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Osteosarcoma (OS) is the most common type of malignant bone cancer, and the sixth most common type
of cancer in children and young adults. Currently, gene therapy is being evaluated as a novel method for
OS treatment. Here we report on an in situ gelling chitosan-based hydrogel system that sustains the
release of a potential anti-cancer gene (pigment epithelium-derived factor) to the tumor site. A signif-
icant reduction of the primary OS in a clinically relevant orthotopic model was measured. The combi-
nation of plasmid treatment and chemotherapy together with the use of this delivery system led to the
highest suppression of tumor growth without side effects. The results obtained from this study
demonstrate the potential application of a biodegradable hydrogel technology as an anti-cancer drug
delivery system for successful chemo-gene therapy.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

0S is the most common primary solid tumor of bone in children
and young adults [1,2], comprising about 20% of primary bone
sarcomas [3], and represents the second highest cause of cancer-
related death in this age group [4]. Currently, the primary treatments
of this disease include chemotherapy and surgery. Chemotherapy
drugs can be administered both before and after surgery. Contem-
porary chemotherapy is normally the intravenous or oral adminis-
tration of different chemotherapeutic agents [5,6]. However, most
chemotherapeutics carry the risk of both short-term and long-term
toxic effects. In addition, despite improved aggressive treatment
comprising of multi-agent chemotherapy and surgical resection,
approximately 30-40% of all patients still develop lung metastasis
which is the major cause of death from this disease [4,7]. Since the
current regimes used to treat OS have failed to eradicate the systemic
spread of OS, alternative treatment such as gene therapy which
should exclude the problems faced with current cytotoxic agents
such as drug resistance and systemic toxicity has attracted significant
research interest.
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The study of chronological and spatial patterns of OS growth and
invasion of local tissue structures including growth plate cartilage in
bone has revealed that this relatively avascular structure acts as
a natural barrier to the progression of this tumor [2]. This corre-
sponded with the growth plate layers with high expression of the
most potent endogenous anti-angiogenic factor, pigment epithe-
lium-derived factor (PEDF). Therefore, PEDF may have potential
therapeutic applications in OS, by improving the local control of
tumor growth and increasing the potential for limb-sparing surgery,
as well as reducing the risk of metastatic spread in this disease. Ek
et al. have demonstrated the therapeutic potential of PEDF against
OS using two clinically relevant orthotopic models of OS and a set of
cell-based assays relevant to OS proliferation, apoptosis, collagen-1
adhesion, differentiation, angiogenesis and metastasis [7].

The delivery of foreign DNA into host cells has been accom-
plished by non-viral vectors such as liposomes and DNA-polymeric
complexes [8], and by viral vectors such as retroviral and adeno-
associated viral vectors [9]. However, the efficiency of non-viral
vectors is very low and they are rapidly inactivated in the presence
of serum. On the other hand, viral vectors have provided high
transduction efficiency but faced serious safety problems with
some clinical deaths reported [9]. Recently, PEDF plasmid (pPEDF)
has been encapsulated in chitosan microparticles as a delivery
vehicle for OS treatment [10], though proper efficacy was not
determined.
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In the previous study, we have developed a thermal and pH
responsive chitosan in situ gelling system using low concentrations of
an inorganic phosphate salt, dipotassium orthophosphate (DPO) as
the gelling agent [11]. We have also demonstrated the sustained
releasing properties of Chi/DPO hydrogels which are liquid at low or
room temperature but gel at body temperature (37 °C). The
successful application of this biodegradable and biocompatible Chi/
DPO hydrogel in the delivery of Doxorubicin (Dox), a small anti-tumor
molecule, for the treatment of OS in a clinically relevant orthotopic
mouse model has been also reported [12]. In this paper, a further
application of Chi/DPO technology in delivering pPEDF, a large
bioactive molecule, in OS treatment was presented. The same clini-
cally relevant metastatic mouse model of OS [4] was employed in this
study. The dual-pronged regime for OS treatment provided by the
combination of chemotherapy and plasmid treatment was discussed.

2. Materials and methods
2.1. Materials

Low molecular weight chitosan from crab shells (~ 120 kDa) with deacetylation
degree between 75% and 85% was obtained from Fluka BioChemika (Switzerland).
Dipotassium phosphate (K;HPO4) (DPO) and acetic acid (CH3COOH) were purchased
from Ajax Finechem (Australia). Doxorubicin was obtained from Sigma-Aldrich,
Australia. PEDF plasmid was obtained as previously described [10]. Briefly, PEDF
DNA insert was cloned into pcDNA3.1-his-myc(—)A vector (Invitrogen) for trans-
fection. The plasmids expressing PEDF (pPEDF) and the pcDNA3.1 empty vectors
(pVector or pVec) were amplified using TOP10 bacterial cells (Invitrogen, Australia).
The human Sa0S-2 OS cell line attained from the American Type Culture Collection
(ATCC) was cultured in o-MEM (Invitrogen, Australia) supplemented with 10% fetal
calf serum (FCS, Invitrogen, giving complete medium, CM) in a humidified 5% CO,
atmosphere. Cells were used within 20 passages. A seeding cell population of
exponentially-growing cells greater than 95% viability was used for all assays.
Female 5-week-old Balb/c nude mice (Animal Resource Center, Perth, Australia)
were used for orthotopic injection of Sa0S-2 cells. Mice were housed and main-
tained at the BioResources Centre (St Vincent's Hospital, Australia) as previous
described [13]. All animal experimentations were approved by the St Vincent's
Health Animal Ethics Committee.

2.2. Preparation of hydrogel solution

Low M,y chitosan solutions were prepared by dissolving chitosan flakes in 0.1 m
acetic acid overnight at room temperature under constant stirring. The resultant
solutions were then filtered through 100 um pore sized filters and stored under
refrigeration, at 4 °C. Chitosan solutions of different concentrations were heated at
85 °C for different numbers of hours to reduce their viscosity. DPO solutions were
prepared with distilled water and stored at 4 °C. Appropriate amounts of cold DPO
solution (4 °C) were added into cold chitosan solution (4 °C) and mixed manually at
room temperature until homogeneous.

2.3. Rheology analysis

Rheological measurement was performed using a Carri-Med CSL? 100 controlled
stress rheometer with cone (4 cm diameter, 1.59° angle) and plate geometry. All the
measurements were performed in oscillation mode at a fixed frequency of 1 Hz and
a strain of 1%, which is well within the measured linear viscoelastic region. The
temperature evolution of G’ and G” moduli were measured with change in temper-
ature at arate of 1 °C/min. The time evolution of G’ and G” were measured at constant
temperature of 37 °C. The gelation temperature and the gelation time were taken as
the temperature and the time at which G’ and G” were equivalent in value [14-16].

2.4. In vitro release study

Appropriate amounts of pPEDF were added to DPO solutions and mixed
thoroughly. After being kept cold at 4 °C, the resultant DPO/pPEDF solution was
mixed manually with an appropriate amount of cold chitosan solution (4 °C) until
homogeneous. Five different Chi/DPO-pPEDF formulations were prepared as
detailed in Table 1.

20 pl of the resultant Chi/DPO solution containing pPEDF was pipetted into
a 1.5 ml Eppendorf tube which was incubated at 37 °C for 1 h at which temperature
the solution gelled. The formed gels occupied the bottom of the tubes and were
exposed to the release buffer by the same surface areas ( ~19.6 mm?).1 ml of PBS pH
7.2 (GIBCO, Invitrogen, Australia) was pipetted into each tube. Controls included
tubes containing blank hydrogel. The tubes were then placed in a shaking incubator
(Ratek, Australia) maintained at 37 °C under gentle shaking at 100 rpm.

Table 1
Chi/DPO formulations for pPEDF delivery.
Formulation Components
Low M,, chitosan solution K;HPO,4 solution pPEDF*
Concentration Heat- Volume Concentration Volume (L)
(w/w%) treating (uL) (w/w%) (uL)
time (h)
Chi/DPO6-pPEDF 2 0 900 50 60 68.8
Chi/DPO7-pPEDF 2 0 900 50 50 68.0
Chi/DPO8-pPEDF 2.5 9 900 25 70 69.6
Chi/DPO9-pPEDF 2.5 9 900 28 70 69.6
Chi/DPO10-pPEDF 2.5 9 900 22 100 71.2

@ pPEDF stock solution is 7.5 g/l. Final concentration of pPEDF in formulations is
0.5 mg/ml Chi/DPO.

At the predetermined time intervals, 900 uL of the release buffer was sampled
and stored at —20 °C for further analysis. Before sampling, the Eppendorf tubes were
quickly centrifuged at 700 x g for 1 min to make sure all damaged gels staying at the
bottom of the tubes and not being sampled. Subsequently, 900 pl of fresh buffer was
added to the tubes in order to maintain constant volume of release medium. pPEDF
released from the hydrogel formulations was exponentially amplified by Polymerase
Chain Reaction (see Section 2.5) and then quantified by Agarose Gel Electrophoresis
(Section 2.5). The density of ethidium bromide stainings of amplified pPEDF stan-
dards was plotted versus pPEDF standard concentration. The amount of the released
PPEDF was calculated based on the standard curve obtained from this plot.

The in vitro release of pPEDF was also conducted in the presence of lysozyme
(Invitrogen, Australia) at concentration of 8 ug/ml, which is similar to the enzyme
concentration found in the human body. Released pPEDF solutions were concen-
trated by isopropanol method (see Section 2.6) for using in the cell-based assays.

2.5. Polymerase chain reaction and agarose gel electrophoresis

The PCR Master (Roche Diagnostics, Australia) kit was utilized according to
manufacturer’s protocol. Forty cycles were run at Tanpealing Of 63 °C, Telongation 0f 72 °C
and Tgenaturation Of 94 °C. The PCR was carried in small reaction tubes (0.2 ml) (Roche
Diagnostics), containing a reaction volume of 44 pl, that were inserted into a thermal
cycler, PCR Eppendorf Mastercycler (Roche Diagnostics). PCR products were run on
a 2% agarose gel in Tris—acetate-EDTA buffer at 90 V for 1 h. The gel was visualized
and analyzed using a BioRad Gel-Doc system with Quantity One software (Australia).

2.6. Plasmid DNA extraction

The released plasmid pPEDF solutions were concentrated by using isopropanol
precipitation method. The triplicate release solutions for each collection day were
combined. Briefly, one volume of cold isopropanol was added into the same volume
of pPEDF release solution in a microcentrifuge tube. Since the release buffer (PBS, pH
7.2 - GIBCO, Invitrogen, Australia) contained monovalent cations, there was no need
to add any salts to facilitate precipitation. The mixture was mixed gently and placed
in fridge at —20 °C for 30 min. The tubes were then centrifuged at 4 °C and 13,200 g
for 30 min. The supernatant was carefully discarded and the DNA pellet was
resuspended in 450 pL of 70% ethanol. After 5 min, the tube was centrifuged at 4 °C
and 13,200 g for 20 min. Supernatant was removed and discarded. The pellet was
air-dried for 1 h then suspended in 30 puL TE (Tris 10 mm, EDTA 1 mm) buffer, pH 8.0.

The extraction efficiency of the plasmids was 61 £11% as evaluated using PCR
and agarose gel electrophoresis methods. Briefly, 5 pul of the concentrated pDNA
solution underwent PCR as described in Section 2.5 but 15 PCR cycles were used
instead of 40. The PCR product was quantitated using agarose electrophoresis
method as described in Section 2.5.

2.7. Visualization of pDNA in the gel matrix

Chitosan hydrogel containing pPEDF (Chi/DPO7-pPEDF) was immersed in the
solution of 10 pg/ml ethidium bromide (EB) for 10 min in dark. Chi/DPO7-pPEDF was
then observed under Nikon fluorescence microscope with TR filter and images were
taken.

2.8. Proliferation/viability assay

Sa0S-2 cells were seeded at 100,000 cells/well in a 24-well plate. After 1 day,
cells were transfected with Lipofectamine 2000 (Invitrogen, Melbourne, Australia)
containing either released pPEDF or released pVector according to the manufac-
turer’s instruction. Briefly, an appropriate volume of concentrated pDNA solution
(obtained from the DNA extraction described in Section 2.6) containing 90 ng pDNA
was diluted in Opti-MEM I Reduced Serum Medium (Invitrogen, Australia). Lip-
ofectamine was diluted (1:25) in Opti-MEM I medium (Invitrogen, Australia) and
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Table 2
Mice treatment cohorts.

Group Injection per mouse Site of injection
Control 100 pL of 0.9% normal saline Intraperitoneal
(no treatment)

pPEDF 2 x 20 pL of pPEDF solution in 0.9% Peritumoral
normal saline at 20 pg pPEDF/mouse

pVec 2 x 20 puL of pVec solution in 0.9% Peritumoral
normal saline at 20 ug pVec/mouse

Chi/DPO7-pVec 2 x 20 pL of Chi/DPO7-pVec Peritumoral

solution at 20 pg pVec/mouse
2 x 20 pL of Chi/DPO7-pPEDF
solution at 20 pg pPEDF/mouse
2 x 20 pL of Chi/DPO3-Dox at 5
mg Dox/kg mouse; 2 x 20 pL of
Chi/DPO7-pPEDF solution at 20
ug pPEDF/mouse

Chi/DPO7-pPEDF Peritumoral

Combination (combo): Peritumoral
Chi/DPO3-Dox +
Chi/DPO7-pPEDF

Chi/DPO3-Dox is the hydrogel formulation containing Doxorubicin (Dox) [12].

incubated for 5 min at room temperature. Subsequently, 50 pul diluted pDNA was
combined with 50 pl diluted Lipofectamine. The resultant solution was incubated for
20 min at room temperature. 100 pl of pDNA-Lipofectamine complexes was then
added to each well containing cells and medium without antibiotics. Cells were then
incubated at 37 °C for 1 day. Wells were washed with PBS and cells were trypsinized.
Cells were enumerated using trypan blue and a hemocytometer.

2.9. Collagen-1 adhesion assay

96-Well plates were coated with 0.2 g/l collagen-1 [4]. Either pVector- or pPEDF-
transfected cells (obtained from the trypsinization of cells in the viability assay -
Section 2.8) were seeded at a density of 4000 cells/well and incubated at 37 °C for
1 h. Wells were washed twice with PBS (pH 7.2) to remove non-adherent cells. The
remaining cells were stained with Hoechst 33258 (Sigma-Aldrich, Australia) and
enumerated at 100x magnification using the Nikon microscope/SPOT Advanced
software under a UV filter.

2.10. In vivo efficacy study

Mice were anaesthetised with ketamine (100 mg/kg) and xylazine (10 mg/kg).
10 uL of 50% matrigel containing 20,000 of SaOS-2 cells was intratibially injected
into each mouse as described previously [4,13,17]. 3 weeks later, mice were
randomized into 6 groups with 5 mice per group and administered treatments.
Details of these treatment groups are summarized in Table 2. Mice were checked 3
times a week. At the termination of the study (12 days later), tumors were measured
using digital calipers and mice legs were X-rayed [10]. Mice were sacrificed and
heart, lungs, tumor, skin, and limbs were removed and fixed in 4% para-
formaldehyde. After rinsing with PBS, number of lung macrometastases were
counted. All tissues were embedded in paraffin for histological analysis.

2.11. Histology

The limbs were decalcified and all tissues were embedded in paraffin for
histological analysis according to standard conditions [7]. All tissues were sectioned
at 4 um and stained with hematoxylin and eosin as before. Sections were observed
with a Nikon Eclipse TE2000-U microscope (Nikon, Australia) and photographed
with SPOT Advanced software (SciTech, USA).

2.12. Statistical analysis
Data were analyzed for statistical significant using Student’s t-test (2-tailed). A

P-value < 0.05 was considered significant.

Table 3
Properties of Chi/DPO formulations.
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Fig. 1. In vitro release of pPEDF from Chi/DPO formulations with the same pPEDF
loading (0.5 mg plasmid/ml Chi/DPO) in PBS (pH 7.2) at 37 °C (n=3). (A) All formu-
lations, (B) slow releasing formulations.

3. Results
3.1. Characterization of Chi/DPO solutions

Five different Chi/DPO formulations were characterized and
tested in an in vitro release study to figure out the most suitable
formulation for delivery of pPEDF. They were prepared by varying
chitosan concentration, orthophosphate concentration and drug
loading parameters (Table 1).

3.1.1. Rheological properties

These five formulations were rheologically characterized to
define their gelation temperatures, gelation time at both room
temperature (20 °C) and physiological temperature (37 °C), and gel
strength at 37 °C. The pH of each formulation was also determined.
The results are summarized in Table 3.

3.1.2. In vitro release properties
The in vitro release of bioactive ingredient pPEDF from these five
formulations was studied for 9 days. It was found that Chi/DPO

Table 4
Release characteristics of Chi/DPO-pPEDF formulations.

Formulation Gelation Gelation time Gelation time G’ at37°C pH at Formulation Cumulative release Cumulative release Average release
temperature (°C) at 20°C (min) at 37 °C (min) (Pa) 20°C after 9 days (%) after 9 days (ng) rate (ng/day)

Chi/DPO6 28.2 7.1 Immediate 258.7 7.51 Chi/DPO6 0.006 1.2 0.13

Chi/DPO7 30.6 301 0.1 1711 742 Chi/DPO7 0.11 22 24

Chi/DPO8 33 52.0 44 209.6 7.26 Chi/DPO8 0.06 12 133

Chi/DPO9 324 45.0 17 248.5 7.33 Chi/DPO9 0.004 0.8 0.09

Chi/DPO10  28.9 14.3 0.7 480.6 743 Chi/DPO10 0.003 0.6 0.07
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Fig. 2. In vitro release of pPEDF from Chi/DPO7 formulation (2.5 mg pPEDF/ml Chi/
DPO7) in PBS (pH 7.2) containing lysozyme at 37 °C (lysozyme: 8 pg/ml - similar to the
enzyme concentration found in human serum 27) (n =3).

released pPEDF in a sustained manner (Fig. 1A, B) however the
release rates were very slow. No initial burst effect was observed in
the release of plasmid, a large bio-molecule. Details of the release
rate and the cumulative release percentage after 9 days for each
formulation were summarized in Table 4. It was observed that
within 9 days of the experiment, the size and the shape of the
hydrogels did not change significantly.

Based on the pH, the gelation temperature, the gelation time at
room temperature and at 37 °C, and the in vitro release rate, Chi/
DPO7 emerged as the optimum system for delivery of pPEDF. To
avoid complication during formulation and delivery, the pH of
Chi/DPO needs to be around physiological pH (7.4). Furthermore,
the Chi/DPO solution should gel in a reasonable time, not too short
to allow enough time for injection, but not too long to prevent
abundant drug leaking from an incompletely-formed hydrogel. In
addition, the hydrogel matrix should release drugs or active
therapeutic agents in a sustained manner. Since an extremely
large molecule such as plasmid diffused very slowly out of the gel
matrix, the optimum formulation should be the one able to release
plasmid relatively fast. Therefore, Chi/DPO7, the formulation
releasing pPEDF the quickest, was selected. In addition, Chi/DPO7
owned appropriate gelation temperature (30.6 °C), good gelation
time at 37 °C (0.1 min - gel nearly immediately after injection),
great stability at 20 °C (30.1 min - long enough for preparation
and injection procedure), and suitable pH (7.42 - exactly physio-
logical pH).
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Fig. 4. Cell-based assays. (A) Proliferation assay results graph - inhibition effect of
PPEDF released from Chi/DPO7 on SaOS-2 cell proliferation after 1 day of incubation.
*P < 0.05 versus lipo/released pVec group. (B) Adhesion assay results. *P < 0.005 versus
control group. #P < 0.005 versus lipo/released pVec group. Control group: no lipo and
lipo complexes added.

The in vitro release of pPEDF from Chi/DPO7 in PBS buffer con-
taining lysozyme was also performed and is presented in Fig. 2. In
the presence of the enzyme, both the initial burst and the release
rate after the burst were dramatically increased. After 2 weeks of
experiment, around 1.5% (300ng) of entrapped pPEDF was
released. The average release rate was 0.11%/day or 21.4 ng/day

Fig. 3. Color fluorescence images of Chi/DPO-pPEDF. Orange-red fluorescence indicated the presence of plasmid in Chi/DPO hydrogel.
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much higher than those in the absence of lysozyme. In the presence
of lysozyme, the gels were partially degraded.

3.2. Distribution of pPEDF in the gel matrix

As shown in Fig. 3, pPEDF exhibited orange-red fluorescence
after soaking in an ethidium bromide solution, providing a direct
visual evidence for the distribution and structure of plasmid in
hydrogel. Small blocks or aggregates of pPEDF molecules were
regularly distributed throughout the hydrogel matrix.

3.3. Therapeutic activities of pPEDF released from Chi/DPO7
hydrogel

Sa0S-2, a human OS cell line, was employed to investigate the in
vitro activities of pPEDF released from Chi/DPO7 hydrogel matrix. It
was known that pPEDF is able to inhibit the proliferation of
cancerous cells and capable to increase the adhesion of these cells
to collagen-1. In this study, the released pPEDF was transfected to

A 100

Tumor volume (mm3

OS cells using Lipofectamine (lipo). It was found that the complexes
of lipo/released pPEDF caused noticeable inhibition effect on OS cell
proliferation (Fig. 4A). Approximately 37% of cells were dead,
compared to the control. It was also noted that lipo and the
complexes of lipo/released pVec exhibited slight toxicity on the
viability of SaOS-2 cells. As can be seen in Fig. 4B, the incorporation
of the released pPEDF on lipo increased the cellular adhesion to
collagen-1 coating of the wells by approximately 2.8 times
compared to the control group, and by approximately 1.8 times
compared to the lipo/released pVec group. These findings demon-
strate the preserved functionality of the released pPEDF.

3.4. In vivo efficacy study

3.4.1. In vivo inhibition of primary tumor growth

Fig. 5 reveals the ability of Chi/DPO7-pPEDF to inhibit primary
tumor growth at the tibia site. It shows a significant difference
between tumor growth in the untreated (control) group and the
Chi/DPO7-pPEDF-injected group (Fig. 5A and B). Chi/DPO7-pPEDF

75 T

50

251 i *

. | | | | mm

Control pVec

Control pVec pPEDF

pPEDF

Chi/DPO7- Chi/DPO7-
pVec pPEDF

Combo

Chi/DPO7-pVec Chi/DPO7-pPEDF Combo

500 um

Fig. 5. Inhibitory effect of Chi/DPO7-pPEDF on in vivo tumor growth in mice after 12 days post-treatment. (A) Tumor-growth inhibition graph, *P < 0.05 versus control and pPEDF
group. (B) Primary tumors, showing significantly large tumors in samples from control, pVector, pPEDF and Chi/DPO7-pVector groups; small tumor in sample from Chi/DPO7-pPEDF
group; and lack of tumor growth in sample from the combination group. (C) X-ray images, indicating severe bone lysis in samples from pVector, pPEDF and Chi/DPO7-pVector
groups, while only mild osteolysis observed in sample from Chi/DPO7-pPEDF group and normal bone cortex in sample from the combination group. (D) Histological analysis
showing strong tumor growth severely degrading bone cortex and invading bone marrow in samples from control, pVector, pPEDF and Chi/DPO7-pVector groups; less bone
degradation in sample from Chi/DPO7-pPEDF group; and normal bone morphology in sample from the combination group (BM: bone marrow, C: cortex) (magnification 100x).
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reduced the tumor volumes by approximately 37% compared to the
control group. Interestingly, the combination of Chi/DPO3-Dox and
Chi/DPO7-pPEDF (combination treatment group) mostly elimi-
nated the primary tumors. Some mice in this treatment group did
not show any tumors at the end of the study. X-ray images revealed
lesser evidence of bone degradation (osteolysis) in the groups of

H.T. Ta et al. / Biomaterials 30 (2009) 4815-4823

Chi/DPO7-pPEDF and normal bone cortex was found in mice
belonging to the combination group (Fig. 5C). Histology analysis
also confirmed less osteolysis in Chi/DPO7-pPEDF group and no
bone degradation in the group of combination treatment (with
bone marrow preservation clearly noted) while significant osteol-
ysis occurred in the other cohorts of mice (Fig. 5D).

A 5

Number of metastases

Control pVec

T
Chi/DPQO7-
pVec

Chi/DPO7-
pPEDF

Combo

500 ym

Fig. 6. Inhibition of lung macrometastasis in mice after 12 days post-treatment. (A) Lung macrometastasis inhibition graph, *P < 0.005 versus control group. The number of
macrometastases was enumerated on the surface of all lobes of each lung against a white background. (B) Histological analysis of lung metastasis (P: parenchyma, T: tumor)

(magnification 40x).
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3.4.2. In vivo inhibition of secondary tumor growth

Despite the demonstrated potent activity of Chi/DPO7-pPEDF at
the primary bone tumor site, the incorporation of plasmid in Chi/
DPO hydrogel did not show any positive effect on the development
of pulmonary (lung) metastases as can be seen in Fig. 6. However, in
the combination treatment group, the number of metastases
significantly reduced by approximately 8-fold, indicating a synergic
effect due to the dual-pronged therapy. In some mice belonging to
this group, metastases were absent altogether. Histological exam-
ination of dissected lungs revealed smaller or nil metastasis noted
in the combination treatment group.

4. Discussion

PEDF, a widely expressed 50kDa secreted glycoprotein is
amember of the serine protease inhibitor (serpin) family, although it
does not inhibit proteases [18]. It has been identified as one of the
most potent endogenous inhibitors of angiogenesis. It induces
endothelial cell apoptosis through the Fas/FasL death pathway and
decreases the expression of important pro-angiogenic factors such as
VEGF[19-21]. It also promotes cell differentiation and influences cell
proliferation by regulating the cell cycle [22] and inducing apoptosis
[23]. In an endothelial cell migration assay performed by Dawson
et al,, it was found that PEDF was more potent than any of the other
known angiogenesis inhibitors. It was more than twice as potent as
angiostatin and more than 7 times as potent as endostatin [19].

The release patterns of pPEDF from Chi/DPO formulations were
not influenced by both chitosan and orthophosphate concentra-
tions in formulation. They were factors affecting the release of
proteins entrapped in Chi/DPO hydrogels as presented in our
previous study [11]. In the case of pPEDF, hydrogel strength was the
key factor influencing pPEDF release profiles. No initial burst effect
was observed in the release of this plasmid, a large bio-molecule.

After 9 days of the study, Chi/DPO7, the weakest hydrogel
(1711 Pa - Table 3) released the highest percentage of entrapped
pPEDF (0.11% or 22 ng). Chi/DPO8 with hydrogel strength of
209.6 Pa came second in term of fast release. It released 0.06% or
12 ng of pPEDF throughout the whole experiment. Chi/DPO6, Chi/
DPO9 and Chi/DPO10 came next following the order of increasing
hydrogel strength and the order of decreasing release rate. There
was only 0.003% or 0.07 ng of the entrapped pPEDF released from
Chi/DPO10, the strongest formulation.

These results can be explained by the molecular weight and the
electrostatic charge of the loaded plasmid. Since pPEDF is an
extremely large molecule with M,y of 4.4 x 108 g/mol, it difficultly
diffused out of the gel matrix, resulting in greatly slow release rates.
In addition, at neutral pH, pPEDF is negatively charged. Since chi-
tosan is a polycationic macromolecule [24], it is likely to form
electrostatic interaction with pPEDF, thus limiting the release of
PPEDF. Therefore, the release of large molecule such as plasmid was
not governed by the diffusion mechanism.

Although the degradation of Chi/DPO hydrogels and the release
of plasmid from these formulations were slow in in vitro conditions,
it was thought that these rates would be much faster in vivo due to
the presence of various types of cells and a range of degradative
enzymes. It is well known that, in human serum, N-acetylated chi-
tosan is mainly depolymerized enzymatically by lysozyme [25]. The
enzyme degrades the polysaccharide by hydrolyzing the glycosidic
bonds present in the chemical structure. It contains a hexameric
binding site [26], and hexasaccharide sequences containing 3-4 or
more acetylated units contribute mainly to the initial degradation
rate of N-acetylated chitosan [27]. Human lysozyme is a 15 kDa
single chain protein of 123 amino acids [28]. It is present in many
human cells and tissues, as well as in soluble form in various body
fluids such as serum, umbilical cord serum, urine, cerebrospinal and

amniotic fluid, and most secretion fluids including gastric juice, bile,
saliva, tears, seminal fluid, and milk [29,30]. The enzyme was also
reported to be synthesized during active phagocytosis after nerve
injury [31]. Thus lysozyme released from phagocytic cells including
macrophages and neutrophils can contribute to the degradation of
chitosan and chitin. The specific degradation by lysozyme of chi-
tosan and chitin can be beneficial in tissue engineering and drug
delivery applications.

To further mimic the physiological conditions in the human
body and to enhance the release rate of pPEDF from Chi/DPO7,
lysozyme was added to the release medium at a concentration of
8 mg/l or 8 ug/ml, which is similar to the concentration of lysozyme
in human blood serum [32]. As predicted, the release rate was
much faster in the presence of lysozyme. The release pattern was
approximately linear with a lesser rate of release occurring post-
linear phase. The morphology of Chi/DPO7 was observed under
SEM showing a heterogeneously porous structure. Chi/DPO7
possessed the pores with their sizes in the range between 10 and
50 um (data not shown). The outer pores were greater in size
compared to the inner pores, which could explain the retarding
release rate of plasmid in the later stage. The smaller pores meant
more bonds or more connecting fibers existing in the hydrogel
matrix, which resulted in the slower degradation rate and then the
slower release rate. The results obtained from this study demon-
strated that degradation of hydrogel matrix was the main release
mechanism for plasmid PEDF.

An experiment was performed to investigate the distribution and
the structure of plasmid incorporated in Chi/DPO hydrogel by
soaking the Chi/DPO7-pPEDF briefly in an aqueous ethidium
bromide solution. Ethidium bromide (EB) is a DNA-intercalating dye
used widely to visualize double-stranded DNA in applications such
as agarose gel electrophoresis [33]. The fluorescence intensity of EB
increases dramatically upon intercalation into double-stranded DNA.
Specifically, it yields a high level of fluorescence in the presence of
double-stranded DNA and does not stain or label single-stranded
DNA well. The fluorescence of EB increases 21-fold upon binding to
double-stranded RNA and 25-fold on binding double-stranded DNA
so that destaining the background is not necessary with a low stain
concentration (10 pg/ml) [34]. In this study, orange-red fluorescent
aggregates of pPEDF were observed throughout the hydrogel. The
fact that the plasmids existed in the form of several small aggregates
in the Chi/DPO matrix may be due to the high viscosity of chitosan
solution and the way used to mix chitosan and salt components
(manual mixing), which hindered the even distribution of plasmid
molecules. Although it is not possible to conclude more details about
the specific structure or conformation of the entrapped pPEDF from
this basic experiment, the fluorescence observed in Fig. 3 suggests
that the plasmid remained substantially double-stranded and not
degraded upon incorporation into the hydrogel.

To further investigate the conformation and the bioactivity/
functionality of released pPEDF, experiments with Sa0S-2, a human
0S cell line, were carried out. To be expressed within a cell, the
delivered plasmid has to be in its intact functional form. It was found
that open circular DNA was transcriptionally competent and could
yield high levels of gene expression in transfected cells [35-37].

To evaluate the transcriptional viability of the plasmid released
from Chi/DPO hydrogel, these plasmids were transfected into SaOS-2
cells using the commercially available lipid-based transfection
reagent Lipofectamine 2000. The efficient transfection of most cell
lines in vitro generally requires the use of an auxiliary gene transfer
agent such as Lipofectamine or a cationic polymer-based delivery
system to enhance cellular uptake [38]. In vivo, however, the naked or
noncomplexed plasmid DNA is well transfected into cells and tissues
[36,37]. The transfected cells were then taken into proliferation/
viability and collagen-1 adhesion studies. Since PEDF overexpression
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significantly reduced OS tumor cell proliferation and increased the
adhesion of tumor cells to collagen type-1 [7], the effect of the
released pPEDF on Sa0S-2 proliferation and adhesion properties can
determine the extent of the functionality of plasmids released from
Chi/DPO matrix.

The ability of Sa0S-2 cells to propagate in the bone cavity and
metastasize to the lungs may partly be due to the rapid growth of
these cells and the decreased level of adhesion of these cells in
poly-i-lysine and more importantly, collagen-1, the most abundant
extracellular protein in human bone [4]. Thus in vivo, Sa0S-2 would
readily dissociate from the primary site of bone and intravasate into
the bloodstream. Therefore, enhancing the adhesion of SaOS-2 cells
to collagen-1 is very important to prevent metastases.

The results obtained from the cell-based assays have confirmed
the bio-functionality of released pPEDF. These findings also
demonstrated that pPEDF maintained its intact conformation after
being released out of the hydrogel matrix. It was noted that the
incorporation of pVec in this liposome resulted in the slight effects
on Sa0S-2 proliferation and its adhesion property. The reason for
this phenomenon is yet unknown, but could be due to the trans-
fection procedure. In any case, pPEDF effects were always more
pronounced than with pVec.

The efficacy of pPEDF incorporated in Chi/DPO7 hydrogel was
investigated in vivo using an orthotopic metastatic OS model
developed by Dass et al. [4]. The local delivery of pPEDF from the
formulation injected peritumorally and its anti-tumor activity were
demonstrated via the investigation of tumor growth. Chi/DPO7-
pPEDF reduced the tumor volumes by approximately 37%
compared to the control group. However, the same did not hold for
the free pPEDF-injected groups, which did not exhibit any growth
inhibition. Over the 12 days of experiment, the control tumors were
58.44 + 14.93 mm? in size and the free pPEDF-injected tumors had
size at 6712 +24.70 mm> while the Chi/DPO7-pPEDF treated
tumors were only 36.51 +15.99 mm°. The difference was statisti-
cally significant (P < 0.05) between the Chi/DPO7-pPEDF group and
both the control and the free pPEDF groups. Free pVec and Chi/
DPO7-pVec did not show any effect on the growth of OS tumors.
These results indicate that Chi/DPO7-pPEDF treatment had signif-
icantly better ability to delay tumor growth, compared to the free
pPEDF treatment with the same pPEDF dose.

The no effect of Chi/DPO7-pPEDF on the development of
metastasis may be explained by the slow release of pPEDF from the
hydrogel matrix. The in vivo efficacy study started after 3 weeks
post-inoculation of Sa0S-2 cells in mice tibia to induce OS. At this
time point, tumors were palpable and became aggressive that could
cause a drop in animal body weights [4]. Due to the slow release of
pPEDF, it was unable to prevent the fast-growing spread of
cancerous cells to the bloodstream, leading to pulmonary metas-
tases. However, as more plasmids were released over time due to
the degradation of the hydrogel matrix, they had potency to inhibit
the growth of primary tumors as described above.

This paper has reported the application of Chi/DPO hydrogels in
the localized delivery of an anti-tumor plasmid pPEDF for OS
treatment. Chi/DPO7-pPEDF exhibited potent ability to hamper the
growth of primary tumors but did not show any positive effects on
the development of pulmonary metastases due to the slow release
of pPEDF. In the previous study, the successful application of Chi/
DPO hydrogels in the localized delivery of a chemotherapeutic
agent Dox for OS treatment was also reported [12]. Chi/DPO3-Dox
was able to dramatically inhibit the growth of both primary tumor
at the mouse tibia site and the secondary tumor in lungs. However
both these treatments could not completely eliminate the presence
of tumors. To enhance the tumor-growth inhibition effect, the
combined administration of both Chi/DPO3-Dox and Chi/DPO7-
pPEDF into mice was performed.

As expected, the combination of Chi/DPO3-Dox and Chi/DPO7-
pPEDF (combination treatment) showed the highest inhibition
effect on the growth and development of both primary and
secondary OS. In the previous paper, it was reported that Chi/DPO3-
Dox reduced the tumor volumes by approximately 50% [12]. In this
paper, Chi/DPO7-pPEDF was reported to reduce the tumor volumes
by 37%, compared to control groups. Interestingly, the combination
treatment mostly eliminated the primary tumors. Chi/DPO7-pPEDF,
Chi/DPO3-Dox and the combination treatment exhibited inhibition
potency in an increasing order. Similarly, the potency of Chi/DPO7-
pPEDF, Chi/DPO3-Dox and combination therapy on the inhibition of
pulmonary metastases also appeared in an increasing order. The
number of pulmonary (lung) metastases decreased approximately
1.5 fold with the Chi/DPO3-Dox group [12]. The inhibition of
metastasis was not observed in the group of Chi/DPO7-pPEDF. The
number of metastases significantly reduced by approximately 8-
fold in the combination treatment group, indicating a synergic
effect due to the dual-pronged therapy.

5. Conclusion

The potential application of Chi/DPO hydrogel DDS for OS
treatment has been demonstrated again in this paper. pPEDF,
a potential anti-tumor bio-agent was successfully released from this
DDS in a sustained manner with its functionality preserved. The
release of PEDF plasmid was mainly governed by the degradation of
Chi/DPO hydrogel. The incorporation of pPEDF in Chi/DPO signifi-
cantly inhibited the growth of OS and osteolysis. However, due to
the slow release of pPEDF from the hydrogel matrix, lung metas-
tases were not reduced or prevented. The peritumoral administra-
tion of free pPEDF at the tibia site did not show any inhibition effects
on the development of both primary and secondary tumors. This
may be due to the rapid clearance and destruction of naked plasmid
in the body. The combination of Chi/DPO3-Dox and Chi/DPO7-
pPEDF resulted in the strongest inhibition of tumor growth, bone
lysis and metastasis to lungs. It was expected that this combination
could provide a dual-pronged regime for OS treatment.
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Appendix

Figures with essential colour discrimination. Figs. 3, 5 and 6 in
this article are difficult to interpret in black and white. The full
colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.05.035.
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