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RESEARCH ARTICLE

Aqueous core nanocapsules: a new solution for encapsulating
doxorubicin hydrochloride

Sandy Vrignaud'?, Nicolas Anton?®, Catherine Passirani', Jean-Pierre Benoit'**, and
Patrick Saulnier!

'LUNAM Université, Université d’Angers, INSERM U1066-MINT - Micro et Nanomédecines Biomimétiques, IBS-CHU
Angers, 4 rue Larrey, F-49933 Angers, France, “Pharmacy, Academic Hospital, Angers, France, *University of
Strasbourg, Department of Pharmacy, CNRS UMR 7199, Laboratoire de Conception et Application de Molécules
Bioactives, équipe de Pharmacie Biogalénique, 74 route du Rhin, F-674001llkirch, France, and *Ecole Pratique

des Hautes Etudes (EPHE) 12 rue Cuvier, F-75005, Paris, France

Abstract

In this study, we propose a new solution for the nanoencapsulation of hydrophilic anticancer drug, doxorubicin
hydrochloride (DOX). The drug molecules are solubilized in the core of aqueous nanoreservoirs, so-called aqueous
core nanocapsules (ACN) recently developed by our team, and dispersed in aqueous bulk media. Since it is well
acknowledged that the nanoencapsulation of DOX has many advantages, like reducing the sides effects (e.g. cardiac
toxicity), we propose through the present study a novel formulation solution for this purpose. After focusing on
the formulation process for optimizing the drug encapsulation yield, the DOX-release profiles were followed
up and analyzed. Different physicochemical and in vitro characterization were performed, and complement
activation experiments. ACN were shown efficient to encapsulate DOX reaching yields as high as 80%, followed by
a sustained release governed by a diffusion-controlled mechanism. The loaded nanocarriers showed low levels of
complement activation, compatible with stealth properties. To:summarize, this study brings out a new tool for the
nanoencapsulation of hydrophilic anticancers and could open new doors for the administration of this particular
class of drugs.
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Introduction Aqueous core nanocapsules (ACNs) were emphasized in

The development of nanodrug-delivery systems literature as efficient solution for this purpose'-®. ACNs
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irremediablyimpliesan optimized compatibility between
the physicochemical properties of the encapsulated
drugs and the structure and nature of the carriers. This
is particularly true for hydrophilic drugs, since the
nanocarriers encapsulating the drug are themselves
dispersed in a water-continuous phase. It is precisely
the main difficulty related to the nanoencapsulation of
hydrophilic compounds, in contrast with lipophilic drugs
more stable when encapsulated. During the formulation
process, the hydrophilic ones exhibit a strong trend to
be fast released toward the external aqueous phase.

basically consist of a nanoparticle exhibiting a core-shell
structure, the core is composed of water solubilizing
hydrophilic drugs and the shell is a polymeric capsule.
Compared with conventional nanocarriers (e.g.
nanospheres), the main advantages of ACNs lies (i) in
the high drug loading in the core, (ii) in the low polymer
content, and (iii) in the drug confinement and protection
within the capsule. However, such a complex structure
involves complexes formulation methods®. Several
strategies of formulations are reported in literature,
using polyisobutylcyanoacry late ACNs encapsulating
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oligonucleotides'?, azidothymidine-triphosphate or
cidofovir’. Many molecules, fluorescein, sulforhodamine,
DNA, chlorhexidine, magnetite, have been encapsulated
inthese ACNs**'°. Herein we focus on the encapsulation of
hydrophilic anticancer in ACNs. This technology appears
highly beneficial and adapted for the administration of
such class of cytotoxic molecules, since ACNs can insure
a protection not only for the drug but also for the healthy
tissues, reducing the potential toxic side effects.

The present study deals the nanoencapsulation of
doxorubicin hydrochloride (DOX), an anthracycline
anticancer drug, which has been shown to be efficient
in the treatment of a wide range of cancers (leukemia
and solid tumors'!). Due to its irreversible cardiotoxic-
ity'?, the clinical use of DOX remains limited. However,
when nanoencapsulated, DOX toxicity can be reduced
or prevented. This is actually the main reason why
much effort has been dedicated to the development of
pharmaceutical and colloidal forms encapsulating this
drug. DOX is protected against in vivo degradation, the
toxic side effects are reduced, the repetitive use of bolus
injection or the use of perfusion pumps is avoided,
hence increasing patient comfort. Finally, it provides
favorable pharmacokinetic results. In addition, encap-
sulating DOX into nanoparticles has been shown to
improve its biodistribution" since it limits its accumu-
lation in the heart. Currently, most work involving DOX
entrapment into nanocarriers have been performed
using polymer nanoparticles. The DOX molecules are
linked to the nanoparticles through electrostatic com-
plexation'*'5, or by a chemical conjugation between
the drug and the polymer'®. To date, the nanoencap-
sulation of hydrophilic anticancers still remains a sig-
nificant technical challenge, and the research efforts
ongoing in this topics, even only related to DOX, are
still at present highly sustained. Liposomal forms of
doxorubicin hydrochloride (DOXIL® and CAELYX®)
are marketed for several years, and have led to reduc-
tions of the related drug toxicity'. It is actually impoz-
tant to consider the polymeric nanocapsules, such as
ACN, as a possible alternative to the existing technolo-
gies for DOX nanoencapsulation. Indeed, compared
with liposomes, they offer some original aspects, nota-
bly regarding their formulation process (i.e. feasibility
and repeatability), the fine control of their physico-
chemical properties and surface functionalization,
low cost, and finally the large panel of biodegradable
polymers that can be used in their formulation. We can
find various recently published formulation strategies
for that purpose, for instance, polymeric nanoassem-
blies’8, silica nanoparticles' or even lipid nanoemul-
sions®. However, the DOX is generally entrapped in the
polymer matrix or is adsorbed onto the nanoparticle
surface, and thus is not protected from the external
environment, being released with a burst. However,
when the DOX is solubilized in the aqueous core of
ACNs, their core-shell structure appears particularly
appropriated to the drug protection.

We have recently developed a new solution regard-
ing the formulation of ACNs®, based on low-energy
nanoemulsification methods, organic solvent-free, and
avoiding the use of high temperatures or mechanical
stresses. This original process appears highly suitable
for the nanoencapsulation of fragile or thermosensitive
hyrophilic molecules with high encapsulation yields (EY)
around 90%. Through the present study, we propose the
proof of concept of the adaptability of this new technol-
ogy on the nanoencapsulation of DOX in ACNs. After
focusing on the formulation process for optimizing the
drug EY, the DOX-release profiles were followed up and
analyzed. Different physicochemical and in vitro charac-
terization were performed, and complement activation
experiments. This study may bring out a new tool for the
nanoencapsulation of hydrophilic anticancer drugs and
could open new doors for the administration of this par-
ticular class of drugs.

Materials and methods

Materials

Technical grade polyethoxylated surfactant C18ES,
was kindly supplied by Stearinerie-Dubois (Boulogne,
France). Itis a typical commercial product with a Poisson
distribution level of about six for ethylene oxide (EO).
Light mineral oil, such as, paraffn oil (the standardized
denomination to refer to a mixture of saturated hydro-
carbons), was purchased from Cooper (Melun, France).
Ultrapure water was obtained by the MilliQ filtration
system (Millipore, Saint-Quentin-en Yve,, lines, France).
Sodium chloride was purchased from Prolabo (Fontenay-
sous-Bois, France). 2-Methylbutane was provided by
Riedel-de-Haén (Seelze, Germany). Finally, tolylene-
2,4-diisocyanate (TDI), the monomer used for interfacial
polycondensation, and DOX, were obtained from Sigma
(Saint-Quentin-Fallavier, France).

Methods

The fabrication of ACNs

The fabrication process of ACNs is a patented process
(#*W02009037310 (A2) - 2009-03-26), described else-
where®. Briefly, a (DOX + water)-in-oil nanoemulsion
is first formulated by the phase inversion temperature
method (DOX-loaded water nanodroplets dispersed in
(paraffin oil + 2-methylbutane), stabilized by the non-
ionic surfactant). Formulation parameters: water-to-oil
weight ratio = 0.4 and surfactant concentration = 10 wt.%.
These water nanodroplets sizing around 30nm are dis-
persed in the oil phase. Then, we synthesize a polymer
(polyurea) shell at the water/oil interface of the droplets,
through the polycondensation of TDI, by adding the
monomer in the oil-bulk phase. The final step consists in
substituting the bulk oily phase for another water phase
(dispersing water). To do this, dispersing water is added
in the formulation and oil (2-methylbutane) is simulta-
neously evaporated. The result is a suspension of ACNs
dispersed in water encapsulating the DOX molecules. A
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schematic illustration based on the previous studies is
reported in Figure 1. Itis important to note that interfacial
membranes of polyurea synthesized from TDI has been
used, in literature, in the fabrication of nanocapsules
for their nontoxicity, biocompatible and biodegrad-
able properties for biomedical applications®'**?2. For
instance, in Ref. 10, the authors described a TDI-based
polyurea nanocapsule fabrication for encapsulating
hydrophilic dyes and contrast agents, and show that the
obtained results confirmed that the capsules are not toxic
and were efficiently internalized into the cell. In Ref. 22,
as well, the interfacial polycondensation of TDI is used
in the fabrication of ACNs for the encapsulation of silver
nanoparticles, considering the polyurea as a biocompat-
ible material, which makes these capsules suitable for
biomedical application. Polyurea microcapsules synthe-
sized with diethylene triamine and TDI were found® to
have excellent oxygen-binding abilities in their use as
artificial red blood cells.

DOX encapsulation and quantification

DOX is first solubilized in water, at a concentration of
4.17mg mL™. This (DOX + water) was used for the first
step of the formulation (nanoemulsion formulation).
The drug quantifications were performed following an
indirect method: the nanocapsules were first removed
by centrifugation (30 min, 20,000 xg). Due to the paraf-
fin oil in their structure, the centrifugation step induces a
creaming of the nanocapsules. Then, the free DOX is col-
lected in the separated water in the bottom of the tubes
and quantified using a spectrofluorimetric method,
as described elsewhere?? (Fluoroskan Ascent, Saint-
Herblain, France). The excitation and emission light
levels are 485 and 550 nm, respectively. EY is defined as:

DOX"™ —DOX"™*) %100
py=_ )X (1)

DOXtotal

PEG ‘hairy’ layer
Oil layer
Polyurea
interfacial layer

Inner aqueous
reservoir

External water

Figure 1. Schematic representation of the aqueous core
nanocapsule structure encapsulating hydrophilic molecules.
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where DOX is the total amount of DOX, and DOX,  is

total
the amount of DOX in the external water.

DOX release

The DOX-release kinetics were established as follows:
2mL of freshly prepared suspension of DOX-loaded
nanocapsules (monomer concentration = 0.8mg
mL) were enclosed into a 15-kDa dialysis membrane
(Spectra/Por Membranes, Fisher Bioblock Scientific,
Ilikirch, France). They were then added to 40 mL of phos-
phate-buffered saline solution (PBS; PBS 1X, pH 7.4).
The flask was weakly, mechanically stirred (125rpm) in
darkness, and maintained at 37°C. 500 pL of the release
medium were collected at specified time points and the
DOX concentrations determined by spectrofluorimetry.
This collected volume was systematically replaced by the
same volume of fresh PBS, in order to ensure the “sink”
experimental conditions. Experiments were performed
three times. The control with DOX alone shows that the
all 100% of the molecules rapidly passes the membrane
with negligible time scales compared with the release
results. The experimental data of the DOX release profile
were fitted with the semiempirical power law presented
below in equation 22"

Mt Mb

=—L2 4 kt" (2)
M. M.

where M, M, are the amounts of drug released at time t
and infinite time, respectively, and M, is the burst-release
drug quantity. Structural and geometric characteristics
of the device are incorporated in the constant k, and the
information related to the drug-release mechanism is
contained in the value of the constant n, the release expo-
nent. According to such a model proposed by Siepmann
and Peppas®*?¥, and in the case of spherical geometry
(our case), the coefficient values of n range from 0.43
to 0.85, corresponding to Fickian diffusion and Case-II
transport, respectively. In addition, since the release pro-
files at 37°C are assumed to present a burst effect®*?’, the
value of the M, /M, is fixed equal to 0.03.

Surface characterization, complement activation

The C-potential was assessed using a Nano ZS (Malvern
Instruments). We used the Smoluchowski model, linking
electrophoretic mobility and zeta potential. The Helium-
Neon laser, 4 mW, was operated at 633 nm, with the scat-
ter angle fixed at 12.8°, at a constant temperature of 25°C.
Suspending medium was MilliQ water.

Complement consumption was assessed in normal
human serum (NHS) by measuring the residual hemo-
lytic capacity of the complement system after contact
with blank ACN, DOX-loaded ACNs or nonpolycon-
densed nano-objects. The technique consisted of deter-
mining the amount of serum required to hemolyze 50%
of a fixed number of sensitized sheep erythrocytes (CH50
units). A veronal, saline buffer containing 0.15mM Ca?
and 0.5 mM Mg?** was prepared as previously described
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(VBS*™). Sheep erythrocytes were sensitized by rabbit,
antisheep erythrocyte antibodies, and suspended at a
final concentration of 1.10° cells mL™" in VBS**. To assess
the consumption of CH50 units in the presence of the
particles during a constant incubation time, increasing
amounts of particle suspensions were added to NHS
diluted in VBS** so that the final dilution of NHS in the
reaction mixture was 1/4 (v./v.) in a final volume of 1 mL.
After 60 min. of incubation at 37°C with gentle agitation,
the suspension was diluted at 1/25 (v./v.) in VBS**; then,
aliquots at different dilutions were added to a given vol-
ume of sensitized sheep erythrocytes.

After 45min of incubation at 37°C, the reaction mix-
ture was centrifuged at 2,000 rpm for 10 min. The absorp-
tion of the supernatant was determined at 415nm with
a microplate reader (Multiskan Ascent, Labsystems SA,
Cergy-Pontoise, France) and compared with the results
obtained with the control serum. After determining the
CH50 units remaining in the serum, the results were ex
pressed as the consumption of CH50 units as a function
of the nanoparticle surface area calculated as described
elsewhere® in order to compare nanoparticles of differ-
ent average diameters. High activating control experi-
ments were performed with a suspension of poly(methyl
methacrylate) (PMMA) nanoparticles.

Results and discussion

The objectives of this proof of concept study is to show
that these new nanocapsules are an interesting solution
for nanoencapsulating DOX. To do this, we first focus
the presentation on the process, showing the strategies
undertaken for optimizing the EY, and then we present
the full physicochemical characterization, DOX release,
and complement activation. The first critical point of the
encapsulation of DOX relies in optimizing the formula-
tion to reach the higher EY with the lower amount of
monomer. This is solved by studying the impact of the TDI
concentration on the nanoemulsion oily phase (step 2 of
the formulation), on the resulting EY value. These results
are reported in Figure 2. The polycondensation has been
shown’® to be completed around 1-1.5h, thus it was fixed
at 2h in the present study. The EY appear higher than
80%. This is a significant result, confirming the compat-
ibility of this technology for the encapsulation of DOX. In
addition, in this formulation the weight of DOX encapsu-
lated as a fraction of the total weight of the formulation
is calculated, giving 83 pg/g. The high values of EY are
mainly attributed to the use of two distinct phases dur-
ing the formulation process. The size of these DOX-ACNs
were determined around 50nm by CryoTEM (data not
shown in the present paper, but already described in Ref.
5). The relationship disclosed between the EY and the
monomer amount confirms that the polycondensation
occurs at the water/oil interface. Moreover, the gradual
increase of EY signifies that the number of “closed” nano-
capsules (i.e. with any holes allowing the DOX to escape)
gradually increases as well with the quantity of polymer.

The in vitro DOX-release profiles (see Figure 3) dis-
closed that the drug progressively escapes from the
nanocapsule reservoirs. The cumulative release finally
reaches 100% within about 15 h. Let us consider equation
2 for extrapolating the experimental values. It finally fol-
lows the values of the parameters k = (5.2+0.8) and n =
(0.44+0.03), with R = 0.988. This result clearly reveals that
Fickian diffusion governs the DOX-release mechanism.

Besides the physicochemical characterization, another
important results are brought out by the complement

0.6 - Y

0.4 - } ’»'

Encapsulation yield

0 0.2 0.4 0.6 0.8 1

. -1
Monomer concentration / mg.mL

Figure 2. Influence of the monomer amount on the DOX
encapsulation yield into aqueous core nanocapsules.
Polycondensation time is fixed at 2h. The dashed line is only for
visual aid.
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Figure3. Cumulative DOXrelease from aqueous core nanocapsules
at 37°C in PBS. The dashed line presents the extrapolation from the
semiempirical power law of equation 2.
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Figure 4. Consumption of CH50 units as a function of nanoparticle
surface area, in the presence of DOX-loaded ACNs, blank ACNs,
and polymer-free nanoparticles.

activation and the cell viability experiments. Complement
activation experiments, reported in Figure 4, were per-
formed as a complementary study to assess the ACNs
surface behavior. Figure 4 shows CH50 consumption as a
function of the nanoparticle surface area for blank ACNs,
DOX-loaded ACNs and nonpolycondensed nano-objects
(blanks ACNs are nonloaded ACNs, and nonpolycon-
densed nano-objects are blanks ACNs without polymer).
As expected, a dose-dependant consumption of CH50
units was obtained in all cases. The three activation
profiles are quite similar, revealing comparable surface
behavior for the blank or DOX-ACNs and the nonpolycon-
densed nano-objects versus complement proteins. This
indicates similar surface properties of the different par-
ticles and thus that the polymer layer is efficiency covered
by the surfactant. These results may also indicate that the
DOX is not entrapped into the shell, but rather encapsu-
lated in the aqueous core. This is confirmed by C-potential
measurements giving (-28.0+0.7) mV, (-20+1) mV and
(=27.6£0.9) mV, respectively for blank ACNs, nonpolycon-
densed nano-objects, and DOX-loaded ACNs.

Even if the activation profiles given in Figure 4 appear
between the ones of weak activators®* and the ones of
highly activating nanoparticles, they remain closer that the
ones of the weak activators. For instance, when compared
with PMMA nanoparticles, for which CH50 consumption
is around 90%, for a nanoparticles surface area around
300cm?/mL NHS, ACN nanoparticles appear weakly acti-
vating, with a maximum of 15% of CH50 consumption. This
is compatible with stealth properties of ACNS. It is likely due
to their mixed polymer/lipid/PEG-6 surfactant interfacial

© 2012 Informa Healthcare USA, Inc.
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structure. These profiles comparing DOX-ACNs, blank
ACNs, and polymer-free blank ACNs, indicate that not only
the polymer but also the DOX, are effectively entrapped
within the layer and into the aqueous core, respectively.
Their surface properties are therefore not influenced. This
result is corroborated by zeta potential measurements.
ACNs appears very stable in solution and showing stealth
properties. This is likely due to the polyethylene glycol (PEG)
chains surrounding the particles. Actually, this assumption
corroborates the schematic representation presented in
Figure 1 giving a structure decorated by the PEG chains.

Conclusion

This study proves that the DOX is efficiently encapsulated
(with yields up to 90%), and fully released in these poorly
toxic ACNs. The aqueous suspensions of DOX generated
allows to stabilize and protect this anticancer in water,
exactly meeting the fixed specifications. The DOX encap-
sulation and the PEG decoration of such ACNs were
confirmed by the surface characterization and activation
complement experiments.
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