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ABSTRACT – Purpose. Intraperitoneal (IP) chemotherapy with high molecular weight lipophilic 
antineoplastic agents such as the taxanes has shown promise in clinical trial evaluation for treatment of localized 
peritoneal cancers. We have previously developed an IP injectable hydrogel formulation (PoLigel) for sustained 
peritoneal delivery of docetaxel (DTX), and observed significant efficacy in murine models of ovarian cancer 
when compared to Taxotere®, the FDA approved formulation of DTX. In order to understand the relationship 
between drug distribution and efficacy, the current study compares the tissue distribution and pharmacokinetics 
of DTX administered IP in the PoLigel or Taxotere® formulations. Methods. The PoLigel was prepared by 
blending a water-soluble chitosan derivative, egg phosphatidylcholine and lauric aldehyde with DTX (drug to 
material ratio 1:8 w/w). DTX concentrations in plasma, heart, liver, spleen, stomach, intestine, kidney and 
peritoneal layer were measured over a five day period following IP administration of the PoLigel and Taxotere® 
formulations in CD-1 female mice. Results. Three days after Taxotere® administration, no detectable levels of 
DTX were seen in plasma, while sustained DTX plasma levels of 0.06 g/ml ± 0.01 per day were observed with 
PoLigel. At five days post Taxotere® administration, only intestine, stomach and peritoneal layer showed 
detectable DTX concentrations whereas all tissues and plasma showed sustained DTX levels in mice that 
received PoLigel. DTX concentrations that resulted from PoLigel administration were significantly higher in the 
peritoneal cavity and 200 fold higher than concentrations found in plasma. Conclusions. Overall, the PoLigel 
formulation increases tissue and plasma drug retention and provides sustained DTX levels compared to the 
clinically used Taxotere® formulation. The sustained DTX levels seen in the peritoneal cavity following IP 
administration of the PoLigel may be responsible for the improvement in efficacy that has been observed in our 
previous studies. 
__________________________________________________________________________________________ 
 
INTRODUCTION 
 
Intraperitoneal (IP) chemotherapy involves the 
administration of therapeutic agents directly into the 
peritoneal cavity to achieve high local 
concentrations of drug for an extended period of 
time while minimizing systemic exposure. 
Docetaxel (DTX), an anti-mitotic cytotoxic drug, 
has been investigated for IP therapy (1) due to its 
high molecular weight (807.9 g/mol), hydrophobic 
nature (water solubility: 5-6 g/ml) and hepatic 
metabolism (over 90%) (2-4). Taxotere® is the 
clinically used formulation of DTX, and when 
administered IP in patients with cancers localized to 
the peritoneal cavity, results in higher drug 
concentrations in the peritoneal cavity than in the 
systemic circulation. A Phase I study by Morgan et 
al. in patients with peritoneal malignancies 
including ovarian and gastric cancers showed the 
mean pharmacokinetic advantage, defined as the 
ratio of peritoneal area under the concentration time 

curve (AUC) to plasma AUC over a 24 hour period, 
to be 181 following IP administration of Taxotere® 
(5). Similarly, Fushida et al. observed a 
pharmacokinetic advantage of 515 (i.e. 
AUCperitoneal,0-24h/AUCplasma,0-24h) in gastric cancer 
patients following  IP administration of Taxotere® 
(6). Although IP administration of bulky, 
hydrophobic drugs such as DTX initially results in a 
high pharmacokinetic advantage, these drugs are 
eventually absorbed through peritoneal capillaries 
into the systemic circulation, followed by quick 
elimination via hepatic metabolism (7, 8). 

Prolonged drug exposure has been shown to 
increase tumor responsiveness to chemotherapeutics 
(9-13). For this reason, lengthening the time that 
chemotherapeutics are retained within the peritoneal  
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cavity may be beneficial for treatment of peritoneal 
localized cancers. One approach that has been used 
to increase the retention time of drugs in the 
peritoneal cavity is formulation of drugs in 
excipients such as surfactants or advanced delivery 
systems. For example, Taxotere® consists of DTX 
solubilized in the non-ionic surfactant polysorbate 
80. To date there are only reports on the levels of 
DTX in the peritoneal cavity and plasma up to 24 
hours post IP administration of Taxotere® (14-16). 
Longer studies on Taxotere® tissue and plasma 
distribution following IP administration are 
warranted. As well, polysorbate 80 has been shown 
to cause toxicity, alter the cellular uptake of DTX 
and interfere with its activity (10, 17-19). To further 
increase the retention of drugs in the peritoneal 
cavity and circumvent issues with polysorbate 80, 
drug delivery vehicles such as nanoparticles, 
microparticles and hydrogels have been explored. 
Nanoparticles can prolong the peritoneal residence 
time of free drug; however, they are typically 
cleared within two days through absorption into the 
lymphatic circulation (20-22). Microparticles have 
been shown to lead to further improvements in 
peritoneal retention of drugs in comparison to 
nanoparticles (21, 22). However, they have also 
been associated with drawbacks including foreign 
body reactions, residual polymer filaments in 
abdominal tissues several months after treatment 
(23), and  development of peritoneal adhesions 
which can be potentially lethal (21, 24). To date the 
majority of the microparticle systems evaluated for 
IP administration of drugs have been formed from 
polyester-based polymers and as such the issues 
with these systems may in part be attributed to the 
materials employed (25-28). 

The incorporation of free drugs or 
nanoparticulate-based delivery systems into 
implantable or injectable hydrogels can further 
prolong retention times. Yeo et al. accomplished 
this by incorporating nanoparticles within an in situ 
crosslinkable hydrogel, which increased the 
retention time of the nanoparticles within the 
peritoneal cavity from two days (21) to one week 
(29). Similarly, Grant et al. incorporated drug-
loaded nanoparticles into a polymer-lipid 
implantable film (30), which provided peritoneal 
drug release over several weeks following IP 
implantation in mice (28, 31). With this goal in 
mind, we have recently developed and characterized 
an injectable biocompatible and biodegradable 

polymer-lipid hydrogel formulation (PoLigel) for 
localized IP delivery of DTX (13). Sustained 
delivery of DTX using the PoLigel formulation has 
resulted in greater inhibition of disease progression, 
compared to Taxotere® administered IP at 
equivalent doses, in two distinct orthotopic models 
of ovarian cancer (10). In order to understand the 
relationship between drug distribution and efficacy, 
the current study compares the tissue distribution 
and pharmacokinetics of DTX administered IP in 
the PoLigel formulation and Taxotere®.   

 
MATERIALS AND METHODS  
 
Materials 
DTX was purchased from Jari Pharmaceutical Co. 
(Jiangsu, China). Chitosan was purchased from 
Marinard Biotech Inc. (Quebec City, Canada). 
Taxotere® (40mg/ml) was purchased from Sanofi-
Aventis. Egg phosphatidylcholine (ePC), 
glycidyltrimethylammonium chloride (GTMAC), 
hydrogen peroxide and lauric aldehyde (LA) were 
purchased from Sigma-Aldrich Chemical Co. 
(Oakville, Canada). Scintigest Tissue Solubilizer 
was purchased from Thermo Fisher Scientific 
(Waltham, USA). Ready Safe Scintillation Cocktail 
was purchased from Beckman Coulter 
(Mississauga, Canada). All other chemicals were 
reagent grade and used as received. 
 
Preparation of Polymer-Lipid Formulation 
The polymer-lipid hydrogel formulation (i.e. 
PoLigel) was prepared as outlined elsewhere (13). 
In brief, a water-soluble chitosan derivative (WSC) 
(32) was dissolved in distilled deionized water to 
prepare a 4.2% (w/v) solution. DTX was dissolved 
in anhydrous ethanol and 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 (ePC to LA ratio of 1:4 w/w) was 
used to re-suspend the DTX film. Finally the WSC 
solution was added to the ePC-LA-DTX solution 
and vortexed for 1 min (drug to material ratio of 1:8 
w/w). Samples were sterilized under UV-light 
(Sterilizer T209, Intercosmetics, Canada) for 3 h 
prior to use in animals. 
 
Analysis of Plasma and Tissue Distribution of 
Drug 
All animal studies were conducted in accordance 
with the guidelines of the University of Toronto 
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Animal Care Committee and the Canadian Animal 
Care Council. Female CD-1 mice (6-8 weeks old, 
20 g) purchased from Charles River (St. Constant, 
Canada) were used. Mice were injected IP (Total 
DTX dose: 7mg/kg) with PoLigel (27L) or 
Taxotere® (18L) in the lower left quadrant of the 
peritoneal cavity, with an injection depth of 1 cm 
using a 25 gauge needle. In previous studies the 
PoLigel formulation was shown to provide 
sustained release of 7 mg/kg over a five day period 
(13).  Each treatment group was further randomized 
according to the length of therapy (1, 3, 6, 12, 18, 
24, 48, 72, 96 and 120 h). At specific time points, 
mice (n = 4) were anesthetized and sacrificed by 
exsanguinations via cardiac puncture. Plasma, heart, 
liver, spleen, stomach, intestine, kidney and 
peritoneal layer were collected for high-
performance liquid chromatography (HPLC) 
analysis. HPLC work was conducted as outlined 
elsewhere (13). In summary, an Agilent Series 1100 
HPLC (Agilent Technologies, Canada) equipped 
with a Waters 4.6 mm x 250 mm column (XTerra® 
MS C18, 5 m particle size) and Waters 3.9 x 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 for DTX was 227 nm. A 
mobile phase of 60% 0.01 M PBS (pH=10) and 
40% acetonitrile was used with a flow rate of 1 
ml/min and an injection volume of 20 l per 
sample. An internal standard of paclitaxel (10 
g/ml) was used for all HPLC analysis. The limit of 
detection (LOD) was 5ng/ml and 10ng/ml for 
plasma and tissues, respectively. The limit of 
quantification (LOQ) was 10ng/ml and 20ng/ml for 
plasma and tissues, respectively.  
 
Analysis of Intraperitoneal Distribution of Drug 
Twelve mice received PoLigel-3H-DTX (Total 
DTX dose: 7mg/kg, 0.002% 3H-DTX w/w) in the 
lower left quadrant of the peritoneal cavity, with an 
injection depth of 1 cm using a 25 gauge needle. At 
specific time points, mice (n = 4) were anesthetized 
and sacrificed by exsanguinations via cardiac 
puncture. Distal and proximal tissue sections (liver, 
intestine, kidney and peritoneal layer) with respect 
to the site of PoLigel injection (Figure 1B) were 
collected for analysis of radioactivity. Scintillation 
counting was used to quantify the amount of 
radioactivity in each tissue sample. Each tissue 

sample was homogenized at a 10% (w/v) 
concentration in deionized distilled water using a 
tissue homogenizer (Wheaton, USA). 100 μL of 
tissue homogenate or plasma was added into 
scintillation vials containing 1.0 mL Scintigest 
Tissue Solubilizer solution. Samples were kept at 
55 °C for 2 h, followed by the addition of 200 μL of 
30% (v/v) hydrogen peroxide. The samples were 
kept at 55 °C for an additional 30 min, after which 
each sample received 4 mL Ready Safe Scintillation 
Cocktail followed by scintillation counting 
(Beckman Coulter LS 5000TD, Beckman 
instruments Inc., USA). The amount of drug in each 
sample was quantified using a calibration curve. 
 
STATISTICAL ANALYSIS OF DATA 
 
Statistical analyses were performed using Statistical 
Package for the Social Sciences version 16.0 (SPSS 
Inc., USA). A two-sample t-test was used to 
measure statistical significance between pairs of 
results. For statistical analyses among three or more 
groups, one-way analysis of variance (ANOVA) 
was used and subsequent multiple comparisons with 
Bonferroni correction were performed if any 
statistical significance was detected by the ANOVA 
F-test. A p-value < 0.05 was considered to be 
significant. 
 
RESULTS 
 
The plasma profile for Taxotere® showed a 3-fold 
higher DTX concentration compared to the PoLigel 
at 1 hour post-administration, and by 72 hours the 
levels in the plasma fell below the detection limit of 
the assay (Figure 2). Plasma levels of 0.140 g/ml ± 
0.048 at 1 hour post PoLigel administration were 
measured and, by 24 hours, the DTX plasma levels 
decreased by two fold. Following this, sustained 
DTX plasma levels of 0.060 g/ml ± 0.010 per day 
were observed (Figure 2). The distribution of DTX 
in tissues is shown in Figure 3. The average 
concentrations of drug in tissues for the first 24 
hours following administration of Taxotere® were 
as follows: peritoneal layer (2.5 ± 1.1 g/g), 
stomach (11 ± 4 g/g), spleen (8.9 ± 1.3 g/g), 
intestines (3.8 ± 2.1 g/g), liver (1.4 ± 0.2 g/g), 
kidneys (0.57 ± 0.31 g/g) and heart (0.45 ± 0.16 
g/g). At the end of the five day period, only 
intestine, stomach and peritoneal layer showed 
detectable DTX concentrations (Figure 3A).  
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Figure 1. (A) Post-mortem view of the PoLigel in the peritoneal cavity of a female CD-1 mouse (distal and proximal is 
relative to site of PoLigel injection). (B) Chemical structures of drug and material components of the PoLigel. 
 
 

The average concentration of drug in tissues for 
the first 24 hours following PoLigel administration 
was as follows: peritoneal layer (3.8 ± 0.9 g/g), 
stomach (1.4 ± 0.8 g/g), spleen (0.66 ± 0.32 g/g), 
intestines (1.4 ± 0.8 g/g), liver (0.76 ± 0.48 g/g), 
kidneys (0.21 ± 0.11 g/g) and heart (0.077 ± 0.07 
g/g). DTX concentrations in the peritoneal layer 
were 200 fold higher than concentrations found in 
plasma. The distribution of DTX in the peritoneal 
cavity following IP administration of the PoLigel 
was also investigated. In order to assess this, tissues 
(i.e. peritoneal layer, kidney, liver and intestine) 
were separated into proximal and distal sections 
relative to the site of PoLigel injection (Figure 1). 
No statistically significant difference (p>0.05) in 

DTX concentration was seen between the proximal 
and distal sections of all tissues evaluated (Figure 
4). 
 
DISCUSSION 
 
Localized IP dug delivery in a sustained manner can 
provide significant therapeutic advantages for 
peritoneal localized diseases by ensuring high drug 
concentrations at the target site, extended drug 
exposure, and lower systemic toxicity. Strategies to 
extend drug retention time in the peritoneal cavity 
using drug delivery systems such as nanoparticles, 
microparticles and hydrogels have been investigated 
(13, 20-22, 30). 
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Figure 2. DTX plasma levels following IP administration of PoLigel or Taxotere® in female CD-1 mice (Total DTX dose: 
7mg/kg). The results represent mean  SD (n = 4). 
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Figure 3. DTX tissue distribution following IP administration of (A) Taxotere® or (B) PoLigel in female CD-1 mice (Total 
DTX dose: 7mg/kg). The results represent mean  SD (n = 4). 
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Figure 4. Concentrations of DTX in tissue sections that were proximal and distal to the site of injection of the PoLigel 
formulation (see Figure 1B) in female CD-1 mice (DTX dose: 7mg/kg). (A) Peritoneal layer, (B) liver, (C) intestine and (D) 
kidney. No statistically significant difference (p>0.05) in DTX concentration between proximal and distal sites were seen. 
The results represent mean  SD (n = 4). 
 
 
Of these, hydrogels have been shown to enable the 
most significant improvements in drug retention, 
within the peritoneal cavity following IP 
administration. Implantable (30) and injectable (13) 
hydrogels have been developed by our laboratory 
for IP localized and sustained delivery of taxanes 
(i.e. paclitaxel and docetaxel). Sustained plasma 
drug levels have been observed in murine models 
for up to one month post administration of these 
hydrogel systems (13, 31). Furthermore, evaluation 
of efficacy in murine orthotopic models of ovarian 
cancer have demonstrated significant reduction in 
disease burden upon treatment with the taxane-
containing hydrogel systems when compared to 
treatment with the FDA approved formulations of 
these drugs (10, 12, 13, 33). Recently we have 
shown that sustained DTX exposure (i.e. via the 
PoLigel) results in greater antitumor efficacy than 
Taxotere® administration in ovarian cancer 
xenografts, ,which was due to greater tumor cell kill 
and reduced proliferation and angiogenesis (10). 
We believe that the differences seen in efficacy 
between the two formulations may be justified by 
their peritoneal drug distribution profile. 

Following IP administration of either PoLigel 
or Taxotere®, high concentrations of DTX in the 
peritoneal layer and stomach were observed 
compared to other peritoneal tissues such as kidney, 
liver, spleen and intestine. The peritoneal layer is 

composed of mesothelium and connective tissue 
layers. The main transport route for drugs into the 
systemic circulation from the peritoneal cavity is 
through the capillaries found within the peritoneal 
layer (34, 35). Since this layer is largely composed 
of poorly vascularised connective tissue, the blood 
capillary density is low. High molecular weight 
lipophilic drugs such as DTX have a slow uptake 
rate from the peritoneal cavity as compared to other 
agents (36). This characteristically slow uptake of 
DTX into capillaries, compounded with the low 
blood capillary density of the peritoneal layer and 
sustained drug release from the PoLigel, results in 
greater drug accumulation within the connective 
tissue layers of the peritoneum compared to other 
tissues. Similar to our findings, Marchettini et al. 
(37) reported high concentrations of DTX 
(administered as Taxotere®) in the abdominal wall 
(i.e. peritoneal layer) and in the omentum up to 24 
hours following IP administration. The high drug 
concentrations in the peritoneal cavity and 
homogenous drug tissue distribution (i.e. distal and 
proximal to the PoLigel) suggest the application of 
the PoLigel formulation in the treatment of cancers 
confined to the peritoneal cavity such as ovarian, 
colorectal and gastrointestinal which in advanced 
stages form metastatic lesions along the peritoneal 
surface (38). In addition, damage to the peritoneal 
surface due to cytoreductive surgery of the lesions 
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is known to encourage further peritoneal metastasis 
(39). Overall, sustained drug levels observed in the 
peritoneal layer after treatment with the PoLigel 
could allow for greater efficacy in advanced stage 
metastatic peritoneal cancers. 

Drug concentrations in the ovaries were not 
examined in the present study, as the application of 
our treatment strategy is stage IV (advanced) 
ovarian cancer. At this stage of the disease, tumors 
have metastasized beyond the ovaries throughout 
the peritoneal cavity (40). Adjuvant chemotherapy, 
which is what the PoLigel is being developed for, 
occurs after debulking surgery, during which the 
ovaries are removed (41). 

DTX is highly hydrophobic and, for this reason, 
the non-ionic surfactant polysorbate 80 is currently 
used as the formulation vehicle for this drug 
(Taxotere®, Sanofi-Aventis). Post administration 
polysorbate 80 forms nano-sized micelle-like 
structures that solubilize DTX (17). As shown in the 
tissue distribution profiles (Figure 3A) this 
formulation results in some retention of the drug 
within peritoneal tissues. However, this surfactant is 
associated with hypersensitivity reactions, and has 
been shown to alter cellular uptake, tissue 
distribution, and the activity of DTX (10, 17-19). 
Therefore, to further prolong drug retention within 
the peritoneal cavity and to circumvent these issues 
drug delivery strategies such as PoLigel must be 
considered.  
 
CONCLUSIONS 
 
The influence of two different formulation 
strategies (i.e. Taxotere® and PoLigel) on the 
peritoneal and plasma levels of DTX was evaluated. 
For the first time the long term (i.e.  24 hours) 
tissue and plasma distribution of DTX was assessed 
following IP administration of Taxotere®. 
Importantly, 72 hours following the IP injection of 
Taxotere® the drug levels in plasma were 
undetectable and only detectable levels in the 
intestine, stomach and peritoneal layer tissues were 
observed. In contrast, sustained DTX tissue and 
plasma levels were observed following IP 
administration of the PoLigel over the 120 hour 
period. In summary, the PoLigel formulation 
increases tissue and plasma drug retention and 
provides sustained DTX levels compared to the 
current clinically used Taxotere® formulation, 

which may explain the improvement in efficacy that 
has been observed in our previous studies. 
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