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Abstract
A green and sensitive ratio fluorescence strategy was proposed for the detection of formaldehyde (FA) in food based on a 
kind of metal–organic frameworks (MOFs), MIL-53(Fe)-NO2, and nitrogen-doped  Ti3C2 MXene quantum dots (N-Ti3C2 
MQDs) with a blue fluorescence at 450 nm. As a type of MOFs with oxidase-like activity, MIL-53(Fe)-NO2 can catalyze 
o-phenylenediamine (OPD) into yellow fluorescent product 2,3-diaminophenazine (DAP) with a fluorescent emission at 
560 nm. DAP has the ability to suppress the blue light of N-Ti3C2 MQDs due to inner filter effect (IFE). Nevertheless, Schiff 
base reaction can occur between FA and OPD, inhibiting DAP production. This results in a weakening of the IFE which 
reverses the original fluorescence color and intensity of DAP and N-Ti3C2 MQDs. So, the ratio of fluorescence intensity 
detected at respective 450 nm and 560 nm was designed as the readout signal to detect FA in food. The linear range of FA 
detection was 1–200 µM, with a limit of detection of 0.49 µM. The method developed was successfully used to detect FA in 
food with satisfactory results. It indicates that MIL-53(Fe)-NO2, OPD, and N-Ti3C2 MQDs (MON) system constructed by 
integrating the mimics enzyme, enzyme substrate, and fluorescent quantum dots has potential application for FA detection 
in practical samples.

Keywords Metal–organic frameworks · Oxidase-mimicking activity · Inner filter effect · Schiff base reaction

Introduction

Formaldehyde (FA) in the environment is a harmful gas, 
and its liquid state is called formalin [1]. As one of the most 
feared carcinogenic and mutagenic pollutants, FA has a great 
killing power [2]. Unfortunately, FA is often illegally added 
in food for preservative, fresh-keeping, bleaching, and other 

functions [3, 4]. Excessive intake of FA can cause vomiting, 
abdominal pain, fainting, and death in severe cases, and is 
included in the list of a class of carcinogens by the World 
Health Organization [5]. Therefore, it is very important to 
monitor FA in food.

Typical FA detection strategies rely on liquid chroma-
tography [6] and spectrophotometry [7]. Liquid chroma-
tography has the characteristics of high selectivity and 
high sensitivity, but costs much, and wastes time, espe-
cially needs professional operator. Spectrophotometry 
has the advantages of easy operating, economic, and 
wide linear range, but its selectivity and sensitivity are 
poor. In recent years, colorimetry [8], surface-enhanced 
Raman spectroscopy [9], electrochemical [10], and flu-
orescent [11] methods have gradually emerged. Among 
them, fluorescence technology is favored because of its 
preponderances like uncomplicated operation, high sensi-
tivity, and short time [12]. Various fluorescent probes have 
been explored for the sensing of FA, such as quantum dots 
(QDs) [13], organic small molecules [14], metal nanopar-
ticles [15], and metal–organic frameworks (MOFs) [16]. 
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Nevertheless, most studies have focused on direct lumines-
cence sensing of FA in the gas phase, and these probes are 
usually complicated and ungreen. Moreover, the reported 
analytical methods could only detect FA at high concentra-
tion in samples. It is important to note that most fluoro-
metric methods focus on single signal detection, which is 
susceptible to interference by equipment, operation, and 
environment. Ratio fluorescent sensors can calibrate these 
issues effectively [17]. Therefore, we attempted to con-
struct a simple and green ratio fluorescence probe to detect 
FA in solution sensitively.

The rapid development of nanomaterials provides broad 
ways for the synthesis of simple and environmentally 
friendly detection probes [18]. As an important branch of 
nanomaterials, nanozymes were widely used in sensing, 
treatment, food safety, and environmental treatment due 
to their simple preparation, good stability, and diversity of 
properties [19, 20]. MOFs are ordered network structures 
formed by the self-assembly of organic ligands and metal 
ions [21]. Based on the MIL-53(Fe), the researchers found 
that MOFs with electron-absorbing substituents have strong 
enzyme-like activity especially MIL-53(Fe)-NO2 [22]. To 
the best of our knowledge, there is no work utilizing MIL-
53(Fe)-NO2 to develop detection probes. In order to con-
struct an ideal ratio fluorescence probe, we set our sights on 
QDs. Two-dimensional nanosheets are often an important 
source of new QDs, of which MXenes showed wonder-
ful potential in the area of catalysis, adsorption, hydrogen 
storage, and sensing [23] due to their typical planar mor-
phology, good surface properties, and excellent electrical 
conductivity [24]. QDs prepared with MXenes are often 
referred to as the MXene QDs (MQDs). MQDs not only 
inherit the inherent advantages of MXenes but also exhibit 
extraordinary photoelectric performance. In particular, the 
use of heteroatom-doped MQDs further improves the sur-
face properties of MQDs [25]. Therefore, the exploration of 
heteroatomic-doped MQDs for fluorescence sensing of FA 
is very promising.

Herein, we pioneered MIL-53(Fe)-NO2, o-phenylenedi-
amine (OPD), and N-doped  Ti3C2 MQDs (N-Ti3C2 MQDs) 
(MON) system to detect FA. To the best of our knowledge, 
there are no ratiometric fluorescent probes based on MOFs 
and QDs for FA detection. In the MON system, the substrate 
OPD was catalyzed by MIL-53(Fe)-NO2 to produce the yel-
low fluorescent product 2,3-diaminophenazine (DAP). DAP 
can quench the blue fluorescence of N-Ti3C2 MQDs due to 
the internal filtering effect (IFE). In the presence of FA, the 
amount of OPD in the system was changed and the original 
fluorescence color and intensity were reversed based on the 
specific Schiff base reaction. In light of the aforementioned 
description, a ratio fluorescence probe was created. The ana-
lytical method for FA detection in food samples was also 
validated.

Experimental section

Materials

2-nitro-1,4-benzenedicarboxylic acid  (NO2-BDC, 98%), 
ethylenediaminetetraacetic acid (EDTA), zinc acetate 
(Zn(AcO)2·2H2O, 99%), iron (III) chloride hexahydrate 
 (FeCl3·6H2O, 99%), o-phenylenediamine (OPD, 99%), his-
tidine (His, 99%), 2,4-dinitrophenylhydrazine (DNPH, 98%), 
formaldehyde standard solution (100 mg·L−1), and potas-
sium ferrocyanide trihydrate  (K4Fe(CN)6·3H2O, 99%) were 
purchased from Aladdin Industrial Corporation (Shang-
hai, China).  Ti3C2 MXene was purchased from XFNANO 
Materials Tech Co. (Nanjing, China). Diethylenetriamine 
(DETA), isopropanol (IPA), N, N-dimethylformamide 
(DMF), sodium acetate (NaAc), and formaldehyde (FA, 
37%) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China). p-Benzoquinone (BQ, 99%) 
was purchased from Shanghai Titan Technology Co., Ltd. 
(Shanghai, China). All other chemicals used in this work 
were of analytical grade and used without further purifica-
tion. Ultrapure water was obtained using a Milli-Q system 
(Millipore, USA).

Synthesis of MIL‑53(Fe)‑NO2 and N‑Ti3C2 MQDs

MIL-53(Fe)-NO2 was synthesized with reference to previ-
ous work [22]. N-Ti3C2 MQDs was synthesized by slightly 
modifying existing work [26]. The specific synthesis steps 
of these materials were described in detail in the Supple-
mentary Material.

Evaluation of the oxidase‑mimicking activity 
of MIL‑53(Fe)‑NO2

Briefly, 40 µL of 100 µg·mL−1 MIL-53(Fe)-NO2, 20 µL of 
500 mM NaAc buffer (pH = 4.5), 10 µL of 0.4 mM OPD, and 
30 µL deionized water were mixed. The UV–vis absorption 
spectrum at 350–550 nm was recorded after a 40-min reac-
tion at 37 °C.

Oxidase‑mimicking catalytic mechanism 
of MIL‑53(Fe)‑NO2

To verify whether  O2 participated in the catalytic reaction, 
 N2 was blown into the mixture of OPD and MIL-53(Fe)-NO2 
for 10 min to remove  O2 dissolved in the solution, and then 
the UV–vis absorption spectra was measured.

Dissolved oxygen plays a crucial role in the reactions 
catalyzed by oxidases. We explored the reactive oxygen 
species that might be present throughout the system. In the 
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mixture of 40 µL of 100 µg·mL−1 MIL-53(Fe)-NO2, 10 µL 
of 0.4 mM OPD, 20 µL 500 mM NaAc buffer (pH = 4.5), 
and 20 µL deionized water, 10 µL of IPA, His, BQ, and 
EDTA with different concentrations were added and reacted 
for 2 h. The UV–vis absorption spectra of 350–550 nm were 
obtained.

Determination of FA

In short, 10 µL of 0.4 mM OPD and 10 µL of FA solu-
tion were added, and the combination was then incubated 
for 30 min at 37 °C. The system was then given 20 µL of 
500 mM NaAc buffer (pH = 4.5), 40 µL of 100 µg·mL−1 
MIL-53(Fe)-NO2, 5 µL of N-Ti3C2 MQDs, and 15 µL of 
ultrapure water. Following a thorough mixing of the solution 
and a 40-min incubation period at 37 °C, the fluorescence 
was measured.

Real food sample analysis

All food samples were bought from the Suguo supermarket 
in Nanjing, China. The beer was allowed to set for 2 h to 
eliminate air bubbles and then directly tested for FA using 
the same procedure as in the “Determination of FA” section.

Food samples such as cabbage, mushroom, and frozen 
shrimp needed further processing. Two grams of each sam-
ple was chopped and soaked in 8 mL deionized water. To 
eliminate proteins, 1 mL of  K4Fe(CN)6·3H2O (100 mM) 
and 1 mL of Zn(AcO)2·2H2O (100 mM) were added. After 
20 min of ultrasonic treatment, the mixture was centrifuged 
at 0 °C. The food extraction liquid was obtained by centrifu-
gation and filtration. FA concentration was measured using 
the method described above.

High performance liquid chromatography (HPLC) 
experiments

The national standard for food safety stipulates that spectro-
photometry and liquid chromatography are the gold stand-
ards for the detection of FA in food. Here we chose HPLC 
as the standard method for comparison. Detailed HPLC con-
ditions were provided in the Supplementary Material. FA 
concentrations in blank and sample solutions were obtained 
by HPLC standard curve method.

Results and discussion

Characterization of MIL‑53(Fe)‑NO2

Transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) were used to describe the mor-
phology of MIL-53(Fe)-NO2. As depicted in Fig. 1A and B, 

MIL-53(Fe)-NO2 had an octahedral crystal structure, which 
was consistent with literature reports [22]. Fourier transform 
infrared spectroscopy (FT-IR) was used to pinpoint the dis-
tinctive functional groups of MIL-53(Fe)-NO2 (Fig. S1A). 
In addition, X-ray photoelectron spectroscopy (XPS) was 
used to confirm that MIL-53(Fe)-NO2 was composed the 
components of Fe, O, N, and C (Fig. S1B). The characteriza-
tion data mentioned above indicated that MIL-53(Fe)-NO2 
was successfully synthesized [27–29].

We selected OPD to assess the oxidase simulation activity 
of MIL-53(Fe)-NO2. When both OPD and MIL-53(Fe)-NO2 
were present in the system, significant absorption occurred 
in the range of 350–550 nm, indicating that OPD was oxi-
dized to DAP (Fig. 1C). This demonstrated that MIL-53(Fe)-
NO2 could successfully catalyze OPD oxidation without 
supplementary oxidant. At the same time, we explored 
the optimal pH for MIL-53(Fe)-NO2 activity. Figure S2A 
showed that in the range of pH 3.0–5.5, the fluorescence 
intensity first increases and then decreases, reaching a peak 
value at pH 4.5. In addition, MIL-53(Fe)-NO2 still had a 
considerable ability to catalyze the oxidation of OPD to DAP 
when stored at room temperature for 10 days (Fig. S2B).

It is known that in catalytic oxidation reaction systems, 
oxidases generate reactive oxygen species through dis-
solved oxygen to further oxidize substrates. To shed light 
on MIL-53(Fe)-NO2’s function in OPD oxidation, we con-
ducted comparative experiments under nitrogen atmosphere. 
As shown in Fig. S3, with the introduction of  N2 into the 
solution, the reactive oxygen species produced decreased, 
resulting in a significant decrease in the absorbance of DAP, 
which demonstrated that the catalytic oxidation of OPD 
involved dissolved oxygen. To further explore the catalytic 
mechanism of OPD oxidation mediated, we selected differ-
ent free radical scavengers. Generally, we used IPA, His, 
BQ, and EDTA as scavengers of hydroxyl radical (·OH), 
singlet oxygen (1O2), superoxide anion radical  (O2

·−), and 
oxygen vacancy, respectively. As shown in Fig. 1D, in the 
presence of BQ and EDTA, the activity of the oxidase-mim-
icking enzyme MIL-53(Fe)-NO2 significantly decreased, 
indicating that both superoxide anion radicals and oxygen 
vacancies participated in the catalytic reaction. Furthermore, 
 O2

·− was identified by electron paramagnetic resonance with 
5,5-dimethyl-1-pyrroline N-oxide as the spin probe which 
further corroborated the results we obtained [30].

Characterization of N‑Ti3C2 MQDs

TEM featured the morphology of N-Ti3C2 MQDs. Figure 2A 
indicated that N-Ti3C2 MQDs were spherical and uniformly 
dispersed in water medium. HRTEM diagram exposed the 
crystal characteristics of N-Ti3C2 MQDs. We can observe 
that the adjacent lattice fringes were 0.21 nm, in accord 
with the (0110) faces of the MXene [31]. To characterize 
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the size of N-Ti3C2 MQDs, the percentages of different 
particle size ranges were determined by using the software 
nano measurement. From Fig. 2B, the size distribution his-
togram of N-Ti3C2 MQDs displayed an average diameter of 
5.0–5.8 nm. Meanwhile, the surface functional groups of 
N-Ti3C2 MQDs were analyzed with FT-IR (Fig. S4A) and 
XPS was used to investigate the valence states and elemen-
tal makeup of N-Ti3C2 MQDs (Fig. S4B). These findings 
demonstrated that the solvothermal treatment had produced 
oxygenous groups on the N-Ti3C2 MQDs surface, which is 
advantageous for their improved dispersion in aqueous solu-
tion [32, 33].

By capturing fluorescence emission spectra and UV–vis 
absorption spectra, the optical properties of N-Ti3C2 MQDs 
were examined. Figure 2C showed the strong absorption 
peak of ultraviolet light and the weak absorption peak of 
visible light of N-Ti3C2 MQDs (black line). In addition, 
N-Ti3C2 MQDs exhibited excitation-dependent fluorescence 
behavior similar to the previously reported  Ti3C2 MQDs 
[34]. In accordance with Fig. 2C, the emission peak gradu-
ally red-shifted as different excitation wavelengths changed 

continuously. The brightest fluorescence peak of N-Ti3C2 
MQDs was found at about 430 nm when the excitation wave-
length was 340 nm. The maximum excitation wavelength 
was set at 380 nm to balance the fluorescence intensity in 
this study. At the same time, N-Ti3C2 MQDs synthesized 
exhibited excellent optical stability. As shown in Fig. S5 and 
Fig. 2D, the fluorescence intensity of N-Ti3C2 MQDs did not 
change significantly at different pH, different temperatures, 
and continuous scanning for 1 h (excitation at 380 nm).

Feasibility and mechanism of FA detection by MON 
system

MIL-53(Fe)-NO2 with oxidation-like activity can catalyze 
OPD to produce DAP, a yellow oxidized product with an 
emission at 560 nm. N-Ti3C2 MQDs display blue fluores-
cence at 450 nm. DAP can quench the blue fluorescence of 
N-Ti3C2 MQDs through IFE since its absorption spectrum 
overlaps with the emission spectrum of N-Ti3C2 MQDs 
obviously. However, FA can interact with OPD to gener-
ate Schiff base, which reduces the amount of free OPD in 

Fig. 1  A TEM image and B SEM image spectrum of MIL-53(Fe)-NO2. C The UV–vis spectra of MIL-53(Fe)-NO2-induced OPD oxidation. D 
Free radical capture test of MIL-53(Fe)-NO2 (n = 3)
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the system that can be catalyzed by MIL-53(Fe)-NO2, so 
that the luminescence at 560 nm is weakened, and the lumi-
nescence in the 450 nm band is restored. In terms of the 
description above, a ratio fluorescence sensor for FA detec-
tion was constructed (Scheme 1). Based on the proportion of 
the fluorescence intensities of N-Ti3C2 MQDs and DAP, an 
understandable signal for FA detection was created.

Through a series of experiments, the working mecha-
nism of the sensor was verified. Figure 3A exhibited that 
the luminescence intensity of N-Ti3C2 MQDs alone reached 
the maximum at 450 nm. When N-Ti3C2 MQDs were sepa-
rately mixed with MIL-53(Fe)-NO2, OPD, and FA, their 
luminescence intensity remained basically unchanged. The 
fluorescence spectra of MIL-53(Fe)-NO2 and OPD showed 
that DAP had a significant fluorescence emission peak at 
560 nm. However, the fluorescence intensity of N-Ti3C2 
MQDs reduced at 450 nm and a new fluorescence peak 
emerged at 560 nm when MIL-53(Fe)-NO2 and OPD were 
added simultaneously. The fluorescence at 450 and 560 nm 
was recovered and weakened, respectively, when FA was 
present in the system.

We intended to conduct an in-depth discussion on the 
quenching mechanism of N-Ti3C2 MQDs induced by DAP. 
We firstly verified that N-Ti3C2 MQDs did not have the 
ability to catalyze OPD oxidation (Fig. S6). However, the 
DAP generated in the system was obtained from the oxi-
dation of OPD catalyzed by MIL-53(Fe)-NO2. Figure 3B 
illustrated that there was a substantial overlap between the 
DAP absorption spectra and the N-Ti3C2 MQDs emission 
spectrum. Additionally, the combination of N-Ti3C2 MQDs 
and DAP did not appreciably alter the absorption spectra 
of DAP, demonstrating that the two substances did not 
react to produce new molecules. Furthermore, the fluo-
rescence lifetime of N-Ti3C2 MQDs stayed pretty much 
the same after DAP addition, indicating the existence of 
static quenching process (Fig. 3C). By the way, the zeta 
potentials of MIL-53(Fe)-NO2, DAP, and N-Ti3C2 MQDs 
were 14.7, − 6.22, and − 14.9 mV, respectively (Fig. 3D), 
excluding the possibility of electrostatic attraction between 
DAP and N-Ti3C2 MQDs. These findings demonstrated 
that IFE induced DAP quenching of N-Ti3C2 MQDs 

Fig. 2  A TEM image; inset: high-resolution TEM image and B size 
distribution histogram of N-Ti3C2 MQDs. C Fluorescent emission 
spectra of N-Ti3C2 MQDs at various excitation wavelengths and their 

UV–vis absorption spectra. The images taken in visible light (left) 
and UV light (right) are shown in the inset. D Fluorescence stability 
of N-Ti3C2 MQDs excited at 380 nm for 3600 s
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fluorescence. According to the aforementioned results, 
FA might be identified by our ratio fluorescence sensor.

Optimization of experimental conditions

So as to achieve optimum conditions for FA detection by 
MON system, the effects of pH, temperature, OPD concen-
tration, MIL-53(Fe)-NO2 concentration, incubation time, 
and reaction time on the MON system were investigated. 
 Fwith/Fwithout  (Fwith and  Fwithout represented the ratio of  F450 
to  F560 in the respective presence and absence of target 
FA) was used as an evaluation criterion. pH was a cru-
cial detection factor. It can be seen from Fig. S7A that 
 Fwith/Fwithout reached its peak at pH 4.5. The reason is that 
nanozymes prefer to perform activity in acidic solutions 
through pre-absorption of  H+ and base-like decomposition 
of  H2O2 and  O2 [35]. The temperature had a great effect 
upon the reaction rate and stability. It was manifested from 
Fig. S7B that when the temperature went up, MIL-53(Fe)-
NO2’s catalytic activity increased significantly and peaked 
at 37 ℃. On the contrary, with the further increase of tem-
perature,  Fwith/Fwithout gradually decreased. It may be that 
too high temperature destroyed the structure and activ-
ity of MIL-53(Fe)-NO2, thus inhibiting the production 

of DAP. In addition, the concentration of OPD was also 
important in detection. When the concentration of OPD 
increased to 0.04 mM, the value of  Fwith/Fwithout reached its 
maximum, indicating that this concentration was sufficient 
to react with the target substance, and further increase 
would not cause significant changes in the value of  Fwith/
Fwithout (Fig. S7C). Figure S7D showed that  Fwith/Fwithout 
gradually increased when MIL-53(Fe)-NO2 concentration 
increased. When MIL-53(Fe)-NO2 concentration reached 
40  µg·mL−1, there was no significant change in  Fwith/
Fwithout value, indicating that 40 µg·mL−1 MIL-53(Fe)-
NO2 was sufficient to detect FA. Time also had a certain 
influence on the intensity of fluorescence. Figures S7E 
and S7F clearly showed that 30 min was the best time for 
the incubation of OPD with FA, and the 40 min was the 
most suitable time for MIL-53(Fe)-NO2 to catalyze the 
production of DAP from OPD. Further extension of the 
reaction time did not lead to significant changes in  Fwith/
Fwithout. The catalytic activity of MIL-53(Fe)-NO2 was 
significantly influenced by its concentration. Combined 
with the above results, the optimal pH, temperature, OPD 
concentration, MIL-53(Fe)-NO2 concentration, incuba-
tion time, and reaction time were pH 4.5, 37 ℃, 0.04 mM, 
40 µg·mL−1, 30 min, and 40 min, respectively.

Scheme 1  Schematic diagram of FA detection by ratio fluorescence method based on MON system. Dashed box: specific Schiff base reaction of 
FA with OPD
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Methodological validation of MON system

FA was detected under the ideal experimental circumstances. 
Figure 4A demonstrated that the quenching fluorescence of 

N-Ti3C2 MQDs was restored when the concentration of FA 
steadily increased while the fluorescence of DAP decreased. 
 F450/F560 as the fluorescence intensity ratio was linearly cor-
related with the concentration of FA within 1–200 µM, but 

Fig. 3  A Fluorescence spectra (a) N-Ti3C2 MQDs, (b) 
FA + N-Ti3C2 MQDs, (c) OPD + N-Ti3C2 MQDs, (d) MIL-
53(Fe)-NO2 + N-Ti3C2 MQDs, (e) MIL-53(Fe)-NO2 + OPD, (f) 
MIL-53(Fe)-NO2 + OPD + N-Ti3C2 MQDs, (g) MIL-53(Fe)-
NO2 + OPD + FA + N-Ti3C2 MQDs. B UV–vis absorption (Abs) spec-

tra of OPD, DAP, and DAP + N-Ti3C2 MQDs, and the fluorescence 
spectrum (FL) of N-Ti3C2 MQDs. C The fluorescence lifetime spectra 
of N-Ti3C2 MQDs and N-Ti3C2 MQDs + DAP. D The zeta potential 
histogram of MIL-53(Fe)-NO2, DAP, and N-Ti3C2 MQDs (n = 3)

Fig. 4  A The MON system’s fluorescence spectra at various FA concentrations. B The relationship between the  F450/F560 ratio and FA concen-
tration. Inset: the standard curve of FA detection (1–200 µM) (n = 3)
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the fluorescence intensity ratio did not alter much when the 
concentration of FA increased further (Fig. 4B). This may 
be due to the constant concentration of OPD in the system, 
and when all OPD react with FA, the further addition of 
FA has little effect on the fluorescence of the system. The 
limit of detection for FA is 0.49 µM according to the 3σ 
rule. Compared with FA detection methods reported in the 
literature (Table S2), the MON system had a relatively wide 
linear range and a relatively low detection limit, which was 
attributed to the specific Schiff base reaction of FA with 
OPD and the construction of a rate-type fluorescent probe. 
Table S3 showed that within-run and between-run relative 
standard deviations (RSD) obtained at low, medium, and 
high FA concentration levels were less than 4.7% and 5.4%, 
respectively. These outcomes indicated that MON system 
designed had good repeatability and reproducibility when 
it came to FA.

To evaluate the MON system’s specificity for FA, sub-
stances that may interfere with FA detection were selected, 
including aldehydes, ketones, organic molecules, and com-
mon ions. As shown in Fig. 5, most potential interfering 
substances had negligible effects. Although other aldehydes 
interfered with the detection of FA to a certain extent, the 
concentration of FA was much higher than that of other alde-
hydes in atmosphere, food, and other environmental media, 
so this method has good selectivity for FA detection in food.

FA detection in food samples

Frozen shrimp, cabbage, mushroom, and beer were selected 
to further evaluate the feasibility of MON system for FA 
detection by standard addition. According to Table S4, the 
recoveries of FA samples at various concentrations ranged 

from 98.7 to 102% with RSD less than 3.9%, revealing the 
feasibility of the method built. Low concentrations of FA 
were detected in frozen shrimp, cabbage, and mushroom all 
after treatment, which may be related to endogenous formal-
dehyde. Researchers have found that trimethylamine oxide 
in fish, shrimp, shellfish, and other aquatic products can be 
decomposed into dimethylamine and FA under the action of 
enzymes [36]. In addition, FA is a by-product of the break-
down of lentinan acid into lentinan flavor product which is 
lentinan essence [37]. FA concentration in beer sample was 
1.08 µM, which was lower than the national standard limit 
of FA concentration of 2 mg·L−1 (66.7 µM) [6].

Fig. 5  A Selectivity of FA detection toward aldehydes and ketones. 
B Anti-interference toward small molecules and inorganic ions. The 
concentration of FA was 200 µM, and the concentrations of aldehydes 

were 600  µM. The concentrations of other potential interferences 
were all 2 mM (n = 3)

Table 1  Comparison of the results of MON and HPLC for FA detec-
tion (n = 3)

Samples MON system 
(µM)

HPLC values 
(µM)

Relative error (%)

Frozen shrimp 5.71
8.67
108
167

5.64
8.58
107
166

1.2
1.0
0.9
0.6

Cabbage 0.752
3.81
100
161

0.767
3.88
99.0
162

 − 2.0
 − 1.8
1.0
 − 0.6

Mushroom 18.2
21.3
119
179

17.8
20.7
116
178

2.2
1.9
2.6
1.1

Beer 1.08
4.14
101
160

1.13
4.19
103
161

 − 4.6
 − 1.2
 − 2.0
 − 0.6
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The same batches of food samples were also tested by 
HPLC to verify the accuracy of MON system (Table S5), 
and there was no significant difference between two means 
taken together. The aforementioned results demonstrated 
that the MON system had good sensitivity and accuracy in 
detecting FA in food samples (Table 1).

Conclusions

On the whole, we used the method of combining MIL-53(Fe)-
NO2 and N-Ti3C2 MQDs to form the ratio fluorescent probe 
by interacting the fluorescence of DAP and N-Ti3C2 MQDs. 
Based on the stability of N-Ti3C2 MQDs fluorescence, the 
amplification effect of ratio fluorescence on the target signal, 
and the specific reaction between FA and OPD, the highly 
sensitive determination of FA was achieved. Compared with 
the traditional single-signal detection method, it has the advan-
tages of high sensitivity, good selectivity, simple detection, and 
can reduce the interference from probe concentration, light 
source, instrument efficiency, and measurement conditions. It 
can be directly applied to the detection of FA in food. The 
whole testing process is environmentally friendly, safe, and 
convenient. However, there are some limitations to this work. 
Although MIL-53(Fe)-NO2 showed higher oxidase-like activ-
ity and reduced the use of hydrogen peroxide, the detection 
time was still long, which was not conducive to real-time detec-
tion. In addition, the MON system cannot yet be converted into 
a portable device in visual or digital format, which limits the 
field inspection of the method. Therefore, the improvement of 
nanozyme activity and the opening of visualization equipment 
will be the direction of our further exploration.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 024- 06348-7.
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