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Salicylic acid (SA) is widely used in food storage, preservatives, additives, healthcare, and the pharmaceutical
industry. However, various poisoning symptoms are frequently reported upon ingestion of a large amount of SA.
Therefore, discovering new tools for sensing SA with fast, simple, and portable performance is imperative.
Herein, five rhodamine-based fluorescent sensors were constructed, and investigated their SA detection profiles.
Probe 1 was excellent selective with a rapid response, highly sensitive (LOD = 2.5 pM), good interference

resistance, and unaided eye recognition. The spray experiment and paper-based test strips indicating that probe 1
enables to the on-site and quantitatively detect SA on actual food surfaces by using a smartphone identifying the
RGB values. The sensing performance was validated in soil samples, water, and various agricultural food sam-
ples. Overall, the constructed SA sensor can function as a promising, convenient, and affordable tool for point-of-
care detection of SA in diversiform environmental samples.

1. Introduction

The increasing emphasis on food safety has spurred a refocusing on
natural and safe antimicrobial agents to manage pathogenic microor-
ganisms in food and postharvest fruit (Asghari & Aghdam, 2010; Koo,
Heo, & Choi, 2020; J. Wang, Allan, Wang, & Yin, 2022). Salicylic acid
(SA), derived from natural sources such as willow bark and other plants,
has been excavated for its extensive application as a safe compound with
significant potential for antimicrobial purposes in food processing and
preservation (C. Chen et al., 2023; Yang, Kang, Liu, Guo, & Chen, 2022).
Although SA is featured of high efficiency as a panacea for reducing
human diseases and can extend the shelf life and enhance the post-
harvest quality of fruits and vegetables, it also leads to unknown side
effects, such as urticaria, angioedema, ototoxicity, and central nervous

system diseases in individuals sensitive to SA (Y. Wang et al., 2019; Q.
Zhang et al., 2014). Even worse, many studies have found that SA res-
idues pollute waterways, agricultural soil, and foods, bringing risks to
human health and food safety; prolonged SA exposure can cause liver
and kidney damage, dizziness, nausea, protein degeneration, and even
mucosal bleeding or necrosis (Chou, Wang, Huang, & Liu, 2011; Kar-
unanayake et al., 2017). According to European Union standards
(EC1223/2009), SA in cosmetics must not exceed 0.5 %, and the Chinese
Ministry of Health requires SA concentrations below 2 % in cosmetics
(Cunha et al., 2023). Besides, sodium salicylate serves as a denaturant
and preservative at concentrations from 0.09 % to 2 %, with concen-
trations of both free and bound SA, as well as free SA alone, ranging from
0 to 1 mg/kg in vegetables and fruits, and from 3 to 28 mg/kg in herbs
and spices (FA Andersen, 2003; Scotter et al., 2007). Excess SA in human
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serum (>3-4 x 1074 g/mL) can be toxic (Long, Chen, & Deng, 2013). So
far, few methods can detect SA in fruits and vegetables. Therefore,
simple and powerful methods and tools are urgently needed for quan-
titatively detecting SA with high sensitivity and selectivity.

The traditional technologies to detect SA include high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) (Li
et al, 2017), Gas chromatography-mass spectrometry (GC-MS)
(Abaimov, Spavronskaya, Shabalina, Tanashyan, & Sariev, 2019), sur-
face plasma resonance technology (Tian et al., 2012), chromatographic
methods (Gruz, Ayaz, Torun, & Strnad, 2011), mass spectrometry
(Pastor et al., 2012), and electrochemical analysis (Kashyap & Kumar,
2022). These methods require expensive apparatus, user expertise,
pretreatment processes, low selectivity, and lengthy sample testing. To
our knowledge, these methods cannot achieve facile on-site (i.e.,
portable) detection of SA.

To date, methods based on fluorescent probes are more favorable
because of their low cost-effectiveness, simple operation, portability,
and fast response (Meng et al., 2023). In particular, rhodamine-based
fluorescent probes are ideal for analyte detection owing to their
outstanding photophysical properties, including high molar absorption
coefficient, exceptional photostability, biocompatibility, outstanding
fluorescence quantum yield, and excellent water solubility (X. Chen,
Pradhan, Wang, Kim, & Yoon, 2012; Zeng et al., 2023). More impor-
tantly, rhodamine probes have a robust off-on fluorescent response to
analytes resulting from a switch between the non-fluorescent spirocyclic
configuration and the highly fluorescent open-ring form (Muthusamy
et al., 2022). Based on our previous studies of rhodamine skeleton de-
rivatives, we envisioned obtaining a high-performance fluorescent
probe by introducing optically favorable functional groups directly onto
the rhodamine structure without a linker (J.-Y. Chen et al., 2023; Ma
et al., 2023; Tan et al., 2024; Tang et al., 2024). Moreover, heterocyclic
benzimidazole and its derivatives are helpful moieties for fluorescence
detection, having unique optical properties and strong hydrogen donors
(the NH group and pyridine-like nitrogen within the ring) that are useful
for achieving selective binding (G. Chen, Zeng, & Huang, 2022; Molina,
Tarraga, & Oton, 2012; Xiong et al., 2014). Therefore, we speculated
that introducing the 2-aminobenzimidazole moiety into a rhodamine-
based probe would increase the affinity and selectivity for SA in test
samples.

Five rhodamine-based probes (1-5) were designed and synthesized
as candidate SA detection probes. Probe 1, bearing a 2-aminobenzimida-
zole moiety, demonstrated extreme sensitivity and selectivity toward
SA, with a conspicuous fluorescence ‘off-on’ pattern. In this scaffold, the
imidazole moiety assists in hydrogen bonding with SA, which induces
electron rearrangement and the subsequent opening of the spirolactam
substructure’s five-membered ring. After adding SA, the color of the
solution is observed by the unaided eye to change from colorless to pink,
thus enabling smartphone-based capture and quantitation of test strips
and food samples with a color-recognition app that extracts RGB values.
To our knowledge, such a smartphone-based test strip analysis for SA
detection has not been reported. To demonstrate the utility of the probe,
we evaluated quantitative detection accuracy for SA in actual food
samples with a routine spiking recovery study and also imaged SA in
plant callus tissue. Overall, our work has produced a fast, convenient,
low-cost, and reliable tool for real-time quantitative detection of SA with
great potential for environmental and food safety monitoring.

2. Material and methods
2.1. Instruments and chemicals

All chemicals were obtained from Energy Chemical of Saen Chemical
Technology (Shanghai) Co., Ltd., and used without further purification.
HPLC/ACS-grade solvents were used for all solvents. The NMR spectra
were acquired using a Bruker Biospin AG-400/500 instrument. Fluo-
rescence spectra were recorded wusing a Fluoromax-4cp
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spectrofluorometer or PTI QuantaMaster 8000. The TU-1900 spectro-
photometer recorded the ultraviolet—visible (UV — vis) spectra. Ulti-
Mate 3000, Thermo Scientific was employed for high-resolution mass
spectrometry analysis. All experiments were repeated three times.

Probe 1 was dissolved in EtOH as the stock solution (1 mM). SA and
its analogs 3-OHBA, MeSA, 2-MeOBA, phenol, 2-NH3;BA, 4-OHBA,
catechol, 2-MeBA, salicylaldehyde, BA, and ASA were prepared in
EtOH as a stock solution (10 mM).

2.2. Theoretical calculations of probes 1-5 with SA

The DFT computations were entirely completed by the Gaussian 16
software. All the geometry optimizations were performed via local meta-
GGA exchange-correlation functional M062x with 6-31G(d) basis sets.
Subsequently, frequency calculations were conducted to verify the
absence of imaginary frequencies in the calculated systems. It was worth
noting that all the atoms were fully relaxed in this process. The weak
interactions are also taken into account by adding the relevant keyword
em = GD3. Single-point calculations were conducted to obtain elec-
tronic energy using 6-311 + G(d,p) with the same function. The ethanol
solvent effect was studied using the self-consistent reaction field (SCRF)
approach with the SMD solvent model. Multiwfn and VMD software
were employed to visualize and analyze molecular orbitals and elec-
trostatic distributions (Humphrey, Dalke, & Schulten, 1996; Lu & Chen,
2012).

2.3. Environmental analysis

Food surface analysis experiment: Several actual food samples
(cabbage, lettuce, jujube fruit, and sugar orange) were bought from the
local supermarket. For example, the cabbage in the test groups was
sprayed with SA solution (1 mM, 5 mM, and 10 mM), whereas the
control group was pretreated with water. Then, the cabbage was air-
dried to simulate the actual SA residues. Subsequently, the probe 1 so-
lution (1 mM) was sprayed onto the surface of the cabbage. Besides,
taking jujube fruit as an example, the jujube fruit in the test groups were
pretreated with SA solution (spraying, 1 mM, 5 mM, and 10 mM) on
their surface, while the control group underwent the treatment with
water. Subsequently, these fruits were air-dried. After being immersed
in the solution of probe 1 (1 mM), the test strips were subsequently
tightly affixed onto the surface of the desiccated jujube fruit.

The water samples were obtained from the tap water, Yue Lake, and
Huaxi River. Subsequently, the water samples were filtered through a
0.22 pm aqueous membrane and stored at room temperature. Soil
samples array: Two soils (sandy and silty soil) were collected from local
agricultural fields without any pretreatment. In detail, culture dishes
were filled with 1 g of soil samples to obtain three groups: control, water-
treated, and test groups (spraying with probe 1). Furthermore, the
water-treated group was sprayed with probe 1 solution (1 mM) for im-
aging. In addition, the test groups were sprayed with different SA con-
centrations (1mM, 5 mM, and 10 mM, respectively) and subsequently
sprayed with probe 1 solution (1 mM) on the soil surface. Finally, these
photos were taken by a smartphone camera under sunlight and a UV
lamp (365 nm).

2.4. Test recovery assay in different food samples

For the quantification experiment, all food samples (potato, pachyr-
hizus erosus, and white radish) were collected from the local supermar-
ket. The samples were cut into small fragments (1 g each) and soaked in
5 mL of deionized distilled water or a certain level of SA. Subsequently,
the mixtures underwent ultrasonication for 5 min, and the supernatant
extracted from each sample was used as the test solution. Finally, the
solution with probe 1 was added with six different concentrations of SA
for the spectroscopic testing, and the spectral signal was recorded at 582
nm. Each experiment was performed in triplicate. The recovery was
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Scheme 1. (a) Synthetic routes for probe 1 to probe 5. (b) The proposed response mechanism of probe 1 toward SA.

determined using the following equation: recovery (%) = found c / 2.5. Detection of SA by test paper integrated with smartphone
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Fig. 1. (a) Fluorescence and (b) absorption spectra of probe 1 (10 pM) were recorded after the addition of SA and its analogs (50 pM) at Aex = 559 nm, using slits of
2/2 nm, and EtOH—H,0 (7:3, v/v) as the solvent: blank, (1) SA, (2) 4-OHBA, (3) 2-MeBA, (4) 2-MeOBA, (5) salicylaldehyde, (6) ASA, (7) 3-OHBA, (8) catechol, (9)
MeSA, (10) phenol, (11) BA, and (12) 2-NH2BA. Insert: photographs of UV light and sunlight of probe 1 in the absence or presence of SA. (c) Fluorescence
enhancement ratio of the probe 1 upon the addition of SA. (d) Photographs of probe 1 (10 uM) after the addition of SA (50 pM) and its analogs. (e) The chemical
structures of SA and its analogs. (f) The fluorescence intensity changes of probe 1 (10 pM) toward analogs (50 pM) at 582 nm without (red bar) or with (blue bar) 50
M SA: (1) SA, (2) 4-OHBA, (3) 2-MeBA, (4) 2-MeOBA, (5) salicylaldehyde, (6) ASA, (7) 3-OHBA, (8) catechol, (9) MeSA, (10) phenol, (11) BA, and (12) 2-NH,BA in
EtOH-H,0 (7:3, v/v). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 'H NMR titration spectra of probe 1, SA, and probe 1 + SA-complex with different molar ratios ((i) SA, (ii) probe 1, (iii) probe 1: SA = 1: 0.5, (iv) probe 1: SA

= 1: 1) in CDCls.

paper was sliced into multiple circular strips and positioned on the glass
slide. Then, various concentrations of SA were dropped onto the test
paper strips as treatment groups, and the water-treated sample served as
the control group. Then, the liquid droplet thoroughly covered the paper
surface, followed by air-drying at room temperature. In a dark envi-
ronment, the fluorescence images of these paper strips were captured
under a UV lamp (365 nm). Finally, the fluorescence images were
directly converted as the corresponding RGB channel values for calcu-
lating the concentration of SA by establishing a linear relationship be-
tween the RGB ratio (R/B) and the concentration of SA (R/B: red
channel/blue channel, ¢: concentration of SA).

2.6. Plant Nicotiana glutinosa L. callus culture imaging

The murashige and skoog medium containing 6-BA (0.5 mg/L), MS
(5 g/L), 2,4-D (2 mg/L), and sucrose (30 g/L), were prepared to culture
Nicotiana glutinosa L. callus. Then, probe 1 (10 pM) was added to the cell
culture and incubated for various durations (2 h, 4 h, 6 h, 8 h, and 10 h),
followed by washing the excess probe with sterile water three times.
Subsequently, 50 pM SA was introduced into the sample for an addi-
tional 30 min. Finally, the FV30S-SW two-photon confocal fluorescence
microscope recorded the SA imaging results.

3. Results and discussion
3.1. Synthesis and characterization

Five rhodamine-based fluorescent probes, 1-5, were achieved with
good yields through a straightforward one-pot reaction (Scheme 1a).

The probes were elaborately characterized by using NMR, HRMS, and X-
ray techniques for verifying their structures (See Fig. S1-S11 and
Table S1-S6, Supporting information).

3.2. Fluorescence and absorption properties of probe 1 detecting SA

Firstly, fluorescence and UV-vis experiments were conducted to
analyze the spectroscopic properties. According to the fluorescence
enhancement folds at 582 nm after adding SA, the EtOH/H50 (7:3, v/v)
solvent system was rationally selected for the detection of SA (Fig. S12).
Fig. S13 illustrated that a prominent absorption peak at 559 nm could be
observed after adding SA. Correspondingly, noticeable color change
(transiting the solution color from colorless to pink) can be recognized
with the naked eye (see Fig. 1b). As shown in Fig. S14, there was no
distinct peak in the absence of SA, which indicated that probe 1 had low
background fluorescence. Upon the addition of SA, the fluorescence
intensity gradually increased and reached a maximum value of 582 nm
[FQY, ® = 0.22]. Meanwhile, after adding SA, the fluorescence of the
probe 1 solution rapidly transited from colorless to bright orange under
exposure from a 365 nm UV lamp, indicating that probe 1°s inherent
spirolactam structure converted from its closed-loop state to its open-
loop state (See Fig. 1a).

As well-known, fast detection has excellent significance in practical
applications. As demonstrated in Fig. S15 and the Supporting Video S1
and Video S2, the time-dependent fluorescent spectra of the probe were
investigated by triggering SA. Of note, we observed that the addition of
SA did increase the fluorescence intensity and reached completion
within 10 s, and a stable signal output could be maintained for more
than 1 min, which demonstrates that probe 1 possesses excellent
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Fig. 3. (a) The optimal geometric geometry binding energy variation after adsorption of SA in probe 1, probe 2, probe 3, probe 4, and probe 5. (b) Electrostatic
potentials penetration diagram for the optimized geometries of probe 1-5 + SA.

potential for detecting SA with rapid response potency. Simultaneously,
the stability of probe 1 and open loop compound 1-1 was assayed via
fluorescence and UV-vis spectra, and the corresponding results were
depicted in Fig. S16a-d. Interestingly, these two sensors (probe 1 and
open loop compound 1-1) maintain the constant fluorescence intensity
(Fig. S16a, 16b) and UV absorption value (Fig. S16c, 16d) within 180
min, implying that they had desirable stability. Furthermore, we further
investigated the spectral response of probe 1 to pH in the detection of
SA. As shown in Fig. S17, the fluorescence response was inactivated
within the pH range of 5-8. These results demonstrate that probe 1
possesses good stability and pH tolerance.

3.3. Selectivity and anti-interference detection of probe 1 for SA

Selectivity and anti-interference capability are two critical parame-
ters for verifying the detection performance of the probe. UV and fluo-
rescence selectivity of probe 1 was preferentially explored to detect SA.
We evaluated the relationship between the responses of probe 1 to the
relevant SA analogs (4-OHBA, 2-MeBA, 2-MeOBA, salicylaldehyde, ASA,
3-OHBA, catechol, MeSA, phenol, BA, and 2-NH3BA). As shown in
Fig. 1a, b, and Fig. 1d, compared to other SA analogs, probe 1 had su-
perior selectivity in discerning SA from the fluorescence and absorption
spectrum. The fluorescence intensities of probe 1 showed 88.4 folds
significant enhancement, and the results are shown in Fig. 1c. Next, in
the test system of the same condition, we also investigated the selectivity
of probe 2, probe 3, probe 4, and probe 5 to SA. As shown in Figs. S18
and S19, probe 2 exhibited the most considerable fluorescence
enhancement for SA, and other SA analogs were following increased.
Meanwhile, probe 3, probe 4, and probe 5 gave a very small spectral
response to SA. In addition, the fluorescence intensities of probe 2, probe
3, probe 4, and probe 5 showed 15.9, 12.1, 62.5, and 52.8 times sig-
nificant enhancement, respectively. To sum up, the selectivity and
sensitivity experiments clearly indicated that probe 1 possessed a high
selectivity toward SA. Therefore, probe 1 was preferentially selected as
the testing probe for SA detection in the subsequent study.

Next, anti-interference measurements of probe 1 were performed by
adding interfering analogs. In detail, the interfering analogs solution
was pre-treated with probe 1, and SA solution was then added. More-
over, measurements were taken on the changes in fluorescence intensity.
As depicted in Fig. 1f, none of these interfering analogs significantly
affected the fluorescence intensity of probe 1, and their fluorescence
intensity hardly increased at 582 nm. These results demonstrated that

probe 1 displayed a good anti-interference capability against SA.

Then, we performed the fluorescence titration experiments of probe
1 against different concentrations of SA. As expected, a notable increase
in fluorescence intensity at 582 nm of probe 1 could be seen after
increasing the concentration of SA. As depicted in Fig. S20, Fig. S21, and
Fig. $22, the binding constant was calculated as Ka = 4.20 x 10* M1,
and a good linear relationship between the probe 1 and SA (6-26 pM)
concentration was obtained. The detection limit of probe 1 for SA was
2.5 uM (based on S/N = 3). Moreover, to ascertain the stoichiometry of
probe 1 to SA, Job’s method (Fig. S23) showed the fluorescence in-
tensity peaked at a mole fraction of approximately 0.5, suggesting that
the stoichiometry of probe 1 to SA is 1: 1.

3.4. The possible mechanism of probe 1 recognition of SA

To further rationalize the mechanisms determining the detection of
SA by probe 1, we performed the following 'H NMR titration experi-
ments. As shown in Fig. 2, Table S7 and S8, upon the addition of 0.5 and
1 equiv. of SA, the proton signals of the 1, 2/, 3' and 4’ of SA experience
upfield shifts, while the proton signals of the 1, 2-3, 5-6, 7-8, and 9-10
of probe 1 experience downfield shifts. Alongside the prominent proton
signal shift, the 'H NMR titration experiments revealed a conspicuous
blunting of the proton signal, which was attributed to the initiation of
the ring-opening process in the spirolactam structure. With the incor-
poration of SA, the most significant change in 'H NMR spectra was the
disappearance of nitrogen hydrogen proton signal peaks in downfield
shifts, indicating that the deshielding effect was triggered by the
establishment of hydrogen bonds and the ring-opening of the spi-
rolactam moiety.

For further verification of the proposed possible mechanism, the
product yielded from the reaction between probe 1 and SA was sepa-
rated separation on a silica gel column. As illustrated in Fig. S24 and
Fig. S25, ring-opening compound 1-1 was obtained. Through meticu-
lous analysis of the 'H NMR spectra of compound 1-1, we found that the
major product was a ring-opening compound. Furthermore, we
employed a high-resolution mass spectrometer to determine the mo-
lecular weight of compound 1-1. As shown in Fig. S26, the main peak of
ring-opening compound 1-1 was found at m/z = 558.2850 [M + H™],
which was consistent with the probe 1 [M + H™]. The above results
supported the proposed response mechanism (in Scheme 1b) well.
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Fig. 4. (a) The HOMO-LUMO energy gap for the adsorption models of probes 1-5 and SA.

3.5. The possible SA detection mechanism of probes 1-5 by operating DFT
calculations

To sufficiently identify this hypothesis binding process. Thorough
investigation and elucidation were performed on the ground state ge-
ometry of the probe with SA, along with its corresponding binding en-
ergy and electronic structure. As shown in Fig. S27, DFT calculations
identified that SA possessed two different configurations: stable and
unstable, suggesting that the energy gaps and the configurations

between the probes molecules and SA were obtained from the most
energy-stable configurations. Hence, we choose SA’s stable configura-
tion for follow-up DFT studies. The binding energy (Ep) of SA and probes
(1-5) were severally achieved and depicted in Fig. 3a and Table S9. Of
note, as the excellent SA sensor, probe 1 possessed notable interaction
behavior between probe and SA, two highlighted hydrogen bonds
contributed to form a stable binding mode: (1) the hydrogen atom in the
imidazole moiety of probe 1 could interact with the C=0 group of SA,
resulting in the formation of a hydrogen bond with the distance of 2.313
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A. Additionally, the C=0 group of probe 1 was capable of forming
another hydrogen bond with the OH group of SA, with a distance of
2.311 A. This interesting result indicated that probe 1 might demon-
strate the optimal SA sensing molecule. As was expected, the binding
energy of the 1 + SA complex was —32.15 kcal/mol, which was superior
to other complexes, including 2 + SA (10.29 kcal/mol), 3 + SA (-3.14
kcal/mol), 4 + SA (—4.03 kcal/mol) and 5 + SA (17.77 kcal/mol),
respectively. Moreover, the electrostatic potential was further analyzed
to possible the intermolecular interactions, predicting reaction sites. As
displayed in Fig. 3b and Fig. $28, the electrostatic potential penetration
diagram showed that SA could be primely embedded in the “off-on”
recognition site of probe 1 with the comfortable electrostatic potential,
thereby benefitting the optimal SA sensing performance. These mean-
ingful findings prove that probe 1 had unprecedented sensing perfor-
mance toward SA.

On the basis of the abovementioned favorable structures, the en-
ergies of the HOMO and LUMO of 1 + SA, 2 + SA, 3 + SA, 4 + SA, and 5
+ SA were calculated and displayed in Fig. 4. In details, the HOMO
electron charge density was mainly located on the xanthene skeleton,
while the LUMO electron charge density was distributed on the
substituted spironolactone ring. Meanwhile, the energy gaps are as fol-
lows: 1 + SA (550.15 kj/mol) < 4 + SA (556.98 kj/mol) < 5 + SA
(568.23 kj/mol) < 2 + SA (584.58 kj/mol) < 3 + SA (601.01 kj/mol),
suggesting that probe 1 was more sensitive toward SA than others.
Overall, the DFT calculation results can provide meaningful and in-
depth information to disclose the possible sensing mechanism and
further excavate new SA sensor candidates. In addition, we proposed
and depicted the possible response mechanism between probe 1 and SA
in Scheme 1b.

3.6. Application of probe 1 for detecting SA in cabbage and lettuce

As a widely used preservative and antimicrobial agent, a lot of use
and uptake of SA may pose side effects and potential health threats.
Therefore, it is essential to detect millimole concentrations of SA in fruits
and vegetables (Erdemir, Malkondu, & Oguz, 2023; M. Zhang et al.,
2023). With the encouraging SA detection spectra properties results in
hand, a portable, simple, and efficient spraying approach was developed
for detecting SA in various actual food samples using probe 1. The
preparation and imaging process was disclosed in Fig. 5a, and specific

details were provided in the experimental section (Section 2.3). As
depicted in Fig. 5b, cabbage and lettuce were sprayed with SA (1 mM, 5
mM, and 10 mM), followed by the application of probe 1 solution (1
mM) on the respective food surfaces. The contrast between colorless and
red can be clearly observed by the unaided eye under sunlight. Simul-
taneously, they promptly displayed a transition in fluorescence, shifting
from cyan to red, even at a concentration of 1 mM SA, under a portable
fluorescent lamp at 365nm, demonstrating the fast and sensitive
detection of SA. This study indicated that probe 1 could function as a
straightforward and efficient tool for the convenient on-site detection of
SA, thus safeguarding human health.

Following this, we further evaluated the applicability and practi-
cality of probe 1 in fruit samples. Typically, millimole concentrations of
SA directly impact the surface of fruits in food storage. The on-site
detection ability of this method was confirmed using the as-prepared
paper strips (Qin et al., 2023; Song et al., 2023). The preparation and
testing procedures were disclosed in Fig. 6a, and specific details were
provided in the experimental section (Section 2.3). SA (1 mM, 5 mM,
and 10 mM) was sprayed on jujube fruit and sugar orange food surfaces
to simulate the presence of SA residues, and then the prepared probe 1-
load (1 mM) test strips were attached to these fruit surfaces. As shown in
Fig. 6b, the photographs were taken under natural sunlight and UV light
(365 nm). The colorless test strips gradually changed to pink as the SA
concentration increased under sunlight. Moreover, the color of the test
strips transitioned from cyan fluorescence to pink fluorescence, and
gradually pink deepened under UV light. This high contrast ratio color
and fluorescence change could be readily observed by the unaided eye
without the complicated analytical apparatus and thereby be more
suitable for real-time, visual quantitative detecting of SA on food
surfaces.

3.7. Fabrication of fluorescence test paper/smartphone sensor

It is widely acknowledged that a portable, simple, accurate, and
quantitative device for on-site detection of SA levels will be an ideal tool
for consumers (Han et al., 2024; L. Zhang, Chen, Lu, Yu, & Zhang, 2023).
Keeping this belief in mind, combining the test paper’s portability with
the smartphone’s RGB analysis function, the testing platform has been
utilized for detecting SA. As shown in Fig. 7a and b, the fabrication and
assay procedure of a smartphone sensing platform for SA detection was
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described. As depicted in Fig. 7c, upon exposure to UV lamp (365 nm)
irradiation, 1 mM concentration of probe 1 demonstrated a vibrant blue
fluorescence on the test paper. In the wake of gradually increased con-
centrations of SA (1 mM, 2 mM, 4 mM, 6 mM, 8 mM, and 10 mM), the
test paper arrays transformed from colorless to pink (exposure to natural

light), and changing color from cyan to pink under UV lamp (365 nm)
irradiation, which could be readily discerned with the naked eye. Fig. 7d
highlighted that the R/B ratio exhibited an excellent linear correlation
with SA concentrations within the 1-10 mM range, with an R? value of
0.99. Consequently, these findings validated the high potential of

Table 1

Determination of SA using probe 1 in various water samples.
Spiked (pM) Tap water River water Lake water

Found (uM) Recovery (%) RSD (%) Found (M) Recovery (%) RSD (%) Found (uM) Recovery (%) RSD (%)

0 _ _ _ _ _ _ _ _ _
6.0 6.31 105.1 1.2 6.45 107.5 1.4 6.53 108.9 2.2
10.0 9.70 97.0 3.3 9.28 92.8 4.5 9.58 95.8 1.8
14.0 13.10 93.6 1.9 14.52 103.7 2.8 14.26 101.8 4.0
18.0 17.43 96.8 3.2 17.32 96.2 4.8 18.09 100.5 2.6
22.0 21.55 97.9 2.3 21.70 98.6 1.7 20.74 94.2 3.8
26.0 26.45 101.7 2.6 24.52 94.3 2.1 25.12 96.6 4.0
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smartphone-assisted test paper sensor platforms for practical SA detec-
tion in daily life applications.

In order to validate the established standard linear eq. (R/B =
0.0799c¢ + 0.1321), we conducted experiments on the surface of jujube
fruit using test paper with SA concentrations, and the result is shown in
Fig. S29. A smartphone color recognition software suggested the results
were believable (actual concentration: 3 mM, test value 3.3 mM; actual
concentration: 7 mM, test value 7.3 mM). Thus, these exciting results
demonstrated that the paper-based sensing platform loading with a
smartphone could be regarded as an SA detection device with precise
color signals, enabling portable, accurate, rapid, and visual properties.

3.8. Environmental soil and agricultural food samples application

Given the widespread use of SA and its inadvertent release into the
environment, leading to water and soil contamination, residue problems
of SA potentially threaten human health and agricultural products
(Dionisio et al., 2020; Lin, Sun, Yuan, & Yan, 2014). Therefore, we
employed routine recovery experiments on water samples to analyze SA

accurately and quantitatively. As shown in Table 1, Fig. S30, Fig. S31,
and Fig. S32, three water samples (tap, lake, and river water) were
analyzed using probe 1 after treatment with varying concentrations of
SA. The recovery rates were gained, ranging from 92.8 % to 108.9 %,
with acceptable RSD values (1.2 % ~ 4.8 %). The results indicated that
probe 1 is applicable for the quantitative detection of SA in various
water samples.

Next, the capability of probe 1 to detect SA in soil samples was
further investigated. Fig. 8a illustrates the detailed processes of the
experimental section (Section 2.3). As demonstrated in Fig. 8b, sandy
and silty soil samples were sprayed with SA solution (1 mM, 5 mM, and
10 mM, respectively) and subsequently treated with probe 1 solution (1
mM) through spraying. When these samples were exposed to sunlight,
the color contrast from the soil’s inherent earthy yellow (control group)
to red (treatment group) could be clearly observed with the naked eye.
Spontaneously, the fluorescence color rapidly transitioned from cyan (0
mM SA) to red (treating with SA), gradually deepening after exposure
with a portable fluorescent lamp at 365 nm and suggesting that probe 1
could be applied for the qualitative detection of SA in soil samples with
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Table 2
Determination of SA spiked in various actual samples.
Spiked (pM) Potato Pachyrhizus erosus White radish
Found (uM) Recovery (%) RSD (%) Found (M) Recovery (%) RSD (%) Found (uM) Recovery (%) RSD (%)
0 - _ - _ _ _ _ _ _
6.0 6.43 107.3 2.0 6.87 114.6 2.7 6.73 112.3 2.4
10.0 8.80 88.0 2.2 10.22 102.2 1.8 9.33 93.3 2.8
14.0 13.77 98.4 4.4 14.05 100.3 4.4 13.90 99.3 3.3
18.0 18.45 102.5 1.2 18.08 100.4 5.3 18.06 100.3 1.0
22.0 21.54 97.9 4.6 21.04 95.6 1.6 21.91 99.6 7.1
26.0 24.06 92.5 3.0 24.55 94.4 1.4 24.20 93.0 4.5
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Fig. 9. (a) The incubating and treating procedure for detecting SA in Nicotiana glutinosa L. callus. (b) Fluorescence images of Nicotiana glutinosa L. callus cells
incubated with probe 1 (10 pM) for 2, 4, 6, 8, and 10 h, followed by further incubation with SA (50 uM) for 30 min, showed time-dependent changes. The 1st column
showed the control group, and the 2nd column showed the Nicotiana glutinosa L. callus cells incubated in probe 1 (10 pM) for 10 h. From top to bottom: bright field,
red channel, and merged images. Scale bar: 100 pm. (c) The bar graphs depict the mean intensities of two-photon excited fluorescence in the callus. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

concentration from 1 mM to 10 mM. To the best of our knowledge, this is
the first example of an SA chemical probe being used to detect SA in soil
samples.

Finally, to further investigate the feasibility and accuracy of probe 1
in complex systems, we selected actual food samples such as potato,
Pachyrhizus erosus, and white radish to assay and assess the standard
recovery experiments (See Table 2, Fig. S33, Fig. S34, and Fig. S35). The
recoveries in three food samples based on fluorescence detecting solu-
tion ranged from 88.0 % to 107.3 %, 94.4-114.6 %, and 93.0-112.3 %,
when the SA (concentration of 6, 10, 14, 18, 22, and 26 uM) was inde-
pendently introduced into the samples, and satisfactory results. These
findings indicate that probe 1 is an efficient and practical tool for
accurately detecting SA in actual food samples.

3.9. Fluorescence imaging of Nicotiana glutinosa L. callus

As we mentioned, environmental toxicology may lead to biological

10

hazards, so the cell image of preliminary biological tests deserves to be
assayed. Encouraged by the detection features mentioned above, the
toxicity of probe 1 on A549 cells was assessed via an MTT assay. (Jiang
etal., 2018, 2024; Zhang et al., 2017, 2020) As shown in Fig. S36, probe
1 exhibited no significant effect on cell viability at concentrations
ranging from 10 to 60 pM, indicating low toxicity. Subsequently, we
further evaluated the ability of probe 1 to detect exogenous SA in
Nicotiana glutinosa L. callus cells via fluorescence images. The incubating
and treating procedure for detecting SA is illustrated in Fig. 9a. As
depicted in Fig. 9b and Fig. S37, Nicotiana glutinosa L. callus cells were
incubated with probe 1 (10 pM) for various durations and subsequently
washed three times with water as the control group (columns: B1, C4,
D4, E4, and F4). Following this, the cells were incubated with SA (50
uM) for 30 min, revealing a noticeable difference in red fluorescence
immediately in comparison to the control group, and the fluorescence
intensity increased with time extended (rows: C2, D2, E2, F2, and G2).
These results demonstrated the ability of probe 1 to respond to SA within
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the cells. Over time, the intracellular uptake of probe 1 increased,
facilitating the detection of exogenous SA at various intervals in the cells
of plant callus tissues.

4. Conclusion

In conclusion, a series of rhodamine-based fluorescent probes were
designed and synthesized. Probe 1 demonstrated excellent selectivity
with a fast response time (10 s), high sensitivity (LOD = 2.5 pM), good
anti-interference capability, and a color change that can be observed
with the unaided eye. Interestingly, probe 1 was successfully used in
spray experiments and paper-based test strips to detect SA on actual
food. Significantly, a smartphone is capable of visually and quantita-
tively detecting SA by analyzing the RGB values of the test paper. The
devised apparatus is economical, portable, and dependable for point-of-
care analysis of SA in food samples. Furthermore, exogenous SA in plant
callus tissue cells was distributed using probe 1, which displayed good
cell permeability. Overall, this study presents a promising tool for spe-
cial recognition of various concentration ranges for detecting SA residue
in various food and environmental samples.
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