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Abstract: Increasing concern over the safety of consumable products, particularly aquatic prod-
ucts, due to freshness issues, has become a pressing issue. Therefore, ensuring the quality and
safety of aquatic products is paramount. To address this, a dual-mode colorimetric—fluorescence
sensor utilizing Ce-MOF as a mimic peroxidase to detect H,S was developed. Ce-MOF was pre-
pared by a conventional solvothermal synthesis method. Ce-MOF catalyzed the oxidation of
3,3",5,5"-tetramethylbenzidine (TMB) by hydrogen peroxide (H,O;) to produce blue oxidized TMB
(oxTMB). When dissolved, hydrogen sulfide (H,S) was present in the solution, and it inhibited the
catalytic effect of Ce-MOF and caused the color of the solution to fade from blue to colorless. This
change provided an intuitive indication for the detection of H,S. Through steady-state dynamic
analysis, the working mechanism of this sensor was elucidated. The sensor exhibited pronounced
color changes from blue to colorless, accompanied by a shift in fluorescence from none to light
blue. Additionally, UV-vis absorption demonstrated a linear correlation with the H,S concentration,
ranging from 200 to 2300 uM, with high sensitivity (limit of detection, LOD = 0.262 uM). Fluorescence
intensity also showed a linear correlation, ranging from 16 to 320 uM, with high selectivity and
sensitivity (LOD = 0.156 uM). These results underscore the sensor’s effectiveness in detecting HjS.
Furthermore, the sensor enhanced the accuracy of H,S detection and fulfilled the requirements for
assessing food freshness and safety.

Keywords: H,S; nanozyme; metal-organic frameworks; dual-mode sensor; food freshness

1. Introduction

Hydrogen sulfide (H,S) is a colorless, corrosive, flammable and toxic gas under stan-
dard conditions, characterized by a distinct rotten egg odor at low concentrations. Although
it has traditionally been recognized as a key indicator of food spoilage, recent studies have
revealed its significant role as a small redox-active molecule in cell signaling pathways [1].
However, H;S gas generated during food manufacturing processes can adversely affect
food quality. For instance, H,S produced by yeast during winemaking can compromise
the taste and flavor of wine [2]. Numerous studies have shown that long-term exposure to
low doses of H,S is associated with headaches, vertigo, respiratory disorders and other
related symptoms, and it may cause respiratory diseases. When ingested through food,
H;S penetrates cell membranes, disrupts the respiratory chain and interferes with cellular
respiration. Concurrently, H,S, recognized as a physiologically active gas, participates
in various physiological processes within the body, including the facilitation of vascular
smooth muscle relaxation and the modulation of nerve transmission [3]. Excess H>S con-
centrations can lead to respiratory system paralysis, impairing normal cognitive functions
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and behaviors. Abnormal H;S levels are closely associated with symptoms of various
diseases, including acute infectious diseases, food poisoning and severe conditions like
Down syndrome, diabetes and Alzheimer’s disease [4], sometimes resulting in sudden
death. Given the health risks associated with H,S exposure, detecting its presence has
become a matter of significant concern.

H,S is now recognized as a third gas transmitter alongside nitric oxide (NO) and car-
bon monoxide (CO) [5]. The detection of gases produced during food manufacturing helps
standardize processes and quality control, and it also helps with continuously monitoring
their status and preservation and tracing their origin. Establishing a fluorescence-based
detection method for the quantitative and visual assessment of H,S in aquatic products
holds significant practical implications for ensuring food safety and human health.

Traditional analytical techniques include gas chromatography (GC), electrochemical
analysis, metal-induced sulfide precipitation [6], plasma atomic emission [7], surface-
enhanced Raman scattering [8] and airfield effect transistors [9]. However, these methods
necessitate skilled operators and employ complex, costly and stationary equipment [10]. In
contrast, the fluorescence method offers higher sensitivity and convenience. Moreover, col-
orimetric sensors also provide a user-friendly and easy-to-deploy solution for routine food
monitoring, as they are easily understood by consumers and do not require sophisticated
instrumentation. In addition, their portability and cost-effectiveness make them ideal for
widespread adoption in food safety protocols. In summary, the combination of colorimetric
and fluorescence methods can achieve multiple advantages, such as portability, sensitivity
and a low cost [11].

Colorimetry has garnered significant attention in bioanalysis and environmental
science due to its affordability, simplicity and visual monitoring capabilities. To facilitate
the translation of detection signals into perceptible color alterations, a variety of compounds
and materials have been engineered and synthesized as colorimetric indicators. In the
realm of HjS sensing, certain colorimetric approaches have been developed, leveraging
the catalytic properties of metal-organic frameworks (MOFs) or similar catalysts that
oxidize specific substrates in response to H,S. The reaction products then interact with
color-developing agents, leading to a visible color change that is correlated with H,S
concentration. This strategy allows for a direct and intuitive assessment of H;S levels,
which is valuable for environmental and medical monitoring applications.

However, natural peroxidases exhibit high catalytic activity but are susceptible to
environmental conditions such as pH and temperature, which can lead to decreased activity
or complete inactivation [12]. Consequently, natural peroxidases are impractical for use
outside laboratory settings. To enhance the applicability of colorimetric detection, nanoma-
terials have emerged as promising alternatives to natural peroxidases. Nanomaterial-based
enzymatic mimics, or nanozymes, offer several advantages, including simple and cost-
effective synthesis, high structural and chemical stability, ease of storage and compatibility
with a wide range of operating temperatures and pH values, rendering them more suitable
for field-based determinations.

Enzymes, as a class of biological macromolecular catalysts, play pivotal roles in organ-
ismal biotransformation and industrial processes. Their notable advantages, such as high
efficiency, exceptional selectivity and environmental friendliness, render them indispens-
able tools across various sectors of modern industry. However, the inherent limitations of
natural enzymes—including sensitivity to environmental factors, poor operational stability,
high costs and short lifespans—have restricted their broad application, particularly in
challenging conditions. Consequently, substantial efforts have been devoted over the past
few decades to surmounting these constraints. Prominent strategies encompass directed
evolution, protein and enzyme engineering, enzyme immobilization, artificial enzyme
design and medium regulation. With dynamic advancements in modern nanomaterials
science, supramolecular chemistry and protein engineering, artificial enzyme engineering
has emerged as a promising avenue to address these challenges. Artificial enzyme nanoma-
terials, exemplified by nanozymes, are gaining traction as effective alternatives to natural
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enzymes due to their controllable catalytic activity, adaptable design, heightened stability
and favorable biocompatibility. As a result, they offer compelling prospects for diverse
industrial applications [13].

Nanozymes, defined as nanomaterials with natural enzyme-like properties, have
gained recognition as promising artificial enzymes in recent years. These nanozymes
effectively merge the benefits of traditional chemical catalysts and biocatalysts, exhibiting
high and tunable catalytic efficiency, exceptional stability, recyclability, ease of manufac-
ture and cost-effectiveness. Consequently, both the fundamental research and practical
applications of nanozymes are flourishing, demonstrating significant potential in areas
such as biosensing, environmental resource protection, food safety and antimicrobial and
antioxidant applications [14]. Metal-organic frameworks (MOFs), characterized by their
porous and crystalline structure, consist of a periodic network formed by the self-assembly
of organic units (typically organic ligands such as carboxylic acids and pyridines) and
metal ions or clusters (commonly transition metals like Cu?*, Zn?* and Fe?*). Due to their
abundant active sites, customizable properties and robust stability, MOFs are considered
promising candidates for nanozyme applications [15-18].

Additionally, MOFs feature large specific surface areas, adjustable pore sizes and
shapes, easy modification and numerous unsaturated metal sites, which make them highly
suitable for applications in gas adsorption separation, catalysis, sensing, biomedicine and
more [19].

In recent years, a variety of MOF-based nanozymes from the oxidoreductase (such as
peroxidase, oxidase, catalase and superoxide dismutase) or hydrolase (such as carbonic
anhydrase, phosphatase, protease and nuclease) families have been developed and have
achieved significant success in analytical chemistry, environmental management, disease
diagnosis and treatment. The outstanding catalytic activity of these nanozymes has also
led to their widespread use in constructing colorimetric biosensors, transforming them
into powerful and effective tools for real-time detection. Innovative colorimetric sensing
strategies have been developed by integrating nanozymes with colorimetric sensors [20].
Furthermore, various nanomaterials, including carbon-based nanomaterials, metal nanopar-
ticles, metal oxide nanoparticles and quantum dots, have been employed for real-time,
miniaturized and highly selective H,S detection [21]. MOF-based techniques for detecting
H,S through fluorescence, catalytic and electrochemical properties have been extensively
explored, contributing to advancements in the field [22].

In this study, a dual-mode colorimetric—fluorescence sensor based on a Ce-MOF
nanozyme was developed. The fluorescence resonance energy transfer (FRET) between
Ce-MOF and TMB resulted in the generation of bright blue fluorescence in the solution.
Furthermore, as the concentration of Na,S increased, oxTMB in the solution was reduced
back to TMB, resulting in a decrease in oxXTMB and a corresponding increase in fluorescence
emission intensity within the detection system. This indicated an enhanced FRET effect.
For H,S detection (Scheme 1), visual fluorescence detection of H,S was achieved. Ce-MOF
was synthesized using solvothermal synthesis, demonstrating an excellent dual-mode
colorimetric fluorescence response. Therefore, the FRET-based Ce-MOF provided a highly
selective and sensitive fluorescence detection strategy for H,S analysis. The prepared
Ce-MOF exhibited exceptional stability and selectivity under the given detection conditions
while maintaining uniform particle size distribution of the nanozyme. Based on this
approach, our study successfully detected HyS levels in aquatic products and confirmed its
significant potential for application in food freshness assessments.
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Scheme 1. Schematic representation of the preparation of Ce-MOF and the colorimetric—fluorescent
sensing of H,S.

2. Materials and Methods
2.1. Materials

2-hydroxy-terephthalic acid (HBDC-OH), TMB, ammonium cerium nitrate, 3,3',5,5'-
tetramethylbenzidine, N,N-dimethylformamide(DMF), acetic acid, anhydrous ethanol,
sodium acetate, hydrogen peroxide, sodium sulfide and other substances used for se-
lectivity and anti-interference testing, such as metal ion solutions, were purchased from
Aladdin (Shanghai, China) and used as received. Fresh shrimp and salmon were purchased
from Lotus Supermarket (Shanghai, China). The buffer solution of acetic acid/sodium
acetate (0.2 M) was obtained by mixing 82 mL of acetic acid (0.2 M) and 18 mL of sodium
acetate (0.2 M).

2.2. Apparatus
2.2.1. Morphology Characterization

The morphologies of Ce-MOF were investigated using a field emission scanning elec-
tron microscope (Tescan Mira 3 XH, Tescan, Brno, Czechia) for SEM and SEM-energy
dispersive spectroscopy (EDS) analyses. Additionally, high-resolution images were cap-
tured with a transmission electron microscope (Talos F200X G2, Thermo Fisher, Waltam,
MA, USA) for TEM analysis. The particle size distribution of Ce-MOF was measured using
a dynamic light scattering (DLS) system (Malvern Zetasizer Nano ZS, Malvern Instruments
Ltd., Westborough, MA, USA). The system was stabilized at 25 °C with deionized water
(0.01 mg-mL™) serving as the dispersion medium in a four-sided quartz cuvette. Approxi-
mately 2 mg of the powder sample was used for each test. For SEM and EDS analyses, a
scanning voltage of 15 kV was employed. Samples were prepared by applying them to the
surface of a conductive adhesive using cotton swabs, coating with gold and then examining
in the electron microscope chamber. For TEM, a scanning voltage of 200 kV was utilized.
Samples were dispersed in ethanol and homogenized via ultrasonication. Subsequently, a
droplet of the suspension was placed on a copper mesh carrier and observed in the TEM
once dry. Free radicals produced by memetic peroxidase Ce-MOF were tested by electron
paramagnetic resonance (EPR) (Bruker, A300, Mannheim, Germany). The fluorescence life-
time was determined with HORIBA's highly sensitive integrated fluorescence spectrometer
(FluoroMax-4, HORIBA, Kyoto, Japan).
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2.2.2. XPS Analysis

X-ray photoelectron spectroscopy (XPS) measurements were conducted using the
EscaLab 250Xi XPS system (Thermo Fisher Scientific, Horsham, UK). This analysis offered
detailed insights into the chemical states and elemental composition of the sample. For the
measurements, approximately 10 mg of the sample was used. Key parameters included an
operating voltage of 12.5 kV, a filament current of 16 mA and the use of Al Ko radiation as
the excitation source. The measurements were performed with a pass energy of 30 eV and
step size increments of 0.1 eV.

2.2.3. FT-IR Analysis

The synthesized MOFs were characterized using Fourier transform infrared spectroscopy
(FT-IR) with a Nexus 410 FI-IR spectrometer (Thermo Nicolet, Waltham, MA, USA). Spectra
were recorded across a scanning range from 400 to 4000 cm~! for samples weighing
approximately 10 mg. Analysis of the FT-IR spectra enabled the identification of specific
functional groups within the MOF materials by analyzing peak positions along the IR curve.

2.2.4. XRD Analysis

X-ray diffraction (XRD) patterns were acquired using an Ultima IV multipurpose X-ray
diffractometer (manufactured in Tokyo, Japan). Powder X-ray diffraction (XRD) patterns
were measured on a Bruker Focus D8 diffractometer operating at 40 kV using Cu-K« X-ray
radiation (A = 1.54056 nm). The instrumental parameters for the XRD analysis comprised
a scanning range from 5 to 80 degrees, a scanning speed of 12 degrees per minute and
a sample quantity of approximately 50 mg. The obtained data were then analyzed and
processed using Jade 4.6.0 software.

2.2.5. Brunauer—-Emmett-Teller (BET) Analysis

Nitrogen adsorption—desorption isotherms were measured by the BET technique.
Low-pressure gas adsorption studies were performed on the 3Flex Analyzer (Micromeritics
Instrument, Norcross, GA, USA), a fully automated microporous gas analyzer, with relative
pressures up to 1 atmosphere. The low temperature was controlled using a liquid nitrogen
bath at 77 K. The apparent surface area was determined by applying BET and Langmuir
models from nitrogen adsorption isotherms collected at 77 K.

2.2.6. Optical Detection

UV-vis absorption spectra were recorded using a U-3900 UV-vis spectrophotometer
(Hitachi, Tokyo, Japan), and fluorescence spectra were captured with an F-7000 fluores-
cence spectrophotometer (Hitachi, Japan). Additionally, short-wave ultraviolet detec-
tion of the samples at 365 nm was performed using a handheld UV lamp (Spectroline,
Melville, NY, USA).

2.3. Synthesis of Ce-MOF

Ce-MOF was synthesized using the classical solvothermal method [23]. First, 164.5 mg of
ammonium cerium nitrate was dissolved in 15 mL of DME and 109.3 mg of 2-hydroxyterephthalic
acid was dissolved in 45 mL of DMF. Both solutions were sonicated until fully dissolved.
The solution containing 2-hydroxyterephthalic acid was then transferred to a 100 mL round-
bottomed flask and immersed in silicone oil at 120 °C. A magnetic stirrer was used to
maintain stirring at 200 rpm. When the solution in the flask reached approximately 120 °C,
600 pL of glacial acetic acid was added, followed by the slow addition of 15 mL of the
ammonium cerium nitrate solution at a rate of 1 drop every 3 s. After the complete addition
of the ammonium cerium nitrate solution, the opening of the flask was gently covered
with tinfoil, and stirring was continued at 200 rpm for 6 min. Subsequently, the magnetic
stirrer was turned off, and the temperature was maintained at 120 °C for 3 h to allow for
the synthesis and growth of Ce-MOEF. Afterward, the heating was turned off, the flask
was removed from the silicone oil, and the solution was cooled to room temperature. The
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solution was then evenly divided into four 50 mL centrifuge tubes, and 15 mL of anhydrous
ethanol was added to each tube. After balancing, the tubes were centrifuged at 12,000 rpm
at 4 °C for 20 min. Centrifugation was accomplished, the supernatant was removed, and
20 mL of anhydrous ethanol was added to each tube. This washing step was repeated three
times to ensure the removal of any impurities. Once the three washes were completed, the
washed precipitate was collected and placed in an oven at 75 °C for 24 h until completely
dried, yielding the final product.

2.4. The Mimetic Peroxidase-like Activity of Ce-MOF Nanozyme

TMB was used as the color developing substrate. Ce-MOF catalyzes TMB to ox-TMB
only in the presence of Ce-MOEF, TMB and H,0O;, and the solution was obviously blue,
which indicated that it had the activity of simulating peroxidase. The UV—vis absorption
peak was obtained at 652 nm, and the ionic system of the solution changed. In order to
better understand the properties of Ce-MOF intermediates during enzyme conversion in
the presence of hydrogen peroxide and TMB, 1.25 mL of Ce-MOF (0.05 mg-mL™'), 8 mL of
buffer solution and 0.75 mL of H,O, (100 mM) were prepared for EPR.

To further analyze its catalytic activity, the same concentration of Ce-MOF was used
in acetic acid /sodium acetate buffer solution (pH = 4, 0.2 M). Various concentrations of
TMB (1.5-43.26 mM) and H,O, (0.01-2 mM) were tested as the kinetic parameters of the
substrates. The absorbance of the solution at 652 nm was rapidly recorded following the
final addition of each varying concentration of substrate. The maximum reaction rate (Vmax)
and the Michaelis constant (K,,) were then calculated using the relevant Equation (1).

1 1 K 1
v:(m)<v)+v M

Here, V is the enzymatic reaction efficiency (the initial rate of the catalytic reac-
tion at different substrate concentrations). [S] is the concentration of substrate TMB or
hydrogen peroxide.

2.5. Optimization of Experimental Conditions

Amounts of 150 pL of HyO, (100 mM), 250 uL of Ce-MOF (0.05 mg~mL_1) and 150 uL
of TMB (10 mM) were mixed in a 2 mL centrifuge tube, and 1450 puL of the buffer solution,
acetic acid/sodium acetate (pH = 4), was added. The mixture reacted at room temperature
(25 °C). During the reaction, Ce-MOF catalyzed TMB to ox-TMB, and the solution was
obviously blue. Finally, the UV—vis absorption peak was collected at 652 nm. Similar
methods were used to perform optimization experiments with a single variable, and
multiple 2 mL centrifugal tubes were prepared. The range of the HyO, concentration
optimization test was 1-400 mM, and the range of the TMB concentration optimization test
was 1-15 mM. The pH optimization test range of the buffer solution of acetic acid /sodium
acetate was 2.4-8.2, and the reaction time of the optimized system was 5-50 min.

2.6. Selectivity and Anti-Interference Experiment

In order to study the selectivity and anti-interference of the detection system to H,S, the
same concentration of selected interfering substances was tested under the same detection
conditions. Glutamic acid (Glu), glutathione (GSH), cysteine (Cys), anions (NO, ™, S,04%7,
SO527,NO;~, Br—, SO42~, CO327) and cations (Na*, Ca?*, K*, Cu?*, Mg?*, NH, ") were
included. The UV-vis absorbance (the corresponding concentration in the detection system
was 192 uM) and fluorescence intensity (the corresponding concentration in the detection
system was 320 uM) were measured by adding sodium sulfide and an equal amount of
interfering substances, respectively. After the solution completely reacted for 30 min, the
solution was placed under the U-3900 ultraviolet spectrophotometer at 652 nm to test
its absorbance. All fluorescence spectra were measured using an excitation wavelength
of 325 nm. The anti-interference test was conducted to measure the UV—-vis absorbance
and fluorescence intensity in the same way by adding more than the same amounts of
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interfering substances in the test system without adding sodium sulfide. After the test was
completed, sodium sulfide of equal concentration was added to each tube, and the UV-vis
absorbance and fluorescence intensity were determined again [24,25].

2.7. Colorimetric—Fluorescence Sensing Analysis

The catalytic activity of the Ce-MOF nanozyme was investigated by using TMB, a
typical oxidase substrate, in a buffer solution of acetic acid/sodium acetate (pH = 4).
Additionally, 50 mg of sodium sulfide powder was weighed and dissolved in 10 mL of the
buffer solution to prepare a 5 mg-mL~! sodium sulfide solution, which was sonicated for
future use. A series of 2 mL centrifuge tubes was prepared, each with a total volume of
2 mL of solution. Amounts of 150 pL. of H,O, (100 mM), 250 uL. of Ce-MOF (0.05 mg~mL’1)
and 150 uL of TMB (10 mM) were added to this mixture, along with varying volumes of
acetic acid /sodium acetate buffer (pH = 4) to ensure proper mixing. The final concentration
of Ce-MOF in the detection system was 6.25 ug-mL~!. The tubes were then incubated at
25 °C for 30 min. Once a noticeable color change was observed, one tube was set aside as a
control, and varying volumes of the 5 mg-mL~! sodium sulfide solution, serving as a source
of H,S, were added to the remaining tubes. The color changes in the solution were visually
observed under sunlight and ultraviolet light. The UV—vis absorbance of the solutions was
measured at a specific wavelength of 652 nm using a spectrophotometer. Additionally,
fluorescence emission spectra were recorded with a fluorescence spectrophotometer, setting
the excitation wavelength to 325 nm.

2.8. Detection of H»S in the Real Samples

The enzyme-labeled strip of 8 tubes was prepared, and 300 uL of buffer solution acetic
acid/sodium acetate was added to each tube. The fresh salmon was cut into 25 pieces of
similar size and stored in a refrigerator at —20 °C. On days 0-9, four pieces of salmon fillet
and solution-containing enzyme-labeled strip were randomly selected every day, sealed in
white foam dishes using transparent plastic wrap and kept in a refrigerator at 4 °C. The
H,S released by the fish body was absorbed by the buffer solution. After 9 days, the test
system solution (no buffer solution added) was configured and reacted for 30 min. The
solution in the enzyme-labeled strip was dropped into the mixed solution and reacted
for 2 min, and colorimetric pictures were taken in a camera obscura. Then, the mixed
solution was absorbed into the eight tubes, and an ultraviolet lamp was irradiated to
observe the fluorescence change. Shrimp was purchased and frozen at —20 °C. For days
0-5, 5 shrimp and enzyme-labeled strips containing the solution were randomly selected
every day, sealed in a white foam plate and kept in a refrigerator at 4 °C. The H,S released
by the shrimp was absorbed by the buffer solution, and the shrimp was stored for 5 days.
Colorimetric and fluorescence changes were observed by the same test method as that used
for the salmon.

3. Results and Discussion
3.1. Characterization

Ce-MOF was prepared by the reaction of ammonium cerium nitrate and ligand 2-
hydroxyterephthalic acid at 120 °C with DMF as a solvent. The successful preparation of
Ce-MOF was confirmed by various characterization techniques [26]. SEM (Figure 1a), TEM
and DLS showed the spheroidal morphology characteristic of Ce-MOF, with a size range
of about 452.4 nm (Figure 1c). Higher resolution images by TEM showed uniform-sized
nanoparticles of Ce-MOF (Figure 1b), which was further verified by dynamic light scattering
results. X-ray energy dispersive spectroscopy (EDS) showed that Ce-MOF contained Ce,
C and O elements, and all elements were evenly dispersed in the Ce-MOF nanozyme
structure (Figure 1d).
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Figure 1. Morphology of Ce-MOF: (a) SEM image; (b) TEM image; (c) DLS analysis; (d) EDS images.

The XRD pattern of Ce-MOF displayed three diffraction peaks centered at 8.9°,
25.6° and 40.7° (Figure 2a), which aligned well with the spectra synthesized by the
predecessors [27], and the successful synthesis of Ce-MOF was confirmed. In the FTIR
spectrum (Figure 2b), extensive asymmetric stretching vibrations at 3324 cm ! indicated
abundant hydroxyl groups (O-H) on the surface of Ce-MOF. The peak at 1415 cm ™! cor-
responded to the symmetric stretching of the carboxylic acid group (O=C-0), and asym-
metric stretching vibrations were observed at 1571 cm~!. Additionally, absorption at
1495 cm~! suggested the presence of asymmetric C=C tensile vibrations in the benzene
ring [28]. These results verify the successful coordination of ammonium cerium nitrate with
2-hydroxyterephthalic acid [29]. The absolute surface value for Ce-MOF was 16.353 m? /g.
According to Figure 2c, the adsorption isotherm of Ce-MOF exhibited an inflection point
within the low-pressure region. The adsorption and desorption curve did not overlap in the
high-pressure region, and there was a hysteresis loop. According to the classification of the
adsorption isotherms, characteristics of type Il and type IV were seen, indicating that they
are mesoporous materials [30]. According to Figure 2d, the size diagram of the aperture
had an average size of 2.52 nm. This can prove that Ce-MOF is a mesoporous material.

XPS spectra were analyzed to elucidate the surface composition of Ce-MOF, particu-
larly focusing on the oxidation states of cerium (Ce). The comprehensive XPS spectrum
revealed Ce 3d, O 1s and C 1s signals, consistent with the elemental mapping (Figure 2e).
High-resolution XPS spectra of Ce 3d indicated the coexistence of Ce*" and Ce®** on the
surface of Ce-MOF (Figure 2h). Herein, 886.28 and 900.48 eV belong to the valance state of
3%, and 881.58 and 904.48 eV denote the 4* state for Ce [31]. Moreover, the high-resolution
C 1s spectrum displayed peaks at 286.18, 284.78 and 288.58 eV, corresponding to C-O,
C-C and O-C=0 bonds (Figure 2f), and the O 1s spectrum showed peaks at 532.48 and
531.48 eV for O-C=0 and Ce-OH, confirming the chemical environment of the surface
(Figure 2g) [22].
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Figure 2. Characterization of Ce-MOF: (a) XRD spectra; (b) FT-IR spectra; (c) Nitrogen adsorption—
desorption isotherm; (d) BJH pore diameter; (e) XPS spectra; (f) C 1s spectra; (g) O 1s spectra; (h) Ce
3d spectra.

3.2. Peroxidase Mimetic Activity Analysis of Ce-MOF

The peroxidase-like activity of Ce-MOF was evaluated using TMB as the substrate.
Experimental parameters, including pH, TMB concentration, H,O, concentration and
reaction time, were optimized to maximize peroxidase activity. The optimal conditions
were determined to be a pH of 4, a TMB concentration of 10 mM and an H,O, concentration
of 100 mM. After a reaction time of 30 min, the color change in the solution was readily
observable to the naked eye. Thus, the optimal reaction duration was established at 30 min
under balancing detection efficacy and visibility.

A steady-state kinetic analysis was conducted to assess the peroxidase mimetic activity
of Ce-MOF. As the TMB concentration increased from 1.5 mM to 43.26 mM and as the
H,O, concentration rose from 0.01 mM to 2 mM, the reaction rate of Ce-MOF peroxidase
steadily increased. This response exhibited typical Michaelis—-Menten kinetics, indicating
that substrate catalysis adhered to the characteristics of this model. The values of K
and Vpax were determined through fitting the Lineweaver-Burk plot (Figure 3). The
Km value for Ce-MOF with H,O, was 0.07773 mM, which reflects the affinity between
the enzyme and its substrate. A lower Ky, value indicates a stronger affinity between
Ce-MOF and its substrate compared to natural horseradish peroxidase (HRP) and other
reported nanozymes. Ce-MOF exhibited comparable or superior affinity and catalytic
efficiency for HyO,, suggesting enhanced catalytic activity, making it suitable for use in
subsequent colorimetric assays. At the same time, the maximum reaction rates of the
Ce-MOF substrates, HyO, and TMB, were 15.16 x 107°® Ms~! and 6.69 x 107° Ms1,
respectively, which were also higher than the maximum reaction rates of some nanozymes
toward HyO, substrates (Table 1), indicating that Ce-MOF has excellent and higher catalytic
activity. It also exhibited strong peroxidase-mimicking activity [32].

Table 1. Comparison of kinetic parameters of HyO,.

Nanozymes Km (mM) Vmax (1076 Ms—1) Ref.
Fe;0O4NPs 154 5.7333 [33]
MOEF-808 1.06 0.0139 [34]

Au-Ni/g-C3Ny 0.16 0.0234 [35]
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Table 1. Cont.

Nanozymes Km (mM) Vmax (1076 Ms—1) Ref.
PtCu 0.37 0.0114 [36]
Ag-MoS, 2.29 0.0875 [37]
HRP 3.7 0.0870 [38]
Ce-MOF 0.07773 15.16 This work
(a) (b)
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Figure 3. Steady-state kinetic analysis: (a,b) Kinetic study for the substrate of HyO, of Ce-MOF based
on the Michaelis-Menten equation; (c,d) Kinetic study for the substrate of TMB of Ce-MOF based on

the Michaelis—-Menten equation.

3.3. Colorimetric Characteristic Analysis of Ce-MOF

The feasibility analysis of the dual-mode colorimetric-fluorescence sensor was carried
out according to a previous method [39]. As shown in Figure 4a, TMB alone (purple line)
and TMB combined with H,O, (red line) exhibited no significant UV—vis absorption peak
at 652 nm. However, upon the addition of Ce-MOF (blue line), the UV-vis absorption
spectrum displayed a pronounced peak at 652 nm. This peak was notably diminished
when the mixture was treated with a 5 mg-mL~! sodium sulfide solution, indicating a
significant reduction in the concentration of Ce-MOF following the absorption of H,S. This
observation could also suggest that the catalytic activity of the Ce-MOF nanozyme was
substantially decreased after the addition of H,S, and it implies that the presence of H,S

might inhibit the Ce-MOF nanozyme’s catalysis in the TMB oxidation reaction [32].
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Figure 4. Colorimetric characteristic analysis: (a) Feasibility of colorimetric detection of dual-mode
sensor; (b) EPR spectrum of DMPO- OH.

In order to identify the active free radicals produced during Ce-MOF catalysis, the EPR
technique was used to directly detect reactive oxygen species (ROS) using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a trapping probe. It could be observed that -OH (hydroxyl
radical) radiated in the Ce-MOF solution for 20 min in a four-wire spectrum of 1:2:2:1,
which further confirms that the hydroxyl radical was the main intermediate, and -OH
was produced in the system, from which it can be inferred that -OH was the main ROS
in the Ce-MOF system (Figure 4b) [40]. It was verified that the catalytic pathway of the
solution involved generating a hydroxyl radical, oxidizing TMB to oxTMB and changing
the solution from colorless to blue [41].

Ten 2 mL centrifuge tubes were prepared, and 150 uL of H,O, (100 mM), 250 uL
of Ce-MOF (0.05 mg-mL~!) and 150 uL of TMB (10 mM) were added, respectively, and
mixed with different volumes of the buffer solution of acetic acid/sodium acetate for
30 min, making sure that the solution was blue after the full reaction. After the reaction,
0.0, 6.0, 9.8, 19.7, 32.9, 41.3, 46.0, 55.2, 60.5 and 74.0 uL sodium sulfide solutions were
added to ten 2 mL centrifuge tubes, and the total volume of the mixed solution in each
centrifuge tube was fixed to be 2 mL. The concentration of H;S in the system was 0.000,
0.192,0.314, 0.631, 1.054, 1.323, 1.474, 1.768, 1.938 and 2.371 mM, respectively. After 2 min,
the absorption of the series of concentration gradient solutions at 652 nm was determined,
and the UV-vis absorption spectrum was obtained. As the concentration of sodium sulfide
increased, the characteristic peak of oxXTMB gradually decreased, and it could be seen
that the UV-vis absorption of the sensor had a good correlation with the concentration
of NayS (0-2300 uM) (Figure 5a). By fitting this value to the NayS concentration, the
fitted equation was Y = —0.3558X + 1.1913 (R? = 0.9942) with a limit of detection (LOD) of
0.262 uM (Figure 5a inset). The limit of detection was calculated by Equation (2), where o
is the standard deviation of the blank and k is the slope of the linear fitting equation.

30
LOD = = (2)
The sensor colorimetric response had a detection range of 200-2300 uM. As the con-
centration of H,S in the solution increased, the color transitioned from blue to colorless,
demonstrating the inhibitory effect of H,S on the catalytic activity of Ce-MOF. This effect
could be attributed to several mechanisms, including strong coordination between H,S and
the active sites of Ce-MOF, a reduction in the formation of intermediate hydroxyl radicals
and a decrease in the levels of peroxide or oxTMB.



Polymers 2024, 16, 1747

12 of 18

(b)

3500

it

—— Blank
; Ab652 —160pM EIS\JU‘
0.6 3000 —320pum =
—_ 044 Y=-0.3558X+1.1913 - — o g
:E 0.5 2: 03 R?=0.9942 5 2500 4 ——64.0uM E
S 5 - S 96.1 uM E- 1200
8 0.4+ g 0.2 42\‘2000 i : 128.1 M. 400 410 420
§ 'g ‘7 160.2 g Wavelength(nm)
% 5 & —— 1922 M
£ 0.3 20l . 8 1500 ——2563uM
) < c
72} 0.0+ p—
© 0.2 1 J
< ) ® 20 22 24 26 28 30 32 34 36 é 1000
0.1+ 18Cy s(uM) 500
n
|}
0,0 T T T .I 0 - T T T T T T T
0 800 1200 1600 2000 2400 360 380 400 420 440 460 480 500
Chs(uM) Wavelength(nm)

~—
(@]
—

1800
" I *  Ce-MOF+TMB+H,0,
~ 17007 Ce-MOF
=] = n ~
> , S
% 1600 - . 3
37 =
§ 1500 - g
RS 2
d 14001 = Y=1.2768X+1360.1600 | =
R%=0.9665 i
1300 4 104 o 3
0 100 150 200 250 300 500 1000 1500 2000 2500 3000 3500 4000
Ch,s(HM) Time (ns)

Figure 5. Dual-mode colorimetric—fluorescence sensor responds to different HpS concentrations:
(a) Linear relationship between UV-vis absorption and different H,S concentrations; (b) Fluorescence
spectrum of different H,S concentrations under excitation of 325 nm; (c) Linear relationship between
fluorescence spectrum and different H»S concentrations; (d) Fluorescence lifetime of Ce-MOF.

3.4. Analysis of Fluorescence Properties of Ce-MOF

The excitation wavelength of Ce-MOF was determined by the UV-vis absorption curve.
It can be seen from Figure 4a that, when only Ce-MOF existed in solution, the wavelength
corresponding to the UV-vis absorption peak appeared at 325 + 5 nm. Therefore, 325 nm
was set as the fluorescence emission of the excitation wavelength determination test system.
The peak fluorescence emission occurred at 410 £ 5 nm. Eleven 2 mL centrifuge tubes were
prepared and mixed with 150 pL of HyO, (100 mM), 250 uL of Ce-MOF (0.05 mg-mL’l),
150 uL of TMB (10 mM) and different volumes of the buffer solution acetic acid /sodium
acetate for 30 min, making sure that the solution was blue after the full reaction. After
the reaction, 0.0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0 and 10.0 uL sodium sulfide solutions
that had turned were added to eleven 2 mL centrifugal tubes, and the total volume of
the mixed solution in each centrifugal tube was also fixed to 2 mL. The concentration
of H,S in the system was 0.0, 16.0, 32.0, 48.0, 64.0, 96.1, 128.1, 160.2, 192.2, 256.3 and
320.0 pM, respectively. After the reaction for 2 min, the fluorescence intensity of this series
of concentration gradient solutions was determined at an excitation wavelength of 325 nm,
and the fluorescence spectrum, as shown in Figure 5b, was obtained.

In order to further investigate the fluorescence response of Ce-MOF to H,S, the
emission spectra of Ce-MOF treated with different concentrations of H,S (0-320 uM) in the
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buffer solution of acetic acid/sodium acetate were recorded. As shown in Figure 5b, the
fluorescence intensity of Ce-MOF at 410 nm gradually increased with the increase in the
concentration of NasS in the H,S source. A rate-based fluorescence method was used to
evaluate the detection ability of Ce-MOEF. As shown in Figure 5c¢, the fluorescence intensity
of the sensor I419 had a good correlation with the concentration of NayS (0-320 uM). The
fitting equation is as follows: Y = 1.2768X + 1360.1600 (R? = 0.9665). More importantly,
under the irradiation of 365 nm ultraviolet light, the color of the detection liquid showed a
significant change from no obvious fluorescence to obvious bright blue fluorescence, which
could realize the visual detection of the sensor. The Ce-MOF sensor had a detection range
of 0-320 uM for H,S. With a limit of detection of 0.156 uM, the detection of H,S by Ce-MOF
was more sensitive than previously reported. The colorimetric detection method was
directly visible to the naked eye in sunlight and was simple and portable, so we fabricated
a colorimetric sensing method. According to Table 2, it can be seen that the colorimetric
limit of detection of our sensor was lower than that of other colorimetric sensors but still
higher than that of most fluorescence sensors. Therefore, we also established a more precise
fluorescence detection method, and a dual-mode colorimetric—fluorescent sensor was made
in our work. By comparing the LOD values of the sensors studied by previous researchers,
it can be found that our Ce-MOF material had a low LOD among a variety of sensors using
colorimetric, fluorescent or dual-mode colorimetric—fluorescence methods, indicating its
high sensitivity.

It can be seen from the ultraviolet curve and fluorescence spectrum that the fluo-
rescence emission wavelength of the sensor ranged from 350 nm-500 nm, and the blue
line (TMB + HyO; + Ce-MOF) and green line (TMB + H,O, + Ce-MOF + Na,S) in the
UV-vis absorption spectrum peaked at around 350 nm—-450 nm. Fluorescence lifetimes
were used to explore the mechanisms underlying the establishment of the dual-mode
Ce-MOF nanozyme sensor. The overlap of the fluorescence emission spectrum of Ce-MOF
(energy donor) and the UV-vis absorption spectrum of oxTMB (energy acceptor) shown in
Figure 4a provide the conditions of FRET. As shown in Figure 5d, the fluorescence lifetime
of Ce-MOF was 24 ns, which changed to 16 ns after oxTMB was added. The change in
the fluorescence lifetime indicated that the enhanced fluorescence between Ce-MOF and
oxTMB was based on the shortened fluorescence lifetime of Ce-MOF as an energy donor
by FRET [42]. In addition, with the increase in the concentration of Na;S, the oxTMB in
the solution was reduced to TMB, the oxTMB decreased, and the fluorescence emission
intensity of the detection system at 410 nm gradually increased, indicating that the FRET
effect was enhanced [43,44].

Table 2. Comparison of other sensors for detecting HjS.

Sensors Types LOD Ref.
CR-DNP Fluorescence 0.4 uM [45]
Pb(btc)-1 Colorimetric 110 uM [46]
P1 Fluorescence 0.66 uM [47]
Probe L Fluorescence 0.372 uM [5]
Microplate
cover-based Colorimetric 1.48 uM [48]
colorimetric assay
Eu(tdl),abp Fluorescence 0.64 uM [49]
GG-AgNPs Colorimetric 0.81 uM [50]
Colorimetric 0.262 uM
Ce-MOF This work

Fluorescence 0.156 uM




Polymers 2024, 16, 1747

14 of 18

3.5. Selectivity and Anti-Interference

The evaluation of selectivity and anti-interference performance are key factors in the
analysis of accuracy. To evaluate the specific perception of H;S by Ce-MOF, Glu, GSH
and Cys, various potential interfering substances such as anions (NO,~, S,04%27,S05%7,
NO;3~, Br—, SO42~, CO327) and cations (Na*, Ca%*, K*, Cu?*, Mg2+, NH**) were added
into the detection system in equal amounts under the same concentration test conditions.
All UV-vis absorbance and fluorescence spectra were recorded.

As can be clearly seen in Figure 6a,b, the presence of these interfering substances
did not cause a significant change in the color of the reaction solution. In contrast, the
peak UV-vis absorption was significantly reduced, and the fluorescence intensity was
significantly enhanced after the introduction of HS. In the selective test, it is worth noting
that sulfite, thiosulfate and cysteine, which are very similar to H,S, had little effect on the
Ce-MOF nanozyme, and their UV-vis absorbance ratio and fluorescence intensity ratio
were not obvious compared with H;S. These results show that the Ce-MOF-nanozyme-
based H,S detection method had excellent selectivity and anti-interference capability, and
the established method had significant selectivity and could specifically distinguish and
detect H,S despite the presence of potential interfering compounds.

(a) (b)

. [ With Na,$ [ Without Na,S [ IWwithoutNa,s [ With Na,$
044 o __77_77__,__ 16004 11 1 [] o *7—**-7,77
§0‘3' \EIZOO-
g gz
= 021 2 500
< =
0.1 400 |
O.OHWHHWHH 0 HWHWHW

xxxxxxxxxxxxxxxxxxxxx

Figure 6. Selectivity and anti-interference of Ce-MOF: (a) UV-vis absorption spectrum from the
responses of Ce-MOF in the presence of H,S or coexistence with other species; (b) Fluorescence
intensity from the responses of Ce-MOF in the presence of H,S or coexistence with other species.

3.6. Detection of H»S e in Real Samples

Monitoring H»S concentrations is used as a fast, sensitive, non-destructive and stable
method to evaluate the freshness of aquatic products. Fresh salmon and shrimp were
selected as the real detected objects, and the colorimetric and fluorescence changes in
Ce-MOF sensors were monitored at 4 °C for 9 days of salmon deterioration and 5 days
of shrimp deterioration (Figure 7a). The salmon stored at 4 °C were selected on days
0, 4 and 9, and the shrimp samples were picked on days 0, 2 and 4 (Figure 7b). The
buffer solution of acetic acid/sodium acetate on different days reacted with the mixed
solution of the test system for 2 min, and the color changes in the solution were observed
under daylight and ultraviolet light, respectively. It was observed that the colorimetry of
the sensor gradually changed from blue to colorless, and the fluorescence of the sensor
gradually increased, which further confirmed that the sensor had a significant response
to different H»S concentrations generated by decomposition during the degradation of
aquatic products [51].
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Figure 7. Application of Ce-MOF in real samples: (a) H,S detection in shrimp; (b) H,S detection
in salmon.

4. Conclusions

In summary, this work proposed and fabricated a novel nanozyme dual-mode sensor
and established a colorimetric—fluorescence method for the real-time visual determination
of H,S. This was achieved by utilizing Ce-MOF as a peroxidase mimetic enzyme and a dual-
mode probe. The Ce-MOF nanozyme exhibited a rapid response (<5 min), high selectivity
and exceptional sensitivity (LOD = 0.262 uM in colorimetric method; LOD = 0.156 pM
in fluorescence method). The sensor comprised Ce-MOF, 3,3’,5,5"-tetramethylbenzidine
(TMB) and HyO;. Ce-MOF acted as a catalyst for hydrogen peroxide decomposition,
generating -OH that oxidized TMB into oxTMB. Additionally, energy transferred from
Ce-MOF to TMB through FRET. As the concentration of H;S increased in the solution,
the FRET effect strengthened, leading to enhanced fluorescence signals with gradient
intensity. Furthermore, this sensor was successfully applied to detect H,S contents in
salmon and shrimp samples, which allowed us to accurately monitor their freshness levels,
ranging from fresh to medium fresh to spoiled states. In summary, the improved nanozyme
dual-mode sensor not only enabled more precise detection of H,S but also demonstrated
excellent visualization performance when analyzing real samples such as food products.

Author Contributions: Q.C. data curation and writing—original draft preparation. X.D. investigation,
methodology and formal analysis. Z.F. validation and visualization; Z.D. and ].X. writing—review
and editing. All authors contributed to the study conception and design. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (Grant No.
2023YFD2401405) and Shanghai Local College Capacity Building Foundation (Grant No. 23010502400).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: All data analyzed in this study are included in the published article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.



Polymers 2024, 16, 1747 16 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bhadwal, S.S.; Verma, S.; Hassan, S.; Kaur, S. Unraveling the Potential of Hydrogen Sulfide as a Signaling Molecule for Plant
Development and Environmental Stress Responses: A State-of-the-Art Review. Plant Physiol. Biochem. 2024, 212, 108730.
[CrossRef] [PubMed]

Zhong, K.; Zhou, S.; Yan, X,; Li, X.;; Hou, S.; Cheng, L.; Gao, X.; Li, Y.; Tang, L. A Simple H;,S Fluorescent Probe with Long
Wavelength Emission: Application in Water, Wine, Living Cells and Detection of H,S Gas. Dye. Pigment. 2020, 174, 108049.
[CrossRef]

Wallace, J.L.; Caliendo, G.; Santagada, V.; Cirino, G.; Fiorucci, S. Gastrointestinal Safety and Anti-Inflammatory Effects of a
Hydrogen Sulfide-Releasing Diclofenac Derivative in the Rat. Gastroenterology 2007, 132, 261-271. [CrossRef]

Giuliani, D.; Ottani, A.; Zaffe, D.; Galantucci, M.; Strinati, F.; Lodi, R.; Guarini, S. Hydrogen Sulfide Slows down Progression of
Experimental Alzheimer’s Disease by Targeting Multiple Pathophysiological Mechanisms. Neurobiol. Learn. Mem. 2013, 104,
82-91. [CrossRef]

Li, Z.; Wang, ].; Peng, X.; Chen, Y.; Geng, M. A Highly Selective Fluorescent Probe for Detection of H,S Based-on Benzothiazole
and Its Application. Inorganica Chim. Acta 2023, 548, 121378. [CrossRef]

Moumen, A.; Kumarage, G.C.W.; Comini, E. P-Type Metal Oxide Semiconductor Thin Films: Synthesis and Chemical Sensor
Applications. Sensors 2022, 22, 1359. [CrossRef] [PubMed]

Dariyal, P.; Sharma, S.; Chauhan, G.S.; Singh, B.P.; Dhakate, S.R. Recent Trends in Gas Sensing via Carbon Nanomaterials: Outlook
and Challenges. Nanoscale Adv. 2021, 3, 6514—6544. [CrossRef] [PubMed]

Parichenko, A.; Huang, S.; Pang, J.; Ibarlucea, B.; Cuniberti, G. Recent Advances in Technologies toward the Development of 2D
Materials-Based Electronic Noses. TrAC Trends Anal. Chem. 2023, 166, 117185. [CrossRef]

Anisimov, D.S.; Chekusova, V.P;; Trul, A.A.; Abramov, A.A_; Borshchev, O.V,; Agina, E.V.; Ponomarenko, S.A. Fully Integrated
Ultra-Sensitive Electronic Nose Based on Organic Field-Effect Transistors. Sci. Rep. 2021, 11, 10683. [CrossRef] [PubMed]

Feng, S.; Farha, F; Li, Q.; Wan, Y,; Xu, Y,; Zhang, T.; Ning, H. Review on Smart Gas Sensing Technology. Sensors 2019, 19, 3760.
[CrossRef] [PubMed]

Chen, G.-Y;; Chai, T.-Q.; Zhang, H.; Yang, F.-Q. Applications of Mild-Condition Synthesized Metal Complexes with Enzyme-like
Activity in the Colorimetric and Fluorescence Analysis. Coord. Chem. Rev. 2024, 508, 215761. [CrossRef]

Vanable, E.P,; Habgood, L.G.; Patrone, J.D. Current Progress in the Chemoenzymatic Synthesis of Natural Products. Molecules
2022, 27, 6373. [CrossRef] [PubMed]

Liu, X.; Huang, L.; Wang, Y.; Sun, J.; Yue, T.; Zhang, W.; Wang, J. One-Pot Bottom-up Fabrication of a 2D /2D Heterojuncted
Nanozyme towards Optimized Peroxidase-like Activity for Sulfide Ions Sensing. Sens. Actuators B Chem. 2020, 306, 127565.
[CrossRef]

Wang, K.; Meng, X.; Yan, X.; Fan, K. Nanozyme-Based Point-of-Care Testing: Revolutionizing Environmental Pollutant Detection
with High Efficiency and Low Cost. Nano Today 2024, 54, 102145. [CrossRef]

Muzammil, K.; Solanki, R.; Alkaim, A.F.; Romero Parra, RM.; Lafta, H.A; Jalil, A.T.; Gupta, R.; Hammid, A.T.; Mustafa, Y.F. A
Novel Approach Based on the Ultrasonic-Assisted Microwave Method for the Efficient Synthesis of Sc-MOF@SiO, Core/Shell
Nanostructures for HyS Gas Adsorption: A Controllable Systematic Study for a Green Future. Front. Chem. 2022, 10, 956104.
[CrossRef] [PubMed]

Ali, A.; AlTakroori, H.H.D.; Greish, Y.E.; Alzamly, A.; Siddig, L.A.; Qamhieh, N.; Mahmoud, S.T. Flexible Cuz(HHTP), MOF
Membranes for Gas Sensing Application at Room Temperature. Nanomaterials 2022, 12, 913. [CrossRef] [PubMed]

Qi, B.; Wang, X.; Wang, X.; Cheng, J.; Shang, Y. Synthesis and HyS-Sensing Properties of MOF-Derived Cu-Doped ZnO Nanocages.
Nanomaterials 2022, 12, 2579. [CrossRef] [PubMed]

Nagarkar, S.S.; Saha, T.; Desai, A.V.; Talukdar, P.; Ghosh, S.K. Metal-Organic Framework Based Highly Selective Fluorescence
Turn-on Probe for Hydrogen Sulphide. Sci. Rep. 2014, 4, 7053. [CrossRef]

Du, X;; Wu, G,; Dou, X.; Ding, Z.; Xie, J. Recent Advances of Fluorescence MOF-Based Sensors for the Freshness of Aquatic
Products. Microchem. J. 2024, 203, 110901. [CrossRef]

Chen, Q.; He, Q.; Wang, Y.; Huang, C.; Lin, Y.; Wang, J.; Shen, W.; Qiu, B.; Xu, X. Aptamer-Controlled Peroxidase Activity
of Platinum Nanoparticles/Fe-MOF Nanozyme for Highly Effective Voltammetric Detection of Carcinoembryonic Antigen.
Microchem. J. 2024, 201, 110609. [CrossRef]

Wang, C.; Ren, G.; Yuan, B.; Zhang, W.; Lu, M,; Liu, J.; Li, K;; Lin, Y. Enhancing Enzyme-like Activities of Prussian Blue Analog
Nanocages by Molybdenum Doping: Toward Cytoprotecting and Online Optical Hydrogen Sulfide Monitoring. Anal. Chem.
2020, 92, 7822-7830. [CrossRef] [PubMed]

Liang, S.; Wu, X.-L; Xiong, J.; Yuan, X; Liu, S.-L.; Zong, M.-H.; Lou, W.-Y. Multivalent Ce-MOFs as Biomimetic Laccase Nanozyme
for Environmental Remediation. Chem. Eng. ]. 2022, 450, 138220. [CrossRef]

Lammert, M.; Wharmby, M.T.; Smolders, S.; Bueken, B.; Lieb, A.; Lomachenko, K.A.; De Vos, D.; Stock, N. Cerium-Based Metal
Organic Frameworks with UiO-66 Architecture: Synthesis, Properties and Redox Catalytic Activity. Chem. Commun. 2015, 51,
12578-12581. [CrossRef] [PubMed]

Liu, Q.; Wang, X.; Zhang, Y.; Fang, Q.; Du, Y.; Wei, H. A Metal-Organic Framework-Derived Ruthenium-Nitrogen-Carbon
Nanozyme for Versatile Hydrogen Sulfide and Cystathionine y-Lyase Activity Assay. Biosens. Bioelectron. 2024, 244, 115785.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.plaphy.2024.108730
https://www.ncbi.nlm.nih.gov/pubmed/38763004
https://doi.org/10.1016/j.dyepig.2019.108049
https://doi.org/10.1053/j.gastro.2006.11.042
https://doi.org/10.1016/j.nlm.2013.05.006
https://doi.org/10.1016/j.ica.2023.121378
https://doi.org/10.3390/s22041359
https://www.ncbi.nlm.nih.gov/pubmed/35214257
https://doi.org/10.1039/D1NA00707F
https://www.ncbi.nlm.nih.gov/pubmed/36132656
https://doi.org/10.1016/j.trac.2023.117185
https://doi.org/10.1038/s41598-021-88569-x
https://www.ncbi.nlm.nih.gov/pubmed/34021171
https://doi.org/10.3390/s19173760
https://www.ncbi.nlm.nih.gov/pubmed/31480359
https://doi.org/10.1016/j.ccr.2024.215761
https://doi.org/10.3390/molecules27196373
https://www.ncbi.nlm.nih.gov/pubmed/36234909
https://doi.org/10.1016/j.snb.2019.127565
https://doi.org/10.1016/j.nantod.2023.102145
https://doi.org/10.3389/fchem.2022.956104
https://www.ncbi.nlm.nih.gov/pubmed/36300018
https://doi.org/10.3390/nano12060913
https://www.ncbi.nlm.nih.gov/pubmed/35335724
https://doi.org/10.3390/nano12152579
https://www.ncbi.nlm.nih.gov/pubmed/35957008
https://doi.org/10.1038/srep07053
https://doi.org/10.1016/j.microc.2024.110901
https://doi.org/10.1016/j.microc.2024.110609
https://doi.org/10.1021/acs.analchem.0c01028
https://www.ncbi.nlm.nih.gov/pubmed/32378404
https://doi.org/10.1016/j.cej.2022.138220
https://doi.org/10.1039/C5CC02606G
https://www.ncbi.nlm.nih.gov/pubmed/26154160
https://doi.org/10.1016/j.bios.2023.115785
https://www.ncbi.nlm.nih.gov/pubmed/37925941

Polymers 2024, 16, 1747 17 of 18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Huang, H.; Li, M.; Hao, M.; Yu, L.L.; Li, Y. A Novel Selective Detection Method for Sulfide in Food Systems Based on the GMP-Cu
Nanozyme with Laccase Activity. Talanta 2021, 235, 122775. [CrossRef] [PubMed]

Li, F; Jiang, J.; Shen, N.; Peng, H.; Luo, Y.; Li, N.; Huang, L.; Lu, Y,; Liu, L.; Li, B.; et al. Flexible Microfluidic Colorimetric Detection
Chip Integrated with ABTS* and Co@MnO, Nanozyme Catalyzed TMB Reaction Systems for Bio-Enzyme Free Detection of
Sweat Uric Acid. Anal. Chim. Acta 2024, 1299, 342453. [CrossRef] [PubMed]

Guo, Z,; Tian, Z.; Qu, Y. One-Step Reagentless Colorimetric Analysis Platform of Biomineralized Ce-UiO-66 for Universal
Detection of Biomarkers. Sens. Actuators B Chem. 2023, 397, 134705. [CrossRef]

Giannakoudakis, D.A.; Bandosz, T.J. Defectous UiO-66 MOF Nanocomposites as Reactive Media of Superior Protection against
Toxic Vapors. ACS Appl. Mater. Interfaces 2020, 12, 14678-14689. [CrossRef] [PubMed]

Zhao, H.; Zhang, Z.; Han, Y.; Yang, W.; Tang, W.; Yue, T.; Li, Z. Visual Detection of Vitamin C in Fruits and Vegetables Using
UiO-66 Loaded Ce-MnO, Mimetic Oxidase. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023, 285, 121900. [CrossRef]
[PubMed]

Liu, X.; Wang, X.; Kapteijn, F. Water and Metal-Organic Frameworks: From Interaction toward Utilization. Chem. Rev. 2020, 120,
8303-8377. [CrossRef] [PubMed]

Kumaresan, L.; Hanamantrao, D.P.; Raj SL, S.; Chenrayan, S.; Rangasamy, B.; Vediappan, K. Spherically Structured Ce-Metal-
Organic Frameworks with Rough Surfaces and Carbon-Coated Cerium Oxide as Potential Electrodes for Lithium Storage and
Supercapacitors. ChemistrySelect 2023, 8, €202204759. [CrossRef]

Qin, Y;; Li, S; Liang, L.; Wu, J.; Zhu, Y.; Zhao, S.; Ye, F. Regulating the Redox and Non-Redox Enzyme-Mimicking Activities of
Ce-UiO-66-NO, Nanozyme for Dual-Mode Sensing of Phosphate. Sens. Actuators B Chem. 2024, 412, 135782. [CrossRef]

Jiang, B.; Duan, D.; Gao, L.; Zhou, M.; Fan, K,; Tang, Y,; Xi, ].; Bi, Y; Tong, Z.; Gao, G.E; et al. Standardized Assays for Determining
the Catalytic Activity and Kinetics of Peroxidase-like Nanozymes. Nat. Protoc. 2018, 13, 1506-1520. [CrossRef] [PubMed]
Zheng, H.-Q.; Liu, C.-Y.; Zeng, X.-Y.; Chen, J.; L1, J.; Lin, R.-G.; Cao, R.; Lin, Z.-].; Su, J.-W. MOF-808: A Metal-Organic Framework
with Intrinsic Peroxidase-Like Catalytic Activity at Neutral pH for Colorimetric Biosensing. Inorg. Chem. 2018, 57, 9096-9104.
[CrossRef] [PubMed]

Darabdhara, G.; Bordoloi, J.; Manna, P.; Das, M.R. Biocompatible Bimetallic Au-Ni Doped Graphitic Carbon Nitride Sheets: A
Novel Peroxidase-Mimicking Artificial Enzyme for Rapid and Highly Sensitive Colorimetric Detection of Glucose. Sens. Actuators
B Chem. 2019, 285, 277-290. [CrossRef]

Lu, Y; Ye, W; Yang, Q.; Yu, J.; Wang, Q.; Zhou, P.; Wang, C.; Xue, D.; Zhao, S. Three-Dimensional Hierarchical Porous PtCu
Dendrites: A Highly Efficient Peroxidase Nanozyme for Colorimetric Detection of HyO,. Sens. Actuators B Chem. 2016, 230,
721-730. [CrossRef]

Mekonnen, M.L.; Mola, A.M.; Abda, E.M. Rapid Colorimetric Detection of Thiabendazole Based on Its Inhibition Effect on the
Peroxidase Mimetic Activity of Ag-MoS,; Nanozyme. ACS Agric. Sci. Technol. 2023, 3, 82-89. [CrossRef]

Gao, L.; Zhuang, J.; Nie, L.; Zhang, ].; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.; et al. Intrinsic Peroxidase-like
Activity of Ferromagnetic Nanoparticles. Nat. Nanotechnol. 2007, 2, 577-583. [CrossRef] [PubMed]

Li, N.; Zhang, Y.; Xu, Y; Liu, X,; Chen, J.; Yang, M.; Hou, C.; Huo, D. Single-Atom Cu-Attached MOFs as Peroxide-like Enzymes to
Construct Dual-Mode Immunosensors for Detection of Breast Cancer Typing in Serum. Sens. Actuators B Chem. 2024, 400, 134903.
[CrossRef]

Sun, Y.; Zhao, J.; Zhang, B.-T,; Li, ].; Shi, Y.; Zhang, Y. Oxidative Degradation of Chloroxylenol in Aqueous Solution by Thermally
Activated Persulfate: Kinetics, Mechanisms and Toxicities. Chem. Eng. J. 2019, 368, 553-563. [CrossRef]

Jabiyeva, N.; Cakiroglu, B.; Ozdemir, A. The Peroxidase-like Activity of Au NPs Deposited Inverse Opal CeO, Nanozyme for
Rapid and Sensitive HyO, Sensing. J. Photochem. Photobiol. A Chem. 2024, 452, 115576. [CrossRef]

Yu, H.; Zhou, E; Xie, H.; Yang, X.; Qiu, B.; Xu, X. One-Pot Synthesis of Two Novel Ce-MOFs for the Detection of Tetracyclic
Antibiotics and Fe3*. J. Mol. Struct. 2024, 1307, 138023. [CrossRef]

Wu, G; Cheng, Q.; Ding, Z.; Xie, J. Hybrid Polymer Dots with Isothiocyanate Functional Groups for Rapid Sensing Tyramine in
Aquatic Products. J. Food Compos. Anal. 2024, 128, 106058. [CrossRef]

Dou, X.; Xu, S.; Jiang, Y.; Ding, Z.; Xie, J. Aptamers-Functionalized Nanoscale MOFs for Saxitoxin and Tetrodotoxin Sensing in
Sea Foods through FRET. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023, 284, 121827. [CrossRef] [PubMed]

Huang, K.; Liu, M,; Liu, Z.; Cao, D.; Hou, J.; Zeng, W. Ratiometric and Colorimetric Detection of Hydrogen Sulfide with High
Selectivity and Sensitivity Using a Novel FRET-Based Fluorescence Probe. Dye. Pigment. 2015, 118, 88-94. [CrossRef]

Souza, B.A.; Sousa, FL.; Oliveira, D.M.; Pinto, L.; Freitas, D.V.; Navarro, M. Pb-MOF Electrosynthesis Based on Recycling of
Lead-Acid Battery Electrodes for Hydrogen Sulfide Colorimetric Detection. Inorganica Chim. Acta 2021, 526, 120540. [CrossRef]
Wang, L.; Zhang, C.; Tang, H.; Cao, D. A Novel Chromophore Reaction-Based Pyrrolopyrrole Aza-BODIPY Fluorescent Probe for
H,S Detection and Its Application in Food Spoilage. Food Chem. 2023, 427, 136591. [CrossRef] [PubMed]

Kang, S.-W,; Lee, Y.-H.; Ahn, YJ.; Kim, G.D.; Jang, HM,; Lee, G.-J. Detection of Cysteine-Induced Salivary H,S to Evaluate the
H,S-Producing Capability of Oral Bacteria, Using a Simple and Sensitive Colorimetric Assay: A Preliminary Study. Microchem. ].
2023, 195, 109391. [CrossRef]

Chen, X.; Cai, W.; Liu, G; Tu, Y,; Fan, C.; Pu, S. A Highly Selective Colorimetric and Fluorescent Probe Eu(Tdl)abp for H,S
Sensing: Application in Live Cell Imaging and Natural Water. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 282, 121657.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.talanta.2021.122775
https://www.ncbi.nlm.nih.gov/pubmed/34517635
https://doi.org/10.1016/j.aca.2024.342453
https://www.ncbi.nlm.nih.gov/pubmed/38499424
https://doi.org/10.1016/j.snb.2023.134705
https://doi.org/10.1021/acsami.9b17314
https://www.ncbi.nlm.nih.gov/pubmed/31774641
https://doi.org/10.1016/j.saa.2022.121900
https://www.ncbi.nlm.nih.gov/pubmed/36170775
https://doi.org/10.1021/acs.chemrev.9b00746
https://www.ncbi.nlm.nih.gov/pubmed/32412734
https://doi.org/10.1002/slct.202204759
https://doi.org/10.1016/j.snb.2024.135782
https://doi.org/10.1038/s41596-018-0001-1
https://www.ncbi.nlm.nih.gov/pubmed/29967547
https://doi.org/10.1021/acs.inorgchem.8b01097
https://www.ncbi.nlm.nih.gov/pubmed/29993241
https://doi.org/10.1016/j.snb.2019.01.048
https://doi.org/10.1016/j.snb.2016.02.130
https://doi.org/10.1021/acsagscitech.2c00241
https://doi.org/10.1038/nnano.2007.260
https://www.ncbi.nlm.nih.gov/pubmed/18654371
https://doi.org/10.1016/j.snb.2023.134903
https://doi.org/10.1016/j.cej.2019.02.208
https://doi.org/10.1016/j.jphotochem.2024.115576
https://doi.org/10.1016/j.molstruc.2024.138023
https://doi.org/10.1016/j.jfca.2024.106058
https://doi.org/10.1016/j.saa.2022.121827
https://www.ncbi.nlm.nih.gov/pubmed/36081191
https://doi.org/10.1016/j.dyepig.2015.03.007
https://doi.org/10.1016/j.ica.2021.120540
https://doi.org/10.1016/j.foodchem.2023.136591
https://www.ncbi.nlm.nih.gov/pubmed/37364314
https://doi.org/10.1016/j.microc.2023.109391
https://doi.org/10.1016/j.saa.2022.121657
https://www.ncbi.nlm.nih.gov/pubmed/35917617

Polymers 2024, 16, 1747 18 of 18

50. Zhai, X.; Li, Z,; Shi, J.; Huang, X.; Sun, Z.; Zhang, D.; Zou, X,; Sun, Y.; Zhang, J.; Holmes, M.; et al. A Colorimetric Hydrogen
Sulfide Sensor Based on Gellan Gum-Silver Nanoparticles Bionanocomposite for Monitoring of Meat Spoilage in Intelligent
Packaging. Food Chem. 2019, 290, 135-143. [CrossRef] [PubMed]

51. Du, X;; Wu, G,; Dou, X,; Ding, Z.; Xie, J. Alizarin Complexone Modified UiO-66-NH, as Dual-Mode Colorimetric and Fluorescence
pH Sensor for Monitoring Perishable Food Freshness. Food Chem. 2024, 445, 138700. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodchem.2019.03.138
https://www.ncbi.nlm.nih.gov/pubmed/31000029
https://doi.org/10.1016/j.foodchem.2024.138700

	Introduction 
	Materials and Methods 
	Materials 
	Apparatus 
	Morphology Characterization 
	XPS Analysis 
	FT-IR Analysis 
	XRD Analysis 
	Brunauer–Emmett–Teller (BET) Analysis 
	Optical Detection 

	Synthesis of Ce-MOF 
	The Mimetic Peroxidase-like Activity of Ce-MOF Nanozyme 
	Optimization of Experimental Conditions 
	Selectivity and Anti-Interference Experiment 
	Colorimetric–Fluorescence Sensing Analysis 
	Detection of H2S in the Real Samples 

	Results and Discussion 
	Characterization 
	Peroxidase Mimetic Activity Analysis of Ce-MOF 
	Colorimetric Characteristic Analysis of Ce-MOF 
	Analysis of Fluorescence Properties of Ce-MOF 
	Selectivity and Anti-Interference 
	Detection of H2S e in Real Samples 

	Conclusions 
	References

