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Recently we reported for the first time a new type of nanocapsules consisting of an oily core and a
polymer shell made of a polyglutamic acid-polyethylene glycol (PEG-PGA) grafted copolymer with a
24% w|w PEG content. The goal of the work presented here has been to develop a new version of these
nanocapsules, in which the shell is made of a di-block PEG-PGA copolymer with a 57% w/w PEG content
and to evaluate their potential for improving the biodistribution and pharmacokinetics of the anticancer
drug docetaxel (DCX). A comparative analysis of the biodistribution of fluorescently labeled PGA-PEG
nanocapsules versus PGA nanocapsules or a control nanoemulsion (containing the same oil than the
nanocapsules) showed that the nanocapsules, and in particular PEGylated nanocapsules, have signifi-
cantly higher half-life, MRT (Mean Residence Time) and AUC (Area under the Curve) than the nanoemul-
sion. On a separate set of experiments, PGA-PEG nanocapsules were loaded with DCX and their antitumor
efficacy was evaluated in a xenograft U87MG glioma mouse model. The results showed that the survival
rate for mice treated with DCX-loaded nanocapsules was significantly increased over the control Taxo-
tere®, while the antitumoral effect of both formulations was comparable (60% tumor growth inhibition
with respect to the untreated mice). These results highlight the potential use of these novel nanocapsules
as a new drug delivery platform in cancer therapy.
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1. Introduction

The number of oncological nanomedicines approved so far has
made clear the potential of nanocarriers as a strategy to overcome
important drawbacks associated with conventional formulations of
anticancer agents [1]. These drawbacks refer mainly to their low
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water solubility and overwhelming toxicity associated with the
lack of selectivity for cancer cells. Often, this toxicity problem
has been further enhanced by the use of excipients and solvents,
which are themselves responsible for additional serious side
effects. Drug delivery nanostructures offer suitable means to im-
prove current cancer chemotherapy by solving these water solubil-
ity problems and also by modulating the pharmacokinetics and
biodistribution of cytotoxic drugs. Namely, they have the possibil-
ity to passively extravasate the fenestrated vasculature of tumor
tissues and accumulate in cancer tumor cells. However, this accu-
mulation is greatly dependent on the so-called “stealth” properties
of nanocarriers and, thus, on their ability to circulate in the blood
stream for prolonged periods of time. These properties have been
classically assigned to a variety of nanocarriers, including
liposomes [2], PLGA-PEG nanoparticles [3], and polymer micelles
[4], by the use of PEGylated biomaterials (either polymers or
phospholipids) [5]. However, such protective behavior has been
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recently ascribed to other polymers, i.e. polyaminoacids [6,7]. In
addition to their hydrosolubility, polyaminoacids - among them
poly-L-glutamic acid (PGA) - are gaining attention because of their
biodegradability [8], and overall good safety profile [9,10].

Interestingly, besides their shielding properties, PGA and PEG-
PGA themselves have been proposed as anti-cancer drug delivery
vehicles when presented in the form of micelles or polymer conju-
gates [9,10]. The success of these formulations is exemplified by
the fact that two formulations, PGA conjugates and PGA-PEG
micelles, are under clinical development (Xyotax®/Opaxio® and
NC-6004) [11-13]. In the case of micelles, the PEGylation of PGA
has been reported to positively influence its inherent shielding
properties [14]. This background information has recently encour-
aged us to design novel delivery carriers based on PGA-PEG known
as nanocapsules. These nanocapsules, consisting of an oily core and
a PGA-PEG corona, were expected to have specific advantages.
Namely, the oily core was intended to allocate significant amounts
of hydrophobic drugs and sustain their release, whereas the poly-
mer corona was designed to act as a shield. As predicted, these
nanocapsules showed the capacity to encapsulate the hydrophobic
anticancer drug plitidepsin. They also improved its pharmacoki-
netics and toxicity profile over those of the drug in solution [15].

Taking all this into consideration, the purpose of our work has
been to develop a type of PGA-PEG nanocapsules, with a different
kind of corona. Here we used a diblock PGA-PEG copolymer with a
57% PEG content, whereas the corona used in the previous study
consisted on a grafted PGA-PEG copolymer with a 24% PEG con-
tent. The resulting nanocapsules were evaluated with respect to
their hemocompatibility, biodistribution and blood kinetic profile.
Finally, their effectiveness as carriers for anticancer drug delivery
was assessed using the drug docetaxel (DCX).

2. Materials and methods
2.1. Chemicals

Docetaxel (DCX) (from Fluka), Miglyol 812®, neutral oil formed
by esters of caprylic and capric fatty acid and glycerol, was a gift
sample from Sasol Germany GmbH (Germany). Epikuron 170°, a
phosphatidylcholine enriched fraction of soybean lecithin, was
provided by Cargill (Spain). Benzalkonium chloride, poloxamer
188 (Pluronic® F68) and polyglutamic acid (PAG; M,, 15-50 kDa)
were purchased from Sigma-Aldrich (Spain). Polyglutamic acid-
polyethylene glycol block co-polymer (PGA-PEG; M,, 35 kDa)
was supplied by Alamanda Polymers (USA). The used PGA-PEG is
a diblock copolymer with a percentage w/w of PEG of about 57%.
PEG chains length was 20 kDa and PGA chains length was about
15 kDa. The NIR (Near Infra Red) dye 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DiD) (DiD Em
644 nm; Ex 664 nm) was obtained from Molecular Probes-Invitro-
gen (USA). Taxotere® was provided by the Hospital Pharmacy of
Angers (France).

2.2. Preparation of PGA-PEG nanocapsules

PGA-PEG nanocapsules were prepared following a modification
of the solvent displacement technique, previously reported by our
group [16]. The method involves the deposition of the coating
polymer onto the oily core mainly by electrostatic interaction.
Briefly, an organic phase was formed by dissolving 30 mg of Epiku-
ron 170® in 0.5 ml of ethanol, followed by the addition of 125 pl of
Mygliol 812®° and 7 mg of the cationic surfactant, benzalkonium
chloride, in 9 ml of acetone solution. This organic phase was imme-
diately poured over 20 ml of an aqueous solution containing polox-
amer (0.25% w/v) and PGA or PGA-PEG (10 mg). Finally, solvents

from the suspension were evaporated under vacuum to a final con-
stant volume of 10 ml. PGA nanocapsules were prepared by the
same method and nanoemulsions, used as controls, were also
obtained by the same method with the exception that PGA was
used instead of polymer or, in the case of the nanoemulsions no
polymer was added. We prepared both anionic and cationic
nanoemulsions which differ in the presence or not of the cationic
surfactant benzalkonium chloride [15].

2.3. Characterization of the nanostructures

Particle size and polydispersion index of the PGA-PEG and PGA
nanocapsules and uncoated nanoemulsions were determined by
Dynamic Light Scattering (DLS). Samples were diluted to an appro-
priate concentration in deionized water and each analysis was car-
ried out at 25 °C with an angle detection of 173°. The zeta potential
values were calculated from the mean electrophoretic mobility
values, as determined by Laser Doppler Anemometry (LDA). For
LDA measurements, samples were diluted with KCI 1 mM and
placed in an electrophoretic cell. DLS and LDA analysis were per-
formed on three independently prepared samples using a NanoZS®
(Malvern Instruments, Malvern, UK).

2.4. DCX encapsulation in PGA-PEG nanocapsules

DCX was incorporated to the PGA-PEG nanocapsules by adding
0.5 ml of a DCX stock ethanol solution (conc. 20 mg/ml) to the or-
ganic phase and then, following the process as described. PGA-PEG
nanocapsules were concentrated by vacuum to a final volume of
5 ml in order to obtain a final drug concentration of 2 mg/ml.

The encapsulation efficiency of DCX in PGA-PEG nanocapsules
was determined by separating the non-encapsulated drug from
the DCX-loaded nanocapsules by ultracentrifugation (27,400g,
15°C, 1 h). The free DCX was determined in the infranatant after
ultracentrifugation.

The total amount of DCX in the formulation was determined
from a fresh aliquot of nanocapsules diluted in acetonitrile and
centrifuged for 20 min at 4000g.

The difference between the total amount of DCX in the nano-
capsules suspension and the free DCX allowed us to indirectly cal-
culate the value of the encapsulated drug in the nanocapsules. The
encapsulation efficiency was calculated as follows (Eq. (1)):

EE. (%) = (A—B)/A x 100 (1)

where A is the experimental total drug amount and B is the un-
loaded drug amount.

DCX was analyzed by HPLC using a slightly modified version of
the method proposed by Lee et al. [17]. The HPLC system consisted
of an Agilent 1100 Series instrument equipped with a UV detector
set at 227 nm and a reverse phase Zorbax Eclipse® XDB-C8 column
(4.6 x 150 mm i.d., pore size 5 um Agilent USA). The mobile phase
consisted of a mixture of acetonitrile and 0.1% v/v ortophosphoric
acid (55:45 v/v) and the flow rate was 1 ml/min.

2.5. DiD encapsulation into nanostructures

DiD-loaded nanocapsules and DiD-loaded anionic nanoemul-
sion were obtained by replacing 0.5 ml of ethanol of the organic
phase with 0.5 ml of DiD stock solution in ethanol (2.5 mg/ml).
The final concentration of DiD in the nanocapsules and in the anio-
nic nanoemulsion was around 100 pg/ml. The efficiency of DiD
encapsulation in all the systems was determined indirectly by cal-
culating the difference between the total amount of fluorescent
probe in the formulations and the free dye measured in the
infranatant of the nanocapsules and nanoemulsions preparations
after ultracentrifugation (27,400 g, 15 °C, 1 h). At the end of the
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ultracentrifugation step, aliquots of infranatant were diluted with
acetonitrile and analyzed by UV spectrophotometry (/= 646 nm).
To determine the total amount of probe in the different systems,
fresh aliquots of nanocapsules and nanoemulsions were diluted
with acetonitrile, centrifuged and analyzed at 1 = 646 nm.

2.6. Hemolysis test

The hemolytic potential of the PGA-PEG nanocapsules was
determined and compared with that of the PGA nanocapsules
and cationic nanoemulsion in rat blood. The blood of female Wistar
rats was obtained by cardiac puncture. Sodium citrate, pH 7.4, was
diluted with blood (1:10) before adding PBS. This mixture was cen-
trifuged (700g, 20 °C, 10 min) three times; each time the superna-
tant was discarded and PBS added. Then, the erythrocytes were
diluted with PBS (3% w/v) and stored at 4 °C. A sample of 150 pl
of the erythrocytes stock dispersion was added to 150 pl of nano-
capsules suspensions (2% w/v and 1% w/v) and incubated with
shaking at 37 °C for 1 h. In order to remove intact erythrocytes and
debris, the samples were, then, centrifuged (750g, 20 °C, 3 min).
100 pl of the supernatant was added to 2000 pl of a mixture of
absolute ethanol and HCI (40/1 (v/v)) and centrifuged again. This
mixture dissolved all the components and avoided hemoglobin
precipitation. The absorption of the supernatant was measured
by UV spectroscopy (4 =398 nm) and compared against blank sam-
ples. Results were set relative to control samples with 0% lysis
(PBS) and 100% lysis (bidistilled water) [18]. The hemolytic per-
centage was calculated according to the equation (Eq. (2)) [19]:

Lysis (%) = (Asample — Ablank)/ (Awater — Ablank) x 100 (2)

2.7. In vitro complement activation study

Complement activation of PGA-PEG nanocapsules was evalu-
ated in normal human serum (provided by the Establissment Fran-
cais du Sang, CHU, Angers, France) by measuring the residual
hemolytic capacity of the complement system after coming in con-
tact with the different particles [20]. We determined the amount of
serum capable of lysing 50% of a fixed number of sensitized sheep
erythrocytes with rabbit anti-sheep erythrocyte antibodies (CH50),
according to a procedure described elsewhere [21]. Complement
activation was expressed as a function of the surface area.
Nanocapsules and nanoemulsions surface areas were calculated
as previously described [22], using the equation: S=n4nr? and
V=n(4/3)(nr?) leading to S=3m/rp where S is the surface area
(cm?) and V the volume (cm?) of n spherical beads of average
radius r (cm), m the weight (pug) and p the volumetric mass
(ng/cm?). All experiments were performed in triplicate [23].

2.8. Pharmacokinetic study of DiD-loaded nanocapsules

Animal care was provided in strict accordance with the French
Ministry of Agriculture regulations. The treatment was performed
according to Morille et al. [23] as follows: 150 pul of DiD-loaded
PGA-PEG nanocapsules was injected in the tail vein of six-week
old female Swiss mice (20-22 g) (Ets Janvier, Le Genest-St-ile,
France). DiD-loaded PGA nanocapsules or anionic nanoemulsion,
were injected following the same procedure, and used as controls.
Blood samples were withdrawn from three animals for each for-
mulation at 30, 60, 120, 240 min and 24 h after injection, trans-
ferred to BD Vacutainer tubes (Vacutainer, SST Il Advance, 5 ml,
Becton Dickinson France SAS, France) and centrifuged at
4000 rpm for 10 min. 150 pl of the supernatant was deposited in
a black, 96-well plate (Greiner Bio-one, Germany) and its optical
density measured using a Fluoroskan (Fluoroskan 262 Ascent, FL,

USA). To obtain the fluorescence at time 0, aliquots of fluorescent
nanocapsules were diluted with a blood sample at the same
in vivo concentration. Plasma residual fluorescence was measured
from the supernatant of centrifuged blood taken from three rats
receiving 150 pl of a physiological saline solution.

DiD fluorescence was measured by using a Fluoroscan at excita-
tion wavelength of 644 nm with an emission wavelength of
664 nm. The blood concentration of the different systems at the
various times was calculated on the assumption that blood repre-
sents 7.5% of mouse body weight [24]. Fluorescence was expressed
in fluorescence units (FU) and was calculated as: FU sample (trea-
ted) - FU empty (control serum); 100% of fluorescence was consid-
ered as the value at t =0 min [23].

Pharmacokinetic data were treated by a non-compartmental
analysis of the percentage of the injected dose versus time profiles
with Kinetica 5.1 software (Thermo Fischer Scientific, France). The
elimination half-live was calculated as follows (Eq. (3)):

t1, = log(2)/Lz 3)

where Lz was determined from linear regression using the data cor-
responding to the terminal phase. The trapezoidal rule was used to
calculate the area under the curve (AUC) during the whole experi-
mental period (AUC [0-24 h]) without extrapolation, as well as
the area under the first moment curve (AUMC). The mean residence
time was calculated from 0 to 24 h, from the following equation
(Eq. (4)):

MRT [0—24 h] = AUMC [0—24 h]/AUC [0—24 h] (4)

2.9. In vivo fluorescence imaging

The non-invasive biofluorescence imaging (BFI) of PGA, PGA-
PEG nanocapules and nanoemulsions was performed in healthy
nude mice at 1 h, 3 h, 5h, 24 h and 48 h post-injection, using DiD
as near-infrared (NIR) fluorophore. Besides, to avoid hair auto-fluo-
rescence, the animals were fed for 2 weeks without chlorophyll.
The fluorescence imaging system was a NightOWL II (Berthold
Technologies, Germany) equipped with cooled, slow-scan CCD
camera and driven with the WinLight 32 software (Berthold Tech-
nology, Germany). With the BFI system, the fluorescent acquisition
time was of 3 s and the fluorescent signal was overlaid on a picture
of each mouse.

According to the fluorescent characteristics of the DiD fluores-
cent tag used to localize the nanosystems, the 590 nm excitation
and 655 nm emission filters were selected. In parallel, the light
beam was kept constant for each fluorescent measurement, which
was ideal with the ringlight, epi-illumination. As the ringlight was
always set at the same height, the excitation energy on the sample
would always be the same.

Each mouse was anesthesized with a 4% air-isofluran blend.
Once placed in the acquisition chamber, the anesthesia of the mice
was maintained with a 2% air-isofluran mixture throughout the
experiment as described above [25].

2.10. In vivo antitumor efficacy study

2.10.1. Tumor cell line

U87MG glioma cell line (ATCC, Manassas, VA) was obtained
from the European Collection of Cell Culture (UK, N°94110705).
The cells were cultured at 37 °C/5% CO, in Dulbecco modified eagle
medium (DMEM) with glucose and r-glutamine (BioWhitakker,
Belgium) containing 10% fetal calf serum (FCS) (BioWhitakker)
and 1% antibiotic and antimycotic solution (Sigma, France). On
the implantation day, cells were trypsinized and resuspended in
minimal essential medium (EMEM), without FCS or antibiotics, to
the final desired concentration [24].
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2.10.2. Subcutaneous glioma model and therapy schedule

Animals were manipulated under isoflurane/oxygen anesthesia.
Tumor bearing mice were prepared by subcutaneous injection of a
suspension of 1 x 10° US7MG glioma cells in 150 pl of Hanks
Balanced Saline Solution (HBSS) into the right flank of athymic
nude mice (6 weeks old females, 20-24 g, purchased from Ets
Janvier, Le Genest-St-ile, France). Tumor growth was tracked by
regularly measuring the length and width of tumors with a caliper.
The tumor volume (V) was estimated by the mathematical ellip-
soid formula (Eq. (5)):

V = (I1/6) x (width)* x (length) (5)

When tumors reached a calculated average volume of approxi-
mately 200 mm?3, the mice were randomized into three groups to
ensure that the initial tumor volumes on the day of treatment were
not significantly different among groups. Animals were treated (Day
0) by a single IV injection of 150 pl of the different treatments, via
lateral tail vein as follows: physiological saline solution (0.9% NacCl),
DCX-loaded PGA-PEG nanocapsules (20 mg/kg mouse) and Taxo-
tere® (20 mg/kg mouse).

Tumor size was measured twice weekly after the intravenous
administration of the treatments. At day 21, mice were then iso-
lated and weighed. The treated groups were compared in terms
of mean survival time in days after U87GM cell implantation.
The percentage of the increase in survival time (%IST) was deter-
mined relative to the mean survival of untreated controls as pre-
sented in the following equation (Eq. (6)):

%IST = Meany — Meanc/Mean¢ x 100 (6)

where Meant was the mean of survival time of the treated group
and Meanc was the median/mean of the survival time of the control
group [26].

2.11. Statistical analysis

Statistical analysis of the pharmacokinetic data was conducted
using the non-parametric Kruskal-Wallis method followed by the
Tukey HSD multiple comparison test (p < 0.05 was considered as
significant).

For the estimation of the mean survival times, we used a cen-
sored model, the Kaplan Meier plot, according to which censored
events were both tumor growth and the end of the evaluation per-
iod, assuming that in both cases deaths occur before the next size
control of the tumor. More specifically, tumor burden that ex-
ceed 10% of the animal’s normal weight was considered as sacri-
ficed parameter according to regulatory ordinances. Statistical
significance was calculated using the log-rank test (Mantel-Cox
test); SPSS software version 16.0 (SPSS Inc.) was used for that pur-
pose. The different treatment groups were compared in terms of
range, and mean survival time (days), long term survivors (%)
and increase in survival time (ISTyean%).

3. Results and discussion

Recently we reported the development of nanocapsules made of
a PGA-PEG grafted copolymer, with a PEG content of 24% w/w and
their use for the delivery of the anticancer drug plitidepsin [15].
Here, we report an updated version of this nanocarrier containing
a highly PEGylated di-block PGA-PEG copolymer (PEG content 57%
w/w) and we compared its behavior with the behavior of the non-
PEGylated PGA nanocapsules. The rationale behind the use of this
polymer was to assess the role of the polymer shell of the nanocap-
sules on their toxicity, biodistribution and capacity to modify the
efficacy of the anticancer drug DCX. Hence, in the following para-
graphs we present: (i) the development and characterization of a

new type of PGA-PEG nanocapsules; (ii) their hemolysis and com-
plement activation activity; (iii) their biodistribution and blood
kinetics profile; (iv) their efficacy when loaded with DCX in con-
trolling tumor growth and increasing the survival rate of a
U87MG glioma mice model, using the commercial formulation
Taxotere® as a control.

3.1. Characteristics of the PGA-PEG nanocapsules and control
formulations

PGA-PEG nanocapsules were prepared using the solvent dis-
placement technique previously reported [15]. The nanocapsules
were loaded separately with DiD and DCX and, then, characterized
by their size, zeta potential and encapsulation efficiency. Table 1
shows the characteristics of this novel formulation, and also those
of PGA nanocapsules and the uncoated nanoemulsions used as
controls. Regardless of whether they had a loaded compound or a
polymer coating, the nanocapsules formed monodispersed popula-
tions with a mean size of around 200 nm. As expected, PGA-PEG
nanocapsules were negatively charged, although their zeta poten-
tial values were lower than those of PGA nanocapsules (—20 mV
versus —39 mV for blank nanosystems). This was attributed to
the shielding effect of large PEG chains located around the surface
of the systems. Table 1 also shows the charge inversion observed
for PGA-PEG and PGA nanocapsules with respect to their oily cores
(+40 mV), thus evidencing the formation of a continuous shell of
polymer around the cationic oily nanodroplets. The anionic nano-
emulsion exhibited a negative potential (—40 mV), which was
attributed to the use of lecithin for their stabilization.

As indicated in Section 1, these nanocapsules were designed to
have a high capacity to load hydrophobic drugs. As expected, the
hydrophobic drug DCX could be efficiently encapsulated (90%
encapsulation efficiency). On the other hand, the fluorescent mar-
ker, DiD, could also be loaded, but due to its amphiphilic character,
its encapsulation efficiency was slightly reduced. As indicated in
Table 1, the original characteristics of nanocapsules were not al-
tered upon encapsulation of either the drug or the fluorescent
marker.

An additional critical property of anticancer-loaded nanocarri-
ers is their stability upon dilution in physiological media. Interest-
ingly, the results of this study showed that upon dilution with PBS
at 37 °C, PGA-PEG nanocapsules were stable during at least 24 h.

3.2. Hemolytic activity of the PGA-PEG nanocapsules

This analysis was performed in order to have an estimate of the
nanocapsules hemocompatibility after IV administration. The re-
lease of hemoglobin was used to quantify the membrane damage
caused for the systems assayed. The results showed that the
PGA-PEG nanocapsules had no hemolytic behavior when diluted

Table 1

Physicochemical characteristics of blank, DiD- and DXC-loaded PGA-PEG nanocap-
sules. The characteristics of PGA nanocapsules, and cationic and anionic nanoemul-
sions, used as controls are also shown. P.L: polydispersity index; E.E.: Encapsulation
efficiency. Values are given as mean+SD (n=3). NCs: nanocapsules and NE:
nanoemulsions.

Formulation Size (nm) P.I.  { Potential (mV) E.E. (%)

Blank PGA-PEG NCs 180+ 4 0.1 -20t4 -
Blank PGA NCs 183+6 0.1 -394 -
Blank anionic NE 2077 0.1 -38z%1 -
Blank cationic NE 227+8 0.1 +40+ 4 -
DiD-loaded PGA-PEG NCs 194+2 0.1 -15%3 70+8
DiD-loaded PGA NCs 179+3 0.1 -31z%2 67+5
DiD-loaded anionic NE 214 +5 0.1 —-28+6 79+10
DCX-loaded PGA-PEG NCs 2003 0.1 -20t4 90+2
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with erythrocytes at 1% and 0.5% w/v, being the hemolysis values
under 3%. Similar values were obtained for the PGA nanocapsules
with no detectable disturbance in the red blood cell membranes.
In contrast, the cationic nanoemulsion, used as a control, had a
high hemolytic activity (60%) at the concentrations tested. There-
fore, these results indicate that the presence of a PGA-PEG or
PGA shell around the oily nanodroplets counteracts the inherent
hemolytic activity of a cationic nanoemulsion, thus providing the
system with an adequate hemocompatibility.

3.3. Complement activation properties of PGA-PEG nanocapsules

It is known that following injection into the blood circulation,
foreign particles can be rapidly cleared by MPS phagocytosis. This
process involves first, the recognition of these particles by opso-
nins, complement proteins which upon adsorption onto the nano-
particles facilitate their recognition and elimination by MPS. In this
study, the complement activation properties of the nanocapsules
were evaluated in order to gain some insights on the in vivo fate
of nanocarriers after IV administration. With this objective in
mind, we determined the extent of the interactions between the
nanocarriers and the complement system. Using the CH50 tech-
nique, we measured the hemolytic capacity of a fixed amount of
normal human serum against 50% of antibody-sensitized sheep
erythrocytes previously exposed to different concentrations of
the PGA-PEG nanocapsules. PGA nanocapsules and the cationic
nanoemulsion were used as controls.

As presented in Fig. 1, PGA-PEG and PGA nanocapsules exhib-
ited a very low dose-dependent complement activation capacity,
whereas the cationic emulsion used as control triggered a rapid
complement activation. These results are in accordance with those
previously reported in the literature, which indicate that positively
charged particles are prone to lead to complement activation activ-
ity [27], whereas the use of anionic PGA-PEG counteracts this
activity [28,29].

3.4. In vivo studies

3.4.1. Blood kinetics of PGA-PEG nanocapsules
Fluorescently-labeled PGA-PEG nanocapsules and the control
formulations, PGA nanocapsules and anionic nanoemulsion, were
intravenously injected in mice to study their kinetics in blood.
The results indicated that the nanoemulsion was removed from

100 -

75

50

25 A

CHSO0 units comsuption (%)

0 200 400 600 800 1000
Nanocapsules surface area (cm?/ml)

Fig. 1. Complement activation profile measured as lytic capacity of the serum
(% CH50 units) toward antibody-sensitized sheep erythrocytes after exposure to
PGA-PEG nanocapsules (HB) compared to PGA nanocapsules ((J) and the cationic
nanoemulsion (O) used as controls. Complement consumption was evaluated as a
function of the nanoparticles surface area (cm?).

the blood circulation within a few minutes, with only 15% of the
total fluorescence remaining in plasma 30 min after IV injection
(Fig. 2). In contrast, the PGA-PEG nanocapsules concentration re-
mained high (about 40% of injected dose) 3 h post-injection. This
concentration decreased slowly overtime, to a value of 20% of the
injected dose after 24 h. This value was slightly lower for PGA
nanocapsules (8% of the injected dose remained in the circulation
at 24 h). The pharmacokinetic parameters in plasma are summa-
rized in Table 2. It can be noted that the behavior of both,
PGA-PEG and PGA nanocapsules, significantly differs from that of
the control nanoemulsion (Kruskal-Wallis and Tukey HSD multiple
comparison test, p < 0.05). Particularly remarkable is the difference
in the elimination half-life and mean residence time (MRT),
whose values in the case of PEG-PGA nanocapsules are double
than those observed for the control nanoemulsion. Moreover, the
values of the area under the curve (AUC) rose from 11 mg/ml h
for the nanoemulsion to 50 mg/ml h for the PGA-PEG nanocap-
sules. Finally, it was also observed that a high PEGylation of the
polymer shell of the nanocapsules led to a significant increase in
their elimination half-life, MRT and AUC values.

Overall, these results illustrate the protective role the PGA-PEG
and PGA coatings have vis a vis the phagocytic uptake of the nano-
carrier by the MPS. Moreover, in agreement with previous reports,
our results indicate that, by modifying the PGA with PEG, it is pos-
sible to further enhance this protective role [30,31]. This process
may be explained by the formation of a more protective shield,

Fluorescence %

Time (h)

Fig. 2. Percentage of nanocarriers-associated fluorescence remaining in plasma
after single bolus inyection in mice of PGA-PEG nanocapsules (H). The fluorescence
observed upon administration of PGA nanocapsules ((J) and the uncoated nano-
emulsion (O) are also showed as controls. The injected dose of DiD was 1 mg/kg.
Each data point represents the group mean + SD of the percentage of injected dose.
*Significant differences with respect to the control nanoemulsion; p < 0.05, Kruskal-
Wallis analysis, followed by the Tukey HSD multiple comparison test.

Table 2

Main parameters illustrating the plasma pharmacokinetics of DiD-loaded PGA-PEG
nanocapsules after a single IV injection in Swiss mice. Pharmacokinetic parameters of
DiD-loaded PGA nanocapsules and uncoated anionic nanoemulsion are also shown.
Each data point represents the group mean#SD. NCs: nanocapsules and NE:
nanoemulsions.

Formulation t¥% Elimination (h) MRT (h) AUC (mg/ml h)
PGA-PEG NCs 16.08 + 0.9 17.00 £ 3.6 50.65 +5.7
PGA NCs 10.02 +0.83 9.72+1.7 38.02+1.4
NE 8.17+1.0 6.59+2.0 11.43+22

" Significant differences with respect to the NE.
" Significant different with respect to the NE and PGA nanocapsules (p < 0.05);
Kruskal-Wallis analysis, followed by the Tukey HSD multiple comparison test.
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Fig. 3. In vivo fluorescent imaging of athymic nude mice after intravenous injection of DiD loaded PGA-PEG nanocapsules, DiD-loaded PGA nanocapsules and the uncoated
nanoemulsion following 1-3-5-24-48 h after injection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

which through steric repulsion to opsonins is able to prevent the
rapid elimination of the nanoparticles from the blood circulation.

3.4.2. Biodistribution of PGA-PEG nanocapsules using in vivo
fluorescence imaging

After the DiD-labeled systems were injected intravenously in
the tail vein of mice, we followed the distribution of the PGA-
PEG nanocapsules using a NIR biofluorescence imaging system.
PGA nanocapsules and the anionic nanoemulsion were used as
controls. The DiD is a NIR label frequently used to follow the bio-
distribution of lipid carriers. Images were taken at 1h, 3h, 5h,
24 h, and 48 h, from lateral and decubitus dorsal views to obtain
a general overview of the nanocapsules biodistribution, and iden-
tify the organs and subjacent tissues affected. As shown in Fig. 3,
the nanoemulsion was rapidly eliminated from the blood and
mostly localized in the liver, where the fluorescence signal was
very intense. A different biodistribution was observed for PGA
and PGA-PEG nanocapsules. In these cases, the NIR signal was
found distributed in the whole body of the animal and a significant
amount of fluorescence remained in circulation up to 48 h. These
results are in agreement with those of the blood elimination kinet-
ics; although in this qualitative analysis no difference in the biodis-
tribution patterns could be observed for PGA and PGA-PEG
nanocapsules.

7000

Tumor Volume (mm3)

Days

Fig. 4. Evolution of tumor volume following IV administration of a single-dose of
DCX-loaded PGA-PEG nanocapsules (M) and Taxotere® (@) in a subcutaneous
U87MG glioma mouse model. Control group received 0.9% NaCl solution (O).
Statistical analysis by pairs shows significant differences on Day 18 and 21 in tumor
growth of mice treated with PGA-PEG nanocapsules or Taxotere® as compared to
control (non-treated mice); “p < 0.05, **p < 0.01, Kruskal-Wallis analysis, followed
by the Tukey HSD multiple comparison test. All data are reported as means + SD;
n=06.
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Table 3

Mean survival time of U87 glioma-bearing mice that received an IV injection of DCX-loaded PGA-PEG nanocapsules or Taxotere® (DCX concentration 20 mg/kg). Non-treated
mice (receiving an injection of serum) were used as a control. Number of mice per group: 6.

Treatment Mean survival time (days) Increase in survival time (IST) (%)
Survival time range Mean = SD ISTmean p-Value versus control
DCX-loaded PGA-PEG NCs 7-18 18.1+2 61.6 0.066
Taxotere® 7-21 16.8+2 50 0.147
Control (non-treated) 7-17 11212 - -

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

Overall, our blood kinetics and biodistribution profiles results
indicate that both PGA and PGA-PEG have a prolonged blood circu-
lation and are widely distributed in the body.

3.4.3. DCX-loaded PGA-PEG nanocapsules in vivo antitumor activity

The promising pharmacokinetics results obtained with PGA-
PEG nanocapsules encouraged us to evaluate their efficacy in a
U87MG glioma bearing mice model. For this study we used the
commercial DCX formulation, Taxotere®, as a control. The results
presented in Fig. 4 show the growth of the subcutaneous tumor
over time and the tumor volume at days 18 and 21 as compared
to the initial volume (at the day of the treatment). The results show
that in the control group, the tumor grew exponentially, reaching a
volume of about 6 x 10> mm? at day 20. In contrast, upon intrave-
nous injection of a single dose of either, DCX-loaded PGA-PEG
nanocapsules or Taxotere®, a significant decrease in the tumor
growth (p <0.01) was observed. Interestingly, toward the end of
the study a tendency to reach a plateau in the tumor size was
noted for the mice tumors treated with nanocapsules, whereas
the size of the tumors of mice treated with Taxotere® continued
to increase.

3.5. Survival study

As an additional relevant study, we compared the survival rate
of mice treated with PGA-PEG nanocapsules to those treated with
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Fig. 5. Kaplan-Meier survival curves of subcutaneous U87MG glioma tumor
bearing mice following treatment with Taxotere® (@) or DCX-loaded PGA-PEG
nanocapsules (H). Non-treated mice were used as a control (O). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Taxotere®. Descriptive and statistical data from the survival study
are presented in Table 3. Survival curves according to the Kaplan-
Meier method are showed in Fig. 5. Our results indicate that non-
treated mice did not survive beyond 18 days, whereas the survival
time increased significantly upon treatment with Taxotere® and,
even more so, upon treatment with DCX-loaded PGA-PEG nano-
capsules. More precisely, the results in Table 3 show an increase
in the mean survival time of mice treated with commercial Taxo-
tere® of 50% over the control, versus a 62% increase in those treated
with the PGA-PEG nanocapsules. These results clearly show a ben-
eficial effect in the survival rate of the animals after treatment with
DCX-loaded PGA-PEG nanocapsules. Overall, the advantage of
using PGA-PEG nanocapsules instead of Taxotere® relies on the
lack of toxic surfactants in the former formulation. Surfactants
such as sorbitan monooleate are known to significantly contribute
to the toxicity of Taxotere®. Furthermore, we also suggest that a
more adequate biodistribution of the drug occurs in mice treated
with PGA-PEG nanocapsules, which could eventually lead to an in-
crease in the passive accumulation of loaded nanocapsules in the
tumor target site.

4. Conclusion

We report here the first evidence found in vivo supporting PGA-
PEG nanocapsules as potential candidates to act as carriers of the
anticancer drug DCX. Specifically, our results show that these
nanocarriers have good blood compatibility and a very low com-
plement activity. They also show that the hydrophilic shell (either
PGA or PGA-PEG) allows the nanocapsules to remain longer in the
blood stream, and that this effect is particularly remarkable for the
PEGylated PGA nanocapsules. Finally, DCX-loaded PGA-PEG nano-
capsules exhibited an antitumor effect that was comparable to that
of the commercial formulation Taxotere®, while they simulta-
neously led to significant increase in the mice survival time. Conse-
quently, we propose the PGA-PEG nanocapsules as a new delivery
technology for hydrophobic anticancer drugs.
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