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O. Thomas', F. Lagarce'->*

'LUNAM Université, Université d’ Angers, Inserm U1066-MINT - Micro et Nanomédecines Biomimétiques,
IBS-CHU Angers, 4 rue Larrey, F-49933 Angers, France
Pole SPIP, CHU Angers, 4 rue Larrey, F-49933 Angers, France
*Correspondence: frederic.lagarce@univ-angers.fr

Nanomedicine is a great hope to enhance the efficacy of drugs and thus the health of many. Unfortunately, while nanotechnology is not new,
industrial processing is a major barrier for the market access of nanomedicines. The aim of this work was to study the scale-up possibilities for
a very promising formulation; i.e., lipid nanocapsules (LNCs) developed in our laboratory. Pilot-scale batches of ibuprofen LNCs and free-drug
LNCs (50 x scale factor) were compared to lab-scale batches. Average diameter, zeta potential and drug loading were determined at the pilot and
lab scales. Stability was also studied over time at 4 °C and room temperature by monitoring size, drug loading and zeta potential over 12 months.
It was found that average diameter, zeta potential and drug loading were not significantly different for the pilot and lab scale (p < 0.05). After
scale-up, the entrapment efficiency of ibuprofen remained over 97 % and the polydispersity index remained very low (< 0.03). The stability study
showed a slight increase of LNC diameter along time and a decrease of zeta potential only for free-drug LNCs. In the case of ibuprofen-loaded
LNCs, drug loading remained over 96 % throughout the study at 4 °C and room temperature. These results showed the good ability of LNCs for
scale-up without any complex optimization processes. This makes LNCs good candidates for industrial processing and market access.
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Nanomedicine is a very promising field to enhance the benefits
of therapeutic drugs. In fact nanocarriers have shown that they can
improve not only the oral bioavailability of many drugs [1] but also
their pharmacokinetics and efficacy [2]. While the literature is replete
with the pharmacological and toxicological aspects of nanomedicine,
only a few papers are dedicated to the production scale-up process
of nanoparticles [3, 4]. The first paper [5] dedicated to large-scale
production of nanocapsules was published in 2001, less than 15 years
ago. Good scale-up is a critical point to assess the quality of industrial
batches of nanomedicine. Many challenges remain to assure large-
scale production of nanomedicine batches compatible with industrial
constraints [6]. The main features of nanoparticles — size, drug load-
ing, zeta potential, and drug release ability — have to remain the same
from the bench in the lab to the pilot batches. Few commercial forms
of nanomedicine have reached the market [2]; this is, for example,
the case for Abraxane (paclitaxel/albumin nanoparticles, Abraxis
Bioscience) or for Doxil (doxorubicin pegylated liposomes, Janssen),
suggesting that the challenges of scale-up can be a limiting factor for
market access.

In our laboratory we have developed over the last decade a lipid
nanocapsule formulation that has been intended for scale-up from
its conception [7, 8]. These nanocapsules are obtained by using a
very simple process (Figure 1) without the use of organic solvent
and using only generally recognized as safe (GRAS) additives that
are GMO free [9]. These nanocapsules have shown their ability to
encapsulate lipophilic drugs such as paclitaxel [10], sn38 [11], ibu-
profen [12], ferrociphenol [13], etoposide [14], and also hydrophilic
drugs such as doxorubicin hydrochloride [15] or erlotinib [16]; and
biomacromolecules such as DNA [17] or SiRNA [18], thus making
these nanocapsules a good platform for nanomedicine [19]. In order
to prepare preclinical batches of paclitaxel nanocapsules to determine
theirefficacy and toxicity, firsta 10-fold scale-up procedure was imple-
mented [20]. The goal of the present study was to set up and evaluates
a much larger (50-fold) scale-up process. The obtained nanocapsules
were characterized in terms of average diameter, zeta potential and
drug loading in order to check that their properties were maintained
after the scale-up procedure.
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Figure 1 - Formulation process of lipidic nanocapsules (from [12]).

I. MATERIALS AND METHODS
1. Materials

Ibuprofen was purchased from Sigma (Steinheim, Germany),
Labrafac CC; i.e., medium chain triglycerides (C8-C10 fatty acids),
was kindly provided by Gattefossé (Saint-Priest, France). Lipoid
S75-3 (soybean lecithin) and Solutol HS15 (polyethylene glycol-660
hydroxystearate) were kind gifts from Lipoid GmbH (Ludwigshafen,
Germany) and BASF AG (Ludwigshafen, Germany), respectively.
All other chemical reagents were obtained from Sigma (Steinheim,
Germany) and Prolabo (Fontenay-sous-Bois, France) and were of
analytical grade. De-ionized water was obtained from a Milli RO
System (Millipore, Paris, France).

2. LNC preparation

The preparation of LNCs was based on a phase inversion method
that allows for the preparation of very small nanocapsules by thermal
manipulation of an oil/water system [7]. Briefly, 1,013 mg of Labrafac
CC were mixed with 845 mg of Solutol HS15,75 mg of Lipoid S75-3,



J. DRUG DEL. SCI. TECH., 23 (6) 555-559 2013

89 mg of sodium chloride, and 3,000 mg distilled water and heated
under magnetic stirring to 90 °C (until a distinct drop of conductivity
occurred) ensuring that the phase inversion temperature was exceeded.
The cooling step was then performed until a temperature close to
60 °C was reached, again, completely passing the phase inversion
zone. This cycle was repeated twice before adding 12.5 mL of distilled
water at 2 °C when the mixture was at 75 °C. The LNCs production
at laboratory scale was performed on a heated magnetic stirring plate.
Heating-cooling cycles (typically carried out at a rate of 4 °C/min)
and stirring were not reproducible; so, heating step was performed at
a rate higher than 4 °C/min and cooling step was performed at a rate
lower than 4 °C/min.

For ibuprofen-loaded nanocapsules, 100 mg of ibuprofen were
dissolved, under agitation, in 913 mg of the internal oily triglyceride
phase prior to all preparation steps by heating at 37 °C for 60 min [12].
The above mentioned procedure was then applied to the mixture. All
experiments were performed in triplicate.

3. Pilot-scale production

Scale-up production was carried out by increasing 50 fold the
material used for laboratory batches.

The equipment used for pilot-scale production is based on the
automatic reactor ARLA1, marketed by Algochem Company (Paris,
France). It was composed of two double-jacketed reactors (Figure 2).
The first reactor, in which the cooling-heating cycles are performed,
had a total capacity of 250 mL and was equipped with three-bladed
propeller. The second one had a total capacity of 1,000 mL and was
also equipped with three-bladed propeller. Unlike trials at laboratory
scale, each reactor was controlled automatically in terms of tempera-
ture, agitation and time. The main characteristics of the pilot-scale
production process are presented in Table I and compared to the
lab-scale.

Figure 2 - Equipment used to obtain pilot-scale batches of lipid nano-
capsules (ARLA1, Algochem).

Table | - Equipment used to prepare LNCs at laboratory and pilot scales.
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4. Characterization of lipid nanocapsules
4.1. Particle size and surface charge

LNCs were characterized for average diameter based on intensity
distributions, polydispersity index and charge distribution by dynamic
light scattering using a Zetasizer Nano Series DTS 1060 (Malvern
Instruments S.A., Worcestershire, United Kingdom). LNCs were
diluted 1:60 (v/v) in deionized water in order to ensure a convenient
scatter intensity on the detector. Measurements were performed in
triplicate for each point.

4.2. Drug loading

Determination of drug loading was achieved by spectrophotometry.
LNCs were separated from supernatant using Amicon Ultra 4 mL
10 KDa microcentrifugal filters (Merck Millipore Ltd., Tullagreen,
Carrigtwohill, County Cork, Ireland). Ibuprofen concentration was
measured in supernatant by spectrophotometry at 269 nm using
an Uvikon 922 Spectrophotometer (Bio-Tek Kontron Instruments,
Saint-Quentin-en-Yvelines, France). Quantification was achieved by
comparing the absorbance at 269 nm of ibuprofen sample to a calibra-
tion curve established in linear range 5-500 pg/mL. The experimental
drug payload was determined as the difference between the theoretical
drug payload and the ibuprofen concentration dosed in the supernatant.
The encapsulation efficiency (%) was determined by dividing the
experimental drug payload by the theoretical drug payload. Samples
were performed in triplicate.

5. Stability study

The stability of nanocapsule suspensions during storage at 4 °C
and room temperature was assessed by measuring size distribution,
polydispersity and the zeta potential, for one year as stated before in
the text. The stability of encapsulation (i.e., drug loading consistency)
was also evaluated for one year by spectrophotometry as described
above.

6. Statistics

The data are presented as mean + standard deviation of three dif-
ferent experiments. The Mann Whitney U test was used to compare
the means, a p value < 0.05 was considered a significant difference
between means.

Il. RESULTS
1. Preparation of LNCs at the lab-scale and pilot-scale
Free-drug LNCs and ibuprofen-loaded LNCs were successfully
prepared at the lab and pilot scales. The characteristics of the obtained
nanoparticles are displayed in Table 11. Ibuprofen-loaded LNCs were
found to be smaller than free-drug LNCs (p < 0.05), but no significant
differences were found between lab-scale LNCs and pilot-scale LNCs
for all characteristics in both groups (free-drug and ibuprofen-loaded
LNCs).Thus, pilot-scale process allowed for similar LNCs to lab-scale
process to be obtained. Entrapment efficiency was found high both
for lab-scale and pilot-scale LNCs (p > 0.05).

2. Stability study of LNCs prepared at the lab-scale
and pilot-scale

The on-shelf stability of LNCs was assessed for one year for
both techniques of preparation (lab-scale and pilot-scale). The aver-

Steps Laboratory Pilot
Recipient Agitation Recipient Agitation
Pre-emulsification Scintillation vial (20 mL) magnetic Beaker (250 mL) magnetic
Emulsification Scintillation vial (20 mL) magnetic Double-jacketed reactor (250 mL) | Three-bladed propeller
Dilution Scintillation vial (20 mL) magnetic Double-jacketed reactor (1000 mL) | Three-bladed propeller
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Table Il - Characteristics of LNCs obtained at laboratory and pilot scales with or without ibuprofen.

Nanoparticles Free-drug LNCs Ibuprofen-loaded LNCs
characteristics Lab-scale Pilot-scale Lab-scale Pilot-scale
Mean diameter (nm) 55.80 +0.97 58.07 +2.67 49.00 +1.63 45.41 +0.26
Polydispersity index 0.034 +0.006 0.078 +0.007 0.043 +0.022 0.024 +0.004
Zeta potential (mV) -5.15+0.30 -5.14 £1.59 -3.70 £0.19 -5.09 £ 1.21
Entrapment efficiency (%) - - 97.52 +0.55 97.76 £ 0.77

age diameter and the zeta potential of the LNCs along time at room
temperature and 4 °C are presented in Figures 3 and 4, respectively.
The polydispersity index remained below 0.2 for all batches tested
during for one year. Some data are missing for the long-term study;
this was due to the bacterial or fungal contamination of the suspensions
that were not sterilized. The monitoring of drug loading along time
at room temperature and 4 °C is presented in Figure 5. Drug loading
was maintained over 96 % for one year for lab-scale and pilot-scale
formulations at 4 °C and room temperature.

lll. DISCUSSION

The initial aim of this study was to produce ibuprofen nanocap-
sules in large batches, following a previous preliminary production
process that was published a few years ago [12]. The characteristics
of ibuprofen LNCs (average diameter, zeta potential ,drug loading and
encapsulation efficiency) were kept the same between this previous
work and the present study. The average diameter decrease observed
between free drug LNCs and ibuprofen LNCs is explainable in the
case of ibuprofen LNCs as the amount of labrafac is reduced relatively
to the other compounds. In fact, in ibuprofen-loaded LNCs, the mass
of labrafac was decreased to take into account the mass of added
ibuprofen. The formulation parameters of this process are now well
understood and mastered and this is a condition to consider in the
scale-up of the process.

In fact, scale-up is an important step in order to allow the market
access of new drug delivery systems. For nanomedicine, this step can
be very complex and often impairs the future of the most innovative
nanocarriers. Scale-up ability is linked to the production process. This
was shown by a study comparing three different methods for produc-
ing ibuprofen nanoparticles: salting-out, emulsification-diffusion and
nanoprecipitation [3]. In this study, the nanoprecipitation method was
less suitable for scale-up in comparison to salting-out and emulsifi-
cation-diffusion; for example, the size of the nanoparticles obtained
after pilot-scale process was smaller (105 + 8nm) than the batches
obtained at the lab-scale (141 + 5Snm). The entrapment efficiency was
also smaller for pilot-scale batches for the three methods but the relative
difference was higherin the case of nanoprecipitation. Our process was
initially designed to be suitable for large-scale production as it needed
only low energy and was not dependent on the stirring characteristics
as is, for example, the case for emulsification-diffusion process [3,
21]. In fact, in our process the stirring is only used to homogenate
the medium where the phase inversion occurs while the temperature
is changed. Stirring is not used to bring energy to the system in order
to obtain an emulsion or a nanoemulsion. In these cases, the stirring
mode has an important impact on the size of the particles [22]. Thus,
to obtain good results after scale-up, the energy patterns between lab-
scale volume and pilot volume should be the same, which is difficult
to obtain.
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Figure 3 - Evolution of nanocapsule size over time at room temperature
(A) and 4 °C (B).
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Figure 4 - Evolution of LNC zeta potential over time at room tempera-
ture (A) and 4 °C (B).
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Figure 5 - Evolution of LNC drug loading over time at room temperature
(A) and 4 °C (B).

Interestingly, our process allowed us to obtain good quality pilot-
scale batches without optimizing the process along the scale-up. In
fact, to go from lab-scale to pilot-scale, a 50 x factor was applied to
the amount of all chemicals used in the formulation. Only the material
(i.e.,heating/cooling process, volumes, etc.) had to be designed for the
pilot-scale. At the laboratory scale, the two steps of LNC formulation,
i.e., heating-cooling cycles and dilution, were performed in the same
vessel, a 20 mL vial. Magnetic agitation enabled a small volume at
the beginning to be mixed and then also the LNC suspension after the
dilution step. For pilot-scale batches, two distinct reactors were used
in order to overcome complicated design of the equipment. Indeed, it
was difficult to design a reactor in which it was possible to stir a small
volume at the beginning and a much larger one at the end while main-
taining correct homogenization of the medium. We chose to perform
the first step in a 250 mL reactor, controlled automatically in terms of
temperature, agitation and time, and to add by gravity the mediumin a
second reactor containing the dilution water (Figure 2). This ability to
goeasily from lab-scale to pilot-scale by geometric scale-up is not often
described. For example, curcumin C3 complex-loaded nanoparticles,
prepared by solventevaporation/diffusion method, had to be optimized
in four stages in order to obtain a 50 x scale-up [21]. In this case, the
relative amounts of the solvents changed along the scale-up stages, the
sonication time and other formulation factors had to also be optimized
for each stage. In other studies, a membrane contactor had to be used
in order to obtain pilot-scale batches close to the lab-scale batches
for liposomes and niosomes containing caffeine and spironolactone
[23] and for vitamin E nanocapsules [24]. For solid lipid nanoparticles
(SLNs), some very large scale-up batches have been obtained by high
pressure homogenization (HPH) and have been found stable along
time [25]. HPH is well adapted to the production of SLNs but not
to the production of LNCs. Mixing has often to be adapted to obtain
large-scale batches. Static mixers have been used in order to obtain
a continuous flow production of nanoparticles with success [26, 27]
and can be a solution to obtain very large scale batches. Our process
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is not adapted to static mixing, thus continuous flow production is not
possible today, but our process is fast and simple. A 50 x scale-up batch
takes only 2 h to obtain, and time is not proportional to quantity; for
this reason, much larger scale batches and multiple production can
be considered for industrial production of lipid nanocapsules.

The scale-up process can change the stability of the nanoparticles;
itis thus important to check the stability of the pilot-scale batches along
time. Our results showed that the stability of lab-scale and pilot-scale
batches was comparable. The ibuprofen LNCs displayed a better stabil-
ity in comparison to free-drug LNCs. The size increase observed along
the one year stability study being greater on free-drug LNCs is due to
Ostwald ripening. This phenomenon was found to have only a minor
effect on ibuprofen-loaded LNCs as the active ingredient stabilized
the oily core of nanocapsules. Similarly, Ostwald ripening could be
responsible for the decrease in zeta potential observed on free-drug
LNCs because the migration of oil molecules is thought to induce a
change of conformation of the polyethylene glycol shell constituting
nanocapsules and, thus, the value of the surface potential.

The ability of the LNC manufacturing process for scale-up has
also been verified very recently for etoposide nanocapsules [14].

*

This study showed thatlipid nanocapsule technology is well adapted
to scale-up without a complex optimization study. Large-scale batches
were obtained and the characteristics of the LNCs were maintained
after scale-up and also along time for 12 months. The nanocapsules
have previously shown their ability for freeze drying [28] and are well
tolerated in animal studies [20]. All these features make LNCs good
candidates for market access.
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