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and sensitive fluorescent sensor for Fe** detectiont
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In this research, a novel selective and sensitive fluorescent sensor for detecting Fe** was designed and
synthesized; it revealed an obvious fluorescence quenching effect upon addition of Fe>*, and possessed
the quantitative analysis ability on account of the formation of a 1:1 metal-ligand complex.
Furthermore, the density functional theory calculations were utilized to study the molecular orbitals as
well as the spatial structure. Simultaneously, the cell experiments and zebra fish experiments verified the
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Introduction

Fe®* is the fourth most abundant element in the environment
and is the backbone of industrial development.'® Meanwhile
Fe’" is one of the necessary ions for life, and is involved in many
cellular biochemical processes. The deficiency or excess of Fe**
will lead to a series of diseases, for example, Fenton reaction
may take place in the presence of excess Fe’" in cells, and the
generated reactive oxygen species (ROS) from Fenton reaction
are able to induce neurodegenerative diseases such as Alz-
heimer's disease, Parkinson's disease and Huntington's
disease.*® In addition, the deficiency or inadequate intake of
Fe®* may cause arteriosclerosis, anemia, physical dysfunction,
heart damage, and even death in severe cases. So the develop-
ment of effective Fe®* detection methods is critical in modern
society. In recent years, atomic absorption spectrometry,
inductively coupled plasma mass spectrometry, inductively
coupled plasma spectrometry, flow injection analysis, voltam-
metry and microbiology have been reported in detection of Fe*",
and these methods have disadvantages such as complex pre-
processing, burdensome process, high operating costs, limited
sensitivity and long analysis time.”* Therefore, the above
methods cannot be utilized as analytical tools for real-time or
site inspection of target analytes, which greatly limits their
practical application. As an alternative method, fluorescence
sensors possess the advantages of high sensitivity, strong
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application value of the sensor in the biological field.

selectivity, fast response, low cost, real-time analysis and good
portability, hence it is of great significance to design and
prepare a simple and efficient fluorescence sensor.**** Nitrogen
heterocyclic compounds are nucleophilic or alkaline, and
commonly found in natural products such as nucleic acids,
coenzymes, amino acids and alkaloids. In heteroaromatic rings,
nitropyrrole has special electronic properties that contribute to
T conjugation.”® Pyrrole, imidazole, pyrazole, pyridine and
pyrimidine are relatively common in chemical reactions due to
their high stability and applicability. Quinoline is a common
nitrogen heterocyclic compound, and at the same time is also
good at complexing to metals. The structure of quinoline makes
it provide weak alkalinity, rigid structure and high quantum
yield, and it's reactive to both nucleophiles and electrophiles, so
quinoline and its derivatives can be used as fluorophores to
design metal ion fluorescence sensors.

In this research, a novel fluorescent sensor 1 was successfully
designed and synthesized through chemical modification of
quinoline fluorophore; sensor 1 exhibited good selectivity and
sensitivity to Fe*”, and it was capable of effective recognition of
Fe’" among common metal ions. At the same time, the cell
viability assay, the cell fluorescence imaging experiments and
specific labeling experiments on zebra fish proved that sensor 1
could be used to detect Fe*" in organisms.

Experimental
Materials and instrumentations

The chemical reagents and solvents utilized in experiments
were commercially available analytical grade, without further
purification, and solvents for spectra detection were HPLC
reagent without fluorescent impurity. "H and "*C NMR spectra
were taken on a Varian Mercury-300 spectrometer with TMS as
an internal standard. HRMS spectra was analysed on an Agilent
1290-Micro TOF QII. UV-visible absorption spectrum was
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applied on a UV-1900 spectrometer. Fluorescence spectrum was
applied on a Hitachi F-4600 spectrofluorimeter. The pH
measurement was made with Metteler-Toledo Instruments
DELTE 320 pH. Cell experiments were performed on an inverted
fluorescence microscope (Olympus IX-70) connected to a digital
camera (Olympus, ¢-5050).

UV-vis and fluorometric analysis

The metal ions (Na*, Ca**, Hg>", Cd**, Mg>", zn>*, Pb**, Co™",
Mn*", Cu®’, AI**, Cr**, Fe** and Fe®") used in experiments were
purchased from Aladdin reagent official website and stored in
the vacuum storage boxes. The above metal ions were prepared
as buffer solution (HEPES-NaOH, pH = 7.4) and diluted to 5 x
10" M to obtain the corresponding ionic solution, the experi-
mental samples were prepared by placing appropriate amounts
of ions stock into matching concentration solutions of sensor 1
[V(DMF)/V(H,0) =1 : 1, pH = 7.4]. The fluorometric analysis of
sensor 1 was investigated with 314 nm as excitation wavelength,
both the excitation and emission slit widths were 5 nm and
5 nm, respectively.

Synthesis of sensor 1

Anhydrous potassium carbonate (3.8 g, 28 mmol) and 8-
hydroxyquinoline (2.0 g, 14 mmol) were dissolved in 50 mL
acetonitrile and stirred continuously at room temperature for
30 minutes, then ethyl bromoacetate (2.5 g, 15 mmol) was
added into the mixture and stirred for another 6 h. The product
was extracted three times with dichloromethane and deionized
water, the organic phase was dried with anhydrous magnesium
sulfate for 24 hours, and the solvent was steamed after drying.
The crude product was separated and purified by column
chromatography (developing agent: petroleum ether/ethyl
acetate = 2/1). After purification, the reddish-brown oily
product was obtained (about 0.9 g). The reddish-brown oily
product (0.50 g, 2.2 mmol) was accurately weighed and dis-
solved in 5 mL ethanol, then hydrazine hydrate was added into
the methanol solution dropwise. After stirring at room
temperature for 1 hour, the generated white precipitate was
collected and purified by column chromatography (developing
agent: ethanol/dichloromethane = 1/1) to obtain a white solid
(0.32 g). The product of the previous step (0.22 g, 1 mmol) and
excess 3-nitrophenyl isothiocyanate (0.36 g, 2 mmol) were
added to tetrahydrofuran, heated and refluxed for 6 hours, and
the crude product was obtained by evaporation of the solvent.
The crude product was separated and purified by column
chromatography to obtain sensor 1 (developing agent: ethyl
acetate/petroleum ether = 2/1). Finally sensor 1 was obtained
about 0.19 g as white solid, yield 33%. "H NMR (300 MHz
DMSO0, 25 °C, TMS): 6 4.47 (s, 2H), 7.20 (s, H), 7.26 (s, H), 7.30 (s,
H), 8.11 (s, 2H), 8.14 (s, H), 8.17 (s, H), 8.28 (s, 2H), 8.36 (s, 2H),
10.40 (s, 1H), 11.68 (s, 1H). "*C NMR (75 MHz DMSO, 25 °C,
TMS): 68.37, 112.19, 118.77, 121.49, 122.48, 125.60, 127.23,
129.78, 136.51, 140.31, 143.57, 144.33, 148.23, 149.83, 154.42,
164.19, 167.32, 182.20. HRMS. Calc. for: C,3H;5N50,S m/z =
397.08, found [(M + 1)'] m/z = 398.2 (Scheme 1).
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Scheme 1 Synthesis of sensor 1.
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Results and discussion
Absorption spectral response

The changes of the UV-vis spectra for sensor 1 in different
concentrations of Fe*" were investigated. 5 x 10~* M sensor 1
solution was prepared with DMF : HEPES-NaOH buffer solu-
tion (V:V =1:1, pH = 7.4). Then added different concentra-
tions of Fe** buffer solutions of equal volume into sensor 1
solutions, respectively. As illustrated in Fig. 1, the maximum
absorption peak of UV-vis spectra was located at 314 nm, as the
Fe*' content increases, the absorbance at 314 nm increases
gradually, this means that the addition of Fe** affected the UV
absorption spectrum of sensor 1, and it was mainly caused by
the formation of metal complexes between them; the binding
constants of metal complexes would be discussed by modified
Stern-Volmer. And we took 314 nm as the maximum excitation
wavelength in the fluorescence emission spectrum.

Fluorescence spectral response

For realizing the fluorescence response of sensor 1 toward Fe*",
the fluorescence emission spectra of sensor 1 [V(DMF)/V(H,0) =
1:1, 5 x 107" M] in different concentrations of Fe** (5 x
10°Mto 5 x 10~* M, HEPES-NaOH buffer solution, pH = 7.4)
was investigated. As illustrated in Fig. 2, sensor 1 alone
exhibited obvious fluorescence at 420 nm (A.x = 314 nm); with
the increasing addition of Fe*", the fluorescence emission at
420 nm gradually diminished until quenching. It could also be
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Fig. 1 UV-vis absorption response of sensor 1 in different concen-
trations of Fe>*.
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Fig. 2 Fluorescence response of sensor 1 to Fe®* in different
concentration.

seen from the appended picture in Fig. 2 that the specific
fluorescence response from sensor 1 to Fe*" was very intuitive
under UV lamps.

The concentration dependent changes in fluorescence
spectra of sensor 1in 5 x 107> to 5 x 10~ * M Fe*" were illus-
trated in Fig. 3; as can be seen from Fig. 3 the reduction of
fluorescence intensities revealed a good linear relationship, the
linear equation y = —0.3461x + 258.93 was obtained through
linear fitting (R*> = 0.9909). The detection limit of sensor 1 was
calculated to be 8.67 x 10> M according to the detection limit
formula: LODs = 3¢/m.** So these above results indicated that
sensor 1 was provided with the ability of quantitative analysis of
Fe*".

For further realizing the complexing capacity and complex-
ing ratio of sensor 1 molecule to Fe**, the modified Stern-
Volmer equation was used to calculate the binding constant and
ratio. As demonstrated in Fig. 4, the experimental data was

260

Y =-0.3461X +258.93
R?=0.9909

240

220

ity

200

180

160

140

120

Fluorescence Intens

100 4

80

r T T T T T T T T
0 100 200 34 300 400 500
[Fe*"|/pM

Fig. 3 Normalized response of fluorescence signal to Fe®* in the
range of 5 x 107> to 5 x 10™* M.
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Fig. 4 The linear fitting of the fluorescence titration curve of sensor 1.

substituted into the equation, with a coefficient R* = 0.9995,
and the binding constant of sensor 1 for Fe** was 4.28 x 10>
M~'. The complexation ratio of sensor 1 to Fe*" was 1:1.
According to the form of 1: 1 binding mode, and referring to
previous relevant literature reports,” the possible binding
model between sensor 1 and Fe*" was further inferred as
depicted in Fig. 5. In the absence of Fe*", sensor 1 alone emitted
fluorescence quinoline group. After complexing with Fe**, two
nitrogen atoms bonded with Fe®", resulted in a spin-blocking
N-7t transition; nitrogen coordinated with Fe®* could not
continue to hinder the non-radiative relaxation of its lone pair
electrons, and produced photoinduced electron transfer effects,
thus the fluorescence quenching of sensor 1 was caused.
Selectivity is an important criterion for evaluating fluores-
cence sensors, in order to realize the effect of common metal
ions on the fluorescence intensity of sensor 1, a series of metal
ions such as Na*, Ca**, Hg*", Cd**, Mg**, Zn**, Pb*", Co*", Mn*",
cu®', AI**, cr**, Fe** and Fe*" were utilized to conduct selective
experiments of sensor 1. Under the same experimental condi-
tions, the experiments were performed by added the above
metal ion solutions of equal volume and concentration (5 x
10* M) to sensor 1 solutions (5 x 10~* M), respectively. The
fluorescence intensities of selective experiments in emission
spectrum at 420 nm were adopted as illustrated in Fig. 6, the
black histograms represented the data of the selective experi-
ments. As shown in Fig. 6, sensor 1 displayed an emission peak
at 420 nm (A, = 314 nm), the introduction of Na*, Ca**, Hg*",
cd*, Mg**, Zn**, Pb**, Co**, Mn**, Cu®", AI**, Fe**, Cr*" did not
affect fluorescence emission obviously, but Fe*" significantly
weakened the fluorescence intensity at 420 nm. Moreover, the
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Fig. 5 The combined model diagram between sensor 1 and Fe>*.
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Fig. 6 Histograms of fluorescence selective experiments and
competitive experiments of sensor 1 in different metal ions.

competitive experiments were brought in further validation of
anti-interference capability of sensor 1 in Fe*" recognition. Na*,
Ca**, Hg*", cd**, Mg*", Zn**, Pb**, Co>", Mn**, Cu®*, AI*", Cr*,
Fe?" were selected to conduct competitive experiments. Under
the same solvent conditions [V(DMF)/V(H,0) = 1: 1, pH = 7.4],
sensor 1 solution was first induced to fluorescence quenching
by 1 equivalent Fe*" solution (5 x 10~* M), whereafter 10
equivalent (5 x 10 ® M) of the other kinds of metals ions
solutions were added into the fluorescent quenching solution,
and the fluorescence intensities of mixed system in emission
spectrum at 420 nm were adopted as the data of the competitive
experiments. As illustrated in Fig. 6, the selective and compet-
itive experiments were used for comparison to make the
experimental results more intuitive, the red histograms repre-
sented the competitive experiments, as depicted in red histo-
grams, the fluorescence intensities of the solutions mixed with
competing metal ions were not significantly affected and were
still in quenching states. So we believed that the exclusive
bonding between Fe*" and sensor 1 was more steady than the
other metal ions, which proved the ability of sensor 1 to detect
Fe®* in complex systems. The good selectivity between sensor 1
and Fe*" could be explained by the paramagnetic effect of Fe**
in d° configuration. Since the d,._j.dx2—y2 orbital of Fe*" in d°
configuration was half full, sensor 1 was inhibited from excited
state to ground state through emission of fluorescence in the
process of energy transfer, resulting in significant fluorescence
quenching.

Theoretical calculation research

To realize the identification ability of sensor 1 towards Fe**, the
density functional theory (DFT) calculations were applied. The
HOMO (highest occupied molecular orbitals) and LUMO
(lowest unoccupied molecular orbitals) distributions of sensor 1
used the Gaussian 09 package with PBEO to calculate the
optimal geometry configuration, spatial electron cloud
arrangement and spatial structure of molecules, the 3-21G basis
set was employed for the H, C, N, and O atoms, and the
LANL2DZ effective core potential was employed for Fe**. Sensor
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1 synthesized in this research was rich in electrons and had
a favourable conjugated structure to combine with Fe®*. As
illustrated in Fig. 7, the emission peak of the fluorescence
molecule was generated by S,, which corresponded to LUMO —
HOMO. The fluorescence emission peak of the complex mole-
cule was larger than the emission peak wavelength of the sensor
molecule, and the large gap in fluorescence signal was condu-
cive to fluorescence detection and practical application. All the
theoretical calculation results were in good agreement with the
actual experimental data, which also verified the scientific
nature of the experimental results from the theoretical level.

Cell imaging study of fluorescence sensor 1

In order to ulteriorly explore the potential biological applica-
tion, the MTT assay was performed in Hi-7702 cells (normal
liver cells) to confirm the cytotoxicity in different concentrations
(0.1, 0.5, 1, 5, 10, 50 and 100 uM) of sensor 1. As illustrated in
Fig. 8, the cells were healthy and did not display any remarkable
reduction in cell viability in the concentration range of 0.1 to 50
uM. At the highest concentration of sensor 1 (100 uM), the cells
revealed a mild decrease in the viability (65%). These experi-
mental results proved that sensor 1 has extraordinary low
cytotoxicity under the experimental conditions. Furthermore,
the ICs, value was ascertained as 225.2 uM. Compared with
other quinoline derivative sensor molecules, sensor 1 had good
selectivity and low cytotoxicity.***® Accordingly, the sensor 1 was
suggested for monitoring Fe*" status in vivo.

For further exploring the application of sensor 1 in biological
field, Hi-7702 cells were utilized to test the biocompatibility of
the sensor 1. Hi-7702 cells were utilized to test the biocompat-
ibility of the sensor 1. The Hi-7702 cells were first bred with 20
uM sensor 1 for 1 h at 25 °C in 5% CO, atmosphere, washed
with phosphate buffered saline (PBS, PH = 7.4) for 3 times, and
added 20 uM Fe*" into the solution for 1 h. As illustrated in
Fig. 9(a) and (b), cells treated by sensor 1 displayed evident blue
fluorescence emission and still maintained clear contours,
which proved sensor 1 smoothly penetrate the cell membrane
into HI-7702 cell. And in Fig. 9(c) after the addition of Fe*", the
blue fluorescence in Hi-7702 cells basically disappeared.
According to the Fig. 9 we were sure of that sensor 1 had
successfully immersed into the cells and could track the intra-
cellular Fe** in Hi-7702 cells. The cell imaging experiments
showed that sensor 1 was membrane-permeable and could be

LUMO(-2.15¢V)

ogs, _—
o, f.
i3 52 <
é.‘f’ =
LUMO(-1.91eV)

HOMO(-6.34¢V) HOMO(-5.32¢V)

(a) (b)

Fig. 7 Molecular orbitals involved in the vertical emission of (a)
sensors 1 and (b) sensor 1-Fe>*.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Concentration-dependent cell viability assay.

Fig. 9 (a) Bright field transmission image of Hi-7702 cells treated with
sensor 1; (b) fluorescence imaging of Hi-7702 cells treated with sensor
1; (c) fluorescence imaging of Hi-7702 cells treated with sensor 1-Fe>*.

applied in biological processes involving Fe®". Hence, we were
certain that sensor 1 possessed potential application in the
biological field.

Fluorescence imaging of small animals with fluorescence
sensor 1

Zebra fish is a common freshwater fish with 87% genetic
similarity to humans, and the average body length of it is 2-
4 cm. To research the biocompatibility of sensor 1, zebra fish
was adopted to explore whether sensor 1 could be applied in
visual recognition of Fe*" in live animals. Zebra fish was first
cultivated in sterile purified water for 2 days at 25 °C, and DMF
solution dissolved with sensor 1 (10 mM) was added into the
culture solution for breeding for 1 h. Then the zebra fish were
washed with HEPES-NaOH buffer solution for 3 times. After
finishing the above operations, as shown in Fig. 10(a), it was

Fig. 10 Images of zebra fish under 365 nm UV light; (a) zebra fish bred
with only sensor 1 for 1 h; (b) zebra fish bred with sensor 1 and then
bred with Fe** for 1 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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found that the zebra fish absorbed sensor 1 revealed obvious
fluorescence, the morphology of it was visible under 365 nm UV
light. However, after further feeding zebra fish with Fe** (20
mM) for another 1 h, as illustrated in Fig. 10(b), the shape
outline of zebra fish was barely observable under 365 nm UV
light. These Fig. 10 demonstrated that sensor 1 was successfully
absorbed into the body of zebra fish, so the recognition of Fe**
by sensor 1 had taken place in zebra fish successfully. These
phenomena gave evidence that sensor 1 could be used as an
effective method in biological application.

Conclusions

In summary, a selective and sensitive fluorescent sensor was
successfully developed by chemically modifying the quinoline
fluorophore. Fe*" was able to reduce the fluorescence emission
from sensor 1 by generating a 1 : 1 complex, the complexation
constant of sensor 1 for Fe®" was calculated to be 4.28 x 10> M ™"
from the Stern-Volmer equation, and the detection limit of
sensor 1 to Fe®" was 8.67 x 10~° M. While the biocompatibility
experiments proved sensor 1 could recognize Fe*" in Hi-7702
cells and zebra fish. Thus, we believed that sensor 1 could be
a valuable Fe*" fluorescent sensor in chemical and biomedical
fields.
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