Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 2021. Downloaded on 16-10-2025 6:54:17.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 32295

Christopher Cremer,
Frederic W. Patureau

Received 28th August 2021
Accepted 17th September 2021

Leucomethylene blue probe detects a broad
spectrum of reactive oxygen and nitrogen speciest

@ Dirk Rommel,©

Reactive oxygen and nitrogen species (ROS, RNS) are ubiquitous in biology with a variety of physiological

and pathological functions. Here we describe a broad spectrum ROS/RNS detecting fluorogenic probe
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Reactive oxygen species (ROS: O,"~, H,0,, HO', OCl~, and HO,")
and reactive nitrogen species (RNS: ONOO~, NO', NO; ") are
classes of short-lived molecules produced in biological envi-
ronments, e.g. in cellular metabolism, and in neutrophil
actions."” They function as messengers, pathogen neutralizers,
and play key roles in inducing inflammation,** and cancers.>”
Therefore, early non-invasive detection of ROS/RNS enable the
onset of diseases. Several strategies, methods and probes are
employed currently for the detection of ROS and RNS.>**°
Electron paramagnetic resonance (EPR)" and fluorescence-
based techniques are prevalent,"”” followed by photometric,
chemiluminescent and electrochemical methods. In all these
techniques, the applied probes change their properties post-
reaction (or trapping) with ROS/RNS, and enable the detection.

Typically, many of above probes detect only one of the
particular ROS/RNS species, and “overlook” those formed in
earlier or subsequent metabolic steps, e.g. in EPR only radical
species, in fluorescence and colorimetric techniques one type of
ROS/RNS species. However, in biological systems the primarily
produced ROS species (e.g. O," ") undergoes a variety of disso-
ciation pathways forming secondary ROS species (see Fig. 1)
and cause oxidative burden.” Thus, to estimate an overall
oxidative stress, it is necessary to accurately assess the patho-
genic levels production of all ROS/RNS species using a single
probe.
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with red fluorescence emission and up to 100-fold gain. Hence these modified probes are useful for in
vivo non-invasive quantification of ROS/RNS.

Highly studied ROS detecting fluorogenic probes, 2'-7'-
dichlorodihydrofluorescein (DCFH), its diacetate (DCFH-DA),
and dihydrorhodamine (DHR),"* produce O,"~ from O, after
reaction with one-electron-oxidizing ROS/RNS species, via the
radical ion (DCFH'~ or DHR'"). This catalytic formation of
0,7, and its further conversion to other reactive species leads
to an inaccurate detection of cellular ROS.' Further, the
absorption and emissions wavelengths are incompatible for in
vivo use." It is optimal to have probes exhibiting optical prop-
erties in red-to-near infrared (NIR) range, where tissue auto
fluorescence and phototoxicity are minimal. Towards such red-
to-NIR emitting probes, previous studies employed reduced
hydrocyanines, which undergo HO" and O,"~ mediated oxida-
tion yielding red-to-NIR emitting cyanine dyes.'®* However the
polymethine chain in cyanine itself is sensitive to oxidative
cleavage with ROS species,'>*° thus could lead to underestima-
tion of ROS. Thus, new probes are of interest, which show high
stability towards ROS, simultaneously exhibit fluorescence in
red-to-NIR range.

Methylene blue (MB) dye has attracted our attention, as it
exhibits absorption and emission in the biocompatible region,
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Fig. 1 Schematic overview for generation of a variety of ROS/RNS
species in biological conditions and their interconversions.
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at 665 nm and 686 nm, respectively.*® Further, MB core is
chemically modifiable,**** and FDA-approved for therapeutic
use,*** and has been applied in a variety of applications, in
disinfecting blood,?® in treatment a variety of cancers,” as an
antidote for methemoglobinemia® and in the photodynamic
inactivation of bacteria,” funguses® and viruses.*>** These
biological uses coupled with in vivo suitable optical properties
make MB an attractive core the detection of ROS/RNS.

Recently, a reduced leucomethylene blue (LMB) was
applied to selectively detect HOCI by formylating 10-N site
(N'°-CHO) of LMB.* In another study, the N*°-site was modi-
fied with an enzyme?®® or light cleavable synthon,** which upon
applying the respective trigger, yielded LMB and spontane-
ously oxidized to MB. We therefore are interested in modifying
the LMB for detection of a broad spectrum of ROS/RNS
species.

In our previous studies, we have identified that 2,6-di-tert-
butyl phenol (BHP) moiety substituted dyes like porphyrins,*
BODIPYs*® reacted with a variety of ROS/RNS species, under-
going changes in their optical properties. The reactivity of BHP
towards a variety of ROS/RNS is similar to that of the antioxi-
dant 2,6-di-tert-butyl hydroxy toluene (BHT, a food additive),*”
as both share the same reactive site. Extending this strategy to
LMB, we conceived to prepare a N'°-BHP appended LMB (BHP-
LMB; 1, 2) for the ROS detection. As the BHP unit is hydro-
phobic, we approached a modification of LMB with polar
groups like 1-butanesulfonate. Here we report the synthesis,
and ROS detection characteristics as well as imaging applica-
tions of both constructs.

Towards the synthesis of the target BHP-LMB 1, we employed
a Buchwald-Hartwig C-N coupling, using reduced LMB and 4-
iodo-2,6-tert-butylphenol (6). This method is appealing for its
simplicity, as the C-N coupling chemistry has been extensively
studied.*® The C-N coupling reaction was performed in toluene
with Pd,(dba); catalyst at 120 °C under nitrogen atmosphere
(Scheme 1A). The BHP-LMB 1 could be isolated in 10% yield
after column chromatography. Low yield was due to solubility of
LMB in toluene, further sensitivity towards dissolved oxygen.
Thus for purification of the coupling product 1, N,-gas was
employed in chromatography, and the dye 1 could be obtained
as pale-turquoise coloured solid after removal of the solvent.
The HPLC and NMR showed >98% purity. The air-oxidation can
be prevented by using reducing agents like citric acid, especially
for spectroscopic measurements.

For the hydrophilic 1-butanesulfonylated BHP-LMB 2, we
have developed a second generation multi-step synthetic route
starting from phenothiazine (PTZ). Towards 2, we have first
prepared a 2,8-diaminoacyl phenothiazine derivative (PTZ-
NHAc, 3) from 3,7-dinitro-10H-phenothiazine-5-oxide (see
ESIY) as reported previously.* Then, for introducing the BHP
unit at 3, a convenient metal-free dehydrogenative amination
method was applied based on a recently published route
(Scheme 1B).* An advantage of this route is also the high
stability of 3 and 4 towards oxygen. The following reduction of
the acetyl groups in 4 was achieved using BH;-SMe, complex,
obtaining mono ethyl BHP-PTZ derivative (5), which sets the
stage for the final reaction towards the desired product 2.
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Scheme 1 (A) Synthesis of hydrophobic BHP-LMB (1), (B) bis-sultone

added hydrophilic BHP-LMB (2). (a) K,COs, NayS,04 in DCM/H,0 at
40 °C under N,, (60%) (b) Pd,(dba)s, DPPF, 6, NaO'Bu in toluene at
110 °C under N, (10%, air sensitive) (c) NalO,4 in DCM/AcOH, BHP, at
40 °C (34%); (d) BHz-SMe; in toluene at 110 °C (87%); (e) 1,4-buta-
nesultone, DIPEA in MeCN at 80 °C under N, (15%).

Treating 5 with 1,4-butanesultone under basic conditions, by
nucleophilic ring opening of the sultone, yielded 1-butanesul-
fonate attached BHP-LMB (2), along with mono sultone addi-
tion product. The hydrophilic product 2 was isolated by
preparative RP-HPLC (reverse phase, with CH3;CN/H,O
gradient) as white solid after lyophilisation.

Having obtained two BHP-tethered probes 1 & 2, we per-
formed a screening with a variety of ROS/RNS by optical
methods (Fig. 2; Fig. S1 and S2 in ESI} for titrations). The
absorption (UV-vis) spectra of compounds were obtained, 1 in
DMSO and of 2 in water; both BHP-LMBs showed a similar
reactivity towards ROS, yielding MB as the final compound,
though some peculiarities were observed. The O,"~ was found
to be highly aggressive especially in DMSO with 1, compared to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical properties of MB-BHT (25 nmol mL™?) after treating
sufficient amount of ROS (>5 equiv.). Fluorescence emission
(concentration 12 nmol mL™Y) at the maximum of 689 nm for exci-
tation at 645 nm (7: due to fast decomposition of the formed MB).

2 in water. In DMSO, the O, reaction yielded MB instantly,
that underwent decomposition in the presence of excess O," .
We investigated this reaction by NMR spectroscopy to identify
any intermediates towards MB, using 1 titration with O,"~ and
MB with O," ", but found no stable species (Fig. S51). However,
during the treatment with OH" and ‘BuO" species, it was found
that 2 in water gave a persistent far-red absorbing species
which was not observed in DMSO with 1 (Fig. S31 versus
Fig. S1%). Similar spectral features were observed with H,O,
and tBuOOH towards 2 in H,O albeit with a lower intensity,
but not with 1 in DMSO. This is presumably, a relatively stable
BHP-radical appended LMB formed in water but not in DMSO
(Fig. S3t). For anionic ROS species, O,", ONOO™ and OCI™,
the absorption and fluorescence emission are consistent in
both solvents with a small discrepancy in the gain ratio. This
can be attributed to a different rate of reaction for formation of
MB. In treating 1 with RNS species, NO,~ and NO; ™~ in DMSO,
resulted MB (Fig. S27). These optical characteristics confirm
that 1 and 2 exhibit a good sensitivity towards most of the ROS/
RNS species and are thus suitable for estimating overall
oxidative stress.

|
Koy || ‘

1+ ONOO" # —r
_..._JL_M_.J U u"uJ L*
L | oo |
—1+0NOO"

|
e | SR |V ) W | W ,,,‘ S
—1+0C 1 neat | “\' ‘\
|

{ —Methyleneblue

—1 +0.25 eq KO

Pl |
—_ 1 ‘\ | K | I\
o e N S S
3 4 5 6 7 8 73 71 69 67 65 63 6.128 27 26

Retention time (min) & (ppm)

Fig. 3 (A) HPLC chromatograms (detection at 254 nm; along with MB
and neat 1) and (B) NMR-spectra (in DMSO-dg) for addition of O,"",
ONOO™, OCl™ species to 1 in D,O/H,0 to the DMSO-de.
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Mechanistic investigations into the formation of intermedi-
ates were conducted by HPLC and NMR (Fig. 3). Here, 1 was
treated with ONOO™, OCl, O,"" as they were found to be
consistent in both solvents. Adding ONOO ™ and OCI ™ in excess
to 1 gave a clean MB product without any trace of other species
(Fig. 3A). Treatment of 1 with a minimal amount of O,"~ showed
existence of both 1 and MB traces in HPLC. For NMR titrations,
to a DMSO-dg solution of 1, ROS species in D,O were added. For
addition of O,"", the chemical shifts corresponding to MB are
downfield shifted slightly compared to ONOO™, OCI .
Furthermore, the NMR signals of the cleaved BHP unit were
upfield shifted for O,"~ than ONOO ™, OCl™ addition (Fig. 3B).
This could indicate that the formed by-product, ‘Bu-
hydroquinol, might have been further oxidized to a ‘Bu-
quinone with O,"~, but with ONOO™~, OCl~ persistent ‘Bu-
hydroquinol. Nevertheless, as no other intermediate species
were detected in HPLC, and all ROS produced MB as the final
compound, 1 could be suitable for detecting all the ROS species.

Having characterized the ROS reactions of 1 and 2 in the
formation of MB, we focused on imaging the cellular produced
ROS by confocal laser scanning microscopy. For this, we chose
the established ROS-producing macrophage cell line J774.A1,
which express ROS when treated with lipopolysaccharide (LPS)
and interferon-y (IFN-y).

The cells attached to coverslips were treated with LPS and
IFN-v, incubated for 24 hours to induce ROS. To these activated
cells in 1 mL medium, 10 nmol of BHP-LMB 1 or 2 was added as
DMSO or phosphate buffered saline (PBS) solution, respectively,
and incubated for 6 h. The cells were fixated with 4% formalin,
washed PBS and mounted on glass slides with Mowiol for
microscopy. The membrane labelling WGA-488 probe was used
additionally for reference. For control cells, no ROS induction
was carried out with LPS/IFN-y (Fig. 4, top). In addition, the
hydrophobic 1 incorporated controlled cells, after formalin
fixation, were treated with ONOO™ for 30 min, and washed with
PBS (Fig. 4, bottom) to characterize the activation of intracel-
lularly accumulated 1. This confirmed intra-cellularization of 1
and trapping the cellular produced ROS (Fig. 4, middle panel) or
the added ROS by BHP-LMB 1 yielding red-emitting MB. A
similar procedure was performed with 2, and microscopy
imaging confirmed that there was no fluorescence (Fig. S4t)
indicating the dye 2 was not intracellularized.

In summary, here we described broad-spectrum ROS/RNS
detecting probes based on 2,6-di-tert-butyl phenol (BHP)
appended leuco-methylene blue (BHP-LMBs, 1, 2). Hydro-
phobic 1 and hydrophilic 2 are sensitive towards a variety of
ROS and RNS, producing the red fluorescent MB. In vitro
titration with a variety of ROS showed formation of MB from 1
in DMSO, and also a persistent far red-absorbing radical
species from 2 in H,O. The NMR and HPLC analysis of 1 in
DMSO with 0,7, ONOO™ and OCIl™ showed no stable inter-
mediates en route to MB. Then 1 was employed in detecting
cellular produced ROS by fluorescence microscopy, which
confirmed its intracellularization and suitability for detecting
cellular generated ROS. The hydrophilic 2 found to be not
intracellularized, and hence it may be used for extracellularly
diffused ROS detection. These results suggest the suitability of

RSC Adv, 2021, 11, 32295-32299 | 32297
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Fig. 4 Confocal microscopy images using 1 and J774.A1 cells for the
detection of ROS; top: without ROS induction; middle: ROS expression
induced by LPS/IFN-v; bottom with ONOO™ addition to the fixed cells
(conc: 10 nmol mL™t of 1, 6 h incubation; green: membrane labelling
probe WGA-488 (exc. 488 nm), red: 1 after ROS reaction (exc. 660
nm).

1, 2 in broad spectrum in vivo detection of ROS, which will be
explored in future studies.
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