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Abstract: - This review paper focuses on the current state of art as well as on future trends in the reaction 
mechanism and detecting properties of a novel molecular printed electrochemical sensor for microcystin 
measurement using three-dimensional (3-D) AuNPs@MWCNTs/GQD nanocomposite. Microcystins (MCs) are 
secondary metabolites generated by some cyanobacteria, a stable cyclic heptapeptide toxin class in the 
environment. MCs can produce a wide various adverse health effects in animals, plants and humans. Effective 
methods and measurement techniques required for isolate MCs from the contaminated aquatic environments. 
Among the methods, the sensor with three-dimensional conductive network composed of multi-walled carbon 
nanotubes (MWCNTs), graphene quantum dots (GQDs), and gold nanoparticles (AuNPs) and 
AuNPs@MWCNTs/GQDs Nanocomposites, some microorganisms with enzymes; it was was found that 
AuNPs@MWCNTs/GQDs is the most sensitive one. The molecularly imprinted polymer was engineered by 
quantum chemical computation utilizing p-aminothiophenol (p-ATP) and methacrylic acid (MAA) as dual 
functional monomers and L-arginine as a segment template with irreversible electrochemical oxidation reaction 
involving an electron and two protons. The detection response to MC-LR in the linear range was between 0.08 
and 2 μg/l, and the limit of detection (LOD) was found to be 0.0027 μg/l (S/N = 3). In addition, the recoveries of 
the total amount of MC-LR and [Dha7] MC-LR in the actual sample by the obtained sensor were found to be 
higher than the other methods. 
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nanoparticles (Au NPs); Graphene quantum dots (GQDs); Microcystin (MC); Multi-walled carbon 
nanotubes (MWCNTs); Single-walled carbon nanotubes (SWCNTs); Toxicity. 
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1 Introduction 
Microcystins (MCs), it is a group of cyclic 
heptapeptide toxins with unique amino acid side 
chains produced by Microcystis, Anabaenopsis, 
Aphanocapsa, Cichlidium, and Oscillatoria, [1]. MCs 
general structure is Cyclo-(-D-Ala-L-X-D-MEASP-L-
Z-ADDA-D-Glu-MDHA). X and Z are two important 
amino acids, which is highly variable, which ensure 
their molecular diversity in MCs. The L-X amino acid 
residue is usually leucine or phenylalanine, while the 
L-Z amino acid residue is usually alanine, arginine, 
methionine, leucine, or valine. ADDA structure is 3-
amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6- dienoicacid, which is necessary for the 
identification of toxin activity. The cyclical nature of 
MCs makes them durable to superior temperatures, 
sunlight and extreme pH. Hughes et al., [2], described 
the first MC in 1957 and since then more than 270 

variants of MCs with varying degrees of toxicity have 
been isolated. When it comes to toxicity, MCs 
isomers; Microcystin-LR (MC-LR) is the most 
common and most toxic isomer, Microcystin-LA 
(MC-LA) has a similar degree of toxicity, followed by 
Microcystin-RR (MC-RR) and Microcystin-YR (MC-
YR), [2].  

MCs are cyclic heptapeptides consisting of two 
variable positions and five constant amino acids, [3]. 
Because the circular heptapeptide structure of MCs, it 
has a strong affinity and high specificity for 
serine/threonine protein phosphatase, acts as an 
effective inhibitor of the eukaryotic protein 
phosphatase family PP1 and PP2A. This leads to cell 
apoptosis. However, MCs can cause oxidative stress in 
the liver and can lead to death. Toxicity differences in 
MCs strains are due to the content of peptide synthase 
generated by MCs, [4], [5]. MC-LR is considered the 
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most toxic form of MCs and has a lethal value dose of 
50%, LD50=43 µg/kg, [5], [6]. Human health can be 
affected by MCs mainly through physical contact, 
inhalation, contaminated water and food. To reduce 
the health risks associated with MCs, the World Health 
Organization (WHO) recommends that the MCs 
content in drinking water should not exceed 1 µg/l, [7]. 

Increasing effects of climate change and 
eutrophication, cyanobacterial proliferations have 
become one of the global aquatic environment 
problems, and the environmental pollution and health 
problems can cause the attention of scientists working 
in different disciplines. The genera of cyanobacteria 
that produce cyanobacterial blooms include 
Dolichospermum, Microcystis, Nodularia, 
Planktothrix and Oscillatoria, [8]. These algal 
outbreaks release toxic secondary metabolites, which 
are cyanobacterial toxins as MCs are the most widely 
distributed, toxic type of cyanobacterial toxin in 
cyanobacterial flower pollution. Potentially toxic 
cyanobacteria are increasingly detected in water 
supply systems around the world. In the United States 
and Canada, [9], ≈ 80% of water sources and treated 
water samples contain MCs and these are the primary 
congener MC-LR. In the reports of similar studies 
conducted in Europe, it is reported that 60% of the 
cyanotoxins detected in fresh water consists of MCs, 
[10]. In some parts of Europe, MCs rates were even 
higher: in the water quality survey of lakes in Greece, 
for example, more than 90% of the samples examined 
contained MCs, [11]. In addition, MCs have also been 
detected in terrestrial environments irrigated or 
flooded with waters containing damaging algal 
blooms. 

Many tools were used to identify and quantify MCs 
and MCs-related toxins with high performance liquid 
chromatography containing a mass spectrometry 
(HPLC-MS) and enzyme-linked immunosorbent 
assays (ELISA). The HPLC-MS measurement method 
is an analytical method approved by the 
Environmental Protection Agency (EPA) in the United 
States to detect various algal toxins with detection 
limits ranging from 0.1 to 1 μg/l, [12], [13]. A limit of 
1 μg/l for MC-LR in drinking water has been set by the 
WHO and an acceptable daily intake level < 0.04 g/kg 
body weight was suggested, [14]. In addition, stricter 
standards (0.1–0.3 μg/l) have been recommended by 
some institutions, [14]. However, chromatography is 
sensitive to trace samples and requires extensive 
sample pretreatment compared to immunoassays that 
are easy to use in routine screening of real samples, 
[15]. It is difficult to distinguish homologs of 
structurally similar MCs, particularly from the 
presence of other highly abundant but less toxic ones, 
[16]. Thus, for fast and sensitive measurement of 

biological compounds; it should be an urgent need for 
the development of an advanced, small and portable 
device to overcome the shortcomings of existing 
methods, [17], [18]. 

In this review article, we searched the literature on 
the reaction mechanisms and recorded main features 
in the sensitive measurements of the MCs properties, 
which are widely used today, with electrochemical 
sensors. For this, we investigated the effects of three-
dimensional (3-D) gold nanoparticle@multi-walled 
carbon nanotubes/graphene quantum dots 
(AuNPs@MWCNTs/GQDs) on MCs based studies in 
the literature. In this review, we tried to present a new 
perspective to the literature on the subject of 
"production of an electrochemical sensor for MCs 
measurement using AuNPs@MWCNTs/GQDs 
nanocomposite" by making use of existing studies in 
the literature. Thus, it is aimed to shed light on and 
support new scientific studies to be made in the future. 
 
 
2 Microcystins (MCs) 
2.1 Toxic Mechanism of MCs 

Protein phosphorylation-dephosphorylation is 
catalyzed by phosphatases and kinases and has an 
important role in regulating protein activity in cells. 
The serine/threonine protein phosphatases PP1 and 
PP2A, found in eukaryotes, are critical protein 
phosphatases, [19], and in MCs, they inhibit the action 
of phosphatases by binding to the catalytic subunits of 
PP1 and PP2A, [20], [21]. This process is divided into 
two stages: (1) the transient interaction of the toxin 
with the enzyme inactivation, and (2) the formation of 
covalent adducts takes place during the reaction 
period, which completely inactivates the enzyme in 
few hours after binding, [22]. The softer ADDA side 
chain is considered to play a key role in this binding 
process, [23]. ADDA is hydrophobic and interacts 
with four amino acids (Cln122, Ile123, His191 and 
Trp200) in the catalytic subunit of PP2A to form a 
hydrophobic cage, [24]. The nuclear phosphoprotein 
p53 functions as an activator in DNA repair, was 
apoptosis, and tumor suppression pathways, [25], and 
is a substrate for PP2A. It is a protein regulated by 
MCs. In MC-LR-treated mice, the p-phosphoserine 
reactivity of the p53 protein was observed higher in 
MC-LR-treated animals compared to the saline-treated 
group. Results from this experiment showed that MC-
LR induced hyperphosphorylation of P53 by 
inhibiting the action of PP2A leading to apoptosis, 
[26]. Binding of MCs to PP1 and PP2A can trigger 
many other adverse responses in its reaction, in 
addition to regulating p53 to affect apoptosis. The 
expression of mitogen-activated protein kinases 
(MAPKs) is mediated by PP2A, which regulates the 
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expression of proto-oncogenes involved in the 
transcription of genes for growth and differentiation. 
Bcl-2 acts as a homodimer protecting the integrity of 
mitochondria and is a very important cell death 
regulator and a direct substrate of PP2A, [27]. MCs 
influence the expression of related proteins by 
inhibition of PP2A, [28] and this leads to decreasing 
of cell function and even apoptosis. 

 
2.2 Molecular Mechanisms of MCs 

The pathways and genes involved in MC-LR 
biodegradation have been described in detail, [29], 
[30]. MC-LR degradation is considered to be mediated 
by at least three intracellular hydrolases, and as two 
enzymatic degradation mediators of MC-LR, 
linearized (acyl ring) MC-LR (NH2-Adda-Glu-Mdha-
Ala-Leu-MeAsp-Arg-OH) and tetrapeptide MC-LR 
(NH2- Adda-Glu- Mdha-Ala-OH) has been identified, 
[29], [30]. In the first step, the ring-opening hydrolysis 
of MC-LR is catalyzed by an enzyme called 
microcystinase, known as MlrA. The initial site of 
action of this enzyme is at the ADDA-Arg peptide 
bond, transforming the cyclic MC-LR into linear MC-
LR. The linear MC-LR product is 160-fold less 
reactive in protein phosphatases than the parent 
compound, indicating that the reaction is greatly 
reduced through MlrA-mediated molecular toxicity. 
MlrA enzyme was previously characterized as a 
metalloprotease through inhibition studies. In 
inhibition studies, she characterized the second 
enzyme (formerly peptidase 2, now MlrB) in a similar 
degradation pathway as a possible serine peptidase and 
produces the tetrapeptide compound. A third enzyme 
(formerly peptidase 3, now MlrC), characterized as a 
putative metallopeptidase, carries out further 
breakdown of the tetrapeptide compound with 
products that are smaller amino acids and peptides. In 
some literature searches, to detect MlrA, MlrB and 
MlrC enzymes, especially MlrA enzyme, which plays 
a role in the cleavage of the MCs ring structure; 
qualitative polymerase chain reaction (PCR) methods 
were designed. MlrD enzyme may facilitate the 
transport of MCs or biodegradable products of MCs 
across the bacterial cell wall. ADDA is an active 
product of the MlrC enzyme on the linearized MC-LR; 
but there is also a remaining hexapeptide (NH2-
Glu(6)-Mdha(7)-Ala(1)-Leu(2)-MeAsp(3)). This 
hexapeptide cannot be further degraded by the MlrC 
enzyme but can be hydrolyzed to unknown products 
by the MlrA and MlrB enzymes of ACM-3962, [29], 
[30]. Through, molecular dynamics simulations, 
homology modeling, and insertion, the active site of 
the MlrA enzyme was identified and thus determined 
that the enzyme belongs to the glutamate protease of 
type II CAAX isoprenoid endopeptidase. These new 

findings provided valuable additional information to 
previous studies and are new steps to support the 
accuracy of these previous studies, [31].  

Recently, the entire genome of Sphingopyxis sp. 
USTB-05 was analyzed based on second and third 
generation sequencing technologies, and the analysis 
results showed that cyanobacterial hepatotoxins 
Sphingopyxis sp. USTB-05 has identified its entire 
genome, [32]. Thus, previous studies have elucidated 
the biodegradation pathways of the MC variants MC-
RR and MC-YR. Sphingopyxis sp. MB-E was 
described for the first time, [33], and MC-RR, -YR, -
LY, -LY, -LW and -LF degradation were observed, 
thus confirming the existence of the above gene 
clusters. Sphingopyxis sp. USTB-05 was used as an 
experimental subject and the first enzyme, the MlrA 
enzyme, was found to convert cyclic MC-RR or MC-
YR into linear form; the second enzyme attacked the 
Ala\\Arg or Ala\Tyr bond of MC-RR or MC-YR by 
linearization to produce a tetrapeptide; and finally, the 
third enzyme, Mlr, was further degraded to produce 
the tetrapeptide ADDA, [34], [35], [36], [37], [38]. 

Starting from a water body contaminated with 
MCs, the degree of change in the pollutants is 
displayed by the detection method and the 
microorganisms that may degrade the microcyst are 
eliminated, combined with a biofilm system and 
applied in water treatment, [39] (Figure 1). Atthe same 
time, in order to be able to monitor on-site; simple, 
portable and sensitive detection methods are also used. 
Establishing a systematic treatment process is 
beneficial in improving the health of water bodies and 
also ensures public safety, [39]. 

 
* Figure 1 can be found in the Appendix section. 

 
2.3 Detection of MCs 
To manage and control MCs in a targeted manner and 
to prevent or reduce the  hazards associated with MCs   
in the comparative table (Table 1).  
 

* Table 1 can be found in the Appendix section. 
 

Conventional detection techniques include ELISAs 
and liquid chromatography-mass spectrometry (LC-
MS) are still widely used as biosensors and 
microarrays contribute to the environmental 
monitoring. In addition, more efficient separation 
techniques are being developed to improve the 
detection efficiency. Various methods have also been 
developed, such as protein phosphatase inhibition 
assays (PPIA), ELISAs, high performance liquid 
chromatography (HPLC), LC-MS and biosensors, 
[40], [41]. Chemical methods such as HPLC and LC-
MS can more precisely identify various variants but 
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they are expensive and the size of equipments are  
large and requires expertise to use them properly. 
When it is difficult to monitör the real water 
applications, PPIAs, ELISAs and other biological 
techniques are much simpler and more specific. 

In terms of portability, the advantages of 
biosensors were high. Emerging methods, such as 
biosensors, which are much easier to detect in practice 
due to their speed and portability, provide new ideas 
for the detection of MCs, [40], [41].  

In addition to carbon nanotubes (CNTs), graphene, 
and carbon nanohorns (CNHs), a special form of 
carbon nanomaterials, can be applied in the 
electrochemical detection of electrochemical 
pressures (ECPs). Zhang et al., [42], [43], developed 
an electrochemical immune sensor based on single-
walled CNHs (SWCNHs) for the detection of MC-LR 
in water samples (Figure 2). CNHs were first modified 
with MC-LR and then immobilized to a a, glassy 
carbon electrode, (GCE). A horseradish peroxidase 
(HRP)-labeled MC-LR antibody was then added. 
Thus, the MC-LR in the sample can competitively 
bind the HRP-labeled antibody, and cause to drop of 
the electrode signal to drop. In this assay, CNHs 
showed a better sensitizing effect than single-wallet 
carbon nanotubes (SWCNTs) at a LOD value of 0.03 
µg/l measured for MC-LR, [42], [43]. 
 

* Figure 2 can be found in the Appendix section. 
 
 
3 Electrochemical Sensors 

Electrochemical sensors have become a common 
analysis technique, with the advantages of low cost, 
high accuracy, fast response, good reliability. 
Therefore, they are of great interest for qualitative 
and/or quantitative analysis during MC measurements, 
[44], [45]. The design of high-quality electrochemical 
sensors requires  basic sensing principles (Table 1). 
Figure 3shows that untreated samples can be added to 
the electrochemical cell first. Then, when electricity is 
applied, the electrochemical sensor physical and 
chemical response can be converted into recognizable 
electrochemical response signals. By analyzing the 
correlation between the detected substances and the 
corresponding electronic signals, the presence of MC 
in aquatic ecosystems and wastewaters can be quickly 
detected. 
 

* Figure 3 can be found in the Appendix section. 
 

A typical three-electrode electrochemical system 
includes a working electrode (WE), a reference 
electrode (RE) (e.g., Ag/AgCl), and a counter 
electrode (CE) (e.g., carbon rod, platinum) (Figure 

3b).Recently, functional carbon-based nanomaterials 
such as CDs, CNTs, graphene oxide (GO) and porous 
carbon have been selected as working electrode (WE) 
candidates due to their excellent conductivity and 
durability, [46], [47]. 

For selectivity, linearity, sensitivity, stability, 
detection limit, dynamic range and response time of 
emerging electrochemical sensors; their compositions 
and structures of the carbon nanomaterials used can be 
improved by further development, [48], [49], [50]. 
However, for efficient extraction of MC; versatile 
electrochemical analysis methods should also be 
established. Specifically, (1) the current-type, (2) 
potential-type, (3) conductivity-type, and (4) 
impedimetric-type analysis should be considered, 
[51], [52], [53], [54]. 

Cyclic voltammetry (CV), linear scanning 
voltammet ry (LSV), differential pulse voltammetry 
(DPV) and square wave voltammetry (SWV) during 
application (Figure 3c)are selected according to the 
properties of the most commonly detected substance, 
[55], [56], [57], [58]. The working principles of these 
electrochemical analysis methods, should be rationally 
and accurately. CV is a widely used electrochemical 
analysis method and it works by scanning the response 
current one or more times in a triangular waveform 
under varying applied voltage. The reversibility of the 
electrode reaction, the intermediates, the phase 
boundary adsorption, the phase transformation and the 
mechanism of the coupled reactions can be determined 
and evaluated according to the shape of the CV curves 
presented, [59]. LSV is another electrochemical 
analysis method in which a linear change in voltage is 
applied over the electrode and the potential varies 
linearly with the applied voltage, based on the current 
in the working electrode simultaneously. The peak 
current measured in the LSV curve shows a linear 
relationship with the concentration of the measured 
analytes as the basis of the quantitative analysis, [60]. 
DPV is an electrochemical method that involves a 
linearly increasing voltage with a constant amplitude 
rectangular pulse. As a result of the rapid development 
of electronic circuits, pulse voltammetry is widely 
used in the field of electrochemical analysis. For 
example, the quantitative determination of various 
analytes and the mechanism of complex electrode 
reactions can be solved with  high sensitivity and low 
detection limit of pulse voltammetry. Also, detection 
sensitivity can be greatly improved using DPV in 
combination with other methods such as stripping 
voltammetry, [61]. SWV is an effective 
electrochemical technique that can be used to 
understand the electrode mechanism and measure the 
electro-kinetics. It states that SWV can suppress the 
background current efficiently, resulting in increasing 
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of the signal-to-noise ratio and reducing the detection 
limit, [62], [63]. 

Electrochemical biosensor applications are well 
suited for in situ monitoring due to potential 
miniaturization, portability and automation, [64]. In 
addition, electrochemical sensors have low cost, [15], 
[18], [65], [66], [67]. In environmental monitoring, 
especially for MC-LR monitoring a progress has been 
made in the development of specific and highly 
sensitive electrochemical biosensors/immunosensors, 
[3], [68], [69]. Electrochemical biosensors developed 
to detect the phytotoxins with three main components: 
(1) a biometric element, (2) a signal transmission 
mechanism, and (3) a sensor electrode.  

Biometric receptors are crucial for the selectivity 
and specificity of electrochemical biosensors. 
Antibodies, which are the most used receptors in the 
electrochemical biosensing of MC-LR, have a highly 
specific molecular recognition, [70], [71], [72]. 
Detection by these electrochemical sensors is 
dependent on conformational changes caused by 
antigen/antibody binding, if they are suitable for 
detecting large analytes. Detecting algal toxins smaller 
than 1 kDa using an electrochemical biosensor often 
fails to produce the desired results. Aptamers used as 
biometrics for electrochemical detection of algal 
toxins. They are a combination of small single-
stranded DNA/RNA molecules that have higher 
stability than antibodies when immobilized on the 
electrode surface, [73], [74], [75]. Therefore,they have 
enormous potential in the development of commercial 
sensors, [6], [76], [77]. The aptamer terminal is 
typically able to replace disulfide groups, amino 
groups, ferrocene, and thiols that can readily bind to 
electrode surfaces, [78], [79].  

Eissa et al., [6], developed a voltammetric 
aptasensor to determine the presence of MC-LR in tap 
water and fish samples. The structure of this 
voltammetric aptasensor was constructed from a 
specific oligonucleotide-based combination of 
aptamer and graphene on an electrochemical platform. 
In this case, the interaction between the two 
components is not covalent. The synthetic probe is 
simply cast onto the carbonaceous substrate while the 
sensing architecture of this sensor includes the 
physical adsorption of the specific aptamer into 
graphene hexagonal cells via π−π stacking 
interactions. As shown in Figure 4A, an increase in the 
voltammetric peak is observed in the presence of the 
target MC-LR, [6]. The presence of MC-LR induces a 
conformational change of the aptamer, leading to a 
dissociation of some aptamer molecules from the 
surface of the electrode.  After decreasing of the total 
negative charge on the graphene surface and 
improving the accessibility to external redox couple 

(ferro/ferricyanide), the electrode area produce a high 
current. Conversely, the absence of MC-LR is due to 
the presence of negatively charged aptamers that 
electrostatically repel the negatively charged redox 
couple although no satisfactory electron transfer is 
allowed. The detection structure appeared highly 
specific and MC-LR was detected up to 1.9 pM under 
optimal experimental conditions, [6]. 
 

* Figure 4 can be found in the Appendix section. 
 

In the study of Lebogang, [80] an amperometric 
flow ELISA system called VersAFlo was fabricated to 
detect the presence of MC-LR in freshwater samples 
(Figure 4B).The system was fully automated and 
recognition was based on the presence of monoclonal 
antibodies bound to sepharose particles and packaged 
into a micro-immunocolon. Inside the column, free 
MC and MC-horseradish peroxidase conjugate are 
sequentially captured by the fixed antibodies. The 
subsequent addition of the enzymatic substrate, ie 
2,20-azinobis (3-ethylbenzothiazoline-sulfonic acid) 
(ABTS), leads to an enzymatic oxidation producing 
ABTS+ at the working electrode. With the competitive 
mechanism, the intensity of the reduction peak 
decreases in the presence of high levels of MC-LR. In 
the use of the VersAFlo system, the analysis time is 
reduced to 20 min for each analysis cycle and real-time 
information is provided. The electrochemistry was 
unaffected by the presence of possible interference and 
a satisfactory detection limit of 0.010 mg/l was 
obtained, [80]. 
 
 
4 Gold Nanoparticles (Au NPs) 

Gold nanoparticles (Au NPs) depending on their 
size up to 100 nm have unique localized surface 
plasmon resonance (LSPR) properties with high molar 
extinction coefficients and they can produce 
significant color changes (Table 1). Therefore, Au NPs 
aptasensors are well suited for use in techniques such 
as colorimetry, fluorometry, electrical and 
electrochemical, surface plasmon resonance or 
surface-enriched raman scattering (SERS), [81]. This 
property in Au NPs has also been used in most 
colorimetric experiments, [82], and SPR-based 
sensors, [83].  

Au NPs attract attention in many applications for 
electrochemical sensors with their large surface 
area/volume ratio, good electrical properties, high 
surface reaction activity, small particle size and good 
surface properties, [84], [85], [86], [87]. They have an 
enhanced electrical conduction of DNA and a 
developed polymeric bead composed of multiple NPs, 
[87]. 
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According to analytical protocol, an 
oligonucleotide probe for  hybridization (a) a DNA 
labeled Au-charged carrier sphere (a), a subsequent 
dissolution process (c) a detection port for stripping of 
potentiometry and (d) an Au disposable thick film 
carbon electrode should be applied (Figure 5) [88]. 
 

* Figure 5 can be found in the Appendix section. 
 

Higher amplification using multiple Au NPs tracers 
are in combination with carrier beads and highly 
sensitive electrochemical stripping detection. By 
addition to carrier the bead amplification units and 
ultra-sensitive electrochemical stripping units, provide 
higher sensitivity by incorporating the catalytic 
expansion of multiple Au-particle tags (Figure 5b), 
[88].Structural and morphological insights of Au-
loaded polymeric beads showed duplex formation 
resulting in the attachment of ≈ 0.6 μm polystyrene 
spheres to ≈ 0.8 μm magnetic beads. Transmission 
electron microscopy (TEM) micrograph provides a 
clear image of each Au NP on polystyrene (PS) carrier 
beads before and after enrichment. Au loading time is 
optimized for 1 × 1011 Au NPs solution at 15 min 
loading time, [88]. The chronopotentiometric stripping 
hybridization response of the new protocol exhibits an 
unimaginably large Au signal for a lower target 
concentration (Figure 6a and Figure 6b)than the 
conventional experiment, [89]. Also, no response was 
observed for 1000-fold excess of non-complementary 
DNA (Figure 6c).In the range of ultra-low DNA 
concentration (100-500 ng/ml), the effect of 
concentration gives a nonlinear increase in peak area 
with increasing of target concentration, [89]. 
 

* Figure 6 can be found in the Appendix section. 
 

The logarithmic plot was found to be linear over 
the entire concentration range used (Figure 7).Similar 
behaviour has been reported in other particle-based 
bioassays, [89], [90], which is also consistent with 
models of particle aggregation involving avidin/biotin 
systems, [91]. From the calibration plot, the limit of 
detection at S/N=3 for the response of 100 pg/ml target 
DNA was calculated as 40 pg/ml (6 pM). It has also 
been noted that this result is much lower than the 
detection limit of 100 ng/ml of the conventional single 
particle stripping hybridization assay, [92], [93], [94]. 
After six sequential repeated measurements of 100 
ng/ml targeted DNA, good reproducibility has been 
achieved. Functionalized Au NPs of graphene 
quantum dots (GQD) have high sensitivity combined 
to mercury ions (Hg2+) and copper ions (Cu2+) perform 
exceptionally at ultra-low detection, [95]. This was 
achieved by experimenting with dropping GQD-Au 

NPs onto a polished glassy carbon electrode and then 
recording them in a square wave voltammogram using 
anodic stripping voltammetry. The 3-D Au NPs-
Graphene composite has also been applied in 
electrochemical immunoassay for carcinoembryonic 
antigen. Based of large surface area of Au NPs, more 
primary antibodies are captured simultaneously, 
improving the electronic transfer rate, [95]. 

 
* Figure 7 can be found in the Appendix section. 

 
Shi et al., [96], designed a biosensor for MCs based 

on fluorescent resonance-energy transfer (FRET) 
between Au NPs and fluorescent graphene oxide 
(GO). GO and MC antibody were covalently linked 
and Au NPs were modified with single-stranded DNA. 
MCs bind to both antibody and DNA and they cause 
fluorescent quenching of GO by Au NPs. LOD=0.5 
mg/l for MC-LR and LOD=0.3 mg/l for MC-RR were 
measured with this sensor, [96]. 

To improve the electrochemical signals, significant 
experimental work has been done on the application of 
Ghana Living Standards Survey (GLSS) in 
electrochemical biosensors, [94], [97], [98], [99], 
[100], [101], [102], [103]. Due to the amplification of 
GLSS, the electrochemical signal of silver has been 
greatly improved. This contributed to the increase in 
detection sensitivity. Lai et al., [104] developed a 
GLSS-based electrochemical immunoassay strategy in 
the detection of human and mouse IgG. The amount of 
Au NPs is one of the most important parameter to 
increase the effect of GLSS. Zhang et al., [65], [66], 
[67] polypyrrole microspheres (PPyMS) were used to 
immobilize more Au NPs in an amplification for silver 
label signal;. For MC-LR detection; LOD=0.1 ng/ml 
has a low limit of detection and a wide linear range of 
concentration varying between 0.25 and 50 ng/l, [65], 
[66], [67]. 

Liu et al., [105] Au nanobipyramids (Au NBPs) 
was used for MC-LR detection instead of Au nanorods 
(NRs) by developing a bimodal split-type 
photoelectrochemical and colorimetric immune 
sensor. 
 
 
5 Multiwalled Carbon Nanotubes (MWCNTs) 

With the discovery of synthetic pathways of C60 
and other fullerene species, [106], the interest of 
synthetic has increased among chemists from the other 
carbon-based materials with different structural 
possibilities (Table 1). The first MWCNT synthesis in 
the laboratory was made in 1991 by Sumio Iijima, 
[107]. By using carbon black and graphite a 
carbonaeous coumpoud was generated as a precursor 
material in the environment, [107]. Sumio Iijima 
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called these carbonaceous substances as "Helical 
microtubules", [107]. Iijima, [107], used graphite 
sheets to produce needle-like structures with a lentgh 
ranging from 4 to 30 nm in length with a diameter up 
to 1 µm containing coaxial tubes. It was used an arc 
discharge evaporation method, setting, [107].   

Multi-walled nanotubes (MWNTs) form a subclass 
of CNTs, are new types of carbon materials consisting 
of layers of graphene folded into carbon cylinders, 
[64], [108]. Their special geometry, unique electronic, 
mechanical, chemical and thermal properties make 
them attractive for electrochemical applications, 
[109]. Wang et al., [110], designed a new biosensor for 
MWNTs based on glucose detection. With MWNT-
enzyme electrode study in order to detect the Si 
substrate a growing Au film was placed to the upper 
surface of MWNTs. The substrate was then 
completely removed by etching with a mixture of 
HNO3 and HF. In the presence of glucose, glucose 
oxidase enzymes mediate direct electron transfer for 
the Au converter, thereby generating a response 
current. The detail of the chemical reaction is shown 
in Eq. 1 and Eq. 2, [111]: 

 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑂2  → 𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 +  𝐻2𝑂2(1) 
 
𝐻2𝑂2  →  2𝐻+ +  𝑂2 + 2𝑒−(2) 
 

The amperometry response of the MWNT-based 
biosensor to glucose with the glassy carbon biosensor 
is much stronger than the glassy carbon biosensor of 
the MWNT-based biosensor to glucose. Much more 
interestingly, there was no signal response with the 
glassy carbon biosensor at constant potential of +0.45 
V against Ag/AgCl, while the MWNT-based 
biosensor gave a very good signal. These biosensors 
supports higher sensitivity to MWNT-based 
biosensor, [112].  

 
The stability of the MWNT-based sensors retained 

86.70% of its initial activity after four months of 
storage in a buffer solution at 4°C, but under the same 
conditions the glassy carbon biosensor retained 
37.20% of its initial activity. MWCNTs, GO and metal 
NPs by combining with other electrochemically active 
materials are used in a wide variety of electrochemical 
discoveries, from biological applications to 
environmental applications, [113], [114], [115], [116]. 

Especially, for human health and a better life, the 
need for high-performance virus detection platforms 
has increased, and this has resulted in many CNT-
based detection systems. Lee and co-workers, reported 
detection of virus DNA with an electrical biodetection 
platform consisting of magnetically aligned NPs 
decorated with CNT on the Integrated Development 

Environment (IDE) (Figure 8), [117]. First, Au and 
magnetic NPs were modified on the CNT (Au/MNP-
CNT) surface and then laid on Pt-IDE with an external 
magnetic field. The thiol-modified probe DNA was 
then immobilized on Au NP. Thus, Au and CNT acted 
as electrical sensing channels and were used as a 
fragment to align MNP. With synergistic properties 
between the three nanomaterials, this detection 
platform gave high sensitivity with LOD=8.4 pM for 
influenza virus DNA and LOD=8.8 pM for norovirus 
DNA. It also showed high selectivity against 
mismatched DNA strains. It demonstrates the 
excellent detection performance of this detection 
platform, [117].  

 
* Figure 8 can be found in the Appendix section. 

 
CNT decorated with metallic nanoparticles (NPs) 

has also been studied for its use as a plasmonic 
substrate for the plasmonic resonance energy transfer 
(PRET)-based FL immunosensing system. Au NPs or 
Ag NPs and metallic NPs such as CNT hybrid 
structure based plasmonic materials have synergistic 
properties. Such as, the plasmonic property of Au NP-
decorated CNT (Au-CNT) helps identify the influenza 
viruses, [118]. In this study, Au-CNT was able to 
capture the target virus by modifying the influenza 
virus Ab and then adding fluorescent quantum dots 
(QDs)-Ab to the mixture. Then virus-Ab-Au bonded 
with CNTs and finally sandwich structures were 
formed. As a result, the FL of the QD varied linearly 
with the concentrations of the target influenza virus. 
The detection limit of viruses was estimated as ≈ 0.1 
pg/ml. Influenza virus from a clinical sample was also 
observed with excellent sensitivity of 50 PFU/ml in 
the range of 50-10,000 PFU/ml. These experiments 
proved that a fluoro-immune detection system based 
on a metal NP-CNT structure could potentially be 
applied for virus detection, [118]. 

Liu et al., [119] detects MC-LR, a type of 
cyanobacterial toxin in water, by 
photoelectrochemical method by molecularly 
imprinted TiO2 coated MWCNTs (MI-
TiO2@MWCNTs). The sensing ability of molecular 
imprinted TiO2 has enhanced over conventional TiO2 
and unprinted TiO2. Studies with this sensor have 
resulted in a wide linear range for detection of MC-
LR, from 1.0 pM to 3.0 pM. MI-TiO2@CNTs showed 
excellent selectivity towards MC-LR. This promising 
sensor could be a potential candidate for water 
purification and high sensitivity has been noted for 
detection of MC-LR, [119]. He et al., [120], developed 
an enzyme-free, double-signal readout immunosensor 
to detect MC-LR. This required consideration of an 
enzyme-based biosensor with significant barriers such 
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as instability, sensitivity, temperature and pH. CNTs 
decorated with Au NPs (AuNPs-CNTs) were 
fabricated for the detection of MC-LR, then silver 
nanorods were coated on AgNP-CNTs for detection 
with dual signal mode. These sensors recorded as MC-
LR detection in the linear range of LOD=2.8 ng/l and 
LOD=0.005 µg/l to LOD=20 µg/l. In terms of 
reproducibility, high selectivity and sensitivity of 
these sensors show promise in environmental 
monitoring, [120]. Han et al., [64] investigated the 
electrochemical biosensor with on millimeter-long 
MWCNT ligned with water-supported CVD. 
Monoclonal antibodies decorated for MC-LR toxin 
detection. A linear range of LOD=1 µg/l and 
LOD=0.05 µg/l to LOD=20 µg/l was observed for the 
for detection of MC-LR in drinking water, [64]. To 
reduce the cost the rapid detection of MC-LR in water 
is a very mportant phenomenon..Queiros et al., [121], 
developed label-free potentiometric sensors composed 
of MWCNTs. These sensors were synthesized by 
imprinted polymer and polyvinyl chloride (PVC) 
membranes. This method has been successfully 
applied to detect MC-LR with great selectivity and 
high sensitivity. It has also provided many benefits 
with its easy production and cost effectiveness, [121]. 

Jalalvand's work highlights the enhanced 
sensitivity afforded by the high surface-to-volume 
ratio in MWCNT, [122]. Dual detection of prostate 
specific antigen (PSA) by electrochemical impedance 
spectroscopy (EIS) and DPV was measured for the 
proposed aptasensor with EIS in the ranges between 1 
and 200 pg/ml for a LOD of 0.5 pg/ml. For hybrid 
nanomaterial with extraordinary stability, higher 
conductivity and faster electron transfer kinetics by π-
π stacking interaction of MWCNT structures has 
proven to be effectively combined with other carbon 
nanomaterials such as GQDs, leading to the 
development of a 3-D network, [122]. Samie and 
Arvand, [123], studied a nanocomposite of P4-
aptamer-immobilizing GQDs, NiO, Au NPs and f-
MWCNTs to detect the progesterone in biological 
fluids. Its low value of LOD=1.86 pM confirms that f-
MWCNTs serve as an excellent transduction platform 
with other nanomaterials, [123].  
 
 
6 Graphene Quantum Dots (GQDs) 

Zero-dimensional (0-D) GQDs are carbon-based 
anisotropic nanomaterials forming a fabric-like 
structure homologous to graphene (Table 1). The 
morphological features of GQDs mimic both CDs and 
graphene were illustrated in this Table, [124]. GQDs 
are widely used as smart probes for environmental, 
optoelectronic, electrochemical and biological 
processes, [125], [126], [127], [128]. The edge sizes 

are larger than the peaks, forming single or manifold 
graphene panels with chemical portions on their lateral 
surfaces, providing multiple sites for chemical 
functionalization, [128]. When forming hybrid 
nanomaterials, they can be easily conjugated with 
various nanomaterials via the π–π interaction, [129]. 
With their dimensional similarity to such molecules, 
GQDs can be grafted with antibodies, proteins, and 
small nucleic acids. GQDs can effectively enhance the 
surface of biosensors to absorb a significant number of 
receptors, [130], [131], [132]. 

Numerous nanomaterials exhibiting stable and 
strong fluorescence have been used in the efficient 
biosensing applications. The semiconductor QDs have 
narrow emission range, wide excitation wavelength, 
good photostability and easy functionalization with 
surface reagent. They preferred as ideal fluorescent 
probes. Most semiconductor QDs (ie PbS, 
CdTeSe@CdZnS, CdTe@CdSe and CdHgTe) contain 
heavy metals with adverse environmental and 
biological deleterious effects that hinder their 
biomedical applicability, [35], [36], [37], [133], [134]. 
GQDs, a member of the carbon family, are new 
carbon-based fluorescent materials with excellent 
biocompatibility, fluorescence properties and non-
toxicity. These properties of GQDs are accepted as 
ideal nanomaterials in biomedical applications 
compared to other semiconductor nanomaterials. 

Given the light-emitting properties of GQDs, its 
origin is still unclear because their outer states 
derivated from unwanted impurities and foreign 
particles. However, their luminescence properties are 
primarily from quantum confinement. At close range, 
the effect of oxygen functionalities on the 
luminescence of GQDs needs to be extensively 
investigated to understand the luminescent behaviour, 
[135].   

GQDs identify target analytes in a label-free 
approach. They act as nanozymes or electrocatalysts 
to catalyze hydrogen peroxide (H2O2), [136]. GQDs 
show catalytic properties such as peroxidase (POD), 
which results in a redox reaction between H2O2 and an 
electron donating substrate. In the biosensor industry, 
an enzyme called horseradish peroxidase (HRP) is 
used to determine the corresponding analyte; 
associated with labeling of secondary bioreceptors, 
making analyzes more tedious and costly, [137]. 
Performing these procedures more quickly and cost-
effectively, GQDs are now widely replacing with 
HRP-conjugated secondary bioreceptors, [136], [138], 
[139].  

GQDs act as attractive fluorophores (fluorescent 
labels), quenchers, and charge donors as well as 
energy, [140]. GQDs are fluorescent nanosized 
segments of graphene that have quantum-sized effects 
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in the particle range of 3 to 20 nm and lead to exciton 
capture, [141], [142], [143]. They have a 'Bohr radius' 
with infinite excitation, with zero band graphene does 
not produce luminescence, and exhibits quantum 
confinement in particles of defined size, [144]. GQDs 
have a bandgap with quantum limitations, side effects, 
and size effects that can be easily modified due to their 
size and edge chemistry, [127], [144]. Unlike 
semiconductor QDs, at a given energy level, GQDs are 
twice as large (i.e. 4 qs), and this excess qs, is suitable 
for computational quantum analysis, [128], [129]. 

 
6.1 Synthesizing GQDs for Biomedical Sensors  

GQDs can also be prepared using a wide variety of 
methods, along with their role in related biosensor 
development (Table 1). GQDs with distinguishable 
and tunable sizes can be prepared chemically by 
following one of two strategies: 

1. In a top-down approach, by obtaining 0-D 
GQDs; Graphene oxide (GO) or 2D graphene sheets, 
CNTs, graphite or carbon fibers break down, 
respectively, [145], [146], [147]. 

2. In a bottom-up approach, in the synthesis of 
GQDs;it is carried out by a series of chemical reactions 
involving small molecular precursors, [125], [141]. 

With many studies on GQD biosensors, a giant step 
forward with the above-mentioned features has been 
taken, [136], [148], [149], [150]. In these studies, 
stencil-printed carbon electrodes (SPCE), screen-
printed gold electrodes (SPGE), and glassy carbon 
electrodes (GCE) were used. Multiplexing electrodes 
can detect target analytes specifically and sensitively. 
These detection platforms are used in healthcare 
systems. It has been proven to provide cost-effective, 
reliable, highly sensitive and precise detection of 
target biomolecules, [151]. It has also been reported 
that some biosensors offer multiple capabilities in the 
simultaneous detection of multiple biomolecules, 
[152], [153]. The investigated GQD detection 
techniques and their biomedical applications are 
detailed in Figure 9. 

 
* Figure 9 can be found in the Appendix section. 

 
6.2 Use of Electrochemical GQD Sensors in 

Biomedical Diagnostics  
Electrochemical sensors have gained a lot of 

popularity in the field of biomedicine and are very 
important among commercially available sensors, 
[155], [156], [157]. This type of sensor acts as a 
miniature device for point-of-care testing (POCT), 
[158], [159]. Electrochemical sensors to calculate the 
electrical signal response is based on a WE (ie 
transducer and recognition system), a CE and a RE, 
[160], [161]. An antibody detection system has been 

extensively studied in all GQD-based electrochemical 
sensors operating on different types of receptors (eg, 
antibody sensors, MIP sensors, DNA sensors, 
aptasters, and enzyme-based sensors), [151]. It is a 
common immunosensor as its function and is only 
affected by immunoreaction, [162], [163]. Such 
detection platforms with corresponding target 
biomolecules contain antibodies with excellent 
affinity, [151], [164], [165]. In calculating the immune 
reactions, typical immune sensors may operate in 
several test modes (ie competitive, direct, sandwich or 
indirect modes), [166], [167], [168], [169]. Such test 
formats operate by unique mechanisms and typically 
involve the following events, [151], [164]: 1. 
Implantation of the desired biomolecule, 2. Blocking 
of unreacted sites, and 3. Identification of the target 
biomolecule.  

A chemical or biological reaction can be converted 
into an electrical response using various 
electrochemical techniques such as voltammetry, 
potentiometry, impedimetry, conductometry, and/or 
amperometry. Conductometric and potentiometric 
techniques have several disadvantages such as, low 
sensitivity, less stability, less specificity and 
inaccuracy; It cannot be used actively in the 
development of electrochemical GQD sensors, [170]. 
Figure 10shows the corresponding graphs for 
voltammetric, amperometric, and impedimetric 
measurements, which will be described in the next 
sections. 

 
* Figure 10 can be found in the Appendix section. 

 
 
6.2.1 Voltammetric GQD-Sensors 

Voltammetric sensors use potential (E) applied to the 
surface of an electrode and monitor the current  
produced. The amount of electroactive species 
changes over time by the redox reactions (Table 1). 
The advantages of voltammetric techniques are 
observed in extreme sensitivity, fast analysis, 
simultaneous detection of different analytes, 
generation of different potential waveforms, small 
current measurements and determination of kinetic 
parameters, [171], [172], [173], [174], [175]. 

When controlling the current in the CV state, the 
potential application in a WE is both forward and 
reversed (Figure 10A).In the desired analytical 
measurements; partial loop, full loop or multiple loop 
can be performed, [175]. In the case of NPV, the 
current is calculated after each pulse. Each pulse lasts 
approximately from 1 to 100 milliseconds (ms), with 
an interval of 0.1 to 5 seconds between each pulse, 
[172], [174]. DPV is more or less similar in the 
structure of NPV with a series of pulsed potential 
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scans. It is well defined and has small amplitude in the 
range of 10 to 100 mV and each potential pulse can be 
distinguished in the DPV case. The current is 
calculated twice at the beginning and end of each 
pulse, [172], [174]. The SWV excitation response 
creates a symmetry such as "ladder pattern" (Figure 
10B). SWV is awidely used method because its 
excellent sensitivity and increased signal-to-noise 
ratio, [171], [173]. Typical SWV peak from electrode 
function to target detection is given in Figure 10.The 
advantages of pulse strategies allowing to different 
decay rates is very high compared to the capacitive 
current. This faradaic/capacitive current ratio leads to 
a LOD suitable for biosensing of biomolecules, [176]. 
It is reported that SWV and pulse methods are more 
commonly used for analytical purposes than other 
techniques, [177], [178]. 

Electrochemical agrochemical analysis of L-
DOPA was performed by functionalizing the GCE 
surface with GQDs, magnetic NPs and MWCNTs, 
[179]. GQDs were prepared by pyrolysis of citric acid 
and all these nanomaterials were characterized by 
TEM, X-ray diffraction (XRD) and fourier transform 
infrared spectroscopy (FTIR) methods. With DPV, 
this biosensor is defined as sensitive and selective L-
DOPA with LOD values of ranging from 14.3 nmol/l 
to 3.0 to 400 µmol/l. An electrochemical experiment 
was performed by analyzing a drug called doxorubicin 
hydrochloride (DOX-HCl) with GQDs synthesized in 
a bottom-up approach, [180]. The CV profile suggests 
that GQD-coated GCE can markedly increase the 
electro-catalytic behaviour towards the oxidation of 
DOX-HCl, while with the use of DPV and the 
response of DOX-HCl varies over a broad linear 
spectrum from 0.018 to 3.6 µM, in human plasma with 
a LOD of 0.016 µM, [180]. 

AuNPs and N,S-GQDs were embedded in the 
surface of modified screen-printed carbon electrode 
(SPCE) step by step as seen in Figure 11, [151]. 
Enhanced antibody capture with functionalized SPCE 
was enhanced the signal for sensitive analysis of 
human chorionic gonadotropin (HCG). For the 
electrochemical characterization of SPCE; the 
electrode was examined by ESI and CV methods. DPV 
can detect HCG at concentrations above LOD=12.5 
fg/ml and 0.1–125 pg/ml. The reproducibility of the 
developed sensor analysis and inter-test sensitivities 
were examined. The nanocomposite functionalized 
with SPCE retains good reproducibility over a wide 
potential window, [151]. 

 
* Figure 11 can be found in the Appendix section 

 
The biotinylated p53 antibody was immobilized on 

a biocompatible and green nanocomposite (NC) layer 

containing AuNPs/GQDs and poly L-cysteine (P-Cys) 
as amplifying components and polymeric matrix, 
respectively, [181]. A mixture of such nanomaterials 
has been developed on the lateral surface of an Au-
electrode in the effective fixation of anti-p53 
bioreceptors. Such a detection system has broad 
linearity with LOD=23.4 fM to 0.0488–12.5 pM. As 
shown in Figure 12, an immunosensor was also 
designed to accurately recognize CA 15-3, which is a 
tumor marker responsible for breast cancer. The 
electrode was functionalized with thiolated GQDs, Au 
NPs and cysteamine (CysA). The back-to-back 
GQDs/AuNPs/CysA system offers ample scope for 
capturing of CA 15-3 molecules stability. The sensor 
can give linear response with LOD=0.11 U/ml and 
0.15–125 U/ml, [181]. 

 
* Figure 12 can be found in the Appendix section 

 
An electrochemical concept in the simultaneous 

oxidation of guanine and adenine was studied by 
selecting GQDs and AgNPs in GCE modifiers. The 
detection platform is capable of not only measuring 
them, but also distinguishing these purine bases, [35], 
[36], [37]. GCE functionalized with GQDs/AgNPs can 
cause a decrease in anodic peak overpotentials and an 
increase in anodic peak currents. The modified GCE 
surface was magnified ≈ 22 times compared to the bare 
surface, demonstrating the importance of using 
nanomaterials. Linear calibration plots were found in 
the range of 0.015 to 430 µM for Guanine and 0.015 
to 390 µM for Adenine,respectively. The 
corresponding LOD values are 10 nM for Guanine and 
12 nM for Adenine, respectively, [35], [36], [37]. 
 
6.2.2 Amperometric GQD Sensors  

Amperometric sensors interpret the current flow 
produced at a constant voltage within the 
electrochemical cell (Table 1). These sensors work on 
the principle of specific molecular bio-recognition to 
form a receptor-analyte complex. They may include a 
direct or indirect (unlabeled or labeled) approach to 
analysis. The first case describes the physical changes 
that occur in the formation of the receptor-analyte 
complex, while the second case uses tags that generate 
signals. It should be noted that the indirect mode is 
often chosen over direct amperometry for its 
versatility and higher precision, [182]. These 
biosensors facilitate the redox reaction by calculating 
the resulting current. They measure the applied 
potential between RE and WE, [155]. The current 
produced during an electrochemical reaction 
corresponds to the amount of signal elements, [183]. 
Figure 10shows the ideal graph of amperometric 
sensor signals. 
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To quantify miRNA by HRP-based catalysis, Hu et 
al., [184], propose a simple amperometric RNA 
sensor. This detection system is fabricated by a ds-
DNA. ds-DNA was hybridized on the Au electrode 
using a capture DNA probe (thiolated 
oligodeoxynucleotide), aminated indicator probe 
(NH2-DNA) and target DNA. Then, the activated 
carboxyl groups of the GQDs were functionalized on 
NH2-DNA by a non-covalent interaction. The HRP-
modified sensor was able to catalyze the H2O2-
mediated oxidation of TMB. This  resulting in an 
electrochemical current signal that was preserved and 
enriched by a clear blue color change of a solution. 
Using GQDs and enzyme catalysis, the biosensor as 
prepared is able to precisely measure miRNA-155 in 
the LOD range from 0.14 fM to 1 fM–100 pM and 
shows good biocompatibility in the surface/volume 
ratio offered by GQDs, [184]. 

Mars et al., [185], developed a DNA sensor to 
target Alzheimer's disease-causing APO e4DNA in 
human blood, (Figure 13).Electrochemically and 
fluorescently sensitive curcumin and GQDs were 
electropolymerized on an indium tin oxide (ITO) 
coated electrode. It forms a hybridized DNA and 
curcumin complex, and an amino-functional DNA 
probe was covalently implanted with EDC-NHS 
coupling with chemistry. Amperometric 
measurements have shown that it can be used to detect 
APO e4 DNA in a linear calibration region of 20–400 
× 10−12 g/ml and a LOD value of 0.48 × 10−12 g/ml, 
[185]. 
 

* Figure 13 can be found in the Appendix section 
 

Zhu et al., [186], reported an amperometric sensor 
with sensitive, non-enzymatic, long-term stability, 
good reproducibility, and anti-interference properties. 
This sensor was designed using GQDs, Au NPs and 
polydopamine (PDA) as a catalyst which is a signal 
amplifying element and an adhesive, respectively, 
[186]. The synergistic effects of Au-PDA-GQDs 
nanocomposites (NCs) have an excellent electro-
catalytic activity in the reduction of H2O2. This 
biosensor based on Au-PDA-GQDs was able to 
quickly detect H2O2 (< 2 s) with a broad linear 
relationship between 0.1 and 20,000 µM and at a LOD 
value of 5.8 nM, [186]. 

Ju et al., [187], developed an amperometric 
detection strategy using N-GQDs. Surfactant-free Au 
NPs forming abundant adsorption sites were placed 
and grown on N-GQDs. These hybrid NCs were 
obtained by simply adding chloroauric acid 
(HAuCl4.4H2O) to the N-GQDs solution without 
mixing other surfactants and reducing agents. The 
resulting unsurfactant-coated Au NPs have strong 

electrocatalytic activity and can provide bare catalytic 
surfaces. This electrochemical sensor was able to 
detect HO in human serum samples and HO released 
from human cervical cancer cells with a linear 
response with LOD values ranging from 0.12 µM to 
13327 µM, [187]. 

Yang and colleagues have established a label-free 
detection strategy with antibody receptors, [150]. In 
the selective identification of CEA, this immunosensor 
is produced by replacing GCE with Au, PtPd and N-
GQDs. By a self-assembly process, the PtPd/N-
GQDs/Au hybrid was synthesized by covalent 
interaction (Figure 14).Additional properties of the 
hybrid material were larger surface area, improved 
electron transferability, excellent biocompatibility and 
an ability to catalyze H2O2. Acting as signaling 
species, these NCs efficiently conjugate bioreceptors 
by signal transduction. PtPd/N-GQDs/Au is an 
efficient assemble for capture of the antibodies and act 
as a signal amplification system. The detection system 
examined is highly specific for CEA and a negligible 
response to various inhibitory agents such as BSA, 
IgG, PSA and hepatitis B surface antigen (HBS) has 
occurred. This detection tool was able to measure CEA 
up to 2 fg/ml with a linear regression function ranging 
from 5 fg/ml to 50 ng/ml, [150]. 
 

* Figure 14 can be found in the Appendix section 
 

An NC of GQDs and MWCNTs has been identified 
as a nanocarrier of an HRP mock and detector 
antibody, [152]. The inclusion of such an NC 
significantly increased the sensitivity with the 
peroxidase-mimicking catalytic performance of 
GQDs. Electrochemical measurements for 
hydroquinone (HQ)/H2O2 assembly with IL-13Ra2 
has a limit of quantification over a wide linear 
concentration range (2.7 to 100 ng/ml). Such a 
detection system, will be clinically applicable when it 
can detect IL-13Ra2 selectively and rapidly for 
colorectal cancer diagnosis. Tumor markers 
responsible for colorectal and breast cancers can be 
used  simultaneously for the determination of CDH-17 
and IL-13Ra2; a dual amperometric bioassay, [153]. 
The sandwich constitutes the immunoassay mode 
using screen-printed double carbon electrode (SPdCE) 
coupled with GQDs/MWCNTs. The manufacturing 
process and the detection technique of SPdCE was 
carried out similar to the above mentioned studies. 
This immunoassay was able to detect the selective 
amount of both tumor markers (CDH-17 and IL-
13sRa2) with values of LOD=0.03 ng/ml and 
LOD=1.4 ng/ml, [153]. 

With the dual signal amplification approach, 
Malekzad et al., [188], was able to successfully 
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measure the PSA using an unmediated multilayer 
amperometric antibody sensor. The anti-PSA antibody 
was incubated with a conductive matrix and a 
biocompatible nanocomposite film consisting of 
GQDs/AuNPs and poly L-cysteine (P-Cys) as binary 
signal amplification elements, respectively. It has been 
used to develop a new transduction platform on an Au 
surface that improves the electrode surface in 
capturing abundant antibodies. Au NPs were made by 
soft template synthesis technique, obtaining a compact 
morphology. Next, the functionalized electrode 
surface was characterized by energy dispersive 
spectroscopy (EDS) and high resolution field emission 
scanning electron microscope (FESEM). The 
calibration curve for PSA concentration was found to 
be linearly correlated with LOD=1.8 pg/ml in the 
range of 2–9 pg/ml, [188]. 
 
6.2.3 Impedimetric GQD Sensors  

The concept of impedimetric or capacitive biosensors 
has been frequently mentioned in the literature. EIS is 
used to characterize the functionalized sensor surface, 
proteins, antigens, antibodies, DNAs, receptors, etc. 
They have been used acutely to study the kinetic 
interactions between a variety of biological molecules, 
and label-free sensors, [189], [190]. Impedance 
measurements may or may not be faradic; they can be 
operatede in the presence or absence of a redox probe. 
Subsequent measurements determine the biochemical 
reactions occurring on the surface of a functionalized 
electrode by interpreting the interface electron transfer 
resistance, [189], [191]. EIS can convert an 
electrochemical signal response into a sinusoidal 
voltage response with very small amplitude relative to 
frequency. As a result, they can produce voltage wave 
and time-varying current, namely phase shift since 
wave. This current-voltage ratio (V(t)/I(t)) creates an 
impedance (Z), [192], [193]. In order to obtain the 
information of bio-recognition events occurring in the 
interface; mass transfer resistance (Rmt), charge 
transfer resistance (Rct), electrolyte resistance (Rel), 
double layer capacitance (Cdl) and Warburg 
impedance (W) should be investigated, [194]. From 
the Bode and Nyquist plots informations about EIS, 
[151]. In the Bode plot, the frequency is plotted 
relative to the overall impedance (|Z|). In the Nyquist 
chart; the real part of the impedance (Z') and the 
imaginary part of the impedance (-Z”) are plotted 
(Figure 10E), [195]. Impedimetric sensors work very 
efficiently with their easy instrumentation, mass 
production of gain electrodes, miniaturization 
capabilities, and remote control of grafted sensors, 
[193]. 

Bhardwaj et al., [196], established a label-free 
impedimetric tool using GQDs for detecting the toxin 

namely aflatoxin B1 (AFB1) (Table 1). GQDs were 
prepared chemically according to the Hummer 
method, as shown in Figure 15, [197]. The sensor 
assembly is hydrothermally prepared and terminated 
via electrophoretic deposition (EPD) of GQDs on an 
ITO bonded glass electrode followed by 
immobilization of monoclonal AFB1-antibodies using 
EDC-NHS chemistry. The excellent 
electroconductivity and increased surface area of the 
GQD sensor enabled the detection of AFB1-
contaminated maize samples over a wide linear range 
varying from 0.1 to 2.0 ng/ml with LOD=0.03 ng/ml. 
The effectiveness of this detection platform can last up 
to almost 7 weeks. This demonstrated the long-term 
storage stability and better reproducibility, [197]. 
 

* Figure 15 can be found in the Appendix section 
 

Ganganboina and Doong, [198], developed a label-
free antibody sensor using N,S–GQDs and Au-
embedded polyaniline (Au-PANI) nanowires in the 
identification of CEA. In this study, N,S–GQDs act as 
bifunctional probes to immobilize anti-CEA and 
improve electrochemical performance. It is the 
deposition of Au-PANI on the platinum (Pt) electrode, 
followed by the lamination of N,S-GQDs to the Au-
PANI surface via Au-thiol bond. Change in impedance 
of Au-PANI/N,S-GQDs in the presence of CEA-
PANI/N suppressed the electron transfer by immune 
reaction between CEA and its specific antibody on the 
surface of S-GQDs. This unlabeled antibody sensor 
has a broad linear CEA concentration between 0.5 and 
1000 ng/ml with LOD=0.01 ng/ml, [198]. Chowdhury 
et al., [199], designed an impedimetric immunosensor 
investigating the of N,S-GQDs and Au-PANI 
nanomaterials to measure hepatitis E virus (HEV). The 
WE were implanted with Au-PANI nanowires and 
N,S-GQDs with a self-assembly and interface 
polymerization strategy. Au-PANI/N,S-GQDs NC 
were covalently immobilized by anti-HEV, and by 
injection of the HEV antigen with an external electric 
pulse in the surface of the virus. This increase the 
susceptibility of the target virus. Anti-HEV and EIS 
biosensors were able to effectively distinguish various 
HEV genotypes from human serum and fecal samples 
of a HEV-infected monkey, with LOD value of 96.7 
RNA copies/ml and a LOD of 0.8 fg/ml, respectively. 
This sensor is capable of showing the same sensitivity 
exhibited by real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR), 
[199], in Figure 16, [200], [201]. 
 

* Figure 16 can be found in the Appendix section. 
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7 Recent Advancements in Microcystin 

Detection 
In light of their distinct characteristics, including 
excellent sensitivity, speed, accuracy, and simplicity 
of application, biological sensors for monitoring MCs 
are currently the focus of extensive study, [202], [203], 
[204], [205]. 

Optical and electromagnetic resonance 
evaluations, as well as other transducer mechanisms, 
have been successfully applied as biological sensors 
for determining the presence of MCs, [206].  

Biosensor innovations have proven feasible for 
field testing and fabrication of mobile devices. 
However, many modern sensors are restricted in 
monitoring speeds and cannot undertake real-time 
recognition, making it difficult to offer warnings 
regarding the reliability of water supplies for human 
consumption, [207]. To maintain potable water purity 
and public safety, a fast, affordable, persistent 
cyanotoxin identification device with advanced 
tracking and alarm capabilities needs to be devised. 

Electrochemical biosensors utilize enzyme or 
antibody reactions to produce detectable electrical 
signals, while optical biosensors often use 
fluorescence or surface plasmon resonance for high 
sensitivity. Immunosensors, leveraging antigen-
antibody interactions, provide specificity and rapid 
detection capabilities. Biosensors can be categorized 
into the following four primary categories based on the 
form of transducer used: electrochemical sensors with 
transducers that consist piezoelectric transducers, such 
as quartz crystal microbalance (QCM) biosensors, 
optical transducers, such as surface plasmon resonance 
(SPR) biosensors, and field-effect transistors are an 
instance; and thermometric sensors with transducers 
which use a susceptible thermistor to determine 
temperature and concentration of the analyte, [208].  

Of the various types of label-free biosensors, 
electrochemical biological sensors have drawn the 
most attention due to their capabilities. Additionally, 
due to their ability to be miniaturized, these biosensors 
are crucial for numerous applications that require 
mobile biosensors A high-tech automated online 
optical biosensing system (AOBS) was developed for 
the rapid detection of MC-LR using programmed 
digital optical biosensors. The AOBS features six 
detector spots on the biochip, enabling the continuous 
assessment of six different pollutants in environmental 
samples. Biochemical conjugates with fluorescently 
labeled immunoglobulin are introduced to each site, 
allowing for the detection of MC-LR in the range of 
0.2 to 4 μg/l, with a detection limit of 0.09 μg/l, [209]. 

This automated online biosensing device shares 
features with Total Internal Reflective Fluorescent 

(TIRF) sensors developed by the Gauglitz group, 
which also achieve a detection limit of 0.09 μg/l, 
[210]. 

This system utilizes fluorescent signal evaluation 
to compare MC-LR samples with a blank, 
demonstrating its effectiveness. This real-time 
assessment and ongoing surveillance system enhance 
the AOBS's accuracy and selectivity for detecting MC-
LR in drinking water samples, offering significant 
potential for environmental monitoring and public 
health prevention. 

The Automated Online Optical Biosensing System 
(AOBS) offers several advantages, including real-time 
and continuous monitoring capabilities, high 
sensitivity with a detection limit of 0.09 μg/l, and the 
ability to simultaneously assess multiple pollutants 
using six detector spots. Its automated workflow and 
fluorescent signal evaluation enhance accuracy, 
reproducibility, and efficiency in detecting MC-LR in 
environmental samples.  

However, the system also has limitations, such as 
high installation and maintenance costs, the need for 
specialized technical expertise for operation and 
calibration, and potential interference from complex 
sample matrices that may affect detection accuracy. 
Despite these challenges, AOBS presents a promising 
tool for large-scale environmental and drinking water 
monitoring, [211]. 

The identification of the MCs at minimal doses in 
intricate composites may be accomplished with great 
sensitivity using immunological approaches. The use 
of antibodies that are monoclonal or polyclonal in 
enzyme-linked immunosorbent tests (ELISAs) is a 
highly accurate and precise technique for detecting 
MCs, [212]. 

However, it presents issues with cross-reaction 
between nodularin analogs and MCs. Immunosensors, 
which are more rapid, less expensive, mobile, 
extremely accurate, and specific, have been developed 
as a solution to this issue, [213]. 

The detection mechanism of immunosensors for 
Microcystin-LR (MC-LR) is based on the specific 
interaction between an antibody and the MC-LR 
antigen. Typically, monoclonal antibodies that 
recognize MC-LR are immobilized onto the surface of 
a sensor, such as an electrode or a quartz crystal. When 
a sample containing MC-LR is introduced, the toxin 
binds to the antibody, forming an antigen-antibody 
complex. This binding event leads to a measurable 
signal change—such as variations in current, 
impedance, frequency, or optical intensity—
depending on the type of transducer used 
(electrochemical, piezoelectric, or optical). The signal 
intensity is proportional to the concentration of MC-
LR in the sample, allowing for sensitive and selective 
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detection. Modern immunosensors often integrate 
nanomaterials like Au NPs or conductive polymers to 
enhance signal transduction and improve detection 
limits, making them effective tools for monitoring 
MC-LR in water bodies, [214]. 

 
 
8.AuNPs@MWCNTs/GQDs  

The main mechanism of Au 
NPs@MWCNTs/GQDs with electrochemical sensor 
was shown in Figure 17. 

 
* Figure 17 can be found in the Appendix section 

 
8.1 Mechanism of AuNPs@MWCNTs  

The images of the dried Au precursor on the 
substrate seen as Au NPs begin to form are given in 
Figure 18. The percentage of NPs is larger and appears 
out of circular shapes, [215]. The two images are on 
the same scale and correspond to two different 
moments in the time scale of the reaction. From these 
images, in the evaporative migration of the mixture, 
Au nuclei were first formed in the contact area of the 
substrate and in the droplets of the precursor solution. 
Figure 18most of the circular shapes have only one Au 
core. Then the Au crystals grow and spread over the 
entire surface. EDS analysis is 6% by weight Au 
concentration in the dried composite model. A tube 
bundle is assumed above or below the surface to 
accommodate the newly formed Au NPs. To obtain 
more information about the kinetics of this reaction; 
Low temperature experiments were carried out and the 
development of the system was followed in situ in the 
vacuum chamber of the SEM microscope, [215]. 

 
* Figure 18 can be found in the Appendix section 

 
With the synergetic contributions of the two 

components; Au-MWCNT NCs have valuable 
features suitable for sensing applications (Table 1). 
While CNTs retain their electrical behavior, Au NPs 
can yield new binding sites by exerting the Localized 
Surface Plasmon Resonance (LSPR) phenomenon. 
Since Au-MWCNT hybrids is crucial in their 
capabilities. The integration sensing of Au particles 
into MWCNT bundles opens up new opportunities for 
ultra-sensitive detection of biomolecules electrically 
or optically using the plasmonic properties of Au. 
CNTs have only been used to enhance the surface 
plasmon resonance signal of the Au-coated glass plate 
in Biacore biosensing systems [215], [216]. 

Localized Surface Plasmon Resonant MWCNT 
bundles were developed by the synthesis of Au NPs on 
MWCNT and they were used in the detection of 
bovine growth hormone, as shown schematically in 

Figure 19; It was designed with the LSPR technique 
[215]. NCs films of Au-CNTs with controlled 
integration of Au NPs into CNTs are an exciting 
research area with their natural structures affecting 
their physical, chemical, electrical and optical 
properties simultaneously. 
 

* Figure 19 can be found in the Appendix section 
 

Au-MWCNT NCs are generally classified 
according to the shape of Au bonds; with and without  
binding NC s molecules, Au is bound covalently (for 
example, via Au-S bonds) or non-covalently by π-π 
stacking, hydrophobic forces, or by electrostatics 
interactions, [218], [219]. Pyrene derivatives are 
intermediates because the chromophore of the 
molecules can bind to the sidewalls of MWCNTs by 
π-π stacking interactions, while the alkylamine groups 
are covalently attached to Au NPs, [220]. Au NPs can 
be attached to the surface and ends of the sidewalls of 
thiol-terminated MWCNTs using an aromatic linker, 
[221], or dithiol- and amino intermediates, [222]. 

Au-CNT hybrid materials with both SWCNTs and 
MWCNTs were shyntethased. Various experimental 
approaches have been reported that solid state 
reactions at high temperatures can be occurred, [223], 
by physical evaporation (e.g. thermal and e-ray), 
[224], by deposition from the corresponding salt 
solutions in different surface coupling chemistries, 
[225], [226], [227], [228], [229], [230]. 

The low redox potential of CNTs allows the 
spontaneous formation of Au and Pt NPs on their 
surface without the use of a reducing agent, [231]. 
Spontaneous formation of Au NPs on the surface of 
CNTs was carried out by depositing the precursor 
solution directly onto the surface of CNTs with a silica 
substrate, [232]. A metal copper (Cu) substrate was 
used to retain and provide electrons for CNTs, [223], 
[232], [233], [234], and negatively charged CNTs 
played a role in facilitating the reduction, [235]. While 
the reduction is thought to occur spontaneously; it has 
actually been proven to be a hydrothermal method that 
must be activated by heating under pressure in an 
autoclave. It was also determined that the reaction time 
was long and the Au particles formed in the tubes were 
very large like 500 nm, [234]. In situ reduction of Au3+ 
in functionalized by SWCNTs has also been reported, 
and the process has been described as "self-reduction", 
[236]. 

From Figure 20,the high areal density of Au 
particles and clusters in the walls of the CNTs is noted, 
[237]. The particles are not isolated, they form clusters 
and large aggregates with small diffusion barriers and 
high interfacial energies (Figure 20b), [237]. Figure 
20shows two main typical bands in Raman spectra of 

International Journal of Chemical Engineering and Materials 
DOI: 10.37394/232031.2026.5.5 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-0519 148 Volume 5, 2026

https://www.sciencedirect.com/topics/engineering/nanomaterial
https://www.sciencedirect.com/topics/engineering/conductive-polymer
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/body-water


Au-MWCNT rays, [237]: G band at 1580 cm-1 
assigned to the in-plane vibration of the C-C bond, at 
a shoulder around 1604 cm-1 which is typical for 
imperfect graphite-like materials. At 1342 cm-1 the D 
band is activated by the presence of disorder in the 
carbon systems. Compared to the bands of MWCNTs, 
the bands vary little. It was detected a weak interaction 
between Au NPs and CNTs. Figure 20 isthe variation 
of the relative intensity of the two bands (I1580/I1342) 
depending on the area where the measurement is 
made. Some of the images have two well-defined 
bands with almost the same intensity and some of them 
can not be seen at 1342 cm-1 band. Apparent 
suppression of the D band is associated with a poor 
signal-to-noise ratio due to the high Au concentration 
at these locations (Zones 3 and 4), acting as scanning 
mirrors that reflect large amounts of excitation 
photons and prevent Raman scattering. The fact that 
spectra resulting from a high Au aggregation cause D-
band suppression and G-band broadening by the 
reflectance effect of Au is proof. The slope line can be 
by fluorescence, scattering or luminescence of Au 
clusters. No SERS effect was detected in the prepared 
Au-MWCNT hybrids, [237]. 

 
* Figure 20 can be found in the Appendix section 

 
 
8.2 The Electrochemical Measurements of the 

Fabricated Au Aptasensor  
The 0.1 M MC-LR standard solution was diluted with 
PBS to different concentration gradients. 10 µl of MC-
LR (0.0001–10 nM) was dropped onto the LIG-Au 
electrode, incubated for 20 min and then washed with 
deionized water. Then, it tests and determines the 
electrochemical characterization of the aptasensor in 5 
mM Fe(CN)6

3-/4- solutions containing 0.1 M KCl; A 
PalmSens handheld electrochemical analyzer was 
used (Figure 21), [238]. The SWV parameters are set 
to 15 Hz frequency and 0.05 V amplitude - 0.6 V–0.8 
V. The current signal was recorded with PSTrace 5.9. 
The varying value of the peak current signal observed 
before and after incubation of the MC-LR as ΔI; 
describes the variation of quantitative MC-LR 
binding. - CV was conducted with a scanning rate of 
50 mV/s between 0.6 and 0.8 V. The EIS was analyzed 
at an open-circuit potential with amplitude of 0.01 V 
and a frequency range of 1–100000 Hz. 
 

* Figure 21 can be found in the Appendix section 
 

Obtain AuNPs/Ag2S modified to fluorine doped tin 
oxide and label-free MC-LR biosensors; [Ru(NH3)6]3+ 
to Au disk electrodes and decorated graphene to 
screen-printed carbon electrodes were introduced. 

LOD=7 pM, LOD=9.2 pM and LOD=1.9 pM, 
respectively, [6], [238], [239]. This enables the 
preparation of label-free MC-LR biosensors; although, 
it only requires conversion of functionalized 
nanomaterials into electrodes, their LOD is much 
worse than that of sensors prepared by probe labeling 
or competitive strategies, [14], [240]. It can detect the 
electrodes used; Substrates such as glassy carbon and 
Au discs are also expensive materials. The developed 
label-free biosensors charge specific recognition 
molecules of MC-LR; have made additional 
modification of functional nanomaterials on the 
electrodes mandatory. 

An immunosensor for MC-LR is from a family of 
water pollutants primarily formed on a stable 
heptapeptide produced by common cyanobacteria, 
[70]. The GC electrodes were modified with GO and 
AuNPs and grafted with 2,5-di-(2-thienyl)-1-pyrrole-
1-(p-benzoic acid) to immobilize MC-LR antibodies. 
IL (1-isobutyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide) is dropped onto the electrode 
surface and the MC-LR antibody is covalently bonded 
to the conductive polymer film. Electrochemical 
detection with DPV in the range of 10−16–8×10−15 M 
using Fe(CN)6

3−/4− added to the solution was 
performed, with an extremely low LOD=4×10−17 M 
(4×10−17 g/ml) were measured, [70]. Also, an 
immunosensor for aflatoxin B1 has been reported, 
which measures charge transfer resistance in the linear 
range of LOD=1 fM and 3.2 fM to 0.32 pM as 
measured by EIS, similarly, [241]. 

It has also been used to detail the exciting 
properties of various other carbon-based 
nanostructures, such as CNHs, [42], [43], graphene, 
[6], or graphene combined with carbon nanospheres 
(CNSs), [71], or Au NPs, [70]. Electrochemical 
immunosensors or aptasensors have been performed in 
the detection of MC-LR. LODs ranged from 0.18 ng/l 
to 368 µg/l. The best LOD values were found by Eissa 
et al., [70], with screen-printed electrodes modified 
with aptamer-functional graphene; The aptasensor 
signal resulting from the interaction between aptamers 
and MC was measured by SWV. The aptasensor was 
also applied to the analysis of added tap water and fish 
samples showing good recovery percentages. 
 
 
9 Electrochemical Biosensors for 

Cyanotoxins  
Various electrochemical biosensors for cyanotoxins 
(eg MCs) have been obtained from a number of 
comparative scientific studies and reports; 

1. Tag-based immune sensors, 
2. Unlabeled immune sensors, 
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3. DNA and aptasensors. 
 

9.1 Label-Based Immunosensors  
Label-based immunosensors are a common method 

used in electrochemical biosensing of cyanotoxins 
(Table 1). A common format for the detection of 
cyanotoxins; competitive (direct or indirect) 
transduction and rarely sandwich transduction. One of 
the most important advantages of enzyme tags is the 
amplification of the signal by producing the enzyme 
product in the presence of a substrate. HRP is used as 
the most common enzyme for electrochemical MC 
detection. In the use of nanotechnology in the 
electrode support or label, HRP can further amplify the 
electrical signal and can be achieved with ultra-
sensitive detection, [242]. Successful direct 
competitive detection of a substrate using a 
biocatalytic precipitation reaction with H2O and HRP; 
It has been reviewed by Hou et al., [243]. It was 
modified with Au NPs and stock MC-LR on a 
modified glassy carbon electrode. After competition 
between MC-LR and MC-LR immobilized in the 
analyte, the mAb-HRP conjugate was allowed to 
accelerate the oxidation of 4-chloro-1-naphthol to the 
substrate precipitate form. 

The impedimetric detection of the MC-LR is based 
on the mass loading of the precipitate on the electrode. 
Increasing enzyme precipitation acted as a label in 
increasing impedance signal with decreasing MC-LR 
concentration. Biosensor, MC-LR, LOD=4 pg/ml; 
Specificity studies were limited only between the MC-
LR and MC-RR variants, [244]. Similar LOD=4 
pg/ml, Gan et al., [245] In an indirect competition 
analysis, double amplification was performed with 
HRP-secondary antibody conjugate based on CNT on 
Co-silicate as support and magnetic core-shell NCs as 
label. It consists of iron (II, III) oxide (Fe3O4) 
nanoclusters/polydopamine/Au NPs. DPV detection 
with Au nanorods (NRs) as electrode support and 
another HRP-based detection using MoS2 were 
measured with LOD=5 pg/ml, [65], [66], [67]. A 
successful design of HRP-labeled competitive 
immunosensors has been performed, [245]. An ITO 
modified electrode was designed using nanomaterials, 
antibodies and DNA molecules after ringing in MC-
LR detection with LOD=7 pg/ml. 

While graphene with magnetic properties increases 
the electrode surface area, Au NRs with circular DNA 
conjugation in the form of rolling circle replication 
increase the impedance signal. After adding 2 mM 
H2O2 to a 1 mM hydroquinone solution, a calibration 
curve based on CV measurements was drawn, [245]. 
A DPV biosensor for the MC-LR fixed with chitosan 
on a glassy carbon electrode; Graphene sheets and 
carbon nanospheres conjugated with mAbs were used 

for signal amplification. Optimization steps; It is very 
important to measure the incubation time, H2O2 
concentration and H2O2 / Ab ratio, LOD=16 pg/ml 
using a highly sensitive indirect competitive immune 
sensor, [71]. 

SWCNHs have been studied on a GCEs by Zhang 
et al., [42], and Zhang et al., [43]. Determination of 
indirect competitor is based on HRP-H2O2 reaction, 
product precipitate concentration was observed by 
DPV. The cone-shaped ends of the SWCNHs 
enhanced the immobilization ability of the MC-LR 
and the minimum detection was measured at 30 pg/ml. 
Fabrication reproducibility verified by interassay; 
however, the relative standard deviation ranges from 
5.90% to 7.70%, [42], [43]. The N2-doped graphene 
hydrogel SPE support was regulated by the self-
polymerization of dopamine (PDA) on GO and a 
hydrothermal reaction. HRP and secondary antibodies 
were conjugated with Au NPs captured on porous 
CNSs using thionine (TH) in an electron medium. This 
dual enhanced biosensor recorded LOD=9.7 pg/ml, 
[244]. 

Signal amplification has been developed with Au 
NCs providing electron transfer. Two successful 
strategies have been established to amplify a biosensor 
for the MC-LR. A labeled competitor with MC-LR 
pg/ml was investigated using molybdenum disulfide 
(MoS2) nanolayers, DPV and LOD=0.3 containing 
gold nanoclusters (MoS2/Au NCs) and Au core/Pt 
shell NPs (Au@Pt NPs), [246]. Developed in a 
competitive immune sensor labeled using a GC 
electrode modified with CNFs and Au NPs in a signal 
label with LOD=1.68 pg/ml and a broad range of 
linear MC-LR concentrations from 0.0025 to 5 ng/ml, 
[69]. In both experimental studies, very low LODs 
were reported as calculated with a signal-to-noise ratio 
(S/N) of 3. 

DNAzyme and its conjugates may replace HRP in 
enzyme-free electrochemical immuno-based detection 
of MC-LR. Tian et al., [247], designed a similar 
enzyme-based detection using DNAzyme, which 
mimics horseradish peroxidase in CNTs. DNAzyme-
conjugated MC-LR on CNTs acted as detection tag. 
The sensor is based on the catalytic reduction of H2O2 
and has LOD=2.31 pg/ml. Another enzyme-free 
approach has been presented by Gan et al., [248]. 

An alternative to enzyme-type amplification, 
quantum dots (QD) was tested in an electrochemical 
immunosensor in an indirect MC-LR detection. 
Cadmium ions (Cd2+) were released from QDs after 
antibody-QD binding to different concentrations of 
MC-LR in the prepared microtiter plate wells. The 
semiconductor nanocrystal contains a zinc sulfide 
(ZnS) and a cadmium selenide (CdSe) core 
encapsulated in the polymer shell. Au electrode and 
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SWSV were used to measure the acidic dissolution of 
cadmium ions (Cd2+). LOD=99 pg/ml after 
optimization steps, [249]. 
 
9.2 Label-Free Immunosensors 

Electrode supports in unlabeled immune sensors 
have an important role in the ultra-sensitive detection 
of MC-LR (Table 1). Graphene-Au NCs conducting 
polymer holding carboxyl groups (polyDPB), Au NPs 
layer and finally ionic liquid (IL) layer were developed 
by Ruiyi et al., [70], as GCE electrode support. This 
multilayer GCE modified electrode, can be able to 
detect MC-LR with a very low value of 
LOD=0.000037 pg/ml. The experimental working 
range is limited to 1×10–7 – 8×10–8 ng/ml. Yang 
research group applied CV, EIS and DPV 
measurements to examine biosensor properties with 
two different approaches, [250]. A label-free and 
antibody-based electrochemical biosensor was 
developed using Au NPs/silicone 
template/MB/chitosan NCs. The resulting LOD=100 
pg/ml, [250]. 

In the manufacture of a G4-polyamidoamine 
(PAMAM) dendrimer and Ag nanocubes, the LOD 
was significantly reduced by measuring 17 pg/ml, 
[251]. Immuno-field-effect transistor-based 
biosensors with SWCNTs containing IDEs are 
promising for MC-LR detection, [68]. At 
displacement of immobilized antibodies, the FET 
immunosensors were able to electrochemically 
register MC-LR with LOD=0.6 pg/ml and high 
specificity, [68]. Sun et al., [252], made two successful 
attempts to develop electrochemical impedimetric 
biosensors for MC-LR. An Au electrode modified 
with Au NPs was used to increase the surface area. An 
antibody-based direct assay was performed. Different 
possible effects on sensor optimization have been 
investigated. Interestingly, the effect of Au NPs on 
particle size was evaluated and 15 nm was used during 
manufacture to provide ultra-low detection of 
LOD=18.2 pg/ml MC-LR, [252]. As an alternative to 
Au NPs, IL-functionalized MWCNTs at room 
temperature have been used. Three room temperature 
ILs were tested, a more hydrophobic room 
temperature IL 1-amyl-2,3-dimethylimidazolium 
hexafluorophosphate was used in the development of 
the MC-LR biosensor. A sensor with long-term 
stability and high specificity reaching LOD=1.7 pg/ml 
was designed, [253], [254]. 

Vogiazi and colleagues synthesized carbon 
nanomaterials such as graphene and CNTs to develop 
carbon-based WEs, [255]. They effectively used an 
impedimetric, competitive, label-free electrochemical 
bioassay for the detection of MC-LR. First, MWCNT 
probes were subjected to alkaline functionalization to 

introduce sites required in MC-LR immobilization. It 
was then used for competitive determination in MC-
LR samples using mAbs. The detection limit is 
LOD=40 pg/ml, [64]. 3-D foamed graphene was 
applied with WE to achieve a similar detection limit of 
LOD=50 pg/ml, [65], [66], [67]. Label-free flow 
biosensors for cyanotoxins are just a few. It was 
measured a very sensitive value such as LOD=0.007 
pg/ml with capacitive immune sensors in the detection 
of MC-LR. An Au electrode was modified with 
thiourea SAM and silver nanoparticles (Ag NPs), [65], 
[66], [67]. 

Antibodies were immobilized on Ag NPs and direct 
label-free detection was performed, [256]. Dawan et 
al., [257], compared flow capacitive immune sensor 
with and without Ag NPs. The immunosensor 
performance was tested using Au NPs and resulted in 
a similar linearity to the Ag NPs-based immunosensor, 
[257]. The development of a miniature potentiometric 
STX biosensor using anti-STX-containing lipid films 
on graphene nanolayers with a detection limit of 1 
ng/ml has been reported recently. Adequate selectivity 
for detection over a wide range of toxin concentrations 
ranging from LOD=299 pg/ml to LOD=299 ng/ml was 
detected over a time period of about 5 to 20 min, [258]. 

 
9.3 DNA and Aptasensors 
 
9.3.1 Aptasensors 

Aptasensors for the detection of cyanotoxins have 
been developed recently (Table 1). The Chen research 
group developed the first aptamer-based impedimetric 
biosensor, [259], to reduce the detection limits of 
previously reported sensors, [16]. Lower limit of 
detection was measured for aptamer immobilization 
and optimization of a gold electrode for MC-LR 
detecton at a LOD of 18 pg/ml between the MC-LR 
and MC-RR variants, [259]. The application of SWV 
and aptamer-based biosensors for MC-LR has been 
studied by the Zourob research group, [6], [76]. 
Selected aptamers like MC-LR, MC-Leucine-Alanine 
(LA) and MC-Tryptophan-Arginine (YR) were 
evaluated for their ability to select the perfect one. The 
three ssDNA sequences segregated between selected 
aptamers with low dissociation constants and high 
affinity were (i) MC-LR, (ii) MC-LR and MC-LA, (iii) 
MC-LR, MC-LA and MC. For direct MC detection 
based on Au, it was run at a low concentration of 
LOD=10 pg/ml, [76], by using the π–π stacking 
interactions of the aptamer adsorbed on graphene-
based SPEs. They reported a biosensor that can 
successfully reduce the LOD to 1.9 pg/ml, [6]. 
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9.3.2 DNA Biosensors 
Several genosensors and DNA hybridization-based 

sensors have been designed for cyanobacteria 
detection (eg Microcystis species), [260], [261], [262], 
[263], [264], (Table 1). In the detection of MC-LR; It 
was studied with an electrochemical biosensor based 
on calf thymus DNA. The conformational changes of 
the calf thymus proved to be a good alternative 
electrochemical method for the detection of label-free 
MC-LR. However, the selectivity for MC-LR 
decreased in the presence of high concentrations of 
MC-RR, [31]. Numerous sequence design and 
detection approaches in DNA-based electrochemical 
biosensing and extensive literature studies have also 
been reported in the literature, [265]. 
 
 
10 Performance Analysis of 

AuNPs@MWCNTs/GQDs 
In the detection performance of MC-LR via 
AuNPs@MWCNTs/GQDs different concentrations of 
MC-LR was investigated using DPV under optimized 
conditions. The current response of the sensor 
gradually increased with increasing concentration of 
MC-LR solution adsorbed to 
AuNPs@MWCNTs/GQDs (Figure 22).  
 

* Figure 22 can be found in the Appendix section 
 

The peak currents showed a good linear correlation 
with the logarithm of the concentrations in the range 
of 0.08–2.0 μg/l of MC-LR. The linear regression 
equation was I (μA)=590.93 + 78.02 logC 
(R2=0.9860). The limit of detection (LOD) was 
calculated as 0.0027 μg/l (S/N=3.0). A detailed 
comparison of the LOD and linearity range of the 
present sensor and other reported methods for the MC-
LR sensing has been made and concluded in Table 2.  

 
* Table 2 can be found in the Appendix section 
 
The present sensor showed a super sensitive 

sensing performance in the determination of MC-LR 
and the linear range including the limiting value for 
MC-LR in waters (1.0 μg/l). 
 
 
11 The Response Mechanism of MC-LR 

on the Sensor  
In order to characterize the nature of the electrode 
process, the cyclic voltammetry (CV) of MC-LR on 
the MIP sensor with different scan rates ranging from 
25 to 150 mV/s were detected. In theory, the linear 
relationship of current (Ip) vs. scan rate (v) and current 

(Ip) vs. the square root of the scan rate (v1/2) indicates 
the electrode process controlled by the adsorption and 
diffusion mechanism, respectively, [251]. Ip1 vs. v 
(R2=0.9797) and Ip1 vs. v1/2 (R2=0.9763), together with 
Ip2 vs. v (R2=0.9676) and Ip2 vs. v1/2 (R2=0.9680), have 
good linear relationships. This reveals that both the 
oxidation process and reduction process obey the 
adsorption mechanism as well as the diffusion 
mechanism. In addition, linear fitting of log Ip1 vs. log 
v (R2=0.9910) and log Ip2 vs. log v (R2=0.9842) 
yielded linear regression equations with slopes of 0.71 
and 0.72, respectively. It is demonstrated that a slope 
lies between 0.5 and 1.0 follows an adsorption–
diffusion mechanism, [266]. Therefore, the electrode 
process of MC-LR on the MIP sensor is controlled by 
a mixed adsorption–diffusion process. Additionally, 
the reaction mechanism of MC-LR on the MIP sensor 
was inferred by exploring the relationship between 
peak potential (Ep) and scan rate (v). In an irreversible 
reaction, the oxidation potential shifts to the positive 
direction and the reduction potential shifts to the 
negative direction with the increase of scan rates, 
[266]. There is good linear relationship between Ep1, 
Ep2, and lnv with a slope of 0.042 and 0.047, 
respectively.  

According to the Laviron law, the relationship 
between Ep and v should follow Eq. (3) in an 
irreversible electrode reaction, [267]. Where α is the 
transfer coefficient, n is the number of electrons 
transferred, v is the scan rate (V/s), Ep is the redox 
potential. Ks, T, R, and F are the standard rate constant 
of the reaction, absolute temperature (298oK), ideal 
gas constant (8.314 J/(mol.K)-1), and Faraday constant 
(96,485 C/mol), respectively. Thus, the value of 
RT/αnF is equal to 0.042 and 0.047, respectively. By 
calculation, it is estimated that the number of 
transferred electrons in both oxidation (P1) and 
reduction (P2) is 1 (n1=n2=1), and the transfer 
coefficient values are 0.70 (α1) and 0.63 (α2), 
respectively. 
 
𝐸𝑝 =  𝐸0 −  

𝑅𝑇

𝛼𝑛𝐹
𝑙𝑛

𝑅𝑇𝑘𝑠

𝛼𝑛𝐹
+ 

𝑅𝑇

𝛼𝑛𝐹
𝑙𝑛𝑣(3) 

 
Furthermore, the CVs of MC-LR on the surface of 

the MIP/AuNPs@MWCNTs/GQDs/GCE with 
different pH values of phosphate buffer ranging from 
5.0 to 7.0 were detected. The potential shifted 
negatively with the increase of pH value, indicating 
that a certain number of protons were involved in the 
oxidation reaction, [268]. According to the Nernst 
equation (Eq. 4), the relationship between Ep and pH 
should follow the equation for an oxidized electrode 
reaction: Red - n e- - mH+ → Ox. 
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𝐸𝑝 =  𝐸0 + 
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

[𝑂𝑥]

𝑅𝑒𝑑
) −  (

2.303𝑚𝑅𝑇

𝑛𝐹
) 𝑝𝐻(4) 

 
The oxidation and reduction peak potential can be 

expressed as Ep1= - 0.093pH + 1.60 (R2=0.9806), and 
Ep2= - 0.052pH + 0.75 (R2=0.9938), respectively. This 
indicates that the numerical proportions of protons and 
electrons transferred in the oxidation reaction and 
reduction reaction and their values were 2 and 1 
(m1/n1=2, m2/n2=1), respectively, [269]. Therefore, the 
electrode reaction of MC-LR on 
AuNPs@MWCNTs/GQDs can be concluded to the 
irreversible electrical process of losing 1 electron and 
2 protons in the oxidation process (P1) and gaining 1 
electron and 1 proton in the reduction process (P2). 
 
 
12 Recent Advances and Future Trends 
Carbon-based nanomaterials are widely used in the 
production of biosensors. SWCNTs, [247], [270], 
SWCNHs, [42], [43] and CNSs, [71], are included in 
electrode modifications or play a tag role in signal 
amplification. MWCNTs [64] and 3-D graphene, [65], 
[66], [67], are widely used as true WE. The first 
successful MWCNT-based electrochemical biosensor 
was developed by Han et al., [64]. Recent advances in 
the internal structure of graphene by incorporating a 
new form of graphene, 3-D graphene, have led to 
efficient low-LOD electrochemical sensors, [65], [66], 
[67]. This new form of graphene has very important 
advantages such as high surface area, conductivity and 
repeatability, [271]. Recently, there has been an 
increasing interest in hybrid materials with better 
electrical, chemical and physical properties than base 
materials. Recently, it has been studied with a hybrid 
material of 3-D graphene and carbon nanofiber, which 
provides a larger surface area because it uses the 
nanostructure of both carbon nanomaterials, [272]. 
Thanks to its significant advantages such as high 
conductivity and large surface area, this material is a 
potential candidate for sensing electrodes. Some 
progress has also been made on alternatives to single-
layer graphene electrodes with zero band gap. The use 
of semiconductor metal chalcogenide-based atomic 
thin electrodes for biosensing has been studied 
recently, [273]. Lv et al., [274], recently reported a 
new MC-LR sensor using a nanoparticle-infused 
MoS2 nanolayer platform, while another group, [275], 
used a tungsten disulfide (WS2) nanolayer as a 
transducer for the fabrication of a MC-LR sensor. 
Another relatively new approach for artificial 
biosensing electrode material is MIP, [276]. Recently, 
the development of a high efficiency 
photoelectrochemical sensor with molecularly 
imprinted polymer (MIP) polypyrrole/Cu2O film with 

LOD=0.23 pg/ml has been noted, [277]. Another MIP-
based sensor with titanium dioxide (TiO2)/CNT 
nanostructure has also been reported to have an LOD 
in the pg/ml range, [119]. 

Interestingly, some recent developments serve 
similar or different purposes; It is intended to combine 
carbon and metallic nanomaterials, [242]. To give an 
example from the literature, modifications of glassy 
carbon electrodes containing electrodeposited well-
dispersed graphene oxide-Au NCs can be shown, [70]. 
This combination acted as a very good electrode 
support, which had a synergistic effect on the overall 
performance of the sensor. Another combination of 
nanomaterials has also been used for different 
purposes. A biosensor using nanomaterials-antibody 
conjugations and a sandwich assay has been developed 
by Wei et al., [15]. The conductivity and surface area 
are increased with graphene modified electrodes, 
providing detection with an antibody-PtRu alloy tag. 
An important advantage is that the sensor has 
outstanding stability for up to 2 months, [15]. 

The application of variations in nanomaterials will 
undoubtedly influence and support the production of a 
new generation of reliable sensors in terms of electron 
transfer, bioactive agent immobilization and overall 
stability. Developments related to non-metallic 
magnetic monodisperse spherical particles (beads) are 
also commonly encountered in literature studies. Well-
known magnetic beads have also been used frequently 
lately as electrode coating support, [142], [143], [278], 
or label, [279]. The very important advantages of 
magnetic beads such as ease of use and a wide variety 
of magnetic bead surface modifications for 
immobilization of biorecognition molecules have 
made them popular for use in electrochemical 
biosensors. Magnetic beads with hydrophilic surfaces 
are particularly suitable for nucleic acids providing 
reproducible magnetic separation. For these reasons, 
magnetic beads are widely used in aptamer selection 
and biosensing, [142], [143], [278], [279], [280], 
[281], [282].  

In our opinion, magnetic beads in aptamer-based 
biosensors for small toxins will be used and developed 
in more areas and play a role in more complex 
analysis. Chen et al., [283], a sensitive 
noncompetitive, open sandwich Enzyme-linked 
Immunosorbent Assay (OS-ELISA) was developed 
for the quantification of MCLR Microcystin with 
leucine and arginine (MCLR). The hepatotoxic toxin 
produced by cyanobacteria present in 

Water courses that causes cell death and tissue 
necrosis at high exposure levels. OS-ELISA is based 
on the principle of antigen-driving interaction 
enhancement between variable regions of an antibody. 
The genes for the variable regions of antibody 3A8 
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against MCLR were used to construct the phage 
display vector pDong1/Fab(3A8) to prepare assay 
elements. Another format of OSELISA that used 
purified Maltose Binding Protein-fused VL and VH-
phage showed a lower LOD of 85 pM MCLR.Using 
the developed assay, the recovery rates for samples of 
lake or river water spiked with MCLR and were found 
to range from 95.50% to 116.40%, suggesting that the 
assay has good potential to be used as a monitoring 
tool for MCLR in nature. 

Fan et al., [282], developed environmentally 
friendly quantitative analytical electrodes for the 
determination of microcystin-LR (MC-LR) in 
environmental water. A simple, mask-free, and one-
step method based on laser-induced graphene (LIG) 
technology is designed for the fabrication of (3D) 
graphene electrodes integrated with gold nanoparticles 
(AuNPs). The 3-electrode system with AuNPs-
modified graphene was prepared directly by 
overlaying gold leaf on the polyimide (PI) film 
followed by patterned CO2 laser irradiation. The 
reference electrode region was then uniformly coated 
with Ag/AgCl paste, and the working electrode was 
functionalized with the aptamer through Au-S self-
assembly and bonding to obtain a label-free MC-LR 
aptasensor. The developed MC-LR aptasensor has a 
detection limit of 0.053 pM and a linear range from 0.1 
pM to 10 nM. The fabricated aptasensor presents good 
stability, reproducibility, specificity and detection in 
real samples. These sensors show great promise as a 
low-cost, simple and portable approve for label-free 
detection MC-LR in environmental samples. 

Li et al., [284], A label-free electrochemical 
biosensor was constructed to detect linear 
microcystin-LR (L-MC-LR) with high sensitivity. 
Degradation enzyme MlrB was used as recognition 
element for specific recognition of L-MC-LR. The 
electrode was modified with –COOH functionalized 
multi-walled carbon nanotube toincrease the specific 
surface area and improve the conductivity, which was 
then applied to immobilize MlrB. The electrochemical 
signal was changed withthe reaction between MlrB 
and L-MC-LR, which was recorded by using square 
wave voltammetry. The electrochemical biosensor 
showed superior sensitivity,with a dynamic range of 1 
pg/mL to 100 ng/mL and a detection limit of 0.127 
pg/mL. Moreover, the fabricated electrochemical 
biosensor exhibited excellent specificity toward L-
MC-LR in real water samples.The concentrations of 
spiked L-MC-LR were 0.100, 5.00, 50.0 ng/mL, and 
the recovery rates were 95.0–104% with relative 
standard deviation (RSD) of 0.900–2.30% and 74.0–
93.0% with RSD of 2.30–3.50% in lake water and tap 
water, respectively. Furthermore, the selectivity, 
reproducibility, and stability demonstrated the 

potential of degradation enzymes as recognition 
element in detection of cyanotoxins. 

Antonyraj et al., [285], investigated the state-of-
the-art immunosensor that immobilizes MC variants 
targeted by monoclonal antibodies onto 
nanostructured substrates allows for fast and selective 
detection of MC. Incorporating nanomaterials such as 
gold nanoparticles and carbon nanotubes, the detector 
improves the effectiveness of the signal, allowing it to 
identify as low as 0.05 ppb with a response time of <10 
min. With its stable performance over time, this type 
of sensor is excellent for field deployment and 
ongoing surveillance. The integration of novel 
technologies and nanomaterials is highlighted the 
sensitivity, accessibility, and exchange of data in real-
time. Significant innovations in environmental 
monitoring and public health protection are very 
important. To protect ecosystems and public health, 
next-generation biosensing technologies could 
decrease MC contamination in water bodies. 

Biosensor-based methods have emerged as 
powerful analytical tools with enhanced performance 
for MCs detection and quantification over 
conventional methods. A detailed list of some 
analytical methods reported for MCs detection in 
water is provided in Table 3. 

 
* Table 3 can be found in the Appendix section 

 
Table 4. shows some of various types of 

biosensors used for MC-LR detection in drinking 
water and other ecosystems 

 
* Table 4 can be found in the Appendix section 

 
 
13 Conclusions 
MCs are secondary metabolites produced by some 
cyanobacteria, a stable class of cyclic heptapeptide 
toxins in the environment. MCs, by entering water 
sources and causing contaminated aquatic 
environments, can lead to a wide variety of negative 
health problems in humans, animals, and plants. To 
isolate MCs from polluted water environments very 
well effective methods and measurement techniques 
should be taken into consideration. 

Electrochemical biosensors can be widely 
preferred for routine quantitative screening of MC-LR 
and water monitoring at the point of use mostly due to 
their high portability After optimization of water 
samples, MS-based methodologies are the only 
accepted and validated analytical techniques that can 
distinguish between variants or transformation 
products. 
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Measuring low concentrations of MCs variants 
using electrochemical biosensors is one of the biggest 
challenges to overcome. Development of selection of 
aptamers or other high-affinity biomolecules in certain 
MCs variants is particularly hopeful. When the 
innovative signal transmission technology is 
combined with micro and nanosystems with 
multimicrofluidic channels, electrochemical 
biosensors will enable specific variant detection even 
at very low concentrations. The interdisciplinary field 
of electrochemical biosensors is advancing rapidly and 
the emergence of new sensor applications or 
technologies in multicyanotoxin analysis is eagerly 
awaited to aid real-time toxicity assessment. 

For the detection of MC-LR; MWCNTs, GQDs, 
and AuNPs were used as sensor modification materials 
to construct a three-dimensional conductive network, 
which enhanced the sensitivity of the sensor. 
Furthermore, a new molecularly imprinted 
electrochemical sensor with three-dimensional 
structure AuNPs@MWCNTs/GQDs  was used in the 
detection of MCs. Electrochemical sensor production 
for MCs measurement using 
AuNPs@MWCNTs/GQD NCs is the newest and most 
successful work.  

The synergy between the selected dual functional 
monomers enriched the recognition sites of the sensor 
and enhanced the affinity for the targets, which 
improved the selectivity of sensor. Employment of the 
segment template ensures the sensor’s recognition 
characteristic of target and cuts down the cost. The 
recognition reaction of MC-LR on the developed 
sensor is an irreversible electrochemical oxidation 
reaction to detect the total amount of MC-LR.  

In the near future, breakthroughs in 
electrochemical biosensors will certainly bring great 
advantages and advances to rapid cyanotoxin 
detection and efficient drinking water quality control, 
providing people with clean and safe drinking water. 
Many other nanomaterials not presented in 
electrochemical sensors also have applications, but the 
information provided should enable researchers to 
develop viable electrochemical sensors. To this end, it 
is hoped that the in-depth study and discovery of 
nanomaterial applications will be encouraged. 
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APPENDIX 
 
 

 
Fig. 1: The engineering system of MCs microbial degradation, [39] 
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Table 1. Comparative summary table 
MC Detection Methods Nanomaterials Used Sensor Configurations Detection 

Limits 
Protein phosphatase inhibition 
assays (PPIA) 

Gold NPs (Au NPs) Electrochemical sensors 0.005 – 20 
µg/l 

Enzyme-linked immunosorbent 
assays (ELISA) 

Multiwalled carbon nanotubes 
(MWCNTs) 

Cyclic voltammetry (CV) 0.004 – 20 
µg/l 

High performance liquid 
chromatography (HPLC) 

Graphene quantum dots (GQDs) Linear scanning voltametry 
(LSV) 

0.003 – 20 
µg/l 

Liquid chromatography-mass 
spectrometry (LC-MS) 

AuNPs@MWCNTs/GQDs Differential pulse 
voltammetry (DPV) 

0.002 – 60 
µg/l 

Biosensors  Square wave voltammetry 
(SWV) 

0.003 – 30 
µg/l 

  Voltammetric aptasensor 0.003 – 25 
µg/l 

  Biosensor 0.003 – 20 
µg/l 

  Biomedical GQDs sensors 
(a) Voltammetric GQD 
sensors 
(b) Amperometric GQD 
sensors 
(c) Impedimetric GQD 
sensors 

 
 
0.002 – 25 
µg/l 
 
0.002 – 20 
µg/l 
 
0.003 – 25 
µg/l 

  Electrochemical biosensors 
(a) Label-based 
immunosensors 
(b) Label-free 
immunosensors 
(c) DNA and 
Aptasensors 
(c1) aptasensors 
(c2) DNA Biosensors 

 
 
0.004 – 28 
µg/l 
 
0.004 – 27 
µg/l 
 
0.004 – 20 
µg/l 
 
0.004 – 20 
µg/l 
0.003 – 20 
µg/l 
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Fig. 2: The MC-LR immunosensor preparation and detection procedure [EDC: 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide, GCE: Glassy-carbon electrode; HRP: horseradish peroxidase, NHS: N-
hydroxysuccinimide, SWNH: single-walled carbon nanohorn], [42], [43] 
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(a) 

 

 
(b) (c) 

 
Fig. 3: The electrochemical sensors principle and test methods: (a) an electrochemical sensor detection 

principle, (b) an electrochemical sensor basic configuration and (c) the diagrams of cyclic voltammetry (CV), 
linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), and square wave voltammetry (SWV) 

curves, respectively, [44] 
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Fig. 4: Schematic configuration of (A) MC-LR detection based on SWV on aptamer-functionalized GSPE 

schematic diagram, [6], and (B) the extraction taking place in the immunocolumn, [80] 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Chemical Engineering and Materials 
DOI: 10.37394/232031.2026.5.5 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-0519 176 Volume 5, 2026



 
Fig. 5: Enhanced analytical protocol: (a) hybridization event, (b) catalytic enlargement, (c) Au dissolution and 

(d) stripping detection, respectively, [88] 
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Fig. 6: Chronoamperometric stripping hybridization response of the single- (a) and multi- (b-d) particle 

protocols to (a) 500 ng/ml target, (b) 1 ng/ml target, (c) 1000 ng/ml non-complementary DNA and (d) control 
solution containing 20 µg Au-tagged beads, [88] 
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Fig. 7: Chronoamperometric signal for increased E908X-WT DNA level: (a) 0.1 ng/ml, (b) 0.5 ng/ml, (c) 1.0 

ng/ml, (d) 100 ng/ml and (e) 500 ng/ml, respectively, [88] 
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Fig. 8: Demonstration of production of magnetically aligned Au/magnetic NPs decorated with CNT on Pt-IDE 

for the virus DNA detection platform, [117] 
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Fig. 9: Chemical structure and biomedical applications of GQDs in sensor development with GQDs, [154] 
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Fig. 10: (A) Cyclic voltammetry (CV), (B) Square wave voltammetry (SWV): where; t: time required for each 

pulse, f: frequency of each pulse, E1 and E2: initial and final pulse, respectively, (C) Target biomolecule 
detection by GQD-coated electrode based on SWV, (D) Ideal curves observed with amperometric 

measurements for varied concentrations of target biomolecules and (E) Electron impedance spectroscopy (EIS): 
a target analyte (i.e., Nyquist plot), [151] 
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Fig. 11: Design of a GQD-based antibody sensor to monitor HCG levels, [151] 
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Fig. 12: Design to produce a GCE to detect breast cancer, [151] 
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Fig. 13: Use of a n electrochemical and fluorescent-based DNA sensor in the experimental design of a PO e4 

DNA, [185] 
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Fig. 14: (A) PtPd/N-GQDs/Au nanohybrid preparation steps and (B) design of a label-free amperometric 

antibody sensor for CEA detection, [151] 
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Fig. 15: (A) the preparation of GQDs and (B) the demonstration of the immunosensing platform for AFB1 with 

ITO-coated glass electrode with GQD function, [151] 
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Fig. 16: (A) Illustration of a fluorescence method for MC-LR detection. When MC-LR is present, Apt attaches 

to it and then exits the SWNT interface. As a result, DAP10 could adhere to SWNT surfaces, leading to a 
modest level of fluorescence (a). An intense fluorescent signal exists in without the presence of MC-LR 

because the Apt persists on the SWNT interface and DAP-10 lacks the ability to attach to it (b), [200]. (B) MC-
LR identification on an aptamer-functionalized GSPE by SWV, as shown schematically. (C) showing the 

removal procedure carried out in the immune column, [201] 
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Fig. 17: The main mechanism of a u NPs@MWCNTs/GQDs with electrochemical sensor 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

International Journal of Chemical Engineering and Materials 
DOI: 10.37394/232031.2026.5.5 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-0519 189 Volume 5, 2026



 
(a) 

 
(b) 

 
(c) 

 
Fig. 18: (a) the nucleation of a u in the dried droplet of the precursor solution, (b) dispersed and growing Au 

crystals, (c) Au reduction in CNT bundles, [200] 
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Fig. 19: CNTs locally decorated with Au NPs for plasmonic detection (the Au-CNT SEM images is shown in 

inset), [200] 
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Fig. 20: Combined video and Raman image of a MWCNT covered by aggregates of a u NPs (a, b), and Raman 

spectra corresponding to measurements at different Zones on the sample (Zone I to Zone IV) of the area 
defined in (a) according to the mapping software (c). The Raman image (a) originates in the mapping of the 

ratio of the intensities of G (1590 cm−1) and D (1343 cm−1) lines, [237] 
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Fig. 21: the demonstration of preparation of LIG-Au electrodes and assembly of portable MC-LR aptasensors, 

[238] 
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(a) (b) 

 
Fig. 22: (A) DPV of the MIP/AuNPs@MWCNTs/GQDs/GCE toward different concentrations of MC-LR (a→g 

correspond to MC-LR concentrations of (a) 0.08, (b) 0.1, (c) 0.2, (d) 0.4, (e) 0.8, (f) 1.0, (g) 2.0 μg/l, 
respectively; (B) the linear relationship between the peak currents and the logarithm of concentrations 
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Table 2. The comparison of analytical methods or products for the analysis of MC-LR in water samples 
Method Linear range (µg/l) LOD (µg/l) References 

Colorimetric sensor 1 - 100 - [268] 
Fluoroimmunoassay 0 - 500 0.93 [269] 
Optical planar waveguide platform 0.21 – 5.9 0.19 [270] 
MIP-coated CQDs fluorescent sensor 1 - 1000 0.0093 [271] 
QCM sensor 0.0995 - 995 0.0398 [272] 
MIP photoelectrochemical sensor 0.5 - 100 0.1 [273] 
Sol-gel imprinted polymers on solid contact electrodes 0.77 – 2.0 0.75 [274] 
Molecularly imprinted electrochemical sensor 0.08 – 2.0 0.0028 In this study 

 
Table 3. Analytical methods used for MCs detection in water 

Method Sample Recovery 

rate 
LOD Ref. 

Competitive fluorescence 
immunoassay pseudo ELISA 

Distilled 
water 

Lake water 

90-110% 
96-130% 

0.03 µg/l for 
MC-LR 

2.64x10-4 nM for 
MC-LR 

[286] 

Indirect competitive 
chemiluminescent enzyme 
immunoassay 
immunochromatography assay 

Distilled 
water 

Distilled 
water 

96.46% 
91.3-111.0% 

0.13 µg/l for 
MC-LR 

0.1 µg/l for 
MC-LR 

[287] 

SPE-LC/MS Tap water 94.1-103.2% 5.0 ng/l for 
six 
common 
MCs 

[287] 

MSPE-HPLC/UV Distilled 
water 

86-113% 0.08 µg/l for 
MC-LR 

[288] 

MIP coated QCDs fluorescent sensor Distilled 
water 

94.1-100.7% 0.0093 µg/l for 
MC-LR 

[288] 

Nanobiochar paper immunosensor Distilled 
water 

97.0-100.1% 0.017 µg/l for 
MC-LR 

[286] 

PPy/Cu2O molecularly imprinted 
composite film-based visible 
light-responsive 
photoelectrochemical sensor 

Distilled 
water 

98.19-
102.83% 

0.23 ng/l for 
MC-LR 

[287] 

Sol-gel imprinted polymers Distilled 
water 

101.2% 0.75 µg/l for 
MC-LR 

[289] 

Enzyme-free electrochemical 
immunosensor based on G-
quadruplex/hemin functunalized 
mesophorous silica 

Distilled 
water 

93.6-109.1% 0.3 ng/l for 
MC-LR 

[290] 

Impedimetric immunosensor Distilled 
water 

 3 ng/l for MC-
LR 

[291 

Nonenzymatic immunosensor based 
on carbon nanofibers 

Distilled 
water 

98.0-99.2% 1.68 ng/l for 
MC-LR 

[288] 

C18-functionalized magnetic silica 
nanoparticles for solid phase 
extraction followed by HPLC-
DAD 

Distilled 
water 

73.3-104% 0.056 µg/l for 
MC-LR 

[291 

Bioactivated sensor based on 
MWCNTs on filter paper  

Freshwater  0.19 ng/ml for 
MC-LR 

[292] 

Fiber optical chemiluminescent 
biosensor 

Distilled 
water 

80-120% 0.03 µg/l for 
MC-LR 

[286] 

International Journal of Chemical Engineering and Materials 
DOI: 10.37394/232031.2026.5.5 Ruki̇ye Özteki̇n, Deli̇a Teresa Sponza

E-ISSN: 2945-0519 195 Volume 5, 2026



Real-time assembled aptasensor of 
plasmonic graphene oxide 

Distilled 
water 

98-103% 6.3 pM [288] 

Signal-on immunosensor River water 94.8-120.0% 0.45 ng/ml for 
MC-LR 

[290 

Photoelectrochemical sensor Tap water, 
pond 
water, 
and river 
water 

96.4-113% 0.4 pM [291] 

 
Table 4. Comparison of various immunosensors for the detection of MC-LR in waters 

Biosensors MCs 

variants 
Recognition elements LOD Ref. 

Portable optical 
immunosensor 

MC-LR MC-LR OVA 0.28 
µg/ml 

[286] 

Photoelectrochemical 
immunosensor  

MC-LR Monoclonal MC-LR 
antibody (Ab) to the 
MUA-Au NCs 
modified Au 
electrodes 

0.011 pM [287] 

Fluorescent immunosensor MC-LR CdTe quantum dots 0.0440 ng/l [288] 
Label-free amperometric 

immunosensor 
MC-LR Antibody on an Au 

electrode coated with 
L-cysteine 

20 ng/l [289] 

Electrochemical 
immunosensor 

MC-LR Antibody coated on 
Biochip 

3 ng/l [290] 

Molybdenum disulfide/Au 
nanorods (NRs) 
composite-based 
electrochemical 
immunosensor 

MC-LR Antibody on the MoS2/Au 
NRs nanocomposites 

3 ng/l [291] 

Electrochemical MC-LR Antibody 0.6 ng/l [292 
Impedimetric immunosensor MC-LR Biotinylated nanobody 

(Nab A2) immobilized 
on a glassy carbon 
electrode 

0.033 µg/l [290] 

QCM immunosensor MC-LR Au NP-mAb 0.1 µg/l [291] 
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