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Abstract

Nitrite (NO, ™) is a crucial environmental and food safety indicator, and excessive intake
poses severe threats to human health; thus, highly sensitive and selective detection methods
are urgently needed. Herein, a ratiometric fluorescent nanosensor based on N-CDs@UiO-
66-NH; was constructed via a facile assembly strategy for sensitive and selective nitrite
detection. The composite demonstrated dual-emission fluorescence at 456 nm and 730 nm
under 365 nm excitation, originating from UiO-66-NH, and N-CDs, respectively, enabling
an intrinsic self-referencing signal. The fluorescence intensity ratio exhibited a good linear
response toward nitrite in the range of 10-100 uM and 100-450 uM with a limit of detection
(LOD) 1.76 uM. The nanosensor showed high selectivity and anti-interference ability
against various ions and molecules. Furthermore, it was successfully applied to nitrite
detection in lake water samples with satisfactory recoveries (97-101%) and low relative
standard deviations (<1.8%). This work provides a simple and effective approach for nitrite
monitoring in environmental samples.

Keywords: nitrite; ratiometric fluorescence; nitrogen-doped carbon dots; UiO-66-NHy;
nanosensor

1. Introduction

As a key indicator in environmental and food safety monitoring, nitrite (NO, ™) has
long attracted intense attention from researchers and regulatory agencies. The main sources
of NO, ™ include overuse of nitrogen-containing fertilizers, discharge of industrial wastew-

ater, and its application as a preservative and freshness agent in food processing [1].
W) Check for updates

Although nitrite shows preservative and antibacterial effects at appropriate dosages, ex-
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demiological investigations have confirmed that high nitrite exposure is closely associated
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with gastrointestinal cancers, thyroid dysfunction, and cardiovascular diseases [4]. There-
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Conventional nitrite detection strategies include colorimetry, ion chromatography, elec-
trochemical, and high-performance liquid chromatography [8-10]. Despite their favorable
accuracy, these methods often rely on sophisticated instruments, involve tedious sample
pretreatment, are time-consuming and make it difficult to realize real-time monitoring,
which restricts their application in rapid and portable analysis [11]. In response, fluores-
cent probe technology has received growing research interest owing to its high sensitivity,
simple operation, fast response, and visual detection capability, making fluorescence-based
approaches a research hotspot for nitrite determination in recent years [12]. However, most
traditional fluorescent nitrite sensors rely on the single-emission signal output, which is
vulnerable to matrix interference, background signals, and instrumental fluctuations, thus
reducing quantitative accuracy or even causing false positives [13,14]. To overcome these
limitations, ratiometric fluorescent probes have become an emerging research direction [15].
By employing the intensity ratio of two independent emission peaks as the response signal,
with one channel acting as a built-in reference, ratiometric platforms can effectively elimi-
nate interference from probe concentration, excitation intensity, and environmental factors,
significantly improving quantitative reliability and anti-interference performance [16,17].
Moreover, ratiometric probes usually display obvious fluorescence color changes, enabling
visual identification and making them highly suitable for on-site detection and food safety
monitoring [18,19].

Among various fluorescent nanosensing materials, carbon dots (CDs) have attracted
considerable attention owing to their abundant precursors, facile synthesis, and high optical
properties, such as high quantum yield, tunable emission wavelengths, and good water
solubility [13,20]. In particular, nitrogen-doped carbon dots (N-CDs) can effectively regulate
the electronic structure and surface states of carbon dots via nitrogen doping, endowing
them with stronger fluorescence emission and higher electron transfer efficiency, thus
making them ideal building blocks for fluorescence nanosensing systems [21,22]. On the
other hand, metal-organic frameworks (MOFs), especially UiO-66-NH;, have been widely
explored as promising fluorescence nanosensing platforms due to their high crystallinity,
large specific surface area, high chemical stability, and versatile functionalization [23].
Benefiting from its intrinsic blue fluorescence, UiO-66-NH, can serve as an ideal response
unit; meanwhile, the abundant amino groups on its ligands provide sufficient specific
reaction sites for the selective recognition of NO, ™ through diazotization reactions [24,25].
Therefore, the rational integration of N-CDs and UiO-66-NH, is expected to combine their
complementary advantages to construct a sensitive, selective, and reliable ratiometric
fluorescence naosensing platform for NO, ™ detection [26].

In this work, a ratiometric fluorescent sensor for nitrite detection was developed
by incorporating nitrogen-doped carbon dots (N-CDs) into UiO-66-NH; through a facile
one-pot synthesis strategy (Figure 1). The resulting N-CDs@UiO-66-NH; nanocomposite
exhibited two well-resolved fluorescence emission bands centered at 456 and 730 nm under
excitation at 365 nm, enabling ratiometric signal output. Upon the addition of NO,™
under acidic conditions, a significant decrease in the emission intensity at 456 nm was
accompanied by a simultaneous enhancement of the 730 nm emission, generating a distinct
concentration-dependent fluorescence ratio response. Furthermore, the fluorescence color
gradually changed from blue to red with increasing nitrite concentration, allowing both
visual and quantitative detection. Benefiting from the self-calibrating nature of ratiometric
sensing, the proposed platform provides a simple, sensitive, and reliable strategy for nitrite
determination in environmental monitoring.
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Figure 1. Schematic illustration for the synthesis of N-CDs@UiO-66-NH, and its application in
ratiometric fluorescence detection of NO, ™.

2. Materials and Methods
2.1. Materials and Apparatus

Zirconium chloride (ZrCly), 2-Aminoterephthalic acid (NH-BDC) with a purity of
at least 98%, N, N-dimethylformamide (DMF), Citric acid with a purity of at least 99.5%,
p-Phenylenediamine and sodium nitrite, were bought from Aladdin (Shanghai, China).
H,504 were bought from Damao Chemical Reagent Company (Tianjin, China). Anhydrous
ethanol were bought from Hengxing Reagent Company (Tianjin, China). All chemicals
were used without further purification.

2.2. Synthesis of N-CDs

N-CDs were synthesized via a hydrothermal method using p-phenylenediamine and
citric acid as precursors [27]. Briefly, 0.42 g of citric acid and 0.16 g of p-phenylenediamine
were dissolved in 5 mL of deionized water and stirred for 2 min to obtain a homogeneous
solution. The mixture was then transferred to a PTFE-lined stainless steel autoclave and
reacted at 160 °C for 2 h. After cooling naturally, the obtained N-CDs dispersion was cen-
trifuged at 10,000 rpm for 20 min to remove large particles or precipitates. The supernatant
was freeze-dried to obtain solid N-CDs powder, which was stored in a dry environment to
avoid moisture-induced performance deterioration.

2.3. Synthesis of UiO-66-NH,

UiO-66-NH; was prepared via a solvothermal method [14]. Typically, zirconium
chloride (ZrCly, 0.16 g) and 2-aminoterephthalic acid (NH>-BDC, 0.124 g) were dissolved
in N,N-dimethylformamide (DMF, 60 mL). After ultrasonic homogenization for 5 min, the
mixture was transferred to a 100 mL PTFE-lined stainless steel autoclave and held at 120 °C
for 24 h. After cooling to room temperature, the product was collected by centrifugation at
8000 rpm for 5 min. The precipitate was washed with DMF three times and ethanol three
times to remove unreacted reagents and residual DMF, followed by vacuum-drying at 60 °C
overnight. The final UiO-66-NH, powder was stored in a desiccator for further use.
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2.4. Construction of N-CDs@UiO-66-NH,

Typically, 100 mg of UiO-66-NH; was dispersed in 8 mL of ultrapure water under
sonication until uniform. Then, 2 mL of N-CDs solution (0.5 mg-mL~!) was added, and the
mixture was stirred continuously at 60 °C for 12 h. After cooling to room temperature, the
precipitate was collected and washed repeatedly with ultrapure water until the washing
solution showed no obvious fluorescence signal. Finally, the product was centrifuged and
vacuum-dried at 60 °C to obtain N-CDs@UiO-66-NH,. TEM measurements were carried
out using an FEI Tecnai G? F20 transmission electron microscope (FEI Company, Hillsboro,
OR, USA). Size measurements (dynamic light scattering, DLS) were performed using a
Nano-ZS instrument in water at 25 °C (Malvern, Worcestershire, UK). Fluorescence spectra
were acquired using a SHIMADZU RF-6000 fluorescence spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) with the excitation wavelength set to 365 nm. Emission signals
were scanned over the range of 375-800 nm. For ratiometric quantitative analysis, fluo-
rescence intensities at 456 nm (originating from the linker BDC-NH,; of UiO-66-NH;) and
730 nm (originating from embedded N-CDs) were extracted from the collected spectra. The
intensity ratio Fs54/F73) was defined as the sensing response signal [28].

2.5. Fluorometric Detection of Nitrite

An amount of 0.02 g of N-CDs@UiO-66-NH; powder was dispersed in 100 mL
of ultrapure water under sonication for 20 min to prepare a uniform stock suspension
(0.2 mg-mL~1). The resulting colloidal dispersion was optically transparent and remained
stable without precipitation for at least 2 h. Before fluorescence measurements, the sus-
pension was gently vortexed to guarantee uniform particle distribution. The sample was
transferred directly into a quartz cuvette without centrifugation or filtration. Owing to
the small size of the colloidal nanoparticles, light scattering interference was negligible
under our measurement conditions, so solid-liquid separation steps were not required [29].
For nitrite detection, 700 pL of deionized water, 100 L of 0.06 M H,SO; solution, 100 puL
of N-CDs@UiO-66-NH; suspension, and 100 pL of NO, ™ solution with different concentra-
tions were mixed sequentially in a test tube. The mixture was incubated for 60 min at room
temperature, and its fluorescence emission spectrum was recorded under 365 nm excitation.

2.6. Selectivity Investigation

Selectivity experiments were carried out against various interfering substances, includ-
il‘lg NaCl, KBr, NaCO3, KT, Pb(NO3)2, CaClz, Zn(NO3)2, MnClz, CuSO4, A1C13, CO(NOg)z,
Ni(NOg3),, MgSOy, urea, ammonium, glucose, and ascorbic acid (10 mM for each). For test-
ing, 700 uL of water, 100 pL of 0.06 M H»SOy4, 100 pL of N-CDs@UiO-66-NH, suspension,
and 100 pL of interfering substance solution were mixed and incubated for 30 min before
fluorescence measurement. A control group containing NO,~ (1 mM) was prepared and
tested under identical conditions.

2.7. Analysis of Real Samples

Lake water samples were collected from Xinglin Lake outside the North Campus and
Boyue Lake within the South Campus of Henan Medical University. All samples were
centrifuged and filtered through a 0.45 uym membrane to remove suspended impurities
prior to analysis. Standard addition method was employed to evaluate the accuracy by
spiking known concentrations of NO, ™ (0, 10, and 15 uM) into the pretreated water samples.
All quantitative tests were conducted following the procedures described in Section 2.5.
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3. Results and Discussion
3.1. Characterization of N-CDs@UiO-66-NH;

UiO-66-NH; was synthesized via a slightly modified literature method [14]. The
N-CDs@UiO-66-NH; nanohybrid was prepared by introducing the as-synthesized N-CDs
into a UiO-66-NH, suspension under vigorous stirring at 60 °C for 12 h to ensure complete
integration. To improve dispersion stability and minimize particle aggregation, all samples
were subjected to ultrasonic treatment for 20 min prior to optical measurements, electron
microscopy sample preparation, and DLS characterization.

Transmission electron microscopy (TEM) images revealed that UiO-66-NH,; exhibited
a well-defined octahedral morphology with an average particle size of approximately
60 nm (Figure 2A). Following N-CDs incorporation, the resulting N-CDs@UiO-66-NH,
retained a similar octahedral architecture, indicating that the hybridization process did
not compromise the structural integrity of the MOF scaffold (Figure 2B). The morphology
of the pristine N-CDs was examined by TEM, as shown in Figure 2C. The corresponding
high-resolution TEM (HRTEM) image (inset of Figure 2C) exhibits distinct lattice fringes
with an interplanar spacing of 0.21 nm, corresponding to the (100) plane of graphitic carbon.
The presence of clear lattice fringes indicates the formation of highly crystalline N-CDs
with a well-developed graphitic structure.
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Figure 2. TEM images of the (A) pristine UiO-66-NH, and (B) N-CDs@MOEF-NH,. (C) TEM image of
N-CDs, with the corresponding HRTEM image shown in the inset. (D) XRD spectra of UiO-66-NH,
and N-CDs@UiO-66-NH,. (E-H) EDS elemental mappings of Zr, O, C and N for N-CDs@UiO-66-NH,,
respectively. Size distribution of (I) UiO-66-NHj, (J) N-CDs and (K) N-CDs@UiO-66-NH,.

To further elucidate the crystalline phase and chemical composition of the nanohybrid,
X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS) mapping analyses
were performed. The XRD patterns (Figure 2D) demonstrated that N-CDs@UiO-66-NH,
retained the characteristic diffraction peaks of pristine UiO-66-NH;, confirming that the
loading of N-CDs did not perturb the crystalline structure of the MOF. Furthermore, EDS
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elemental mapping images (Figure 2E-H) revealed the homogeneous distribution of Zr, O,
C, and N throughout the nanohybrid, collectively verifying the successful construction of
the N-CDs@UiO-66-NH; composite.

Dynamic light scattering (DLS) analysis provided additional evidence for the suc-
cessful fabrication of the composite. The hydrodynamic diameter increased from 100 nm
(UiO-66-NHy) to 120 nm (N-CDs@UiO-66-NH;), with a polydispersity index (PDI) of 0.14,
indicating uniform dispersion of N-CDs on the MOF surface without significant aggre-
gation. The N-CDs alone exhibited a peak diameter of 3.5 nm (PDI = 0.18) (Figure 2I-K).
Although partial aggregation could be observed in the TEM images due to solvent evap-
oration during sample preparation, the DLS results obtained from freshly ultrasonicated
suspensions indicated that the composite maintains good dispersion in aqueous medjia.

The optical properties of the as-prepared materials were subsequently characterized
by fluorescence spectroscopy. Under 365 nm excitation, pristine N-CDs displayed a charac-
teristic near-infrared emission centered at 730 nm, whereas UiO-66-NH, exhibited a distinct
emission peak at 456 nm (Figure 3). Consistent with the preservation of both emissive com-
ponents, the N-CDs@UiO-66-NH; nanohybrid simultaneously presented dual emission at
456 nm and 730 nm, establishing the spectroscopic foundation for ratiometric detection.
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Figure 3. Fluorescence spectra of UiO-66-NHj, N-CDs and N-CDs@MOF-NHjy, respectively.

Notably, the observed emission band at 730 nm coincided with twice the excitation
wavelength (2 x 365 nm), raising the possibility that it may originate from second-order
Rayleigh scattering rather than intrinsic fluorescence. To verify the origin of this emission,
two complementary spectroscopic experiments were performed. First, excitation spectra
were recorded by monitoring the emission at 456 and 730 nm, respectively (Figure S1).
Both excitation spectra exhibited similar spectral profiles with a common excitation max-
imum at approximately 365 nm, indicating that the two emission bands originate from
the same luminescent system within the N-CDs@UiO-66-NH; composite rather than from
random scattering artifacts. Second, emission spectra were collected under different ex-
citation wavelengths (345, 355, 365, 375, 385, and 395 nm) as shown in Figure S2. As the
excitation wavelength varied, the emission maximum at 730 nm remained unchanged,
whereas the theoretical second-order Rayleigh scattering position (2Aex) shifted linearly
with the excitation wavelength. This distinct behavior confirmed that the 730 nm band orig-
inated from intrinsic fluorescence of the embedded N-CDs rather than from second-order
Rayleigh scattering.
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3.2. Feasibility of N-CDs@UiO-66-NH, for Detecting NO,~

Inspired by the well-established diazotization chemistry of aromatic amines, the
N-CDs@UiO-66-NH; nanohybrid was employed as a ratiometric fluorescent probe for
nitrite detection. Considering the reaction demands an acidic environment, the pH of
the solution was adjusted to 2.0 with sulfuric acid [30]. The dual-emission profile of the
nanohybrid (Aem = 456 and 730 nm under 365 nm excitation) was found to be sensitive to
proton concentration; notably, the fluorescence intensity ratio decreased markedly upon
acidification. Consequently, the acidic conditions were systematically optimized prior to
quantitative measurements.

To achieve optimal detection performance for nitrite, four key experimental parameters
including pH, reaction time, temperature and material concentration were systematically
optimized for the N-CDs@UiO-66-NH; sensing system. As shown in Figure 4A, the value
of Fy56/Fy30 gradually increased as the pH increased from 2 to 6, with the minimum
ratio observed at pH 2. This indicated that the diazotization reaction between nitrite
and the amino groups of UiO-66-NH, proceeded most efficiently under strongly acidic
conditions, leading to the most significant quenching of the 456 nm emission and the largest
response difference. Thus, pH 2 was selected as the optimal condition for subsequent
experiments. The effect of temperature on the sensing performance was presented in
Figure 4B. The ratio Fy54/F730 decreased sharply from 20 °C to 40 °C and then fluctuated
slightly at higher temperatures. The lowest ratio was achieved at 40 °C, suggesting that
moderate heating accelerates the diazotization reaction without causing significant thermal
quenching or decomposition of the nanoprobe. Therefore, 40 °C was chosen as the optimal
reaction temperature. The influence of reaction time was illustrated in Figure 4C. The
ratio decreased rapidly from 20 to 60 min, reaching its minimum at 60 min, and then
gradually increased with further extension of the reaction time. This trend indicated
that the reaction reached equilibrium at 60 min, which was thus selected as the optimal
incubation time to ensure complete reaction. Finally, the effect of N-CDs@UiO-66-NH,
concentration was evaluated (Figure 4D). The ratio F454/F730 decreased significantly with
increasing nanoprobe concentration, reaching the lowest value at 15 mg/mL, and then
remained relatively stable. A concentration of 15 mg/mL was therefore selected as the
optimal probe concentration to balance signal sensitivity and consumption. Based on the
above optimization results, the optimal conditions for nitrite detection were determined as
pH 2, reaction temperature of 40 °C, reaction time of 60 min, and probe concentration of
15 mg/mL, which were adopted for all subsequent quantitative experiments.

Employing these parameters, the nanosensor was incubated with serial concentra-
tions of NO, ™ (10-450 uM). After 60 min at 40 °C, the fluorescence spectra were recorded
(Figure 5A). The two emission intensities exhibited strong, opposing linear correlations
with NO, ™~ concentration across the range of 10-100 uM (R? = 0.9929) and 100-450 uM
(R? = 0.9948), enabling a robust ratiometric calibration (Figure 5B). Notably, two distinct
linear regions were observed in the calibration curve. This behavior is likely related to the
porous nature of the N-CDs@UiO-66-NH; composite and the concentration-dependent ac-
cessibility of reactive amino sites. At low nitrite concentrations, diazotization preferentially
occurs at amino groups located on the external surface of the material, resulting in a rapid
fluorescence response and higher sensitivity. As the nitrite concentration increases, the
reaction gradually extends into the internal pores of the MOF, where diffusion limitations
and the progressive occupation of reactive sites reduce the response efficiency, leading to a
lower slope in the higher concentration range. The limits of detection (LOD) and quantifi-
cation (LOQ) were calculated according to the equations LOD = 35/S and LOQ = 105/S,
respectively, where 8 is the standard deviation of the blank signal and S is the slope of the
first linear calibration range. The calculated LOD and LOQ were 1.76 uM and 5.86 uM,
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respectively. As shown in Figure 5C, the fluorescence color of the N-CDs@UiO-66-NH,
sensing solution gradually changed from blue to red with increasing NO, ™ concentration
under 365 nm UV illumination. This distinct color evolution was consistent with the cor-
responding ratiometric fluorescence response and could be readily distinguished by the
naked eye. The result demonstrated the potential of the proposed sensing platform for
rapid visual screening of nitrite.
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Figure 4. Optimization of pH (A), temperature (B), reaction time (C), and concentration (D) factors
affecting the fluorescence ratio of N-CDs@MOF-NH, nanocomposites in nitrite fluorescence sensing.

To further minimize the possible contribution of the inner filter effect (IFE), the concen-
tration of the N-CDs@UiO-66-NHj, suspension was reduced so that the absorbance at both
the excitation wavelength (365 nm) and the emission wavelength (456 nm) remained below
approximately 0.1 (Figure S3). Under these conditions, the diluted (1:5) sensing system
retained essentially the same two-stage calibration behavior toward nitrite as the original
system (Figure 54). Although the calculated LOD increased slightly because of the reduced
fluorescence intensity after dilution, the calibration slopes, concentration-dependent ratio-
metric response, and overall analytical conclusions remained unchanged. These results
further demonstrated that the observed fluorescence response cannot be explained solely
by the inner filter effect, although the IFE may contribute to the overall signal attenuation
to a limited extent.

To deeply explore the optical response behavior of the N-CDs@UiO-66-NH, sens-
ing platform toward NO,~, UV-Vis absorption spectra were recorded under the same
experimental conditions used for fluorescence measurements. As shown in Figure 6, the
characteristic absorption bands located at approximately 280 and 360 nm remained es-
sentially unchanged in position with increasing NO, ™ concentration, while only slight
variations in absorbance were observed. The absence of significant peak shifts indicates
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that the framework structure of N-CDs@UiO-66-NH; remains largely intact during the
sensing process and that no substantial alteration of the ground-state electronic structure
occurs upon nitrite addition.
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Figure 5. (A) Fluorescence response of 15 mg/mL N-CDs@UiO-66-NH,; toward nitrite with varying
concentrations. (B) Linear fitting plot of the fluorescence intensity ratio Fs54/F730 versus nitrite
concentration. (C) The fluorescent images of N-CDs@MOEF-NH), after reaction with different amount
of NO, ™ under UV radiation of 365 nm.

Compared with previously reported methods, this strategy demonstrated enhanced
sensitivity and a wider linear dynamic range (Table 1). In addition, among the reported
MOFE/ carbon-dot hybrid sensors, He et al. developed a UiO-66-NH;-capped carbon-dot
nanosensor for ratiometric nitrite detection [31]. Although both studies employ UiO-66-
NH; /carbon-dot hybrid materials, notable differences exist in their sensing behavior and
signal output characteristics. In the present work, the N-CDs@UiO-66-NH; composite
exhibits an opposite dual-signal response upon exposure to nitrite, where fluorescence
quenching of the MOF component is accompanied by simultaneous enhancement of N-CD
emission. This signal-coupled response produces a concentration-dependent ratiometric
signal and a distinct fluorescence color transition from blue to red under UV illumination,
enabling both quantitative analysis and visual detection. Furthermore, the dual-emission
behavior provides a useful model for understanding the photophysical interaction between
the MOF and CDs, which may facilitate the rational design of future MOF/CDs-based
ratiometric sensing platforms.
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Table 1. Comparison of the analytical performance (linear range and limit of detection, LOD)
between the designed nanomaterial-based sensor and various previously reported material-based
nitrite sensors.

Material Linear Range (mM) LOD (uM) Ref.
CDs 0-0.06 0.091 [13]
Ru@MOF-NH, 0.002-0.04 0.6 [14]
Mn-MOF 0.005-0.055 0.18 [32]
Mn-CDs 0.002-0.15 1.07 [33]
CTAB-AuNPs 0.0005-0.1 0.17 [34]
UCNPs 0.001-0.02 0.25 [35]
AuNP-CeO, NP@GO hybrid 0.1-5 4.6 [36]
FPTA NPs 0-0.36 0.03 [37]
CDs@UiO-66-NH, 0.0005-0.02 0.157 [31]
N-CDs@MOF-NH, 0.01-0.1 and 0.1-0.45 1.76 This work
— Blank —— 90 uM
0.5 1 ——10uM —— 100 uM
] —20uM — 150 uM
—30uM —200 uM
0.4 1 ——40uM ——250 uM
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Figure 6. UV-Vis Absorption Spectra of the N-CDs@UiO-66-NH, with increasing concentrations of
nitrite added.

3.3. Responsive Mechanism of N-CDs@MOF-NH, to NO,™

Traditional single-signal fluorescence detection methods are typically susceptible
to external conditions (e.g., probe concentration, excitation intensity) and exhibit low
efficiency for nitrite detection in complex samples or aqueous matrices [38]. To overcome
this limitation, a self-calibrated fluorescence sensing platform was constructed based on
the dual independent fluorescence emission peaks of N-CDs@MOF-NHj. This ratiometric
strategy effectively reduces interference from the external environment and enhances signal
readability, thereby enabling more sensitive and reliable detection of NO, ™ [39].

Under optimized experimental conditions, the N-CDs@UiO-66-NH; sensing system
exhibited a distinct dual-fluorescence response toward NO;, ™ over the concentration range
of 10450 uM (Figure 5A). With increasing NO, ™ concentration, the fluorescence emission
of UiO-66-NH, at 456 nm gradually decreased, whereas the emission centered at 730 nm
increased simultaneously. Considering that the UV-Vis absorption spectra showed only
minor spectral variations and that probe-dilution experiments yielded nearly identical
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calibration behavior (Figures S3 and S4), the fluorescence response cannot be explained
solely by the inner filter effect (IFE). Instead, the fluorescence response is mainly governed
by nitrite-induced modulation of the excited-state photophysical properties of the sensing
system. Under acidic conditions, nitrite selectively reacts with the amino groups of the
BDC-NHj linker through a diazotization reaction, converting the electron-donating amino
groups into diazonium species. This transformation is expected to reduce the electron-
donating capability of the linker and suppress the excited-state intramolecular charge
transfer (ICT) process, thereby favoring nonradiative relaxation pathways and resulting in
fluorescence quenching at 456 nm. This proposed mechanism is consistent with previous
reports in which UiO-66-NH, was successfully employed as a fluorescent probe for nitrite
detection through diazotization-based reactions [40].

Meanwhile, the emission band centered at 730 nm exhibited a concentration-dependent
enhancement upon nitrite addition, giving rise to the characteristic ratiometric fluorescence
response. Supplementary spectroscopic experiments, including excitation spectra mon-
itored at different emission wavelengths and emission spectra recorded under multiple
excitation wavelengths (Figures S1 and S2), provided strong evidence that the 730 nm
band originates from the intrinsic fluorescence of the embedded N-CDs rather than from
second-order Rayleigh scattering. Although the detailed photophysical origin of the fluores-
cence enhancement requires further investigation, the reproducible increase in the 730 nm
emission, together with the simultaneous quenching of the 456 nm band, establishes a
robust self-calibrating ratiometric fluorescence signal. Consequently, the fluorescence in-
tensity ratio (Fss6/F730) effectively compensates for fluctuations arising from excitation
intensity, probe concentration, instrumental drift, and matrix effects, thereby improving
the analytical reliability and anti-interference capability of the sensing platform compared
with conventional single-emission fluorescent probes.

3.4. Selectivity and Anti-Interference Performance

The selectivity and anti-interference ability of the present N-CDs@UiO-66-NH;-based
ratiometric nanosensor were systematically investigated by introducing a series of potential
coexisting interfering species, including C1~, Br—, CO3%2~,17,NO3~, Na*, K*, Ca?*, Mg2+,
Zn%*, Mn%*, Cu?*, A13*, Co?*, Ni%*, SO42~, NH,*, urea, glucose, and ascorbic acid (AA).
Notably, NH4" and urea were included because they are common nitrogen-containing
species frequently encountered in environmental and food matrices and could potentially
interfere with nitrite determination. As shown in Figure 7A, the fluorescence intensity
ratio Fy56/F739 exhibited a remarkable response toward 100 uM NO,~, whereas negligible
changes were observed in the presence of 1.0 mM interfering substances (10-fold higher
concentration). Neither NH,* nor urea produced a significant fluorescence response, indi-
cating that the proposed sensing platform is highly selective toward nitrite. These results
demonstrated that only NO, ™ induced a substantial variation in the ratiometric signal,
while other coexisting ions and molecules exerted minimal interference even at elevated
concentrations. Considering that nitrite and nitrate frequently coexist in environmental
and food samples, additional experiments were conducted to evaluate the influence of
nitrate on nitrite determination. A fixed concentration of NO,~ (100 uM) was measured
in the presence of different concentrations of NO3~ (10-1000 uM). As shown in Figure 7B,
the fluorescence response toward nitrite remained essentially unchanged with increasing
nitrate concentration, indicating that NO3 ™ does not significantly interfere with nitrite
quantification. This result can be attributed to the fact that the sensing mechanism relies on
the diazotization reaction of nitrite with amino groups under acidic conditions, whereas ni-
trate does not participate in this reaction. Therefore, the proposed sensing platform exhibits
excellent discrimination between nitrite and nitrate. The excellent selectivity, together with
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the satisfactory recoveries obtained in real water samples, confirmed the reliability and
strong anti-interference capability of the N-CDs@UiO-66-NH; sensor and highlighted its
potential for nitrite determination in complex environmental matrices.

A B
—— N-CDs@MOF-NH:
50,000 s
3 ——NO> + 10 uM NO5”
40,000 - ——NO; + 50 uM NO’
= ——NOz +100 uM NO>"
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Figure 7. (A) Selectivity of the N-CDs@MOF-NH;-based detection system toward NO, ™~ against
other potential interfering substances. The fluorescence intensity ratio (Fa56/F730) was recorded
upon addition of 100 uM NO, ™ and 1.0 mM of each interferent, respectively. Data are presented
as mean £ SD (n = 3). (B) Effect of nitrate on nitrite determination. Fluorescence intensity ratio
(Fy56,F730) of the N-CDs@UiO-66-NH; sensing system toward 100 uM NO, ™ in the presence of
different concentrations of NO3; .

3.5. Detection of Nitrite in Real Water Samples

To evaluate the practical application potential of the developed method, NO,™ in
natural lake water samples was analyzed using the standard addition method. As shown in
Table 2, the recoveries was calculated according to the equation: recovery (%) = (measured
value — endogenous value)/added value x 100%. The recoveries for the spiked samples
ranged from 97% to 101%, with the coefficient of variation (CV) below 1.8%. The satisfactory
recoveries obtained from lake water samples demonstrated the feasibility of the proposed
sensing platform for nitrite determination in environmental water matrices. However, food
samples generally contain more complex components, such as proteins, lipids, pigments,
and various additives, which may affect the sensing performance. Therefore, although the
present results indicate the potential applicability of the N-CDs@UiO-66-NH, probe for
nitrite analysis, further validation using representative food samples is required before
practical implementation in food safety monitoring.

Table 2. Analytical performance of the developed sensing platform for the detection of NO, ™ in lake
water (n = 3).

Ratiometric Fluorescence Detection

Sample NO,~ Spiked (uM)
Detected (uM)  Recovery (%) RSD (%)
Lake water 1 0 / / /
Lake water 2 10 9.74 97.46 1.84
Lake water 3 15 15.17 101.13 1.68

4. Conclusions

In summary, a ratiometric fluorescent nanosensor based on N-CDs@UiO-66-NH, was
successfully constructed for the sensitive and selective detection of nitrite. The composite
integrated the stable intrinsic fluorescence of UiO-66-NH, and the strong emission of
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N-CDs, forming a dual-emission system that is well-suited for self-calibrated fluorescence
sensing. The nanosensing mechanism is based on the specific diazotization reaction be-
tween NO; ™ and amino groups in UiO-66-NH; under acidic conditions, which results in
the fluorescence quenching of the UiO-66-NH;. Meanwhile, the fluorescence emission of
N-CDs is relatively enhanced due to the weakened inner filter effect, thereby achieving a
reliable ratiometric signal output. The proposed nanosensing platform exhibited a good
linear response to NO, ™ in the concentration range of 10-450 uM with a low detection limit
of 1.76 uM. It also demonstrated high selectivity for NO, ™ over a variety of interfering
ions and molecules. The proposed N-CDs@UiO-66-NH, sensing platform enables sensitive
and selective determination of nitrite and was successfully applied to lake water samples
with satisfactory recoveries. These results demonstrate its potential for environmental
monitoring. Further investigations involving complex food matrices will be conducted to
evaluate its applicability in food safety analysis.
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/ /www.mdpi.com/article/10.3390 /chemosensors14070156/s1, Figure S1: Excitation spectra of
N-CDs@UiO-66-NH, recorded by monitoring the emission at 456 and 730 nm, respectively;
Figure S2: Emission spectra of N-CDs@UiO-66-NH, recorded under different excitation wavelengths
(345, 355, 365, 375, 385 and 395 nm); Figure S3: UV-Vis absorption spectra of the N-CDs@UiO-66-NH,
suspension at different dilution ratios (undiluted, 1:2, 1:5, 1:10 and 1:20 dilution); Figure 54: (A)
Ratiometric fluorescence response of the 1:5 diluted sensing system toward vary-ing concentrations
of nitrite. (B) Corresponding calibration plots of the fluorescence intensity ra-tio F45¢/F739 versus
nitrite concentration.
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