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Fe2* has high redox activity and participates in many important physiological processes in vivo, playing a
crucial role in the living system. An excessive iron content can lead to oxidative stress and cell damage,
leading to the occurrence of many diseases. Therefore, it is necessary to establish an effective method
to detect unstable iron(i) ions (Fe2*). In this work, a novel NIR fluorescent probe MDJ-O for Fe?* based
on the N-oxide structure was explored. The probe can monitor Fe2* based on the ICT mechanism. In
the PBS buffer solution containing 1 mM CTAB, MDJ-O showed a rapid response toward Fe?* in 5 min
with a fluorescence enhancement of 49-fold (Aex/Aem = 535/720 nm). The sensitivity of MDJ-O for Fe2*
was brilliant, and the detection limit was as low as 3.09 uM. Notably, MDJ-O was successfully utilized for
living cell imaging and in vivo imaging of zebrafish and mice. In addition, MDJ-O was successfully used
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DOI: 10.1039/d4ma00361f for monitoring the level changes of Fe2* in the liver and kidney injuries induced by acetaminophen

(APAP), achieving the visualization of the injury. This work is of great significance for the study of drug-
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Introduction

Iron is the most plentiful transition metal element on Earth,
and is utilized to maintain normal vital activities. Iron is closely
related to human life and plays an important biological role.
Labile iron with weak protein binding ability aggregates in the
labile iron pool (LIP), exhibiting high redox activity."® In the
microenvironment of cells, intracellular Fe*" can be reduced to
Fe”* by ascorbic acid and reduced glutathione (GSH).”® To
maintain the ordinary function of cells in the organism, Fe>*
and Fe** need to be in equilibrium. Unstable Fe** can partici-
pate in the Fenton reaction to generate a hydroxyl radical (one
of the reactive oxygen species (ROS)) which can cause serious
oxidative damage to cells.”"* Iron deficiency can result in
anemia, kidney damage, diabetes, etc.">® On the other hand,
excessive iron may lead to various diseases, such as Parkinson’s
disease, Alzheimer’s disease, cardiovascular disease, cancer,
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induced liver and kidney injury and other iron-related diseases.

etc.’" Iron overload is also associated with liver and kidney
injury.?>?® For instance, acetaminophen (APAP), also known as
paracetamol, is one of the most commonly used antipyretic and
analgesic drugs. Excessive intake of APAP can induce severe
liver and kidney toxicity, which can lead to acute liver failure
(ALF) and acute kidney injury (AKI).>*** Although the molecu-
lar mechanism of liver and kidney toxicity induced by APAP is
complicated, a few studies have revealed that the toxicity is
associated with the increased Fe>" level in the liver and kidney
injury disease models.?*° Therefore, the establishment of an
effective real-time detection method for biological Fe*" ions is
of great significance for further study of its physiological and
pathological effects.

Up to now, some fluorescent probes have been developed as
favorable tools for biosensing and imaging Fe** levels with sig-
nificant advantages such as low cost, easy operation, and good
selectivity.** ¢ However, the number of fluorescent probes used for
detecting Fe" is still limited. There are mainly two kinds of Fe**
fluorescent probes available, one is chelation-based probes and the
other is reactivity-based probes (Scheme S1, ESIt).*”*® Reaction-
based Fe** fluorescent probes overcame some limitations of tradi-
tional chelating Fe** fluorescent probes, such as weak binding to
Fe*", low selectivity, and poor in vivo imaging effect.>***° Due to the
strong paramagnetic properties of iron ions, they have a strong
fluorescence quenching ability. The “ON-OFF” response mode is
susceptible to interference from complex biological systems
and has poor sensitivity, which is not conducive to accurate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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identification and detection of Fe*'. In contrast, a turn-on
fluorescent probe can avoid the aforementioned limitations.
In 2013, Nagasawa et al. developed the first fluorescent probe
containing an N-oxide structure for Fe** with turn-on fluores-
cence in living cells."’ N-oxide-based fluorescent probes can
quickly capture the changes in the Fe>" level in both in vivo and
in vitro, which has greatly attracted the attention of many
researchers. In the past decade, some researchers have intro-
duced the N-oxide structure as the recognition site for Fe** into
different kinds of fluorophores and applied them to the detec-
tion of Fe** (Table S4, ESIt). Near-infrared (NIR) fluorescent
probes have been applied in the field of bioanalysis, owing to
the great advantages of a good tissue penetration depth and
non-invasive detection in vivo.*>** Therefore, the development
of novel fluorescent probes toward Fe** with good water solu-
bility, high selectivity, rapid response, and near-infrared
fluorescence characteristics has been a research hotspot.
Here, we developed a novel NIR fluorescent probe MDJ-O
containing an N-oxide structure on the julolidine moiety.
The probe emitted NIR fluorescence when reacting with Fe",
MDJ-O could effectively detect Fe*" in nearly 100% aqueous
solution, living cells, zebrafish, and mice. After Fe** mediated
deoxidation of the N-oxide structure, intramolecular charge
transfer (ICT) was enhanced, and about 49-fold increase of
the NIR fluorescence emission (e, = 720 nm) was observed.
The probe displayed brilliant selectivity and sensitivity toward
Fe”*, and could achieve a specific fluorescence turn-on
response towards Fe®" within 5 min. Imaging experiments
showed that MDJ-O had low cytotoxicity and good biocompat-
ibility, and could be used to image endogenous and exogenous
Fe*" in cells, zebrafish, and mice. In addition, probe MDJ-O
was successfully utilized to visualize Fe*" in mice with APAP-
induced liver and kidney injury. This is of great significance for
further exploring the occurrence and development process of
liver and kidney injury.

Experimental section
Synthesis and characterization

Synthesis of 2-(3,5,5-trimethylcyclohex-2-en-1-ylidene) malo-
nonitrile (1). Isophorone (1.26 g, 19.08 mmol) and malononi-
trile (2.77 g, 20.10 mmol) were dissolved in 10 mL of absolute
EtOH, and then piperidine (269.74 mg, 3.17 mmol) and acetic
acid (190.26 mg, 3.17 mmol) were slowly added to it, respec-
tively. The reaction solution was stirred at 60 °C for 12 h and
monitored by TLC. After the raw material isophorone was
completely consumed, the reaction was stopped. The solvent
was evaporated under reduced pressure. The crude product was
purified by silica gel column chromatography using dichloro-
methane (CH,Cl,) to afford 1 as yellow solid powder. Yield:
2.80 g (78.87%). '"H NMR (DMSO-d; 300 MHz): § (ppm) 6.60
(s, 1H), 2.27 (s, 2H), 2.09 (s, 3H), 1.00 (s, 6H) (Fig. S1, ESIt). *C
NMR (DMSO-d¢ 75 MHz): 6 (ppm) 171.24, 162.27, 119.38,
113.34, 112.56, 76.09, 44.74, 41.89, 31.90, 27.21 (Fig. S2, ESIY).
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ESI-MS (m/z): 185.68 [1-H']™ (cacld for C;,H;3N,: 185.11)
(Fig. S3, ESIY).

Synthesis of MDJ. 1 (558.36 mg, 3.0 mmol) and 2,3,6,7-
tetrahydro-1H,5H-benzo[ij]quinolizine-9-carboxaldehyde (603.35 mg,
3.1 mmol) were dissolved in 10 mL of absolute EtOH, and then
excessive dimethylamine methanol solution was slowly added to it.
The reaction solution was stirred under reflux for 8 h and monitored
by TLC. After the raw material 1 was completely consumed, the
reaction was stopped. The resultant black-blue powder was filtered
and subsequently washed thrice with cold EtOH solution to remove
unreacted raw materials. Yield: 0.98 g (83.76%). '"H NMR (CDCl;
300 MHz): & (ppm) 6.85 (m, 5H), 3.26 (t, ] = 5.25 Hz, 4H), 2.75 (t,
J =5.91 Hz, 4H), 2.55 (s, 2H), 2.42 (s, 2H), 1.97 (m, 4H), 1.05 (s, 6H).
3C NMR (CDCl; 75 MHz): 6 (ppm) 169.14, 155.75, 144.92, 138.89,
127.45, 123.47, 122.81, 121.45, 120.95, 114.68, 113.87, 74.82, 50.15,
43.16, 39.42, 32.11, 28.20, 27.84, 21.70. ESI-MS (m/2): 370.19 [MDJ +
H']" (cacld for C,5HpsN;': 370.23).

Synthesis of MDJ-O. MD]J (812 mg, 2.2 mmol) was dissolved
in 10 mL of EtOAc, and then m-CPBA (603.35 mg, 3.1 mmol)
was slowly added to the reaction solution at 0 °C. The reaction
solution was stirred at room temperature for 5 h and monitored
by TLC. After the raw material MDJ was completely consumed,
the reaction was stopped. The reaction solution was filtered to
obtain a pale yellow product. Then the powder was washed
thrice with EtOAc to remove unreacted raw materials. Yield:
0.91 g (71.09%). "H NMR (CDCl, 300 MHz): § (ppm) 7.18 (s, 2H),
6.88 (m, 3H), 4.67 (d, J = 11.73 Hz, 2H), 3.56 (td, J = 12.48,
3.45 Hz, 2H) 3.16 (m, 4H), 2.97 (m, 2H), 2.61 (s, 2H), 2.43
(s, 2H), 2.09 (m, 2H), 1.08 (s, 6H). *C NMR (CDCl; 75 MHz):
o (ppm) 169.34, 152.91, 136.89, 134.46, 131.62, 129.79, 128.17,
127.16, 124.72, 113.37, 112.35, 80.11, 65.30, 43.20, 39.34, 32.04,
28.19, 25.35, 16.43. ESI-MS (m/z) 386.30 [MDJ-O + H']" (cacld for
Cy5H,sN;0': 386.22).

All experiments were performed in compliance with the
relevant laws and institutional guidelines, and were approved
by the ethical committee at Capital Medical University.

Results and discussion
Design and synthesis of probe MDJ-O

In this work, a novel NIR Fe*>* fluorescent probe MDJ-O
based on the julolidine moiety was designed and synthesized.
The probe was easily synthesized in only two steps, and
the pure products MDJ and MDJ-O were obtained by just
washing without purification by column chromatography.
MDJ was synthesized by the Knoevenagel condensation reac-
tion of 1 and 2,3,6,7-tetrahydro-1H,5H-benzo[ij]quinolizine-9-
carboxaldehyde (Scheme 1A). The hyperoxide reagent m-CPBA
was used to oxidize the tertiary amine of MD]J to the N-oxide
structure on MDJ-O (Scheme 1B). According to the literature,
MDJ-O is the first NIR fluorescent probe toward Fe*" based on
the structure of julolidine. The structures of MDJ and MDJ-O
were characterized by "H NMR, **C NMR, and ESI-MS (Fig. $4-S10,
ESIt). The structure of MDJ (C,5H,,N3) was further confirmed by
X-ray single-crystal analysis (Fig. S7, ESI{). All the important
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Scheme 1 (A) Synthetic route of probe MDJ-O. (B) Proposed synthesis
mechanism of probe MDJ-O using m-CPBA.

crystallographic data (CCDC 2339716%) and refinement para-
meters are given in Tables S1-S3 (ESIT). MDJ was a monoclinic
crystal system, and it could be known from Table S1 and Fig. S7
(ESIY). In fact, the single bond in the MDJ structure could rotate
to produce two isomers, MD]J and MDJ’ (Fig. S7, ESIt). Accord-
ing to the X-ray crystal structure of MD]J, it should exist in the
MD]J structure rather than the MDJ’ structure.

Spectral response of probe MDJ-O towards Fe>*

To understand the fluorescence response of MDJ-O toward Fe**
in different solvents, Fe** was added to different solvents
containing MDJ-O. As shown in figures (Fig. S12 and S13, ESIY),
the fluorescence intensities of MDJ-O towards Fe”" in organic
solution were generally higher than that in aqueous solution.
This may be due to the fact that MDJ-O was more soluble in the
organic phase. It was worth noting that the fluorescence
intensity of the solution was obviously increased after adding
CTAB to the PBS buffer solution. CTAB as a cationic surfactant
is composed of a hydrophilic quaternary ammonium salt and a
hydrophobic non-polar hydrocarbon chain. CTAB could form
stable micelles by self-assembly in water.***® The enhanced
fluorescence intensity of an aqueous solution containing CTAB
might contribute to the formation of micelles. CTAB encapsu-
lated MDJ-O into hydrophobic cavities to form micelles
(Scheme 2), which increased the solubility of MDJ-O in aqueous
systems and promoted its response to Fe’* in an aqueous
environment (Fig. S14, ESIt). As shown in Fig. S15 (ESIt), the
fluorescence intensities increased with the increase in CTAB
concentration, indicating that the fluorescence intensity was
concentration-dependent on CTAB. A hypothesis had been
proposed that the increase of CTAB concentration expanded
the size of the hydrophobic cavity, weakened the collision
between fluorescent particles, reduced the non-radiative transi-
tion of molecules, increased the fluorescence efficiency, and
thus increased the fluorescence intensity. In addition, as the
concentration of CTAB increased, more probe molecules could
be encapsulated in the micelles. This process promoted the
solubility of the probes in aqueous solution, resulting in a high
reaction probability of MDJ-O towards Fe** and fluorescence
enhancement. To understand the properties of the micelles, the
particle size of the micelles in PBS buffer was measured using
the dynamic light scattering (DLS) method. DLS test results

5626 | Mater. Adv, 2024, 5, 5624-5631
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Scheme 2 (A) Response mechanism of MDJ-O towards labile Fe?* in PBS
buffer solution. (B) The size distribution of MDJ-O (10 uM) dispersed in PBS
buffer solution with or without adding Fe* (100 uM).

showed that the particle size of the MDJ-O was about 200 nm,
and the particle size was expanded to about 900 nm after
adding Fe>* to the MDJ-O solution (Fig. S16, ESIt). This may
be due to the reaction of MDJ-O with Fe** to yield MDJ. The
molecule MDJ is more hydrophobic than MDJ-O, and it could
be easily wrapped in the hydrophobic cavity. As the number of
molecules entering the hydrophobic cavity increased, the
micelle size also increased.

As shown in the UV-vis absorption spectrum (Fig. 1A), the
maximum absorption peak of MDJ-O (10 pM) at 390 nm in PBS
buffer solution. After the addition of Fe>* (100 uM), the max-
imum absorption peak was redshifted to 550 nm, and the color
of the solution changed from light yellow to purple. In addition,
the fluorescence excitation and emission spectra of MDJ and
MDJ-O + Fe** were recorded (Fig. $17, ESIt). The excitation
wavelengths of MDJ and MDJ-O + Fe*" were similar, and the
emission wavelengths were the same, indicating that MDJ-O
reacted with Fe>* to generate MDJ. Upon excitation at 540 nm,
MDJ-O did not emit fluorescence. After treatment with Fe*"
(100 puM), the fluorescence intensity significantly increased at
720 nm (Fig. S18, ESI{). The above results indicated that Fe**
mediated the deoxidation of MDJ-O, releasing the fluorophore
MDJ and exhibiting an “OFF-ON” fluorescence response, and
proved that MDJ-O could effectively detect Fe>".

To further study the stability of MDJ-O and MDJ-O towards
Fe®*, the fluorescence intensities of both systems were mon-
itored in real-time for 2 h. The dynamic analysis results
indicated that the probe MDJ-O solution had a low and stable
fluorescence intensity at 720 nm. When Fe** (100 uM) was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) The UV-vis spectra of probe MDJ-O (10 uM) in response to
increasing concentrations of Fe?* (0-100 pM) in PBS buffer. (B) Fluores-
cence emission spectra of probe MDJ-O (10 uM) in response to increasing
concentrations of Fe?* (0-100 pM) in PBS buffer. (C) Fluorescence emis-
sion intensities (720 nm) of probe MDJ-O (10 uM) at varied pH values in the
absence/presence of Fe?* (100 puM). (D) HPLC of MDJ-O, MDJ-O with
Fe*, and MDJ.

added to the MDJ-O solution, the fluorescence intensity of the
solution increased rapidly. It reached a plateau in 5 min,
completing the recognition of Fe** and enhancing the fluores-
cence intensity 49-fold (Fig. S19, ESIf). MDJ-O had a rapid
response to Fe**, which was faster than most of the reported
N-oxide-based probes. This feature illustrated that MDJ-O had
obvious advantages in the detection of Fe*'.

To investigate the response-ability of probe MDJ-O to Fe**, UV-vis
titration and fluorescence titration experiments were carried out. As
shown in Fig. 1A, new absorption peaks at 550 nm increased
significantly after the continuous addition of Fe** (0-100 uM) to
PBS buffer solution containing probe MDJ-O (10 pM). The absorp-
tion peaks at 390 nm gradually decreased upon increasing the
concentration of Fe** jons, and a distinct isosbestic point appeared
at 430 nm. This indicated that MDJ-O reacted with Fe?" to form the
new substance MDJ. The new absorption peak of MDJ-O + Fe** at
550 nm was consistent with the absorption wavelength of MD],
which further indicated that MDJ-O reacted with Fe** to form MDJ.
As shown in Fig. 1B, with the increase of Fe** concentration (0-100
uM), the fluorescence intensity at 720 nm gradually increased. The
observed color of the solution changed from light yellow to bright
purple by irradiation with an ultraviolet lamp (e = 365 nm). The
fluorescence intensity of probe MDJ-O (10 uM) at 720 nm displayed a
good linear relationship with the concentration of Fe*" (0-35 uM)
(Fig. S20, ESI}). The limit of detection (LOD) of MDJ-O for Fe>" was
calculated to be 3.06 pM. From the above results, it could be
concluded that probe MDJ-O had high sensitivity to Fe>" and could
meet the detection requirements for Fe>* in biological systems and
environmental samples.

PH response of MDJ-O towards Fe>*

To investigate the applicability of probe MDJ-O in vivo, a
pH-dependent assay of the probe was performed. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fluorescence emission intensities of MDJ-O and MDJ-O towards
Fe** were performed in PBS buffer solution. As shown in
Fig. 1C, the fluorescence of MDJ-O at 720 nm did not change
obviously with the change of pH value, indicating that probe
MDJ-0O had good stability and was unaffected by the change of
pH (3-12). After adding Fe** (100 uM) to probe MDJ-O (10 uM),
the probe showed a significant fluorescence enhancement
response in the pH range 4-9 (Fig. 1C). Under the conditions
of strong acid and strong base, the fluorescence enhancement
amplitude was small, and even tended to the fluorescence
intensity of MDJ-O. This may be because Fe*" was relatively
stable and not easily converted to Fe** under strongly acidic
conditions, which leads to the Fe** being unable to provide
electrons and hard to react with MDJ-O to release MDJ. In the
presence of a strong base, Fe>* was more likely to react with
OH™ to form an Fe(OH), precipitate, which reduced the reac-
tion chance of MDJ-O with Fe®", making redox reactions hard to
occur, resulting in a poor fluorescence response. In summary,
MDJ-O revealed a significant fluorescence response towards
Fe** within the physiological pH range, which was suitable for
the detection of Fe>" in complex physiological environments.

Selective testing of MDJ-O for Fe>*

To explore the specific detection ability of probe MDJ-O towards
Fe?*, different cations, anions, amino acids, and bioactive
analytes were used to evaluate the selectivity of probe MDJ-O.
After adding the analytes, only the absorption peaks of MDJ-O
can be observed in the UV-vis absorption spectra. After Fe?* was
added to the solution containing MDJ-O, a new absorption peak
appeared at 550 nm (Fig. 2A). In the bright field, the color of the
sample solution changed from light yellow to purple, which
could be easily identified by the naked eye, indicating that the
probe molecule can directly detect Fe*" by the colorimetric
method. According to the fluorescence spectra, no obvious
fluorescence response at 720 nm was observed after mixing
the probe with other analytes. In striking contrast, a significant
fluorescence enhancement was detected with the solution
containing MDJ-O (10 uM) and Fe*" (100 puM) (Fig. S21, ESI{).
As shown in the inset of Fig. 2B, only the probe solution
towards Fe®" emitted strong fluorescence under the excitation
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Fig. 2 (A) UV-vis spectral changes of MDJ-O (10 pM) with the addition of
10 equivalents of various analytes. Inset: Bright field photograph of the
probe MDJ-O solution (10 pM) upon addition of 10 equivalents of various
analytes. (B) The bar graph comparison of the fluorescence intensities of
MDJ-O (10 uM) towards various analytes (100 uM). Inset: The photograph
of free MDJ-O and MDJ-O upon adding various analytes under 561 nm
light irradiation.
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light of 540 nm. The experimental results showed that the
probe had brilliant selectivity and could only detect Fe**, but
not other analytes.

To further demonstrate the high specificity of probe MDJ-O
towards Fe®", competitive experiments were conducted to
investigate the anti-interference ability of MDJ-O in PBS buffer
solution. The addition of 100 pM interfering analytes to the
solution containing the probe alone did not induce an obvious
fluorescence change. After adding Fe®" (100 uM) to the afore-
mentioned solutions, the fluorescence intensities increased
significantly (Fig. S22, ESIf). Among them, the fluorescence
enhancement effect was disturbed by Cu®*, which may be
attributed to the paramagnetism of Cu®'. To sum up, the
detection of Fe** by probe MDJ-O was free from the interference
of most analytes, showing high selectivity and strong anti-
interference ability in aqueous solution.

Response mechanism of MDJ-O to Fe**

The response mechanism of MDJ-O to Fe>" was preliminarily
explained by the experiments of UV-vis titration and fluores-
cence titration. To further verify the response mechanism of
MDJ-O towards Fe®*, ESI-MS and HPLC were used to further
explore the response mechanism. After mixing MDJ-O with Fe**
in the methanol solution, the peak of MDJ-O at 386.22 m/z and
the peak of the deoxidation product MDJ at 370.19 m/z were
detected in the mass spectrum (Fig. S11, ESIf). This result
indicated that in the presence of Fe**, MDJ-O was deoxidized to
form the parent fluorophore MDJ. As shown in the HPLC
results (Fig. 1D), the retention time of MDJ-O was 14.4 min
and that of MDJ was 25.1 min. After the reaction of MDJ-O with
0.5, 1, 2, and 5 equivalents of Fe?", the peak intensities at
14.4 min gradually decreased with the increase of the Fe*"
content, and the peak intensities at 25.1 min gradually
increased. When 2 equivalents of Fe*" were added to the
solution containing MD]J, only the peak of MDJ was visible.
These results further elucidated that the MDJ-O could be
converted to MDJ by reacting with Fe**

To further confirm the theoretical mechanism of the MDJ-O
response to Fe**, DFT calculations were performed using the
Gaussian 16 program.*”*® Geometry optimization was com-
pleted at the B3LYP-D3BJ/TZVP level, in combination with the
SMD implicit solvation model to take account of the solvation
effect of DMSO. Fig. 3 shows the electrostatic potential mapped
molecular surfaces of MDJ-O/MDJ. The lowest occupied mole-
cular orbital (LUMO) of MDJ-O is mainly distributed on the
dinitrilyl isophorone moiety, and the highest occupied mole-
cular orbital (HOMO) is distributed on the N-O site of the
julolidine moiety. It is clearly shown that the distribution of the
HOMO and LUMO on MDJ-O exhibits significant spatial separa-
tion, leading to a potential PET quenching pathway of its
fluorescence. After MDJ-O reacted with Fe**, MDJ was released
and the HOMO was transferred to the whole skeleton of the
fluorophore. The PET process was inhibited, resulting in
enhanced fluorescence. The AE values of MDJ-O and MDJ were
2.73 eV and 2.33 eV, respectively. The energy gap of MDJ is
smaller than that of MDJ-O, which is consistent with the
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Fig. 3 (A) The molecular surface electrostatic potentials of MDJ-O and
MDJ were depicted using the VMD program. (B) Frontier orbitals and
orbital energies of the structures of MDJ-O and MDJ.

redshift phenomenon of the emission and absorption wave-
lengths of MDJ compared with that of MDJ-O.

Imaging of Fe’* in living cells

Based on the excellent optical properties of MDJ-O in aqueous
solution, the potential application of MDJ-O for the detection of
Fe”" in living cells was explored. The cytotoxicity of the probe in
HepG2 cells was first evaluated by the MTT assay prior to the
cell imaging experiments. As shown in Fig. S23 (ESIf), more
than 90% of survival rates were found after the HepG2 cells
were treated with MDJ-O (10-30 uM) for 24 h. This result
suggested that MDJ-O exhibited low cytotoxicity to HepGz2 cells
and could be further applied to monitor Fe** in living HepG2
cells. Subsequently, the detection of Fe*" with MDJ-O in living
cells was performed by laser confocal microscopy. As shown in
Fig. 4B, only a weak fluorescence signal was observed after the
cells were treated with MDJ-O (10 uM) for 30 min. In the MDJ-O
+ Fe®" group, significant fluorescence could be monitored after
the cells were loaded with MDJ-O (10 uM) and Fe>* (100 pM) in
sequence. The result apparently showed that MDJ-O can utilize
fluorescence imaging to demonstrate exogenous Fe*" levels of
cells. To further verify that the fluorescence enhancement was
mediated by Fe®", the Fe®" chelating agent 2,2'-bipyridine (Bpy)
was used to chelate Fe®" in cells. After the cells were treated
with Bpy (1 mM), the cells containing only MDJ-O showed weak
fluorescence. When the cells containing MDJ-O and Fe®" were
pretreated with Bpy (1 mM), the fluorescence intensity in cells
was significantly decreased (Fig. S24, ESIt). These experimental
studies further confirmed that MDJ-O could detect both endo-
genous and exogenous Fe”' in living cells by turn-on fluores-
cence. To study the stability of MDJ-O in living cells,
photostability experiments were carried out. Red fluorescence
was released after the recognition of Fe** by MDJ-O, and the
fluorescence signal did not fade significantly within 1 h. The
results showed that MDJ-O had good stability and strong anti-
quenching ability in living cells (Fig. S25, ESIt). In addition, the
subcellular localization of the obtained fluorescence was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Proposed mechanism of probe MDJ-O towards Fe>* in living

cells. (B) Confocal imaging of Fe?* in HepG2 cells by using probe MDJ-O
(10 pM). (C) Flow cytometry histogram results. (D) Mean observed fluores-
cence intensities of C by flow cytometry. Statistical analysis was performed
with a Student’s t-test. **P < 0.01 and ***P < 0.001 (n = 3). Error bars
indicate + S.E.M.

investigated. The fluorescence generated by MDJ-O upon treat-
ment with Fe*" had poor overlap with mitochondrial dyes (Fig.
S26, ESIT), and the Pearson correlation coefficient was 0.55. To
our delight, there was good overlap between the fluorescence
generated by “MDJ-O + Fe*"”” and LysoTracker (Fig. S27, ESIY),
the Pearson correlation coefficient was 0.87. This phenomenon
indicated that a higher level of Fe®" exists in lysosomes and
probe MDJ-O can effectively monitor it.

Detection of intracellular Fe>* by flow cytometry

In order to quantitatively analyze the intracellular fluorescence
intensity, flow cytometry analysis experiments were conducted.
As shown in Fig. 4C, the flow cytometry results of the four
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groups of cells are represented by a green peak surface, orange
peak surface, blue peak surface, and red peak surface, respec-
tively. Among them, the intracellular fluorescence signal of the
MDJ-O + Fe*" group was higher than that of the other groups.
After being treated with Bpy (1 mM, 1 h), the fluorescence
signal of the MDJ-O + Fe®" group shifted from the high signal
region to the low signal region, indicating that Bpy could
chelate exogenous Fe**. These results also reflect that probe
MDJ-O can detect exogenous Fe>" ions in cells. The fluores-
cence signal in the Bpy + MDJ-O group was lower than that in
the MDJ-O group, indicating that probe MDJ-O could monitor
endogenous Fe>'. The above results demonstrated that MDJ-O
can detect endogenous and exogenous Fe®" ions in cells by
brilliant sensitivity (Fig. 4C and D).

In vivo and tissue imaging

Based on the excellent imaging performance of probe MDJ-O in
HepG2 cells, the potential ability of probe MDJ-O to image Fe>*
in vivo was further explored. Adult zebrafish was selected as one
of the animal models in this study, this is mainly due to the
high proportion of homologous genes between zebrafish and
humans.**° As illustrated in Fig. 5A, there was no fluorescence
in the control group, while weak fluorescence could be
observed when zebrafish were cultured with MDJ-O (10 pM)
alone. This phenomenon indicated that MDJ-O processes the
turn-on fluorescence response to endogenous Fe>" in zebrafish.
After the zebrafish were cultured with Fe>* (100 uM) for 30 min
and then treated with MDJ-O (10 puM) for another 30 min,
strong fluorescence in the gill and abdomen of zebrafish could
be observed. Moreover, with an increase of the Fe** concen-
tration (0, 10, 20, and 50 uM), the fluorescence intensities in

(A)  -Fe -Fe +Fe (B) -Fe -Fe +Fe
-MDJ-O

- MDJ-O + MDJ-O + MDJ-O +MDJ-O +MDJ-O

Apap APAP-induced
-APAP APAP + APAP
-MDJ-O +MDJ-O +MDJ-O
N
%
\’0
”»

Kidney A Liver Kidney A\

Liver Kidney /

Fig. 5 (A) Fluorescence images of zebrafish: adult zebrafish only, adult
zebrafish cultivated with MDJ-O (10 uM), adult zebrafish pretreated with
Fe* (100 pM) before incubation with MDJ-O (10 puM) (ex/Aem = 535/
720 nm). (B) Imaging of Fe?* in living mice with MDJ-O. (C) Fluorescence
imaging of the main organs of mice (lex/Aem = 535/720 nm).
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zebrafish gradually increased, exhibiting a concentration-
dependent relationship (Fig. S28, ESIf). The above results
illustrated that MDJ-O could easily enter the zebrafish and
detect Fe*" in the living zebrafish.

As shown in Fig. 5B, the mice had no fluorescence background
interference. When MDJ-O (100 puM, 100 pL) was injected into the
right leg muscle of a living mouse, a certain fluorescence signal
was observed just for 5 min in the right leg of the mice under
535 nm light irradiation. This phenomenon suggested that MDJ-O
could detect endogenous Fe** in living mice. After in situ intra-
muscular injection of MDJ-O (100 uM, 100 pL) followed by FeSO,
(1 mM, 100 pL) to the right leg of mice, the fluorescence signal
was significantly enhanced. This phenomenon revealed that
probe MDJ-O could recognize exogenous Fe*" in mice. In conclu-
sion, MDJ-O could realize the visualization of Fe** in mice and
could be used as a valuable NIR fluorescent probe for rapid
imaging of endogenous and exogenous Fe*" in vivo.

Imaging of Fe>* in APAP-induced liver and kidney injury

Drug-induced liver and kidney injury are the main reason for
acute liver and kidney injury, which seriously threaten human
health and has attracted extensive attention from many
researchers and clinicians. The damage process is often asso-
ciated with the increased Fe** level in the internal liver and
kidneys. Therefore, monitoring of Fe*" in the liver and kidney
tissues is of great significance. Here, a liver and kidney injured
mouse model was introduced by tail vein injection of APAP
(300 mg kg™, 300 uL) to the mouse. As displayed in Fig. 5C, the
fluorescence intensities of the liver and kidney treated with APAP
were significantly enhanced, while the fluorescence of other organs
was weak. After sequential injection of Bpy, APAP, and MDJ-O via the
tail vein, the fluorescence intensities of the liver and kidney were
decreased (Fig. S29, ESIt). This phenomenon illustrated that the
enhancement of the fluorescence intensity was closely related to
the increase of the Fe*" level. As displayed in Fig. S30 (ESI), only the
liver treated with MDJ-O had weak fluorescence, which might be due
to the ethanol solvent that dissolved the probe and damaged the
liver. To verify that APAP indeed induced liver and kidney injury in
mice, tissue slice scanning experiments were performed (Fig. S30
and S31, ESIt). As shown in Fig. S30 (ESIt), the hematoxylin and
eosin (HE) stained liver and kidney sections exhibited significant
degeneration, while the liver and kidney sections of normal mice did
not show obvious damage. The above results indicated that the liver
and kidney were damaged after APAP treatment. According to the
literature, there were no studies on the simultaneous monitoring of
liver and kidney damage through fluorescence imaging of changes
in Fe*". The above data implied that probe MDJ-O had potential to
visualize APAP-induced liver and kidney injury. The probe has the
potential to become a useful tool for the diagnosis and evaluation of
drug-induced liver and kidney injury.

Conclusions

In conclusion, a novel NIR fluorescent probe MDJ-O was
designed and synthesized. An N-oxide structure as the reaction
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site for Fe®" was introduced to MDJ-O. This probe can monitor
Fe** in nearly 100% aqueous systems. When the probe was
deoxidized by Fe**, NIR fluorescence (e, = 720 nm) was turned
on, and the color of the solution changed from colorless to
purple, enabling both colorimetric and fluorescence detection
of Fe”* by MDJ-O. The response mechanism of MDJ-O towards
Fe®" has been confirmed using absorption spectroscopy, emis-
sion spectroscopy, ESI-MS analysis, HPLC study, and DFT
calculations. The optical evaluation showed that the detection
limit of MDJ-O for Fe*" is as low as 3.09 x 10~ ° M. In addition,
MDJ-O has excellent selectivity and a rapid response for Fe>*.
This probe can realize the detection of Fe** in a wide pH range
(4-11). Hypotoxic MDJ-O has strong penetrability and a high
signal-to-noise ratio in cells and in vivo. The NIR probe MDJ-O
has been successfully applied to the fluorescence imaging of
Fe*" in living cells, zebrafish, and mice. Notably, MDJ-O was
utilized to visualize Fe*" in an APAP-induced liver and kidney
injury model. This is of great significance for further under-
standing the mechanism of drug-induced liver and kidney
injury. These results indicated that MDJ-O has great potential
in detecting Fe*".
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