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Precise detection of endogenous H2O2 has been considered to 

be a useful tool for understanding cell physiology. Here, we 

develop a nanoreactors co-incorporated with a H2O2-responsive 

fluorogenic molecule and a catalytic additive. The fast sensing 

kinetics allows us to visualize a subcellular response in real-time. 

 

Hydrogen peroxide (H2O2) is a mediator molecule that plays 

crucial roles in various cellular signal transductions related to 

physiological processes
1-3

 as well as pathological effects.
4
 It has 

been found that H2O2 is a major reactive oxygen species (ROS) 

implicated in redox signaling during proliferation and 

apoptosis of cells
3,5

 owing to its relatively high stability.
2,3,6

 In 

cell signaling, stimulation by cellular receptors or enzymes 

produces H2O2 whose concentration and location rely strongly 

on types of the process of interest. For example, the 

endogenous concentration of H2O2 varies from 10
-8

-10
-7

 M in 

proliferation to 10
-4

 M in apoptosis.
2,7

 Due to the process-

dependent nature of H2O2 production, highly resolved imaging 

of cellular H2O2 distribution in both spatial and temporal ways 

is essential to provide key information in understanding 

localized subcellular events.
8,9

 

Imaging H2O2 in living cells by a fluorescence dequenching 

response of quenched molecular probes has been extensively 

exploited. Dichlorodihydrofluorescein (DCFH) and its diacetate 

derivative (DCFH-DA) have been widely used,
10

 and other 

candidate molecules whose fluorescence is quenched by 

chemical caging with H2O2-cleavable moieties such as 

boronate
11-13 

and sulfonate
14-15

 were reported for the 

endogenous detection of H2O2. Since fluorogenic H2O2 sensing 

works on a reaction basis, sensitivity is significantly affected by 

the reaction rate of probe molecules. In this regard, single-

molecule probe systems would have critical limits in increasing 

the reaction rate by modifying the chemical structure, offering 

generally low sensing rates. There have been reports on real-

time imaging of intracellular H2O2 with inorganic nanoprobes 

with switchable photoluminescence.
16

 However, it is hard to 

achieve exact visualization of the spatiotemporal evolution of 

low-level H2O2 at the very beginning of a subcellular event by 

single-molecule probes without any improvement in 

reversibility and/or kinetics. 

Scheme 1. (a) Synthesis of a fluorescence-quenched probe 

molecule (pFS-DT) and its reverse (fluorescence dequenching) 

reaction in response to H2O2. (b) Schematic illustration of an 

all-in-one nanoreactor co-incorporating pFS-DT and catalysts 

(hydrophobic base or acid) and its H2O2–triggered fluorogenic 

reaction. 

 

Taking reaction kinetics into consideration, we devised a 

simple way of catalyzing the sensing reaction by integrating 

molecular probe reactants with catalysts in a nanoreactor. 

Here, we report a reactor-like fluorogenic nanoprobe in which 

quenched fluorescent dyes and catalytic additives are densely 

co-incorporated, enabling imaging of H2O2 with improved 

spatiotemporal resolution during cellular processes. Even 

though the flurogenic molecule in our nanoreactor has 
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irreversible character, we could achieve the real-time imaging 

of H2O2 at the beginning of the cellular event due to the fast 

sensing kinetics of our nanoreactor. 

Diethyl 2,5-dihydroxyterephthalate (DT) was chosen as a 

fluorescent unit due to its high fluorescence efficiency (FLQY = 

0.71 in THF and 0.45 in water suspension of nanoaggregates) 

even in the solid state, being suitable for constructing dye-

concentrated nanoprobes. Fluorescence of the parent dye (DT) 

was quenched with the pentafluorophenylsulfonyl (pFS) 

group
13-14

 by bis-sulfonylation of DT led to significant 

fluorescence quenching (FLQY of pFS-DT = 0.001 in THF 

solution) with a large hypsochromic shift of the absorption 

maximum (λmax.abs) from 380 to 275 nm shown Fig 1(a).  

 Fluorescence recovery of pFS-DT in response to H2O2 was 

evaluated with different catalytic additives in THF solution. 

pFS-DT by itself exhibited a fluorogenic response to H2O2. The 

degree of dequenching was enormously enhanced in the 

presence of a base, triethylamine (TEA), whereas acetic acid 

(AcOH) showed a retarding effect by which the recovered 

fluorescence at a given time was weaker than that of pFS-DT 

itself (Fig 1b). The base-catalyzed enhanced response is 

attributable to the deprotonation of H2O2 into perhydroxide 

(HOO
-
) with enhanced nucleophilicity for perhydrolysis. To 

understand the origin of the fluorogenic response of pFS-DT, 

the spectral characteristics were examined with model 

compounds (Fig S1 and S2 in the Supporting Information). 

Because pFS-DT is a bis-sulfonylated compound, mono- or di-

pFS deprotection is anticipated to occur by H2O2–induced 

perhydrolysis. Model compounds for mono- and di-pFS 

deprotection manifested distinct absorption, emission, and 

excitation maxima (λmax.abs = 325 nm, λmax.em = 380, 468 nm, 

λmax.ex = 325 nm for mono-deprotection; λmax.abs = 378 nm, 

λmax.em = 450 nm, λmax.ex = 380 nm for di-deprotection). 

Spectral features of the latter di-deprotected compound (DT) 

coincide well with those of the H2O2–reaction product of pFS- 

DT, suggesting that DT is the emissive product of the 

fluorogenic reaction. Gas chromatography/mass spectrometry 

(GC/MS) confirmed that pFS-DT indeed decomposes into di-

deprotected DT in the presence of H2O2 and TEA (Fig S3). To 

nanoscopically confine the above-demonstrated sensing 

reaction, H2O2 nanoreactor probes (NPs) were briefly 

formulated through homogeneous mixing of catalytic additive 

and pFS-DT at a given weight ratio with Pluronic F-68 that is a 

neutral polymeric surfactant forming stable micelles. To 

introduce base catalysis to the sensing kinetics, 1-

phenylimidazole (1PI) was chosen as a hydrophobic base that 

mimics histidine (His), a key residue of horseradish peroxidase 

(HRP)
17

 involved in H2O2 activation. For decelerating the 

sensing reaction, trimethylbenzoic acid (TMBA) was employed 

as an acidic decatalyst that would hinder the H2O2 

deprotonation and thus retard the pFS-DT perhydrolysis. The 

physically assembled NPs formed a stable aqueous suspension. 

Base NPs (1PI:pFS-DT=10:1) presented the average diameter 

and the intensity-weighted hydrodynamic size of 77 ± 17 nm 

(TEM) and 103 ± 13 nm (DLS), respectively (Fig 1c).  

H2O2 sensing kinetics of NPs was analyzed with time after 

addition of 100 μM H2O2. The fluorogenic responses with 

different loading amounts and types of catalytic additives 

could be expressed by two different kinetic equations (Fig S4a-

b). NPs that are uncatalyzed (pFS-DT alone), acid-decatalyzed 

(TMBA:pFS-DT=10:1) and catalyzed with relatively small 

amounts of base (1PI:pFS-DT=1:1 and 0.1:1) presented a 

single-phase fluorescence rise during the whole period of 

observation. In contrast, NPs catalyzed with excess base 

(1PI:pFS-DT=10:1 and 5:1) showed a two-phase profile where 

the fluorescence intensity increases rapidly during initial 100 s 

and then reaches to a slow rise region. Kinetic profiles of the 

excess-base NPs were successfully fitted by an equation 

expressing the pre-steady-state burst kinetics
18 

which is quite 

similar to the pre-steady-state burst kinetics of enzyme 

whereas single-phase kinetic behaviors for the other NPs were 

well suited to a typical pseudo-first-order kinetics model.
19

 The 

single-phase NPs showed rate constants (kobs) fitted in the 

range of 10
-4

-10
-5

 s
-1

 (Table S1), which are comparable to the 

previously reported values for boronate-based H2O2 probes.
9,12

 

In sharp contrast, the highly catalyzed NPs with an initial big 

burst (1PI:pFS-DT=10:1) presented a greatly accelerated kinetic 

rate that is ten orders of magnitude higher than that of the 

uncatalyzed pFS-DT-alone NPs (Table S1 and Fig 3d). Such a 

kinetic boost with base catalysis could be a critical feature to 

realized a real-time imaging of H2O2.  

Fig 1. (a) Absorption and fluorescence spectra of DT and pFS-

DT in THF and photograph showing fluorescence of samples 

under 365-nm illumination. (b) Fluorescence response of pFS-

DT to H2O2 in THF in the presence or absence of a catalyst 

(AcOH or TEA), after a reaction time of 20 min at 25 
o
C. (c) Size 

distribution and TEM image (inset) of basic NPs (1PI:pFS-

DT=10:1; scale bar: 300 nm). (d) Dependence of rate constants 

on the loading amounts of 1PI incorporated in NPs. (e) 

Fluorescence responses of basic (red, Base), neutral (orange, 

Neut) and acidic (green, Acid) NPs to various ROS, obtained 

after stirring them with 100 μM of each ROS for 60 min at 

room temperature. 

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

 

Importantly, the base catalysis was found to provide an 

additional benefit of improving the selectivity of NPs toward 

H2O2 among biologically relevant ROS (Fig 1e). As reported in 

the literature, the pFS caging group has a marginal uncaging 

selectivity to H2O2.
13

 Similar to pFs, low H2O2 selectivity was 

observed in uncatalyzed neutral NPs (pFS-DT alone) and Acidic 

NPs (TMBA:pFS-DT=10:1). However, the H2O2 selectivity was 

greatly enhanced in the basic NPs (1PI:pFS-DT=10:1) with a 

ratio of 3.5-12.6. The H2O2 selectivity enhancement is 

unambiguously attributed to the co-incorporation of base 

catalysis that has no catalytic effect on non-specific oxidation 

reactions but selectively activates perhydrolysis. 

Fig 2. Temporal evolutions of bright field image (top row), 

fluorogenic pattern (middle) and fluorescence intensity profile 

(bottom) at the indicated time points after epidermal growth 

factor (EGF) stimulation (500 ng/mL) to A431 cells pre-treated 

with 0.1 mg/mL of b-NPs (1PI:pFS-DT=10:1) for 5 min. The 

middle and bottom rows correspond to the regions indicated 

with orange squares in the top row. 

 

Taking advantage of fast kinetics and improved selectivity in 

cellular environment, we assessed the capability of base-

catalyzed NPs (1PI:pFS-DT=10:1; referred to as b-NPs) for 

spatiotemporally-resolved imaging of low-level H2O2 

generated during cellular processes. First, endogenous 

production of H2O2 in A431 cells was monitored at the very 

beginning of EGF stimulation (Fig 2). It is known that binding of 

EGF to the extracellular domain of the EGF receptor (EGFR) 

activates phosphatidylinositol-3-OH kinase (PI3K) and NADPH 

oxidase (Nox) to generate superoxide which is converted to 

H2O2 via spontaneous dismutation and then penetrates the 

membrane to the cytosol.
8,13,20

 To see the sequence of this 

process in a timely manner, A431 cells were pre-treated with 

0.1 mg/mL of b-NPs for 5 min, during which no fluorogenic 

signals were seen in the microscopic observation. Upon 

stimulation of the pre-treated cells with EGF (500 ng/mL), 

fluorescence spots with a punctate pattern evolved from 

localized cellular regions during initial 15 min. After the initial 

punctate response, fluorescence signals were gradually 

diffused throughout the cytosolic area with the overall 

intensity increased. It was observed that the signal diffusion 

coincides with a marked shrinkage in cell morphology (bright 

field images in Fig 2), which is in accordance with the EGF- 

modulated cell shape change reported in the literature.
20

 The 

middle and bottom rows correspond to the regions indicated 

with orange squares in the top row. During the time, no 

notable fluorescence was detected without EGF stimulation in 

b-NPs treated A431 cells (Fig S6), verifying that the fluorogenic 

signals in Fig 2 is a response of the cell-internalized b-NPs to 

endogenous H2O2 during EGF stimulation. In the same 

experimental setup, a commercial ROS probe molecule, DCFH-

DA, provided only a blurred and diffused response to EGF 

stimulation with much lower fluorescence intensity, lacking in 

spatiotemporal information (Fig S7). Moreover, DCFH-DA 

displayed its intrinsic poor characteristics of light-induced 

auto-oxidation before EGF stimulation and photobleaching 

during repetitive imaging, which was not seen with b-NPs. 

These distinct imaging results demonstrate that b-NPs 

equipped with nanoscopic base catalysis have greatly 

improved performances for cell imaging in terms of 

spatiotemporal resolution and photostability. 

To confirm whether the sensing kinetics of NPs can be 

retained in the intracellular environment, imaging of 

endogenous H2O2 was briefly conducted with RAW264.7 

macrophages that can produce high levels of H2O2 in response 

to phorbol myristate acetate (PMA).
14 

After adding PMA, acidic 

NPs (TMBA:pFS-DT=10:1) presented a punctate pattern of 

fluorescence at 60 min of incubation, whereas  the pattern 

with basic NPs (1PI:pFS-DT=10:1) could be seen at much earlier 

time (10 min of incubation) (Fig S5). Such distinct behaviors 

between acidic and basic NPs indicate that the physically 

assembled nanoreactor is retained stably in cells, clearly 

elucidating the utility of NPs as an intracellular bioprobe.
 

In A431 cells expressing yellow fluorescent protein (YFP)-

encoded Nox1, all the fluorescently labeled Nox1 domains on 

the membrane overlapped with a fraction of the initial 

punctate spots of b-NPs (Fig S8). Considering that Nox1 is a 

member of Nox family (ROS-producing membrane proteins),
21

 

the signal co-localization between b-NPs and Nox1 concludes 

that b-NPs is indeed capable of visualizing an early phase of 

the H2O2 production by Nox in the EGF-induced signaling 

pathway with a high spatiotemporal resolution. To further 

confirm the origin of endogenous H2O2 generation, inhibition 

tests were conducted with chemical inhibitors (Fig S9). The 

fluorogenic response of b-NPs to EGF stimulation was 

significantly reduced by PD153035 (inhibiting EGFR kinase 

domain), Apocynin (inhibiting Nox), and Wortmannin 

(inhibiting PI3K), whereas L-NAME (inhibiting NO synthase) 

revealed no inhibition effect. All these reponses well reflect 

the mechanistic aspects of EGF-induced signaling pathway, 

suggesting that b-NPs with fast sensing kinetics offer a useful 

tool for timely visualization of cellular biological events 

implicated with low-level H2O2.  

Further, the cellular impacts of b-NPs were comparatively 

evaluated between HeLa cells with and without sample uptake 

at 0.1 mg/mL (Fig. S10). It turned out that b-NPs under the 

given condition induce no significant alteration in both 

intracellular H2O2 and pH levels and that its cytotoxicity is 

negligible, indicating minimal impacts on the cellular 

physiology. 

To explore the general utility of b-NPs in a wide range of cell 

processes, imaging pathology-related generation of H2O2 in 

subcellular compartments was attempted. Type II diabetes is a 
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disease in which a high level of nonesterified fatty acid (NEFA) 

leads to pancreatic β-cell dysfunction and loss (called 

lipotoxicity),
22

 a major cause of which was found to be 

oxidative stress by metabolically overproduced H2O2 in 

peroxisomes.
23

 As a model for such disorders, a pancreatic β-

cell line (RIN-m) was stimulated with 50 µM of palmitic acid 

(one of NEFAs) to induce lipotoxicity. Upon uptake into the 

lipotoxicity-induced cells, b-NPs displayed a punctate pattern 

of fluorescent spots, all of which are co-localized with 

fluorescently labeled peroxisomes (Fig 3a), well visualizing the 

aforementioned pathological process occurring in subcellular 

compartments. With enhanced sensitivity by nanoscopic base 

catalysis, b-NPs was also capable of detecting extremely low 

levels of H2O2 produced during various cellular processes. 

Endogenous H2O2 in homeostatic cellular processes such as 

starvation
24

- and hypoxia
25

-induced autophagy was 

successfully imaged with b-NPs. When treated with b-NPs for 

15 min, nutrient-starved cells, incubated in Earle’s balanced 

salt solution (EBSS) for 3h, showed brighter fluorescence than 

cells incubated in control media (DMEM with 10 % FBS)  (Fig. 

3b and Fig. S11a). Similarly, the fluorescent signal of b-NPs in 

hypoxic (less than 1 % O2 for 24h) HeLa cells was higher than in 

normoxic (20 % O2, Ctrl.) cells (Fig. 3c and Fig. S11b). Moreover, 

b-NPs was capable of imaging cell proliferation involving H2O2 

at 10
-8

 M (Fig S12)
2
. 

Fig 3. Fluorescence imaging of H2O2 produced in various 

cellular processes of living cells with b-NPs. (a) NEFA-induced 

lipotoxicity of RIN-m cells. The images show b-NPs channel, 

peroxisome marker channel, overlay of the two channels 

(merged), and bright field. The inset is a magnified image of 

the region marked with a white square. (b) Starvation-induced 

autophagy of HeLa cells (c) Hypoxia-induced autophagy of 

HeLa cells.   

 

In summary, we have devised a novel concept of reactor-like 

nanoprobes with enzyme-like boosted sensing kinetics for fast, 

sensitive and selective imaging of low-level H2O2 generated 

during various cellular processes. The nanoreactor 

construction is based on the physical assembly of 

sulfonylation-quenched fluorogenic molecules and catalytic 

additives into an amphiphile-stabilized colloidal structure. Such 

a versatile probe design enabled facile control of the sensing 

rate to provide unprecedentedly fast sensing kinetics and 

improved selectivity. The base-catalyzed nanoprobes allowed 

for timely visualization of low-level H2O2 involved in various 

cell processes of normal and pathological physiology. All the 

results demonstrate that nanoscopic control of chemical 

sensing reaction is a rational way of tailoring the imaging 

performance of molecular probes, holding potential to offer a 

new tool for unveiling the fundamentals of cell biology. 
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