www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Rapid microcystin-LR detection
using antibody-based
electrochemical biosensors with
a simplified calibration curve
approach
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Woo Hyoung Lee'™

Harmful algal blooms (HABs) can release cyanotoxins such as microcystins (MCs), especially,
microcystin-leucine-arginine (MC-LR) which is one of the commonest and most toxic, into our water
bodies and can lead to several acute or chronic diseases such as liver diseases and respiratory irritation
in humans. There is an increasing need for rapid and simple detection of MC-LR in water bodies for
early warning of HABs. In this study, we developed an innovative on-site screening electrochemical
impedance spectroscopy (EIS) biosensor with a simplified calibration curve that can rapidly detect
blooms for early action in similar water bodies. The novel aspect of this research is that various
chemical cleaning procedures and surface modifications were evaluated to improve the antibody-
embedded electrochemical sensor performance. In addition, a simplified calibration curve was
constructed from different water samples to reduce the need for frequent recalibration in practical
applications. In this study, two distinct commercially available screen-printed carbon electrodes
(SPCEs) were modified as a cost-effective substrate for MC-LR biosensing with anti-MC-LR/MC-LR/
cysteamine-coating. The study showed that an appropriate cleaning procedure might minimize the
sensor performance difference after each electrode modification. The biosensor showed excellent
sensitivity toward MC-LR detection in lake water samples with a limit of detection (LOD) of 0.34 ngL™™.
The simplified calibration curve was developed and used to predict unknown MC-LR concentrations
in several lake water samples with a relative standard deviation (RSD) of 1.0-4.4% and a recovery of
75-112%, indicating the suitability of the developed biosensor and a streamlined calibration curve
for rapid MC-LR measurements for different water bodies with similar water quality. This approach
can therefore reduce the need for frequent calibration efforts and can be employed as the first line of
testing for MC-LR in drinking and recreational water sources, especially in emergencies.

Keywords Antibody, Biosensor, Cyanotoxins, Harmful algal blooms (HABs), Microcystin-LR, Simplified
calibration curve

The increasing rate of pollution of water sources for drinking as well as for recreation can lead to the escalation of
disease-causing organisms such as harmful algal blooms (HABs) in these water bodies which impacts negatively
the water quality'. HABs thrive in water bodies with excessive nutrients such as nitrogen and phosphorus that
are introduced into the water from diverse sources like agricultural runoff, sewage, or industrial discharges.
HABs have been a significant concern to public health and the environment as they produce harmful algal/
cyanobacteria toxins in surface waters. Microcystins (MCs) also known as hepatotoxins are the prevalent
cyanotoxins linked to HABs and human contact with these MCs can cause acute or chronic diseases?. MCs are
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found to target the liver potentially causing liver diseases or even contributing to colon cancer®?. Furthermore,
some studies have identified kidney and reproductive defects after exposure to the toxin and that exposure to
the cyanobacteria cell itself can also lead to gastrointestinal (GI) inflammation as well as dermatologic, eye/ear,
and respiratory irritation>~”.

There are over 300 known MCs® with microcystin-leucine-arginine (MC-LR) being the most toxic and
commonest species, having a tolerable daily intake (TDI) of 0.04 pg kg™! body weight per day® with a guideline
value of 1 pg L™! for MC-LR in drinking water set by the World Health Organization (WHO), and a limit of
8 pg L7 recommended by the United States (U.S.) Environmental Protection Agency (EPA) for recreational
purposes!'®. Many surface water sources experience HABs of cyanobacteria (CyanoHABs) and this can
potentially affect people who depend on these sources either for recreation or as drinking water sources. There
is therefore the need to monitor these HABs in advance for public health safety. There are several monitoring
systems for cyanoHABs including the use of hyperspectral image (HSI) sensors'!, and satellite image-based
tools!2. However, these imaging tools may not be effective as cyanobacteria and toxins can occur at unsafe levels
even without a visual bloom. There are also conventional methods such as enzyme-linked immunosorbent assay
(ELISA, EPA method 546)%3, liquid chromatography/tandem mass spectrometry (LC/MS/MS, EPA method
544)', and high-performance liquid chromatography (HPLC, EPA method 8315A)'°. Although these methods
are accurate and have good detection limits, they are time-consuming and require expensive equipment and
highly skilled personnel.

Biosensors have been used to detect trace amounts of various emerging contaminants such as viruses',
pharmaceuticals, antibiotics!’, and infectious diseases!®. Bioelectrochemical sensors among the different types
of biosensors provide a simple and cost-effective option for MC-LR detection where the sensing mechanism
depends mainly on the affinity between the antibody and MC-LR molecules. There are commercially available
screen-printed electrodes (SPEs) that offer a ready-to-use option with modification of the working electrode
(WE) for MC-LR detection. The use of these SPEs with carbon electrodes, gold or glass carbon electrodes
(GCE)"?has resulted in a reduction in the volumes of samples used and hence the cost of conducting
experiments?>?3,

The effectiveness of SPEs in analysis can frequently be influenced by factors such as the type, dimensions,
and charge of the electrode?*. Cleaning of SPEs holds significance in improving electrode signal and increasing
active surface area”. Hence, various pretreatments of the SPEs are employed during and post-production
to eliminate impurities from the electrode surface?. Studies have shown that pretreatment methods such as
mechanical polishing?’, potassium hydroxide (KOH) potential sweeping®®, chemical cleaning using acids and
alcohols (acetone and ethanol)?, as well as using H,O, solution with multiple cyclic voltammetry*’at low sweep
speed? can cause surface modification that can improve sensor sensitivity?’~%°. Ultrasonication using ethanol or
acetone has also been used as a cleaning method for biosensor fabrication??°.

The main objective of this study was to develop an antibody-based electrochemical biosensor using a screen-
printed carbon electrode (SPCE) for rapid MC-LR detection in real water samples (Fig. 1). The monoclonal
antibody such as MC10E7, was used as a bioreceptor for the fabrication of the biosensor due to its high sensitivity
and selectivity?>>!. This study introduces several novel aspects. First, various chemical cleaning procedures and
surface modifications were evaluated to improve the antibody-embedded electrochemical sensor performance.
The study tested two different commercially available SPCEs as a cost-effective substrate: Type 2 (2 mm in
diameter of WE) and Type 4 (4 mm in diameter of WE) to demonstrate the applicability of the process to
different SPCEs. Then, the surface functionalization processes of the biosensors were investigated using CV and
electrochemical impedance spectroscopy (EIS). Compared to other immunosensors (e.g., Au-based substrate),
the use of commercially available SPCEs provides a cost-effective and scalable substrate, making the biosensor
suitable for practical applications such as an early warning monitoring tool for harmful algal bloom (HAB)
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Fig. 1. Surface functionalization of the MC-LR biosensor surface and mechanism for the SPCE coated with
MC-LR molecules.
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events, addressing a critical need in water quality management. In addition, this study explored molybdenum
disulfide (MoS,) as a new substrate for the modification of the cysteamine self-assembled monolayer (SAM) to
improve the sensor sensitivity. Finally, the simplified calibration curve provides an innovative approach for MC-
LR detection in different water sources to reduce the need for frequent recalibration in practical applications.
The MC-LR concentrations were cross-validated using the ELISA kit method to determine the reliability and
acceptability of the fabricated biosensor. The innovations in this work demonstrate a comprehensive approach
to advancing biosensor technology for MC-LR detection.

Results and discussion
Electrochemical characterization of the electrode cleaning process. CV was used to investigate the effectiveness
of the electrode cleaning process by the CV analysis before and after the cleaning process using either acetone
or ethanol. The ultrasonication process was conducted for 5 min and 90 min after which the electrodes were
rinsed with isopropanol and Milli-Q water and then dried with N, before CV measurements were conducted.
The CV results of the different electrode types and cleaning methods are shown in Fig. 2 for the SPCE Type 2
electrode and Fig. 3for the SPCE Type 4 electrode, respectively. The effect of cleaning on SPCEs was evidenced
by the redox peak currents (uA) and the difference in the redox peak values (ApuA)* 232 Generally, the redox
peak current values for the SPCE Type 4 were higher than the Type 2 and this could be attributed to the larger
surface area of the working electrode. As shown in Fig. 2, cleaning with acetone for 90 min produced the best
surface modification effect for the SPCE Type 2, resulting in the highest peak (18.95 uA) with maximum current
differences (ApA:18.37 pA) (Table S1). Cleaning of the SPCE Type 4 with the same condition also showed the
highest peak (226.02 pA) and maximum current differences (ApA: 130.45 pA) (Table S1). While cleaning with
ethanol for 90 min for the SPCE Type 4 also produced a good surface modification effect with a significant
peak current difference of 50.94 uA (Fig. 3(b)), cleaning with the same condition for the SPCE Type 2 showed
no significant difference in peak current value for 90 min (ApA: 0.27 pA) (Fig. 2(b)) and 5 min (ApA: 1.43 pA)
(Fig. 2(d)), respectively. The bare SPCE Type 2 before cleaning with acetone for 5 min seemed to have a clean
surface with a high peak current (20.90 pA) but a reduction in the peak current (ApuA: —0.68 pA) after cleaning
showed that the cleaning could not improve the SPCE (Fig. 2(c)). The characterization of CV curves showed that
the bare SPCE may have inconsistent initial electrochemical properties and thus there is a need for the cleaning
process for commercial SPCE before the surface modification. This cleaning procedure may minimize the sensor
performance difference after each electrode modification, especially for a disposable MC-LR biosensor in this
study. Overall, the cleaning of the SPCEs with acetone or ethanol for 90 min was further investigated with
electrochemical characterization of the functionalized electrode.

Electrochemical characterization of the fabricated biosensor. After cleaning the SPCEs with acetone or
ethanol for 90 min, the electrode surfaces were functionalized for detecting MC-LR and electrochemically
characterized with the CV curves at each stage of the biosensor fabrication process using the redox probe solution
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Fig. 2. The effect of cleaning on SPCE Type 2 (a) acetone for 90 min, (b) ethanol for 90 min, (c) acetone for
5 min, and (d) ethanol for 5 min. The redox probe solution (50 ml) of 5 mM [Fe(CN),]** in 10 mM PBS was

used.
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Fig. 3. The effect of cleaning on SPCE Type 4. (a) acetone for 90 min, (b) ethanol for 90 min, (c) acetone for
5 min, and (d) ethanol for 5 min. The redox probe solution (50 ml) of 5 mM [Fe(CN) 6]3’/4’ in 10 mM PBS was
used.

of 5mM [Fe(CN)6]3'/4' in 10 mM PBS (Fig. 4). The cleaned bare SPCEs showed the lowest redox peak values due
to the hindrance of electron transport because of the absence of the SAM layer on the WE. The highest redox
peak currents of the CV curves were observed with the cysteamine SAM layer on SPCE when the cysteamine
was coated on the carbon working electrode. The SPCE Type 2 with the SAM layer recorded oxidation peak
values of 27.59 pA with acetone cleaning and 40.67 pA with ethanol cleaning, respectively, while the SPCE Type
4 recorded the highest peak values of 248.89 pA with acetone cleaning and 130.45 pA with ethanol cleaning,
respectively (Fig. 4). The SPCE Type 4 showed higher current peaks compared to the SPCE Type 2 due to larger
surface areas of the WE.

During the electrode surface modification, the formation of the cysteamine SAM on the electrode surface
resulted in an increase in the peak current during CV, indicating improved electrochemical properties of the
SPCE. Cysteamine enhances electron transfer by providing a conductive interface between the electrolyte
(5 mM [Fe(CN),]*/*in 10 mM PBS) and the electrode. It was proposed that the protonation of the amine
group in the cysteamine SAM increases the electrostatic attraction between positively charged amine groups
of the cysteamine SAM and the negatively charged redox probe solution, leading to enhanced current flow™.
However, Shervedani et al. (2007) indicated that protonation occurs predominantly in acidic conditions (pH 3),
enhancing electron transfer, while the amine group of cysteamine remains neutral in alkaline conditions (pH
8), reducing current flow?. Our results showed the highest peak current at pH 7.3, suggesting that protonation
may not occur. Instead, the neutral cysteamine SAM layer likely provides a more stable surface for electron
transfer®! compared to bare carbon, reducing electron transfer resistance and improving interaction with the
redox probe solution. Upon immobilization of MC-LR on the SAM-coated electrode, a decrease in peak current
was observed due to high electron transfer resistance.

There was a slight decrease in peak current values for the SPCE Type 2 after embedding MC-LR in the
WE, resulting in 23.73 pA with acetone cleaning and 37.68 pA with ethanol cleaning (Fig. 4 (a) and (b)). The
SPCE Type 4 also recorded 104.56 pA with acetone cleaning (Fig. 4(c)). For our study, the absorption of the
microcystin onto the carbon was facilitated by the cysteamine SAM layer, providing stability and increased
anchoring sites for the MC-LR molecules compared to the bare SPCE. When the microcystins are absorbed on
the carbon electrode, they can interact with the redox probe solution due to their carboxylic functional group
affecting the electron transfer environment. At pH 7.3, the MC-LR could be negatively charged?® and this could
lead to repulsion between the MC-LR and the negatively charged redox probe solution, leading to increased
electron transfer resistance and hence reduction in the peak current observed. A slight increase in the peak
current of the SPCE Type 4 with ethanol cleaning after MC-LR immobilization indicates that ethanol cleaning
may not be a good option for electrode cleaning. Overall, the bare SPCEs produced the lowest redox peak values,
whilst the addition of the cysteamine SAM layer produced the highest redox peak values with the MC-LR/
Cysteamine/SPCE layer producing intermediate peak values which is similar to other studies?>3¢%.
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Fig. 4. Cyclic voltammogram during the surface functionalization process of the MC-LR biosensor. (a) SPCE
Type 2 with acetone cleaning for 90 min, (b) SPCE Type 2 with ethanol cleaning for 90 min, (c) SPCE Type

4 with acetone cleaning for 90 min, and (d) SPCE Type 4 with ethanol cleaning for 90 min. The redox probe
solution (50 ml) of 5 mM [Fe(CN),]*/* in 10 mM PBS was used.

EIS was also conducted to evaluate the surface functionalization process of the biosensors and the Nyquist
plots were fitted with equivalent circuit models using the redox probe solution of 5 mM [Fe(CN)6]3"4' in
10 mM PBS (Fig. 5). EIS operation parameters include 0.5 mV and 0.25 V for the DC (direct current) and AC
(alternating current), respectively, and a frequency range of 0.01 Hz - 100 kHz. The cleaned bare SPCEs showed
the highest peak values in all cases indicating the highest barrier to electron transfer??. The bare SPCE Type 2
showed peak values of 1.22 kQ) for acetone cleaning and 0.23 kQ for ethanol cleaning (Fig. 5(a) and (b)). The
bare SPCE Type 4 showed peak values of 0.30 k2 and 2.45 k) after acetone and ethanol cleaning, respectively.
As shown in Fig. 5, the cysteamine SAM layer demonstrated the lowest peak resistance, consistent with its stable
and conductive properties, which facilitate higher current flow compared to bare SPCE. These findings highlight
the critical role of the cysteamine SAM layer in improving electrochemical performance and enabling effective
biosensor functionalization. Similar to the CV results, the MC-LR/Cysteamine/SPCE layer showed intermediate
peak values for the SPCE types and the cleaning methods which are similar to other studies?>3%%”.

Opverall, the CV and EIS results show that both SPCE Type 2 and Type 4 after the acetone or ethanol cleaning
produced well-functionalized immunosensors that can be used for MC-LR detection. This means that once the
commercial bare SPCEs were pre-treated with physicochemical cleaning, the electrodes could be functionalized
for the preparation of biosensors.

Calibration curves for MC-LR detection using fabricated biosensors. After the functionalization of the
electrode surface with MC-LR and cysteamine, EIS measurements were carried out to characterize the binding
between immobilized MC-LR and the anti-MC-LR monoclonal antibody on the biosensor surface. The EIS
detection mechanism for MC-LR utilized an inhibitory immunoassay where the interaction between antibodies
and MC-LR immobilized on the electrode surface was hindered by the MC-LR in the sample. For the sensor
calibration, the sample containing MC-LR, at varying known concentrations, was then mixed with the MC-
LR antibody and PBS for 30 min to allow interaction before being deposited onto the sensor. This mixture of
MC-LR, anti-MC-LR, and PBS leads to interaction between the MC-LR in the sample and the anti-MC-LR
before deposition on the sensor, which already has MC-LR deposited on it. The pre-interaction between MC-
LR and anti-MC-LR in the mixture reduces the amount of anti-MC-LR available to interact with the MC-LR
on the sensor. Only the excess anti-MC-LR, after the initial interaction, can bind to the MC-LR on the sensor,
and this interaction is measured by electrochemical impedance spectroscopy (EIS). This explains why lower
concentrations of MC-LR in the sample result in higher peaks on the Nyquist plot. With fewer MC-LR molecules
in the sample, more anti-MC-LR antibodies remain available to interact with the MC-LR already deposited on
the sensor, leading to more binding reactions with MC-LR on the sensor.

Using SPCE Type 2 and 4 sensors, EIS measurements were taken for varying concentrations of MC-LR from
107-10* g L~! to construct a calibration curve, and the resulting Nyquist plots are presented in Fig. 6. The
Nyquist plots showed that higher MC-LR concentrations caused a decrease in the electron transfer impedance
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Fig. 5. Nyquist plots for the surface functionalization process of the MC-LR biosensor. (a) SPCE Type 2 with
acetone cleaning for 90 min, (b) SPCE Type 2 with ethanol cleaning for 90 min, (c) SPCE Type 4 with acetone
cleaning for 90 min, and (d) SPCE Type 4 with ethanol for 90 min. The redox probe solution (50 ml) of 5 mM

[Fe(CN),]** in 10 mM PBS was used.
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Fig. 6. Nyquist plots with different MC-LR concentrations. (a) SPCE Type 2 with acetone cleaning for 90 min,
(b) SPCE Type 2 with ethanol cleaning for 90 min, (c) SPCE Type 4 with acetone cleaning for 90 min, and (d)
SPCE Type 4 with ethanol for 90 min. The redox probe solution (50 ml) of 5 mM [Fe(CN) 6]3'/ 4 in 10 mM PBS

was used.
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(a) SPCE Type 2 - Calibration curves
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on the MC-LR biosensor (Fig. 6). Consequently, the peak values (Z eak) of the Nyquist plot relate to the
concentration of antibodies bound on the surface of the electrode, suggestlng that the relationship between
Zpeakand MC-LR concentrations can be determined by measuring standard serial dilutions of MC-LR mixed
with constant antibody concentration??. Nyquist plots of MC-LR biosensors with SPCE Type 2 and 4 SPCEs
without cleaning were also constructed for reference purposes (Fig. S2). The comparison of calibration curves
between with cleaning and without cleaning showed that cleaning with acetone or ethanol for 90 min produces
better calibration curves compared to SPCEs without cleaning (Fig. 7). The biosensors of SPCE Type 2 developed
with acetone cleaning for 90 min produced slightly higher slope of 0.236 with R? value of 0.97 compared to the
SPCE Type 4 with a slope of 0.198 with R? value of 0.98 (Fig. 7). The SPCE Type 2 after cleaning with ethanol
for 90 min also produced a higher slope of 0.365 with an R? value of 0.87 compared to the Type 4 with a slope of
0.138 with R? value of 0.99 (Fig. 7). For both SPCEs, cleaning with acetone for 90 min produced better sensitivity
(i.e., higher slope in the calibration curve) with Z , =-0.236 xlog ([MC-LR]) +1.741 with R2=0.97 for the
SPCEType2and Z _ =—0.198 xlog ([MC-LR]) + 1:318 with R2=0.98 for the SPCE Type 4, respectively, where
Z ok 18 the peak Vaﬁle observed on the Nyquist plot and [MC-LR] is the concentration of MC-LR (ng L™!). From
the cal1brat10n curves developed for both SPCE Type 2 and 4, the LOD was calculated as 1.07 ng L™ (Type 2)
and 1.12 (Type 4) ng L~! respectively.

Interestingly, SPCE Type 2 sensors showed a better sensitivity toward MC-LR and lower LOD than Type 4
sensors. This was not expected as increasing the size of the WE should lead to increased binding sites between
the MC-LR and anti-MC-LR resulting in higher sensitivity. This means that increasing the size of the working
electrode may not be a limiting factor for sensor sensitivity. Other factors such as the working volumes of the
various modification solutions should be optimized for the size of the WE to ensure optimized binding and
reaction. The smaller area of WE had quite a higher LOD probably due to maximized binding sites appropriate
for its size. Therefore, a proposed solution to increase sensor sensitivity for SPCEs with larger WE sizes could
be to increase the concentration of the anti-MC-LR as well as the working volumes of the reagents as this could
increase the interaction between the MC-LR and anti-MC-LR while reducing dead zones on the WE.

Modification of the WE surface with MoS, for MC-LR detection. To investigate the effect of different
substrates on the MC-LR detection, the SPCE Type 2 was coated with MoS, after acetone cleaning for 90 min.
MoS, has been found to have a large surface area and hence can increase the chances of binding to biomolecules.
Several studies on MC-LR biosensors used MoS,as a part of the surface modification process for sensor
development®?’. The MoS, functionalization of the SPCE followed a similar process in the previous sensor
development?®. Then the cysteamlne layer was added to form a Cysteamine SAM/MoS, layer on the WE. The
MoS, was prepared by mixing 2 mg of MoS, in 50 mL of isopropanol and mixing for 2 - 3 lat 70 °C, while covered
with paraﬁlm and aluminum foil, and 5 pg of the MoS solution was dropped on the WE and allowed to dry in
the air for about 5 min under normal room conditionsg&”. The coating of the WE with 5 ug MoS, solution was
repeated three times before 18 mM Cysteamine was then dropped on the WE to form Cysteamine SAM/MoS,
layer and with MC-LR and then the Anti-MC-LR. The resulting Anti-MC-LR/MC-LR/Cysteamine/MoS, /SPCE
biosensor was evaluated using EIS, and then a calibration curve was constructed which showed a linear response
to MC-LR with well-defined Nyquist plots (Fig. S3) in the range of 107 — 10~* gL~!. LOD was calculated to be
2.03 ng L™". The results demonstrated that the MoS, substrate provided an effective coating with cysteamine and
subsequent MC-LR immobilization. However, the modification with MoS, showed no significant improvement
in the sensor sensitivity, indicating that the cysteamine-only SAM layer plays an important role in the binding
ability to allow the antibody to bind with the MC-LR molecules, and this shows that the main responsive part of
the sensor is the antibody.

Application of the MC-LR biosensors in real water samples.The MC-LR biosensor developed using SPCE
Type 2 (cleaned using acetone for 90 min) was applied to lake water experiencing HAB obtained from South
Korea (Lake A)?2. The water sample was filtered using a 0.22 pm filter and the initial MC-LR concentration
was measured to be 0.43 pgL~'?2. Because the MC-LR concentration in the real sample was low to test the
biosensor, the water samples were spiked to known MC-LR concentrations of 107, 107, 107%, and 107 g L™! to
develop the calibration curve for the specific water sample. The MC-LR concentrations in the test samples were

(b) SPCE Type 4 - Calibration curves

1.2
y =-0.365x + 2.475 HAcetone/ %0 mins DOAcetone / 90 mins
R*=0.8713 ©OEthanol / 90 mins 1 oEthanol / 90 mins
ANo cleaning y=-0.198x + 1.318 §
a RY = 0.9835 ANo cleaning
v 0.8
y =-0.236x + 1.741 = y=-0.138x + 1.053
R*=0.9603 H R?=0.9981
N 0.6 +
= o
A y =-0.073x + 0.443 04 + y =-0.104x + 0.814 =
R* =0.6682 R?=0.9797
M
+ + + + 0.2 + a2 + + + + + +
1 2 3 4 5 6 1 15 2 25 3 35 4 45 5 55

log [MC-LR (ng/L)] log [MC-LR (ng/L)]

Fig. 7. Calibration curves for (a) SPCE Type 2 and (b) SPCE Type 4 between with cleaning and without
cleaning.
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Fig. 8. Calibration curve established for Lake A water (SPCE Type 2).

Measurement
Type SPE Surface Functionalization process Mode Working range | Water samples | LOD Ref
Screen Printed Gold | i N e LR/MC-LR/Cysteamine/Au EIS 0.1-330pg L' | Lake water 057ngL™! |4
Electrode
HRP*-anti-MC-LR/MC-LR-BSAY/ o o B
Glass Carbon Electrode cysteamine-glutaraldehyde/ AuNPs¢/GCE EIS 0.01-100 ug L Lake water 4ngL
Anti-MC-LR/MC-LR/Cysteamine/SPCE EIS 0.1-100pgL™! | Lake water 0.69ng L' |22
Lake water A o1
(SPCEType2) | O34msl™ |
Anti-MC-LR/MC-LR/Cysteamine/SPCE EIS 0.1-100pgL™! Stud
Lake water B&C4 3.64 ng L1 tudy
(SPCE Type 4) Ot ng

Table 1. Comparison of LOD of different biosensors for MC-LR detection. *HRP: horseradish peroxidase.
"BSA: bovine serum albumin. “AuNPs: gold nanoparticles. Using simplified calibration curves.

validated using the ELISA method (EPA method 546)'%. As shown in Fig. 8, the MC-LR biosensor showed
good sensitivity toward MC-LR detection with well-defined Z ek values with different MC-LR concentrations in
real water sources. The correlation of the biosensor was determined as Z ,  =—0.1805 X log ([MC-LR]) +1.913
with R2=0.99 and RSD of 1 - 16% (Fig. 8). The LOD of the biosensor for real water application (Lake A)
was determined as 0.34 ng L~! which was well below the WHO guideline value of 1 pg L! for drinking water
sources® and the recommended value of 8 pug L™!for recreational purposes set by the USEPA!?. The LOD of the
developed sensor was comparable to other studies for real water applications (Table 1).

After confirming the sensor performance with calibration curves, a certain amount of MC-LR stock solution
was spiked to the Lake A sample for testing the unknown MC-LR concentration in the lake water using the
biosensor. A pre-constructed calibration curve (Fig. 8) was used to determine the applicability of the sensor for
real water applications. The concentration of MC-LR in the unknown sample was determined as 32.2 (+4.1)
pg L1 using the developed biosensor and 35.4 (+2.2) pug L™! using the ELISA method. This showed that the
biosensor predicted the MC-LR concentration with a recovery of 91.0% (+12%), hence suitable for real water
application.

Development of a simplified calibration curve for real water application. The fabricated biosensor showed
good applicability and sensitivity in real water samples (Lake A). However, a notable difference was observed in
the calibration curves between milli-Q water (Fig. 7(a)) and real lake water (Fig. 8), particularly in their slopes
(i.e., sensitivity). The working mechanism of the sensor involved binding antibodies that do not interact with
the MC-LR in the water sample to the MC-LR coated on the working electrode. Consequently, the impedance
increases as more antibodies remain in the water sample (i.e., lower MC-LR concentrations), allowing them to
bind to the working electrode. However, when the biosensor was applied to real water samples, a decrease in
sensitivity (i.e., the reduced slope of the calibration curve) was observed. This suggests that unknown organic
compounds in the water may be adsorbed onto the electrode surface, reducing electron transfer efficiency and
hindering the interaction between the target molecules (e.g., MC-LR) and the electrode. Thus, it is often advised
to develop site-specific calibration curves for different water sources with periodic recalibration to ensure the
representativeness of the sensor performance??. However, this process may demand considerable time and labor
for frequent recalibration on-site. To address this issue, we introduced a simplified calibration curve approach
depending on the water quality of the specific water bodies. First, two water samples were collected from two
different lakes in Orlando, Florida, USA (Lake B and C). Tap water was also collected and tested for a reference
purpose. The lake water samples were filtered using a 0.22 pm filter to remove any particulate matter. The ELISA
confirmed no MC-LR concentrations in the collected water samples and thus MC-LR concentrations were
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(a) Simplified Calibration Curve for Lake B and C (b) Simplified Calibration Curve for all 3 water sources
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Fig. 9. Simplified calibration curves developed using the SPCE Type 4 for (a) Lake B and Lake C and (b) three
different water sources.

MC-LR concentration in spiked samples

Water source | ELISA (ugL™!) | Specific water calibration curve® (ug L™!) | Recovery | Simplified calibration curve® (ugL™!) | Recovery
Lake B 25.1 (+2.7) 25.9 (+4.7) 103% (+£8) | 18.9 (+2.7) 75% (+2)
Lake C 4.2 (+0.6) 3.9(+04) 93% (£5) | 4.7 (x0.5) 112% (£5)

Table 2. Prediction of MC-LR concentration using a simplified calibration curve for the Lake water sources.
Note: *Specific water calibration curves (Fig. $4). "Simplified calibration curve for two lake water samples
(Fig. 9(a)).

spiked in the water samples for the construction of the calibration curves. pH, DOC, and alkalinity of the water
samples were analyzed (Table S2). pH was in the range of 6.9-7.0 for lake water samples and 8.0 for tap water.
DOC was in the range of 5.4 - 11.2 mg L™! for lake water samples, while DOC in the tap water was 2.0 mg L.
The alkalinity of the tap water sample was relatively high at 60 mg L™! as CaCO,, while alkalinity in the lake water
samples was diverse between 4.3 - 20.8 mg L™! as CaCO,.

Biosensors for constructing calibration curves were prepared using the SPCE Type 4 after cleaning with
acetone for 90 min. As expected, the three different water sources had different calibration curves due to
different water quality parameters with the slope ranging from 0.085 - 0.112 with R? values of 0.72 - 0.96 (Fig.
S4). Therefore, we selected comparable water samples (Lake B and Lake C), and a simplified calibration curve
was then created with a correlation of Z , , =—0.1095xlog ([MC-LR])+0.92 and R?=0.82 (Fig. 9 (a)). Next,
a certain amount of MC-LR was spiked to both lake water samples (Lake B and C). Lake water samples with
unknown MC-LR concentrations were then determined using the ELISA method and the developed simplified
calibration curve was used to also predict the unknown MC-LR concentration in each water source.

The MC-LR concentration in the spiked samples from Lake B was measured at 25.8 pg L™! using a specific
water calibration curve (Fig. S4(b)) and at 25.2 pg L™! using ELISA kits, achieving a recovery of 103%. When
the simplified calibration curve was used (Fig. 9(a)), the MC-LR concentration in Lake B was 18.4 ug L™! with
a recovery of 75% (Table 2). For Lake C, the spiked MC-LR concentration was determined to be 3.9 ug L
using a specific water calibration curve (Fig. S4(d)) and 4.2 pg L™! using ELISA kits with a recovery rate of 93%.
The simplified calibration curve (Fig. 9(a)) estimated the MC-LR concentration in Lake C at 4.7 pg L™! with a
recovery rate of 112% (Table 2). It was successful in measuring MC-LR concentrations in two different lake water
samples using a simplified calibration curve with a recovery of 75 — 112% with a relative standard deviation
(RSD) of 1.0 - 4.4% (Table 2), which is within the acceptable recovery limit of 70 - 120%®*!. This shows that the
simplified calibration curve can measure the MC-LR concentrations in different water sources that have similar
water quality criteria without the necessity to use individual calibration curves.

In addition, we evaluated if the simplified calibration curve developed using three different water sources
(Lake B, Lake C, and Tap water) works for the sensor application for these water sources. The simplified calibration
curves with these water samples showed a relatively good correlation of Z ea = —0.1013 xlog ([MC-LR])+0.90
and R?=0.88 (Fig. 9(b)). However, the recovery of MC-LR concentratlon measurement using the simplified
calibration curve was 29 — 181% (Table S3) which is not within the acceptable recovery limit of 70 — 120%*!. This
could be due to the wide variation in water quality of the three water sources. Overall, it is recommended that
the simplified calibration curve approach be used for rapid determination of MC-LR concentration in similar
categories of water quality (e.g., lake water or tap water).

Cost analysis of the developed MC-LR biosensor. The SPCE is a major component regarding the
development of the MC-LR biosensor and contributes to the overall economic design. The SCPE is easily
produced on a large scale by different manufacturers and is readily available. The development of the MC-LR
biosensor for this study used two different SPCEs obtained at a cost of about $4 per sensor and the total cost of
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Method LOD Working range | Analytical time | Analysis price | Ref
ELISA Kit 0.lpugL™? |01-25ugl! |2h ~$20/sample | 42
LC/MS/MS 43ngL™! |40-400ngl! |15h ~$150/sample | 42
Anti-MC-LR/MC-LR/Cysteamine/SPCE Biosensora | 3.64ngL™! | 0.1-100pugL™ |1.5h ~$8.5/sample | This Study

Table 3. Comparison of the cost of different MC-LR detection methods per sample. *Either Type 2 or 4 using a
simplified calibration curve.

fabricating the MC-LR biosensor was estimated at $8.5 making the MC-LR detection in surface water less costly
compared to conventional methods as shown in Table 3. This overall minimal cost of the biosensor compared
to ELISA and the LC/MS/MS methods for MC-LR detection makes the MC-LR biosensor a greater potential for
MC-LR detection. Certified laboratory analysis for MC-LR detection costs up to $20 per sample for ELISA and
$150 for LC/MS/MS according to an EPA report on water treatment optimization for cyanotoxins*2. The analysis
time for MC-LR detection using biosensors is estimated at 1.5 h which is comparable to ELISA and the LC/MS/
MS. This low-cost biosensor and the simplified calibration curve present an opportunity for rapid detection of
MC-LR in water sources, for improved public health and safety.

Conclusion

In this study, the antibody-based MC-LR biosensors were successfully developed for the detection of MC-LR
using an EIS measurement on the biosensor surface. The evaluation of sensor performance after pretreatment of
SPCEs showed that physicochemical cleaning is a necessary step to ensure accurate and precise MC-LR detection.
The study successfully fabricated a low-cost Anti-MC-LR/MC-LR/Cysteamine/SPCE biosensor for rapid MC-LR
detection in real surface water samples within a working range of 0.1 to 100 pg L™! with an LOD of 0.34 ng L.
The study also developed simplified calibration curves using two lake water sources with similar water quality
and successfully measured the MC-LR concentration in each lake water sample within an acceptable recovery of
75 - 112%. In particular, the simplified calibration curve approach will allow rapid emergency decision-making
by reducing the number of tests and calibrations for MC-LR detection. This approach can therefore be employed
as the first line of testing for MC-LR in drinking and recreational water sources. It is expected that the simplified
calibration curve approach will help in the advancement of rapid MC-LR detection in real water applications.

Materials and methods

Chemicals and reagents. Cysteamine (Cat. No. M9768) and molybdenum (IV) sulfide (MoS,) (Cat. No. 69860-
500G) were purchased from Sigma Aldrich (St. Louis, MO, USA). Reagents purchased from Thermo Fisher
Scientific (Waltham, MA, USA) were acetone (99.7%, Cat. No. 180349), ethanol (95% Cat. No. 142797), sodium
phosphate monobasic monohydrate (NaH,PO,) (Cat. No. 389872500), sodium phosphate dibasic (Na,HPO,)
(Cat. No. 424375000), potassium ferricyanide (Cat. No. 196785000), sulfo-NHS (N-hydroxysulfosuccinimide)
(Cat. No. 24510), and N-(3-(dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) (Cat. No.
22980). MC-LR (Cat. No. ALX-350-012-C100) and anti-MC-LR monoclonal antibody (MC10E7, 1gG1 type,
ALX-804-320-C200) were purchased from Enzo Life (Farmingdale, NY, USA). The Abnova™ MC-LR ELISA
kit (Cat. N0.89028336) was purchased from Thermo Fisher Scientific (Waltham, MA, USA) and the VersaMax
microplate reader (Molecular Devices, San Jose, CA, USA) was used in the MC-LR analysis of the ELISA kits. A
0.01 M phosphate buffer solution (PBS) (pH 7.3) was prepared by mixing solutions of NaH,PO, and Na,HPO,
in Milli-Q water. The electrolyte solution was prepared by mixing 5 mM [Fe(CN) 6]3” 4 in 10 mM PBS solution
at pH 7.3.

Cleaning and modification of the SPCE for MC-LR detecting biosensor. Two different types of SPCEs
were used for the biosensor fabrication: Type 2 (2 mm in diameter of WE, Cat. No. RRPE1001C, Pine Research
Instrumentation Inc., Durham, NC, USA) and Type 4 (4 mm in diameter of WE, Cat No. DRP-C110, Metrohm,
Riverview, FL, USA). First, they were cleaned by sonication (Fig. S1 in the supplementary information [SI]).
The SPCEs were submerged in a cleaning solution (either acetone or ethanol) to undergo ultrasonication?>4344,
The cleaning by sonication was conducted by filling 50 mL graduated polypropylene centrifuge tubes (Cat. No.
14375150, Thermo Fisher Scientific, Waltham, MA, USA) with approximately 5-10 mL of acetone or ethanol
to ensure that the WE is completely submerged. One electrode must be put into one propylene tube, and then
covered after which the tubes are placed in a large breaker full of water and sonicated using the probe-type
ultrasonic bath (CL-334, No. 2015060673, Thermo Fisher Scientific, Waltham, MA, USA). It was ensured that
the tubes did not touch the probe or the beaker to avoid excessive vibration which could destroy the WE. The
sonication was conducted at a frequency of 20 kHz at an amplitude of 25% and power of 500 watts for 5 or
90 min. The electrodes were removed and rinsed with 70% isopropanol and Milli-Q water, placed in a petri dish
with Kimwipes, and dried with N, gas to complete the cleaning process.

The surface functionalization of the WE of the biosensor involved initially coating a thoroughly cleaned
surface of the carbon WE with a cysteamine self-assembled monolayer (SAM) (Fig. 1). This provided anchoring
sites for the MC-LR molecules**. The coating was conducted by dropping 3 pL of 18 mM cysteamine in Milli-Q
water onto the 2 mm diameter WE (Type 2) or 6 uL of 18 mM cysteamine onto the 4 mm diameter WE (Type
4), respectively. The sensors were placed in a dark and semi-humid environment for 4 h after which the sensors
were rinsed with Milli-Q water and dried with N, gas. For the immobilization of the MC-LR on the SAM layer
of the WE surface, the MC-LR was first activated by mixing equal portions of 102 g L~! of MC-LR, 20 mM
sulfo-NHS, and 80 mM EDC by spinning in the centrifuge (Cat. No. 367160, Beckman Coulter Inc., Brea, CA,
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USA) at room temperature for 30 min at 500 rpm. Next, 1 pL of the activated MC-LR solution was dropped onto
the 2 mm diameter WE, Type 2 (or 2 pL was used for the 4 mm WE, Type 4) and allowed to be immobilized on
the WE overnight in the refrigerator (4 °C) after which the sensor was rinsed with Milli-Q water and dried with
N,. This completed the surface functionalization process and the prepared MC-LR biosensor was stored in the
refrigerator before use.

Electrochemical characterization of the biosensor. The cleaning process of the MC-LR biosensor was
characterized electrochemically using CV3 using the PalmSens 4 (PalmSens B.V., Houten, Netherlands) in a
three-electrode system where the MC-LR biosensor served as the WE, a carbon counter electrode, and an external
Ag/AgCl reference electrode (MI-401, Microelectrodes, Inc., Bedford, NH, USA). The CV measurements were
taken before and after the electrode cleaning process to determine the changes in current (pA) relative to a
linearly cycled potential sweep in the redox solution.

The surface functionalization process of the MC-LR biosensor was characterized electrochemically using
EIS and CV measurements using the PalmSens 4. The three-electrode system was also employed. CV and
EIS measurements were analyzed for each step of the functionalization process starting with bare SPCE (after
cleaning), cysteamine/SPCE surface, and then the MC-LR/cysteamine/SPCE surface. The potential of the DC
and AC for the EIS measurement were set to 0.001 V and 0.25 V, respectively, and at a frequency range of 0.01 to
100,000 Hz. For the CV measurements, the ¢ equilibrium was set to 8 s, the E begin was —1.0 V, the E step was
0.01 V, and the scan rate was 50 mV s1.

Detection of MC-LR concentrations using the biosensor. The monoclonal antibody (anti-MC-LR)
(MCI10E7, 1gG1 type, ALX-804-320-C200, Enzo Life, Farmingdale, NY, USA) was used due to its high
sensitivity to MC-LR and exhibits low interferences from humic acid, salts, and surfactants/organic solvents
present in solutions??. To construct calibration curves of the developed biosensor, samples containing known
concentrations of MC-LR from 107 to 10™* g L! were prepared with equal volumes (100 pL) of 102 g L™
Anti-MC-LR and 10 mM PBS (pH 7.6) using the centrifuge at room temperature for 30 min at 500 rpm which
allows suflicient time for the antibody to bind to the MC-LR in the sample. 1 uL of the resulting sample was then
dropped onto the WE of SPCE Type 2 biosensor (or 2 uL was used for SPCE Type 4) and incubated for an hour
at room temperature to allow the available antibody molecules in solution to bind to the MC-LR molecules on
the surface of the sensor. The electrode was rinsed with Milli-Q water and then incubated with 0.01 M PBS for
a couple of minutes before testing in the redox probe solution of 5 mM [Fe(CN) 6]3’/4’ in PBS (50 ml) using the
PalmSens 4 to obtain EIS graphs. The peak values (Z i) for each known MC-LR concentration were obtained
to create the calibration curve from which other unknown concentrations can be deduced. The limit of detection
(LOD) was calculated using the following equation (Eq. 1)*.

LOD = k% (1)

where k is a constant determined to be 3 by the International Union of Pure and Applicable Chemistry (IUPAC),
S, is the standard deviation of blank signals and b is the slope of the calibration curve. The process, including
mixing antibodies in the test solution and incubating the sensor took approximately 90 min. The peak values
(Zpeak) were obtained from the EIS graph to create the calibration curves. The EIS Nyquist plot curves were fitted
to the appropriate circuit model using EIS Spectrum Analyser software (ABC Chemistry).

Applications of the biosensor to real surface water samples. Natural surface water samples were collected from
three lake water sources (Lake A, B, and C). Lake A sample was collected from the Daecheong Lake in South
Korea during a HAB event??. The sample was pre-treated by ultrasonication using a CO-Z ultrasonic cleaner
(PS-10A, AC100-120 V, 60 Hz) for 30 min to lyse the cyanobacteria and then filtered using a glass fiber prefilter
(No. APFA04700, MilliporeSigma, Burlington, MA, USA) to remove the larger particles and then a 0.22 um
membrane filter (No. SLGPM33RS, MilliporeSigma, Burlington, MA, USA) was used to remove any remaining
particles??, Lake B and C samples were collected from Lake sources in Florida without HAB events. The samples
were pretreated by filtering through a 0.22 pm membrane filter before use. The initial MC-LR concentrations in
all the lake samples were determined using the ELISA method (EPA method 546)*. The initial concentration of
MC-LR in Lake A was 0.43 ugL™" and that of Lake B and Lake C were below detectable limits. Samples of Lake
A, B and C were then spiked with appropriate MC-LR concentrations for the biosensor fabrication to develop
calibration curves for the natural water sources. Next, unknown MC-LR concentrations were spiked into the
water samples and determined using the developed specific calibration curves for the water sources. The ELISA
method (EPA method 546) was used to validate the MC-LR concentrations in the water samples.

The percent recovery (R%) and relative standard deviation (RSD) were used as measures of accuracy for
this study®®. R% is expressed as a percentage of a measured value relative to the theoretical value or expected
value?®* (Eq. 2).

R% = ([MC — LR] oy gy p/[MC — LR] 5 15,4) % 100 @)

where R% is the percent recovery, [MC-LR] ;. i the MC-LR concentration of the sample determined using
the calibration curves, and [MC-LR], s, is the concentration of the sample determined using the ELISA
method. RSD between duplicate measurements for the MC-LR detection was calculated using Eq. 3°".

RSD = (Standard deviation/mean) x 100 (3)
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where RSD is the relative standard deviation, the standard deviation is the standard deviation of the duplicate
measurements and the mean is the mean of the duplicate measurements. R% exceeding 100% indicates that
the measured values for a matrix were higher than the nominal value of the spike, while R% less than 100%
means the measured values were lower than the nominal value of the spike®. The acceptable R% range is 70 to
120%*">%, while an acceptable RSD value should not exceed 20%*!.

For water quality parameter measurements, pH was measured using the HACH pH probe and the PHC
201 meter (Hach Company, Loveland, CO, USA), while the dissolved organic carbon (DOC) was measured
using the Dohrmann Phoenix 8000 UV-Persulfate TOC Analyzer (Tekmar Dohrmann, Mason, OH, USA)
(Standard Methods: 5310C). The lake water samples were filtered using the 0.22 pm filter and the level of organic
carbon in the filtrate was determined as the DOC levels of the samples. The alkalinity of the water samples
was also measured using the double end-point titration method (Standard Methods: 2320 B) using the HACH
pH probe and the PHC 201 meter (Hach Company, Loveland, CO, USA) for the pH measurement. Duplicate
analyses were conducted for each test.

Data availability
All data generated or analyzed during this study is included in this published article and supplementary material.
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