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CONS P EC TU S

R eactive oxygen species (ROS), such as hydrogen peroxide, are important products of oxygen metabolism that, when
misregulated, can accumulate and cause oxidative stress inside cells. Accordingly, organisms have evolved molecular

systems, including antioxidant metalloenzymes (such as superoxide dismutase and catalase) and an array of thiol-based redox
couples, to neutralize this threat to the cell when it occurs. On the other hand, emerging evidence shows that the controlled
generation of ROS, particularly H2O2, is necessary to maintain cellular fitness. The identification of NADPH oxidase enzymes, which
generate specific ROS and reside in virtually all cell types throughout the body, is a prime example. Indeed, a growing body of work
shows that H2O2 and other ROS have essential functions in healthy physiological signaling pathways.

The signal�stress dichotomy of H2O2 serves as a source of motivation for disentangling its beneficial from its detrimental effects on
living systems. Molecular imaging of this oxygen metabolite with reaction-based probes is a powerful approach for real-time, noninvasive
monitoring of H2O2 chemistry in biological specimens, but two key challenges to studying H2O2 in this way are chemoselectivity and
bioorthogonality of probemolecules. Chemoselectivity is problematic because traditionalmethods for ROS detection suffer from nonspecific
reactivity with other ROS. Moreover, some methods require enzymatic additives not compatible with live-cell or live-animal specimens.
Additionally, bioorthogonality requires that the reactions must not compete with or disturb intrinsic cellular chemistry; this requirement is
particularly critical with thiol- or metal-based couples mediating the major redox events within the cell.

Chemoselective bioorthogonal reactions, such as alkyne�azide cycloadditions and related click reactions, the Staudinger�
Bertozzi ligation, and the transformations used in various reaction-based molecular probes, have found widespread application in
the modification, labeling, and detection of biological molecules and processes. In this Account, we summarize H2O2 studies from
our laboratory using the H2O2-mediated oxidation of aryl boronates to phenols as a bioorthogonal approach to detect fluxes of this
important ROS in living systems. We have installed this versatile switch onto organic and inorganic scaffolds to serve as “turn-on”
probes for visible and near-infrared (NIR) fluorescence, ratiometric fluorescence, time-gated lanthanide luminescence, and in vivo
bioluminescence detection of H2O2 in living cells and animals. Further chemical and genetic manipulations target these probes to
specific organelles and other subcellular locales and can also allow them to be trapped intracellularly, enhancing their sensitivity.
These novel chemical tools have revealed fundamental new biological insights into the production, localization, trafficking, and in
vivo roles of H2O2 in a wide variety of living systems, including immune, cancer, stem, and neural cell models.
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1. Introduction
Reactive oxygen species (ROS) such as hydrogen peroxide

(H2O2) play fundamental roles in health and disease but are

difficult to study due to their reactive and transient nature

(Figure 1).1�10 In isolated mitochondria, 0.1�2% of all oxy-

gen consumed is estimated to produce ROS,11 noting that in

vivo quantitation is challenging12 and ROS measurements

traditionally rely on analysis of downstream chemical pro-

ducts of oxidation.13 When misregulated, these species can

accumulate and cause oxidative damage to cellular protein,14

nucleic acids,15 and lipid16 molecules, thereby contributing to

aging17�19 and age-related disease states ranging from

neurodegeneration20�22 to diabetes23�25 to cancer.26�28 Un-

surprisingly, organisms have evolved molecular systems, in-

cluding antioxidant metalloenzymes such as superoxide dis-

mutase29 and catalase,30,31 as well as an array of thiol-based

redox couples, to scavenge or respond to ROS in order to

appropriately neutralize this threat to the cell.32,33On theother

hand, emerging evidence shows that controlled generation of

ROS, particularly H2O2, can also be beneficial to cell fitness. A

prime example is the presence of active NADPH oxidase

enzymes (Nox) that generate specific ROS and reside in vir-

tually all cell types throughout the body.34 Indeed, a growing

body of work points to the fact that H2O2 and other ROS play

essential functions inhealthyphysiological signalingpathways

spanning growth,35,36 differentiation,37,38 migration,39,40 and

immune system function.41,42

The signal/stress dichotomyof H2O2 providesmotivation

to disentangle its beneficial from its detrimental effects on

living systems, and molecular imaging of this oxygen me-

tabolite is a powerful method for real-time, noninvasive

monitoring of H2O2 chemistry in biological specimens.

Two key challenges to studying H2O2 in this context are

chemoselectivity, because traditional methods for ROS

detection43 such as 20-70-dichlorodihydrofluorescein44 and

the amplex red/peroxidase system45 suffer fromnonspecific

reactivity with other ROS or require enzymatic additives that

are not compatible with live-cell or live-animal specimens,

and bioorthogonality, as not to compete with or disturb

intrinsic cellular chemistry, which is particularly critical with

thiol- or metal-based couples mediating the major redox

events within the cell. In order to study the complex roles of

H2O2 in living systems and to elucidate its contributions to

health, aging, and disease, we have initiated a program

aimed at creating and applying new methods for chemose-

lective, real-time molecular imaging of H2O2 in live cells,

tissues, and whole organisms. This Account summarizes our

efforts to date on the use of H2O2-mediated boronate

oxidation as a bioorthogonal reaction-based approach to

H2O2 detection.

2. Application of Oxidative Boronate Clea-
vage as aBioorthogonal Reaction for Imaging
Hydrogen Peroxide in Living Systems
We considered two main strategies for creating probes to

detect molecular entities in biological systems, which we

term “recognition” and “reactivity” (Figure 2). Traditional

methods for sensing biological analytes largely rely on the

former, an approach that has been particularly successful for

imaging calcium and other biologically relevant metals

using small-molecule fluorescent chemosensors.46 In this

strategy, fluorophores linked to highly specific receptors are

designed such that recognition and binding of the analyte of

interest provides an observable optical response. However,

because H2O2 and other ROS are transient in nature and

many of these oxygen metabolites are similar in shape and

size, building chemoselective hosts for these molecules by a

traditional lock-and-key approach is particularly challen-

ging. We reasoned that a reaction-based approach would

be a more attractive detection strategy for H2O2 in that it

offers the opportunity for selective sensing based on the

inherent chemical reactivity of a given species instead of its

physical shape or size. Moreover, if the reaction is irrever-

sible, this method affords the opportunity to accumulate

signal from transient fluxes of reactive species over time.

In order to develop useful probes for H2O2, we were

particularly motivated to identify chemical reactions that

would be selective for H2O2 over other biologically relevant

ROS including, among others, superoxide (O2
�), hypochlor-

ous acid (HOCl), alkyl peroxides (ROOH), and hydroxyl

radical (•OH). The key insight to the success of this approach

lies in understanding the inherent differences in the reactiv-

ity of these species and in designing transformations that

take advantage of the unique chemical properties of H2O2.

In this context, H2O2 possesses ambiphilic reactivity; its

labile O�O bond allows it to react as a two-electron electro-

philic oxidant, whereas H2O2 can also be a good nucleophile

owing to the R-effect of adjacent nonbonding orbitals on its

oxygen atoms.47,48 To take advantage of these character-

istic molecular features, we identified aryl boronates as

species with complementary ambiphilic reactivity to H2O2

(Figure 2). Upon initially reacting as an electrophile in a

reversible manner with nucleophiles to form a negatively

charged tetrahedral boronate complex, the C�B bond be-

comes subsequently capable of reacting as a nucleophile.
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We reasoned that we could capitalize on this dual-mode

reactivity of H2O2 with boronates to achieve selectivity over

other biologically relevant ROS, because most of the other

oxygen metabolites operate by one-electron transfers or

purely electrophilic oxidation pathways. In addition, H2O2

should react with boronates faster than the corresponding

alkyl peroxides because water is a better leaving group than

alcohols, giving specificity for free H2O2 over lipid-derived

peroxides. The reaction is accelerated at higher pH values so

caution is required in quantitating ROS bursts accompanied

by large local pH changes. Having identified phenols as

functional groups that could be released from masked

boronates by the action of H2O2, we have exploited this

single reaction to devise a wide array of fluorogenic and

luminescent molecules that detect H2O2 through boronate

oxidation (Figure 2). We note that this approach offers

FIGURE 2. Design of a bioorthogonal reactivity approach for selective H2O2 detection via boronate oxidation.

FIGURE1. Unregulated production of ROS such as H2O2 can result in oxidative damage, but thesemolecules also play central roles in protein folding,
signaling, defense response, and respiration and metabolism.
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generality for monitoring any molecular species of interest

in living systems if appropriate combinations of reactivity

and bioorthogonality can be suitably balanced.

3. First-Generation Boronate Probes for De-
tecting Hydrogen Peroxide at Oxidative
Stress Levels in Living Cells
Fluorescein is a widely used dye for cellular imaging applica-

tions owing to its high fluorescence quantum yield, good

water solubility, nontoxic nature, and established use in live

and fixed cell specimens. We therefore synthesized the

boronate masked fluorescein peroxyfluor 1 (PF1)49 as a

first-generation H2O2 probe prototype through a 30,60-diio-
doxanthenone intermediate followed by a palladium-

mediated boronate transmetalation (Table 1, Figure 3). In-

stallation of boronates at the 30 and 60 positions drives the
molecule into a closed lactone form, effectively eliminating

its absorptive and emissive properties in the visible wave-

length region. Reaction of PF1 with H2O2 transforms the

boronates into phenols with concomitant lactone opening

resulting in a >1000-fold increase in fluorescence intensity

upon generation of the green-fluorescent fluorescein pro-

duct. Importantly, this response is selective toward H2O2

over other biologically relevant ROS (Figure 4). Moreover,

this first-generation probe could effectively image changes

in high micromolar concentrations of H2O2, a concentration

range that is relevant to states of oxidative stress, in both live

HEK293T cells and primary hippocampal neural cell cultures

(Figure 5).50 We further demonstrated the generality of this

reaction-based approach for H2O2 detection through the

development of peroxyxanthone 1 (PX1) and peroxyresor-

ufin 1 (PR1) probes, which are based on blue xanthone and

red resorufin scaffolds, respectively. The success of these

probes for visualizing changes in H2O2 levels under oxida-

tive stress conditions establishes that bioorthogonal boro-

nate chemistry is a suitable approach for detection of this

ROS in live biological samples.

4. Second-Generation Boronate Probes for
Studying Endogenous Peroxide Bursts Pro-
duced during Growth Factor and Immune
Response Signaling
Although the first-generation family of PF1/PR1/PX1 probes

were capable of imaging exogenously added H2O2 in a

variety cell types at oxidative stress levels, attempts to use

these reagents for visualizing endogenous production of

H2O2were frustrated by their relatively lowH2O2 sensitivity.

In order to address this challenge, we reasoned that switch-

ing frombis-boronatemaskeddyes tomonoboronate caged

fluorophores would result in enhanced sensitivity by requir-

ing reaction of only a single equivalent of H2O2 to yield the

fluorescent product. To this end, we synthesized peroxy

green 1 (PG1) based on Nagano's Tokyo Green scaffold.51

Owing to its boronate cage, PG1 retains high selectivity for

H2O2, and we therefore moved on to apply this probe

toward endogenous H2O2 detection.

In this context, ROS are produced upon stimulations of

cells with extracellular ligands such as epidermal growth

factor (EGF) or platelet-derived growth factor (PDGF), which

then in turn can mediate intracellular kinase signaling.52,53

TABLE 1. Boronate Probes for the Detection of Biological H2O2

probe probe λabs/λem (nm) product λabs/λem (nm) turn-on comments

peroxyfluor 1 (PF1) NA/NA 494/521 >1000-fold exogenous H2O2 detection in cells
peroxyresorufin 1 (PR1) NA/NA 530/584 >1000-fold exogenous H2O2 detection in cells
peroxyxanthone 1 (PX1) 350/400 350/450 52-fold two-photon excitation
ratio peroxyfluor 1 (RPF1) 420/464 420/517,461 8-folda ratiometric in vitro H2O2 detection
peroxy green 1 (PG1) 460/510 460/510 10-fold detection of H2O2 in cell signaling
peroxy crimson 1 (PC1) 480/584 530/584 40-fold detection of H2O2 in cell signaling
peroxy lucifer 1 (PL1) 375/475 435/540 12-folda ratiometric H2O2 detection in cells
mitochondria peroxy yellow 1 (MitoPY1) 489, 510/540 510/528 4.5-fold mitochondrially targeted
naphtho peroxyfluor 1 (NPF1) 345/NA 598/660 25-fold far-red excitation and emission
SNAP peroxy green 1 and 2 (SPG1 and SPG2) 465/515 495/513 32-fold can localize dye to various cellular compartments
peroxyfluor 2 (PF2) NA/NA 475/511 50-fold multiple colors
peroxyfluor 3 (PF3) 454/521 492/515 10-fold multiple colors
peroxy emerald 1 (PE1) 480/519 491/514 3-fold multiple colors
peroxy yellow 1 (PY1) 494/558 519/548 12-fold multiple colors
peroxy orange 1 (PO1) 507/574 540/565 8-fold multiple colors
peroxy yellow 1 methyl ester (PY1-ME) 489, 510/548 515/540 10-fold increased dye retention in cells
peroxyfluor 6 acetoxymethyl ester (PF6-AM) 460/530 492/517 7-fold increased dye retention in cells
terbium peroxy reporter 1 (TPR1) 226/545 226/545 6-fold utilizes lanthanide luminescence
terbium peroxy reporter 2 (TPR2) 240/545 240/545 6-fold utilizes lanthanide luminescence
peroxy caged luciferin 1 (PCL-1) NA/NA NA/612 7-fold in vivo imaging
aChange in the ratio of the major peaks.
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FIGURE 3. Boronate-based probes for H2O2 detection and imaging.
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However, the precise nature of the contributing ROS, the

enzymatic source(s) of its generation, its trafficking, and

cellular targets remain incompletely understood. With a

sensitive and selective H2O2 probe in our possession, we

turned our attention to EGF signaling in A431 cells because

this epidermoid carcinoma line possesses an unusually high

copy number of the requisite EGF receptor.54 After confirm-

ing the ability of PG1 to detect exogenously applied H2O2 in

the A431 line, we discovered that EGF stimulation of these

cells also leads to a marked increase in PG1 fluorescence,

directly establishing H2O2 production in EGF signaling.51

Furthermore, we utilized PG1 imaging in combination with

a panel of pharmacological inhibitors to establish that a Nox

enzyme was responsible for H2O2 production and that the

initial signal is dependent on phosphatidylinositol-3-OH

kinase (PI3K) activity (Figure 6). In this same study, we also

demonstrated that this growth factor signaling pathway is

present in primary hippocampal cell cultures. Taken to-

gether, this work provides the first direct imaging evidence

that H2O2 is endogenously generated during cell signaling

and establishes that the boronate reactivity approach can be

used for elucidating the roles of H2O2 in biological systems.

Encouraged by these results, we synthesized a panel of

monoboronateprobes forH2O2atphysiological signaling levels

with excitation and emission profiles that span the visible

region.55 We utilized three of these reagents, peroxyfluor

3 (PF3), peroxy yellow 1 (PY1), and peroxy orange 1 (PO1), for

chemoselective monitoring of H2O2 signaling after growth

factor stimulation as well as during phagocytic immune re-

sponse. Moreover, we established the utility of this expanded

color palette byperforming two-color, dual-ROS imagingexperi-

ments with PO1 in combination with APF,56 a probe for highly

reactive oxygen species (hROS) that responds to hypopchlorite

(HOCl), hydroxyl radical (•OH), and peroxynitrite (ONOO�).

Interestingly, we discovered three different types of phago-

somes as characterized by the distinct types of ROS produced,

those that produce predominately H2O2, those that produce

predominately hROS, and those that produce both (Figure 7).

This work highlights the advantage of using multiple bioortho-

gonal probes to disentangle which discrete types of ROS

molecules contribute to a given biological process, enabling

studies of the distinct chemical reactivity of each particular

oxygen metabolite within a complex environment.

5. Dual-Wavelength Boronate Probes for Ra-
tiometric Peroxide Imaging in Living Cells
Intensity-based turn-on fluorescent probes are of practical

utility for many applications and can be employed for

comparative discovery studies, but their use for precise

quantitation of analytes is complicated by variations in

sample thickness, cellular microenvironments, and local

probe concentrations. To address these issues, we have

explored ratiometric approaches in which one can simulta-

neously monitor two signals that change differentially with

analyte concentration, such that the ratio of the signals will

be independent of the probe concentration and environment

and allow for more accurate and quantitative measure-

ments.57 Our first probe for ratiometric H2O2 detection, ratio

FIGURE4. (a) Fluorescence responseof peroxyfluor 1 (PF1) toH2O2. The
dashed and solid spectrawere recorded before and after H2O2 addition,
respectively. (b) Fluorescence responses of PF1 to various ROS. Bars
represent relative responses after 5, 15, 30, 45, and 60 min after
addition of the given ROS.

FIGURE 5. Images of peroxyresorufin 1 (PR1), peroxyfluor 1 (PF1), and
peroxyxanthone 1 (PX1) detecting H2O2 fluxes in living cells.
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peroxyfluor 1 (RPF1), utilizes a two-dye cassette that under-

goes changes in the ratio of fluorescence resonance energy

transfer (FRET) between donor and acceptor fluorophores

upon reaction with H2O2.
58 Whereas most FRET probes

operate by a physical change in donor�acceptor distances

and orientations to sense analytes, we opted to modulate

FRET properties in an electronic fashion by triggering

changes the donor�acceptor spectral overlap before and

after reaction with H2O2. In the absence of H2O2, the FRET

acceptor is a PF1 derivative that has negligible visible

absorption, leading to poor FRET from the coumarin donor.

However, upon reaction with H2O2, generation of the

colored fluorescein product creates an efficient FRET ac-

ceptor for the coumarin donor. Experiments in isolated

mitochondria from Saccharomyces cerevisiae show that

RPF1 can detect H2O2 generated by antimycin A inhibition

of the electron transport chain (ETC). We have extended

this ratiometric imaging approach to live-cell imaging by

tuning the internal charge transfer (ICT) properties of a

single dye to cause a shift in the observed emission max-

ima upon reaction with H2O2. Peroxy lucifer 1 (PL1)59

masks a pendant electron-rich amine as an electron-poor

carbamate by using a para-boronate group that undergoes

a selective H2O2-triggered self-immolative release.60 PL1

can readily visualize localized increases in H2O2 in the

phagosomes of PMA-stimuated macrophages by ratio-

metric imaging (Figure 8).

FIGURE 6. H2O2 and growth factor signaling in living neurons. EGF stimulation produces an increase in the fluorescence response of peroxy green 1
(PG1). This response is attenuated by apocynin, a Nox inhibitor; wortmannin, an inhibitor of PI3K; PD153035, an inhibitor of the receptor tyrosine
kinase domain of the EGF receptor; and NSC23766, a Rac1 inhibitor.

FIGURE 7. Confocal fluorescence images of H2O2-producing phago-
somes, hROS-producing phagosomes, and dual H2O2 and hROS-
producing phagosomes in live RAW264.7 macrophages as distin-
guished by simultaneous imaging with peroxy orange 1 (PO1) and
aminophenyl fluorescein (APF).

FIGURE 8. Ratiometric confocal fluorescence images of H2O2 in sti-
mulated live RAW264.7 macrophages as visualized with peroxy lucifer
1 (PL1).
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6. Targetable andTrappable Boronate Probes
for Understanding Peroxide Trafficking and
Stem Cell Function
In addition to events at the whole single cell level, control-

ling the subcellular localization and trafficking of H2O2 is a

vital mechanism that the cell employs to attenuate its

toxicity and off-target function, allowing it to mediate ben-

eficial physiological processes. For example, organelles such

as the mitochondria are equipped with numerous enzymes

aimed at reducing levels of oxidative stress,12 whereas the

endoplasmic reticulum (ER) maintains a higher level of

oxidative species in order to ensure proper protein fold-

ing.61,62 To better study the contributions of subcellular

localization and trafficking of H2O2 in physiological and

pathological processes, we developed a family of boronate

probes equipped with functional groups that are capable of

targeting these tools to specific subcellular spaces. For ex-

ample,mitochondrial peroxy yellow1 (MitoPY1) combines a

monoboronate-masked fluorophore with Murphy's phos-

phonium cation for mitochondrial localization.63 This probe

can operate in a wide variety of cell types (HEK293T, HeLa,

Cos7, and CHO.K1, etc.) and can visualize discrete oxidative

stress changes confined to this organelle, including those

generated in a chemically induced Parkinson's disease

model.64

We have also recently explored a more general protein-

based labeling approach that enables us to tag many parts

of the cell65 by exploiting Johnsson's elegant SNAP tag

methodology.66�68 In this approach, any protein of interest

can be fused with a mutant human O6-alkylguanine-DNA

alkyltransferase (hAGT) protein that can be selectively

taggedwith benzyl guanine or benzyl-2-chloro-6-aminopyr-

imidin-4-amine containing dyes, allowing one to target a

probe to any subcellular compartment of interest. Indeed,

SNAP peroxy green 1 and 2 (SPG1 and SPG2) are two first-

generation PG1 derivatives with linkages to benzyl guanine

or benzyl-2-chloro-6-aminopyrimidin-4-amine, respectively,

that afford a general method for directing H2O2-responsive

dyes to the plasma membrane, mitochondria, ER, and nu-

cleus (Figure 9).

Finally, we have developed two new types of probes,

peroxy yellow 1 methyl ester (PY1-ME)69 and peroxyfluor 6

acetoxymethyl ester (PF6-AM),70 that take advantage of

multiple masked carboxylates to increase cellular retention

and hence sensitivity to low levels of peroxide. In their ester-

protected forms, the PY1-ME and PF6-AM dyes are more

lipophilic than their carboxylate counterparts and can read-

ily enter cells. Once inside cells, the protecting groups are

rapidly cleaved by intracellular esterases to produce their

anionic carboxylate forms, which are effectively trapped

within cells because they cannot pass back through the

plasma membrane. The increased retention of PY1-ME

and PF6-AM leads to their enhanced sensitivity to H2O2 by

greater buildup of signal through irreversible boronate oxi-

dation events. In particular, we utilized PY1-ME to interro-

gate the cellular mechanisms involved in the trafficking

of H2O2 during growth factor signaling (Figure 10) and

FIGURE 9. Images of SNAP peroxy green 2 (SPG2) localized to the
plasmamembrane, mitochondria, endoplasmic reticulum, and nucleus.

FIGURE 10. Aquaporins facilitate H2O2 trafficking in growth factor
signaling, as shown by the aquaglyceroporin family isoform aquaporin
3 (AQP3).
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discovered that certain classes of aquaporin water channels,

the aquaglyceroporins and unorthodox aquaporins but not

classic aquaporins, can enhance the uptake of extracellu-

larly produced H2O2 and regulate intracellular signal trans-

duction. This work represents the first study revealing that

aquaporins can mediate both H2O2 transport and signaling

in mammalian cells and has broad implications for H2O2

biology in processes ranging from cellmigration39 towound

repair.40 In parallel work using PF6-AM imaging, we have

explored the roles of H2O2 in the self-renewal of neural stem

cells. Specifically, we discovered that adult hippocampal

progenitor cells (AHPs) require basal generation of H2O2

for their normal growth and proliferation in cell culture

and in vivo and determined that the Nox2 enzyme and

phosphatase PTEN are molecular sources and targets of

H2O2, respectively (Figure 11). This study provides primary

evidence that H2O2 is a physiological regulator in living

organisms and a molecular model for how H2O2 can med-

iate beneficial events.

7. Boronate Reporters for Imaging Hydrogen
Peroxide in Live Tissue and Animals
In addition to creating boronate probes for imaging in

dissociated cell culture samples, we have also initiated several

parallel approaches to expand H2O2 imaging technologies to

thicker tissue and whole animal specimens. In particular, we

have explored optical H2O2 detection in the near-infrared

spectroscopic window, where the absorption and autofluores-

cence of biological tissues is at a minimum, using naphtho

peroxyfluor 1 (NPF1),71 as well as lanthanide luminescence,

which allows the use of time-gated imaging to decrease

autofluorescence from native, short-lived organic species in

biological specimens, through the synthesis and evaluation of

terbium peroxy reporters 1 and 2 (TPR1 and TPR2).72

Finally, we have recently succeeded in establishing bor-

onate oxidation as a bioorthogonal reaction approach for

imaging H2O2 in living animals through the creation of the

bioluminescent probe peroxy caged luciferin 1 (PCL1).73

Bioluminescence is a modality that drastically increases

sensitivity for in vivo imaging owing to the absence of any

autofluorescence background endemic to fluorescence

techniques. By caging luciferin with a self-immolative boro-

nic acid, we can use this reaction-based approach to selec-

tively detect H2O2 in living luciferase-expressing mice

(FVB-lucþ) through H2O2-dependent luciferin generation

(Figure 12). Moreover, PCL1 can visualize H2O2 generated

by a luciferase-expressing prostate cancer cell line (LNCaP-

luc) as well as in an LNCap-luc tumor xenograft model in

immunodeficient SCID hairless outbred (SHO) mice follow-

ing testosterone stimulation. By expanding the scope of

boronate oxidation to living animals, these results offer a

significant technical advance for exploring H2O2 chemistry

in complex biological settings, particularly for models of

disease and aging that occur on the whole organism scale.

8. Concluding Remarks
In this Account, we have described the identification and

application of H2O2-mediated boronate oxidation as a che-

moselective reaction-based approach for studying the

chemistry of H2O2 in complex biological systems. This

switch has been installed onto a diverse array of scaffolds

for bioorthogonal optical detection of H2O2 in living cells

and animals. Monoboronate-bearing fluorophores have

proved to be the most effective chemical tools for live-cell

microscopy experiments and methods for reaction-based

trapping inside cells have yielded probes useful for inter-

rogating the production, trafficking, and targets of H2O2 in

growth factor signaling, immune response, and stem cell

FIGURE 11. FGF stimulation induces a Nox2-dependent increase in intracellular H2O2 levels as imaged by peroxyfluor 6 (PF6).
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function. Both chemical and biological strategies have been

successful in targeting probes to subcellular domains, pro-

viding a means to study the roles of H2O2 in specific

organelles, and continued efforts in the development of

ratiometric, targetable, near-IR, and lanthanide-based lumi-

nescent probes are expected to provide new opportunities

for the precise imaging of subcellular domains as well as the

study of thicker biological specimens. Finally, the develop-

ment of a boronate-caged luciferin has enabled the biolu-

minescent imaging of H2O2 in vivo and opens upmany new

avenues for studying H2O2 in animal models of health and

disease.

In addition to these aforementioned studies, a growing

number ofmethods exploiting boronate oxidation show the

broader utility of this switch for probing and manipulating

peroxide biology. Innovative examples include alternative

H2O2 indicatorsbearingblue-fluorescent,
74,75dendrimer,76,77

and near-infrared78 scaffolds, as well as mass spectrometry

tags for tracking peroxide biology in whole organisms.79

Oxidatively sensitive therapeutics such as masked metal

chelators80,81 and inhibitors82 have also been devised using

the boronate switch. Aswell, recent data suggest that certain

boronate derivatives may also find utility in probing

peroxynitrite.83 Finally, this boronate chemistry has inspired

work into alternative bioorthogonal reactions for H2O2,

including the oxidative decarboxylations of R-ketoacids84

and Baeyer�Villiger benzil oxidations.85 The rapidly ex-

panding toolbox for probing and manipulating H2O2 in

living systems presages new frontiers for discovering and

understanding its fundamental roles in signaling and stress

processes and highlights the synergy between bioorthogo-

nal chemistry and biology.

We thank the University of California, Berkeley, the Dreyfus,
Beckman, Packard, and Sloan Foundations, the National
Institute of General Medical Sciences (NIH Grant GM 79465),
as well as Amgen, Astra Zeneca, and Novartis for funding our
work on redox biology. C.J.C. is an Investigator with the Howard
Hughes Medical Institute.

BIOGRAPHICAL INFORMATION

Alexander R. Lippert received his B.S. degree in 2003 from
Caltech working with Prof. Linda Hsieh-Wilson. He then began his
Ph.D. work with Prof. Jeffrey W. Bode at the University of California
at Santa Barbara. In 2007, Alex moved with Prof. Bode to the
University of Pennsylvania where he received his Ph.D. degree in
2008. He is currently a postdoctoral scholar with Prof. Chris Chang
at the University of California, Berkeley, where he has applied
organic chemistry to develop novel reaction-based approaches to
studying biological systems.

Genevieve C. Van de Bittner was born and raised in Moraga,
CA. She graduated with Honors in Chemistry (B.S. 2007) from
Chapman University, where she performed research in the labora-
tories of Prof. Daniel Wellman and Prof. Kenneth Sumida. As an
undergraduate, Genevieve also spent a summer at Cornell Uni-
versity working under the guidance of Prof. Dotsevi Sogah. She is
currently completing her doctoral research in the laboratory of Prof.
Chris Chang and was recently awarded a Klaus and Mary Ann

FIGURE 12. Peroxy caged luciferin 1 (PCL-1) detects H2O2 in vivo using bioluminescence.



Vol. 44, No. 9 ’ 2011 ’ 793–804 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 803

Boronate Oxidation To Study H2O2 in Living Systems Lippert et al.

Saegebarth Endowed Fellowship in Chemistry for her accomplish-
ments in her graduate research.

Christopher J. Chang is an Associate Professor of Chemistry
andHHMI Investigator at UC Berkeley. He received his B.S. andM.S.
degrees from Caltech in 1997, working with Prof. Harry Gray. After
spending a year as a Fulbright scholar in Strasbourg, France, with
Dr. Jean-Pierre Sauvage, Chris received his Ph.D. fromMIT in 2002
under the supervision of Prof. Dan Nocera. He stayed at MIT as a
postdoctoral fellow with Prof. Steve Lippard and then began his
independent career at UC Berkeley in Fall 2004. Research in the
Chang lab is focused on chemical biology and inorganic chemistry,
with particular interests inmolecular imaging and catalysis applied
to neuroscience, stem cells, cancer, infectious diseases, renewable
energy, and green chemistry. His group's work has been honored
by awards from the Dreyfus, Beckman, Sloan, and Packard Foun-
dations, Amgen, Astra Zeneca, and Novartis, AFAR, Technology
Review, the ACS Cope Scholar Fund, and the Society for Biological
Inorganic Chemistry.

FOOTNOTES

*To whom correspondence should be addressed. chrischang@berkeley.edu.

REFERENCES
1 Harman, D. The aging process. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 7124.
2 Murphy, M. P.; Holmgren, A.; Larsson, N.-G.; Halliwell, B.; Chang, C. J.; Kalyanaraman, B.;

Rhee, S. G.; Thornalley, P. J.; Gems, D.; Nystr€om, T.; Beluosov, V.; Schumacker, P. T.;
Winterbourn, C. C. Unraveling the biological roles of reactive oxygen species. Cell Metab.
2011, 13, 361–366.

3 Floyd, R. A. Oxidative damage to behavior during aging. Science 1991, 254, 1597.
4 D'Autr�eaux, B.; Toledano, M. B. ROS as signaling molecules: Mechanisms that generate

specificity in ROS homeostasis. Nat. Rev. Mol. Cell. Biol. 2007, 8, 813–824.
5 Winterbourn, C. C. Reconciling the chemistry and biology of reactive oxygen species. Nat.

Chem. Biol. 2008, 4, 278–286.
6 Rhee, S. G. H2O2, a necessary evil for cell signaling. Science 2006, 312, 1882–1883.
7 Stone, J. R.; Yang, S. Hydrogen peroxide: A signaling messenger. Antioxid. Redox Signaling

2006, 8, 243–270.
8 Veal, E. A.; Day, A. M.; Morgan, B. A. Hydrogen peroxide sensing and signaling. Mol. Cell

2007, 26, 1–14.
9 Poole, L. B.; Nelson, K. J. Discovering mechanisms of signaling-mediated cysteine

oxidation. Curr. Opin. Cell Biol. 2008, 12, 18–24.
10 Paulsen, C. E.; Carroll, K. S. Orchestrating redox signaling networks through regulatory

cysteine switches. ACS Chem. Biol. 2010, 5, 47–62.
11 Chance, B.; Sies, H.; Boveris, A. Hydroperoxide metabolism in mammalian organs. Physiol.

Rev. 1979, 59, 527–605.
12 Murphy, M. P. Howmitochondria produce reactive oxygen species. Biochem. J. 2009, 417,

1–13.
13 Balaban, R. W.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120,

483–495.
14 Stadtman, E. R. Protein oxidation and aging. Free Radical Res. 2006, 40, 1250–1258.
15 Kanvah, S.; Joseph, J.; Schuster, G. B.; Barnett, R. N.; Cleveland, C. L.; Landman, U.

Oxidation of DNA: Damage to nucleobases. Acc. Chem. Res. 2010, 43, 280–287.
16 Levitan, I.; Volkov, S.; Subbaiah, P. V. Oxidized LDL: Diversity, patterns of recognition, and

pathophysiology. Antioxid. Redox Signaling 2010, 13, 39–75.
17 Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol.

1956, 11, 298–300.
18 Finkel, T.; Holbrook, N. J. Oxidants, oxidative stress and the biology of ageing. Nature 2000,

408, 239–247.
19 Giorgio, M.; Trinei, M.; Miglaccio, E.; Pelicci, P. G. Hydrogen peroxide: A metabolic by-

product or a common mediator of ageing signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722–
728.

20 Mattson, M. P. Pathways towards and away from Alzheimer's disease. Nature 2004, 430,
631–639.

21 Lin, M. T.; Beal, M. F. Mitochondrial dysfunction and oxidative stress in neurodegenerative
diseases. Nature 2006, 443, 787–795.

22 DiMauro, S.; Schon, E. A. Mitochondrial disorders in the nervous system. Annu. Rev.
Neurosci. 2008, 31, 91–123.

23 Houstis, N.; Rosen, E. D.; Lander, E. S. Reactive oxygen species have a causal role in
multiple forms of insulin resistance. Nature 2006, 440, 944–948.

24 Pop-Busui, R.; Sima, A.; Stevens, M. Diabetic neuropathy and oxidative stress. Diabetes
Metab. Res. Rev. 2006, 22, 257–273.

25 Jay, D.; Hitomi, H.; Griendliing, K. K. Oxidative stress and diabetic cardiovascular
complications. Free Radical Biol. Med. 2006, 40, 183–192.

26 Fruehauf, J. P.; Meysken, F. L., Jr. Reactive oxgen species: A breath of life or death? Clin.
Cancer Res. 2007, 448, 789–794.

27 Finkel, T.; Serrano, M.; Blasco, M. A. The common biology of cancer and ageing. Nature
2007, 448, 767–774.

28 Ishikawa, K.; Takenaga, K.; Akimoto, M.; Koshikawa, N.; Yamaguchi, A.; Imanishi, H.;
Nakada, K.; Honma, Y.; Hayashi, J. ROS-Generating mitochondrial DNA mutations can
regulate tumor cell metastasis. Science 2008, 320, 661–664.

29 Zelko, I. N.; Mariani, T. J.; Folz, R. J. Superoxide dismutase multigene family: A comparison
of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene structures,
evolution, and expression. Free Radical Biol. Med. 2002, 33, 337–349.

30 Chelikani, P.; Fita, I.; Loewen, P. C. Diversity of structures and properties among catalases.
Cell. Mol. Life Sci. 2004, 61, 192–208.

31 Alfonso-Prieto, M.; Biarn�es, X.; Vidossich, P.; Rovira, C. The molecular mechanism of the
catalase reaction. J. Am. Chem. Soc. 2009, 131, 11751–11761.

32 Wood, Z. A.; Poole, L. B.; Karplus, P. A. Regulation of hydrogen peroxide signaling. Science
2003, 300, 650–653.

33 Sies, H. Glutathione and its role in cellular functions. Free Radical Biol. Med. 1999, 27,
916–921.

34 Bedard, K.; Krause, K.-H. The NOX family of ROS-generating NADPH oxidases: Physiology
and pathophysiology. Physiol. Rev. 2007, 87, 245–313.

35 Foreman, J.; Demidchik, V.; Bothwell, J. H. F.; Mylona, P.; Miedema, H.; Torres, M. A.;
Linstead, P.; Costa, S.; Browniee, C.; Jones, J. D. G.; Davies, J. M.; Dolan, L. Reactive
oxygen species produced by NAPH oxidase regulate plant cell growth. Nature 2003, 422,
442–446.

36 Groeger, G.; Quiney, C.; Cotter, T. G. Hydrogen peroxide as a cell-survival signaling
molecule. Antioxid. Redox Signaling 2009, 11, 2655–2671.

37 Saur, H.; Rahimi, G.; Hescheler, J.; Wartenberg, M. Role of reactive oxygen species and
phosphatidylinositol 3-kinase in cardiomyocyte differentiation of embryonic stem cells.
FEBS Lett. 2000, 476, 218–223.

38 Li, J.; Stouffs, M.; Serrander, L.; Banfi, B.; Bettiol, E.; Charnay, Y.; Steger, K.; Krause, K.-H.;
Jaconi, M. E. The NADPH oxidase NOX4 drives cardiac differentiation: role in regulating
cardiac transcription factors and MAP kinase activation. Mol. Biol. Cell 2006, 17, 3978–
3988.

39 Ushio-Fukai, M. Redox signaling in angiogenesis: Role of NAPH oxidase. Cardiovasc. Res.
2006, 71, 226–235.

40 Niethammer, P.; Grabher, C.; Look, A. T.; Mitchison, T. J. A tissue-scale gradient of
hydrogen peroxide mediates rapid wound detection in zebrafish. Nature 2009, 459, 996–
1000.

41 Lambeth, J. D. NOX enzymes and the biology of reactive oxygen. Nat. Rev. Immunol. 2004,
4, 181–189.

42 Srikun, D.; Albers, A. E.; Chang, C. J. A dendrimer-based platform for simultaneous dual
fluorescence imaging of hydrogen peroxide and pHgradients produced in living cells. Chem.
Sci. 2011, 2, 1156–1165.

43 Avshalumov, M. V.; Bao, L.; Patel, J. C.; Rice, M. E. H2O2 signaling in the nigrostriatal
dopamine pathway via ATP-sensitive potassium channels: issues and answers. Antioxid.
Redox Signaling 2007, 9, 219–232.

44 Cathcart, R.; Schwiers, E.; Ames, B. N. Detection of picomole levels of hydroperoxides using
a fluorescent dichlorofluorescein assay. Anal. Biochem. 1983, 134, 111–116.

45 Zhou, M.; Diwu, Z.; Panchuk-Voloshina, N.; Haugland, R. P. A stable nonfluorescent
resorufin for the fluorometric determination of trace hydrogen peroxide: Application in
detecting the activity of phagocyte NADPH oxidase and other oxidases. Anal. Biochem.
1997, 253, 162–168.

46 Que, E. L.; Domaille, D.W.; Chang, C. J.Metals in neurobiology: Probing their chemistry and
biology with molecular imaging. Chem. Rev. 2008, 108, 1517–1549.

47 Jencks, W. P.; Carriulo, J. C. Reactivity of nucleophilic reagents towards esters. J. Am.
Chem. Soc. 1960, 82, 1778–1786.

48 Ren, Y.; Yamataka, H. TheR-effect in gas-phase SN2 reactions: Existence and the origin of
the effect. J. Org. Chem. 2007, 72, 5660–5667.

49 Chang, M. C. Y.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. A selective cell-permeable optical
probe for hydrogen peroxide in living cells. J. Am. Chem. Soc. 2004, 126, 15392–15393.

50 Miller, E.W.; Albers, A. E.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. Boronate-based fluorescent
probes for imaging cellular hydrogen peroxide. J. Am. Chem. Soc. 2005, 127, 16652–
16659.



804 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 793–804 ’ 2011 ’ Vol. 44, No. 9

Boronate Oxidation To Study H2O2 in Living Systems Lippert et al.

51 Miller, E. W.; Tulyathan, O.; Isacoff, E. Y.; Chang, C. J. Molecular imaging of hydrogen
peroxide produced for cell signaling. Nat. Chem. Biol. 2007, 3, 263–267.

52 Sundaresan, M.; Yu, Z.-X.; Ferrans, V. J.; Irani, K.; Finkel, T. Requirement for generation of
H2O2 for platelet-derived growth factor signal transduction. Science 1995, 270, 296–
299.

53 Bae, Y. S.; Kang, S. W.; Seo, M. S.; Baines, I. C.; Tekle, E.; Chock, P. B.; Rhee, S. G.
Epidermal growth factor (EGF)-induced generation of hydrogen peroxide. J. Biol. Chem.
1997, 272, 217–221.

54 Ullrich, A.; Coussens, L.; Hayflick, J. S.; Dull, T. J.; Gray, A.; Tam, A. W.; Lee, J.; Yarden, Y.;
Libermann, T. A.; Schlessinger, J.; Downward, J.; Mayes, E. L. V.; Whittle, N.; Waterfield,
M. D.; Seeburg, P. H. Human epidermal growth factor receptor cDNA sequence and
aberrant expression of the amplified gene in A431 epidermoid carcinoma cell. Nature 1984,
309, 418–425.

55 Dickinson, B. C.; Huynh, C.; Chang, C. J. A palette of fluorescent probes with varying
emission colors for imaging hydrogen peroxide signaling in living cells. J. Am. Chem. Soc.
2010, 132, 5906–5915.

56 Setsukinai, K.; Urano, Y.; Kakiuma, K.; Majima, H. J.; Nagano, T. Development of novel
fluorescence probes that can reliably detect reactive oxygen species and distinguish specific
species. J. Biol. Chem. 2003, 278, 3170–3175.

57 Tsien, R.; Poenie, M. Fluorescence ratio imaging: A new window into intracellular ionic
signaling. Trends Biochem. Sci. 1986, 11, 450–455.

58 Albers, A. E.; Okreglak, V. S.; Chang, C. J. A FRET-based approach to ratiometric
fluorescence detection of hydrogen peroxide. J. Am. Chem. Soc. 2006, 128, 9640–
9641.

59 Srikun, D.;Miller, E.W.; Domaille, D.W.; Chang, C. J. An ICT-based approach to ratiometric
fluorescence imaging of hydrogen peroxide produced in living cells. J. Am. Chem. Soc.
2008, 130, 4596–4597.

60 Amir, R. J.; Pessah, N.; Shamis, M.; Shabat, D. Self-immolative dendrimers. Angew.
Chem., Int. Ed. 2003, 115, 4632–4637.

61 Csala, M.; Margittai, �E.; B�anhegyi, G. Redox control of endoplasmic reticulum function.
Antioxid. Redox Signaling 2010, 13, 77–108.

62 Margittai, �E.; B�anhegyi, G. Oxidative folding in the endoplasmic reticulum: Towards a
multiple oxidant hypothesis. FEBS Lett. 2010, 584, 2995–2998.

63 Murphy, M. P.; Smith, R. A. J. Targeting antioxidants to mitochondria by conjugation to
lipophilic cations. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 629–656.

64 McCormack, A. L.; Thiruchelvam, M.; Mannig-Bog, A. B.; Thiffault, C.; Langston, J. W.;
Cory-Slechta, D. A.; Di Monte, D. A. Environmental risk factors and Parkinson's disease:
Selective degeneration of nigral dopaminergic neurons caused by the herbicide paraquat.
Neurobiol. Dis. 2002, 10, 119–127.

65 Srikun, D.; Albers, A. E.; Nam, C. I.; Iavarone, A. T.; Chang, C. J. Organelle-targetable
fluorescent probes for imaging hydrogen peroxide in living cells via SNAP-tag protein
labeling. J. Am. Chem. Soc. 2010, 132, 4455–4465.

66 Juillerat, A.; Gronemeyer, T.; Keppler, A.; Gendreizig, S.; Pick, H.; Vogel, H.; Johnsson, K.
Directed evolution of O6-alkylguanine-DNA alkyltransferase for efficient labeling of fusion
proteins with small molecules in vivo. Chem. Biol. 2003, 10, 313–317.

67 Keppler, A.; Kindermann, M.; Gendreizig, S.; Pick, H.; Vogel, H.; Johnsson, K. Labeling of
fusion proteins of O6-alkylguanine-DNA alkyltransferase with small molecules in vivo and in
vitro. Methods 2004, 32, 437–444.

68 Gautier, A.; Juillerat, A.; Heinis, C.; Corr̂ea, I. R., Jr.; Kindermann, M.; Beaufils, F.;
Johnsson, K. An engineered protein tag for multiprotein labeling in living cells. Chem. Biol.
2008, 15, 128–136.

69 Miller, E. W.; Dickinson, B. C.; Chang, C. J. Aquaporin-3 mediates hydrogen peroxide
uptake to regulate downstream intracellular signaling. Proc. Natl. Acad. Sci. U.S.A. 2010,
107, 15681–15686.

70 Dickinson, B. C.; Peltier, J.; Stone, D.; Schaffer, D. V.; Chang, C. J. Nox2 redox signaling
maintains essential cell populations in the brain. Nat. Chem. Biol. 2010, 26, 1–7.

71 Albers, A. E.; Dickinson, B. C.; Miller, E. W.; Chang, C. J. A red-emitting napthofluorescein-
based fluorescent probe for selective detection of hydrogen peroxide inliving cells. Bioorg.
Med. Chem. Lett. 2008, 18, 5948–5950.

72 Lippert, A. R.; Gschneidtner, T.; Chang, C. J. Lanthanide-based luminescent probes for the
selective time-gated detection of hydrogen peroxide in water and in living cells. Chem.
Commun. 2010, 46, 7510–7512.

73 Van de Bittner, G. C.; Dubikovskaya, E. A.; Bertozzi, C. R.; Chang, C. J. In vivo imaging of
hydrogen peroxide production in a murine tumor model with a chemoselective biolumi-
nescent reporter. Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 21316–21321.

74 Du, L.; Li, M.; Zheng, S.;Wang, B. Rational design of a fluorescent hydrogen peroxide probe
based on the embelliferone fluorophores. Tetrahedron Lett. 2008, 49, 3045–3048.

75 Du, L.; Ni, N.; Li, M.; Wang, B. A fluorescent hydrogen peroxide probe based on a `click'
modified coumarin fluorophore. Tetrahedron Lett. 2010, 51, 1152–1154.

76 Sella, E.; Shabat, D. Self-immolative dendritic probe for direct detection of triacetone
triperoxide. Chem. Commun. 2008, 5701–5703.

77 Broaders, K. E.; Grandhe, S.; Fr�echet, J. M. J. A biocompatible oxidation-triggered carrier
polymer with potential in therapeutics. J. Am. Chem. Soc. 2011, 133, 756–758.

78 Karton-Lifshin, N.; Segal, E.; Omer, L.; Portnoy, M.; Satchi-Fainaro, R.; Shabat, D. A unique
paradigm for a turn-ON near-infrared cyanine-based probe: Noninvasive intravital optical
imaging of hydrogen peroxide. J. Am. Chem. Soc. 2011, 133, 10960–10965.

79 Cochem�e, H. M.; Quin, C.; McQuaker, S. J.; Cabreiro, F.; Logan, A.; Prime, T. A.;
Abakumova, I.; Patel, J. V.; Fearnley, I, M.; James, A. M.; Porteous, C. M.; Smith, R. A. J.;
Saeed, S.; Carr�e, J. E.; Singer, M.; Gems, D.; Hartley, R. C.; Partridge, L.; Murphy, M. P.
Measurement of H2O2 within living Drosophila during aging using a ratiometric mass
spectrometry probe targeted to the mitochondrial matrix. Cell Metab. 2011, 13, 340–350.

80 Charkoudian, L. K.; Pham, D.M.; Franz, K. J. A pro-chelator triggered by hydrogen peroxide
inhibits iron-promoted hydroxyl radical formation. J. Am. Chem. Soc. 2006, 128, 12424–
12425.

81 Wei, Y.; Guo,M.Hydrogenperoxide triggeredprochelator activation, subsequentmetal chelation,
and attenuation of the Fenton reaction. Angew. Chem., Int. Ed. 2007, 46, 4722–4725.

82 Jourden, J. L. M.; Cohen, S. M. Hydrogen peroxide activated matrix metalloproteinase
inhibitors: A prodrug approach. Angew. Chem., Int. Ed. 2010, 49, 6795–6797.

83 Sikora, A.; Zielonka, J.; Lopez, M.; Joseph, J.; Kalyanaraman, B. Direct oxidation of
boronates by peroxynitrite: Mechanism and implications in fluorescence imaging of
peroxynitrite. Free Radical Biol. Med. 2009, 47, 1401–1407.

84 Lippert, A. R.; Keshari, K. R.; Kurhanewicz, J.; Chang, C. J. A hydrogen peroxide-responsive
hyperpolarized 13C MRI contrast agent. J. Am. Chem. Soc. 2011, 133, 3776–3779.

85 Abo, M.; Urano, Y.; Hanaoka, K.; Terai, T.; Komatsu, T.; Nagano, T. Development of a highly
sensitive fluorescent probe for hydrogen peroxide. J. Am. Chem. Soc. 2011, 133, 10629–
10637.


