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Abstract: In this work, we demonstrated a novel, sensitive and effective fluorescent naringin (NRG)
and naringenin (NRGe) detection method using polymethionine nanoparticles (PMNPs) as a fluores-
cent nanoprobe. The PMNPs were first synthesized by autopolymerization of methionine at 90 ◦C
when trace copper ions existed. The as-prepared PMNPs were thoroughly characterized by transmis-
sion electron microscopy (TEM), Fourier-transform infrared spectroscopy (FT-IR), gel permeation
chromatograph (GPC), nuclear magnetic resonance spectroscopy (NMR), transient and steady-state
fluorescence and UV–Vis absorption spectroscopy. The quenching mechanism was attributed to
the inner filter effect (IFE). Moreover, the developed assay was used successfully to detect NRG
and NRGe in real samples of citrus fruits, illustrating that this detection method has great potential
application in the field of citrus fruits analysis.

Keywords: fluorescence; polymethionine nanoparticles; naringin and naringenin detection; inner
filter effect

1. Introduction

Flavonoids are polyphenolic compounds consisting of three phenolic rings that are
widely present in many citrus fruits, as well as in various plants and traditional Chi-
nese medicinal herbs [1–3]. Among several varieties of flavonoids, naringin (NRG) and
naringenin (NRGe) are considered an important class of flavonoids with a wide range
of physiological functions such as anti-inflammatory [4], antioxidation [5], anti-ulcer and
anti-cancer activities [6,7]. NRG (4,5,7-trihydroxy flavanone-7-rhamnongluco-side) is a
dihydroflavonoid compound with various biological activities and pharmacological effects.
It can lower blood cholesterol, reduce thrombosis formation and improve local microcircula-
tion and nutritional supply, which can be used for production prevention and the treatment
of cardiovascular and cerebrovascular diseases [8,9]. NRGe (4,5,7-trihydroxyflavanone) is
the aglycone of naringin, a dihydroflavonoid compound. It has desirable properties such as
antibacterial [10,11], antitussive and expectorant [12], anti-cancer [13,14] and antiatheroscle-
rosis properties [15] and can be widely used in medicine, food and other fields. Hence, the
detection of NRG and NRGe in citrus fruits and biological systems is of great importance
and significance.

So far, a few methods have been developed for NRG and NRGe detection, mainly
including high-performance liquid chromatography (HPLC) [16,17], gradient elution liquid
chromatography–selected ion monitoring mass spectrometry (SIM LC–MS) [18,19] and
electrochemical methods [20–25]. As we know, HPLC and SIM LC–MS have some draw-
backs such as the requirement for expensive instrumentation, being time-consuming and
implying complicated operations. Therefore, the development of a simple, rapid, sensitive
and effective assay for detecting naringin and naringenin in food samples is still desired.
Compared to HPLC and SIM LC–MS, electrochemical methods are simpler and cost less
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and have been increasingly favored. For example, Camila S. Sousa et al. developed a pho-
toelectrochemical sensor for the determination of naringin on the basis of a modified FTO
electrode with cadmium sulfide and titanium dioxide sensitized with chloroprotoporphyrin
IX iron (III) [20]. Ziyatdinova developed an electrochemical sensor using a glassy carbon
electrode (GCE) modified with multi-walled carbon nanotubes and electropolymerized
ellagic acid (polyEA/MWNT/GCE) for naringin sensing [21].

However, to the best of our knowledge, fluorescent methods have never been used in
NRG and NRGe detection. As it is known, fluorescent methods possess the advantages of
simplicity and portability as well as sensitive detection of analytes in food, cells and in vivo.
Fluorescent probes are equally fascinating. For example, Çenet developed a fluorescent
probe for fenamiphos detection in not only vegetables but also living cells [26]. Jiang
designed a pyrene-based fluorescent probe for the detection of hypochlorite in aqueous
solutions and in living cells [27]. Previously, Su reported that polydihydroxypheny-lalanine
nanoparticles (PDNPs) were prepared for Cu2+ sensing [28]. Yildirim reported on poly-
dopamine nanoparticles for dopamine detection [29]. In the present work, we first prepared
fluorescent polymethionine nanoparticles (PMNPs) with a methionine solution under alka-
line conditions at 90 ◦C in the presence of copper ions. When NRG/NRGe was introduced
into the PMNP solution, the fluorescent intensities decreased, which was ascribed to the
inner filter effect (IFE) (Scheme 1).
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Scheme 1. The illustration of the synthesis of PMNPs as a fluorescent assay for naringenin and
naringin sensing.

Herein, this work presents the first sensing platform with a fluorescent probe for
the sensing of NRG and NRGe, which provides a novel perspective on the detection of
NRG/NRGe. The strategy is simple, economical and sensitive. The detection limit of NGR
was 0.33 µM and NRGe was 0.83 µM, which is comparable to some reported electrical
methods (Tables 1 and 2). Moreover, the as-prepared PMNPs have been successfully
applied in the detection of NRG and NRGe in real samples of citrus fruits. The probe
possesses good stability and water solubility and therefore has immense potential in the
further detection of NRG/NRGe in living cells and in vivo.
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Table 1. Comparison of methods for NRG determination.

Method Probe Linear Range LOD Reference

HPLC - - 0.2 µmol/L (LOD) [17]

Electrochemical
Method - - 0.55 µmol/L (LOD) [25]

Photo-electrochemistry CPPI-TiO2/CdS/FTO 1~332 µmol/L 0.03 µmol/L (LOD) [21]

Electrochemistry
Method

Hanging mercury drop
electrode 0.172~68.8 µmol/L 0.05 µmol/L (LOD) [22]

Fluorescence method PMNPs 1~200 µmol/L 0.33 µmol/L (LOD) [This work]

Table 2. Comparison of methods for NGRe determination.

Method Probe Linear Range LOD Reference

HPLC - - 1.286 µmol/L (LOD) [17]

Electrochemical
method

-
rGO/GSH/GCE 10~1200 µmol/L 3.33 µmol/L (LOD) [24]

Fluorescence method PMNPS 1~200 µmol/L 0.83 µmol/L(LOD) [This work]

2. Experimental Section
2.1. Materials

L-methionine (L-Met) was purchased from Shanghai Sangon Biotech Co., Ltd. (Shang-
hai, China). Anhydrous copper sulfate (CuSO4) and sodium hydroxide (NaOH) were
obtained from Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Naringin
and naringenin were purchased from Aladdin scientific Co., Ltd. (Shanghai, China). Other
chemicals of analytical purity were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), including MgSO4, HgNO3, NaCl, CoCl2, KIO3, Fe2(SO4)3, KI, Al2(SO4)3,
(NH4)2S2O8, KCl, CdCl2, CaCl2, BaCl2, Na2S, K4O7P2 (PPi), histidine (His), tyrosine (Tyr),
glutathione (Glu), urea, uric acid (UA), dopamine (DA), methoxymethyldiphenylamine
(DPA) and H2O2. The water we used throughout the process was double-deionized water
(DDW). Robinson buffer solution (BR buffer, H3PO4-HAc-H3BO3, 0.04 M) was prepared,
and its pH value was adjusted using 0.2 M NaOH solution.

2.2. Synthesis of the PMNPs

Firstly, 0.5 mL of 2.5 mM CuSO4 was added into 25 mg/mL of L-methionine solution
(0.4 M NaOH). The solution was continuously stirred for 6 h at 90 ◦C. The mixture even-
tually turned light yellow, which indicates that the PMNPs have formed. Ultimately, the
mixture was treated via 12 h dialysis with ultrapure water, the resultant solution of PMNPs
was stored in a refrigerator at 4 ◦C until further use (Scheme 1).

2.3. Characterizations

Fluorescence was measured using an FP-8300 spectrophotometer (Jasco, Tokyo, Japan).
An absorption measurement was performed using a PGENERAL TU-1901 UV–vis spec-
trophotometer (Beijing Purkinje general instrument Co. Ltd. China). Fourier-transform in-
frared (FTIR) spectroscopy was investigated using a */NEXUS470 (Thermo Fisher, Waltham,
MA, USA). Transmission electron microscopy (TEM) was characterized using a Jeol Jem
2100 microscope (JEOL, Tokyo, Japan). Fluorescence lifetime experiments were recorded by
a FLS920 fluorescence spectrometer (Edinburgh Instrument, Livingston, UK). Gel perme-
ation chromatography was performed using an Agilent 1260 Infinity II GPC spectrometer
(Polytech, Beijing, China). 1H NMR imaging was performed using a Bruker Avance Neo
600M NMR spectrometer (Bruker, Fällanden, Switzerland).
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2.4. General Procedure for NRG and NRGe Sensing

Firstly, 200 µL of PMNPs solution was diluted 10 times using DDW. Then, 100 µL of
different concentrations of NRG were added to the diluted assay solution and the final
concentrations of the NRG solution were 0, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,
90, 100, 125, 150 and 200 µM. The mixture was shaken thoroughly at room temperature.

The detection steps for NRGe are the same as the above steps. The final concentrations
of the NRGe solution were 0, 2.5, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150
and 200 µM. The fluorescence intensity of all the samples was monitored immediately
under excitation at 370 nm.

2.5. Analysis of NRG and NRGe in Citrus Fruits Samples

Fluorescence assay of NRG and NRGe in real samples (grapefruit peel and orange
juice) was performed using PMNPs as a probe. The grapefruit and orange were purchased
from the local supermarket. Firstly, grapefruit peel was weighed and crushed into a powder.
Then, the powder was dissolved in sodium hydroxide solution (0.4 M) and filtered. The
filtrate was diluted using ultrapure water to form an ultima solution. Next, 100 µL of the
diluted solution extracted from the grapefruit peel was spiked with different amounts of
NRG (final concentrations: 2.5, 5, 10 µM) and NRGe (final concentrations: 5, 10, 20 µM),
respectively, which were used for further analysis using the above-mentioned procedure.

The orange flesh and an amount of water was added into the juicer. After crushing,
the resultant solution was centrifuged at 12,000 rpm for 10 min and the supernatant was
collected for further use. Next, 100 µL of supernatant was spiked with different amounts of
NRG (final concentrations: 2.5, 5, 10 µM) and NRGe (final concentrations: 5, 10, 20 µM),
respectively, which were used for further analysis using the above-mentioned procedure.

3. Results and Discussion
3.1. Characterization of PMNPs

Blue fluorescent PMNPs were developed using a “one-pot” strategy, in which L-
Mets self-polymerize into oligomers with fluorescent properties under the catalytic action
of copper ions (Scheme 1). The synthesized PMNPs were characterized using various
techniques. In order to demonstrate the formation of PMNPs, TEM analysis was performed.
The TEM image showed that the obtained PMNPs were spherical in shape and had a
uniform size distribution (Figure 1a). The average diameter of the PMNPS was determined
to be 157.08 ± 31.83 nm (Figure S1), which suggested the formation of homogeneous
small PMNPs. To verify the formation of the PMNPs, 1H NMR analysis was performed.
The 1H NMR image showed that the PMNPs had a typical amide bond, indicating that
autopolymerization had occurred (Figure 1b). The surface groups of methionine and
PMNPs were analyzed using FT-IR spectra. Figure 1c shows that methionine and the
PMNPs had similar peak positions and main functional groups, indicating that methionine
was successfully autopolymerized. The transmission peaks at 1606 cm−1 suggested a
correspondence to the C=O stretching vibration. The peak at 3406 cm−1 was broad, which
corresponded to the stretching of the hydroxyl group. The GPC spectra was used to analyze
the molecular weight of PMNPs. Figure 1d shows that the PMNPs had a molecular weight
of over 5000.

The fluorescence spectra of the PMNPs are shown in Figure 2. The excitation of the
PMNPs was 377 nm and emissions were 456 nm. The as-synthesized PMNPs solution
was light yellow in daylight and emitted a strong blue fluorescence under 365 nm UV
light irradiation (inset Figure 2a). In Figure 2b, L-Met had a weak fluorescence intensity,
whereas L-Met with trace copper ions showed a strong fluorescence peak, resulting from
methionine undergoing self-polymerization. As shown in Figure 2c, when the excitation
wavelengths changed from 330 nm to 430 nm, the fluorescence intensity of PMNPs in-
creased and then decreased, indicating the excitation-dependent emission behavior of the
resulting PMNPs, which was very similar to eumelanin polymers [30]. PMNPs displayed
a broad absorbance around 273 nm (Figure S2). The characteristic absorption peak at
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560–600 nm, arising from the surface plasmonic resonance (SPR) of large-sized Cu nanopar-
ticles, was not observed, demonstrating the formation of PMNPs rather than metal cousin
nanoparticles [31–33]. Additionally, the time-resolved FL decay of PMNPs was further
investigated using the time-correlated single-photon counting technique (TCSPC) measure-
ment (Figure 2d). The FL decay curve could be well-fitted by a two-exponential function:
I(t) = B1exp(−t/τ1) + B2exp(−t/τ2), where τ1 and τ2 represent the decay time, and B1 and
B2 are the corresponding amplitudes. Fluorescence decay was calculated according to the
following equation: τaverage = (B1τ1

2 + B2τ2
2)/(B1τ1 + B2τ2) [34]. The average FL lifetime

was calculated to be 5.4 ns.
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3.2. Stability Studies of PMNPs

The stability of PMNPs is vital for their potential applications. The tolerance of the
prepared PMNPs to pH and temperature was investigated and is shown in Figure 3a. The
fluorescence value of the PMNPs decreased in strongly acidic media and was relatively
stable in alkaline, neutral and weakly acidic media. Amidogen reacts with carboxyl groups
to form ester groups in the process of self-polymerization of L-methionine. The ester group
is completely hydrolyzed under acidic conditions, inhibiting the self-polymerization of L-
methionine, possibly resulting in the significant decreases in fluorescence value. Although
the hydrolysis of the ester group is reversible under alkaline conditions, the PMNPs were
stable in alkaline, neutral and weakly acidic conditions. A possible reason for this is that
the hydrolysis of the ester groups under alkaline and weakly acidic conditions is a dynamic
equilibrium process, which does not destroy methionine autopolymerization. Moreover,
no hydrolysis of the ester groups took place under neutral conditions. Figure 3b shows that
the fluorescence intensity of PMNPs in the temperature range of 15–85 ◦C showed little
change, indicating that the prepared PMNPs had good temperature resistance.
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3.3. Fluorescence Sensing of NRG and NRGe Based on the PMNPs Probe

As shown in Figure 4a,b, PMNPs exhibited a strong emission intensity in the absence
of NRG/NRGe, whereas the fluorescent values of PMNPs gradually dropped as the con-
centrations of NRG/NRGe increased. It is noted that the PMNPs were quenched linearly
upon the addition of NRG/NRGe in the concentration range of 0~200 µM (Figure 4c,d).
There was a positive linear relationship between the relative fluorescence intensity of
the PMNPs versus NRG/NRGe concentrations in a range between 0.00~60.00 µM and
0.00~35.00 µM, with correlation coefficients of 0.99485 and 0.9915, respectively (inset in
Figure 4c,d). The linear equation of NRG and NRGe is F/F0 = 0.97703 − 0.00975 × C[NRG]
and F/F0 = 0.99491 − 0.01128 × C[NRGe], where F0 and F refer to the fluorescence intensity
of the PMNPs solution in the absence and presence of NRG/NRGe, respectively. The limit
of detection (LOD) was calculated from the following relationship: S/N = 3, where N is
the standard deviation of the blank signal and S is the slope of the linear calibration plot.
The computed LOD of NRG was 0.33 µM and that of the NRGe was as low as 0.83 µM. In
comparison with other methods such as MLCEC and HPLC-MS, the fluorophotometric
method was cost-effective and simple and its LOD was comparable to other reported
methods (Tables 1 and 2).

3.4. Selectivity of the Sensing System

In order to assess the selectivity of the PMNPs assay in NRG and NRGe sensing,
we examined the fluorescent intensity change of the assay in the presence of 100 µM of
various common molecules such as histidine(His), tyrosine (Tyr), glutathione (Glu), urea,
uric acid (UA), dopamine (DA), methoxymethyldiphenylamine (DPA), H2O2, naringin and
naringenin as well as some common concentration ions such as K+, Na+, Ca2+, Hg+, Mg2+,
Fe3+, Al3+, Ag+, Pb2+, Zn2+, Ba2+, Cd2+, Co2+, I−, IO3

−, S2−, S2O8
2− and PPi. As shown in

Figure 5, the fluorescence intensity of the PMNPs assay at 377 nm significantly decreased
only for NRG and NRGe, demonstrating that the as-prepared PMNPs probe for NRG and
NRGe possessed good selectivity. However, the probe could not distinguish between the
two when both existed.
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Figure 4. Fluorescence emission spectra of PMNPs with various concentrations (0–200 µM) of NRG
(a) and NRGe (b). The plot of relative emission intensity (F/F0) versus different concentrations of
NRG (c) and NRGe (d). Inset: Relative emission intensity (F/F0) of PMNPs versus the NRG (c)
and NRGe (d) concentrations from 0 to 60 µM and 0 to 35 µM, respectively. F0 and F refer to the
fluorescence intensity of PMNPs solution in the absence and presence of NRG/NRGe, respectively.
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Figure 5. Selectivity of fluorescent PMNPs probe towards some molecules (a), cations, and anions (b).
F0 and F are the fluorescence intensity of PMNPs in the absence and presence of different species,
respectively.

3.5. Fluorescence Quenching Mechanism

In general, the fluorescence quenching mechanism can take place via donor accep-
tor charge-transfer complexes, static/binding-related quenching and dynamic quench-
ing [35], which occur through many processes such as fluorescence resonance energy
transfer (FRET) [36–39], photoinduced electron transfer (PET) [40–42] and innerfilter effect
(IFE) [43–45].

In order to study the quenching mechanism of the PMNPs by NRG and NRGe, the
FT-IR spectra of the sensing system were first investigated. As shown in Figure 6, no
obvious change was observed in the spectrum of PMNPs + NRG and PMNPs + NRGe,
compared with the spectra of only PMNPs, NRG and NRGe. This result proves that no new
substance was produced, demonstrating that the quenching mechanism is possibly not
attributed to the interaction between the probe and the analytes and static quenching [46].
Figure 7a shows that NRGe exhibited a broad absorption at 350 nm and NRG displayed
visible absorption at 330 and 390 nm. NRG showed an overlap with the excitation spectra
of the PMNPs to a large extent. NRGe showed an overlap both with the excitation and
emission spectra of the PMNPs. These results suggested that the quenching mechanism
may be attributed to the IFE. The IFE phenomenon exists between the absorber and fluo-
rophore if the analyte molecule possesses a strong absorption at the excitation or emission
wavelength of the fluorophore [39]. To further investigate and determine the type of
quenching mechanism precisely, the fluorescence lifetimes of the PMNPs with NRG/NRGe
were measured, respectively, via TCSPC. Fluorescence decay was calculated based on
the following equation: τ average = (B1τ1

2 + B2τ2
2)/(B1τ1 + B2τ2) [34]. As revealed in

Figure 7b, in the presence of the quencher molecules of NRG/NRGe (4.98 and 5.10 ns), the
fluorescence lifetime values of PMNPs (5.4 ns) did not exhibit any visible change (Table 3),
which confirms that the quenching mechanism was the IFE process rather than the FRET
process [46,47].
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Table 3. Time-resolved fluorescence decay of PMNPs in the absence and presence of NRG /NRGe.

Samples τ1 (ns) τ2 (ns) B1 B2 τavg (ns)

PMNPs 0.9191 6.5754 975.2305 519.9597 5.4
PMNPs + NRG 0.6949 6.1699 1081.1244 417.5455 4.93
PMNPs + NRGe 0.8548 6.4076 1042.3488 454.1409 5.10

3.6. Practical Application in Real Samples

Moreover, we studied the practicality of this method for NRG and NRGe detection,
respectively, in real samples including grapefruit peel and orange juice. The results are
listed in Table 4. It could be observed that the average concentration of NRG and NRGe in
the grapefruit peel sample was estimated to be 12.40 and 8.26 µM, respectively.
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Table 4. Analytical results of NRG and NRGe in real samples using the PMNP-based fluorescence
method.

Samples
(%)

Detected
(µM)

Added
(µM)

Found
(µM)

Recovery
(%) RSD

Grapefruit
peel

NRG 12.4 2.5 14.85 102.0 3.4
5.0 17.55 103.0 4.6

10.0 22.48 99.2 4.3
NRGe 8.26 5.0 13.28 100.4 4.4

10.0 18.16 99.0 3.2
20.0 27.10 94.2 4.5

Orange
juice

NRG 1.23 2.5 3.78 102.0 2.4
5.0 6.16 98.6 1.8

10.0 11.19 99.6 1.5
NRGe 2.63 5.0 7.52 97.8 3.2

10.0 12.42 97.9 4.2
20.0 21.03 92.0 3.8

The average concentrations of NRG /NRGe in the orange juice sample were measured
to be 1.23 and 2.63 µM, respectively. The nanosensor showed good recovery percentages
between 92% and 103% and all relative standard deviations (RSD) were below 4.6%. These
experimental results show that PMNPs used as a fluorescent probe show reproducibility
and accuracy and have great potential for applications in NRG and NRGe assays with
grapefruit peel and orange juice samples.

4. Conclusions

In summary, a novel fluorescent platform was developed to measure NRG and NRGe.
The sensing strategy was simple and effective. The sensor achieved NRG and NRGe
concentration in the range of 0–200 µM with limits of detection of 0.33 and 0.83 µM, respec-
tively. This developed PMNP-based fluorescent probe for NRG and NRGe determination
is simple, fast and efficient. The fluorescence quenching mechanism of PMNPs toward the
NRG and NRGe was found to be the IFE. Moreover, the sensor was successfully applied to
the detection of NRG and NRGe in different types of citrus samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17163919/s1, Figure S1: The size distribution of the prepared
PMNPs; Figure S2: UV-vis absorption spectra of L-Met and PMNPs.

Author Contributions: Conceptualization, Y.J.; Experiment, Y.J. Software, H.H.; Investigation, Y.J.;
Resources, Y.T.; Writing—original draft, Y.J.; Writing—review and editing, L.L.; Funding acquisition,
Y.J. Data curation, Y.J.; Formal analysis, Y.T.; Resources, Y.T.; Conceptualization, L.L. Visualization,
H.H. Resources, J.G.; Supervision, J.G.; Validation, J.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work has been partially funded by the Natural Science Project of Colleges and
Universities in Anhui Province (2022AH051920).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Hui Han was employed by Anhui Triumph Applied Materials Co., Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

https://www.mdpi.com/article/10.3390/ma17163919/s1
https://www.mdpi.com/article/10.3390/ma17163919/s1


Materials 2024, 17, 3919 12 of 13

References
1. Cohen, E.; Sharonr, R.; Volman, L.; Hoenig, R.; Saguy, I. Characteristics of israeli citrus peel and citrus juice. J. Food. Sci. 1984, 49,

987–990. [CrossRef]
2. Mouly, P.; Gaydou, E.M.; Estienne, J. Column liquid chromatographic determination of flavanone glycosides in Citrus: Application

to grapefruit and sour orange juice adulterations. J. Chromatogr. 1993, 634, 129–134. [CrossRef] [PubMed]
3. Castlllo, J.; Benavente-garcfa, O.; Del Rio, J.A. Study and optimization of citrus flavanone and flavones elucidation by reverse

phase HPLC with several mobile phases: Influorescence of the structural characteristics. J. Liq. Chromatogr. 1994, 17, 1497–1523.
[CrossRef]

4. Fan, S.H.; Zhang, Z.F.; Zheng, Y.L.; Lu, J.; Wu, D.M.; Shan, Q.; Hu, B.; Wang, Y.Y. Troxerutin protects the mouse kidney from
D-galactose-caused injury through anti-inflammation and anti-oxidation. Int. Immunopharmacol. 2009, 9, 91–96. [CrossRef]
[PubMed]

5. Zheng, H.; Zhen, X.T.; Chen, Y.; Zhu, S.C.; Ye, L.H.; Yang, S.Y.; Wang, Q.Y.; Cao, J. In situ antioxidation-assisted matrix solid-phase
dispersion microextraction and discrimination of chiral flavonoids from citrus fruit via ion mobility quadrupole time-of-flight
high-resolution mass spectrometry. Food Chem. 2021, 343, 128422. [CrossRef]

6. Martin, M.J.; Marhuenda, E.; Franco, J.M. Anticulcer effect of naringin on gastric lesions induced by ethanol in rats. Pharmacology
1994, 49, 144–150. [CrossRef]

7. Mohamed, E.A.; Hashim, I.I.A.; Yusif, R.M.; Shaaban, A.A.A.; El-Sheakh, A.R.; Hamed, M.F.; Badria, F.A.E. Polymeric micelles for
potentiated antiulcer and anticancer activities of naringin. Int. J. Nanomed. 2018, 13, 1009–1027. [CrossRef] [PubMed]

8. Fang, T.Z.; Wang, Y.G.; Ma, Y.; Su, W.W.; Bai, Y.; Zhao, P.Y. A rapid LC/MS/MS quantitation assay for naringin and its two
metabolites in rats plasma. J. Pharm. Biomed. Anal. 2006, 40, 454–459. [CrossRef] [PubMed]

9. Li, X.L.; Xiao, H.B.; Liang, X.M.; Shi, D.Z.; Liu, J.G. LC–MS/MS determination of naringin, hesperidin and neohesperidin in rat
serum after orally administrating the decoction of Bulpleurum falcatum, L. and Fractus aurantii. J. Pharm. Biomed. Anal. 2004, 34,
159–166. [CrossRef]

10. Agus, S.; Achmadi, S.S.; Mubarik, N.R. Antibacterial activity of naringenin-rich fraction of pigeon pea leaves toward Salmonella
thypi. Asian Pac. J. Trop. Biomed. 2017, 78, 725–728. [CrossRef]

11. Patel, K.; Gadewar, M.; Tahilyan, V.; Patel, D.K. A review on pharmacological and analytical aspects of diosgenin: A concise
report. Nat. Prod. Bioprospect. 2012, 2, 46–52. [CrossRef]

12. Lin, B.Q.; Li, P.B.; Wang, Y.G.; Peng, W.; Wu, Z.; Su, W.W.; Ji, H. The expectorant activity of naringenin. Pulm. Pharmacol Ther.
2008, 21, 259–263.

13. Wang, L.Y.; Zeng, W.F.; Wang, L.Y.; Wang, Z.H.; Yin, X.Z.; Qin, Y.; Zhang, F.Y.; Zhang, C.L.; Liang, W. Naringenin enhances the
antitumor effect of therapeutic vaccines by promoting antigen cross-presentation. J. Immunol. 2020, 204, 622–631. [CrossRef]
[PubMed]

14. Chang, H.L.; Chang, Y.M.; Lai, S.C.; Chen, K.M.; Wang, K.C.; Chiu, T.T.; Chang, F.H.; Hsu, L.S. Naringenin inhibits migration of
lung cancer cells via the inhibition of matrix metalloproteinases-2 and -9. Exp. Ther. Med. 2017, 13, 739–744. [CrossRef] [PubMed]

15. Orhan, I.E.; Nabavi, S.F.; Daglia, M.; Tenore, G.C.; Mansouri, K.; Nabavi, S.M. Naringenin and atherosclerosis: A review of
literature. Curr. Pharm. Biotechno. 2015, 16, 245–251. [CrossRef] [PubMed]

16. Hsiu, S.L.; Huang, T.Y.; Hou, Y.C.; Chin, D.H.; Chao, P.D.L. Comparison of metabolic pharmacokinetics of naringin and naringenin
in rabbits. Life Sci. 2002, 70, 1481–1489. [CrossRef] [PubMed]

17. Cordenonsi, L.M.; Bromberger, N.G.; Raffin, R.P.; Scherman, E.E. Simultaneous separation and sensitive detection of naringin and
naringenin in nanoparticles by chromatographic method indicating stability and photodegradation kinetics. Biomed. Chromatogr.
2016, 30, 155–162. [CrossRef] [PubMed]

18. Xiong, X.; Jiang, J.J.; Duan, J.L.; Xie, Y.M.; Wang, J.N.; Zhai, S.D. Development and validation of a sensitive Liquid
chromatography—Tandem Mass Spectrometry method for the determination of naringin and its metabolite, naringenin, in
Human Plasma. J. Chromatogr. Sci. 2014, 52, 654–660. [CrossRef]

19. Zou, W.; Yang, C.; Liu, M.; Su, W. Tissue Distribution Study of Naringin in Rats by Liquid Chromatography-Tandem Mass
Spectrometry. Arzneimittelforschung 2012, 62, 181–186. [CrossRef]

20. Ziyatdinova, G.; Yakupova, E.; Guss, E.; Budnikov, H.; Pereira, N.M. The Selective Electrochemical Sensing of Naringin Using
Electropolymerized Ellagic Acid Film. J. Electrochem. Soc. 2020, 167, 107502. [CrossRef]

21. Sousa, C.S.; Lima, K.C.M.S.; Botelho, C.N.; Pereira, N.M.; Fernandes, R.N.; Silva, G.G.; Damos, F.S.; Luz, R.C.S. Photoelectrochem-
ical sensor for determination of naringin at low oxidation potential using a modified FTO electrode with cadmium sulfide and
titanium dioxide sensitized with chloroprotoporphyrin IX iron (III). J. Solid State Electr. 2020, 24, 1715–1726. [CrossRef]

22. Gupta, A.K.; Mishra, P.; Senapati, M.; Sahu, P.P. A novel electrochemical device for naringin quantiffcation and removal from
bitter variety of citrus fruits. J. Food Eng. 2021, 306, 110637. [CrossRef]

23. Volikakis, G.J.; Efstathiou, C.E. Determination of rutin and other flavonoids by flow-injection/adsorptive stripping voltammetry
using nujol-graphite and diphenylether-graphite paste electrodes. Talanta 2000, 51, 775–785. [CrossRef] [PubMed]

24. Hu, H.T.; Xu, J.T.; Li, B.L.; Han, G.C.; Feng, X.Z.; Kraatz, H.B. Construction of rGO and GSH Electrochemical Sensor by
Electrodeposition for Naringenin Sensing. J. Electrochem. Soc. 2024, 171, 072501. [CrossRef]

25. Reichart, E.; Obendorf, D. Determination of naringin in grapefruit juice by cathodic stripping differential pulse voltammetry at
the hanging mercury drop electrode. Anal. Chim. Acta 1998, 360, 179–187. [CrossRef]

https://doi.org/10.1111/j.1365-2621.1984.tb10376.x
https://doi.org/10.1016/0021-9673(93)80321-X
https://www.ncbi.nlm.nih.gov/pubmed/8486744
https://doi.org/10.1080/10826079408013175
https://doi.org/10.1016/j.intimp.2008.10.008
https://www.ncbi.nlm.nih.gov/pubmed/19000936
https://doi.org/10.1016/j.foodchem.2020.128422
https://doi.org/10.1159/000139228
https://doi.org/10.2147/IJN.S154325
https://www.ncbi.nlm.nih.gov/pubmed/29497294
https://doi.org/10.1016/j.jpba.2005.07.031
https://www.ncbi.nlm.nih.gov/pubmed/16406442
https://doi.org/10.1016/j.japna.2003.08.002
https://doi.org/10.1016/j.apjtb.2017.07.019
https://doi.org/10.1007/s13659-012-0014-3
https://doi.org/10.4049/jimmunol.1900278
https://www.ncbi.nlm.nih.gov/pubmed/31871020
https://doi.org/10.3892/etm.2016.3994
https://www.ncbi.nlm.nih.gov/pubmed/28352360
https://doi.org/10.2174/1389201015666141202110216
https://www.ncbi.nlm.nih.gov/pubmed/25483717
https://doi.org/10.1016/S0024-3205(01)01491-6
https://www.ncbi.nlm.nih.gov/pubmed/11895099
https://doi.org/10.1002/bmc.3531
https://www.ncbi.nlm.nih.gov/pubmed/26053258
https://doi.org/10.1093/chromsci/bmt095
https://doi.org/10.1055/s-0031-1299746
https://doi.org/10.1149/1945-7111/ab9280
https://doi.org/10.1007/s10008-020-04568-4
https://doi.org/10.1016/j.jfoodeng.2021.110637
https://doi.org/10.1016/S0039-9140(99)00352-5
https://www.ncbi.nlm.nih.gov/pubmed/18967910
https://doi.org/10.1149/1945-7111/ad5b21
https://doi.org/10.1016/S0003-2670(97)00704-6


Materials 2024, 17, 3919 13 of 13

26. Jiang, Z.; Zhou, X.; Zhong, T.Y.; Wang, G. A new pyrene-based “turn-on” fuorescent probe for highly selective detection of
hypochlorite in aqueous solution and in living cells. Chem. Pap. 2023, 77, 197–205. [CrossRef]

27. Çenet, E.N.; Aydin, Z.; Keles, M.; Bayrakci, M. A highly sensitive fluorescent sensor for fenamiphos detection in vegetable
samples and living cells based-on an enzyme free system. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023, 284, 121798.

28. Sua, Y.; Shi, B.F.; Liao, S.Q.; Qin, Y.F.; Zhang, L.L.; Huang, M.J.; Zhao, S.L. Facile preparation of fluorescent polydihydroxypheny-
lalanine nanoparticles for label-free detection of copper ions. Sens. Actuators B. 2016, 225, 334–339. [CrossRef]

29. Yildirim, A.; Bayindir, M. Turn-on fluorescent dopamine sensing based on in situ formation of visible light emitting polydopamine
nanoparticles. Anal. Chem. 2014, 86, 5508–5512. [CrossRef]

30. Nighswander-Rempel, S.P.; Riesz, J.; Gilmore, J.; Meredith, P. A quantum yield map for synthetic eumelanin. J. Chem. Phys. 2005,
123, 194901. [CrossRef]

31. Song, Q.W.; Yang, L.X.; Chen, H.K.; Zhang, R.; Na, N.; Ouyang, J. A label-free fluorometric assay for actin detection based on
enzyme_responsive DNA-templated copper nanoparticles. Talanta 2017, 174, 444–447. [CrossRef] [PubMed]

32. Han, B.Y.; Peng, T.T.; Li, Y.; Yu, M.B.; Hu, X.X.; He, G.H. Ultra-stable L-proline protected copper nanoclusters and their solvent
effect. Methods Appl. Fluoresc. 2018, 6, 035015. [CrossRef] [PubMed]

33. Yuan, P.X.; Deng, S.Y.; Zheng, C.Y.; Cosnier, S.; Shan, D. In situ formed copper nanoparticles templated by TdT-mediated DNA
for enhanced SPR sensor-based DNA assay. Biosens. Bioelectron. 2017, 97, 1–7. [CrossRef] [PubMed]

34. Shao, C.Y.; Li, C.B.; Zhang, C.; Ni, Z.; Liu, X.H.; Wang, Y.X. Novel synthesis of orange-red emitting copper nanoclusters stabilized
by methionine as a fluorescent probe for norfloxacin sensing. Spectrochim. Acta Part A 2020, 236, 118334. [CrossRef] [PubMed]

35. Shaw, M.; Samanta, D.; Shaik, M.M.D.; Bhattacharya, A.; Basu, R.; Mondal, I.; Pathak, A. Solvent-induced switching between
static and dynamic fluorescence quenching of N, S Co-doped carbon dots in sensing of Crotonaldehyde: A detailed systematic
study. Opt. Mater. 2003, 137, 113600. [CrossRef]

36. Goswami, U.; Dutta, A.; Raza, A.; Kandimalla, R.; Kalita, S.; Ghosh, S.S.; Chattopadhyay, A. Transferrin-Copper Nanocluster-
Doxorubicin Nanoparticles as Targeted Theranostic Cancer Nanodrug. ACS Appl. Mater. Interfaces 2018, 10, 3282–3294. [CrossRef]
[PubMed]

37. Li, H.L.; Luo, Y.L.; Sun, X.P. Fluorescence resonance energy transfer dye-labeled probe for fluorescence-enhanced DNA detection:
An effective strategy to greatly improve discrimination ability toward single-base mismatch. Biosens. Bioelectron. 2011, 27, 167–171.
[CrossRef] [PubMed]

38. Xu, S.Y.; Wang, J.; Dong, J. Nonspecific interaction and overlap concentration influence macromolecular crowding effect on
glucose oxidase activity. Int. J. Biol. Macromol. 2023, 241, 124525. [CrossRef] [PubMed]

39. Kharajinezhadian, R.; Chaichi, M.J.; Nazari, O.; Lakouraj, M.M.; Hasantabar, V. Disposable luminescent kit based on dithizone-
functionalized waste blue-phosphor as field-deployable sensor for environment monitoring. Mater. Sci. Eng. B 2023, 288, 116149.
[CrossRef]

40. Qi, S.; He, X.F.; Zhang, S.S.; Xu, P.; Su, M.; Dong, B.; Song, B. Turn-off near-infrared fluorescent probe for free bilirubin detection
constructed by enhanced excimer emission. Anal. Chim. Acta 2023, 1238, 340657. [CrossRef]

41. Yoshinaga, R.; Kojima, F.; Sugiyama, K.; Kunugita, H.; Hashimoto, T.; Hayashita, T.; Ema, K. Marcus model-based analysis of the
photo-quenching mechanism of a boronic acid fuorophore: Water concentration dependence of electron transfer rate. Anal. Sci.
2023, 39, 213–220. [CrossRef]

42. Sun, W.; Jiang, L.; Hao, X.Y.; Fan, X.G.; Qin, Y.X.; Huang, T.; Lou, Y.; Liao, L.; Zhang, K.Y.; Chen, S.P.; et al. Cane Molasses derived
N-doped graphene quantum dots: Dynamic quenching synergistically photoinduced electron transfer for the instant detection of
nitrofuran antibiotics. Langmuir 2023, 39, 4394–4405. [CrossRef] [PubMed]

43. Chen, S.; Yu, Y.L.; Wang, J.H. Inner filter effect-based fluorescent sensing systems: A review. Anal. Chim. Acta 2018, 999, 13–26.
[CrossRef] [PubMed]

44. Anand, S.K.; Mathew, M.R.; Kumar, K.G. A Simple and Cost Effective Turn off Fluorescence Sensor for Biliverdin and Bilirubin
Based on L-Cysteine Modulated Copper Nanoclusters. J. Fluoresc. 2020, 30, 63–70. [CrossRef]

45. Zhang, S.; Wang, Z.; Yan, W.Y.; Guo, Y.Y. Novel luteolin sensor of tannic acid-stabilized copper nanoclusters with blue-emitting
fluorescence. Spectrochim. Acta Part A 2021, 259, 119887. [CrossRef] [PubMed]

46. Cai, Z.F.; Chen, S.Y.; Ma, X.R.; Dang, N.; Zhao, J.; Wu, T.Q.; Zhang, C.F. Preparation and use of tyrosine-capped copper
nanoclusters as fluorescent probe to determine rutin. J. Photochem. Photobiol. B 2021, 405, 112918. [CrossRef]

47. Cai, Z.F.; Zhu, R.T.; Zhang, S.; Wu, L.L.; Li, J.H.; Huang, S.Y.; Ma, X.R. A highly sensitive and selective “turn off” fluorescent
sensor based on water soluble copper nanoclusters for morin and temperature sensing. J. Lumin. 2021, 236, 118108. [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/10.1007/s11696-022-02475-8
https://doi.org/10.1016/j.snb.2015.11.067
https://doi.org/10.1021/ac500771q
https://doi.org/10.1063/1.2075147
https://doi.org/10.1016/j.talanta.2017.06.031
https://www.ncbi.nlm.nih.gov/pubmed/28738606
https://doi.org/10.1088/2050-6120/aac8f5
https://www.ncbi.nlm.nih.gov/pubmed/29848802
https://doi.org/10.1016/j.bios.2017.05.033
https://www.ncbi.nlm.nih.gov/pubmed/28544921
https://doi.org/10.1016/j.saa.2020.118334
https://www.ncbi.nlm.nih.gov/pubmed/32305833
https://doi.org/10.1016/j.optmat.2023.113600
https://doi.org/10.1021/acsami.7b15165
https://www.ncbi.nlm.nih.gov/pubmed/29278317
https://doi.org/10.1016/j.bios.2011.06.037
https://www.ncbi.nlm.nih.gov/pubmed/21783356
https://doi.org/10.1016/j.ijbiomac.2023.124525
https://www.ncbi.nlm.nih.gov/pubmed/37086776
https://doi.org/10.1016/j.mseb.2022.116149
https://doi.org/10.1016/j.aca.2022.340657
https://doi.org/10.1007/s44211-022-00222-3
https://doi.org/10.1021/acs.langmuir.3c00008
https://www.ncbi.nlm.nih.gov/pubmed/36913721
https://doi.org/10.1016/j.aca.2017.10.026
https://www.ncbi.nlm.nih.gov/pubmed/29254563
https://doi.org/10.1007/s10895-019-02470-5
https://doi.org/10.1016/j.saa.2021.119887
https://www.ncbi.nlm.nih.gov/pubmed/33971442
https://doi.org/10.1016/j.jphotochem.2020.112918
https://doi.org/10.1016/j.jlumin.2021.118108

	Introduction 
	Experimental Section 
	Materials 
	Synthesis of the PMNPs 
	Characterizations 
	General Procedure for NRG and NRGe Sensing 
	Analysis of NRG and NRGe in Citrus Fruits Samples 

	Results and Discussion 
	Characterization of PMNPs 
	Stability Studies of PMNPs 
	Fluorescence Sensing of NRG and NRGe Based on the PMNPs Probe 
	Selectivity of the Sensing System 
	Fluorescence Quenching Mechanism 
	Practical Application in Real Samples 

	Conclusions 
	References

