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a  b  s  t  r  a  c  t

Here,  we  report  the  in  vivo  proof  of-concept  of  a novel  nanocarrier,  poly-l-asparagine  (PASN)  nanocap-
sules,  as  an anticancer  targeted  drug  delivery  system.  The  nanocapsules  were  loaded  with  the  fluorescent
marker  DiD  (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine  perchlorate)  and  also  with  the
model  drug  docetaxel  to evaluate  the  biodistribution  and  efficacy  profiles  in  healthy  and  glioma-bearing
mice,  respectively.  Regardless  of their  cargo,  the  nanocapsules  presented  a size  close  to 180  nm,  a surface
charge  around  −40 mV  and  an  encapsulation  efficiency  of  75–90%.  The  biodistribution  study  in  healthy
mice  showed  that  PASN  nanocapsules  led to  a two-  and  three-fold  increment  in the  mean  residence
eywords:
olyaminoacids
oly-l-asparagine
anocapsules
ocetaxel
ancer therapy

time  (MRT)  and  area  under  the  curve  (AUC)  values,  respectively,  compared  to those  of  a non-polymeric
nanoemulsion.  Finally,  the  efficacy/toxicity  study  indicated  that  the  encapsulated  drug  was  as  efficacious
as  the  commercial  formulation  (Taxotere®), with  the  additional  advantage  of  being  considerably  less
toxic.  Overall,  these  results  suggest  the  potential  of  PASN  nanocapsules  as  drug  nanocarriers  in  anticancer
therapy.
umor targeting

. Introduction

The design of targeted anticancer drug delivery nanocarriers
eceives a great deal of attention recently. These efforts have so
ar resulted in the development of a variety of drug nanocarriers
Alonso and Couvreur, 2012) and, more importantly, the clinical
evelopment and marketing of a significant number of anticancer
anomedicines (Li et al., 2012; Wang et al., 2012). However, despite
hese advances, it is broadly accepted that further improvements
n nanotechnologies are required in order to obtain more selective
argeting to cancer cells (Yu et al., 2012).

Among the nanocarriers described so far, nanocapsules, con-

isting of an oily core surrounded by a polymer shell represent a
romising option justified by their versatility (Hervella et al., 2008;
arcion et al., 2006; Wadhwa et al., 2012). Briefly, the shell of
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the nanocapsules has been designed to confer long circulating and
potential targeting properties, whereas the core, because of its oily
nature, can accommodate great amounts of lipophilic drugs.

Despite the multiple advantages of nanocarriers, historically,
the great formulation challenge, prior to targeting, has been to
avoid their immediate uptake by the mononuclear phagocyte sys-
tem (MPS) and, thus, their rapid elimination after intravenous
administration. The main strategy used, so far, has been mainly
the use of hydrophilic polymers as coatings, commonly polyethyl-
ene glycol (PEG) (Huynh et al., 2010). However, it is well known
that other polymers, such as polysaccharides (Liu et al., 2008)
and poly (amino acids) (Romberg et al., 2007a), provide similar
advantages. Within this frame, poly-l-asparagine (PASN) is, in our
view, an attractive biomaterial that could be used as a hydrophilic
shell for nanocarriers, the same way  as it has been described for
liposomes (Metselaar et al., 2003; Romberg et al., 2006). Actu-
ally, besides the long circulating properties achieved by PASN, it

has the advantages of being degraded by the lysosomal proteases
(Romberg et al., 2007a) and brings targeting characteristics of the
carriers toward malignant cells. In this way, it is known that the
amino acid l-asparagine (ASN), an essential nutrient for protein
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ynthesis, despite being produced in sufficient amounts by normal
ells, in cancer cells the amount synthesized does not fulfill the
igher tumor cell requirements in order to keep up their sprawl
Verma et al., 2007; Chabner and Friedmann, 2006), the ASN has
ecome a needful aim in cell diet. Thereby, taking advantage of
he avidity of cancer cells by ASN, we have hypothesized that
ASN might be a valuable biomaterial for the targeted delivery of
nticancer drugs. From this background, our group has recently
eported the development of a new type of nanocapsules coated
ith the poly-amino acid PASN aimed at targeting antitumor drugs

o cancer tissues (Rivera-Rodriguez et al., 2013).
In this way, the main purpose of the current study was  to evalu-

te the potential of these anticancer drug delivery systems in an in
ivo model. Particularly, the biodistribution and plasma kinetic pro-
les has been analyzed through imaging and analytical techniques,
s well as the antitumoral effect of these nanocapsules after single
ntravenous injection given to glioma-model-bearing nude mice.

. Materials and methods

.1. Chemicals

Docetaxel ≥97% (DCX; from Fluka), Poloxamer 188 (Pluronic®

68), benzalkonium chloride (BKC) and poly-l-asparagine, 15 kDa,
PASN) were purchased from Sigma–Aldrich (Spain). Miglyol® 812,
eutral oil formed by esters of caprylic and capric fatty acids
nd glycerol, was kindly provided by Cremer Oleo GmbH & Co.
Germany). The surfactant Epikuron® 170, a phosphatidylcholine
nriched fraction of soybean lecithin, was donated by Cargill
Spain). 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine
erchlorate (DiD) was obtained from Molecular Probes-Invitrogen
USA). Taxotere® was provided by the Hospital Pharmacy of Angers.

.2. Preparation of PASN nanocapsules

PASN nanocapsules were obtained by the solvent displace-
ent technique (Calvo et al., 1997), recently adapted by our group

Oyarzun-Ampuero et al., 2013; Lozano et al., 2008). Briefly, an
rganic phase, composed of 0.5 ml  of ethanol 30 mg  of Epikuron®

70, 150 �l of Miglyol® 812 and 9 ml  of acetone containing 4 mg
f BKC, was poured into 20 ml  of aqueous phase containing 50 mg
f poloxamer 188 and 10 mg  of PASN under mild stirring. Finally,
olvents were eliminated from the suspension under vacuum to a
onstant volume of 5 ml.  The DiD and DCX-loaded nanocapsules
ere obtained by replacing the 0.5 ml  of ethanol in the organic
hase with 0.5 ml  of an ethanol solution containing the drug.
he concentrations of these ethanol solutions were 20 mg/ml  and

 mg/ml  of DCX and DiD, respectively.
Two different nanoemulsions, with anionic and cationic sur-

aces, were prepared and used as controls. Both nanoemulsions
ere prepared following the above described procedure. However,

or the anionic nanoemulsion, the cationic surfactant and the poly-
er  PASN were omitted; whereas for the cationic nanoemulsion

nly the PASN was omitted.

.3. Characterization of PASN nanocapsules

PASN nanocapsules were characterized regarding their size, zeta
otential and morphology as follows:

Particle size and polydispersity index were determined by
ynamic Light Scattering after dilution of nanocapsules in KCl
 mM,  1:100 (v/v). Each analysis was carried out at 25 ◦C with an
ngle detection of 173◦. The zeta potential values were determined
y laser Doppler anemometry in the same dilution and temper-
ture conditions. Particle size and zeta potential analysis were
nal of Pharmaceutics 458 (2013) 83– 89

performed in triplicate using a zetasizer NanoZS® (Malvern Instru-
ments, Malvern, UK).

2.4. DCX encapsulation efficiency

DCX encapsulation efficiency of PASN nanocapsules was  deter-
mined indirectly. For this purpose the non-encapsulated DCX,
obtained from the infranatant of ultracentrifuged nanocapsules
(30,000 × g, 1 h, 4 ◦C), was quantified by HPLC. The sample obtained
from clear infranatant, was  diluted with acetonitrile and cen-
trifuged (20 min  at 4000 × g); the supernatant was injected into
the HPLC system for analysis. As complementary control, the total
amount of drug was  estimated from aliquots of non-isolated PASN
nanocapsules dissolved in acetonitrile.

The DCX analytical method used was  a slightly modified version
of that proposed by Lee et al. (Lee et al., 1999). The HPLC system
consisted of an Agilent 1100 Series HPLC instrument equipped with
a UV detector, � = 227 nm,  and a reverse phase Zorbax Eclipse®

XDB-C8 column (4.6 mm × 150 mm of internal diameter, pore size
5 �m;  Agilent USA). The mobile phase consisted of a mixture of
acetonitrile and 0.1% (v/v) ortho-phosphoric acid (55:45, v/v) with
a constant flow rate of 1 ml/min.

The encapsulation efficiency (EE) for DCX was calculated as fol-
lows:

EE (%) = (A − B)
A

× 100

where A is the experimental total drug concentration and B is
the drug concentration quantified in the clear infranatant after
nanocapsule separation, corresponding to unloaded drug.

2.5. Encapsulation efficiency of fluorescent probe DiD, into the
nanocapsules

The encapsulation efficiency of DiD in PASN nanocapsules
was also determined indirectly using an UV spectrophotometric
method, at � = 646 nm.  The total amount of drug was  estimated by
dissolving an aliquot of non-isolated DiD-loaded PASN nanocap-
sules with acetonitrile. This sample was  centrifuged during 20 min
at 4000 × g, achieving the precipitation of the hydrophilic com-
pounds, the supernatant was measured. The non-encapsulated
drug was  determined by the same method following separation
of the PASN nanocapsules from the aqueous medium by ultracen-
trifugation at 20,000 × g for 1 h at 15 ◦C.

2.6. Hemolysis study

2.6.1. Preparation of red blood cells (RBC) suspension
The blood of female Wistar rats was obtained by cardiac punc-

ture and then placed in a tube containing heparin. The 2% (w/v)
suspension of red blood cells (RBCs) was prepared as follows. First,
the blood with heparin was centrifuged at 600 × g at 4 ◦C during
15 min; then, the plasma and the top 2–3 mm of the pellet was
removed. The pellet was  resuspended in PBS (pH 7.4) previously
chilled to 4 ◦C. The suspension was  then centrifuged as indicated
above. This washing process was  repeated three times. The final
RBCs concentration of the reconstituted pellet was  2% (w/v) in
PBS solution (pH 7.4). Finally, the RBC suspension was  stored at
4 ◦C.

2.6.2. Lysis quantification
A series of nanocapsules dilutions were prepared in PBS, pH 7.4.
Dilutions of each concentration were mixed with the same volume
of 2% (w/v) RBC suspension. The pH of each solution was  adjusted
to 7.4 by adding HCl and then incubated for 30 min  at 37 ◦C. Each
solution was  centrifuged at 600 × g and 4 ◦C for 15 min  and the



al Jour

c
m
v
y
c

R

w
m
1
i

2

2

c
1
i
b
b
p
l
w
t
F

1
(
F
�
s
t
a
w
r
c
r
i
o
a

c
v
(
c

t

i
i
c
i
t
d
e

M

2

n

G.R. Rivera-Rodriguez et al. / Internation

oncentration of the released hemoglobin in the supernatant was
easured by spectrophotometry at � = 550 nm.  Triton X-100 (1%,

/v) and PBS (pH 7.4), were used to set the two reference hemol-
sis values, 100% and 0%, respectively. Hemolysis percentage was
alculated as follows:

BCs lysis (%) =
[

ANC − Ablank

ATriton X-100 − Ablank

]
× 100

here ANC is the absorbance of supernatant in nanocapsules – RBC
ixture, ATriton X-100 is the absorbance of supernatant of Triton X-

00 and RBC mixture and Ablank is the absorbance of the supernatant
n PBS and RBC mixture.

.7. In vivo studies

.7.1. Pharmacokinetic study
Animal care was in strict accordance to French Ministry of Agri-

ulture regulations. The dosage scheme was as follows, a single
50 �l injection of fluorescent PASN nanocapsules administered

n the tail vein of six-week old female Swiss mice with 20–22 g
ody weight (Ets Janvier, Le Genest-St-ile, France). After injection,
lood samples were collected by cardiac puncture in the next times
ost-administration, 30, 60, 120, 180, 240 min  and 24 h. The col-

ection was done by triplicate and the mixture of collected blood
as centrifuged for 10 min  at 2000 × g in a venous blood collection

ube (Vacutainer, SST II Advance, 5 ml,  Becton Dickinson France SAS,
rance).

Plasma-remaining fluorescence was quantified as follows:
50 �l of the supernatant was placed in a black 96-well plate
Greiner Bio-one, Germany) and measured in a Fluoroscan (Ascent
L, Thermo Fischer Scientific, France) with �-emission = 665 nm and
-excitation = 644 nm.  The results were analyzed with the Ascent
oftware for Fluoroscan (Thermo Fischer Scientific, France). The
otal blood volume, using density to calculate concentrations, was
ssumed as the 7.5% of the total body weight. DiD concentrations
ere expressed as fluorescence units (FUs) and each value was  cor-

ected with the FUs measured in a negative control. The negative
ontrol was considered as normal blood fluorescence, so the fluo-
escence of 3 blood-supernatant samples of 3 mice injected with an
sotonic solution (150 nM NaCl) was quantified. At zero time, 100%
f fluorescence was considered as simple mixture of nanocapsules
nd blood, maintaining the in vivo conditions of concentration.

Pharmacokinetic data were treated considering a non-
ompartmental analysis of the percentage of the injected dose
s time. The profiles were obtained with Kinetica 5.1 software
Thermo Fischer Scientific, France). The half-lives (t1/2) were cal-
ulated as follows:

1/2 = log(2)
Lz

The Lz was determined from linear regression using defined
ntervals, 1 h and 24 h for t1/2 distribution [0–1 h] and t1/2 elim-
nation [1–24 h], respectively. The trapezoidal rule was used to
alculate the area under the curve (AUC) during the whole exper-
mental period (AUC [0–24 h]) without extrapolation, as well as
he area under the first moment curve (AUMC). The mean resi-
ence time (MRT) was calculated from 0 to 24 h, from the following
quation:

RT[0–24h] = AUMC[0–24h]
AUC[0–24h]
.8. In vivo antitumor efficacy study

Tumor-bearing mice were prepared by injecting subcuta-
eously a suspension of 1 × 106 cells of U87MG glioma line
nal of Pharmaceutics 458 (2013) 83– 89 85

(ATCC, Manassas, VA) in 150 �l of Hanks Balanced Saline Solu-
tion (HBSS) into the right flank of athymic nude mice (6 weeks
old females, 20–24 g, purchased from Charles Rivers, Wilmington).
Tumor growth was tracked by regularly measuring the length and
width of tumors with a caliper. The tumor volume (V) was  esti-
mated by the mathematical ellipsoid formula:

V =
(

�

6

)
× (width)2 × (length)

When tumors reached an average volume of 200 mm3, mice
were adequately randomized and divided into three experimental
groups. Once reaching the desired volume, animals were adminis-
tered with 200 �l of treatment by a single intravenous injection in
lateral tail vein: physiological saline solution (0.9% NaCl) as control,
PASN-DCX nanocapsules (20 mg/kg mouse weight) and Taxotere®

(20 mg/kg mouse weight). Administration day was considered as
day zero. After treatments, tumor growth was tracked by regularly
measuring the length and width of tumors with a caliper.

Treated groups were also compared in terms of mean of sur-
vival times, in days, after treatment administration. The percentage
increase in survival time (% IST) was  determined relative to the
median or mean survival of untreated controls as presented in the
following equation:

%IST  = MeanT − MeanC

MeanC
× 100

where MeanT was the mean of survival time of the treated group
and MeanC is the mean of the survival time of the control group
(Allard et al., 2009).

2.9. Statistical analysis

Statistical analysis of the in vivo data was conducted by the non-
parametric Kruskal–Wallis method followed by the Tuckey HSC
multiple comparison test (p < 0.05 was  considered to be statisti-
cally significant). For the estimation of the mean survival times, we
used a censured model, Kaplan Meier analysis, according to which
censure events, defined as deaths, were considered as both extreme
tumor growth, >10% of mouse weight and the end of the evaluation
period, assuming that in both cases deaths occur before the next
size control of the tumor. Statistical significance was calculated
using the log-rank test (Mantel–Cox test).

SPSS software version 16.0 (SPSS Inc.) was used for that purpose.
The different treatment groups were compared in terms of range,
and mean survival time (days), long term survivor (%) and increase
in survival time (ISTmean%).

3. Results and discussion

In this paper we present the in vivo proof of concept of the
potential of PASN nanocapsules as drug delivery vehicles in cancer
therapy. As described above, our group has previously devel-
oped PASN nanocapsules and shown their ability to improve the
in vitro cytotoxic efficacy of DCX on NCI-H460 cancer cell line.
PASN was  selected on the basis of its biodegradability (Metselaar
et al., 2003), long circulating properties (Romberg et al., 2007b),
as well as its interesting probable targeting properties, taking into

account the avidity of cancer tumor cells for asparagine (McCredie
et al., 1973). The studies here presented include biodistribution and
pharmacokinetics of PASN nanocapsules as well as the efficacy of
DCX-loaded PASN nanocapsules, as nanomedicine prototype.
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Table  1
Physicochemical characteristics of blank, DiD- and DCX-loaded PASN nanocapsules. The characteristics of DiD-loaded nanoemulsion are also shown. PI: polydispersity index;
EE:  encapsulation efficiency; DCX: Docetaxel; DiD: Fluorescent probe. Values are given as mean ± SD; n = 3.

Formulation Size (nm) PI � potential (mV) EE (%)

Blank PASN nanocapsules 187 ± 7 0.1 −38 ± 3 –
DiD-loaded nanoemulsion 192 ± 3 0.1 −20 ± 7 60.3 ± 5
DiD-loaded PASN nanocapsules 163 ± 3 0.1 −29 ± 6 74.4 ± 4
DCX-loaded PASN nanocapsules 176 ± 3 0.1 −43 ± 6 90.1 ± 3

Table 2
Pharmacokinetic parameters of fluorescent PASN nanocapsules and control nanoemulsion after a single i.v. injection in Swiss mice. Plasma fluorescence of PASN nanocapsules
was  measured over a 24 h period in animals treated with 1 mg  of DiD/kg of mouse weight. Each data point represents the group mean ± SE.

Formulation t1/2distribution (h) t1/2elimination (h) MRT (h) AUC0–24 (mg/ml h)

PASN-nanocapsules 0.58 ± 0.1* 12.64 ± 0.2* 12.75 ± 0.4* 34.83 ± 2.3*

.17 ±
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high concentrations (about 40% of the initial dose) for at least 3 h
post-injection. Finally, approximately 10% of the injected dose of

Fig. 1. Percentage of hemolytic activity vs concentration of PASN nanocapsules after
incubation for 1 h. Cells were incubated at 37 ◦C with PASN blood concentrations in
the range of 1–10 mg/ml, which correspond to the blood dilution range of 1:20–1:1.
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* Significant differences with respect to the nanoemulsion; p < 0.05.

.1. Characterization of DiD-labeled and DCX-loaded PASN
anocapsules

Two sets of nanocapsules containing either DiD or DCX were
repared according to the solvent displacement technique, and
haracterized for their size, polydispersity, zeta potential and
ncapsulation efficiency. The results presented in Table 1 indi-
ate that PASN nanocapsules form homogeneous populations with

 mean particle size of around 190 nm and a negative surface
harge (around −40 mV). The encapsulation efficiency of both
ydrophobic molecules, DCX and DiD, was high (90% and 74%
espectively), with final concentrations in isolated formulations of
round 1.8 mg/ml  and 80 �g/ml, respectively. The encapsulation of
CX did not significantly affect either the size or the zeta potential
f the blank nanocapsules. However, the encapsulation of the fluo-
escent probe DiD, led to a small reduction in both size and surface
harge intensity. Nevertheless, these minor differences (13 nm-size
nd 14 mV-zeta) between the drug-loaded and fluorescent probe-
oaded nanocapsules are expected to be irrelevant with regard to
heir biodistribution.

.1.1. Hemolytic activity of PASN nanocapsules
A key parameter for the acceptability of a formulation for i.v.

dministration, is the hemolytic activity. Drug-induced hemoly-
is in vitro is considered to be a simple and reliable estimation of
embrane damage caused by drugs in vivo (Nornoo et al., 2008).

he release of hemoglobin was used to quantify the membrane-
amaging properties of the PASN nanocapsules. To set the one
undred and zero percent values we used Triton X-100 and PBS-
reated erythrocytes, respectively. Erythrocytes were incubated for

 h with five different nanocapsule concentrations (from 1 mg/ml  to
0 mg/ml  of PASN nanocapsules in blood), which corresponded to
anocapsules-blood dilutions of 1:1, 1:2, 1:5, 1:10 and 1:20 (Fig. 1).
nder these conditions PASN nanocapsules showed no hemolytic
ffects, thus indicating no detectable disturbance of the red blood
ell membranes. These positive results persuaded us to move ahead
oward the pharmacokinetic evaluation of the blank nanocapsules.

.2. Pharmacokinetics and biodistribution of PASN nanocapsules

For the study of the pharmacokinetics of PASN nanocapsules, we
sed fluorescent DiD-labeled nanocapsules injected in the tail vein
f Swiss mice at a probe dose of 1 mg/kg of animal weight. After-
ards, blood samples were collected from 30 min  to 24 h, and the

lasma was assessed for its fluorescent content. The fluorescence
f a mixture of labeled nanocapsules with blood was taken as the
00% of the injected dose. Fig. 2 illustrates the plasma pharma-
okinetic behavior of the fluorescent nanocapsules and also that
 0.3 6.59 ± 0.1 11.43 ± 2.1

of a fluorescent anionic nanoemulsion used as a control. Follow-
ing the administration of the control nanoemulsion, a very rapid
decrease in the fluorescence concentration was  observed reaching
the value of 15% of total fluorescence after 30 min. On the con-
trary, the fluorescence associated to the nanocapsules remained at
Fig. 2. Percentage of nanocarriers-associated fluorescence remaining in plasma
after single bolus injection of PASN nanocapsules (�) in mice. The injected dose
of DiD was 1 mg/kg. The fluorescence observed upon administration of the control
nanoemulsion (�) is also showed as a control. Each data point represents the group
mean ± SD of the percentage of injected dose.
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F on of DiD-loaded anionic nanoemulsion (control) or DiD-loaded PASN nanocapsules 1 h
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Fig. 4. Antitumor effect of DCX loaded-PASN nanocapsules (�) and Taxotere® (�)
after a single intravenous administration as compared to control group receiving
0.9% NaCl solution (serum) (�) in a subcutaneous U87MG glioma mouse model.
ig. 3. In vivo fluorescence imaging of athymic nude mice after intravenous injecti
left)  and 24 h (right) after injection.

oth anionic nanoemulsion and PASN nanocapsules remained in
irculation 24 h after the injection.

A more illustrative way of presenting the plasma kinetics pro-
les of fluorescent nanocapsules is through their pharmacokinetic
arameters. As shown in Table 2, PASN nanocapsules exhibited a
.5 fold longer elimination half-life in respect to the control emul-
ion, with values of t1/2elimination of 12.64 ± 0.2 h and 8.17 ± 0.3
or PASN nanocapsules and anionic control nanoemulsion, respec-
ively. On the other hand, the values of mean residence times (MRT)
nd area under the curve (AUC) were also significantly higher
or the nanocapsules in comparison to the control emulsion. The

RT  value of the nanocapsules was 12.75 ± 0.4 h, double than that
f the control, while the AUC was extended around 200% with
espect to that of the anionic nanoemulsion (from 11.43 ± 2.1 h to
4.83 ± 2.3 h).

Overall, the plasma kinetic profiles manifest the proof-of-
oncept of the long-circulating properties of PASN nanocapsules.
hese results are in good agreement with those reported by
omberg et al. (Romberg et al., 2007c) with an analogous poly-
er  to PASN used to coat liposomes. These authors showed that

oly-hidroxyethyl-ASN coating provided a better protection of
anocarriers to plasmatic proteins and MPS  than PEG coating. Even
hough it would not be reasonable to conclude from these studies
he superiority of PASN vs PEG in terms of nanocarrier protection
bility, we could at least state that the use of PASN coatings could be
n interesting alternative technology for designing long-circulating
anocarriers. The superior AUC of DCX in PASN nanocapsules also
efers to a major availability of the drug than could reach the
umor area and then interact closest with surface receptors of
ells. Thus, as indicated above, the presence of a PASN corona on
anocapsules could result in their enhanced uptake by the cancer
ells.

As a complementary study, the body distribution profile of
he PASN nanocapsules and the control emulsion was tested in

ice by monitoring the real-time NIR fluorescence intensity in the
ody. Near-infrared (NIR)-absorbing dyes represent a very inter-
sting way to obtain information from living models since they can
e monitored with safe, non-invasive optical imaging/contrasting
echniques. The advantages of imaging in the NIR region are

umerous: the significant reduction of background absorption,
uorescence and light scattering along with high sensitivity, the
vailability of low-cost sources of excitation and the versatility that
llows the large catalog of existing probes.
Statistical analysis was done at day 18 and 21 for DCX-loaded PASN nanocapsules
and Taxotere® treatments compared to serum-receiving animals. **p < 0.01. All data
are reported as mean ± SE; n = 6.

In accordance with the results of calculated pharmacokinetic
parameters (Fig. 2 and Table 2), the nanoemulsion was  rapidly
eliminated from the blood compartment and localized in the liver
and kidneys. In contrast, as noted by the diffused large NIR signal
observed following administration of PASN nanocapsules, a signif-
icant amount of fluorescence remained in circulation for at least
24 h. The prolonged circulation time showed by PASN nanocap-
sules is in accordance with that reported by other authors about the
interesting stealth properties of PASN and its derivatives (Romberg
et al., 2007b, 2007c) (Fig. 3).

3.3. In vivo antitumor activity of DCX-loaded PASN nanocapsules

U87MG subcutaneous glioma mouse model was used to evalu-
ate the tumor reduction efficacy of DCX-loaded PASN nanocapsules.
This activity was compared with those of commercial DCX form,
Taxotere®. Both treatments were administered when tumors
reached 200 mm3. A third control group received an injection of
saline solution (serum).
A dose of 20 mg  of DCX/kg of body weight was  administered via
i.v., in the vein tail of tumor-bearing mice, for each treatment in vol-
umes not higher than 200 �l. The results presented in Fig. 4 show
the tumor growth during the experiment after receiving different
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Table  3
Survival time of U87MG tumor-bearing mice that received an intravenous injection of DCX-loaded PASN nanocapsules or Taxotere® solution at 200 mm3 reaching tumor.
Mice  injected with physiological serum were used as control group.

Treatment Mean survival time (days) Increased survival time (IST) (%)

Survival time range Mean ± SD ISTmean p-Value vs serum group

DCX-loaded PASN nanocapsules 14–21 18.7 ± 2 67 0.036
Taxotere® 11–21 16.8 ± 3 50 0.056
Serum 6–14 

% IST percentage of increase in survival time relative to that of the serum control group.

Fig. 5. Kaplan–Meier survival plots of subcutaneous U87MG glioma tumor-bearing
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ice following treatment with Taxotere® (�) or DCX-loaded PASN nanocapsules
�). Serum-treated mice were used as a control (�).

reatments. Subcutaneous tumor in control groups receiving serum
rew very quickly, reaching a relative tumor volume of about

 × 103 mm3 after 21 days. On the contrary, the intravenous admin-
stration of both DCX-loaded PASN nanocapsules and Taxotere®

ignificantly reduced the final volumes of the tumor as compared
o the control group (p < 0.01).

As a complement of the antitumor activity study of DCX-loaded
anocapsules, we evaluated the survival rates in the three stud-

ed groups. Kaplan–Meier survival plots are displayed in Fig. 5 For
he calculation of the mean survival times, a censored model was
sed, which takes as a censure event an excessive tumor volume
more than 10% of mouse weight), the final of experiment or dead.
he obtained results show that the PASN nanocapsules treatment
mproves significantly (p < 0.05) the survival rate of mice treated
Fig. 5, Table 3). In fact PASN nanocapsules and Taxotere® increased
he mean survival time in a 67% and 50%, respectively relative to
he control.

Taking into account the efficacy results as well as those of the
lasma kinetic profiles, we could speculate on a more adequate
iodistribution profile for the nanocapsules compared to the com-
ercial formulation. The improved biodistribution profile would

mply a facilitated accumulation of the drug in the tumor tissue
nd a reduced accumulation in other vital organs. This targeting
apacity of these novel nanocarriers could involve a simple pas-
ive targeting similar to that reported for a variety of PEGylated
anocarriers loaded with taxanes (Yang et al., 2007; Crosasso et al.,

000; Danhier et al., 2009; Senthilkumar et al., 2008). However, we
annot discard the possibility for the PASN coating in providing a
ertain active targeting capacity based on the avidity of cancer cells
or the ASN amino acid (Allan et al., 1967).
11.2 ± 2 –

4. Conclusion

Here, we  present the first proof-of-principle of in vivo efficacy
of PASN nanocapsules as nanovehicles for anticancer drugs such
as docetaxel. PASN nanocapsules exhibited a prolonged blood cir-
culation and reduced accumulation in liver and kidneys. Also, the
treatment with PASN nanocapsules containing docetaxel of U87MG
glioma-bearing mice obtained a significant improvement over the
survival rates compared to Taxotere®, and an important reduction
of tumor growth compared to control.
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