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Methods for the endogenous detection of nitroxyl (azanone; HNO), the reduced and protonated derivative
of nitric oxide (NO), are required to define its cardiovascular function and its key role in chronic pain. This
study reports the design, synthesis and biological evaluation of 3 super-bright, highly sensitive, specific and
non-cytotoxic arylphosphine-based fluorescent nitroxyl sensors that enable the detection of endogenous
nitroxyl in vitro and ex vivo. The presence of endogenous nitroxyl is observed in the murine microglial cell
line (BV2), primary human coronary artery endothelial cells (HCAECs) and rat cardiomyocyte cell line
(H9C2) by spectroscopy and/or confocal microscopy following the addition of relevant stimulants.
Furthermore, the presence of endogenous nitroxyl is detected in rat blood samples. The novel sensor 3
(rhodol 4 on a 2-(diphenylphosphanyl)benzoate backbone) is the most sensitive in detecting endogenous
nitroxyl following stimulation, in the presence of biological media such as HBSS and DMEM. This then
provides a validated tool for detecting nitroxyl in biological systems.
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Introduction

The one-electron reduction of nitric oxide to nitroxyl (HNO)
occurs in both eukaryote and mammalian biology. HNO plays
a role in many pharmacological effects and physiological
functions such as potent vasodilation,"™ increased cardiac
output,”” altered post-ischemic myocardial injury,®*® and
treatment of alcoholism,"™'? and may act as an anti-
nociceptive modulator of neuropathic and inflammatory
pain.”®® While the chemical properties and reactivity of
HNO and NO are distinct, they do act on similar biological
targets (thiols, thiol protein and metalloproteins). However,
the mechanisms of these interactions and the resulting
products are different."®° Due to the challenges associated
with directly detecting HNO, the basis for the biological role
of HNO in the aforementioned conditions has been
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established using donor species such as Angeli's salt and
Piloty's acid. The mechanisms of endogenous production of
HNO have only been speculated upon based on aqueous
solution chemical reactions and the use of scavengers.*!
Despite the growing body of evidence supporting the
biochemical importance of HNO, it remains unclear if it is
generated in vitro and the associated mechanism involved.

A reliable method for detecting HNO in vitro is required to
help answer these questions. The use of fluorescent probes
for detecting reactive nitrogen species in vitro and in vivo
shows much promise due to high sensitivity, ease of use,
non-invasive nature, and good spatiotemporal resolution. In
addition, fluorescent probes are available in a wide range of
wavelengths, which provide opportunities to visualise
multiple targets simultaneously with multiple probes of
different colours. These probes are thus ideal candidates for
detecting HNO in a complex biological environment. Several
classes of HNO-sensitive fluorescent probes have been
reported,”” which are based on the reaction of nitroxyl with
chemical species, such as copper(u), nitroxide, 2-mercapto-2-
methylpropionic acid or arylphosphine. Several existing HNO
probes have drawbacks that limit their use in biological
sensing. For example, Cu-based probes** lack selectivity
for HNO over other biological reductants such as ascorbate
or glutathione. This can cause interference, thus limiting
their application in biological studies. Arylphosphine-based
probes are highly selective for HNO over other cellular
reductants and have given rise to several probes for the
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detection of nitroxyl.>’®>* However, none of these
arylphosphine probes are capable of detecting endogenously
produced HNO, possibly due to the low concentration of
HNO present in living systems. Thus a more sensitive, stable
and biocompatible multi-coloured sensing tool kit is required
for the application of arylphosphine probes in real-time
quantitative measurement of biologically produced HNO.
Here we report a new, highly sensitive and biostable tri-
arylphosphine-based fluorescent chemosensor 3 (Scheme 1)
for selective detection of HNO in cells and demonstrate its
use in imaging exogenous and endogenous HNO in two types
of cell-lines, BV2 and HCAEC. This sensor, together with two
other highly selective sensors (1 and 2, Scheme 1),>%%*
provides a multi-coloured sensing toolkit for HNO with
applicability over a wide range of common wavelengths (480-
560 nm) used in Dbiological sensing studies under
physiological pH. This study demonstrates the ability of these
sensors to detect exogenous and endogenous derived HNO in
mouse, rat and human cells and rat blood. These chemo-
sensors are able to detect HNO in a range of aqueous buffers
and cellular media without the use of an organic cosolvent,
thus enabling sensing in biological samples that are
vulnerable to the toxicity of organic solvents. In addition,
they show low cytotoxicity to cell lines, such as BV2 (mouse
microglia) and HCAEC (primary human coronary arterial
endothelial cells) cells. Sensor 3 was able to detect HNO
when added to fresh rat blood and maintained a stable
fluorescent signal over time following freeze-thaw cycles. The
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excellent biocompatibility of these new arylphosphine-based
HNO sensors makes them suitable for a wide range of
biological studies.

Results - chemistry
Design and synthesis of sensors 1-3

Sensors 1-3 consist of a triarylphosphine group conjugated
with three distinctive fluorophores, fluorescein, coumarin
and a mono-substituted rhodol 4, to selectively detect
intracellular HNO (Scheme 1A-C). The conjugated probes are
non-fluorescent.>® The reaction with HNO yields an aza-ylide
intermediate and leads to subsequent ester aminolysis to the
original fluorophores and a measurable
fluorescence by using fluorescence spectroscopy and confocal
microscopy.”” The reaction is bio-orthogonal as phosphines
are abiotic and essentially unreactive toward other
biomolecules inside or near cells. The abovementioned
fluorophores were selected to provide a wide range of
emission wavelengths (460-550 nm) commonly used in
sensing studies. Importantly, the three sensors encompass
wavelength ranges commonly used in chemical sensing, with
sensor 2 emitting in the blue range (le, = 460 nm), sensor 1
in the green range (dem, = 512 nm) and sensor 3 in the yellow
range (lem = 550 nm). These fluorophores were chosen due to
their good fluorescent response to biological stimuli and
excellent stability in biological environments.***° 1In
particular, sensor 3 reacts with HNO to give highly
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(A) Structure of sensor 1 (fluorescein-based) and its reaction with HNO; (B) structure of sensor 2 (coumarin-based) and its reaction

with HNO; (C) structure of sensor 3 (rhodol based) and its reaction with HNO.
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fluorescent rhodol 10, which has high biostability to allow
detection of subtle changes in concentrations of HNO in cells
and tissues. In addition, this fluorophore emits at Aep,, = 550
nm, where biological samples typically have weaker
autofluorescence relative to the turn-on brightness of the
sensor, as demonstrated in this study. This ensures that
sensing of HNO occurs with minimal background
fluorescence resulting in enhanced sensitivity. Together these
sensors form a multi-coloured fluorescent sensing tool kit
that can be used in conjunction with a broad range of
biosensing techniques including green-fluorescent protein,
fluorescent antibodies, nucleus stain and mitochondria stain.

Sensors 1-3 were synthesised as shown in Scheme 2.
Briefly, fluorescein® or 7-hydroxycoumarin’ was esterified on
reaction with 2-(diphenylphosphino) benzoic acid® to give
sensors 1 and 2 in 44% and 28% yield, respectively. Sensor 3
was synthesised from fluorescein.” Fluorescein was protected
as a triflate,’ which was subsequently coupled with
azetidine'® under the catalysis of Pd,dba; and XPhos to give

View Article Online
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rhodol 4. Esterification of  rhodol 4 with
2-(diphenylphosphino) benzoic acid® gave sensor 3 in 8%
yield. All sensors were purified by HPLC.

Spectroscopic characterisation of sensors 1-3

The spectroscopic properties of sensors 1-3 were assessed in
water. First, the fluorescence of sensors 1-3 with and without
added Angeli's salt (AS) was determined. Sensor 3 (lex = 512 nm
and Aem max = 550 nm) provides a 120-fold increase in
fluorescence upon addition of 100 pM AS, the largest fold-
increase in fluorescent response amongst all three sensors
(Fig. 1C). In comparison, sensors 1 and 2 gave a 30-fold and 12-
fold increase in an analogous experiment (Fig. 1A and B).
Sensors 1 and 2 gave rise to typical fluorescence emission
profiles of fluorescein and coumarin, respectively, with A =
488 nm and A, max = 512 nm for sensor 1, and 4., = 380 nm
and Aem max = 460 nm for sensor 2. (Fig. 1A and B). Standard
curves of sensors 1-3 with added Angeli's salt (0-100 uM) were
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Scheme 2 Synthesis of (A) sensor 1, (B) sensor 2 and (C) sensor 3.
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Fig. 1 Fluorescence & selectivity profile. Sensor 3 has the highest ‘turn-on’ fluorescence response to 100 uM AS. (A) Fluorescence emission profiles of
sensor 1 (2 uM) with and without Angeli's salt (AS, 0-100 uM), a donor of HNO, Z¢x = 488 nm. Insert (1): standard curve of calibration of sensor 1 (2 uM)
with AS (0-100 uM) where the concentration of AS (x-axis) is plotted against the fluorescence intensity at 512 nm (y-axis); (B) fluorescence emission of
sensor 2 (5 uM) with and without AS (0-100 pM), Ae, = 380 nm. Insert (1): standard curve of calibration of sensor 2 (5 pM) with AS (0-100 uM) where the
concentration of AS (x-axis) is plotted against the fluorescence intensity at 460 nm (y-axis). (C) Fluorescence emission of sensor 3 (2 uM) with and
without AS (0-100 pM), Jex = 512 nm. Insert (1): standard curve of calibration of sensor 3 (2 uM) with AS (0-100 uM) where the concentration of AS
(x-axis) is plotted against the fluorescence intensity at 547 nm (y-axis). Insert (2): fluorescence of sensor 3 (1 uM) with AS (100 uM) (red) and without AS
(black) shows that sensor 3 has the lowest detection limit of all 3 sensors. Sensor 3 shows the optimal selectivity profile against a range of biologically
relevant species. (D) Sensor 1 (2 uM) was separately incubated with each species (as denoted on the x-axis, 100 uM) for 10 min in the dark before
measuring the fluorescence at lexem = 488/512 nm; (E) sensor 2 (5 uM) was separately incubated with each species (as denoted on the x-axis, 100 uM)
for 10 min in the dark before measuring the fluorescence at /ex/em = 380/455 nm. All experiments were performed in 0.5-1% DMSO in water. (F) Sensor
3 (2 uM) was separately incubated with each species (as denoted on the x-axis, 100 uM) for 10 min in the dark before measuring the fluorescence at ley/-
m = 512/550 nm. All experiments were performed in 0.5-1% DMSO in water.

generated (Fig. 1 insert 1) to allow quantification of HNO. The  Stability, selectivity profiles & kinetics

fluorescence of sensors 1-3 increased with increasing

concentration of AS, with sensors 1 and 3 following a trend of  The photo and chemical stability of the sensors in common
one-phase association and sensor 2 following a linear trend.  biological buffers (PBS and HBSS) and cell media (DMEM,
The quantum yield of each sensor was determined in the = DMEM serum-free (SF), DMEM phenol-red free (PRF) and
presence of 100 uM Angeli's salt (ESI{ Fig. S3A-C). All three = DMEM serum-free and phenol-red free (SF PRF)) were
sensors demonstrated very high quantum yields (@gensor1 = 0.9,  investigated to examine their suitability for use in cell-based
Densors = 0.85, Pgensors = 0.77) with sensor 1 being the highest  experiments. The sensor was dissolved in buffer or medium
(ESIf Fig. S3A). This is expected as the reaction of sensor 1 with ~ containing 1% DMSO followed by the addition of NaOH
HNO gives fluorescein, which has a reported quantum yield of  (final concentration 0.5 mM) or AS (100 uM, in 10 mM
0.93 in 0.1 M NaOH. The high quantum yield ensures the high =~ NaOH). The sample was incubated for 10 min in the dark
sensitivity of these chemo-sensors for HNO detection in  and the resulting fluorescence was measured by
biological studies. The limit of detection of sensor 3 with  spectroscopy, with the results shown in ESI} Fig. S4(A-C). All
Angeli's salt was determined to be 100 nM (Fig. 1C insert 2),  three sensors retain their sensing ability in the tested buffers
the lowest of the three sensors reported herein, and to our best ~ and media, with sensor 3 providing the highest fold change
knowledge is together with Dong et al®® one of the lowest in the fluorescent signal. PBS buffer gave a similar sensing
reported in the literature. Overall, sensor 3 provides an optimal  profile to sensors in water, with sensors 1, 2 and 3 giving a
sensing profile with a combined low detection limit and large  32-fold, 7-fold and 65-fold increase in fluorescence upon
fluorescence turn-on in response to HNO. Thus, sensor 3 is the  addition of AS, respectively. Incubation in HBSS resulted in a
optimal tool assessed here for detecting HNO levels in  decreased fluorescence response in sensors 1 (22-fold) and 2
biological environments. (6-fold) while enhancing the response of sensor 3 (75-fold)

© 2022 The Author(s). Published by the Royal Society of Chemistry Sens. Diagn., 2022, 1, 280-293 | 283
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when compared to PBS response. Incubation in cell media
resulted in a decrease in sensitivity for all three sensors.
Sensor 3 is shown to be the most compatible with cell media,
with the retained ability to produce a 40-fold fluorescence
response in DMEM PRF. In comparison, sensors 1 and 2 gave
lower fluorescence response (12-fold and 4-fold) in DMEM-
related media. This demonstrates that sensor 3 is optimal for
cell-based experiments.

Next, sensors 1-3 were assayed against a range of
biologically relevant RNS (NO, NO,, NO; , N3, ONOO’),
amino acids (Cys, Arg), small molecules (ascorbate, H,S,
GSH, GSNO), and ROS (H,0,, OH) to define selectivity
profiles and determine species specificity. All three sensors
clearly show good selectivity for AS (Fig. 1D-F), with sensor 3
showing the optimal selectivity and being non-reactive to all
species tested. Importantly, the sensors display an excellent
selectivity for AS over all other tested RNS, NO in particular.
This is critical as RNS always co-exist in biological
environments and thus the ability to detect HNO amongst a
complex mixture of RNS is highly desirable. Both sensor 1
and sensor 2 showed minimal affinity to arginine. This is
important as arginine is the precursor of RNS and thus the
ability to distinguish between these species is critical to
accurate sensing of intracellular HNO. Sensor 1 is also found
to react with H,S to a limited extent, which is consistent with
the literature. However, due to the low concentration of H,S
present in cells, the weak affinity to H,S is not expected to
disrupt the applicability of sensor 1 in biosensing.
Collectively, sensor 3 demonstrates excellent fluorescence
turn-on response to AS, the highest fold change in
fluorescence, low detection limit, high compatibility with cell
media and excellent selectivity.

The kinetic profiles of the sensors were next investigated
to examine their stability in water and rate of reaction with
AS. Briefly, a solution of each sensor was prepared using the
above conditions and mixed with AS (200 uM) in 10 mM
NaOH. The fluorescence of each sample was continuously
monitored over 60 min (ESIf Fig. S5A-C). Sensor 1 reacts
with AS faster than sensors 2 and 3, taking 10 min to reach
the saturation of the fluorescence signal, with sensors 2 and
3 taking more than 10 min. Rapid reaction with HNO (such
as sensor 1) is required if one is to measure a reactive analyte
such as HNO, which is oxidised rapidly to the corresponding
reactive nitrogen species (RNS) in biological environments.*®
At a concentration of 1 uM, sensor 1 showed a 67-fold
increase in fluorescence compared to 0 uM, while sensor 2
showed a 19-fold increase in fluorescence. Sensor 3 gave the
highest fluorescence increase with a 368-fold increase (ESIY
Fig. S5D-F). Interestingly, at 100 nM concentration, sensor 1
showed a 5.5-fold increase in fluorescence compared to 0
uM, sensor 2 showed a 3-fold increase in fluorescence and
sensor 3 showed a 38-fold increase. The high turn-on
fluorescence of sensor 3 makes it more suitable for
measuring low concentrations of endogenous HNO. This data
was used to determine the optimal concentration of the
sensor and incubation time to use in our subsequent in vitro
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work. Sensor 3 was selected for subsequent cell-based studies
based on these results, unless otherwise stated.

Results - application in biological
systems
Stability over time of sensors 1-3 in biological buffer

The fluorescence stability of all 3 sensors in biological buffer
(HBSS) was assessed in cell-free media using spectroscopy.
Angeli's salt (AS) was used as a donor of HNO and tested at
concentrations ranging from 0 to 200 pM (ESIt Fig. S6). All 3
sensors were tested at 2.5, 5 and 10 uM and measured for up
to an hour. Sensors 1 and 2 display a similar ‘turn-on’
fluorescent profile across all concentrations of the probe and
donor, and the starting baseline increased in proportion to
the sensor concentration. Sensor 2 appeared to be the least
stable in AS concentration ranges between 100 and 200 puM.
The time taken for the fluorescence signal to peak before
plateauing was 20 minutes for sensors 1 and 2, and 10
minutes for sensor 3, making it the fastest responder of all 3
probes. Together with the kinetic data and fluorescent
characteristics in biological buffers and media (ESIt Fig. S4)
we were able to determine a concentration range (1-3 uM)
and incubation time (at least 10 min) to proceed with future
biological experiments.

Detecting HNO in cell-free MesoEndo culture media used for
HCAEC

The stability of sensor 3 in HCAEC buffer (MesoEndo cell
growth medium) was investigated to examine its suitability
for use in cell-based experiments. Briefly, sensor 3 (3 uM)
was added to MesoEndo cell growth medium followed by the
addition of AS (200 puM) and different concentrations of
L-cysteine (0, 1, 10, 100, 200 500 and 1000 pM) and then read
on a spectrophotometer after 15 min (ESIT Fig. S7). The data
show that the fluorescence signal is higher in the presence of
sensor 3 when compared to media only controls (pre-AS, **p
< 0.0001; AS 200 pM, "p < 0.0001). Furthermore, the
presence of r-cysteine reduces the AS derived HNO
fluorescent signal in cell-free media when compared to
sensor only (*» < 0.0001). This indicates that sensor 3 is
suitable to be used for HCAEC experiments.

HNO sensors 1, 2 and 3 are not cytotoxic to mouse microglial
or human coronary artery cells

Following the evaluation of sensors 1-3 in biological media
samples, a trypan blue dye exclusion test and/or MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
colorimetric assay were conducted to evaluate the changes in
cell viability and metabolic activity in response to sensors 1-3
(ESIT Fig. S8). BV2 cells were incubated with 1-10 uM of
sensor 1, 2 or 3, for either 1.5 hours for the cell viability assay
using trypan blue (ESI} Fig. S8A-C) or up to 48 hours with
MTT (ESIT Fig. S8D-I). The results indicate that all three

sensors have low toxicity towards living cells at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentrations below 10 uM, up to 48 hours of exposure.
Therefore, this further qualifies our concentration range of
1-3 uM for sensor 3, which was used for subsequent
spectroscopy and confocal imaging studies, unless otherwise
described.

Endogenous release of HNO via iNOS enzyme following LPS
stimulation of BV2 cells

Previously, the literature described the use of an NO donor
followed by sodium ascorbate to convert NO to HNO as a
model of endogenous stimulation.>® In the present study, we
physiologically stimulant,
lipopolysaccharide (LPS), in BV2 cells that is known to drive

chose to wuse a relevant
reactive nitrogen species pathways.”” To determine the
mechanism deriving the endogenous signal within BV2 cells,
spectroscopy experiments were carried out using chronic 24
hour treatment of stimuli LPS in the presence or absence of
iNOS enzyme inhibitor, 1400 W (ESIT Fig. S9A). Twenty-four-
hour treatment with LPS (500 ng ml™") (4196 + 489 RFU)
significantly increased the fluorescence of sensor 3 when
compared to ‘HNO only’ controls (2721 + 142 RFU, **p <
0.05). Furthermore, pre-incubation with 1400 W (1861 + 64
RFU) significantly prevented the HNO signal compared to
both LPS (***p < 0.001) and the ‘HNO only’ control (**p <
0.01) which suggests that the homeostatic baseline
fluorescent levels observed in the HNO only control may also
be derived from iNOS production. Control data (ESI{ Fig.
S9B) indicates that sensor 3 is specific to HNO as AS (200
uM) significantly increased the RFU signal of sensor 3 (28 589
+ 4636 RFU) (***p < 0.001), which was diminished by
L-cysteine pre-treatment (8912 + 175 RFU). This data suggests
that the endogenous HNO signal in LPS treated BV2 cells is
derived from iNOS enzymatic activity and that LPS is a good
candidate for endogenous stimulation of HNO.

Sensor 3 can detect exogenous and endogenous HNO in both
rodent and human cell types

As sensor 3 was shown to be the brightest and most stable in
biological media among all 3 probes, this sensor was selected
to carry-out the following experiments, unless otherwise
specified. The presence of both exogenous and endogenous
HNO in BV2, HCAEC and H9C2 cells was examined by
spectroscopy and/or confocal microscopy.

Confocal microscopy imaging of BV2 cells was used to
assess the uptake of sensor 3 and detect both exogenous and
endogenous derived HNO. BV2 cells were incubated with 1
uM of sensor 3 for 30 min prior to confocal imaging (Fig. 2).
The data shows that acute LPS (endogenous) treatment (*p <
0.0001) and HNO exogenous donor AS (**p < 0.0001) both
increased the fluorescence signal compared to the control
(sensor 3 only) (control: 13.59 + 0.86 RFU; LPS: 25.58 + 0.96
RFU; AS: 49.26 + 1.2). Pre-treatment with the HNO scavenger,
L-cystine (1 mM), was able to prevent the AS derived signal
(LC: -9.718 + 0.8 RFU; ***p < 0.0001), indicating that the
sensor 3 probe is specific to HNO. Together, this data

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative confocal images (40x) showing the fold change
in fluorescence intensity of sensor 3 (1 uM) captured immediately
following a 30 min incubation in BV2 cells and then again 10 min
following the addition of the treatments; vehicle (0.01 M NaOH; A and A),
Angeli's salt 200 uM (HNO donor; C and C’), Angeli's salt 200 uM plus
L-cysteine 1 mM (HNO scavenger; D and D’) and LPS (500 ng ml'%;
B and B’). The change in fluorescence signal from the baseline
(1 minute pre-treatment) to the brightest frame (~10 min post-
treatment) was determined and showed that both acute Angeli's salt
(**p < 0.0001) and LPS challenge (*p < 0.0001) can increase the
fluorescence signal and hence the HNO output from BV2 cells,
compared to the control. Pre-incubation with the HNO scavenger,
L-cysteine, attenuated the Angeli's salt derived fluorescence signal of
sensor 3, which suggests that the fluorescence signal is specific to
HNO (***p < 0.0001). Scale bar = 50 um, n = 3.
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suggests that sensor 3 is sensitive enough to detect the
endogenous HNO signal from BV2 cells using confocal
microscopy.

Confocal microscopy imaging of human coronary arterial
endothelial cells (HCAECs) was then used to assess the
uptake of sensor 3 and detect endogenous HNO following a
24 h incubation period in either normoxic or hypoxic
solution (1% O,). HCAECs were imaged on the confocal
microscope prior to and 15 min following the addition of
sensor 3 (1 uM) (Fig. 3). The data showed that cells incubated
in low O, levels (hypoxic) yielded a 4.3-fold difference (*p <
0.05) and cells incubated in normal O, levels (control) gave a
1.5-fold change, both compared to the baseline. Furthermore,
the addition of the HNO donor AS (200 uM) gave a 6.3-fold
change when compared to the control (p < 0.05). These data
suggest that sensor 3 is sensitive enough to detect the
endogenous HNO signal from human arterial wall cells using
confocal microscopy.

Both spectroscopy and confocal microscopy were used to
explore the potential of sensor 1 (2 pM) to also detect the
endogenous HNO signal in vitro, the fluorescent signal
derived from rat cardiomyocyte (H9C2) treated cells (Fig. 4).
HNO has been implicated as a factor in the damaged
generated in cardiac tissue following ischemic reperfusion.
Confocal microscopy imaging of cardiomyocyte cells was used

Baseline

Control

Hypoxia 24 hrs

Post- 10 min incubation

.

View Article Online
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to assess the uptake of sensor 1 and detect both exogenous
(AS) and endogenous (hypoxic) derived HNO. H9C2 cells pre-
treated with hypoxic solution followed by either normoxic
solution (8175 + 136 RFU) (Fig. 4C) or medium (8420 + 130
RFU) (Fig. 4D) showed a significantly increased intracellular
fluorescent signal when compared to cells pre-treated with
media followed by either a second media exchange (7164 +
124 RFU) (hypoxic/normoxic v media/media, “p < 0.05;
hypoxic/media v media/media, *p < 0.01) (Fig. 4A) or
normoxic solution (6926 + 303 RFU) (hypoxic/normoxic v
*p < 0.01
normoxic, ***p < 0.001) (Fig. 4B) (as shown in graph 4E).
Spectroscopy was used to further determine the presence of
endogenous HNO in supernatant samples taken from H9C2

media/normoxic, hypoxic/media v media/

cells. An initial fluorescent reading was taken from the
supernatant of cells treated with either media, normoxic or
hypoxic solution. The solution was then replaced with a
second treatment of either media or normoxic buffer and a
second fluorescent reading was taken from the supernatant
after 1-2 minutes and compared to the initial reading (Fig. 4F;
see Table S1 in ESI} data for treatment details). Only cells pre-
treated with hypoxic solution followed by normoxic solution
showed a significant fold-change increase (3.22 + 0.57-fold) in
the fluorescent signal when compared to media/media
treatment only (0.91 + 0.12-fold) (*p < 0.05) and media/

Angeli’s salt [200 uM]

0
]

1

Fold change from baseline
e i

#
1
* |

Control Hypoxia 24hr  AS [200 uM]

0-

Fig. 3 Hypoxia causes an increase of endogenous HNO production in human coronary artery endothelial cells. Representative confocal images
(40x) showing the fluorescence intensity of sensor 3 (1 uM) captured immediately prior and following a 10 min incubation in HCAECs. Cells from 3
separate experiments were treated for 24 hours with normal (A and A’) or hypoxic media (B and B’) for 24 hours. Control conditions included
adding the HNO donor (A”; Angeli's salt, 200 uM) following the 10 min incubation with sensor 3. The bar graph below shows the fold change of
relative fluorescence compared to the baseline measured from 20 cells within each image before and after incubation with sensor 3 for each
condition. Hypoxic treated cells had a significantly higher RFU (relative fluorescence unit) fold change compared to the HNO only control (*p <
0.05). The increased signal following application of Angeli's salt (HNO donor: 200 pM, #p < 0.05) indicated that the sensor 3 signal is specific to
HNO under these conditions. Scale bar = 50 um.
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Fig. 4 HNO increased in H9C2 cells following hypoxic/normoxic treatment. Confocal images (60x) showing the sensor 1 fluorescent signal in
H9C2 cells following media/media treatment (A), media/normoxic buffer treatment (B), hypoxic/normoxic treatment (C) and hypoxic/media
treatment (D) (n = 3 per treatment). The bar graph, E, represents the relative fluorescent signal (RFU) measured from 20 randomly selected cells
within each frame and shows hypoxic treatment followed by normoxic solution or medium, which significantly increases the sensor 1 signal
compared to media only or media to normoxic treatment (*p < 0.01, **p < 0.001, #*p < 0.05, *#p < 0.01). A second experiment was carried out
with the supernatant of both the 1st and 2nd treatment measured in the presence of sensor 1 on a spectrophotometer (F). The fold change
between conditioned media determined that H9C2 cells challenged with normoxic or media solution following a period of hypoxia gave a
significant increase (*p < 0.05, *p < 0.05) in the fold change of the sensor 1 signal.

normoxic treatment (1.3 + 0.16-fold) (p < 0.05). This data  Sensor 3 is taken up into BV2 cell mitochondria

suggests that after a period of hypoxia, HNO is generated and

released by H9C2 cells following the reintroduction of oxygen.  Sub-cellular localisation of sensor 3 within AS treated BV2
This data supports the use of sensor 1 for the detection of  cells was determined by confocal microscopy using a
endogenous HNO in H9C2 cells using both confocal  mitochondria specific stain (Fig. 5). Confocal imaging
microscopy and spectroscopy. determined that AS activated sensor 3 appears more punctate
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Sensor 3

Mitotracker Deep Red

Merged composite

Fig. 5 Sensor 3 localises to mitochondria within BV2 cells. Confocal images (60x) showing sensor 3 (A and A": 1 uM), Mitotracker Deep Red (B and
B’), DIC contrasted (C and C’) and merged composite of all 3 (D and D’) represented in BV2 cells. BV2 cells were incubated with sensor 3 for 15
min then replaced with HBSS and Mitotracker Deep Red for a further 15 min. The Mitotracker solution was washed with HBSS, then Angeli's salt
(200 uM) was added to the cells to activate sensor 3. Uptake of sensor 3 was seen throughout the whole of the BV2 cells, however following AS
addition, there was an increased fluorescence signal within the mitochondria observed as a yellow overlay in image D and D’ insert. Scale bar = 50
um (A-D), scale bar = 20 um (A-D’).
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around the nucleus of cells (Fig. 5A and A’) in a similar
location to Mitotracker Deep Red (Fig. 5B and B'). Overlay of
the 2 channels shows the co-localisation of the signal (in
yellow) (Fig. 5D and D’) suggesting that sensor 3 is taken up
predominately by mitochondria within Bv2 cells.

Sensor 3 can detect HNO in rodent cardiac blood

Spectroscopy was used to detect the presence of extracellular
HNO in plasma and/or serum of rat cardiac blood using
sensor 3 (10 uM) with or without EDTA (0.5 M) (ESI} Fig.
S10). We observed a 150-fold higher mean fluorescence value
in the EDTA-free serum (ESI{ Fig. S10A) containing sensor 3
compared to the PBS control (no sensor 3, *p < 0.0001) and a
114-fold higher mean fluorescence value in the plasma (with
EDTA, ESIf Fig. S10B) containing sensor 3 compared to the
PBS control (no sensor 3, *p < 0.0001) suggesting a minimal
contribution of the blood (serum or plasma) to the basal
non-specific reading. However, the presence of EDTA did
reduce the fluorescence signal of sensor 3 by 30% when
compared to the EDTA-free sensor 3 sample which may
highlight a potential interference between EDTA and sensor 3
fluorescent read-out. We noted a further increase in the mean
fluorescence value of a second reading, 30 min following the
addition of AS (200 uM) to either serum with sensor 3 (14%
increase, “p < 0.0001) or to plasma with sensor 3 (12%
increase, ¥p < 0.001) indicating that the active sensor
remained present throughout the whole freeze-thaw process.
The presence of the HNO scavenger L-cysteine gave opposing
results depending on the presence or absence of the chelator
EDTA. In EDTA-free blood, i-cysteine gave a concentration
dependent reduction in mean fluorescence values when
compared to sensor 3 only (LC 100 puM; 18%, LC 500 pM;
21%, LC 1000 uM; 42%, ***p < 0.0001). This decrease was
also observed in the presence of AS with 1-cysteine decreasing
the mean fluorescence values by 15%, 26% & 41% for 100,
500 & 1000 uM, respectively (***p < 0.0001). However, the
presence of EDTA with r-cysteine resulted either in
unchanged or increased mean fluorescence values. Higher
concentrations of r-cysteine (500 & 1000 uM) lead to an 11%
and 19% increase, respectively, when compared to sensor 3
(*p < 0.0001). This increase was also observed in the
presence of AS, with higher concentrations of r-cysteine (500
& 1000 pM) leading to a 6% (*» < 0.05) and 15% (p <
0.0001) increase, respectively, when compared to sensor 3
with AS. This observation indicates that the presence of EDTA
can potentially interfere with the fluorescent signal of sensor
3 measured from blood samples and hence further
assessment of other anti-coagulant chelators used for routine
clinical blood collection is required.

Discussion

Previous studies have shown the distinct chemical and
physiological properties of the one-electron reduced,
protonated form of NO, nitroxyl."**"*”*® Endogenous
production of nitroxyl is suggested to occur via several

© 2022 The Author(s). Published by the Royal Society of Chemistry
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possible mechanisms, such as NOS activation in the absence
of the cofactor tetrahydrobiopterin (BH,),>® hydroxylamine
(NH,OH) oxidation by a variety of heme proteins, reduction
of NO to NO™ by cytochrome ¢,** or by reaction with either
ubiquinol,** manganese superoxide dismutase,** or xanthine
oxidase.”® Furthermore, potential mechanisms of HNO
generation in microglial cells include: iNOS enzyme,
reduction of hydroxylamine (NH,OH) to HNO via
myeloperoxidase (MPO), the conversion of S-nitrosothiols to
HNO by dithiols*® or by the interaction between H,S and
NO.** However, there is only indirect evidence to support the
endogenous generation of HNO in vitro and in vivo and
therefore the development of analytical tools to assess this is
paramount. Fluorescent probes are highly sensitive, simple
to use, non-invasive, have good spatiotemporal resolution
and can be developed in a wide range of wavelengths, thus
making them excellent candidates for detecting HNO. Many
fluorescent probes have been developed over recent years
based on different chemical reactions to HNO. However, the
arylphosphine-based probes have demonstrated the highest
selectivity and the least interference from other potential
reducing agents in biological systems.>”

Here we have demonstrated the generation of a suite of
bright, highly sensitive and very stable triarylphosphine-
based HNO fluorescent probes, with the detection limit of
sensor 3 being the lowest reported to our knowledge. Using
LPS or hypoxia challenge, we have observed the presence of
endogenous HNO in BV2, HCAEC and H9C2 cells using
sensors 3 and 1, by both spectroscopy and confocal
microscopy. We determined that sensor 2 did not provide a
sufficient fold change in the signal in the presence of
biological media and was below the sensitivity required to
detect endogenous changes in this study. Furthermore, the
wavelength required to excite sensor 2 falls in the UV range
which can be detrimental to living cells when exposed for
long periods of time and is therefore not an ideal candidate
for biological use. We therefore focused on the use of sensors
3 and 1 for biological experiments. The cytotoxicity of the
sensors was assessed on BV2 cells and HCAECs. HCAECs are
derived from the inner lining of the coronary blood vessels
that supply the heart. These cells did not demonstrate any
changes in the cell viability or metabolism, in the presence of
up to 10 uM of sensors 1-3, for longer periods (up to 48
hours) of exposure, which is a positive attribute for future
translational applications. However, the use of the
arylphosphine-based sensors is limited to samples in
physiological pH as the fluorescence response can be pH
dependent. In addition, the sensitivity of probes 1-3 is
sufficient for in vitro detection of HNO; however, further
research into a fluorescent backbone with a lower baseline
fluorescence level is needed to improve the sensitivity for
in vivo studies.

Our study found that all the sensors can detect HNO
generated by AS in biological buffers and media, with the
HBSS buffer and DMEM phenol red-free (DMEM-PRF) media
yielding the best fold increase for sensor 3. This is important
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for live imaging studies which require the cells to be imaged
in their conditioned media and stimulated to produce the
endogenous HNO signal. Many studies have reported the
generation of HNO probes that can detect intracellular
signals via the use of HNO donors such as Angeli's salt,>**’
following the uptake of the probe and therefore require the
removal of excess probe by washing. This method may be
misleading in determining the sensitivity of the probe, as the
timing and concentration of the endogenous signal may be
significantly slower and lower than what is produced by AS,
and hence below the limit of detection for many probes.

Our study detected increases in HNO fluorescence of
sensor 3 with acute LPS (10-15 minutes) treatment of BV2
cells which was not present in control cells. However, the
mechanism of HNO production following such a short time
exposure to LPS is yet to be elucidated and requires further
investigation. LPS has been shown to increase iNOS
expression and release of NO in BV2 cells.*>*® Further to this,
studies suggest that iNOS can produce HNO in the absence
of co-factor BH4,*° which implicates iNOS as a potential
source of HNO in vivo. However, as the measure of BH, was
beyond the scope of this study, we are unable to speculate its
involvement in our findings.

The exposure of HCAECs to hypoxic conditions was used
as an in vitro model of endothelial dysfunction. Both NO and
HNO are known to be associated with endothelial vasodilator
mechanisms,”” which are disrupted in oxidative stress,
hypoxia, hypertension and ischemic heart disease.*®
Demonstration of the specific role of HNO in these
mechanisms is limited by the lack of HNO sensors®” and
quantifiable fluorescent markers to study the synthesis and
function of endogenous HNO. In the current study, we
demonstrated the application of sensor 3 to report an
increase in the levels of HNO under hypoxic conditions. To
our knowledge, this is the first study to report the presence
of endogenous HNO in primary HCAECs. It has been well
established that HCAECs can produce reactive nitrogen
species via enzyme eNOS' but the role of HNO in
endothelial cells has previously focused on the therapeutic
effects of exogenous applications.’® Experiments were also
carried out using sensor 1 to measure levels of endogenous
HNO using a cellular model of ischemic-reperfusion injury.
H9C2 cells showed increased intracellular HNO fluorescence
following the replacement of oxygenated medium and/or
buffer, after a period of hypoxia. This is the first study, to our
knowledge, that demonstrates endogenous production of
HNO in myocardial-like cells. Previous studies have identified
a dual role of HNO in myocardial ischemia-reperfusion,
whereby administration of AS just prior to reperfusion causes
an increase in myocardial injury;® however pre-ischemic
administration is protective.”®* Further investigation is
required to validate this model and understand the role the
endogenous HNO may be having following reperfusion.

We were able to localise HNO sensor 3 to the
mitochondria of the BV2 cells via the use of live cell stain,
Mitotracker Deep Red. The localisation of HNO probes within
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mitochondria has been previously reported®>>* and supports
our findings. Further to this, the generation of ROS and RNS
has been suggested to also be localised to the mitochondria
of cells.”*™*

Furthermore, sensor 3 is able to detect HNO fluorescent
signals in both serum and plasma fractions of blood samples.
Samples were collected via cardiac puncture directly into a
syringe pre-loaded with sensor 3. Importantly, once the sensor
was added to blood samples, fluorescence counts were
relatively unaffected in serum/plasma by snap-freezing,
confirming the stability of sensor 3 during freeze-thaw
processing. This highlights the potential for future clinical
translation using this sensor. Furthermore, we observed that
after initial fluorescence readings were taken from sensor 3
samples, the addition of AS still resulted in increased
fluorescence values indicating that the active sensor remained
present in the plasma sample throughout the entire process of
freeze-thawing. However, a limiting factor may be the presence
of the commonly used chelator, EDTA, which showed a
potential interference in the fluorescence signal output of
sensor 3, when combined with the HNO scavenger, r-cysteine.
In the absence of EDTA, we observed that r-cysteine was able to
reduce (scavenge) the HNO fluorescent signal in blood, as
noted in BV2 cells and previous literature reports. Further
studies are required to understand the chemical interactions
between these two chelators, which may cloud the output
reading of blood HNO readings in a clinical setting.

Conclusion

This is the first report of synthesis, characterisation and
biological evaluation of sensor 3 (rhodol 4 on a
2-(diphenylphosphanyl)benzoate backbone). The validation of
these super bright, highly specific and stable HNO
fluorescent sensors (sensors 1-3) in biological systems
provides evidence to support the use of these tools to further
our understanding of the role of endogenous nitroxyl. Since
the first fluorogenic nitroxyl probe was synthesised in 2007
by Tennyson et al,”® there have been a plethora of
subsequent HNO probes designed and synthesised. However,
this is the first study to report such an extensive validation in
multiple biological systems using both spectroscopy and
confocal microscopy for detection. As such, we were able to
demonstrate the presence of endogenous HNO in mouse, rat
and human cell lines, as well as rat blood samples. These
triacylphosphine-based sensors described here show excellent
potential for detecting HNO in vitro and in vivo in future
studies and furthering our understanding of the role of this
endogenously produced reactive nitrogen species.

Methods

For general, chemical and biological methods
characterization data see the ESIT Methods section.

For NMR spectra and HPLC traces of the compounds in
this article, see the ESL}

and
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