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Abstract: Hydrogen peroxide is one of the fundamental
molecules of biology, regulating key cell signaling path-
ways and the development of numerous inflammatory dis-
eases. There is therefore great interest in developing con-
trast agents that can detect hydrogen peroxide in vitro and
in vivo. In this report, we present a new contrast agent for
imaging hydrogen peroxide, termed the chemilumines-
cent poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-
PCL) micelles (CPMs), which can detect hydrogen perox-
ide at nanomolar concentrations and chemiluminesce in
the near IR range (676 nm) in the presence of hydrogen
peroxide. The CPMs are composed of a PEG-PCL scaf-
fold and have fluorescent dyes and peroxalate esters in

their hydrophobic PCL core. The CPMs image hydrogen
peroxide by undergoing a three-component chemilumi-
nescent reaction involving a peroxalate ester, a fluores-
cent dye, and hydrogen peroxide. The CPMs also have a
stealth PEG corona to enhance their circulation half life.
The CPMs should find numerous applications for imag-
ing hydrogen peroxide because of their nanomolar sensi-
tivity, small size, and stealth pegylated surface. � 2009
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2009
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INTRODUCTION

Hydrogen peroxide is a small molecule metabolite
that regulates key cell signaling pathways and the
development of numerous life-threatening dis-
eases.1,2 Despite its significance, very little is known
about the function of hydrogen peroxide in vivo
because of a lack of imaging technologies, and there

is therefore great interest in developing new contrast
agents that can image hydrogen peroxide.3–5 Con-
trast agents based on peroxalate chemiluminescence
(PO-CL)6–8 have great potential for imaging hydro-
gen peroxide because of their excellent sensitivity
and specificity. However, using peroxalate chemilu-
minescence for the in vivo imaging of hydrogen per-
oxide is challenging because it requires a methodol-
ogy for sequestering peroxalate esters and fluores-
cent dyes within a close proximity. We previously
demonstrated that nanoparticles composed of poly-
meric peroxalate esters and fluorescent dyes, termed
the peroxalate nanoparticles, were capable of imag-
ing hydrogen peroxide in vivo via peroxalate chemi-
luminescence, in the peritoneal cavity of mice after
an intraperitoneal injection.9 Although the peroxalate
nanoparticles have great promise for in vivo imaging
of hydrogen peroxide, their large size will prevent
their extravasation into the tissue from the vasculature,
limiting their in vivo applications. Furthermore, the
hydrophobic surface of the peroxalate nanoparticles
will also cause them to be primarily phagocytosed by
macrophages. Therefore, new peroxalate-based contrast
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agents for in vivo imaging of hydrogen peroxide are
greatly needed.

In this report, we present a new peroxalate-based
contrast agent, termed the chemiluminescent PEG-
PCL micelles (CPMs), which are 50 nm in size and
can detect nanomolar concentrations of hydrogen
peroxide. The CPMs are composed of a PEG-PCL
scaffold, and are generated by self-assembling PEG-
PCL into micelles, in the presence of fluorescent
dyes and peroxalate esters. PEG-PCL was chosen as
the scaffold of the CPMs because it is a biodegrad-
able and biocompatible amphiphilic polymer that
has been extensively used for drug delivery.10–12

PEG-PCL micelles also have a hydrophilic PEG co-
rona, which should enhance the circulation half-life
of the CPMs and their extravasation into tissue.13,14

Finally, the hydrophobic and crystalline PCL core of
the CPMs should stabilize encapsulated peroxalate
esters from water hydrolysis and enhance their sta-
bility in physiologic environments.

MATERIALS AND METHODS

MPEG (Mn 5 2000), e-caprolactone, stannous octoate,
6,13-pentacenequinone, 4-ethynyl-a,a,a-trifluorotoluene,
tin(II) chloride, and n-butyllithium were purchased from
Sigma-Aldrich (St. Louis, MO) and were used as received.
Diphenyl oxalate was purchased from TCI America (Port-
land, OR). Tetrahydrofuran and toluene were dried using
standard methods.15 Fetal Bovine Serum (FBS) was pur-
chased from the ATCC (Manassas, VA). DMEM (Dul-
becco’s Modified Essential Medium) and Mediatech, Inc.
(Manassas, VA). 1H NMR spectra were recorded using a
Varian 400 spectrometer in CDCl3 (7.26 ppm). Gel permea-
tion chromatography measurements were made using a
Shimadzu SCL-10A.

Synthesis of PEG-PCL copolymer (1)

The copolymer 1 was synthesized using a modified liter-
ature procedure.16 MPEG (Mn 5 2000 g/mol) (3g, 4 mmol)
was dissolved in 80 mL of toluene and was azeotropically
distilled to a 50 mL final volume to remove water. The
MPEG solution was allowed to cool to room temperature
and e-caprolactone (9.3 mL, 84 mmol) was added under a
nitrogen atmosphere, followed by the addition of 2.4 mL
of a 0.1M solution of stannous octoate in dry toluene. The
mixture was heated to 1308C and allowed to reflux for
24 h. The reaction mixture was then cooled to room tem-
perature and poured into a mixture of n-hexane and ethyl
ether (v/v 5 4/1), to precipitate the polymer. The result-
ing polymer was separated from the supernatant by filtra-
tion. The obtained polymer was redissolved in CH2Cl2 and
filtered. The filtrate was concentrated with a rotary evapo-
rator and dried in vacuo to yield 1 as a colorless solid.

1H NMR (CDCl3, 400 MHz): d 4.05 (t, J 5 6.8 Hz, 2H),
3.63 (s, 4H), 3.37 (s, 3H), 2.30 (t, J 5 7.2 Hz, 2H), 1.64 (m,

4H), 1.37 (m, 2H). The polydispersity index (PDI 5 2) of 1
was determined by GPC, based on polystyrene standards
obtained from Polymer Laboratories (1060 Mw, 10.3 min;
2970 Mw, 9.4 min; 10 800 Mw, 8.2 min).

Synthesis of 6, 13-bis(4-
trifluoromethylphenylethynyl)pentacene (2)

The compound 2 was synthesized according to a modi-
fied literature method.17 To a solution of 4-ethynyl trifluor-
otoluene (0.85 mL, 5.19 mmol) in 10 mL of anhydrous THF
was added n-BuLi (3.24 mL, 5.19 mmol, 1.6 M in hexane)
at 2788C. The reaction mixture was allowed to warm to
room temperature and stirred for 30 mins. 6, 13-Pentacene-
quinone (0.4 g, 1.29 mmol) was then added and the result-
ing reaction mixture was stirred for 2 h until all the solids
dissolved, generating a dark brown solution. A mixture of
SnCl2 (1.17 g, 5.19 mmol) in 10% HCl (10 mL) was added
carefully and heated for an additional 30 min, allowed to
cool to room temperature and poured rapidly into 160 mL
of methanol, generating a deep blue precipitate, which
was filtered, washed with methanol, and dried. The recov-
ered solid was then dissolved in toluene (40 mL) and
passed through a short silica gel column. The product was
obtained by removing the solvent under vacuo and further
purified by repeated (five times) recrystallizations from
hexane/toluene (v/v, 1:2) (15 mL each) to give pure 2 as a
deep blue solid.

1H NMR (CDCl3, 400 MHz): d 9.29 (s, 4H), 8.07 (dd, J1
5 6.4 Hz, J2 5 3.2 Hz, 4H), 8.16 (d, J 5 8.4 Hz, 4H), 7.94
(d, J 5 8.4 Hz, 4H), 7.61 (dd, J1 5 6.4 Hz, J2 5 3.2 Hz, 4H).

Formulation of the CPMs

The CPMs were prepared using a solvent displacement
formulation protocol.18 The copolymer 1 (50 mg), diphenyl
oxalate (5 mg), and the fluorescent dye (either rubrene or
pentacene) (1mg) were dissolved in 2 mL of acetone. The
resulting solution was then added dropwise to an excess
of deionized water (20 mL) to form micelles. The organic
solvent was removed under vacuum while maintaining
the temperature at 08C and the resulting micelle solution
was used for further experiments. The hydrodynamic di-
ameter of the CPMs was determined by dynamic light
scattering (Particle Size Analyzer 96 Plus, Brookhaven
Instrument Corporation, NY) at a concentration of 1 mg/
mL in deionized water.

Sensitivity of the CPMs to hydrogen peroxide

The CPMs were prepared by the solvent displacement
method, as described above, and were diluted with phos-
phate buffer (pH 7.4, 0.1M) to generate a micelle concen-
tration of 1.5 mg/mL. Various amounts of a hydrogen per-
oxide stock solution (10 lM in phosphate buffer pH 7.4,
0.1M), was then added to the CPMs and the resulting
chemiluminescence was measured using a luminometer
(Femtomaster FB12, Zylux Corporation, TN) with a
10-s acquisition time. The chemiluminescence emission
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spectrum of the CPMs was acquired in the presence of
hydrogen peroxide (10 lM) using a fluorometer (Photon
Technology International, NJ).

Stability of the CPMs in deionized water

The CPMs were prepared by the solvent displacement
method, as described above, and were incubated in deion-
ized water for various time periods. The CPMs were then
diluted with phosphate buffer (pH 7.4, 0.1M) to generate a
micelle concentration of 1.5 mg/mL, and were subse-
quently mixed with a hydrogen peroxide stock solution
(10 lM in phosphate buffer pH 7.4, 0.1M) to generate a 1 lM
concentration. The chemiluminescence of this solution was
measured using a luminometer (Femtomaster FB12, Zylux
Corporation, TN) with a 10-s acquisition time.

Sensitivity of the CPMs to hydrogen
peroxide in serum

The CPMs were prepared by the solvent displacement
method, as described above, and were diluted with 10%
FBS (supplemented with DMEM) to generate a micelle
concentration of 1.5 mg/mL, containing 5% FBS. Various

amounts of a hydrogen peroxide stock solution (10 lM in
phosphate buffer pH 7.4, 0.1M) were then added to the
CPMs and the resulting chemiluminescence was measured
using a luminometer with a 10-s acquisition time.

RESULTS AND DISCUSSION

Molecular design of the CPMs

Peroxalate chemiluminescence has great potential
for imaging hydrogen peroxide; however, its biologi-
cal applications have been limited because it is a
three-component reaction, which requires a method-
ology for sequestering peroxalate esters and fluores-
cent dyes in close proximity in vivo. In this report,
we demonstrate that micelles composed of PEG-PCL
can encapsulate peroxalate esters and fluorescent
dyes in their hydrophobic core, and can detect
hydrogen peroxide under physiologic conditions via
peroxalate chemiluminescence. The molecular design
of the CPMs is shown in Figure 1. The CPMs are for-
mulated by self-assembling PEG-PCL (1) in the pres-

Figure 1. Chemilumiluminescent PEG-PCL micelles (CPMs) for imaging hydrogen peroxide. PEG-PCL copolymer (1)
self-assembles into micelles in water and encapsulates 6, 13-Bis(4-trifluoromethylphenylethynyl)pentacene (2) and diphenyl
oxalate (3) into their hydrophobic core, generating the CPMs. Hydrogen peroxide diffuses into the CPMs and reacts with
its peroxalate esters to produce a high energy dioxetanedione intermediate. The dioxetanedione chemically excites encap-
sulated fluorescent dyes, leading to the emission of photons and the detection of hydrogen peroxide. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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ence of diphenyl oxalate (3) and a hydrophobic fluo-
rescent dye (such as 2), generating micelles, which
have a hydrophobic PCL core that contains peroxa-
late esters and fluorescent dyes. The CPMs image
hydrogen peroxide through a two-step chemilumi-
nescent process. First, hydrogen peroxide diffuses
into the micelles and reacts with its peroxalate
esters, generating a high-energy dioxetanedione in-
termediate within the micelles.6,8 This dioxetane-
dione then chemically excites encapsulated fluores-
cent dyes, through the chemically initiated electron-
exchange luminescence (CIEEL) mechanism,19,20

leading to chemiluminescence from the micelles and
the detection of hydrogen peroxide.

Synthesis and formulations of the CPMs

The copolymer 1, used to formulate the CPMs,
was synthesized by ring opening polymerization of
e-caprolactone, using MPEG (Mn 5 2000) as the ini-
tiator and stannous octoate as a catalyst. The compo-
sition and molar ratio of the PEG and PCL blocks in
the copolymer 1 was determined by 1H NMR, which
indicated that the PCL block was 6600 (Mn) and that
the PEG block was 2000 (Mn). The CPMs were pre-
pared using a solvent displacement procedure gener-
ating micelles that have a mean diameter of 50 nm,
with a majority of the micelles being in the 30-nm
range (Fig. 2). Diphenyl oxalate and the fluorescent
dye (rubrene or pentacene derivative 2) were encap-
sulated in the copolymer 1 during micelle prepara-
tion. The small size of the CPMs should make them
suitable for imaging extracellular hydrogen peroxide
produced in inflammatory tissues because micelles
in this size range can extravasate into inflammatory
tissues through their leaky endothelial junctions.13,14

Sensitivity of the CPMs to hydrogen peroxide

The sensitivity of the CPMs to hydrogen peroxide
was investigated by measuring their chemilumines-
cence intensity in the presence of hydrogen peroxide
at various concentrations in the range of 0–1 lM.
Figure 3 demonstrates that the CPMs have excellent
sensitivity for hydrogen peroxide, and can easily
detect hydrogen peroxide at concentrations as low as
50 nM. This is significantly better than the peroxalate
nanoparticles, which could only detect hydrogen
peroxide at concentrations above 250 nM. The
improved sensitivity of the CPMs is possibly due to
their smaller size, which provides a larger surface
area and enhances the diffusion of hydrogen perox-
ide into the CPMs. The CPMs also contain aromatic
peroxalates instead of mixed aliphatic/aromatic per-
oxalates, as in the peroxalate nanoparticles. Aromatic
peroxalates are in general more efficient at perform-
ing peroxalate chemiluminescence than mixed ali-
phatic/aromatic peroxalates, because phenol is a bet-
ter leaving group than an aliphatic alcohol, and this
may also contribute to the enhanced sensitivity of
the CPMs to hydrogen peroxide.

Stability of the CPMs in deionized water

A key issue with using peroxalate-based contrast
agents in aqueous solutions is the instability of per-
oxalate esters to water hydrolysis. For example, di-
phenyl oxalate has a hydrolysis half-life of �2 min
in water,21,22 which makes it unsuitable for physio-
logical applications. However, encapsulation of di-
phenyl oxalate in the CPMs should protect it from
water hydrolysis by providing a hydrophobic envi-
ronment that has low water permeability. We there-
fore investigated the stability of the CPMs in aque-
ous solutions, by incubating the CPMs in water for

Figure 2. Dynamic light scattering of the CPMs.

Figure 3. Sensitivity of diphenyl oxalate and rubrene
encapsulated CPMs to hydrogen peroxide in phosphate
buffer (pH 7.4).
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various time periods and then measuring their
chemiluminescence in response to hydrogen perox-
ide (1 lM). Figure 4 demonstrates that the CPMs
have a half-life of �30 min in water, suggesting that
the CPMs stabilize diphenyl oxalate from water hy-
drolysis. The high stability of the CPMs should
allow them to image hydrogen peroxide after an in-
travenous injection.

Sensitivity of the CPMs to hydrogen
peroxide in serum

Serum contains amphiphilic molecules that fre-
quently partition into and disrupt micellar aggre-
gates; serum, therefore, has the potential to lower
the efficacy of the CPMs. The sensitivity of the
CPMs to hydrogen peroxide, in the presence of se-
rum, was therefore investigated. CPMs were mixed
with 10% FBS (supplemented with DMEM), incu-
bated with various concentrations of hydrogen per-
oxide (0–1 lM), and the resulting chemiluminescence
was then measured. Figure 5 demonstrates that the

chemiluminescence efficiency of the CPMs is dra-
matically reduced in the presence of serum proteins,
and is in general one order magnitude lower than
serum free containing CPM solutions. However, the
CPMs still have a linear correlation between hydro-
gen peroxide and chemiluminescence intensity, in
the 0.1–1 lM concentration range in serum, and
therefore can still be used for numerous physiologic
applications.

The CPMs have tunable emission wavelengths

A key benefit of using the CPMs for hydrogen
peroxide imaging is that the dioxetanedione interme-
diate formed by their reaction with hydrogen perox-
ide has the potential to excite a wide variety of fluo-
rescent dyes, allowing the emission wavelengths of
the CPMs to be easily engineered for a particular
application. For example, a major application of the
CPMs is for the in vivo imaging of hydrogen perox-
ide, which requires CPMs that have emission
wavelengths greater than 600 nm because of the
low tissue scattering at these wavelengths.23,24 We
therefore investigated the chemiluminescence
emission wavelengths of CPMs with different
encapsulated dyes. Figure 6 demonstrates that
CPMs encapsulating rubrene emit at 560 nm in the
presence of hydrogen peroxide, which is similar to
the fluorescence emission spectrum of rubrene.
Importantly, CPMs encapsulating the pentacene
derivative 2 emit at 676 nm in the presence of
hydrogen peroxide, which is ideal for deep tissue
imaging of hydrogen peroxide in vivo because of
the high tissue penetration at this wavelength. In

Figure 5. Sensitivity of the CPMs to hydrogen peroxide
in 5% FBS (supplemented with DMEM).

Figure 4. Stability of diphenyl oxalate and rubrene encap-
sulated CPMs in deionized water.

Figure 6. Chemiluminescence emission spectra of rubrene
and 6, 13-Bis(4-trifluoromethylphenylethynyl)pentacene
encapsulated CPMs in the presence of hydrogen peroxide.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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summary, the CPMs have tunable emission wave-
lengths and can be engineered to chemiluminesce
in the near IR range, making them suitable for in
vivo applications.

CONCLUSION

In this report, we present a new contrast agent
for imaging hydrogen peroxide termed the CPMs,
which have a mean diameter of 50 nm and can
detect nanomolar concentrations of hydrogen per-
oxide. The CPMs are micelles composed of PEG-
PCL, which encapsulate fluorescent dyes and per-
oxalate esters. The CPMs image hydrogen peroxide
by chemiluminescence imaging, hydrogen perox-
ide initiates a three-component reaction within the
core of the CPMs, which results in the emission of
photons. The CPMs have tunable emission wave-
lengths and also a stealth PEG corona. On the basis of
these properties, we anticipate numerous applications
of the CPMs for the in vivo imaging of hydrogen per-
oxide.
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