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ABSTRACT: A diselenide-based BODIPY probe was prepared; it was
found to be sensitive and selective for superoxide in giving [-Se(O)Se(O)-]

oxidation. Probing was reversible through the use of biothiols; 77Se NMR
and other types of spectroscopy were employed. Practical medicinal utility _ KO .
was demonstrated in MCF-7/ADR cancer cells. Eloie
eactive oxygen species (ROS) exist in and are utilized by literature.” Thus, in order to study the nature of the BODIPY-
biology and neurobiology, yet they constitute the so-called based diselenide probe in ROS sensing, we have designed a
oxidative stress in unwanted excess. This may be a major novel BODIPY-based probe featuring a diselenide unit that is
contributing factor for diseases such as diabetes, cancer, and studied in selective and sensitive fluorescent probing of
molecular neurodegenerative disorders such as Alzheimer’s and superoxide.
Parkinson’s disease.' Reactive oxygen species (ROS) are often Synthesis of the selenium-containing compound 2 is outlined
mentioned in conjunction with nitrogen-based analogues in Scheme 1. Bis(O-formyl-phenyl)diselenide (1)'® was treated

(RNS), under various species such as HOCl, OH®, H,0,,
NO, ONOO~, 0,"7, ‘BuOOH, and ‘BuO°. Sensitive and Scheme 1. Synthesis of Bis(BODIPY)diselenide 2 and 3
selective detection of such species with fluorescence micros- DISELEMDE PROBE SYNTHESIS
copy requires discrete synthetic molecular designs and facile
syntheses. These designs of potential probes and their facile
syntheses make this field important and challenging.
Superoxide (O,*”) is a particularly important ROS and has a
short half-life; therefore, its real-time detection has become an
important yet complex issue. It is often discussed that
superoxide has elaborate chemistry such as being able to
combine with NO to form peroxynitrite.> Various fluorescent
probes for the detection of superoxide have been designed and
developed.* Selenium is known to play an important
antioxidant role in the active site of certain enzymes; this
action converts peroxide species (vide supra) to water.” Several
organoselenium compounds have been synthesized and used
for mimicking these redox transformations.® However, in recent
years, sulfur-” and selenium-based compounds® have emerged
as a potential sensors for the detection ROS. As per our
knowledge, until now, only a fluorescein-based diselenide probe Received: November 15, 2013
for the detection of hydrogen peroxide has been reported in the Published: December 26, 2013

with 4.5 equiv of 2,4-dimethylpyrrole in the presence of a
catalytic amount of trifluoroacetic acid (TFA) under nitrogen,
followed by DDQ, triethylamine, and BF;-Et,O in dichloro-
methane. The reaction progress was monitored by TLC. The
compound was characterized by common spectroscopy
techniques ('H, C, 77Se NMR spectroscopy and MS
spectrometry). The "’Se signal for bis(BODIPY)diselenide
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(2) was observed at § 398 ppm, significantly upfield-shifted
compared to bis(O-formyl-phenyl)diselenide (468 ppm)"
signifying notable electronic differences. Compound 2 is the
first example of bis(BODIPY)diselenide for ROS detection.

The diselenide-bearing 2 led us to thoroughly analyze ROS
responses arising from the anticipated chalcogen oxidation.
Spectroscopic properties of 2 were determined in acetonitrile
and water (70:30). When the sensing ability of the probe was
tested with various ROS (HOCI, OH*, H,0,, 0,*”, ‘BuOOH,
and ‘BuQ®) in acetonitrile and water (70:30), bis(BODIPY)-
diselenide 2 showed a strong green fluorescence for superoxide
(0,%7) in a selective fashion over other ROS through oxidation
at selenium (Figure 1).
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Figure 1. Emission spectra of compound 2 (45 X 107° M, acetonitrile/
water 70:30) with ROS (0,°, H,0, OCI~, ‘BuOOH, OH®, and
‘BuO*®) (~ 7 equiv in water) incubated for 30 min at rt (4., = S04 nm
and A, = 514 nm).

The quantitative emission spectra were obtained for
bis(BODIPY)diselenide 2 with various ROS; however, super-
oxide (O,"”) was the only species to show potential increase in
fluorescence. The A, of absorption and emission for probe 2
was observed at 504 and 514 nm, respectively. In this assay, 3
mL of probe (2) solution (45 X 107 M, CH;CN/H,0 70:30)
with 7 equiv of superoxide was used (water). Probe 2 gives a
29-fold increase in fluorescence intensity for superoxide.

A steady increase in fluorescence intensity was detected when
the concentration of KO, was increased (Figure 2a), and the
detection limit was found to be 12.9 uM. The interference
study of superoxide with other ROS was performed. This
suggested that the hydrogen peroxide and hypochlorite act as
oxidants in an additive fashion (Figure S31, Supporting
Information). Also, a time-dependent study of probe 2 with
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Figure 2. (a) Emission spectra (left) of 2 (45 X 107 M, acetonitrile/
water 70:30) with increasing concentration of KO, (6.67—100 yM in
water) incubated for 30 min at rt after each addition. (b) Time-
dependent emission spectrum (right) of 2 (45 X 107® M, acetonitrile/
water 70:30) with KO, (~3 equiv in water) (4, = 504 nm and A, =
514 nm).
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superoxide over 1.5 h showed a steady increase in fluorescence
intensity during the first 30 min before saturation was observed
(Figure 2b). The fluorescence quantum yield for probe 2 and
oxidized compound 3 were found to be 2 and 58%, respectively
(fluorescein in 0.1 M was used as a standard). In order to
understand the redox cycling capacity of diselenide in 2, the
solution of 2(O,,Os,) preoxidized with superoxide was treated
with a reducing reagent. Biothiols (glutathione, N-acetyl-L-
cysteine, D-L-homocysteine, and L-cysteine) were used to
determine whether the selenium oxide could revert to its
original reduced state (2). The obtained results showed a
significant decrease in fluorescence intensity after biothiol
addition, strongly supporting the regeneration of probe 2. This
may be useful to monitor the dynamic variations of superoxide
in living organisms (Figure S33, Supporting Information).

To verify the chemical and photomechanisms involved in the
fluorescence “turn on” event, probe 2 was treated with 3 equiv
of KO,. The oxidized compound was isolated and characterized
with NMR spectroscopy (‘H, "*C, ''B, 'F, and "’Se) and mass
spectrometry. The 7’Se NMR signal in the spectrum was
significantly downfield-shifted (6 1008 ppm) compared to that
for 2 (6 398 ppm), reflecting mono-oxidation of each selenium
(Figure S29, Supporting Information). Also, the mass spectrum
of the product confirmed the oxidized dimeric compound
2(04g,0s.), not 2,5(0g.) (Figure S26, Supporting Informa-
tion). This suggested that the ability for the photoinduced
electron transfer (PET) from the diphenyldiselenide group to
the BODIPY moiety is removed and the probe gives a
BODIPY-based fluorescence response. The detailed PET
mechanism has been discussed previously in the literature.®

Finally, to show the utility of probe 2 to detect superoxide in
living systems, we performed an assay of probe 2 with a living
breast cancer cell line (MCF-7/ADR) (Figure 3). It has been

Figure 3. Fluorescence microscopic images of living breast cancer
MCF-7/ADR cells. Bright-field and fluorescence images of (a) MCF-
7/ADR cells, (b) MCF-7/ADR cells with probe 2, (c¢) MCF-7/ADR
cells pretreated with PMA (generates superoxide in the cell) and probe
2. Scale bar length = 10 pm.

known that during normal respiration 1—4% of O, con-
sumption results in hydrogen peroxide and superoxide
production.'’ It has been reported in the literature that cells
contain receptors for PMA (phorbol 12-myristate 13-acetate), a
complex lipid which accelerates the production of intracellular
superoxide concentration.'” Therefore, MCE-7/ADR cells were
co-incubated with 1 prg/mL of PMA and probe 2 (10 uM) for
30 min at 37 °C under 5% CO, incubation; the samples were

dx.doi.org/10.1021/0l4033013 | Org. Lett. 2014, 16, 410—412



Organic Letters

then washed 3 times with PBS solution (pH = 7.5). Cell
imaging data was acquired on a confocal microscope (Nikon
AlR). The nonfluorescent cells with PMA gave good
fluorescence imaging after incubation with probe 2. As a result
of these MCF-7/ADR cell assays, probe 2 was found to be cell-
permeable and selective for the detection of intracellular
superoxide.

In conclusion, novel bis(BODIPY)diselenide probe 2 was
synthesized, characterized, and studied as a potential molecular
ROS probe. The bis(BODIPY)diselenide was found to be
sensitive and selective for superoxide detection (quantum yield
of the oxidized product = 58% and detection limit = 12.9 yM).
Also, the utility of probe 2 for the detection of superoxide in
living breast cancer cells has been explored. Reversible
generation of the oxidized probe by biothiols was also achieved.
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