a role as effective

visible-light-driven photoactive species

EIS

(Du et al., 2017)

0.00005-4.9759 sequence A

0.0000169

Agl-nitrogen-doped graphene as recognition

EIS
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convert photoirradiation to an electrical signal (Du et al., 2016b). In
this way, various photocatalysts such as (Bismuth (III) sulphide (Bi,S3),
Cadmium telluride (CdTe), and Bismuth oxybromide (BiOBr) have been
utilized in PEC-based biosensors (Okoth et al., 2016).

For monitoring MC-LR in fish samples, a PEC aptasensor was fab-
ricated with an LOD of 0.03 pM (Fig. 5). Here, BiOBr nanoflake/N-
doped graphene (BiOBrNFs-NG) nanocomposites were immobilized on
indium tin oxide (ITO) electrodes to provide a visible light-responsive
material. The modified electrode was then subsequently biofunctiona-
lized with an anti-MC-LR aptamer. The proposed sensing system was
able to detect the target over a concentration range of 0.1 pM to
100 nM. RSD of resulting photocurrent was 3.46% (n = 5), reflecting
the good reproducibility of the aptasensor. The overall recovery was
97.8-101.6% (Du et al., 2016b).

In another PEC based approach, an aptasensor capable of femto-
molar detection of MC-LR was constructed using graphene functiona-
lized titanium dioxide nanotubes (TiO5 NTs). In the proposed system,
alkyne-functionalized graphene was grafted onto azide-functionalized
TiO5 NTs, before the specific MC-LR aptamer (5-GGC GCC AAA CAG
GAC CAC CAT GAC AAT TAC CCA TAC CAC CTC ATT ATG CCC CAT
CTC CGC-3) was anchored onto the graphene surface. The aptasensor
showed remarkable sensitivity (this is the most sensitive MC-LR apta-
sensor), with an LOD of 0.5 fM, as well as a direct dose-response re-
lationship between target concentration and photocurrent over the
range of 1.0-500 fM. The proposed system exhibited high and stable
photocurrent and RSD was 0.3% after 6 cycles. The obtained RSD
showed remarkable stability and repeatability of this sensing interface
(Liu et al., 2016).

Engineered heterojunction photocatalysts demonstrate better pho-
tocatalytic performance, when compared with single component pho-
tocatalysts (Li et al., 2016a). This is due to the spatial separation of
photogenerated electron-hole pairs provided by such heterostructures
(Low et al., 2017b). Fabrication of direct Z-scheme photocatalyst is a
promising strategy for elevation of photocatalytic efficiency. This
technique optimizes reduction and oxidation potential of the photo-
catalytic component (Low et al., 2017a).

Exploiting these advantages, Liu and co-workers developed a PEC
aptasensor with a LOD of 0.005 p.M. (Liu et al., 2017b). Herein, direct
Z-scheme CdTe-Bi,S; heterojunction played a role as an effective
visible-light-driven photoactive species. In the proposed system, ITO
electrodes were modified with CdTe-Bi,S3 heterojunctions. With the
help of phosphor-amidate bonds, MC-LR aptamers were anchored onto
the electrode surface. Over the range of 0.01-100 pM, the presence of
the target led to dose-dependent decreases in PEC response. In addition,
four independent electrodes (modified under the same condition) were
incubated with 5 pM for calculation of RSD and reproducibility. An RSD
of 7.3% was achieved and indicated suitable reproducibility of this
aptasensor (Liu et al., 2017b).

More recently, Du and co-workers developed a PEC aptasensor with
an LOD of 0.017 pM. The sensing platform produced by the MC-L|R
aptamer and Agl-nitrogen-doped graphene, as recognition moiety and
photocathode respectively, demonstrated linearity over a concentration
range of 0.05pM to 5nM. When fish samples were spiked, recovery
values ranged between 98.8% and 99.6%. The RSD of 4.2% (at the level
of 5nM)showed reproducibility of the aptasensor (Du et al., 2017).

In general, electrochemical aptasensors have several favorable fea-
tures including reusability, requirement of low amounts of sample, and
feasibility of quantitative analysis. These techniques still have im-
portant limitations. For instance, false positive results may be obtained
due to the presence of matrix electrolytes. In addition, there is limited
control on the working electrode, when higher currents are being in-
duced (Nosrati et al., 2017). Table 2 presents the characteristics of
electrochemical-based aptasensors.
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4. Conclusion and future prospective

The potential hepatotoxicity of MC-LR means that monitoring of
water quality and presence of MC-LR contamination in seafoods is
highly necessary; the World Health Organization (WHO) has set an
acceptable level of 1 ug L™ for MC-LR in drinking water. Development
of sensitive and reliable analytical methods, that can ideally be de-
ployed away from central laboratory facilities, is essential for the ef-
fective monitoring of MC-LR levels. Of the variety of different biosen-
sing techniques explored to date, optical and electrochemical based
systems have been repeatedly employed as aptasensors. Aptamers are
used as recognition elements in aptasensors. In comparison with anti-
bodies, aptamers exhibit higher affinity and selectivity towards their
targets. Other desired features of aptamers are ease of production, high
stability, and reproducibility.

Electrochemical systems possess numerous advantages including
remarkable selectivity and simplicity as well as ease of operation. The
ability to miniaturise and mass produce electrodes are further benefits
of electrochemical systems.

As this review has revealed, construction of an ideal aptasensor
depends on a number of different factors. Variations in the affinity and
folding of aptamer sequences are important challenges in systems
which rely on immobilization of aptamers on a solid surface such as an
electrode. Although direct attachment of aptamers onto surfaces can
lead to conformational changes, the use of spacer molecules can help
overcome this problem.

The transduction system is another key factor that directly affects
the sensitivity of aptasensor. For instance, through combining the ad-
vantages of graphene-functionalized titanium dioxide nanotubes and
photoelectrochemical (PEC) technique, an ultrasensitive aptasensor
with an LOD of 0.5 fM was fabricated.

Of the different aptasensors developed for the detection of MC-LR,
those employing colorimetric readouts may be the simplest ones, with
potential for assay results to be visible with the naked eye, however in
comparison with other methods such sensors are often associated with
relatively poor sensitivities.

Although remarkable advances have been made in aptasensor de-
velopment over recent years, some major limitations remain before
they are widely adopted. For example, sample specific issues such as
total protein concentration, temperature and ionic strength may all
influence the performance of aptamer biosensing. Noteworthy, ap-
tamer-based biosensors are still in their infancy and some requirements
must be met before these chemicals become commercially available and
applicable.

With regards to widespread application of nanomaterials, combi-
nations of biosensing technologies and microchip devices (microfluidic
systems) are proposed as future platforms for simultaneous detection of
MC congeners. Systems relied on lab-on-a-chip (LOC) and microfluidic
technologies benefit from extraordinary throughput, portability and
automation for several usages.
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