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Abstract

Camptothecin (CPT) is an alkaloid that displays considerable antitumour activity, but clinical use has
been limited by its poor water solubility and the instability of the lactone moiety (active form) in
physiological media. We have therefore formulated the drug into nanocarrier systems in an attempt
to improve its therapeutic properties. This study evaluates the effect of intraperitoneally adminis-
tered stealth and non-stealth nanocapsules containing CPT on lung metastatic spread in mice inocu-
lated with B16-F10 melanoma cells, and on the cytotoxic activity against B16-F10 melanoma cells
in-vitro. Poly (p,L-lactide) PLA (non-stealth) and methoxy polyethylene glycol-(p,L-lactide) (PLA-PEG)
(stealth) nanocapsules (49 and 66.6 kDa) were prepared by interfacial deposition of preformed poly-
mer. CPT, as free drug or as drug-loaded nanocapsules, was administrated at a dose of 0.5mg kg™
at 3-day intervals for 17 days. Free drug and CPT-loaded nanocapsules reduced the number of meta-
static nodules by 45.09-91.76% (P<0.05 vs positive control). However, only CPT-loaded PLA-PEG
49 kD nanocapsules significantly decreased the number of lung metastases when compared with
free drug (P<0.05). The administration of CPT-loaded nanocapsules and free drug did not result in
neutropenia at the administered dose. The improved effectiveness of pegylated nanocapsules was
attributed to protection of the drug by nanoencapsulation and to reduced uptake of particles by
macrophages located in the lymph nodes. This assumption was supported by the in-vitro study, in
which both PLA and 49 kDa PLA-PEG nanocapsules containing CPT were more cytotoxic than the
free drug against B16-F10 melanoma cells.

Introduction

Camptothecin (CPT) is a cytotoxic alkaloid found in Camptotheca acuminata. CPT dis-
plays considerable anticancer activity, via a mechanism involving the inhibition of topo-
isomerase I, an enzyme involved in DNA replication, recombination and transcription. This
drug encloses in its structure a highly conjugated pentacyclic ring with an a-hydroxylactone
moiety at carbon 12, which is essential for its in-vitro and in-vivo antitumour activity. How-
ever, CPT is very poorly water soluble, limiting its administration by intravenous infusion.
Furthermore, CPT is unstable at physiological pH, undergoing a fast non-enzymatic hydrol-
ysis of the lactone ring, leading to formation of the less active and more toxic carboxylate
form (Wall & Wani 1996; Iyer & Ratain 1998). Reduced cell membrane binding, membrane
diffusibility and intrinsic potency against the topoisomerase target may explain the reduc-
tion in cytotoxic activity that accompanies opening of the lactone ring of CPT (Hatefi &
Amsden 2002).

Several hydrophilic derivatives have been developed in order to overcome the low aque-
ous solubility of CPT. In spite of improvements in water solubility provided by chemical
modification, topotecan and irinotecan (CPT-11) — CPT derivatives approved for human use
— are also susceptible to inactivation in physiological media (Garcia-Carbonero & Supko
2002; Hatefi & Amsden 2002). In addition, diarrhoea and myelosuppression have been
reported as the most important dose-limiting toxicities of CPTs, the severity of which
depends on the administration schedule (O’Leary & Muggia 1998; Garcia-Carbonero &
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Supko 2002). Thus, in view of the biological relevance of the
intact lactone ring, alternative strategies to improve the solu-
bility and therapeutic properties of CPTs have been sought.
One way to accomplish these goals has been to formulate
CPT and its analogues into nanocarrier delivery systems. In
general, drugs incorporated into nanocarrier systems exhibit
changed biodistribution and decreased toxicity compared
with the free drug, therefore leading to new therapeutic
opportunities.

Several studies have demonstrated the advantages of
nanoencapsulation as a strategy to delivery CPTs (Tyner etal
2004; Mu etal 2005; Noble etal 2006). Although nanocarrier
systems have potential application in cancer therapy, nano-
capsules are rapidly removed from the circulation by phago-
cytosis and preferentially targeted to the liver and spleen,
limiting delivery of the drug to other organs. So-called stealth
nanocapsules that display hydrophilic surface coating such as
polyethylene glycol (PEG) are designed to resist recognition
and uptake by phagocytic cells, and exhibit long plasma resi-
dence after intravenous administration (Gref etal 1995;
Ameller etal 2003). In the case of CPTs, drug delivery into
pegylated stealth nanocarriers may provide improved chem-
ical stability of the encapsulated drug and prolonged drug
exposure.

Previously, we have demonstrated that CPT-loaded
microspheres are able to inhibit the growth and the meta-
static spread to the lungs of B16-F10 melanoma cells
injected intravenously into mice, in the same way as free
drug, but with a significant reduction in drug toxicity
(Dora et al 2006).

In this study we evaluate the effect of the administration of
stealth and non-stealth CPT-containing nanocapsules on lung
metastatic spread in mice injected with B16-F10 cells. In
addition, we wanted to verify the cytotoxic activity of the
nanosuspensions on B16-F10 cells in-vitro. Haematological
toxicity was also evaluated.

Materials and Methods

Materials

CPT was purchased from Sigma-Aldrich (St Louis, MO,
USA). Benzyl benzoate and polyoxyethylene sorbitan
monooleate (Tween 80) were obtained from Delaware (Porto
Alegre, Brazil), and sorbitan monooleate (Span 80) from
Beraca (Sao Paulo, Brazil). Poly(p,L-lactide) (PLA) 16 kDa
was obtained from Boehringer Ingelheim (Ingelheim am
Rhein, Germany); 49kDa and 66.6kDa methoxy polyethyl-
ene glycol-(D,L-lactide) (PLA-PEG; 20% PEG) were kindly
provided by Alkermes Inc. (Cincinnati, OH, USA). Except
for methanol used in HPLC analysis (Tedia, Fairfield, CT,
USA), all other reagents and solvents were of analytical grade
and were used as received.

Cells

A highly metastatic B16-F10 mouse epithelial-like melanoma
cell line was donated by Bio-Rio (Rio de Janeiro, Brazil).
Cells were cultured in RPMI-1640 medium (Sigma-Aldrich),

buffered with 2 g L~! HEPES and 1.5 g L~! sodium bicar-
bonate, and supplemented with 4.5¢g L™ dextrose,
100 units mL™! penicillin, 100 pmol mL™! streptomycin
and 10% fetal bovine serum, in a humidified atmosphere
containing 5% CO, at 37 °C. Cells were harvested with a
trypsin:EDTA (0.05:0.03 w/v) solution, washed and inocu-
lated into mice in phosphate-buffered saline (PBS; pH
7.4), as described below.

Preparation of nanocapsule suspensions

Nanocapsule suspensions were prepared by an interfacial
deposition process after a solvent displacement process, as
described by Fessi etal (1989). Briefly, 40 mg PLA or PLA-
PEG (49 or 66.6kDa) was dissolved in 10 mL acetone con-
taining 0.12 mL benzyl benzoate, 40 mg Span 80 and 0.30 mg
CPT. This organic phase was then poured into an aqueous
phase (20mL) containing 0.15% Tween 80 (w/v) (pH<5.0)
with magnetic stirring. Acetone was eliminated by evapora-
tion under reduced pressure and the final volume of the sus-
pension was adjusted to 10mL.

Measurement of encapsulation efficiency and
drug content

Drug loading of nanocapsules was determined by reverse-
phase HPLC. Analysis was carried out using a Supelcosil LC-
18 column (15 cm x4.6 mm ID, 5 pm; Supelco, St Louis, MO,
USA). The mobile phase was 50:50 (v/v) methanol:10 mm
KH,PO,, adjusted to pH 2.8 with phosphoric acid, delivered
at a flow rate of 1.0mL min~'. The injection volume was
20 uL. and CPT was detected by UV absorption at 254 nm.
Samples were injected in triplicate and the CPT concentration
was determined by comparing the peak area corresponding to
the drug with that obtained with a standard CPT solution.
Encapsulation efficiency (%) was estimated as the difference
between the total concentration of CPT found in the nanocap-
sule suspensions after complete dissolution in methanol and
the concentration of drug in the supernatant obtained by a
suspension ultrafiltration/centrifugation procedure using
Ultrafree-MC membranes (100000 nominal molecular weight
limit; Millipore, Billerica, MA, USA). The CPT content was
expressed in yg mL™! suspension.

Particle size and zeta potential

Mean particle diameter and zeta potential were determined by
photon correlation spectroscopy and laser-Doppler anemome-
try, respectively, using a Zetasizer 3000HS (Malvern Instru-
ments, Malvern, Worcestershire, UK). For all measurements,
each sample was diluted to the appropriate concentration with
filtered distilled water. Each size analysis lasted 120s and
was performed at 25°C with an angle detection of 90°. For
measurements of zeta potential, samples of nanocapsules
were placed in the electrophoretic cell, where a potential of
+150mV was established. The ¢ potential values were calcu-
lated from mean electrophoretic mobility values using
Smoluchowski’s equation.
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Evaluation of the antimetastatic activity of CPT-
loaded nanocapsules

Sixty-day-old Swiss female mice were used. The animals
were housed at 23 +2°C and 60+ 10% humidity in a 12-hour
light—dark cycle. Food and water were given ad libitum. In-
vivo assays were approved by our university’s Ethics Com-
mittee for Animal Use and were based on the principles of
animal care.

Nine groups of eight mice were used (see Table 2) in the
evaluation of the antimetastatic activity of the nanocapsules.
Mice were inoculated with 3 x 10* B16-F10 cells suspended
in 100 uL. PBS pH 7.4 via the intraorbital vein. Starting on the
second day after inoculation of B16-F10 cells, free CPT, or
unloaded or CPT-loaded nanocapsules were administered
intraperitoneally at a dose of 0.5 mgkg ™" at intervals of 3 days
(i.e. on days 2, 5, 8§, 11 and 14), corresponding to a total
administered dose of 2.5 mg kg™!. In order to improve the dis-
persion of CPT in the vehicle, CPT was suspended in PBS pH
7.4 containing 0.3% (w/v) sodium carboxymethylcellulose
and 0.2% (w/v) Tween 80. Negative control mice received
only the vehicle; positive controls received both the cells and
the vehicle. Animals were killed by asphyxiation in a carbon
dioxide chamber after 17 days. The lungs were excised and
fixed with a 10% formaldehyde solution and metastatic colo-
nies were counted using a dissection microscope. The number
of pulmonary metastases observed in the mice treated with
free drug, vehicle, unloaded nanocapsules and CPT-loaded
nanocapules were compared statistically.

Haematological toxicity

The toxicity of free drug and CPT-loaded nanocapsules was
evaluated in blood collected by cardiac puncture and stored in
heparinized propylene tubes. Haemograms were obtained by
flow cytometry using a haematological counter (Serono
Baker System 9000 counter coupled with a haematology ana-
lyser; Allentown, PA, USA).

Evaluation of in-vitro cytotoxicity

In-vitro cytotoxicity was evaluated using the 3-(4,5-dimethia-
zol-zyl)-2-5-diphenyltetrazolium bromide (MTT) assay (Van
de Loosdrecht etal 1991). Free CPT, unloaded or CPT-loaded
nanocapsule suspensions were added to B16-F10 cells in dif-
ferent concentrations in a maximum volume of 20 uL. Cells
were incubated at 37°C for 24 h. After incubation, MTT was
added to each well, followed by a 3 h incubation. Cells were
centrifuged, the supernatant discarded and the formazan pre-
cipitated was dissolved with 100 pL 0.04 N isopropyl alcohol/
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HCI solution. The absorbance was determined at 540 nm
using a microplate reader. Control groups were plated with
only MTT reagent. All assays were performed in triplicate.

Statistical analysis

Statistical analysis of antimetastatic activity was performed
using one-way analysis of variance followed by the Newman—
Keuls multiple comparison test. A two-way analysis of vari-
ance followed by Newman—Keuls multiple comparison test
was used to compare the in-vitro cytotoxicity of unloaded and
CPT-loaded nanocapsule suspensions. All statistical analyses
were performed using the Graph-Pad Prism software (San
Diego, CA, USA).

Results and Discussion

Characterization of the nanocapsule
suspensions

A summary of the physicochemical properties of the nano-
capsule suspensions is presented in Table 1. Monodispersed
distributions of particles with mean diameters of 148-
177.3 nm were obtained using the nanoprecipitation method.
Zeta potential values ranged from —25 mV (when PLA nano-
capsules were used) to —17.9mV (when 66.6 kDa PLA-PEG
nanocapules were used). The reduction of the zeta potential
can be attributed to the presence of the PEG chains on the sur-
face of the particles, which cover the carboxyl end groups of
the PLA located near the surface, masking the negative
charge. The gradual modification of the zeta potential can be
ascribed to an increase in the thickness of the PEG coating
layer with the chain length of PEG (Gref etal 1995).

Encapsulation efficiency was above 80% for all formula-
tions. These high values can be explained by maintenance of
the less-water-soluble lactone form of the CPT during the
nanoencapsulation process, which was provided by adjusting
the pH of the aqueous phase to below 5.0. Drug loading
ranged from 8.49 to 26.56 ug mL™! and was highest when
49kDa PLA-PEG was used to prepare the nanocapsule
suspensions.

In-vivo antimetastatic effect

The ability of malignant neoplasms to produce secondary
growths (metastases) in organs distant from the primary
tumour is the lethal event in the clinical course of most neo-
plasic diseases. While primary cancers can be resected surgi-
cally or irradiated locally, it is usually difficult to use these

Encapsulation efficiency, drug content, particle size and zeta potential obtained from camptothecin-loaded nanocapsule suspensions. Data

are mean *s.d. and for encapsulation efficiency and drug content are from nanocapsule suspensions prepared in triplicate

Polymer Encapsulation efficiency (%) Drug content (ug mL‘l) Mean diameter (nm) Zeta potential (mV)
(polydispersity index)

PLA 93.71+1.71 15.01 £0.99 177.3 (0.12) -25.0£1.0

49 kDa PLA-PEG 97.35+0.43 26.56 £1.01 148.0 (0.12) -19.6£0.8

66.6 kDa PLA-PEG 83.90+1.74 8.49+0.33 159.0 (0.17) -179+1.5
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therapeutic modalities against a disseminated disease. The
lungs and the liver are the earliest sites colonized by the most
metastatic tumours (Fidler 1989).

The B16-F10 melanoma cell line is characterized by its
ability to produce lung metastases at a rate of 5x 107> per cell
per generation (Khanna & Hunter 2005). In this study, stealth
and non-stealth nanocapsules were tested for their ability to
inhibit the number of lung colonies. An important aspect of
the experimental protocol is that the volume of nanocapsules
administered was adjusted according to the drug concentra-
tion of the suspensions (i.e. the drug loading). Given that
intravenous administration was initially intended, nanocap-
sule suspensions were concentrated 25-fold, with the objec-
tive of maximizing the drug concentration and allowing
administration of CPT at 1.5-2.0mg kg_l. However, prelim-
inary assays of spontaneous lung metastases revealed high
toxicity of nanocapsule suspensions prepared from PLA, even
those prepared without CPT: almost all the animals died
before the end of the experiments and showed marked clinical
signs (dyspnoea, reduced motor activity) before death. In fact,
a previous study had reported that administration of massive
doses of PLA nanoparticles leads to the saturation of the
mononuclear phagocytic system, prolonging the exposure of
the particles to plasma proteins such as the coagulation compo-
nents, and causing a disseminated intravascular coagulation
and associated events. Clinical signs were absent after admin-
istration of nanocapsules prepared from PLA-PEG, reported
to be the result of stearic repulsion stemming from the high
density of PEG chains on the nanoparticle surface, which pre-
vents induction of the coagulation cascade, according to the
same mechanism involved in the complement activation
(Plard & Bazile 1999). For this reason, the nanocapule sus-
pensions were concentrated only three times and were admin-
istered by intraperitoneal injection at a dose of 0.5 mgkg ™.

The effect of free drug, unloaded and CPT-loaded nano-
capsules on lung metastatic spread after inoculation of 3 x 10*
B16-F10 melanoma cells is summarized in Table 2. Adminis-
tration of free drug, CPT-loaded PLA nanocapsules and CPT-
loaded 49 kDa and 66.6 kDa PLA-PEG nanocapsules reduced

the number of metastatic nodules compared with the positive
control (vehicle-treated inoculated mice) by 45.09% (P <0.05),
60.53%, 91.76% and 89.01% (all P<0.001), respectively.
CPT-loaded 49kDa PLA-PEG nanocapsules reduced the
number of metastatic nodules compared with the administra-
tion of free drug (P <0.05).

It could be argued that nanoencapsulation protected the
drug against hydrolysis in physiological medium, thus serv-
ing as a repository of the active form of CPT, which in turn
may be absorbed from the peritoneal cavity into the circula-
tion. Furthermore, nanoparticles administered by the intra-
peritoneal route can be absorbed via lymphatic capillaries and
can reach the lymph nodes. Since the chemical composition
of lymph is similar to that of plasma, containing all the
plasma proteins but at lower concentration, particle uptake by
fixed macrophages of lymph nodes may occur following
opsonisation (Hawley etal 1995; Nishioka & Yoshino 2001).
As the interaction with the proteins is dramatically reduced
by the presence of hydrophilic coating, the improved effec-
tiveness of the pegylated nanocapsules in reducing metastatic
spread to the lungs may to some extent be connected to their
ability to escape macrophage recognition.

Toxicity studies

In order to evaluate the toxicity associated with CPT adminis-
tration, haematological parameters were measured on the
17th day, and compared with values obtained from normal
control mice. The red blood cell count, haemoglobin content
and hematocrit values were within the normal range for all
treated groups. In contrast, an increase in platelet count
(thrombocytosis) rather than thrombocytopenia was observed
after administration of the unloaded and CPT-loaded nano-
capsules, suggesting the presence of an inflammatory process
caused by intraperitoneal administration of the particles
(results not shown). Myelosupression caused by severe neu-
tropenia is the main dose-limiting toxic effect of CPT (Gar-
cia-Carbonero & Supko 2002). Total white blood cell count
and neutrophil count are summarized in Table 2. The lower

Table 2 Effect of free drug and camptothecin (CPT)-loaded nanocapsules on pulmonary metastasis, total white blood cell count and neutrophil
count in mice inoculated with 3 x 10* B16-F10 melanoma cells. Free drug or nanocapsules were administered at a CPT dose of 0.5 mg kg™! at 3-day
intervals (total dose 2.5 mg kg™!) and the mice were killed on day 17. Positive controls were inoculated mice treated with vehicle. Negative controls

received vehicle but were not inoculated. Data are mean +s.d.

Number of metastases® (n=8) Total WBC (per mm?>)” Neutrophil count (% WBC)”
Negative control 0 6580+ 1273 25.80+£29.88
Positive control 14.57+2.23 6750+2379 9.00+4.30
Unloaded PLA nanocapsules 7.40%£7.40 5520+ 1596 42.2+28.77
Unloaded 49 kDa PLA-PEG nanocapsules 9.00+6.56 7460+ 1316 25.40%3.93
Unloaded 66.6 kDa PLA-PEG nanocapsules 9.67%5.61 4825+1035 18.75+2.28
Free CPT 8.00+1.41* 10120331 32.00+£29.91
CPT-loaded PLA nanocapsules 5.75+2.12f 7940 +3047 16.20£4.12
CPT-loaded 49 kDa PLA-PEG nanocapsules 1.20+1.64"% 6540+902 20.60%7.68
CPT-loaded 66.6 kDa PLA-PEG nanocapsules 1.60+1.527 6750 +2225 23.50+6.34

“Statistical significance was evaluated using one-way analysis of variance followed by the Newman—Keuls test. *P <0.05, TP <0.001 vs positive con-

trol; P <0.05 vs free drug.

"Normal total WBC count: 6000-15 000 per mm?>; normal neutrophil count: 10—40% of total WBC count.




limit of the normal neutrophil count in mice represents 10%
of the total white blood count. Thus, administration of encap-
sulated CPT or free drug did not cause neutropenia in the
mice, which can be related to the schedule of dose adminis-
tration. CPT was administered at 0.5mg kg™' CPT at 3 day
intervals. Dora etal (2006) demonstrated that administration
of larger doses of CPT to mice not only caused neutropenia
but also diarrhoea and weight loss. In our study, administra-
tion of low doses of CPT in nanocapsules inhibited the
growth and pulmonary metastasis of B16-F10 melanoma but
without causing marked toxicity.

Viability assay (MTT assay)

Data obtained in the in-vitro cytotoxic study with B16-F10
melanoma cells are shown in Figure 1. Incubation of B16-
F10 melanoma cells with CPT-loaded nanocapsules caused
significant cell death, in a concentration-dependent manner.
PLA and 49kDa PLA-PEG nanocapsules containing CPT
induced a significantly higher toxic effect than free drug at
the concentration of 0.1 ug mL™!, and the percent of viable
cells was 26.3+4.4% and 35.4+4.5%, respectively (P<0.05).
At 0.01 ygmL™!, free drug and both types of CPT-loaded
nanocapsule suspensions reduced the percentage of viable
cells by 20-25% (P <0.05 vs control).

These results indicate that nanoencapsulation protects the
drug from inactivation in the culture medium, since the cyto-
toxic activity of the CPT-loaded nanocapsules against B16-
F10 melanoma cells was significantly greater than CPT alone
at a concentration of 0.1 ug mL™'. CPT-loaded PLA nanocap-
sules displayed a high cytotoxicity against B16-F10
melanoma cells, which is in contrast to in-vivo results, in
which it was demonstrated that PLA nanocapsule suspensions
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Figure 1 Cytotoxic effect of free camptothecin (CPT), unloaded and
CPT-loaded nanocapsules (NC) on B16-F10 melanoma cells. Optical
density of control groups was taken as 100% cell viability, as confirmed
by the Trypan Blue exclusion method. *P <0.05 compared with control
group; *P<0.05 compared with free CPT at the same concentration
(n=3).
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did not significantly reduce the number of lung metastases
compared with administration of free drug. This result cor-
roborates the assumed adsorption of the lymph protein onto
PLA nanocapsules after intraperitoneal administration of the
suspensions, followed by recognition and uptake of the parti-
cles by fixed macrophages of lymph nodes.

Conclusion

The results obtained in this study suggest that CPT-loaded
nanocapsules have antimetastatic and cytotoxic activity.
Administration of CPT-loaded nanocapsules or free drug did
not result in neutropenia. At the dose administered, all nano-
capsule suspensions were effective against the B16-F10
melanoma. However, CPT-loaded 49kDa PLA-PEG nano-
capsule suspensions demonstrated, to some extent, a higher
effectiveness against lung metastases than PLA nanocapsules.
The benefit provided by pegylated nanocapsules was evi-
denced not only by the improved stability of CPT in physio-
logical medium, but also by the increased residence time of
the particles in the physiological medium and hence of its
therapeutic effectiveness.
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