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The overproduction of hydrogen peroxide is implicated in the
development of numerous diseases1–4 and there is currently
great interest in developing contrast agents that can image
hydrogen peroxide in vivo. In this report, we demonstrate that
nanoparticles formulated from peroxalate esters and fluorescent
dyes can image hydrogen peroxide in vivo with high specificity
and sensitivity. The peroxalate nanoparticles image hydrogen
peroxide by undergoing a three-component chemiluminescent
reaction between hydrogen peroxide, peroxalate esters and
fluorescent dyes. The peroxalate nanoparticles have several
attractive properties for in vivo imaging, such as tunable
wavelength emission (460–630 nm), nanomolar sensitivity
for hydrogen peroxide and excellent specificity for hydrogen
peroxide over other reactive oxygen species. The peroxalate
nanoparticles were capable of imaging hydrogen peroxide in the
peritoneal cavity of mice during a lipopolysaccharide-induced
inflammatory response. We anticipate numerous applications
of peroxalate nanoparticles for in vivo imaging of hydrogen
peroxide, given their high specificity and sensitivity and deeptissue-imaging capability.
The development of contrast agents that can image hydrogen
peroxide in vivo remains a major challenge in the field of
molecular imaging. Imaging hydrogen peroxide in vivo has been
difficult because of its low concentration and low reactivity
in comparison with other reactive oxygen species. At present,
fluorescent probes based on boronates are the only contrast agents
that can detect hydrogen peroxide at physiologic concentrations
with high specificity2–7 ; however, their potential for in vivo imaging
is limited because of low tissue penetration8,9 .
In this letter we present for the first time a contrast
agent that can image hydrogen peroxide in vivo10 , with high
specificity and sensitivity11 , termed peroxalate nanoparticles. The
peroxalate nanoparticles image hydrogen peroxide by carrying out
a three-component chemiluminescent reaction between hydrogen
peroxide, peroxalate esters and fluorescent dyes. The details of
this strategy are shown in Fig. 1. Compound 1 forms the scaffold
of the peroxalate nanoparticles and is a hydrophobic polymer
that contains peroxalate esters in its backbone. The peroxalate
nanoparticles (3) are formulated from 1 and fluorescent dye (2),

generating nanoparticles that have fluorescent dyes surrounded
by peroxalate esters. The peroxalate nanoparticles image hydrogen
peroxide through a two-step process. First, hydrogen peroxide
diffuses into the nanoparticles and reacts with the peroxalate
ester groups, generating a high-energy dioxetanedione within the
nanoparticles12–18 . This dioxetanedione then chemically excites
encapsulated fluorescent dyes (4), through the chemically initiated
electron-exchange luminescence mechanism13,19–21 , leading to
chemiluminescence from the nanoparticles (5) and the imaging of
hydrogen peroxide.
Polymer 1 was synthesized through the reaction of
hydroxybenzyl alcohol, octanediol and oxalyl chloride, and was
chosen for imaging studies because it possesses an optimal tradeoff between stability in aqueous environments and reactivity
to hydrogen peroxide (see the Supplementary Information).
Initial hydrogen peroxide chemiluminescence experiments were
carried out with the fluorescent dye rubrene. Nanoparticles
formulated from 1 and rubrene had a mean size of 550 nm, as
determined by dynamic light scattering. The chemiluminescence
from these nanoparticles in the presence of varying concentrations
of hydrogen peroxide was investigated. Figure 2a demonstrates that
nanoparticles composed of 1 and rubrene chemiluminesce in the
presence of hydrogen peroxide and also have a linear correlation
between hydrogen peroxide concentration and chemiluminescence
intensity, within the concentration range of 0–10 µM. The
peroxalate nanoparticles were also capable of detecting hydrogen
peroxide at concentrations as low as 250 nM (Fig. 2b), and
thus can detect hydrogen peroxide at physiologically relevant
concentrations. The peroxalate nanoparticles have a 60:1 molar
excess of peroxalate esters to fluorescent dyes. This excess of
peroxalate esters should act as a continuous energy source, and
enable the peroxalate nanoparticles to chemiluminesce for an
extended period of time in the presence of hydrogen peroxide.
We investigated the kinetics of chemiluminescence from the
peroxalate nanoparticles in the presence of hydrogen peroxide.
The chemiluminescence emission intensity has a half-life of
approximately 25 min in the presence of 10 µM hydrogen peroxide,
and should therefore be suitable for numerous in vivo imaging
applications (see Supplementary Information, Fig. S5).
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Figure 1 Peroxalate nanoparticles—a new strategy for imaging hydrogen peroxide in vivo. Peroxalate nanoparticles (3) are formulated from the peroxalate polymer (1)
and a fluorescent dye (2), in this case pentacene. Hydrogen peroxide reacts with the peroxalate ester of 3 to produce a high-energy dioxetanedione intermediate within the
nanoparticles (4), which then chemically excites the encapsulated dye, leading to light emission from the nanoparticles and the imaging of hydrogen peroxide (5).

A key advantage of using peroxalate nanoparticles for
imaging hydrogen peroxide is their potential for generating
chemiluminescence at high emission wavelengths. This is because
the dioxetanedione intermediate produced within the nanoparticles
can chemically excite a variety of fluorescent dyes19 , including
those in the near-infrared range. Chemiluminescence emission
wavelengths greater than 600 nm are ideally suitable for deeptissue imaging (>1 cm) owing to the minimal absorption
by haemoglobin, water and lipids at these wavelengths9,22 .
The wavelength tunability of the peroxalate nanoparticles was
investigated by encapsulating rubrene, perylene and pentacene
and measuring their emission spectra in the presence of
hydrogen peroxide. Figure 2c shows that peroxalate particles
containing perylene, rubrene and pentacene emitted light at
wavelengths of 460, 560 and 630 nm, respectively, which are
similar to the fluorescent emission wavelengths of these dyes.
The chemiluminescence emission wavelength of peroxalate
nanoparticles can therefore be tuned to high wavelengths by simply
changing the fluorescent dye encapsulated within the nanoparticle.
Peroxalate nanoparticles, therefore, have the potential for deeptissue imaging of hydrogen peroxide.
Another appealing feature of peroxalate nanoparticles for
imaging hydrogen peroxide is their specificity for hydrogen
peroxide over other reactive oxygen species. Peroxalate
chemiluminescence requires the generation of a four-membered
dioxetanedione intermediate, which can be formed only
by hydrogen peroxide, and not by other reactive oxygen

species, such as superoxide or nitric oxide. The specificity of
peroxalate nanoparticles containing rubrene to hydrogen peroxide
was therefore investigated. Figure 2d shows that peroxalate
nanoparticles have considerable selectivity for hydrogen peroxide
over other reactive oxygen species. For example, at 10 µM hydrogen
peroxide, peroxalate nanoparticles gave a chemiluminescent
intensity of 1.3 × 106 RLU s−1 , which is 50 times higher than with
either tert -butyl peroxide or the hydroxide radical. The superoxide
anion generated ten times less chemiluminescence than hydrogen
peroxide, but this value was mainly due to the spontaneous
dismutation of superoxide into hydrogen peroxide, as shown by
its inhibition in the presence of catalase, a hydrogen peroxidescavenging enzyme.
The ability of the peroxalate nanoparticles containing
pentacene to detect hydrogen peroxide in deep tissues of mice
was investigated. Pentacene was chosen as a fluorescent dye
for in vivo imaging because of its high emission wavelength
(630 nm) and consequent high level of tissue penetration. First, to
demonstrate the feasibility of deep-tissue imaging using peroxalate
nanoparticles, a suspension of nanoparticles (300 µg) in the
absence or presence of hydrogen peroxide (1 and 10 µM) was
injected intramuscularly at a depth of ∼3 mm and imaged in an
IVIS imaging system. Figure 3 demonstrates that the peroxalate
nanoparticles can detect exogenous hydrogen peroxide. For
example, a peak emission intensity of 80,000 p s−1 cm−2 sr−1 was
observed from the particles injected with 10 µM hydrogen peroxide
(I), whereas a peak emission intensity of only 20,000 p s−1 cm−2 sr−1
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Figure 2 Peroxalate nanoparticles have high sensitivity and specificity for hydrogen peroxide, and also tunable emission wavelengths. a, Peroxalate nanoparticles
show a linear correlation between chemiluminescence intensity and the concentration of hydrogen peroxide. Mean ± s.d., n = 3. Data shown are obtained from 1 mg of
peroxalate nanoparticles in response to the addition of increasing concentrations of hydrogen peroxide. RLU, relative light units. b, Chemiluminescence intensity of
rubrene-encapsulated nanoparticles at a concentration of hydrogen peroxide less than 1 µM. Mean ± s.d., n = 3. c, Chemiluminescent emission spectra of peroxalate
nanoparticles, containing either perylene, rubrene or pentacene, in the presence of hydrogen peroxide. d, Chemiluminescence response of rubrene-loaded peroxalate
nanoparticles (1 mg ml−1 ) to various reactive oxygen species. Superoxide was added as solid KO2 . Hydroxyl radical and butoxy radical were generated by the reaction of
10 mM of Fe2+ with 1 mM hydrogen peroxide or 1 mM tert-butyl hydroperoxide. Mean ± s.d., n = 3.

was detected from particles injected with 1 µM hydrogen peroxide
(II) and much lower emission was observed from the particles
without hydrogen peroxide (III).
We also investigated the ability of the peroxalate nanoparticles
to image endogenously produced hydrogen peroxide in mice.
The overproduction of hydrogen peroxide is implicated in
the development of numerous inflammatory diseases, such as
atherosclerosis, chronic obstructive pulmonary disease and liver
hepatitis23–27 . Therefore, there is a great interest in imaging
hydrogen peroxide in vivo because of its potential to act as
a diagnostic for inflammatory diseases. Activated macrophages
and neutrophils are a major source of hydrogen peroxide
in inflammatory diseases28,29 . We investigated the potential of
peroxalate nanoparticles to image hydrogen peroxide, generated
by activated macrophages and neutrophils, in a lipopolysaccharide
(LPS) model of acute inflammation30 .
Mice were given an intraperitoneal injection of LPS, and
4 h later peroxalate nanoparticles containing pentacene were also
injected into the peritoneal cavity, and imaged in an IVIS imaging
system. Figure 4 shows that mice treated with LPS and peroxalate
nanoparticles generated a greater intensity of chemiluminescence
than mice treated with saline and peroxalate nanoparticles,
demonstrating that the peroxalate nanoparticles can image the
production of hydrogen peroxide in vivo.
For example, Fig. 4a shows a representative image of
chemiluminescence emitted from mice treated with LPS
and peroxalate nanoparticles versus mice treated with saline
and peroxalate nanoparticles. Mice treated with LPS and
peroxalate nanoparticles had a peak emission intensity of
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Figure 3 In vivo imaging of exogenous hydrogen peroxide using peroxalate
nanoparticles. Peroxalate nanoparticles were mixed with various concentrations of
hydrogen peroxide and injected, intramuscularly, into the leg, and then imaged in an
IVIS imaging system. (I) Peroxalate nanoparticles + 10 µM of hydrogen peroxide;
(II) peroxalate nanoparticles + 1 µM of hydrogen peroxide; (III) peroxalate
nanoparticles only; (IV) negative control.
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Figure 4 In vivo imaging of endogenous hydrogen peroxide in the peritoneal cavity of mice, during an LPS-induced inflammatory response, using peroxalate
nanoparticles. a, (I) LPS was injected into the peritoneal cavity of mice, followed by an intraperitoneal injection of peroxalate nanoparticles 4 h later. (II) Saline was injected
into the peritoneal cavity of mice, followed by an intraperitoneal injection of peroxalate nanoparticles 4 h later. (III) The negative control (no particles, no LPS). All images were
taken 1 min after injection of the peroxalate nanoparticles and are a representative result of four experiments. b, Quantification of chemiluminescence emission intensity from
groups (I)–(III) (in a). The total number of photons from the entire peritoneal cavity of groups (I)–(III) was integrated and plotted as a ratio to the control group, mean ± S.E,
n = 4, ∗ P < 0.01 relative to group (II).

80,000 p s−1 cm−2 sr−1 from the peritoneal cavity, with a large
fraction emitting from 40,000 to 60,000 p s−1 cm−2 sr−1 ; in contrast,
mice treated with saline and peroxalate nanoparticles had a
peak emission intensity of only 40,000 p s−1 cm−2 sr−1 , and the
majority of emission intensity was 20,000 p s−1 cm−2 sr−1 or below.
To further quantify these results, the total number of photons
emitted from the entire peritoneal cavity was integrated from
each of the experimental groups and divided by the control
group. Figure 4b demonstrates that mice treated with LPS and
peroxalate nanoparticles generated almost two times higher
chemiluminescence intensity than mice treated with saline and
peroxalate nanoparticles. Taken together, these results suggest that
peroxalate nanoparticles have the potential for imaging hydrogen
peroxide-associated inflammatory diseases.
In summary, we have demonstrated that peroxalate
nanoparticles can image hydrogen peroxide in vivo with high
specificity and sensitivity. Peroxalate nanoparticles have great
potential for imaging of hydrogen peroxide-associated diseases,
given their high specificity and sensitivity and deep-tissueimaging capability.

METHODS
SYNTHESIS OF POLYMER 1
4-Hydroxybenzyl alcohol (16 mmol) and 1,8-octanediol (2.4 mmol) were
dissolved in dry tetrahydrofuran (10 ml), under nitrogen, to which
triethylamine (40 mmol) was added dropwise at 0 ◦C. This mixture was added
to oxalyl chloride (18.3 mmol) in dry tetrahydrofuran (20 ml) at 0 ◦C. The
reaction was kept at room temperature overnight, quenched with a saturated
brine solution, and extracted with ethylacetate. The combined organic layers
were dried over anhydrous Na2 SO4 and concentrated under vacuum. The
polymer 1 was isolated by precipitating in dichloromethane/hexane (1:1). The
molecular weight was determined to be 8,900 (polydispersity = 2.6) by gel
permeation chromatography using polystyrene standards. 1 H-NMR in
deuterated chloroform on a 500 MHz spectrometer (Bruker): 7.5–7.4
(m, 2H, Ar), 7.3–7.2 (m, 2H, Ar), 5.4–5.3 (m, 2H, OCH2 –PhO), 4.4–4.2
(m, 4H, COOCH2 CH2 ), 1.84–1.67 (m, 4H, OCH2 CH2 ), 1.49–1.16
(m, 8H, OCH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 O).

NANOPARTICLE PREPARATION
Polymer (20 mg) was dissolved in 1.5 ml of dichloromethane, to which the
fluorescent dye (1 mg) in 200 µl of dichloromethane was added. The mixture
was added to 8 ml of a polyvinyl alcohol solution (5.0% in phosphate buffer
pH 7.4) and homogenized, using a sonicator (Branson Sonifier 250) and
homogenizer (Power Gen 500, Fisher Scientific), to form a fine oil/water
emulsion. A nanoparticle suspension was prepared by rotary evaporation of
dichloromethane for 30 min.
MEASUREMENT OF CHEMILUMINESCENCE
Peroxalate nanoparticles were diluted in sodium phosphate buffer (pH 7.4,
0.1 M) to give a concentration of 1 mg ml−1 . Various amounts of a hydrogen
peroxide solution (1 mM in phosphate buffer pH 7.4, 0.1 M) were added to the
nanoparticle suspensions, and the chemiluminescence was measured with a
luminometer (Femtomaster FB12, Zylux Corporation) with a 10 s acquisition
time. The chemiluminescence emission spectra were obtained using a
spectrofluorometer (RF-5301-PC, Shimadzu).
IN VIVO IMAGING
C57Bl/6 mice, aged 8–10 weeks, were obtained from Jackson Labs.
Pentacene-loaded nanoparticles (1 mg ml−1 in 0.1 M sodium phosphate buffer,
pH 7.4) were mixed with either 1 or 10 µl of a 1 mM hydrogen peroxide
solution (pH 7.4), and 200 µl of the nanoparticle suspension was injected
intramuscularly into the legs of anaesthetized mice (ketamine/xylazine).
Chemiluminescence images were captured with a 1 min acquisition time using
an IVIS imaging system (Xenogen, USA).
For imaging of hydrogen peroxide generated in response to LPS-induced
inflammation, 1 ml of LPS (1 mg ml−1 in saline) was injected into the peritoneal
cavity of mice (n = 4) 4 h before the hydrogen peroxide imaging. Mice were
anaesthetized with ketamine/xylazine and the hair and skin on the ventral
surface of the abdomen was removed. One millilitre of pentacene-encapsulated
peroxalate nanoparticles (1.5 mg ml−1 in sodium phosphate buffer, pH 7.4) was
given to the mice intraperitoneally. Chemiluminescence images were captured
with a 1 min acquisition time using an IVIS imaging system (Xenogen, USA).
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