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A label-free electrochemical biosensor was firstly 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 to
increase the specific surface area and improve the conductivity, which was then applied to immobilize
MlrB. The electrochemical signal was changed with the reaction between MlrB and L-MC-LR, which
was recorded by using square wave voltammetry. The electrochemical biosensor showed superior sensi-
tivity, 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 sam-
ples. 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.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Cyanobacterial blooms caused by eutrophication have become
global environmental concerns [1]. Large numbers of freshwater
lakes are infested with cyanobacteria, which pollute water sources
by releasing microcystins (MCs) [2]. Microcystin-LR (MC-LR) is a
variant of cyanotoxins with maximum toxicity, and its common
degradation intermediate linear microcystin-LR (L-MC-LR) is also
highly toxic [3]. The existence of L-MC-LR in water is a direct
and widespread threat to human health. Detection of L-MC-LR in
water is of great significance not only for water quality monitoring,
but also for exploring the biodegradation mechanism of MC-LR
during water treatment [4].

Currently, several methods have been reported for the detection
of MCs, including enzyme-linked immunosorbent assay [5], thin
layer chromatography [6], protein phosphatase inhibition assays
[7,8], liquid chromatography-mass spectrometry [9–11], and
nuclear magnetic resonance [12]. However, these methods have
been limited by various shortcomings, such as unfavorable speci-
ficity and sensitivity, time consuming, high cost, the requirement
of complicated sample pretreatment and experienced operators
[13,14]. The electrochemical biosensor has been a potential
method for overcoming these shortcomings, presenting the advan-
tages of high sensitivity, fast response, good selectivity, instrument
integration and miniaturization, and on-line continuous monitor-
ing, compatible with complex matrix [15,16]. It is suitable for field
analysis.

For improving the selectivity and specificity of electrochemical
biosensors, the recognition elements have been constructed to
achieve specific detection. Some studies have been performed on
the electrochemical detection of MCs. Zhang’s group developed
an ultra-sensitive electrochemical immunosensor for the specific
determination of MCs in real water samples, with antibodies as
recognition elements [17]. Under the optimal conditions, the
detection limit of the prepared immunosensor was as low as
0.1 ng/L. Another highly sensitive and selective sensor has been
reported for the MCs detection, employing unlabeled DNA aptamer
as the recognition element. The detection limit was 1.9 pM [18].
Besides of antibody and aptamer, molecularly imprinted polymer
(MIP) has been constructed as another kind of recognition element.
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Xu’s group integrated MIP of MCs to prepare sensors, providing a
new method for monitoring the pollutants in water [19]. However,
strong acid or base is required during MIP preparation, leading to
the deactivation of template biomolecules. Moreover, the samples
with structural change cannot be recognized in MIP, leading to
impaired detection sensitivity and accuracy [20]. In short, the
exploration of new recognition elements has been crucial and
significant.

Recently, several MCs degrading bacteria have been investi-
gated, in which the MCs degradation enzymes exhibited good
specificity for MCs. Jones et al. isolated an MCs degrading bac-
terium ACM-3962 from natural water for the first time, which
exhibited a high degradation rate for MC-LR [21]. Further study
investigated the degradation pathway of MC-LR by degrading bac-
terium Sphingopyxis sp. ACM-3962 [3]. At least three enzymes
(MlrA, MlrB and MlrC) were involved in the degradation of MC-
LR. In a previous report, a strain was found to completely degrade
MC-LR [22]. In the study on MC-LR degradation pathway, MlrA
broke the cyclic heptapeptides of MC-LR and degraded them into
L-MC-LR. Then, under the action of MlrB enzyme, the L-MC-LR
would be hydrolyzed into tetrapeptides. Finally, MlrC enzyme
decomposed the tetrapeptides into small molecular peptides.
Yang’s group specified the role of linearized-microcystinase in
the bacterial utilization of MC-LR and provided a powerful evi-
dence on the roles of enzymes in MC biodegradation [23]. Consid-
ering the affinity between enzyme and substrate, we speculated
these enzymes can act as recognition receptors for specific recog-
nition of MCs.

Previous methods have used antigen, antibody, aptamer or
MIP as biological receptors. In this work, degrading enzyme MlrB
was innovatively applied as a recognition element that could
specifically bind with L-MC-LR. Multi-walled carbon nanotubes
(MWCNTs) have been significant for constructing electrochemical
sensors, because of its diversified surface chemistry, superior
electrical activity and miniaturization for in-situ detection [24–
26]. Modification of the electrode with –COOH functionalized
MWCNT (MWCNT-COOH) can not only increase the specific sur-
face area of the electrode, but also facilitate the immobilization
of MlrB via functional groups on MWCNT-COOH. The electro-
chemical properties of the electrode surface will be changed after
the binding of MlrB with L-MC-LR, thus it can be used to con-
struct the electrochemical biosensor. Square Wave Voltammetry
(SWV) was applied as the signal output mode for effectively
reducing the background current and improving detection effi-
ciency. The detection performance of this electrochemical biosen-
sor has been evaluated, and it was also tested in the real water
samples.
2. Experimental section

2.1. Chemicals and reagents

MWCNT (>95%, 30 � 50 nm in diameter, 10 � 30 lm in length)
was purchased from XFNANO Materials Tech Co., Ltd. (Nanjing,
China). Bovine serum albumin (BSA, AR), chitosan (CS, 99%, AR)
were purchased from J&K Scientific Ltd. (Beijing, China). 1-
pyrenebutanoic acid N-hydroxysuccinimide ester (PBASE, AR)
was purchased from Sigma-Aldrich (USA). Potassium ferricyanide
(K3Fe(CN)6, � 99.5%, AR), potassium ferrocyanide trihydrate trihy-
drate (K4Fe(CN)6�3H2O, � 99.5%, AR), potassium chloride (KCl, �
99.5%, AR) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). The MlrA and MlrB enzymes were
obtained by recombinant E. coli overexpressing the mlrA and mlrB
genes of Sphingopyxis sp. YF1, and purified by glutathione S-
transferase-Accept nickel column as previous reported [22]. All
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aqueous solutions were prepared with ultrapure water with a
resistivity of 18.2 MX�cm.
2.2. Apparatus

All electrochemical measurements were performed using a CHI
660E electrochemical workstation (Shanghai Chenhua Instrument
Co., Ltd, China), with glass carbon electrodes (GCE, 3 mm) as work-
ing electrode, platinum wire as count electrode, and Hg/HgCl2 as
the reference electrode. All the electrochemical measurements
were performed in air at room temperature and atmosphere pres-
sure. Scanning electron microscopy (SEM) images were captured
by Hitachi S4800 operated at 20 kV. Transmission electron micro-
scopy (TEM) was carried out by using JEM-2100Plus instrument at
an acceleration voltage of 200 kV. The X-ray photoelectron spec-
troscopy (XPS) measurements were conducted on ESCALAB 250Xi
to investigate the chemical composition and valence states of ele-
ment. Raman spectrum was performed with a 532 nm excitation
laser and a 100� objective (WITec, Germany). Fourier transform
infrared spectrum (FT-IR) was obtained from an IRSpirit spectrom-
eter (Shimadzu, Japan).
2.3. Synthesis of MWCNT-COOH

The MWCNT-COOH was prepared[13] (Scheme 1A). 20 mg of
MWCNT was mixed with 20 mL of mixture (HNO3:H2SO4 = 1: 3).
After evenly stirred, the mixture was ultrasonically treated at 80
℃ for 4 h. After centrifuging (10,000 rpm, 5 min) and washing until
pH was neutral, the product was vacuum dried at 80 ℃ for 12 h.
After that, the MWCNT-COOH was re-dispersed in 0.25% CS to pre-
pare the solution with a series of concentration. Finally, the as-
prepared MWCNT-COOH was stored at room temperature for fur-
ther use.
2.4. Construction of the biosensor

The construction of the biosensor was demonstrated
(Scheme 1B). Before using the GCE was polished with 1.0 mm and
0.05 mm alumina slurry in turn to obtain a mirror-like surface. After
washing and drying, 5 mL of as-prepared MWCNT-COOH suspen-
sion was dropped on the cleaned bare GCE and air-dried at room
temperature to form a film. 7 lL of PBASE was dropped on the sur-
face of the electrode and incubated at room temperature for 1 h.
Then 7 mL of MlrB was immobilized onto the electrode at 4 ℃ over-
night. Unbound MlrB was removed with PBS. 10 mL of 0.5% BSA was
added and incubated for 1 h at 4 ℃ to block the non-specific
adsorption. After that, the sensor electrode was washed with PBS
thoroughly. The counterpart electrode without MlrB modification
was prepared with the same method as control.
2.5. Electrochemical measurement of L-MC-LR by the biosensor

The prepared BSA/MlrB/MWCNT-COOH/GCE electrode was
incubated with 5 lL of L-MC-LR solution with different concen-
trations (1 pg/mL to 100 ng/mL) for 30 min at room tempera-
ture, then the modified electrode was washed thoroughly with
PBS to wash off the nonspecific adsorption. Cyclic voltammetry
(CV), SWV, and electrochemical impedance spectroscopy (EIS)
were performed in 2.5 mM [Fe(CN)6]3�/4� solution containing
0.1 M KCl. CV and SWV have been obtained at �0.1 to 0.5 V.
The frequency range was between 1 Hz and 100,000 Hz, with
a signal amplitude of 5 mV for EIS. The reference electrode
was saturated calomel electrode (0.241 V) throughout the
measurement.



Scheme 1. The electrochemical biosensor. (A) The modification of MWCNT. (B) The fabrication and working of electrochemical biosensor.
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3. Results and discussions

3.1. Characterization of the MWCNTs

The MWCNTs turned to be hydrophilic after oxidation. After
standing for two weeks, the MWCNTs before oxidation were
deposited at the bottom, while the MWCNTs after oxidation were
uniformly dispersed in the aqueous solution (Fig. 1A). The
MWCNT-COOH was characterized with SEM and TEM (Fig. 1B
and C). The surface of MWCNT-COOH was smooth without the
trace of fracture, suggesting that the morphological structure of
carbon tubes was not damaged during functionalization. The
MWCNT-COOHmodified with enzymeMlrB was also characterized
with SEM (Fig. S1). The characteristic peaks of MWCNT-COOHwere
observed in the FT-IR spectra, including C-O stretching, C@O
stretching and O-H stretching peaks (Fig. S2). All these peaks prove
the existence of MWCNT-COOH.

The Raman spectra of MWCNT and MWCNT-COOH were pre-
sented (Fig. 1D). Two distinct peaks at 1340 cm�1 and 1568 cm�1

referred to the D and G bands of the MWCNTs. The D band corre-
sponded to the disordered structure of the tube wall. The G band
indicated the graphitic nature of the carbon nanotubes, resulted
from the stretching bond of sp2 carbon atoms from both ring and
chain types. After functionalization, the intensity ratio of D band
and G band (ID/IG) was changed from 0.45 to 0.94, proving the suc-
cessful modification of the MWCNTs. Higher ID/IG suggested more
defects. After acidifying, two characteristic peaks of carbon tubes
were shifted to 1348 cm�1 and 1579 cm�1. Meanwhile, the D band
appeared as a shoulder to the G band at 1616 cm�1. All these
changes can be attributed to the formation of oxygen-containing
functional groups on the surface of MWCNT-COOH.

The XPS survey spectra (Fig. 1E) confirmed the presence of C
and O elements on MWCNT-COOH. In the deconvolution of C1s
(Fig. 1F), the characteristic peak at 284.7 eV was belong to C@C/
3

C-C as the carbon skeleton of MWCNT-COOH. Besides, the charac-
teristic peaks observed at 285.5 eV, 286.6 eV, and 288.9 eV were
attributable to C-OH, C@O, and COOH, respectively, indicating the
generation of hydroxyl and carboxyl groups on the surface of
MWCNTs. As for the deconvolution of O1s (Fig. 1G), the peaks at
531.9 eV, 533.5 eV, and 536.2 eV were representative of typical
C@O, C-O, and O@C-O groups. The results of C1s and O1s in XPS
were consistent with those of in FT-IR spectra, verifying the suc-
cessful oxidation of MWCNTs.

3.2. Electrochemical characterization of the biosensor

The biosensor was assembled layer by layer and the change of
electrochemical signal was recorded with CV (Fig. 2A) and EIS
(Fig. 2B). The bare GCE show a pair of symmetric redox peaks, indi-
cating smooth and clean electrode surface. After acidifying, the
redox current of MWCNT-COOH was dramatically increased. This
might be attributed to the good conductivity of MWCNT-COOH,
which improved the electron transfer rate of [Fe(CN)6]3�/4�. After
modification with MlrB, the current was remarkably decreased.
This was resulted from the poor conductivity of MlrB as biomacro-
molecule, as well as the steric hindrance, both of which prevented
the transfer of [Fe(CN)6]3�/4� to the electrode surface and reduced
the rate of electron transfer. The current was further reduced after
blocking with BSA. The redox current was increased after adding a
certain amount of L-MC-LR solution. In this process, the configura-
tion of MlrB was changed to degrade L-MC-LR specifically. Thus,
the charge on the surface of the electrode was also varied, which
affected the electron transfer rate of [Fe(CN)6]3�/4�.

EIS is a technique to study the relation between alternating cur-
rent impedance and frequency of electrochemical systems under
the constant current polarization and equilibrium potential. The
impedance spectrum consisted of a semicircle part in the high-
frequency region determined by the charge transfer process, and



Fig. 1. (A) MWCNT solution before and after oxidation and leaving for 2 weeks. (B) SEM and (C) TEM images of MWCNT-COOH. (D) Raman spectra of MWCNT and MWCNT-
COOH. (E) XPS survey spectra of MWCNT-COOH. (F) The deconvolution of C 1s and (G) O 1s.

Fig. 2. (A) CV and (B) EIS for bare GCE, MWCNT-COOH/GCE, MlrB/MWCNT-COOH/GCE, BSA/MlrB/MWCNT-COOH/GCE, and L-MC-LR/BSA/MlrB/MWCNT-COOH/GCE obtained
in 2.5 mM [Fe(CN)6]3�/4� solution at open circuit potential. Note: Rs, Cdl represent the solution ohmic resistance and double-layer capacitance between the reference electrode
and the working electrode, respectively. Rct indicates electron-transfer resistance of the [Fe(CN)6]3�/4� at the interface of the electrode. Zw is the diffusional impedance from
the electrolyte to the electrode surface.
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a straight part in the low-frequency region controlled by the diffu-
sion process (Fig. 2B). The impedance value of each modification
stage was calculated by fitting the data through the equivalent cir-
cuit diagram (internal illustration in Fig. 2B). The electron-transfer
resistance of the [Fe(CN)6]3�/4� at the interface of the electrode
was indicated by Rct, which was 19.43, 8.52, 74.50, 90.06, and
83.00 X for GCE, MWCNT-COOH/GCE, MlrB/MWCNT-COOH/GCE,
BSA/MlrB/MWCNT-COOH/GCE, and L-MC-LR/BSA/MlrB/MWCNT-
COOH/GCE (Fig. 2B). It was worth noting that the variation trend
of EIS was consistent with the variation of the CV spectra. Due to
the good electrical properties of MWCNT, Rct was the smallest in
the MWCNT-COOH/GCE electrode. The CV and EIS results con-
firmed the good performance of electrochemical biosensor. To
prove that the signal was resulted from the specific interaction
between MlrB and L-MC-LR, control experiments were performed.
No significant signal change can be observed on the counterpart
electrode without coating MlrB (Fig. S3).

The relationship between the sweep rate and the peak current
was obtained by CV scanning on the same electrode. The sweep
rate was changed from 40 mV/s to 200 mV/s in 2.5 mM [Fe(CN)6]3-
�/4� solution containing 0.1 M KCl (Fig. 3). It can be clearly seen
that the peak currents of both anode and cathode were increased
with the accelerated sweep speed. As shown in inset of Fig. 3,
the relationship between the redox peak currents and the square
root of scan rates was linear, indicating that the electrochemical
process of the redox molecules on the biosensor was diffusion-
dependent.
Fig. 3. CV spectra of the electrochemical biosensor with different scan rates
(40 mV/s � 200 mV/s), which are performed in 2.5 mM [Fe(CN)6]3�/4� solution
containing 0.1 M KCl. Inset: the linear fitting of redox peak currents and the square
root of scan rates.

Fig. 4. Optimization of the detection conditions. The peak current change rate with incre
(C).
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3.3. Optimization of the detection conditions

The performance of biosensors can be affected by several fac-
tors, such as the concentration of MWCNT-COOH, the concentra-
tion of MlrB, incubation time of L-MC-LR, and pH value of buffer.
The effects of MWCNT-COOH concentration on CV peak current
were presented (Fig. S4). The peak current represented the reaction
rate of [Fe(CN)6]3�/4� on the electron surface. When the MWCNT-
COOH concentration was increased from 1 to 3 mg/mL, the peak
current was rapidly increased. It was not significantly increased
when the concentration was further increased from 3 to 5 mg/
mL. The 3 mg/mL was thus determined as the optimal MWCNT-
COOH concentration in terms of electron conductivity and system
reversibility.

The number of recognition receptors immobilized on the elec-
trode also affected the sensitivity of sensor. The effects of MlrB
concentration on peak current change rate (DI/I0: DI = I0–I, I0: cur-
rent before MlrB modification, I: current after MlrB modification)
were shown (Fig. 4A). The DI/I0 aggrandized sharply when MlrB
concentration was increased from 0 to 300 mg/mL. It was resulted
from the negative charge and steric hindrance of MlrB, thus limit-
ing the electron transfer of [Fe(CN)6]3�/4� on the electrode surface.
The DI/I0 was not significantly changed when the MlrB concentra-
tion was further increased because of the saturation and equilib-
rium. Hence, 300 mg/mL was chose as optimal MlrB concentration.

The influence of incubation time of L-MC-LR on the detection
performance of BSA/MlrB/MWCNT-COOH/GCE was further investi-
gated (Fig. 4B). The electrochemical signal was obviously increased
when the incubation time was increased from 10 to 30 min, then it
remained with prolonged incubation time. The reaction may
achieve an equilibrium. Thus, the incubation time of L-MC-LR
was set as 30 min.

The pH value of buffer had a significant effect on the detection
performance of electrochemical biosensors. The pH value affected
not only the modification efficiency of MlrB on electrodes but also
its further catalytic activity. The relationship of SWV peak current
change (DI) and the pH value (6.0 to 8.5) was investigated (Fig. 4C),
with the concentration of L-MC-LR fixed at 1 ng/mL. The DI was
increased sharply with the increase of pH value, reached the max-
imum value at pH = 7.4, and then diminished slightly with further
increased pH value. The pH value of 7.4 was applied as the optimal
pH value of buffer.

3.4. Electrochemical detection of L-MC-LR

The performance of electrochemical detection of L-MC-LR was
evaluated under the optimum conditions. Different concentra-
tions of L-MC-LR (1 pg/mL–100 ng/mL) were added on the devel-
oped electrochemical biosensors for recording the SWV response
(Fig. 5A). The peak current was enhanced successively with the
ased concentration of MlrB (A), L-MC-LR incubation time (B) and pH value of buffer



Fig. 5. Electrochemical detection of L-MC-LR. (A) SWV response of electrochemical biosensor towards different concentrations of L-MC-LR (1 pg/mL � 100 ng/mL). (B) Linear
fitting plot between the current and the logarithmic concentration of L-MC-LR. The equation relating to the curve is I (mA) = 159.3 + 8.01 log[C(pg/mL)] (R2 = 0.980).
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increased L-MC-LR concentration. There was a good linearity
between the current and the logarithm of L-MC-LR concentration
(ranged from 1 pg/mL to 100 ng/mL), with R2 of 0.980 (Fig. 5B).
The correlation equation was fitted as: I (mA) = 159.3 + 8.01 log
[C(pg/mL)], and the detection limit was calculated as 0.127 pg/
mL (S/N = 3). There was no report on the content of L-MC-LR
in drinking water, considering the known maximum acceptable
concentration of MC-LR in water was 1 lg/L, this biosensor
was promising in meeting the requirements of L-MC-LR
detection.

The detection of MCs has triggered extensive research, as shown
in Table 1. Depending on the biological receptors, different types of
biosensors have been studied extensively, but there are still some
limitations. At present, there are still few detection methods for
L-MC-LR, so our method provides a new strategy.
Table 1
Detection of MCs using various types of biosensors.

Bioreceptor Lower limit (mg/L)

MC-LR antigen 0.0025
MC-LR Abs 0.050
MC-LR aptamer 0.010
MIP of MCs 1.0
enzyme MlrB of L-MC-LR 1.0 � 10�3

Abbreviations: Ab, antibody; LOD, limit of detection (the minimal amount of toxin who

Fig. 6. (A) Selectivity of the electrochemical biosensor to L-MC-LR (1 ng/mL) compared w
(B) Reproducibility of the electrochemical biosensor was examined by detecting L-MC-LR
of the electrochemical biosensor was examined by detecting L-MC-LR (1 ng/mL) with d
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3.5. Selectivity, reproducibility, and stability of the biosensor

The selectivity of the constructed electrochemical biosensor for
L-MC-LR was evaluated by incubating the biosensor with some
potential interferents, including PBS (1 � ), Ca2+ (10 pM), Cu2+

(10 pM), MC-LR (10 ng/mL), and microcystin-RR (MC-RR, 10 ng/
mL). As displayed in Fig. 6A, only L-MC-LR (1 ng/mL) caused a sig-
nificant current response, while no other interferents induced
obvious signal changes. These results demonstrated that the pre-
pared biosensors presented good selectivity to L-MC-LR detection.

The repeatability of the biosensor was further investigated. Five
independent electrodes were used to detect L-MC-LR (1 ng/mL)
under optimal conditions. By comparing SWV peak currents of
every electrode, the obtained relative standard deviation (RSD)
was 1.40%, suggesting a good repeatability (Fig. 6B).
Upper limit (mg/L) LOD (mg/L) Reference

5.0 0.0016 [27]
20 0.050 [28]
50 0.0020 [29]
1.0 � 103 0.0093 [19]
1.0 � 102 1.3 � 10�4

se presence or absence can be detected).

ith PBS (1�), Ca2+ (10 pM), Cu2+ (10 pM), MC-LR (10 ng/mL), and MC-RR (10 ng/mL).
(1 ng/mL) with five independent biosensors under the same conditions. (C) Stability
ifferent storage time (0–21 days).
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The stability of the biosensor was studied by comparing the
SWV peak currents before and after storing at 4 ℃ for 21 days.
The enzyme activity remained 93.9% and 89.8% after 14 and
21 days, indicating the good stability of the biosensor (Fig. 6C).

3.6. Application to L-MC-LR analysis in real water samples

The feasibility of applying the prepared biosensor for L-MC-LR
detection was verified in real water samples. Then, the standard
addition method was applied. The real water samples were lake
water and tap water collected in Hunan University. Based on the
above experiment, the sensitivity of the biosensor was evaluated
in real water samples. In lake water samples, there was a good
linearity between the current and the logarithm of L-MC-LR con-
centration. The equation relating to the curve is I (mA) = 333.5
9 + 2.53 log[C(pg/mL)] (R2 = 0.969), and the detection limit
was calculated as 2.11 pg/mL (S/N = 3) (Fig. S5). The concentra-
tions 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 (Table S1). The low
recovery rate in tap water may be due to the effects of chlorine
in tap water on L-MC-LR, which affected the specific recognition
of MlrB towards L-MC-LR. The detection results indicated that
the developed biosensor was feasible to monitor L-MC-LR in real
water.
4. Conclusion

In this work, a label-free electrochemical sensor based on
degrading enzyme MlrB was successfully constructed to detect
L-MC-LR. MlrB has been applied as a recognition element in the
electrochemical sensor for the first time. Furthermore, the func-
tionalized MWCNT was applied as substrate for loading MlrB.
SWV was involved as a detection method for improving the
detection sensitivity and saving the detection time. Under opti-
mal conditions, the enzyme-based electrochemical sensor exhib-
ited a wide dynamic range for the L-MC-LR detection. The
proposed method exhibited good specificity, stability, and repro-
ducibility, with acceptable recovery rate in real water samples.
This label-free electrochemical sensor provides a new strategy
for the detection of harmful cyanotoxins in water, which is of
great significance for environmental monitoring and degradation
mechanism study.
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