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Purpose. The purpose of this study was to evaluate the ability of poly(ethylene glycol)-coated lipid

nanocapsules (LN) to deliver the highly potent hydrophobic anticancer drug docetaxel to solid tumors.

Methods. Docetaxel-loaded nanocapsules (80Y120 nm) were produced by a solvent-free phase inversion

process and were coated with polyethylene glycol distearoylphosphatidylethanolamine conjugate by a

postinsertion step. In vivo studies were conducted in mice bearing subcutaneously implanted C26 colon

adenocarcinoma to assess the pharmacokinetics and biodistribution of both the drug and LN.

Results. Incorporation of docetaxel into the LN dramatically increased the drug’s biological half-life

while providing substantial accumulation at the tumoral site. The pharmacokinetics and biodistribution

pattern were found to depend on the specific surface area and shell composition of the nanocapsules.

Conclusion. This study demonstrates that docetaxel physically entrapped into a lipid colloidal drug

carrier can be efficiently targeted to neoplastic tissues.
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INTRODUCTION

Nanoscopic drug carrier systems, such as liposomes (1),
nanoparticles (2), and polymeric micelles (3), can change the
biodistribution of active substances and increase their
therapeutic index. However, the potential and applicability
of such systems in the pharmaceutical field are closely related
to their physicochemical properties and their interactions
with the host. After intravenous (i.v.) injection, colloidal drug
carriers are generally recognized as foreign bodies and are
thus rapidly cleared from the systemic circulation by the
mononuclear phagocyte system (MPS), mainly the Kupffer
cells of the liver and macrophages of the spleen (4). A widely
used and effective method to slow down clearance by the
immune system is to incorporate poly(ethylene gycol) (PEG)
derivatives at the colloid surface. Because of its hydro-
philicity and flexibility, PEG creates a zone of steric
hindrance around the carrier, which decreases its rate of
uptake by the MPS and prolongs its biological half-life.
PEGylation has been successfully applied to liposomes (5,6)
and nanoparticles (7), especially in the field of cancer
chemotherapy. Indeed, by increasing the residence time of
an antineoplastic drug in the central compartment, its
redirection to tumoral sites becomes possible (1,8). Unlike

most healthy tissues, tumors possess a leaky vasculature that
allows the passage of colloidal particles in the range of
50Y200 nm (9Y11). Moreover, lymphatic drainage is generally
impaired in the tumoral interstitium, favoring retention of
the carrier and its transported cargo at the extravasation site.
This characteristic is often referred to as the enhanced
permeation and retention (EPR) effect (10). Although the
EPR effect has been exploited for the selective tumor
delivery of a number of cytotoxic agents, most attempts
aimed at targeting taxanes, one of the most important classes
of anticancer drugs discovered over the past decades, have
met with moderate success (12Y16). Taxanes are microtubule
inhibitors that display substantial antitumor efficacy against
breast, ovarian, prostate, and nonsmall cell lung cancer. To
date, two taxanes, namely, paclitaxel (PTX) and docetaxel
(DTX), have been introduced on the market. Although PTX
is still the most widely used taxane, DTX is more potent in
terms of promotion of tubulin polymerization, inhibition of
depolymerization and of cell replication, as well as antitumor
activity in many in vitro and in vivo models (17,18). Despite
their strong anticancer activity, taxanes exhibit serious dose-
limiting toxicities and hypersensitivity reactions, which come
from the formulating vehicles and the absence of selectivity
for target tissues (19Y21). Both drugs are poorly water-
soluble and are formulated as micellar solutions of low-
molecular-weight surfactants, namely, cremophor EL and
polysorbate 80 for PTX and DTX, respectively. Approaches
aimed at reformulating taxanes with colloidal carriers have,
in most cases, resulted in better tolerance to treatment (use
of safer excipients) without, however, altering the drug
biodistribution patterns or improving their tumor localization
(12,15,22). These rather disappointing findings have been
mainly attributed to the rapid and complete release of
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encapsulated taxanes from the carrier into the bloodstream
upon their introduction in the systemic circulation (23).
Several strategies are currently being assessed to minimize
leakage by introducing chemical (24) or physical (22) cross-
links into nanocarriers or by enhancing compatibility be-
tween the drug and vector (25). However, despite some
success with recent vehicles (26Y28), there is still an unmet
clinical need to develop safe and targeted drug delivery
strategies for taxanes. The purpose of this study was to
evaluate the ability of lipid nanocapsules (LN) to deliver
DTX to solid tumors. The LN were coated with a PEG lipid
to maximize the biological half-life of the carrier (29) and
drug, and their subsequent deposition in tumoral tissues.

MATERIALS AND METHODS

Materials

PEG 660 12-hydroxystearate (PEG-HS, Solutol\ HS15)
was a kind gift from BASF (Ludwigshafen, Germany).
Hydrogenated soybean phosphatidylcholine (HSPC, >99%
phosphatidylcholine) and 1,2-distearoyl-sn-glycero-3-phos-
phatidylethanolamine-N-monomethoxyY[PEG 2000]
(DSPEYPEG) were purchased from Northern Lipids Inc.
(Vancouver, BC, Canada). Tricaprylin, [3H]cholesteryl
hexadecyl ether ([3H]CHE), Sephadex\ G50, and
Sepharose\ CL-4B were obtained from Sigma-Aldrich
(Oakville, ON, Canada) and Perkin Elmer (Woodbridge,
ON, Canada). Bulk DTX was supplied by the Shanghai
Fudan Taxusal New Technology Co. (Shanghai, China),
respectively. The control DTX formulation (Taxotere\,
TXT, Aventis Pharma Ltd., Dagenham, UK) was purchased
in a retail pharmacy. All products were used without further
purification. Hionic-Fluor\ [1,2,4-trimethylbenzene,
40Y60%; bis(2-ethylhexyl) hydrogen phosphate, 10Y20%;
ethoxylated alkylphenol, 10 Y20%; triethyl phosphate,
2.5Y10%; sodium docusate, 2.5Y10%; 2,5-diphenyloxazole,
<2.5%; 1,4-bis-(4-methyl-alpha-styryl)-benzene, <2.5%] and
Soluene 350\ were obtained from Perkin Elmer and
Camberra Packard (Mississauga, ON, Canada), respectively.
Water was deionized with a Milli-Q\ purification system
(Millipore, Bedford, MA, USA) before use.

Preparation and Characterization of Nanocapsules

LN were prepared by a phase inversion-based process,
as described previously (30). Briefly, the constituents of the
shell, viz. PEG-HS and HSPC, of the core, viz. tricaprylin
and DTX (3% w/w of total LN constituents), and of the
dispersing phase (õ4.4% w/v NaCl in water), were combined
to obtain a total mass of 5 g. The lipid phase typically
represented 17Y22% of the emulsion mass. The different
components were mixed under magnetic stirring and heated
above the phase transition temperature (ca. 85-C). The
mixture was cooled down to 60-C to produce an o/w nano-
emulsion and then reheated above the phase inversion zone
to give a w/o system. This cycle was repeated three times, and
the o/w emulsion was quenched by the addition of 12.5 mL
water at 4-C. PEGylated LN (P-LN) were prepared by
incubating preformed LN at 60-C for 90 min with
DSPEYPEG (15 mg mLj1) at varying concentrations (6, 10,

and 15 mol% of total shell components), as previously
described (29). The mean hydrodynamic diameter of the
LN was assessed at 25-C by dynamic light scattering with a
Coulter N4Plus (Coulter Electronics, Miami, FL, USA) at a
fixed angle of 90-. Measurements were performed in
triplicate after dilution of the suspension in water.

The drug loading efficiency was determined using LN
that were doped with the nonexchangeable lipid marker
[3H]CHE and [14C]DTX to track the vector and drug,
respectively. Free DTX was separated from encapsulated
DTX by gel filtration over a Sephadex\ G50 column (1�
30 cm). The radioactivity of collected fractions was measured
in a scintillation counter (Liquid Scintillation Analyser Tri-
Carb 2100TR; Packard, Meriden, CT, USA) after the
addition of Hionic Fluor\ scintillation cocktail. The in vitro
release of DTX was also assessed after the incubation of
radiolabeled LN in a saline solution (0.9% NaCl w/v)
containing 40 mg mLj1 bovine serum albumin at 37-C for 2
h. Released DTX was separated from LN by size exclusion
chromatography on a Sepharose\ CL-4B column (1�30 cm)
and assayed as described above. The albumin content in each
fraction was measured using the BCA protein assay kit
(Pierce, Rockford, IL, USA).

Pharmacokinetic and Biodistribution Studies

For the pharmacokinetic and biodistribution studies,
radiolabeled DTX-loaded LN formulations were prepared as
described above and diluted with NaCl 0.9% (w/v) to adjust
the drug dose for injection. In vivo experiments were
performed on female Balb/C mice (18Y21 g) inoculated with
C26 colon adenocarcinoma cells, following a protocol ap-
proved by the Animal Welfare and Ethics Committee of the
University of Montreal in accordance with Canadian Council
on Animal Care guidelines. One day before tumor implanta-
tion, hair on the hind legs and back of the mice was removed
by shaving. C26 cells were harvested by trypsinization and
resuspended in growth medium. Approximately 2�106 cells in
50 mL growth medium was injected subcutaneously in three
different locations on the back of each mouse, which
produced three separate tumors. The formulations were
administered 10 days after cell inoculation, when each
tumor grew to a volume of approximately 20 mm3. Tumor
volume was calculated as 1/2(4p/3)(L/2)(W/2)H, where L is
the length, W is the width, and H is the height of the tumor.
Tumor-bearing mice were anesthetized with isoflurane, and
injected via the subclavian vein with TXT, LN-DTX, or
P-LN-DTX at 1 and 15 mg kgj1 for a total volume of 8 mL gj1

of body weight. Each mouse received 0.8 and 0.3 mCi of
[3H]CHE and [14C]DTX, respectively.

At different time points after drug administration, the
mice (n = 4Y5 per experimental group) were sacrificed. The
biological variation due to sampling time was less than 25%.
Blood was sampled by cardiac puncture, and organs/tissues of
interest (liver, spleen, kidneys, and tumor) were harvested
for drug and LN content analysis. Blood and tissues were
weighed and treated with isopropanol/Soluene 350\. After
digestion, the blood samples were bleached by successive
additions of hydrogen peroxide (H2O2, 30% v/v). The
samples were left to stand in the dark overnight at 4-C
following the addition of Hionic Fluor\ scintillation cocktail.
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Radioactivity was then measured using the scintillation
counter in dual mode (3H/14C). The scintillation counter
provides radioactivity counts that are corrected according to
a quench curve established for biological samples. These
counts were converted to a concentration using the total
amount of injected dose and its associated counts. The mean
area under the blood concentration vs. time curve (AUC),
blood clearance (CL), and other pharmacokinetic param-
eters were determined using a noncompartmental model
with PK Solutions 2.0 software (Summit Research Services,
Montrose, CO, USA). Differences between AUC group
means were analyzed by the two-tailed t test for independ-
ent samples. AUCs were calculated using resample bootstrap
methods with 1,000 simulations (S-plus 2000 Professional for
Windows; MathSoft, Inc., Cambridge, MA, USA). To com-
pare the formulations at each time point, a one-way analysis
of variance with Tukey’s post-hoc test for multiple compar-
isons was performed using SPSS 11.0 software (SPSS Inc.,
Chicago, IL, USA). p < 0.01 was the level of significance.

RESULTS AND DISCUSSION

LN with sizes ranging from 80 to 120 nm and low poly-
dispersities (<0.2) were prepared by adjusting the phos-
pholipid/surfactant to tricaprylin ratio. Postinsertion of
DSPEYPEG was associated with an õ10 nm increase in nano-
capsule diameter (Table I). This size increment corresponds
approximately to twice the thickness of a PEG 2000 coating
in brush conformation (31). Incorporation of 3% (w/w) DTX
did not impact the size of the LN. Entrapment efficiency was
evaluated after separating the free from the encapsulated d-
rug by size exclusion chromatography. It was found to be su-
perior to 98% (Fig. 1A). Two hours after incubation in a saline
solution containing a physiological concentration of albumin,
uncoated LN (120 nm) were shown to release 76% of entrap-
ped DTX (Fig. 1B), indicating rapid drug exchange with ser-
um protein. The PEG coating (formulation P-LN-15-120 in
Table I) decreased the leakage to 57% (Fig. 1C), possibly
by preventing proteins from interacting with the lipid surface
(32). Accordingly, several DTX-loaded LN differing in PEG
content (6, 10, and 15 mol%) and size (80 and 120 nm) were
prepared and evaluated in vivo (Table I).

Blood concentrations of nanocapsules and DTX after i.v.
injection of formulated drug at 1 mg kgj1 to mice bearing s.c.
implanted C26 adenocarcinoma are depicted in Fig. 2A and

B, respectively. Non-PEGylated LN (80 nm) were rapidly
cleared from the systemic circulation, with less than 10% of
the injected dose remaining in blood 2 h postinjection (Fig.
2A). Indeed, as previously observed in the rat model (29),
uncoated LN were avidly taken up by the liver and less by
the spleen (75 vs. 15%/g, respectively, after 12 h). As shown
in Fig. 2B, the corresponding drug levels in blood were even

Fig. 1. Elution profile of LN and encapsulated DTX (LNYDTX)

after preparation (A). Elution profiles of DTX-loaded LN (B) and

P-LN-15-120 (C) after incubation in a saline solution containing 40 mg

mLj1 albumin for 2 h at 37-C. The nanocapsules were labeled with

2�10j2 mCi mgj1 [3H]CHE and initially loaded with 3% (w/w) DTX

spiked with 0.5�10j2 mCi mgj1 [14C]DTX.

Table I. Nanocapsule Formulations Administered to C26 Tumor-

Bearing Mice

Formulation

Tricaprylin

(% w/w)

PEG-HS

(% w/w)

HSPC

(% w/w)

PEG-DSPE

(mol%)b
Diameter T

SD (nm)

TXTa Y Y Y Y Y
LN 51.5 40.8 7.7 Y 70 T 10

P-LN-6-80 51.5 40.8 7.7 6 80 T 8

P-LN-10-80 51.5 40.8 7.7 10 80 T 8

P-LN-6-120 54.2 37.7 8.1 6 117 T 12

P-LN-10-120 54.2 37.7 8.1 10 118 T 10

P-LN-15-120 54.2 37.7 8.1 15 118 T 10

a DTX in polysorbate 80 at a concentration of 40 mg mLj1 .
b Expressed as mol% of total surface components (excluding

tricaprylin).
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lower, reflecting both the rapid LN clearance and DTX
leakage from the carrier. Two hours after administration, the
DTX blood concentration of the control TXT formulation
was higher than that of uncoated LN (10 vs. 4% of the
injected dose, respectively).

PEGylation of LN at 6, 10, and 15 mol% greatly
enhanced LN circulation time. All three PEGylation den-
sities provided LN with similar blood levels after 2, 6, and
12 h (Fig. 2A) and comparable uptake by the liver and spleen
(40Y50%/g after 12 h). Interestingly, particle size did not
influence P-LN removal from the bloodstream, as 80- and
120-nm nanocapsules PEGylated at either 6 or 10 mol%
exhibited similar circulation times. In contrast, size and PEG
density dramatically influenced the extent of drug release
from the nanocapsules. For particles of 80 nm, increasing
PEG content from 6 to 10 mol% gave an õ3-fold elevation of
DTX blood levels 2 and 6 h after injection (Fig. 2B). Similarly,
at a fixed PEG content of 6 mol%, augmenting particle size

from 80 to 120 nm, produced a comparable effect. Two hours
postinjection, the highest blood concentrations of DTX were
obtained with 120 nm P-LN containing 15 mol% PEG (P-LN-
15-120). From these results, it can be seen that drug leakage
could be controlled by changing the physicochemical charac-
teristics of P-LN. Although enhancing PEG density may
reduce interactions and drug exchange with blood compo-
nents (Fig. 1C), increasing the particle size decreases the
specific surface area available for diffusion.

The tumoral concentrations of both nanocapsules and
DTX were monitored in parallel and are presented in Fig. 3A
and B, respectively. As expected, uncoated LN accumulated
poorly in C26 xenografts. The control TXT-DTX and LN-
DTX mean concentrations in neoplastic tissue did not exceed
0.2Y0.3 mg gj1. Tumoral localization of P-LN seemed to
increase with PEG density, although statistical significance
could be demonstrated only between formulations containing
6 and 15 mol% of PEG at the 12-h time point. Surprisingly,
120-nm particles also seemed to accumulate slightly more in
the tumors than their 80-nm counterparts (P-LN-10-120 vs.

P-LN-10-80 at 6 and 12 h, p < 0.01) despite apparently similar

Fig. 3. Tumor concentrationYtime profiles of nanocapsules (A) and

DTX (B) after i.v. injection of various DTX formulations in mice, at

a drug dose level of 1 mg kgj1. Nanocapsules were loaded with 3%

(w/w) DTX. Mean T SD (n = 5 mice/group). Only statistically sig-

nificant differences between LN and P-LN (A) or between TXT and

encapsulated DTX (B) are indicated. *p < 0.01.

Fig. 2. Blood concentrationYtime profiles of nanocapsules (A) and

DTX (B) after i.v. injection of various DTX formulations in mice, at

a drug dose level of 1 mg kgj1. Nanocapsules were loaded with 3%

(w/w) DTX. Mean T SD (n = 5 mice/group). Only statistically sig-

nificant differences between LN and P-LN (A) or between TXT and

encapsulated DTX (B) are indicated. *p < 0.01.
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blood profiles. Several hypotheses could explain the effect of
size and PEG density on the tumoral levels of nanocapsules.
First, in the case of liposomes, it has been demonstrated that
the tumoral permeability coefficient of the tumor vasculature
(11) as well as tissue penetration (33) increased when the
vesicles were sterically shielded. Second, the difference
observed in P-LN tumor levels may result from slight
differences in the stability of extravasated nanocapsules in
the tumoral interstitium. Some tumor tissues overexpress
secretory enzymes, for example, phospholipase A2 (34). Such
enzymes could degrade the extravasated nanocapsules at a
rate that may depend on particle size and PEG density in the
P-LN shell. Third, the clearance of extravasated P-LN from
the interstitium by the lymphatic system may also be size-
dependent. Trubetskoy and Torchilin (35) have indeed
demonstrated that the lymphatic uptake of colloids was
inversely related to particle size.

The most significant findings of our work were that
P-LN allowed DTX to accumulate substantially in C26
xenografts. Tumoral drug concentrations increased over the
12-h sampling period and largely exceeded that of the control

TXT formulation (Fig. 3B) (p < 0.01 for P-LN-10-80, P-LN-6-
120, P-LN-10-120, and P-LN-15-120 vs. TXT at 6 and 12 h).
The highest tumoral levels were reached with P-LN-15-120,
which peaked at 1.2 mg gj1 at 12 h. Accumulation of DTX in
the tumors could be attributed to preferential P-LN
deposition in the neoplastic tissue and reduced drug leakage
from the formulations. In view of these promising results, a
complete pharmacokinetic and biodistribution study com<
paring TXT and P-LN-15-120 was performed at 15 mg kgj1,
a dose commonly used in efficacy studies (Figs. 4, 5, and 6),
and the pharmacokinetic parameters of both formulations
were calculated (Table II). The PEGylated nanocapsules
exhibited a long circulation time (Fig. 4A) and extravasated
in the tumor (Fig. 5A). As expected, the MPS organs were
the major accumulation sites for the P-LN (Fig. 5B). The
liver levels peaked at 4 h (30% of injected dose gj1), whereas
concentrations in the spleen kept increasing up to 24 h (60%
of injected dose gj1). As shown in Fig. 5B, P-LN deposition
in the kidneys remained low, reflecting the fact that
nanoparticulate colloids within this size range (80Y120 nm)
are not eliminated by glomerular filtration.

The in vivo properties of P-LN translated into a modified
pharmacokinetic profile for DTX (Table II, Fig. 4B). After
bolus injection, the apparent volume of distribution (Vd)
decreased from 7.2 to 1.8 L kgj1, reflecting better con-
finement of P-LN in blood in the early phase. The biological

Fig. 5. Tumor (A), liver (open circles), spleen (closed circles), and

kidneys (open squares) (B) concentrationYtime profiles of nano-

capsules after i.v. injection of P-LN-15-120 in mice, at a dose of 15

mg kgj1. Nanocapsules were loaded with 3% (w/w) DTX. Mean T

SD (n = 4 mice/group).

Fig. 4. Blood concentrationYtime profiles of nanocapsules (A) and

DTX (B) after i.v. injection of TXT (open circles) or P-LN-15-120

(closed circles) in mice, at a drug dose level of 15 mg kgj1.

Nanocapsules were loaded with 3% (w/w) DTX. Mean T SD (n = 4

mice/group).
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half-life (t1/2), very short for the free drug (0.3 h), increased
to 1.4 h for DTX entrapped in P-LN-15-120. The reduction of
Vd and increment of t1/2 resulted in a marked decrease in CL.
These changes in the pharmacokinetic parameters were
accompanied by a substantial deposition of drug in the
tumors, which was characterized by a 5-fold increase in
AUCtumor compared to TXT (16.1 vs. 3.2 mg h gj1) (Fig. 6A,
Table II). With respect to the distribution in the liver, spleen,
and kidneys (Fig. 6BYD), the PEGylated LN provided lower
drug levels in these organs than TXT at the early time points
(e2 h). This altered biodistribution profile may eventually
result in a lower drug toxicity for healthy tissues.

To the best of our knowledge, this is the first report
demonstrating that DTX physically entrapped in a colloidal
drug carrier could be targeted to neoplastic tissues. Compa-
rable success has been previously achieved with PTX with

macromolecular carriers such as poly(L-glutamic acid) (28).
However, such an approach is more complex because it
requires chemical derivatization of the drug for covalent
coupling with the polymer and the hydrolysis of linkage at
the target site to release PTX. Recently, Hamaguchi et al.
(26) showed that the pharmacokinetics, biodistribution, and
in vivo efficacy of PTX could be improved by its incorpora-
tion into tailor-made polymeric micelles prepared with a
block copolymer of PEG and poly(aspartate) esterified with
4-pheny-1-butanol. Although these preliminary results are
encouraging, the toxicity of this novel polymer will have to be
carefully examined as the latter is not approved for paren-
teral administration.

Future work on LN will aim at determining the
maximum tolerated dose, toxicity profile, and efficacy of
DTX entrapped in P-LN in appropriate tumor models.

Fig. 6. Tumor (A), liver (B), spleen (C), and kidney (D) concentrationYtime profiles of DTX after i.v. injection of TXT (open circles) or

P-LN-15-120 (closed circles) in mice, at a drug dose level of 15 mg kgj1. Nanocapsules were loaded with 3% (w/w) DTX. Mean T SD (n = 4

mice/group).

Table II. Mean Pharmacokinetic Parameters of TXT and P-LN-15-120 and Tumoral DTX Accumulation After Bolus i.v., Administration to

Tumor-Bearing Mice

Formulation

Dose

(mg kgj1)

AUC0Y24 h T SD

(mg h mLj1)

CL

(L hj1 kgj1) t1/2 (h) MRTa (h)

Vd

(L kgj1)

AUCtumor T SD

(mg h gj1)

DTX in TXT 15 7.2 T 0.2 2.1 0.3 1.2 7.2 3.2 T 0.1

DTX in P-LN 15 29.1 T 0.7* 0.6 1.4 2.8 1.8 16.1 T 0.3*

P-LN 446 39.6 T 0.8 0.01 1.9 3.6 0.05 Y

a Mean residence time.
*p < 0.01 vs. TXT.
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