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Abstract Application of malachite green (MG) and
leucomalachite green (LMG) in fish farm water causes an
environmental problem. This study proposes for the first time
a sensitive and convenient electrochemical impedance spec-
troscopy (EIS) method for determining MG and LMG by a
bovine serum albumin-decorated gold nanocluster (BSA-
AuNC)/antibody composite film-based immunosensor. In or-
der to improve the analytical performance, the glassy carbon
electrode (GCE) was modified with 1, 4-phenylenediamine to
form a stable layer, and then, BSA-AuNCs were covalently
bound to the GCE. An adequate quantity of the polyclonal
antibody of LMG was immobilized onto the surface of the
BSA-AuNCs by the chemical reaction of EDC/NHS. The
sensors can respond to the specific target based on specific
covalent bonding. The experimental parameters, such as the
pH, incubating concentration, and time, have been investigat-
ed and optimized. The calibration curve for LMGwas linear in
the range of 0.1~10.0 ng/mLwith the limit of detection (LOD)
0.03 ng/mL. Furthermore, the sum of MG and LMG was
detected in fish farm water by MG reduction. The recovery
was between 89.7 % and 99.2 % in spiked samples. The EC

sensor method was also compared with the ELISA method
and validated by the LC–MS/MS method, which proves its
great promise as a field instrument for the rapid monitoring of
MG and LMG pollution.
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Introduction

Malachite green (MG) has been used as the cheap and effec-
tive biocide in the aquaculture industry worldwide [1]. MG is
easily absorbed by fish tissues and is extensively metabolized
to the reduced form, leucomalachite green (LMG), when it
enters water cycles. Because of potential hazards to the human
immune system and the reproductive system and to be poten-
tial carcinogens, MG and LMG have been prohibited to be
used in fish farm water in many countries [2, 3]. A report
prepared by the Water Research Centre for the Department
of the Environment, Transport, and the Regions of the
United Kingdom recommended an annual average environ-
mental quality standard of 500 ng/L LMG and MG for the
protection of freshwater aquatic life [3]. Numerous methods
have been proposed for the detection of MG and LMG in a
variety of matrices, including enzyme-linked immunosorbent
assay (ELISA) [4, 5], surface-enhanced resonance Raman
scattering (SERS) [6], liquid chromatography–tandem mass
spectrometry (LC–MS/MS) [2], fluorometry method [7], and
so on [8]. Besides this, development of a rapid and highly
sensitive method for MG and LMG analyses in fish farms is
always required in order to achieve on-site supervision.

Electrochemical immunosensors have beenwidely used for
the determination of chemical contaminants because of its
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high sensitivity, low detection limit, and rapid analysis [9–13].
Among these, the electrochemical impedance-based
immunosensor (EIS) [13, 14] is one of the most efficient and
sensitive methods. An impedimetric immunosensor is based
on the detection of the binding between an immobilized anti-
body and an antigen [15] and is more amenable for miniatur-
ization and economization [16]. Some electrochemical
impedimetric immunosensors have been built to detect con-
taminants, but the detection of MG and LMG has not been
reported.

In this work, an impedimetric immunosensor was proposed
for the determination of MG and LMG based on the bovine
serum albumin-decorated gold nanocluster (BSA-AuNC)-
modified glassy carbon electrode (GCE). In order to improve
the BSA-AuNCs’ stability and to get better performance on
the GCE surface, a diazotization method was used. Moreover,
the antibody against LMG was chemically connected by op-
timization of concentration, incubation reaction time, and pH.
Electron transfer resistance values were directly detected by
the EIS after the immunoreactions. The developed EIS sensor
was further compared with an ELISA method and a LC–MS/
MS method for validation.

Materials and methods

Chemicals and reagents

MG and LMG standards were purchased from J&K Scientific
(J&K Scientific Ltd., China). The molecular structures of MG
and LMG are shown in Fig. 1. Methanol, acetonitrile, and
formic acid (HPLC grade) were purchased from Tedia
Company (Fairfield, USA). Ammonium formate, p-
phenylenediamine, sodium nitrite, hydrochloric acid, potassi-
um chloride, disodium, trisodium, sodium o-phosphate, sodi-
um hydroxide and o-phosphoric acid, potassium borohydride
(PBH), and hydrogen tetra-chloroaurate (HAuCl4·4H2O) were
guaranteed reagents from Sinopharm Chemical Reagent Co.,
Ltd, China. Bovine serum albumin (BSA, 99 %),
1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydro-
chloride (EDC), and N-hydroxysulfosuccinimide (NHS) were
all purchased from Sigma-Aldrich (Sigma-Aldrich Co. LLC.,
USA). The antibody against LMG was prepared in our lab.
Ultrapure water was obtained from a Milli-Q Academic
System (Millipore, USA). All procedures performed in studies
involving animals were in accordance with the ethical stan-
dards of the institution or practice at which the studies were
conducted.

Instrumentation

Cyclic voltammetry was performed using an Autolab
potentiostat interfaced to a PC for data acquisition and

instrument control via the Nova operating system (Autolab,
The Netherlands). The voltammetric cell contained a platinum
counter electrode, a silver/silver chloride reference electrode
(Ag/AgCl), and a 3-mm-diameter glassy carbon electrode as
the working electrode (Chen Hua Instruments, Shanghai,
China). A field emission scanning electron microscope (FE-
SEM, Helios Nanolab 600i, FEI Company, USA) and a FT-IR
spectrometer (PerkinElmer Spectrum 100, PerkinElmer, Inc.,
USA) were used to characterize the morphology. A LC–MS/
MS instrument from Applied Biosystems (API 5000, USA)
was used for method validation.

Preparation of the immunosensors

The p-phenylenediamine-modified GCE (GCE-Ph-NH2) was
prepared as reported previously [17–19] with the following
modification. A clean GCE was dipped in HCl solution
(0.5 mol/L) containing p-phenylenediamine (6.0×10−3 mol/
L). NaNO2 (10.0 mg) was added to the reaction mixture and
left to react overnight. The modified GCE was characterized
by the FT-IR spectrometer after washing with ultrapure water
and acetonitrile to remove adsorbed molecules.

The BSA-decorated gold nanoclusters (BSA-AuNCs) were
prepared following the procedure described previously with
modification (see Electronic Supplementary Material, ESM)
[20]. The morphology of BSA-AuNCs was measured by
TEM. For the formation of the AuNC-modified electrode,
the GC-Ph-NH2 surface was immersed in a solution contain-
ing 5.0 mmol/L NaNO2 and 0.5 mol/L HCl for 20 min. Then
20μL of the BSA-AuNCswas placed on the GCE surface and
incubated for 60min. For attachment of the antibody, 30μL of
freshly prepared EDC (500 mmol/L) and NHS (150 mmol/L)
in water was placed onto the modified electrode surface for
10 min [21], then reacted with antibody solution (0.5 mg/mL,
20 μL) for 1 h. The modified immunosensor was incubated in
a PBS buffer (pH=7.5) containing 5% of BSA for 1 h at room
temperature, washed, and stored at 4 °C until use. The scheme
of BSA-AuNC/Ab/LMG immunosensor preparation is illus-
trated in Fig. 2.

Electrochemical measurement

All electrochemical measurements were carried out in
0.1 mol/L PBS solution containing 0.1 mol/L KCl and
5 mmol/L Fe(CN)6

4−/3− (1:1) as the electrochemical active
probe [22]. The cyclic voltammetric scan (−0.3~0.6 V,
50 mV/s) and EIS investigation (0.1~10,000 Hz) were applied
to characterize the surface change in the modification process.
The Nyquist plot was used to present the electrochemical im-
pedance output, i.e., the imaginary component (capacitive re-
actance, Z″) versus the real component (ohmic resistance, Z′)
at each excitation frequency [23–25].
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Sample collection and pre-treatment

Water samples were obtained from the Badu River channel,
Fangshan District, Beijing, at a depth of 0.5 m. A volume of
10 μL of PBH (0.02 mol/L)/mL water solution was added to
induce the MG reduction reaction [26]. The HCl solution
(0.1 mol/L) was used to neutralize water samples after the
reaction, and the samples were passed through 0.22-μm filter
paper (Jinteng company, Tianjin, China) prior to voltammetric
analysis. Moreover, the samples were proportionated and an-
alyzed by ELISA and LC–MS/MS for method comparison.
The ELISA and the LC–MS/MS analytical procedures were
described in the ESM.

Results and discussion

Characterization of the GCE-Ph-NH2 and BSA-AuNCs

The sensitivity of the EIS immunosensor was mainly deter-
mined by the amount of immobilized antibody which is the
key step to generate a stable, reproducible, and selective
immunosensor. Thus, the GCE surface was modified by the
BSA-AuNCs via a diazotization method [27–29]. As charac-
terized by FT-IR, there were no absorption peaks for the bare
GCE, whereas the absorption peaks were observed for the
GCE-Ph-NH2 (Fig. 3a). The absorption bands at 1500~1600
and 3000~3100 cm−1 demonstrated the C=C skeletal vibration

and the C–H stretching vibration of the benzene ring, respec-
tively. The reaction scheme of GCE in situ derivatization by
diazonium reduction is delineated in the insert of Fig. 3a. In
conclusion, the GCE has been modified successfully by p-
phenylenediamine.

Alternative materials have been used for developing stable
immunosensors in order to meet the growing demands of on-
site environmental monitoring of trace pollutants, including
the gold nanoparticles [27], carbon nanotubes [15, 30], and
AuNCs, which have attracted special attention due to the fac-
ile synthesis protocol, subnanometer size, and low toxicity
[31]. Indeed, these AuNCs are excellent for quantitative stud-
ies of nanoparticle–protein interactions. However, only little
experimental work has been performed [32, 33]. In our study,
the morphologies and microstructures of the synthetic BSA-
AuNCs were observed by TEM. As presented in Fig. 3b, most
of the water-soluble AuNCs ranged between 2 and 3 nm in
diameter. The BSA-AuNCs could offer a biocompatible mi-
croenvironment for encapsulating the antibodies and sustain-
ing their bioactivity.

Characterization of the immunosensor assembly

Electrochemical characteristics of the immunosensor were in-
vestigated by CV and EIS. A pair of well-defined oxidation
and reduction peaks was observed at the bare GCE (Fig. 4a,
curve a); this is due to the high electron transfer between
Fe(CN)6

4− / 3− solution and the electrode. Further

Fig. 1 The chemical structures of
malachite green (MG) and
leucomalachite green (LMG)

Fig. 2 Schematic representation of the fabrication of the immunosensor
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immobilization of AuNCs-Ab on the GCE decreased the cur-
rent of the redox couple (Fig. 4a, curve b), which was mainly
attributed to the protein layer acting as an inert electron trans-
fer blocking layer. Incubationwith LMG solution at a different
concentration, the peak current of the redox couplewas further
reduced. It shows that the Ab-LMG complex layer blocked
the electron communication between the redox couple
Fe(CN)6

4−/3− and the electrode.
Electrochemical impedance spectroscopy is a highly effec-

tive technique to investigate the electron transfer properties of
the modified electrodes. The Ret values were estimated from

the EIS Nyquist curves according to the equivalent circuit
model using the NOVA software [21, 22] (Fig. 4c). A constant
phase element (CPE) was selected since the surface of the
AuNCs-GCE was very rough and had a larger real surface
area [22]. A good agreement with the circuit model and the
measurement system was observed over the entire measure-
ment frequency range (Fig. 4b), indicating the elements were
chosen properly. Besides, Rs and Zw represent the diffusion
features of the redox probe in solution and the bulk properties
of the electrolyte solution, respectively. Negligible changes
were observed at the values of Rs (95 Ω) and Zw

Fig. 3 a FT-IR spectra of the GCE and p-phenylenediamine-modified GCE (GCE-Ph-NH2). The inset shows the reaction route for GCE derivatization
by reduction of diazonium salts produced in situ from p-phenylenediamine. b Representative TEM images of BSA-AuNCs

Fig. 4 Characterization of different electrodes by a cyclic
voltammograms and b electrochemical impedance spectroscopy; a bare
GCE, bAuNC-modified GCE andmodified GCE fabricated based on the
AuNC/Ab composite films incubated in PBS (at pH 7.4) containing LMG
of c 0.0 ng/mL, d 1.0 ng/mL, and e 10.0 ng/mL for 25 min in 0.1 mol/L
PBS solution containing 0.1 mol/L KCl and 5 mmol/L Fe(CN)6

4−/3−.

Points were raw data and lines presented fit the model in c using the
NOVA software. c An equivalent circuit representing the
immunosensor-electrolyte solution interface. (Rs solution-phase resis-
tance; CPE double-layer capacitance; Ret electron transfer resistance; Zw
Warburg impedance) d Resistance to charge transfer for different sensor
fabrication steps using the equivalent circuit model in c
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(1.45 mMho) at every impedance scan, showing that the
values of Rs and Zw were not affected by the modification of
the electrode surface. Therefore, Ret was chosen as a suitable
signal for sensing the interfacial properties during the assem-
bly procedures. The increase of Ret was mainly caused by
electrically insulating bioconjugates produced from specific
interaction of LMG and the antibody (Fig. 4d), which would
block the electron transfer process of the redox probe.
Therefore, the results of the EIS assays were in correspon-
dence with those of the above CV measurements, indicating
that the anti-LMG was successfully immobilized on the sur-
face of the electrode.

Optimization of the conditions during the assembly
process

The electrochemical signal was related to the preparation pro-
cess of the modified film, containing the concentration and
incubation time of the antibody. The tested antibody was
immobilized on the nanoscale electrode with concentration
between 0 and 100 μg/mL and incubation time between 30
and 90 min at 37 °C. The optimal antibody concentration and
incubation time were at 60 μg/mL and 60 min, respectively
(Fig. 5a, b) and therefore were selected for BSA-AuNC-
modified GCE immobilization.

The incubation time and the pH of the solution directly
affect the EIS analysis as antibody activity was highly time
and pH dependent [15]. For optimization of the antigen

incubation time and pH value of the reaction solution, the
antibody-modified electrode was immersed in LMG solution
(10 ng/mL) at the range of the pH (6.0~8.5) and incubation
time (10~60 min). The optimal analytical condition was ob-
tained when incubating at pH 7.5 for 40 min (Fig. 5c, d).

Calibration curve of the immunosensor

The EIS response to various LMG concentrations was inves-
tigated under the following conditions: amplitude 5 mV, fre-
quency range 0.1 Hz~100 kHz, and potential 0.29 V. The
potential was detected under the condition of open circuit
and the analysis time was about 10 min, which was much
faster than the ELISA method (2 h). The Ret value increased
in proportion with the increment of the LMG concentration. A
calibration curve was plotted using the relative resistance ver-
sus the LMG concentration. Good linearity was obtained for
LMG concentration at the range of 0.1~10.0 ng/mL (Fig. 6b,
curve a). The linear equation could be depicted as Ret

(Ω) =113.95C+1470.8 (R2=0.9923) and the limit of detec-
tion was 0.03 ng/mL. The change of electron transfer resis-
tance tended to be relatively steady when the concentration of
LMG exceeds 10.0 ng/mL. In order to eliminate the influence
of nonspecific adsorption, a control experiment was carried
out without the LMG antibody. The increase in resistance was
almost negligible when the GCE modified only with BSA
(Fig. 6b, curve b), indicating that the influence of the nonspe-
cific absorption could be ignored.

Fig. 5 Effect of a concentration (0~100 μg/mL, incubation time 60min),
b incubation time (30~90 min, the concentration of the LMG antibody
60 μg/mL) of the LMG antibody immobilized on the surface of the
immunosensor, c incubation time (10~60 min, pH 7.5) on the specific

binding of LMG (10.0 ng/mL) and the antibody immobilized on the
surface of the immunosensor, and d pH (6.0~8.5, incubation time
40 min) of PBS on the specific binding of LMG (10.0 ng/mL) and the
antibody immobilized on the surface of the immunosensor
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Repeatability and stability of the immunosensor

Repeatability of the EIS was measured with the LMG concen-
tration at 10.0 ng/mL and analyzed five times [34]. Relative
standard deviation (RSD) was 5.6 %. In addition, the
immunosensors were stored at 4 °C and tested once a day to
evaluate their stability. No significant reduction in its perfor-
mance was observed in 2 weeks. The impedance remained
90 % of the initial value after 2 weeks, indicating that the
repeatability and stability of the immunosensor were
acceptable.

Analysis application

Five fish farm water samples were spiked with LMG at con-
centrations 1.0 and 5.0 ng/mL, respectively, and analyzed by
both EIS and ELISA methods for comparison. The spiked
samples were further analyzed by LC–MS/MS for validation.
Good recoveries and precision were obtained for the EIS
method (Table 1). Moreover, the analytical results from the
three methods were comparable. This shows that the electro-
chemical sensor was adequate for practical application for
detecting MG and LMG in a water environment.

Fig. 6 a Nyquist diagrams of AuNC/Ab/LMG-modified GCE after
incubation at 37 °C with a 0.1 ng/mL, b 0.5 ng/mL L, c 1 ng/mL, d
4 ng/mL, e 7 ng/mL, f 10 ng/mL, g 15 ng/mL, and h 20 ng/mL of
LMG in PBS (pH = 7.5) containing 5.0 mmol/L Fe(CN)6

4−/3− for

100 min. b Linear relationship between electron transfer resistance and
LMG concentration in PBS at AuNC/Ab/LMG-modified GCE (curve a)
and AuNC/BSA/LMG-modified GCE (curve b)

Table 1 Comparison of the EC,
ELISA, and LC–MS/MS
methods for MG and LMG
analyses spiked in fish farm water
samples

Sample Spiked (μg/L) Detected (μg/L) Recovery (%) ± SD

EC ELISA EC ELISA LC–MS/MS

A 0 nd nd – – –

1.0 0.906 0.912 90.6 ± 0.26 91.2 ± 0.18 93.0 ± 0.12

5.0 4.962 4.992 99.2 ± 0.21 99.8 ± 0.12 100.4 ± 0.10

B 0 nd nd – – –

1.0 0.987 0.943 98.7 ± 0.20 94.3 ± 0.21 96.4 ± 0.11

5.0 4.933 4.943 98.7 ± 0.12 98.8 ± 0.14 98.8 ± 0.10

C 0 nd nd – – –

1.0 0.901 0.892 90.1 ± 0.15 89.2 ± 0.19 94.2 ± 0.15

5.0 4.658 4.872 93.2 ± 0.20 97.4 ± 0.17 98.0 ± 0.13

D 0 nd nd – – –

1.0 0.897 0. 903 89.7 ± 0.22 90.3 ± 0.13 93.3 ± 0.15

5.0 4.854 4.932 97.1 ± 0.16 98.6 ± 0.20 98.9 ± 0.10

E 0 nd nd – – –

1.0 0.986 0.998 98.6 ± 0.27 99.8 ± 0.15 99.5 ± 0.15

5.0 4.659 4.789 93.2 ± 0.17 95.8 ± 0.18 94.9 ± 0.08

Data are presented as mean ± SD (N = 3)

nd the MG and LMG concentrations in the samples were below the detection limit of the analytical method
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Conclusions

An EIS immunosensor was developed to detect the sum of the
MG and LMG. This method immobilized the antibody onto
the BSA-AuNC-GCE surface. In addition, an optimization
process for all of the conditions was performed to achieve
the highest performance. The experimental results demon-
strated that the EIS immunosensor has a low detection limit
and high stability. This EIS immunosensor exhibited a linear
range from 0.1 to 10.0 ng/mL, and the limit of detection was at
0.03 ng/mL. This sensitive and simple immunosensor has po-
tential applications in the detection of MG and LMG for fur-
ther field monitoring in a water environment.
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