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imaging of a BODIPY-based
fluorescence quenching probe for Fe3+†

Junqiang Leng, Xinyu Lan, Shuang Liu, Wenxuan Jia, Wenshuai Cheng, Jianbo Cheng
and Zhenbo Liu *

Iron is the main substance for maintaining life. Real-time determination of ferric ion (Fe3+) in living cells is of

great significance for understanding the relationship of Fe3+ concentration changes with various

physiological and pathological processes. Fluorescent probes are suitable for the detection of trace

metal ions in cells due to their low toxicity and high sensitivity. In this work, a boron-dipyrromethene-

based fluorescent probe (BODIPY-CL) for selective detection of Fe3+ was synthesized. The fluorescence

emission of BODIPY-CL was determined at 516 nm. In a pH range of 1 to 10, the probe BODIPY-CL

exhibits a quenching response to Fe3+. Meanwhile, BODIPY-CL showed a highly selective response to

Fe3+ compared with 16 kinds of metal ions. The stoichiometry ratio of BODIPY-CL bound to Fe3+ was

nearly 2 : 1. The fluorescence quenching response obtained by the sensor was linear with the Fe3+

concentration in the range of 0–400 mM, and the detection limit was 2.9 mM. BODIPY-CL was

successfully applied to image Fe3+ in cells. This study provides a promising fluorescent imaging probe for

further research on the physiological and pathological effects of Fe3+.
1. Introduction

Iron is essential to many physiological processes in living
systems,1 including oxygen transport,2 energy metabolism,3

synthesis of vitamins and steroid hormones,4 metabolism of
drugs and exogenous substances,5 nucleotide synthesis and cell
growth.6 However, abnormal iron concentrations can cause
severe diseases, such as abdominal pain and Alzheimer's and
Parkinson's disease, in humans.7,8 In addition, high levels of
Fe3+ in algal cells can lead to variations in their morphology.9

The specic mechanism of Fe3+ participating in life activities in
organisms is not clear. Therefore, it is of great signicance to
accurately determine the concentration of Fe3+ in living cells.

For monitoring metal ions in living cellular organisms,
uorescent probes, with the advantages of sensitivity,
simplicity, high selectivity and real-time monitoring, are an
effective tool. Fluorescent probes have been widely used in the
detection of trace iron ions10–19 and the imaging of Fe3+ in living
cells, which provides a powerful means to study the role of Fe3+

in life activities.20

For uorescent probes, in order to better recognize Fe3+, the
design of recognition groups is the key.21–24 Previously re-
ported25–30 probes used to detect Fe3+ mainly have two recogni-
tion modes. The rst mode is the probe design based on the
ing, Yantai University, Yantai 264005, P.

(ESI) available: Additional supporting
version of the publisher's website. See

339
participation of Fe3+ in many oxidation and hydrolysis reac-
tions, including oxidation of catechol,31 ferrocene,32 hydroxyl-
amine33 and hydrolysis of acetal,34 Schiff base,35 and chelation
of Fe3+ with uorophores.36 And the other mode is the probe
chelated with iron ions, which mostly introduce groups
containing N, S and O elements into the probe. The chelation of
iron ions with the introduced elements can cause changes in
uorescence properties and detect iron ions.37–39 While, can the
introduction of other heteroatoms into probe molecules also
interact with iron ions to cause uorescence changes?

As for the composition of uorescent probes, coumarin,40–42

rhodamine,43–45 cyanine,46–48 boron-dipyrromethene (BOD-
IPY)49–51 and 1,8-naphthalimide52,53 are the most common uo-
rophores. Among them, BODIPY have the characteristics of high
uorescence quantum yield and excellent optical stability.54–57 In
addition, its chemical stability, insensitivity to the polarity and
pH, and low cytotoxicity make it ideal for in bioimaging.58–60

Recently, we found that the introduction of p-phenylmethyl
chloride on the BODIPY uorophore can react with Fe3+,
resulting in a change in uorescence properties. Taking
advantage of this, we synthesized a uorescent probe not been
reported and established amethod for Fe3+ detection. This work
may provide a new strategy for the determination of iron ions.
2. Experimental
2.1 Reagents and instrumentation

All reagents were analytical pure and were used directly without
further purication. The salts of FeCl3$6H2O, NaCl, KCl, LiCl,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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MgCl2$6H2O, AlCl3$9H2O, BaCl2$2H2O, CaCl2, ZnCl2, HgCl2,
CdCl2, NiCl2$6H2O, CoCl2$6H2O, CrCl3$6H2O, CuCl2$2H2O,
and Pb(NO3)2 were dissolved in ultra-pure water, respectively, to
prepare the concentration of 100.0 mM solution. The uores-
cent probe BODIPY-CL was dissolved in CH3CN to prepare the
stock solution with a concentration of 1.0 mM. The stock
solution was further diluted in buffers to obtain working solu-
tions. All buffers were phosphate-buffered saline solution (PBS,
pH ¼ 7.4) containing CH3CN, (PBS/CH3CN ¼ 8 : 2, v/v). The
column chromatography used 200–300mesh silica gel (Qingdao
Haiyang Chemical Co., China). Thin-layer chromatography
(TLC) was performed on silica gel 60 F254 plates (20 cm� 20 cm,
0.25 mm thickness) (Merck, Germany). The 1H and 13C nuclear
magnetic resonance (NMR) absorption spectra were measured
by using a 400 MHz Bruker spectrometer. The ultra-violet (UV)
spectrum was measured with PerkinElmer LAMBDA 365 spec-
trophotometer using a quartz cuvette with a path length of
1.0 cm. Fluorescence spectra were recorded by Varian Cary
Eclipse uorescence spectrophotometer using 1 cm quartz
cuvette with excitation wavelength of 371 nm and temperature
of 25 �C. Cell images were taken with a uorescence microscope
(Olympus, IX73). The wavelength of the lter is 505 nm. The pH
value was measured using a pH meter (Ohaus, ST3100).
2.2 Synthesis of BODIPY-CL

The synthesis procedure was modied according to the proce-
dure described in the literature.61 0.95 g (10 mmol) of 2,4-
dimethylpyrrole was added to 100 mL of dichloromethane
solution containing 4-chloromethylbenzaldehyde (0.77 g, 5
mmol). The solution was stirred under N2 atmosphere at room
temperature for 12 h. Add triethylamine (10 mL) and stir for 1 h.
Thereaer, 1.14 g (5 mmol) of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) and 10 mL of boron triuoride ether
complex were added and stirred for 3 h. Then the crude product
obtained by removing the solvent through rotary evaporator was
puried by column chromatography with petroleum ether/ethyl
acetate (1/3) as eluent to obtain orange solid BODIPY-CL (0.43 g,
23.4%). 1H NMR (400 MHz, CDCl3) d: 7.58–7.51 (m, 2H), 7.35–
7.29 (m, 2H), 6.01 (s, 2H), 4.68 (s, 2H), 2.58 (s, 6H), and 1.40 (s,
6H); 13C NMR (101 MHz, DMSO-d6) d: 155.46, 143.15, 141.92,
139.45, 134.38, 131.07, 130.13, 128.64, 121.93, 46.01, 14.69, and
14.50. HRMS (EI): calcd for C20H20BClF2N2 [M + Na]+: 395.1346,
found: 395.1271.
Scheme 1 Synthesis of the BODIPY-CL fluorescent probe.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.3 Limit of detection (LOD)

To calculate the standard deviation (s) of blank solution, the
uorescence intensity of BODIPY-CL without Fe3+ was deter-
mined 11 times. The emission intensity of probe at 516 nm was
measured with the increase of Fe3+ concentration. And the slope
(k) of the curve that the emission intensity decreases with the
increase of Fe3+ concentration was obtained (Fig. 2d). The LOD
was based on 3s/k according to the literature report.62
2.4 Computational details

Using density functional theory (DFT), the optimized structure
of BODIPY-CL was obtained at B3LYP/6-31+G(d,p) level.63 The
HOMO and LUMO energies of BODIPY-CL were calculated. The
absorption spectrum was computed by time-dependent (TD)-
DFT using B3LYP functional with the 6-31+G(d,p) basis set.
The calculations were all conducted with GAUSSIAN 09 program
package.64
2.5 Cytotoxicity assays

HeLa cells were purchased from Shanghai iCell Bioscience Inc.
(Shanghai, China). Cells (4� 103 cells per well) were seeded into
96-well plates in a 37 �C, 5% CO2 incubator for 24 h. Next, the
probe BODIPY-CL at four concentrations (3.125 mM, 6.25 mM,
12.5 mM or 25.0 mM) was added and incubated for 12 h. Aer
that, 0.5 mg mL�1 of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution was added. Aer
4 h, remove medium carefully, and add 100.0 mL of dimethyl
sulphoxide (DMSO) to the wells with the purpose of dissolving
formazan crystals. Aerward, the absorbance was measured at
570 nm.
2.6 Fluorescence imaging

HeLa cells were cultured in Dulbecco's Modied Eagle's
Medium containing 10% fetal bovine serum (FBS) in 24-well
plates at 37 �C with 5% CO2 for 24 h. Then probe BODIPY-CL
dissolved in DMSO at a concentration of 10 mMwas added to the
cells. Aer 30 min, uorescence imaging was carried out using
a uorescence microscope with a 100� objective lens. Then,
add 50 mM Fe3+ solution and incubate for 30 min. Before each
step, the cells were rinsed with PBS three times. White light and
uorescence images were then obtained using the methods
described previously.
RSC Adv., 2022, 12, 21332–21339 | 21333
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3. Results and discussion
3.1 Design of probe BODIPY-CL

In this paper, using BODIPY as uorophore, we synthesized
a uorescent probe (BODIPY-CL) for the determination of ferric
Fig. 1 (a) UV-vis absorbance spectra and (b) fluorescence emission spec
pH ¼ 7.4) buffer solution.

Fig. 2 (a) Emission intensity at 512 nm of BODIPY-CL (10 mM) with Fe3+ (
7.4) buffer solution. (lex ¼ 371 nm); (b) emission intensity at 512 nm of BO
¼ 7.4) buffer solution. (lex ¼ 371 nm); (c) fluorescence emission spectra (l
7.4) buffer solution with various concentrations of Fe3+ (0–1500.0 mM
concentration. Each datum was acquired 10 min after Fe3+ was added;
change as a function of Fe3+ (at 0–400 mM) under PBS/acetonitrile (8 : 2

21334 | RSC Adv., 2022, 12, 21332–21339
ion (Fe3+). The BODIPY derivative with one p-chlor-
omethylbenzene unit can be complexed with ferric ion (Fe3+) to
cause uorescence quenching. Scheme 1 showed the synthetic
route for BODIPY-CL. Details of the experimental procedure and
tra (lex ¼ 371 nm) of BODIPY-CL (10 mM) in PBS/acetonitrile (8 : 2, v/v,

1 mM) as a function of the time under PBS/acetonitrile (8 : 2, v/v, pH ¼
DIPY-CL (10 mM) with Fe3+ (1 mM) under PBS/acetonitrile (8 : 2, v/v, pH

ex ¼ 371 nm) of BODIPY-CL (10 mM) in PBS/acetonitrile (8 : 2, v/v, pH ¼
). The inset shows the fluorescence intensity at 512 nm versus Fe3+

(d) reduction of emission intensity at 512 nm of BODIPY-CL (10 mM)
, v/v, pH ¼ 7.4) buffer solution. (lex ¼ 371 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of fluorescent probes for Fe3+

Probes
Detection limit
(nM)

Response time
(s) Ref.

BODIPY-CL 2900 20 This work
PY4 140 — 65
P2 1240 <60 66
Cell-BODIPY 1720 600 67
BODIPY-NIR 14.2 1800 68
BODIPY-PH 580 1800 69
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View Article Online
characteristics of BODIPY-CL can be found in the Experimental
section and ESI (Fig. S1–S3†).

3.2 Fluorescence and UV-vis response of BODIPY-CL to Fe3+

UV-vis and uorescence spectra of BODIPY-CL were determined
in CH3CN/PBS buffer (v/v ¼ 2 : 8). Fig. 1 displays the typical
optical properties of the BODIPY chromophore, with
a maximum absorption wavelength of 498 nm (Fig. 1a) and
a maximum emission wavelength of 516 nm (Fig. 1b). Response
times of BODIPY-CL to Fe3+ were also evaluated using uores-
cence spectra (see Fig. 2a). The magneton was placed in a quartz
cuvette containing the probe solution to achieve the mixing of
the probe solution and the iron ion solution. The emission
intensity at 516 nm decreases drastically within less than 20 s
aer Fe3+ was added. The response time of BODIPY-CL for Fe3+

detection was quite fast.
Fig. 3 (a) Fluorescence changes in BODIPY-CL (10 mM) mixed with 100 e
Zn2+, Hg2+, Cd2+, Ni2+, Co2+, Cr2+, Cu2+ and Pb2+) in PBS/acetonitrile (8 :
nm) of BODIPY-CL (10 mM) mixed with Fe3+ (100 equiv.) and other metal
lex¼ 371 nm; (c) color change in BODIPY-CL (100 mM) upon the addition
color images of BODIPY-CL (100 mM) upon the addition of various meta

© 2022 The Author(s). Published by the Royal Society of Chemistry
The stability of uorescence intensity was also investigated.
Fig. 2b shows the changes of uorescence intensity over time
with or without the addition of Fe3+ in BODIPY-CL solution
under continuous UV irradiation. The BODIPY-CL probe
exhibited a stable uorescence emission intensity under UV
light irradiation for 2 h in the absence of Fe3+, suggesting the
high photochemical stability of the prob. While, when Fe3+ was
added to BODIPY-CL solution, the uorescence emission at
516 nm decreased and the luminescence property was also
stable. The quenching efficiency was calculated according to the
equation: [1 � (F/F0)] � 100%. The relationship of BODIPY-CL
uorescence intensity to Fe3+ addition concentration was
investigated (in Fig. 2c). The intensity decreases with the
increase of Fe3+ concentration. Meanwhile, the intensity shows
a negative linear relationship with the Fe3+ concentration in the
range of 0 to 400.0 mM. And the linear correlation coefficient (R2)
was 0.995 (Fig. 2d). The limits of detection (LOD) of the method
was also calculated as 2.9 mM. The detection limit and response
time of BODIPY-CL are tabulated and compared with previous
literature (Table 1).65–69
3.3 Selectivity study

In order to evaluate the selectivity, the emission intensity of the
BODIPY-CL, BODIPY-CL with Fe3+ and BODIPY-CL with the
addition of others metal ions (Na+, K+, Li+, Mg2+, Al3+, Ba2+, Ca2+,
Zn2+, Hg2+, Cd2+, Ni2+, Co2+, Cr2+, Cu2+ and Pb2+) was measured
(see Fig. 3a and b). The colorimetric and uorescence changes
quiv. of Fe3+ and other metal ions (Na+, K+, Li+, Mg2+, Al3+, Ba2+, Ca2+,
2, v/v, pH¼ 7.4) buffer solution. lex¼ 371 nm; (b) emission intensity (512
ions (100 equiv.) in PBS/acetonitrile (8 : 2, v/v, pH ¼ 7.4) buffer solution.
of variousmetal ions (50 equiv.) under ambient light; (d) visible emission
l ions (50 equiv.) under UV irradiation by a UV lamp. l ¼ 365 nm.

RSC Adv., 2022, 12, 21332–21339 | 21335
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of BODIPY-CL for Fe3+ and 16 metal ions are observed by naked
eyes. Only with the addition of Fe3+ and Pb2+ ions, the color of
BODIPY-CL probe solution changed from yellow-green to light
yellow. While, the addition of other metal ions does not change
the color of the solution (Fig. 3c). Interesting, the uorescence
response immediately weakens and almost completely disap-
pears with the addition of Fe3+ ion (Fig. 3d) under the UV-light
irradiation (l ¼ 365 nm). In contrast, when other metal ions,
including Pb2+ ion, were added to the probe solution, the
luminescence intensity did not change obviously. According to
the above results, Fe3+ and Pb2+ ions can interact with the probe
molecules. While, the other ions do not interact with the probe.
At the same time, only the interaction of Fe3+ ion can cause
uorescence quenching of BODIPY-CL probe. It is indicated
that the probe has good uorescence quenching selectivity for
Fe3+.
3.4 Effect of co-existing metal ions on Fe3+ detection

The BODIPY-CL probe was incubated with other ions (Na+, K+,
Li+, Mg2+, Ba2+, Ca2+, Zn2+, Hg2+, Ni2+, Co2+, Cr3+, Cu2+, Pb2+,
Al3+, and Cd2+) in buffer, and the uorescence intensity was
detected. As mentioned above, the uorescence intensity
changes little in the presence of other ions compared to the
absence of ions (blue columns in Fig. 3b). Then, Fe3+ was added
to the above solution with the probe and co-existing metal ion,
the uorescence emission intensity is obviously reduced (see
the red columns in Fig. 3b). In general, the quenching response
of BODIPY-CL to Fe3+ is not affected by most other metal ions.
3.5 Effect of pH

The capability of BODIPY-CL to detect Fe3+ in various pH buffer
solutions was investigated in detail (Fig. S4†). In the pH range of
1.0 to 10.0, the recognition ability of BODIPY-CL to Fe3+ is nearly
invariant. It is indicated that the probe may determine Fe3+ ion
Fig. 4 Job's plot for BODIPY-CL titrated with Fe3+ indicating the
formation of 1 : 1 complexes. The total [Fe3+] + [BODIPY-CL] ¼ 1 �
10–4 M. (x ¼ [Fe3+]/[Fe3+] + [BODIPY-CL]).

21336 | RSC Adv., 2022, 12, 21332–21339
in a wide range of pH values, expanding the probe's ability to
detect Fe3+ ion in cells.
3.6 Binding mode study

In order to investigate whether REDOX reaction occurred
between the probe and iron ion, o-phenanthroline was added
into the mixed solution of probe and iron ion. There was no
signicant discoloration in the solution, indicating that no Fe2+

ions were formed and the REDOX reaction did not occur.
The binding stoichiometric ratio of BODIPY-CL to Fe3+ was

investigated by uorescence titration experiments.70 The total
concentration of the BODIPY-CL and Fe3+ was xed at 10�4 M.
The Job's plot in Fig. 4 showed that the maximum relative
intensity appears at [Fe3+]/([Fe3+] + [BODIPY-CL]) ¼ 0.66, which
shows that BODIPY-CL and Fe3+ form a complex with a molar
ratio of 1 : 2.71

Additionally, the probe forms the 1 : 2 complex with ferric
ion, which was also conrmed by the positive ion mode mass
Fig. 5 Frontier molecular orbital diagram depicting the HOMO and
LUMO of the BODIPY-CL probe.

Table 2 The testing results of Fe3+ concentration in tap water samples
(n ¼ 3)

Water samples
Fe3+ spiked
(mM)

Found mean
(mM)

Recovery
(%)

Tap water 1 0.0 NDa —
Tap water 2 10.0 10.4 104.0
Tap water 3 20.0 17.9 89.5
Tap water 4 30.0 30.5 101.7

a None detected.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Images of HeLa cells treated with the BODIPY-CL probe: (a) bright field image of HeLa cells incubated with BODIPY-CL (25 mM); (b) green
channel fluorescence image of (a); (c) overlay image of (a) and (b); (d) bright field image of HeLa cells incubated with BODIPY-CL (25 mM) for
30min followed by incubation with Fe3+ (250 mM) for 30min at 37 �C; (e) green channel fluorescence image of (d); (f) overlay image of (d) and (e).
lex ¼ 460 nm; (g) cytotoxicity assays of BODIPY-CL at different concentrations for HeLa cells.
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spectrometry data of electrospray ionization mass spectrometry
(ESI-MS). A peak in ESI-MS at m/z ¼ 481.29 (Fig. S5†) exactly
corresponds to [BODIPY-CL + 2Fe3+]+ (the complexation of
BODIPY-CL with two Fe3+ ions loss of four hydrogen ions).

3.7 Theoretical calculations

To better understand the photophysical properties of chemo-
sensors, theoretical computational methods are oen used.72

Optimized structures (in Fig. S6†) of BODIPY-CL were obtained
by using DFT calculations. Energies of relevant orbitals of the
BODIPY-CL were listed in Table S1.† According to the frontier
orbital analysis, the distribution of electrons in HOMO and
LUMO orbitals shows that electrons are localized on the BOD-
IPY group during the transition (see Fig. 5). Through time
density functional theory studies, it is found that the electronic
transition at the maximum absorption wavelength occurs in the
HOMO–LUMO transition. Thus, the BODIPY-CL probe exhibi-
ted strong uorescent behavior. Meanwhile, the absorption
spectra (lmax ¼ 422 nm) and emission spectra (lmax ¼ 484 nm)
of the BODIPY-CL chemosensor obtained by DFT theoretical
calculation were in Fig. S7 and S8.† The experimental results
were red-shied compared with the theoretical calculations,
which may be due to the inuence of the solvent, because the
solvent in the actual detection was a mixed solution of ethanol
and PBS.

3.8 Detection of Fe3+ in water samples

To further evaluate the feasibility of BODIPY-CL for rapid and
sensitive detection of Fe3+ in practical applications, tap water
was detected by uorescence spectroscopy. Detection results are
collected in Table 2. No Fe3+ was detected in tap water. The
spiked experiment showed good recovery rates, which were
between 89.5% and 104.0%. It can be seen that the probe is
accurate and reliable in detecting Fe3+ in environmental
samples.

3.9 Live-cell imaging

Fluorescence imaging of living HeLa cells was shown in Fig. 6. A
strong green uorescence signal in the cell was observed
© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 6b) when cells were incubated with BODIPY-CL. However,
the uorescence intensity of BODIPY-CL probe loaded cells
decreased aer Fe3+ was added (see Fig. 6e). In addition, in vitro
cytotoxicity studies were performed using HeLa cells, and the
results were shown in Fig. 6g that the BODIPY-CL probe has
almost no toxicity to living cells under uorescence cell imaging
conditions. Therefore, the BODIPY-CL can penetrate the cell
membrane and be used in response to Fe3+ in living cells.
4. Conclusions

A uorescent probe BODIPY-CL was synthesized and applied to
detect Fe3+. Based on the quenching effect of Fe3+ on the probe,
a method to detect Fe3+ was developed. The probe shows highly
sensitive and selective response to Fe3+. The uorescence
quenching response is linear with the Fe3+ concentration over
the range of 0 to 400 mM, and the detection limit is 2.9 mM. The
stoichiometric ratio of BODIPY-CL to Fe3+ is nearly 2 : 1. BOD-
IPY-CL was successfully applied to imaging Fe3+ in cells, which
is helpful to provide a promising uorescent imaging probe for
further research on the physiological and pathological effects of
Fe3+.
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