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� The interdigital electrode is suitable
for large scale production of sensors.

� This sensor can make malachite
green (MG) detection on-site,
portable and reliable.

� The cysteine coating BP is a prefect
material for cationic dye detection.

� The sensor has a lowest detection
limit of 0.3 ng L�1 toward MG.
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Malachite Green (MG), a cationic triphenylmethane dye, has adverse effects on the immune and
reproductive system. Thus, it is essential to develop a rapid, sensitive and high-selective method for
determination of MG. Black phosphorus (BP) has high charge-carrier mobility (~1000 cm2 V�1 s�1) and
high adsorption capacity for cationic dyes (i.e. MG) through both electrostatic and hydrophobic in-
teractions. Thus, it potentially plays as a high-sensitive sensing platform for detecting MG. However, BP
degrades within 12 h under humid condition, which limits its applications. To overcome this issue,
cysteine (CYS) is used for protecting BP from oxidation and ceasing its degradation. To the best of our
knowledge, it is the first time that CYS is used to functionalize BP, and a silicon interdigital electrode is
fabricated with the functionalized BP and aptamer. The BP-based interdigital electrode shows a lowest
detection limit of 0.3 ng L�1 toward MG. This work provides a new route to prepare a large scale and
selective biosensor for MG monitoring on site in future.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Malachite Green (MG), a cationic triphenylmethane dye, is
aptamer/black phosphorous i
6

widely disseminated within the aquaculture water and forbidden
in food [1,2]. Especially, it is widely polluted in aquaculturewater in
Asia and Africa. Due to its adverse effects on water ecology and
human health [3], there are increasing concerns about MG polluted
water [4]. Thus, it is essential to develop a rapid, sensitive and high-
selective method for determination of MG.

Electrochemical biosensors are ideally analytical tools for on-
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site monitoring MG due to its cost-effectiveness, portability and
reliability. Biosensing materials play a vital role in the development
of electrochemical biosensors [5,6]. Designing the superior bio-
sensing material is the core technology of electrochemical bio-
sensors for improving limit of detection (LOD) and sensitivity. Black
phosphorus (BP) has been recognized as a rising star of two-
dimensional (2D) material and a potential biosensing material
[7e9]. Due to its thickness-dependent bandgap ranging from 0.3 to
2.0 eV [10], and high charge carrier mobility (approximately
1000 cm2 V�1 s�1) [11], it has been applied in gas sensors [12,13],
and field effect transistors [14e16]. Zhang’s Group has reported
that BP had high adsorption capacities for cationic dyes (i.e. MG or
methylene blue (MB)) through electrostatic and hydrophobic in-
teractions [17]. Thus, the strong sorption ability of BP with MG
(target molecule) and MB (common electrochemical signal mole-
cule) could enrich the target and signal molecule on the electrode
and improve the sensitivity of the electrochemical biosensor.

Despite BP is recognized as one of the most thermodynamically
stable allotrope of phosphorus, it is still severe degradation under
ambient oxygen and water [18,19]. The raw BP can fast transform
into PO3

3� or PO4
3� within 12 h, and the degradation of BP is most

likely to occur at the edges of BP [16]. In the first step, the edge sites
of BP react with oxygen (P/PxOy). In the second step, water en-
ables PxOy to transform into the final anions (PO4

3�) [20,21]. This
limits the exploration of BP in electrochemical sensing.

Researchers have explored different methods to overcome the
degeneration of BP under humid environment, including encap-
sulation [22], non-covalent functionalization [23,24], and covalent
chemical modification [25], etc. The non-covalent functionalization
of BP not only keeps its originally puckered honeycomb structure
and good conductivity, but also improves BP’s stability and
dispersion in aqueous solution. The functionalized BP offers a
promising possibility as biosensing platform in aqueous solution.
Herein, L-cysteine (CYS), an antioxidant amino acid, which pos-
sesses NH2 and SH groups, is used for non-covalent coating on the
surface of BP through the electrostatic interaction between NH2 of
CYS and lone-pair electrons of BP to protect BP from oxidation and
degradation.

The functionalized BP is utilized as biosensing material to
improve the sensitivity and LOD of the biosensor. Meanwhile,
aptamer can be a specific recognition sector to fulfill selective
detection of MG. Aptamer is a single-stranded DNA or RNA with a
high affinity for target and referred to as “chemical antibodies”
[26,27]. In this work, the MG aptamer as a recognition sector, and
the functionalized BP as a signal amplifier, and interdigital elec-
trode as a portable detector, they work together to construct a
portable, sensitive and selective interdigital electrode for MG
detection. The preparation process of silicon based interdigital
electrode is repeatable and well-controllable, which makes the
large scale production of portable biosensor is envisioned in future.

2. Experimental section

2.1. Materials and solutions

MG, MB, CYS, DMSO, and other chemicals are purchased from
Sigma Aldrich (USA). MG dissolves in H2O to get series of standard
solution. The aptamer sequences (screened by SELEX method) 50-
SH-(CH2)6-GGAUCCCGACUGGCGAGAGCCAGGUAACGAAUGGAUCC-
MB-30 is obtained from Takara Biotechnology Co. Ltd. (Dalian,
China) and dissolves in 20 mmol L�1 pH 8.0 PBS solution.

2.2. Apparatus

Transmission electron microscopy (TEM) and scan electron
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microscopy (SEM) images are obtained by a JEM-2100 (Japan) and
Zeiss Sigma 300 (Germany), respectively. Atomic force microscopy
(AFM) is performed using tapping mode and silicon nitride canti-
lever tip (Bruker, USA). Fourier transform infrared spectroscopy
(FTIR) are obtained through Nicolet 6700 (Thermo, USA). Zetasizer
Nano ZS (Marvern Instruments) is used to measure the zeta po-
tential of the BP solution. The absorbance of MG and MB is quan-
tified by a UV spectrophotometer (Jena, Specord 200 plus) at
characteristic absorptions of 621 and 664, respectively. Cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) is oper-
ated by a CHI 660B electrochemical workstation (CHI Instruments
Inc.).

2.3. Preparation of BP, the CYS coating BP (CYS-BP) and the BP-
AuNP nanocomposite

The preparation process of BP can be divided into several steps,
and are operated in the acrylic glove box. There is a 1% oxygen and
water in glove box, which is necessary for uniform oxidation and
hydroxylation of BP. Firstly, the bulky black phosphorus is
ultrasonication-assisted exfoliation in DMSO under nitrogen gas to
remove the dissolved oxygen molecules. After 8000 rpm centrifu-
gation for 20 min, BP collects from supernatant. Secondly, BP
(1 mg mL�1) transfers into DMSO with 1% CYS in a glass vial.
Subsequently, it is capped and placed inside the silicone oil at
130 �C for 20 min. Finally, A uniform CYS protection monolayer is
formed on the BP surface (CYS-BP).

Preparation of gold nanoparticles and the BP nanocomposite
(BP-AuNP): 50 mL 0.1 mg L�1 chloroauric acid and 2.5 mL vitamin C
(4 mg mL�1) are mixed together for 2 h, and then 0.5 mL sodium
citrate (10 mg mL�1) is added into the solution to stop the reaction.
The gold nanoparticles are obtained. 0.25 mg mL�1 functionalized
BP solution (50 mL) is mixed with 0.5 mg mL�1 gold nanoparticles
solution (50 mL), and rapidly stirred for 10 min. Through centri-
fugation (8000 rpm, 5 min) three times, the nanocomposite is ob-
tained in the bottom of centrifugation vials.

MG and MB sorption experiments are performed using a vortex
technique: Firstly, 2 mL of 1 mg L�1 functionalized BP solution is
mixed with 8 mL of 2 mg L�1 MG or MB solution to assess the
sorption ability of the functionalized BP. Secondly, the few-layered
BP is separated by centrifugation at 13,000 rpm for 30 min. Finally,
2 mL of the supernatant is removed and analyzed by UVeVis
spectra.

2.4. Preparation of the BP-AuNP-Ap interdigital electrode

All the fabrication process of interdigital electrodes is completed
in a super clean room to ensure the performances and yield rates of
the interdigital electrodes. In order to ensure the insulation of the
substrate, the silicon wafer with 300 nm SiO2 layer is grown by
thermal oxygen. The whole process is shown in Scheme 1: the BP-
AuNP solution (0.5 mg mL�1) is added on the interdigital electrode.
Then, 8 mL, 1 mmol L�1 of the thiolated aptamer solution is added on
the interdigital electrode for 2 h at room temperature. The weakly
adsorbed aptamer is rinsed by deionized water. All the other
electrodes have a similar preparation protocol with the BP-AuNP-
Ap interdigital electrode.

2.5. Detection of MG by the BP-AuNP-Ap interdigital electrode

8 mL MG solution is added into PBS solution for 3 min to provide
enough time for aptamer recognition of MG. And then, the BP-
AuNP-Ap interdigital electrode is used for monitoring the
response signal changes of MG via the DPV method.
nterdigital electrode for malachite green detection, Analytica Chimica



Scheme 1. Schematic diagram of the fabrication process and detection mechanism of
the BP-AuNP-Ap interdigital electrode. BP is immersed in the DMSO with L-cysteine,
and then the gold nanoparticles are immobilized on the BP surface through Au-S self-
assembly. The BP-AuNP nanocomposite is transferred from solution to the interdigital
electrode surface, and then the thiolated aptamer solution is added on the BP-AuNP
nanocomposite modified interdigital electrode. The BP-AuNP-Ap interdigital elec-
trode detects the MG molecules.
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2.6. Safety considerations

MG which is classified a class II Health Hazard, can cause
carcinogenic symptoms. MSDS information for these chemicals
must be consulted, and precautions need to be taken for handling
them (i.e., wearing gloves, eyeglasses and mask).
3. Results and discussion

3.1. BP, CYS-BP and the BP-AuNP nanocomposite characterization

The long-term stability of BP is characterized by AFM. As shown
in Fig. 1A and B, the CYS-BP is stably existed in aqueous solution
approximate 2 weeks. But without coating CYS, BP is degraded in
Fig. 1. Atomic force microscopy (AFM) images of (A) the functionalized BP with L-cysteine, a
(C) BP, (D) BP in water for 12 h (Scale bar: 1.5 mm). (E) The AFM characterization of the thickn
and the height profiles marked by dotted lines. (F) FTIR spectrum of L-cysteine and the CYS
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aqueous solution within 12 h (Fig. 1C and D). The mechanism of BP
degradation is that the edge sites of BP reacts with oxygen
(P/PxOy) and then H2O enables PxOy to transform into the final
anions (PO4

3�) [19]. CYS as an antioxidant amino acid is used for
ceasing the degradation of BP. The thickness of the functionalized
BP and BP are characterized by AFM. Fig. 1E shows that the CYS
thickness is approximate 0.6 nm. It indicates that there is a uniform
protective layer on the BP surface. The FTIR spectra is used to verify
that CYS has immobilized on the BP surface. The peak of 2550 cm�1

is the SH group of CYS molecules. As CYS binds on the surface of BP,
the absorption bands at 1390 (symmetric stretching of eCOOH),
1600 (asymmetric stretching of eCOOH), and 3000-3500 cm�1

(NH3
þ stretch) become weak. The change in their dipole moment is

due to CYS binding with BP. These results indicate the successful
modification of CYS on BP.

The structure and morphology of the functionalized BP images
are obtained from TEM and SEM instruments. Fig. 2 shows the
representative TEM images of the functionalized BP (A), gold
nanoparticles (Figure S1) and the BP-AuNP nanocomposite (B). The
raw BP degenerates in 1 min under strong electronic beam from
TEM and SEM, thus the raw BP can’t catch by TEM and SEM. Fig. 2A
shows that the high-quality functionalized BP is obtained through
the liquid-exfoliated method. Figure S1 shows the TEM image of
gold nanoparticles (approximate 10 nm). Fig. 2B is the BP-AuNP
nanocomposite. It is clearly shown that gold nanoparticles are
dispersed on the surface of BP via Au-S self-assembly. The gold
nanoparticles have covered approximate 20% of the surface of BP,
and its size is around 10 nm. The structures of the functionalized BP
and the BP-AuNP nanocomposite are confirmed by SEM. As shown
in Fig. 2C, the high-quality functionalized BP has been prepared.
Fig. 2D shows that the gold nanoparticles have dotted on the sur-
face of BP. SEM and TEM images illustrate that the BP-AuNP
nanocomposites have been prepared.

There is no absorption peak found by UVevis spectroscopy for
the supernatant. It suggests that all the functionalized BP is
removed through centrifugation. As soon as the MG and MG solu-
tion adds into the functionalized BP solution, most of the MG and
MB has been removed in 5min (Figure S2). The removal efficiencies
of the sorbed MG and MB is calculated through the difference
nd (B) the functionalized BP with L-cysteine in water for 12 h (Scale bar: 500 nm); and
ess of the same BP before and after coating L-cysteine as a protective layer, the locations
-BP.

nterdigital electrode for malachite green detection, Analytica Chimica



Fig. 2. TEM images of (A) BP, (B) the BP-AuNP nanocomposite. SEM images of (C) BP and (D) the BP-AuNP nanocomposite.
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between initial and final concentration in aqueous solution. The
absorbance peaks of both dyes (MG and MB) significantly decrease
with the increase of the BP concentration. As the functionalized BP
concentration increases to 4 mg L�1, the sorbed percentage of MG
andMB has achieved almost 90%. It indicates that BP can enrich the
cationic dyes.
3.2. The immobilization process of the BP-AuNP-Ap interdigital
electrode

BP has excellent charge carrier mobility (1000 cm2/V$s) and
high sorption for MG [28], which plays a key role in improving the
sensitivity of the interdigital electrode. In this study, CV is used for
monitoring the fabrication process of the interdigital electrode.
Figure S3 shows the CV signals of the bare interdigital electrode, the
Ap modified interdigital electrode and the BP-AuNP-Ap interdigital
electrode (curve a, curve b and curve c) in 5 mmol L�1 [Fe(CN)6]3-/4-

solution. Compare to the bare interdigital electrode, the response
signal of the Ap modified interdigital electrode (curve b) decreases
significantly. This is due to the thiol-aptamer covering the Au
electrode surface through Au-S self-assembly. When the BP-AuNP
nanocomposite and aptamers immobilize onto the interdigital
electrode, the response signal increases remarkably. It is mainly
due to the high conductivity of the BP-AuNP nanocomposite
improving the electron transfer rate. This also indicates that the BP-
AuNP nanocomposite is successfully immobilized on the inter-
digital electrode.
Please cite this article as: L. Wu et al., A new aptamer/black phosphorous i
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3.3. MG determined by the BP-AuNP-Ap interdigital electrode

MG is a cationic triphenylmethane dye which has been used in
commercial aquaculture against the Saprolegnia fungus since 1936
[29]. Recently, MG has attracted the public attention due to its
adverse effects on the immune and reproductive system [30,31].
Based on this reason, the BP-AuNP-Ap interdigital electrode is used
for detection of MG in this research. DPV, one of the most sensitive
electrochemical method, is used for monitoring the concentration
of MG by the BP-AuNP-Ap interdigital electrode. The redox-active
MB molecule is used for electrochemical magnification of the
response signal, and its redox potential is as low as �0.25-0 V
which can minimize the potential co-existed interferences [32].
Furthermore, the cationic MB and MG is easily concentrated on the
negative surface charge (�29.6 ± 5.03 mV) of the functionalized BP
through the electrostatic interaction [33]. Thus, BP may be an
excellent platform to improve the response signal of MB and enrich
the concentration of MG.

As shown in Fig. 3A, the response signal of this interdigital
electrode is successively increased with adding of MG. The peak
currents of the BP-AuNP-Ap interdigital electrode exhibit a linear
relationship with the MG concentration from 1 ng L�1 to 10 mg L�1

(Fig. 3B), and the linear regression equation is I ¼ 0.0854C þ 2.085
(R2 ¼ 0.995). The LOD is calculated using the following equation:
LOD ¼ 3 S/m, where S is the standard deviation, and m is the slope
of calibration plot. The LOD of this interdigital electrode for MG is as
low as 0.3 ng L�1. Compared with the LOD obtained by others’ re-
ports [34,35], the LOD of this interdigital electrode has surpassed
nterdigital electrode for malachite green detection, Analytica Chimica



Fig. 3. (A) Differential pulse voltammograms (DPV) of the BP-AuNP-Ap interdigital
electrode at different concentrations of MG from 1 ng L�1 to 10 mg L�1, respectively.
Pulse amplitude, 50 mV. (B) The increase of the peak current for MG at different
concentrations from 1 ng L�1 to 10 mg L�1, respectively. The standard deviations are all
less than 5%.
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that of the others (Table 1). It indicates that the functionalized BP
plays a key role in improving the performances of the interdigital
electrode.

The possible mechanism of MG identification by aptamer is
shown in Scheme 1. There is a binding pocket in the MG aptamer
which has the ability to recognize the MG molecules (Figure S4).
Without the MG molecule, the single-strand aptamer immobilizes
on the BP-AuNP nanocomposite through Au-S bond and behaves as
a randomly coiled polymer. The MB molecule as signal sector also
randomly exists on the surface of the BP-AuNP nanocomposite. In
the presence of MG, the structure of aptamer changes and there is a
binding pocket adapt to recognize MG. This binding pocket consists
of a base quadruple (C7, G24, G29, A31), a Watson-Crick base pair
(G8, C28) with two base triples (C10, G23, A27 and U11, A22, A26),
and a U turn motif as the supporting framework. The structure of
the aptamer with MG has shown in Figure S4. The aptamer with
MG ismore rigid than only the aptamer, whichmakes theMB signal
molecule close to the surface of the BP-AuNP nanocomposite. This
result is consistent with Thorsten Dieckmann’s group report [36].
Thus, without MG, there is no significant response signal of this
interdigital electrode. After the aptamer combines MG, a hairpin
structure is formed [37]. The hairpin structure of the aptamer
Table 1
Comparison of analytical performances of the BP-AuNP-Ap interdigital electrode with ot

Modified biosensor Linear range (ng/L)

BP-AuNP-Ap/Au interdigital electrode 1.0e1.0 � 104

GP-AuNP-Ap-Chitosan/GC 1.0 � 102e1.0 � 107

PPy-Enzyme/CP 2.5 � 105e1.0 � 107
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makes MB close to the electrode, and there is an obvious response
signal. The high-conductivity BP with high loading capacity for MG
significantly increases the LOD of the interdigital electrode.

Furthermore, the sensitivity of the BP-AuNP-Ap interdigital
electrode, the AuNP-Ap interdigital electrode, the BP-Ap inter-
digital electrode, and the Ap interdigital electrode are 95.1, 71.75,
68.03 and 42.5 mA cm�2, respectively. The peak currents of the
AuNP-Ap interdigital electrode and the BP-Ap interdigital electrode
exhibit a linear relationship from 100 ng L�1 to 10 mg L�1 and
1 mg L�1 to 10 mg L�1, respectively (Figure S5). The linear regression
equation of the AuNP-Ap interdigital electrode is
I ¼ 0.0634C þ 1.472 (R2 ¼ 0.999), and that of the BP-Ap interdigital
electrode is I ¼ 0.0611C þ 1.406 (R2 ¼ 0.999). The selectivity of the
interdigital electrode is the ratio of the signal output with the an-
alyte alone to that with the interfering substance alone. It is
assessed by the co-existed interferents, i.e. chloramphenicol (CP),
nitrofuran (NF) methyltestosterone (MTS) and eugenol (EG). As
shown in Fig. 4A, the BP-AuNP-Ap interdigital electrode screen 4
types of the interferents at 10 ng L�1. The response signal of MG is
the strongest signal among these chemicals due to the excellent
selectivity of the aptamer. The reproducibility is generally deter-
mined by the analyte concentration [38]. Fig. 4B is the response
signals of the BP-AuNP-Ap interdigital electrode at 10 ng L�1 for 8
times, and the sampling interval is 30 min. The relative standard
deviations of 8 times testing results are approximate 5%. This in-
dicates that the functionalized BP is very stable in aqueous solution
under output current, and it is not a single-use interdigital
electrode.
3.4. Monitoring the aquaculture water samples by the BP-AuNP-Ap
interdigital electrode

In this work, the BP-AuNP-Ap interdigital electrode is used for
evaluating the aquaculture water samples from 7 provinces in
China. The results show that only three aquaculture water samples
have MG and the response signals increase 33%, 24%, and 16%,
respectively. As shown in Fig. 4C and Table 2, the differences of the
values are 23.5%, �26.1%, and �8.3%, respectively. It indicates that
the results from the interdigital electrode are consistent with the
LC-MS results. The developed interdigital electrode biosensor is an
efficient tool for the selective determination of MG from coexisting
aquaculture drugs even not very precise.
4. Conclusion

In this study, a simple method is developed to obtain the CYS-BP
which can exist stably in aqueous solution for half a month. It
overcomes the current disadvantage of BP. The stable BP is a
promising biosensing platform to construct a novel BP-AuNP-Ap
interdigital electrode for MG detection. The interdigital electrode
biosensor shows a concentration-dependent response for MG with
a low LOD and high selectivity. It is a useful pre-alarm tool for rapid
and selective detection of MG in aquaculture water from coexisted
drugs.
her methods for detection of MG. (PPy is the polypyrrole).

Detection limit (ng/L) Reference

0.3 Present work
16.3 [34]
2.5 � 105 [35]
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Fig. 4. (A) screening of MG, chloramphenicol (CP), nitrofuran (NF) methyltestosterone
(MTS) and eugenol (EG) by the BP-AuNP-Ap interdigital electrode, (B) The reproduc-
ibility of the BP-AuNP-Ap interdigital electrode, and (C) Three real samples MG
determination using the BP-AuNP-Ap interdigital electrode.

Table 2
Comparison of the determination ofMG using the BP-AuNP-Ap interdigital electrode
and LC-MS.

Sample Concentration (ng L�1)
(Electrochemical method)

Concentration
(ng L�1) (LC-MS method)

Difference (%)a

1 10.5 8.5 23.5
2 8.5 11.5 �26.1
3 5.5 6.0 �8.3

a Difference¼(Interdigital electrode (value)-LC-MS(value))/LC-MS(value) � 100%.
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