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ABSTRACT

D-Aminoacid oxidase (DAO) was isolated from fresh porcine kidney; its cytotoxic potential was studied under in vitro
and in vivo conditions. The isolated DAO was complexed with Fe,O; nanoparticles and its potential as an oxidation
therapeutic agent was analysed. The ability of the complex in eliciting H,O, mediated cytotoxicity was studied on Dal-
ton’s lymphoma ascites cells (DLA). The induction of apoptosis in DLA cells by Fe,03-DAO complex was studied by
morphological examination and alkaline single cell gel electrophoresis (comet assay). The antitumor activity of the
complex was investigated by oral administration of the complex and the substrate D-alanine to tumor bearing Swiss
albino mice and by targeting the complex to the tumor site, using an externally applied magnetic field. Fe,O3-DAO
along with D-alanine showed remarkable cytotoxicity in a substrate concentration-dependent manner. Both morpho-
logical examination and comet assay revealed that Fe,0s-DAO/D-alanine induced apoptosis. Oral administration of
Fey05-DAO and D-alanine along with magnetic targeting significantly suppressed tumor growth in mice. The present
report provides the first evidence for the promising application of enzyme bound nanoparticles for targeted oxidation

therapy.
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1. Introduction

Reactive oxygen species (ROS) e.g., superoxide anion
(0;), hydrogen peroxide (H,O,), and hydroxyl radical
(‘OH) are generated in all acrobic organisms and are in-
dispensable for signal transduction pathways that regulate
cell growth [1] and reduction-oxidation (redox) status.
However, overproduction of these highly reactive me-
tabolites can initiate lethal chain reactions that involve
oxidation of various bio molecules and damage cellular
integrity and survival. If they can be selectively delivered
into tumors, ROS may exert remarkable antitumor poten-
tial due to their reaction with vital cellular targets. This
strategy of cancer treatment by generation of ROS selec-
tively in tumor cells has been named “oxidation therapy”
[2,3]. In oxidation therapy, the principle is to generate
excess ROS selectively in tumor tissue causing maxi-
mum tumor killing without affecting the normal tissues.
Among the ROS, H,0, readily crosses cellular mem-
branes and causes oxidative damage to DNA [1] proteins
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[4] and lipids by direct oxidation [5]. It was also reported
that H,O, induces apoptosis in many tumor cells in vitro
[6,7] via activation of the caspase cascade. H,O, is rela-
tively unstable and is a small water-soluble molecule.
Those characteristics hamper the utility of H,O, as an
antitumor agent in vivo for selective delivery to tumor
site. H,O, used alone was ineffective when injected into
tumor or into the circulation [8,9] because of its rapid
clearance and decomposition by catalase in erythrocytes.
Thus the use of H,O,-generating enzymes has been pro-
posed as an alternative approach to an H,O, dependent
oxidation therapy. In our study we isolated, D-aminoacid
oxidase (DAO) from porcine kidney and exploited its po-
tential as an H,O,-generating enzyme. D-Aminoacid oxi-
dase (DAO) (D-aminoacid: oxygen oxidoreductase (dea-
minating); EC 1.4.3.3) catalyzes the oxidative deamina-
tion of D-amino acids, producing the corresponding a-keto
acid and ammonia with concomitant reduction of mo-
lecular oxygen to hydrogen peroxide (H,O,). The gen-
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eration of H,O, can be easily modulated by varied infu-
sion of its substrates (D-aminoacids) as shown by the in
vitro data. Since the D-amino acids are scarce in mam-
malian organisms, it is to be introduced as the substrate
for effective oxidation therapy [10].

DAO have a short in vivo half-life. The molecular size
of DAO (Mr 39,000) is slightly smaller than the renal
excretion threshold (Mr 50,000), so it would be excreted
gradually as observed previously for other small proteins
or polymer drugs smaller than Mr 40,000 [11]. To over-
come this drawback, DAO was conjugated with a Fe,O4

(coated with Poly Vinyl Pyrolidone (PVP)) nanoparticles.

Earlier works showed that chemical modification results
in an increased in vivo half-life, a reduced antigenicity of
the native protein, inhibition of proteolytic degradation
and also helps in the effective targeting [10,12]. The
complexing of the enzyme with nanoparticles improved
the stability of the enzyme (unpublished data). Earlier re-
ports from our lab and several others showed that Fe;O4-
doxorubicin complexes can be targeted directly to the
site of the tumor by using external magnetic field [13].
Earlier studies revealed that biocompatible macromo-
lecules accumulate and remain in solid tumor because of
the unique characteristics of the tumor vasculature and
the impaired lymphatic clearance system. This pheno-
menon was named the ‘EPR effect’ of macromolecules
and lipids in solid tumor. This EPR effect was validated
in many experimental solid tumors [14,15]. In the present
work we are trying to exploit the potential of magnetic
nanopartcle—enzyme complex to be targeted using an
external magnetic field and the EPR effect by which the
complex once entered the tumor may get trapped within
the tumor vasculature. In this paper, we describe the iso-
lation and purification of DAO, synthesis of Fe,O;
nanoparticles and preparation of Fe,O; nanoparticles—
DAO complex. The prepared complex was further ana-

lysed for its anti tumor potential under in vitro conditions.

The in vivo antitumor activity was analysed in tumor
bearing swiss albino mice by targeting the nanoparticle-
DAO complexes to the tumor site using an externally
applied magnetic field, after oral administration of the
complexes and D-alanine (substrate).

2. Materials and Methods
2.1. Animals

Female Swiss albino mice of 8 - 10 weeks old, weighing
22 - 25 g were obtained from the Small Animal Breeding
Section (SABS), Mannuthy, Thrissur, Kerala. They were
kept under standard conditions of temperature and hu-
midity in the Centre’s Animal House Facility. The ani-
mals were provided with standard mouse chow (Sai
Durga Feeds and Foods, Bangalore, India) and water ad-
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libitum. All animal experiments in this study were car-
ried out with the prior approval of the Institutional Ani-
mal Ethics Committee (IAEC) and were conducted strict-
ly adhering to the guidelines of Committee for the pur-
pose of Control and Supervision of Experiments on Ani-
mals (CPCSEA) constituted by the Animal Welfare Di-
vision of Government of India.

2.2. Chemicals

Sodium pyrophosphate, D-alanine, 4-amino-3-hydrazino
-5-mercapto-1,2,4-triazole (purpald reagent) and Poly Vi-
nyl Pyrolidone (PVP) were from Sigma chemical com-
pany Inc., St.louis, MO, USA. Sodium benzoate and am-
monium sulphate ((NH,4),SO4) were from Himedia Labo-
ratories Pvt. Ltd. Mumbai. All other reagents were all of
analytical grade and purchased from reputed Indian ma-
nufacturers.

2.3. Preparation of Fe,O3; Nanoparticles Coated
with PVP

Fe,O3 nanoparticles were prepared by co-precipitation
technique in an inert atmosphere. A typical synthesis
process is discussed below. In brief, stoichiometric quan-
tities of metal chlorides (ferric chloride and ferrous chlo-
ride 2:1 molar ratio) were dissolved in milli-Q water.
Ammonia solution (28%) was added drop wise into the
metal chloride solution with vigorous stirring until the
pH became 11 - 12, and subsequently heating the slurry
at 80°C for 1 h. PVP (K-15, M. W = 15,000) was added to
the above slurry and further heated for 1 h and cooled to
room temperature and the salt solution was decanted and
the precipitate was repeatedly washed to remove any
impurity ions. The resulting Fe;O4 nanoparticles were
heated at 180°C - 210°C to yield Fe,O; nanoparticles [13,
16].

2.4. Isolation of Enzyme

DAO was isolated from fresh porcine kidney using am-
monium sulphate ((NH4),SO,) precipitation technique
[17]. Fresh porcine kidneys were obtained from Veteri-
nary College, Mannuthy, Thrissur, Kerala, India. It was
homogenized in 0.016 M pyrophosphate buffer (pH 8.3).
To the solution, Sodium benzoate (1 g/L) was added and
heated at 40°C for 30 minutes and then was cooled at
25°C. After cooling, pH was adjusted to 5.2 with 2N ace-
tic acid and centrifuged at 10,000 rpm for 10 minutes.
After centrifugation the supernatant was taken and 250 g/L
ammonium sulphate was added. Again centrifugation
was carried out at 10,000 rpm to obtain the precipitate
which was dissolved in 0.016 M pyrophosphate buffer
(pH 8.3). Heating was repeated at 52°C, and centrifuga-
tion and reprecipitation with ammonium sulphate was
performed thrice. The final precipitate was dissolved in
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pyrophosphate buffer and dialyzed against the same buffer.
The final enzyme was stored at —20°C.

2.5. Enzyme Activity of DAO

Enzyme activity was determined colorimetrically using,
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (purpald
reagent) as a colouring reagent [18] and color developed
was measured at 550 nm. D-Alanine was used as the
substrate with an initial concentration of 0.1 M. The en-
zyme reaction was carried out at 37°C in 0.133 M py-
rophosphate buffer (pH 8.3), where 1 unit of DAO activ-
ity is defined as the rate of formation of 1 umol of H,O,
per min.

2.6. Preparation of Fe,O3-DAO Complex

Fe,05 (300 mg) was mixed with 0.3 ml of isolated DAO
(Enzyme activity—12.6 U/ml, protein concentration—1
mg/ml) in 0.133 M pyrophosphate buffer (pH 8.3), incu-
bated overnight at 4°C in refrigerator and was sonicated
using an ultrasonicator for ten minutes. The enzyme
nanoparticle complex was centrifuged at 15,000 rpm for
15 minutes. The supernatant was collected and the pellet
was suspended in 0.5 ml of 0.133 M pyrophosphate
buffer (pH 8.3) and kept in refrigerator. Enzyme activity
of both the pellet and supernatant were measured. As the
enzyme activity was detected only in pellets, it is further
used for the experimental studies.

2.7. Cytotoxic effect of Fe,O3-DAO in Presence of
Different Concentrations of D-Alanine, in
Vitro

The ability of Fe,0;-DAO complex to produce H,O, in
presence of different concentrations of D-alanine was
determined. In vitro cytotoxicity of the complex towards
DLA (Dalton’s lymphoma ascites) cells was also ana-
lysed. The DLA cells (1 x 10° cells/ml) were incubated
with Fe,03;-DAO complex in presence of different con-
centrations of D-alanine. After the incubation, the cell via-
bility was estimated by means of Trypan blue dye exclu-
sion method. The percentage mortality of cells was cal-
culated and a graph was plotted with percentage mor-
tality of cells against time of incubation (in min).

2.8. Induction of Apoptosis in Vitro

DLA cells were aspirated from ascitic mice. The cells
were washed three times using phosphate buffered saline
(PBS). The cells (1 x 10° cells/ml) were incubated in
DMEM medium containing 10% foetal calf serum (FCS)
in presence or absence of the Fe,O3-DAO complex with
0.2 M D-alanine.

2.9. Morphological Analysis

To detect the morphological changes during apoptosis,
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cell suspension was smeared on a clean glass slide. The
smear was stained with May-Grunwald-Giemsa staining.
The slides were observed under bright field microscope
for apoptotic cells (having condensed or fragmented nu-
clei and cytoplasmic blebbing). Apoptotic index was cal-
culated using the equation.
Apoptotic index
= (Number of apoptotic cells/Total number of cells) x 100

2.10. Comet Assay

In order to detect apoptosis induction by Fe,O3-DAO com-
plex, on DLA cells, comet assay was performed [19] with
minor modifications. Microscopic slides were coated with
200 pl of 0.8% low melting point agarose contain- ing 50
ul of DLA cell suspensions and the slides were kept at
4°C. After solidification, the slides were immersed in pre-
chilled lysing solution containing 2.5 M NaCl, 100 mM
Na, EDTA, 10 mM Tris-HCI, pH 10, 1% DMSO, 1%
Triton X and kept for 1 hour at 4°C. After lysis, slides
were drained properly and placed in a horizontal elec-
trophoretic apparatus filled with freshly prepared electro-
phoresis buffer containing 300 mM NaOH, 1 mM EDTA,
0.2% DMSO, pH > 13. The slides were equilibrated in
buffer for 20 minutes and electrophoresis was carried out
for 30 minutes at 20 V, 300 mA. After electrophoresis the
slides were washed gently with 0.4 mM Tris-HCI buffer,
pH-7.4 to remove alkali. The slides were again washed
with distilled water, kept at 37°C for 2 hours to dry the
gel and silver staining was carried out [20-23].

2.11. In Vivo Antitumor Activity of Fe,03-DAO

Solid Tumor in Animals-Solid tumor was grown in hind
limbs of animals by transplanting DLA cells (1 x 10°
cells/animal) simultaneously in to the right hind legs of
thirty female Swiss albino mice (6 - 8 weeks old, body
weight 20 - 25 g). When the tumor was grown to a di-
ameter 0.8 - 10 mm (10™ day after tumor transplantation),
the animals were divided into six groups of five animals
each. The animals were orally administered with the Fe,O5
nanoparticles complexed with the enzyme DAO, as well
as nanoparticles and enzyme alone or water. Thirty min-
utes later, the animals were orally administered with D-
alanine (0.5 mmoles in 0.2 ml/mouse) and treated as de-
tailed below:

Group I: 0.1 ml Distilled water;

Group II: 0.1 ml Fe,0; (30 mg/ml);

Group III: 0.1 ml Fe,05-DAO (30 mg Fe,Os/ml, 0.1
mg protein/ml);

Group IV: 0.1 ml DAO (0.1 mg protein/ml) + D-al-
anine (0.5 mmol/mouse);

Group V: 0.1 ml Fe,0;-DAO (30 mg Fe,O3/ml, 0.1 mg
protein/ml) + D-alanine (0.5 mmol/mouse);
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Group VI: 0.1 ml Fe,05-DAO (30 mg Fe,O3/ml, 0.1
mg protein/ml) + D-alanine (0.5 mmol/mouse) + mag-
netic treatment for 15 minutes.

The animals in the groups II, III and VI were given a
magnetic treatment for 15 minutes on the tumor bearing
limb with a horse shoe magnet (1 G field) each day, 20
minutes after the D-alanine administration. The treat-
ments were continued for five consecutive days. The
hind leg thicknesses were measured using a vernier cal-
liper once in two days from 10™ day of tumor induction.
The tumor volume was calculated as follows:

Tumor radius
= Radius of tumor induced leg — Radius of normal leg

Tumor volume = 4/3% 1* where r is the tumor radius.
2.12. Statistical Analysis

The results are presented as mean + SD of the studied
groups. Statistical analyses of the results were performed
using ANOVA with Tukey-Kramer multiple compari-
sons test.

3. Results
3.1. Enzyme Purification

Enzyme activity and specific activity was determined at
every stages of isolation. The yield and activity of the
enzyme at various stages of the purification is summa-
rized in Table 1.

The recovery of the enzyme was 11.72%. The final
specific activity of the DAO at 37°C is 0.2538 U/mg
protein.

3.2. Characterization of Fe,O5; and Fe,03-DAO
Complexes

The FTIR spectra of magnetic Fe,O3 and Fe,03-DAO are
shown in the Figures 1 and 2. A weak peak at 2061.88
ecm ' appeared in the spectra of Fe,05-DAO could be
assigned to the C-O bonds in the enzyme molecule. This
peak was absent in the spectra of Fe,O; indicating en-
zyme attachment onto the particles. The results of the
XRD analysis of the nanoparticle and enzyme complexes
are presented in Figures 3 and 4.

3.3. In Vitro Cytotoxicity of Fe,03;-DAO

Cytotoxicity of Fe,03;-DAO was first examined via an in
vitro system using Dalton’s lymphoma ascites (DLA)
cells. Different concentrations of D-alanine was used as
the substrate because of its high turnover rate. DAO alone
and D-alanine alone showed no marked cytotoxicity
against DLA cells. In contrast, Fe,05-DAO along with
D-alanine showed remarkable cytotoxicity in a substrate
concentration-dependent manner (Figure 5). This is at-
tributed to the H,O, generation by the enzyme-substrate
reaction system. Maximum percentage mortality (99%)
was obtained when 50 mM D-alanine was used.

Table 1. Characterization of DAO at various steps of isolation.

Samples

Enzyme Activity Enzyme unit Concentration of Total protein Specific activity Purification

Yield %

(umol/ml/min) ((9)] Protein (mg/ml) (mg) (U/mg protein) fold
I Homogenate—Crude extract 0.0164 108.24 31.26 103158 0.0010 1 100
1I step precipitate obtained after
adding (NH.),SO,) 0.0423 16.92 3.75 750 0.0226 22.6 15.63
Final enzyme 0.1269 12.69 1 50 0.2538 254 11.72

100
90
80
70

N<l
°
N
of 8
o0
o

N
=
0
-
<
o

0

3000 2500 2000 1500 1000 500

Wave numbers (cm™)

-10
4000 3501

Figure 1. FTIR spectra of Fe,O3; magnetic nhanoparticles.
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3.4. Induction of Apoptosis in DLA Cells, in Vitro

Induction of apoptosis on DLA cells was studied by ana-
lyzing the morphological pattern of DLA cells. The
apoptotic cells were visualized as having cytoplasmic
blebbing and nuclear shrinkage (Figure 6). The results
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Figure 3. XRD pattern of Fe,O; nanoparticles coated with
PVP.
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showed that D-alanine along with Fe,O;-DAO showed
maximum apoptotic index (95.5%). The DAO (0.36 U)
along with substrate (0.2 M) also gave an apoptotic index
of about 85.2 + 5.55. The cells incubated with D-alanine
or Fe,03-DAO alone showed less apoptosis. The results
are shown in Table 2.
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Figure 4. XRD pattern of Fe,O;-DAO complex.
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Figure 5. Cytotoxic effect of Fe,03-DAOQ in presence of different concentrations of D-alanine on DLA cells in vitro.
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Figure 6. Representative figures of DLA cells showing apoptosis after May-Grunwald-Giemsa staining. (a) Untreated cells; (b)

Cells treated with Fe,05;-DAO; (c) Cells treated with Fe,Os;-DAO and D-alanine showing cytoplasmic blebbing; (d) Cells
treated with DAO and D-alanine showing apoptotic and non-apoptotic cells.
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Table 2. Apoptoic index in DLA cells treated with Fe,Os-
DAO in presence of D-alanine. (“a” represents, p < 0.001
compared to respective control, “b” represents, p < 0.05
compared to respective control).

Treatments Apoptoic index (%)
Control 0
0.2 M D-Alanine + DAO (0.36 U) 85.2 +£5.55%
0.2 M D-Alanine + Fe,03;-DAO (0.36 U) 95.5 +3.53*
0.2 M D-Alanine 6.5+2.12°
Fe,05-DAO (0.36U) 11.0+1.41°
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To further study the induction of apoptosis, DLA cells
incubated with Fe,03;-DAO and D-alanine were sub-
jected to comet assay (Figure 7). Cellular DNA damage
was observed when DLA cells were treated with Fe,Os-
DAO along with substrate D-alanine. The comets posses
a fan like tail indicative of apoptosis (Figure 7(b)). The
extent of DNA damage produced was nearly equal when
the cells treated with DAO with its substrate D-alanine
(Figure 7(c)). The cells treated with Fe,O;-DAO alone
(Figure 7(d)) and D-alanine alone (Figure 7(e)) did not
exhibit any DNA damage which may be due to the lack
of formation of H,O, at the reaction site. Thus the result
provided the extent of cellular DNA damage exerted
through the induced oxidative stress by H,O, generated
in situ through enzyme action.

Figure 7. Representative images of DLA cells after comet assay. (a) The untreated DLA cells; (b) DLA cells treated with
Fe,03-DAO and D-alanine showing Fan-like comets indicative of apoptosis; (c) DLA cells treated with enzyme (DAO) and
D-alanine showing DNA damaged and apoptotic comets; and (d) DLA cells treated with Fe,Os-DAO; (e) DLA cells treated

with D-alanine.
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3.5. In Vivo Antitumor Activity of Fe,O3;-DAO

Fe,03-DAO was administrated orally and after an ade-
quate lag time to allow the accumulation of Fe,O3-DAO
in the tumor by the application of an external magnetic
field (Figures 8 and 9), the substrate D-alanine was ad-
ministered. This treatment procedure allows generation
of cytotoxic H,O,, predominantly at the tumor site.

After oral administration of DAO-Fe,0;3 nanoparticles
and D-alanine, the tumor sites of tumor bearing animals
were allowed to place under the influence of an external
magnetic field “m” by keeping a magnet at the tumor site
for 15 minutes every day for 5 consecutive days. The
results are presented in Figures 8 and 9. Figure 9 gives
representative photographs of the animals and their tu-
mor bearing limbs and Figure 8 presents the data on the
tumor volume, following the treatments.

As shown in Figure 9(f1), tumor growth was signify-
cantly suppressed in mice administered Fe,O;-DAO and
D-alanine along with magnetic treatment in the fourth
day. In contrast, no significant antitumor effect was ob-

N

served in mice treated with native Fe,03-DAO plus D-
alanine without magnetic treatment (Figures 9(el) and (e2)).
Fe,0;-DAO and D-alanine alone treatment did not show
any antitumor activity (Figures 9(cl), (c2), (d1), and (d2)).

12 o —*Fe,0,-DAO + D-ala + Magnet -m~Fe,0,-DAO + D-ala

—4—Control —=>¢Fe,0,-DAO
10 4 —#=D-ala —-DAO + D-ala
g
2 61
o
>
5 41
5
= 2
[
0 : . X . : ; .
0 1 3 5 7 10 12 15
Days

Figure 8. Effect of administration of Fe,O; nanoparticles
coated with PVP and complexed with DAO and magnetic
targeting on growth of DLA solid tumor on hind limb of
mice. After transplanting the DLA cells (1 x 10° cells), on
10" day the tumor grows to a size of 1 cm® and different
treatments are started as detailed in the text.

(f1)

(2)

Figure 9. Effect of administration of Fe,O3; nanoparticles coated with PVP and complexed with DAO and magnetic targeting
on DLA solid tumor growth on hind limb of mice. (a) represent animals on the initial day of commencement of the experi-
ment; (b1) & (b2) represents untreated control animals; (c1) & (c2) represents animals treated with Fe,03-DAO; (d1) & (d2)
represents animals treated with D-alanine; (el) & (e2) represents animals treated with Fe,O;-DAO and D- alanine without
magnetic treatment; (f1) & (f2) represents animals treated with Fe,O5;-DAO and D-alanine with magnetic treatment. The
suffix “1”indicates 4™ day of treatment and “2” indicates 15" day of treatment.
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4. Discussion

Reactive oxygen species (ROS), including hydroxyl ra-
dical (OH: ), superoxide anion ( O, ), peroxynitrite
(ONOOQO") and hydrogen peroxide (H,0,), are highly re-
active and potentially hazardous by-products of cellular
metabolism. Overproduction of ROS, e.g. H,O,, causes
oxidative damage to the DNA, proteins and lipids leading
to cell death. ROS are highly cytotoxic and may exert re-
markable antitumor potential if they can be selectively
produced in cells of tumors for “oxidation therapy” [10].
Nanoparticles can be used to target drugs to generate
ROS at the tumor site. In our study we tried to exploit the
potential of ferric nano complex of D-amino acid oxidase
(Fe,03-DAO) to generate H,O, at tumor site when its
substrate D-amino acids (D-alanine) are supplied exoge-
nously. As D-amino acids are not usually present in ma-
mmalian organisms in significant levels it is to be ad-
ministered exogenously.

Under in vitro conditions, the killing of DLA cells were
enhanced in presence of the Fe,03-DAO and its substrate
D-alanine. The result suggests that the cytotoxic mecha-
nism of Fe,03-DAO and its substrate is through inducing
apoptosis, which was assessed by alkaline single cell gel
electrophoresis or comet assay (Figure 7). As shown in
in vitro studies, DAO alone, D-alanine alone or Fe,O3-
DAO alone did not have any cytotoxicity. The cytotoxic-
ity became apparent only when DAO and D-alanine were
accessible simultaneously (Figure 5). The cellular DNA
damage induced by the ferric-enzyme-substrate complex
on DLA cells is due to the induction of apoptosis in cells.
The induction of apoptosis by ferric enzyme nanocom-
plex with D-alanine results in extensive damage to cellu-
lar DNA as revealed in comet assay. Here, a greater por-
tion of DNA has fragmented and migrated sufficiently to
make the long tail. The intense damage to cellular DNA
might have caused the cells to go for apoptosis as re-
vealed by morphological pattern of the DLA cells with
cytoplasmic blebbing and nuclear shrinkage. Treatment
of the cells with D-alanine along with Fe,03-DAO showed
an apoptotic index of 95.5% [24,25].

The new type of cancer therapy, described here, de-
pends on targeting the H,0,-generating enzyme (DAO)
to the tumor site using magnetic nanoparticles and the
enzyme converting a pharmacologically inert substance
(D-alanine) to a highly cytotoxic metabolite, H,O,. Re-
cent studies have demonstrated that intravenous admini-
stration of DAO conjugated with poly ethylene glycol
(PEG) along with intra peritoneal administration D-
proline exhibited marked antitumor activity under in vivo
condition by increasing ROS formation at the tumor site
[10,12]. Tumor targeting by PEG-xanthine oxidase (PEG-
XO0) complex along with the substrate hypoxanthine also
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has been reported to enhance the tumor-targeting efficacy
and the antitumor activity of xanthine oxidase (XO) [26].
The present study, demonstrated the remarkable antitu-
mor activity of two nontoxic components, Fe;03-DAO
and D-alanine on mouse solid tumor model. Tumor tar-
geted delivery of Fe,O3-DAO by applying an external
magnetic field was possible and subsequent administra-
tion of D-alanine selectively generated potent cytotoxic
agent, H,O, at the tumor site. Consequently, effective
antitumor activity by H,O, could be accomplished, mi-
nimising toxicity to normal tissues and organs. Key find-
ings of the present study are: 1) tumor-targeted delivery
of an H,0,-generating enzyme (DAO) can be accom- pli-
shed; and 2) tumor regression due to generation of H,0,
by exogenous administration of the substrate, D-alanine.

The present study strongly suggested the feasibility of
effectively controlling tumor growth by targeting orally
administered nanoparticle bound enzyme with the help of
an external magnetic field to enhance the efficacy of the
treatment, suggesting the rationale of development of a
new anticancer strategy.
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