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The generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) as “unconventional”
therapeutics with precise spatiotemporal control by using light stimuli may open entirely new horizons
for innovative therapeutic modalities. Among ROS and RNS, peroxynitrite (ONOO™) plays a dominant
role in chemistry and biology in view of its potent oxidizing power and cytotoxic action. We have
designed and synthesized a molecular hybrid based on benzophenothiazine as a red light-harvesting
antenna joined to an N-nitroso appendage through a flexible spacer. Single photon red light excitation
of this molecular construct triggers the release of nitric oxide (‘NO) and simultaneously produces
superoxide anions (O, 7). The diffusion-controlled reaction between these two radical species generates
ONOO™, as confirmed by the use of fluorescein-boronate as a highly selective chemical probe. Besides,
the red fluorescence of the hybrid allows its tracking in different types of cancer cells where it is well-
tolerated in the dark but induces remarkable cell mortality under irradiation with red light in a very low
concentration range, with very low light doses (ca. 1 J cm™2). This ONOO™ generator activatable by
highly biocompatible and tissue penetrating single photon red light can open up intriguing prospects in
biomedical research, where precise and spatiotemporally controlled concentrations of ONOO™ are
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Introduction

Peroxynitrite (ONOO™) is a reactive nitrogen species (RNS) with
a half-life of 1.9 s at pH 7.4, arising from the diffusion-
controlled reaction between nitric oxide ("NO) and the super-
oxide anion (0,"7) (k ~ 10" M™' s7!).* ONOO™ is simulta-
neously a potent oxidant and a nucleophile and these features
determine its fate in a biological environment.” In particular,
ONOO™ is in equilibrium with its conjugate acid, ONOOH (pK,
= 6.8),> which may either isomerize (~70%) or undergo
homolytic cleavage to produce "OH and "NO, radicals (~30%)*
which are, in turn, mainly responsible for its oxidizing and
nitrating activity.® In view of this double ability to act as
a nucleophile and generator of very reactive secondary free
radical species, ONOO™ is labelled as a strong cytotoxic agent.®
Analogously to singlet oxygen (*O,), the ROS playing a dominant
role in photodynamic therapy,” ONOO™ is a multitarget
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cytotoxic agent able to react with lipids, DNA, and proteins as
demonstrated by its short biological halflife (<20 ms).>*®
However, in contrast to '0,, ONOO~ offers the additional
advantage of radical-mediated nitration of the protein tyro-
sines,>® a process at the basis of the inhibition of the cell efflux
pumps mainly responsible for multidrug resistance (MDR).® As
a consequence, ONOO™ can be exploited not only as a cytotoxic
agent but also as a powerful tool to reduce the cell extrusion of
conventional chemotherapeutics, and thus enhancing their
anticancer activity."®

This scenario makes molecules able to generate ONOO™
potential anticancer prodrugs. However, due to the lack of
selectivity of ONOO™ for bio-substrates, precise spatiotemporal
control in the ONOO™ delivery is highly desirable in view of
practical applications. Light represents a powerful remote
activation tool in this regard, offering high potential for inno-
vative “unconventional” therapeutic approaches, which can
open entirely new horizons in cancer treatment.' Photons are
in fact ideal external stimuli for the rapid introduction of
cytotoxic agents at the target site starting from appropriate
photoprecursors, mimicking an “optical syringe” with superb
control of sites, time and dosage of the released species, all
these factors being determining for a positive therapeutic
outcome. Moreover, light-triggering provides the unique
advantage of not altering the physiological values of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature, pH and ionic strength, which is fundamental for
biomedical applications.™

The first examples of ONOO™~ generators exclusively
controlled by light stimuli were reported by Nakagawa and
Miyata almost a decade ago."” However, they require poorly
biocompatible and scarcely tissue penetrating UVA light for
their activation. Therefore, the development of ONOO™ photo-
precursors operating with more biocompatible and highly
tissue penetrating visible or near infrared (NIR) light is very
challenging in view of bio-applications. Very recently, Wang
et al. reported a molecular construct able to generate ONOO ", as
a result of tandem cascade reactions, and to emit green fluo-
rescence upon excitation with visible violet light.** The large
two-photon absorption cross section of this compound allows
also its activation through two-photon excitation in the NIR
region."

In this paper we report the design, synthesis, photochemical
characterization and biological evaluation of a ONOO™ gener-
ator, the molecular hybrid BPT-NO (Scheme 1), activatable with
single photon red light excitation and which also offers the
additional advantage of red fluorescence emission, a useful tool
for its cellular tracking. It consists of benzophenothiazine as
a suitable light-harvesting antenna, joined to an N-nitroso
appendage through a flexible spacer. Excitation of this molec-
ular construct with 670 nm light leads to the generation of
ONOO™ and produces the analogue non-nitrosate derivative
BPT as the main stable photoproduct, through the mechanism
proposed in Scheme 1 and discussed later.

Results and discussion
Rational design and syntheses

The design and fabrication of photoactivatable ONOO™ gener-
ators is not an easy task, as proven by the scarcity of ONOO™
photoprecursors developed to date.'>" In fact, since ONOO™ is
the result of a very fast reaction between "NO and O," ", these
two species need to be simultaneously generated under light
input from suitable chromogenic units. The hybrid BPT-NO was
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Scheme 1 Proposed molecular mechanism leading to the generation
of ONOO™ and the main stable photoproduct BPT upon red light
excitation of the molecular hybrid BPT-NO.
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inspired by the merging of two different findings: (i) our
recently developed ‘NO photodonors based on green-light
antennae covalently linked to the same N-nitroso unit of BPT-
NO;* (ii) the recent studies by Peng et al. demonstrating that the
same phenothiazine unit of BPT-NO is a suitable photo-
generator of O,"~ under red light excitation.” In particular, 'NO
release from our ‘NO photodonors proceeds through a mecha-
nism involving an intramolecular photoinduced -electron
transfer from the nitroso appendage to the excited state (i.e.
singlet or triplet) of the light-harvesting antennae;** on the
other hand, the phenothiazine-based system of Peng et al
generates O,"~ via an intermolecular photoinduced electron
transfer involving the lowest triplet state of the red-absorbing
chromophore and the molecular oxygen." On the basis of these
considerations we thought that the hybrid BPT-NO may, in
principle, exploit the red excitation energy to trigger the "NO
release from the N-nitroso unit through a mechanism similar to
that reported for other molecular hybrids*® and, at the same
time, produce O,"~ analogously to what was already reported for
the benzophenothiazine derivatives.*

BPT-NO and its analogue non-nitrosate derivative BPT, as
a suitable model compound, were synthesized according to the
procedures reported in the ESLt{ They involve at first the
synthesis of the N-nitroso and the related non-nitrosate
appendage followed by their condensation with the phenothi-
azine scaffold through an amide linkage.

Spectroscopic and photochemical properties

Fig. 1 shows the UV-Vis spectroscopic features of BPT-NO in
phosphate buffer (PB) : MeOH (1 : 1 v/v), where the molecular
hybrid dissolves quite well. The absorption spectrum is domi-
nated by the benzophenothiazine chromophore, with an
intense band with a maximum at 670 nm and extending into the
whole red region.">*® The fluorescence emission spectrum
shows the typical band arising from the benzophenothiazine
fluorogenic center, with a maximum at 700 nm and extending
up to the near infrared region.”>'® The fluorescence quantum
yield is @¢ = 0.024 and the related fluorescence decay (see the
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Fig. 1 Absorption (a) and fluorescence emission (b) (Aexc = 620 Nm)
spectra of a solution of BPT-NO. The inset shows the fluorescence
decay and the related fitting of the same solutions recorded at Agy. =
455 nm and Aem = 710 nm; PB : MeOH (1: 1 v/v); T = 25°C.
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inset of Fig. 1) exhibits a dominant component (ca. 92%) with
a lifetime ¢ = 0.90 ns.

Irradiation of a N,-saturated solution of BPT-NO with red
light leads to the absorption spectral changes illustrated in
Fig. 2A. They show bleaching of the main absorption bands in
the visible and UV region, and the formation of a new absorp-
tion band at 390 nm accompanied by the presence of isosbestic
points at 583 and 324 nm, which are indicative of the occur-
rence of a quite clean photochemical reaction. Such a spectral
evolution is in excellent agreement with the formation of the
non-nitrosate compound BPT characterized by a lower molar
absorptivity in the Vis and UV regions and by the characteristic
band at 390 nm arising from the push-pull character of the
nitroaniline moiety"” (Fig. S1t). This band is suppressed in BPT-
NO because of the presence of the electron withdrawing nitroso
group attached to the amino functionality. HPLC analysis
carried out with the authentic model compound BPT as
a reference confirmed it to be the only stable photoproduct
(Fig. S271). The absorption profile observed in air-equilibrated
solution was identical in nature but slower when compared to
that observed under anaerobic conditions (see the inset of
Fig. 2A). This finding provides an unambiguous indication that
the photoreactivity of BPT-NO is more likely mediated by a long-
lived excited triplet state rather than the singlet one. This
proposal accords well with the values of @¢ and ¢ found for the
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Fig. 2 (A) Absorption spectral changes observed upon exposure of
a Ny-saturated solution of BPT-NO to red light at Aexc = 670 nm for
different time intervals (0—80 min). The arrows indicate the course of
the spectral profile with the illumination time. The insets show the
absorbance changes at A = 390 nm in N,-saturated ([J) and air-
equilibrated (@) solution. (B) NO release profile observed for a solution
of BPT-NO upon alternate cycles of red light (Aexc = 670 nm) and dark.
[BPT-NO] = (8.5 uM); PB : MeOH (1:1v/v), T=25°C.
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non-nitrosate compound BPT (Fig. S31) which were identical to
those of BPT-NO. This rules out any other deactivation process
from the excited singlet state of BPT-NO competitive with
fluorescence and intersystem crossing (i.s.c.) to the triplet state.
Furthermore, the short 7, makes any diffusional quenching of
the excited singlet state by molecular oxygen non-competitive
with the singlet decay.

Formation of BPT as the only stable photoproduct clearly
indicates the occurrence of "NO photorelease from BPT-NO
upon red light excitation. This was demonstrated by the direct
detection of this radical through an amperometric technique
using an ultrasensitive "NO electrode. Fig. 2B shows that "NO
release by BPT-NO takes place exclusively under stimuli of red
light, stops in the dark, and restarts as the red light is turned on
again. Since the benzophenothiazine chromophore is the sole
antenna absorbing the red excitation light, loss of "NO from the
N-nitroso moiety must necessarily involve an electronic
communication between these two components. Population of
the N-nitroso appendage by photoinduced energy transfer from
the excited benzophenothiazine is, of course, not possible
because it is highly endergonic.'® Therefore, uncaging of "NO
from BPT-NO seems to be triggered by a photoinduced electron
transfer from the N-nitrosoaniline-derivative moiety, as an
electron donor, to the excited triplet state of benzophenothia-
zine, as an electron acceptor, similarly to what was recently
observed for a doxorubicin molecular hybrid.*** According to
literature, oxidation of the N-nitroso functionality strongly
encourages the "NO detachment."**® Our proposal is also sup-
ported by the negative free energy value for the photoinduced
triplet electron transfer processes, AG ~ 0.2 €V, estimated using
the Rehm-Weller equation:*

AG = e[on - Ered] - ET
where E, is the half-wave potential for one-electron oxidation of
the electron-donor unit, ca. 1 eV vs. NHE,** E,.q is the half-wave
potential for one-electron reduction of the electron-acceptor
unit, ca. —0.2 eV vs. NHE,*®> and Er is the average energy of the
lowest excited triplet states of the light harvesting centers, ca.
1.4 evV.?

The proposed photoinduced intramolecular electron trans-
fer is strongly facilitated by the proximity of the electron donor
and electron acceptor units due to the U-shaped conformation
adopted by BPT-NO, as confirmed by molecular dynamics
simulations (Fig. S47).

Taken together, all these results account well for the "NO
release mechanism proposed in Scheme 1. ‘NO release after
triplet mediated electron transfer involves, of course, the
generation of an anilino radical derivative after a back electron
transfer. This species is strongly stabilized by the presence of
the two electron drawing nitro and trifluoromethyl groups.
Besides, it is expected to be basically insensitive to the presence
of oxygen and to evolve to the stable photoproduct BPT, after
i.s.c. and H-transfer from the solvent, the latter typically
observed for the other N-nitrosamine after loss of "NO.***

Quenching of the lowest triplet state by molecular oxygen
usually occurs through type I or type II mechanisms.”*® The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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former leads to O,"~ through intermolecular electron transfer
and the latter generates 'O, through a collisional energy
transfer process.””* As outlined above, the benzophenothiazine
unit integrated in the structure of BPT-NO was appropriately
chosen due to its capability to generate O,"~ under red light
excitation.” In this case, if O," " is generated simultaneously to
‘NO, it is expected to react with the latter at a diffusion-
controlled rate to produce ONOO™."*

Generation of ONOO™~ was demonstrated by experiments
carried out in the presence of fluorescein-boronate (FI-B), a very
selective and sensitive probe for ONOO™ recently developed by
Radi et al.?® FI-B is weakly fluorescent but it is rapidly (k ~ 10°
M ! s71) and effectively (yield = 99%) oxidized by ONOO™,
liberating the highly fluorescent fluorescein.”® Fig. 3 shows the
appearance of the typical fluorescence excitation and emission
spectra of fluorescein with An,.c = 490 nm and 520 nm,
respectively, upon irradiation of an air-equilibrated solution of
BPT-NO. In contrast, negligible fluorescence emission was
observed when BPT-NO was irradiated under N,-saturated
conditions where the O, ™ required for the ONOO™ is, of course,
not generated (inset of Fig. 3).§ Besides, very low emission
increase was observed in the case of the model compound BPT
as a suitable control (see the inset of Fig. 3), according to the
absence of "NO photorelease occurring in this compound. This
low, but no negligible emission increase in the case of this
compound might arise from the very slow oxidation (k ~ 1-2
M~ s71) of FI-B by the H,0, (ref. 25) derived by the slow dis-
mutation of O,", which in BPT is expected to be produced
analogously to BPT-NO, but not consumed in the reaction with
‘NO. This hypothesis was confirmed by using the dihydro-
rhodamine 123 probe which is non-fluorescent but becomes
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Fig. 3 Fluorescence emission (solid) and excitation (dotted) spectra
recorded at Aexc = 492 nm and ¢y = 520 nm, respectively, observed
upon irradiation with red light at A¢yc = 670 nm of an air-equilibrated
solution BPT-NO in the presence of FI-B. The arrow indicates the
course of the spectral profile with the illumination time. The inset
shows the fluorescence emission increase observed at 2 = 520 nm in
the case of the air-equilibrated solutions of BPT-NO (M) and the
model compound BPT (@), and a N,-saturated solution of BPT-NO
(A) (I and Iy represent the fluorescence intensities after and before
irradiation, respectively). [BPT-NO] = [FI-B] = [BPT] = (25 uM);
PB:MeOH (1:1v/v); T=25°C.
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strongly green fluorescent after reaction with O, "~ (Fig. S5T)."*
Quantitative comparison between the amount of the photo-
product BPT and the fluorescein formed in the early stage of the
photoreaction was then performed by HPLC which revealed the
% (mol mol ") for these compounds to be 9.8 + 1.3 and 7.4 +
1.1, respectively. Since ONOO™ quantitatively oxidizes FI-B to
fluorescein, this finding suggests that NO is produced only
slightly in excess with respect to O,"~ of ca. 1.3 fold (9.8/7.4).

Additional confirmation for the formation of ONOO™ was
provided by analysis of the nitrite (NO, ") formed after irradia-
tion and its quantitative comparison with the only stable
photoproduct BPT. In fact, in the absence of other reactive
species, ‘NO is almost quantitatively oxidized to NO,™ but not to
NO;~ by molecular oxygen.”” Therefore, in such a case NO, and
BPT are expected to be found in an equimolar ratio. NO,~ was
detected by using both the very sensitive spectrofluorimetric
and spectrophotometric assays based on 2,3-diaminonaph-
thalene (DAN)*® and Griess® reactants, respectively. Fig. 4 shows
the characteristic well-structured fluorescence emission and
excitation spectra of the highly fluorescent 2,3-diaminonaph-
thotriazole (DANT) formed after reaction of DAN with NO,,
only in the irradiated sample and with intensity strictly
dependent on the irradiation time.

Quantitative comparison between NO,  and BPT was then
carried out in the early stage of the photoreaction by the Griess
assay. The inset of Fig. 4 clearly shows that the amount of NO, ™~
was much lower than that of BPT, with the related % (mol
mol ') being 3.2 + 0.5 and 9.6 + 1.4, respectively. This result in
good agreement with the generation of O,"”, which rapidly
converts the "NO photogenerated into ONOO™ before it is slowly
oxidized to NO, by molecular oxygen. This view was well
supported by the NO,  analysis performed after treating the

I @@.u.)
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Fig. 4 Fluorescence excitation (solid) and emission (dotted) spectra
obtained after fluorimetric DAN assay of solutions of BPT-NO (8.5 uM)
after 0, 30 and 60 min of irradiation (from bottom to top) with red light
at Aexe = 670 Nnm. The emission wavelength for the excitation spectra
was 410 nm whereas the excitation wavelength for the emission
spectra was 360 nm. The inset shows the % (mol mol™) of the
photoproduct BPT and the respective amounts of NO,™ and NO,™ +
NOsz~ observed after 30 min of irradiation; PB : MeOH (1 : 1v/v); T=25
°C.
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Scheme 2 Typical decomposition mechanism of ONOO™.

irradiated mixture of BPT-NO with VCl;. In fact, ONOO™ leads to
a large amount of nitrate (NO; ) according to the well-known
decomposition pathways of ONOO™ and its conjugate acid
ONOOH recalled in Scheme 2, for the sake of clarity. The inset
of Fig. 4 shows that the total NO,~ detected after treatment of
the irradiated solution with VCl;, which is able to convert NO; ™
into NO,,* remarkably increased reaching a value very close to
that of the photoproduct BPT.

A specific point that needs to be clarified is related to the
photodegradation mechanism proposed in Scheme 1. The type
Ireaction involved in the generation of O," "~ involves, of course,
the formation of a benzophenothiazine-centered radical
cation, which is expected to evolve to products besides BPT.
Therefore, at first sight, the observation of BPT as the sole
stable product of photolysis can seem quite surprising. A
possible hypothesis to explain this finding might consist of
a typical deprotonation of the benzophenothiazine-centered
radical cation, leading to neutral radical species which would
restore the starting benzophenothiazine chromophore by H-
transfer from the solvent.

Cell internalization and toxicity

The biological activity of BPT-NO was evaluated with two
different cancer cell lines, HeLa (derived from a human
cervix carcinoma) and MDA-MB-231 (derived from a human
breast carcinoma). The intracellular localization of inter-
nalized BPT-NO was determined by confocal fluorescence
microscopy after 2 h incubation of cell monolayers. Fifteen
minutes before completing the incubation, the cells were
stained with either BODIPY® FL C5-ceramide or ER-
Tracker™ Green used as markers for Golgi apparatus and
endoplasmic reticulum, respectively. Fluorescence images
of the cells were then acquired using 633 nm and 488 nm
lasers as excitation sources for BPT-NO and organelle
markers, respectively. The overlapping of green (organelle
markers) and red fluorescence (BPT-NO) (Fig. 5A) shows
clear-cut evidence for the localization of the molecular
hybrid in the endoplasmic reticulum and Golgi apparatus of
HeLa and MDA-MB-231 cells. In contrast, poor localization
in lysosomes and mitochondria was observed (Fig. S67). Flow
cytometry analysis showed that the intracellular uptake was
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Fig. 5 (A) Confocal images of cancer cells incubated for 2 h with 0.5
uM BPT-NO (red fluorescence). The cells are stained with BODIPY® FL
C5-ceramide (Golgi apparatus, top panels) or ER-Tracker™ Green
(endoplasmic reticulum, bottom panels) (green fluorescence). Over-
lays of red and green fluorescence are shown in the right of each
panel. Scale bar = 20 pm. (B) Cellular uptake of different concentra-
tions of BPT-NO measured by flow cytometry after 2 h incubation.

very efficient and strictly dependent on the concentration of
BPT-NO (Fig. 5B).

To assess the efficacy of the molecular hybrid as a photo-
therapeutic agent, the cancer cells were incubated for 2 h with
increasing concentrations of BPT-NO, and either kept in the
dark or irradiated with very low doses of red light (1 ] cm™2).
Fig. 6 shows that no relevant toxicity was observed in the dark
in a concentration range below 2 uM. In contrast, in the same
concentration range a remarkable decrease of cell viability
was observed, with both cell lines upon irradiation, with the
loss of cell viability being strictly dependent on the concen-
tration of BPT-NO. A remarkable point which deserves to be
stressed is that the strong phototoxic effects are induced by
using very low concentrations of the molecular hybrid
combined with very low doses of red light irradiation. This is
in excellent agreement with the high toxicity of the ONOO™
and its secondary free radical species, as also confirmed by
the lower phototoxic effects displayed by the model
compound BPT (Fig. S71).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cell viability of HelLa (circles) and MDA-MB-231 (square) cancer
cells incubated for 2 h with BPT-NO and either kept in the dark (open
symbols) or irradiated (filled circles) with red light at a fluency of 1 J
cm~2 (40 mW cm™2 for 25's). *p < 0.05; **p < 0.1; ***p < 0.001.

Conclusions

In summary, we have developed a novel molecular hybrid which
represents a rare example of an ONOO™ generator exclusively
controlled by visible light. The present compound offers
remarkable advantages compared with the few existing ONOO™
photodonors such as (i) ONOO™ generation triggered by highly
biocompatible and tissue penetrating single photon red light,
corresponding to an improvement of ca. 250 nm in terms of
excitation wavelength; (ii) very high extinction coefficient in the
red region, allowing the absorption of red photons even in a very
low concentration range; (iii) satisfactory red fluorescence,
useful for cellular tracking. Besides, the only generated stable
photoproduct does not suffer from the disadvantage of under-
going undesired reactions with ONOO™. Finally, it is very
important to underline that "NO and O, ", responsible for the
formation of ONOO™, are generated in comparable amounts,
with the former being in slight excess with respect to the latter. It
is well known that in biological systems, while oxidative path-
ways involving a direct reaction with ONOO™ are not altered,
oxidative processes initiated by the ‘NO,/CO;"~/"OH secondary
free radicals, formed from the small fraction of spontaneous
decomposition of ONOO™ (see Scheme 2), are inhibited by an
excess production of either "NO or O,"~.** On the basis of these
results we expect that BPT-NO can open up intriguing prospects
in chemical and biomedical research for studies where precise
and spatiotemporally concentrations of ONOO™ are required.
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