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Abstract Monitoring the dynamic fluctuations of plant immune signaling molecules is particularly
meaningful and challenging in crop protection. Herein, four rhodamine-functionalized probes (F;-
F4) were designed and synthesized to attempt to selectively detect a plant hormone salicylic acid
(SA). Screening results revealed that probe F; bearing a 4,5-dimethoxy-2-nitrobenzyl carbamate
moiety was extremely sensitive and selective towards SA along with a conspicuous fluorescence
“turn-on” manner. The Job’s plot experiment disclosed a 1:1 binding mode together with a binding
constant of 1.34 x 10* M, indicating that an appreciable hydrogen bonding interaction happened
between probe Fy and SA, thereby leading to the spirolactam ring breakage and the succeeding flu-
orescence generation. Concentration-dependent titration assays offered an available linear relation-
ship for quantifying SA (15-70 pM) and the detection limit of probe F; to SA was 1 pM. Density
functional theory (DFT) calculations displayed that a smaller energy gap (4Ep1r = 498.89 kJ/mol)
was obtained between its lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO), manifesting that probe F; was more reactive and sensitive than those
of probes F»-F4 (4E = 567.07 ~ 601.74 kJ/mol) after adsorption with salicylic acid. Meanwhile, the
possible monitoring mechanism was elucidated by "H NMR titration experiments, probe-SA DFT
calculations, and HRMS. Finally, in vivo confocal imaging results found that probe F; could
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delicately and selectively monitor SA on the roots of cucumber. This study can motivate the inten-
sive exploration of multitudinous fluorescent probes for direct SA monitoring in vivo.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Salicylic acid (SA) is a common natural aromatic carboxylic acid that
displays a multidimensional role in various fields, such as the cosmetics
industry (Labib et al., 2018; Gissawong et al., 2019), medical diagnosis
and prescription (Daniel et al., 2021; Li et al., 2021; Clissold et al.,
1986), pesticide industry (Liu et al., 2020; Garcia-Pastor et al., 2020;
Liu et al., 2021), and signal transduction events (Metraux et al., 1990;
Kumar et al., 2021; Sophie et al., 2020). For instance, in medical appli-
cations, it possesses a superior efficacy for treating psoriasis, calluses,
keratosis pilaris, and diabetic complications at the recommended dosage
of 0.2-1.5 % (Carroll et al., 2004; Hogendoorn et al., 2018; Maghfour
et al., 2020; Bouzghaya et al., 2020). Besides, SA is a prime metabolite
of the common medicine aspirin (acetylsalicylic acid, ASA), which exhi-
bits excellent antipyretic, anti-inflammatory, analgesic, and antiplatelet
profiles (Li et al., 2021; Choi et al., 2015). However, abnormal levels of
SA are also associated with diverse adverse effects including neurotoxi-
city, enhanced skin absorption, reproductive and developmental toxic-
ity, and kidney and liver dysfunctions (Freitas et al., 2019; Davis et al.,
1996; Francis et al., 1990). Therefore, it is highly imperative to develop
a concise and reliable technique to timely monitor the SA levels in phar-
maceutical and biological samples (Karim et al., 2006; Huang et al.,
2013; Ahmad et al., 2014; Kumar et al., 2015). Similarly, in the plant
kingdom, SA is a key endogenous signal molecule connected with vari-
ous physiological and biochemical processes, including cellular growth,
development, metabolism, and interactions with invading microorgan-
isms (Fu et al., 2012; Jiang et al., 2015; Wang et al., 2021; Naskar
etal., 2021; Han et al., 2019). In addition, numerous studies have found
that SA is the essential hormone that can trigger the hypersensitive
response (HR) and defensive response in plants via activating the global
transcriptional and translational reprogramming to produce a network
of influential pathogenesis-related species (Peter et al., 2019; Zhang
et al., 2019; Park et al., 2007). Through this process, plants can acquire
the miraculous systemic acquired resistance (SAR) (Vlot et al., 2021;
Lim et al., 2016; Wang et al., 2005; Jones et al., 2006; Hasan et al.,
2022; Hasan et al., 2021) to chronically resist the invasion of patho-
genic microorganisms. Inspired by those investigations, real-time mon-
itoring of the dynamic fluctuations of SA in plants can promote the
understanding of SA-induced SAR mechanism and eventually facilitate
the discovery of innovative immune activators in crop protection
(Vernooij et al., 1994). Nevertheless, interfering substances from SA
derivatives have strongly restricted the precise detection of SA in real
samples and thereby become a particularly challenging project. Thus,
a positive campaign to excavate a workable and innovative technique
for monitoring SA in vivo is urgently required.

Fluorescent probes provide huge potentials and opportunities in
bioactive species sensing and imaging in view of their superior perfor-
mances, including simplicity (Hassanzadeh et al., 2019; Wang et al.,
2017), low-cost (Duan et al., 2021; Wang et al., 2017; Wang et al.,
2019), sensibility (Vegesna et al., 2014), selectivity (Wu et al., 2021),
low detection limits (Yin et al., 2019), and real-time application (Tung
etal., 2021). Currently, various fluorophores, exemplified by rhodamine,
fluorescein, BODIPY, pyrene, coumarin, and naphthalimide, were elab-
orately decorated and employed to discriminate diverse bioactive species
(Choudhury et al., 2020; Yan et al., 2017; Zhou et al., 2017; Wanget al.,
2020; Wang et al., 2019; Dong et al., 2019), such as reactive oxygen/ni-
trogen/sulfur species, mental ions, ATP and so on (Li et al., 2014; Liu
et al., 2017; Ren et al., 2021; Neupane rt al., 2020; Lv et al., 2021;
Yousaf et al, 2019). These fascinating researches have strongly
advanced our understanding of different life phenomena and diverse

biological events, thereby inspiring us to explore innovative technologies
for life regulation. More interestingly, rhodamine-based chemosensors
were conspicuously pursued and developed for their broad monitoring
windows, excellent sensitivity, and intriguing fluorescence ‘“‘turn-on”
mode in complicated subcellular microenvironments. Based on these
privileged advantages, our previous studies had rationally prepared a
type of five- or six-membered rhodamine probes that could selectively
monitor the bioactive species, such as phytohormone, Cu®*, Hg**,
and H,S in situ and in vivo (Zhao et al., 2017; Lou et al., 2017; Wang
et al., 2019; Yang et al., 2020; Yang et al., 2020). To continue our
research efforts on the sensing of plant-derived signal molecules for
future discovery of potential immune activators, herein, four novel
rhodamine-functionalized probes (F;-F4) bearing a carbamate moiety
were designed and synthesized to attempt to selectively detect the key
plant hormone salicylic acid. Within these molecular frameworks, the
diacylhydrazine moiety was used to assist the formation of hydrogen
bonding with SA, which would lead to the whole electron rearrangement
and final ring-opening of five-membered spirolactam substructure.
Based on the above inference, rhodamine-based chemosensors possess-
ing a conspicuous fluorescence “turn-on” manner would be developed to
detect SA in vivo. Besides, the detection performance against various SA
derivatives would be elucidated by fluorescence spectra, 'H NMR spec-
troscopy, Job’s plot experiment, and density functional theory (DFT)
calculations. Finally, in vivo monitoring of SA by fluorescence confocal
imaging technique would be carried out on the roots of cucumber.

2. Materials and methods

2.1. Instruments and chemicals

All the reagents and solvents involved in the experimental pro-
cess were commercially available. Distilled water was used
throughout the process of spectroscopic testing. NMR spectra
were performed on a JEOL-ECX 500NMR spectrometer.
SEM images were captured by a Nova Nano SEM 450 instru-
ment. DLS data were captured by DelsaNano Partice Ana-
lyzer. UV-Vis spectra were performed by a TU-1900
spectrophotometer. Fluorescence spectra were recorded on a
Fluoromax-4 spectrofluorometer. Fluorescence imaging was
obtained using an OLYMPUS FVMPE-RS inverted fluores-
cence microscope with a 25 x objective lens.

The various stock solutions (1.0 x 1072 M) of SA and ana-
logs were prepared in acetonitrile, respectively. Stock solutions
of probes F;-F4 (1.0 x 107> M) were prepared in acetonitrile.
Test solutions of samples were prepared by following the oper-
ations: 0.1 mL probe stock solution and a certain amount of
detection objects were added into a 10 mL volumetric flask;
then the mixed solution is configured according to the ratio
of organic solvent and water required for the test, and the
mixed solution was used for the constant volume of 10 mL vol-
umetric flask. Finally, the relevant spectra were obtained after
the mixture was incubated for 3 min.

2.2. Synthesis of probe F;

Rhodamine B (180 mg, 0.38 mmol) and 0.4 mL phosphorus
oxychloride were dissolved in 10 mL anhydrous 1,2-
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dichloroethane. And then the solution was refluxed for 3 h and
concentrated by evaporation under vacuum. The obtained
crude acyl chloride was dissolved in 6 mL anhydrous acetoni-
trile, and added dropwise into the prepared intermediate 4,5-
dimethoxy-2-nitrobenzyl  hydrazinecarboxylate (70 mg,
0.26 mmol) in 4 mL acetonitrile solution containing 0.5 mL tri-
ethylamine, and the mixture was refluxed for 6 h. The solvent
was then removed under reduced pressure to give a red oil.
Finally, the crude residue was purified by silica gel column
chromatography (PE:EA, 3/1) to give the probe Fy, a yellow
solid, 124.5 mg, yield 69.4 %. '"H NMR (400 MHz, CD;CN)
0 786 (d, J = 72 Hz, 1H, benzene-H), 7.65 (d,
J = 11.2 Hz, 1H, NOj-benzene-H), 7.58 (dd, J = 12.6,
6.5 Hz, 2H, benzene-H), 7.07 (d, J = 15.7 Hz, 1H, benzene-
H), 7.03 (s, IH, NO,-benzene-H), 6.47 (s, 2H, xanthene-H),
6.36 (s, 2H, xanthene-H), 6.28 (s, 2H, xanthene-H), 5.25 (s,
1H, O-CH,), 3.92 (s, 3H, O-CHs), 3.85 (s, 3H, O-CH3), 3.32
(q, / = 6.8 Hz, 8H, N-CH,CH;), 1.09 (t, / = 6.9 Hz, 12H,
N-CH,CH3). >C NMR (101 MHz, CD5CN) § 155.5, 155.1,
149.6, 148.5, 134.1, 123.5, 109.6, 108.6, 108.4, 104.9, 97.9,
64.0, 56.8, 56.5, 44.6, 12.4. HRMS calc. for C3gH4NsOg
696.3028 [M + H™], found: 696.3018.

2.3. Synthesis of probe F,

Rhodamine B (220 mg, 0.46 mmol) and 0.5 mL phosphorus
oxychloride were dissolved in 15 mL anhydrous acetonitrile.
Then, the solution was refluxed for 3 h and concentrated by
evaporation under reduced pressure. The obtained crude acyl
chloride was dissolved in 10 mL anhydrous acetonitrile, and
added into the prepared carbobenzoxy chloride (44.7 mg,
0.50 mmol) solution containing 0.25 mL triethylamine drop-
wise, and the mixture was refluxed for 3 h. The solvent was
then removed under reduced pressure to give a red oil. Finally,
the crude residue was purified by silica gel column chromatog-
raphy (PE:EA, 2/1) to give the probe F,, a light pink solid,
190 mg, yield 80.4 %. "H NMR (400 MHz, CDCl;) 6 7.96
(d, J = 6.9 Hz, 1H, benzene-H), 7.56-7.42 (m, 2H, benzene-
H), 7.14 (d, J = 6.5 Hz, 1H, benzene-H), 6.55 (s, 2H,
xanthene-H), 6.37 (d, J = 2.2 Hz, 2H, xanthene-H), 6.28 (d,
J = 8.7 Hz, 2H, xanthene-H), 6.02 (s, 1H, CONH), 3.49 (s,
3H, O-CH3), 3.33 (q, J = 7.0 Hz, 8H, N-CH,CH3), 1.16 (t,
J = 7.0 Hz, 12H, N-CH,CH,). '*C NMR (101 MHz, CDCls)
0 153.8, 148.9, 133.4, 129.2, 128.4, 124.2, 123.5, 107.8, 104.0,
97.8, 52.8, 44.4, 29.7, 12.6. HRMS calc. for C;yH35N;04
515.2653 [M + H™], found: 515.2635.

2.4. Synthesis of probe F3

Rhodamine B (1 g, 2.09 mmol) was dissolved in 20 mL anhy-
drous ethanol, and slowly added the hydrazine hydrate (98 %,
1.2 mL, 25.05 mmol) dropwise, and the mixture was refluxed
for 5 h. After cooling the above reaction mixture to room tem-
perature, we added the dilute hydrochloric acid to adjust the
pH value to 7-8. The obtained pink precipitate was filtered
and dried, 0.86 g, yield 90.4 %. Then, the pink precipitate
(250 mg, 0.55 mmol), 0.25 mL triethylamine and phenyl chlo-
roformate (0.10 mg, 0.60 mmol) were mixed in 10 mL anhy-
drous dichloromethane. And then the solution was stirred
for 7 h, and concentrated by evaporation under reduced pres-

sure. The obtained crude product was purified by silica gel col-
umn chromatography (PE:EA, 3/1) to give the probe F3, a
white solid, 130 mg, yield 40.2 %. 'H NMR (400 MHz,
CDCl3) 6 7.99-7.95 (m, 1H, benzene-H), 7.53-7.44 (m, 2H,
benzene-H), 7.27 (s, 2H, OCH,-benzene-H), 7.18 (s, 3H,
OCH,-benzene-H), 7.11 (d, J = 6.8 Hz, 1H, benzene-H),
6.78-6.03 (m, 7H, xanthene-H & CONH), 4.97 (s, 2, O-
CH,), 332 (q, J = 69 Hz, 8H, N-CH,CHj;), 1.15 (t,
J = 7.0 Hz, 12H, N-CH,CH). '3C NMR (101 MHz,
DMSO di) 6 170.5, 164.4, 153.1, 148.4, 136.6, 133.5, 127.5,
128.4, 122.8, 107.6, 104.3, 97.0, 65.8, 59.9, 43.8, 20.9, 14.2,
12.6. HRMS calc. for C36H39N4O4 591.2966 [M + I‘I‘*—]7
found: 591.2960.

2.5. Synthesis of probe Fy

A mixture of rhodamine B (0.250 g, 0.52 mmol), EDCI
(0.130 g, 0.68 mmol), HOBt (0.091 g, 0.68 mmol), ethyl 2-
hydrazinyl-2-oxoacetate (0.075 g, 0.56 mmol) and 15 mL anhy-
drous acetonitrile were stirred at room temperature for over-
night. The solvent was then removed under reduced pressure
to give a red oil. Finally, the crude residue was purified by sil-
ica gel column chromatography (PE:EA, 1/1) to give the probe
F,, a white solid, 83 mg, yield 28.6 %. 'H NMR (400 MHz,
CDCl;) o 8.16 (s, 1H, benzene-H), 7.96 (d, J = 6.8 Hz, 1H,
benzene-H), 7.59-7.40 (m, 2H, benzene-H), 7.10 (d,
J = 6.8 Hz, 1H, NH), 6.68 (d, J = 8.8 Hz, 2H, xanthene-
H), 6.48-6.17 (m, 4H, xanthene-H), 4.25 (q, J = 7.1 Hz, 2H,
0-CH,), 3.47-3.20 (m, 8H, N-CH,), 1.30 (t, J/ = 7.1 Hz, 3H,
0O-CH,CH,), 1.16 (t, J = 7.0 Hz, 12H, N-CH,CH,). "*C
NMR (101 MHz, CDCl;) 6 164.6, 159.4, 154.2, 153.5, 152.2,
149.1, 133.5, 129.0, 128.4, 128.1, 124.1, 123.6, 108.1, 103.5,
97.6, 66.2, 63.4, 443, 139, 12.6. HRMS calc. for
C3,H;3/N4O5 557.2758 [M + H™], found: 557.2736.

2.6. DFT calculations of probes F;-Fy with SA

The spin-polarized DFT computations with the local meta—
GGA exchange—correlation functional M062x were carried
out by using the Gaussian 16 program (Frisch et al., 2016).
In this work, all geometry optimizations were fully relaxed in
the acetonitrile solvation model density (SMD) (Marenich
et al., 2009) model, and energy calculations were obtained with
6-31G(d) basis sets for all elements. To further refine the elec-
tronic energy, the single-point calculations were performed by
using the same density functional with 6-311 + G(d, p) for
main-group atoms. The bulk solvent effect of acetonitrile
media was considered by the self-consistent reaction field
(SCRF) method using SMD solvent model. The molecular
orbitals and electrostatic distribution were visualized and ana-
lyzed by Multiwfn (Lu et al., 2012) and VMD (Humphrey
et al., 1996) software.

2.7. Monitoring SA on the roots of cucumber

To test the practical application of Fy, in vivo imaging for SA
was carried out using the roots of cucumber seedlings (Cucum-
ber seeds (variety: Cucumis sativus Linn.) were cultured for
7 days in an incubator at 25 °C). After cucumber seedlings
were cultivated in tap water for 5 days, and then were divided
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into three groups. The first group was the blank control group.
Cucumber roots from the second group were incubated with
30 uM F; (containing 1 % CH3CN, v/v) for 3 h at 25 °C.
Cucumber roots from the third group were incubated with
30 uM Fy for 3 h and then 300 pM SA for 2 h at 25 °C. All
three groups were then washed with distilled water for NIR-
IT imaging. The above experiments were repeated three times.

3. Results and discussion

3.1. Synthesis of rhodamine-based probes F-F,

An easily synthetic approach was exploited to acquire target
probes F{-F4 (Fig. 1). Briefly, rhodamine B was subjected to
the chlorination reaction by wusing POCl; in 1,2-
dichloroethane solvent to provide a crucial rhodamine chlo-
ride, which was then reacted with the corresponding 4,5-
dimethoxy-2-nitrobenzyl hydrazinecarboxylate and methyl
hydrazinecarboxylate under the base of tricthylamine (TEA)
in anhydrous CH3CN to yield target probes F; and F,, respec-
tively. For the preparation of probe F3, a key intermediate rho-
damine hydrazide was initially obtained and then reacted with
benzyl chloroformate under the base of TEA in dry CH,Cl,.
Similarly, a typical condensation reaction was occurred
between rhodamine B and ethyl 2-hydrazineyl-2-oxoacetate
to produce the target probe F4. All the molecular structures
were confirmed by NMR and HRMS analysis (Figures S1-
S13). Moreover, single-crystal structures F{-F3 were success-
fully cultured and assigned to triclinic, monoclinic, and mono-

POCI,
CICH,CH,CI, reflux
\ﬁ/\ SN

J 7 U )

N,H,-H,0

\ﬁ/\ EtOH, reflux

J 7 U J

AL

0 O,

o
N Paa
N

HoN \IHJ\O/\ N-NH ©

clinic crystal systems, respectively, thereby further confirming
these final molecular frameworks (Fig. 2 and Table 1).

3.2. Detection performance of probe F; towards SA and SA
derivatives

Upon the addition of SA to probe F; solution, a quick colour
variance was occurred from the initial colorless to light red
(Fig. 3a), indicating that SA could induce the ring-opening
of five-membered spirolactam moiety and thereby afforded a
naked-eye recognition feature. To clearly elucidate this occur-
rence, fluorescence spectroscopic response of probe F; to SA
and SA derivatives was performed. As displayed in Fig. 3a, a
strong luminescence emission at 583 nm (Igy4sa/Ipr = 72.1-
fold enhancement, ®g; 54 = 0.195) was observed distinctly
after the introduction of SA. By contrast, weak variations on
the fluorescence intensity were detected by importing SA
derivatives including ASA, methyl salicylate, m-salicylic acid,
p-salicylic acid, salicylaldehyde, o-methoxybenzoic acid, o-
methylbenzoic acid, o-aminobenzoic acid, catechol, and ben-
zoic acid. This outcome was consistent with their correspond-
ing UV-vis absorbance (Figure S14), manifesting that a highly
selective colorimetric chemosensor (F;) might be discovered.
The Job’s plot experiment disclosed a 1:1 binding mode
together with a binding constant of 1.34 x 10* M~ (Fig-
ure S15), indicating that an appreciable hydrogen bonding
interaction happened between probe F; and SA, thereby lead-
ing to the spirolactam ring breakage and the succeeding fluo-
rescence generation. Additionally, we have performed the
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Synthesis and chemical structures of rhodamine-based probes F-Fy.
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Fig. 2

Single-crystal structures of probes Fy-Fs.

Table 1 Crystal data and structural refinement parameters of probes F;-Fs.

Compound F; F, F3

Formula C38H41N503 C30H34N4O4 C36H33N404

CCDC numbers 2,128,774 2,128,776 2,128,779

Fw 695.76 514.62 590.72

Crystal system Triclinic Monoclinic Monoclinic

Space group P-1 P2(1)/c P2(1)/c

a (A) 9.0992(11) 9.8956(11) 9.4108(9)

b (A) 13.0566(16) 13.1804(13) 13.3818(12)

¢ (A) 14.6979(17) 24.888(3) 13.3818(12)

o (°) 83.057(3) 90.00 90.00

p(©) 83.744(3) 98.002(3)

7 (°) 77.367(2) 90.00 90.00

v (A% 1685.3(3) 3192.2(6) 3405.4(5)

VA 2 4 4

Calculated density (g.cm™2) 1.371 1.113 1.232

F(000) 736 1140 1344

Reflections 8200 / 5777 5569 / 5569 16,488 / 5979

collected/unique [R(int) = 0.0701] [R(int) = 0.0000] [R(int) = 0.0918]

Goodness-of-fit on F~ 1.084 1.066 1.089

Final R indices Ry = 0.1136 R, = 0.1055 R, = 0.0941

[ > 20(1)] wR, = 0.2266 wR, = 0.2201 wR, = 0.2525

R indices (all data) Ry = 0.2043, R, = 0.2575, R, = 0.1896,
wR, = 0.2591 WR, = 0.2643 wR, = 0.3024

dynamic light scattering (DLS) and scanning electron micro-
scope (SEM) experiments to check the nanoparticle of probe
F; before and after adding SA. As shown in Figure S16, probe
F, itself could assemble into agglomerated spherical nanopar-
ticles with the average diameter of 388.5 nm, but having a wide
size distribution from 50 to 3500 nm (Figures S16a-S16c).
After adding SA into the solution of probe F;, spherical
nanoparticles with the average diameter of 226.7 nm were
observed. Moreover, these nanoparticles had a narrow size dis-
tribution from 90 to 800 nm (Figures S16d-S16f). This finding
indicated that SA could trigger the ring-opening reaction of
probe Fy, and thereby afforded a new product with a planar
xanthene ring and a positive charge, which would re-
assemble into smaller nanoparticles with good dispersibility.
To further evaluate the anti-interference performance, compet-
itive experiments were performed by incorporating SA to

probe F; in the presence of various interfering substrates
(Fig. 3b). Interestingly, SA analogues could not effectively trig-
ger the ring-opening reaction of probe F; and led to weak flu-
orescent intensities at 583 nm (black bars). Whereas this
situation was promptly switched after the latter supplement
of the same amount of SA, thereby affording a significantly
elevated fluorescence signal (red bars). This finding confirmed
the excellent anti-interference ability of probe F; for monitor-
ing SA in a complicated environment. Dose-dependent titra-
tion experiments disclosed that the gradual increment of SA
(0-100 equivalent) could progressively elevate the fluorescence
intensity of probe F; at 583 nm (Fig. 3¢), in which an available
linear relationship for quantifying SA (15-70 puM) was
deduced (Fig. 3d). The following signal-to-noise ratio measure-
ment provided the detection limit of probe F; to SA was 1 uM.
Based on the above analysis, probe F; with good selectivity,
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Fig. 3  (a) Fluorescence spectra of probe F; (10 pM) upon addition of SA and it’s analogs (50 pM) in the mixed solution (MeCN:

H,O0 = 7:3, V/V); (b) Competitive experiments for later adding 50 pM SA into premixed solutions containing probe F; (10 pM) and SA
analogues (50 uM): (1) blank, (2) o-methoxybenzoic acid, (3) m-salicylic acid, (4) p-salicylic acid, (5) acetylsalicylic acid, (6) benzoic acid,
(7) catechol, (8) o-aminobenzoic acid, (9) o-methylbenzoic acid, (10) phenol, (11) methyl salicylate, and (12) salicylaldehyde. Black bars,
fluorescence intensity for probe Fy and SA analogues at 583 nm; red bars, after adding SA into the premixed solution containing probe Fy
and SA analogues; (c) Fluorescence emission spectra obtained during the titration of probe F; (10 uM) with SA (from 0 to 1000 uM) in the
mixed solution (MeCN:H,O = 7:3, V/V). The inset shows changes in the fluorescence intensity at 583 nm; (d) The linear fluorescence (at

583 nm) change of probe F; (10 pM) with SA (15-70 uM). (Aex = 564 nm, slits: 2 nm/2 nm).

sensitivity, and anti-interference competence for monitoring
SA was potentially developed.

3.3. Monitoring SA by other probes F»-F; and DFT calculations
for probe-SA

Structural modifications based on probe F; were implemented
to attempt to achieve better-performance chemosensors.
Therefore, probes F,-F4 bearing the corresponding methyl car-
bamate, benzyl carbamate, and ethyl 2-amino-2-oxoacetate
were prepared. The essential selectivity against SA derivatives
was firstly investigated and illustrated in Fig. 4a-4c. Compared
to SA derivatives, only SA could actively launch the ring-
opening responses of the spirolactam moiety of probes F,-F,,
thereby causing an obvious enhancement in terms of fluores-
cence intensity. This finding revealed that these probes were
also granted good selectivity towards SA detection. However,
the sensitivity of probes F,-F4 was significantly restricted by
comparing to that of probe F; (Fig. 4d).

To disclose the reason for higher SA selectivity of Fy, den-
sity functional theory (DFT) calculations were carried out to
examine the ground state geometry of the probe molecule com-
plex with SA as well as their corresponding binding energy and
electronic structure. Our DFT calculations identified two dif-
ferent SA configurations, which were not distinguished in pre-
vious studies. As shown in Fig. 5 and Table S1, their geometric
structures are different, and thereby attribute to striking
energy differences. Given this, all analyses and calculations
presented in this work are based on the most stable structure
of SA.

An electrostatic potential analysis is the most useful
approach to examining the relationship between structure
and activity. For investigating the binding mode and energy
of SA and probes (F;-Fy4), eight possible adsorption models
are predicted through two different attacking schemes (I and
II). The obtained binding energy for complexes Fy-I, Fy-II,
Fy-1, Fo-II, F3-1, F3-II, F4-I and F4-II were —9.65, —12.41,
—-11.02, —11.01, —7.76, —11.89, —17.49, —8.37 kcal/mol,
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Fig. 5 Two optimized configurations of SA.

respectively (Fig. 6). Clearly, the most stable binding modes
from case to case were F-11, F,-1, F5-11, and F4-1, respectively.
This finding indicates the formation of appreciable hydrogen-
bonding interactions between probes and SA. The electrostatic
potential penetration diagram of the most stable structures in
Fig. 7a again confirms the strong hydrogen-bond interaction
between SA and probe molecules. As shown in Fig. 7b, the
energy gaps based on the favourable structures increase in
the order: Fi-II (498.89) < Fy4l (567.07) < Fypl
(591.31) < F5-11 (601.74), suggesting that F; was more sensi-
tive towards SA and could serve as a lead SA-sensor candidate
for further investigations.

3.4. Possible mechanism studies for detecting SA

"H NMR titration experiments were displayed to elucidate the
possible monitoring mechanism. Upon the addition of 1.0
equivalent SA into probe F; solution, the proton signals (a,
b, ¢, d) of SA shifted to the high-field region significantly
(A6 = -0.06, —0.05, —0.06, and —0.06 ppm, respectively,
Table S2), manifesting that a strong hydrogen bonding interac-
tion happened between the bulky probe F; and SA, thereby
causing the increased shielding effect (Fig. 8). Inversely, con-
tinuously enhancing the amounts of SA (2.0 or 3.0 equiv.)
made for the retrievable chemical shifts to low-field
(A6 = 0.02, 0.02, 0.03, and 0.02 ppm, respectively), indicating
that a 1:1 binding mode was probably deserved, which agreed
with the aforementioned Job’s plot analysis. Meanwhile, the
protons belonging to the isoindolinone moiety of probe Fy
gave a perceptible chemical shift to low-field via a dose-
dependent manner (Table S3), exemplified by the proton at
the 1-position (Ad = 0.03, 0.04, and 0.05 ppm after adding
1.0, 2.0, and 3.0 equiv. SA, respectively). This phenomenon
might attribute to the deshielding effect triggered by the coef-
ficient of forming hydrogen bonds and ring-opening the spiro-
lactam moiety. Nevertheless, the protons at the 4,5-dimethoxy-
2-nitrobenzene ring presented a negligible chemical shift, indi-
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s

Il Salicylic
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Fy-ll (-11.01)

Fig. 6 The model of probes F{-F4 with salicylic acid.

cating that the formation of hydrogen bonds was mainly
located at the carbohydrazide fragment. Notably, the chemical
shift of protons (11- and 12-positions) adjacent to N,N-diethyl
groups exhibited variations, which ascribed to the structural
transformation from a closed spirolactam form to a ring-
opening style and eventually facilitated the formation of qua-
ternary ammonium. The active hydrogen (NH) of probe F,
presented a large chemical shift (A6 = 0.66 ppm) to the low-
field, further confirming that an appreciable hydrogen bonding
interaction was formed with the appended SA. Given the
above analysis, a possible mechanism for monitoring SA was
deduced (Fig. 9). Initially, SA could participate in the forma-
tion of a relatively robust hydrogen bond with probe Fy, which
subsequently led to the intramolecular electron migration and
rearrangement. Next, this workable driving force would trigger
the ring-opening reaction to yield the fluorescent-switched pro-
duct for SA detection. Additionally, a molecular weight
696.3022 (m/z, Figure S17) for the ring-opening product from
HRMS spectrum confirmed this inference.

3.5. Monitoring SA on the roots of cucumber

To evaluate the in vivo monitoring effect of probe F; towards
SA, confocal imaging was performed on the roots of cucum-
ber. Generally, the young roots of cucumber were incubated
with 30 uM probe Fy in water for 3 h at 25 °C. After that, these
roots were washed with deionized water three times and then
treated with 300 uM SA for 2 h at 25 °C. Finally, all the sam-
ples including the black and only probe F; treatments were
imaged on confocal microscopy by a two-photon excited
mode. Clearly, compared to the controls (Fig. 10a-10f), the
coexistence of probe F; and SA could trigger the fluorescence
“turn-on” and thereby produced a strong red fluorescence
located at the plant cell spaces (Fig. 10g-10i). This interesting
finding revealed that probe F; could delicately and selectively
monitor SA in vivo. Moreover, probe F; did not show potential
phytotoxicity towards cucumber seedlings (Figure S18-S19 and
Table S4).
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Fig. 7
models of probes F;-F4 and salicylic acid.

In summary, four rhodamine-functionalized probes (F;-F)
bearing the carbamate moiety were prepared to attempt to
selectively monitor the plant immune signaling molecule SA.
Screening results displayed that probe F; possessing a 4,5-
dimethoxy-2-nitrobenzyl carbamate moiety could effectively
and sensitively discriminate SA against various SA derivatives,
which was superior to those of probes F,-F4. The following
DFT calculations revealed that there was a smaller energy
gap (4Eprmr = 498.89 kJ/mol) between the LUMO and
HOMO of probe F;, indicating that this sensor was more reac-
tive and sensitive than those of probes Fy-F4 (AE = 567.07 ~
601.74 kJ/mol) after adsorption with salicylic acid. '"H NMR

-625.31

e Q ©

'fr"‘,'”
L) 7 o’ O
Po

)

Fall Fyrl

(a) Electrostatic potential penetration diagram of probes F;-F4 and salicylic acid; (b) HOMO-LUMO energy gap for adsorption

titration experiments validated that a relatively robust hydro-
gen bonding interaction happened between probe F; and SA,
thereby leading to the spirolactam ring breakage and the suc-
ceeding fluorescence ‘“‘turn-on”. This outcome was in agree-
ment with the Job’s plot test, which provided a 1:1 binding
mode together with an appreciable binding constant of
1.34 x 10* M. Besides, the correlative limit of detection of
1 uM and an available linear relationship for quantifying SA
(15-70 uM) were acquired (Table S5). In vivo imaging on the
roots of cucumber further confirmed that probe F; could selec-
tively and delicately monitor SA along with producing a strong
red fluorescence. Given these intriguing findings, we expected



10

Z.-M. Fang et al.

b COOH
a

SA

Fi:SA=1:3

F:SA=1:2

F;:SA =11

F

SA

16.7' '16.4I ' 8:0 ' 7:8 ' 7:6 ' 7‘.4 7:2 ' 7:0 ' 6:8 ‘ 6:6 ' 6:4 ' 6:2 | 6:0 '

Chemical shift (ppm)

Fig. 8 Partial "H NMR spectra for different molar ratios of probe F; with SA (400 MHz, CDCl5).

that more innovative and sensitive SA-chemosensors could be
actively excavated for future research and development of
plant immune activators in crop protection.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2022.104476.
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