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a b s t r a c t

Localized and sustained delivery of chemotherapeutics presents a “magic bullet” effect by providing high
drug concentrations at the target site, extended drug exposure and reduced systemic toxicity. In the
present study, an injectable chitosan–phospholipid (PoLigel) blend is put forth as a strategy to achieve
sustained and localized delivery of docetaxel (DTX) following intraperitoneal (IP) administration. The
stability of the blend was confirmed in vitro, by turbidity measurements and attributed to specific molec-
ular interactions and the organization of the materials within the blend, as evidenced by FTIR analysis and
confocal laser scanning microscopy, respectively. The chitosan and phospholipid were found to colocalize
in regions surrounding a mean object area of 11.2 �m2 with colocalization coefficients of 43% and 46%
for the chitosan and phospholipid, respectively. The PoLigel blend afforded sustained drug release as seen
ocalized sustained delivery
hospholipid

both in vitro (2.4 ± 0.7% DTX per day) and in vivo (4.4 ± 0.7% DTX per day). Constant concentrations of DTX
were observed over a 2-week period in plasma and relevant peritoneal tissues, with no signs of toxicity
or inflammation, following IP administration of the blend in healthy CD-1 mice. At DTX doses of 28.8 and
19.2 mg/kg, the blend showed significant tumor inhibition of 87.3 ± 9.3% and 74.1 ± 25.9%, respectively, in
a murine xenograft model of human ovarian adenocarcinoma. This localized delivery system has shown
excellent potential for sustained IP treatment of cancers, such as ovarian, that reside in the peritoneal

cavity.

. Introduction

Traditionally chemotherapy has consisted of systemic, inter-
ittent administration at the maximum tolerated dose, yet this

an lead to acute and long-term toxicities (Lowenthal and Eaton,
996; Kerbel and Kamen, 2004), inadequate dosing at the tar-
et site (Fung and Saltzman, 1997; Gottesman, 2002; Tannock et
l., 2002), and development of drug resistance (Gottesman, 2002;
erbel, 2005). Localized delivery of lower doses of chemotherapy

n a sustained manner presents a “magic bullet” effect by providing
igh drug concentrations at the target site, extended drug expo-
ure which may be particularly beneficial for cell cycle specific
rugs, and lower systemic toxicity (Dhanikula and Panchagnula,

999; Kerbel and Kamen, 2004). Implantable and injectable sys-
ems including polymer-based injectable pastes, gels, microspheres
nd nanospheres have been pursued for localized cancer ther-
py (Fung and Saltzman, 1997; Hatefi and Amsden, 2002; Parveen
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ax: +1 416 978 8511.
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and Sahoo, 2008; Ta et al., 2008). However, the majority of these
systems are derived from polyester-based polymers (Dhanikula
and Panchagnula, 1999; Sinha and Trehan, 2005; Tsai et al., 2007;
Vukelja et al., 2007), which are known to produce a foreign body
response (i.e. fibrous encapsulation) and acidic by-products that
can accelerate drug degradation (Hickey et al., 2002; Fulzele et al.,
2003; Grayson et al., 2004; Ho et al., 2005). As a result, there has
been an increased interest in the use of naturally occurring poly-
mers such as protein-based polymers (e.g. collagen and gelatin) and
polysaccharides (e.g. chitosan and agarose) to alleviate the issues
associated with polyester systems (Angelova and Hunkeler, 1999;
Pillai and Panchagnula, 2001).

Paclitaxel (PTX) and its semi-synthetic analogue docetaxel
(DTX), two FDA approved taxanes, show considerable activity in the
treatment of breast, lung and ovarian cancers (Crown and O’Leary,
2000). PTX and DTX are highly lipophilic with reported water solu-
bilities of 0.3 and 5–6 �g/ml, respectively (Ali et al., 1997). For this
reason, the non-ionic surfactants Cremophor EL and polysorbate 80

are currently used as formulation vehicles for PTX (Taxol®, Bristol-
Myers Squibb) and DTX (Taxotere®, Sanofi-Aventis), respectively.
These surfactants have been associated with hypersensitivity and
neurotoxicity, and have been shown to alter cellular uptake and
influence drug distribution (van Zuylen et al., 2001; Hennenfent

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:cj.allen@utoronto.ca
dx.doi.org/10.1016/j.ijpharm.2009.05.003
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Fluor® 633 conjugated WSC to prepare a final WSC–ePC–LA 1:4:1
(w/w/w) fluorescent blend. The fluorescent blend was cast onto a
P. Zahedi et al. / International Jour

nd Govindan, 2006; Engels et al., 2007). Alternative strategies
ave been explored for surfactant-free delivery of taxanes in order
o circumvent these toxicity issues (Panchagnula, 1998; Engels et
l., 2007). As an example, our group developed an implantable
hitosan–phospholipid film for localized, sustained delivery of PTX
n the peritoneal cavity (Grant et al., 2005). In vitro studies in an
varian carcinoma cell line and in vivo studies in both healthy
ice and a murine xenograft model of human ovarian cancer

ave confirmed that the chitosan-based films are biocompatible,
on-immunogenic, non-toxic, efficacious and provide a sustained
elease of PTX over periods of up to 4 months (Grant et al., 2005,
007; Ho et al., 2005, 2007; Vassileva et al., 2007, 2008b; Lim Soo
t al., 2008). Due to the invasive nature of surgical implantation,
n injectable formulation with similar functional attributes and
mproved ease of administration was pursued for PTX (Grant et al.,
008).

It has been shown that DTX is more effective than PTX in a
umber of preclinical and clinical investigations due to improved
ellular uptake and lower efflux, increased potency, lower incidence
f neurotoxicity and increased efficacy in PTX-resistant disease
Clarke and Rivory, 1999; Maenpaa, 2003; Gligorov and Lotz, 2004).
urthermore, to date no localized and sustained delivery systems
or DTX have been reported. In the present study, the physico-
hemical and rheological properties as well as in vivo performance
f an injectable chitosan–phospholipid blend were evaluated as a
ormulation strategy for intraperitoneal (IP) sustained delivery of
TX.

. Materials and methods

.1. Materials

Chitosan (MW ∼ 202 kDa, 94.5% degree of deacetylation) was
urchased from Marinard Biotech Inc. (Quebec City, Canada).
nhydrous docetaxel (98%) was purchased from Lianyungang Jari
harmaceutical Co. (Jiangsu, China). Egg phosphatidylcholine (ePC),
lycidyltrimethylammonium chloride (GTMAC), C12 lauric chlo-
ide (LCl), and C12 lauric aldehyde (LA) were purchased from
igma–Aldrich Chemical Co. (Oakville, Canada) and used with-
ut further purification. The fluorescent probes, Alexa Fluor®

33 and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE) were purchased
rom Molecular Probes Inc. (Eugene, USA) and Avanti Polar Lipids
nc. (Alabaster, USA), respectively. SKOV3 human ovarian adeno-
arcinoma cell line was obtained from the American Type Culture
ollection (Rockville, USA). RPMI 1640 cell culture medium was
urchased from Gibco (Grand Island, USA). Fetal bovine serum and
enicillin–streptomycin were purchased from Invitrogen (Burling-
on, Canada). All other chemicals were reagent grade and used as
eceived.

.2. Chitosan–phospholipid blend preparation

A water-soluble chitosan (WSC) derivative was synthesized
sing a method reported previously (Cho et al., 2006). Briefly, chi-
osan was suspended in a 0.5% (v/v) acetic acid solution, and GTMAC
as added dropwise (GTMAC:chitosan 3:1, mol/mol). The reaction
as stirred at 55 ◦C for 18 h. Following the reaction, undissolved

hitosan was removed by centrifugation of the reaction mixture at
000 rpm for 10 min at 25 ◦C (Centrifuge 5804T, Eppendorf, Ger-

any). Excess GTMAC was removed using methanol followed by

recipitation of the WSC in acetone. This procedure was repeated in
riplicate and the purified WSC was dried in a vacuum oven at 25 ◦C
ith subsequent grinding of the product to obtain a fine powder.

TIR analysis and 1H NMR spectra were used to confirm the con-
Pharmaceutics 377 (2009) 76–84 77

jugation of GTMAC to chitosan (data not shown) (Cho et al., 2006).
The degree of substitution of GTMAC on the chitosan backbone was
calculated to be 45% using an established titration method (Lim and
Hudson, 2004).

Chitosan–phospholipid (PoLigel) blends were prepared as out-
lined elsewhere (Grant et al., 2008). In brief, WSC was dissolved
in distilled deionized water to prepare a 4.2% (w/v) solution. ePC
was solubilized in LA or LCl (ePC to LA or LCl ratio of 1:4, w/w)
and then added to the WSC solution. The final material ratio of
the WSC–LA–ePC (PoLigel–LA) or WSC–LCl–ePC (PoLigel–LCl) blends
was 1:4:1 (w/w/w). For preparation of drug-loaded blends, firstly
DTX (10, 20 and 30 mg) dissolved in anhydrous ethanol was dried
under nitrogen to form a thin-layered film and then placed under
vacuum for 24 h to remove any residual solvent. An ePC–LA solution
was used to re-suspend the DTX film prior to mixing with WSC solu-
tion to achieve WSC–LA–ePC–DTX (PoLigel–LA–DTX) blends with
final material ratios of 1:4:1:(DTX: 0.24, 0.48 and 0.71) (w/w/w/w).

2.3. Characterization of PoLigel blend stability and pH profile

The stability and pH profile of PoLigel–LA, PoLigel–LA–DTX
(1:4:1:0.71, w/w/w/w) and PoLigel–LCl blends were assessed in
buffer solution containing lysozyme stored at 37 ◦C over a 2-week
period, as outlined elsewhere with slight modifications (Grant et al.,
2008). 150 �l of each blend was injected into a vial containing 15 ml
0.01 M PBS (pH 7.4) and 2 mg/ml lysozyme. At specific time points,
an aliquot was removed for stability and pH measurements, and
then returned to the vial containing the blend for subsequent analy-
sis. For stability assessment, turbidity analysis was conducted using
a UV spectrophotometer with � = 700 nm (Cary 50 UV–vis spec-
trophotometer, Varian Inc., USA). pH was measured under constant
stirring by a pH meter (SympHony SB20 pH meter, VWR Scientific,
USA).

2.4. Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) spectra of the PoLigel–LA and
PoLigel–LCl blends and their individual components were obtained
using a universal ATR Spectrum-one spectrophotometer (Spectrum
One FTIR, Perkin-Elmer, USA). The spectra were recorded from 4000
to 650 cm−1 and analyzed using Spectrum V5.0.1 software (Perkin-
Elmer, USA). All spectra were an average of 20 scans at a resolution
of 2 cm−1 and repeated in triplicate.

2.5. Confocal microscopy analysis

The PoLigel–LA blend was analyzed using an inverted two pho-
ton confocal laser scanning fluorescence microscope (LSM 510
META, Carl Zeiss MicroImaging Inc., Germany) as outlined else-
where (Grant et al., 2008). In brief, the fluorescent probe Alexa
Fluor® 633 (�ex = 632 nm, �em = 647 nm), which contains an amine
reactive group, was conjugated to the WSC according to the manu-
facturer’s protocol and quantified by FTIR analysis (data not shown).
To prepare the fluorescent-labeled PoLigel–LA, 1 mol% of the fluo-
rescent phospholipid NBD-DPPE (�ex = 460 nm, �em = 534 nm) was
mixed with an ePC–LA solution. The ePC–LA fluorescent solution
was then mixed with WSC solution containing 1% (w/w) of the Alexa
glass slide, covered with a glass cover slip and allowed to dry in the
dark for 24 h prior to microscopy analysis. A colocalization map was
generated from the images obtained. Parameters including colocal-
ization coefficients, mean object area, and mean gray value were
obtained by Image-Pro Analyzer V6.3 (Media Cybernetics Inc, USA).
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tical significance between pairs of results. For statistical analyses
8 P. Zahedi et al. / International Jour

.6. Rheological measurements

The rheological properties of the PoLigel–LA, PoLigel–LA–DTX
nd PoLigel–LCl blends were characterized by a stress-controlled
heometer with a 4 cm cone and 2◦ angle plate geometry attach-
ent at room temperature (AR-2000, TA Instruments, USA). The

heometer was calibrated and rotational mapping was performed
ccording to instrument specifications. The viscosity was measured
sing a continuous ramping flow mode while increasing the shear
tress from 1 to 500 Pa. The blends were stored for 3 h prior to
echanical testing. A 600 �l injection of each sample was placed

n the rheometer plate for testing.

.7. In vitro DTX release

PoLigel–LA–DTX blends of different initial DTX loading levels
WSC–LA–ePC–DTX material ratios: 1:4:1:(0.24, 0.48 and 0.71),
/w/w/w) were injected into vials containing 15 ml of 0.01 M PBS

pH 7.4) with 2 mg/ml lysozyme and 40 mg/ml albumin. The sam-
les were incubated at 37 ◦C and at specific time points 12 ml
liquots were removed for analysis by high-performance liquid
hromatography (HPLC). The removed volume was replaced with
2 ml fresh 0.01 M PBS (pH 7.4) containing 2 mg/ml lysozyme and
0 mg/ml albumin.

.8. In vivo characterization

In vivo studies were conducted in healthy female CD-1 mice
6–8 weeks old, 20–25 g) purchased from Charles River (St. Con-
tant, Canada). All studies were conducted in accordance with the
uidelines of the University of Toronto Animal Care Committee
nd the Canadian Animal Care Council. Each mouse was injected
P with 30 �l PoLigel–LA–DTX (total DTX dose: 28.8 mg/kg) blend
n the lower left quadrant, with an injection depth of 1 cm using

25-gauge needle. The 28.8 mg/kg dose was chosen as it corre-
ponds to the clinically relevant IP DTX dose given as Taxotere®

n humans (Morgan et al., 2003). Samples were sterilized under
V-light (Sterilizer T209, Intercosmetics, Canada) for 3 h prior to

njection. Mice were weighed and observed weekly for signs of dis-
ress (e.g. weight loss, paleness, and inactivity). Control mice did
ot receive an injection. At specific time points, mice (n = 6) were
nesthetized and sacrificed by exsanguinations via cardiac punc-
ure. Plasma and relevant peritoneal tissues were collected for HPLC
nalysis.

Animals were assessed daily throughout the study for signs of
TX toxicity, infection at injection site, peritonitis and weight loss.
he peritoneal cavity was assessed post mortem for signs of fibrous
ncapsulation and inflammation. Hepatotoxicity was assessed by
lanine aminotransferase (ALT) activity in serum using an ALT (GTP)
eagent kit (Thermo Electron Corporation, Australia) following the
anufacturer’s protocol. Systemic inflammation was assessed by
easuring levels of circulating interleukin-6 (IL-6) using a mouse

L-6 ELISA kit according to manufacturer’s instructions (BD Bio-
ciences, USA).

.9. In vivo efficacy assessment

Efficacy studies were conducted in female CD-1 nu/nu mice
6–8 weeks old, 18–20 g) purchased from Charles River (St. Con-
tant, Canada). All studies were conducted using sterile techniques
nd in accordance with the guidelines of the University of Toronto

nimal Care Committee and the Canadian Animal Care Council.
KOV3 cells were maintained in RPMI 1640 medium supple-
ented with 10% (v/v) heat-inactivated fetal bovine serum and 1%

v/v) penicillin–streptomycin (100 U/ml penicillin G and 100 mg/ml
treptomycin). Cells were allowed to grow in a monolayer in a tis-
Pharmaceutics 377 (2009) 76–84

sue culture flask incubated at 37 ◦C, gassed with 5% CO2 and held
at 90% relative humidity. Mice were injected IP with 1 × 107 SKOV3
cells suspended in 300 �l serum-free RPMI 1640 medium. Four-
teen days post-inoculation, mice (n = 4 per group) were injected IP
under sterile conditions with PoLigel–LA–DTX (total DTX doses of
19.2 mg/kg or 28.8 mg/kg) blend or 50 �l sterile saline solution. All
injections were done in the lower left quadrant, with an injection
depth of 1 cm using a 25-gauge needle. The 28.8 mg/kg dose was
chosen due to clinical relevance, while a lower dose of 19.2 mg/kg,
administered via 20 �l of PoLigel–LA–DTX blend, was employed to
examine the occurrence of a dose-dependent response. Animals
were sacrificed 14 days after treatment initiation, and tumors were
collected and weighed for tumor burden assessment. Body condi-
tion of mice due to tumor burden progression was monitored daily
using the ‘body conditioning scoring’ system described elsewhere
(Ullman-Cullere and Foltz, 1999). Animals were housed under ster-
ile conditions in microisolator cages, fed standard chow diet with
water ad libitum and maintained on an automatic 12 h light cycle
at 22–24 ◦C.

2.10. HPLC analysis

An Agilent Series 1100 HPLC (Agilent Technologies, Canada)
equipped with a Waters 4.6 mm × 250 mm column (XTerra® MS C18,
5 �m particle size) and Waters 3.9 × 20 mm guard column (XTerra®

MS C18, 5 �m particle size), Waters Dual Absorbance Detector 2487
(Waters, USA) and ChemStation software (Agilent Technologies,
Canada) was used for analysis. The wavelength of detection used for
DTX was 227 nm. For plasma and tissue samples a mobile phase of
60% 0.01 M PBS (pH 10) and 40% acetonitrile was used (DTX reten-
tion time of 40 min). For in vitro release samples a mobile phase
of 52% H2O and 48% acetonitrile was used (DTX retention time of
11 min). All samples were run at a flow rate of 1 ml/min with an
injection volume of 20 �l per sample. An internal standard of PTX
(10 �g/ml) was used for all HPLC analysis. For the extraction of DTX
from in vitro release and plasma samples, 300 �l of sample was
added to a vial containing PTX standard. The contents were vor-
texed for 5 min and then 5 ml tert-butyl methyl ester was added
followed by 10 min of additional vortexing. The solution was then
centrifuged (Centrifuge 5804R, Eppendorf, Germany) at 4000 rpm
for 15 min. The organic layer was transferred to a new vial followed
by drying under nitrogen. The dried sample was then re-suspended
in 300 �l of mobile phase and analyzed by HPLC. The extraction effi-
ciency of DTX from in vitro release and plasma samples was greater
than 90%. For the extraction of DTX from tissue samples, distilled
deionized water was added at a ratio of 4 ml per gram of tissue. The
sample was then homogenized (100 Sonic Dismembrator, Fisher
Scientific, Canada) and added to a vial containing PTX standard.
The DTX extraction procedure was similar to that described above.
The extraction efficiency of DTX from tissues and blend formulation
samples was greater than 80%. The limit of detection for DTX was
20.0 ng/ml for all samples.

2.11. Statistical data analysis

All results were obtained from data groups of n ≥ 3 and are
expressed as mean ± standard error. Statistical analyses were per-
formed using Statistical Package for the Social Sciences Version 16.0
(SPSS Inc., USA). A two-sample t-test was used to measure statis-
among three or more groups, one-way analysis of variance (ANOVA)
was used and subsequent multiple comparisons with Bonfer-
roni correction was performed if any statistical significance was
detected by the ANOVA F-test. A p-value < 0.05 was considered to be
significant.
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nent and the green regions in Fig. 3B correspond to the phospholipid
(ePC) component. Fig. 3C shows the overlay of the phospholipid and
WSC regions, indicating areas of colocalization between the WSC
and ePC. The colocalization between the WSC and phospholipid is
ig. 1. FTIR spectra of water-soluble chitosan (WSC), egg phosphatidylcholine (ePC),
auric aldehyde (LA), lauric chloride (LCl), PoLigel–LA blend, and PoLigel–LCL blend.

. Results and discussion

.1. PoLigel blend characterization—lauric aldehyde vs. lauric
hloride

In order to establish the interactions that stabilize the PoLigel
lends, FTIR spectra were collected. The spectra of each blend and
heir individual components were analyzed for characteristic peaks
Fig. 1). In agreement with other reports, FTIR analysis confirmed
avorable interactions between chitosan and ePC with a shift of
he primary amine group of WSC from 1564 cm−1 (Fig. 1, line a)
o around 1575 cm−1 with the addition of ePC (Grant et al., 2005;
ho et al., 2006). Furthermore, the absence of a defined peak at
800 cm−1 (CClO group in LCl) in the PoLigel–LCl blend spectra and
t 1725 cm−1 (CHO group LA) in the PoLigel–LA blend spectra, as
een in Fig. 1, indicates that LCl and LA groups interacted with the
rimary amine groups of WSC (peak at 1564 cm−1) and/or groups
ithin ePC (P O at 1226 cm−1). Previous work by Grant et al. out-

ines in detail these stabilizing interactions for various PoLigel–LCl
lends (Grant et al., 2008), with similar interactions seen here for
he PoLigel–LA blend.

It has been shown that using C12–LCl as compared to
10, C14 and C16 LCls, results in the most stable injectable
hitosan–phospholipid blend formulation; however, a low pH pro-
le was observed in vitro (Grant et al., 2008). It has been reported

n different studies that C12 alkyl chains grafted onto the chitosan
ackbone lead to formation of stable gels (Iversen et al., 1997;
amos et al., 2003). Rinaudo et al. have shown from a series of alky-

ated chitosan derivatives that the C12 alkyl chain was the optimal
hain length for forming a stable gel (Rinaudo et al., 2005). In addi-
ion, in a recent study by our group, De Souza et al. demonstrated
uperior biocompatibility of the PoLigel blend both in vitro and in
ivo when C12–LCl was replaced by C12–LA (De Souza et al., 2009).
o confirm the advantage of using C12–LA over C12–LCl for prepar-
ng the PoLigel blend, stability and pH testing were conducted. The
ffect of drug loading on stability and pH were also investigated for
oLigel–LA blend. The stability of the PoLigel–LA, PoLigel–LA–DTX
nd PoLigel–LCl blends was assessed by turbidity measurements in
.01 M PBS (pH 7.4) containing 2 mg/ml lysozyme at 37 ◦C over a 2-
eek period (Fig. 2A). It has been shown that chitosan is degraded
y various hydrolytic enzymes including chitosanase, chitinases,
ellulase, protease, lipase and lysozyme (Fukamizo and Brzezinski,
997). Lysozyme solutions have been used in various reports for
tudying the in vitro biodegradation (i.e. stability) of chitosan-based
ystems (Hirano et al., 1989; Lee et al., 1995; Onishi and Machida,
Pharmaceutics 377 (2009) 76–84 79

1999; Mao et al., 2003; Freier et al., 2005; Ma et al., 2008). The
PoLigel–LCl blend disintegrated within 3 h following injection into
the lysozyme solution as can be seen from the high absorbance val-
ues in Fig. 2A. However, the PoLigel–LA and PoLigel–LA–DTX blends
were stable over the 2-week incubation period as indicated by neg-
ligible absorbance values (Fig. 2A). A significant decrease in the pH
of 0.01 M PBS solution from 7.4 to approximately 2.75 within 3 h of
incubation was seen for the PoLigel–LCl blend (Fig. 2B). This low pH
was maintained over the 2-week observation period. The decrease
in pH can be attributed to the formation of the acidic by-products of
LCl during the reaction with water and/or WSC as reported in our
previous work (Grant et al., 2008), and to the low stability of the
PoLigel–LCl formulation as confirmed by turbidity measurements.
In contrast, the pH profiles of the PoLigel–LA and PoLigel–LA–DTX
blends were maintained close to neutral pH over 2 weeks
(p > 0.05).

3.2. PoLigel–LA blend morphology

Confocal laser scanning microscopy was used to gain insight into
the molecular organization of the materials within the PoLigel–LA
blend. The red regions shown in Fig. 3A represent the WSC compo-
Fig. 2. In vitro characterization of the stability and pH profiles of PoLigel blends. (A)
Turbidity measured as absorbance of 0.01 M PBS (pH 7.4) solution containing PoLigel

blend, as a function of time. (B) pH values of 0.01 M PBS (pH 7.4) solution containing
PoLigel blend, as a function of time. Error bars are expressed as standard error (n = 6).
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ig. 3. Confocal laser scanning fluorescence microscopy images of the PoLigel–LA b
olocalization of WSC and ePC regions. The scale bar in each image represents 20 �

ritical in stabilization of the blend as reported previously (Grant
t al., 2008). In order to quantify the extent to which WSC–ePC
olocalized, a map was generated (Fig. 3D). WSC–ePC was found to
olocalize in regions surrounding a mean object area of 11.2 �m2

i.e. yellow regions). The mean gray value within the colocaliza-
ion map (i.e. amount of bright pixels relative to the background)
as 31%. The colocalization coefficients M1 and M2, which rep-

esent the contribution of the ePC (green fluorescent signal) and
SC (red fluorescent signal) to the colocalized areas, were 46% and

3%, respectively. As summarized in Table 1, the PoLigel–LA blend

howed higher mean object area and colocalization coefficients
M1 and M2) and comparable mean gray value to the PoLigel–LCl
lend. As noted elsewhere, higher mean object area, colocalization
oefficients and mean gray value are often indicative of enhanced
tability (Grant et al., 2008).

able 1
olocalization analysis of the WSC and ePC regions within the PoLigel–LA and PoLigel–LCl

lend Mean object area (�m2)a M1 (ePC)b

oLigel–LA 11.2 46
oLigel–LCL 8.5 42

a Mean object areas represent the average area surrounded by colocalized WSC and ePC
b M1 and M2 represent the percentage of ePC (green) and WSC (red) fluorescence sign

espectively (Fig. 3C).
c Mean gray values represent the amount of bright pixels detected in the WSC–ePC colo
(A) WSC regions, (B) ePC regions, (C) overlay of the WSC and ePC regions and (D)

3.3. PoLigel blend rheological analysis

The rheological properties of the injectable blends were assessed
by viscosity measurements using steady shear tests (Fig. 4). It has
been reported that low viscosity injectable systems may fail to pro-
vide a delayed drug release profile while high viscosity injectables
may be difficult to administer (Hatefi and Amsden, 2002). It has
been established that needles of 22-gauge and above are accept-
able for injection of a drug formulation; otherwise, pumps and other
systems need to be utilized (Packhaeuser et al., 2004). The blends

tested here were injectable through a 22-gauge needle. At low shear
rate all the blends displayed Newtonian flow, and as the shear rate
increased a shear-thinning (non-Newtonian) trend was observed.
The PoLigel–LCl blend had a faster onset of shear-thinning than the
PoLigel–LA blend (Fig. 4). During rheological testing the PoLigel–LCl

blends using confocal microscopy.

M2 (WSC)b Mean gray valuec Reference

43 31 –
39 30 Grant et al. (2008)

in the colocalization map (Fig. 3D).
als in the colocalized area relative to the total ePC and WSC fluorescence signals,

calization map (Fig. 3D).
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ig. 4. Viscosity (�) as a function of shear stress (�) for different PoLigel blends
haracterized by a stress-controlled rheometer with a 4 cm cone and 2◦ angle plate
eometry attachment at room temperature.

lend at high shear rates separated, however, this was not observed
or the PoLigel–LA blend. This further illustrates the higher stability
f the PoLigel–LA blend compared to the PoLigel–LCl blend. The effect
f initial drug loading on rheology of the PoLigel–LA blend was also
ssessed. As shown in Fig. 4, an increase in the drug loading level
esulted in an increase in the viscosity of the formulation. Further-
ore, the onset of shear-thinning was seen at higher shear rates

s the drug loading level increased. Based on stability assessment,
H profile, colocalization data and rheological measurements, the
oLigel–LA blend showed superior stability properties in compar-
son to the PoLigel–LCl blend. As such, the PoLigel–LA blend was
urther characterized as a delivery system for DTX.

.4. In vitro DTX release

As shown in Fig. 5, the in vitro release of DTX from the PoLigel–LA
lend as a function of initial drug loading was evaluated in
uffer containing lysozyme and albumin. As mentioned previously,

ysozyme is known to degrade chitosan. We have previously shown
hat evaluation of in vitro drug release in PBS buffer (0.01 M pH

.4) containing 2 mg/ml lysozyme accurately models drug release
n ascites, a fluid found in high abundance in the peritoneal cavity of
varian cancer patients (Lim Soo et al., 2008). Ascites (pH ∼ 7.4–7.8)
s composed of various proteins including serum albumin (Adam

ig. 5. In vitro release of DTX from PoLigel–LA blends as a function of initial DTX
oading level in 0.01 M PBS (pH 7.4) with 2 mg/ml lysozyme and 40 mg/ml albumin
t 37 ◦C over a 2-week period. Error bars are expressed as standard error (n = 3).
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and Adam, 2004) and taxane drugs such as DTX have been shown
to have high affinity for albumin (Urien et al., 1996). For these rea-
sons, lysozyme and albumin were added to the release media to
better model physiological conditions.

A biphasic release profile was obtained for DTX over the 2-
week study period, characterized by a more rapid release phase
during the initial 24 h (i.e. in terms of % released per day) and
a sustained, slower drug release phase for the remainder of the
14-day period. The initial higher release phase can be attributed
to drug associated with the surface of the blend. The sustained
phase can be attributed to the DTX that has partitioned into the
hydrophobic regions (i.e. phospholipid and LA) within the blend.
During the initial 24 h period, 8–17% of total DTX loaded in the
PoLigel–LA blends was released. Following the initial 24 h, a sus-
tained release rate of 3.7 ± 1.9%, 3.4 ± 0.6% and 2.4 ± 0.7% of DTX
per day was seen from the 10, 20 and 30 mg DTX loaded PoLigel–LA
blends, respectively. The release rate of DTX from the PoLigel–LA
blend was concentration-dependent, with a lower drug loading
level resulting in more drug released within the first 24 h (i.e.
17%) followed by a higher rate of sustained drug release during
the second phase (i.e. 3.7 ± 1.9%), in comparison to the formula-
tions with higher drug loading levels. This may be attributed to
the rheological properties of the formulations. As shown in Fig. 4,
the rheological properties increased by approximately two orders
of magnitude (i.e. � ∼ 3 × 104 to � ∼ 6 × 106 Pa s) when the drug
loading level increased from 10 to 30 mg. In general, blend vis-
cosity can increase when there are greater interactions between
the different molecules that comprise the formulation, including
molecular entanglements, physical interactions (i.e. hydrophobic,
van der Waals and hydrogen bonding) and cross-linking (Grant et
al., 2008). These types of interactions can consequently entrap the
drug and therefore reduce the rate of drug release.

3.5. In vivo DTX distribution

As shown in Fig. 6A, constant plasma drug levels, with an
average of 56.2 ± 9.3 ng/ml DTX, were detected over the 2-week
study period (4.4 ± 0.7% DTX per day). The sustained in vivo
DTX levels were on par with the observed sustained in vitro
release (2.4 ± 0.7% DTX per day). Tissue drug concentrations
were also examined (Fig. 6B). Levels were significantly higher
(p < 0.05) in the peritoneal muscle and intestines when com-
pared to liver, spleen, kidneys and heart. The average drug
accumulation per day in the various organs or tissues, over
the 2-week study period, was as follows: peritoneal muscle
(13.1 × 103 ± 3.4 × 103 ng/g), intestines (1226.9 ± 446.2 ng/g),
liver (522.7 ± 85.6 ng/g), spleen (461.8 ± 58.5 ng/g), kidneys
(239.4 ± 57.2 ng/g) and heart (201.5 ± 23.2 ng/g). Constant drug
levels were seen in all tissues over 2 weeks (p > 0.05) with the
exception of the peritoneal muscle on day 7 (p < 0.05).

DTX concentrations in the peritoneal muscle and intestines were
234 and 22 times higher than concentrations found in plasma,
respectively. Comparable to our findings, Marchettini et al. also
detected highest drug concentrations within the abdominal wall
and colon of male Sprague–Dawley rats following bolus IP admin-
istration of Taxotere® (Marchettini et al., 2002). This is explained by
the fact that IP administration leads to tissue drug uptake not only
via the systemic circulation, as would be the case after IV admin-
istration, but also directly from the peritoneal cavity (Shimada et
al., 2005). Our localized delivery approach leads to high local drug
concentrations and much lower systemic exposure which should

theoretically result in reduced toxicity to healthy tissues such as the
bone marrow and greater efficacy than IV chemotherapy (de Bree et
al., 2006). High concentrations in the peritoneal region, especially
in the peritoneal muscle, suggest the application of this formula-
tion in the treatment of cancers originating in the peritoneal cavity
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Fig. 6. In vivo DTX distribution following IP administration of PoLigel–LA–DTX blend in healthy female CD-1 mice (total DTX dose: 28.8 mg/kg). (A) In vivo plasma concentrations.
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B) Biodistribution of DTX in various tissues (liver, spleen, kidney, heart, peritoneal
ifferences in plasma or tissue concentrations were seen between samples obtaine
ay 7.

nd those presenting peritoneal dissemination, such as gastroin-
estinal, ovarian, colorectal, pancreatic and others (Flessner, 2007).
n these cases, metastatic lesions form along the peritoneal lining.
amage to the lining due to surgical removal of the lesions is known

o encourage further peritoneal metastasis; thus, the high drug lev-
ls in the peritoneal muscle seen in this study present an attractive
herapeutic alternative to surgery (Oosterling et al., 2005).

Consistent with biocompatibility studies performed using the
rug-free PoLigel–LA blend, loading the formulation with DTX does
ot alter its biocompatibility (De Souza et al., 2009). According to

isual observation, the high drug levels found in the intestines did
ot lead to intestinal toxicity (i.e. no signs of paralytic ileus). In fact,
linical observation has noted the presence of a rich capillary net-
ork with high flow rates which protects the proliferative intestinal

issue upon IP chemotherapeutic delivery (Howell, 2008). Through-
le, and intestines). Error bars are expressed as standard error (n = 6). No significant
treated mice on days 1, 4, 7 and 14 with the exception of the peritoneal muscle on

out the study period no signs of toxicity were observed, as the
animals did not display weight loss, signs of immobility, anorexia,
dehydration, or peritonitis. At all time points, the formulation was
found free of fibrous encapsulation, which would be indicative of
a foreign body response. ALT levels in both control mice and those
injected with the formulation (25 ± 8 and 17 ± 4 U/l, respectively)
remained well below 200 U/l, levels which are indicative of hepa-
totoxicity in mice (Clement and Williams, 2005; Masubuchi et al.,
2005; Wang et al., 2007). As it is plausible that introduction of for-
eign material into the body can result in immune response and

tissue injury, resulting in the activation of an inflammatory reac-
tion (Anderson, 2001; Pavithra and Doble, 2008), we monitored
circulating levels of IL-6, a systemic pro-inflammatory mediator.
IL-6 plasma concentrations of 53 ± 9 and 27 ± 5 pg/ml were seen
in treated and control animals, respectively (p < 0.05). Despite the
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Fig. 7. PoLigel–LA–DTX blend anti-tumor efficacy in SKOV3 ovarian cancer xenograft
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D-1 nu/nu mice. Treatment with PoLigel–LA–DTX blends (total DTX doses: 28.8 and
9.2 mg/kg) was initiated 14 days post-SKOV3 inoculation, with 50 �l injected sterile
aline solution as control. Significant difference was found between the treatment
roups and control, p < 0.05. Error bars are expressed as standard error (n = 4).

light increase in IL-6 values seen in treated mice, these levels
re still within the normal reported range for healthy CD-1 mice
nd are greatly below levels reported to be indicative of signifi-
ant inflammation (Bobrowski et al., 2005). For example, CD-1 mice
ith peritonitis typically have serum IL-6 levels in the range of

0–15 ng/ml (Walley et al., 1997). Overall, these results indicate that
oLigel–LA–DTX blend does not induce significant local toxicity or
ystemic inflammation.

.6. Anti-tumor efficacy

The ability of PoLigel–LA–DTX blend to inhibit tumor growth was
ssessed in a SKOV3 xenograft model of human ovarian adenocar-
inoma. As shown in Fig. 7, both doses of PoLigel–LA–DTX blend
sed demonstrated anti-tumor efficacy when compared to control
nimals (p < 0.05). A tumor burden reduction of 87.3 ± 9.3% was
chieved with the 28.8 mg/kg dose. A 74.1 ± 25.9% tumor burden
eduction was achieved at a does of 19.2 mg/kg, a dose that is lower
han the recommended IP dose for ovarian cancer patients in clini-
al trials (Morgan et al., 2003). These results show that even a lower
ose of DTX delivered in a sustained and localized manner via the
oLigel–LA blend results in significant tumor inhibition. It should be
oted that since the PoLigel–LA blend provides sustained release of
TX over a prolonged period of time in a localized environment, the

herapeutically relevant dose for treatment of ovarian cancer may
iffer from that required for bolus IP administration of this agent.

It has been shown that frequent, low-dose chemotherapy,
eferred to as ‘metronomic’ chemotherapy, provides superior anti-
umor effects and clinical efficacy over the traditional maximum
olerated dose (MTD) approach (Lennernas et al., 2004). Previously
eveloped chitosan–phospholipid film implants capable of contin-
ous PTX delivery have demonstrated excellent efficacy against
KOV3 xenograft tumor models when compared to that achieved
y intermittent MTD regimens (Vassileva et al., 2007, 2008b). In
hese studies, greater efficacy of sustained therapy was attributed
o a decrease in tumor cell repopulation and a lack of drug resis-
ance gene up-regulation (Ho et al., 2007; Vassileva et al., 2008a).
ince DTX is a semi-synthetic analogue of PTX, it is plausible that

hese similar mechanisms contribute to the high efficacy seen in
his study; however, further studies are needed to explore possi-
le mechanisms. The PoLigel–LA–DTX blend has the potential to
rovide low toxicity and high efficacy associated with continuous,

ow-dose chemotherapy, as shown by this pilot study of efficacy.
Pharmaceutics 377 (2009) 76–84 83

Future studies will focus on comparing the efficacy of frequent
low doses of DTX, provided by PoLigel–LA–DTX blend, to Taxotere®

administered in a maximum tolerated dose regimen.

4. Conclusions

To our knowledge, this is the first report of a delivery system
that provides localized and sustained delivery of DTX following IP
administration. The injectable blend was found to result in sus-
tained plasma concentrations of DTX and constant levels of drug
exposure in the peritoneal cavity of healthy mice over the 2-week
period, with no signs of toxicity or inflammation. Furthermore, the
injectable blend showed significant tumor inhibition in a murine
xenograft model of human ovarian adenocarcinoma. This localized
delivery system has excellent potential for sustained IP treatment
of cancers, such as ovarian, that reside in the peritoneal cavity and
may be utilized for delivery of other anti-cancer drugs as well.
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