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Malachite green (MG), a widely used antiparasitic agent, poses health risks to human due to its genotoxic and
carcinogenic properties. Herein, a stable dual-emission fluoroprobe of carbon dots/copper nanoclusters is pre-
pared for highly selective detection of MG based on the inner filter effect. This probe exhibits characteristic
emission bands at 435 and 625 nm when excited at 376 nm. After adding MG, the both emission signals were

significantly quenched, and the ratio of fluorescence intensity (F435/Fe¢25) was linearly related to the concen-
tration of MG in the range of 0.05-40 pmol L~! with a limit of detection of 18.2 nmol L™}. Meanwhile, the two
signals exhibit linear relationships with the concentration of MG, respectively, and the corresponding detection
results were consistent. The fluoroprobe was successfully used for the detection of MG in fish samples with the
recoveries ranging from 96.0% to 103.8% and a relative standard deviation of <3.3%.

1. Introduction

Malachite green (MG) is a synthetic triphenylmethane compound
that is extensively employed as a bactericide, parasiticide, and preser-
vative in aquaculture and fisheries, primarily due to its robust antibac-
terial properties (Culp & Beland, 1996). Furthermore, MG is highly
soluble in water, ethanol, and methanol, giving its solutions a distinctive
blue-green hue. This versatility has led to its extensive use as a dye in
industries of textiles, leather, paper, food and cosmetics (Samiey &
Toosi, 2010). MG is easily absorbed by fish, while tending to accumulate
in aquatic products and persist in the environment for a prolonged
period. Through the food chain, MG harms the human health with a
series of side effects such as carcinogenesis, teratogenicity and mutation
induction (Culp et al., 1999; Srivastava, Sinha, & Roy, 2004; Wan,
Weng, Liang, Lu, & He, 2011). Many countries and regions have enacted
laws and regulations to restrict the use of MG, including the United
State, China and the European Union. Nonetheless, MG is still illegally
used in aquaculture due to its efficiency, availability, and lack of sub-
stitutes (Gao et al., 2019; Khan & Lively, 2020). It is important to
develop an analytical method for detecting MG residues in aquatic
products.

Nowadays, food safety is receiving increasing attention. Researchers
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have developed various detection methods according to the different
characteristics of the targets, such as high-performance liquid chroma-
tography (HPLC) (Andersen et al., 2009), liquid chromatography-mass
spectrometry (Li et al., 2020), thin-layer chromatography (Kraai, Ror-
rer, & Wang, 2019), electrochemical analysis (He et al., 2023; Jiang
et al., 2024; Luo & Li, 2022; Magesa et al., 2019; Sacara, Cristea, &
Muresan, 2017; Sanjay et al., 2022), spectrophotometry (Yu et al.,
2015), enzyme-linked immunosorbent assay (Shen et al., 2011; Wang
et al., 2016), and surface-enhanced Raman spectroscopy (Chen, Huang,
Miao, Fan, & Lai, 2023), and fluorescence sensing (Kong, Hou, Gong,
Zhao, & Han, 2022; Yue et al., 2023). Among these methods, fluores-
cence sensing has attracted the attention of researchers due to its fast
response, high sensitivity, simple operation, and cost-effectiveness. Li
et al. (Z. Y. Li, Shen, Gu, & Chattha, 2022) developed a polyethylene
pyrrolidone-gold-copper nanoclusters-based fluorescent sensor for the
detection of MG in aquatic product, with excitation/emission peaks at
390/605 nm. Cheng et al. (Cheng, Wang, Yan, Xiao, & Zhang, 2022)
prepared nitrogen-doped carbon dots (N-CDs) with green fluorescence
(emission wavelength of 535 nm) using carmine base and disodium
ethylenediaminetetraacetic acid as raw materials, which exhibit a rapid
and sensitive response to MG. However, the traditional fluorescence
methods typically rely on a single fluorescence signal for measurement,
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Scheme 1. (A). Schematic illustration of the process to prepare CDs; (B) the process to prepare CDs/CuNCs; (C) the detection of MG in fish by CDs/CuNCs.

which is easily affected by instrument noise, light source intensity, probe
concentration, and surrounding environment (Qiu et al., 2022; Qu,
Chen, Zheng, Cao, & Liu, 2013; Yan et al., 2015).

Ratiometric fluorescence sensor overcomes the fore-mentioned
shortcomings by employing two emission wavelengths as detection
and reference signals, enhancing the signal-to-noise ratio through built-
in background interference correction, and ultimately improving
detection reproducibility (Pei, Pan, Zhang, & Lv, 2021). Zhou et al.
(Zhou, Zhou, & Chu, 2022) established a ratiometric fluorescence sensor
for MG by immobilizing acridin-9-amine and rhodamine B (emitting
blue and red fluorescence at 432 and 604 nm as a reference and
detection signal, respectively) on UiO-66-(COOH),, exhibiting stability
performances with an RSD of <4.8%. Nevertheless, during the analysis
of real samples, the presence of coexisting substances may produce false
positives and lead to error analysis result. Given this challenge, further
improvements in the recognition capabilities and the selectivity of the
ratiometric fluorescence method become urgent.

In this study, we synthesized a dual-signal fluorescence nano-
composite, composed of CDs and CuNCs, and it was specifically designed
to exhibit fluorescence at wavelengths that correspond to the two typical
absorption peaks of MG. Based on the inner filter effect (IFE), we
employed a dual-signal responsive ratiometric fluorescence detection
strategy, establishing a highly selective and sensitive detection method
for MG, which was applied to determine MG in fish samples (Scheme 1).
The ratiometric signals of the probe exhibited self-correction properties,
eliminating interference from the detection environment. Furthermore,
its dual-signal response was capable of identifying false positive errors.
This method can be applied to food safety food safety analysis, envi-
ronmental monitoring and bioanalysis.

2. Experimental
2.1. Chemicals and instrumentation

Copper sulfate (CuSO4-5H20, >99%) and sodium hydroxide (NaOH,
>96%) were purchased from Beijing Chemical Co. (Beijing, China).

Citric acid was purchased from J&K Scientific (Beijing, China). Metal
salts (K*, Nat, Mg, ca®*, Ba®', Co?', Hg?*, cd?, cr?t, Pb2*, Zn?",

AI**, Fe), Dyes (Methylene blue (MB), methyl violet (MV), alizarin red
(AR), crystal violet (CV), congo red (CR)), sodium nitrite was obtained
from Aladdin (Shanghai, China). Antibiotic (tetracycline, chloram-
phenicol, sulfadiazine) were obtained from Solarbio Science & Tech-
nology Co., Ltd. (Beijing, China), suger (glucose, levulose, Cane sugar)
was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Britton-Robison (BR) buffer was used in this study and consisted
of 0.2 mol L™! sodium hydroxide solution in 0.04 mol L™} triacid
(phosphoric acid, boric acid, acetic acid). BR buffer solutions with
different pH values were configured using a pH meter. All aqueous so-
lutions were prepared using deionized water obtained from a Millipore
water purification system (>18.2 MQ cm, Milli-Q, Millipore).

The morphological detection results of CuNCs obtained by the
transmission electron microscopy (TEM) with FEI Tecnai G2 F20 (FEI,
Hillsboro, OR, U.S.). The ultraviolet-visible (UV-vis) absorption spectra
and fluorescence spectra were measured on a TU-1901 Ultraviolet-
visible spectrophotometer (Purkay, Beijing, China) and F-7000 fluores-
cence spectrometer (Hitachi, Ltd., Marunouchi, Tokyo, Japan), respec-
tively. The Fourier transform infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS) were recorded on a VERTEX 70
Fourier transform infrared spectrometer (Bruker, Ettlingen, Germany)
and Escalab 250Xi X-ray photoelectron spectrometer (Thermo Fisher,
Waltham, MA, U.S.), respectively.

2.2. Synthesis of CDs

The blue-emitting CDs was prepared via a one-step hydrothermal
method with some modifications (Zhu et al., 2013). 0.30 g of citric acid
and 1.5 g urea were dissolved in 30 mL of ultrapure water and stirred
thoroughly. The solution was then transferred to a stainless-steel high-
pressure reactor lined with polytetrafluoroethylene (PTFE) and heated
at 180 °C in an oven for 6 h. After the completion of the reaction, the
solution was naturally cooled to room temperature and subjected to
filtration and centrifugation (5000 rpm, 5 min) to remove insoluble
large particle impurities. The resulting mixture was further purified by
dialysis (5000 Da) for 24 h to remove unreacted precursors, yielding a
purified solution of carbon dots (CDs). The purified CDs solution was
stored at 4 °C in a refrigerator for subsequent experiments. A portion of
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Fig. 1. (A, B) TEM of CDs and CDs/CuNCs, inset: the distribution of particle sizes;

CDs/CuNCs, inset: XPS narrow scan spectra of Cu.

the sample was freeze-dried to obtain a solid powder sample for
characterization.

2.3. Synthesis of CDs/CuNCs

The CDs/CuNCs nanocomposite was synthesized on the basis of a
previous study (Li et al., 2020). GSH (12.5 mg mL’l, 5mL), CuSO4-5H,0
(6 mg mL_l, 2 mL), and the purified CDs solution (12 mg mL’_1 2 mL)
were mixed and diluted with ultrapure water to a 20 mL solution, and
white emulsion was obtained after vortex. Subsequently, add 1.0 mol
L~! NaOH solution dropwise until the white emulsion gradually be-
comes clear, corresponding to a pH value of 4.0-5.0. Transfer the so-
lution to a brown bottle and heat it in a water bath at 38 °C for 4 h,
resulting in a slightly yellowish clear solution. Purify the solution using
dialysis in the dark for 24 h to remove the precursor. Store the purified
CDs/CuNCs sample in a refrigerator at 4 °C for subsequent use.

2.4. Detection of MG detection by CDs/CuNCs

Prepare a standard solution of MG or actual sample solution using
ultrapure water. Dilute the prepared CuNCs solution three-fold with BR
buffer (pH = 7.0) as a control group. Add 1 mL of the ultrapure water-
prepared MG solution (10 nmol L™!) to 1 mL of the CDs/CuNCs solu-
tion (1.5 mg mL™1), incubate for 3 min, mix with 1 mL of the standard
MG solution or sample extract of different concentrations, and incubate
for 10 min. Measure the fluorescence intensity of the solution under
excitation at 376 nm, the fluorescence signal of the nanocomposites is
quenched at 435 nm and 625 nm. The quantitative detection of MG is
achieved based on the fluorescence quenching degree of CDs/CuNCs. All
experiments were carried out at room temperature and repeated three
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(C) FT-IR spectra of GSH, CuNCs, CDs and CDs/CuNCs ; (D) XPS survry spectra of

times.

To establish correlation curves of fluoresence intensity of CDs/
CuNCs and the concentration of MG, we prepared a series of MG solu-
tions with different concentrations and obtained fluorescence spectra
through experiments using the aforementioned detection method. The
data was processed using Origin software to obtain the correlation
curves between [(Fp — F)/Fo] and MG concentration (where F( repre-
sents the fluorescence intensity of the blank solution, and F represents
the fluorescence intensity after adding MG). Since this fluorescent probe
has two fluorescence emission peaks at 435 nm and 625 nm, two cor-
relation curves were obtained based on the above steps. Additionally, we
also establish ed. the correlation curves between the intensity ratio of
these two fluorescence signals and the concentration of MG solution.

To evaluate the selectivity of the detection system, we added com-
mon coexisting substances at a concentration of 0.3 mmol L™} to the
CDs/CuNCs fluorescence system (replacing MG in the aforementioned
detection method), including antibiotics (tetracycline, chloramphenicol,
and sulfamethazine), amino acids (L-cysteine, glutathione, phenylala-
nine, and tyrosine), organic dyes (methylene blue, methyl violet, aliz-
arin red, crystal violet, and methyl red), Sugar additives (glucose,
fructose, and sucrose), heavy metal ions (Hg?", Cd?*, Cr®*, cu®, and
Pb?"), common anions and cations (K*, Nat, Mg?*t, Ca?*, Ba®", Co?",
Fe3*, Zn%*, AI**, NO3, CI~, and SO%~.

To assess the anti-interference ability of the detection system, we
added the aforementioned substances at a concentration of 0.3 mmol
L ! to the CDs/CuNCs fluorescence system in the presence of MG (where
the concentration of Fe3*, Zn?*, Pb%", and AI** was adjusted to 0.09
mmol L’l).
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Fig. 2. (A) UV-vis absorption spectra and fluorescence spectra of 0.5 mg mL~! BR buffer (pH = 7) of CDs; (B) Excitation wavelength dependence of CDs/CuNCs; (C)
UV-vis absorption spectra and fluorescence spectra of 1.5 mg mL~! BR buffer (pH = 7) CDs/CuNCs; (D) UV-via absorption spectra of MG and fluorescence emission
spectra of CDs/CuNCs (the shaded part represents the overlap of the two spectra).

2.5. Pretreatment of the fish sample and detection

The fish (silver carp and common carp) used as samples were freshly
slaughtered and purchased from local supermarkets in Wuxi, China. The
fish tissue processing method mainly followed the procedure outlined in
reference (Luo et al., 2019). Accurately weigh 1 g of fish dorsal tissue,
completely crush it, and dissolve it in 5 mL of acetonitrile. After soni-
cation and centrifugation (at 12,000 rpm) for 5 min, the supernatant
obtained is considered as the sample solution for detection.

To detect MG in the fish samples, different concentrations of MG (0,
1.0, 5.0, 10.0, 15.0 pmol L™!) were injected into solutions containing
CDs/CuNCs and the sample supernatant. The fluorescence intensity at
435 nm and 625 nm were then recorded. Recovery rate and relative
standard deviation (RSD) were calculated. Please note that during the
experimental procedure, it is important to follow safety protocols and
strictly control experimental conditions to ensure accuracy and repeat-
ability of the results.

2.6. Detection of MG detection by HPLC method

According to the national standards of the People's Republic of China
GB/T 20361-2006, the HPLC method was employed. The measurement
conditions are shown in Table S4.

3. Results and discussion
3.1. Design strategy and synthesis of CDs/CuNCs for MG

Based on MG's two absorption peaks within the range of 300-700 nm
(424 nm and 618 nm) (Cheng et al., 2022), we designed a dual-signal
recognition fluoroprobe to detect MG by IFE. To construct the nano-
composite fluoroprobe, CDs with tunable fluorescence emission (Esmail
& Jabbar, 2023) and CuNCs with a large Stokes shift (Sharma et al.,
2023) were selected as components. First, we prepared CDs using the
hydrothermal method with citric acid and urea as the precursors, by
optimizing the reaction time and temperature. The CDs emit at 435 nm
under 376 nm excitation, which matches the absorption peak of MG at

424 nm. Then, to match the absorption peak of MG at 618 nm simul-
taneously, we synthesized glutathione-modified CuNCs and combined it
with the CDs. The synthesis process was optimized by adjusting the
material ratio, reaction time, and temperature (as shown in Fig. S1), and
the corresponding information is provided in the Supplementary
Material.

3.2. Characterization of the CDs/CuNCs

We analyzed the morphology and the size of CDs and CDs/CuNCs by
transmission electron microscope (TEM). Fig. 1(A, B) demonstrates that
both CDs and CDs/CuNCs exhibit discrete microsphere structures. The
particle size distribution for CDs ranges from 1.72 to 3.08 nm, with an
average diameter of 2.32 nm (n = 50), while for CDs/CuNCs, the dis-
tribution ranges from 3.10 to 5.24 nm, with an average diameter of 4.59
nm (n = 50). In Fig. 1(C), GSH, CuNCs, CDs and CDs/CuNCs were
characterized by FT-IR spectra. The broad and strong bands between
3420 and 2845 cm ! are due to the O-H/N-H (Simoes, Leitao, & da Silva,
2016), and two characteristic absorption bands located at 1707 and
1392 cm ™! are assigned to the stretching vibration modes of C=0 and
C—N, respectively. The results indicated that there is carboxyl (-COOH)
and amino (—NHj) groups on the surface of CuNCs similar to those
found on GSH (Z. L. Li et al., 2021; Y. Y. Zhang et al., 2021). Besides, the
peak at 2517 cm ™! is due to the stretching vibration of sulfhydryl group
(S—H), which is present in the FT-IR spectrum of GSH, but disappeared
in the CuNCs, which indicateds the formation of the covalent bonds
between GSH and CuNCs (Cu—S) (Bai et al., 2020). In the FT-IR spec-
trum of CDs, the band at 3214 ecm™}, 1576 cm ' and 1392 cm™!
correspond to O-H/N-H, C=0, N—H vibration, respectively, indicating
the presence of -COOH and -NHj; on the surface of CDs. The presence of
-CONH group vibration peaks at approximately 1634 cm ™! suggests that
the carboxyl and amino groups on the surface of CuNCs and CDs have
been combined (He et al., 2018). In addition, the structure and
composition of CDs/CuNCs were further explored using XPS spectra. As
shown in Fig. 1(D), XPS spectrum of the synthesized CDs/CuNCs reveals
the presence of S, C, O, N, Cu, and Na. It can be seen in the inset that
characteristic peaks of Cu(0) 2p3/2 and 2p1/2 appear at 932.3 eV and
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Fig. 3. (A) Fluorescence emission spectra of CDs/CuNCs with adding different concentrations of MG; (B) The linear relationship between [(F — Fy)/Fo] at 435 nm
versus the concentration of MG from 0.1 to 45 pmol Lt ; (C) The linear relationship between [(F — F()/Fo] at 625 nm versus the concentration of MG from 0.1 to 40
pmol L1 (D) The relationship between the intensity ratio (F435/Fe25) and the concentration of MG from 0.05 to 40 pmol L. Conditions: CDs/CuNCs, 1.5 mg mL~ Y

BR buffer, pH 7.0; excitation, 376 nm.

953.2 eV, respectively, while no peak is observed at 942 eV, indicating
that GSH successfully reduced copper from 2 to 0 valence (J. Q. Zhang,
Pang, & Shen, 2023). To verify the primary binding force, the zeta po-
tentials of CuNCs, CDs and CuNCs/CDs nanomaterials were tested. The
CuNCs exhibited a zeta potential value of —16.41 + 1.13eV, which was
attributed to the presence of carboxyl groups on their surface. In
contrast, the CDs had a zeta potential value of +7.21 + 0.52eV, due to
the abundance of amine groups exposed on their surface. When these
two components were mixed, the resulting CuNCs/CDs probe exhibited
a zeta potential value of —11.78 + 0.66eV. This observation suggests
that there was charge-charge interactions between the CuNCs and CDs
(Fig. S2).

3.3. Optical properties of CDs/CuNCs and its interaction with MG

We further explored the optical properties of the prepared CDs and
CDs/CuNCs nanocomposite. As shown in Fig. 2(A), the UV-vis absorp-
tion spectra of CDs exhibits the absorption peaks at 232 and 320 nm,
which could correspond to the 1 - n* and n — n* transitions, respec-
tively (Hu, Gao, & Luo, 2021). When the excitation wavelength is 376
nm, the fluorescence emission wavelength is 438 nm. From Fig. 2(B),
CDs/CuNCs nanocomposite exhibits excitation wavelength dependence.
As the excitation wavelength changing from 336 to 436 nm, the fluo-
rescence emission peak of CDs shows red shifts, while the peak position
of CuNCs remains unchanged. To achieve the desired positions and in-
tensities of the two peaks for application, the optimal excitation wave-
length is 376 nm, resulting in corresponding emission wavelengths at
435 nm and 625 nm, with comparable intensities (Fig. 2(C)). UV-vis
absorption spectrum illustrates that CDs/CuNCs have a broad absorp-
tion band from 290 to 337 nm. This molecular-like optical transition is
due to the quasi-continuous electronic energy band structure and
quantum confinement effects in both CDs and CuNCs. In addition, no
signal of surface plasmon resonance of Cu nanoparticles appears near

560 nm, indicating that the size of the as-prepared CuNCs is smaller than
5 nm (Liu, Wang, Li, Rui, & Zeng, 2015).

3.4. Stability of the CDs/CuNCs

In order to further explore the application potential of CDs/CuNCs,
we evaluated the stability of pH, salt concentration and storage time.
The fluorescence properties of nanomaterials correlate closely with the
pH of the analysis system. Fig. S3(A) demonstrates the fluorescence
intensity of CDs/CuNCs (50 pL, 1.5 mg mL™!) in a series of BR buffer
solutions (v = 2.0 mL) with pH ranging from 2.0 to 12.0 to investigate
the effect of pH on the intensity of both emission peaks of CDs/CuNCs
(Fa35 and Fgas). Considering both peaks exhibited high intensity and
stability within the pH range of 6.0-9.0, we chose pH 7.0 as the
experimental condition to reduce potential interference factors. The salt
concentration of the solution is also an important factor affecting the
fluorescence intensity of nanomaterials. We examined the effect of
varying salt concentration on the fluorescence intensity of CDs/CuNCs
by adjusting the concentrations of NaCl. The results are presented in
Fig. S3(B), showing that within the range of 0-1 mol L’l, the effect of
ionic strength on fluorescence intensity was negligible. The stability of
the fluoroprobe is one of the important parameters to evaluate its per-
formance, and we examined the effect of storage time on the fluores-
cence intensity of CDs/CuNCs (Fig. S3(C)). Results show that the
nanocomposite remained stable for 3 weeks, subsequently exhibiting a
gradual decline.

3.5. Response and the reproducibility of CDs/CuNCs to MG concentration

The determination of MG by CDs/CuNCs was completed in BR buffer
solution (pH = 7.0), the incubation time is 2 min (Fig. S4). The response
of fluorescence signal of CDs/CuNCs to MG is shown in Fig. 3(A). Both
signals of blue fluorescence at 435 nm and the red fluorescence at 625
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Fig. 4. (A) Selectivity evaluation. Relative emission intensity [(Fo — F)/Fo] of as-prepared CDs/CuNCs after the addition of 0.3 mmol L™ of different substances
including organic dyes, antibiotics, food additives, anions and cations. After addition of these substances separately, fluorescence intensity ratio (F435/Fg2s) of CDs/

CuNCs (0.92-1.02 is the range of variation in F435/Fg25 within the linear range

in Fig. 3(D), highlighted by the green region). (B) Anti-interference evaluation. The

relative emission intensity [(Fo — F)/Fo] of the as-prepared CDs/CuNCs (containing 0.03 mmol L' MG) was tested after the addition of 0.3 mmol L~ of the fore-

mentioned substances, excluding Fe>*, Zn?*, Pb**
intensities of the CDs/CuNCs before and after the addition of the substances.
interpretation of the references to colour in this figure legend, the reader is re:

nm decreased with the increase of MG concentration, simultaneously.
The linear relationship between MG concentration and [(Fy — F)/Fol,
which is related to F435 and Fggs respectively, was obtained by fitting the
curves shown in Fig. 3(B) and 3(C). Herein, Fy represents the fluores-
cence intensity in the absence of MG, while F represents the fluorescence
intensity in the presence of MG. The linear regression equations are (Fy
— F)/Fo = 0.013x + 0.126 (R® = 0.998) and (Fy — F)/Fo = 0.011x +
0.092 (R2 = 0.997) (x is MG concentration, pmol L’l) with range of
0.1-45 pmol L™ and 0.1-40 pmol L™}, respectively. The corresponding
LOD (limit of detection) are calculated to be 62.54 nmol L~ ! and 23.46
nmol L1 (S/N = 3). The ratio F435/Fg2s has a good linear correlation in
the MG concentration range of 0.05-40 pmol L™!. The regression
equation was F435/Fg25 = 0.020x + 0.816 (R? = 0.992), and the LOD
was calculated to be 18.2 nmol L} (Fig. 3(D)), and the limit of quan-
titation was 60.73 nmol L1, The results show that the ratio method has
a higher sensitivity. To analyze the reproducibility of the preparation
process of CDs/CuNCs fluorescent probe, six CDs/CuNCs were prepared
according to the experimental procedure 2.3, and 10.0 pmol L™} MG was

, and AI** (which were added at a concentration of 0.09 mmol L~! each). Fo and F are the maximum emission

Conditions: CDs/CuNCs, 1.5 mg mL~%; BR buffer, pH 7.0; excitation, 376 nm. (For
ferred to the web version of this article.)

measured separately. The results are shown in Table S1 with a relative
standard deviation (RSD) of 3.95%. Furthermore, using the same CDs/
CuNCs probe, we continuously measured MG 10 times, achieving a
sensor response with an RSD of 3.16% (Table S2). The experimental
results clearly indicate that the reproducibility of the sensor's fabrication
and detection is acceptable. Compared with other MG detection
methods (Table S3), the CDs/CuNCs used in this method has inexpensive
raw materials and a simple synthesis process. The dual-signal ratio-
metric fluorescence method incorporates built-in background interfer-
ence correction, eliminating the influence of instrumental noise, light
source intensity, probe concentration, and ambient environment, and
thereby improving the signal-to-noise ratio. This method boasts a low
LOD, high recovery rates, and good reproducibility. Its advantages in
selectivity and anti-interference will be further discussed in Section 3.6.

3.6. Selectivity and anti-interference

To evaluate the selectivity and anti-interference of CDs/CuNCs, we
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Table 1
The results of detect method (n = 6) in different fish sample.
Sample This method HPLC
Spiked (pmol LY Found (pmol LY Recovery (%) RSD (%) Found (pmol LY Recovery (%) RSD (%)
Silver carp 0 ND ND
1.0 1.02 102.0 2.9 0.96 96.0 3.6
5.0 5.17 103.4 3.0 5.11 102.2 2.9
10.0 9.96 99.6 2.6 10.16 101.6 3.9
15.0 14.74 98.3 3.2 15.48 103.2 3.0
Carp 0 ND ND
1.0 0.97 97.0 3.1 1.02 102.0 3.3
5.0 4.98 99.6 2.8 5.17 103.4 3.8
10.0 10.32 103.2 3.3 10.26 102.6 2.8
15.0 15.24 101.6 3.1 15.57 103.8 3.2

ND: Not detected.

introduced different potential coexisting substances into the analytical
system. These substances included antibiotics commonly used in aqua-
culture like tetracycline, chloramphenicol, and sulfamethazine; as well
as amino acids, such as L-cysteine, glutathione, phenylalanine, and
tyrosine. Moreover, we incorporated organic dyes that are potentially
present in industrial sewage, including methylene blue, methyl violet,
alizarin red, crystal violet, and methyl red. Sugar additives like glucose,
fructose, and sucrose, which are widely used in food processing, were
also included. Furthermore, we tested heavy metal ions prone to bio-
accumulation, such as Hg?*, cd?*, cr®*, Cu®", and Pb%". Finally, we
considered common anions and cations typically present in environ-
mental sewage, including K*, Nat, Mg?*, Ca?*, Ba?*, Co?*, Fe3*, zn?",
AI*T, NO3, CI7, and SO% ™.

In Fig. 4(A), most of the fore-mentioned substances have no signifi-
cant influence on both F435 and Fgo5 of the system. However, the pres-
ence of Fe®* quenched Fy35, resulting in an F435/Fg2s ratio (represented
as R) of 0.76. On the other hand, the presence of Pb?* and Zn?* lead to
the quenching of Fgo5 (R = 1.15 and 1.34). Conversely, the presence of
A" had an enhancing effect on Fgo5 (R = 0.84). So, using only F435 or
Fg25 to determine MG would cause false positives. To avoid this situa-
tion, the dual-signal response strategy was used. When the analyte is
MG, the detection results of the two signals should be consistent.
Furthermore, as the two signals exhibit a similar trend of change, the
ratio R varies within a specific range, from Rpottom t0 Ryop. In this study, R
belongs to the range of 0.92-1.02, which corresponds to the range of
F435/Fe2s in Fig. 3(D). Since the R values of systems containing Fe3+,
Pb%*, Zn%*, and AI** did not fall within the established range, it in-
dicates that it was not MG that affected the fluorescence signal of the
system, thus demonstrating the high specificity of the method.

Then, we investigated the interference of the above substances on the
system at MG concentration 0.03 mmol L. The Fig. 4(B) show that the
majority of potential interfering substances, at concentrations below 0.3
mmol L}, and Fe®*, Pb%®*, Zn?*, and AI" at concentrations below 0.09
mmol L', have minimal effects on Fsss and Fgos. Accordingly, the
ability of the fluoroprobe CDs/CuNCs for MG specific detection was
verified.

3.7. Possible detection mechanism

Generally, the fluorescence quenching mechanisms of CDs and
CuNCs can be attributed to static quenching effect (SQE), dynamic
quenching effect (DQE), Forster resonance energy transfer (FRET), and
IFE. The quenching mechanisms were studied through fluorescence
lifetime decay curves, UV-visible spectra, and fluorescence spectra.

Firstly, by fitting the data, the fluorescence lifetimes of CDs/CuNCs
were determined to be 5.46 ns without MG and 5.51 ns with MG (Fig. S5
(A)). The minimal change in fluorescence lifetime indicated that SQE or
IFE are the dominant factors, while DQE and FRET can be excluded. SQE
implies that the fluorescent material may react with a receptor to form a
non-fluorescent complex, which can be observed in the UV-visible

absorption spectrum. As can be seen from the Fig. S5(B), no new peak
appeared after adding MG, indicating that SQE is ruled out. IFE is caused
by the overlap between the UV-visible absorption spectrum of the re-
ceptor and the fluorescence emission spectrum of the probe. Referring to
Fig. 2(D), the absorption spectrum of MG shows two peaks at 424 and
618 nm, which overlap with the two emission peaks of CDs/CuNCs
located at 435 and 625 nm, respectively. Furthermore, the simultaneous
quenching of the fluorescence peaks of the CDs/CuNCs suggests that the
mechanism may be IFE, aligning with our design strategy.

3.8. Application of CDs/CuNCs sensor in real fish samples

To assess the accuracy of the ratiometric fluorescence method in
practical applications, we made a comparison with the HPLC method for
the detection of MG in fish samples. The chromatographs and correla-
tion curve shown in Fig. S6. The samples with MG concentration of 1.0,
5.0, 10.0, 15.0 pmol L' were tested, and each concentration were
measured six time. The results of the proposed method were in agree-
ment with the HPLC method with recoveries ranging from 96.0% to
103.8% and RSD was <3.3%. (shown in Table 1).

4. Conclusion

In summary, we developed a highly selective dual-signal response
ratiometric fluorescence sensing method for MG detection based on
CDs/CuNCs nanocomposite. The method has been successfully applied
to trace the amount of MG in the fish samples with the recovery over
96%. The simple, rapid and reliable dual response signals ratiometric
fluorescence sensing strategy opens up attractive perspectives for MG
detection. It shows great potential in food, environmental and bio-
analytical applications.
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