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Abstract

In this work, a ratiometric fluorescent method for carbaryl detection is reported. We found
that the combination of rapid hydrolysis of carbaryl and cetyltrimethylammonium bromide
(CTAB) emulsification could significantly enhance the intrinsic weak blue fluorescence
of carbaryl. By using red fluorescent glutathione-gold nanoculsters (GSH-Au NCs) as a
reference signal, ratiometric detection of carbaryl within 3 min was successfully achieved.
The method exhibited high sensitivity, with a linear response to carbaryl in the range
from 1.0 to 70 ng/mL and an LOD of 0.05 ng/mL. The method was applied for detection
of carbaryl in apple and cabbage samples, and recovery rates of 90~101% and 93~110%,
respectively, were obtained. These results show that the proposed method for carbaryl
detection has great potential for application in food sample monitoring.
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1. Introduction
Carbaryl (1-Naphthol methylcarbamate), a type of carbamate insecticide with high

activity and a broad-spectrum effect, is widely used for the control of diseases affecting
beans, vegetables and fruit trees [1,2]. However, carbaryl residues not only harm the
environment, but also are highly toxic to human beings through skin contact and respiratory
transmission [3]. European regulations state that carbaryl should be limited to between
0.01 mg/kg and 0.5 mg/kg in agricultural products [4]. Therefore, there is an increasingly
need to develop a sensitive detection method for carbaryl.

Many methods have been reported for detection of carbaryl, such as chromatogra-
phy [5], enzyme-linked immunosorbent assay [6] and electrochemical assay [7]. However,
these methods are relatively complicated and expensive, or they may require skilled opera-
tors, greatly limiting their practical applications. In the pursuit of cost-effective methods,
the enzyme-activity-inhibiting effects of pesticides upon acetylcholinesterase (AchE) have
been explored. For example, Li et al. proposed that the AchE hydrolysate thiocholine
could decompose a “T-Hg2+-T” formation originating from a helper DNA probe, and
quench a fluorophore probe output fluorescent signal. In [8], in the presence of a carba-
mate pesticide, AchE activity was inhibited and the fluorescence signal was quenched.
Korram et al. reported a method based on the FRET effect, with carbon dots (CDs) as
donor and AuNPs as acceptor. Detection was achieved by measuring the turn-on flu-
orescence signal of CDs in the presence of carbamate pesticide due to inhibition of the
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catalytic activity of AchE [9]. Some fluorescent-nanomaterial-based chemosensors have also
demonstrated good performance in pesticide detection [10]. Khaledian et al. reported on
synthesis of a CD probe and detection of the organophosphorus pesticide diazinon based
on the quenching effect of fluorescence [11]. Shen et al. fabricated a fluorescence probe
[Ru(bpy)3]2+-functionalized liposome-encapsulated curcumin ([Ru(bpy)3]2+@CCM-NPs)
through electrostatic interaction. On the basis of the fluorescence quench effect of ClO−

upon curcumin and the fluorescence of [Ru(bpy)3]2+, they constructed a ratiometric fluores-
cence system and achieved accurate on-site detection of ClO− [12]. Chen et al. synthesized
novel Flavourzyme-stabilized gold nanoclusters (Fla-Au NPCs) which showed evident
fluorescent enhancement by carbaryl, and then successfully sensed carbaryl [2].

Although the above fluorescent methods for sensing carbaryl are now well established,
these methods strongly depend on the interaction between carbaryl and the surface ligand
of fluorescent nanomaterials. Another method involves seeking the intrinsic fluorescent
characters of pesticides. However, the intrinsic fluorescence emission of pesticides is
commonly very weak, and this is difficult to apply in sensing. To achieve fluorescence-
turn-on sensing of targets, researchers have deeply investigated environmental factors
such as surfactants, micelles, solution environments, and supermolecular compounds. Liu
et al. described a method using Triton X-100 as an assisted surfactant to construct an
amplified-fluorescence detection strategy for Pd2+ [13]. Li et al. reported that addition
of cetyltrimethylammonium bromide (CTAB) can effect electrostatic interaction between
negatively charged CDs, causing self-aggregation and enhancing the quantum yield [14].
Du et al. found that in the presence of the deblock copolymer PEG-PLLA, a 1,1′-bi-2-
Naphthol(BINOL)-based fluorescence probe could be encapsulated into micelle and exhibit
fluorescence enhancement, so that detection of L- and D-tryptophan could be achieved [15].
Oh et al. reported that a tryptophan-based fluorescent probe could be encapsulated into
SDS micelles, resulting in significant enhancement of red emission [16]. Hu et al. reported
that a new intramolecular charge transfer (ICT) compound (E)-2-(((2-hydroxynaphthalen-1-
yl)methylene)amino) benzoic acid (HABA) showed greatly enhanced fluorescence in polar
protic solvent [17]. Li et al. synthesized a rhodamine B-benzofurazan-based fluorescence
probe which showed greatly enhanced fluorescence in aqueous solution containing 30%
ethanol [18]. Azath et al. reported a composite fluorescence probe based on 7-Aminoflavone-
modified cyclodextrin which could enhance fluorescence and thus achieve detection of
Cu2+ [19]. Tang et al. reported a supermolecular fluorescent probe Proflavine @ cucurbit [8]
uril (2PF@Q [8]) showed remarkable fluorescence enhancement with l-borneol [20].

Under alkaline condition, carbaryl can be easily hydrolyzed to 1-naphthol, which
is strongly hydrophobic and exhibits weak blue fluorescence. In light of the fact that
a surfactant can encapsulate and assist the dissolution of hydrophobic molecules, thus
protecting the quenching of molecular fluorescence by water molecules [13–15], in this
work, for the first time, we utilized CTAB as a fluorescence enhancer of carbaryl hydrolysate,
and also introduced GSH-templated Au NCs as a ratiometric reference signal. By such
means, a highly sensitive ratiometric fluorescent detection of carbaryl was achieved. In
addition, the proposed method could be completed within 3 min, and it was successfully
applied for the detection of food samples.

2. Experimental Section
2.1. Materials and Apparatus

All chemicals were used directly without any further purification, and all chemical
reagents in this experiment were analytical-grade. Chlorauric acid (HAuCl4) and glu-
tathione (GSH) were purchased from Shanghai Sinopharm Reagent Co. Cetyltrimethylam-

https://doi.org/10.3390/chemistry8030036

https://doi.org/10.3390/chemistry8030036


Chemistry 2026, 8, 36 3 of 11

monium bromide (CTAB) was bought from Shanghai Aladdin Biochemical Technology Co.
(Shanghai, China). All experimental water resistance values were higher than 18 MΩ/cm.

Fluorescence spectra were recorded through a UV-2802 pcs ultraviolet spectropho-
tometer and an F97 Pro fluorescence spectrophotometer (Shanghai Ling Guang Technology
Co., Ltd., Shanghai, China). The transmission electron microscope (TEM) images of DNA-
Ag NCs were obtained using a JEOL-2100 transmission electron microscope (Japan Electron
Optics Laboratory CO., Ltd., Tokyo, Japan). Measurement and management of material was
completed using an AUY-120 electronic balance (MS105DU, Mettler Toledo Instruments
Shanghai Co., Ltd., Shanghai, China).

2.2. Preparation of GSH-Au NCs

Synthesis of GSH-Au NCs was based on a previously reported procedure with a minor
modification [21]: 2 mL HAuCl4 (10 mM) was added to 8 mL GSH solution (3.75 mM) with
vigorous stirring at 25 ◦C. After the color of the solution changed from yellow to brown, it
was stored at 70 ◦C for 24 h, then cooled to room temperature. Finally, the solution was
stored at 4 ◦C for future use.

2.3. Fluorescence Detection of Carbaryl

The standard carbaryl substance was dissolved in methanol to 1 mg/mL and diluted
with deionized water to prepare a series of solutions at different concentrations. Next, 10 µL
amounts of carbaryl solution at different concentrations were mixed with 10 µL of NaOH
(100 mM) and 20 µL of CTAB (50 mM) and allowed to react for 3 min at room temperature.
The final volume was adjusted to 100 µL with 50 µL deionized water and 10 µL diluted
GSH-Au NCs (50×). The fluorescent-emission spectra were recorded for carbaryl detection.

2.4. Pretreatment and Carbaryl Detection of Food Samples

Apples and cabbages were bought from a supermarket and used as real samples in
this experiment. First, 20 mL of carbaryl (0.2 ng/mL, 0.6 ng/mL, 1.2 ng/mL) was added
to 1 g of apple or cabbage. After the spiked samples (4.0, 12.0 and 24.0 ng/g) had been
allowed to stand for 1 h, they were homogenized. Mixtures were then centrifuged at
5000 rpm for 10 min. Finally, the collected supernatants were filtered through a 0.22 µm
filter; fluorescence emission spectra were then recorded as described above, and recovery
rates were calculated.

3. Results and Discussion
3.1. Feasibility of Carbaryl Sensing

The principle of the proposed method for carbaryl detection is illustrated in Figure 1.
Under an alkaline environment, carbaryl is mainly hydrolyzed into 1-naphthol. This is
because the methyl isocyanate group of carbaryl is attacked by hydroxide ions through
a SN2 substitution reaction [22,23] and the intermediate methyl isocyanate (CH3N=C=O)
is unstable and easily hydrolyzed to CO2 and methylamine [24]. Under excitation of
350 nm, 1-naphthol exhibited weak blue fluorescence which could be greatly enhanced
by CTAB, one of the cationic surfactants. GSH-Au NCs are biocompatible and exhibit
a high quantum yield [25]. These remained relatively stable and showed obvious red
fluorescence at 620 nm under both alkaline and high-concentration-of-CTAB conditions.
The cationic surfactant CTAB and the negatively charged GSH could be bonded through
electrostatic interaction, which could improve the stability of the sensing system. The
mixture of carbaryl hydrolysate and GSH-Au NCs showed two fluorescence emission
peaks under excitation of 350 nm. With the introduction of carbaryl, the blue fluorescence
emission at 450 nm increased, and the fluorescence emission at 620 nm remained stable.
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The GSH-Au NCs could therefore be used to output a reliable reference signal. Ratiometric
fluorescent detection is a very popular sensing mode which has attracted great interest from
many researchers [7]. This design of ratiometric fluorescent detection could help promote
resistance to environmental interference and achieve visualization of the detection.

Figure 1. Schematic illustration of detection of carbaryl.

The AuNCs showed a quasi-spherical structure with an average size of 3.2 nm ± 0.6 nm
(Figure 2A). In the high-resolution TEM images, the Au lattice spacing was determined
to be 0.28 nm (Figure 2B); this represents the (1 1 1) crystal face of Au. As shown in
Figure 2D, carbaryl (50 ng/mL) showed no fluorescence emission. Under the alkaline
condition (10 mM NaOH), a weak emission peak appeared at 460 nm. The introduction of
CTAB to the mixture resulted in the fluorescence emission peak at 460 nm blue-shifting to
450 nm, and emission of carbaryl hydrolysate increasing sharply, by 7-fold. In addition,
under/mixing of carbaryl hydrolysate and CTAB, the fluorescence emission of GSH-Au
NCs maintained stable under the same excitation wavelength. Thus, the GSH-Au NCs
with red fluorescence emission can be used as a good reference for the blue fluorescence
emission of carbaryl at 450 nm.

From the inserted photos in Figure 2, it can be seen that no obvious color change was
observed in the carbaryl solution. However, dark and weak emission from the carbaryl
solution with NaOH was observed under UV light. With the addition of CTAB, a bright
blue emission from the mixture appeared. In the presence of red GSH-Au NCs, the emission
from the mixture turned purple.

To further investigate the mechanism of the proposed method, UV-vis absorption
spectra were measured for carbaryl and the hydrolysate. As can be seen in Figure 3, the
carbaryl solution exhibited two absorption peaks (black curves) at 220 nm and 280 nm.
After addition of NaOH, two absorption peaks (red curve) appeared at 245 nm and 330 nm,
indicating that carbaryl was hydrolyzed into 1-naphthol under alkaline condition [22,23]. In
the presence of CTAB, two absorption peaks at 245 nm and 330 nm red-shifted to 250 nm and
337 nm, respectively (blue curve), indicating that 1-naphthol was encapsulated into CTAB
micelle [26]. This encapsulation of carbaryl hydrolysate could disperse the hydrophobic
product, thus protecting it from aggregation and from water-molecule-induced fluorescence
quenching. As a result, the intrinsic weak blue fluorescence of carbaryl was significantly
enhanced. The surfactant Tween-20 also enhanced the fluorescence of carbaryl hydrolysis,
although much more weakly than CTAB (Figure S1). In addition, the size distribution of
the CTAB emulsion and the GSH-AuNCs were analyzed by DLS. As shown in Figure 3B–D,
the mixture of the carbaryl hydrolysate emulsion and GSH-AuNCs was significantly larger
than any other, indicating that a strong interaction existed between the carbaryl hydrolysate
emulsion and the GSH-AuNCs.
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Figure 2. Characterization of GSH-AuNCs and feasibility of carboxyl fluorescent sensing. (A) Repre-
sentative TEM image of GSH-AuNCs; (B) Latice spacing analysis of GSH-AuNCs; (C) Fluorescent of
GSH-AuNCs; (D) Response of GSH-AuNCs to carboxyl hydrolysis. The insert image photos were
obtained under UV light: a, carbaryl; b, carbaryl under alkaline hydrolysis; c, carbaryl hydrolysate
with the presence of CTAB; d, GSH-AuNCs; e, carbaryl hydrolysate with the presence of CTAB and
GSH-AuNCs.
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Figure 3. (A) UV-v is absorption spectra of carbaryl, carbaryl with NaOH and carbaryl with NaOH
and CTAB. Size distributions of (B) GSH-AuNCs, (C) carbaryl hydrolysate emulsion, and (D) the
mixture of GSH-AuNCs and carbaryl hydrolysate emulsion.
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3.2. Optimization of Sensing Conditions

To achieve stable responses to the detection of carbaryl, the effects of the following
experimental parameters were investigated: NaOH concentration, reaction temperature,
CTAB concentration and hydrolysis time.

The effect of concentration of NaOH in a range of 1–20 mM on carbaryl sensing was
investigated. As illustrated in Figure 4A, as NaOH concentration increased from 1 to
10 mM, a significant increase on the F450/F620 value was observed (F450 and F620 are the
fluorescence values at 450 nm and 620 nm, respectively). And the F450/F620 value reached
a plateau when the NaOH concentration was higher than 10 mM.

Figure 4. Effects of (A) NaOH concentration, (B) temperature, (C) incubation time and (D) CTAB
concentration on the value of F450/F620. All experiments were repeated 3 times.

As shown in Figure 4B, the F450/F620 value maintained a high level and remained
stable in the 20 to 40 ◦C range, benefiting the ambient temperature operation. However,
the signal obviously decreased as the temperature rose up to 60 ◦C, a finding likely due to
the quenching of GSH-Au NCs to a certain extent.

To evaluate the effect of hydrolysis time on sensing responses, the carbaryl solution
(30 ng/mL) was mixed with NaOH solution (10 mM) and then hydrolyzed at room tem-
perature for 1, 3, 5, 8 or 10 min. As shown in Figure 4C, the hydrolysis reaction could be
completed in 3 min, greatly benefiting the rapid detection of carbaryl.

Surfactants in aqueous solution can form micelle when they reach their particular
critical micelle concentration; in this process, they carry out the functions of solubilization,
sensitization, and stabilization in fluorescence detection [27]. Thus, the effect of CTAB
concentration on the sensing response was investigated. As shown in Figure 4D, the fluores-
cence intensity at 450 nm was obviously enhanced, by nearly four-fold, at a concentration
of 0.5 mM. As the CTAB concentration gradually increased to 20 mM, a seven-fold enhance-
ment was achieved. The great fluorescence enhancement effect of CTAB on 1-naphthol
should be due to the hydrophobic microenviroment for 1-naphthol provided by CTAB. This
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condition can reduce collisions of electron clouds between 1-naphthol and water molecules,
and protect the singlet state of the fluorescence emission.

Interestingly, with the GSH-Au NCs as reference signal, the F450/F620 signal was
enhance by nearly eight-fold at a much lower CTAB (5 mM) and a slightly higher was
obtained at 10 mM (Figure 5B). These results were due to the slight quenching of GSH-Au
NCs by CTAB after the GSH-Au NCs were absorbed onto the CTAB micelle surface. Thus,
a lower-concentration CTAB (5 mM) could be selected as the optimal concentration; this
may benefit the operation because too high a concentration of CTAB might easily produce
air bubbles and disturb the solution blending operation.

Figure 5. (A) Fluorescence spectra and photos obtained UV light of different carbaryl concentrations;
(B) linear fitting curve for carbaryl detection.

3.3. Analytical Performance of Carbaryl Detection

As shown in Figure 6A, the blue fluorescence intensity gradually increased with the
increased concentration of carbaryl in the range of 1 to 70 ng/mL. At the same time, the
intensity of red fluorescence intensity exhibited a slow decrease.

Figure 6. Specificity analysis of ratiometric detection of carbaryl. (A) Fluorescent spectra and
(B) hitogram shows that the fluorescence response in the detection of different pesticides.

The photos inserted in Figure 5A show that with the increase in carbaryl concentration,
the solution for ratiometric sensing demonstrated color changes from bright red to purple
and, finally, to blue, all of which could be easily discriminated by the naked eye.

The fluorescence ratio signal at 450 nm to 620 nm (I/I0) was used as a function of the
concentration of carbaryl. As shown in Figure 5B, a linear equation, y = 0.214 x + 0.754
(R2 = 0.998), was obtained for the range 1–70 ng/mL. The limit of detection (LOD) was
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calculated to be 0.05 ng/mL based on 3σ/s (σ is the standard deviation of the blank value,
and s is the slope of the equation).

Compared with some other typical fluorescence methods for the detection of carbaryl
in recent years (Table 1), the proposed fluorescence detection of carbaryl based on intrinsic
molecule fluorescence demonstrates ultrahigh sensitivity. Moreover, it is simple, enzyme-
free, and involves a much shorter detection time.

Table 1. Comparison of several methods for detecting carbaryl.

Method System Principle Signal
Output Linearity Range LOD Detection

Time Ref.

SERS Surface-adsorbed
nanosphere/AchE

AChE activity
inhibition / / 0.47 ng/mL 40 min [28]

Colorimetric Ag@rGO Aggregation/
Color reagents / 0.025~12 µg/mL 13 ng/mL 15 min [29]

Electro-
chemistry

SWCNTs/PDDA/
AchE

AChE activity
inhibition / 1~1000 ng/mL 0.1 ng/mL 60 min [30]

Electro-
chemistry Nile blue A/Carbaryl Ratiometric/

Electrotransfer / 2.5~18.5 µg/mL 0.25 µg/mL 10 min [7]

Fluorescence
Phthalate-europium

(Eu3+)/Diallyl
phthalate

Complexation/
Fluorescence
enhancement

Turn-on 0.06~2.50 µg/mL 2 ng/mL 10 min [31]

Fluorescence CdTe QDs/Carbaryl
Ratiometric
fluorescence
enhancement

Turn-on 0.05~14 µg/mL 0.12 ng/mL 5 min [32]

Fluorescence SiO2@Gd2O3:Eu3+@SiO2
@MIP NPs

Fluorescence
enhancement Turn-on 16~80 µg/mL 10 µg/mL 20 min [33]

Fluorescence CQDs/AuNPs/AchE
IFE/AChE

activity
inhibition

Turn-on 0.2~150 µg/mL 0.06 ng/mL 45 min [34]

Fluorescence
NH2-MIL-101(Fe)/

o-phenylenediamine/
AchE

IFE/AChE
activity

inhibition
Turn-on 2~100 ng/mL 1.45 ng/mL 10 min [35]

Fluorescence GSH-AuNPs/CTAB
Ratiometric
fluorescence
enhancement

Turn-on 1~70 ng/mL 0.05 ng/mL 3 min This
method

According to previous reports, some other pesticides, such as organophosphorus also
can also be hydrolyzed under alkaline condition. To evaluate the specificity of the proposed
method, carbamate pesticides (carbofuran, methomyl), neonicotinoid pesticides (imidaclo-
prid), organophosphorus pesticides (isocarbophos, phosalone, chlorpyrifos, dimethoate,
glyphosate, fenamiphos) and paraquat at a 10-times-higher concentration (500 ng/mL)
than carbaryl (50 ng/mL) were tested under the same condition. As shown in Figure 6, only
carbaryl showed high fluorescence emission, when compared with all the other pesticides.
Although the ammonium phosphine pesticide had an emission peak at 420 nm, its fluores-
cence intensity was much weaker than the carbaryl system. The above results demonstrate
the high specificity of this fluorescent turn-on method for the detection of carbaryl.

3.4. Carbaryl Detection in Food Samples

The proposed method was further applied to detect carbaryl in spiked apple and
cabbage. As shown in Table 2, the obtained recovery rates for detection in apple and
cabbage samples were 90%~101% and 93%~110%, respectively, demonstrating that this
method had great potential for use in detecting carbaryl in real samples.
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Table 2. Detection of carbaryl in apple and cabbage samples (n = 3).

Sample Spiked
(ng/g)

Detected
(ng/g) Recovery (%) RSD

(%)

Apple

0 / / /
4.0 3.6 90.0 8.6
12.0 1.14 96.0 4.3
24.0 2.42 101 2.7

Cabbage

0 / / 4.8
4.0 4.4 110 7.2
12.0 12.6 105 5.3
24.0 23.2 93 3.1

4. Conclusions
In summary, a fluorescent ratiometric carbaryl detection method was successfully

constructed. We found that the intrinsic fluorescence of the carbaryl hydrolysate 1-
naphthol could be greatly enhanced by CTAB. Integrating GSH-Au NCs with fluorescence-
enhanced carbaryl hydrolysate emulsion, a ratiometric detection of carbaryl was success-
fully achieved. Intrinsic fluorescent enhancement detection was easily achieved with a
mix-and-read detection mode. The method was also rapid (completed within 3 min) and
ultra-highly sensitive. The feasibility of the proposed method was verified using real
samples, and satisfactory results were obtained. In light of the abovementioned merits, we
may say that this method has high potential in practical detection on carbaryl in foods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry8030036/s1, Figure S1: Enhancement of Tween-20 on
the carbaryl hydrolysis.
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