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ABSTRACT: The naphthoimidazolium borane 4 is shown to be a selective probe for HOCI over other reactive oxygen species.
Unlike other boronate-ROS fluorogenic probes that are oxidized by HOCI through a nucleophilic borono-Dakin oxidation mecha-
nism, probe 4 is distinguished by its electrophilic oxidation mechanism involving B—-H bond cleavage. Two-photon microscopy
experiments in living cells and tissues with the probe 4 demonstrate the monitoring of endogenous HOCI generation and changes in

HOCI  concentrations  generated in  the

endoplasmic

reticulum  during  oxidative  stress  situations.

In all aerobic living organisms, reactive oxygen species
(ROS) are continuously produced, transformed, and con-
sumed. They are generated endogenously and actively partici-
pate as metabolite agents in signaling pathways to support the
normal function of cells.'” Oxidative stress, which results
from an unbalance between the levels of ROS and antioxidants
inside the cell, causes cell damage and contributes to the aging
process.” Their short lifetimes and low concentrations make
their in vivo measurement and the study of their biological
roles more challenging. Among other methods, fluorescence
imaging probes have emerged as powerful measurement tools
to visualize the variation and distribution of these species, with
a popularity owed to their real-time monitoring capabilities,
high sensitivity, and non-invasive characteristics.”’

Notwithstanding earlier advances, there is an unmet need
for analytical methods capable of measuring the concentra-
tions of ROS and other analytes in specifically targeted orga-
nelles. For fluorescence imaging, this requires probes to be
transported into the specific organelle of a living system, and
to be inactive before their localization in that organelle.n'24
The largest organelle, the endoplasmic reticulum (ER) is re-
sponsible for essential metabolic functions in cells.”*® The
unique oxidizing conditions maintained within the ER, in par-
ticular, are critical for its role in protein folding and disulfide
bond formation.””** The specific role of the different ER ROS
generated during oxidative protein folding processes and other
signaling mechanisms remains ambiguous, due to the lack of
ER-specific probes for these species.”' Thus, the preparation
of specific probes for ROS located in the ER is of great im-
portance.

Aryl boronic acids and their esters have been broadly used
in the design of fluorescent sensors to detect and screen intra-
cellular ROS,” such as hydrogen peroxide,**' hypochlorite
(OCI** and peroxynitrite (ONOO)***" Their design relies

on the well-known ROS-mediated oxidation of boronate de-
rivatives to phenols that proceed through a borono-Dakin reac-
tion mechanism.

Earlier in 2018, we have reported the first use of an N-
heterocyclic carbene borane (NHC-borane) as a ROS probe
specific for HOCL.*® The reported probe 5 was shown to react
with HOCI through an electrophilic mechanism that proceeds
with a formal hydride abstraction at the borane center, in con-
trast with the nucleophilic mechanism for the reaction of OCI”
with boronic acids their esters. After oxidative hydrolysis by
HOCI, electrostatic repulsion between the resulting imidazoli-
um salts disfavors the formation of colloidal fluorophore ag-
gregates and pyrene excimers.

Herein, we report the design and application of a second
NHC-borane-based fluorogenic probe 4 for the specific detec-
tion of HOCI. Unlike its predecessor, its turn-on luminescence
signal does not rely on polarity and aggregation effects. In-
stead, oxidative hydrolysis of the B-H bonds of 4 occurs in the
presence of HOCI to yield the emissive naphthoimidazolium
derivative 3. The latter was chosen on the basis of our earlier
work, which showed in 2015 that 1,3-dimethyl-1,3-dihydro-
2H-naphtho[2,3-d]imidazole-2-thione (6) is oxidized at sulfur
by HOCI to also give 3.* The resulting increased emission at
450 nm established the suitability of the latter as a fluores-
cence reporter. The new probe 4 is highly selective for HOCI,
overcomes the aggregation effects of the previously reported
5, and is suitable for the two-photon microscopic (TPM) imag-
ing of endogenous HOCI generation in living cells and tissues.
Moreover, 4 exhibits outstanding ER-targetability comparable
to that of commercial ER trackers, enabling the monitoring by
TPM of HOCI production within ER in cells under ER stress
conditions.
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Scheme 1. a) Synthesis of 4 and b) proposed mechanism
for the reaction of 4 with HOCI.
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EXPERIMENTAL SECTION

Materials and Chemicals. Solvents and chemicals used for
synthesis and purification were obtained from commercial
suppliers and used without further purification. Synthetic op-
erations that required an inert atmosphere (where noted) were
conducted under a nitrogen atmosphere. 'H, ''B and °C NMR
spectra were obtained with 300 MHz and 500 MHz Bruker
Avance spectrometers. Chemical shifts are reported as 6 in
units of parts per million (ppm) vs. Si (CHy), (‘'H, “C) or
BF; OEt, (''B), referenced to the residual solvent. Splitting
patterns are represented as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br (broad). Electrospray ioniza-
tion (ESI) mass spectra were collected on an Agilent G6550A
Q-TOF mass spectrometer at the Seoul branch of the Korean
Basic Science Institute. A Jeol JMS 700 high resolution mass
spectrometer was used to acquire FAB mass spectra at the
Korea Basic Science Institute (Daegu). UV absorption spectra
were collected on a UVIKON 933 double-beam UV-vis spec-
trometer, and a RF-5301/PC spectrofluorophotometer (Shi-
madzu) was used to record the fluorescence emission spectra.

Synthesis of (1,3-dimethyl-1H-naphtho|2,3-d]imidazol-
ium-2-yl)trihydroborate(4). Sodium bis(trimethylsilyl)amide
(1 M in dry THF, 0.51 mL, 2.79 mmol) was added drop-wise
to a suspension of 3* (0.5 g, 2.53 mmol) in anhydrous THF
(10 mL) at -78°C. The resulting mixture was stirred for 1h at -
78°C. Next, BH; ' THF (1 M in THF, 0.24 mL, 2.79 mmol) was
added to the mixture. The resulting solution was stirred over-
night and slowly warmed to ambient temperature. The crude

mixture was purified by flash chromatography (SiO,, CH,Cl,)
after evaporation of the volatiles to yield 4 as a white solid
(0.12 g, 23 %). '"H NMR (300 MHz, CDCL;) & (ppm): 8.05-
8.00 (m, 2H), 7.83 (m, 2H), 7.58-7.52 (m, 2H), 4.07 (s, 6H),
1.74-1.16 (q, Jsy = 90 Hz, 3H). °C NMR (CDCl,, 62.5 MHz):
§ 133.3, 1307, 128.3, 125.8, 107.3, 32.5 (C-B not seen). ''B

NMR (160.4 MHz, CDCls): & -36.9 (q, Js.u = 90 Hz). FAB-
MS caled. for C,3H,BN, [M-H]: 209.1245; found 209.1252.

Fluorescence Studies. A 1 mM stock solution of 4 was
prepared in acetonitrile (CH;CN). To prepare a final concen-
tration of 10 uM, the stock solution of probe 4 was diluted
with PBS (10 mM, pH = 7.4, 10% CH;CN), and then an ap-
propriate aliquot of ROS or RNS solutions was added before
transfer to quartz cuvettes for spectroscopic measurements.
Samples were excited at 326 nm, with excitation and emission
slit widths of 3.0 nm for all fluorescence experiments.

Generation of ROS or RNS. H,0,, sodium hypochlorite
(NaOCl), and tert-Butyl hydroperoxide (‘BuOOH) were ob-
tained by dilution from commercial aqueous solutions. Hy-
droperoxyl radicals (ROO¢*) were prepared from 2,2'-azobis(2-
amidinopropane) dihydrochloride.™ Nitric oxide radical (\NO)
was generated from SNP (sodium nitroferricyanide (III) dihy-
drate). The hydroxyl radical (*OH) was produced from the
reaction between iron (II) chloride (200 uM) and H,O, (400
uM). ONOO" was prepared following reported procedures, and
its concentration was determined by spectrophotometry (e
=1670 M"-cm™ at 302 nm).”’

RESULTS AND DISCUSSION

The overall synthetic route of 4 is presented in Scheme la.
Specifically, the reaction of the naphthoimidazolium precursor
3 with a borane source (BH; in THF) in the presence of a non-
nucleophilic base (NaHMDS) afforded 4 in 23% yield.

The spectral responses of 4 to ROS were examined by using
UV-Vis absorption and fluorescence emission spectroscopy in
aqueous buffered solution (10 mM PBS containing 10 % of
CH;CN). As presented in Figure Sla, the absorbance band for
4 is centered at ca. 322 nm. This band is not shifted but be-
comes broader with hypochromism upon the addition of 100
uM OCI'. The probe itself emits violet-blue light (® = 0.42) at
361 nm when excited at 326 nm. When the aqueous solution
of 4 was treated with different concentrations of OCI (0-100
uM), the emission peak at 361 nm disappeared, and a cyan
fluorescence band at 450 nm grew concomitantly (Figure 1).
The UV and emission spectra of 4 after reaction with OCI’
matched that of 3 (@ = 0.29) (Figure S1).

To explain the difference in the absorption and emission
spectra of 3 and 4, time-dependent density functional theory
(TD-DFT) calculations were performed (Table S1 and Figure
S2). Vertical excitation energies for 3 and 4 were calculated to
account for the different absorption maxima in their UV-
visible spectra. Naphthoimidazolium salt 3 shows longer tran-
sition wavelength and lower oscillator strength than probe 4
which agrees well with its longer absorption maximum and
lower absorbance in solution. Similarly, 3 shows a longer
emission maximum than 4. Both 3 and 4 show higher electron
density of LUMO on the imidazole ring than that of HOMO,
and the excitation can be characterized as a partial charge
transfer excitation from the naphthalene to the imidazole
moiety (Figure S2). Hence, the more apparent charge transfer
character of 3 explains its longer absorption and emission
wavelengths in solution than those of 4.
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The changes in the ratio between the intensity of the two
emission bands (450 nm for 3 and 361 nm for 4) during the
addition of hypochlorite were recorded (Figure S3). The
Fy50/F361 ratio increased from 0.05 to 23.41 upon treatment of a
solution of 4 with 100 uM OCI, representing ca. 470-fold
ratiometric signal response. The calculated detection limit of 4
for OCI was found to be 3.6 uM (Figure S4). The fluorescence
ratios for 4 before or after the addition of OCI remained stable
in the 2-10 pH range (Figure S5). The large changes in rati-
ometric response were deemed sufficient to apply 4 to the
monitoring of hypochlorite concentrations under physiological
conditions. Time courses experiments were performed on 4 by
recording the fluorescence intensity at 450 nm for 60 min
(Figure S6). The emission signal increased immediately, and
reached a maximum fluorescence at 450 nm within 1 min after
addition of either 30 uM or 100 uM OCI". The fluorescence
intensities remained largely unchanged over extended moni-
toring time (up to 60 min). The stability of the probe and its
response to OCI are particularly suitable to monitor the gen-
eration of OCI in living systems.

300
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Figure 1. Fluorescence spectra of 4 (10 uM) upon addition of
OCT (0-100 uM) in PBS/CH;CN (v/v, 9/1, 10 mM PBS, pH 7.4).
Inset: Image of a 4 solution before (left) and after (right) addition
of OCI"under UV irradiation.

Selectivity is a major issue in molecular sensing. . The se-
lectivity of 4 toward biological relevant metal ions and
ROS/RNS species including OCIl-, H202, *OH, tBuOOH,
*NO, ONOO-, ROO¢, O2¢-, and 102 were examined. As ex-
pected from earlier experiments with NHC-boranes,48 4 is
highly selective to OCI- over others ROS/RNS and metal ions
shown in Figure 2 Only OCI elicited a ratiometric signal re-
sponse (Fys59 /F3s1), and other analytes displayed no interfer-
ence.

Stimulated by the above promising outcomes in vitro, the
aptitude of 4 for sensing endogenous OCI in a ratiometric
manner by two-photon fluorescence microscopy was investi-
gated. Probe 4 itself was first found to have low cytotoxicity to
living HeLa cells through standard MTT assays (Figure S8).
The fluorescence intensity of Raw 264.7 cells incubated with 4
(10 uM) showed high photostability during 1 h irradiation at
720 nm wavelength (Figure S9).

30+
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F45/ F36 7

10 +

12345678 91011121314151617181920

Figure 2. Fluorescence ratio (Fysy /F3s;) of 4 (10 uM) in PBS/
MeCN (v/v, 9/1) toward 100 uM of different analytes: 1) Blank,
2) OCI, 3) H,0,, 4) *OH, 5) ‘BuOOH, 6) *NO, 7) ONOO", 8)
ROO-, 9) 0,7, 10) '0,, 11) Na*, 12) K, 13) Ca*', 14) Mg**, 15)
Zn*", 16) AI*, 17) Cu*", 18) Fe*, 19) Fe*" and 20) Mn?".

According to our previous report,” HOCI could trigger the
oxidative hydrolysis of NHC boranes by hydride abstraction at
the borane center to result in the formation of imidazolium
salts (Scheme 1b). ESI-MS analysis of the reaction mixture of
4 (10 uM) with OCI (100 pM) was carried out to confirm this
hypothesis. The molecular ion attributed to 4 disappeared, and
was replaced by new a peak of m/z = 197 [M]’, consistent with
3 (Figure S7).

The TPM images of 4-labeled Raw 264.7 cells appeared to
heterogeneously emit in the cells. To check the distribution of
the probe at subcellular levels, colocalization experiments of 4
were conducted with endoplasmic reticulum (ER), mitochon-
dria and lysosome commercial organelle trackers using Raw
264.7 cells (Figure 3). The cells were pretreated with 10 uM 4,
and then 1 uM ER-Tracker Red (or 1 uM Mito/Lyso-Tracker
Red) for 30 min. The TPM image of 4 in Raw 264.7 cells
showed considerable overlap with the one-photon microscopic
(OPM) image of ER Tracker Red. By contrast, the distribution
of 4 was weakly correlated with that of mitochondria and lyso-
some trackers. The Pearson's colocalization coefficient (A)
value of 4 with ER tracker is 0.92, which is much higher than
those with mito-tracker red (A = 0.59) and lyso-tracker red (A
= 0.34). The result was confirmed by line profile analysis
(Figure 3). Similar results were observed in colocalization
experiments in HeLa and RKO cells between 4 and ER Track-
er Red (Figure S10).

Generally, fluorescent sensors positioned in the ER region
have 1) a cationic character, 2) a moderate size in conjugated
band numbers (CBN < 40), and 3) an appropriate lipophilicity
(+6 > log P, > 0).” Probe 4 possess a cationic character be-
stowed by its imidazolium ring and a CBN of 16. The lipo-
philicity of 4, determined by a partition experiment between
PBS buffer (10 mM, pH 7.4) and 1-octanol, was found to be
1.04 £ 0.02 (Table S2), placing it in the proper range for ac-
cumulation in the ER.
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Figure 3. TPM (a, e and i), OPM (b, f and j) and merged (c, g and
k) images of Raw 264.7 cells co-labeled with 4 (10 uM) and or-
ganelle trackers (1.0 uM). Line profile of fluorescence intensity
(d, h and 1) obtained from corresponding cells images. A., for
TPM and OPM are 720 nm and 552 nm, respectively, and the
corresponding emissions were recorded at 380-550 nm (4) and
600-650 nm (organelle trackers). Scale bars = 20 pum.

Next, to confirm that 4 responds to OCI  in living cells, the
changes in average emission ratios (Fyeen/Foie) Of 4 following
incubation with NaOCl in Raw 264.7 cells were examined. As
the concentration of NaOCI increased (0-1 mM), the average
intensity ratios (Fgreen/Foe) Of 4 increased from 3.2 to 6.3
(Figure S11). The applicability of 4 for sensing endogenous
OCI in macrophages was then studied. Macrophages were
stimulated by lipopolysaccharides (LPS) and interferon gam-
ma (IFN-y). H,0, is produced and then converted into OCI™ by
the myeloperoxidase enzyme (MPO) when the cells are treated
with phorbol myristate acetate (PMA).53 In Figure 4, the aver-
age emission ratio (Fyeen/Foie) Of 4 increased to 4.0 in Raw
264.7 cells pre-stimulated with LPS (100 ng mL™), IFN-y (50
ng mL") and PMA (10 nM). Treatment of the cells with the
MPO inhibitors 4-aminobenzoic acid hydrazide (4-ABAH, 50
uM) or flufenamic acid (FFA, 50 pM) resulted in average
intensity ratios (Fyreen/Fpie) undistinguishable from that of the
control, confirming the specificity of the response (Figure 4e
and f). Additionally, Raw 264.7 cells were incubated with
inducers or antagonists of oxidative stress to further confirm
that 4 selectively functions in the ER. Tunicamycin (Tm) is
known to increase oxidative stress of the ER, increasing H,0,
generation; dithiothreitol (DTT), on the contrary, consumes
H,0, in the ER.>* When cells were pretreated with Tm (10 pg
mL", Figure 4b), the average intensity ratio (Fyeen/Foie) Of 4
increased to its highest value, 5.8, whereas the average ratio
decreased to 2.7 upon the addition of DTT (2 mM, Figure 4c).
These outcomes reveal that 4 changes directly and mostly in
response to OCL- levels in the ER of live cells, confirming its
suitability for monitoring OCl" by two-photon imaging mi-
Croscopy.

Finally, the ability of 4 to detect OCI in fresh rat hippocam-
pal slices was examined. In the hippocampal CAl and CA3
regions, the average intensity ratios (Fyreen/Foie) In the tissues
incubated with 4 (100 uM) for 1.5 h were 3.3 and 3.1, respec-
tively, values similar to those found in macrophages (Figure
5). By contrast, when hippocampal slices were pre-incubated
with the stressor PMA (10 ng mL™") for 30 min, the average

intensity ratios (Fyeen/Foie) Were increased to 3.7 in both the
CALl and CA3 regions.
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Figure 4. Pseudocolored ratiometric TPM images of Raw 264.7
cells labeled with 4 (10 uM) for 30 min. (a) Control image. Cells
pretreated with (b) Tm (10 pg mL™', 16 h), (¢) DTT (2 mM, 16 h),
(d) LPS (100 ng mL™', 16 h), IFN-y (50 ng mL"', 4 h) and PMA
(10 nM, 30 min), (¢) LPS, IFN-y, PMA and 4-ABAH (50 uM, 4
h) and (f) LPS, IFN-y, PMA and FFA (50 uM, 4h) and then treat-
ed with 4. (g) Average ratios of Fyen/Fyie in the TPM images.
Asterisks indicate statistical significance (***) for p <
0.001.Excitation wavelength for 4 is 720 nm and TPM images
were obtained at 450-600 nm (green) and 380-430 nm (blue).
Scale bars =20 um.
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Figure 5. Pseudocolored ratiometric TPM images of rat hippo-
campal slices labeled with 4 (100 uM) for 1.5 h. TPM images of
controls (a, b), and slices pre-treated with PMA (10 ng mL™", 30
min) (d, e), before loading with 4. (c) Bright-field image of the
CA1 and CA3 regions at the magnification of x10. (f) Average
intensity Fyreen/Foie Tatios in the TPM images. Asterisks indicate
statistical significance (***) for p < 0.001. Excitation wavelength
for 4 was 720 nm, and the TPM images were obtained at 450-600
nm (green) and 380-430 nm (blue). Scale bars = 50 pum.

CONCLUSIONS

The fluorogenic naphthoimidazolium borane 4 was success-
fully developed into an ER-targeted probe for the ratiometric
two-photon imaging of exogenous and endogenous HOCI in
live cells and tissues. Upon oxidation of the B—-H bonds by
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HOCI and subsequent hydrolysis, it is converted to the emis-
sive imidazolium salt 3, giving rise to a turn-on response at
450 nm. The probe localizes in the ER, is highly selective for
HOCI over other ROS, functions in a broad range of pH, and
is less susceptible to aggregation effects than previously re-
ported NHC-borane probes for HOCI, which relied on the
modulation of pyrene excimer emission. These meritorious
properties portend to the potential value of 4 in the study of
ER signaling and function under oxidative stress.
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