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Purpose. This work focused on the characterization and in vitro/in vivo evaluation of an alginate/chitosan
microsphere (ACMS) formulation of glucose oxidase (GOX) for the locoregional delivery of reactive
oxygen species for the treatment of solid tumors.

Methods. The GOX distribution and ACMS composition were determined by confocal laser scanning
microscopy and X-ray photoelectron spectroscopy. The mechanism of GOX loading and GOX-polymer
interactions were examined with Fourier transform infrared spectroscopy and differential scanning
calorimetry. In vitro cytotoxicity and in vivo efficacy of GOX-encapsulated ACMS (ACMS-GOX) were
evaluated in EMT6 breast cancer cells and solid tumors.

Results. GOX was loaded into calcium alginate (CaAlg) gel beads via electrostatic interaction and the
CaAlg-GOX-chitosan complexation likely stabilized GOX. Higher concentrations of GOX near the
surface of ACMS were detected. GOX retained its integrity upon adsorption to CaAlg gel beads during
the coating and after release from ACMS. ACMS-GOX exhibited cytotoxicity to the breast cancer cells
in vitro and their efficacy increased with increasing incubation time. Intratumorally delivered ACMS-
GOX significantly delayed tumor growth with much lower general toxicity than free GOX.

Conclusion. The results suggest that the ACMS-GOX formulation has the potential for the intratumoral
delivery of therapeutic proteins to treat solid tumors.

KEY WORDS: antitumor activity; glucose oxidase; intratumoral delivery; microspheres; reactive oxygen

species.

INTRODUCTION

Reactive oxygen species (ROS), including superoxide
anion (O, ), hydrogen peroxide (H,O,) and hydroxyl
radical (HO"), are byproducts of normal cellular metabolism
which directly affect cellular functions, e.g. development,
growth and aging. While a moderate level of intracellular
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ROS is essential to maintain appropriate redox balance and to
stimulate cellular proliferation, high levels of ROS can result
in detrimental damage to cells, including lipid peroxidation,
protein oxidation and DNA damage, and ultimately cell death
via apoptosis or necrosis (1-5). In fact some anticancer agents
increase intracellular ROS level as one of the mechanisms of
killing cancer cells, e.g. doxorubicin, daunorubicin (6,7),
bortezomib (8) and 2-methoxyestradiol (9). Although many
chemotherapeutic agents have been developed, the efficacy of
traditional cancer chemotherapy is still unsatisfactory due to
lack of selectivity for cancer versus normal cells, development
of multidrug resistance (MDR) phenotypes in cancer cells,
and insufficient local drug concentrations in tumors.
Strategies are sought to improve therapeutic selectivity
based on differences between the cancer cells and normal
cells. Ideally, such strategies will selectively kill cancer cells,
overcome or bypass MDR, increase the local drug concen-
tration, and elicit extended effects. Elevated oxidative stress,
such as enhanced ROS generation, increased accumulation of
ROS-mediated products and overexpression of antioxidant
enzymes, has been found in cancer cells as compared to
normal cells (10). These findings suggest that introduction of
additional ROS concentration might allow selective killing of
cancer cells versus normal cells. Owing to the short half-life
of ROS, ROS-generating enzymes, e.g. glucose oxidase
(GOX), have been investigated for treatment of tumors (11,12).
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GOX, which generates hydrogen peroxide in the pres-
ence of oxygen and glucose, has been shown to exhibit
antitumor activity both in vitro and in vivo under physiological
conditions (11-14) and efficacy in overcoming MDR in breast
cancer cells (13,14). Because GOX is susceptible to degrada-
tion and denaturation, daily intratumoral injection of GOX
was applied to inhibit tumor growth in vivo (11). To increase
its stability, GOX was conjugated with polyethylene glycol
and injected intravenously. However, repeated administration
was still required to achieve a therapeutic effect (12). The low
efficacy of systemically delivered GOX could be due to
insufficient local ROS concentration in the tumor over time
and the systemic toxicity of ROS to normal tissue. It is well-
documented that blood vessels in solid tumors are abnormal
and heterogeneous, which, together with the interstitial
hypertension generated by proliferating cancer cells, impairs
blood flow and thus drug delivery to tumor tissue (15-17).
Although the leakiness of tumor vasculature has been utilized
to deliver anticancer agents via macromolecule or nano-
particle carriers (18), this approach cannot deliver drugs to a
large portion of tumor tissue where blood vessels are absent
(17,19). To solve this problem, locoregional drug delivery to
solid tumors has been investigated in preclinical and clinical
settings (20-26).

Local delivery of therapeutic agents by microspheres and
nanoparticles has been shown to enhance therapeutic efficacy
because of increased local concentration of drug in tumors,
extended exposure of tumors to toxic drug levels, and
decreased systemic toxicity by reducing the drug concentra-
tion in the blood circulation (20-26). This treatment approach
could be used (1) before surgery to shrink a tumour to a
smaller size (also called neoadjuvant therapy), allowing
conservative surgery, such as a lumpectomy, rather than a
mastectomy, or (2) after surgery to reduce the chance of
metastasis or recurrence (also called adjuvant therapy) by
eliminating remaining cancer cells. Our laboratory has
successfully developed biodegradable microspheres and poly-
mer-lipid hybrid nanoparticles (13,14,22-28) for local delivery
of doxorubicin, mitomycin C, paclitaxel and MDR reversing
agents. Significant delays in tumor growth and even elimi-
nation of tumor recurrence and lymphatic metastasis have
been achieved with these particulate formulations (22-26).
We have also developed a microsphere formulation of GOX
using an emulsification-internal gelation and polyeletrolyte
coating method for production of ROS locally (13,14,28).
GOX encapsulated in alginate/chitosan microspheres
(ACMS-GOX) has been shown to effectively circumvent
MRD in vitro (14). The enzymatic activity of GOX was
maintained as demonstrated by prolonged production of
H,O, in glucose solutions (28). This sustained activity was
superior to that of free GOX (FR-GOX) in terms of its
potential to produce ROS in situ for locoregional treatment of
solid tumors. To develop ACMS-GOX into a useful micro-
sphere formulation for local oxidation therapy of tumor, a
thorough understanding of the mechanism of GOX immobi-
lization in the microspheres and evaluation of its in vivo
efficacy are essential. Therefore, the present work was
focused on these two aspects.

In the preparation of ACMS, ionic complexation was
employed to form a crosslinked hydrogel due to the relatively
inert aqueous environment within the matrix, the mild
encapsulation condition at room temperature and the adjust-
able gel porosity allowing various diffusion rates of small and
large molecules. The ACMS, however, may cause some steric
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hindrance and rigidification of the enzyme depending on
whether the enzyme is present at the surface or encapsulated
well inside the ACMS. As the binding of a substrate with the
enzyme and the following reaction may be affected by the
position of the enzyme in the microsphere, characterization of
the enzyme distribution within the ACMS is necessary. In
addition, the stability of proteins, possible interactions
between the proteins, and the polymer matrix need to be
better understood (29). Recent characterization of protein
stability and enzymatic activity in relation to encapsulation
methods and formulation processes was conducted with
varying results (30-35). For instance, enhanced biological
activity of vascular endothelial growth factor (VEGF) (30,31)
and effectiveness of insulin in diabetic rats (32) were shown
when they were released from alginate matrixes, whereas
only up to 10% enzymatic activity remained in other studies
(34,35). The reduction or loss of protein/enzymatic activity
was, for the most part, ascribed to the interaction between the
polymers, such as alginate and proteins. However, no direct
evidence was presented how and in which step of the
fabrication process they were deactivated.

This work was undertaken to investigate the effects of
interactions between GOX, calcium alginate (CaAlg) and
chitosan, and of the fabrication process, on the stability and
bioactivity of encapsulated GOX. The mechanism of GOX
loading into ACMS-GOX and the internal structure and
molecular interactions in the ACMS-GOX were studied by
various techniques, including Fourier transform infrared
spectroscopy (FT-IR) and differential scanning calorimetry
(DSC). Confocal laser scanning microscopy (CLSM) and X-
ray photoelectron spectroscopy (XPS) were used to examine
the distribution of GOX molecules within the ACMS. The in
vivo effects and general toxicity of ACMS-GOX in a mouse
breast tumor model were evaluated in comparison with GOX
solutions. These studies will help optimize the formulation
and preparation of ACMS-GOX for locoregional treatment
of solid tumors.

MATERIALS AND METHODS
Materials

Chitosan, with a molecular weight of 150 kDa, was
purchased from Fluka (Buchs, SG, Switzerland). Calcium
carbonate, acetic acid and light mineral oil were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). Alginate
(sodium salt, medium molecular weight, viscosity of 2.0%
solution at 25°C, 3,500 cPs), glucose oxidase (Type X-S,
180U/mg, from Aspergillus niger), peroxidase (Type II, from
horseradish), potassium persulfate, Span 80 and Tween 80
were purchased from Sigma (St. Louis, MO, USA). Distilled
and deionized (DDI) water was prepared by a Millipore
(Billerica, MA, USA) water-purification system. Cell culture
medium, alpha-Minimal Essential Medium (o-MEM) with
antibiotics (streptomycin and penicillin, 0.1 g/L each), was
obtained from the Ontario Cancer Institute (Toronto, ON,
Canada). Fetal bovine serum (FBS) was purchased from
Cansera International Inc. (Etobicoke, ON, Canada). All cell
culture plastic-ware was purchased from Sarstedt (Montreal,
Quebec, Canada). PeroXOquant™ quantitative peroxide
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assay kit (aqueous-compatible formulation) was purchased
from Pierce (Rockford, IL, USA).

Chitosan Preparation and Characterization

A modified free radical method was employed to obtain
low molecular weight chitosan (36). Fifteen grams of chitosan
was dissolved in 1 1 of 2% (v/v) acetic acid solution and
heated to 70°C under constant stirring while being purged
with nitrogen. Then 1.08 g of potassium persulfate was added
to the reaction mixture. The reaction was stopped after 1 h
by adding 400 ml of a 5% (w/v) aqueous solution of NaOH.
The degraded chitosan was filtered and rinsed extensively
with water. The molecular weight of the degraded chitosan
was determined by a viscometric method using a calibrated
Ubbelohde viscometer tube at 25+0.1°C (37). In brief, a
series of 0.2, 0.5, 1.0, 1.5 and 1.8% (w/v) solutions of the
degraded chitosan in 0.2 M NaCl/0.1 M CH;COOH buffer
was prepared and filtered through 0.45 p membranes to
eliminate undissolved particles. The specific viscosity (nsp) of
the chitosan solutions at different concentrations was then
measured. The intrinsic viscosity (1) was obtained by extrap-
olating the linear plot of ng,/concentration vs. concentration to
zero concentration. The viscosity average molecular weight
(Mv) was then calculated using the Mark-Houwink equation:

n=k- My

where k=1.81x107, a=0.93.

The degree of deacetylation of the degraded chitosan
was determined by an acid-base titration method (38).
Briefly, 0.05 g of the degraded chitosan was dissolved in a
50 ml excess of 1 M HCl, and then the pH was titrated using a
0.1 M NaOH aqueous solution. The resulting titration curve
had two inflection points related to the excess HCI and to the
protonated amino groups. The degree of deacetylation (DD %)
was calculated from the volume of NaOH consumed between
the two inflection points by the following equation:

DD% — w % 100%

where f is the molarity of NaOH, x and y stand for the
amount of NaOH consumed at the first and second inflection
point respectively, and w the weight of the degraded chitosan.

Formulation Preparation of GOX in ACMS

A modified emulsification-internal gelation method was
employed to prepare CaAlg as described previously (28). In
brief, 6.0 ml of 1.5% (w/v) sodium alginate solution contain-
ing 0.02 g of calcium carbonate was sonicated and then
dispersed into 30 ml of light mineral oil containing 1.5% (v/v)
Span 80 and 0.2% (v/v) acetic acid while stirring at a speed of
760 rpm at room temperature. Next, 120 ml of DDI water was
added to the above emulsion and stirred for 40 min at a speed
of 300 rpm. The CaAlg was rinsed with 200 ml of 1.0% (v/v)
Tween 80 in aqueous solution and then by 100 ml of DDI
water three times to remove any traces of light mineral oil.
In a typical GOX loading experiment, 0.5 ml of CaAlg was
added into 0.5 ml of 0.2 mg/ml (36 U/ml, i.e. 180 U/mg of
solid GOX) GOX in a pH 4 buffer solution. The adsorption
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experiments were carried out for 30 min at 4°C. The GOX
loaded CaAlg (CaAlg-GOX) gel beads were then coated with
chitosan by incubation in 1% (w/v) chitosan solution for
10 min. During the coating process, the CaAlg was gently
shaken at 4°C to make the reaction uniform.

GOX Distribution within ACMS

An EZ-label™ fluorescein isothiocyanate (FITC) pro-
tein labeling kit (Pierce, Rockford, IL, USA) was used to
label GOX by following the protocol provided by the
supplier. Briefly, the GOX solution was incubated with FITC
for 1 h for the labeling reaction to take place. The reaction
mixture was then applied to a desalting column to remove the
unreacted FITC. The labeled GOX was loaded into ACMS
using the same method used for the unlabeled GOX. The
distribution of the labeled GOX was observed by CLSM
(LSM510, Carl Zeiss, Jena, Germany). An argon laser
provided an excitation wavelength of 488 nm. The emitted
fluorescein light was detected at 510 nm, indicating the
distribution of the labeled GOX in ACMS for various GOX
loading and chitosan coating concentrations.

The distribution of unlabeled GOX within ACMS was
also measured by XPS. The XPS spectra of samples of
ACMS-GOX, blank ACMS, GOX, chitosan film, CaAlg,
sodium alginate (NaAlg) film were obtained using a Leybold
(Specs) MAX 200 XPS system (Specs GmbH, Berlin,
Germany). The chitosan films and NaAlg films were obtained
by casting the solution of chitosan and NaAlg onto a glass
surface and were dried at room temperature. A non-mono-
chromatised Mg Ka anode operated at 300 W (15 kV and
20 mA) was used for X-ray generation. The energy range
measured, 280-540 ev, was calibrated against Cu 2ps,; and Cu
3p lines at 932.7 and 75.1 eV, respectively. No differential
charging was observed with the use of the non-monochro-
matic source. The energy scale was corrected by placing the
Cls value for the main C-C component at 285 eV. Atomic
ratios were obtained from spectra collected in a low-resolution
mode, whereas other chemical information was obtained in the
high-resolution mode. Spectral fitting was performed using the
SpecsLab program (Specs GmbH, Berlin, Germany).

Sodium Dodecyl Sulfate Polyacrylamide Gel (SDS-PAGE)
Analysis and GOX Release Test

To monitor the integrity of GOX in the formulation
process, samples collected at each stage were analyzed by
SDS-PAGE as described by Laemmli (39). In brief, 3 pg of
GOX were denatured at 37°C for 15 min in Laemmli sample
buffer containing 1% SDS and 100 mM dithiothreitol and
electrophoresed through a 10% (w/v) polyacrylamide gel.
The resulting gel was then stained and visualized by
Coomassie Brilliant Blue R-25. Samples from each stage, i.e.
freshly prepared GOX stock solution, GOX remaining in the
adsorption medium after 30 min and GOX left in the medium
after chitosan coating, were examined. A 10-250 kDa molec-
ular weight marker (Amersham Biosciences, Buckingham-
shire, UK) was used as molecular weight ladder. The
concentration of GOX in buffer solutions was measured by
the BioRad (Hercules, CA, USA) protein microassay. Here,
800ul of GOX sample was combined with 200 pl of Bio-Rad
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assay dye and incubated at room temperature. After 10 min
incubation, absorption at 595 nm was measured and protein
concentration determined as per Bio-Rad protein microassay
instructions. 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 (KH,PO,-NaOH) buffer solutions at 37°C.

FT-IR Analysis

The FT-IR transmission spectra (Spectrum One spec-
trometer, PerkinElmer, Wellesley, MA, USA) were collected
using potassium bromide disks. The samples of CaAlg gel
beads, GOX, CaAlg gel beads after adsorption of GOX
(CaAlg-GOX) and ACMS-GOX were freeze-dried, and a
total of 2% (w/w) of samples were mixed with potassium
bromide. The mixtures were ground into fine powders, and
disks were compressed for scanning. Each sample was done at
least in triplicate.

DSC Analysis

Thermograms of GOX, CaAlg gel beads, CaAlg-GOX,
chitosan, blank ACMS and ACMS-GOX were obtained using
a DSC-2010 system (TA Instruments, New Castle, DE, USA).
Lyophilized samples (5-7 mg) were heated in crimped stand-
ard aluminum hermetic pans from 25 to 300°C at a heating
rate of 10°C per min with a constant purging of nitrogen at
50 ml per min. The system was calibrated with indium
(melting point of 156.86°C). The characteristic peaks of the
melting endotherm of all the samples were recorded (40).
Each sample was measured at least in triplicate.

Determination of the Activity of GOX

The activity of GOX was evaluated by measuring the
kinetics of H,O, generation. H,O, concentrations in the
culture medium were determined using a PeroXOquant™
quantitative peroxide assay kit. At different time intervals,
800 pl of the culture medium was taken and centrifuged for
1 min through a Centricon® YM-50 (Millipore, Billerica,
MA, USA) which has a cut-off molecular weight of 50 kDa.
Then, 20 ul of filtrate was added to a 200 ul of assay kit
solution and incubated for 15 min at room temperature and
assayed using a microplate reader (Molecular Device, Sunny-
vale, CA, USA) at 595 nm.

In Vitro Cytotoxicity of ACMS-GOX

All in vitro cytotoxicity experiments were carried out
using EMT6 murine breast cancer cells generously provided
by Dr. R. P. Hill (Ontario Cancer Institute, Toronto, Canada).
Cells (5th-30th passages in our hands) were grown as a
monolayer in 75 cm? cell culture flasks containing 25 ml of «-
MEM with antibiotics (streptomycin and penicillin, 0.1 g/l
each) supplemented with 10% FBS (defined as growth
medium), in a humidified incubator with 5% CO,/95% air
at 37°C. Confluent cultures were trypsinized with 0.05%
trypsin-EDTA (ethylene-diamine-tetra-acetic acid)
(Invitrogen, Burlington, ON, Canada) and subcultured twice
a week.
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Twenty-four hours prior to treatment, 5x10° cells were
seeded in 10 cm Petri dishes containing 10 ml of growth
medium. Aliquots of FR-GOX or ACMS-GOX were
incubated with cells for 1 h. ACMS-GOX were prepared by
incubating CaAlg (3.95 mg) in 0.5 ml of 0.4 U/ml, 2 U/ml,
6 U/ml and 10 U/ml GOX with an encapsulation efficiency of
80%, respectively. Following incubation of cells, the cells
were rinsed with PBS and then trypsinized. The resuspended
cells were counted with a hemocytometer and plated at
various dilutions (100, 1,000, 10,000 cells/dish) in duplicate in
6 cm Petri dishes containing 5 ml of growth medium. After 6
to 7 days, the macroscopic colonies formed by viable cells
were fixed and stained with a 0.5% solution of methylene
blue in 50% ethanol. Plating efficiencies were determined by
the number of colonies formed divided by the number of cells
plated in the Petri dishes. Normalized surviving fractions of
cells were then obtained by dividing the plating efficiency of
the drug-treated cells by that of cells without treatment (41).
The experiments were repeated in triplicate. The control
plating efficiency of EMT6 cells was 0.49+0.07 (n=10).

In Vivo Evaluation of Efficacy and General Toxicity
of Treatments

Nine to ten week-old female BALB/c mice (Taconic,
Germantown, NY, USA) were inoculated intramuscularly in
the hind leg with 5x10° EMT6 cells in 50 pl of the growth
medium at least one week after the mice were received. The
treatments were initiated when the tumor-plus-leg diameter
(TPLD) reached approximately 8-9 mm (about 0.3 g of
tumor), an average of 4-6 days following inoculation. On the
day of treatment (day 0), the mice were randomized into
groups of 4-5 animals each. The dose for ACMS-GOX was
1,000 U/kg, approximately equal to 20 U/mouse, and was
delivered by 0.105 mg of GOX loaded in 0.13 mg of
microspheres. FR-GOX injected i.t., blank (unloaded)
microspheres (0.13 mg of microspheres injected it.) and
control (no treatment) groups were included for comparison.
All animal studies were performed under a protocol
approved by the Animal Care Committee at the Ontario
Cancer Institute (Toronto, ON, Canada).

The TPLDs were measured daily for the first 7 days and
then at least every other day by passing the tumor-bearing leg
through a plastic plate containing a series of circular holes
whose diameters increased in 0.5-mm steps. When the TPLD
reached 12.5 mm, corresponding to an average tumor weight
of 1.0 g, the animals were sacrificed, and the time was
recorded. Once the animals were sacrificed, tumors were
excised, weighed and stored in formalin for future examina-
tion. The various treatment groups are listed in Table III. The
efficacy of the treatment was evaluated by determining the
tumor growth delay (TGD). Tumor growth delay was
calculated using the following equation:

TGD = (Ttreat - Tcontrol) / Tcontrol x 100%

where Tiear and Teoniror Tepresent the average number of days
for tumors to grow to the end point of 12.5 mm TPLD for the
treatment group and control group, respectively (23).
Systemic toxicity of the treatments was characterized
semi-quantitatively by measuring the weight-loss of the mice
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daily as described previously with modifications (22-24). A
general toxicity score of 0, 1 or 2 was assigned to each animal
as an indication of body weight-loss (0 = no weight-loss, 1 =
1-2 g weight-loss, 2 = 2 g or more weight-loss). Greater than
20% weight-loss in initial animal body weight was considered
to be a severe systemic toxicity, and the mouse was sacrificed
for a humane end-point. In addition, general toxicity was
monitored by degree of fur-roughing, general activity and
tissue damage at the site of injection of the mice.

Tumor Morphological and Histological Evaluation

Tumor tissues were randomly collected from each treat-
ment group for histological analysis as a part of the toxicity
study. Tumors were excised and sectioned into halves and
photographed for morphological study. The tissue slides used
Hematoxylin & Eosin (H & E) staining.

Statistical Analysis

Experiments to determine the in vitro activity of ACMS-
GOX and FR-GOX were repeated at least three times. The
results are expressed as means + S.D. Statistical analysis for
unpaired experimental data was performed using Student’s ¢
test between two groups. Two-way ANOVA analysis was
performed to compare the differences for more than two
groups. In all analysis, a value of p<0.05 was considered a
significant difference.

RESULTS
Chitosan Preparation and Characterization

Low molecular weight chitosan was obtained using the
free radical method (see materials and methods). A linear
curve was acquired by plotting the mg/concentration vs.
concentration of 0.2, 0.5, 1.0, 1.5 and 1.8% (w/v) degraded
chitosan solutions. The intrinsic viscosity of 0.497 ml/g was
obtained by extrapolating the linear plot of v,/concentration vs.
concentration to the zero concentration. The molecular weight
of the degraded chitosan was calculated as 59.3 kDa based on
the Mark-Houwink equation. A 80.5% degree of deacetylation
was determined by acid-base titration (data not shown).

GOX Distribution within ACMS

As seen in the CLSM images taken on a plane half-way
through the microspheres (Figs. la—c), the FITC-labeled
GOX distribution was not homogeneous within ACMS.
Greater fluorescence intensity was observed near the surface
(around 20 pm from the outer surface) than inside the ACMS
as illustrated by the images and the fluorescence intensity
curves, indicating that more FITC-labeled GOX molecules
were located near the surface of ACMS. Around 40 units of
fluorescence intensity were detected inside ACMS, whereas
around 60 units were present near the surface with a 0.5 mg/ml
GOX loading solution and 1% chitosan coating (Fig. 1a). With
0.5% chitosan coating and the same GOX loading concentration
(Fig. 1b), 2-fold greater, around 80 units of fluorescence
intensity, were found inside ACMS and approximately 120 units
near the surface. When the GOX loading concentration was
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increased to 1.5 mg/ml with a 1% chitosan coating, a 3-fold
increase, around 120 units of fluorescence intensity were
detected inside ACMS and around 240 units near the surface
(Fig. 1c). Fig. 1d shows the distribution of GOX within ACMS
by displaying 20 optical sections of 4.3 pm in a “z-stack” scan of
a FITC-labeled GOX-loaded microsphere from the top to the
bottom. The microsphere was compressed (about half-
flattened) due to the weight of the cover slide resulting in a
larger “diameter” and a smaller number of optical sections than
would be expected for a sphere.

The GOX distribution within ACMS was investigated
further using XPS. This method can quantitatively evaluate
the elemental composition of the outermost portion, 2 to
10 nm of the samples (42). Table I compares the elemental
composition of the surfaces of ACMS-GOX, blank ACMS,
GOX, CaAlg gel beads, chitosan films and NaAlg films. The
elemental composition was calculated from the XPS spectra
recorded in low-resolution mode and is expressed as relative
atomic percentage. The surface of ACMS-GOX was com-
posed primarily of 65.5% C, 27.9% O, 3.8% N and 0.4% Ca.
These elements are the primary components of blank ACMS
(69% C, 26.6% O, 2.1% N and 0.2% Ca) and GOX (65.8%
C, 27.1% O and 6.3% N), indicating that each substance was
present within the outer 10 nm of ACMS. For example,
ACMS-GOX has 0.4% Ca and GOX has no Ca, which means
the element Ca was from CaAlg (1.7% Ca) or blank ACMS
(0.2% Ca). Therefore, CaAlg was present on the surface.
Similarly, ACMS-GOX has 3.8% N, whereas blank ACMS
and GOX have 2.1% N and 6.3% N, respectively. Addition-
ally 2.4% silicon was detected in ACMS-GOX, which was
probably from an impurity of calcium carbonate (blank
ACMS, 2.0% Si).

In order to confirm the origin of the elements detected
by XPS, the Cls, Ols, and N1s peaks of the XPS spectra were
deconvoluted at high resolution as seen in Fig. 2. The
chemical groups associated with each deconvoluted peak
were identified by their characteristic binding energies. The
Cls (Fig. 2a), Ols (Fig. 2b) and Nls (Fig. 2c) peaks of
ACMS-GOX appear to be made up of the overlapping of
Cls, Ols and Nls peaks of blank ACMS and GOX. For
example, for the blank ACMS, the Nls peak (Fig. 2c) with
binding energy of 399.3 eV was from the acetamide groups
(-HN-C = O) of chitosan molecules. For GOX, the character-
istic N1s peak with binding energy of 400 eV was attributed to
the amide groups (-HN-C = O) in GOX molecules. The Nls
peak with binding energy around 400 eV of ACMS-GOX is
an overlap of the -HN-C = O groups from both blank ACMS
and GOX. These results were consistent with unlabeled GOX
molecules being present in the outer layer of the ACMS. In
Table I, the ratio of carbon to nitrogen for ACMS-GOX
(17.2) was much smaller than that of blank ACMS (32.9) and
higher than that of GOX (10.4), also indicating the presence
of GOX near the surface of ACMS.

Integrity of GOX in ACMS Formulation

SDS-PAGE is a standard method used to investigate the
integrity of proteins via determination of change in its
molecular weight on the gel. Fig. 3 compares GOX released
for 2 h (Lane 1), 8 h (Lane 2), 24 h (Lane 3) and the
molecular weight marker (Lane 4). There is no change in the
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Fig. 1. Confocal laser scanning microscopy (CLSM) images of the distribution of
fluorescein isothiocyanate (FITC)-labeled glucose oxidase (GOX) within alginate/chitosan
microspheres (ACMS) and fluorescence intensity along the diameter arrow with
(a) 0.5 mg/ml GOX loading solution, 1% chitosan coating, (b) 0.5 mg/ml GOX loading
solution, 0.5% chitosan coating, (¢) 1.5 mg/ml of GOX loading solution, 1% chitosan coating,
and (d) “z-stack” scanning of the microsphere with 4.3 um optical section for each slice for
microspheres prepared with 1.5 mg/ml of GOX loading solution and 1% chitosan coating.

migration of the three GOX bands on the gel and the protein
existed as 80-kDa monomeric subunit, indicating that the
GOX after release neither aggregated nor degraded. GOX
present in the absorption medium and after coating with
chitosan also remained as an 80-kDa band (data not shown).
Because the reduced SDS-PAGE technique was used, the
disulfide bond linked dimer of native GOX was likely broken
and thus the dimer is not seen in either freshly prepared
GOX sample or samples after loading and coating.

FT-IR Spectrum of GOX and ACMS-GOX

The transmission FT-IR spectra of CaAlg gel beads,
GOX, CaAlg-GOX and ACMS-GOX are depicted in Fig. 4.
The bands observed at 1,610 em™! and 1,424 em™! in the
spectrum of CaAlg gel beads (Fig. 4a) correspond to
asymmetric and symmetric stretching peaks of carboxylate
salt groups, respectively (43). The peaks at 1,300 cm ! (C-O

stretching), 1,090 cm * (C-O stretching), 1,035 cm * (C-O-C
stretching), and 1,135 cm™! (C—C stretching) are attributed to
its saccharide structure. The GOX spectrum (Fig. 4b) shows
the characteristic peaks of protein amide at 1,650 cm '
(Amide I, C = O stretching) and 1,597 cm™' (Amide II,
N-H bending, C-N and C-C stretching). The new bands at
2500 cm™' and 1,950 cm ™ verify the presence of —NH;"
group in the CaAlg-GOX spectrum (Fig. 4c). The new band
appearing at 1,560 cm ™' could be assigned to symmetric
-NH;" deformation. The peak at 1,265 cm™! can be ascribed
to —COO  symmetric stretching of CaAlg-GOX. These
results indicate that an electrostatic interaction occurred
between CaAlg and GOX. However, the amide I peak of
GOX (1,650 cm™! was still present in the spectrum of
CaAlg-GOX (Fig. 4 c) and ACMS-GOX (Fig. 4d) but
shifted to 1,655 cm ' for ACMS-GOX. These results
indicate that the essential features of native GOX did not
change after being absorbed into CaAlg gel beads and coated
with chitosan.
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Fig. 1. (continued).

DSC Spectra of GOX and ACMS-GOX

DSC themograms of GOX, CaAlg gel beads, CaAlg-
GOX, chitosan, ACMS and ACMS-GOX are represented in
Fig. 5. GOX shows three characteristic endothermic peaks
(Fig. 5a), which are identified as the glass transition temper-
ature (T,) at 50°C, the denaturation endotherm at 124°C and
the melting point at 168°C according to Kennamer (44) and

Sarti (45). The exothermic peak at 279°C is associated with
the decomposition of the GOX. The DSC thermogram of
CaAlg gel beads (Fig. 5b) exhibits one endothermic peak and
one exothermic peak at 158°C and 251°C, corresponding to
the melting and decomposition temperatures, respectively.
After the adsorption of GOX into CaAlg gel beads (Fig. 5¢),
the glass transition peak and denaturation peak of GOX at
50°C and 124°C disappeared. The melting peak of GOX

Table 1. Surface elemental composition of glucose oxidase encapsulated in alginate/chitosan hydrogel microspheres (ACMS-GOX), blank
alginate/chitosan hydrogel microspheres (ACMS), glucose oxidase (GOX), calcium alginate (CaAlg) gel beads, chitosan films and sodium
alginate (NaAlg) films calculated from X-ray photoelectron spectroscopy (XPS) spectra recorded in low-resolution mode and expressed as

relative atomic percentages and ratio of two elements

ACMS-GOX Blank ACMS GOX CaAlg gel beads Chitosan film NaAlg film

(o8 65.5 69.0 65.8 62.6 61.1 56.8
(0] 27.9 26.6 27.1 335 315 333
N 3.8 2.1 6.3 0.1 5.9 1.0
Ca 0.4 0.2 0.0 1.7 0.1 0.1
Na 0.0 0.0 0.0 0.4 0.9 6.9
Cl 0.0 0.0 0.0 0.1 0.1 0.6
P 0.1 0.1 0.1 0.1 0.1 0.1
S 0.0 0.0 0.2 0.1 0.2 0.9
Si 2.4 2.0 0.4 1.4 0.1 0.3
C/N® 172 32.9 104 62.6 104 56.8
C/Ca 163.8 345 N/A 36.8 611 568
C/O 2.35 2.59 243 1.87 1.94 1.71

“Values are presented as percentage
b Values are presented as ratio of two elements
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Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of (a) Cls, (b) Ols and (¢) N1s for GOX encapsulated ACMS
(ACMS-GOX), blank ACMS and GOX recorded and deconvoluted in high-resolution. ACMS-GOX was prepared with

1 mg/ml GOX loading solution and 1% chitosan coating.

coalesced with the melting peak of CaAlg gel beads and
formed a wider endothermic peak at 187°C. Chitosan has a
melting peak at 162°C (Fig. 5d). The blank ACMS has a
melting endotherm at 173°C (Fig. Se), which is higher than
either CaAlg gel beads or chitosan itself. After loading of
GOX, the melting endotherm of ACMS shifted to a higher
temperature at 180°C and became wider (Fig. 5f).

Determination of the Activity of GOX

Table II compares the concentration of H,O, generated
at different times by FR-GOX and ACMS-GOX containing
equivalent amounts of GOX. In Table II, FR-80 represents
80 mU/ml free GOX, ACMS-80 stands for 80 mU/ml ACMS-
GOX equivalent to free GOX. The ACMS-GOX were
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Fig. 3. Reduced sodium dodecyl sulfate polyacrylamide gel (SDS-
PAGE) of GOX samples collected from release medium. Approx-
imate 3 pg GOX samples were added to each lane. Lane 1-3, GOX
after release for 2 h, 8 h and 24 h, respectively; Lane 4, molecular
weight marker; Lane 1-3 exhibit bands of 80-kDa monomeric
subunits of GOX.
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prepared by incubating CaAlg gel beads in 0.5 ml of 2 U/ml
(ACMS-80) and 10 U/ml (ACMS-400) respectively. The
encapsulation efficiency of GOX was 80% in both cases. At
the 5 h time interval, the concentration of H,O, generated by
ACMS-400 and FR-400 reached 1.68+0.17 and 1.30+
0.05 mM, respectively, the former is 1.29-fold greater than
the latter. This result indicates the activity of GOX was well
retained in ACMS. However, at 1 h the concentration of
H,0, generated by ACMS-400 was less than that of FR-400,
0.38+0.07 and 0.59+0.02 mM, respectively. At the lower dose
of GOX, the concentration of H,O, generated by FR-80 and
by ACMS-80 reached 0.44+0.02 and 0.31+0.06 mM in 5 h,
respectively.

In Vitro Cytotoxicity of ACMS-GOX

The in vitro cytotoxicity of ACMS-GOX against EMT6
murine breast cancer cells is compared with that of FR-GOX
at equivalent doses for different times of exposure in Fig. 6.
Both ACMS-GOX and FR-GOX exhibit dose-dependent and

f’ 1424 1090

1655 ” ;597

4000 3200 2400

1800
cm?

1400 1000 600

Fig. 4. Transmission Fourier transform infrared spectroscopy (FT-IR) spectra of (a)
CaAlg, (b) GOX, (¢) CaAlg-GOX and (d) ACMS-GOX obtained from 2% (w/w) of the
samples compressed in around 100 mg of potassium bromide disks. ACMS-GOX was
prepared using 1 mg/ml GOX pH 4 buffer solution as loading solution and 1% chitosan
coating. Each experiment was repeated at least in triplicate.



2352 Liu et al.

(b) 168.32

242.98

157.70

273.10

179.77

T T T T T

1

0 50 100 150 200 250 300
Exo Up Temperature °C

Fig. 5. Differential scanning calorimetry (DSC) themograms of (a) GOX, (b) Calcium
alginate (CaAlg), (¢) CaAlg-GOX, (d) chitosan, (e) blank ACMS, and (f) ACMS-GOX.
All the samples were heated from 25° to 300°C at a heating rate of 10°C per min with a
constant purging of nitrogen at 50 ml per min. ACMS-GOX were prepared using 1 mg/ml
GOX pH 4 buffer solution as loading solution and 1% chitosan coating. Each experiment
was repeated at least in triplicate.

time-dependent cytotoxicity. However, ACMS-GOX exibited respectively, for 1 h exposures. At 3 and 5 h exposures, this
less cytotoxicity than the FR-GOX for all times of exposure. differential in cell killing of FR-GOX versus ACMS-GOX
The dose for 90% cell killing of ACMS-GOX was 3.4-fold was manitained or increased. The blank ACMS did not show
greater than FR-GOX, around 360 mU/ml versus 105 mU/ml  cytotoxicity to EMT6 tumor cells (data not shown).

Table II. Concentration of H,O, generated by free GOX (FR-GOX) and ACMS-GOX as a function of GOX concentration and time

Hydrogen peroxide concentration (mM)“*

Concentration of GOX (mU/ml) 1h 3h Sh
FR-80” 0.10+0.01 0.27+0.02 0.44+0.02
ACMS-80 0.04:+£0.01%** 0.10£0.03%** 0.31+0.06*
FR-400 0.59+0.02 1.12+0.04 1.30+0.05
ACMS-400 0.38+0.07** 1.23+0.10 1.68+0.17*

“Values are expressed as mean + S.D. of three independent experiments

b FR-80 stands for 80 mU/ml free GOX, ACMS-80 stands for 80 mU/ml ACMS-GOX equivalent to free GOX. ACMS-GOX were prepared by
incubating CaAlg gel beads (3.95 mg) in 0.5 ml of 2 U/ml (ACMS-80) or 10 U/ml (ACMS-400) GOX with an encapsulation efficiency of 80%
in both cases

*p<0.05, **p<0.01, **¥¥p<0.001, indicating significant difference between H,O, generation by GOX in free form and encapsulated form
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Fig. 6. In vitro cytotoxicity of free GOX (FR-GOX) and ACMS-
GOX against EMT6/WT breast cancer cells after different time of
exposure to either FR-GOX or ACMS-GOX at equivalent doses.
The data points and the error bars represent mean + S.D. (n=3);
where not seen, the S.D. values lie within the symbols. * p<0.005,
indicating significant difference between the treatment of ACMS-
GOX-5h and FR-GOX-1 h.

Efficacy of Intratumoral Delivery of ACMS-GOX

The efficacy of various intratumoral (i.t.) injection treat-
ments in BALB/c mice bearing EMT6 tumor was evaluated
by the tumor growth delay. Table III summarizes the efficacy
of the various treatments. A tumor growth delay of 185% was
observed in the group of mice receiving ACMS-GOX-
1,000 U/kg. No tumor growth delay was obtained in the mice
treated with the low dose of ACMS-GOX-500 U/kg. For the
mice treated with i.t. administration of free GOX at both high
and low doses (FR-GOX-1,000 U/kg and FR-GOX-500 U/kg),
the mice became extremely lethargic on the second day
indicating severe systemic toxicity. The mice were sacrificed
shortly after their low general activity was seen. The group of
mice receiving blank ACMS did not elicit any statistically
significant tumor growth delay, indicating that blank ACMS has
no antitumor effect in this model.

Fig. 7 represents preliminary results for tumor growth in
BALB/c mice bearing EMT6 tumors and treated with ACMS-
GOX. Percent survival is the time for tumor to grow from 0.3 g
to 1 g. About a 2-fold increase in time for 50% of the tumors to
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Fig. 7. “Percent survival” of groups of BALB/c mice bearing EMT6/WT
tumor after intratumoral injection of ACMS-GOX or an equivalent dose of
FR-GOX. The dose for ACMS-GOX is 1,000 U/kg, equal to 20 U/mouse,
equal to 0.1052 mg of GOX loaded in 0.13 mg of microspheres.
Comparison groups were injected with blank (unloaded) microspheres as
a placebo (0.13 mg of microspheres) or control (no treatment). Each group
contained four to five mice. “Percent survival” is the time for tumor to grow
from 0.3 g to 1 g at which time the mice were sacrificed for humane reasons.

grow to 1 g was observed when treated with 1,000 U/kg ACMS-
GOX compared to blank ACMS and control. The FR-GOX
group was sacrificed on the second day due to severe systemic
toxicity. Hence no growth data can be reported afterwards.

General Toxicity of Intratumoral Delivery of ACMS-GOX

In contrast to the FR-GOX treated group, little systemic
toxicity was observed in the group treated by the ACMS-
GOX formulation compared to the control and blank ACMS
treatment groups. In general, no tissue damage was found at
the injection sites of the mice and no weight loss of over 20%
was seen in any of the four groups. No significant animal
weight loss was observed after i.t. injection of the ACMS-
GOX treatment group compared to the control group (data
now shown). For FR-GOX treatment groups at both doses,
the mice were inactive, trembling and fur-roughing, and thus
were sacrificed due to humane considerations. As also shown

Table III. Summary of treatment groups, tumor growth times, tumor growth delay and average toxicity score of each group: (1) control, (2)
blank ACMS, (3) ACMS-GOX-1,000 U/kg, (4) FR-GOX-1,000 U/kg and (5) FR-GOX-500 U/kg

Time (days) to reach

Average of Toxicity

Trial# Groups” TPLD=12.5 mm (Mean + S.D.) TGD? Scores (Ave + S.D.)
1 Control 52+1.6 - 0.48+0.95
2 Blank ACMS 54£13 3.9% 0.42+0.58
3 ACMS-GOX-1,000 14.8+5.7* 184.6% 0.50+0.81
4 FR-GOX-1,000 n.a.‘ n.a. n.a.
5 FR-GOX-500 n.a. n.a. n.a.

“Each treatment group contained 4-5 mice

b Tumor growth delay (TGD) = (Tyeat — Teontrol)/ Teontrol X 100% , Where Tireqr and Teonirol Tepresent the mean number of days for TPLD to reach
12.5 mm (corresponding to 1 g tumors) following treatment initiation for the treatment and control groups

“Data not available because the mice were sacrificed on the second day due to obvious systemic toxicity

*p<0.005, indicating significant difference among control, blank ACMS and ACMS-GOX-1,000 treatment groups by ANOVA analysis



2354

in Table III, the average general toxicity scores for mice with
i.t. injection of blank ACMS and both doses of ACMS-GOX
are similar to the control group. This result suggests that i.t.
delivery of ACMS-GOX causes minimal systemic toxicity and
the blank ACMS is a safe carrier. The toxicity score in the
group of mice receiving ACMS-GOX-500 exhibited higher
values compared to the other groups.

Histological Evaluation of Tumor Tissue after Treatment

The internal structure of tumors randomly excised from
an untreated control group animal and high dose ACMS-
GOX treated mouse are shown in Fig. 8a, b. The tumor
interior of untreated control group (Fig. 8a) seems solid and
uniform throughout the whole tumor tissue. However, in the
tumor excised from the mouse receiving i.t. delivery of
ACMS-GOX-1,000 U/Kg (Fig. 8b), the tumor interior
appears irregular with necrotic cavities. This indicates that
locally delivered GOX may exert a tumorcidal effect within
the tumor mass.

Liu et al.

A representative microscopic view of H & E stained
tumor tissue from the control group and the group receiving
ACMS-GOX-1,000 U/kg are shown in Fig. 8c, d. A large area
of necrosis is seen in the ACMS-GOX treated tumor tissue
(Fig. 8d) which is greater than that in control tumor tissue.
This result is consistent with the gross examination of the
tumor interior.

DISCUSSION

Distribution of GOX within ACMS and GOX Loading
Mechanism

The presence of FITC labeled GOX in the core of
ACMS confirmed our hypothesis that the high porosity of
CaAlg gel beads fabricated by the internal gelation method
facilitated the diffusion of GOX into CaAlg gel beads leading
to high GOX loading. The concentration gradient near the
surface of ACMS may be explained by the complex formed

Fig. 8. The morphology of EMT6/WT tumors cross-sectioned along the longitudinal midline to expose their internal structure after

treated with (a) blank ACMS or (b) ACMS-GOX-1,000 U/kg; and microscopic histological examination of a representative sections of
tumor tissue after H&E staining for individual tumors taken from mice treated with (¢) blank ACMS or (d) ACMS-GOX-1,000 U/kg.
The blank ACMS as a control (0.13 mg of microspheres) (a, ¢) and ACMS-GOX-1,000 U/kg (equal to 20 U/mouse, 0.1052 mg of GOX
loaded in 0.13 mg of microspheres) (b, d) were administered intratumorally to 0.3 g of EMT6/WT tumors growing in the hind legs of
BALB/c mice. Tumors that grew to 12.5 mm of TPLD (1 g of tumor) were excised and preserved in 10% buffered formalin.
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between CaAlg and GOX. The formation of a CaAlg and
GOX complex could reduce the gel porosity and hinder the
further diffusion of GOX into CaAlg gel beads. In addition,
the greater GOX fluorescence intensity with a lower concen-
tration chitosan coating revealed that a competition occurs
between GOX and chitosan for the carboxylic group binding
sites of CaAlg gel beads (28). Therefore, GOX was loaded
mainly by its electrostatic interaction oppositely charged
CaAlg.

Stability and Activity of ACMS-GOX and Interaction
of GOX with Polymer Matrix

The H,O, generation behavior and the absence of extra
bands in the SDS-PAGE revealed that GOX was unchanged
in intermit and final products. Two factors may contribute to
the stability of GOX in the CaAlg and ACMS. Firstly the
hydrophilic solid interface of CaAlg gel beads induces less
structural changes when compared to a more hydrophobic
interface between organic solvent and water (46). Secondly
the electrostatic interaction between CaAlg and GOX could
increase the stability of GOX. Although the mechanism of
enzyme stability in aqueous solution is different from that in
solid state (44,45), the strong interaction of CaAlg with GOX
is evident in thermal analysis. After adsorption of GOX into
CaAlg gel beads, the melting peaks of CaAlg gel beads at
158°C and GOX at 168°C coalesced and shifted up to 187°C
due to the formation of a CaAlg and GOX complex (Fig. 5).
The complexation of CaAlg and GOX makes GOX tightly
surrounded by CaAlg. As a result, the conformation of GOX
would not change when temporary melting of the crystalline
region occurs. Since GOX contains 16% polysaccharides in its
chemical composition, it is not surprising that CaAlg and
chitosan, as polysaccharides, have a stabilizing effect on
GOX.

A decrease in enzymatic activity due to enzymatic
structure rigidification and steric hindrance is common upon
enzyme immobilization, which could significantly reduce the
rate of substrate binds onto the catalytic center of the enzyme
(47). On the other hand, the diffusion of substrate, e.g.
glucose, and reactant oxygen, into the ACMS-GOX takes
time. Therefore, a lower H,O, generation rate was seen for
ACMS-GOX compared with that of free GOX at short
times. For faster reaction, loading GOX near the surface of
ACMS is preferred. However, entrapment of the enzyme
inside ACMS could protect the enzyme from degradation
better.

Cytotoxicity of FR-GOX and ACMS-GOX to Breast Cancer
Cells

Both FR-GOX and ACMS-GOX illustrated dose and
time dependent cytotoxicity against EMT6 breast cancer cells
due to the increased concentration of H,O, with increasing
the dose of GOX and exposure time of GOX to cells. The
high cytotoxicity of FR-GOX compared to ACMS-GOX at
equivalent doses was initially surprising given their similar
rates of H,O, generation at longer times (i.e., 3 or 5 h) as
shown in Table II. This different potency may be due to the
difference in the sites where FR-GOX and ACMS-GOX are
generating H,O,. The FR-GOX may be more evenly

2355

distributed and closer to the cells than ACMS-GOX, as is
its generation of H,O,, which may impart a faster and more
even reaction of ROS with extracellular components and
more highly reactive -OH intracellularly. Our mechanistic
study, using various extracellular reactive oxygen metabolite
scavengers and intracellular antioxidant enzyme inhibitors
and iron chelators, indicated that extracellular H,O, and ‘O,
played a more important role in the cytotoxicity of ACMS-
GOX than FR-GOX, and that -OH is the major ROS
accounting for intracellular cytotoxicity (14). As cellular
uptake of GOX was not detectable, either upon incubation
with FR-GOX or ACMS-GOX and OH has a very short half
life (14), it is likely that the intracellular OH was produced
inside the cells by H,O, that is generated outside and then
diffuses into the cells. This mechanism may also account for
the higher potency of FR-GOX.

In Vivo Efficacy in a Murine Solid Tumor Model

Traditional chemotherapy of solid tumors is hampered by
the systemic toxicity of therapeutic agents, due to the lack of
drug selectivity and the fact that only a small fraction of the drug
reaches the tumor tissue in an effective form. To overcome these
problems, the present work employed a novel strategy of using
ROS-generating enzyme encapsulated in ACMS for intra-
tumoral injection for solid tumor treatment. A significant tumor
growth delay was achieved with intratumoral injection of
AMCS-GOX in an animal solid tumor model. In contrast,
GOX in free form resulted in severe systemic toxicity at
equivalent and lower doses. The antitumor activity of GOX is
due to its ability to generate H,O, (12), which is demonstrated
by a necrotic region in ACMS-GOX treated tumor tissue. No
significant weight loss and fur roughing was observed over the
treatment period, indicating minimal systemic toxicity was
induced by intratumoral injection of ACMS-GOX. At the lower
ACMS-GOX dose, no tumor growth delay was seen, which
might suggest inadequate H,O, generated by the ACMS-
GOX. In solid tumor tissue, the blood flow as well as
nutrients, such as oxygen and glucose, may be low (15-18),
which, together with a low dose of ACMS-GOX, could lead to
a low H,O, generate rate. Since this experiment was only
conducted in a limited number of mice, more tests will be
undertaken to find the dose dependence and the oxygen and
glucose dependence of ACMS-GOX efficacy. Formulation
effect on the therapeutic efficacy of ACMS-GOX is also being
studied in our laboratory.

CONCLUSIONS

GOX was loaded within the ACMS with higher concen-
trations near the surface. Electrostatic interaction was a main
mechanism of GOX loading into CaAlg gel beads. The
formation of the CaAlg-GOX-chitosan complex likely stabi-
lized GOX. GOX retained its integrity after adsorption to
CaAlg gel beads and coating of the gel beads with chitosan.
ACMS-GOX exhibited cytotoxicity to murine EMT6 breast
cancer cells in vitro by in situ generation of H,O,. Intra-
tumorally delivered ACMS-GOX delayed tumor growth in
murine solid tumor model with much lower general toxicity
than free GOX. The results of this study suggest that the



2356

ACMS-GOX formulation has the potential for the local
delivery of therapeutic proteins to treat solid tumors.
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