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On the basis of BODIPY platform, a terpyridyl-substituent BODIPY-Copper complex (Cu(ll)-
BTPY) was rationally designed and synthesized as a redox reaction fluorescent sensor for
detecting HNO over reactive oxygen species (ROS) and reactive nitrogen species (RNS) with
impressive selectivity in living cells under mild and neutral conditions. The BTPY exhibits
relatively high fluorescence quantum efficiency as much as 34.8% and presents large stokes
shift, about 62 nm. When a series of transition metal ions were exploited to investigate the

fluorescence quench towards BTPY, copper ion (Cu?*) gave the optimal result. After the
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fluorescence of the probe being effectively quenched in the presence of Cu®*, it can be in turn
recovered.through the reduction of Cu®* into Cu* by HNO accompanying with a visually
observable fluorescence response. Still, the sensing mechanism was evidently confirmed by EPR
and ESI-MS measurement. In addition, the employment of BTPY for imaging dyes was also

2009 Elsevier Ltd. All rights reserved.

Introduction

Nitric oxide (NO), a powerful necrotic agent wielded by
macrophages of the immune system, plays an important role in
physiological and pathological processes." As a single electron
reduction product of nitric oxide, nitrosyl hydrogen (HNO)
significantly displays biological performance with potential
pharmacological applications.? Mutually, NO and HNO may be
able to convert into each other in the presence of superoxide
dismutase (SOD), while the biological nature of the nitrosyl
hydrogen is not exactly the same as nitric oxide.®> Unlike NO,
HNO has a positive inotropic effect and a lipophilic effect with
independent signal channel to p-adrenalin stimulation.” Besides,
HNO has an apparent effect on the ryanodine receptor,
micromolar concentrations of HNO will help protect the heart's
function.® Currently, studies on the biological applications,
however, are still hindered by lacks in sensitivity, specificity, and
real-time detection as well as direct observation.® Traditional
method mainly aims at detecting the HNO by-products, such as
HNO dehydrated creature, nitrous oxide, capable of being
determined via headspace gas chromatography, UV-visible (UV),

* Corresponding author. E-mail: zhaoxI82@nwnu.edu.cn

'H NMR, and electron paramagnetic resonance (EPR).” Though
some of the finely designed probes have been employed to
evaluate HNO in biological processes, yet precise identification
of HNO in vivo is confined by the short of suitable probes using
fluorescence turn-on signals rather than turn-off signals.®> One
alternative strategy to achieve fluorescence turn-on involves the
employment  of  reaction-based  organic  fluorescent
chemodosimeter, an indicator grounded on the fluorescence-
quenched metal complex, in which the coordinated metal would
be reduced by HNO, and subsequently restored the fluorescence
of the probe.’

Boron-dipyrromethene (BODIPY) derivatives, similar to other
fluorescent dyes,” have been widely studied. They favor
properties including high fluorescence quantum efficiency, large
molar extinction coefficient, relatively long excited state
lifetimes as well as chemical/light robustness, and therefore has
been used as luminescent devices, chemical sensors, and
molecular wires.* Besides, in the field of biological labeling,
BODIPY dyes also act as promising candidates for small
biological molecules detection in vivo and organism imagine.™
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Thanks to its accessible modification for the molecular
structure, diverse substituents at different position were
actualized to give various properties. Extending the =-
conjugation framework at 3-, 5- and 8-positions might bring
about red-shifted absorption and emission, while alkylation of 1,
7-positions may render the materials with large stokes shifts." To
the best of our knowledge, small Stokes shiftprobably limits high
sensitivity imaging in vivo since it can be simply disturbed by
biological background. **

Herein, we report a BODIPY fluorescent sensor possessing
lagre stokes shift for the purpose of developing a method capable
of quickly in situ detecting HNO via fluorescence turn-on mode.
Given that electrophilic reactions may easily take place in
absence of substituent at 2, 6-positions due to the increment of
electron cloud density, two esters were first introduced at 2, 6-
positions in the framework of the sensor. Successively, one 4-
methoxylphenyl substituent occupied the 8-position while two
methyl groups took the 1, 7 positions so as to cooperatively
hamper the free rotation of the BODIPY skeleton, and therefore
gave an impressively enhanced stokes shift.”® Additionally, a
terpyridyl-substituent styryl group was presented at position 3 to
proffer a heterocyclic tridentate ligand in possession of a strongly
conjugating ability derived from the aromatic rings, and
resultantly be able to easily coordinate with transition metals.'
Playing the role as a paramagnetic fluorescence complex, the
prepared Cu(ll)-BTPY exhibits the turn-off fluorescence
(Scheme 1). Conversely, the fluorescence can recovered
accompanying with the reduction of Cu(ll) into Cu(l), in which
photo-induced electron transfer (PET) is destroyed by the
diamagnetic Cu(l)-BTPY."

Results and discussion

As shown in Scheme 1, Cu(11)-BTPY s readily synthesized
from pyrrole derivatives. 2, 4-Dimethyl-3-carboxylic acid ethyl
ester pyrrole was treated with anisaldehyde in the presence of a
catalytic amount of trifluoroacetic acid (TFA) under nitrogen
atmosphere. Afterwards, BODIPY 1 was obtained as a secondary
product via the oxidative dehydrogenation. with 18% vyield.
Compound 3, prepared from 2 according to previous report, was
involved in Knoevenagel reaction to condense with 1 and
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Scheme 1. Synthetic of Cu(ll)-BTPY.

engender the BTPY in presence of acetic acid and piperidine
while keeping refluxing. ‘®

The BTPY, a typical BODIPY chromophore, exhibits obvious
stokes shift (62 nm) and displays optical properties with an
absorption band in the visible region. After respectively adding
Zn®*, Rh*, cd*, Pb*, Ca*, Ni**, Ba**, Mn*, Au*, Hg*, Fe*,
A, Ag" and Cr*, their fluorescence intensity were
insignificantly changed. In contrast, fluorescence  intensity
greatly decreased after adding Co®* or Cu®, giving 39.8% or
4.6% compared to that of BTPY, respectively (Fig. 1). The
fluorescence response reveals a special selectivity towards Cu®*
other than that of other metals, i. e., Co®*, Zn*, Rh**, Cd**, Pb¥,
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Fig. 1. Fluorescence response of BTPY (1 puM) to the addition of different
metal ions (10 uM) of Cu?, Co*, Zn*, Rh*, Cd*, Pb*, Ca®*, Ni*, Ba®,
Mn%, Au®, Hg®, Fe*, AI¥, Ag'and Cr* in THF. F represents the
maximum fluorescence intensity of the BTPY after adding different metal
ions, and F, represents the initial fluorescence intensity of BTPY.
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Fig. 2. Changes in fluorescence spectra of BTPY (10 uM) upon
incremental addition Cu®* ion (0 -1. 0 equivalent) in THF. Inset: Job's

plot curve of BTPY combined with Cu*". The total concentration of
BTPY and Cu* was 10 uM. Excitation wavelength = 530 nm.

Ca®, Ni¥, Ba®, Mn*, Au*, Hg*, Fe*, AI**, Ag" and Cr*.
According to the results above, gradual attenuation in emission
intensity during the fluorescence titration for Cu*" by BTPY (10
uM) was further confirmed (Fig. 2). The fluorescence intensity
decreased by 100-fold until 1 equivalent of CuCl, was added to
the solution of BTPY (®fl = 0.3488, in CH,Cl,), which is
attributed to photo-induced electron transfer (PET) from the
BTPY singlet excited state to the bound Cu® ion. Moreover, the
characteristic emission band of Cu(l11)-BTPY at 582 nm is blue-
shifted by 10 nm compared to that of BTPY. To demonstrate the
guenching procedure, the Job's plot curve was used for
determining the complex stoichiometry (Fig. 2, Inset). Regular
linear relationship between 1/ (F, - F) and 1/ [Cu®*] shows that
BTPY is combined with Cu® for 1:1 with the binding constant
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Fig. 3. (A) Fluorescence responses of Cu(l1)-BTPY (10 uM) to various RNS and ROS analysis substances (1 mM of HNO (Angelis' salt), NO, H,O,, CIO,
'0,, NO;, NO3, *OH and ONOO' is the concentration of 0.1 mM, PBS buffer solution pH 7.4) in THF. F, represents the initial maximum emission intensity of
Cu(ll)-BTPY, F represents the final emission intensity of various ROS or RNS added to the probe Cu(ll)-BTPY. The error bars represent the standard
deviation. (B) Fluorescence responses of Cu(l1)-BTPY (10 uM) to HNO analysis substances (1 mM of HNO (Angelis" salt) in THF. Excited wavelength =
530 nm. (C) EPR spectra recorded at 298 K for 0.5 mM Cu(l1)-BTPY in aqueous DMSO (blue line) and with excess Angelis’ salt (red line).

Ka equal to 3.2 x10* M™ that was calculated by the Benesi-
Hildebrand equation (Fig. S2). In order to realize the fluorescent
‘turn-on’ performance upon HNO, Cu(II)-BTPY complex was
prepared from the coordination of BTPY with CuCl, (Scheme 1),
and certified by the positive ion electrospray mass spectrum
suggesting a peak with m/z = 915.2206 that conforms to that of
[Cu(I)-(BTPY)CI]" (calcd m/z = 915.2235) (Fig. S14).

Also, the responses of Cu(ll)-BTPY to the reductive
biological molecules were studied. Considering their importance
in biological studies, reactive oxygen species (ROS) and reactive
nitrogen species (RNS) (including NO, H,0,, CIO’, 'O, NO,,
NOj3, *OH and ONOO") were explored in comparison to HNO.
As expected, Cu(11)-BTPY shows high selectivity toward HNO
over relevant ROS and RNS species by measuring the respondent
changes in the optical spectra while gradually adding consecutive
amounts of ROS and RNS (Fig. 3A). Only the response of HNO
dis-plays the fluorescence enhancement in the Cu(ll)-BTPY
solution, as reflected by the emission color of solution turned
from dark to bright pink (Fig 4). The fluorescence response of
others ROS and RNS such as NO, H,0,, CIO", '0,, NO,, NO;,
*OH and ONOO' is negligible. The difference of HNO from
other ROS and RNS on Cu(l1)-BTPY can be visually
distinguished under UV light(Fig. 3D). As profiled in Fig. 3B,
upon addition of 5 equiv HNO to Cu(ll)-BTPY, the fluorescence
increased gradually to a maximum at 592 nm with a simultaneous
turned-on mode, implying that Cu(ll)-BTPY was completely
reduced by HNO. A typical paramagnetism with a symmetric line
with g equal to-2.09 given by electron paramagnetic resonance
(EPR) measurement confirms the reduction of the Cu(ll)-BTPY
into Cu(l)-BTPY. Excessively introducing Angelis™ salt into the
Cu(I)-BTPY solution resulted in a rapid decrement in the EPR
signal that owes much to the diamagnetism of the reduced Cu(l)-
BTPY (Fig. 3C). The HNO sensing properties of Cu(ll)-BTPY
were further probed by fluorescence titration, indicating that
Cu(I1)-BTPY is an excellent candidate for highly selective turn-
on sensor in HNO identification.

BTPY+Cu HNO

Fig. 4. The photo of Cu(ll)-BTPY under ultraviolet lamp (365nm) after
addition of different ROS and RNS.

Additionally, the biologically discernable ability of Cu(ll)-
BTPY was evaluated via fluorescence imaging towards HNO
operated in cervical cancer HeLa cells. We incubated the cells

with Cu(l1)-BTPY in DMSQO accompanied by 5% CO, flowing
at 37 °C for 30 minutes, and no change in emission intensity was
observed for cultures to which Angelis™ salt was not added (Fig.
5 A, B). The following treatment of these cells with 3 mM
Angelis™ salt led to an increment in fluorescence in red channel
(Fig. 5 C, D). The dramatic changes ascertain the potential
practicability of Cu(l1)-BTPY for monitoring HNO in living
cells. In‘addition, we used MTS analysis to study the cytotoxicity
of different concentrations of Cu(Il)-BTPY or BTPY via
incubation with HelLa cells for 24 hours. The cell viability of
Cu(I)-BTPY or BTPY was 87.2% or 89.3%, respectively (Fig.
S15, Fig. S16). Ultimately, zebrafish embryos were employed for
the staining study to prove the applicability of BTPY skeleton in
the more complex organism. As shown in Fig. 5 E-H, incubated
with 10 uM BTPY within 30 minutes, the imaged zebrafish
embryos display bright red fluorescence.
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Fig. 5. HNO-induced fluorescence response in HeLa cells: (A, B) Images of
cells stained with Cu(11)-BTPY (10 uM) in DMSO for 30 min at 37 °C. (C,
D) Cells were incubated with Cu(I1)-BTPY in DMSO for 30 min and then
HNO (Angelis' salt) for 30 min at 37 °C. Scale bar, 50 pm; Fluorescence
images of probe BTPY in Zebrafish embryos: (E, F) Image of Zebrafish
embryos stained without BTPY (10 pm) in DMSO for 30 min at 37 °C. (G,
H) Image of Zebrafish embryos stained with BTPY (10 uM) in DMSO for 30
min at 37 °C. Scale bar, 200 um. (A, C, E, G,) Bright field, (B, D, F, H) dark
field. HeLa Cells and Zebrafish embryos images were obtained using an
OLYMPUS IX71 inverted phase contrast fluorescence microscope.

L

Conclusions

In summary, we have described the design and synthesis of
the turn-on reaction sensor on the basis of BODIPY -terpyridine-
Cu(ll) platform for highly selective detection of HNO over the
other ROS and RNS species. It is worth mentioning that the
relatively high fluorescence quantum efficiency and large stokes
shift of the sensor is useful for imaging experiments especially in
living organisms. On the other hand, a series of transition metal
ions were exploited, presenting Cu** as the optimal quenching
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ion. EPR spectroscopic and ESI-MS studies showed that the
sensing mechanism relies on reduction of Cu(ll) by HNO.
Moreover, the sensor Cu(ll)-BODIPY has been successfully
applied to monitoring and imaging of HNO in HeLa cells under
physiological conditions. Thereby, it is considered that as-
synthesized BTPY holds potential application prospect in dye
behaviors in the living organisms.
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A Cu(11)-BODIPY was rationally designed and

synthesized as a reducing reaction turn-on G
fluorescent probe for HNO over ROS and RNS

species. o
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® A turn-on mode targeted fluorescent sensor design

strategy

Significant  stokes shift and relatively high
fluorescence quantum efficiency

Highly selective determination of HNO over ROS and
RNS species based on reducing reaction

Potential approach to bioimaging in vivo



