
Bioorganic & Medicinal Chemistry Letters 18 (2008) 5948–5950
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
A red-emitting naphthofluorescein-based fluorescent probe for selective
detection of hydrogen peroxide in living cells

Aaron E. Albers, Bryan C. Dickinson, Evan W. Miller, Christopher J. Chang *

Department of Chemistry, University of California, 532A Latimer Hall, Berkeley, CA 94720, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 June 2008
Revised 8 August 2008
Accepted 11 August 2008
Available online 14 August 2008

Keywords:
Fluorescent probe
Hydrogen peroxide
Naphthofluorescein
Flow cytometry
Near infrared
0960-894X/$ - see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.bmcl.2008.08.035

* Corresponding author. Tel.: +1 510 642 4704; fax
E-mail address: chrischang@berkeley.edu (C.J. Cha
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.

� 2008 Elsevier Ltd. All rights reserved.
The chemistry and biology of hydrogen peroxide (H2O2) 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.1–7 Because the dynamic production, accumulation, and
clearance of H2O2 in living systems can have disparate physiologi-
cal and/or pathological consequences, new methodologies that al-
low selective and sensitive detection of this reactive oxygen
metabolite in biological settings offer promise for helping to eluci-
date the complex contributions of peroxide to health, aging, and
disease. Optical imaging with H2O2-responsive emissive probes of-
fers an attractive approach to this goal, and several systems for
H2O2 visualization in biological samples have been reported re-
cently, including those using small-molecule,8–17 protein,18,19 and
nanoparticle,20 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 inter-
rogate 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 per-
oxide based on a red-emitting naphthofluorescein dye platform.
NPF1 utilizes a caged boronate switch to provide specific detection
of H2O2 over competing reactive oxygen species (ROS), including
superoxide, nitric oxide, and hydroxyl radical, and excitation and
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ng).
emission profiles in the visible far-red region (>600 nm). We fur-
ther show that the red-emitting indicator is capable of reporting
changes in H2O2 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 phenols provides
a reaction-based approach to specific detection of H2O2 over other
ROS.12–17 To extend this strategy to a system that possesses lower
energy absorption/emission profiles, we turned our attention to
fluorescein derivatives with extended naphthalene conjuga-
tion.21–25 In particular, we reasoned that appending boronates to
the 40 and 90 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-emit-
ting naphthofluorescein compound that could be unmasked in
the presence of H2O2. Related sulfonate- and phosphinate-capped
naphthofluorescein have been reported for fluorescence detection
of peroxide,11 and superoxide,26 respectively. NPF1 is readily
obtained in two steps from naphthofluorescein according to
Scheme 1.

NPF1 was evaluated in aqueous solution at physiological pH
(20 mM Hepes buffer, pH 7.5, 37 �C). In the absence of H2O2,
NPF1 displays no discernable absorption or emission bands in the
visible region of the spectrum, as expected for the parent com-
pound in the closed lactone form. The compound does possess an
absorption in the ultraviolet region due to the naphthalene chro-
mophore (kmax = 345 nm, e = 2.24 � 104 M�1 cm�1). Treatment of
NPF1 with H2O2 triggers an increase in red-colored fluorescence
centered at 660 nm with concomitant growth of an absorption
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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)Cl2�CH2Cl2, dppf, bis(pinacolato)diboron, KOAc, 1,4-dioxane, 100 �C, 24 h.
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feature centered at 598 nm characteristic of the ring-opened naph-
thofluorescein product.25,27 Figure 1 shows the fluorescence re-
sponse of NPF1 to H2O2 from 0 to 60 min. NPF1 exhibits a >25-
fold increase in emission intensity after H2O2 treatment under
these conditions. We note that deprotections of NPF1 are kineti-
cally controlled and are not complete at these early time points.
NPF1 is highly specific for H2O2 over competing ROS. Figure 2
shows the relative reactivities of the indicator toward various oxi-
dants. NPF1 is selective for H2O2 over a variety of reactive oxygen
and nitrogen metabolites, including superoxide, nitric oxide, hy-
Figure 1. Fluorescence response of 5 lM NPF1 to 100 lM H2O2. The dashed
spectrum was acquired before H2O2 addition (dotted line) and the solid line spectra
shown were acquired after 10, 20, 30, 40, 50 and 60 min incubation with H2O2.
Spectra were acquired in 20 mM Hepes, pH 7.5, at 37 �C (kexc = 598 nm).

Figure 2. Fluorescence responses of 5 lM NPF1 to 100 lM reactive oxygen species
(ROS). Hydrogen peroxide (H2O2), tert-butyl hydroperoxide (TBHP), and hypochlo-
rite (OCl�) were delivered from 30%, 70%, and 5% aqueous solutions, respectively.
Hydroxyl radical (�OH) and tert-butoxy radical (�OtBu) were generated by reactions
of 1 mM Fe2+ with 100 lM H2O2 or 100 lM TBHP, respectively. Superoxide (O2

�)
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
(kexc = 598 nm, kem = 660 nm) at 0 (white), 15 (light gray), 30 (gray), 45 (dark gray),
and 60 min (black) after addition of the appropriate ROS.
droxyl radical, and tert-butyl hydroperoxide. Kinetics measure-
ments of the fluorescence response of NPF1 to H2O2 under
pseudo-first-order conditions (1 lM NPF1, 1 mM H2O2) give an ob-
served rate constant of kobs = 3.1(1) � 10�4 s�1 (Fig. 3).

With spectroscopic data demonstrating the H2O2-specific re-
sponse of NPF1 in aqueous media at physiological pH, we turned
our attention to evaluating the ability of the dye to report changes
in H2O2 levels in live-cell systems. To this end, RAW264.7 macro-
phages were treated with either (i) 20 lM NPF1 only for 2 h at
37 �C or (ii) 20 lM NPF1 for 1 h followed by 100 lM H2O2 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 H2O2 compared to control cells
without H2O2 exposure, with the H2O2-treated cells displaying a
marked increase in red-colored fluorescence over their untreated
counterparts (Fig. 4). Dynamic light scattering measurements also
confirm that the cells are viable throughout the experiments (Sup-
plementary data). As observed for other diboronate reagents,15 ini-
tial attempts to use NPF1 for intracellular H2O2 detection under
oxidative signaling conditions were unsuccessful, and confocal
microscopy measurements were also hampered by the relative
dimness of the naphthofluorescein product relative to fluores-
cein.25,27 Nevertheless, these results establish that NPF1 is cell-per-
meable and is capable of responding to intracellular changes in
H2O2 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 H2O2 over competing ROS, far-
red visible excitation and emission profiles, and is capable of
responding to changes in H2O2 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
Figure 3. Time-course kinetics measurement of the fluorescence response of NPF1
to H2O2. Data were collected under pseudo-first-order conditions (1 lM NPF1,
1 mM H2O2). Spectra were acquired in 20 mM Hepes, pH 7.5, at 25 �C
(kexc = 598 nm, kem = 660 nm), and data are plotted as relative emission intensities
over initial background.



Figure 4. Flow cytometry analysis of NPF1-loaded live RAW264.7 macrophages in
response to increases in H2O2 levels. Two aliquots of cells were incubated with
20 lM NPF1 for 1 h. 100 lM H2O2 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) Representative flow cytometry trace from one experiment described
above. Data are shown for NPF1-loaded control cells in the absence of H2O2 (gray)
and cells treated with H2O2 (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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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.
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