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HIGHLIGHTS

e A ratiometric fluorescent sensor for NO3
using Rh6G@UIO-66-NH, was
displayed.

e Synchronous fluorescence spectroscopy
provides essential information for
sensor.

e A rapid-responsive LMOF-gelatin-based
portable kit was put forward to detect
NOs3.

o This portable kit can detect NO3 in both
colorimetric and fluorescence modes.
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ABSTRACT

A novel ratiometric fluorescent nanoprobe (Rh6G@UIO-66-NH;) was fabricated for efficient nitrite (NO32)
detection in the present study. When NO3 was introduced, it interacted with the amino groups on the surface of
Rh6G@UIO-66-NHj, forming diazonium salts that led to the quenching of blue fluorescence. With this strategy, a
good linear relationship between NO3 concentration and the fluorescent intensity ratio of the nanoprobe in the
range of 1-100 pM was established, with a detection limit of 0.021 pM. This dual-readout nanosensor was
applied to analyze the concentration of NO3 in real meat samples, achieving satisfactory recovery rates of
94.72-104.52%, highlighting the practical potential of this method. Furthermore, a portable Gel/Rh6G@UIO-66-
NH;, hydrogel test kit was constructed for on-spot dual-mode detection of NO3. This kit allows for convenient
colorimetric analysis and fluorometric detection when used in conjunction with a smartphone. All the photos
taken with the portable kit was converted into digital information using ImageJ software. It provides colorimetric
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and fluorescent visual detection of NO3 over a range of 0.1-1.5 mM, achieving a direct quantitative tool for NO3
identification. This methodology presents a promising strategy for NO3 detection and expands the application
prospects for on-spot monitoring of food safety assessment.

1. Introduction

Nitrite (NO3) has been used as an essential additive in processed
meat products during the curing stage for centuries. It’s valued for its
ability to provide excellent color protection, act as an antioxidant,
enhance flavor, and served as an antiseptic agent [1-3]. Serving as a
color retention agent, NO3 plays a pivotal role in producing rose-colored
nitrosyl myoglobin by reacting with myoglobin, thereby enhancing the
visual appeal of meat products [4]. Additionally, due to its antiseptic
and antioxidation properties, NO3 is used to extend the shelf life of meat
products and inhibit the growth of pathogenic and putrefying bacteria
(particularly Clostridium botulinum), thereby enhancing the safety of
meat products [5-7]. Nevertheless, it is worth noting that excessive
consumption of NOj can cause several adverse health effects, including
methemoglobinemia, esophageal and gastric cancers, and so on [8-10].
While NO3 itself is not a carcinogen, it can degrade to nitric oxide inside
the meat system, which can react with secondary amines to form
carcinogenic and mutagenic N-nitrosamines in the stomach [11,12]. Itis
worth noting that NO3 has been classified as a carcinogen listed by the
World Health Organization (WHO) and is subject to restrictions by
worldwide authorities [13]. Therefore, it is of vital significance to
accurately detect NO3 content in food systems.

Several classic NO3 detection techniques, such as electrochemistry,
chromatography, and spectrophotometry, have been published to date
[14-16]. However, these traditional analysis methods have their limi-
tations, including the need for sophisticated and costly equipment, the
requirement for professional and trained operators, and high testing
costs. In contrast, fluorescence detection methods relying on metal
organic frameworks (MOFs) are preferred for NO3 assays due to their
simplicity, sensitivity, accuracy, and cost-effectiveness. MOFs are
well-known for their representative and adjustable three-dimensional
(3-D) network structure, appropriate specific areas, and highly uni-
form nanoscale cavities, which effectively enhance targets concentra-
tion and promote recognition and sensitivity of guest targets [17]. As a
subcategory of MOFs, dye@MOF, which consists of fluorescent dye
molecules and fundamental MOF architecture, has gained prominence
as a candidate for fluorescent sensing applications [18]. Dye@MOF can
provide different responses and amplify emission ranges for targets
based on the dual-emitting or multi-emitting fluorescence intensities of
luminescent guest species and MOF [19]. Up until now, most reported
MOFs-based nanoprobes have focused on single-emission sensors for
NO3 detection. However, single-emission sensors may be susceptible to
non-detection factors or environmental interference during the detec-
tion process [17,20,21]. Hence, it is of significance to propose an effi-
cient dye@MOF sensing platform to enhance accuracy and
anti-interference based on ratiometric fluorescence.

As far as we know, synchronous fluorescence spectroscopy (SFS) can
simultaneously scan excitation and emission wavelengths, and the cor-
responding SFS spectrum is obtained on the condition of maintaining a
certain wavelength difference (AL = lem — Aex). Given that distinct
fluorophores possess intrinsic Aex and Aem, the collection of SFS pro-
vides a direct means of performing multicomponent analysis on complex
systems by scanning multiple wavelengths. Therefore, it has proven to
be a highly effective method for revealing the comprehensive chemical
properties of samples [22,23]. The outstanding advantages of SFS are
that it can simplify spectra, reduce scattering light interferences and
spectral overlap, and enhance selectivity to a large extent, compared to
standard fluorescence spectroscopic methods [24,25]. Therefore, the
SFS spectrum holds great potential for simultaneously providing infor-
mation about MOF and luminescent dye molecules when applied to the

analysis of NO3 in a food matrix.

It is well known that the 3-D framework structure of numerous MOFs
is vulnerable to collapse when exposed to hydrophilic media for a long
period of time. However, previous studies have proved that the
remarkable stability of UIO-66-NH; in an aqueous solution, including
acidic solutions, as well as at high temperatures. This stability makes it
particularly suitable for applications as sensors with the state of tiny
particles or powders in sensing systems [26,27]. To enhance practicality
and convenience in applications, one of the ideal strategies is the crea-
tion of a cast and straightforward MOF thin film containing the
as-synthesized dye@UIO-66-NH, powder and hydrogel. This approach
can facilitate the efficient development of MOF-based composites.
Hydrogel is currently recognized as a highly hydrophilic polymer chain
with 3-D solid networks, facilitating the dispersion of MOF powders
within it [28,29]. In addition, this waterproof dye@MOF with high ac-
tivity can also tune the properties of hydrogel as a reinforcing additive
[30]. Hydrogel is useful for detecting various targets in a variety of
sensing applications, particularly in the development of visual detection
platforms due to its minimal fluorescence emission and background
color [31].

In response to the above-mentioned circumstance, this study estab-
lishes a novel fluorescent sensing nanoprobe based on fluorescein
(Rh6G) and Zr-based MOF (UiO-66-NH,), donated as Rh6G@UiO-66-
NH,. This was achieved by in situ encapsulating Rh6G molecules into
the Zr-MOF architecture through solvothermal conditions (Scheme 1A).
As expected, the synthesized Rh6G@UiO-66-NH; nanocomposite dis-
plays the dual emission characteristics due to energy transfer from Zr-
based MOF to organic dye. Therefore, the SFS technique, coupled with
the dye@MOF, was applied for the rapid detection of NO3 residues in
meat product. As a self-calibrating fluorescence sensor, Rh6G@UiO-66-
NH; can accurately, sensitively, and selectively detect NO3 by using the
ratio of the fluorescence intensity Irheg/Imor, Which shows a clearly
linear relationship with different concentrations of NO3. More signifi-
cantly, an available sensing platform was fabricated through immobi-
lizing Rh6G@UiO-66-NH> on a gelatin hydrogel matrix, through which
semi-quantitative detection of NO3 can be achieved by the naked eye
based on fluorescent color under ultraviolet (UV) light. Accordingly, this
study offered significant MOF nanocomposite and immobilized hydro-
gels for the quantification and visualization of NO3 residues in meat
products.

2. Materials and methods
2.1. Chemicals and materials

Chemicals were procured from commercial sources. Zirconium
chloride (ZrCly), 2-amino-terephthalic acid (ATA), N, N-dime-
thylformamide (DMF), acetic acid (AA), hydrochloric acid (HCL), po-
tassium ferrocyanide, zinc acetate, and rhodamine 6 G (Rh6G) were
obtained from Aladdin reagent company (Shanghai, China). NO> and
aqueous solutions containing interference ions (NOs3, so%, co, cI', K™,
Na™, Ca2+, Mg2+, Pb2+, Zn2+, Cu2+, Mn2+, Fe2+, Fe3+, A13+, HyPO4 and
HPO%’) were sourced from Macklin Biochemical Co., Ltd. (Shanghai,
China). All reagents and solvents were commercially available and used
as received, without undergoing purification procedure.

2.2. Synthesis of UiO-66-NH,

UiO-66-NH; was synthesized using a solvothermal method based on
a previously reported approach with minor modifications [32]. In
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summary, ZrCl, (0.5 mmol/L) and ATA (0.5 mmol/L) were dissolved in
DMF (50 mL) at room temperature, and the resulting mixture underwent
ultrasonic treatment for 20 min. Subsequently, 5 mL of acetic acid was
added to the obtained solution, followed by an additional 10 min of
sonication. The resulting mixture was then transferred to a 100 mL
Teflon reactor and maintained at 120 °C for 24 h. After cooling to room
temperature, the faint yellow powder obtained was centrifuged, washed
with DMF and methanol (each wash repeated at least three times) to
remove any remaining unreacted ligands and metals, and finally dried
under vacuum at 120 °C for 12 h.

2.3. Synthesis of Rh6G@UiO-66-NH

According to the reported literature [33], UiO-66-NH; (100 mg) was
dispersed in ethanol (20 mL) containing varying Rh6G concentrations
(0, 0.5, 1.0, 1.5, and 2.0 mmol/L). Afterward, the mixture was trans-
ferred into a Teflon reactor (100 mL) after being ultrasonically treated
for 5 min and heated at 120 °C for 24 h. Then, the resulting precipitates
were centrifuged and washed multiple times with ethanol and ultrapure
water until the supernatant became colorless, effectively removing
excess Rh6G dye. The Rh6G@UIO-66-NH; powders were collected and
dried in a vacuum at 120 °C for 12 h.

2.4. General procedure of nitrite determination using Rh6G@UIO-66-
NH, sensor

To investigate the sensing system’s response to NOgz, a series of
aqueous solutions with different NO3 concentrations (ranging from 0 to
3 mM) were prepared and tested them in an acidic environment at room
temperature. To generate an initial Rh6G@UIO-66-NH, suspension,
5.0 mg of synthesized Rh6G@UIO-66-NH; powder was added to 20 mL
of deionized water and stirred the mixture magnetically for 20 min. The
resulting Rh6G@UIO-66-NH,, stock suspension was stored in a refrig-
erator at 4 °C for further use. Next, 100 pL of Rh6G@UIO-66-NH; stock
solution was mixed with 800 pL of HCI solution (0.05 M), and 100 pL
different concentrations of a freshly prepared NO3 aqueous solution was
incrementally added to the above mixture. The resulting mixed solution
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was thoroughly incubated at room temperature for 15 min, the reacted
solution was transferred into a fluorescent cuvette before recording the
synchronous fluorescence spectra with AL = 60 nm. In addition, each
peak was measured more than three times, with the average values
utilized to calculate the intensity ratio.

2.5. Selectivity and anti-interference test using Rh6G@UIO-66-NH;
sensor

To examine the selectivity and anti-interference capability of the
Rh6G@UIO-66-NH, probe for NOj, the fluorescent spectra of the
mixture of the Rh6G@UIO-66-NH; and the interfering ions were
investigated in the absence and presence of NO>. Various anions and
cations that coexist with NO3 in meat products (such as NO3, SO%’, CO%’,
I, K*, Na™, ca®", Mg?", Pb?*, Zn®", cu®', Mn?*, Fe?*, Fe3*, AI®,
H,POj3, and HPOZ) were introduced into the detection system as inter-
ference, replacing or coexisting with the NOj standard solution. Briefly,
the procedure involved mixing 100 pL of the selected ion (1 mM) with
100 pL of the Rh6G@UIO-66-NH; suspension (0.25 mg/ mL) in a test
tube. The mixture was then combined with 800 pL of a 0.05 M HCl so-
lution and allowed to react at room temperature for 15 min. Simulta-
neously, an identical solution described above was prepared, followed
by the sequential addition of 100 pL of NO3 (100 uM) into the test tube,
again allowing it to react for 15 min at room temperature. Subsequently,
all prepared solutions were transferred to a quartz cuvette for recording
fluorescence spectra. And the fluorescence intensity was recorded three
times to ensure the stability and reliability of the experimental results.

2.6. Analysis of real samples using Rh6G@UIO-66-NH, sensor

Five representative categories of commercial meat products,
including pork, beef, and chicken, were purchased from a local super-
market (Beijing, China). All meat samples were collected to verify the
feasibility of the self-calibration fluorescence sensor, and specific in-
formation about each sample is provided in Table S1. It is worth
mentioning that the NO3; was processed and extracted from meat
product samples in accordance with the China national standard (GB

.~"" Gelatin hydrogel

Scheme 1. (A) Schematic illustration of the synthetic procedure for the luminescent metal organic framework (LMOF) Rh6G@UIO-66-NH, and its sensing
machanism toward analytes of NO>. (B) Reaction process of the Gel/ Rh6G@UIO-66-NH, hydrogel test kit for NO3 assay.



S. Deng et al.

5009.33-2016). And the detailed extraction procedure was referred to
our previous report [34]. In brief, 5.0 g of each of the following: sausage,
bacon, ham, stewed beef, and braised chicken, were weighed and placed
into separate 250 mL glass conical flask with stoppers. To each flask,
12.5 mL of saturated borax solution (50 g/L) and approximately 150 mL
of distilled water at 70 °C were added. The conical flasks were then
heated in a boiling water bath for 15 min before being cooled to room
temperature. To transfer the extracted liquid, 5 mL of potassium ferro-
cyanide (106 g/L), 5 mL of zinc acetate (220 g/L), and distilled water
were added sequentially, followed by thorough shaking. The resulting
homogenate was left to stand for 30 min and then filtered using filter
paper to remove insoluble and unwanted substances. Finally, 30 mL of
the initial filtrate was discarded, and the remaining filtrate was pre-
served in a refrigerator at 4 °C for future use. The real meat product
samples were used to measure NO3 by the fluorescence sensor
Rh6G@UIO-66-NHj, the same procedures and conditions were followed
as 2.4. However, the pure NO3 solution was replaced by an equal volume
of meat product extraction spiked with different concentrations of NO>.

2.7. Preparation of portable test kit using Rh6G@UiO-66-NHz
immobilized gelatin hydrogels

Generally, 1.0 g of gelatin powder was dissolved in 9 mL of deion-
ized water at 60 °C, and then 10 mL of Rh6G@UiO-66-NH; suspension
(0.5 mg/mL) was added to the above solution. The mixture was subse-
quently cooled to 40 °C and stirred thoroughly to ensure uniformity.
Then, 150 pL of the prepared solution was carefully transferred into a
96-well microplate to form the gelatin hydrogel. The hydrogel was then
stored at room temperature (25 °C) for future use.

2.8. Nitrite determination using Gel/Rh6G@UiO-66-NH, hydrogel test
kit

For detecting NO3, 800 pL of HCI solution (0.05 mol/L) and 100 pL
of different concentrations of NO3> solution were mixed together, and
then 150 pL of the above reaction solution was introduced to the gelatin
hydrogel kit for incubation for 30 min. Then, the color change of the
gelatin hydrogel was captured using a smartphone camera. To ensure
the stability of the light source during image capture, white light bulbs
were incorporated to simulate visible light, along with a 365 nm UV
lamp for simulating UV light in the darkroom. And a fixed angle and
position was selected for image capture to maximize image quality and
minimize background interference. Under the predetermined illumina-
tion of visible and ultraviolet lights, the color of the Gel /Rh6G@UiO-66-
NHj, test kit was captured using a smartphone, and then the images were
analyzed by ImageJ software. All measurements were conducted in
triplicate.

2.9. Selectivity and anti-interference using Gel/Rh6G@UiO-66-NHz
hydrogel test kit

The selectivity and anti-interference capability of the Gel/
Rh6G@UIO-66-NH, test kit for NO; were investigated by introducing
the same interfering ions that has been discussed in Section 2.5. These
ions were introduced both in the absence and presence of NO3 into the
Gel/Rh6G@UIO-66-NH; test kit. To carry out the experiment, a mixture
of 800 pL of HCI solution (0.05 mol/L) and 100 pL of the selected ion
(1 mM) solution were prepared. Simultaneously, an identical solution
described above was prepared, and then 100 pL of NO3 (100 pM) was
sequentially added into the test tube. Then, 150 pL of the resulting re-
action solution was introduced to the Gel/Rh6G@UIO-66-NH; hydrogel
test kit and incubated for 30 min at room temperature. All test kit images
were captured under visible and ultraviolet light irradiation, and the
color information in these images was analyzed using a smartphone. All
measurements were performed in triplicate.
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2.10. Apparatus

Both 3-D fluorescence spectra and synchronous fluorescence spectra
were collected using a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan). The acquisition parameters for 3-D fluorescence spec-
troscopy were as follows: The excitation wavelength range was changed
from 200 nm to 600 nm, and emission wavelength was changed from
200 nm to 700 nm in steps of 5nm, respectively. The slit width of
excitation and emission was set to 5 nm. The scanning rate and detector
voltage were 30,000 nm/min and 500 V, respectively. For synchronous
fluorescence spectra, excitation and emission were collected simulta-
neously, with the photoexcitation wavelength (AEx) ranging from
200 nm to 600 nm in 1 nm increments. The wavelength offsets (A\ =
AEm-AEx) was set at 60 nm. Slit widths for both excitation and emission
were maintained at 5 nm. The scan speed was set at 1200 nm/min, and
the PMT detector voltage (V) was adjusted to medium (700 V). To
ensure accuracy and minimize measurement errors, fluorescence mea-
surements were conducted in triplicate for each sample, and subsequent
analysis used the average of these three measurements. UV-vis spectra
were recorded by a UV 3600i Plus spectrophotometer (Shimadzu,
Japan). For powder X-ray diffraction (PXRD) patterns, measurements
were conducted using the Panalytical X-ray Diffractometer Smartlab-
9 kW (Tokyo, Japan) with Cu Ka radiation (A = 1.5406 10\, 40 kV,
250 mA). Fourier transform infrared (FTIR) spectra were obtained
within the 4000-400 cm™ region using a Thermo Scientific Nicolet IS5
FTIR spectrophotometer. Scanning electron microscopy (SEM) images
were captured using the FEI Inspect F50 scanning electron microscope.
Physical adsorption property measurement was carried out using a
porosity analyzer Autosorb-iQ2-MP (Quantachrome, USA) with N
adsorption analysis.

3. Results and discussion
3.1. Characterizations of Rh6G@UIO-66-NH,

The crystal structures of both the as-prepared UiO-66-NH, and
Rh6G@UiO-66-NH, were characterized based on the PXRD patterns
(Fig. 1 A). The characteristic peaks of the synthesized UiO-66-NH; at 26
angles of 7.30 °, 8.42 °, and 25.62 ° closely matched well with the
simulated ones [35], confirming the successful synthesis and high
crystallinity of the desired sample. Upon adsorption of different con-
centrations of fluorescein Rh6G, these analogous PXRD patterns showed
little change in the crystalline framework (Fig. 1B). Simultaneously, no
characteristic  diffraction peaks of Rh6G were observed in
Rh6G@UiO-66-NH,, demonstrating that the absorption of Rh6G pre-
sumably had a negligible effect on the UiO-66-NH; lattice. Rh6G
appeared to be encapsulated or embedded into the cavity rather than
physically aggregating on the surface of the UiO-66-NH; crystal due to
the favorable dispersion of Rh6G and the unique porous framework of
the MOF [33]. Afterward, FTIR spectra of UiO-66-NHy; and
Rh6G@UiO-66-NH, were recorded to characterize their molecular
structure, as shown in Fig. 1C and D. In the UiO-66-NHy spectra
(Fig. 1C), two characteristic peaks at 483 cm ™! and 665 cm™! were
assigned to the O-H and C-H vibrations of UiO-66-NH>, and a peak at
770 cm™! corresponded to the stretching vibration of Zr-O bonds.
Additionally, peaks at 1387 cm™ %, 1571 cm ' and 1655 cm ™! were
assigned to the C=0 stretching vibration of the carboxyl group, and the
peaks at 3365 and 3431 cm™! corresponded to the symmetric and
asymmetric N-H vibrations of the amino group from the organic ligand
ATA [36,37]. Similar results were observed in the Rh6G@UiO-66-NH,
spectra, except for the appearance of the C=0 stretching vibration peak
at 1655 cm ™', which was attributed to anchored Rh6G molecules on
UiO-66-NH,. Moreover, no distinctive peaks corresponding to Rh6G
were detected in the Rh6G@UiO-66-NH; nanomaterial, indicating that
the majority of Rh6G molecules were encapsulated within the pores of
UiO-66-NHj, with their vibrations of Rh6G impeded by the 3-D structure
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Fig. 1. (A) The PXRD patterns for the simulated UIO-66-NH, (black curve), UIO-66-NH, (red curve), Rh6G@UIO-66-NH, (blue curve), and Rh6G (pink curve). (B)
The PXRD patterns of Rh6G@UIO-66-NH, nanoparticles with different Rh6G concentrations. (C) The FT-IR patterns of UIO-66-NH, (red curve), Rh6G@UIO-66-NH,
(green curve), and Rh6G (blue curve). (D) The FI-TR patterns of Rh6G@UIO-66-NH, nanoparticles with different Rh6G concentrations. SEM images of synthesized

(E) UIO-66-NH; and (F) Rh6G@UIO-66-NH,.

of Ui0-66-NH, [38]. There was no visible difference in FT-IR spectra
among Rh6G@UiO-66-NH; samples with different concentrations,
further indicating the minimal influence of the organic dye on the crystal
structure of UiO-66-NH,. The morphological and structural character-
izations of UiO-66-NH, and Rh6G@UiO-66-NH, were illustrated
through SEM images. In Fig. 1E and 1F, both UiO-66-NH; and
Rh6G@UiO-66-NH, nanomaterials exhibited irregular octahedral par-
ticles, each approximately 75 nm in size, with no apparent differences in

morphology observed before and after Rh6G encapsulation. Comparing
the porosity of UIO-66-NHy before and after encapsulating fluorescein
Rh6G can help verify their permanent porosities and functionalization.
The nitrogen (N3) absorption-desorption isotherms of UIO-66-NH, and
synthesized Rh6G@UIO-66-NH;, were recorded at 77 K, and the results
of porosity analysis and surface area are presented in Fig. S1. The
adsorption isotherms clearly exhibited a sharp increase in Ny adsorption
at very low relative pressures, followed by a gradual rise up to high
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relative pressures, while a small hysteresis observed at relatively high
pressures. Consequently, it can be deduced that both UIO-66-NH; and
Rh6G@UIO-66-NH, displayed analogous type I isotherms, indicating
the existence of abundant micropores and mesopores [33,39]. More-
over, the calculated BET surface area of Rh6G@UIO-66-NH, was
292.752 m?/g, which is considerably smaller than that of pristine
UIO-66-NH, (461.064 m%/g). This further confirms the successful syn-
thesis, which is consistent with previous literatures [39,40]. The above
results indicated that the microporous channels of the UIO-66-NH,
support were loaded with Rh6G dyes and may be partly unblocked after
encapsulation. These measurements collectively confirm the successful
incorporation of Rh6G fluorescein into UiO-66-NH; while preserving the
skeleton structure and crystalline of UiO-66-NH.

3.2. Photophysical properties of Rh6G@UIO-66-NH,

In order to investigate the influence of Rh6G dye on the optical
properties of Rh6G@UiO-66-NH, nanocomposites, the 3D front-face
fluorescence spectra of UiO-66-NH, (Fig. 2A) and Rh6G@UiO-66-NH,
(Fig. 2B to 2E) were determined. As shown in Fig. 2, UiO-66-NH;
exhibited a single Excitation/Emission (Ex/Em) peak located at around
370 nm/455 nm, representing the blue emission band attributed to the
n-n * transition of the ATA ligand. However, in the fluorescent contour
map of Rh6G@Ui0-66-NH,, apart from the MOF peak, another Ex/Em
peak at 520 nm/545 nm corresponding to the characteristic fluores-
cence of Rh6G was also evident. This is noteworthy because in the solid
state of Rh6G dye, fluorescence emission is typically absent due to the
aggregation-caused quenching (ACQ) phenomenon (Fig. S2). This su-
perior structure of Rh6G@UiO-66-NH, inhibits nonradiative energy
transfer commonly observed in aggregated dye molecules, thereby
preventing quenching of the dye emission [41]. These results further
indicate that Rh6G dye molecules were successfully encapsulated
without sacrificing their native luminescent properties [42]. Moreover,
the synthesized UiO-66-NH; powder exhibited a faint yellow color.
Visually, the color of Rh6G@UiO-66-NH; transitioned from light pink to
pink by the naked eye with increasing amount of Rh6G molecules
(ranging from 0.5 mM to 2.0 mM). This color change corresponded well
with the loading of a greater number of Rh6G dye molecules into the

EM(um)
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initial UiO-66-NH, structure.

According to the 3-D fluorescence spectra of nanocomposites (shown
in Fig. 2A-E), drawing a straight line (defined as: Xem = Yex + A},
where AL = Aem - Aex) on the 3-D fluorescence spectrum can simulate
the result of synchronous fluorescence scanning. The /A value of syn-
chronous fluorescence can theoretically be predicted from the 3-D
fluorescence spectra. In this study, the optimal A\ condition was set at
60 nm and employed in the following analysis. Both 3-D and synchro-
nous fluorescence spectroscopy can obtain the information on multiple
fluorescent substances in the nanocomposites simultaneously. Syn-
chronous fluorescence spectroscopy can simplify spectral analysis by
reducing the influence of light scattering and saved detection time,
taking only a few seconds for each scan, however 3-D fluorescence
spectroscopy needs nearly 5 min for each scanning. As displayed in
Fig. S3A, synchronous fluorescence spectra of Rh6G@UiO-66-NHy
samples with different Rh6G concentrations simultaneously provide
information on organic dyes and MOF as well. The Rh6G@UiO-66-NH,
nanocomposite with 1.0 mM Rh6G exhibited the highest peak intensity
at an excitation wavelength near 495 nm among the tested treatments
(Fig. S3B). This observation suggests that the appropriate amounts of
dye molecules can be accommodated, and Rh6G molecules are gradually
isolated within the cages of UiO-66-NH,, maintaining a monodisperse
state. Consequently, concentration-dependent fluorescence enhance-
ment is observed. However, this status was disrupted when the amount
of Rh6G dyes exceeded 1.0 mM. Obviously, luminescence quenching
occurs, possibly due to non-radiative pathways resulting from the short-
range interactions among organic dye molecules. This leads to the
occurrence of the ACQ effect within the MOF cages once again [43].
Consequently, a concentration of 1.0 mM Rh6G@UiO-66-NH; was
chosen to investigate its sensing performance for optimal ratiometric
detection of NO3. This concentration was selected because it provides an
abundance of active sites while simultaneously safeguarding Rh6G
against potential ACQ, making it suitable for subsequent experiments.

As depicted in Fig. 2F, the UV-vis diffuse reflectance spectrum of the
Rh6G@UiO-66-NH; solid exhibited two distinctive absorption peaks. On
the one hand, there was a prominent absorption band ranging from
300 nm to 455 nm, with an absorption peak at 378 nm, attributed to
UiO-66-NHj. This was confirmed by the UV-vis spectrum indicated by
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the black line, which is associated with the 1 — & * electronic transition
of the aromatic ring. On the other hand, a characteristic absorption peak
of Rh6G appeared at 534 nm, within the range of 458-583 nm after
adsorption. This demonstrated a noticeable red shift compared to the
absorption peak of the Rh6G solution, indicating the confinement effect
of the MOF framework. Taken together, the above results confirmed the
successful absorption of fluorescein Rh6G onto the as-prepared UiO-66-
NH; powder.

3.3. Optimization of detection condition

Moreover, key experimental parameters, containing acidity and re-
action time, were optimized for the Rh6G@UiO-66-NH; sensing system
to achieve the optimal signal response. It can be seen in Fig. 3A that the
concentration of HCl in the nanoprobe suspension was varied from
0.01 M to 1.0 M. The fluorescence intensities of both peak MOF (Ex
wavelength at 378 nm) and Rh6G (Ex wavelength at 495 nm) reached
their maximum values when the HCl concentration was set at 0.05 M.
This phenomenon can be attributed to the fact that the rhodamine de-
rivative exhibits a xanthene structure with strong fluorescence emission
in such an appropriate acid medium [44]. However, when the HCl
concentration exceeded 0.05 M, the fluorescence intensity of peak
UIO-66-NH; gradually decreased with increasing acidity. The decline
may be attributed to the neutralization of the amino groups of MOFs by
hydrogen ions in strong acid media, which play a key role in this sensing
system. Therefore, for the sake of experimental convenience, 0.05 M of
HCl was chosen as the optimal acid condition for the subsequent studies.

Accordingly, to enhence the efficiency of Rh6G@UiO-66-NH, in
responding to NO3, the influence of reaction time was also investigated.
The relationship between the fluorescence intensity ratio of Rh6G@UiO-
66-NH (Irhec/Imor) and response time after adding NO3 (100 pM) is
displayed in Fig. 3B. The results show that the response value Irhec/Inmor
initially increased as time passed. The change in Ignec/Imor of the
sensing system tended to stabilize after a response time of 15 min,
indicating that the reaction efficiently and rapidly reached completion.
Thus, 15 min was chosen as the optimal reaction time between
Rh6G@UiO-66-NH, and NO3 for further research.

3.4. Establishment of Rh6G@UIO-66-NHy-based sensor for nitrite

Normally, conventional single-signal fluorescence sensing is easily
affected by external conditions and inefficient in detecting NO3z in
complex samples or aqueous solutions [42]. To address this limitation, a
self-calibrated fluorescence sensing platform based on the dual inde-
pendent fluorescence emission peaks of dye@MOF for ratiometric

1200

N3
(=3
=]

600

Fluorescence Intensity (a.u.)
w
S

IRh6G/IM0F

0
350 400 450 500 550 600

Wavelength (nm)

Journal of Hazardous Materials 463 (2024) 132898

detection was employed. This approach reduces interference from the
external environment and amplifies signal readouts, enabling more
sensitive detection. Under optimized conditions, the dual fluorescence
response of the Rh6G@UiO-66-NHy sensing system was used to detect a
range of NO3 concentrations (0-1000 uM) (Fig. 4). As the NO3 concen-
tration increased, the fluorescence signal of UiO-66-NH> (Ex wavelength
at 378 nm) was noticeably quenched, along with a decreasing trend in
Rh6G fluorescence at 495 nm (Fig. 4A). Besides, the characteristic
emission of UiO-66-NHy was more significantly quenched than that of
Rh6G when low amounts of NO3; were added (0-100 uM). This phe-
nomenon may be attributed to the amino groups of UiO-66-NHj exposed
on the nanocomposite’s surface, which are more readily involved in
deamination reactions with NO3 in the sensing system at the outset. As a
result, UiO-66-NHp, with strong fluorescence, transforms into
non-fluorescent UiO-66 in a dispersed water medium due to the changes
in electron density. This result is consistent with previous reports re-
ported by Hao et al. [20], where UIO-66-NH;, was successfully utilized as
a fluorescence turn-off probe for the detection of NO3 through diazoti-
zation and reduction. Subsequently, with higher additions of NO3 (over
100 uM), the fluorescence intensity of Rh6G decreased significantly. In
acidic conditions, an electron-deficient nitrosyl cation (NO™), derived
from NO3, interacts with the organic dye Rh6G embedded in the MOF
framework, forming a nitroso group derivative. The fluorescence of
Rh6G gradually quenches due to the weak electron-donating ability of
the nitroso group derivative [44,45].

Fig. 4B demonstrated a strong linear relationship between the fluo-
rescence intensity ratio of the sensor (Irheg/Imor) and low concentra-
tions of NOjy, ranging from 1 pM to 100 pM, described by the first-order
linear equation Igneg/Imor = 1.21 + 4.68 X 102 C; (with a correlation
coefficient R? = 0.983). The limit of detection (LOD) for NO3 using
Rh6G@UiO-66-NH; was calculated to be 0.021 uM, following the for-
mula 30/s (where ¢ represents the standard deviation of blank mea-
surements, and s is the slope of the linear calibration plot). This LOD is
significantly lower than the maximum allowable concentration of NO3
in meat products [44]. Significantly, as depicted in the insert of Fig. 4A,
a distinct change in fluorescence color is observable following the
quenching process, enabling the visual detection of NO3.

3.5. Selectivity and Anti-interference performance of Rh6G@UIO-66-
NH; toward nitrite

To assess the selectivity and anti-interference performance of the
Rh6G@UIO-66-NH; sensing system toward NOgz, the impact of various
interfering substances on its fluorescence responses was explored. Then,
Rh6G@UIO-66-NH, was mixed separately with solutions containing
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Fig. 3. (A) Effect of HCI concentration (H") on fluorescent intensity of Rh6G@UIO-66-NH,-based sensor. (B) Fluorescence intensity of Rh6G@UIO-66-NH, sus-

pension after reaction with nitrite for different times.
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concentration of all other interfering substances are ten times higher than NOa.

NO3 and other interfering ions, with NO3 at a concentration of 100 pM
while other interfering substances were fixed at 1 mM. The fluorescent
intensity ratio of the nanosensor is displayed in Fig. 4C. In the presence
of NO3 under 0.05 M HC], the fluorescence intensity ratio (Irnec/Imor)
of Rh6G@UIO-66-NH, significantly increased to 5.60. However, treat-
ment with other co-existing interfering ions, including NO3, S0%, C0%,
cl, ¢r, Kt Na®, ca?", Mg?*, Pb?*, Zn?*, cu?*, Mn2", Fe?', Fe3*, AI%T,
H,PO3, and HPOZ, had no notable impact on this dual emission
nanoprobe. This lack of interference is attributed to the specific inter-
action between the amino group from Rh6G@UIO-66-NH; and NO3.
Furthermore, the sensor’s resistance to interference is investigated,
which is another key criterion for evaluating its performance in practical
applications. To evaluate the anti-interference performance, the above-
mentioned interfering ions were added to the Rh6G@UIO-66-NH,
sensing systems designed for NO3 detection, thereby conducting a
competition experiment. As shown in Fig. 4D, all groups exhibited a
distinct enhancement in the fluorescence intensity ratio. This indicates
that the influence of these interferents on the NO3 detection using the
Rh6G@UIO-66-NH,; detecting platform can be considered negligible. In
summary, the above consequences demonstrate that the fabricated
nanocomposite meets the sensitivity and selectivity requirements for

monitoring NO3 in meat products. Furthermore, the facile and efficient
preparation procedure introduces innovative concepts for developing
New Nanosensors.

3.6. Application in real samples

To further verify the practicability and feasibility of the ratiometric
fluorescence nanoprobe for the real sample detection, the proposed
method based on the Rh6G@UIO-66-NH; was applied to determine NOg
contents in five commercially available meat samples. The recovery rate
was calculated by the standard addition method, and the results are
listed in Table S2. The detected NO3 concentration in sausage, bacon,
ham, stewed beef, and braised chicken were found to be 2.86 mg/kg,
2.43 mg/kg, 3.43 mg/kg, 4.53 mg/kg, and 3.25 mg/kg, respectively.
Subsequently, the NO3 standard solution was introduced to the samples
and analyzed them. The recovery tests yielded results in the range of
94.72%— 104.52%, with relative standard deviations (RSDs) of less than
4%. These outcomes demonstrate the excellent analytical accuracy,
precision, and reliability of the designed probe for detecting NOz in
meat products. Therefore, the proposed Rh6G@UIO-66-NH, nanoprobe
holds significant potential as a valuable and efficient novel tool for rapid
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NO3 detection in practical applications and food safety assessment.
3.7. Precise sensing of nitrite by a portable test Kit

To broaden the practical application of Rh6G@UIO-66-NHy, it is
convenient to develop a portable hydrogel test kit that can be used for
on-site screening of NO3 to ensure food security and monitor environ-
mental pollution. Gelatin (Gel), derived from the partial hydrolysis of
collagen in animal bones and leathers, is an amphoteric biopolymer
known for its admirable properties, including good biocompatibility,
biodegradability, and nontoxicity [46]. Gelatin itself possesses abundant
hydroxyl, amino, and carboxyl functional groups, which make gelation
and functionalization easy, facilitating direct chemical reactions be-
tween Gel and dye@MOF without the need for additional polymers to
form a stable hydrogel compound [47,48]. Hence, Gelatin is selected as
a suitable carrier for fabricating a stimuli-responsive hydrogel test kit in
this work. The Gel/Rh6G@UIO-66-NHy hydrogel compounds were
constructed by immobilizing Rh6G@UIO-66-NH; into Gel hydrogel, and
a commercial microplate was manufactured to create Gel/Rh6-
G@UIO-66-NH; hydrogel arrays, which could serve as a sensing plat-
form for the visualized and fluorometric detection of NO;.
Subsequently, to meet the need of on-site analysis, a visual NO3 detec-
tion method was developed by integrating the Gel/Rh6G@UIO-66-NH,
hydrogel test kit with a smartphone. This was made possible by
leveraging the powerful capabilities of the smartphone’s digital camera
program and its computational capabilities.

For precise sensing of NO3, the essential 0.05 M HCl was first
introduced to various concentrations of NO3, then dropped above
cocktail solution of HCl and NO5 onto the Gel/Rh6G@UIO-66-NHo
hydrogel test kit (the detailed experimental procedure is depicted in
Scheme 1B). As revealed in Fig. 5A, the colors of the as-prepared
hydrogel matrices varied depending on the NO3 ion concentrations.
Their visible colors changed from pale yellow to golden yellow, and
their fluorescence colors changed from bright to dark in a distinct
gradient as the NOz concentration increased. Such color-gradient
changes are consistent with the results obtained from the Rh6G@UiO-
66-NH; suspension in the presence of NO3 at different concentration,
reflecting that gelatin hydrogel does not affect the reaction of NOz with
amino group of the Rh6G@UiO-66-NHy nanoprobe. After the colori-
metric reaction, images of the kit were captured using the built-in
cameras of smartphones to identify the visualized and fluorescence
color response of Gel/Rh6G@UIO-66-NH, hydrogels (Scheme 1B).
Through an image processing program, optical image information was
directly translated into tonal parameters to realize quantitative NO3
detection. As displayed in Fig. 5B, the normalized hue intensity of the kit
gradually decreased with increasing NO3 concentration (the working
concentration of the NO; ions was between 0.1 and 3 mM). A good
linear relationship between normalized hue intensity and the concen-
tration of NO3 was observed in the range from 0.1 mM to 1.5 mM for the
Gel/Rh6G@UIO-66-NH; hydrogel test kit under sunlight. The regression
equation can be expressed as y = — 0.39 C + 0.98 (R? = 0.979), and the
detection limit is calculated to be 0.09 mM (Fig. 5C). Similar results
were also obtained in Fig. S4, demonstrating that the normalized hue
intensity of the fluorescence color of the test kit exhibited a good linear
response (R? = 0.972) to the NO; concentration in the range of
0.1-1.5 mM. Compared with other previously reported strategies for the
detection of NO3, the performance of the detectors based on the
Rh6G@UiO-66-NH; nanoprobe or Gel/Rh6G@UIO-66-NH, hydrogel
demonstrated improved selectivity, detection range, and LOD
(Table S3).

In addition, selective identification and anti-interference perfor-
mance are meaningful indices to estimate the practicality of the
hydrogel test kit toward the target. Therefore, the afore-mentioned
interfering substances were introduced into the hydrogel test kit to
simulate practical conditions. Fig. 5D depicts the color change upon
adding NO; or common interfering substances into the Gel/Rh6G@UIO-
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66-NH, hydrogels test kit. Only NO3 group caused a remarkable
response, leading to a noticeable deepening in visible color and a
reduction in fluorescence color. The interferences had little effect on the
color change of the constructed system, indicating the adequate speci-
ficity of the proposed hydrogel kit for NO5. Following, distinct color
variations were observed with the naked eye when incubating NO5 and
co-existing interfering substances together (Fig. 5E). By analyzing the
color information (Fig. 5F and G), the normalized intensity histogram
further demonstrated that the intensity of the Gel/Rh6G@UIO-66-NH,
hydrogel test kit was barely affected by interfering substances, whether
under sunlight or UV light. Meanwhile, the kit’s response to NO3
remained constant in the presence of common interferences, revealing
excellent specificity and a strong anti-interference capacity. Apart from
the excellent specific identification capability of Rh6G@UIO-66-NH,
toward NOg, another factor contributing to this specificity might be the
ability of the Gel hydrogel to act as a barrier, preventing the infiltration
of biomacromolecules and small molecules through its porous structure
[49]. In summary, the Gel hydrogel, pretreated with
Rh6G@UIO-66-NH,, can be used for on-site monitoring and
semi-quantitative analysis of NO3 with the naked eye.

4. Conclusions

In conclusion, a ratiometric fluorescence sensing probe (Rh6G@UIO-
66-NH>) for NO3 detection in meat products was successfully developed.
After combining Rh6G and UIO-66-NHy, the resulting Rh6G@UIO-66-
NH; showed significantly improved NO3 capture efficiency, along with
fast response kinetics, high sensitivity, excellent selectivity, and a low
detection limit. The proposed method was successfully applied to detect
NO3 in five different meat products with a high level of accuracy,
indicating its potential for practical applications. Furthermore, a dual-
mode portable test kit (Gel/Rh6G@UIO-66-NH, hydrogel kit) was
further constructed using gelatin hydrogel as a matrix, which was
employed for on-site detection of NO3 via combining with a smartphone
based on fluorescent and visible nanocolorimetry. Owing to its excellent
portability, cost-effectiveness, simplicity of operation, rapid response
features, and vibrant color display, the Gel/Rh6G@UIO-66-NH;
hydrogels kit holds great promise and potential for convenient on-site
visual detection and precise monitoring of NO; in food samples.
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Environmental Implication

Nitrite (NO3), the most common nitrogen-containing compound in
nature, is widely present in the human environment so that it serves as
an important indicator of inflammation, food safety, and water quality.
Nitrite is widely used in meat products as a color preservative and
preservative, however, high levels of nitrites in the diet can be harmful
to human health and are associated with the development of certain
chronic diseases and cancers. Nitrite should be considered “hazardous
material”. This study aimed to offers a prospective method for the on-
site reliable monitoring and detecting nitrite in food safety and envi-
ronmental concerns.
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