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Abstract

The purpose of this study is to evaluate the in vivo efficacy, unwanted toxicity and loco-regional distribution of a doxorubicin-loaded
polymer-lipid hybrid nanoparticle (Dox-PLN) formulation in a murine solid tumor model after intratumoral injection. Dox-PLN were
prepared by dispersing Dox in stearic acid and tristearin, with subsequent addition of a novel anionic polymer HPESO (hydrolyzed poly-
mer of epoxidized soybean oil) to enhance the drug incorporation in the lipids. Solid tumors were obtained by injecting EMT6 mouse
mammary cancer cells intramuscularly into the hind legs of BALB/c mice. Dox-PLN, blank PLN or surfactant formulations were inject-
ed intratumorally (IT) when tumors reached approximately 0.3 g. In vivo efficacy of treatment was measured by tumor growth delay
(TGD), defined as the delay in time for the tumor to grow to 1.13 g relative to the untreated control. Signs of unwanted drug toxicity,
the histology and morphology of tumor and heart tissues, and the IT distribution of Dox-PLN after IT treatment were examined or
monitored. IT-administered Dox-PLN resulted in 70% and 100% TGD (p <0.01) for Dox doses of 0.1 and 0.2 mg, respectively.
Dox-PLN treated tumors developed substantially larger central necrotic regions than the untreated tumors, with Dox-PLN residues
extensively distributed among the dead cell debris, suggesting that the anticancer effect of Dox-PLN was mainly a combined result of
IT nanoparticle distribution and short-ranged, sustained drug release. Except for two of fifteen mice receiving the higher 0.2 mg Dox
dose showing transient fur-roughing, all Dox-PLN treated mice showed no signs of toxicity. The present study demonstrates that
Dox-PLN possess significant in vivo cytotoxic activity against solid tumors with minimal systemic toxicity. IT administered Dox-PLN
have the potential to improve the therapeutic index of loco-regional solid tumor chemotherapy.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction lular drug resistance mechanisms. Irregularly developed
intratumoral vasculature and the extracellular matrix of

The clinical success rate of chemotherapy is particularly ~ tumor cells both prevent efficient drug penetration into
low in the treatment of solid tumors [1]. The unique envi- the tumor [2,3]. High interstitial pressures that can build
ronment inside a solid tumor leads to a number of non-cel- up in solid tumors further exacerbate this problem [4,5].
In addition, the high acidity and low oxygen tension that

are usually observed in a solid tumor may diminish the
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in vivo non-cellular drug resistance mechanisms, drugs that
are effective in cell lines in vitro do not necessarily work
equally well against these cells when grown as solid tumors
in vivo.

Local drug delivery systems offer promise for overcom-
ing some of these obstacles to chemotherapy. In our previ-
ous study cross-linked sulphonylated microspheres
containing mitomycin C (MMC) or Dox were directly
delivered to the tumor by IT injection [10], an average of
79% and 185% increase in tumor growth delay compared
to the control group were observed using MMC-loaded
microspheres alone or combined with Dox-loaded micro-
spheres, respectively. The normal tissue toxicity of drugs
delivered via IT injected microsphere formulations was also
significantly lower than that of the same amount of drug
administered systematically [10]. Thus, the therapeutic
index of MMC or MMC plus Dox chemotherapy is
increased by local drug delivery wvia microsphere
formulations.

The large size of microspheres, however, limits their
ability to diffuse far away from the IT injection site. This
may potentially reduce their effectiveness for loco-regional
cancer therapy as many solid malignancies, such as breast
cancer, tend to invade the surrounding tissues or metasta-
size to the loco-regional lymphatics. Compared to micro-
spheres, submicron size particulate drug carrier may
provide the necessary mobility to treat these types of
loco-regional cancer involvement, as has been shown using
various particulate carrier systems of submicron size [11-
13].

It has been demonstrated that solid lipid nanoparticles
(SLN), a submicron lipid-based formulation that can be
used for delivery of several anticancer agents, can move
far from the site of administration after they are adminis-
tered intravenously [14,15], duodenally [16] or subcutane-
ously [17]. Significant drainage of inhaled SLN from the
respiratory passage into the loco-regional lymph nodes
has also been observed [18]. Compared to systemic drug
administration, reports on the efficacy and side effects of
SLN formulations of anticancer compounds, particularly
those containing in vivo data, have so far been scarce. A
study by Serpe et al. [19] showed that SLN carrying Dox,
paclitaxel or cholesteryl butyrate were more effective than
the conventional drug solutions in a human colorectal can-
cer cell line growing in vivo. In the limited in vivo efficacy
data available [20], xenografted colorectal tumors were
found to grow more slowly when treated with a SLN for-
mulation loading with an analog of topoisomerase inhibi-
tor. In brief, the findings reported to this point have
supported the use of SLN for anticancer drug delivery,
but it is also clear that more studies in this area are needed
to further substantiate this claim.

Polymer-lipid hybrid nanoparticles (PLN) were devised
on the basis of SLN. In comparison to other lipid-based
formulations, incorporation of ionic polymers allows
PLN to more efficiently encapsulate water-soluble, ionic
compounds such as Dox hydrochloride. The loaded drugs

were also shown to be more completely released. A typical
PLN system can release 60—70% of its loaded drug instead
of only 20-30% [21]. Co-encapsulation and simultaneous
delivery of multiple drugs is also achievable, which adds
further potential applications to this delivery system [21].
In addition, our previous studies showed that Dox-loaded
PLN (Dox-PLN) were approximately 8 times more effec-
tive than free Dox solution in suppressing the growth of
drug-resistant cancer cells in vitro, including both the mur-
ine EMT6 and human MDA435/LCC6 breast cancer cell
lines [22,23]. Higher drug uptake and retention by those
cell lines were also demonstrated [23]. It appeared that
the small size of PLN made it possible for PLN to be inter-
nalized into the cancer cells, likely contributing to their
superior in vitro efficacy compared to the free drug
solution.

Based on these previous positive results, the present
study was designed to evaluate whether the observed
potent in vitro cytotoxicity of Dox-PLN is translatable into
in vivo therapeutic effectiveness in the EMT6 solid tumor
model. Tumor growth and general toxicity were monitored
following IT injection of Dox-PLN. In addition, the
tumoral distribution of PLN was examined. The present
study provides evidence in support of the use of SLN-type
systems for delivery of anticancer compounds to achieve
better therapeutic outcomes.

2. Materials and methods
2.1. Materials

Dox (as a hydrochloride salt), stearic acid, tristearin and
all other chemicals used, unless otherwise specified, were
purchased from Sigma-Aldrich (Mississauga, ON, Cana-
da). Stearic acid was purified by recrystallization from
95% ethanol. HPESO (hydrolyzed polymer of epoxidized
soybean oil) anionic polymer was supplied by Drs. Z. Liu
and S. Erhan (Food and Drug Administration, Washing-
ton, DC, USA) and Pluronic F68 (non-ionic block copoly-
mer) was a kind gift from BASF Corp. (Florham Park, NJ,
USA). The number and weight average molecular weights
of HPESO used were determined by gel permeation chro-
matography and found to be M, = 3160 and M,, = 4866.
For details of polymer synthesis and characterization,
please refer to Wong et al. [22].

2.2. Preparation of PLN containing Dox

To prepare Dox-PLN, a mixture of 70 mg of stearic
acid, 30 mg of tristearin and 0.9 ml of an aqueous solution
containing 7.5 mg of Dox and Pluronic-F68 (2.5% w/v)
was warmed to 72-75°C. Following the addition of
3.75 mg of HPESO polymer, the mixture was stirred for
10 min and subjected to ultrasonication for 3 min to form
a lipid emulsion. The emulsion was dispersed in a 5% w/v
dextrose + 2% w/v Pluronic F68 solution at 4 °C (1 part
of emulsion to 4 parts of diluent) to form PLN. Free,
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unloaded Dox was removed by gently stirring the Dox-
PLN suspension with an excess amount of Sephadex C-
25, a cationic ion-exchanger that effectively binds Dox
[24]. Samples of Dox-PLN were drawn for Dox loading
determination by UV-vis spectrophotometry and particle
size measurement by photon correlation spectroscopy as
previously described [21-23]. The Dox loading was approx-
imately 5% and particle size averaged 290 nm in a typical
Dox-PLN sample. Blank PLN were similarly prepared
except that Dox was omitted.

2.3. Tissue cell culture

The murine breast carcinoma cell line EMT6/WT was
kindly provided by Dr. Ian Tannock (Ontario Cancer Insti-
tute, Toronto, ON, Canada). Monolayers of cells (passages
5-30 in our hands) were cultured on 75-cm? polystyrene tis-
sue culture flasks at 37 °C in 5% CO,/95% air humidified
incubator. Cancer cells were maintained in a pH 7.2 o-min-
imal essential medium (Ontario Cancer Institute Media
Laboratory, Toronto, ON, Canada), supplemented with
10% fetal bovine serum (Cansera Inc., Etobicoke, ON,
Canada). Cells grown to confluence (3-5d after seeding,
approximately 0.1 million of cells per dish) were trypsinized
with 0.05% trypsin-EDTA (Invitrogen Inc., Burlington,
ON, Canada), diluted (1/10) in a fresh growth medium
and reseeded.

2.4. Evaluation of in vivo effectiveness and drug toxicity

All experiments and procedures used in the animal
studies were approved by the Animal Use and Ethics
Committee of the Ontario Cancer Institute. 8- to 10-
week-old female BALB/c mice (BanHarbor, MA, USA)
were inoculated intramuscularly in the left hind leg with
5% 10° EMT6/WT cells in 50 ul of growth medium, one
week after they were received. The tumor-plus-leg (TPL)
diameter was monitored on a daily basis, after reaching
7.5 mm, with a plastic plate bearing a series of calibrated
holes with diameters increasing in 0.5 mm increments.
When the TPL diameters reached 8-9 mm (calibrated
to be approximately 0.3 g tumor weight), typically 4-6
days after tumor cell inoculation, treatments were
initiated.

Animals were randomized into groups containing 3-5
animals each. Each treatment group received 0.1 mg Dox
in Dox-PLN, 0.2 mg Dox in Dox-PLN, or blank PLN,
respectively. The control groups received a solution con-
taining 5% w/v dextrose and 2% w/v Pluronic F68, or no
treatment. Nanoparticle samples were diluted to the
desired concentrations with the solution containing 5%
w/v dextrose and 2% w/v Pluronic F68 that was pre-steril-
ized by filtration through a 0.22 um filter. Overall, after
taking the amount of Pluronic F68 initially present in the
PLN formulations into consideration (2.5% Pluronic
before dilution), treatments were found to contain 2—
2.1% w/v Pluronic F68 after the dilution (control: 2%;

0.1 mg Dox in PLN group: 2.05%; Blank PLN and
0.2 mg Dox in PLN group: 2.1%). Each animal in the treat-
ment groups was IT injected with 200 pl of the suspensions
or the solution with a 26-gauge needle. TPL diameters were
monitored daily. Mice were sacrificed when TPL diameters
reached 13 mm, which was previously calibrated as 1.13 g
tumor weight, or if the tumor never reached 13 mm in
diameter, 20 days after treatment for humane purposes.
At time of sacrifice tumors were excised and stored in
10% buffered formalin for gross morphological examina-
tion and histological study.

The efficacy of the treatments was reported in terms of
normalized tumor growth delay (TGD) [10], according to
the equation:

TGD = (Ttreat - Tcontrol)/Tcontrol X 100%

Tivear and Teoniro are referred as the mean number of days
for the calibrated tumor weight to reach 1.13 g, for the
treatment group and control group, respectively, where
the day when the treatment started was assigned as
Day = 0. Because in the initial trials, tumors treated with
drug-free Pluronic/sucrose solution grew at the same rate
(6.7 £ 0.6 days) as the untreated tumors (7.2 + 3.2 days),
untreated mice were directly used as the controls.

The toxicity of the treatment was evaluated in a semi-
quantitative manner. Body weights of mice were measured
daily for evaluation of the systemic toxicity of the treat-
ments. A general toxicity score was assigned to each mouse
as previously described [10] with some modifications
(0 = no weight loss; 1 = 1-2 g weight loss; 2 =2 g or more
weight loss). Only the lowest body weight loss (compared
to the body weight on Day 0) within 5 days after the treat-
ment was considered because some mice actually lost
weight as their tumors grew in size. Body weight loss great-
er than 20% was regarded as a sign of significant systemic
toxicity and the mice were sacrificed for humane purposes.
Other signs of unwanted toxicity monitored included fur-
roughing and shedding, local trauma at site of injection
and decreases in general animal activity. The hearts of
selected mice were preserved after they were sacrificed to
allow histological evaluation of possible cardiotoxicity of
Dox-PLN.

2.5. Morphological and histological examination

Each excised tumor was dissected into halves along the
longitudinal mid-line (i.e. along the longest dimension of
the tumor). The interior sections of tumor were digitally
photographed under an optical microscope. Selected tumor
tissue samples were also sent to the University Health Net-
work Clinical Research Program (Toronto General Hospi-
tal, ON, Canada) for hematoxylin and cosin (H&E)
staining and slide preparation. The stained slides were dig-
itally scanned and the images were enhanced using a com-
puter software system (ImageScope Virtual Slide, version
6.25, Aperio Technol., Vista, CA, USA) for histological
examination.
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2.6. Data analysis

Results are presented as means + SD from a minimum
of three separate experiments unless otherwise specified.
Log—Rank tests were conducted to compare the effects of
different treatments to the controls. In all analyses, a value
of p <0.05 was considered significant.

3. Results
3.1. Efficacy of intratumorally (IT) administered Dox-PLN

The effect of Dox-PLN treatment on in vivo tumor
growth is presented in Fig. 1. In Fig. 1A, the results pooled
from all runs are expressed in terms of fractions of mice
that survived (mice with tumors remaining smaller than
the cutoff size (TPL diameter <13 mm)) as a function of
time after treatment. In Fig. 1B and C, the changes in
tumor weight from selected individual mice (blank PLN
and Dox-PLN) are shown as a function of time before
and after receiving treatment (treatment delivered on day
0) are plotted. Data for only one representative group
(total of five mice) of each treatment are presented in the
profiles for clarity. Statistical data for all animals are sum-
marized in Table 1. In brief, mice receiving 0.1 or 0.2 mg
dose of Dox in the form of Dox-PLN demonstrated signif-
icant delay in tumor growth (p < 0.005) when compared to
the mice receiving Pluronic/dextrose or blank PLN. The
mean times for the tumor to reach the cutoff (13 mm
TPL diameter or 1.13 g tumor weight) were significantly
prolonged by 5-7 days, which translates into TGD values
of 71% and 100% in mice treated with 0.1 and 0.2 mg
Dox as Dox-PLN, respectively. This finding is likely not
caused by the skewing effect of a few extreme values as
the mean and median values are very close (Table 1). It
should also not be caused by Pluronic F68 itself as tumor
growth was not suppressed by blank PLN). The higher
dose of 0.2 mg Dox per mouse appears to be more effective
than 0.1 mg Dox per mouse. It took approximately 2 more
days to reach the cutoff point. However, the difference
between these two doses was not statistically significant.
Some tumors treated with Dox-PLN actually regressed
for a few days before they grew again (Fig. 1C).

3.2. General toxicity of it administered Dox-PLN treatment

Fig. 2A-D present representative time profiles of the
body weight of the mice before and after receiving treat-
ment. None of the mice died or lost 10% body weight or
more before the tumors reached the cutoff size. In general,
treatment with Dox-PLN or blank PLN resulted in over 1
g body weight loss only in a few mice between day 0 and
day 5, and these losses all recovered as the study pro-
gressed. The toxicity scores were 0.33 + 0.50, 0.20 £+ 0.41,
0.15+0.37, 0.40 +0.63 (mean + SD) in untreated mice,
blank PLN group, Dox-PLN (0.1 mg Dox) group and
Dox-PLN (0.2 mg Dox) group, respectively. No significant
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Fig. 1. Effect of Dox-PLN treatment on EMT6/WT tumor growth in BALB/c
mice. (A) presents the fractions of surviving mice (mice with tumor below the
cutoff weight (1.13 g)) after treatment; (B) and (C) show typical time profiles of
calibrated tumor weight before and after treatment in individual mice sampled
from (B) blank PLN group and (C) Dox-PLN (0.2 mg Dox) group. Mice were
inoculated with EMT6/WT cells intramuscularly in the hind leg and treatments
were injected into the tumor when it reached approximately 0.3 g. Treatments
tested included 5% dextrose + 2% Pluronic F68 (negative control), blank PLN,
0.1 mg of Dox as Dox-PLN, 0.2 mg of Dox as Dox-PLN. In all figures, Day 0
is referred to the day when the mice received treatments. Mice were sacrificed
when their tumors reached 1.13 g in weight or 20 days after treatment.

differences in the scores among different groups were
detected. The finding indicates a lack of general toxicity
caused by the blank PLN and the Dox-PLN formulations.
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Table 1
Summary of the effect of Dox-PLN against tumor growth in BALB/c mice
Treatment Number of Mean TGD Median TGD, Normalized p value (vs. no p value (vs. blank
experiments X number of (SD), days days TGD treatment) PLN)
subjects
No treatment 3x3 7.2(3.2) 7 N/A N/A 0.95
Blank PLN 3x5 6.9 (1.6) N/A 0.95 N/A
0.1 mg Dox as 4x5 12.3 (4.6) 11 70.8% 0.0033" 0.0006"
Dox-PLN
0.2 mg Dox as 3x5 14.4 (4.5) 15 100% 0.0003" 0.0001"
Dox-PLN

Results were expressed in terms of number of days required for the tumor weight to reach 1.13 g. Tumors that never reached the cutoff weight of 1.13 g
within 20 days after treatment, for statistical analysis they were arbitrarily assigned 20 days duration. p values were calculated based on the > values
obtained from Log to Rank tests comparing the data of the various treatments presented in Fig. 1A. The p value comparing the 0.1 mg Dox group to
0.2 mg Dox group is 0.294 (not significant). N/A, not applicable; TGD, tumor growth delay.

* Statistically significant (p value < 0.05 relative to control).

Except for two of the mice treated with 0.2 mg Dox show-
ing moderate fur-roughing, none of the tested mice mani-
fested signs of other adverse effects (inactivity, tissue
damage at injection site) as specified in the method section.

3.3. Gross and histological examination of tumor tissues

Both gross and histological examinations were per-
formed to investigate the internal morphology of tumor tis-
sues. Microscopic photographs of representative samples
of tumors excised from mice and sectioned through the
middle from each treatment group is shown in Fig. 3A—
D. The tumor treated with blank PLN (Fig. 3A) was solid
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throughout the tumor except for a small necrotic region at
the center. Tumor tissues treated with different doses of
Dox-PLN (Fig. 3B-D) appear looser and irregular towards
the center of the tumor. The tumor treated with a higher
dose (0.2 mg Dox) of Dox-PLN (Fig. 3C) seems to have
more necrosis than that with the lower Dox dose (0.1 mg
Dox) (Fig. 3B). However, Fig. 3D shows the same treat-
ment dose, i.e. 0.2 mg Dox, could result in less necrosis
when the Dox-PLN were injected in the tumor capsule
and stayed there (Fig. 3D).

To examine the histology of the treated tumors, and the
interactions between the cancer cells and Dox-PLN in vivo,
selected tumor samples were H&E stained and examined.
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Fig. 2. Time profiles of body weight of tumor-bearing mice treated with (A) negative control (dextrose 5% + 2% Pluronic F68); (B) blank PLN; (C) 0.1 mg
Dox in form of Dox-PLN; (D) 0.2 mg Dox in form of Dox-PLN. BALB/c mice were inoculated with EMT6/WT tumor in the hind leg and received
treatment 5 days later. Day 0 in the graphs represents the day of treatment and each curve represents the body weight time profile of a single mouse.
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Fig. 3. Effect of Dox-PLN on the morphology of EMT6 tumors grown in
BALB/c mice. Treatments included (A) blank PLN; (B) 0.1 mg Dox as
Dox-PLN; (C) and (D) 0.2 mg Dox as Dox-PLN were administered
intratumorally to the EMT6 tumors grown in the hind legs of BALB/c
mice. Tumors that grew to 13 mm in diameter or larger were excised and
preserved in 10% buffered formalin. Cross-sectioning along the longitu-
dinal midline of each tumor was performed to expose their internal
structure. Each interval between the graduated marks in the pictures
represents 2 mm.

Fig. 4 shows a tumor sample treated with Dox-PLN con-
taining 0.2 mg Dox (the same tumor as shown in Fig. 3C
was chosen for comparison). The paler, looser regions pri-
marily consist of cancer cells that are in the process of
necrosis. The globular, pink tissues at the perimeter are
the leg muscles. When compared to Fig. 3C, it is evident
that the large regions of rough, loose tissues observed in
gross examination are in fact necrotic cancer cells.

Fig. 4B shows the magnified view of a part of the
peripheral tumor region (Black rectangle in Fig. 4A).
There is extensive infiltration of EMT6 tumor cells into
the muscular tissues, which confirms the aggressiveness
of the EMT6 tumor cells shown previously [10]. Dox-
PLN and their aggregates were observed near the center
of the picture (pink particulate matter identified by
arrows). There are two notable findings. Dox-PLN do
not just stay on the surface layers of cancer cells, but also
distribute to cells that are several layers deep. In addition,
the cancer cells that are located near the Dox-PLN are
generally looser and disintegrated, whereas cancer cells
relatively far from Dox-PLN (to the left and the right
in Fig. 4B) appear more intact and healthier. Similar
findings are demonstrated in Fig. 4C, which presents a
part of the central, necrotic region of the tumor (region
in dotted rectangle of Fig. 4A). The residual Dox-PLN
are dispersed within several layers of loose, necrotic can-
cer cells (on the right side of the image indicated by
arrows). These images suggest that tumor necrosis may
be caused or accelerated by Dox-PLN. Extensive tumor
necrosis may be the result of movement of Dox-PLN
within the tumor structure.

4. Discussion

Cytotoxic anticancer drugs that are effective in vitro are
not necessarily effective in vivo. For example, wild-type
EMT®6 cells have been shown to be relatively sensitive to
Dox when cultured as monolayers in a number of previous
studies from our laboratory (e.g. [24,25]). The D,y value
(drug concentration that kills 90% cells) of Dox in
EMT6/WT cell line can be as low as 1 ug/mL [25]. Howev-
er, this is not translated well in in vivo studies. Our group
previously attempted a test of the efficacy of free Dox using
the same animal tumor model. Because of severe tissue
necrosis at the injection sites and high toxicity, we dropped
this arm of the study. When Dox microsphere formulation
was administered IT, it was only marginally effective with
up to 32% TGD resulted [26]. This actually prompted Che-
ung et al. [10] to explore the use of microspheres for com-
binational therapy (MMC plus Dox) to enhance in vivo
cytotoxicity. It is therefore exciting to find that Dox-PLN
result in significant growth delay in a tumor model that is
supposedly refractory to Dox treatment even with IT injec-
tion of Dox-loaded microspheres.

It should be noted that the TGD method used in this
study may not necessarily fully demonstrate the anticancer
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Fig. 4. Histology of a representative sample of tumor treated with Dox-PLN. A sample of tumor treated with Dox-PLN containing 0.2 mg Dox was
excised and H&E stained. Portions of (A) were digitally enhanced 10x using a computer imaging software package (Scanscope Virtual Slide) and presented
in (B) (peripheral portion, black rectangle in (A)) and (C) (central portion, red rectangle in A). In (B) and (C), arrows point to Dox-PLN and their

aggregates remaining in the tumor.

activity of the tested agents. TGD are calculated based on
the length of time for the tumor to reach a predetermined
cutoff TPL diameter, which is correlated to the tumor size.
However, as shown in Fig. 3B and C, enhanced necrosis,
induced by IT injected Dox-PLN, occurred mainly at the
centers of the tumors, whereas the tumor capsules are left
essentially intact and are likely actively growing. Growth
delay due to a moderate tumor cell killing effect of treat-
ment, even it is significant, may not be indicative of the
detailed effects of treatment. It is therefore useful to com-
plement this method with the studies of the gross morphol-
ogy of the treated tumors. In the present studies, both
approaches indicate that Dox-PLN are effective against
breast cancer cells in vivo.

The studies of tumor morphology and histology pro-
vide a hint on the mechanisms of the tumor growth sup-
pression mediated by Dox-PLN. First of all, TGD was
not caused by either the nanoparticle lipids or the surfac-
tants used in the PLN, as the activity of blank PLN was
similar to the no treatment control, and little cell damage
was also seen in the gross examination of tumor treated
with blank PLN (Fig. 3A). In contrast, as shown in
Fig. 4B and C, necrosis regions are typically found prox-
imal to the residual Dox-PLN distributed within the
tumor samples viewed 20 days post-injection. This shows
that the anticancer effect of Dox-PLN is relatively short-
ranged, and their direct physical contact to cancer cells
likely results in the strongest anticancer effect. It is there-
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fore critical to achieve reasonable IT dispersion of the
drug carriers. When injected via the IT route, Dox-
PLN were seen to be distributed fairly extensively within
the tumor (e.g. Fig. 4). This can substantially reduce the
distances between the tumor cells and Dox-PLN, and
allow more extensive tumor cell kill (Fig. 3B) to occur.
This is evident when compared to specific tumor samples
in which Dox-PLN were injected to the highly dense cap-
sule regions of the tumor and were subsequently trapped
and did not spread out (e.g. Fig. 3D). In those samples
only moderate tumor necrosis was observed. The rela-
tively good IT distribution may be one of the reasons
that contribute to the superior in vivo efficacy of Dox-
PLN over Dox-loaded microsphere (Dox-MS) systems,
which we did not observe substantial particle distribution
away from the site of injection. In addition, the
enhanced cellular uptake and retention of Dox by PLN
may also play a role in the higher efficacy of Dox-
PLN than Dox-MS.

It must be noted that some extent of tumor necrosis
nonetheless occurred in cells distant to the particles (e.g.
Fig. 3D), so a part of cell killing could still be caused
by the free drug molecules released and diffused from
Dox-PLN. This relatively long-ranged anticancer activity
is needed because it obviates the need for 100% particle
delivery to the cancer cells for complete cell kill. However,
the diffusion of Dox molecules through multicellular
layers is reportedly very slow [27]. The inefficiency of this
process is likely compensated by the use of IT-adminis-
tered Dox-PLN for Dox delivery as this approach may
provide extended time for the Dox molecules to diffuse
intratumorally. In summary, the present findings are in
general agreement with those obtained in our previous
in vitro studies of Dox-PLN [22,23], which revealed a
mixed mechanism that combines endocytosis of
Dox-PLN by cancer cells and cytotoxicity due to the free,
released drug molecules.

Overall, the normal tissue toxicity of Dox-PLN was
quite minimal. In fact, the general toxicity scores of
Dox-PLN treated mice were similar to the control group.
It has been shown in BALB/c mice the LDs, (the drug
dose that results in death of one-half of the tested ani-
mals) value for Dox administered by intraperitoneal
injection was 20.6 mg Dox/kg body weight [28]. In the
present study, all of the mice treated with 0.2 mg of
Dox (equivalent to 10 mg/kg dose for a 20 g mouse) sur-
vived until sacrificed when the tumors reached the
growth cutoff. In addition, no unusual morphology was
detected in the heart tissue samples of mice 5-7 days
after Dox-PLN treatment as determined by the patholo-
gists at the Ontario Cancer Institute (data not shown).
Treatment cardiotoxicity can be more accurately assessed
with larger number of heart samples and a more special-
ized method (e.g. examination of the left ventricular
function). Higher doses and multiple doses of Dox-
PLN should be tested in the future. The present results
nonetheless indicate that single-dose IT treatment with

Dox-PLN may induce less unwanted in vivo side effects
than free Dox solution.

Finally, during the study, we also noticed that IT inject-
ed Dox-PLN could be observed in the proximal inguinal
lymph node (data not shown). This finding is consistent
with the basic principle of sentinel lymph node mapping,
which assumes that submicron particulate matter will nat-
urally drain to the loco-regional lymphatic system [29]. It
also indicates that even though tumor capsules are fairly
intact, there may be some anatomical defects that allow
nanoparticles to “escape” from the center of the tumor.
Currently, more in-depth studies focusing on lymphatic
drainage of PLN are being conducted by our group. These
studies may help to further understand the therapeutic val-
ue of loco-regional cancer chemotherapy using lipid
nanoparticles.

5. Conclusion

The present study demonstrates that the new PLN deliv-
ery system loaded with Dox is effective for tumor treatment
in a well-established animal model. Significant tumor
growth delay and tumor necrosis were observed in tumors
treated with IT injected Dox-PLN, probably caused by a
mixed mechanism that involves direct cell-particle contact
effects and intratumoral diffusion of free drug. The unwant-
ed normal tissue toxicity of this form of localized treatment
is very low. Initial studies also indicate that the nanoparti-
cles may spread to the regional lymph nodes when admin-
istered intratumorally. The findings suggest that PLN
carrying anticancer agents may be useful for loco-regional
treatment of breast cancer with an improved therapeutic
index.
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