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1.  Introduction

Aflatoxins (AFs) are predominant mycotoxins, accounting for 
nearly 93% of mycotoxin contamination in foods and beverages[1]. 
AFs are dihydrofuranocoumarin derivatives with similar chemical 
structures. AFs include aflatoxins B1 (AFB1), B2 (AFB2), G1 (AFG1), G2 

(AFG2), and M1 (AFM1), which are secondary metabolites produced 
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mainly by Aspergillus flavus and Aspergillus parasiticus[2]. AFB1 is 
considered as the most toxic due to its carcinogenic, teratogenic, and 
mutagenic nature[3-4]. AFB1 has been designated as a Class I chemical 
carcinogen for humans by the International Agency for Research on 
Cancer (IARC)[5]. Many countries and organizations have regulated the 
maximum residue limit (MRL) of AFB1 in food to prevent humans and 
animals from ingesting excessive AFB1. In European Union, the MRL 
of AFB1 in rice is set at 5 μg/kg, and in peanuts, nuts, dried fruits, and 
grains are set at 2 μg/kg[6]. In addition, China has implemented an 
MRL of 20 μg/kg for AFB1 in corn and related products for human 
consumption, an MRL of 5 μg/kg for AFB1 in wheat, barley, and other 
cereals[7], and an MRL of 5 μg/kg for AFB1 in milk[8].

Various analytical methods have been developed to detect AFB1 
in food. Traditional analytical methods based on instruments include 
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2.  Materials and methods

2.1  Materials and apparatus

AFB1, patulin (PAT), ochratoxin A (OTA), trichothecenes (T-2), 
AFM1 and zearalenone (ZEN) were purchased from Tanmo Quality 
Inspection-Standard Material Center. Ethylene glycol (PEG200). 
Polyvinylpyrrolidone (PVP), copper chloride dihydrate (CuCl2·2H2O), 
magnesium chloride (MgCl2), 2-mercaptobenzothiazole (MBT), 
TMB, trifluoroacetic acid (TFA), and methanol were purchased 
from Shanghai McLean Biochemical Technology Co., Ltd. Sodium 
hydroxide and sodium chloride were purchased from Sinopharm 
Chemical Reagent Co.,Ltd. AFB1 aptamer[37] (5'-GTTGGGCACGTGT
TGTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCACA-3'), poly 
A (5'-AAAAAAAAAAAA-3'), poly T (5'-TTTTTTTTTTTT-3'), poly 
G (5'-GGGGGGGGGGGG-3') and poly C (5'-CCCCCCCCCCCC-3') 
were obtained from Shanghai Sangon Biotech Co., Ltd. Chemical 
reagents used in this experiment were at least analytical grade, and 
water used throughout the experiment was ultrapure. 

Morphology of  PVP-Au/CuNCs and Mn3O 4 NPs were 
characterized by a JEM-F200 high-resolution transmission electron 
microscope (TEM) (JEOL, Japan). Fluorescence spectra were 
obtained on a G9800A fluorescence spectrophotometer (Agilent, 
USA). UV-visible absorption spectra were recorded on a UV-2600 
UV spectrophotometer (Shimadzu, Japan). 

2.2  Synthesis of PVP-Au/CuNCs 

First, the PVP-Au/CuNCs were synthesized using one-pot 
method[38]. Briefly, 5 mL PVP (1.0 mmol/L), 2 mL MBT (10.0 mmol/L),  
1 mL HAuCl4 (2.5 mmol/L), 3 mL SC (2.5 mmol/L), and 2 mL of 
CuCl2·2H2O (2.5 mmol/L) were sequentially added to the vessel. The 
mixture was stirred for 1 h in the dark at 25 °C. The resulting light-
yellow solution was dialyzed for 24 h. The final solution was stored in 
the dark at 4 °C for use. Fluorescence spectra were collected using a 
fluorescence spectrometer, and the fluorescence lifetime was obtained 
using steady-state/transient fluorescence spectrometer scanning. The 
average fluorescence lifetime was calculated using the equation:

τaverage= A1τ
2 + A2τ

2 
A1τ1 + A2τ2 

1 2                                                                        (1)

Where τ1 and τ2 represent the attenuation time constants under 
different radiation attenuation; A1 and A2 represent the corresponding 
amplitudes, respectively.

2.3  Synthesis of Mn3O4 NPs

Mn3O4 NPs were synthesized using a hydrothermal method[39]. 
In brief, 87.5 mg KMnO4 was dissolved in ultrapure water (25 mL), 
followed by the addition of 25 mL of PEG-200. Subsequently, the 
mixed solution was stirred at 25 °C for 30 min until its color changed 
from dark purple to dark brown. The mixed solution was transferred 
into a stainless steel autoclave lined with polytetrafluoroethylene and 
then heated at 120 °C for 8 h. The resulting brown precipitates were 
collected by centrifugation at 10 000 r/min for 5 min and alternately 
washed with water and ethanol several times. Purified Mn3O4 NPs 
were dried at 40 °C for 12 h and stored at 25 °C for use.

high-performance liquid chromatography[9], liquid chromatography-
mass spectrometry[10], and thin-layer chromatography are accurate 
and sensitive[11-12]. However, these instrumental methods have 
disadvantages of expensive instruments, labor-intensive work, and 
cumbersome samples pretreatment[13]. Therefore, rapid and sensitive 
detection methods are needed for the fast and high-throughput 
quantitative analysis of AFB1

[14]. 
Metal nanoclusters (MNCs) usually consist of several to hundreds 

of atoms and exhibit specific molecular properties[15–17]. Among these, 
copper nanoclusters (CuNCs) are easily obtainable, inexpensive, 
and possess the unique property of aggregation-induced emissions 
(AIE). CuNCs have the advantages of low toxicity, favorable 
biocompatibility, a long Stokes shift, and facile synthesis[18], making 
them suitable fluorescent probes for biosensing and bioimaging[19]. 
Previous studies reported that most CuNCs were prone to oxidation in 
air, which adversely affected their fluorescence emission intensity[20]. 
These limitations of CuNCs hinder their widespread application in 
biosensing. Compared with single MNCs, bimetallic nanoclusters 
possessed more excellent catalytic activity and stronger luminescence 
properties[21-22]. Wang et al.[23] successfully encapsulated Ag-doped 
Au nanoclusters (Ag/AuNCs) in a ZIF-8 framework to construct a 
novel Ag/AuNCs@ZIF-8 ratio fluorescent probe for the detection 
of antibiotic doxycycline (DOX) with a detection limit of 36.8 μg/L.  
He et al.[24] used aptamers to bridge Fe3O4@Au nanoflowers and Au@
Ag nanospheres for ultrasensitive SERS to detect AFB1. Liu et al.[25] 
developed a novel fluorescent gold/silver nanocluster (Au/Ag NCs) 
with the help of chondroitin sulfate and realized sensitive detection 
of hyaluronidase (HAase). Bimetallic nanoclusters based on 
colorimetric/fluorescent[26] serves as a promising candidate to develop 
new approaches in field detection[27]. 

In recent years, nanozymes have been widely used in biosensing 
due to their excellent enzyme-like catalytic activity. Nanozymes have 
garnered significant attention as alternatives to natural enzymes. They 
have numerous advantages, such as high stability, low cost, easy 
synthesis, and tunable properties[28], which make them highly attractive 
in biosensing[29]. Numerous nanozymes have been synthesized and 
employed as probes for the detection of various analytes[30-31]. The 
Mn3O4 NPs are easily synthesized, surface-modified, and exhibit diverse 
enzyme-mimetic activities, including oxidase, superoxide dismutase, and 
catalase activities. The Mn3O4 NPs readily interact with biomolecules, 
such as aptamers, through hydrogen bonding, van der Waals forces, 
electrostatic interactions, and coordinate bonds, resulting in a tremendous 
potential for constructing nanozyme-based biosensors[32-33]. Aptamers, 
known for their exceptional affinity, stability, and specificity[34], have 
been widely employed as crucial components of biosensors[35]. In 
addition, negatively charged aptamers regulate the interfacial properties 
of nanozymes through modulating the nanozyme activity[36].

In this study, a bimodal colorimetric and fluorescent biosensor 
based on multifunctional PVP-Au/CuNCs as fluorescent probes and 
Mn3O4 NPs as nanoenzymatic materials was developed. Mn3O4 NPs 
catalyzed the oxidation of colorless 3,3',5,5'-tetramethylbenzidine (TMB) 
into blue oxTMB, quenching the fluorescence of PVP-Au/CuNCs. 
Simultaneously, the aptamer inhibited the oxidase-like activity of 
Mn3O4 NPs, thereby affecting the generation of oxTMB. In contrast, in 
the presence of AFB1, it preferentially bound to the aptamer, restoring 
oxidase-like activity and decreasing fluorescence intensity. The dual-
mode biosensor rapidly and accurately detected AFB1 based on these 
phenomena.
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2.4  Enzyme kinetics experiments of octahedral Mn3O4 NPs

Owing to the excellent oxidase-like activity of Mn3O4 NPs, the 
Michaelis-Menten (Km) constant and maximum reaction rate (Vmax) 
were determined. A steady-state kinetic analysis of the octahedral 
Mn3O4 NPs was performed using TMB as the substrate. The 
concentration of Mn3O4 NPs was maintained constant, whereas that 
of TMB ranged from 0.2 to 1.4 mmol/L. The absorbance at 652 nm 
was recorded every 90 s. Km and Vmax were calculated using the linear 
Weaver-Burk equation (2) and (3): 

V = Vmax[S] 
Km+[S]

                                                                                (2)

Km

Vmax[S] 
1

Vmax

1
V

= +                                                                    (3)

Where V represents the initial rate, Vmax is the maximum 
reaction rate, Km is the Michaelis constant, and [S] is the substrate 
concentration.

2.5  Establishment of dual-mode

First, the aptamer solution was heated at 95 °C for 5 min and 
then annealed at 25 °C to form a stable spatial structure. Then, 20 μL 
of Mn3O4 NPs solution and 20 μL of AFB1 aptamer solution  
(150 nmol/L) were mixed thoroughly and incubated at 25 °C for 
10 min. Subsequently, 20 μL of AFB1 standard solution was added 
to the above mixture and incubated at 37 °C for 30 min. Then, an 
appropriate volume of sodium acetate buffer (20 mmol/L, pH 3.5) 
and 20 μL of TMB (10 mmol/L) were added to the reaction mixture, 
which was incubated at 30 °C for 20 min. The absorbance was 
recorded using a UV-visible spectrophotometer from 500 to 800 nm. 
The absorbances at 652 nm for the target sample (A) and the blank 
sample (A0) were recorded. All samples were tested in triplicates. The 
change in the relative absorbance value ((A – A0)/A0) was calculated to 
evaluate the colorimetric detection of AFB1 using an aptamer sensor. 
Finally, a working curve was plotted with the AFB1 concentration as 
the horizontal coordinate and (A – A0)/A0 as the vertical coordinate.

A total of 150 μL of PVP-Au/CuNCs was added to the 
aforementioned colorimetric detection solution. The fluorescence 
intensity in the 500–800 nm range was measured using a fluorescence 
spectrophotometer with an excitation wavelength of 360 nm. The 
fluorescence intensities were recorded before quenching (F0) and after 
quenching (F) at 610 nm. All samples were tested in triplicate. The 
change in the fluorescence quenching rate (F0 – F)/F0 was calculated 
to evaluate the fluorescence detection ability of the aptamer sensor for 
AFB1. Finally, a working curve was plotted with AFB1 concentration 
as the horizontal coordinate and (F0 – F)/F0 as the vertical coordinate.

2.6  Determination of AFB1 in actual food samples

The pretreatment of rice, corn, and oat samples was slightly 
adjusted (Fig. S1) as described in previous research[40]. Briefly, rice, 
corn, and oat samples were ground into powders. The AFB1 standard 
solution was added to the powdered sample (1.0 g). The spiked 
samples were air-dried naturally. Then, 5 mL of a methanol/water 

(7:3, V/V) solution was added, followed by continuous ultrasonication 
and vigorous shaking for 20 min. The mixture was then centrifuged 
at 10 000 r/min for 15 min, and the resulting supernatant was filtered 
using a filter membrane (0.22 μm) and stored at 4 °C for further use.

Milk pretreatments were slightly modified (Fig. S2) according 
to previous research[41]. AFB1 standard solution was spiked into milk 
samples. Milk samples were pretreated as follows: 20 mL of milk 
sample and 1 mL of TFA were mixed. After sonication for 10 min and 
vortexing for 5 min, the mixture was centrifuged at 10 000 r/min for 
20 min to collect the supernatant. The precipitate was extracted twice 
with 10 mL methanol and centrifugated at 10 000 r/min for 15 min. 
The supernatants were combined and filtered through a filter membrane 
(0.22 μm). Subsequently, the pH of the milk filtrate was adjusted to 7.4. 

2.7  Statistical analysis

All experiments were performed at least in triplicate. Results were 
expressed as mean ± standard deviation. The data were applied to 
one-way analysis of variance and Tukey’s test using SPSS software 
(version 22.0; IBM Co.). P values < 0.05 was considered to be a 
significant difference.

3.  Results and discussion

3.1   Principle of the developed dual-mode sensor

A colorimetric and fluorescent dual-mode sensor based on Mn3O4 NPs 
nanozyme and PVP-Au/CuNCs was developed for the sensitive 
determination of AFB1 in food. As depicted in Fig. 1A, PVP-Au/CuNCs 
with orange fluorescence was synthesized using one-pot method. As 
shown in Fig. 1B, the negatively charged AFB1 aptamer was adsorbed 
on the surface of octahedral Mn3O4 NPs through π-π stacking or 
metal-ligand interactions, enhancing the nagatively charged density. 
In the absence of AFB1, Mn3O4 NPs with oxidase-like activity was 
partially inhibited, resulting the degree of oxidation of TMB was 
decreased, the color of oxTMB showed light blue. In addition, 
oxTMB with a maximum absorbance at 652 nm and PVP-Au/CuNCs 
with fluorescence emission at 610 nm realized spectral overlap.  
The oxTMB quenched orange fluorescence of PVP-Au/CuNCs 
through the inner filter effect (IFE). There may also be FRET between 
them due to oxTMB and PVP-Au/CuNCs with opposite charges. In 
the presence of AFB1, AFB1 aptamer on the surface of Mn3O4 NPs 
preferentially bound to AFB1

[2] and detached from the surface of 
the Mn3O4 NPs, Mn3O4 NPs significantly oxidized TMB to oxTMB 
in dark blue. The fluorescence quenching ability of the system was 
also enhanced with the oxTMB concentrations increasing, and 
the fluorescence intensity of the PVP-Au/CuNCs at 610 nm was 
significantly decreased mainly owing to IFE or FRET. Herein, the 
colorimetric model based on Mn3O4 NPs and the fluorescence model 
based on PVP-Au/CuNCs were successfully established.

3.2  Characterization of PVP-Au/CuNCs and Mn3O4 NPs

The morphology of PVP-Au/CuNCs was characterized by 
transmission electron microscopy (TEM). As shown in Figs. 2A-C, 
the prepared PVP-Au/CuNCs were uniformly distributed and exhibited a 
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good crystalline structure with an average size of approximately 2.78 nm  
(Fig. 2C) and a lattice spacing of approximately 0.214 and 0.240 nm  
(Fig. 2B), corresponding to the (111) crystal plane of metal Cu 
(yellow mark)[42] and metal Au (red mark)[43], respectively. The optimal 
excitation and emission wavelengths of the synthesized PVP-Au/CuNCs  
were 360 and 610 nm, respectively (Figs. 2D and E), indicating their 
typical excitation-independent properties. The PVP-Au/CuNCs emitted 
a strong orange fluorescence under UV irradiation at 375 nm (Fig. 2E), 
confirming the successful fabrication of PVP-Au/CuNCs. The average 
lifetime of PVP-Au/CuNCs was 12.45 μs (Fig. 2F).

As shown in Figs. 3A and B, the prepared Mn3O4 NPs exhibited 
octahedral shapes with an average size of approximately 250 nm (Fig. 3C), 
consistent with previous report. The X-ray diffraction pattern of 
Mn3O4 NPs (Fig. 3D) illustrated that all the measured diffraction 
peaks matched well with the spinel structure of the Mn3O4 NPs 
((JCPDS card No. 80-0382) I41/amd)[44]. Fourier transform infrared 
spectrum of Mn3O4 NPs is shown in Fig. 3E. The vibration band 
at 416 cm–1 is attributed to the vibration of Mn3+–O. The vibration bands 
at 534 and 641 cm–1

 were assigned to tetrahedral and octahedral Mn–O 
stretching vibrations, respectively. The vibration bands at 1 078, 1 151 

Fig. 2  Characterization analysis of PVP-Au/CuNCs. (A and B) TEM images of PVP-Au/CuNCs; (C) The particle size distribution of PVP-Au/CuNCs; (D) The 
fluorescence emission of PVP-Au/CuNCs at different excitation wavelengths. (E) The excitation spectrum and emission spectrum of PVP-Au/CuNCs (inset, the 

solution under fluorescent lamps and irradiation of 375 nm UV lamps). (F) The fluorescence lifetime of PVP-Au/CuNCs.

Fig. 1  (A) The synthesis of PVP-Au/CuNCs. (B) The working principle of colorimetric and fluorescent dual-mode sensor for detecting AFB1.
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Fig. 3  Characterization analysis of Mn3O4 NPs. (A-B) TEM images of Mn3O4 NPs; (C) Particle size distribution of Mn3O4 NPs; (D) The XRD of Mn3O4 NPs;  
(E) The FT-IR spectrum of Mn3O4 NPs; (F) Zeta potential of Mn3O4 NPs, aptamer (Apt), and Mn3O4 NPs + Apt, respectively.

Fig. 4  Feasibility analysis of the developed sensing method. (A) Respective schematic diagrams of the colorimetric and fluorescence modes. 
 (B) The fluorescence spectrum of PVP-Au/CuNCs and the UV visible spectra of oxTMB. (C) The Zeta potential of PVP-Au/CuNCs, oxTMB, and PVP Au/CuNCs + 

oxTMB, respectively. (D) UV visible spectra of Mn3O4 NPs under various conditions (line a: Mn3O4 NPs + TMB; line b: Mn3O4 NPs + Apt + AFB1 + TMB;  
line c: Mn3O4 NPs + Apt + TMB; line d: Mn3O4 NPs). (E) Fluorescence spectra of PVP-Au/CuNCs under various conditions (line a: PVP-Au/CuNCs;  

line b: PVP-Au/CuNCs + Mn3O4 NPs; line c: Mn3O4 NPs + TMB; line d: Mn3O4 NPs + Apt + Mn3O4 NPs + TMB; line e: Mn3O4 NPs + Apt + AFB1 + Mn3O4 NPs + TMB;  
line f: PVP-Au/CuNCs + Mn3O4 NPs + TMB).

and 1 625 cm–1
 were attributed to Mn-OH vibrations[33]. The vibration 

band at 2 084 cm–1
 was triggered by the stretching vibration of C=C=C[45].  

As shown in Fig. 3F, the Zeta potentials of negatively charged 
Mn3O4 NPs and aptamer were –17.37 and –16.50 mV, respectively, 
revealing that electrostatic interaction between them was possible and 
thus could induce FRET. The Km and Vmax values of Mn3O4 NPs for TMB 
were calculated according to the Weaver-Burk curve equation (Table S1), 
indicating the strong affinity and efficient oxidase-like activity of 
Mn3O4 NPs for TMB.

3.3  Feasibility

The detailed mechanisms of the colorimetric and fluorescent 
modes were shown in Fig. 4A. The aptamer concentration on the 
surface of Mn3O4 NPs regulated the oxidase-like activity of Mn3O4 NPs  

and further regulated the blueness of oxTMB (colorimetric 
system). The oxTMB quenched orange fluorescence of PVP-
Au/CuNCs via IFE or FRET (fluorescent system). The overlap 
between the fluorescence emission spectrum of the PVP Au/CuNCs and 
the UV absorption spectra of oxTMB, which indicated that IFE triggered  
fluorescence quenching (Fig. 4B)[46]. The Zeta potential of PVP-Au/CuNCs, 
oxTMB, and PVP-Au/CuNCs+oxTMB was –4.21, +4.07, and –1.80 mV, 
respectively. The Zeta potential indicating that oxTMB was adsorbed 
onto the surface of PVP-Au/CuNCs through electrostatic interactions 
(Fig. 4C), shortening the distance (≤ 10 nm) of them and inducing 
FRET.

Mn3O4 NPs with oxidase-like activity effectively oxidized TMB 
to oxTMB (Fig. 4D line a, Table S1). The addition of the aptamer 
decreased oxidase-like activity of Mn3O4 NPs (Fig. 4D line c). In the 
presence of AFB1, the oxidase-like activity of Mn3O4 NPs recovered 
owing to specific binding between aptamer and AFB1 (Fig. 4D line b).  

40

30

20

10

0

C

Pe
rc

en
ta

ge
 (

%
)

50 100 150 200 250 300
Size (nm)

Nanocluster

BA

F

Z
et

a 
po

te
nt

ia
l (

m
V

)
Mn3O4 NPs

�17.37 �16.50

�24.83

Mn3O4 NPs + AptApt
0

�10

�20

�30

500 nm 250 nm

D

ln
te

ns
ity

 (
a.

u.
)

20 30

JCPDS 800382

Mn
3
O

4 
NPS

40 50 60 70 80 90
2θ (°)

T
ra

ns
m

itt
an

ce
 (

%
)

4 000 3 500 3 000 2 500 2 000 1 500 1 000 500
Wavenumber (cm�1)

E

2 
08

4

1 
62

5

64
1 53

4 41
6

1 000

800

600

400

200

0

1.2

1.0

0.8

0.6

0.4

0.2

0

B

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (
a.

u.
)

A
bsorbance (a.u.)

500

PVP-Au/CuNCs
oxTMB

550 600 650
Wavelength (nm)

700 750 800

A

Apt

Without AFB1

With AFB1

Mn3O4 NPs

TMB

oxTMB

Colorimetric system

PVP-Au/CuNCs

IFE/FRET

Fluorescent system



6	 H. Deng et al. / Food Science and Human Wellness 15 (2026) 9250363

The base G played a crucial role in inhibiting the enzymatic 
activity of Mn3O4 NPs (Fig. S3). As illustrated in Figs. 4E and S4, 
individual Mn3O4 NPs, TMB, AFB1, aptamer could not influence the 
orange fluorescence of PVP-Au/CuNCs, the oxTMB significantly 
quenched the orange fluorescence of PVP-Au/CuNCs (Fig. 4E line f).  
Mn3O4 NPs inhibited by aptamer oxidized partial TMB to form 
oxTMB and thus quenched the orange fluorescence of PVP-Au/CuNCs  
(Fig. 4E line d). With AFB1 aptamer falling off the surface of Mn3O4 
NPs, the oxTMB gradually increased, the orange fluorescence 
intensity further decreased (Fig. 4E line e).

3.4  Optimization of experimental conditions

The concentration of Mn3O4 NPs was initially optimized. 
With increasing of Mn3O4 NPs concentration, the absorbanc of 
oxTMB gradually increased (Fig. 5A), the color changed dark blue  
(Fig. 5A inset). There is a good linear response between absorbance 
of oxTMB and Mn3O4 NPs concentration (Fig. 5B). Considering 
the cost, synthesis time, and the effect of the resulting oxTMB 
concentration on the fluorescence intensity of PVP-Au/CuNCs, 20 μg/mL  
was finally selected for subsequent experiments.  To maximize the 

catalytic activity of the Mn3O4 NPs, the reaction pH, temperature, 
aptamer concentration, and TMB concentration were optimized based 
on the optimal Mn3O4 NP concentration. The relative absorbance 
(A–A0)/A0 was calculated to represent the oxTMB concentration, 
indicating the enzymatic ability of the Mn3O4 NPs.

The pH of the reaction system was a crucial factor affecting 
TMB oxidation. Weakly acidic conditions are generally preferred. 
This may be because Mn3O4 NPs promote dissolved oxygen to 
produce more hydroxyl radicals in a relatively acidic environment, 
improving catalytic activity. The enzymatic activity of the Mn3O4 
NPs was optimal at pH 3.5, which is consistent with previous 
report (Fig. 5C). The enzymatic activity of Mn3O4 NPs gradually 
enhanced with increasing in reaction temperature (10–50 ℃). The 
highest relative absorbance at 30 ℃ colorimetric was optimal for 
colorimetric detection (Fig. 5D). The concentration of aptamer 
was closely related to the oxidase-like activity of Mn3O4 NPs. 
When the aptamer concentration reached 15 nmol/L, the relative 
absorbance was optimal, indicating the saturated state of xidase-like  
activity of the Mn3O4 NPs (Fig. 5E). As shown in Fig. 5F, the 
relative absorbance was maximized when the concentration of 
TMB reached 1.2 mmol/L.

Fig. 5  Optimization of experimental conditions. (A) UV-visible spectra of Mn3O4 NPs + TMB at different Mn3O4 NPs concentrations; (B) Linear standard curve 
of Mn3O4 NPs concentration and absorbance at 652 nm of Mn3O4 NPs + TMB; (C) optimization of pH; (D) optimization of temperature; (E) optimization of 

aptamer concentration; (F) optimization of TMB concentration. Where A and A0 are the absorbance at 652 nm in the presence and absence of AFB1, respectively. 

Fig. 4  (Continued)
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3.5  Sensitivity

The sensitivity of the fabricated colorimetric and fluorescent dual-mode 
sensor for AFB1 was evaluated under optimal experimental conditions.  
As depicted in Fig. 6A, the absorbance in colorimetric mode was 
positively corelated with AFB1 concentration in the range of 0–56 μg/L.  
The linear equation was y = 0.076 3 x + 0.021 4 with R2 = 0.993 8 (Fig. 6B). 
The LOD of colorimetric mode for AFB1 was 0.36 μg/L. 

In fluorescent mode, with increasing of AFB1 concentration, the oxTMB 
concentration increased, the orange fluorescence of PVP-Au/CuNCs  
was gradually quenched (Fig. 6C). The relative fluorescence 
intensity showed a good linear relationship with AFB1 concentration 
in the range of 2.86–40.00 μg/L. The linear equation was  
y = 0.010 7 x + 0.057 7 with R2 = 0.992 3 (Fig. 6D). The LOD 

of fluorescence mode for AFB1 was 0.29 μg/L . In addition, the 
performances of several AFB1 methods recently published. 

3.6  Specificity

Five mycotoxins (PAT, OTA, T-2, ZEN, AFM1) and a mixture of 
five mycotoxins and AFB1 were selected to evaluate the specificity 
of the developed dual-mode sensor. The concentrations of the 5 
mycotoxins were more than 10 times the AFB1 concentration. 
As shown in Figs. 6E and F, the significant changes in color and 
fluorescence were observed with the addition of AFB1 or the mixture. 
In contrast, no significant changes was observed with the addition 
of other 5 mycotoxins. The proposed colorimetric and fluorescent  
dual-mode sensor exhibited remarkable specificity for AFB1.

Table 1
Spiked-recovery results of the proposed sensor.

Sample Spiked Found Recovery (%) RSD (%)

Milk

5 μg/L (5.38 ± 0.48) μg/L 107.54 ± 9.65 7.32

10 μg/L (9.24 ± 0.51) μg/L 92.38 ± 5.13 4.53

20 μg/L (19.32 ± 0.53) μg/L 96.61 ± 2.65 2.24

Rice

5 μg/kg (4.59 ± 0.03) μg/kg 91.80 ± 0.62 0.55

10 μg/kg (9.98 ± 0.22) μg/kg 99.83 ± 2.23 1.87

20 μg/kg (19.82 ± 0.20) μg/kg 99.14 ± 1.01 0.83

Oats

5 μg/kg (4.96 ± 0.46) μg/kg 99.26 ± 9.15 7.53

10 μg/kg (10.11 ± 0.05) μg/kg 101.08 ± 0.47 0.38

20 μg/kg (19.52 ± 0.27) μg/kg 97.59 ± 1.36 0.14

5 μg/kg (4.75 ± 0.39) μg/kg 94.91 ± 7.78 6.69

Corn 10 μg/kg (9.11 ± 0.12) μg/kg 91.14 ± 1.17 1.05

20 μg/kg (19.50 ± 0.55) μg/kg 97.54 ± 2.74 2.30

Milk

5 μg/L (5.23 ± 0.39) μg/L 104.76 ± 7.83 7.48

10 μg/L (10.40 ± 0.28) μg/L 104.03 ± 2.83 6.10

20 μg/L (19.64 ± 1.53) μg/L 98.20 ± 7.69 2.22

Rice

5 μg/kg (5.13 ± 0.43) μg/kg 102.64 ± 8.73 6.40

10 μg/kg (9.74 ± 0.82) μg/kg 97.46 ± 8.28 6.94

20 μg/kg (20.34± 0.33) μg/kg 101.71 ± 1.65 6.94

Oats

5 μg/kg (4.75 ± 0.43) μg/kg 95.18 ± 8.65 7.43

10 μg/kg (9.91 ± 0.54) μg/kg 99.14 ± 5.45 4.49

20 μg/kg (19.33 ± 0.45) μg/kg 96.65 ± 2.25 1.90

Corn

5 μg/kg (4.99 ± 0.36) μg/kg 99.89 ± 7.35 6.01

10 μg/kg (10.00 ± 0.28) μg/kg 100.06 ± 2.81 2.30

20 μg/kg (19.89 ± 0.24) μg/kg 99.49 ± 1.21 1.00
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3.7  Analysis of AFB1 in actual food samples

To verify the practicality and reliability of the developed 
colorimetric and fluorescent dual-mode sensor, food samples (milk, 
rice, oats, and corn) fortified with different AFB1 concentrations 
were analyzed by the established sensor. As shown in Table 1, the 
detected concentrations for each sample were consistent with the 
spiked concentrations. The recovery rates of the colorimetric mode and 
the fluorescent mode were in the range of 91.14%–107.54% with a 
relative standard deviation RSD < 7.53% and 95.18%–104.76% with a  
RSD < 7.48%. These results indicated that the proposed dual-mode 
sensor could be applied for detection AFB1 in milk, rice, oats, and corn.

4.  Discussion

In this study, a colorimetric and fluorescent dual-mode sensor 
based on Mn3O4 NPs nanozyme and PVP-Au/CuNCs for the sensitive, 
accurate, and rapid determination of AFB1 was developed. The specific 
binding of AFB1 to aptamer regulates the color change of oxTMB 
by regulating the oxidase-like activity of Mn3O4 NPs, achieving 
the colormetric detection with  a good linear range of 0–56 μg/L,  
a LOD of 0.36 μg/L. The oxTMB effectively quenches the orange 
fluorescence of PVP-Au/CuNCs via IFE or FRET, the relative 
fluorescence intensity showed a good linear relationship with AFB1 
concentration in the range of 2.86–40.00 μg/L with a LOD of 0.29 μg/L. 
The dual-mode sensor developed in this study integrates dual-signal, 
self-calibration, label-free, and high specificity, providing a new 
insight for the detection of mycotoxins in food.
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