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Abstract

We report the synthesis, properties, and cellular application of Naphtho-Peroxyfluor-1 (NPF1), a
new fluorescent indicator for hydrogen peroxide based on a red-emitting naphthofluorescein
platform. Owing to its boronate cages, NPF1 features high selectivity for hydrogen peroxide over a
panel of biologically relevant reactive oxygen species (ROS), including superoxide and nitric oxide,
as well as excitation and emission profiles in the far-red region of the visible spectrum (>600 nm).
Flow cytometry experiments in RAW264.7 macrophages establish that NPF1 can report changes in
peroxide levels in living cells.

The chemistry and biology of hydrogen peroxide (H,0») is of current interest owing to its dual
roles as a canonical marker for oxidative stress and as a newly recognized mediator for cellular
signaling.l‘7 Because the dynamic production, accumulation, and clearance of H,O in living
systems can have disparate physiological and/or pathological consequences, new
methodologies that allow selective and sensitive detection of this reactive oxygen metabolite
in biological settings offer promise for helping to elucidate the complex contributions of
peroxide to health, aging, and disease. Optical imaging with HoO»-responsive emissive probes
offers an attractive approach to this goal, and several systems for H,O, visualization in
biological samples have been reported recently, including those using small molecule,8-17
protein,l&19 and nanoparticle2 reporters. In this context, luminescent indicators that possess
excitation and emission profiles in the visible far-red to near-infrared region of the
electromagnetic spectrum are highly desirable owing to reduced background interference from
endogenous cellular components in this energy range, resulting in enhanced optical
transparency of tissue and the ability to interrogate thicker specimens. In this report, we present
the synthesis, spectroscopy, and live-cell evaluation of Naphtho-Peroxyfluor-1 (NPF1), a new
small-molecule fluorescent probe for hydrogen peroxide based on a red-emitting
naphthofluorescein dye platform. NPF1 utilizes a caged boronate switch to provide specific
detection of H,O, over competing reactive oxygen species (ROS), including superoxide, nitric
oxide, and hydroxyl radical, and excitation and emission profiles in the visible far-red region
(>600 nm). We further show that the red-emitting indicator is capable of reporting changes in
H,0, levels in living cells by flow cytometry.

Scheme 1 summarizes the design, synthesis, and activation of NPF1. Previous work from our
laboratory established that the chemoselective conversion of aryl boronates to fhenols provides
a reaction-based approach to specific detection of H,O, over other ROS.12-17 70 extend this
strategy to a system that possesses lower energy absorption/emission profiles, we turned our
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attention to fluorescein derivatives with extended naphthalene conjugation.21_25 In particular,
we reasoned that appending boronates to the 4’ and 9’ positions of a naphthalene-expanded
xanthenone scaffold would force this platform to adopt a closed, colorless, and non-fluorescent
lactone form and furnish a caged, red-emitting naphthofluorescein compound that could be
unmasked in the presence of H,0,. Related sulfonate- and phosphinate-capped
naphthofluorescein have been reported for fluorescence detection of peroxide11 and
superoxide,26 respectively. NPF1 is readily obtained in two steps from naphthofluorescein
according to Scheme 1.

NPF1 was evaluated in agueous solution at physiological pH (20 mM HEPES buffer, pH 7.5,
37 °C). In the absence of H,0,, NPF1 displays no discernable absorption or emission bands
in the visible region of the spectrum, as expected for the parent compound in the closed lactone
form. The compound does possess an absorption in the ultraviolet region due to the naphthalene
chromophore (Amax = 345 nm, £ = 2.24 x 10* M~1em™1). Treatment of NPF1 with H,O, triggers
an increase in red-colored fluorescence centered at 660 nm with concomitant growth of an
absorption feature centered at 598 nm characteristic of the ring-opened naphthofluorescein
product.25'27 Figure 1 shows the fluorescence response of NPF1 to H,O5 from 0-60 min.
NPF1 exhibits a > 25-fold increase in emission intensity after HoO» treatment under these
conditions. We note that deprotections of NPF1 are kinetically controlled and are not complete
at these early time points. NPF1 is highly specific for H,O, over competing ROS. Figure 2
shows the relative reactivities of the indicator toward various oxidants. NPF1 is selective for
H,0, over a variety of reactive oxygen and nitrogen metabolites, including superoxide, nitric
oxide, hydroxyl radical, and tert-butyl hydroperoxide. Kinetics measurements of the
fluorescence response of NPF1 to H,O, under pseudo-first-order conditions (1 uM NPF1, 1
mM H,05) give an observed rate constant of kqps = 3.1(1) x 1074 s71 (Figure 3).

With spectroscopic data demonstrating the H,O5-specific response of NPF1 in aqueous media
at physiological pH, we turned our attention to evaluating the ability of the dye to report changes
in H,05, levels in live-cell systems. To this end, RAW 264.7 macrophages were treated with
either (i) 20 UM NPF1 only for 2 h at 37 °C or (ii) 20 uM NPF1 for 1 h followed by 100 uM
H»0, for an additional 1 h at 37 °C, and the relative fluorescence intensities of these cells were
analyzed by flow cytometry. A clear population shift is observed in cells exposed to H,0,
compared to control cells without H,O, exposure, with the H,O,-treated cells displaying a
marked increase in red-colored fluorescence over their untreated counterparts (Figure 4).
Dynamic light scattering measurements also confirm that the cells are viable throughout the
experiments (Supplementary data). As observed for other diboronate reagents,15 initial
attempts to use NPF1 for intracellular H,O, detection under oxidative signaling conditions
were unsuccessful, and confocal microscopy measurements were also hampered by the relative
dimness of the naphthofluorescein product relative to fluorescein.25:27 Nevertheless, these
results establish that NPF1 is cell-permeable and is capable of responding to intracellular
changes in H,O5 levels in living mammalian cells.

In summary, we have described a new boronate-based red-emitting fluorescent indicator for
hydrogen peroxide in living cells. NPF1 possesses good selectivity for H,O, over competing
ROS, far-red visible excitation and emission profiles, and is capable of responding to changes
in H,O5, levels within living cells. Ongoing and future efforts are focused on utilizing NPF1
and analogs for studies of peroxide biology in situations of oxidative stress, as well as
increasing the sensitivity and optical brightness of probes that emit in the far-red visible and
near-infrared region for use in live-cell and in vivo imaging applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fluorescence response of 5 uM NPF1 to 100 uM H,0,. The dashed spectrum was acquired
before H,0, addition (dotted line) and the solid line spectra shown were acquired after 10, 20,
30, 40, 50 and 60 min incubation with H,O,. Spectra were acquired in 20 mM HEPES, pH
7.5, at 37 °C (exc = 598 nm).
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Figure 2.

Fluorescence responses of 5 uM NPF1 to 100 uM reactive oxygen species (ROS). Hydrogen
peroxide (H20,), tert-butyl hydroperoxide (TBHP), and hypochlorite (OCI™) were delivered
from 30%, 70%, and 5% aqueous solutions, respectively. Hydroxyl radical ("OH) and tert-
butoxy radical ("O'Bu) were generated by reactions of 1 mM Fe2* with 100 uM H,0, or 100
UM TBHP, respectively. Superoxide (O,7) was generated enzymatically using a xanthine/
xanthine oxidase system. NO* was delivered using S-nitrosocysteine (SNOC). NO was
delivered using NOC-5. Spectra were acquired in 20 mM HEPES, pH 7.5, and all data were
obtained after incubation with the appropriate ROS at 37 °C. Bars represent relative emission
responses (Aexc = 598 nm, Ay, = 660 Nm at 0 (white), 15 (light gray), 30 (gray), 45 (dark gray),
and 60 min (black) after addition of the appropriate ROS.
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Figure 3.

Time-course kinetics measurement of the fluorescence response of NPF1 to H,O,. Data were
collected under pseudo-first-order conditions (1 uM NPF1, 1 mM H,0,). Spectra were
acquired in 20 mM HEPES, pH 7.5, at 25 °C (Agxc = 598 nm, Agy = 660 M), and data are
plotted as relative emission intensities over initial background.
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Figure 4.

Flow cytometry analysis of NPF1-loaded live RAW 264.7 macrophages in response to
increases in H,O, levels. Two aliquots of cells were incubated with 20 UM NPF1 for 1 h. 100
UM H»0, was subsequently added to one of the aliquots and the cells were incubated for an
additional 1 h. Cells were then analyzed by flow cytometry. (a) Represetative flow cytometry
trace from one experiment described above. Data are shown for NPF1-loaded control cells in
the absence of H,O, (gray) and cells treated with H,O, (red). (b) Mean relative fluorescence
for populations shown in panel (a) from three replicate experiments. Error bars represent the
standard deviation from the mean for the three experiments. The data represent at least 10,000
cells for each analysis.
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Scheme 1.

Synthesis and activation of Naphtho-Peroxyfluor-1 (NPF1). Reagents and conditions: (i) N-
phenyl-bis(trifluoromethanesulfonimide), DIPEA, DMF, 25 °C, 24 h. (ii) Pd(dppf)
Cl,*CH,Cl,, dppf, bis(pinacolato)diboron, KOAc, 1,4-dioxane, 100 °C, 24 h.
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