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Abstract Multidrug resistance (MDR) is one of the main
challenges in the treatment of breast cancer. A new
microsphere formulation able to generate reactive oxygen
species (ROS) locally was thus investigated for circumventing MDR in breast cancer cells in this work. Glucose
oxidase (GOX) was encapsulated in alginate/chitosan
hydrogel microspheres (ACMS-GOX). The in vitro cytotoxicity of ACMS-GOX to murine breast cancer EMT6/
AR1.0 cells, which overexpress P-glycoprotein (P-gp), was
evaluated by a clonogenic assay. The mechanism of the
cytotoxicity of ACMS-GOX was investigated by using
various extracellular and intracellular ROS scavengers and
antioxidant enzyme inhibitors. The effect of lipid peroxidation and cellular uptake of GOX was also evaluated.
ACMS-GOX exhibited similar dose and time-dependent
cytotoxicity to EMT6/AR1.0 cells as to their wild-type
EMT6/WT parent cells, in effect circumventing the MDR
phenotype of EMT6/AR1.0 cells. Extracellular H2O2 and
intracellular hydroxyl radical were found to play critical
roles in the cytotoxicity of ACMS-GOX. Cellular uptake of
GOX was negligible and thus not responsible for intracellular ROS generation. Combining ACMS-GOX with
intracellular antioxidant inhibitors-enhanced cytoxicity.
This work demonstrates that the ACMS-GOX are effective
in circumventing P-gp-mediated MDR in breast cancer
cells.
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Introduction
Multidrug resistance (MDR) can develop in tumor cells as
a result of chronic exposure to nontoxic levels of a therapeutic agent and clinically may be one of the main reasons
for the failure of systemic chemotherapy [1]. Cellularbased MDR generally results from the overexpression of
protein transporters located in the cell membrane. These
transporters belong to the adenosine triphosphate (ATP)binding cassette (ABC) family, e.g., P-glycoprotein (P-gp),
MDR-associated protein (MRP), lung resistance protein
(LRP), and breast cancer-related protein (BCRP) [2]. They
serve as energy-dependent drug efflux pumps, exporting a
wide range of structurally and functionally unrelated anticancer agents out of cells. Directly inhibiting these transporters, as a way of overcoming MDR, has been
extensively investigated for more than two decades [3, 4].
However, the relatively high toxicity of the first and second
generation P-gp inhibitors, e.g., verapamil and cyclosporine A, has lead to the exploration of a third generation of Pgp inhibitors, such as valspodar, which shows lower toxicity, higher affinity to P-gp (or other MDR transporters),
and better pharmacokinetic behavior. Nevertheless, these
inhibitors are still in clinical trial.
The difficulties encountered in attempting to overcome
MDR by directly inhibiting cell membrane transporters have
prompted alternate approaches based on the study of
molecular mechanisms regulating MDR transporter
expression. These approaches have focused on either
inhibiting gene expression of MDR transporters in more
efficient ways or circumventing the MDR mechanism.
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Examples of the former approach include the down-regulation of MDR transporter genes, e.g. mdr1 gene, using antisense oligonucleotides, ribozymes, small interfering RNAs
(siRNAs), and short hairpin RNA (shRNA) [5], and of the
latter, the use of drugs that are poor substrates for MDR
transporters such as the anthracyclines idarubicin and annamycin [6].
Elevated reactive oxygen species (ROS) levels have
been reported to down-regulate expression of the multidrug
resistance type 1 (mdr1) gene, which encodes P-gp [7],
suggesting that the MDR phenotype can be circumvented
by a modest increase of intracellular ROS generation [8, 9].
In addition, ROS are not substrates for MDR transporters
and therefore could circumvent the MDR effect. In fact, it
has been reported that bovine serum amine oxidase
(BSAO) is more toxic to MDR cancer cells than to its wildtype counterpart by producing ROS, suggesting that the
MDR cells are sensitive to ROS [10, 11].
ROS, including hydrogen peroxide (H2O2), superoxide
anion (•O2-), and hydroxyl radical (•OH), are by-products
of normal cellular metabolism that directly affect cellular
functions, e.g. development, growth, and aging. A moderate level of intracellular ROS is thought to be essential to
maintain an appropriate redox balance and to stimulate
cellular proliferation [12]. On the other hand, excessive
production of ROS can result in detrimental cellular damage including lipid peroxidation, protein oxidation, and
DNA adduct formation, which can all ultimately lead to
cell death via apoptosis or necrosis [13, 14]. The cytotoxicity of some anticancer agents has been attributed, at least
partially, to increased intracellular ROS levels. For example, the anthracycline family, such as doxorubicin (Dox)
and daunorubicin, induced apoptosis by increasing intracellular ROS [15, 16].
Among ROS, H2O2 has been shown to induce apoptosis
of many tumor cells in vitro [17–19]. However, H2O2 was
ineffective when it was injected alone into the tumors or
into the circulation due to its rapid clearance and to its
decomposition by catalase in erythrocytes [20, 21]. Several
in situ H2O2-generating enzymes, such as glucose oxidase
(GOX) [22, 23], BSAO [24–26], amino acid oxidase [27],
and xanthine oxidase [28], have been evaluated as alternate
approaches to deliver H2O2 to solid tumors. The antitumor
activity of these enzymes has been demonstrated both in
vitro and in vivo. However, the free enzyme is rapidly
degraded or cleared by the host when administered systemically. Daily intraperitoneal administration of GOX was
required to inhibit tumor growth [22]. In order to increase
GOX stability, it has been conjugated to polyethylene
glycol (PEG), but repeated intratumoral administration of
PEG-GOX was needed to achieve in vivo toxicity [23].
Locoregional delivery of therapeutic agents to solid
tumors by microspheres or nanoparticles can increase the
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local concentration and extend the residence time of the
encapsulated drugs due to their continuous release. This
approach has shown promising results with higher efficacy
and decreased systemic toxicity compared to systemic drug
administration [29–35]. Our laboratory has successfully
developed dextran-based microspheres for the local delivery of Dox and MDR reversal agents to solid tumors
resulting in significant delays in tumor growth [32, 33].
With new solid polymer-lipid nanoparticle formulations,
greatly enhanced uptake, retention, and cytotoxicity of Dox
in MDR breast cancer cells in vitro were obtained [36, 37].
To develop a microsphere formulation for in situ production of ROS inside solid tumor, we have encapsulated GOX
in alginate/chitosan hydrogel microspheres (ACMS-GOX)
and demonstrated well-maintained enzymatic activity [38].
The ability of ACMS-GOX to produce hydrogen peroxide
was equivalent or superior to that of free GOX (FR-GOX)
at longer times (after 3 h). The ability to produce ROS in
situ for a prolonged time is desirable for local treatment of
solid tumors without frequently repeated injections.
Based on previous research by various groups including
our laboratory, the present work focused on the investigation into a novel strategy of circumventing rather than
directly inhibiting the MDR mechanism of drug resistant
cancer cells using the ROS-generating enzyme, GOX. The
cytotoxicity of free GOX and ACMS-GOX against murine
MDR EMT6/AR1.0 breast cancer cells and their wild-type
counterpart EMT6/WT cells was examined using a clonogenic assay. To delineate the site of enzymatic action, i.e.,
inside or outside the microsphere, GOX release from the
ACMS-GOX was tested. To characterize whether free
GOX or GOX released from ACMS-GOX can enter the
cells, fluorescence-labeled GOX was prepared, and its
cellular uptake was examined. The mechanism of the
cytotoxicity of ACMS-GOX was investigated by the use of
extracellular ROS scavengers and intracellular antioxidant
enzyme inhibitors.

Materials and methods
Materials
Cell culture medium, alpha-minimal essential medium
(a-MEM) plus antibiotics (streptomycin and penicillin,
0.1 g/l each), was obtained from the Ontario Cancer Institute
Media Supply Service (Toronto, ON, Canada). Fetal bovine
serum (FBS) was from Cansera International Inc. (Etobicoke, ON, Canada). All cell culture plastic wares were supplied by Sarstedt (Montreal, Que, Canada). PeroXOquantTM
quantitative peroxide assay kit (aqueous compatible
formulation) was purchased from Pierce (Rockford, IL,
USA). Catalase (CAT), superoxide dismutase (SOD),
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deferoxamine mesylate (DEF), 3-amino-1,2,4-triazole (3AT), L-buthionine-(S,R)-sulfoxine (BSO), diethyldithiocarbamate (DDC), ciclopirox olamine (CIC), alginate (sodium
salt, medium molecular weight, viscosity of 2.0% solution,
25C, 3,500 cps), and glucose oxidase (Type X-S, 190
U/mg, from Aspergillus niger) were all obtained from Sigma
(St. Louis, MO, USA). Chitosan was from Fluka (Buchs, SG,
Switzerland) and modified before use as previously described [39].

Preparation of ACMS and GOX loading into ACMS
ACMS were prepared as described previously [38].
Briefly, 20 mg of calcium carbonate was added to 6.0 ml
of 1.5% (w/v) sodium alginate solution and placed in an
ultrasonic bath (VWR, West Chester, PA, USA) for
4 min. The suspension was dispersed into 30 ml of light
mineral oil containing 1.5% (v/v) of Span 80 and 0.2% (v/
v) of acetic acid at a stirring speed of 760 rpm at room
temperature. Next, 120 ml of distilled deionized (DDI)
water was added to the above emulsion. Stirring continued
for 40 min at a speed of 300 rpm. The calcium alginate
(CaAlg) gel beads were separated, rinsed, and subjected to
GOX loading.
In a typical GOX loading experiment, 0.5 ml of CaAlg gel beads was added into 0.5 ml of 0.2 mg/ml GOX
in a buffer solution (0.2 M, pH 4 (KHC6H4(COO)2HCl)). The adsorption experiments were carried out for
30 min at 4C. Then, 1% (w/v) of chitosan acetic acid
solution (1%, v/v) was added for 10 min to coat the
CaAlg gel beads. The concentration of GOX in the
solution before and after loading and coating was characterized by the BioRad (Hercules, CA, USA) protein
microassay. The percentage of GOX loading and
encapsulation efficiency were calculated using the following equations:
GOX loading ¼

weight of GOX loaded
 100%
weight of total particles

Encapsulation efficiency
weight of GOX loaded
¼
 100%:
total weight of GOX added to the preparation

GOX release and ACMS swelling test
The GOX release test was carried out using 0.5 ml of
ACMS-GOX (3.5 mg dry weight) in 10 ml of 0.2 M pH
6.0 and pH 7.4 (KH2PO4-NaOH) buffer solutions at 37C.
The concentration of GOX in the buffer solution was
measured by the BioRad (Hercules, CA, USA) protein
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microassay. Briefly, an 800 ll-sample was taken at different time intervals, 200 ll of assay solution was added,
the mixture was incubated at room temperature for 10 min,
and the ultraviolet (UV) adsorption of the mixture at
596 nm was measured. After each sampling, an 800 ll of
the fresh buffer was added to the testing medium.
The swelling measurements of ACMS-GOX were carried out at 0.2 M pH 6.0 or pH 7.4 buffer solution
(KH2PO4-NaOH) as well. Around 5 ll of ACMS-GOX
was added to 100 ll of buffer solution on the glass slide.
The size change of ACMS was observed under a microscope (LEITZ DM IL, Leica, Wetzlar, Germany). At different time intervals, from 1 to 30 min, pictures were taken
with a digital camera (Canon A75, Canon, Tokyo, Japan).
The diameters of 10 selected beads in each picture were
then measured on a computer using Universal Desktop
Ruler software (AVPSoft). The swelling ratio was defined
as the volume after swelling divided by the original volume
of ACMS.
Determination of kinetics of H2O2 generation
The kinetics of H2O2 generation by ACMS-GOX was
determined by a PeroXOquantTM quantitative peroxide
assay kit (Pierce, Rockford, IL, USA). ACMS-GOX,
0.5 ml (3.95 mg of dry weight), loaded at different concentrations of GOX (0.4, 2, 10 U/ml) were incubated in
10 ml of culture medium in a humidified incubator at 37C.
At different time intervals, an 800 ll aliquot of the culture
medium (as defined below) was taken and centrifuged for
1 min using Centricon YM-50 (Millipore, Billerica, MA,
USA) with a cutoff molecular weight of 50,000 kDa. To
20 ll of filtrate, 200 ll of the assay kit was added. The
mixture was incubated for 15 min at room temperature, and
then its absorbance was measured at 595 nm using a
microplate reader (Molecular Device, Sunnyvale, CA,
USA).
Cell lines and cell cultures
Parent EMT6/WT murine breast carcinoma cells and its
MDR derivative EMT6/AR1.0 cells, which overexpress
P-gp, were generously provided by Dr. I. F. Tannock of the
Ontario Cancer Institute (Toronto, ON, Canada). The
doubling time of the cell lines during the exponential
growth phase was 14–16 h. Cells (5–30 passages in our
hands) were cultured as a monolayer on 75-cm2 tissue
culture flasks in a-MEM plus antibiotics (streptomycin and
penicillin, 0.1 g/l each) supplemented with 10% FBS
(defined as culture medium) in a 5% CO2/95% air
humidified incubator at 37C. Confluent cultures were
trypsinized with 0.05% trypsin-EDTA (Invitrogen, Burlington, ON, Canada) and subcultured twice a week.
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Evaluation of the cytotoxicity of FR-GOX
and ACMS-GOX

Determination of lipid peroxidation of cells
caused by GOX

All the in vitro cytotoxicity experiments were carried out
using cells grown as a monolayer in a humidified incubator
with 5% CO2/95% air at 37C. Twenty-four hours prior to
treatment, 5 9 105 cells were seeded in 10-cm petri dishes
containing 10 ml of growth medium. For the drug treatment experiments, aliquots of ACMS-GOX loaded with
equivalent doses of free GOX (FR-GOX) were incubated
with EMT6/WT or EMT6/AR1.0 cells for 1 h, respectively. Following incubation, cells were rinsed and trypsinized and assayed for survival using a clonogenic assay.
Cells without GOX treatment were run as a control. The
cytotoxicity of blank ACMS was also evaluated on both
cell lines for 5 h exposures. For EMT6/AR1.0 cells, the
cytotoxicity of ACMS-GOX with exposure times of 1, 3,
and 5 h was also examined.

To determine the mechanism of the cytotoxicity, the extent
of lipid peroxidation was determined by following the
evolution of thiobarbituric acid-reactive substances.
EMT6/AR1.0 and EMT6/WT cells were seeded in 10-cm
plastic petri dishes at 1 9 106 cells per dish in 10 ml of
growth medium for 24 h. The cells were then treated with
FR-GOX or ACMS-GOX for 0, 1, 3, and 5 h, after which
time the cells were scraped free of the dish surface using a
rubber policeman. A 2 ml aliquot of cell suspension was
combined with 2 ml of 70% trichloroacetic acid and mixed
well. Then, 2 ml of thiobarbituric acid was added, and the
mixture was boiled for 5 min. The solutions were centrifuged, and the supernatants were read on a UV/Vis spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) at 540 nm.

Determination of cellular uptake of GOX

Evaluation of the cytotoxicity in the presence
of extracellular ROS scavengers and intracellular
antioxidant enzyme inhibitors

GOX was conjugated to fluorescein isothiocyanate (FITCGOX) using an EZ-labelTM fluorescein protein labeling kit
(Pierce, Rockford, IL, USA) and loaded into ACMS
microspheres as described earlier. The microencapsulated
or free FITC-GOX were incubated with wild-type or drugresistant EMT6 cells, 1 9 105 cells per well seeded 24 h
earlier in a 96-well plate, for 0, 1, 3, and 5 h. After incubation, the cells were washed three times with cold PBS
and assayed for uptake of FITC-GOX on a fluorescence
plate reader (Molecular Device, Sunnyvale, CA, USA).
Clonogenic assay
A clonogenic assay was employed to determine the cytotoxicity of different treatments. After the treatments, the
cells were rinsed with 5 ml of PBS three times and then
trypsinized. The resuspended cells were counted with a
hemocytometer and plated at various dilutions (100, 1,000,
10,000) in duplicate in 6-cm petri dishes containing 5 ml of
growth medium. The cultures were incubated for 6–7 days
allowing viable cells to grow into macroscopic colonies.
Then, the medium was removed, and the cells were fixed
and stained with a 0.5% solution of methylene blue in 50%
ethanol. The number of colonies formed was counted on a
light table, from which plating efficiencies were determined by the number of colonies formed divided by the
number of cells plated in the culture dishes. Relative surviving fractions were then calculated by dividing the
plating efficiency of the drug-treated cells by that of the
cells without treatment [40]. The control plating efficiencies of EMT6/WT and EMT6/AR1.0 were 0.54 ± 0.12 and
0.48 ± 0.10 (n = 10), respectively.
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In an attempt to identify which species of ROS play
essential roles in GOX-induced cytotoxicity as well as to
determine whether they act extracellularly or intracellularly, the cytotoxicity of ACMS-GOX was evaluated following treatment with extracellular ROS scavengers and
intracellular antioxidant enzyme inhibitors. To test the
effect of extracellular ROS, CAT, SOD, and the iron chelator DEF were used to reduce extracellular H2O2, •O¯2, and
•
OH, respectively. Cultured cells were incubated with
ACMS-GOX together with CAT (2,000 U/ml), SOD
(300 U/ml), or DEF (1 mM) for 1 h, respectively [41]. To
assess the effect of intracellular ROS, cultured cells were
preincubated with the intracellular catalase inhibitor 3-AT
(20 mM for 2 h), the glutathione (GSH) peroxidase synthesis inhibitor BSO (5 mM for 22 h), the SOD inhibitor
DDC (1 mM for 1 h), or an intracellular iron chelator CIC
(0.1 mM for 15 min), respectively. Cells without treatment, treatment with ACMS-GOX only, and treatment with
the individual ROS scavenger and antioxidant enzyme
inhibitor were run as controls. Following incubation, cells
were rinsed, trypsinized, and the cytotoxicity evaluated
using the clonogenic assay, as described previously.
Statistical analysis
All the cytotoxicity experiments were repeated at least
three times. Two-sided Student’s t-test was applied to
compare the cytotoxicity of different treatments of ACMSGOX to the cells. A value of P \ 0.05 was considered
statistically significant.
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The local pH in solid tumors can be as acidic as pH 6.0
owing to the formation and accumulation of lactic acid.
Therefore, the leakage test of GOX from ACMS and
swelling behavior of ACMS were evaluated at normal
physiologic pH 7.4 and pH 6.0. As shown in Fig. 1a, in the
pH 7.4 buffer solution no detectable amount of GOX was
released from ACMS within 8 h. In the pH 6.0 buffer
solution, less than 3% of GOX was released in 1 h, and
around 20% was released in 8 h. A slight increase in the
swelling ratio to about 1.2 was observed in the pH 7.4
buffer solution, whereas there was no change in swelling
ratio in pH 6.0 buffer (Fig. 1b). These results suggest that
the leakage of GOX is not related to swelling and might be
due to GOX loosely bound onto the surface of the ACMS.
The ACMS remained spherical in shape after the swelling
experiment.
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Figure 2 illustrates that the H2O2 generation is proportional to the concentration of GOX in ACMS-GOX at the
exposure times of 1, 3, and 5 h, respectively. With a dose
of 400 mU/ml of GOX in ACMS-GOX, the concentration
of H2O2 reached 0.38 mM at 1 h and increased 4.4 fold
to 1.68 mM at 5 h. The pH of the culture medium dropped to around 7.2 from 7.4 due to the transformation
of glucose to gluconic acid by the catalytic action of
ACMS-GOX.
In vitro cytotoxicity of ACMS-GOX to EMT6/WT
and EMT6/AR1.0
Figure 3 compares the surviving fraction of EMT6/AR1.0
and EMT6/WT after 1 h exposure at 37C to the
increasing doses of ACMS-GOX or FR-GOX. The dosedependent cytotoxicity curves for both cell lines are very
close, indicating complete avoidance of the MDR defense
in the resistant cells by the ACMS-GOX (Fig. 3a). The
same phenomenon is also observed in the FR-GOX–
treated cells (Fig. 3b). The blank ACMS with an equivalent mass of microspheres as ACMS-GOX exhibited no
effect on the surviving fraction of either wild-type or
drug-resistant cells after incubation for up to 5 h (data not
shown), indicating that blank ACMS are not toxic to the
cells under the test conditions. The cytotoxicity of FRGOX was 4–6 times greater than an equivalent amount of
ACMS-GOX.
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240
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Fig. 1 Kinetics of a GOX release from the ACMS at 37C and b
ACMS swelling at room temperature in a 0.2 M, pH 6.0 or pH 7.4
KH2PO4-NaOH buffer solution. The ACMS-GOX were prepared,
unless otherwise specified, by incubating CaAlg gel beads (dry weight
of 3.95 mg) in 0.5 ml of 1.0 mg/ml GOX in 0.2 M buffer solution of
pH 4 and then coated with 1% (w/v) chitosan solution. The data
points and error bars represent mean ± SD of triplicate experiments;
where not shown, the SD values lie within the symbols

Effect of exposure time and concentration
of H2O2 on the cytotoxicity of ACMS-GOX
toward EMT6/AR1.0 cells
Figure 4a presents the surviving fraction of EMT6/AR1.0
cells as a function of time of exposure (1, 3, and 5 h) to
different GOX doses in the form of ACMS-GOX or for 1-h
exposure of FR-GOX. A dependence of the cytotoxicity on
exposure time of ACMS-GOX is demonstrated. The dose
for 90% cell killing is about 360, 280, and 180 mU/ml at
exposure times of 1, 3, and 5 h, respectively. As the
exposure time increases from 1 to 5 h, the survival curves
for ACMS-GOX become steeper, approaching the curve
for FR-GOX with 1-h exposure. However, to achieve
equivalent cell killing as FR-GOX, even a longer exposure
time is required.
The form of the time-dependent cytotoxicity curves of
ACMS-GOX may be ascribed to the rate of H2O2
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Fig. 2 Hydrogen peroxide generation by ACMS-GOX in culture
medium as a function of GOX dose and reaction time. About 0.5 ml
of ACMS-GOX (3.95 mg of dry weight), loaded with different
concentrations of GOX (0.4, 2, 10 U/ml), were incubated in 10 ml of
culture medium in a humidified incubator at 37C for 1, 3, or 5 h. The
data points and the error bars represent mean ± SD (n = 3); where
not seen, the SD values lie within the symbols

100
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Fig. 4 Cytotoxicity of ACMS-GOX or FR-GOX to EMT6/AR1.0
cells as measured by cell colony forming ability (survival fraction) a
with various doses of ACMS-GOX for 1, 3, or 5 h exposures or FRGOX for 1-h exposures. About 5 9 105 cells were seeded in 10-cm
petri dishes containing 10 ml of growth medium 24 h before the
treatment. The data points and error bars represent mean ± SD of at
least three independent experiments. Where not shown, the SD values
lie within the symbols. b The data from panel a have been replotted
using the data from Fig. 2, this article, for H2O2 generation from
ACMS-GOX and data from [35] for H2O2 generation from FR-GOX
for comparison. Error bars indicate standard errors of the mean for
three or more determinations
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Fig. 3 Comparison of surviving fractions of EMT6/WT and EMT6/
AR1.0 cells treated for 1 h with different doses of a ACMS-GOX or b
FR-GOX. About 5 9 105 cells were seeded in 10-cm petri dishes
containing 10 ml of growth medium 24 h before the treatment. The
data points and error bars represent mean ± SD of at least three
independent experiments, where not shown, the SD values lie within
the symbols
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production, which is slower than FR-GOX as reported
previously [38]. To analyze whether H2O2 concentration at
various times generated by different formulations would be
a contributing factor, the H2O2 concentration was measured in separate experiments (the kinetics of H2O2 generation as indicated in Fig. 2). Figure 4b illustrates the
relationship between cytotoxicity and H2O2 concentration
as generated from ACMS-GOX and FR-GOX. In each
curve, different data points represent different levels of
H2O2 produced (1, 3, and 5 h for ACMS-GOX and total
treatment of 5 h; and 1 and 3 h for FR-GOX, total treatment of 3 h). For ACMS-GOX, 1.68, 1.01, and 0.31 mM of
H2O2 was generated, corresponding to doses of 400, 240,
and 80 mU/ml within a 5 h time period. As a result, surviving fractions of 0.001, 0.037, and 0.504 were obtained.
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Table 1 Cytotoxicity of ACMS-GOX to EMT6/AR1.0 cells with
different cell density
Control

Cell density (106 cells)
0.5

Surviving
fraction

1

2

1.00 ± 0.04 0.03 ± 0.03 0.31 ± 0.03* 0.68 ± 0.11*

Treatment was performed by treating 0.5, 1, and 2 millions of cells
seeded 24 h before the treatment in 10-cm petri dishes with ACMSGOX at an equivalence dose of 400 mU/ml for 1 h. The values
represent mean ± SD of three independent experiments
Bold values denote the surviving fraction as indicated in the most left
column (e.g. 1 means 100%, 0.03 means 3% and so forth)
* The significant difference between 1 and 2 millions of cells treatment group compared with that of 0.5 millions of cells treatment
group, P \ 0.001

For FR-GOX, 0.689 mM of H2O2 was generated in 3 h,
corresponding to a surviving fraction of 3.92 9 10-5.
Apparently, the dose dependence of cytotoxicity for
ACMS-GOX is consistent with the curves from different
exposure times falling in the close vicinity. Nevertheless,
the dose–response curve for FR-GOX is much steeper,
suggesting that other factors may play a role in the cytotoxicity besides the level of hydrogen peroxide generated.
Effect of cell density on the cytotoxicity
of ACMS-GOX to EMT6/AR1.0 cells
Previous work has indicated cell density-dependent cytotoxicity of anticancer drugs [2, 42]. Hence, a study was
undertaken to find out whether cell density would affect the
in vitro efficacy of ACMS-GOX. Table 1 shows that as the
number of EMT6/AR1.0 cells seeded 24 h before treatment
increases from 0.5 to 2 million, the cytotoxicity of ACMSGOX containing 400 mU/ml GOX equivalent decreased
dramatically from approximately 97% to 32% cell killing
for 1-h exposure to ACMS-GOX.
Lipid peroxidation of EMT6/AR1.0 cells treated
with FR-GOX and ACMS-GOX
Over a time course of 5 h, FR-GOX and ACMS-GOX at a
dose of 80 mU/ml were found to induce lipid peroxidation
in both cell lines (data not shown). The degree of peroxidation was higher in EMT6/AR1.0 cells than in EMT6/WT
cells when treated with FR-GOX for various times and
when treated with ACMS-GOX for 5 h. The result suggested that the MDR cells were more susceptible to ROSinduced cellular damage than the wild-type cells. A higher
degree of lipid peroxidation was observed in cells treated
with FR-GOX than with ACMS-GOX, attributable to the
more rapid production of H2O2 by FR-GOX compared to
ACMS-GOX.

Cellular uptake of GOX
To see whether the difference in the cytotoxicity between
FR-GOX and ACMS-GOX is caused by cellular uptake of
GOX, FITC-GOX was prepared, and its intracellular levels
were measured with a fluorescence plate reader. The results
indicated no detectable FITC-GOX in either EMT6/WT or
EMT6/AR1.0 cells (data not shown). Hence, the possibility
that FR-GOX enters the cells more readily thus causing
higher cytotoxicity was excluded.
In vitro cytotoxicity of ACMS-GOX in the presence
of extracellular ROS scavengers and intracellular
antioxidant enzyme inhibitors
In order to identify which ROS play critical roles in the
cytotoxicity of GOX toward EMT6/AR1.0 cells and whether the free radicals act extracellularly or intracellularly,
the modulation of the cytotoxicity of ACMS-GOX by
extracellular ROS scavengers and intracellular antioxidant
enzyme inhibitors was evaluated by measuring cell colony
forming ability. As illustrated in Fig. 5a, a 1-h exposure to
catalase by itself at 2,000 U/ml was nontoxic to cells and,
in fact, increased the survival of EMT6/AR1.0 cells by
approximately 40%. SOD alone at 300 U/ml did not affect
the viability of the cells significantly after a 1-h exposure,
and DEF at 1 mm for 1 h by itself exhibited minor cytotoxicity to the cells. Figure 5b reveals that catalase totally
inhibited the cytotoxicity of 1-h exposures to both ACMSGOX (400 mU/ml) and FR-GOX (80 mU/ml), whereas
SOD completely inhibited the cytotoxicity of FR-GOX, but
only slightly reduced the cytotoxicity of the ACMS-GOX.
The ferric chelator DEF marginally inhibited the cytotoxicity of both ACMS-GOX and FR-GOX.
The preincubation of cells with intracellular antioxidant
enzyme inhibitors 3-AT, BSO, DDC, or CIC at the concentrations and times tested reduced cell survival by
themselves to 70–90% of the control EMT6/AR1.0 cells as
demonstrated in Fig. 6a. Preincubation and the presence of
the antioxidant enzyme inhibitors 3-AT, BSO, and DDC
enhanced the cytotoxicity of 1-h exposure to ACMS-GOX
(400 mU/ml) to EMT6/AR1.0 cells, while CIC significantly reduced the cytotoxicity of ACMS-GOX as shown
in Fig. 6b.

Discussion
H2O2 release locally from ACMS-GOX
One of the major obstacles for systemic chemotherapy is
the low concentration of antineoplastic agents available in
the local tumor tissue to elicit extensive cell killing.
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Fig. 5 Cytotoxicity of ACMS-GOX to EMT6/AR1.0 in the presence
of extracellular-free radical scavengers CAT, SOD, and DEF. About
5 9 105 cells were seeded in 10-cm petri dishes containing 10 ml of
growth medium 24 h before the treatment. a Surviving fraction of
cells without treatment, treatment with CAT (2,000 U/ml), SOD
(300 U/ml), or DEF (1 mM) for 1 h, respectively. b Control cells and
cells treated with ACMS-GOX (400 mU/ml) or FR-GOX (80 mU/ml)
only, with ACMS-GOX or FR-GOX together with CAT (2,000 U/
ml), SOD (300 U/ml), or DEF (1 mM) for 1 h, respectively. The data
points and error bars represent mean ± SD of at least three
independent experiments, where not shown, the SD values lie within
the symbols. * Indicates the significant difference in different
treatment groups compared to the control (a) or to the GOX treatment
group (b), P \ 0.001

Previous results of local delivery of antineoplastic agents
encapsulated in micro/nanoparticles from our laboratory
have shown promising results with enhanced therapeutic
effect for solid tumor treatment [33, 43]. Furthermore,
GOX was encapsulated and stabilized in polysaccharidebased alginate/chitosan particles, which was effective for
EMT6/WT cells [44]. Free H2O2 is not effective for tumor
treatment because it is unstable and easily degraded in
vivo. Thus, the alternative approach of using H2O2-generating enzymes has been investigated for cancer treatment.
However, systemic administration of these enzymes might
be expected to exhibit systemic cytotoxicity similar to
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Fig. 6 Cytotoxicity (surviving fraction) of ACMS-GOX to EMT6/
AR1.0 in the presence of intracellular antioxidant enzyme inhibitors.
About 5 9 105 cells were seeded in 10-cm petri dishes containing
10 ml of growth medium 24 h before the treatment. Cultured cells
were preincubated with intracellular catalase inhibitor 3-AT (20 mM
for 2 h), glutathione (GSH) peroxidase inhibitor BSO (5 mM for
22 h), SOD inhibitor DDC (1 mM for 1 h), or an intracellular ferric
chelator CIC (0.1 mM for 15 min), respectively. a Cells without
GOX treatment but treatment with individual intracellular antioxidant
enzyme inhibitors were run as controls. b Control cells or cells treated
with ACMS-GOX (400 mU/ml for 1 h) or cells pretreated with the
individual antioxidant enzyme inhibiters and ACMS-GOX. The data
points and error bars represent mean ± SD of at least three
independent experiments, where not shown, the SD values lie within
the symbols. * Indicates the significant difference in different
treatments compared to the GOX treatment group, P \ 0.05 for
GOX ? CIC treatment group; P \ 0.001 for the other treatment
groups. ** Indicates the significant difference between treatment and
control group, P \ 0.05

conventional anticancer agents [23]. Thus, local delivery of
ACMS-GOX to tumors to generate H2O2 could provide a
safer way, with less systemic side effects, to elevate local
ROS concentrations in the tumor tissue. In the current
work, GOX was shown to remain in the ACMS, and no
burst release was observed. The continuous generation of
H2O2 from ACMS-GOX could act as a depot for the
release of ROS locally to the tumor tissue. For the 1-h
exposures tested in the present work, the mechanism of

Breast Cancer Res Treat (2010) 121:323–333

cytotoxicity induced by ACMS-GOS was assuredly from
bound GOX, not from released free GOX (Fig. 1).
Locally released H2O2 from ACMS-GOX bypassed
MDR mechanism
Interestingly, ACMS-GOX exhibited similar time and
dose-dependent cytotoxicity to MDR EMT6/AR1.0 cells
with overexpression of P-gp as their parent EMT6/WT
cells (Fig. 3). This indicates that ACMS-GOX can efficiently kill the MDR cells without inhibition by P-gp. The
development of the MDR phenotype is often associated
with the overexpression of membrane transporters, e.g.,
P-gp, which act as an energy-dependent drug efflux pumps
exporting various anticancer drugs out of cells. The cells
might acquire cellular-based MDR by chronic exposure of
cancer cells to a nontoxic level of anticancer drugs. The
results shown in the present study suggest that H2O2 generated by ACMS-GOX can bypass the P-gp transporter to
induce similar cytotoxicity to MDR cells as to wild-type
cells. This is because the cytotoxicity of GOX was mediated by the generation of H2O2, which is not a substrate of
P-gp. H2O2 readily crosses the cell membrane [24]. Diffusion of extracellularly generated H2O2 into the cells can
cause increased H2O2 levels intracellularly, which are toxic
to the cells if the concentration is beyond the capacity of
detoxification of antioxidant enzymes, such as catalase,
glutathione peroxidase and SOD.
In fact, increased ROS levels have been observed in
cancer cells compared to more normal cells due to their fast
proliferation and enhanced metabolic rate. MDR cells
exhibit even higher ROS levels than their wild-type
counterparts due to the increased energy required for elevated mitochondrial activity for the overexpression of
membrane transporters [45]. Therefore, MDR cells might
be more sensitive to an additional increase in ROS levels
compared to non-MDR cells. In the current work, MDR
type EMT6/AR1.0 cells showed more lipid peroxidation by
extracellular generation of ROS than their wild-type
counterpart. This is probably due to enhanced intracellular
ROS levels of MDR cells. Cytotoxicity of BASO caused by
the generation of H2O2 has been shown to be more toxic to
MDR cells than wild-type cells [10, 11]. In addition, the
lipid peroxidation level was in agreement with the H2O2
generation profile suggesting that lipid peroxidation was
directly affected by H2O2 concentration generated by
GOX. Free GOX produced H2O2 more rapidly thus causing
more damage. ACMS-GOX produced higher H2O2 concentrations more gradually than FR-GOX; hence, more
lipid peroxidation occurred at 5 h in EMT6/AR1.0 cells.
The dose for killing the same fraction of EMT6/AR1.0
cells for ACMS-GOX was around 3.6-fold greater than that
for FR-GOX at the 0.1% survival level (Fig. 4). This is
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Fig. 7 Schematic illustration of the mechanism of the cytotoxicity of
a FR-GOX, which is distributed evenly and adjacently to the cells,
allowing the H2O2 generated to directly diffuse into the cells; b
ACMS-GOX, which is located in multiple discrete spots in the cell
culture dishes floating on the top of the cell monolayer. The H2O2
generated needs to diffuse out of the microspheres, travel to the cells,
and then cross the cell membranes

probably due to the difference in the site of ROS generation
and diffusion distance of H2O2 in these two systems as
depicted in Fig. 7. FR-GOX is distributed evenly and
adjacently to the cells, allowing the H2O2 generated to
directly diffuse into the cells. However, ACMS-GOX are
located in multiple discrete spots in the cell culture dishes,
floating on the top of the cell monolayer. The H2O2 generated needs to diffuse out of the microspheres, travel to
the cells, and then cross the cell membranes. Another
reason for the reduced efficacy of ACMS-GOX compared
to FR-GOX could be the lower generation rate of H2O2 by
ACMS-GOX (Fig. 4b) due to steric hindrance and enzyme
rigidification after encapsulation of GOX into ACMS,
which lowers the efficacy of enzyme and substrate binding.
In addition, the substrate, glucose, has easier access to FRGOX than ACMS-GOX. At a lower generation rate, the
antioxidant enzymes in the cells can decompose the generated ROS more effectively. However, ACMS-GOX
showed time-dependent cytotoxicity to the cells. Therefore,
the advantage of ACMS-GOX is its enhanced stability over
FR-GOX, allowing for its application as a long-term
treatment. The cytotoxicity of H2O2 was dependent on the
number of cells that were treated (Table 1), indicating that
the decomposition of H2O2 by cellular enzymes or
enhanced reaction sites for H2O2 could dilute out the
reactive species with an increased number of sites for the
ROS to react with.
Mechanism of the cytotoxicity of ACMS-GOX
H2O2 readily crosses cellular membranes and causes oxidative damage to DNA, proteins, and lipids by direct oxidation or via the transition metal-driven Haber–Weiss
reaction, which is initiated by the Fenton reaction, and
results in the extremely reactive •OH [46–48].
In the current study, to assess whether the cytotoxicity
induced by ACMS-GOX was a direct result of H2O2 or
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mediated by other toxic oxygen metabolites, several
extracellular reactive oxygen metabolites scavengers (CAT
for H2O2, SOD for •O2-, and DEF for preventing the
formation of •OH by removing iron) were examined
(Fig. 5). Catalase completely prevented the cytotoxicity,
however, only a marginal effect was observed when SOD
or DEF was present, respectively. This suggests that the
cytotoxicity of ACMS-GOX to EMT6/AR1.0 cells was
mediated by H2O2 extracellularly. Although some H2O2
can be transformed into highly reactive •OH extracellularly, •OH was not effective extracellularly due to its short
half-life (10-9 s) and short diffusion radius (2.3 nm) [49].
This is consistent with a previous study of oligodendrocytes in which the iron chelator, DEF, had no effect on
H2O2 cytotoxicity [50]. One possible explanation may be a
direct attack on membrane lipids by H2O2. CAT depletion
of H2O2 before it can act on the cells might be the most
efficacious defense against H2O2-induced cytotoxicity [51].
At the same time, part of H2O2 generated extracellularly
diffuses into cells. H2O2 could be transformed to •OH,
which is far more reactive than •O2- and H2O2, as •OH
reacts indiscriminately with the closest neighboring molecules [46]. The remarkable protection of cells afforded by
CIC against oxidative stress indicated that intracellular
cytotoxicity of ACMS-GOX was mediated through highly
reactive •OH (Fig. 6). As an extremely reactive-free radical, •OH attacks all biological molecules. However, due to
the short half-life and diffusion radius, •OH could only
cause cytotoxicity intracellularly. Therefore, intracellular
cytotoxicity was mainly mediated by highly reactive •OH
instead of H2O2. In summary, the cytotoxicity of ACMSGOX was induced both extracellularly and intracellularly.

Conclusions
A novel strategy of using the ROS-generating enzyme
GOX immobilized in ACMS to continuously generate
H2O2 for treatment of MDR cancer cells with P-gp overexpression was investigated. GOX appeared to be stably
incorporated into the ACMS without a burst release effect.
ACMS-GOX exhibited similar cytotoxicity to MDR
EMT6/AR1.0 cells like its wild-type parent cells, indicating the ACMS-GOX effectively circumvents P-gp transporter. The greater cytotoxicity induced into MDR cells
with longer incubation resulted from the accumulation of
the continuously released H2O2 from immobilized GOX.
This could be an advantage of ACMS-GOX over FR-GOX
for extended treatments. H2O2 generated extracellularly
played an essential role in tumor cell killing, while the
intracellular cytotoxicity seemed to depend on the Fentonmediated conversion of H2O2 to •OH. These results
also demonstrate that the treatment of ACMS-GOX in
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combination with intracellular antioxidant enzyme inhibitors could enhance the cytotoxicity of ACMS-GOX to the
tumor cells.
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