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A B S T R A C T   

Malachite green (MG) is an organic dye compound that is frequently used as a fungicide and antiseptic in 
aquaculture. However, human or animal exposure to MG causes carcinogenic, teratogenic and mutagenic effects. 
Herein, a novel fluorescent assay was designed for the detection of MG using manganese dioxide nanosheets 
(MnO2 NS) as an energy acceptor to quench the fluorescence of branched poly(ethylenimine) carbon dots (BPEI- 
CDs) via Förster resonance energy transfer. When butyrylcholinesterase is introduced to form thiocholine in the 
presence of S-butyrylthiocholine iodide, MnO2 NS can be recovered by thiocholine to Mn2+, resulting in resto-
ration of the fluorescence of BPEI-CDs. Exploiting these changes in fluorescence intensity in the above system, a 
fluorescence probe was successfully developed for the quantitative detection of MG. Besides, this assay was 
applied to fish samples, verifying the high potential for practical application of the proposed sensor for the 
monitoring of MG in aquatic products.   

1. Introduction 

Malachite green (MG) is a synthetic triphenylmethane compound 
that has been widely used as a dye in the paper, textile and leather in-
dustries and as a biological stain for cells and tissues (Alderman, 1985). 
Furthermore, due to its capacity to kill bacteria, fungi and parasites, MG 
can be used in fisheries to allow the transport of aquatic products and 
disinfect water tanks, and to treat various fish diseases (Foster & 
Woodbury, 1936; Leteux & Meyer, 1972). However, after MG enters the 
body of aquatic animals it becomes a fat-soluble substance and bio-
accumulates, with the potential to be transferred to humans via the food 
chain (Stammati, Nebbia, Angelis, Albo, Carletti, Rebecchi, et al., 2005). 
With social development and the increasing diversity of food products 
available worldwide, food safety has become a major global issue (da 
Cunha, 2021; Nyarugwe, Linnemann, Hofstede, Fogliano, & Luning, 
2016). Research has shown that MG and its metabolites are metabolized 
more slowly in fatty fish and tissues (Fallah & Barani, 2014; Jiang, Xie, 
& Liang, 2009). In addition, MG can cause chronic toxicity and geno-
toxicity to mammals and humans through the food chain and has three 
potential risks (teratogenic, carcinogenic, and mutagenic) (Mittelstaedt, 
Mei, Webb, Shaddock, Dobrovolsky, McGarrity, et al., 2004; Srivastava, 
Sinha, & Roy, 2004). Furthermore, due to the slow metabolism and 

degradation of MG in the environment, the use of MG results in the 
pollution of water resources (Khan, Otero, Kazi, Alqadami, Wabaidur, 
Siddiqui, et al., 2019; Samiey & Toosi, 2010). The United States, Can-
ada, China, and many other countries have listed MG as a banned sub-
stance for aquaculture, specifying that it must not be detectable in 
animal foodstuff or aquatic products. However, no low-cost and effec-
tive substitutes for MG are available and the current detection methods 
are high cost, resulting in the ongoing illegal use of MG worldwide. 
Therefore, the development of simple, rapid and sensitive methods for 
the detection of MG is essential for food safety and environmental sci-
ence (Zhou, Zhang, Pan, & Li, 2019). 

So far, there have been studies on the detection of MG residues in 
natural water bodies, aquatic products, starch products, tea and fish feed 
(Aydin, Yilmaz, & Soylak, 2017; Gavrilenko, Volgina, Pugachev, & 
Gavrilenko, 2019; Li, Yang, Qi, Qiao, & Deng, 2008). Some methods 
have been developed for MG detection, including surface-enhanced 
Raman scattering (SERS) (Deng, Lin, Li, Huang, Kuang, Chen, et al., 
2019; Xu, Guo, Huang, Li, & Sun, 2018), electrochemical analysis 
(Sacara, Cristea, & Muresan, 2017; Lidong Wu, Xu, Meng, Xiao, Cao, 
Rathi, et al., 2020), high-performance liquid chromatography (HPLC) 
(Xie, Peng, Chen, Zhang, Wang, Wang, et al., 2013), the enzyme-linked 
immunosorbent assay (ELISA) (Li, Peng, Lin, Zhong, Chen, & Huang, 
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2017), and colorimetry (Shi, Zhang, Yu, Liu, & Chen, 2019). Although 
the response speed of SERS and electrochemical analysis is not slow, 
electrochemical analysis requires repeated calibration of electrodes, and 
SERS is susceptible to substrate interference. In addition, HPLC and 
ELISA require cumbersome and complicated instrument operations, and 
colorimetric methods have low sensitivity and poor selectivity. In 
comparison, fluorescence spectroscopy has simpler instrument opera-
tion, inexpensive equipment, second only to UV–visible spectropho-
tometer in popularity, and the detection method is more conducive to 
popularization (Han, Kong, Hou, Chen, Zhang, & Zheng, 2020; Li, Lin, 
Chen, Zhang, Lin, Lai, et al., 2015; Le Wu, Lin, Zhong, Chen, & Huang, 
2017). To date, sensors based on the fluorescence method have exhibi-
ted significant advantages over other methods, including rapid analysis 
times, high sensitivity and easy operation (Hiremath, Bhosle, Nayse, 
Biswas, Biswas, Bhasikuttan, et al., 2021; Zhu, Yuan, Han, Liu, & Sun, 
2021). 

Among the developed fluorescent materials, carbon dots (CDs) have 
attracted increasing attention for various applications due to their high 
solubility, low toxicity, good biocompatibility, highly stable fluores-
cence and relatively low-cost (Wang, Wang, Cheng, Geng, Wang, Dong, 
et al., 2021; Yoo, Kwak, & Kim, 2021). The excellent fluorescence 
characteristics of CDs have resulted in their application in various fields 
such as bioimaging (Zhang & Yu, 2016), drug delivery (Peng, Han, Li, 
Al-Youbi, Bashammakh, El-Shahawi, et al., 2017) and catalysis (Hutton, 
Martindale, & Reisner, 2017). 

Manganese dioxide nanosheets (MnO2 NS) is a 2D material with a 
broad absorption band that is degradable and easily modified (Chen, 
Meng, Tian, Yang, Du, Li, et al., 2019). MnO2 NS have exhibited good 
prospects for use in various fluorescent sensing platforms and biomed-
ical applications, due to their excellent light absorption properties and 
large surface area (Li, Zhang, Zhang, Liu, Chen, Liu, et al., 2021; Liu, Liu, 
& Zhou, 2019). To date, combinations of fluorescent probes and 
nanomaterial-based quenchers (such as MnO2 NS, gold nanoparticles 
(AuNPs), graphene oxide (GO) (Cheng, Cen, Xu, Wei, Shi, Xu, et al., 
2018; Dehghani, Mohammadnejad, Hosseini, bakhshi, & Rezayan, 
2020), and Fe3O4 nanoplates (Chen, Rong, Cen, Xu, Xie, Yang, et al., 
2021) have been effectively applied in the design of promising novel 
sensors (Qaddare & Salimi, 2017). 

Förster resonance energy transfer (FRET) refers to the process of 
transferring energy from the donor to the acceptor through nonradiative 
dipole–dipole coupling after the donor transitions from the ground state 
to the excited state. FRET occurs when the distance between the donor 
(fluorescence emitter) and acceptor (absorber) is in the nanometer (~10 
nm) range and when the emission spectrum of the donor overlaps with 
the absorption spectrum of the acceptor, energy can be transferred non- 
radiatively. Due to the well overlapping between the absorption band of 

MnO2 NS and the fluorescence emission (445 nm) of BPEI-CDs, MnO2 NS 
could serve as a fluorescence quencher to effectively quench the fluo-
rescence of BPEI-CDs. 

Herein, BPEI-CDs and MnO2 NS were synthesized using a simple one- 
step, low-temperature process and a facile fluorescence system was 
developed for the sensitive detection of MG. As illustrated in Scheme 1, 
MnO2 NS quenches the fluorescence of BPEI-CDs at 445 nm via FRET. 
Butyrylcholinesterase (BChE) was used to generate thiocholine from the 
substrate S-butyrylthiocholine iodide (IBTCh), with thiocholine effec-
tively decomposing MnO2 NS to Mn2+, thereby restoring the fluores-
cence of BPEI-CDs. As an enzyme inhibitor of BChE activity, MG can 
prevent the production of thiocholine and inhibit the decomposition of 
MnO2 NS, causing an inhibition of fluorescence in the system. 

2. Experimental section 

2.1. Chemicals and materials 

Citric acid (CA), sodium dodecyl sulfate (SDS), and S-Butyrylth-
iocholine iodide (IBTCh) were purchased from J&K Chemical Technol-
ogy Company Ltd (Beijing, China). Branched poly(ethylenimine) (BPEI, 
M = 1800) and ammonium acetate were acquired from Aladdin Indus-
trial Company Ltd (Shanghai, China). Butyrylcholinesterase (BChE) was 
purchased from Shanghai Yuanye Biotechnology Company Ltd (China). 
Malachite green was acquired from Alta Scientific Company Ltd (Tian-
jin, China). Potassium permanganate (KMnO4) was purchased from 
Tianjin Chemical Reagent Company Ltd (China). HPLC-grade acetoni-
trile was purchased from Fisher Scientific Company (Pittsburgh, USA). 
Deionized water (18.2 MΩ cm) was used throughout the analyses and 
Tris-HCl buffer (12.5 mM, pH = 8) was prepared for further use. 

2.2. Apparatus 

Fluorescence spectra were recorded on a F-2700 Spectro fluo-
rophotometer (HITACHI Co., Ltd., Japan) with excitation slits and 
emission slits of 10 nm and a PMT Voltage of 400 V. Absorption spectra 
were recorded on a Cary 60 UV–vis spectrometer (Agilent Technologies 
Inc., USA). FT-IR spectra were investigated using KBr pellets on a Nicolet 
Avatar360 FT-IR spectrophotometer (Thermo Fisher Scientific Inc., 
USA) in the range of 4000–400 cm− 1. TEM images were conducted on a 
JEM-2100F Transmission Electron Microscope (JEOL, Japan). XPS was 
conducted on the ESCALAB 250 spectrometer (Thermo Fisher Scientific 
Inc., USA). Fluorescence lifetime was obtained on the FLS920 spec-
trometer (Edinburgh Instrument, UK). All pH values were measured 
with a PHS-3C pH-Meter (INESA Scientific Inc., China). Fish samples 
were determined with a Shimadzu LC-20ADXR liquid chromatograph 

Scheme 1. Schematic diagram of the developed sensing strategy based on BPEI-CDs and MnO2 NS for MG determination.  
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system (Shimadzu, Japan). 

2.3. Synthesis of BPEI-CDs 

BPEI-CDs with a high quantum yield (exceeding 40%) were synthe-
sized according to a previously reported method with some modifica-
tions (Dong, Wang, Li, Shao, Chi, Lin, et al., 2012). Briefly, BPEI (0.5 g) 
and CA (1.0 g) were dissolved in 10 mL water in a 50 mL beaker by 
heating to 160 ◦C using a heating plate. After boiled, the solution tem-
perature was then reduced to 135 ◦C. As most of the water evaporated, a 
pale-yellow gel was obtained. Then, 1 mL of water was added to rehy-
drate the gel and avoid scorching. The same procedure was repeated 
more than 10 times until the color of the gel turned orange, indicating 
the successful formation of BPEI-CDs. Next, deionized water was 
immediately added to adjust the solution volume to 10 mL and the 
mixture was shaken until the gel was fully dissolved. The resulting BPEI- 
CDs solution was stored in the dark at 4 ◦C prior to use. 

2.4. Synthesis of MnO2 NS 

The procedure for MnO2 NS synthesis was performed according to a 
previously reported method as follows (Wei, Cui, Chen, & Ivey, 2011): 
First, 10 mL of 0.1 mol/L sodium dodecyl sulfate solution and 0.5 mL of 
0.1 mol/L H2SO4 solution were dispersed in 88.5 mL of deionized water 
and heated at 95 ◦C for 15 min. Then, 1 mL of 0.05 mol/L KMnO4 so-
lution was slowly added to the mixture and heated for another 60 min. 
The as-synthesized MnO2 NS were then cooled to ambient temperature 
and washed three times with deionized water. Finally, MnO2 NS were 
vacuum-dried, forming dark-brown solid flakes. 

2.5. Quenching of BPEI-CDs by MnO2 NS 

Varying volumes of 2 mg/mL MnO2 NS solution were added to 10 μL 
of 10.4 mg/mL BPEI-CDs, with the mixture then diluted using Tris-HCl 
(12.5 mM, pH 8) to a final volume of 500 μL. The mixture was then 
incubated for 2 min prior to fluorescence emission spectra 
measurements. 

2.6. Detection procedure for BChE 

First, different concentration BChE (20 μL) solutions were mixed 
with 50 μL of IBTCh (10 mM) and 40 μL of Tris-HCl (12.5 mM, pH 8), 
then incubated for 30 min at 37 ◦C. Then, 300 μL of MnO2 NS (2 mg/mL) 
were added to the mixture and incubated for 30 min. Following this, 10 
μL of BPEI-CDs (10.4 mg/mL) were added, and the mixtures were 
diluted to 500 μL with deionized water and thoroughly mixed. Finally, 
the fluorescence emission spectra were recorded. 

2.7. Procedure for MG detection 

For the detection of MG, 20 μL of varying concentration MG solutions 
and 20 μL of BChE (3 × 103 U/L) were mixed with 40 μL Tris-HCl (12.5 
mM, pH 8) at 37 ◦C for 30 min. Then, 50 μL of IBTCh (10 mM) was added 
and the mixture was incubated at 37 ◦C for 20 min. Next, 300 μL of 
MnO2 NS (2 mg/mL) were added and after 2 min of incubation, and 10 
μL of BPEI-CDs (10.4 mg/mL) were added and the mixtures were diluted 
to 500 μL with deionized water. Finally, fluorescence emission spectra 
detection was performed at an excitation wavelength of 360 nm. 

Fig. 1. (a) TEM image of the BPEI-CDs; (b) Size distribution of the BPEI-CDs; (c) Fluorescence emission spectra of the BPEI-CDs at various excitation wavelengths 
(280–400 nm); (d) FT-IR spectra of the BPEI-CDs. 
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2.8. Determination of MG in fish tissue samples 

The standard addition method was used to establish the MG content 
in fish tissue. Deceased bluntnose black bream was purchased from a 
local supermarket in Changchun, China. After removing the scales and 
skin from the fish, the tissue along the back of the fish was collected and 
homogenized into a paste. 4 g of fish paste per sample was combined 
with 10 mL of acetonitrile and ultrasonicated for 10 min. The mixture 
was centrifuged at 6000 rpm for 5 min and the supernatant was trans-
ferred to a centrifuge tube. The precipitate was extracted again using the 
same method and the two supernatants were then combined and evap-
orated in a nitrogen atmosphere. Subsequently, the residue was dis-
solved using Tris-HCl solution to 10 mL and filtered through a 0.22 μm 
membrane. For each processed fish sample, 50 μL was combined with 
different MG samples, using the constructed method to detect the MG 
concentration and calculate the recovery rate accordingly. The deter-
mination method of HPLC refers to the National Standard of the P.R.C 
GB/T 19857–2005 (Residues of Malachite Green and Crystal Violet in 
Aquatic Products). The chromatographic separation was performed on 
an eclipse XDB-C18 column (150 mm × 4.6 mm, 5.0 μm particle size) 
with a mobile phase consisting of ammonium acetate (50 mmol⋅L− 1, pH 
4.5) -acetonitrile (40:60, v/v) at a flow rate of 1.0 mL min− 1. Detection 
wavelength and sample injection volume were 618 nm and 50 µL, 
respectively. 

3. Results and discussion 

3.1. Characterization of BPEI-CDs 

The BPEI-CDs were synthesized via a simple one-step low- 

temperature pyrolysis method using CA and BPEI as precursors. Trans-
mission electron microscope (TEM) imaging confirmed that BPEI-CDs 
were spherical and well dispersed in aqueous solution, with an 
average diameter of 2.3 nm (Fig. 1a & 1b). The high-resolution TEM 
images (inset of Fig. 1a) revealed that the BPEI-CDs exhibited a lattice 
spacing distance of 0.21 nm, corresponding to graphite (1 0 0) (Dong, 
et al., 2012). As shown in Fig. 1c, when the excitation wavelength was 
changed from 280 to 400 nm, the BPEI-CDs solution exhibited a fluo-
rescence emission peak at 445 nm. Therefore, considering the fluores-
cence intensity at different emission wavelengths, 360 nm was selected 
as the excitation wavelength for all following experiments. 

FT-IR spectrum analysis was used to characterize the surface func-
tional groups of BPEI-CDs. As shown in Fig. 1d, the strong absorption 
bands at 3428 cm− 1 and 1585 cm− 1 were assigned to the stretching 
vibrations of N–H, while the weak absorption bands at 2950 and 2850 
cm− 1 were attributed to C–H stretching vibrations. Furthermore, the 
absorption bands at 1395 cm− 1 and 1705 cm− 1 were assigned to the 
stretching vibrations of C – N and C––O, respectively, while a sharp 
peak at 1705 cm− 1 corresponded to − CONH− , which is formed by the 
dehydration condensation of –NH2 groups from BPEI and the –COOH 
groups of carbonized CA (J.-Y. Li, Liu, Shu, Liang, Zhang, Chen, et al., 
2017). 

The UV–vis absorption spectra of the as-prepared BPEI-CDs exhibited 
two distinct absorption bands at 245 and 360 nm, which were ascribed 
to the π–π* transition of the aromatic ring and n–π* transition of C––O, 
respectively (Fig. S1). A xenon lamp was used to test the photostability 
of BPEI-CDs under continuous intensive excitation conditions. As shown 
in Fig. S2, it was observed that the normalized fluorescence emission 
intensity of BPEI-CDs remained at the same intensity level after 60 min 
of xenon lamp irradiation, indicating that CDs exhibited good 

Fig. 2. (a) TEM image of MnO2 NS; (b) High resolution XPS spectra of Mn 2p. (c) Fluorescence lifetimes of BPEI-CDs (0.52 mg/mL); (d) The change in fluorescence 
spectra of BPEI-CDs upon the addition of a diverse range of reaction components. 0.208 mg/mL BPEI-CDs; 1.2 mg/mL MnO2 NS; 120 U/L BChE; 1 mM IBTCh; 10 
μM MG. 
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photostability. The fluorescence response of BPEI-CDs was found to be 
pH-dependent within the pH range from 5 − 10, with BPEI-CDs exhib-
iting strong fluorescence and a maximum response at pH 6 significantly 
decreasing under increasing pH conditions (Fig. S3). 

3.2. Design of the BPEI-CDs and MnO2 NS system 

TEM and XPS spectra were used to characterize the MnO2 NS pre-
pared using a redox reaction between SDS and KMnO4. TEM image 
confirmed our successful synthesis of MnO2 NS. As shown in Fig. 2a, the 
TEM image revealed that the MnO2 NS displayed a thin and irregular 
two-dimensional sheet-like structure, containing fine wrinkles which 
provide sufficient surface coverage for the fixation of BPEI-CDs. (See 
Fig. 3). 

Fig. 2b displays Mn 2p in the high-resolution XPS spectrum for MnO2 
NS, with the peaks at 642.0 eV and 653.6 eV assigned to Mn 2p3/2 and 
Mn 2p1/2, respectively. These characterization results confirmed the 
successful preparation of MnO2 NS. Furthermore, MnO2 NS have a broad 
UV − vis absorption spectrum range (250 nm–800 nm) and a peak 
centered at 385 nm, with a significant overlap area between the emis-
sion peak of BPEI-CDs and MnO2 NS absorption (Fig. S4). The broad 
absorption peak could make MnO2 NS a feasible energy acceptor for 
BPEI-CDs. In addition, the absorption spectra of MnO2 NS and the BPEI- 
CDs mixture exhibited a blue shift compared to that of MnO2 NS, due to 
the electrostatic interaction between MnO2 NS and BPEI-CDs (Fig. S5). 

Furthermore, the zeta potential of BPEI-CDs was positively charged 
(ζ = +8.29 mV), while for MnO2 NS it was negatively charged (ζ = −

3.98 mV). The mixture of BPEI-CDs and MnO2 NS resulted in a zeta 
potential of + 2.39 mV (Fig. S6). Therefore, electrostatic interactions 

between the BPEI-CDs and MnO2 NS could bring them closer, meeting 
the donor–acceptor distance requirements for FRET. 

The fluorescence lifetime of BPEI-CDs in the presence of different 
concentrations of MnO2 NS were studied (Fig. 2c). The double expo-
nential function was used to fit the fluorescence decay curve, estab-
lishing a lifetime for BPEI-CDs of 12.12 ns. With increasing MnO2 NS 
concentrations from 0.04 to 0.2 mg/mL, the fluorescence lifetimes 
gradually decreased from 11.42 to 10.56 ns, implying that BPEI-CDs 
could be applied as an energy donor and that MnO2 NS served as a 
nano-quencher and energy acceptor through FRET. 

3.3. Feasibility of this method and mechanism of function 

The feasibility of sensing MG using this novel method is presented in 
Fig. 2d. Specifically, the fluorescence of BPEI-CDs at 445 nm can be 
quenched by MnO2 NS. After the addition of BChE and IBTCh, fluores-
cence was restored to about 96.6% of the original level. However, the 
addition of MG led to a decrease in the fluorescence intensity of BPEI- 
CDs at an excitation wavelength of 360 nm. Furthermore, the BPEI- 
CDs were separately incubated with BChE, IBTCh and MG under the 
same conditions, resulting in no significant effect on the fluorescence of 
BPEI-CDs (Fig. S7). These results demonstrate that this method is both 
feasible and practical for the detection of MG. 

3.4. Optimization of detection conditions 

To establish the optimal conditions for MG detection, the fluores-
cence spectra were recorded at different concentrations of MnO2 NS, 
BChE, and IBTCh. In addition, the effects of varying pH levels and 

Fig. 3. (a) Fluorescence spectra of BPEI-CDs in the presence of varying concentrations of MnO2 NS (0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2, or 1.4 mg/mL); (b) The 
linear plot of fluorescence intensity of BPEI-CDs with varying concentrations of MnO2 NS. (c) Fluorescence spectra of the BPEI-CDs-MnO2 NS-BChE-IBTCh system in 
the presence of varying concentrations of BChE (0, 15, 45, 70, 90, 120, 180, or 300 U/L); (d) Linear plot of the fluorescence intensity of the BPEI-CDs-MnO2 NS-BChE- 
IBTCh system with varying concentrations of BChE. 
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enzyme reaction times on the system were also recorded, while 37 ℃ 
was maintained as the constant temperature for the catalytic reaction of 
BChE. 

As exhibited in Fig. 4a, the MnO2 NS fluorescence quenching re-
sponses of BPEI-CDs were explored. The fluorescence intensity of BPEI- 
CDs decreased gradually with increasing concentrations of MnO2 NS 
from 0 to 1.4 mg/mL, with the fluorescence quenching efficiency 
reaching 64% after incubation with 1.2 mg/mL MnO2 NS. Fig. 4b shows 
the linear plot of fluorescence intensity and MnO2 NS concentration 
from 0.1 to 1.2 mg/mL, with a linear regression equation of Y =
3278.345X-1779.752 (R2 = 0.995). Therefore, 1.2 mg/mL was selected 
as the MnO2 NS concentration for all subsequent experiments. 

Fig. 4c exhibits gradual increase in the fluorescence intensity of the 
sensing system with increasing levels of BChE. As shown in Fig. 4d a 
good linear relationship was observed between the fluorescence in-
tensity of the BPEI-CDs-MnO2 NS-BChE-IBTCh system and BChE con-
centration, with the linear regression equation Y = 8.579X + 1625.380 
(R2 = 0.996) obtained in the range of 15–120 U/L. Accordingly, 120 U/L 

was selected as the optimal concentration of BChE. 
The pH and enzyme reaction time impact of the sensing system was 

also investigated (Fig. S8), with results indicating that the fluorescence 
intensity reached a maximum at pH 8. The effect of reaction time (over a 
0–40 min range) at 37 ◦C on the fluorescence intensity of the system is 
shown in Fig. S8, indicating that the enzymatic reaction reached equi-
librium at 40 min. Therefore, pH 8 was selected as the optimal pH level 
and the enzyme reaction time was set to 40 min for MG detection. 

3.5. System selectivity 

The selectivity of the system was evaluated by parallel measurement 
of the fluorescence response to certain biomolecules (Cys, GSH, Phe, 
Met, and Lys) and preservatives (sodium lactate and sodium nitrite). As 
shown in Fig. 4a, the MG sensing system exhibited high specificity 
against other interfering substances, enhance its application in the 
analysis of complex biological samples. 

Fig. 4. (a)Fluorescence intensity of the sensing system with the addition of MG (10 μM) and interfering substances (100 μM). (b) The fluorescence spectra of the 
BPEI-CDs-MnO2 NS-BChE-IBTCh system in the presence of varying concentrations of MG (0.2, 0.4, 1, 2.5, 4, 8, 11, or 14 μM); (c) Linear plot of the FL intensity of the 
BPEI-CDs-MnO2 NS-BChE-IBTCh system versus MG concentration. 

Table 1 
Recovery tests of spiked MG in fish samples measured with our method and HPLC, respectively (n = 3).  

Spiked MG (μM) Our method HPLC δ Relative Error (%) 

Found (μM) Recovery (%) RSD (%) Found (μM) Recovery (%) RSD (%) 

0 ND  –  – ND  –  –  – 
1 1.02  101.71  8.65 0.95  95.16  3.68  7.00 
3 3.24  108.28  6.42 3.07  102.25  5.23  5.67 
7 6.97  99.58  1.16 7.24  103.49  7.59  3.86 
10 10.09  100.90  0.94 11.13  111.34  7.28  10.40  
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3.6. Quantitative determination of MG 

Under optimal conditions, the linear relationship and detection limit 
of the sensing system were established. As presented in Fig. 4b and 
Fig. 4c, with increasing concentrations of MG, the fluorescence intensity 
was gradually quenched. A good linear relationship (R2 = 0.999) was 
obtained in the range of 0.2 to 14 μM MG (regression equation of Y =
-86.221X + 2315.726), with the detection limit for MG calculated to be 
0.06 μM (signal-to-noise ratio of 3). 

3.7. Real sample detection 

The high sensitivity and selectivity of the proposed sensing system 
make it a promising candidate for the detection of MG in real samples. 
Diluted fish tissue samples spiked with a series of known MG concen-
trations were examined. The developed methods have been validated by 
HPLC method according to the National Standard of the P.R.C GB/T 
19857–2005. Based on the results listed in Table 1, the developed 
method showed satisfactory recoveries ranging from average MG re-
coveries ranged from 99.58% to 108.28% with relative standard devi-
ation (RSD) below 8.65%. Besides, the recovery for determination of MG 
by HPLC ranged from 95.16% to 111.34% with a low RSD of 3.68%– 
7.59%. The relative errors (δ) of the detection results obtained using our 
method and those obtained using HPLC ranged from 3.9% to 10.4%, 
which indicating the high accuracy and potential applicability of the 
proposed sensor for MG analysis in fish tissue samples. 

4. Conclusions 

In this study, a simple and sensitive assay for MG detection was 
developed based on the FRET between BPEI-CDs and MnO2 NS. BPEI- 
CDs were used as a fluorophore and MnO2 NS served as a fluorescence 
quencher and recognized the substrate. The linear relationship between 
MG concentrations and fluorescence signal reduction was established 
and used for the quantitative analysis of MG concentration within the 
range of 0.2 to 14 μM, with a detection limit of 0.06 μM. Furthermore, 
this novel method achieved excellent spiked sample recoveries, serving 
as a promising system for the rapid and accurate detection of MG. 
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