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ABSTRACT: A novel boron-dipyrromethene (BODIPY) based fluorescence hy

turn-on sensor for detecting Fe’* in aqueous media is reported with 23-fold
fluorescence enhancement. The sensor is comprised of a combination of
BODIPY fluorophore and a new Fe**-recognizing cryptand that exhibits high
selectivity, sensitivity, and reversibility toward Fe®* detection. Cell imaging
studies demonstrate that this sensor is capable of sensing Fe** in living cells.
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With the recognition of the importance of various
transition metal ions in a wide range of environmental
and biological processes, the development of sensors for
transition metal ion detection has attracted a great deal of
attention over the past two decades. Among all the transition
metals, iron, the physiologically most abundant and versatile
transition metal in biological systems, is no doubt one of the
most important because of the crucial roles it plays in oxygen
uptake, oxygen metabolism, electron transfer, and transcrip-
tional regulation.l_5 On the other hand, excessive Fe** jons
within the body have been associated with the development of
severe diseases including various cancers, hepatitis, hemochro-
matosis, and dysfunction of organs, such as the liver, heart, and
pancreas.’”® Moreover, recent research has revealed that Fe** is
also involved in neurodegenerative diseases, such as Alzheimer’s
disease and Parkinson’s disease.” ! Therefore, intense research
efforts have been devoted to the development of chemosensors
for Fe** ion detection.'?

Compared to other techniques, fluorescence methods have a
number of advantages such as high sensitivity, noninvasiveness,
and convenience. As a result, a number of fluorescent
chemosensors have been developed for probing the Fe®"
ion.">** However, most of these fluorescent Fe** sensors are
based on fluorescence quenching mechanisms, which limits
their application in biological systems.'*™"? In recent years,
rhodamine-based fluorescence turn-on probes for Fe® ion
detection have been reported.** >* The “off-on” fluorescence
changes exhibited by these dyes are generated from Fe’'-
induced transformation from the spirocyclic form to the ring-
opened form of the rhodamine system."> These sensors are
generally irreversible because of their reaction-based nature.
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Herein, we present a novel, reversible fluorescence turn-on
sensor for Fe’ ion determination in aqueous media. The
sensor (1) is composed of two moieties, a BODIPY (4,4-
difluoro-4—3a, 4a-diaza-s-indacene) platform as the fluorophore
and a 1,10-diaza-18-crown-6 based cryptand as the Fe’"
recognition unit. The synthesis of sensor 1 started from 2-(2-
methoxyethoxy)aniline and 1,10-diaza-18-crown-6 (Scheme 1).
The bis(hydroxyethyl)aniline derivative 2, prepared according
to the literature,”* was formylated via a Vilsmeier—Haack
reaction to produce aldehyde 3 while the hydroxyl groups were
converted to chloro groups by POCl;. Cryptand 4 was obtained
via reaction of 1,10-diaza-18-crown-6 and o-acetylsalicyloyl
chloride in the presence of triethylamine (TEA). Removal of
the acetyl groups of 4 afforded cryptand S. Tricyclic cryptand 6
was synthesized through a macrocyclization reaction between
aldehyde 3 and bicyclic cryptand $ in highly dilute DMF
solution. Trifluoroacetic acid (TFA)-catalyzed condensation
reaction of 6 with 2,4-dimethylpyrrole provided the target
sensor 1 in 13% yield.

UV—vis absorption measurements of 1 were carried out in a
H,0—CH,;CN (9:1 v/v) solution. The free sensor 1 showed an
absorption peak at 499 nm (see Figure S1 in the Supporting
Information). The addition of Fe>* resulted in a decrease in the
absorption intensity of 1. In addition to Fe**, Cr** also brought
about a reduction in the absorption maximum of 1, which was
much weaker of an effect than that induced by Fe®*. The
addition of Hg*" generated a slight decrease in the absorption
intensity and a small bathochromic shift in the absorption
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Scheme 1. Synthetic Route for Sensor 1¢
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“Reagents and conditions: (a) 2-chloroethanol, CaCO3, KI, H,O, reflux, overnight; (b) DMF, POCL;, 0 to 60 °C, overnight; (c) TEA, CH,Cl,, room
temperature, 2 h; (d) NaHCO,;, NH,OAc, aqueous CH;OH (1:1), reflux, overnight; (e) KI, Cs,CO3;, DMF, 105 °C, 6 d; (f) 2,4-dimethylpyrrole,
TFA, CH,Cl,, room temperature, overnight; then DDQ, 4 h; then TEA, BF;-OEt,, overnight.

Blank Li* Na* K* Rb* Cs* Mg?* Ca?* Sr2* ai"Cr3+ Mn2* Fe2* Fe®* Co?* Ni2* Cu?* Zn?* Ag* Cd? g2+ b2"Nd3"Sm3+ Ers+

Figure 1. Visual fluorescence responses of 1 (7 uM) in H,O—CH,CN (9:1, v/v) upon addition of 100 equiv of various metal cations with excitation

at 365 nm using a hand-held UV lamp.

maximum. No considerable change was observed upon the
addition of other metal cations of interest, including Li*, Na®,
K%, Rb*, Cs*, Mg, Ca*, Sr**, Ba*’, Mn*', Fe', Co*', Ni*/,
Cu®, Zn*, Ag*, Cd*, Pb*, Nd*, Sm**, and Er**. These results
demonstrate that sensor 1 is quite selective in detecting Fe*
Moreover, as shown in Figure S2 in the Supporting
Information, the absorption intensity of 1 decreased gradually
upon the addition of the first 4 equiv of Fe®*. After that,
subsequent addition of additional Fe** brought about no
further change in the absorption spectra of sensor 1.
Compared to UV—vis spectroscopy, fluorescence emission
spectroscopy is a more effective technique for Fe®" ion
detection due to its high sensitivity. The selectivity of 1 as a
Fe’* sensor was thus investigated through fluorescence
emission spectroscopy by adding the afforementioned metal
cations to a H,O—CH;CN (9:1 v/v) solution of sensor 1.
Figure 1 illustrates the visual fluorescence response of sensor 1
with excitation at 365 nm using a hand-held UV lamp. In the
absence of metal cations, the free sensor 1 displayed very weak

fluorescence, whereas a striking yellow-green fluorescence,
characteristic of BODIPY derivatives, with a maximum
wavelength at S12 nm emerged quickly after Fe’* was
introduced to the solution of 1. Weaker fluorescence responses
of sensor 1 were induced by the addition of Cr** and Hg** ions,
and no apparent fluorescence change was observed upon
adding other metal cations of interest. Detailed changes in the
fluorescence emission spectra of 1, triggered by various metal
cations, are demonstrated in Figure S3 in the Supporting
Information. The excitation wavelength was 480 nm. In the
presence of 100 equiv of Fe**, a prominent enhancement of
fluorescence emission (28-fold) for sensor 1 solution was
observed. However, very modest fluorescence increases were
observed for the addition of 100 equiv of Cr** (4-fold) and
Hg?* (3-fold). In addition to a slight increase in the
fluorescence emission intensity of 1 upon the addition of
Hg** ions, a small bathochromic shift in the maximum
fluorescence emission wavelength occurred (from S12 to 522
nm), consistent with the UV—vis absorption measurements
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Figure 2. (A) Enhancements in fluorescence emission of sensor 1 (7 M) in H,O—CH;CN (9:1 v/v) upon continuous addition of 1—700 equiv of

Fe* ions. (B) Fluorescence emission intensity of 1 as a function of the equiv of added Fe**. (C) Plot of FI — FI,, (FI: fluorescence intensity) versus
the equiv of Fe®* added in the range of 1—-20 equiv of Fe** ions. A, = 480 nm.

Figure 3. Images of live HCT-116 cells (a—c) in the presence of 30 uM Fe®* solution in MEM medium and (d—f) without Fe** in only MEM
medium at (a, d) 0 and (b, e) 60 min after incubation with sensor 1 (20 gM). ¢ and f are the phase contrast images of b and e, respectively.

described above. Upon the addition of 100 equiv of other metal
ions, little to no change in fluorescence emission of 1 was
detected. These results support the high selectivity of sensor 1
to Fe’. Sensor 1 was designed on the basis of a PET
(photoinduced electron transfer) mechanism that has been
widely used to develop fluorescence turn-on probes for various
metal cations.”> Upon binding to Fe®", the PET process from
the cryptand to the BODIPY fluorophore is inhibited, resulting
in strongly enhanced fluorescence emission.

To further investigate the efficiency of sensor 1 toward Fe**
detection, we carried out fluorescence emission titration
experiments. As shown in Figure 2A, a gradual enhancement
of the fluorescence intensity of sensor 1 was observed upon
progressive addition of Fe®" ion. According to the Benesi—
Hildebrand equation,”® the K, value of the sensor was
determined to be 1.0 X 107* M. The detailed relationship
between the fluorescence intensity of 1 and the equiv of Fe**

ion added is illustrated in Figure 2B. The addition of an initial
20 equiv of Fe®* led to a dramatic increase of the fluorescence
emission of sensor 1. After that, the increase in Fe**-induced
fluorescence enhancement slowed down following titration of
up to 300 equiv of Fe*, then the fluorescence emission
generally stabilized. More significantly, as exhibited in Figure
2C, the plot of the fluorescence intensity enhancement (FI —
FI,, FI: fluorescence intensity) versus equiv of Fe** was found
to be linear (R* = 0.9977) in the range of 1—20 equiv of Fe®"
ions. The detection limit of sensor 1 for Fe** was determined to
be 1.3 X 1077 M. Therefore, sensor 1 has potential for
quantitative determination of the concentration of Fe®.

To further study the interaction between sensor 1 and Fe’*,
the reversibility of sensor 1 for Fe*" sensing was investigated
(see Figure S4 in the Supporting Information). As expected,
when 20 equiv of Fe®" was added to a H,O—CH,CN (9:1 v/v)
solution of sensor 1, a noticeable fluorescence emission
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enhancement was recorded. Subsequently, N,N,N’,N’-tetrakis-
(2-pyridylmethyl)ethylenediamine) (TPEN), a strong Fe®"
chelator, was added to the solution and an apparent
fluorescence decrease was instantly observed. The fluorescence
emission spectrum of sensor 1 in the presence of 20 equiv of
Fe®* ions was recovered back to the original spectrum of free
sensor 1 upon the addition of 60 equiv of TPEN (3 equiv. for
Fe®"). These results suggest that the sensing ability of sensor 1
for Fe** ion is reversible.

In addition, the pH sensitivity of sensor 1 was also examined
in H,0-MeCN (9:1, v/v) solutions at different pH values
between 2.0 and 9.0. As displayed in Figure SS in the
Supporting Information, no apparent change of the fluores-
cence emission spectra of sensor 1 was detected in the pH
range of 3.2—9.0. When the pH of the sample was reduced to
3.0, enhancement in the fluorescence intensity of sensor 1 was
observed. These results indicate that sensor 1 is pH insensitive
in the physiological pH range (6.8—7.4).

Sensor 1 was also explored to detect Fe** in living cells. Cell
viability tests with HCT-116 cells showed no level of toxicity
for varying concentrations of sensor 1 up to 25 uM (see Figure
S6 in the Supporting Information). Cell imaging experiments
were conducted to investigate the Fe®" sensing ability of probe
1 in living cells. Figure 3 shows the fluorescence images and
phase contrast images of cells, whereas the average fluorescence
emission intensity of cells at different times is shown in Figure
S7 in the Supporting Information. HCT-116 cells were
incubated with a 20 M solution of sensor 1 in MEM medium
for 10 min. Then a 30 uM Fe’* solution in MEM medium was
pumped into the cell chambers and cells were imaged
immediately (Figure 3a). For the control experiment, only
MEM medium was used instead of the Fe®* solution (Figure
3d). Cell images were then recorded every 10 min. After 60
min, a significant increase in fluorescence was observed for the
cells incubated with Fe** solution (Figure 3b), whereas no
obvious change could be found for cells treated with only MEM
medium (Figure 3e). Fluorescence intensity data of cells at
different time points quantitatively demonstrated the fluo-
rescence signal change of cells (see Figure S7 in the Supporting
Information). Cells incubated with Fe®* solution displayed
gradually increased fluorescence with incubation time (curve B
in Figure S7 in the Supporting Information). In contrast,
fluorescence from cells without Fe** incubation remained fairly
constant (curve A in Figure S7 in the Supporting Information).
In addition, the phase contrast images (Figure 3c, f) showed
that those cells were still in good condition (viable). These
results indicate that sensor 1 is capable of sensing Fe*" in living
cells without causing noticeable damage to cells.

In summary, a novel BODIPY-based selective, sensitive, and
reversible fluorescence turn-on sensor (1) for Fe*' ion
detection was synthesized and characterized. Sensor 1 is a
conjugate of two moieties, a BODIPY platform serving as the
fluorophore and a 1,10-diaza-18-crown-6 based cryptand acting
as the Fe’* recognition element. Sensor 1 exhibited very good
selective fluorescence turn-on response toward Fe®* ions over
other metal cations of interest, including Cr** and Hg*"* ions,
which are the most common interfering metal ions for Fe**
detection. Also, sensor 1 demonstrated high sensitivity for Fe**
sensing with a linear relationship observed between the
fluorescence intensity enhancement and the equiv of added
Fe** ion. Moreover, the turn-on fluorescence response of
sensor 1 to Fe® ions was reversible; treatment of Fe**-loaded
sensor 1 with TPEN restored the fluorescence emission back to
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baseline levels. On the basis of its excellent performance in Fe**
sensing and very low cytotoxicity, sensor 1 was successfully
applied to detect Fe** in living cells.
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Information on the synthesis and corresponding character-
ization data for compounds 1—6, absorption spectra, cell
culture for imaging, cytotoxicity of sensor 1, fluorescence
intensity of cell images, and 'H and "*C spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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