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ABSTRACT: Metastatic cancers have historically been difficult to treat.
However, metastatic tumors have been found to have high levels of reactive
oxygen species such as hydrogen peroxide (H2O2), supporting the hypothesis
that a prodrug could be activated by intracellular H2O2 and lead to a potential
antimetastatic therapy. In this study, prodrug 7 was designed to be activated by
H2O2-mediated boronate oxidation, resulting in activation of the fluorophore
for detection and release of the therapeutic agent, SN-38. Drug release from
prodrug 7 was investigated by monitoring fluorescence after addition of H2O2
to the cancer cells. Prodrug 7 activated by H2O2, selectively inhibited tumor
cell growth. Furthermore, intratracheally administered prodrug 7 showed
effective antitumor activity in a mouse model of metastatic lung disease. Thus,
this H2O2-responsive prodrug has therapeutic potential as a novel treatment
for metastatic cancer via cellular imaging with fluorescence as well as selective
release of the anticancer drug, SN-38.

■ INTRODUCTION

Cancer is one of the most common life-threatening diseases in
the world, and metastasis is one of the primary causes of
cancer-related death. Although various approaches for cancer
therapy have been developed, several barriers to improving
effectiveness and avoiding toxicity still remain.1 In general,
cancer cells arise from the genetic transformation of normal
cells that allow them to migrate and invade neighboring tissues
or distant organs.
In addition, a higher level of oxidative stress has been

observed in various cancer cells and tumors due to the
overproduction of reactive oxygen species (ROS) including
hydrogen peroxide, hydroxyl radical, and superoxide anion.2

ROS-induced oxidative stress plays a significant role in several
pathological processes during cancer progression, such as
metastasis, apoptosis, proliferation, and angiogenesis.3 The
excess production of ROS inside cells is closely related to
metastatic disease progression, through increased metastatic
potential due to the loss of mitochondrial genome integrity.4 In
addition, the intrinsic enhancement of H2O2 levels inside the
tumor cell induces the expression of metastasis-related growth
factors, resulting in invasion and migration.5

Taking advantage of these biological features of cancer cells,
several approaches have been employed to detect various
ROS.6 Fluorescent probes are an attractive choice for
monitoring H2O2.

7 Fluorometry is rapidly performed, and can
afford real-time information on the localization and quantity of
the targets of interest. Therefore, fluorogenic methods have
been recognized as a reliable approach for the detection of ROS

through the preparation of appropriate probes, suitable linkers,
or advanced drug delivery systems.8

Theranostic nanomedicine is an emerging technology in
biomedicine, which can serve the dual purposes of therapy and
diagnosis. Moreover, theranostic approaches are particularly
appealing for personalized medicine to improve cancer
diagnosis and therapy.9 With the use of this concept, several
types of theranostic prodrug systems have been developed that
include anticancer drugs, fluorophores, and guiding groups with
thiol responsive linkers.10

In synthetic organic chemistry, hydrogen peroxide is neutral,
a good nucleophile and can used as a two-electron electrophilic
oxidant.11 Moreover, it is well established that alkyl- or aryl
boronic acid and their esters can be easily dissociated by H2O2
and the products of this reaction with H2O2 and boric acid do
not show any cytotoxicity, suggesting that the reaction between
boronate moiety and H2O2 is chemospecific, bioorthogonal and
biocompatible.12 Therefore, H2O2 has drawn great deal of
attention as a target for the development of ROS-activated
anticancer prodrugs due to their high sensitivity and specificity
toward the boronate moiety. Although, some drug delivery
systems responsive to H2O2 have been reported for cancer
treatment, they are lacking a diagnostic component.13

In this study, an H2O2-activated theranostic agent, prodrug 7,
was developed where a boronate ester was used as a trigger
unit, and a coumarin unit was used as a fluorophore to monitor
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the release of SN-38, the chemotherapeutic component. SN-38
is an effective anticancer drug, which is a camptothecin (CPT)
derivative. SN-38 is the active metabolite of irinotecan, which is
used for the treatment of various types of carcinoma via the
inhibition of topoisomerase I.14 This novel prodrug platform
represents the potential for efficient drug delivery into cancer
cells with a concomitant increase in anticancer activity, and
enhanced fluorescence intensity after boronate ester cleavage
triggered by intracellular H2O2. The potential in vivo
therapeutic efficacy of prodrug 7 was evaluated against a
mouse metastatic lung tumor model.

■ RESULTS AND DISCUSSION
Prodrug 7 was synthesized according to the following synthetic
pathway as shown in Scheme 1. Compounds 1−4 were

synthesized by previously published methods.15 Compound 5
was prepared by reaction of 4 with the trifluoromethanesulfonic
anhydride in the presence of few drops of pyridine. Compound
5 was reacted with bis(pinacolato)diboron in the presence of
catalyst Pd(dppf)Cl2·CH2Cl2 and KOAc to afford crude
boronate-aldehyde coumarin unit, which was reduced by
NaBH4 to obtain 6. Compound 6 was reacted with phosgene,
diisopropylethylamine (DIPEA) to give a reactive intermediate,
which was successively reacted with SN-38 to yield the desired
compound, prodrug 7. The coumarin derivative 8 was used as a
reference compound and was synthesized from 4 by NaBH4
reduction. Detailed synthetic procedures, yields and spectro-
scopic data including 1H NMR, 13C NMR, ESI-MS, HR-MS are
provided in the Supporting Information.
To verify that H2O2 was able to convert the boronate moiety

to the hydroxyl group in prodrug 7 and consequently activate
the coumarin fluorophore, a chemical transformation experi-
ment of prodrug 7 was performed in the presence of H2O2
under physiological conditions and monitored by UV−vis and
fluorescence spectroscopy. These experiments could verify the
H2O2-activated drug release mediated by the boronate trigger
in cells. In the UV spectrum as shown in Supporting
Information Figure S2a, prodrug 7 showed a strong absorption
peak at λmax = 320 nm. The absorption peak showed a slight red
shift after addition of 300 μm H2O2. As shown in Figure 1a,
prodrug 7 exhibited weak fluorescence centered at 453 nm,

which increased in intensity about 8.3-fold with a slight red shift
upon treatment of H2O2 (300 μM) in PBS buffer (10%
DMSO). The fluorescence spectra of the solution prodrug 7
after addition of H2O2 was exactly the same as the emission
spectrum of reference compound 8 (Supporting Information
Figure S1).
Furthermore, gradual addition of H2O2 up to 0−500 equiv to

a solution of prodrug 7 was investigated. The fluorescence
intensity of prodrug 7 at λmax = 456 nm increased until it
reached a saturation point at 400 equiv H2O2 (Figure 1c,d).
This observation indicates that the boronate moiety of prodrug
7 was readily dissociated by H2O2. Therefore, this ROS in
cancer cells might lead to delivery of SN-38 in a dose-
dependent manner.
Another set of experiments were performed to determine the

role of pH on triggering the release of SN-38 or the
fluorophore by monitoring the fluorescence of prodrug 7 (5.0
μM). In the absence of H2O2, prodrug 7 is stable over a pH
range from 3 to 10.5, as shown in Supporting Information
Figure S2b. In the presence of H2O2, an enhancement of
fluorescence intensity was detected over pH values ranging
from 5 to 8, as shown in Figure 1b. These findings showed that
a boronate-linked coumarin/SN38 conjugate (prodrug 7) may
be useful as a theranostic agent for delivering SN-38 to cancer
cells at biological pH.
Efficient release of the active drug from the prodrug is crucial

for effective administration of the active drug.16 To determine
the release of active drug over time, fluorescence at λmax = 456
nm was monitored in the presence of different concentrations
of H2O2 (Supporting Information Figure S4a). The initial rates
of fluorescence intensities with time were linearly dependent on
H2O2 concentration, and it was 123.9 min−1 at 400 μmol H2O2
as shown in Supporting Information Figure S4b. In the
presence of 500 μmol H2O2, fluorescence intensity of prodrug
7 reached its highest point and plateaued within 10 min. The
kinetics of drug release were faster with 500 μmol H2O2 than
with 400, 200, or 50 μmol H2O2. In contrast, without H2O2,

Scheme 1. Synthetic Scheme of Prodrug 7 and Reference
Compound 8

Figure 1. (a) Fluorescence spectra of prodrug 7 (5.0 μM, 10% DMSO,
90% PBS buffer) recorded in the presence and absence of H2O2 (300.0
μM). (b) The fluorescence response of prodrug 7 (5.0 μM) with H2O2
(300.0 μM) as a function of pH. (c) Fluorescence changes of prodrug
7 (5.0 μM) after treatment with increasing concentrations of H2O2
(0−500 equiv). (d) Changes in fluorescence intensity at 456 nm as a
function of H2O2 concentration.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja5077684 | J. Am. Chem. Soc. 2014, 136, 13888−1389413889



there was no fluorescence signal of prodrug 7 at 476 nm as a
function of time. This study showed that after prodrug 7
entered the cells, the active drug, SN-38, was released and on
the fluorophore activated in less than 10 min.
Before in vitro testing, the selectivity of prodrug 7 for H2O2

over other biologically relevant ROS species was evaluated. To
assess the possibility of interference, prodrug 7 was reacted with
various ROS: hydroxyl radical, tert-butoxy radical, super oxide,
hypochlorite anion, and tert-butyl hydrogen peroxide. These
ROS were tested under the same reaction conditions as H2O2

and fluoresecence was monitored. As seen in Supporting
Information Figure S3, increased fluorescence intensity was
observed when prodrug 7 was reacted with H2O2. No signifiant
changes in fluorescence intensity were observed upon addition
of other ROS. These findings indicate that prodrug 7 could be
reacted selectively with H2O2 in the cellular milieu.
In another set of experiments, whether the fluorescence

enhancement of prodrug 7 as shown in Figure 1 was an
indication of SN-38 release from the prodrug was investigated.
Prodrug 7 was reacted with H2O2 (300 μM) at 37 °C for 1 h,
then an aliquot was subjected to fast atom bombardment mass
spectroscopy. From the mass spectra, we observed two main
molecular peaks corresponding to reference compound 8 ([M
+ H] = 193.05) and SN-38 ([M + H] = 393.20) as seen in
Supporting Information Figure S27. The MS analyses provided
further support for the hypothesis that the boronate moiety
present in prodrug 7 was readily cleaved by cellular H2O2. The
boronate moiety of prodrug 7 reacted as an electrophile with
the H2O2 nucleophile in a reversible manner to form a
negatively charged tetrahedral boronate complex. The C−B
bond of this tetrahedral complex then reacted as a nucleophile
and to remove the OH group. The rate of reaction between the
boronate moiety and H2O2 was much faster among other alkyl
or aryl peroxides because water is the byproduct and a better
leaving group than alcohols. This gives selectivity toward free
H2O2 over lipid-derived peroxides.6a The above investigations
suggest that the boronate moiety present in prodrug 7 could be
cleaved by H2O2 releasing the active drug, SN-38, along with
the fluorescent probe 8, in the cellular milieu as described in
Scheme 2. This type of boronate oxidation by H2O2 could
readily be applied to create a number of tumor-targeting drug
conjugates that could be effective in biological systems.

On the basis of the positive results showing H2O2-mediated
release of active drug and concurrent fluorescence activation,
prodrug 7 was tested in cultured cells. Cellular uptake and
enhanced fluorescence intensity of prodrug 7 were investigated
in two different cell lines, B16F10, a highly metastatic murine
melanoma, and HeLa, human cervical cancer cell line.
To determine whether the active form of prodrug 7 induces

the fluorescence activation, fluorescence imaging of tumor cells
was used to estimate free coumarin formation as shown in
Figure 2 and Supporting Information Figure S5. B16F10 and

HeLa cells were pretreated with prodrug 7 (50 μM) for 6 h,
then exogenous H2O2 (100 μM) was added. After incubation
for 12 h, fluorescence was visualized using a confocal
fluorescence microscope. A weak fluorescence signal was
observed in prodrug 7-treated cells in absence of endogenous
H2O2 (Figure 2b and Supporting Information Figure S5b).
Both cell types treated with exogenous H2O2 exhibited
enhanced fluorescence (Figure 2c and Supporting Information
Figure S5c). This result indicates that the oxidation of boronate
moiety of prodrug 7 generated the fluorescence enhancement,
depending upon amount of intracellular H2O2, as depicted in
Scheme 2.
To provide further confirmation for H2O2-mediated cleavage

of the boronate moiety and concomitant formation of
fluorescent probe 8, intracellular fluorescence was analyzed
after exposure to phorbol 12-myristate 13-acetate (PMA). PMA
is a stimulus for cytoplasmic NADPH oxidase and ROS
generation.17 The results shown in Supporting Information
Figure S6 indicate that fluorescence in prodrug 7-treated
B16F10 and HeLa cells was increased in the presence of PMA
(0.5 μM).These data confirmed that the fluorescence enhance-
ment of prodrug 7 was mainly induced by the overproduction
of ROS like H2O2, and prodrug 7 could be used as a diagnostic
agent for the detection of intracellular H2O2.
Previous studies reported that intracellular H2O2 was mainly

produced by mitochondria and diffuses into lysosomes. A
fluorescence probe can specifically detect intracellular H2O2 in

Scheme 2. Proposed Reaction Mechanism of Prodrug 7 with
H2O2 under Physiological Conditions

Figure 2. Cellular fluorescence images of prodrug 7-treated B16F10
cells. Cells were treated with 50 μM prodrug 7 for 6 h. Then, cells
were treated with vehicle (b) or (c) H2O2 (100 μM) and incubated for
12 h. The nuclei of cells were stained by DRAQ5 (red). Scale bars: 20
μm. All images were acquired using these excitation wavelengths, 640/
20 nm for nuclei and 360/40 nm for prodrug 7, and emission
wavelengths, 685/15 nm for nuclei and 457/50 for prodrug 7.
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the lysosomes.7b,18 The lysosomal localization of activated
prodrug 7 triggered by H2O2 was investigated using a selective
fluorescent marker for lysosomes (LysoTracker-Red). As
shown in Figure 3, fluorescence images of prodrug 7

overlapped with fluorescent images of lysosomes in B16F10
and HeLa cells. Therefore, H2O2-mediated cleavage of prodrug
7 occurred in the lysomes. This cleavage process inside the cells
promotes the release of the fluorogenic coumarin moiety and
concomitantly fluorescence activation. Together, these data
indicate that prodrug 7 could be considered a specific marker
for hydrogen peroxide in lysosomes.
The comparative anticancer effects of the prodrug 7 and SN-

38 were assessed in B16F10 and HeLa cells by using a
colorimetric cell viability assay. Both cells were treated with
prodrug 7 or SN-38 at various concentrations (0−100 μM) for
6 h. This incubation was followed by addition of exogenous
H2O2 to some of the prodrug 7-treated cells. After incubation
for an additional 48 h, the methyl thiazole tetrazolium, (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, MTT)
assay was performed to determine cell viability. As shown in
Figure 4, prodrug 7 showed concentration-dependent,
antiproliferative effects against B16F10 and HeLa cells in the
presence of H2O2. SN-38 cytotoxicity in both cells was identical
to that of prodrug 7 at 100 μM. However, prodrug 7 showed
less cytotoxicity under normal conditions (without H2O2), even
at 100 μM. These results confirmed that the anticancer activity
of prodrug 7 depends on H2O2, even though only H2O2
treatment slightly affected cell viability by H2O2-mediated
apoptosis.3d Specific release and accumulation of SN-38
activated by H2O2 in cancer cells could prevent adverse effects
of the direct SN-38 treatment.
Finally, we investigated the therapeutic potential of prodrug

7 in a metastatic lung tumor model to evaluate its anticancer
efficacy in vivo. Metastatic tumors were induced by intravenous
injection of B16F10 melanoma cells. Prodrug 7 (0.25 mg/kg)
was administered intratracheally four times after tumor
inoculation.19 Noninvasive magnetic resonance imaging
(MRI) was used for detecting tumor growth and therapeutic
response.20 As shown in Figure 5, the pulmonary tumors were
noninvasively monitored using MRI on day 10. Discrete lung
tumors were visualized in prodrug 7-treated mice, whereas
diffuse metastatic tumors were observed in lung tissue of saline-
treated mice.

The mice were sacrificed at day 17 and lung tissues were
extracted for morphologic studies. While lung tissues of a
saline-treated control group showed numerous black colonies
of B16F10 cells, prodrug 7 inhibited tumor growth and likely
preserved more normal lung tissue (Figure 6a). These
observations were consistent with the histological findings
observed with hematoxylin and eosin (H&E) staining (Figure
6b). These results were also supported by the prolonged
survival time of prodrug 7-treated mice compared to the
control group (Figure 6c). Taken together, these data showed
that prodrug 7 exhibited strong anticancer effects through
H2O2-mediated SN38 release in a metastatic lung tumor model.
Prodrug 7 was developed as a tumor-targeted drug delivery

Figure 3. Subcellular localization of fluorescent prodrug 7 in B16F10
and HeLa cells. Cells were treated with 50 μM prodrug 7 for 6 h.
Then, cells were treated with 100 μM H2O2 and further incubated for
12 h. LysoTracker-Red was used to identify the lysosomes. Images
were collected with an excitation wavelengths at 555/28 nm and
emission wavelenghts at 617/73 nm. (Scale bars: 20 μm).

Figure 4. Antiproliferative activity of SN-38 and prodrug 7 in B16F10
(a) and HeLa (b) cell lines. Both cell lines were treated with SN-38 or
prodrug 7 at various concentration (0−100 μM) for 6 h. After cells
were treated with and without H2O2 (100 μM) for 48 h, cell viability
was assessed by the methyl thiazole tetrazolium (MTT) assay.

Figure 5. Representative in vivo magnetic resonance images of the
mouse lungs in sagittal (a) and axial (b) planes. Mice with
experimental lung metastasis induced by B16F10 melanomal cells
were treated intratracheally with saline or prodrug 7. MRI scans were
performed at day 10 postinoculation for monitoring the progression
comparison of metastatic lung tumors.
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system that can be specifically activated by ROS in the tumor
environment.

■ CONCLUSIONS
In this study, a new theranostic prodrug 7 was developed,
which contains a H2O2-induced cleavable boronate ester for
activating a fluorescent moiety (coumarin) and releasing a
potent anticancer drug, SN-38. Cellular H2O2 initiated
disintegration of the prodrug 7 by the oxidation of aryl
boronates to phenols, which produced the active SN-38
molecule and the free coumarin. Prodrug 7 showed a
fluorescent signal localized inside the cell, especially in
lysosomes, indicating the cellular delivery of the therapeutic
agent, SN-38. This prodrug effectively inhibited cancer cell
growth in the presence of H2O2 in vitro. In addition, in vivo
therapeutic activity was demonstrated after intratracheal
injection of prodrug 7 into mice with metastatic lung tumors.
These studies confirmed that the prodrug selectively accumu-
lated in metastasized lung tumors, where it released the active
anticancer agent SN-38. Thus, prodrug 7 reacts with
physiological levels of H2O2, resulting in dissociation of the
conjugates and delivery of chemotherapeutic agent, providing a
powerful new tool for cancer therapy.

■ EXPERIMENTAL SECTION
Synthesis of (E)-Ethyl 3-(7-hydroxy-2-oxo-2H-chromen-3-

yl)acrylate (1). This compound was synthesized following the
published procedure,15 yield: 85%. 1H NMR (DMSO-d6, 300 MHz):
δ 1.23 (t, J = 7.1 Hz, 3H), 4.15 (q, J = 7.1 Hz, 2H), 6.72 (d, J = 2.1 Hz,
1H), 6.80−6.85 (m, 2H), 7.45−7.55 (m, 2H), 8.40 (s, 1H). 13C NMR
(DMSO-d6, 100 MHz): 14.8, 60.7, 102.5, 112.1, 114.6, 116.8, 120.3,
131.5, 139.5, 146.1, 156.0, 159.8, 163.5, 166.9 ppm.
Synthesis of (E)-Ethyl 3-(7-acetoxy-2-oxo-2H-chromen-3-

yl)acrylate (2). This compound was synthesized following the
published procedure,15 yield: 88%. 1H NMR (DMSO-d6, 400 MHz):
δ 1.05 (t, J = 7.1 Hz, 3H), 2.11 (s, 3H), 3.99 (q, J = 7.1 Hz, 2H), 6.73

(d, J = 16.0 Hz, 1H), 7.00 (dd, J = 2.1, 8.4 Hz, 1H), 7.12 (d, J = 2.0
Hz, 1H), 7.33 (d, J = 16.0 Hz, 1H), 7.56 (d, J = 8.5 Hz, 1H), 8.35 (s,
1H). 13C NMR (DMSO-d6, 100 MHz): 14.8, 21.5, 60.9, 110.67, 119.9,
121.1, 122.4, 130.8, 138.8, 144.9, 154.3, 154.5, 159.3, 166.6, 169.4
ppm.

Synthesis of 3-Formyl-2-oxo-2H-chromen-7-yl Acetate (3).
This compound was synthesized following the published procedure15

yield: 65%. 1H NMR (DMSO-d6, 400 MHz): δ 2.29 (s, 3H), 7.21−
7.24 (m, 1H), 7.35 (d, J = 1.6 Hz, 1H), 8.00 (d, J = 8.6 Hz, 1H), 8.66
(s, 1H), 9.99 (s, 1H). 13C NMR (DMSO-d6, 100 MHz): 21.6, 111.0,
116.8, 120.2, 121.7, 133.1, 146.9, 156.0, 156.3, 159.7, 169.3, 188.7
ppm.

Synthesis of 7-Hydroxy-2-oxo-2H-chromene-3-carbalde-
hyde (4). Compound 3 (500 mg, 2.15 mmol) was dissolved in 40
mL of MeOH. K2CO3 (595 mg, 4.31 mmol) was added and the
solution was stirred at room temperature for 30 min. After completion
of the reaction (determined by TLC), the reaction mixture was
acidified with 1 N HCl solution (pH 3−4), then filtered, washed twice
with water, and dried. The crude yellow product 4 was pure enough
for further step. Yield was 88%. 1H NMR (DMSO-d6, 400 MHz): δ
6.73−6.74 (m, 1H), 6.83 (d, J = 8.6 Hz, 1H), 7.78 (d, J = 8.7 Hz, 1H),
8.55 (s, 1H), 9.92 (s, 1H). 13C NMR (DMSO-d6, 100 MHz): 102.9,
111.6, 115.2, 117.8, 134.1, 147.9, 158.2, 160.4, 165.5, 188.5 ppm.

Synthesis of 3-Formyl-2-oxo-2H-chromen-7-yl Trifluorome-
thanesulfonate (5). Compound 4 (100 mg, 0.52 mmol) and
pyridine (0.06 mL, 0.73 mmol) were dissolved in 20 mL of
dichloromethane and stirred in an ice bath for 10 min. Trifluor-
omethanesulfonic anhydride (106 μL, 0.63 mmol) was slowly added.
The reaction mixture was stirred for 2 h. After completion of the
reaction (determined by TLC), the reaction mixture was diluted with
dichloromethane (DCM), washed twice with brine, dried over sodium
sulfate, then filtered, and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography
on silica gel (EtOAc/hexane 1:9 to 2:8) to give compound 5 (120 mg,
71% yield) as a white solid. 1H NMR (CDCl3, 300 MHz): δ 7.24−7.31
(m, 1H), 7.34 (d, J = 2.0 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 8.40 (s,
1H), 10.23 (s, 1H). 13C NMR (CDCl3, 100 MHz): 111.0, 118.2, 118.9,
122.5, 132.7, 132.8, 144.3, 153.0, 156.2, 159.0, 187.3 ppm. HRMS:
calculated for C11H6F3O6S (M + 1) 322.9837; found 322.9836.

Synthesis of 3-(Hydroxymethyl)-7-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one (6). Compound 5
(100 mg, 0.31 mmol) was added to a stirred solution of
bis(pinacolato)diboron (95 mg, 0.37 mmol), Pd(dppf)Cl2·CH2Cl2
(12 mg, 0.01 mmol) and KOAc (91 mg, 0.93 mmol) in dry dioxane
(5 mL). The reaction mixture was refluxed under an argon atmosphere
for 8 h. After completion of the reaction (determined by TLC), the
solvent was removed under reduced pressure. Then, the reaction
mixture was diluted with EtOAc, washed twice with brine, dried over
sodium sulfate, and filtered, and the solvent was removed under
reduced pressure. The crude product was used for next step without
further purification. This was done because the boronate linker in this
compound is unstable in silica, even neutral alumina, or preparative
TLC. The crude product (180 mg) was dissolved in 10 mL of MeOH
and then NaBH4 (38 mg, 1.02 mmol) was added. The reaction mixture
was stirred at room temperature for 1 h. The reaction mixture was
decomposed with saturated ammonium chloride solution and then
diluted with EtOAc, washed twice with brine, dried over sodium
sulfate, and filtered, and the solvent was removed under reduced
pressure. The crude product was used for further steps without
purification. The crude product 6 was analyzed using 1H and 13C
NMR spectroscopy before going to the final step. 1H NMR (300
MHz, CDCl3): δ 1.36 (s, 12H), 4.63 (s, 2H), 7.46−7.49 (m, 1H), 7.68
(d, J = 7.4 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.81 (s, 1H). 13C NMR
(100 MHz, CDCl3): 24.4, 24.5, 60.9, 82.9, 119.8, 122.3, 122.8, 130.0,
130.4, 130.9, 145.9, 154.9, 160.4 ppm. HRMS: calculated for
C16H19BO5 (M + Na) 325.1223, found 325.1227.

Synthesis of 7. To a stirred solution of 6 (70 mg, 0.23 mmol) and
DIPEA (149 mg, 1.15 mmol, 0.20 mL) in dry dichloromethane (5.0
mL) was added phosgene solution (68 mg, 0.69 mmol, 0.34 mL). The
reaction mixture was stirred at 0 °C under an argon atmosphere. After

Figure 6. In vivo effects of prodrug 7 in an experimental lung
metastasis model. (a) Representative lungs isolated from normal mice
and mice with lung tumors administered saline or prodrug 7
intratracheally. (b) Histological sections of lung tissues with H&E
staining. Scale bars: 100 μm. (c) Kaplan−Meier survival analysis of
mice administered with saline or prodrug 7.
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2 h, the excess phosgene was removed from the reaction mixture by an
argon purge. Then the drug SN-38 (15 mg, 0.38 mmol in dry
dichloromethane with few drops of dry DMF) was added to the
reaction mixture and kept stirring for 5 days. After completion of the
reaction (determined by TLC), the reaction mixture was diluted with
EtOAc, washed twice with brine, dried over sodium sulfate, and
filtered, and the solvent was removed under reduced pressure. The
crude product was rapidly purified by short length column
chromatography on neutral alumina (MeOH/DCM 1:9 to 3:7) and
triturated with diethyl ether to give 7 (5.0 mg, 18.2% yield) as
brownish solid. 1H NMR (400 MHz, DMSO-d6): δ 0.88.00 (t, J = 7.2
Hz, 3H), 1.22 (t, J = 7.2 Hz, 3H), 1.32 (s, 12H), 1.97 (m, 2H), 3.09
(m, 2H), 3.50 (m, 2H), 5.17 (s, 2H), 5,42 (s, 2H) 6.49 (s, 1H), 7.25
(s, 1H), 7.40−7.757 (m, 3H), 8.03 (d, J = 8.32 Hz, 2H). 13C NMR
(100 MHz, CDCl3 with two drops DMSO-d6): 8.2, 13.8, 22.7, 25.1,
25.4, 29.4, 30.6, 49.9, 65.7, 70.2, 72.8, 96.2, 105.2, 118.4,122.8, 128.4,
128.6, 132.0, 143.2, 144.1, 146.9, 149.3, 150.5, 157.2,157.3, 173.0 ppm.
HRMS: calculated for C39H37BN2O11 (M + H) 721.2467, found
721.2426.
Synthesis of 7-Hydroxy-3-(hydroxymethyl)-2H-chromen-2-

one (8). To a stirred solution of 4 (80 mg, 0.42 mmol) in methanol
(5.0 mL) was added sodium borohydride (26 mg, 0.72 mmol). The
reaction mixture was stirred at room temperature for 2 h. After
completion of the reaction (determined by TLC), the reaction mixture
was decomposed with ammonium chloride solution, diluted with
EtOAc, washed twice with brine, dried over sodium sulfate, and
filtered, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel
(MeOH/DCM 0.5:9.5 to 1:9) to give 8 (35 mg, 44% yield) as a very
light yellow solid. 1H NMR (300 MHz, CDCl3): δ 4.51 (s, 2H), 6.77−
6.81 (m, 2H), 7.32 (d, J = 8.5 Hz, 1H), 7.75 (s, 1H) ppm. HRMS:
calculated for C10H8O4 (M + 1) 193.0501; found 193.0501.
Synthetic Materials and Methods. Chemicals used in this

project were purchased from Aldrich, Alfa-Aesar, Carbosynth, TCI,
and Ducsan without further purification. Silica gel 60 (Merck, 0.063-
0.2 mm) was used for column chromatography. Analytical TLC was
performed using Merck 60 F254 silica gel (precoated sheets, 0.25 mm
thick). 1H and 13C NMR spectra were collected in CDCl3, DMSO
(Cambridge Isotope Laboratories, Cambridge, MA) on Varian 300
and 400 MHz spectrometers. All chemical shifts are reported in ppm
values using the peak of residual proton signals of TMS as an internal
reference. The mass spectra were obtained on an Ion Spec Hi-Res
mass spectrometer.
Spectroscopic Materials and Methods. Different reactive

oxygen species (ROS) were used to treat prodrug 7 as follows: 5
mM superoxide (O2

−) and 100 μM of all other ROS. Superoxide used
as solid KO2. Hydrogen peroxide (H2O2), tert-butyl hydroperoxide
(TBHP), and hypochlorite ion (OCl−) were used as commercially
available 30%, 70%, and 5% aqueous solutions. The tert-butoxy radical
(·OtBu) and hydroxyl radical (·OH) were prepared by the reaction of
Fe2+ (1 mM) with TBHP (100 μM), or H2O2 (100 μM), respectively.
Stock solutions of prodrug 7 were prepared in triple 3′ distilled water.
All spectroscopic measurements were performed under physiologic
conditions (PBS buffer containing 10% (v/v) DMSO, pH 7.4, 37 °C).
Absorption spectra were recorded on an S-3100 (Scinco) spectropho-
tometer, and fluorescence spectra were recorded using an RF-5301 PC
spectrofluorometer (Shimadzu) equipped with a xenon lamp. Samples
for absorption and emission measurements were contained in quartz
cuvettes (3 mL volume). Excitation was provided at 320 nm with
excitation and emission slit widths of 3 nm.
Preparation of Cell Cultures and Fluorescence Imaging. The

mouse melanoma cells (B16F10), and human cervical cancer (HeLa)
cells were grown at 37 °C in an atmosphere of 5% CO2 using
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum and an antibiotic−antimycotic mixture (Invitrogen-
Gibco, Carlsbad, CA). The cellular uptake of prodrug 7 was confirmed
by fluorescence microscopy. B16F10 and HeLa cells were seeded in an
8-well slide (Ibidi, Munich, Germany), and grown to a density of 25
000 cells per well. All cells were incubated with 50 μM prodrug 7 in
media for 6 h, and then 0.1 mM H2O2 was added.

To induce the intracellular H2O2 production, both cells types were
treated with 20 μM prodrug 7 and incubated with PMA (0.5 μg/mL).
Cells were washed with phosphate-buffered saline (PBS) for three
times after incubation for 12 h. Fluorescent images were taken with a
Deltavision microscope (Applied Precision, Issaquah, WA). Nuclei
were counterstained with DRAQ-5 (Biostatus Limited, U.K.) for 20
min at room temperature. LysoTracker Red (Invitrogen, Grand Island,
NY) was used to investigate the colocalization of prodrug 7 with
lysosomes. Cell images were obtained by an LSM 410 confocal
microscope (Carl Zeiss Inc., Germany).

Cell Viability Assay. Antiproliferative activity of prodrug 7 and
SN-38 was tested by the MTT assay. Cells were seeded into 96-well
culture plates at 5 × 103 cells/well and incubated for 24 h at 37 °C.
Each compound was added to the wells at concentrations ranging from
1 to 100 μM for 6 h, and then the cells were cultured for 48 h after
addition of 0.1 mM H2O2. As a control, both cell types were incubated
without H2O2 treatment. The MTT assay was performed using a
commercially available MTT assay kit (Roche Diagnostics, Mannheim,
Germany) according to manufacturer’s instructions. In brief, MTT
labeling reagent was added to wells and incubated for 3 h at 37 °C,
followed by an overnight incubation with the solubilization buffer.
Finally, the absorbance of each well was measured at 570 nm using a
microplate reader (VersaMax, Molecular Devices, Sunnyvale, CA).

In Vivo Antitumor Efficacy in a Mouse Metastatic Lung
Tumor Model. To determine whether prodrug 7 has therapeutic
potential in the treatment of metastatic cancer, mice were injected
intravenously with 0.1 mL of cell suspension containing 1 × 106

B16F10 melanoma cells to generate metastatic lung tumors. After 3
days, prodrug 7 (250 μg/kg) was intratracheally delivered to the lung
tissues four times every 2 days, using a microsprayer (Penn-Century,
Inc., Glenside, PA). The progression of metastasized lung tumors was
noninvasively monitored at day 10, using a 4.7 T animal MRI scanner
(Biospec 47/40, Bruker, Germany) with gradient-echo pulse sequence
(TE/TR = 4.2/247 ms, slice thickness = 1 mm, FOV = 3 × 3 cm2,
matrix = 128 × 128, NEX = 8). The antitumor effect of prodrug 7 was
determined by morphological and histological examination of lung
tissues. After weighing each mouse, the mice (n = 5 each for mice
treated with saline and prodrug 7) were sacrificed on day 17, followed
by collection of lung tissues and microscopic examination of tissue
section slides using H&E staining (TissueGnostics GmbH, Vienna,
Austria). Survival rates of control and experimental group (n = 10
each) were determined using a Kaplan−Meier survival analysis.
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