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Summary

In recent years, our team has developed original compartmented lipid nanometer-sized particles
produced by high pressure homogenization, a scalable process, with pharmaceutically approved

excipients.

The particles actually belong to the family of Janus nano-objects as they are organized in two
juxtaposed substructures : one half is a droplet of liquid-state lipids while the other half is

vesicle-like and encloses an aqueous core delimited by a phospholipid-containing bilayer shell.

Added to the intrinsic biocompatibility of the constituting lipids, such a system provides a
potentially very valuable tool in pharmaceutical and biomedical fields, able to separately
incorporate and co-convey hydrophilic and lipophilic substances with distinct activities, for

example, a medical imaging agent and a drug for coupling diagnosis and therapy.

Here, we are interested in loading Janus nanoparticles with a magnetic fluid composed of
superparamagnetic iron oxide nanocrystals (ferrofluid, FF), indeed as efficient contrast agent
for magnetic resonance imaging (MRI), being magnetically targetable and providing ability for

hyperthermia treatment.

Alternately, hydrophilic or lipophilic FF compatible with the production process have been
developed by investigating different stabilization pathways of the nanocrystals depending on

the encapsulation compartment.



Résumeée

Depuis quelques années, notre laboratoire développe des nanoparticules lipidiques
bicompartimentées originales produites par homogénéisation haute pression, un procédé
transposable a grande échelle, a partir d’excipients pharmaceutiques validés par différentes

pharmacopées (Eur., USP, JP).

Ces particules appartiennent ainsi a la famille des nano-objets Janus puisqu’elles sont
organisées en deux sous-structures juxtaposées : une moitié est constituée d’une gouttelette
huileuse alors que I’autre moitié¢ est composée d’une structure vésiculaire et renferme un cceur

aqueux délimité par une bicouche phospholipidique.

En plus de la biocompatibilité intrinseque des lipides constituants, un tel systéme représente un
outil potentiellement trés intéressant et valorisable du point de vue pharmaceutique et
biomédical capable d’incorporer séparément et de co-véhiculer des substances hydrophiles et
lipophiles aux activités distinctes, par exemple un agent d’imagerie médical et un principe actif

pour coupler diagnostique et thérapie.

Ici, nous nous sommes intéressés a charger les nanoparticules Janus avec un fluide magnétique
composé de nanocristaux d’oxyde de fer (ferrofluide, FF), actif en tant qu’agent de contraste
efficace en IRM, étant magnétiquement controlable et permettant d’envisager un traitement par

hyperthermie.

Tour a tour, des FF hydrophiles ou lipophiles compatibles avec le procéde de production ont
été développés en étudiant différentes voies de stabilisation des nanocristaux en fonction du

compartiment d’encapsulation.
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GENERAL INTRODUCTION

Medicine relies on the use of pharmacologically active agents (therapeutics or drugs) to manage
or reverse the course of disease. However, pharmacologically active agents are not inherently
effective ; their benefit is directly coupled to the manner by which they are administered. There
is a need to improve modes of delivery, and a clearer scientific understanding of how drug

administration affects safety and efficacy, as new therapeutic molecules are discovered.

Before 1950, all drugs were made into pill or capsule formulations that released the loaded drug
immediately in contact with water without any ability to control the drug release kinetics. The
first controlled release formulation was introduced by Smith Kline & French in 1952 for 12-
hour delivery of dextroamphetamine (Dexedrine) [1]. Then, bioadhesive forms, that increased
the residence time in front of absorption windows (skin, mucosa), and microparticulate dosage
forms, implantable or smoothing intestinal distribution in case of oral administration, have been
developed. At last, nanosized forms were investigated in order to control drug distribution after
intravenous administration. Since the first FDA approval of colloidal drug delivery system
(DDS), amphotericin B-loaded liposomes in 1990, more than ten DDS based on
nanotechnology are now commercially available to treat diverse diseases ranging from cancer

to fungal infection and to muscular degeneration [2,3].

The use of nanoparticulate pharmaceutical DDS can overcome several problems that are
associated with traditional drugs, such as poor aqueous solubility, low bioavailability and
nonspecific distribution in the body. The first generation of nanoparticulate DDS mainly aimed
to improve one single aspect, such as the need to increase drug stability in vivo and the
circulation time in the blood, or the need to target a drug to a specific tissue or pathology. Now,
research has led to the development of nanoparticles that can perform two or more functions
(either simultaneously or sequentially) to overcome multiple physiological barriers to optimize
delivery and distribute their loads (single or multiple) to the required target sites (organs,

tissues, cells) or specific pathologies in the body [4].

Multifunctional nanoparticles fabricated using various chemistries with distinctive
architectures have been designed and evaluated for potential drug delivery applications [5,6].

In general, nanoparticles can be classified as organic and inorganic.

In organic-based nanomaterials, polymeric nanoparticles, micelles, and liposomes mostly
consist of amphiphilic compounds with biocompatibility, while crosslinked nanogels provide a
network with highly porous structure, and dendrimers have tree-like branched structures [7—

11]. Polymers provide an interesting flexibility in terms of chemistry and structure for
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fabricating multifunctional nanoparticles. Organic or polymeric nanoparticles have been widely

used in designing DDS and have shown awesome promise in biomedical applications [12—15].

Inorganic nanocarriers such as mesoporous silica, magnetic nanoparticles, gold nanoparticles,
and quantum dots have unique properties and provide capabilities for tracking, while their rigid
surfaces are suitable to functionalization [16]. They possess a number of characteristics that
make them convenient for drug delivery, including robust and durable core materials allowing
secure encapsulation of cargo, wide range of functions, and abundantly available materials to
reduce cost [17,18]. Moreover, inorganic nanocarriers can also exhibit different imaging
modalities, magnetic properties, and photothermal capacities that are not usually seen in lipid
and polymer-based nanoparticles. Thus, multifunctional magnetic nanoparticles, mesoporous
silica nanoparticles, quantum dots, gold nanoparticles, and carbon nanotubes have been used as
DDS [19-23].

In addition to conventional drug-encapsulated nanoparticles, Janus particles have an interesting
anisotropic structure which make them very attractive since they can be used to co-deliver two
drugs with distinct properties or a drug and an imaging agent [24]. As a demonstration, water
soluble (doxorubicin hydrochloride) and water insoluble (paclitaxel) drugs are encapsulated in

a single Janus particle. Each drug is separately released from the particles [25].

In this PhD thesis, superparamagnetic iron oxide nanoparticles (SPION) are chosen as a
diagnostic agent, and incorporated into innovative lipid-based Janus nanoparticles to produce
a new theranostic tool. Two different ways of stabilization of the SPION were investigated and

their further encapsulation in Janus nanoparticles.

The thesis consists of four main sections. In the first section, a literature review inventories and
describes the recent lipid-based nanosystems encapsulating SPION and their applications in
drug delivery. To achieve the different specific aims, the research plan is divided in three

chapters.

Chapter 1: Scalable process to produce lipid-based innovative compartmented Janus
nanoparticles with pharmaceutically approved excipients. This chapter reports the formation

mechanism of the Janus nanoparticles and their different physico-chemical characterizations.

Chapter 2 : Synthesis and incorporation of aqueous ferrofluid in Janus nanoparticles. In this
section, an aqueously stabilized ferrofluid is developed and characterized in order to be

incorporated in the aqueous part of the Janus nanoparticles.
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Chapter 3 : Synthesis and incorporation of lipophilic ferrofluid in Janus nanoparticles. In this
last part, a hydrophobic ferrofluid is prepared and characterized with the intention of being

incorporated in the lipid part of the Janus nanoparticles.

At last, general discussion and conclusion will end this manuscript. An annex describing the
lipid-based raw materials used in this project has been added to help the reader.
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Abstract
Introduction

The development of multifunctional drug carriers opens many opportunities in the field of drug
delivery. Among them, carriers loaded with drug and superparamagnetic iron oxide
nanoparticles allow the combination of chemotherapy with the possibility to monitor or control
the distribution in the body of the nanocarrier, the triggering of the drug release and/or the

implementation of a synergistic hyperthermia treatment.
Areas covered

The present review covers biocompatible lipid-based nanotechnologies that have been
employed to co-encapsulate drug and iron oxide. Depending on their physico-chemical
properties, lipids are able to generate monophasic lipophilic nanodispersions or more complexe
constructs containing both lipidic and aqueous domains. This review describes the how and

why of these nanoobjects.
Expert opinion

A focus has been done on the co-encapsulation aspects of these hybrid systems especially to
discuss the possible heterogeneities in drug-to-iron oxide ratio and the difficulties that could be

encountered in the construction of such biocompatible multifunctional drug carriers.

Keywords : cubosomes, iron oxide, ISAsomes, liposome, nanoemulsions, NLC, SLN, SPION.
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1. Infroduction

Superparamagnetic iron oxide nanoparticles (SPION) are iron oxide single-crystal
(nanocrystal) which are often coated with inorganic or organic materials of varying chemical
properties and primarily used as stabilizers of the colloidal state. The dispersion of SPION into
a carrier fluid such as water or organic solvents gives colloidal suspension named ferrofluid. It
has long been of scientific and technological challenge to synthesize these systems and control
their size distribution and shape. Beside conventional reaction processes based on redox-
assisted precipitation of iron salts [1], more recent strategies for obtaining calibrated iron oxide
crystals in nanometer range have emerged for the last decade including solvothermal,
biomineralization or surfactant-assisted routes [2,3]. In parallel, surface modification or
functionalization through covalent or non-covalent binding of molecules or macromolecules
have been extensively developed to modulate the solubility of the nanocrystals in different
liquid phases while preserving a stable suspension state therein. The most significant example
concerns biomedical applications for which stability in physiological fluids is essential. In this
last respect, simple surface-coating of SPION has been intentionnaly replaced/completed by
hierarchical formulations leading to their incorporation/encapsulation in protective reservoir
systems, possibly functional, while preserving even enhancing their superparmagnetic
behaviour. The advantage of this approach is to allow the combination of SPION properties
with other actions such as therapeutic activity through the co-encapsulation of drugs. The
present review focuses on the latter aspect when lipid-based nanotechnology has been
employed.

2. Superparamagnetic Iron Oxide Nanoparticles (SPION)

2.1. Structure and magnetic properties

SPION used for biomedical applications often consist of two components, an iron oxide core
and a hydrophilic or hydrophobic surface-coating. The iron oxide core is nanometric and can
be composed of magnetite (FesO4) and/or maghemite (y-Fe2Oz3) as a rule in the single-crystal
state. Maghemite, the ferromagnetic cubic form of Fe(lll) oxide, is closely related to the
structure of inverse spinel Fe3O4 but differs from it by the presence of vacancies distributed on
the cation sublattice [4]. The magnetic properties present in some ferromagnetic materials are
the result of aligned unpaired electron spins. In a non-magnetized ferromagnetic material,
magnetic moments of the magnetic domains (Weiss-domains) are aligned at short range, but at

long range, magnetic moments of adjacent domains are anti-aligned. Superparamagnetism
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occurs when the size of the crystals is smaller than ferromagnetic domains (0.03 to 0.05 pum)
and so, they don’t have any magnetic remanence, unlike ferromagnetic materials [5]. Each
crystal is then considered to be a fully magnetized single magnetic monodomain, and can be
considered to be a monomagnet which is a direct consequence of the spinel structure of the
crystal, permitting strong magnetic coupling and consequently perfect alignment of the
individual magnetic spins. The temperature at which a particle becomes superparamagnetic is

called the blocking temperature (Tg) and defined as :

KV
Im
kB 11’1(1_0)

T = (Equation 1)

where K is the magnetic anisotropy constant, V is the volume of a nanoparticle, ky is the
Boltzmann constant, tm iS the measurement time and 1o is a length of time, characteristic of the
material, called the attempt time or attempt period [6]. When SPION are placed in an external
magnetic field their moments align in the direction of the magnetic field. This ability to elicit
substantial disturbances in the local magnetic field through large magnetic moments leads to a
rapid dephasing of surrounding protons, generating a detectable change in the magnetic
resonance signal. Thus, the imaging capability provided is not from the SPION intrinsically,

but through their influence on longitudinal and transverse relaxation of the surrounding nuclei

[7].
2.2. Biocompatibility — biodegradability

Before SPION can be used in vivo, biocompatibility is a crucial factor that must be studied.
Usually, SPION have a good biocompatibility profile [8,9] and their uptake by macrophages is
not associated with cell activation. The biocompatibility extent of SPION mainly depends on
the nature of the magnetic content, final NP size and nature of coating. Human tissues may
contain iron or iron oxides in the form of haemosiderin, ferritin and transferrin. Normal liver
contains approximately 0.2 mg of iron per gram and total human iron stores amount to 3500
mg. The total amount of iron oxide for diagnostic imaging (50 to 200 mg Fe) is small compared
to the body's normal iron store. Chronic iron toxicity develops only after the liver iron
concentration exceeds 4 mg Fe/g [10]. The particle size affects cellular uptake, biodistribution,
and other pharmacokinetics. Size of iron oxide nanoparticles should be optimized to avoid rapid
clearance by the body’s immune system, and consequently to be accumulated sufficiently in

the target tissue or organ. The size ranges could differ depending on the shape, surface
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composition and charge [11] but it was reported that very small-sized nanoparticles
(hydrodynamic diameter of < 5-10 nm) are excreted renally [12] whereas medium-sized
nanoparticles (30-150 nm) offer a broad distribution in the bone marrow, heart, kidney and
stomach [13]. Meanwhile, large particles with hydrodynamic diameter of > 50-100 nm are
easily taken up by phagocytes [14] and therefore tend to quickly accumulate in tissues such as
the liver and spleen [15]. Interestingly, nanoparticles of 10-20 to 100-150 nm tend to
accumulate in tumors through enhanced permeability and retention (EPR) effect, because
cancerous tissues generally combines fenestration of blood vessels that are hundreds of
nanometers in size [16,17] and a poor lymphatic drenage. In order to prolong plasma half-life,
amphiphilic coatings are preferred, extending the circulation time of the particulate from
minutes to hours [18]. Beside renal excretion, SPION are suggested to also biodegrade and clear
from the body through the endogenous iron metabolic pathway [19]. The released iron is first
metabolized in the liver and then either used in production of red blood cells or eliminated from

body through kidneys.
2.3. Applications (MRI, magnetophoric mobility, hyperthermia)

In addition to tissue density, tissue relaxation properties (Ti) contribute to image contrast in
MRI. During the process of T relaxation, protons reorient resulting in recovery of longitudinal
magnetization. During the process of T» relaxation, protons dephase resulting in decay of
transverse magnetization. To* relaxation refers to decay of transverse magnetization caused by
a combination of T» relaxation and magnetic field inhomogeneity. Superparamagnetic
nanoparticles are mostly used because of their negative enhancement effect on T,- and T>*-
weighted sequences. This predominant effect on the T relaxation time doesn’t prevent the use
of the properties of these agents on the T relaxation time when appropriate imaging sequences
are chosen [20,21]. The efficiency of a contrast agent or its relaxivity depends on its ability to
accelerate the proton relaxation rate, which is defined as the increase of the relaxation rate of
the protons of the solvent (water) induced by 1 mmol.L™? of the active ion as described in
Equation 2.

1 L riC;i=1or2 (Equation 2)

RL(ObS) - Ti(obs) - Ti(dia)

In this equation, Riebs) and 1/Tins) are the global relaxation rates in an aqueous system, Tiia) IS
the relaxation time of the system before addition of the contrast agent, C is the concentration of

the paramagnetic center expressed in mmol.L™2, and r; is the relaxivity (s*.mmolL.L). The
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effectiveness of a T1 or T2 contrast agent is defined by the r2/r1 ratio : the higher the ratio ra/ry,
the more efficient the T. agent and the better the contrast. The magnetic relaxation
characteristics can be measured by studying the nuclear magnetic resonance dispersion
(NMRD) profile, which finally yields information about the mean crystal size, the specific
magnetization, and the Néel relaxation time [22]. The dipolar interactions between the
superparamagnetic cores and surrounding solvent protons result in an increase in both
longitudinal (spin-lattice) and transverse (spin-spin) relaxation rates and thus to an upgrade in
the relaxivity, that is to say the effectiveness of the contrast agent. As examples, the r1 values
of commercial Resovist and Endorem are 25 mM™.st and 40 mM.s? respectively at 0.47 T
while their r, values was found to be 164 mM.s* and 160 mM™.s™! at the same magnetic field
strength. Thus, the ra/r1 ratio of Resovist and Endorem are 6.2 and 4 respectively [23].

Interesting properties have been obtained with non-commercial SPION [24,25].

Magnetic vehicles are very attractive for delivery of therapeutic agents as they can be targeted
to specific locations in the body through the application of a magnetic field gradient [26]. An
estimate of the magnetic force exerted onto magnetic nanoparticles by a magnet can be

calculated as :

Fn = NymesVB (Equation 3)

where N, is the magnetic nanoparticles number, me is the effective magnetic moment and VB
is the magnetic field gradient. The magnetic localization of a therapeutic agent results in the
concentration of the therapy at the target site consequently reducing or eliminating the systemic
drug side effects. In magnetic targeting, carriers loaded with drugs and SPION are intravenously
or intra-arterially administrated. When applying an external high-gradient magnetic field at the
desired site (ex : solid tumor), the magnetic moments of superparamagnetic particles are aligned
with the field and the particles undergo a magnetophoretic driving force proportional to the
field gradient which moves them towards the stronger field : the drug/SPION composites can
be accumulated locally [27-29]. In most cases, the magnetic field gradient is generated by a
strong permanent magnet, fixed outside the body over the target site. When the magnetic forces
exceed the linear blood flow rates in arteries (10 cm/sec) or capillaries (0.05 cm/sec), the
magnetic particles are retained at the target site by the external magnetic field. Once the carrier
is concentrated at the targeted location, the drug can be released either via passive diffusion or

physiological triggers such as pH, osmolality, temperature or enzymatic activity, and may be
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internalized, as SPION, by cells of the target tissue or tumor cells. The intravenous injection of
magnetic nanocarriers needs to be balanced against a potentially higher reticuloendothelial
system clearance and requires sufficient energy magnetic fields [30,31]. The clinical success of
magnetic drug targeting depends on strong magnets being able to produce high magnetic field

gradients at the target sites and the modality of their application.

Magnetic hyperthermia offers the possibility of taking a drug-free approach to the treatment of
cancer by localized heating of cancer cells from inside. When submitted to an alternating high-
frequency magnetic field, magnetic fluids are able to release heat as a consequence of Neel and
Brownian relaxation losses in single-domain particles [28,32,33]. Moderate raising the
intracellular temperature to 41-47°C results in cancer cell apoptosis, whereas normal cells can
tolerate this temperature [34,35]. The microenvironmental factors such as pH, oxygenation,
blood perfusion, etc. explained such tumour sensitivity [36]]. The heating ability of a magnetic
fluid is defined by the specific absorption rate (SAR), also called specific loss power (SLP),
measured in Watts per g of magnetic material. It depends on the nature, the size and the structure
of the particle [37]. Interesting and promising results have been obtained in vivo in this field for

examples against osteosarcoma [38] and breast cancers [39].

An extensive surface chemistry has been developed on SPION to design coatings that allows
incorporation of multiple functionalities into each grain. Among others, such modifications tend
to bypass the physiological barriers such as reticulo-endothelial system, optimize circulation
times, maximize targeting and uptake by the desired cells, promote intracellular trafficking or
enable controlled drug release. These strategies of direct modification of the iron nanoparticles
are not developed in this review but readers will find more information on reviews devoted to
them [40-43]. The lipid nanoassemblies are classified here into lyotropic or non-polar lipid-
based systems depending on the lipid material properties. Tables 1 and 2 summarize the
description of the different systems while Table 3 focuses on the in vivo applications of these

SPION-loaded lipid based nanoassemblies.
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Table 1.1. Main characteristics of the systems based on lyotropic lipids. Data in italic have been calculated / estimated from the data available

in the corresponding publications.

SPION Drug
System type | Preparation Lipid composition mean Stabilizer | Concentration | Encapsulation | Name Concentration | Encapsulation | Ref
process diameter Efficiency efficiency
(hm)
Liposomes Ultrasonication * 164 PEG 200 mg/ mL nd Nimodipine > 100 pg/mL 95% [54]
Liposomes Film hydration DPPC 142-145 Citrate Molar ratio | 36% Gemcitabine Molar ratio | 54% [65]
+ extrusion Cholesterol (theoretical) : 8 (theoretical) : 6
mol% vs. lipid mol%
Liposomes Film hydration EPC- 200 Citrate 0.53 £ 0.05 mol | nd RU 58668 3.5 mol% nd [55-58]
+ extrusion DSPE-PEG2000 of Fe (Il1)/mol
of total lipid
Liposomes Film hydration TMAG 100 nd 187 mg/mL nd Docetaxel 56.8 pg/ml nd [61-62]
+ extrusion DLPC
DOPE
Liposomes Film hydration L-a- 150-200 Citrate nd nd cucurbit[7]uril | nd nd [63]
+ extrusion phosphatidylcholine zinc
cholesterol, phthalocyanine
stearylamine complex
Liposomes Reverse phase DPPC 150 Citrate 6 fg / liposome nd m-THPC [m-THPC](uM) | nd [64]
evaporation DSPC [[Fe](M) =
DSPE-PEG2000 120+ 15
Liposomes Film hydration PC 65 nd nd nd 5-fluorouracil | 104 M 95% [67]
+ extrusion
Liposomes Reverse phase Cholesterol 174 Oleicacid | 1 uM 89% Doxorubicin 2uM nd [68-69]
evaporation + DOPC- and
ultrasonication DPTAP- hydrolyzed
NBD-DPPE- poly
PEG7s0-DMPE- (maleic
Fol-PEG2000-DSPE anhydride-
alt-1-
octadecane)
Liposomes Reverse phase PC 228 nd nd 68% Gemcitabine | nd 73% [59]
evaporation + Cholesterol Oxaliplatin 78%
ultrasonication DMPG
Liposomes Film hydration DPPC 227 Citrate Mass ratio | 83% Paclitaxel nd 75% [66]
+ DOPG (theoretical) : 25
ultrasonication wt% vs. lipid
Microvesicles | Centrifugation Natural membrane 670 Citrate nd nd Foscan 0.5 uM nd [76]
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Magnetic Doxorubicin
sorting t-PA
TPCS2a
Exosomes Conjugation Natural membrane 40-110 Carboxyl- | 0.4 ug iron/ug | nd Doxorubicin | nd 10% [77]
group exosome
Cubosomes Film hydration Monoolein 230 Oleic acid | nd nd Rhodamine nd 17% [85]
+ sonication 110
Octadecyl
rhodamine B

* Composition described in the supporting informations which were not easily accessible.
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Table 1.2. Main characteristics of the systems based on non-polar lipids. Data in italic have been calculated / estimated from the data available

in the corresponding publications.

SPION Drug
System type Preparation Lipid mean Stabilizer Concentration* | Encapsulation | Name Concentration* | Encapsulation | Ref
process composition | diameter Efficiency efficiency
(nm)
Nanoemulsions | Solvent DSPC 50 Oleic acid 375 pg/mL 100% Prednisolone | 0.13 mg/mL 68% [108-110]
removing + | PEG-DSPE acetate
sonication soybean oil vlerate
Cy7 PEG-
DSPE
Solid lipid | oil-in-water Cetyl 248 Unknown 3 wt% > 80% Sorafenib 6.35.10 M 90% [119]
nanoparticles emulsion + | palmitate polymer
sonication (commercial
SPION)
Solid lipid | Film scattering | GMS 224 Oleic acid 2.16 mg/mL nd Cisplatin nd 69% [120]
nanoparticles + sonication HSPC
F-68
Solid lipid | Ultrasonic Stearicacid | 127 Oleic acid Ibuprofen nd 80% [121]
nanoparticles dispersion
Solid lipid | solvent Monostearin | 228 Oleic acid nd 19-83% Doxorubicin | 3% 65% [123]
nanoparticles diffusion
Solid lipid | oil-in-water Trilaurin 100-180 | Octadecyltri- 20 mg/mL 40-65% Tetracaine 1.3.10°M nd [124]
nanoparticles emulsion + methoxysilane
homogenization
Solid lipid | High shear | Cetyl 206 Oleic acid 1 wt% nd Methotrexate | 1 wt% 98% [125]
nanoparticles homogenization | palmitate
Stearic acid
Tween 60
Solid lipid | Solvent Nucleolipids | 100-150 | Nucleolipids 100 pg/mL nd a-tocopherol | 0.05 mg/mL 10% [123]
nanoparticles diffusion DOPC Prostacyclin
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Table 1.3. Summary of the in vivo biological evaluations made with the systems described in this review. Data in italic have been calculated /

estimated from the data available in the corresponding publications.

System type Drug Objectives In vivo evaluation
Model Administration | SPION Drug Magnetic field | Main results Ref
route dose dose parameters
Liposomes Nimodipine Magnetic Parkinson IP nd 1 Magnet D10x5 | 2.5x increase of drug concentration | [54]
guidance disease rat mg/kg/day | mm, N35 compared to drug solution
Imaging model (6- Imaged at a 3T | Neuroprotective effect of drug
Early diagnosis | OHDA MRI loaded liposomes
Chemotherapy | injection)
Liposomes RU 58668 Imaging human U87 | IV 12.8 0.15 pmol | Imaged at a 7T | Magnetic accumulation of RU- | [55-58]
Magnetic glioblastoma pumol/g MRI MFLs
guidance RU 58668 anti-proliferative activity
Chemotherapy
Liposomes Docetaxel Chemotherapy | Human v nd 7.5-15 a  6.36-kA/m | Reduction of tumor volume [61-62]
Hyperthermia MKN45 mg/kg magnetic field | Increase in survival rate
gastric cancer alternating
cells in Balb- at 478 kHz with
¢/nu/nu mice an output power
of 1 kW
Liposomes Gemcitabine | Chemotherapy | MCF-7 cell in | IV nd 9-35 ug/g | 5000 G Minimization of tumor size [59]
BALB/c nude Inhibition of MCF-7cell growth
Oxaliplatin mice 1.25-5
mg/kg
Liposome Foscan Imaging Carcinoma Intratumoral 90 mg/kg | 0.16 30 mT at 111 | Complete tumor regression with the | [64]
Hyperthermia A431 cells mg/kg kHz for 30 min | dual therapy
Phototherapy into  NMRI Imaged at 4.7T
nude mice
Exosomes Doxorubicin | Chemotherapy | Kunming v nd 5 mg/kg Magnet 1T Enhancement of cancer targeting | [76]
mice bearing a under external magnetic field
subcutaneous Suppression of tumor growth
H22 cancer
Nanoemulsion Prednisolone | Imaging Colon cancer | IV (tail vein) 30 10 mg/kg | Imaged at a 3T | Significant accumulation of the | [108-110]
functionnalized valerate Chemotherapy | model mg/kg whole body MR | nanoemulsion in the tumors.
with RGD peptide | acetate (LS174T) in scanner Potent inhibitory effect on tumor
Swiss  nude growth in all animals treated with
mice drug loaded nanoemulsion.
Magnetic Solid Cisplatin Chemotherapy | human IV (tail vein) nd 0.6 mg/kg | cylindrical High drug concentrations [120]
Lipid cervical rubidium  iron
Nanoparticles carcinoma boron rare earth

SiHa cells into
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female nude magnet (4500
mice (B G)
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3. Magnetic-fluid-loaded lipid-based nanoscale systems
3.1. Systems based on lyotropic lipids

3.1.1. Synthetic vesicles : liposomes

Described first in the 1960s by Bangham [44], liposomes are core-shell structures definied as
closed vesicles delimited by one or several concentric hydrated lipid bilayers that entrap a part
of the aqueous phase where they have been formed. Usually, liposomes are mainly composed
of phospholipids. The advantage of these structures lies in their double ability to incorporate
hydrophobic or amphiphlic compounds in their bilayer shell and to encapsulate hydrophilic
substances in their inner aqueous core. The latter property has been successfully exploited to
load liposomes with a hydrophylic magnetic fluid conveniently stabilized either through
electrostatic repulsion of the iron oxide nanocrystals ensured by surface-binding of charged
molecules, typically trisodium citrate, or through steric repulsion obtained by surface-coating
with hydrophilic polymers such as chitosan, poly(ethylene glycol) (PEG), dextran, poly(vinyl
alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), alginate [45-50]. Magnetic-fluid-loaded
liposomes (MFL), also referred to as magnetoliposomes, have been often prepared by lipid film
hydration with the aqueous suspension of superparamagnetic grains to be encapsulated,
followed by sequential extrusion that provides calibrated unilamellar vesicles of submicronic
size. This procedure advantagelously preserves the individuality of the iron oxide nanocystals
constituting the magnetic fluid and then their initial superparamagnetic behaviour. The last
preparation step corresponds to liposome purification by removal of the non-encapsulated
material. While many works and several reviews [7,51-54] deal with liposomes incorporating
SPION, the following descriptions focus on systems where drugs are co-encapsulated and are

classified regarding the main role of SPION.
3.1.1.1. Magnetic guidance

Martina et al. succeeded in the production of MFL composed of Egg-yolk L-a-
phosphatidylcholine (EPC) and 1.2-diacyl-SN-glycero-3-phosphoethanolamine-N-[methoxy
(poly (ethylene glycol))-2000] (DSPE-PEGa2000), used as steric stabilizer, and encapsulating a
concentrated suspension of maghemite nanoparticles obtained by coprecipitation of Fe?*/Fe3*
salts and electrostatically stabilized with trisodium citrate [55]. Sequential extrusion followed
by size exclusion chromatography to remove non-encapsulated material led to liposomes with
a mean hydrodynamic diameter of 200 £ 50 nm and an iron loading of 0.53 = 0.05 mole of

Fe(111) per mole of total lipid (Figure 1.1A). The associate relaxivities are 18.6 + 0.5 mM*.s!
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and 116.0 + 5.8 mM™.s* at 0.47 T for r1 and r- respectively and the r»/ry ratio is 6.2 whereas
the relaxivities of the ferrofluid are 36,0 + 1,0 mM=.s* and 108.0 + 5.4 mM™.s* for ry and r»
respectively and the r2/ry ratio is 3 under the same conditions [55]. The pharmacokinetic profile
of these liposomes (200 pL of 200 nm-MFL, 20 mM total lipids, 34 mM Fe(III), 14 ng iron per
g of mouse) indicates a biphasic elimination of the MFL from blood that consisted in a rapid
elimination stage of MFL within the first two hours followed by a much slower elimination
stage. Tissue dsitribution of SPION entrapped in MFL highlights preferential and progressive
accumulation within liver and spleen [56]. As assessed by in vivo 7-T MRI and ex vivo electron
spin resonance, four hours exposure to a magnetic field gradient (155-T/m) efficiently
concentrates MFL into human U87 glioblastoma implanted in the striatum of mice while
avoiding healthy brain tissues [57]. Loaded with a lipophilic anti-estrogen (RU 58668) into
their bilayer, such liposomes gave promising results for the treatment of hormone-dependent
breast cancer [58]. Experiments on mice bearing MCF-7 xenografts have clearly shown that the
accumulation of RU loaded-MFL at the tumor site is increased in the presence of magnetic field
gradient and tumor growth can be significantly reduced compared to the non-targeted tumors
(Figure 1.1B).
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Figure 1.1. A : Cryo-TEM micrographs of EPC:DSPE-PEG2000 (95:5 mol %) MFL with 1.8
mol of ferrofluid loaded per mol of lipids. Total lipid concentration is equal to 1 mM [55]. B :
Total association of RU-MFLs with MCF-7 cells at 37 °C (400 nmol of total lipids and 600
nmol of Fe(Ill) per 106 cells; [lipids] = 0.4 x 10—3M; [Fe(Ill)] = 0.6 x 10—3M) as a function
of incubation period of time and in the presence or absence of a 0.44 T magnet; lipids (a) and

iron mass mFe(I11) (b) uptakes from rhodamine-fluorescence counting [58]. With permissions.

Fixed-dose combination (FDC) products that consider the co-administration into a single
vehicle of two or more drugs with synergistic activites, have aroused growing interest in the
field of drug delivery. First step towards combined chemotherapies have been undertaken by
Ye et al. in 2016 by developing gemcitabine and oxaliplatin-containing magnetoliposomes for
breast cancer treatment. In the optimal formulation, the lipid molar ratio was
PC/cholesterol/dimyristoyl phosphatidyl glycerol : 6:4:1. The mean hydrodynamic diameter of
gemcitabine-containing magnetoliposomes (GML) and oxaliplatin-containing
magnetoliposomes (OML) was 228 and 169 nm, the polydispersity index (Pdl) of GML and
OML was close to 0.133 and 0.060, and their drug-encapsulation efficiency was 73% and 78%
respectively. The field-responsive behavior of magnetoliposome particles was demonstrated :
the complete magnetic attraction of core/shell particles toward a 400 mT permanent magnet
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occurred in less than 2 min. Such magnetic responsiveness would provide a useful nanotool in

accumulating the 5-fluorouracil (5-FU) dose into the tumor mass [59].
3.1.1.2. Hyperthermia

Pioneer works coupling hyperthermia and drug release, here 5-FU, were made twenty years ago
in the Horikoshi’s group [60]. More recently, Yoshida et al. studied the effectiveness of
chemohyperthermia with docetaxel-embedded cationic magnetoliposomes (DML) and an
applied alternating current magnetic field. DML have an average hydrodynamic diameter about
100 nm and the mean magnetite concentration is 187 + 22 mg/mL. In the mice that were injected
with DML at a docetaxel concentration of 57 pg/mL and exposed to the alternative current
magnetic field of 1 kW, tumor size was significantly decreased after treatment. The tumor
disappeared in 3 mice in the DML group exposed to the magnetic field, 2 mice survived over 6
months after treatment, whereas all mice of the other groups died after 15 weeks. Histological
investigation demonstrated that DML diffuse homogeneously and DML-mediated
hyperthermia damage tumor cells [61]. Moreover, docetaxel and tumor necrosis factor-o
concentrations, the cell cycle, and cell death rates in the tumor were examined. Three days after
injection, the docetaxel conentrations were significantly higher in the DML injected groups
compared to free drug injection. The rate of tumor cell death increased in the DML-injected
group, whether with hyperthermia or not, and the tumor necrosis factor-o concentration in the
tumor treated with DML with heating remained at a high level on the 7th day after treatment,

while it decreased after one day in other groups [62].

Other therapeutic modalites of magnetoliposome have been experienced such as the
combination of hyperthermia and photodynamic effect on melanoma by preparing stearylamine
containing magnetoliposome loaded with cucurbit-7-uril zinc phthalocyanine complex
(CB:ZnPc) and citrate-coated SPION. The authors made a lipid film of soya
phosphatidylcholine, cholesterol, stearylamine and the CB:ZnPc. Hyperthermia has been
investigated in combination with photodynamic therapy on melanoma cells (B16-F10) and the
in vitro results showed that magnetohyperthermia can act synergistically along with
photodynamic effect [63]. For instance, B16-F10 cells treated with the highest light dose (2.0 J
cm2) and subsequent AC magnetic field activation (1 MHz and 40 Oe amplitude, during 3 min)
had viability reduced to about 13%. The same combined therapy was investigated with
DPPC/DSPC/DSPE-PEG2000 liposomes loaded with Foscan, a photosensitizer, and citrated
SPION [64]. The comparison between in vitro (Human adenocarcinoma SKOV-3 cells) and in
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vivo (epidermoid carcinoma A431 cells in NMRI nude mice) results is very interesting here as
photodynamic therapy was more effective in vitro and magnetic therapy in vivo. Still, the

combination of the two therapies brought the best results both in vitro and in vivo.

Interestingly, the release of the drug can be controlled by the liposomal carrier and/or by the
hyperthermia effect. Ferreira et al. reported the preparation and characterization of
thermosensitive ML containing gemcitabine for combined hyperthermia and chemotherapy.
These unilamellar liposomes have a hydrodynamic diameter of 145 nm, a Pdl of 0.10 and a zeta
potential of -9 mV. The encapsulation efficiencies of the gemcitabine and SPION in ML were
54% and 36%, respectively. For hyperthermia applications, the temperature of tumor tissue
must reach 42 °C-45 °C for effective therapy. Here, when the samples were exposed to an
alternative magnetic field (AMF) of 356 kHz for 5 min, the temperature ranged from 32 °C to
approximately 56 °C which is appropriate for effective hyperthermia treatments. AMF-
triggered local heating induces fluidification of the DPPC/cholesterol bilayer which becomes
more permeable. Therefore, a 70% drug release was observed after 5 min of exposure against
only around 10% after 72 hours at 37°C [65]. Kulshrestha et al. obtained the same type of results
with paclitaxel loaded DPPC/DOPG-based ML [66]. In that case, only 1.2% of the drug was
released after 30 min at 37°C while under AMF (10 kA/m; 423 kHz), the temperature raised to
43°C and the release to 55.6%.

A more controlled release has been obtained with multilamellar ML, having a mean
hydrodynamic size of 65 = 20 nm, and loaded with 5-FU, against colon cancer. Under exposure
to a high frequency magnetic field gradient, the oscillation of the magnetic moment of ML
transformed them into heaters, reaching the minimum hyperthermia temperature (41°C) in 22
min and a maximum temperature (45°C) was achieved after 27 min. The release of 5-FU
entrapped within the ML showed first order kinetics as the release rate decreases with time.
When the release medium was coupled to a high frequency alternating electromagnetic field
(250 kHz, 4 kA/m), 5-FU release was significantly accelerated but remained prolonged (Figure
1.2) [67].
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Figure 1.2. Release of 5-FU entrapped from magnetoliposomes as a function of the incubation
time in PBS (pH = 7.4 £ 0.1) in the absence (& 37.0 + 0.5°C), or under the influence (0, 45.0 +

1.0°C) of a high frequency alternating electromagnetic field gradient [67]. With permission.

Chen et al. developed PEG-stabilized ML containing SPION in their bilayer shell and the
anticancer drug doxorubicin (DOX) as stimuli-responsive DDS for low-dose chemotherapy
[68]. This system referred to as dMLs was prepared by a reverse phase evaporation method
from a chloroformic solution of the constituting lipids (DPPC/ DSPE-PEGyso at 95:5 mol%)
and commercially OA-SPION mixed with a DOX aqueous solution in phosphate buffer (PBS).
Liposome calibration was carried out by extrusion and final dMLs were characterized by a
mean hydrodynamic diameter of ~120 nm. Low-dose chemotherapy of Huh-7 cells was
achieved by radio frequencies triggered release of DOX from dMLs by increasing the fluidity
of the phospholipid bilayer which is senstive to the temperature, where cellular uptake was
governed by dML diffusion within the culture media consistent with a non-targeted delivery

vehicle [68].

To improve the treatment selectivity, it is possible to graft onto the surface of drug-loaded ML
specific ligands capable of biochemical targeting. Folate-targeted cationic magnetoliposomes
(FTML) composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-3-
trimethylammonium propane (DPTAP), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE), 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-750] (PEG750-DMPE), and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate (polyethylene glycol)-2000] (Fol-
DSPE-PEG2000) and co-encapsulating DOX have been prepared [69]. FTML were prepared at
10 mM total lipid by thin film hydration followed by extrusion and centrifigation was used in
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order to remove unencapsulated SPION. The final ML were characterized by an average static
diameter of 174 £ 53 nm by cryoTEM and SPION encapsulation efficiency of 89% from
inductively coupled plasma mass spectrometry. Cell uptake experiments were carried out on
HelLa (cervical cancer cells) and ZR-75 (human breast carcinoma) cell lines to assess targeting
efficiency. The uptake of FTML or MFL (devoid of folate receptor targeting lipid) by HelLa
cells was observed indifferently up to 120 min but was greater with FTML at 180 min. In
comparison, no FTML or MFL uptake was observed in ZR-75-1 cells. This result is consistent
with FOLR1 expression results, where HelLa cells showed 42.5-fold greater expression than
ZR-75-1[69]. With radio frequencies heating similar to that used for tumor ablation, a threefold

increase in DOX release was observed.

3.1.2. Natural vesicles : microvesicles and exosomes

Microvesicles and exosomes are vesicles produced endogenously by mammal cells [70].
Microvesicles have size range between 100 to 1000 nm while exosomes are smaller, between
30 to 100 nm. These extracellular vesicles carry lipids, proteins, receptors and effectors
molecules and participate to the distant intercellular communications. Regarding briefly their
formation mechanism, microvesicles originate from the budding of the plasma membrane while
exosome is derived from endosome formed from plasma membrane [71]. Interestingly, after
isolation by differential centrifugation or magnetic sorting with magnetic antibodies, these
natural vesicles show excellent in-vivo stability, are less cytotoxic than synthetic vesicles [72]
and can be loaded with SPION [73-75]. Silva et al. produced microvesicles loaded with SPION
and four different drugs, a clinical photosensitizer drug (Foscan), disulfonated
tetraphenylchlorin (TPCS2a), DOX and tissue-plasminogen activator (t-PA) from the less to
the more hydrophilic [76]. Microvesicles having size ~670 nm and Pdl ~0.3 were obtained after
2h-incubation of THP-1 macrophages with SPION and drug of interest, serum depletion to
induce cell stress and isolation. Magnetophoresis experiments confirmed the co-encapsulation
of SPION and fluorescent drugs. At last, spatial targeting with magnet and therapeutic effect
have been proven in vitro on SKOV-3 human ovarian cancer cells and PC-3 human prostate
cancer cells with the system incorporating the photosensitizer drug. Qi et al. developed recently
a dual-functional exosome-based superparamagnetic nanoparticle cluster for tumor-targeting
drug delivery. Briefly, fresh serum is collected from healthy Kunming mice and predialyzed
against PBS. The conjugation of holo-transferrins to carboxyl-group-functionalized Fe3O4

nanoparticles leads to the formation of iron-loaded transferrins (M-Tfs). Incubation of M-Tfs
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with predialyzed serum allowed multiple M-Tfs to bind to each reticulocytes-derived exosome
through a Tf—Tf receptor interaction to form reticulocytes-exosome-based superparamagnetic
nanoparticle cluster (SMNC-EXOs) with a concentration of 0.40-0.45 ug iron/pg exosome.
These clusters are then purified via magnetic separation and redispersed into PBS. SMNC-
EXOs was incubated in the presence of DOX in order to form drug-loaded SMNC-EXOs (D-
SMNC-EXOs) with hydrodynamic diameters in the 40-110 nm range. The quantitative analysis
of UV-visible absorption indicated a DOX loading capacity of 10%. After being injected
intravenously into homologous mice bearing hepatoma 22 subcutaneous cancer cells, D-
SMNC-EXOs accumulated in the tumor region and released DOX to suppress tumor growth
when an external magnetic field was applied (Figure 1.3) [77]. Very recently, Piffoux and al.
compared different methods to produce exosomes containing SPION and Foscan [78]. The
impact of the production and purification protocols on SPION and photosensitizer loadings,
yield and purity was investigated.
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Figure 1.3. (A) Growth evaluation of hepatoma 22 subcutaneous cancer in Kunming mice after

sample administration. Tumor volume was examined every 3 days for 12 consecutive days ; (B)

Hepatoma 22 tumor tissues obtained from euthanized mice 12 days after sample administration
[77].

3.1.3. Compartmented nanoparticles

Bicontinuous cubic lipid phases consist of a single lipid bilayer membrane that adapts an infinite
periodic minimal surface dividing the space into two non-intersecting networks of water
channels. This particular liquid crystalline state forms spontaneously at proper conditions upon

mixing with water some lyotropic lipids with various polar head groups, the most often used
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ones being monoglycerides [79,80]. In excess water, application of high-energy dispersion, i.e.,
sonication or homogenization, can lead to nanoscale particles or ISAsomes (Internally self-
assembled “somes”) , typically ranging from 10 to 500 nm in size and of well-established
biocompatibility [81,82]. Depending on their internal organization, mainly bicontinuous cubic
or reverse hexagonal phases, two types of particles have been described, cubosomes and
hexosomes. They can be stabilized by using surfactants, e.g., poloxamer 407, or hydrophilic
polymers, e.g. PVA, in proportions generally not exceeding from 2.5% to 10% w/w with respect
to the total weight of the dispersion. Due to their small pore size (5-10 nm) and their ability to
solubilize hydrophobic, hydrophilic and amphiphilic molecules, cubosomes find many potential

applications in the field of oral, topical and intravenous DDS [83].

Acharya et al. described the preparation of hybrid superparamagnetic mesophase nanoparticles
(HMNSs). In this system, OA-SPION were dispersed in the cubic phase forming the glycolipidic
(phytantriol) matrix of the nanoparticles. These cubosomes have a hydrodynamic diameter of
180 nm and the SPION concentration used (0.3 wt% Fe in phytantriol) has not compromised
the internal structure of the bicontinuous cubic phase (Figure 1.4). Transverse relaxivity (r2)
measurements show that enhancement of the transverse relaxivity r, of the magnetic cubosomes

is proportional to the loading of OA-SPION in the mesophase nanoparticles [84].
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Figure 1.4. Cryo-TEM images of mesophase nanoparticles loaded with 8-nm spherical OA-
SPION at 0.3 wt% Fe concentration in phytantriol. SPION ordering within the inner

bicontinuous cubic structure of the nanoparticles can be seen [84]. With permission.

More recently, Montis et al. developed a new nanostructured drug delivery by including OA-
SPION in the bilayer membrane of bicontinuous cubic lipid nanoparticles of glyceryl
monooleate (monoolein). The first results showed that magnetocubosomes are able to host both
model hydrophilic and hydrophobic therapeutics, rhodamine 110 and octadecyl rhodamine B
respectively, in separated compartments, and to release the payload in a space and time
controlled manner, upon application of a low frequency AMF of 6 kHz. Magnetic-field-induced
structural destabilization of the bilayer of the cubosomes with the formation of pores allowed

the escape of drugs from the aqueous channels, acting as a release trigger [85].

Hong et al. prepared iron oxide nanoparticles within monoolein cubic phase. The cubic phase
was obtained by hydrating molten monoolein with a Fe?*/Fe®* salt aqueous solution that was
allowed to co-precipitate with an alkali solution into SPION inside the aqueous channels
delimited by the monoolein bilayer. Micronizing these cubic phases finally led to the formation
of superparamagnetic cubosomes, responsive to a magnet, and the magnetic interaction degree,

measured by the percent of decrease in monoolein concentration after magnetic fields were
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applied to cubosome suspensions, is proportional to the amount of SPION formed whitin the
cubic phases [86]. These authors also tried to do the same using a mixture of monoolein and
oleic acid (OA) which was included in the cubosomes in order to electrostatically adsorb
Fe?*/Fe®* at the lipid - water interface. In order to control and trigger the drug release, a
thermosensitive polymer, poly(N-isopropylacrylamide), has been dissolved in the water phase
in order to increase its viscosity. Under an alternating magnetic field, magnetite in the cubosome
will produce heat and increase the temperature of the medium. Consequently, poly(N-
isopropylacrylamide) immobilized in the water channel undergoes a phase transition, reducing

the viscosity and controlling the drug release from the cubosomes (Figure 1.5) [87].
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Figure 1.5. Magnetite and poly(N-isopropylacrylamide) were incorporated in monoolein and
oleic acid cubosomes. Magnetite generates heat under an alternative current magnetic field,
HmPNIPAM in the water channel of the cubosome becomes water-insoluble and assumes a
contracted form when the temperature increases above the phase transition temperature.
Accordingly, the thermo-sensitive polymer will act as a thermal valve in the water channels of

the cubosomes [87].

3.2. Systems based on non-polar lipids

3.2.1. Nanoemulsions

Nanoemulsions (NE), defined as liquid-liquid biphasic dispersions at the nanometer scale, have
growing interest as colloidal drug carriers, notably for intravenous administration, from
parenteral nutrition to drug transportation [88,89], or for oral administration of poorly water-
soluble drugs since they have been shown to increase drug bioavailability through the
enhancement of the intestinal absorption [90]. Besides, the specific advantages of NE over other
nanotechnologies used for drug delivery, are their high loading capacity for lipophilic drug,
formulation stability, ease of manufacture and their relatively low complexity [91]. NE-based

systems for the prevention and treatment of cancer, inflammatory diseases and adjuvant
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delivery in immunotherapy have been investigated and marketed [92-95]. NE can be prepared
by two major techniques, i.e., high-energy and low-energy emulsifications. High-energy
emulsification methods include high-shear stirring, high-pressure homogenization and
ultrasound generators. Low-energy emulsification methods are emulsification methods making
use of the chemical energy stored in the components and are receiving increased attention. In
these methods, NE are obtained as a result of phase transitions produced during the

emulsification process [96].

Pharmaceutically used and approved NE are mostly composed of an oil phase dispersed in a
continuous aqueous phase as droplets with submicronic size, preferentially with maximum
radius below 200 nm [60]. Regarding SPION-loaded NE, the iron oxide nanoparticles have
been made stable in the oil phase by coating them with hydrocarbon chains through binding of
OA via its carboxylic head group (OA-SPION) [97-99], phosphoesters via their phosphonates
head group [100-103] or silanes derivatives [104—-107].

Jarzyna et al. developed a bimodal-platform by co-incorporating in NE droplets the near-
infrared fluorescent lipid dye Cy5.5-PEG-DSPE and commercially available OA-SPION based
on magnetite. These were composed of a hydrophobic oil core made of soybean oil, distearoyl
phosphatidylcholine (DSPC) and DSPE-PEG2o00, dispersed in water phase by injection of a
chloroformic solution at 100°C before solvent removing followed by sonication in order to form
calibrated droplets with mean hydrodynamic diameters of 30, 60, or 95 nm, respectively (Figure
1.6), depending on the relative proportions of the different lipid components. Inductively
coupled plasma mass spectrometry (ICPMS) analysis revealed nearly a 100% encapsulation
efficacy of magnetite, then similar SPION number to droplet volume ratios, leading to r; values
of 25+ 0.4 mM?s? t02.7 +0.3 mMs? t0 2.9+ 0.3 mMs? at 1.41 T for the 30, 60, and 95
nm emulsions, respectively and high r2 values of 76 + 1 mM?s?, 136 + 9 mMst or 184 + 7
mM?s at the same field for NE of 30 nm, 60 nm or 95 nm in droplet diameter, respectively.
The conjugation of a near infrared fluorophore allowing optical imaging, demonstrated the
accumulation of this nanocomposite in subcutaneous human tumors in nude mice confirmed

with MRI imaging in vivo [108].
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Figure 1.6. A : Negative stain transmission electron microscopy (TEM) images of the different
nanoemulsion formulations [108]. B : Starting at day 6, tumor growth profiles of the PAV
nanoemulsion treated groups compared to saline, control nanoemulsions, FeO nanoemulsions,

and free PAV injected groups [109]. With permissions

To go further, the same team has functionalized the NE with oyBs-specific RGD peptides to
enable specific molecular MRI and optical imaging of tumor angiogenesis. The cyclic peptide
RGD was conjugated to the NE droplets coated by DSPE-PEG-maleimide units via the
sulfhydrylmaleimide coupling method resulting in a NE (RGD-NE) with a mean droplet
diameter of 90 £ 10 nm. MR images at 3T after IV injection of RGD-NE showed a lowering of
signal intensity in the tumor periphery where angiogenesis activity is the highest. RGD-NE
fluorescence was found co-localized with endothelial cell staining, as observed in tumor
sections [110]. The latest advance for this system was to incorporate a hydrophobic drug,
prednisolone valerate acetate (PAV), for theranostic applications. In this case, PAV was
included in the lipophilic phase during the fabrication process which led to NE with droplet
mean diameter of 53 nm. This system has proven its efficiency in tumor growth inhibition in
mice after intravenous injection compared to drug-free NE, SPION-loaded NE and free PAV
ethanolic solution at a dose of 10 mg PAV/kg (Figure 1.6) [109].
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3.2.2. Solid lipid nanoparticles

Unlike NE which are only constituted by lipids in their liquid state, solid lipid nanoparticles
(SLN) and nanostructured lipid carriers (NLC) result from the dispersion in an aqueous phase
of lipids which are totally (SLN) or partly (NLC) in their solid state. SLN are usually composed
of non-polar lipids long-chain glycerids, waxes or fatty-acids [111-117] crystallized at room
temperature while NLC are produced by mixing solid and liquid (oil) lipids at the same
temperature [116]. Both systems result from the dispersion of the lipids into a liquid state, by
melting or dissolution into adequate solvent, and then the solidification of the droplets by
cooling or solvent evaporation. The small size of the particles is obtained thanks to the use of
high-energy dispersers (as NE) or solvent diffusion — evaporation phenomenon. SPION are
analoguous to those incorporated into NE.

The first reported SLN system encapsulating magnetite was described in 1996 by Muller et al.
It was composed of trilaurin and Poloxamer 188 as stabilizer and obtained by high-pressure
homogenization [118]. Grillone et al. present the development of Sorafenib-loaded magnetic
SLN using cetyl palmitate as lipid matrix. To obtain this system, the lipid, commercially
lipophilic SPION and Sorafenib are dissolved into solvents and then added in an hydrophilic
phase containing Tween 80 in water at 75°C. This oil-in-water emulsion is homogenized using
sonication at high temperature to evaporate the solvents. The final dispersion was maintained
at 4 °C to allow the crystallization of the lipids and the formation of the SLN with an average
hydrodynamic diameter of 248 + 113 nm. A SPION loading of about 3 wt% could be estimated
by thermogravimetric analysis (TGA) whereas the encapsulation efficiency of Sorafenib is
about 90%, assessed by UV-Visible absorption. The resulting magnetic SLN do not alter
significantly the viability of HepG2 cells and those loaded with Sorafenib are able to inhibit
cancer cell proliferation through the drug cytotoxic action, and to enhance/localize this effect
in a desired area thanks to a magnetically driven accumulation of the drug with a 1.32 T
permanent neodymium magnet. The quantitative determination of cell mortality, evaluated as
percentage of cells positive for ethidium homodimer-1, resulted to be about 95% in the channel

close to the magnet, and 5% in the control compartment [119].

Zhao et al. developed the preparation and the characterization of cisplatin-loaded magnetic SLN
by film scattering ultrasonic technique. The results are very promising in terms of drug and OA-
SPION loads and in vivo response to an external magnetic field [120]. However, the high
encapsulation efficiency (69 = 4%) of the drug, which is hydrophilic, by these hydrophobic
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particles should be investigated more carefully. Less classicaly, SLN could also be formed with
nucleolipids in order to produce promising neutral or charged nanoparticles that have been
loaded with SPION and a-tocopherol or Prostacyclin for image-guided therapy of

atherosclerosis [121].

The release kinetics of drugs carried by magnetic SLN has been investigated. Two modalities
have been experienced according to either a prolonged release process or a triggered release
one. The first approach aimed at showing the stability of drug incorporation in the magnetic
lipid particles while the second one focused on the possibility to control the drug release by
submitting the co-encapsulated SPION to an alterntive magnetic field. Pang et al. prepared by
ultrasonic dispersion SLN composed of stearic acid and loaded with OA-SPION as well as with
ibuprofen. The resulting ibuprofen-loaded magnetic SLN (IBMSLN) were characterized by an
average hydrodynamic diameter of 127 + 17 nm and drug encapsulation efficiency close to
80%. Superconducting quantum interference device (SQUID) measurements indicated that
IBMSLN exhibit superparamagnetic behavior with a blocking temperature of 86 K. The
cumulative drug passive release from IBMSLN is increased from 2 % to 27 % over the period
of 1 to 8 hours and to 78 % after 40 hours (Figure 1.7). The ibuprofen release results show that
the drug release by diffusion can be controlled in the magnetic nanoparticles and make this
system a potential useful tool in drug delivery [122]. Similar passively-controlled releases have

been described by Ying et al. with magnetic monostearin-based SLN carrying DOX [123].
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Figure 1.7. A : TEM image of non purified IBMSLN; B : cumulative release curve of ibuprofen
(IB) from IBMSLN [122]. With permission.

To obtain a triggered release, Hsu et al. describe another SLN system in which y-Fe;Os
nanoparticles were surface-grafted with octadecyltrimethoxysilane groups. These lipophilic

SPION-were then dispersed and stirred in a melted lipid matrix composed of trilaurin and
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containing a lipophilic drug (tetracaine) before being emulsified in an aqueous solution made
of deionized water and a surfactant (Poloxamer 188). Afterward, the lipid-in-water emulsion
was refined using a high-pressure homogenizer to decrease the droplets size. At the end, the
lipid-in-water emulsion was cooled down to form magnetic SLN with average hydrodynamic
diameters between 100 and 180 nm. When exposed to an AMF of 60 kA/m at 25 kHz, magnetic
SLN showed a significant increase in temperature up to 8°C. Meanwhile, the dissipated heat
melted the lipids surrounding the iron oxide grains resulting in an accelerated release of the
encapsulated drug. The authors measured that after a heating period of 20 minutes, 35% of the
initially encapsulated tetracaine was released from the lipid nanoparticles while without
heating, the tetracaine release throughout a 30-day period at room-temperature storage was

found to be less then a 5-min exposure to magnetic heating [124].

Similarly to liposomes, biochemical targeting investigations have been done with SPION-
loaded SLN. In this respect, Albuquerque et al. combined high shear homogenization and ultra-
sonication to develop a new theranostic tool for early detection by MRI imaging and treatment
of rheumatoid arthritis through intravenous administration that consisted in methotrexate
(MTX)-loaded SLN incorporating OA-SPION using an organic solvent-free method. These
SLN are functionalized with a monoclonal antibody against the macrophage specific cell
surface receptor, CD64, overexpressed in rheumatoid arthritis. Solid lipids (cetyl palmitate,
stearic acid and Tween 60) are heat at 70 °C and then mixed with MTX, OA-SPION and water.
The resulting emulsion was immediately homogenized by sonication and cooled to produce the
SLN. The SLN are further functionalized with the anti-CD64 antibody. Monodisperse
nanoparticles with a hydrodynamic diameter of 206 £ 3 nm were yielded and 98% MTX
encapsulation rate. Transmission electron microscopy images indicated that the SPION are
encapsulated inside the lipid matrix. MTT assays on THP-1 macrophages indicated that the
antibody-conjugated formulations had no significant difference in viability compared to non-
conjugated ones, except in the highest concentrations. These results show that the conjugation
of SLN with the anti-CD64 does not alter their biocompatibility and confirm their potential and

promise for biomedical applications, notably in the field of rheumatoid arthritis [125].

4. Conclusion

All the lipid-based nanoscale assemblies reported here were specially designed to allow double
incoporation of superparamagnetic nanomaterial (SPION) and a drug. The expected benefit

provided by SPION concerns a priori three applications due to their exploitable
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superparamagnetic behaviour: (i) the possibility to monitor or control the distribution in the
body of the nanocarrier and then theoritically that of the drug by applying a suitable magnetic
force, (ii) the triggering of the drug release or (iii) the implementation of a synergistic
hyperthermia treatment to conventionnal chemotherapeutics, the two last applications being
practicable on the basis heating effect due to on up-and-down magnetization process under
alternative magnetic field. It appears that most of the studies rarely focused on all the three
pathways, i.e., on targeted theranostic tools, leaving open the need of further works on this

issue.

5. Expert opinion : a focus on co-encapsulation

Different modes of organization of the final hybrid systems were investigated depending on the
nature of the lipids and their related hydration behaviour. The crucial building steps of the
systems are firstly to adapt the surface-stabilization of the iron oxide nanocrystals to the inner
reservoir volume used for their loading and that can be hydrophilic or lipophilic and, secondly,
to implement a reliable method of incorporation that should optimize loading rates. The logical
consequence concerns the influence of SPION encapsulation on that of the drug and the
effectiveness to obtain a constant drug to SPION ratio within the same nano-object. In this
respect, let us consider in depth some of the reported observations. The work on folate-coated
liposomes by Bothun et al. clearly reveals an heterogeneous distribution of the encapsulated
hydrophilic SPION among the produced ML, some of them contain no SPION, others contain
individual grains or even are filled with SPION clusters [69]. This agrees with independent
findings on MFL for which a given vesicle population unequally entraps iron oxide particles
[7]. These behaviors mean that the evaluated encapsulation efficiencies reflect an average in
iron oxide loading and therefore the presence in each preparation of nano-objects with different
responsiveness to magnetic solicitations. To reduce this heterogeneity, magnetic sorting was
performed to remove empty or low-loading-rate vesicles from MFL preparations [57], however
this procedure has not been used routinely. Regarding other compartmented nanosystems such
as cubosomes, the SPION-containing areas are also non-uniformly spread in the inner structure
of these assemblies and SPION-free areas are noticed, leading to coexisting magnetic and non-
magnetic objects as shown in Figure 3. As a matter of fact, the heterogeneities of the SPION
distribution observed in most of the compartmented nanoscale systems likely arises because the
incorporation of the iron oxide nanocrystals usually involves a two-step protocole : (i) the

introduction of SPION during the mixing of the constituting lipids, optionnaly beforehand
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solubilized in an organic solvent, and the aqueous phase in which they will be allowed to self-
organize, (ii) homogenization of the mixture and nanoscale fragmentation. Mainly depending
on the slow kinetics of both lipid hydration and solvent diffusivity as well as the limited
diffusion rate of colloidal iron oxide due to their size and the viscosity of the medium, the first
step presents the intrinsic risk of non-uniform distribution all the more so as the preparations
are performed in bulk. Then, since the second step consists in dispering the system in separate
subunits, it necessarily generates a population of nano-objects with different SPION amounts.
Beside the simple reflect of non-homogenous distribution of SPION in the initial bulk mixture,
it is not excluded that, considering the dimension of the incorporated SPION, the probability to
find them in a given nano-object tightly depends on the host compartment volume available in
this object, the smaller this volume the lower the trapping probability. This is notably the case
of liposome-based systems since extrusion or sonication or even high-pressure shear
homogenization lead to small calibrated vesicle structures through successive lipid bilayer
breaks and closures. With respect to non-lamellar assemblies such as those issued from
bicontinuous cubic phases, it is worth noting that these organizations yield unclosed structures
so that the increase in the cumulative interface with the surrounding continuous aqueous phase
caused by the fragmentation process, can favour partial SPION release, especially when the
iron oxide nanocrystals are coated with hydrophilic stabilizers. On the other side, such
repartition would probably induced distribution troubles of the drug even it is not so easy to
check than with iron nanoparticles on cryo-TEM pictures. From highly SPION loaded vesicles
would result low encapsulation of hydrophilic drug as the available water volume will be
reduced. Caricaturally, the most magnetic vesicles won’t be efficient to carry drug and vice
versa, reducing the interest of the co-encapsulation. It would have sense to explore more

carefully the possible competitions between co-encapsulate entities.

In the case of monocompartment systems such as NE or SLN, SPION localization and
spreading among the lipid droplets/particles constituting a given preparation have not been
precisely examined so far. Nevertheless, it could be anticipated that co-encapsulation is
primilarily limited in these nanosystems by the own solubility of drug into the lipids in their
liquid or solid state, especially when the lipids crystallize in stable polymorphic forms
[117,118]. To a certain extend, SPION encapsulation in lipophilic medium could be similarly
limited. Except specific defavorable interactions between drug and SPION and below their
respective solubility limits in the host lipid phase, it can be reasonably expected a random

distribution of inner levels of drug and SPION among the nanoscale droplets or (semi)solid
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particles which are produced by mechanical dispersion. Nevertheless, at this stage of
conclusions, it will be fully informative to accurately characterize the systems to assess the

actual co-encapsulation distribution profil of drug-SPION-loaded NE or SLN.

Although eloquent results have been obviously acquired in the utilization of superparamagnetic
lipid-based nanosytems in the field of pharmaceutical or biomedical applications, especially
with liposomes (Table 3), some pioneer works have been dedicated to innovative strategies that
could optimize the drug-SPION combination. The first group of studies intends to securely link
the drug to the iron oxide nanocrystals, by a covalent bond or not. Du et al. proposed an original
thernanostic tool for multi-mechanism therapy of malignant tumors that was based on a tight
but non-covalent association of the drug and SPION before their joint encapsulation into
liposomes. In this system, the external surface of a Ceo-fullerene molecule was decorated with
magnetite nanoparticles and PEGylated in order to ensure its hydrophilicity and
biocompatibility. The anticancer drug docetaxel was then adsorbed onto the nanoparticles
referred to as C60-Fe304-PEG2o00 particles and the resulting suspension was loaded into the
aqueous core of DPPC-Cholesterol vesicles. The final multi-functional liposomes showed a
mean hydrodynamic diameter ~190 nm, a zeta potential of -33.6 £ 2.1 mV as well as a
transverse relaxivity value (r2) = 117 mg.mLt.s* at 3 T. The cytotoxicity and apoptosis study
of docetaxel formulations confirmed that radiofrequency could make the multi-functional
liposomes remarkably improve the cellular internalization of DDS, release more therapeutic
agents into the cytoplasm and achieve a stronger MCF-7 cell apoptosis effect in vitro. In vivo,
the higher drug delivery efficiency to tumors for the multifunctional liposomes/magnet was
striking and directly responsible for the higher tumor suppression efficacy in radiofrequency
thermal therapy. An obvious darkening effect in the tumor was observed in T>-weighted MR
images of Female C57 mice bearing B16-F10 tumors injected with the multi-functional
liposomes with a magnet glued onto the tumor [126]. De Cuypers and his group developped
« liposomes » in which individual or agregated magnetic nanoparticles are stabilized in an
aqueous medium by their entrapment in phospholipid bilayers [127]. Hodenius et al. reported
the binding of 10-hydroxycamptothecin (HCPT) in the coating of such ML. HCPT is a
chemotherapeutic anti-cancer agent, mimicking the behavior of a hydrophobic drug molecule.
The mean hydrodynamic diameter of these ML was found to be around 91 nm and their (-
potential is around -32.8 mV. The ML-DPPC/DPPG 1/3 demonstrates the highest HCPT
uptake. These ML are extremely suited to carry lipophilic drugs which otherwise are practically

insoluble and highly susceptible to fast deterioration in agueous media [128]. In the same line,
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Benyettou et al. proposed original ML in which the drug, alendronate, is grafted onto the surface
of maghemite (y-Fe20O3) SPION [129]. The obtained DOPC-Cholesterol liposomes have a mean
hydrodynamic diameter of 139 + 15 nm, a { potential of -5 £ 3 mV. Final alendronate
concentration was 400 UM and iron oxide content was 7.2 mM. Concerning cytotoxicity on
three different cell lines (Breast, brain and skin tumors), in the condition used, 100% of
alendronate toxicity was obtained only when the drug was grafted on a y-Fe;O3 nanoparticle,
itself included in a liposome and with a magnetic field driving force [130]. The co-localization

of the SPION and the drug is guaranteed here by the covalent linkage between them.

The second strategy for the improvement of concomitant drug and SPION loading in a single
lipid-based nano-object is to encapsulate drug and SPION into separate compartment areas to
favor independent optimizations of their respective encapsulation rates. By nature, lipid vesicles
and other internally self-assembled lipid particles (ISAsomes) such as cubosomes, are
delineated by lipid-based organizations, molecular monolayers or bilayers which entrap a more
or less complex network of aqueous domains. It can be then envisaged to incorporate the drug
or the iron oxide nanocrystals separately in two distinct inner compartments. However, a
limitation of nano-carriers based on mesophases formed by lyotropic lipids is that their
supramolecular self-assembly can be modulated by the incorporation of exogenous entities into
the supramolecular organization. These would lead to unstable bilayers or curvature troubles
into cubosomes [85] that could be aggravated by the particulate state of the SPION. Thus, the
association of hydrophobic SPION into liposome bilayers could generate distorsion of the
membrane, aggregation or leackage depending on the stabilizer used [131,132]. Interestingly,
the incorporation of hydrophilic SPION may cause slight alterations in bilayer fluidity levels
even if it does not induce rupture or dramatic damage. Santhosh and al. underlines that this not
only the concentration of SPION that affect the structural and thermodymanical properties of
the membrane but the sum of factors including the number of SPION interacting with the
liposomes, their size, shape or surface charge [133]. Szlezak et al. doped monoolein cubic phase
with 0.2 to 2% (w/w) of hydrophilic (citrate) or hydrophobic (OA) SPION [134]. While no
significant modification of the phase behavior was observed by adding hydrophobic
nanoparticles, substantial changes in the cubic phase parameters and transition temperatures
have been observed with hydrophilic SPION. Otherwise, this effect is more pronounced when
a drug like DOX is co-incorporated in the formulation. Notably, the lattice parameter increases,
resulting in a reduced curvature of the bilayer. At last, release studies from cubic phase gels

(similar experiments with cubosomes are not available) clearly show significantly different
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DOX release profiles when the hydrophilic SPION is co-incorporate or not into the cubic phase.
Furthermore, because of the imbrication of both compartments, the destabilization of one of

them would destabilize the other one.

To our opinion, the next step in this field of lipid-based systems co-encapsulating SPION and
drug is to imagine carriers in which (1)- the encapsulation of one compound do not alter the
encapsulation of the other one and (2)- the interconnexion between the two compartments is as
low as possible to minimize the risk of destabilization of the nanoobject when acting on them.
Anistropic structures with one compartment devoted to the incorporation of the SPION and
another one for the drug would fill this description [135-137].
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Highlights box

- Superparamagnetic iron oxide nanoparticles (SPION) can be utilized for magnetic resonance

imaging, physical targeting, hyperthermia and/or temperature-triggered drug release.

- Depending on their physico-chemical properties, lipid-based excipients are able to generate
monophasic or compartmented nanoscale assemblies that allow double incoporation of

superparamagnetic nanomaterials and drugs.

- This review highlighths the potential applications of magnetic-fluid-loaded lipid nanocarriers

as multifunctional systems.

- Discussion has been focused on the co-encapsulation limits and the strategies to guarantee the
drug-to-SPION ratio.
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Chapter 1. Scalable process to produce lipid-based innovative compartmented Janus nanoparticles with
pharmaceutically approved excipients

Abstract

In the field of nanotechnologies, theranostic approaches and FDC products require the
development of innovative carriers able to co-encapsulate several entities of interest. This letter
describes the preparation and characterization of lipid-based Janus compartmented
nanoparticles. They were successfully prepared using a scalable process with pharmaceutically
approved excipients. Analysis of microscopic structure and supramolecular organization
demonstrated the formation of two physico-chemical different compartments enabling to co-

administrate at once both, liposoluble and hydrosoluble active pharmaceutical ingredients.

Keywords : Compartmented lipid nanoparticles, Janus lipid nanoparticles, high pressure
homogenization, cryo-transmission electron microscopy, small-angle x-ray diffraction. stearoyl

macrogolglycerides, soybean lecithin, linoleoyl polyoxylglycerides, oleoyl polyoxylglycerides
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1. Infroduction

“Let me quote still another new animal: the Janus grains” During its Nobel prize lecture, de
Gennes® mentioned original particles which have attracted attention because of their fascinating
properties and promising applications in solar cells, electronic devices, security labeling,
medical diagnostics and therapeutics, etc. Whereas the terminology « Janus particles » was
coined in the early 1990s, the fundamental research is still being conducted to improve the
understanding of these fascinating particles on their properties, geometry, synthetic approach,
and applications. In the field of drug delivery, mainly four types of application have been
addressed with Janus nanoparticles: encapsulation of active pharmaceutical ingredients (API)
which have widely disparate solubility or charge, dual-phase release kinetics, drug targeting,

and theranostic?.

The name “Janus™ comes from an ancient Roman God, who is depicted with a double-faced
head which peers to the past and the future, to forward and back, to creation and destruction.
The term Janus particles was used to describe particles which are the combination of two
distinct sides. At a macroscopic level, mainly two kinds of Janus particles can be described :
patchy and compartmented Janus particles. Patchy particles are defined as particles with
precisely controlled patches of varying surface while compartmented particles are defined as
structures which are composed of multiple phase-separated domains in the core. Strictly
speaking, Janus particles have a 50:50 distinct coverage in shape, composition, chemistry,

polarity or other property of interest®.

Nowadays, many techniques have been developed to fabricate Janus particles. In general, they
can be divided into three main methods: masking, bottom-up assemblies and controlled phase
separation. They can be made from polymers, lipids, organic to inorganic and metallic
materials; depending on the synthesis strategies. Walther and Miiller* gave an impressive

overview of these different materials.

Bottom-up assemblies and phase separation methods are the best approaches to produce
compartmented Janus particles with sufficiently high yield. However, the interfacial and bulk
properties generally result from the synthesis of specific di- or tri-block copolymers or
dendrimers, which are often not recognized as safe (GRAS status) by the FDA and are not
approved by useful Pharmacopoeia (US, Eur., Jap.). Recent progresses in polymer click
chemistry allow the synthesis of very complex and amazing macromolecules, but their
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validation by pharmaceutical authorities is difficult to implement and their high throughput

production and purification are complicated.

The aim of the present work was to investigate the possibility to produce Janus nanoparticles
only with marketed and pharmaceutically approved lipid-based excipients and with a scalable
process. Several lipid phases have been combined into the formulations. The nanoparticles have
been characterized from their long-term physical stability such as size, zeta potential,
microscopic structure and supramolecular organization. A formation mechanism has been

proposed too.

2. Materials and Methods
2.1. Materials

Labrafac® CC (caprylic-capric triglycerides), Gelucire® 50/13 (stearoyl macrogolglycerides;
mixture of monoesters, diesters and triesters of glycerol (~20 wt%) and monoesters and diesters
of polyethylene glycols (~80 wt%) with mean molecular mass of 1500; mainly contains esters
of stearic acid), Labrafil® M 2125 CS (linoleoyl polyoxylglycerides; mixture of monoesters,
diesters and triesters of glycerol (>60 wt%) and monoesters and diesters of polyethylene glycols
(<40 wt%) with mean molecular mass of 300; mainly contains esters of linoleic acid), and
Labrafil® M1944 CS (oleoyl polyoxylglycerides; mixture of monoesters, diesters and triesters
of glycerol (>60 wt%) and monoesters and diesters of polyethylene glycols (<40 wt%) with
mean molecular mass of 300; mainly contains esters of OA) were given by Gattefosse S.A.S.
(Saint-Priest, France). Phospholipon® 90G (soybean lecithin at 94 — 102% of
phosphotidylcholine) was provided by Phospholipid GmbH, Lipoid Group (Kdln, Germany).
Water was purified through a Milli-Q water system (Millipore, France).

2.2. Methods

2.2.1. Preparation of nanodispersions by high-pressure homogenization process
Formulation studies on 10g of total dispersion

7.7 ml of pre-heated (60°C) aqueous phase containing 2% (w/w) of stearoyl macrogolglycerides
(Gelucire® 50/13) and 1% (w/w) of soybean lecithin (Phospholipon® 90G) as surfactant was
formed by using ultra-turrax (IKA® T10 basic, Germany) at 8500 rpm for 5 min. Thereafter,
29 of lipid phase (Labrafil® M 2125 CS) was added to the water phase at the same temperature

and formed a pre-dispersion at 20,000 rpm for 5 min. The resulting dispersion was homogenized
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at the same temperature by using a one stage high pressure homogenizer (Stansted Fluid Power
Ltd, UK) during 4 passes at 1000 bars. The formulation was stored in glass vials and cooled

down slowly to room temperature (RT).
Process studies from 50g to 1kg
50 g sample

38.5 ml of pre-heated aqueous phase containing 2% (w/w) of stearoyl macrogolglycerides
(Gelucire® 50/13) and 1% (w/w) of soybean lecithin (Phospholipon® 90G) as surfactant was
formed by using ultra-turrax (IKAe T18, Germany) at 11,000 rpm for 5 min. Thereafter, 10g
of lipid phase (Labrafil® M 2125 CS or Labrafil® M1944 CS) was added to the water phase and
formed a pre-dispersion at 20,000 rpm for 5 min. The resulting dispersion was homogenized by
using a two stage high pressure homogenizer (APV2000, Denmark) during 5 min. The pressure
was constantly kept at 600 and 200 bars, in the first and second stages respectively during the
whole process. The formulation was stored in glass vials and cooled down slowly to room

temperature (RT).
1 kg sample

A procedure similar to the previous one has been used with some adjustments. 770 ml of pre-
heated aqueous phase containing 2% (w/w) of stearoyl macrogolglycerides (Gelucire® 50/13)
and 1% (w/w) of soybean lecithin (Phospholipon® 90G) and 200g of lipid phase (Labrafil® M
2125 CS or Labrafil® M1944 CS) were used. The ultra-turrax mixing time and homogenization
time were 15 min. Mechanic stirring was maintained into the homogenization funnel with a
Rayneri mixer. The formulation was dispatched into 40ml-glass vials and cooled down slowly

to room temperature (RT).
2.2.2. Particle size and zeta potential measurements

The particle size and zeta potential of nanodispersions were measured using a Nano-ZS90
apparatus (Malvern Instruments, Orsay, France). The average hydrodynamic diameter and Pdl
were determined by quasi-elastic light scattering (QELS). The zeta potential determinations
were performed using electrophoretic laser Doppler velocimetry. The samples were diluted to
1/300 in Milli-Q water for size analysis and in 1 mM NaCl solution for zeta potential

measurements.
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2.2.3. X-ray diffraction (XRD)

X-ray scattering experiments were performed on the 5.2L beamline at ELETTRA Synchrotron
Light Laboratory (Trieste, Italy). The energy and wavelength of the incident X-ray beam were
8 KeV and 1.54 A respectively. The samples were thermostated in the laboratory made sample
holder, Microcalix, allowing both sample temperature control and simultaneous differential
scanning calorimetry analysis. Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering
patterns were recorded simultaneously using a 2D single photon counting detector (Pilatus
100K) based on hybrid pixel technology (Dectris, Swiss) and a position-sensitive linear gas
detectors filled with an argon-ethane mixture respectively. After 2D-image treatment in the
SAXS experiments, the scattered intensity was reported as a function of the scattering vector q
= 4zsinB/A = 2z/d, where 26 is the scattering angle, A is the wavelength and d is the repeat
distance between two reticular plans. The calibration of the WAXS and SAXS detectors were
achieved using pure tristearine (2Lg form), characterized by short spacings of 4.59, 3.85 and
3.70 A + 0.01 A and silver behenate characterized by a long spacing of 58.380 A + 0.001 A
respectively. The samples were loaded into quartz capillaries (Quarzkapillaren, Germany) with
external diameter of 1.4 £ 0.1 mm and a wall thickness of 0.01 mm. All data were analyzed
with the IGOR Pro software (WaveMetrics, Inc. USA).

2.2.4. Cryogenic transmission electron microscopy (Cryo-TEM)

The morphology of nanodispersions was observed using a cryo-TEM system (JEM 2100,
JEOL, Japan). All nanodispersions were diluted to 1/40 (v/v) in Milli-Q water. 10 pl of samples
were placed on a copper grid, and the solution excess was carefully removed by a filter paper.
The vitrification of the film was achieved by rapidly plunging the grid into liquid ethane. The
vitrified sample was then transferred to the microscope. The temperature was kept about -180°C
during both the transfer and the viewing procedures in order to prevent sample perturbation and

the formation of ice crystals.
2.2.5. Optical microscopy

Sample preparations were examined by microscopy in white light optical using a Nikon E600
Eclipse microscope (Champigny/Marne, France) equipped with a long focus objective (LWD
20 x 0.55; 0-2 mm). The images were recorded with a Mightex BCE 030-U camera at a

resolution of 1024 x 768 pixels. The samples were prepared at 60°C, placed between two
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circular glass slides (26 mm thick) at the same temperature, observed in the 60-20°C range and

monitored by a hotplate at heating or cooling rates of 5°C/min.
3. Results and Discussions

Two fundamental parameters have been changed during the formulation studies, the nature of the
lipophilic phase (caprylic-capric triglycerides, linoleoyl polyoxylglycerides and oleoyl
polyoxylglycerides) and the mixture of stabilizers, i.e. stearoyl macrogolglycerides to soybean
lecithin ratio. These stabilizers have been chosen because they have already brought interesting
stability properties to other lipid-based nanodispersions developed in the laboratory (unpublished
data). The parameters concerning the preparation process (temperature, mixing and
homogenization times, applied pressures...) remained constant. Figure 2.1 summarized the
results obtained during this part of the work and expressed for each formulation the success of
the preparation. In the present case, first step successful criteria have been defined as a
formulation with mean diameter comprised between 100 and 200 nm at the end of the preparation
process and size distributions stable during at least three months at room temperature. The
interests of this target size range have been extensively discussed in the literature depending on the
pharmaceutical applications®. To overview the main ideas, this size range allows a passive targeting
of the drug-loaded nanocarriers by an accumulation into some organs (liver) or tissues such as tumor
areas due to leaky vasculatures and the EPR effect. In the case of administration routes implying
mucous layers, these sizes allow passive diffusion of the carriers into these layers®®. Furthermore,
particle endocytosis is possible with these particle sizes®2°. The results showed that the composition
of the lipid phase did not significantly affect the size distribution and stability of the lipid
nanoparticles, while a threshold amount of surface active agents was required, especially
concerning stearoyl macrogolglycerides. This limit could be fixed around 2 wt% when the amount
of total lipid was 20 wt%. At the concentrations used (max. 3 wt%), pure phospholipid mixture was

not sufficient to efficiently stabilize the nanoparticles.
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Figure 2.1. Summary of the formulation studies depending on the proportion of stabilizers and
the lipid phase composition. Filled symbol: successful formulations; open symbol: unsuccessful
formulations. Successful attributes have been defined as mean diameter comprised between 100

and 200 nm and stable during at least three months. The concentration of the lipid phase was

20% of the total suspension (w/w).

Cryo-TEM after plunge freezing allows direct investigation of colloids very close to their native
state due to sample vitrification. Thus, the particle structures of caprylic-capric triglycerides,
linoleoyl polyoxylglycerides or oleoyl polyoxylglycerides stabilized by the stearoyl
macrogolglycerides — soybean lecithin (2:1) mixture and stearoyl macrogolglycerides alone
have been compared (Figure 2.2). In Cryo-TEM micrographs, the nanodispersions stabilized
only by stearoyl macrogolglycerides or the nanodispersions containing caprylic-capric
triglycerides as lipid phase appeared as classical NE, i.e. as more or less circular structures with
an even distribution of contrast. Because of the low contrast of polyethylene glycol, the dense

(dark) structures corresponded to the lipophilic core of the NE.
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Figure 2.2. Cryo-TEM view of nanodispersions containing (a) linoleoyl polyoxylglycerides /
stearoyl macrogolglycerides / soybean lecithin, (b) caprylic-capric triglycerides / stearoyl
macrogolglycerides / soybean lecithin, (c) oleoyl polyoxylglycerides / stearoyl
macrogolglycerides / soybean lecithin and (d) linoleoyl polyoxylglycerides / stearoyl

macrogolglycerides. (e) schematic views of Janus nanoparticles depending on their orientation.

With Labrafils® (oleyl or linoleyl polyoxylglycerides), the incorporation of 1% of phospholipids
into the formulation led to totally different nanodispersions in which the lipophilic dark core was
partially surrounded by a non-dense compartment delimited by a dense layer. As expected with
formulation stabilized by phospholipids, some typical images of liposomes were present on
Figure 2.1. However, taking into account the observation of tens views from several batches, the
most representative objects of the preparation were compartmented nanoparticles (Figure 2.1).
From the cryo-TEM images, some structural assumptions could be proposed. The ring-shaped
structure strongly suggested the presence of phospholipid-based bilayers around the non-dense

hydrophilic compartment. Furthermore, the dense layer thickness could be estimated between 4
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to 5 nm which was totally compatible with the thickness of the hydrophobic part of lipid bilayers.
Cryo-TEM also suggested the absence of supramolecular organization, i.e. cubic or hexagonal
phases, into the lipophilic dark domain. Linoleoyl polyoxylglycerides, synthesized by a partial
alcoholysis / esterification reaction using corn oil (main fatty acid is linoleic acid ~60%) and
PEG 300, is clearly more polar than caprylic-capric triglycerides which contains pure short
chain glycerides. However, even with Synchrotron high-flux beam, and important nanoparticle
concentrations (20 wt%), it was not possible to detect liquid-crystalline mesophase organization
of linoleoyl polyoxylglycerides, as observed with some polar glycerides'*4, Hence, the small-
angles x-ray scattering pattern demonstrates the lack of supramolecular structure into these

particles confirming the cryo-TEM observations (Figure 2.3).

Intensity (a.u.)
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Figure 2.3. SAXS profile at 20 °C of the nanodispersions containing linoleoyl
polyoxylglycerides. Inset: log-log representation. Results acquired after 8 days of storage at 20
°C.

A particular focus has been done on the linoleoyl polyoxylglycerides containing Janus
nanoparticles, and the long-term stability of these formulations was described in Figure 2.4.
Surprisingly, stored in aqueous medium at room temperature, i.e. without any further treatment
such as lyophilization, the nanoparticles remained stable both from mean size and polydispersity
indexes point of views. As defined as critical attribute, the size of the particle was comprised in

88



Chapter 1. Scalable process to produce lipid-based innovative compartmented Janus nanoparticles with
pharmaceutically approved excipients

the range 100 to 200 nm and remained in this range during at least 20 months at room
temperature. During the same time lapse, polydispersity indexes were around 0.1 suggesting
narrow size distributions. Determined in a 1 mM NaCl solution, the zeta potential of these

nanoparticles was quite low, around -5 mV.
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Figure 2.4. Long-time size stability of the nanoparticles prepared with 3% of the stearoyl
macrogolglycerides — soybean lecithin (2:1) mixture. (a) mean size = SD (nm) and Pdl + SD;
(b) zeta potential = SD; n = 3 (three different batches).

Because of the low zeta potential values, electrostatic stabilization should be reduced, confirming
the crucial role of the steric repulsion, due to PEG layer, on long-time physical stability. By
attentively looking at cryo-TEM image where the nanoparticles were concentrated, it was
possible to notice regions where the bilayers were flat or deformed because of the close contact
between two particles (Figure 2.5). The minimal distance among these bilayers was in the range

8 to 10 nm and would certainly result from the presence of polyethylene glycol chains at the
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nanodispersion surfaces.

Figure 2.5. Janus nanoparticles deformations on concentrated cryo-TEM grid.

At 24 months, the zeta potential of this colloidal suspension decreases to -18 mV while the size
significantly increases (Figure 2.4). These zeta potential values gave us some information on
chemical and physical stability of the system. Indeed, it is known that phospholipids and
glycerides could be hydrolyzed with time, resulting in the release of fatty acids which could

destabilize the dispersion® and decrease their zeta potential (more negative values)®®.

Because of their special architecture, the synthesis of nano-sized Janus particles is very
difficult. Most of the technologies currently used to produce such particles do not allow mass
productions, so Janus particles synthesis still remains a challenge to control the size, shape, the
various structural/ physical/ chemical properties, and the ability to scale-up production®. Our
preparation process is based on high-pressure homogenization. This operation is widely used
in food or cosmetic industries but also in the pharmaceutical field to produce injectable lipid
emulsions for parenteral nutrition or drug delivery purposes. Then, three different batch sizes
of Janus nanoparticles have been produced in the laboratory, 10 g, 50 g and 1000 g, with two
different homogenizers. As described in Figure 2.6, it is also possible to produce Janus
nanoparticles with the larger batch. Compared to the small batches, this preliminary scale-up to
1 kg highlighted the importance to maintain a low-speed agitation into the homogenizer tank as
destabilization of the pre-dispersion has been observed with unstirred tank. Fortunately, mixing

vessels are currently available into hundreds- or thousands of liters industrial homogenizers.
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Figure 2.6. Cryo-TEM view of 1 kg batch of Janus nanoparticles produced by high-pressure
homogenization.

With both Labrafil®, nanoparticles developed here have a very particular structure which could
be discussed as the combination of NE and liposomes. To make a stable NE, a lot of factors
must be taken into account as order of incorporation, shear intensities or appropriate
composition. It is generally admitted that a significant excess of surfactant is required in the
continuous phase in order to rapidly covered new surface area created during coarse emulsion
size reduction (homogenization)!’. Depending on its concentration and molecule critical
packing parameter, this excess is self-organized into supramolecular objects, such as micelles,
in equilibrium with nanodroplets. When phospholipids are used as stabilizers, the process
generates liposomes which are often simultaneously observed with nanoparticles or
nanodroplets on cryo-TEM pictures®, Here, NE droplets (dark core) and phospholipid bilayers
(ring-shape layer) seemed solidarized as the proportion of free liposomes was certainly lower
than 2-3% (from cryo-TEM observations). Several works already deal with synthetic
nanosystems containing both phospholipid bilayers and lipid core. Teixeira et al. hypothesized
that a partial phase separation of the surfactant mixture may be responsible for the formation of
anisotropic “handbag”-like structures with membrane extrusions. This was originally obtained
with the addition of positively charged stearylamine to lecithin for the stabilization of
triglyceride-based emulsions'®. Further studies characterized the mechanism of formation of

these objects but also stated on the difficulty to control their preparation and to increase their
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concentration, less than 20%, compared to other structures such as liposomes and lipid
droplets?°. Emulsomes have been also described as isotropic systems corresponding to emulsion
droplets stabilized with phospholipid bilayers?. The proposed preparation process corresponds
to the rehydration of phospholipid films with aqueous suspension of lipid nanodispersions
(liquid or solid). However, to our knowledge, no evidences on the object structure, as cryo-

TEM for example, have been furnished.

The formulation studies indicated that soybean lecithin and stearoyl macrogolglycerides were
important for the stability of the Janus nanoparticles but were not sufficient to explain their
formation mechanism. Indeed, in presence of these surface active agents caprylic-capric
triglycerides based systems were not compartmented while oleyl or linoleoyl
polyoxylglycerides based systems were. This observation prompted us to seek the driving force
of the formation mechanism into the polyoxylglycerides physical-chemistry. Due to their
synthetic routes, such type of excipients are complex mixtures containing more than 60 wt% of
glycerides and less than 40 wt% of mono- and diesters between fatty acids (oleic or linoleic
acids) and PEGsoo (supplier data). Nonionic surfactants having short PEG chains are known to
have a phase inversion temperature. Due to the dehydration of the hydrophilic PEG headgroup,
these compounds are less water soluble above this phase inversion temperature and their
hydrophilic-to-lipophilic balances decrease with temperature??. Thus polyoxyethylene
monoalkyl derivatives containing 18 carbons in their lipophilic chain and 6 oxyethylene units
would have cloud points, defining their water solubility limits, in the range of 35-40°C
depending on their concentration in water solution?. Figure 2.7a describes the behaviour of a
water - linoleoyl polyoxylglyceride mixture with temperature from 60°C to 20°C to 60°C at
5°C/min. A clear temperature-dependant phase separation could be observed into the water
droplets when the temperature decreased from 60°C to 20°C. More precisely, the first step of
this phase separation appeared as typical myelin figures which were visible at the water — lipid
interface at ~40°C (Figure 2.7b). These figures are non equilibrium cylindrical structures made
of concentric bilayers that can form during the dissolution and swelling of surfactant lamellar
phases?*. These clearly indicated the interpenetration of polyoxyethylene derivatives and water
fluxes and then the growth of bilayers from the polyoxylglyceride excipient phase to the
aqueous phase under a certain temperature. This flux of materials has been confirmed by
considering the diameter of single droplets, as expresses on Figure 2.7c, which increased when
the temperature decreased. Interestingly, phase separation and diameter modification were

reversible as observed when the temperature was increased from 25°C to 60°C.
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Figure 2.7. Follow-up of a linoleoyl polyoxylglycerides / water (1:1) mixture during its cooling
from 60°C to 25°C and its heating to 60°C. (a) Optical microscopy pictures showing water
droplets into linoleoyl polyoxylglycerides. At 25°C, arrows point out phase separation. (b)

Focus on myelin figures and phase separation at 3 temperatures (47°C, 40°C and 35°C). (c)

Mean diameter of a water droplet during its cooling and heating.

To confirm these macroscopic observations at the molecular scale, x-ray diffraction
experiments have been done on linoleoyl polyoxylglycerides containing or not water (Figure
2.8). With pure linoleoyl polyoxylglycerides, no diffraction peaks were visible both at 20°C
and 60°C. The SAXS pattern only suggested the presence of diffusing objects into this complex
excipient, certainly inverse micelles of the polyoxyethylene alkyl derivatives into the
glycerides. The addition of small amounts of water into linoleoyl polyoxylglycerides excipient,
here 10 wt%, led to the growth of two diffraction peaks characterizing a lamellar organization
with a period of 87 A at 20°C. This organization, sensitive to the temperature, totally
disappeared above ~36°C. This lamellar organization is totally consistent with previous work
from Kunieda and co-workers who investigated the phase behaviour of poly(oxyethylene)
unsaturated-C18 ether in water at room temperature. Surfactants having mean chains of 6 EO

(PEGz00) generates lamellar phases on a large extend of hydration, from less than 10 wt% of
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water to fully hydrated phases with excess water?. Still Figure 2.8, at higher temperature, a
diffusion signal was maintained suggesting the incorporation of water droplets into the linoleoyl
polyoxylglycerides. The presence of this water-in-oil dispersion seems consistent with an
increase of the packing parameter of the polyoxyethylene alkyl derivatives with temperature

thanks to the dehydration of the polar head allowing the transition from a lamellar organization
to an inverted structure.
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Figure 2.8. SAXS patterns with temperature of (a) linoleoyl polyoxylglycerides / water (9:1)
between 20°C to 60°C (heating rate: 2°C/min) and (b) pure linoleoyl polyoxylglycerides at
20°C and 60°C.

From macroscopic to microscopic observations, temperature changes induced phase separation
into polyoxylglycerides — water mixtures. Transposed to the preparation of the Janus
nanoparticles, it was reasonable to assume that 1) after dispersion and homogenization at high
temperature, a multiple emulsion is formed with internal aqueous globules stabilized with alkyl-
short PEG derivatives and intermediate oil globules stabilized by lecithin and stearoyl
macrogolglycerides 2) a phase separation occurs into the nanodroplets when the hydrophilicity

of the PEGaqo esters increases during cooling and 3) these esters contribute to the bilayer that
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surround the aqueous compartment.
4. Conclusion

Because of their original structure, their long-time stability and the scalable process they
require, the lipid Janus nanoparticles developed here seem very powerful. The presence of
compartments allows one to envisage the incorporation of lipophilic and hydrophilic API in the
same particle. This would be very interesting for theranostic applications or development of
FDC products. Defined by the combination of therapeutic and diagnostic agents on a single
platform, theranostic nanoparticles can simultaneously detect, image, and treat disease?. To
reach this goal, innovative multifunctional carriers have to be developed. FDC describes
products that have two or more active ingredients into a single dosage presentation. The
overriding principle is whether the product contains two or more actives that provide a defined
additive or synergistic therapeutic benefit in a dosage form. The pharmaceutical industry pays
increasing attention to these FDC products as suggests by the growth of their approval by the
FDA, from 1 or 2/year in the early nineties to 4 to 12/year last years?’. On the last 131 FDA-
approved FDC products, 98 are oral dosage forms and 19 of them reach a billion dollars in
annual sales. In the field of the nanotechnologies and targeted therapies, several authors
underlines that combinations are very promising but that this area of delivering multiple drugs
with a single vehicle remains largely unexplored®®?°, This is all the more true if the APIs have
opposite solubility properties. This is one of the reasons explaining why only 4% of the
approved FDC products and 14% of products in phase of development deal with parenteral
routes. Having concentric lipophilic and hydrophilic domains, liposomes, emulsomes and
ISAsomes (cubosomes, hexosomes) should be able to co-encapsulate liposoluble and
hydrosoluble molecules. However, because of the full imbrication of the lipophilic and
hydrophilic compartments, the incorporation of an API into one of them, i.e. the phospholipid
bilayer of the liposomes, could destabilize it*? and may lead to leakage from the second
compartment. With their more or less independent compartments, anisotropic Janus
morphologies show a promising capability for the independent release of two different API
from the same nanoparticles®***. In the field of self-assembled lipid-based systems, Tran and al
recently developed interesting internally ordered Janus lipid nanoparticles containing mixes of

cubic and hexagonal phases®.

Further studies should be done to deeply investigate the pharmaceutical properties of these

Janus nanoparticles, notably their encapsulation potencies for API or diagnostic agents and
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their ability to protect unstable molecules. It could be also informative to study the interaction
between these nanoparticles and serum proteins as the presence of complex mixtures as
macrogolglycerides which contain di-blocks (monoesters) and tri-blocks (diesters)
surfactants®*® would create a complex interface between the particles and the dispersion
medium. The present nanodispersions should be stabilized by a two-layer PEGisgo coating in
which the most external layer corresponds to the end of extended chains (monoesters) and a
basal layer composed of PEG1s00 anchored by both extremities (diesters). At last, their in vivo
stability and biodistribution could be checked.
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ABSTRACT

Over the past decade, the development of agents derived from nanotechnology has been applied
to overcome the problems of traditional techniques for advanced diagnosis and therapy. In
particular, improvements in nanoparticle design have created new models for theranostics,
which is defined as the combination of therapeutic and diagnostic agents within a single
platform. This paper reports the preparation and characterization of hydrophilic ferrofluids for
further encapsulation in the aqueous part of lipid-based Janus nanoparticles. Physico-chemical
analysis indicated that the integrity of the maghemite is preserved after coating but its entrapment

was not demonstrated.

KEYWORDS

Compartmented lipid nanoparticles, cryo-transmission electron microscopy, ferrofluid,
Fourier-transform infrared spectroscopy, Janus lipid nanoparticles, high pressure
homogenization, maghemite, PAA, PAAMA, small-angle x-ray diffraction, SPION,

thermogravimetric analysis

101



Chapter 2. Incorporation of hydrophilic ferro-fluids into lipid-based Janus nanoparticles

1. Infroduction

Nanotechnology gives the opportunity to assemble therapeutic and diagnostic agents as a single
theranostic platform which is a molecular platform that simultaneously combines diagnosis and
therapy [1-4]. The main goal is to diagnose and treat the diseases at their earliest stage.
Liposomes are a valid platform for theranostic nanomedicine, because of their size,
hydrophobic and hydrophilic character, biocompatibility, biodegradability, low toxicity, and
immunogenicity [5-7]. First described in the 60s by Bangham [8], liposomes are core-shell
structures definied as closed vesicles delimited by one or several concentric hydrated lipid
bilayers that entrap a part of the aqueous phase where they have been formed. Usually,
liposomes are mainly composed of phospholipids. The advantage of these structures lies in their
double ability to incorporate hydrophilic substances in their inner aqueous core and to
encapsulate hydrophobic or amphiphilic compounds in their bilayer shell. Thus, several
liposomal formulations have reached the market during the last twenty years (Ambisome®,
Doxil®, Myocet®, ...) for therapeutic applications. Such constructs also present great
opportunities to engineer theranostic nanoscale delivery systems [7]. The first property has been
successfully exploited to load liposomes with a hydrophilic magnetic fluid aqueously stabilized
: MFL, also referred to as magnetoliposomes [9]. Once the “diagnostic” agent is included in the
magnetoliposome, the next step is to encapsulate the “therapeutic” compound. In this purpose,
when the drug is also hydrophilic, a competition with the magnetic fluid can occur and reduce
drastically the encapsulation rates. On the contrary, when the drug is hydrophobic, a potential
bilayer destabilization can be observed. In order to overcome these drawbacks,
bicompartmented lipid-based Janus nanoparticles have been developed. They are composed of
a lipid compartment and an aqueous compartment delimited by a lipid bilayer made of
compounds approved by authorities (pharmacopoeias, EMA, FDA...). The two distinct sides
of the Janus nanoparticles make them very interesting objects for the co-administration of two
API with opposite solubilities. In the present work, we investigated the development of aqueous
superparamagnetic iron oxide nanoparticle as diagnostic agent, their encapsulation in the

aqueous part of Janus nanoparticles and their characterizations.

2. Materials and Methods
2.1. Materials

Citrate coated-maghemite (FF-cit) was already synthesized in the laboratory [9].
Carboxymethyl Dextran (CMD, sodium salt, 15000 g.mol™, n = 69), poly(acrylic acid) (PAA,
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sodium salt, 2100 g.mol !, n = 22), and poly(acrylic acid-co-maleic acid) (PAAMA, 1:1 mole
ratio of (acrylic acid):(maleic acid), solution (3000 g.mol™!, 50 wt % in H.0)) were purchased
from Sigma Aldrich and used as received. Gelucire® 50/13 (stearoyl macrogolglycerides),
Labrafil® M 2125 CS (linoleyl polyoxylglycerides), and Labrafil® M 1944 CS (oleyl
polyoxylglycerides) were given by Gattefosse S.A.S. (Saint-Priest, France). Phospholipon®
90G (soybean lecithin at 94 — 102% of phosphatidylcholine) was provided by Phospholipid
GmbH, Lipoid Group (K6ln, Germany). Water was purified through a Milli-Q water system

(Millipore, France). All other chemicals were of analytical grade or reagent grade.

2.2. Methods

2.2.1. Maghemite nanoparticles synthesis

Aqueous solutions of maghemite (y-Fe2Os) were synthesized following Massart's
coprecipitation method [10]. An acidic solution of ferric (FeCls) and ferrous (FeCl.) chlorides
was prepared. Ammonia was then added quickly to this solution in order to coprecipitate the
iron cations into FesO4 (magnetite). After stirring and washing with nitric acid, a solution of
ferric nitrate was added to the mixture. It was then boiled for 30 minutes in order to oxidize the
magnetite into maghemite (y-Fe203). This step is characterized by a change in the color of the
particles which turn from black to red-brown. The resulting dispersion was then washed with
acetone and ether before being redispersed in water to obtain the acidic FF. The maghemite
nanoparticles prepared by the Massart process [10] have a zero charge point at pH 7.4. By acting
on the pH, it will be possible to create positive charges at acidic pH by protonation of the surface
hydroxyl groups or negative at basic pH by deprotonation of these same groups. In our case,

we can obtain an acidic ferrofluid (pH 1.75) by adding nitric acid.
2.2.2. Maghemite nanoparticles coating

Bare nanoparticles are easily destabilized by an increase in ionic strength. To stabilize the
particles at pH 7, it is necessary to complex a molecule which will confer a negative charge on
the particles to the surface of iron atoms. Among the most effective complexing agents,
molecules having carboxylate groups are able to strongly form coordination links with iron
atoms. Citrate ions (Figure 3.1) are among the ligands most commonly used to functionalize
maghemite nanoparticles in order to stabilize them on complementary pH ranges compared
with naked nanoparticles [11,12]. Indeed, the citrate molecules exhibit a negative charge when

the pH is sufficiently basic so that the carboxylic acid functional groups of the uncomplexed
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citric acid are deprotonated. Thus, the stabilization of the maghemite-based colloid at pH 7 is
based on the electrostatic repulsion of the nanocrystals through surface coating with negatively

charged citrate anions.

(0] ONa

ONa
NaO
HO

Figure 3.1. Sodium citrate

To prevent aggregation at neutral pH, the CMD, PAA and PAAMA polymers were used to
stabilize the SPION. Carboxymethyl-substituted dextran (CMD) (Figure 3.2) is an anionic
derivative of dextran commonly used as coating material for biosensors in both research and
commercial settings due to its high density of carboxymethyl groups available for chemical
conjugations [13]. Furthermore, the carboxymethyl groups allow for covalent fixation of the
polymer to the maghemite surface which has a favorable impact on the nanoparticles colloidal
stability [14]. Coating nanoparticles with polymers allows for colloidal stabilization through
steric repulsion, which is less sensitive to the effects of high ionic strength of the biological
medium than the citrated maghemite.

o o

HO o

OH boN
|
o)

n

Figure 3.2. Sodium carboxymethyl dextran

CMD-coated maghemite (FF-CMD) was synthesized as follow : 1,25.10" mol of CMD is added
into an aqueous solution of acidic FF (25.10° mol) and heated at 150°C under magnetic stirring.
After completion of the addition, the mixture is cooled to room temperature. pH of the solution
is then adjusted to 3 with HCI. After one hour of stirring, pH is then ascended to 9 with
tetramethylammonium hydroxide. One hour later, the solution pH is finally neutralized with
HCI to obtain FF-CMD.
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Polyacrylic acid chains (Figure 3.3) exhibit carboxylic acid functions carrying negative charges
when deprotonated. Functionalization was carried out according to a detailed protocol in the
literature [15,16]. This consists in adding a solution of naked nanoparticles at acid pH to a
solution of polyacrylic acid previously adjusted to the same pH. The flocculate obtained is then
redispersed with a basic solution of ammonium hydroxide to obtain the PAA-coated SPION
(FF-PAA).

Figure 3.3. Sodium polyacrylate

The use of the poly(acrylic acid-co-maleic acid) copolymer (Figure 3.4) as coating is much less
frequently reported in the literature. PAA and PAAMA are two polymers of relatively similar
structures since acrylic and maleic acids have the same functional groups, only the distance
between two groups differs from one polymer to another. The procedure followed to
functionalize the particles with PAAMA (FF-PAAMA) is similar to that used for PAA.

O§ OH O§ OH

H;C

Figure 3.4. Poly(acrylic acid-co-maleic acid)

Both PAA and PAAMA coatings were performed by precipitation—redispersion following the
procedure developed for PAA by Seghal [15] which will be described briefly here. First, if
necessary, the pH of the polymer solution (1%wt) is adjusted to 2 with HNO3z. An agueous
solution of acidic FF (1%wt) is then dripped into the polymer solution under stirring. The
mixture is magnetically decanted and the supernatant is eliminated. NH4OH is finally added
until complete redispersion of the particles to obtain FF-PAA or FF-PAAMA.
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2.2.3. Particle size

The particle size of nanodispersions was measured using a Nano-ZS90 apparatus (Malvern,
Instruments, Orsay, France). The average hydrodynamic diameter and Pdl were determined by
QELS. The samples were diluted to 1/300 in Milli-Q water.

2.2.4. Thermogravimetric (TGA) analysis

Prior to TGA analysis, the FF was purified to remove unbound polymers. 1 mL of ferrofluid
(FF) was dialyzed with a Micro DispoDIALYZER, 50 kDa, Sigma-Aldrich against 125 mL of
water under stirring until the bulk density measured with a Beer Analyzer 2, Anton Paar
densimeter was stable. Then 3 mL of the ferrofluid was freeze-dried with a COSMOS -80,
Cryotec freeze-drier in 10 mL glass vial during 24 hours to obtain powder. Thermogravimetric
analysis were done by TGA/DTA (SETARAM TG/DSC, Model 92-1750). Thermal analysis
was used for the characterization of decomposition behaviour of freeze-dried SPION in order
to quantify the iron oxide — coating mass ratio. These analyses have been done on 18-19 mg of
freeze-dried SPION in a flowing air, from 40°C to 800°C, with a heating rate of 10 °C/min.

2.2.5. X-ray diffraction (XRD)

The data were collected at room temperature on a Rigaku D/max-B goniometer with a radius
of 50 cm, associated with a Rigaku RA HF 18 rotating anode. The power of the X-ray generator
was set to 50 kV and 200 mA. The KB (A= 1.392 A) copper radiation wavelength was selected
through a monochromator. The powder, after grinding, was glued with vaseline on a home-
made sample holder consisting of a silicon wafer. The scans were recorded with the following
setting : 2-theta angle (20) from 0.5 to 50°, a step size 0f 0.02°, and a counting time of 2 seconds
per step.

First, the Bragg peak positions were determined to identify the crystalline structure of the iron
oxide. In a second time, the width of these peaks were measured in order to determine the
crystalline size, meaning the diameter of the iron oxide core. Indeed, if they are small enough
(<1 um), the size of the crystallites and the shape of the XRD reflections are correlated by

means of the Scherrer formula :

B KA
B widthqq). cos6
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where d is the crystallite size, A is the wavelength of the radiation, 0 is the angle of the
considered Bragg reflection and K is a constant that has been generally fixed at 0.9 in the

literature [17-19] (This value were used here).
2.2.6. Small-angles X-ray scaterrings (SAXS)

Besides experiments with laboratory equipments, higher fluxes were necessary for some SAXS
measurements. Time resolved combined small and wide-angle X-ray scattering experiments
were then carried out at the Non Crystalline Diffraction beamline, BL-11 of the Alba
synchrotron radiation light facility of Cerdanyola del Vallés (Catalonia, Spain). The energy of
the incident photons was 10.0 keV, equivalent to a wavelength, A, of 1.24 A and the flux at the
sample position was about 1012 photons per second. The SAXS diffraction pattern was
collected by means of a CCD detector Quantum ADSC 210r with an active area of 210 x 210
mm2 and an effective square pixel size of 103 mm with a depth of 16 bits. The sample-to-
detector distance was set to about 2700 mm, resulting in a g range with a maximum value of
0.51 AL, Additionally, the WAXS diffraction pattern was collected by means of a CCD detector
Rayonix LX255-HS with an active area of 85 x 255 mm2 and an effective square pixel size of
44 mm with a depth of 16 bits. In this case, the sample-to-detector distance was set to 139.0
mm, corresponding to a maximum q value of 6.41 A™X. This detector was tilt with a pitch of
26.7°. The exposure time, common to both detectors, was optimized in order to maximize the
signal to noise ratio while avoiding detector saturation. Samples were confined in sealed quartz
capillaries with an outside diameter of 1.6 mm and wall thickness of 0.01 mm and then insert
in a Linkam HFSX-350-CAP hot stage with a temperature control within + 0.1°C and connected
to a cooling system of liquid nitrogen. Simultaneous SAXS and WAXS patterns were acquired
while the samples were kept at fixed temperature or were heated from 20°C to 60°C at a
controlled rate of 2°C.min"! depending on the experiments. In these experiments the scattering
from water and that of the containing capillary was subtracted from the total scattering
contribution. The data reduction was treated by pyFAI python code that is able to do azimuthal
integrations from a previously calibrated file. The calibration files were created from well-
known standards, i.e. Silver behenate and Cr203 for SAXS and WAXS respectively. The data
were analyzed by using IgorPro 6 (Wavemetrics) to determine the Bragg reflection positions
and AutoRg tool from the ATSAS suite (EMBL, Hambourg). AUTORG, is a command-line
program to estimate the radius of gyration (Rg) using the Guinier approximation [20]. The value

of Rg is estimated from the best possible linear fit of In[I(s)] versus s? (Guinier plot) where s is
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the scattering vector. This approximation is valid for sufficiently small scattering vectors (in
the range up to sRg < 1.3). The Rg provides an estimate of the overall size of a particle (the root
mean square distance to center-of-mass in a particle) and is complementary to crystalline

diameter (Scherrer calculations) and hydrodynamic diameter (DLS measurements).
2.2.7. Infra-red (IR) spectroscopy

The IR spectra of the sample were recorded using a Brucker IFS 125 Fourier transform
spectrometer under vacuum, at the AILES beamline of SOLEIL synchrotron ring (Saint Aubin,
France). Spectra were recorded at room temperature with a resolution of 4 cm™ with 200 scans
per spectrum using the ATR (attenuated total reflectance) technique with a single reflexion
diamond crystal. The absorbance (A = -log(l/lo)) was calculated by taking as a reference o the

ATR system without any sample.

2.2.8. Preparation of magnetic nanodispersions by high-pressure

homogenization process

7.7 mL of pre-heated (50°C) aqueous phase containing coated maghemite in the range 0,08-
1,025M of iron, 2% (w/w) of Gelucire® 50/13 and 1% (w/w) of Phospholipon® 90G as
surfactant was formed by using ultra-turrax (IKA® T10 basic, Germany) at 8500 rpm for 5
minutes. Thereafter, 2 g of lipid phase (Labrafil® M 2125 CS) was added to the water phase at
the same temperature and formed a pre-dispersion at 20 000 rpm for 5 minutes. The resulting
dispersion was homogenized at the same temperature by using a one stage high pressure
homogenizer (Stansted Fluid Power Ltd, UK) during 4 passes at 1000 bars. The formulation

was stored in glass vials and cooled down slowly to room temperature.
2.2.9. Transmission electron microscopy (TEM)

After synthesis, FF were diluted 2000 times. A droplet was then deposited on a carbon-coated
copper grid and dried. FF were characterized with a JEOL 100-CX transmission electron

microscope at 60 keV.
2.2.10. Cryogenic transmission electron microscopy (Cryo-TEM)
The morphology of nanodispersions was observed using a cryo-TEM system (JEM 2100,

JEOL, Japan). All nanodispersions were diluted to 1/40 (v/v) in Milli-Q water. 10 pL of samples
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were placed on a copper grid, and the solution excess was carefully removed by a filter paper.
The vitrification of the film was achieved by rapidly plunging the grid into liquid ethane. The
vitrified sample was then transferred to the microscope. The temperature was kept around -
180°C during both the transfer and the viewing procedures in order to prevent sample

perturbation and the formation of ice crystals.
2.2.11. Optical microscopy

Sample preparations were examined by microscopy in white light optical using a Nikon E600
Eclipse microscope (Champigny/Marne, France) equipped with a long focus objective (LWD
20 x 0.55; 0-2 mm). The images were recorded with a Mightex BCE 030-U camera at a
resolution of 1024 x 768 pixels. The samples were prepared at 60°C, placed between two
circular glass slides (26 mm thick) at the same temperature, observed in the 60-15°C range and

monitored by a hotplate at heating or cooling rates of 2°C/min.

3. Results and Discussions

3.1. FF particle size

Table 3.1 describes the size and PdlI of acidic ferrofluid, citrate, CMD, PAA and PAAMA-
coated maghemite. FF-cit, FF-PAA and FF-PAAMA are very similar in size with a mean
hydrodynamic diameter of 23.2, 23.1 and 22.5 nm respectively even if the type of the

stabilization is very different.

Indeed, the first stabilization is electrostatic with the citrate ions only adsorb on the surface of
the maghemite whereas the second coating is steric with the carboxylic functions of CMD, PAA
and PAAMA complexed with the iron atoms of the maghemite. The hydrodynamic diameter of
FF-CMD is three time larger than that measured with the other stabilizers probably due to the
high molecular weight of the CMD used here (15000 g.mol). Comparing the size of the nude
maghemite (acidic FF) with that of the FF-PAA and FF-PAAMA, the layer of polymer coating
the iron oxide grains can be estimated to be about 10 nm. The same size difference between
before and after coating with the citrate ions is also observed even if citrates are small molecules
compared to the polymers but this is explained by the presence of a solvation layer around the
grains of maghemite. All these particles having size compatible with their incoporation in
nanocarriers with size in the range 150-200 nm, they have been included in the FF selection

strategy.
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Table 3.1. Size and Pdl of the FF-cit and the synthesized acidic FF, FF-CMD, FF-PAA and
FF-PAAMA.

Ferrofluid Size (nm) | PdlI
Acidic FF 10.6 £2.9 | 0.405 £ 0.088

FF-cit 23.2+8.6 | 0.116 + 0.002
FF-CMD 60.2+9.1 | 0.215+0.034
FF-PAA 23.1+6.9 | 0.303 £ 0.030

FF-PAAMA | 225+6.5 | 0.145+0.010

3.2. FF selection strategy : FF vs. Process compatibility

First step of this work is to evaluate the compatibility between the high pressure
homogenization (HPH) process and the use of ferrofluids. To determine it, a simple experiment
consisting of subjecting the pure ferrofluid to the HPH process was carried out. Figure 3.5
showing the QELS profiles of the FF-PAA before and after HPH process doesn’t indicate any
significant difference between the two allowing us to state that the FF used is compatible with

the HPH process.

FF before HPH FF after HPH

Number (%)

150 15 1c=|0
Figure 3.5. QELS profiles of FF-PAA before (left) and after (right) HPH process.

The next step is to appraise the feasibility and/or stability of the nanodispersion formulated with
the different ferrofluids. To study this aspect, four different aqueous phases were prepared
containing all Gelucire®, Phospholipon® and either FF-cit, FF-CMD, FF-PAA or FF-PAAMA.
A lipid phase composed of PEG vegetable oils (Labrafil® M2125 CS) is added into the aqueous
phase before being homogenized by HPH process. With the FF-cit and FF-CMD, unstable

dispersions with the lipids of our preparation are obtained (Figure 3.6) but in the case of FF-
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PAA and FF-PAAMA, macroscopically stable dispersions are obtained. Regarding the
feasibility of the nanodispersions, PAA and PAAMA are the best stabilizers for further aqueous

Janus encapsulation.

Figure 3.6. Nanodispersions obtained after HPH process with FF-cit (left), FF-CMD (middle)
and FF-PAA or FF-PAAMA (right).

3.3. Characterization of FF-PAA and FF-PAAMA

3.3.1. Structural organization

Grains constituting these two ferrofluids were observed with transmission electron microscopy
(Fig. 3.7). They are correctly dispersed and have similar shape and size distribution, confirming

the QELS measurements.

Figure 3.7. TEM views of FF-PAA (left) and FF-PAAMA (right).

Identification and crystal structure investigation of the freeze-dried powder samples FF-PAA
and FF-PAAMA are based on the position of characteristic peaks in the diffractogram using the
JCPDS data card 39-1346 [21]. An example of diffractogram is depicted on Figure 3.8 where
FF-PAAMA presents more or less intense reflection at the following scattering angles (26) :
16.2°, 27.4°, 32.1° 38.9° and 48.2°. The Bragg peaks that can be attributed to specific
diffraction planes inside the maghemite lattice are (111), (220), (311), (400) and (422).
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Figure 3.8. XRD pattern of FF-PAAMA.

Table 3.2 summarizes the most intensive reflections of the synthesized FF-PAA and FF-
PAAMA in comparison with JCPDS data for maghemite (No. 39-1346) and magnetite (No
75_0033) [22]. As expected, synthesized FF-PAA and FF-PAAMA exhibit same diffraction
patterns. The assembly of the diffraction peaks is indicative for a cubic inverse spinel structure
[23]. The major oxides of iron, maghemite and magnetite, are structurally very similar (table
2). Theoretically, maghemite contains all the peaks of magnetite, with slight position shifts, and
some additional very low intensity peaks corresponding to (110), (210) or (211) reflections at
lower angles values. Because of the small size of the crystals and their low diffracted intensities,
such additional peaks were not detected here and are probably included in the signal noise.
Considering the peak positions, the (111) reflection does not fit perfectly the references. This
could be due to its very weak intensity and to the inclined baseline which makes more difficult
the fine detection of the position. The other peaks (220), (311), (400) and (422) fit better the
Fe>O3 than the Fe 304 reference. Even if the differences between the references are very slights
in terms of peak positions, this parameter has been used in the literature to discriminate iron
oxides [24,25] and strongly suggests here the presence of maghemite core. This is what is

expected from the synthesis route.
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Table 3.2. Indexation and peak position of the FF-PAAMA and FF-PAA diffractograms.
Comparison with Fe>O3 and Fe 304 references. The peak intensities are classified as weak
(w), strong (s) and very strong (vs). * Unfortunately unexpected noise of the sample had

disturbed the determination of this reflection position.

Indexation d (A) (peak intensity)
(hkl) FF-PAAMA | FF-PAA | Fe20s reference Fe304 reference
(JCPDS 39-1346) | (JCPDS 75-0033)
(111) 4.93 (w) 4.93 (w) 4.82 (w) 4.84 (w)
(220) 2.94 (s) 2.94 (s) 2.95 (s) 2.96 (s)
(311) 2.52 (vs) * 2.52 (vs) 2.53 (vs)
(400) 2.09 (s) 2.09 (s) 2.09 (s) 2.10 (s)
(422) 1.70 (w) 1.70 (w) 1.70 (w) 1.71 (w)

Freeze-dried powder diffraction patterns allows also to estimate the crystal size thank to
Scherrer model (Table 3.3). Applied to all the reflections of the diffractograms, diameters of 13
+ 2 nm and 12 =+ 2 nm could be estimated for FF-PAAMA and FF-PAA respectively. This is
coherent with the hydrodynamic diameter of the acidic FF (Table 2.1) and with previous studies
on uncoated magnetic nanoparticles prepared by the same protocol [26] which exhibited a
TEM-diameter of 11.7 + 3.7 nm.

Last size determination, the gyration diameter at infinite dilution has been obtained from
synchrotron SAXS measurements on dilutions, from 0.03 wt% to 0.6 wt% of both FF. Values
of 14.0 £ 0.2 nm and 14.4 = 0.4 nm were determined for FF-PAAMA and FF-PAA respectively
(Table 3.3). Gyration diameter are slightly larger than crystalline diameter but are strongly
lower than the hydrodynamic diameter. This seems reasonable due to the density differences

between the inorganic core and the organic polymer shell.

Table 3.3. Summary of the different diameters of the FF-PAAMA and FF-PAA grains.

Ferrofluid Hydrodynamic | Crystalline Gyration
diameter (nm) | diameter (nm) | diameter (nm)

FF-PAA 23.1+£6.9 12+2 144+04

FF-PAAMA |225%+6.5 13+£2 140+0.2
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3.3.2. FTIR

Figure 3.9 shows the FTIR spectra of acidic FF, PAAMA polymer and FF-PAAMA freeze-
dried powder. The characteristic absorption bands of the Fe-O bond of y-Fe>O3 can be observed
at 378 and 548 cm on the curve of FF-PAAMA that we find at 531 cm™ for the acidic FF
(Table 3.3). The bands at 1185-1266 cm™ are attributed to the aliphatic acid. The most
significant change in the PAAMA bands upon complexing is the appearance of two absorption
bands at 1399 and 1549 cm respectively assigned to symmetric and asymmetric stretching
vibration modes of the carboxylate group, which indicate the bidentate bonding of the carbonyl
groups to the surface of iron atoms [27-29]. The two bands around 2900-3600 cm™ and 1624
cm? on the acidic FF curve are ascribed to stretching and bending vibrations of surface
hydroxyl groups, respectively [30]. In PAAMA curve characteristic stretching bands of
carbonyl groups locates at 1636 and 1705 cm™ whereas it locates at 1694 cm™ on the FF-
PAAMA curve, but its relative intensity is weaker than that of PAAMA. These results inform
of the chemical reaction taking place between PAAMA and y-Fe,Os particles : PAAMA is
directly coordinated with the surface of y-Fe2Oz. For the existing characteristic stretching band
of carbonyl groups at 1694 cm™ and its decreasing intensity in FF-PAAMA curve, we can
deduce that the carboxylic acid groups of PAAMA are bound to the surface of y-Fe;O3
nanoparticles to form carboxylate groups [31]. The bands at 2937 and 2938 cm™ in Table 2.3
are attributed to C-H bonds. The last large bands at 3014-3712 and 3000-3636 cm™ correspond
to the O-H stretching bond.
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Absorbance (a.u.)

Table 3.3. IR band positions and assignments for acidic FF, PAAMA polymer and FF-

PAAMA.
Assignment Wavenumber (cm™)
Acidic FF PAAMA FF-PAAMA
v (Fe-0) 531 - 378 ; 548
v (C-0) - 1185-1266 1202
v (COO") symmetric - - 1399
v (COO") asymmetric - - 1549
v (OH) bending 1624 - -
v (C=0) - 1636 ; 1705 1694
v (C-H) - 2937 2938
v (OH) stretching 2900-3600 3014-3712 3000-3636

2.0 7

—— FF-PAAMA
—— PAAMA
—— Acidic FF

0.5

4000 3000

2000 1000
Wavenumber (cm'l)

Figure 3.9. FTIR analysis of the acidic FF (red), the PAAMA polymer (blue) and the FF-

PAAMA (purple).
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Figure 3.10 presents the FTIR spectra of acidic FF, PAA polymer and FF-PAA. The
characteristic absorption bands of the Fe-O bond of y-Fe,O3 can be observed at 382 and 548
cm™ on the curve of FF-PAA that we find at 531 cm™ for the acidic FF (Table 3.4). The
stretching frequency of C-O is found at 1320 cm™ for PAA and shifted at 1297 cm™ for FF-
PAA. Our PAA sample is made of sodium polyacrylate, this mean that in this form the
carboxylate functional groups of the polymer are fully ionized and the symmetric stretching
frequency of the carboxylate ion are located at 1402 cm™ for both PAA and FF-PAA and 1548
cm® whereas the antisymmetric stretching frequencies of COO™ are situated at 1548 cm™ and
1540 cm™ for PAA and FF-PAA respectively. CH; stretching bands are detected at 1453 cm™
and 2938 cm for both PAA and FF-PAA. The two bands around 2900-3600 cm™ and 1624
cm? on the acidic FF curve are ascribed to stretching and bending vibrations of surface
hydroxyl groups, respectively [30]. The last large bands at 3217-3389 cm™ and 3000-3636 cm’
! correspond to the O-H stretching bond. In the literature, spectrum of sodium-free PAA has
been described [32]. It is significantly different from our PAA but, interestingly, it owns
similarities with our PAAMA which is sodium-free too confirming the analogy between the

two polymers.

Table 3.4. IR band positions and assignments for acidic FF, PAA polymer and FF-PAA.

Assignment Wavenumber (cm™)
Acidic FF PAA FF-PAA

v (Fe-0) 531 - 382 ;548
v (C-0) - 1320 1297

v (COO") symmetric - 1402 1402

v (CH2) - 1453 1453

v (COO") asymmetric - 1548 1540

v (OH) bending 1624 - -

v (CHa) - 2938 2938

v (OH) stretching 2900-3600 | 3217-3389 3000-3636
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Figure 3.10. FTIR analysis of the acidic FF (red), the PAA polymer (orange) and the FF-PAA
(green).

3.3.3. TGA

Figure 3.11 shows the TGA analysis of acidic FF, FF-PAAMA and FF-PAA. The acidic FF
presents insignificant weight loss from 50 to 800°C. The TGA curve of FF-PAAMA shows two
decomposition stages. The first step occurring near 200°C is due to dehydration caused by the
destruction of polyelectrolyte complex between COO™ and NH4" leading to the formation of
amide bonds [32]. The second step near 400°C concerns the degradation of PAAMA polymer.
It can therefore be approximated that the loss of mass in FF-PAAMA originates from the
polymer [32]. After the TGA analysis, 75 weight % of the FF-PAAMA is conserved. This result
indicates that the weight ratio between the PAAMA polymer and the iron oxide (75%) is around
1:3. The TGA curve of FF-PAA also exhibits three stages of decomposition. The first-stage
decomposition, which occurred near 200°C as for the FF-PAAMA, is also due to dehydration.
Then the temperature is increased to 460°C to enable the main degradation of PAA polymer.
The last decomposition stage which occurred at 620°C is due to the deoxidization of the y-

Fe,Os particles, consisting in the FF as mentioned above, to form FesOs. After the TGA
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analysis, 45 weight % of the FF-PAA is conserved. The weight ratio between the PAA polymer

and the iron oxide (45%) is around 1:1.

The polymer — iron oxide ratios being significantly different between the two FF, these results
should be discussed. From the TGA results and size determination, a stabilizer shell thickness
can be calculated, using the radius of the nanocrystal core, rc, (Scherrer calculation), the density
pc of y-Fe20s3, the density of the shell, ps, the shell weight, ms, and the core weight, mc. pc and
ps could be obtained from the literature with respective values of 4.87 g/cm? [24,33] and ~1.5

g/cm?® [34]. The shell thickness, rs, would be calculated from the following equation [35] :

3
3 [MsT¢c-Pc

C

+713.ps

o
I

—_ ‘r'c
Ps

The shell thickness would be ~1.8 nm for FF-PAAMA and ~3.7 nm for FF-PAA. These results
would lead to whole diameter ~16.6 nm and ~19.4 nm for anhydrous FF-PAAMA and FF-PAA
respectively. Similar to the hydrodynamic diameter of the FF, the value for FF-PAAMA seems
convincing. In the case of FF-PAA, the amount of polymer seems unfortunately too important,
probably due to an incomplete purification.
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Figure 3.11. TGA analysis of the acidic FF (red), the FF-PAAMA (purple) and the FF-PAA
(blue).

3.4. Incorporation trials in Janus nanoparticles

The purpose of this work is to encapsulate SPION in the aqueous part of Janus nanoparticles.
To generate Janus nanoparticles, a HPH process is used by adding a lipid phase containing PEG
vegetable oils (Labrafil® M2125 CS) into an aqueous phase made of phospholipids
(Phospholipon® 90G), non-ionic surfactant (Gelucire® 50/13) and water. The first attempt is
just to replace the water in the initial aqueous phase used in the conventional protocol by an
aqueous phase containing FF in the range 0,08-1,025M of iron. The second test consists in
changing the incorporation order that is to say to add the aqueous phase containing the FF into
the lipid phase before homogenization. In the third trial, the aqueous FF is pre-incubated with
the lipids and this lipid phase is then added into the classical aqueous phase before
homogenization. The last trial was based on thin film hydration commonly used in the
preparation of ML [9]. Indeed, a film of phospholipids and surfactants was prepared and then
hydrated with an aqueous FF solution. The lipid phase is thereafter added in the previous
aqueous phase before homogenization. In all cases, Janus nanoparticles can be obtained but as

it can observed on Figure 3.12, FF grains are still outside of the particles.

119



Chapter 2. Incorporation of hydrophilic ferro-fluids into lipid-based Janus nanoparticles

Figure 3.12. Cryo-TEM view of Janus nanopatrticles.

3.5. Aqueous FF influency on the formation mechanism

3.5.1. SAXS experiments

As shown above, the incorporation of the aqueous FF inside the Janus nanoparticles has not
been successful, justifying why it should be interesting to look for the influence of the aqueous
FF on the phase separation that has been described as the driving-force of the Janus formation
(Experimental chapter 1). To investigate this aspect, SAXS experiments were carried out on
several mixtures containing all Labrafil® M2125 CS and either water, FF-PAAMA suspension
or FF-PAA suspension (Figure 3.13). On the water hydrated Labrafil® X-ray diffraction
pattern, a diffraction peak is detected into hydrated Labrafil characterizing a lamellar phase
with a period of 97 A at 20°C. This lamellar organization was previously described by Kunieda
et al. in 1997 [36] who investigated the phase behaviour of poly(oxyethylene) unsaturated-C18
ether in water at room temperature. In chapter 1, the thickness of the lamellar phase was
evaluated at 87 A at 20°C. The 10 A difference may originate from the composition of
Labrafil® (complex mixture resulting from hemisynthesis of vegetable origin materials with
great variability). Thus, the parameters which could influence the average thickness of this
lamellar phase are : the saturated/monounsaturated/diunsaturated ratio of the fatty acid chains,
the average length of the PEG chains and the monoester/diester ratio. General aspect of the
diffractogram is more or less flat in the presence of water but the signal undergoes a strong rise
to small g in the presence of FF. This can be explained by the diffusion signal related to the
presence of grains in the FF (depending on the FF concentration, results not shown). If the
Labrafil® is hydrated with both FF-PAAMA 3% and FF-PAA 3%, the diffraction peak is still
present on the diffractogram but its position is shifted to the smallest distances with a period of
72 A at 20°C.

120



Chapter 2. Incorporation of hydrophilic ferro-fluids into lipid-based Janus nanoparticles

T=20°C
1000
8 —— Lab. 2125 / water
il — Lab. 2125/ FF-PAAMA 3%
2' —— Lab. 2125 / FF-PAA 3%
— 41
©
ICANE
‘a0
o L
100— —~
g_
8_
7_
6_
5_
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.05 0.10 0.15 0.20

q(A?)

Figure 3.13. SAXS experiments on Labrafil® M2125 CS mixed with water (blue), FF-PAAMA
(black) or FF-PAA (red).

By gradually increasing the iron concentration from 0% to 3% of the hydrating phase the
thickness of the lamellar phase decreases from 97 A to 72 A respectively (Figure 3.14) but the
lamellar organization is still conserved indicating that the incorporation of aqueous FF within
a hydrated phase of Labrafil® is possible. If we figure out in term of mass ratio of the mixtures,
then the more FF, the less water available to moisturize the Labrafil® surfactants involving a
smaller thickness of the lamellar phase. Complementary experiments with pure water have
shown that by modifying the hydration rate, from 10% to 5%, the lamellar thickness decreased
to 81 A? (data not shown) confirming the correlation between hydration and lamellar thickness.
The result on Figure 3.14 also suggests that FF doesn’t enter into these layers of hydrated
surfactants. Indeed, considering the hydrodynamic diameter of the FF grains, if they were
inserted between the bilayers, the thickness should increase very strongly with the concentration
of FF. Furthermore, due to the thickness heterogeneities induced by the FF grains, the width of
the diffraction peaks should increase and this lamellar phase should even completely destruct ;
it’s not the case here. The Labrafil® surfactants are on one side, the FF grains on the other side
which create a competition between the two on water distribution. If some of the water is bound
to the PAA and PAAMA coatings, it will moisturize less the surfactants.
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Figure 3.14. Evolution of the lamellar phase thickness as a function of the FF-PAAMA (black)
or FF-PAA (red) concentration.

In the first part, it has been shown that with pure Labrafil® hydrated with water this lamellar
organization is sensitive to the temperature and disappeared above 36°C that is why we try to
determine if the same behaviour occurs when the moisturizing phase contains FF. An
experiment was carried out on a mixture of Labrafil® M2125 CS with FF-PAA at 3% in a ratio
of 9/1 by gradually increasing the temperature from 20°C to 48°C. The results summarized on
Figure 3.15 show a shift of the diffraction peak to longer distances and its intensity decreases

with the temperature raise.
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Figure 3.15. SAXS experiments on mixtures of Labrafil® M2125 CS and FF-PAA at 3% in a
ratio 9/1 respectively under different temperatures, = intensity of the diffraction peak, = position

of the diffraction peak.
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The same experiment was performed with several hydrating phases in which the iron
concentration is progressively reduced (Table 3.4). The trend seems to indicate that the
temperature of disappearance of the diffraction peak reduces with the diminution of the iron
concentration and the lamellar organization is preserved at low temperatures (under 39°C). For
pure Labrafil® M2125 CS the temperature of disappearance of the diffraction peak is estimated
at 29°C, whereas a slight difference is observed with the result found in the first chapter (36°C)
probably due to a variation in the composition of Labrafil® M2125 CS.

Table 3.4. Evolution of the temperature of disappearance of the lamellar phase peak in

function of the iron concentration.

Hydrating phase Temperature
FF-PAA 3% 39°C
FF-PAAMA 3% 39°C
FF-PAAMA 0.3% 34°C
FF-PAAMA 0.03% 30°C
Water 29°C

It is apparent from these results that the phase separation still occurs in presence of FF even if
it modifies some parameters such as bilayer thickness or « transition » temperature. This
confirms the cryo-TEM observations (Figure 2.12) that clearly shown the presence of Janus
particles even if FF grains are incorporated into the aqueous phase. However, further
experiments have been done to understand why the FF grains are not incorporated in these

Janus particles.
3.5.2. Optical microscopy

Figure 3.16 describes the behaviour of an aqueous FF droplet in Labrafil® with temperature
from 60°C to 14°C. When the temperature decreases from 60°C to 14°C at 2°C/min, a phase

separation distinctly appears around the FF droplets.
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Lipid phase

14°C
+20 min

Figure 3.16. Optical microscopy pictures showing aqueous FF droplets into Labrafil® during
cooling from 57°C to 14°C.

More precisely, the first step of this phase separation begins with the emergence of myelin
figures which are visible at the FF — lipid interface at around 24°C (Figure 3.17). These figures
are made of concentric bilayers obtained during the progressive hydration of lamellar structures
that can be formed during the dissolution and swelling of surfactant lamellar phases [37]. The
proposed mechanism of Janus nanoparticles formation is based on temperature dependant
phase separation and the results of this experiment are in good agreement with the previous
observations without FF. However, it is clearly apparent in these pictures that the new phase
observed between FF and Labrafil® is certainly poor in FF grains as it do not described the
typical brownish color of the iron oxide. This confirms the SAXS results suggesting the absence
of mixing between FF grains and hydrated polyoxyglycerides. The most reasonable hypothesis
to explain such results is the « particulate » state of the FF grains which would strongly limit
their diffusion ability compared to water or surfactant molecules, consequently limiting the
incorporation of FF into the aqueous compartment of the Janus nanoparticles.

124



Chapter 2. Incorporation of hydrophilic ferro-fluids into lipid-based Janus nanoparticles

192 w...‘fr_g u}c: gz Vi
B ATA 9‘ O.- m
o, p—

&

Figure 3.17 : Focus on myelin figures at 24°C.

When the temperature is then increased from 14°C to 50°C at 2°C/min (Figure 3.18), the phase
separation reduces progressively the contact surface with the FF until complete dispersion in
small drops in the lipid phase because the packing parameter of Labrafil® surfactants changes
: close to 1 at room temperature ; > 1 at higher temperature, generating so-called inverse
structures (small drops of water in lipid environment). This experiment corroborates the crucial

role of the temperature already highlighted before.

Lipid phase 14°C

Figure 3.18. Optical microscopy pictures showing aqueous FF droplets into Labrafil® during
heating from 14°C to 50°C.
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4. Conclusion

This study describes the synthesis and characterizations of several aqueous superparamagnetic
iron oxides nanoparticles for further encapsulation into the aqueous part of bicompartmented
Janus nanoparticles. Polymer-stabilized maghemites were successfully prepared and the
different analysis showed that the integrity of the iron oxide core is preserved after coating.
Agqueous encapsulation trials were investigated, and data demonstrated that the maghemite
grains are not incorporated into the Janus nanoparticles but the formation mechanism of these
particles, based on a temperature dependent phase separation, is conserved in the presence of
ferrofluid.

Two strategies should be now explored in order to load FF in the Janus nanoparticles. The first
one is to try to incorporate the hydrophilic FF developed in the present work in preformed Janus
nanoparticles thank to lyophylization or cooling/heating approaches that have been used
sometimes to introduce large molecules into liposomes. The second way is to synthesize
lipophilic FF and to investigate its incorporation into the lipid compartment of our anisotropic

nanoparticles.
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ABSTRACT

In recent years, various nanotechnology platforms in the field of drug delivery have attracted
important attention and, in particular, the magnetic nanoparticles have gained an unavoidable
place in both diagnostics and therapy. This article describes the preparation and characterization
of hydrophobic ferrofluids for their encapsulation in the lipid compartment of lipid-based Janus
nanoparticles. Physico-chemical analysis permitted to choose the best lipid stabilizer for
maghemite. Magnetic Janus nanoparticles were successfully prepared using a scalable process
with pharmaceutically approved excipients. Further magnetic experiments demonstrated the

superparamagnetic behavior of this innovative system.

KEYWORDS
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relaxometry, small-angle x-ray diffraction, SPION
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1. Infroduction

Nanoemulsions, defined as liquid-liquid biphasic dispersions at the nanometer scale, have
growing interest as colloidal drug carriers, especially for intravenous administration, from
parenteral nutrition to drug transportation [1-3], or for oral administration of poorly water-
soluble drugs since they have been demonstrated to enhance drug bioavailability through the
improvement of the intestinal absorption [4]. Furthermore, the specific advantages of NE over
other nanotechnologies used for drug delivery, are their high loading capacity for lipophilic
drug, formulation stability, ease of manufacture and their relatively low complexity [5].
Pharmaceutically used and approved NE are mostly composed of an oil phase dispersed in a
continuous aqueous phase as droplets with submicronic size, preferentially with maximum
radius below 200 nm [5]. Oil-in-water emulsions are an example of a nanoparticle platform that
is capable of carrying both a high payload of hydrophobic materials in their core and eventually
amphiphilic payload in their surfactant corona [6,7]. These materials could be active API [8—
12] for therapeutic purposes or diagnostic agents such as SPION [13-17]. Furthermore, the co-
encapsulation of both types of ingredient, for theranostic applications, has been extensively
described in the literature [6,18-20] and seems to be of great interests for biomedical uses.
However, even if they are easy to produce, NE-based systems have some limitations. First, they
could not incorporate hydrophilic entities. Second, the solvent property of their constituting oils
is often limited for molecules of interest. This solubilization limit is more pronounced in the
field of coencapsulation as a competition between the two or more molecules can occur and
reduce drastically the encapsulation rates. In order to overcome this drawback,
bicompartmented lipid-based Janus nanoparticles have been developed. They are composed of
a lipid compartment, an aqueous compartment and a lipid bilayer made of compounds FDA-
approved. The two distinct sides of the Janus nanoparticles make them very interesting objects
for the co-administration of two APl with opposite solubilities. In the present work, we
investigated the development of lipid superparamagnetic iron oxide nanoparticle as diagnostic
agent, their encapsulation in the lipid part of Janus nanoparticles, their characterizations and

potential applications in MRI and magnetic guidance.
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2. Materials and Methods
2.1. Materials

All chemical reagents were purchased from Sigma-Aldrich, France and used as received.
Beycostat N B09 was provided by CECA S.A., France. Oleic acid (OA, 282.46 g.mol ') was
purchased from Sigma-Aldrich. Gelucire® 50/13 (stearoyl macrogolglycerides), Labrafil® M
2125 CS (linoleyl polyoxylglycerides), and Labrafil® M 1944 CS (oleyl polyoxylglycerides)
were given by Gattefosse S.A.S. (Saint-Priest, France). Phospholipon® 90G (soybean lecithin
at 94 — 102% of phosphatidylcholine) was provided by Phospholipid GmbH, Lipoid Group
(KolIn, Germany). Water was purified through a Milli-Q water system (Millipore, France).

2.2. Methods

2.2.1. Maghemite nanoparticles synthesis

Aqueous solutions of maghemite (y-Fe2Os3) were synthesized following Massart's
coprecipitation method [21]. An equimolar acidic solution of ferric (FeCls) and ferrous (FeCl,)
chlorides was prepared. Ammonia was then added quickly to this solution in order to
coprecipitate the iron cations into FesO4 (magnetite). After stirring and washing with nitric acid,
a solution of ferric nitrate was added to the mixture. It was then boiled for 30 minutes in order
to oxidize the magnetite into maghemite (y-Fe2O3). This step is characterized by a change in
the color of the particles which turn from black to red-brown. The resulting dispersion was then
washed with acetone and ether before being redispersed in water to obtain the acidic FF. The
maghemite nanoparticles prepared by the Massart process [21] have a zero charge point at pH
7.4. By acting on the pH, it will be possible to create positive charges at acidic pH by
protonation of the surface hydroxyl groups or negative at basic pH by deprotonation of these

same groups. In our case, we can obtain an acidic ferrofluid (pH 1.75) by adding nitric acid.
2.2.2. Maghemite nanoparticles coating

Two types of functionalization were studied : oleic acid (OA) and Beycostat N B09 (BNE)
coatings. OA is a biocompatible fatty acid and also an agent inducing the stability of many
particle systems. It can play a role of a capping agent for the particles to form a protective
monolayer through a strong bond. Nanoparticles with a hydrophobic coating through the
attachment of the polar end groups (Figure 4.1) to the surface hence are obtained by mixing
nude maghemite with OA at high temperature to form FF-OA.
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Figure 4.1. Oleic acid.

BNE is a phosphoric diester like anionic surfactant (Figure 4.2). It is directly adsorbed on the
acidic FF. This surfactant makes possible the dispersion of the particles in many solvents like
chloroform, phthalates, aromatics (benzene, styrene, toluene, ...), some silicone oils possessing

aromatic rings (Rhodorsil 763), chlorinated solvents (CCla...), ether and many commercial oils.

For both stabilizers, adsorption of surfactants is performed in aqueous medium according to the
general following procedure. 20 mol% of OA is mixed with the aqueous magnetic fluid and 20
mol% of NHs at 100°C for 30 minutes. The obtained precipitate is separated from the
supernatant by magnetic decantation and then washed three times with methanol. Methanol is
removed by magnetic decantation. The same procedure is used with BNE : 200 g of BNE is
mixed with the aqueous magnetic fluid and 200 mL of HNO3 2M at 100°C for 30 minutes. The
obtained precipitate is separated from the supernatant by magnetic decantation and then washed
three times with ethanol. Ethanol is removed by magnetic decantation and then heated to 90°C.

All the particles are finally redispersed in chloroform to reach an iron-concentration of 1M.
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Figure 4.2. Phosphoric diester like anionic surfactant.
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2.2.3. Infra-red (IR) spectroscopy

The IR spectra of the sample were recorded using a Brucker IFS 125 Fourier transform
spectrometer under vacuum, at the AILES beamline of SOLEIL synchrotron ring (Saint Aubin,
France). After solvent evaporation directly on the crystal, spectra were recorded with a
resolution of 4 cm™ with 200 scans per spectrum using the ATR (attenuated total reflectance)
technique with a single reflexion diamond crystal. The absorbance (A = -log(l/lo)) was
calculated by taking as a reference, lo, the ATR system without any sample.

2.2.4. SAXS ALBA

Time resolved combined small and wide angle X-ray scattering experiments were then carried
out at the Non Crystalline Diffraction beamline, BL-11 of the Alba synchrotron radiation light
facility of Cerdanyola del Vallés (Catalonia, Spain). The energy of the incident photons was
10.0 keV, equivalent to a wavelength, A, of 1.24 A and the flux at the sample position was about
1012 photons per second. The SAXS diffraction pattern was collected by means of a CCD
detector Quantum ADSC 210r with an active area of 210 x 210 mm? and an effective square
pixel size of 103 mm with a depth of 16 bits. The sample-to-detector distance was set to about
2700 mm, resulting in a g range with a maximum value of 0.51 A, Additionally, the WAXS
diffraction pattern was collected by means of a CCD detector Rayonix LX255-HS with an
active area of 85 x 255 mm? and an effective square pixel size of 44 mm with a depth of 16
bits. In this case, the sample-to-detector distance was set to 139.0 mm, corresponding to a
maximum q value of 6.41 AL, This detector was tilt with a pitch of 26.7°. The exposure time,
common to both detectors, was optimized in order to maximize the signal to noise ratio while
avoiding detector saturation. Samples were confined in sealed quartz capillaries with an outside
diameter of 1.6 mm and wall thickness of 0.01 mm and then insert in a Linkam HFSX-350-
CAP hot stage with a temperature control within = 0.1°C and connected to a cooling system of
liquid nitrogen. Simultaneous SAXS and WAXS patterns were acquired while the samples were
kept at fixed temperature or were heated from 20°C to 60°C at a controlled rate of 2°C.min™*
depending on the experiments. In these experiments the scattering from water and that of the
containing capillary was subtracted from the total scattering contribution. The data reduction
was treated by pyFAI python code that is able to do azimuthal integrations from a previously
calibrated file. The calibration files were created from well-known standards, i.e. Silver
behenate and Cr,0Oz for SAXS and WAXS respectively. The data were analyzed by using
IgorPro 6 (Wavemetrics) to determine the Bragg reflection positions and tools from the ATSAS
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suite (EMBL, Hambourg) to determine Rg of FF grains after their dispersion into Labrafils.
First, AUTORG, a command-line program to estimate the Rg using the Guinier approximation,
was used [22]. The value of Rg is estimated here from the best possible linear fit of In[I(s)]
versus s? (Guinier plot) where s is the scattering vector. This approximation is valid for
sufficiently small scattering vectors (in the range up to sRg < 1.3). In a second time, an
evaluation of the particle distance distribution function, p(r), was made to estimate Rg from the
whole scattering signals. Second, AUTOGNOM automatically gives the distance distribution
p(r) function and Rg from the indirect Fourier transform of the whole scattering profile

repeatedly using a regularization procedure implemented in the program GNOM. [9]

2.2.5. Preparation of magnetic nanodispersions by high-pressure

homogenization process

7.7 mL of pre-heated (50°C) agqueous phase containing 2% (w/w) of Gelucire® 50/13 and 1%
(w/w) of Phospholipon® 90G as surfactant was formed by using ultra-turrax (IKA® T10 basic,
Germany) at 8500 rpm for 5 minutes. 2.5 g of FF-BNE in CHCIs were mixed with Labrafil®
M 2125 CS or Labrafil® M1944 CS under vacuum to evaporate the CHCls. Thereafter, 2 g of
lipid phase containing Labrafil® M 2125 CS or Labrafil® M1944 CS and BNE-coated
maghemite was added to the water phase at the same temperature and formed a pre-dispersion
at 20 000 rpm for 5 minutes. The resulting dispersion was homogenized at the same temperature
by using a one stage high pressure homogenizer (Stansted Fluid Power Ltd, UK) during 4 passes
at 1000 bars. The final dispersions were stored in glass vials and cooled down slowly to room

temperature.
2.2.6. Purification step

Separation of free FF-BNE non-entrapped into Janus nanoparticles was performed by
centrifugation (Hettichzentrifugen, MIKRO 200, Germany). Centrifugation of 3 mL of sample
at 7000 rpm for 20 min leads to two distinct phases : a very dark bottom phase and a supernatant

phase. This operation is repeated twice more on the supernatant.
2.2.7. Iron assay

ICP-AES was performed on a Thermofisher iCAP6200 with a HNO3z 2% matrix. Samples were
diluted 20000 times.
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2.2.8. Drug loading (DL) and entrapment efficiency (EE)

The SPION loading (SpL) and the entrapment efficiency (EE) could be calculated by the

following equations:

SpL (%) — (Wtotal of encapsulated SPION) X 100 (1)

Wtotal of lipid

B 08) = (100 @
where, Wistal of encapsulated SPIoN, Whotal of SPION added and Whotar of lipia Were the weight of SPION
encapsulated into nanoparticles, the initial weight of SPION in the formulation, and weight of
lipid in system, respectively. Previous unpublished experiments showing that less than 5% of
the initially weighted lipids were lost during the preparation process, the final lipid amount in
the suspension was assimilated to the initial amount. The different weights of SPION were
calculated from the iron assay results.

2.2.9. Particle size

Nanodispersions were stored at room temperature (20-23°C) for 8 months. The particle size of
nanodispersions was measured using a Nano-ZS90 apparatus (Malvern, Instruments, Orsay,
France). The average hydrodynamic diameter and Pdl were determined by QELS. The samples
were diluted to 1/300 in Milli-Q water.

2.2.10. Cryogenic transmission electron microscopy (Cryo-TEM)

The morphology of nanodispersions was observed using a cryo-TEM system (JEM 2100,
JEOL, Japan). All nanodispersions were diluted to 1/40 (v/v) in Milli-Q water. 10 pL of samples
were placed on a copper grid, and the solution excess was carefully removed by a filter paper.
The vitrification of the film was achieved by rapidly plunging the grid into liquid ethane. The
vitrified sample was then transferred to the microscope. The temperature was kept around -
180°C during both the transfer and the viewing procedures in order to prevent sample

perturbation and the formation of ice crystals.

138



Chapter 3. Incorporation of hydrophobic ferro-fluids into lipid-based Janus nanoparticles

2.2.11. Magnetic measurement

Magnetic characterizations were made on a vibrating sample magnetometer (home-made
apparatus). Each analysis was performed with 1.5 mL of purified magnetic Janus
nanodispersions and FF-BNE dispersed in Labrafil® at 25°C from 0 to 9000 Gauss. Data were
analyzed using the Langevin function of paramagnetism convoluted with a log-normal

distribution function of the particle sizes.
2.2.12. Relaxometry

Relaxation times were measured at 0.9 T using a Minispec MQ20 spectrometer (Bruker,
France) thermostated at 25°C with a Julabo F25 bath. T; and T» were determined three times
for each sample. Each analysis was performed with 1 mL of the purified magnetic Janus

nanodispersions at five dilutions ranging from 1/10 to 1/60.
2.2.13. Magnetic accumulation : preliminary test

Magnetic guidance would result on a local accumulation of the loaded-particles when a magnet
is applied in the region of interest. A preliminary and rudimentary experiment has been done
by placing a magnet in front of an Eppendorf tube containing a dilution of Janus particles loaded
with FF-BNE.

3. Results and Discussion
3.1. Characterizations
3.1.1. FT-IR
3.1.1.1. Oleic acid

The FT-IR spectra of the acidic FF, the OA and the OA-coated maghemite samples investigated
here, in the 500-4000 cm* range, are presented in Figure 4.3. The characteristic absorption band
of the Fe-O bond of y-Fe,Os can be observed at 537 cm™ on the curve of FF-OA that we find
at 531 cm? for the acidic FF. On the OA curve, the O-H out-of-plane band appears at 937 cm"
1. A strong absorption at around 1050 cm™! for OA and shifted to 1284 cm™ for FF-OA emerges
from C-O single bond stretching revealing that OA is chemisorbed onto the maghemite
nanoparticle surface as carboxylates [23]. For FF-OA, the carboxylate bound to maghemite
nanoparticle surface shows symmetric (COO") stretching band at 1405 cm™! and asymmetric

(COO") stretching bands at 1522 cm™!. The wave number separation between the symmetric (—
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COO0) and anti-symmetric (-COO) IR bands is 117 cm™!, which is attributed to a chelating
bidentate configuration where the COO™ group forms a covalent bond with the Fe atom [23].
The intensity of the C=0 stretch band (1710 cm™) of the carboxyl group of the FF-OA, which
is present at 1708 cm™! in pure OA (Table 3.1), is considerably affected. Compared to the pure
OA, the asymmetric CH stretch shift to a lower frequency region, around 2918 cm™! and the
symmetric CH; stretch shift to 2849 cm™, indicating that the hydrocarbon chains in the
monolayer surrounding the nanoparticles were in a close-packed, crystalline structure [23].
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Figure 4.3. FTIR analysis of the acidic FF (red), the oleic acid (green) and the FF-OA

(orange).

140



Chapter 3. Incorporation of hydrophobic ferro-fluids into lipid-based Janus nanoparticles

Table 4.1. IR band positions and assignments for acidic FF, OA and FF-OA. The area

between 2000 and 2500 cm™* represents the absorbance of the diamond used.

Assignment Wavenumber (cm™)

Acidic FF OA FF-OA
v (Fe-0) 531 - 537
v (CHy) - 722 -
v (OH) out-of-plane - 936 -
v (C-0) - 1284 1050
v (COO’) symmetric - 1412 1405
v (COO") asymmetric - 1459 1522
v (C=0) - 1708 1710
v (CH2) symmetric - 2853 2849
v (CHz) asymmetric - 2922 2918
3.1.1.2. BNE

The FT-IR spectra of the acidic FF, the BNE and the BNE-coated maghemite samples
investigated also in the 500-4000 cm™ range are presented in Figure 4.3. The characteristic
absorption bands of the Fe-O bond of y-Fe203 can be observed at 532 cm™ and 619 cm™ on the
curve of FF-BNE that we find at 531 cm™ and 624 cm for the acidic FF (Table 4.2). The peaks
situated at 879 cm™ and 2870 cm™ are attributed to CH bonds. The large band at 949-1099 cm-
1 could coincide with the C-C stretching bond of the carbon skeleton of the BNE which is found
at 1000-1086 cm™ in the FF-BNE. From 1248 cm™ to 1511 cm, stretching bands of P=0
function are appearing. The large band presents at 3088-3455 cm™ for BNE and FF-BNE

correspond to the elongation of the aromatic rings and also to the CH, and OH stretches.
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Figure 4.4. FTIR analysis of the acidic FF (red), the BNE (blue) and the FF-BNE (purple).

Table 4.2. IR band positions and assignments for acidic FF, BNE and FF-BNE. The area

between 2000 and 2500 cm™! represents the absorbance of the diamond used.

Assignment Wavenumber (cm™)
Acidic FF BNE FF-BNE
v (Fe-0) 531 - 532
v (Fe-0) 624 - 619
v (CH) - 879 879
v (C-C) - 949-1099 1000-1086
v (P=0) - 1248-1511 1248-1511
v (CH) - 2868 2870
v (=C-H, C=C, CH2, OH) - 3088-3455 3088-3455
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3.1.2. FF-Labrdfils interactions : SAXS analysis

SAXS analysis were done to investigate i) the dispersibility of the FF grains into the Labrafil
based lipid phase to select the best couples and ii) the influence of FF grains on the Labrafils
behavior, notably the phase separation which induces the formation of the Janus nanoparticles.
Dispersions containing ~0.15M and 0.015M of iron were used during these experiments. The
highest concentrations being too important, the diffusion signal masked the potential phase
separation signal. Thus, only the results obtained with the lowest concentration will be
presented in the following lines. Figure 4.5 represents the SAXS analysis of different
Labrafil®-FF mixtures at 20°C. The first part of the graph allows Guinier analysis whereas the
study of the whole curve gives the evaluation of the particle distance distribution function p(r).
Focusing on the stabilizers, we can distinguish two different profiles : one for the FF-OA

containing samples and the other one for the dispersion with FF-BNE.

Guinier Analysis

Evaluation of the particle distance distribution function p(r)
T=20°C 4
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Figure 4.5. SAXS analysis of Labrafil® M1944 CS/FF-AQ (black), Labrafil® M1944 CS/FF-
BNE (red), Labrafil® M2125 CS/FF-AO (green) and Labrafil® M2125 CS/FF-BNE (blue)

mixing.

On the Guinier analysis (Figure 4.6), mixtures containing FF-OA present a positive curvature

which is characteristic of an aggregation in the system. Regarding the mixtures made with FF-
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BNE, the obtained signal is linear. This can allow us to calculate the Rg of the particles present

in the medium.
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Figure 4.6. Guinier analysis of Labrafil® M1944 CS/FF-OA (black), Labrafil® M1944 CS/FF-
BNE (red), Labrafil® M2125 CS/FF-OA (green) and Labrafil® M2125 CS/FF-BNE (blue)

mixing.

The evaluation of the particle distance distribution function p(r) (Figure 4.7) gives the Rg of
the hydrophobic maghemite (FF-BNE) used in the mixtures. FF-BNE can be compared to
monodisperse spheres and obtained Rg have good analogy with Guinier analysis. In Labrafil®
M1944 CS, the Rg of FF-BNE is 5.2 nm which is very similar to that found in Labrafil® M2125
CS : 5.4 nm (Table 4.3). In case of FF-OA, an analysis of the distribution function has been
done too. However, the monodispersed sphere model appeared as poorly adapted here and Rg
from 16 to 20 nm where estimated. This confirms the aggregation of FF-OA grains after mixing

with the Labrafils as suggested by the Guinier analysis.
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Table 4.3. Comparison on the radius of gyration between Guinier analysis and P(r) function

analysis.

Radius of gyration (nm)

Guinier Analysis | P(r) function Analysis
FF-BNE / Labrafil M1944CS 5.7 5.2
FF-BNE / Labrafil M2125CS 5.8 54
Rg (Lab.1944): 5.2 nm Rg (Lab.2125): 5.4 nm

Figure 4.7. Evaluation of the particle distance distribution function p(r) (extraction from the
GNOM software interface).

SAXS experiments were carried out on several hydrated mixtures (10 wt% of water) containing
pure Labrafil® M2125 CS, Labrafil® M2125 CS and FF-BNE or Labrafil® M2125 CS and
FF-OA (Figure 4.8). On X-ray diffraction pattern, two diffraction peaks are detected into pure
hydrated Labrafil characterizing the two first order of a lamellar phase with a period of 92 A at
20°C. This lamellar organization was previously described in other Labrafil® M2125 batches
(previous chapters) and was attributed to the presence of poly(oxyethylene)-6 unsaturated-C18
ester in Labrafils. If the Labrafil® is mixed with both FF-BNE and FF-OA, the diffraction peak
is still present on the diffractogram but its position is shifted to larger distances. For both FF,
we can estimate it at a period of 98 A (Table 4.4).
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Figure 4.8. SAXS experiments on Labrafil® M2125 CS mixed with water (black), FF-BNE and
water (green) or FF-OA and water (red).

Unfortunately, the quantification of the disappearance temperature of the peak is more difficult
than with pure Labrafil or mixture with hydrophilic FF (chapter 2) because of the strong

diffusion signal of the FF.

Table 4.4. Evolution of the thickness of the hydrated Labrafil® M2125 CS lamellar phase
depending on the presence and type of hydrophobic FF.

Labrafil®/aqueous phase | d (A)
2125 + FF-OA/water 98
2125 + FF-BNE/water 98
2125/water 92
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Similar tendencies were observed with Labrafil® M1944 CS containing samples (Figure 4.9)
in which the lamellar phase period increases from 85 to ~90 A, at 20°C, in presence of
hydrophobic FF (Table 4.5).

T=20C 4 ___Lab 1944 + FF-OA/water
___Lab 1944 + FF-BNE/water
__Lab 1944 /water

Intensity (u.a.)

—lll]lllllllll]lllllllll]lllllllll]lllll

1 2 3 4

q (nm)

Figure 4.9. SAXS experiments on Labrafil® M1944 CS mixed with water (black), FF-BNE and

water (green) or FF-OA and water (red).

Table 4.5. Evolution of the thickness of the hydrated Labrafil® M1944 CS lamellar phase
depending on the presence and type of hydrophobic FF.

Labrafil®/aqueous phase | d (A)
1944 + FF-OA/water 90
1944 + FF-BNE/water 89
1944/water 85

From all these experiments, it is possible to estimate that hydrophobic FF doesn’t prevent the

formation of a lamellar phase into hydrated Labrafils. Furthermore, the thickness of the lamellar
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phase depends on the type of Labrafil, on the presence of FF but not on the type of stabilizer
(OA or BNE). This suggests i) that the grains are not directly intercalated in the lamellar phase
as its thickness is equal for dispersed (FF-BNE) and aggregated (FF-AO) FF and then ii) that
the hydrophobic FF interact with the glyceridic fraction of the Labrafils. The slight difference
in terms of lamellar thickness between FF-loaded and unloaded Labrafils would probably result
from the diffusion background and from the Labrafil / water ratio which will be slightly

different in the samples due to the presence of FF in some of them.
3.2. Incorporation trials in Janus nanoparticles

The objective of this part of the work is to encapsulate SPION in the lipid compartment of Janus
nanoparticles. Because of the aggregation of FF-OA in the Labrafils, FF-BNE has been used
for this purpose. To generate Janus nanoparticles, a HPH process is used by adding a lipid phase
containing the hydrophobic FF in PEG vegetable oils (Labrafil® M2125 CS for FF-2125-JNP
or Labrafil® M1944 CS for FF-1944-JNP) into an aqueous phase made of phospholipids
(Phospholipon® 90G), non-ionic surfactant (Gélucire® 50/13) and water. After cooling at room
temperature, a stable dispersion is obtained (Figure 4.10). The size of the nanoparticles remains
of the order of 200 nm during the first 4 months and then increases considerably and a formation
of aggregates is observed whereas the unloaded Janus nanoparticles remain stable at least 20
months at room temperature. No investigations have been done yet to understand the
destabilization mechanism in that case. However, we can be hypothesize that the presence of
free FF-BNE outside of the Janus nanoparticles (the particles were not purified before storage)
may interfere with their stability. Indeed, several studies in the laboratory (unpublished data)
have shown than the stability of these Janus nanoparticles is sensitive to the composition of the

water phase.
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Figure 4.10. Evolution of the size of the nanodispersions with the time. Purified FF-2125-JNP
in blue, purified FF-1944-JNP in red.

Cryo-TEM pictures (Figure 4.11) show magnetic grains inside the lipid part of bi-
compartmented Janus nanoparticles.
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Figure 4.11. Cryo-TEM view of Janus nanoparticles.

The Janus nanoparticles are then purified by centrifugation in order to eliminate the non-
encapsulated hydrophobic maghemite which would tend to precipitate in the aqueous phase.
Iron concentrations are evaluated before and after purification step for each samples in order to
determine the final iron concentration, the SPION loading and the entrapment efficiency with
equations 1 and 2 (Table 4.6). For both samples, iron concentrations were around 70 mM,
SPION loading close to 3% and entrapment efficiency in the [60-70%] range.

Table 4.6. Iron concentration, SPION loading and encapsulation efficiency in purified

formulations.

Sample Iron SPION Entrapment
concentration (mM) loading (%) Efficiency (%)
FF-2125-JNP 70 2.8 69.3
FF-1944-JNP 67 2.7 59.6

3.3. Magnetization

The magnetic properties of the purified Janus nanoparticles and FF-BNE dispersed in Labrafil®
are determined by magnetometry. The aqueous dispersions are studied with a vibrating sample
magnetometer (VSM). Figure 4.12 shows the evolution of the macroscopic magnetization M
normalized by its saturation value Ms. The fit was calculated using the Langevin function of
paramagnetism convoluted with a log-normal distribution function of the particle sizes. Both

fitted curves are nearly superimposable and are characteristic of a superparamagnetic
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behaviour, with a strong magnetic susceptibility, and a thin hysteresis at low magnetic fields
[24]. This experiment was conducted with the FF-BNE dispersed in the two different Labrafil®
(Figure 4.12 C and D). The parameters of this distribution are Dovsm = 8.2 nm (maximum of
the size distribution) and ovsm = 0.4 (standard deviation) for FF-BNE-2125 and, Dovsm = 8.7
nm and ovsm = 0.35 for FF-BNE-1944. The same was done with purified Janus nanoparticles
and the parameters of this distribution are Dovsm = 8.6 nm and ovsm = 0.4 for FF-2125-JNP and,
Dovsm= 8.3 nm and ovsm = 0.4 for FF-1944-JNP. The results show a similar behavior between
the free maghemite and the maghemite entrapped in the Janus nanoparticles indicating that the

SPION’s integrity is preserved when encapsulated in the Janus nanoparticles.
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Figure 4.12. Magnetization of the studied nanodispersions versus magnetic field. A) FF-BNE-
2125, B) FF-BNE-1944, C) purified FF-2125-JNP and D) purified FF-1944-JNP.

3.4. Relaxometry

As expected, the relaxation rates 1/T1 and 1/T for purified FF-2125-JNP and FF-1944-JNP
increase linearly with iron concentrations over the range of concentrations considered in this
study. This allows to calculate the relaxivities by determining the slopes (see bibliographic

chapter).

r1 values for FF-2125-JNP and FF-1944-JNP are found to be 2.9 + 0.5 mMs? and 4.3 + 0.6
mM-s? respectively whereas r, values are quite different at 214 + 55 mMs and 60 + 2 mM-
15t respectively (Table 4.7). The r2/r1 ratio which defines the effectiveness of a Ty or T, contrast
agent is calculated for both FF-2125-JNP and FF-1944-JNP and found to be 74 and 14
respectively which are much higher than the r2/ry ratio of commercial contrast agents Resovist®
and Endorem® at 6.2 and 4 respectively [25] allowing us to qualify our system as a good

candidate for MRI contrast agent.
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Table 4.7. Relaxivities r1 and r2 and r2/r1 ratio of purified FF-2125-JNP and FF-1944-JNP.

ri(mMst) | ro(mMIs?) |
FF-2125-JNP 29205 214 £ 55 74
FF-1944-JNP 43+0.6 60 + 2 14

Jarzyna et al. [6] developed a soybean oil-based NE containing commercial OA-SPION with
mean hydrodynamic diameters of 30, 60 and 95 nm respectively, depending on the relative
proportions of the different lipid components. ICP-MS analysis revealed nearly a 100%
encapsulation efficacy of magnetite, then similar SPION number to droplet volume ratios,
leading to ry values of 2.5+ 0.4 mM2s?, 2.7 0.3 mM?s?, 2.9+ 0.3 mM?stat 1.41 T for the
30, 60, and 95 nm emulsions, respectively and high r, values of 76 + 1 mMs?, 136 + 9 mM-
st or 184 + 7 mM st at the same field. The corresponding ra/r1 ratios vary from 30 to 64. ra/r
ratios from 43 to 81, with r, values from 230 to 320 mMs™?, were also measured at 25 MHz
in cetyl palmitate SLN (~250 nm of hydrodynamic diameter) by Calucci and co-workers [26].
Interestingly, our relaxivity results are in the same ranges and confirm that the lipid

compartment of the Janus particles has similarities with lipid-based nanodispersions.

Three main regimens are used to describe transverse relaxivity r. of SPION clusters : the
motional average regime (MAR) in which the protons of freely diffusing water molecules
explore all the possible values of magnetic fields during their diffusion in the neighboring of
the particles, the static dephasing regime (SDR) in which water protons explore only a small
volume around the particle compared to the hydrodynamic volume and the echo-limiting or
partial refocusing regime (ELR or PRM) when relaxivity exhibits a strong dependence on the
measuring sequence, notably on the chosen echo time [27]. It is generally admitted that
inclusion in the motional average regime requires that to.A®m<1 with tp, the translational (or
correlation) diffusion time and Aw, the equatorial Larmor frequency shift. These two
parameters are related to the properties of the particles and the dynamics of protons with the

following equations [28] :

Aw = oL (3)
2
Tp = % (4)
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where o is the vacuum magnetic permeability (4nx107), y is the proton gyromagnetic factor
(2.67513x10® rads*T1), M,, the magnetization at saturation extracted from the magnetization
curves, R, here the radius of the lipid compartment and D, the water diffusion constant at

experimental temperature (2.3x10° m?s?).

When 1<tp.A®w<~20, static dephased regime is the most adapted while partial refocusing model
should be considered at higher values [29]. With overall magnetizations equal to 253 A.m™ and
296 A.m™ for FF-2125-JNP and FF-1944-JNP respectively and an oil droplet compartment
radius that we estimated at ~80 nm by considering that both compartments have the same
volume in the Janus nanoparticles, it is possible to calculate tp.A® values lower than 1.
Transversal relaxivity of the Janus particles should then be governed by the motional average

regime.

More deeply in the motional average regime, three different cases were distinguished [30] : the
isotropically distributed spherical SPION model in which the SPION are isotropically dispersed
and non-clustered in the suspension, the loose aggregates model in which SPION are
homogenously distributed in the oil droplet and the dense aggregates model in which higher
SPION cluster densities are achieved by their close packing. In our system, the loose aggregates
model seemed to be the most realistic as i) SPION are not freely dispersed in the whole
suspension volume but only into the lipid oil compartment and ii) from the cryo-TEM pictures,

confirmed by the low SPION loadings, the lipid compartment is not fully filled with SPION.

In this loose aggregates model, the transversal relaxivity can be calculated by a full model [30]

or a validated simplified equation [29] described below :

_11.6x10"*2d%M3

ry = OO A )

Pintra

where, d is the particle diameter (nm), meaning the oil droplet in our case, My, the saturation
magnetization, and gintra, the intra-aggregate volume fraction of magnetic materials. This later
parameter is ~ 0.0055 in our particles by considering the SPION loading (Table 4.5). It is
interesting to note here that such intra-aggregate volume fraction of magnetic material is in the
same range than the corresponding values calculated by Vuong et al. in their extensive
comparison of SPION nanocarriers (liposomes, polymersomes, polymeric micelles, etc.).

Unfortunately, compared with theoretical predictions, our measured transverse relaxivities are
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significantly higher. Indeed, calculated transversal relaxivities were ~5 mM=s? while the

measured ones are in the range 60-200 mMs™,

Hak et al [30] deeply compare experimental transverse relaxivities of SPION dispersed into oil
droplets as a function of clustering and magnetic field strength with the theoretical models
previously presented. To summarize their results, only the loose aggregate model described
correctly the dependence on oil droplet diameter, the dense aggregate model described best the
dependence on number of SPION in the droplets while the static dephasing model described
best the dependence on magnetic field strength. Considering absolute values, and compared to
the experimental results, the values were slightly overestimated by static dephasing model,
slightly underestimated by the dense aggregates model and more strongly underestimated by
the other theories. In the case of the loose aggregate model, the values they measured were 10
to 20 times higher than the values they calculated, the same order of magnitude as our results.
The discrepancy between transversal relaxivity absolute values calculated with this model and
the experimental values has been also mentioned several times in the literature [31,32]. Based
on literature review, mainly two reasons could explain the low predictability of the model. First,
the presence of the PEG layer at the surface of the oil droplets in which the protons are bound
and unlikely to exchange compared to bulk water [30,31]. This explanation is totally coherent
with the morphology of our particles as they should be surrounded by a PEG1s00 layer. Second,
polydispersity of the dispersion and SPION distribution heterogeneities into the oil droplet have
been also described as parameters that can significantly distend theories and experimental
results [26,33].

3.5. Accumulation

In Figure 4.13 are compared dispersed Janus nanoparticles and the same suspension after
several weeks of exposition to a magnet. A local accumulation is visible while the dispersing
phase became clear. This confirms the incorporation of FF in the particles and their

susceptibility to magnetic field.

156



Chapter 3. Incorporation of hydrophobic ferro-fluids into lipid-based Janus nanoparticles

Figure 4.13. Dispersed Janus nanoparticles (A) and accumulated ones (B) after exposure to a

magnet.

4. Conclusion

In this study, two surfactants were tested to stabilize superparamagnetic iron oxide
nanoparticles in hydrophobic medium. After several characterizations, the BNE was selected
as the best lipid stabilizer for further lipid encapsulation in Janus nanoparticles. FF-BNE were
then entrapped in the lipid part of Janus nanoparticles and the obtained nanodispersions were
purified before magnetic characterizations. Magnetization and relaxometric measurements
were carried out in order to evaluate the superparamagnetic nature of the prepared Janus
nanoparticles. Attempts will be made in further investigations to assess the potential
hyperthermia activity of the magnetic Janus nanoparticles and a hydrophilic APl may be
incorporated in the aqueous compartment in order to confer a theranostic application to these

new nanoobjects.
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Discussion

Beside the points already discussed in the experimental chapters, several aspects must be
commented with more attention or completed with some additional studies which were not

incorporated in the previous sections.
On the formation mechanism

Many techniques have been developed to generate Janus (nano)particles. In general, they are
divided into three main methods : masking, bottom-up assemblies and controlled phase
separation [1]. Masking was developed simply by the modification of one side of preformed
particles. Briefly, homogeneous nanoparticles are trapped at a surface so that one hemisphere
is exposed and modified by a chemical that changes the particle properties. Finally, the masking
agent is removed, and Janus objects are released. Depending on the 2D- or 3D-growth of the
second component, patchy or more dumbbell-like particles could be prepared. Bottom-up
assemblies concern self-assembly of specially designed di- or triblock copolymers or the
attachment of preformed precursor particles. The constituting components self-assemble
following their preferential ways of either minimum local or global free energy or favored
kinetics, achieving structures of robust mechanical stability. In some occasion, molecular
interaction within “ligand-receptor” shells can also provide a way to prepare anisotropic
objects. Controlled phase separations could occur from i) volume segregation where two
incompatible substances were mixed to form a perfect mixture and then separated into domains,
within a single particle, thanks to a separation trigger, ii) surface nucleation of a second

compartment on a preformed seed or iii) co-jetting of laminar flow of different materials.

The SAXS experiments and direct observations we made with optical microscopes during that
work strongly suggest a controlled phase separation mechanism with volume segregation. The
evaporation of a solubilizing solvent is the most useful trigger for that separation [2]. In our
case, we don’t solubilize one of the formulation component, the solubility of which would
depend on the evaporation of a solvent. However, it seems, from our results, that the physico-
chemical properties and the solubility of ethoxylated fraction of the Labrafils, after hydration,
strongly depend on temperature. Temperature appears as the probable trigger of the phase

separation in our system.
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To underline the role of temperature, interfacial tension experiments have been done on
Labrafils. Indeed, such behavior with temperature is related to phase inversion temperature that
has been extensively studied for emulsions stabilized by nonionic ethoxylated surfactants. For
such emulsions, which are heated or cooled beyond the phase inversion temperature, typical
changes in morphology are observed. The emulsion inverts by going from an oil-in-water to an
water-in-oil emulsion or vice versa. This means that the spontaneous curvature of the interfacial
film changes sign (positive — negative) and passes a flat form were the curvature is zero [2].
This point is the balanced point where the interfacial tension is at its minimum. By following
the interfacial tension of Labrafils droplets (rising drop) into water, we determined phase
inversion temperatures around 40°C-43°C for these products. This result is consistent with the
phase inversion temperatures that we estimated from SAXS experiments and optical
microscope observations, which were 36°C and 40°C respectively (It should be mention that
Labrafil batches were different for all these experiments).

These remarks corroborate the idea that the driven force of the phase separation here should be

the solubility properties of the ethoxylated surfactants contained in Labrafils.

Very interestingly, nanoparticles having a great morphological analogy with our system have
been produced by the group of D. Wouessidjewe and A. Geze [3]. But, these objects were
obtained by a nanoprecipitation method which consisted of injecting an organic phase
containing phospholipids (lecithin, DMPC) and alkyl (C6) cyclodextrin into an aqueous phase
under magnetic stirring. Following nanoprecipitation, solvent was removed under reduced
pressure. This informs us that nanoobjects with important shape similarities could be produced
even with significantly different materials and preparation protocols. In the latter case, it is
reasonable to consider that the diffusion - evaporation of the solubilizing solvent, which will
modify the solubility of the components of interest, should take part in the formation
mechanism. Once again, in absence of solvent, the equivalent trigger in our process could be
only the effect of temperature on ethoxylated surfactants. Finally, it is reassuring to note that
Janus nanoparticles formation mechanism could be enlarged to other formulations and

processes and does not only depend on our complex raw materials (Labrafils).

On the Labrdfils

These are different commercial products of transesterified ethoxylated vegetable oils with the
trade name Labrafil. Concerning the products we used, Labrafil® M1944CS (Oleoyl polyoxyl-
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6 glycerides) is obtained from partial hydrolysis and esterification of kernel oil, and Labrafil®
M2125CS (Linoleoyl polyoxyl-6 glycerides) is obtained from corn oil. Annex 1 describes the
difference in terms of fatty acids composition.

Three other fundamental parameters in the composition of the Labrafils must be cited here: i)
the ratio between the ethoxylated fatty acids fraction and the glyceridic fraction (mono-, di- and
triglyceride), ii) the proportion of monoesters versus diesters in the ethoxylated fraction and iii)
the polyethoxyl chain length distribution. From the supplier information, it is only known that
the glyceridic fraction is higher than 60 weight%, and then the ethoxylated fraction lower than
40%. Due to the hemisynthesis protocols, PEG chains in the Labrafils could be esterified by
one or two fatty acids (at both extremities of the polymer chain), leading to two- or tri-blocks
surfactants. The ratio between mono- and diesters is available in the literature for some products
(Gelucire 50/13 for example) but unfortunately not for Labrafils. At last, the mean ethylene
oxide group number constituting the PEG chain is 6 but the number distribution is not fully
described by the supplier. This complex and partially unknown composition of the Labrafils is
a strong limitation in our investigations as it is difficult to completely dissect the nanoparticles
formation mechanism from a physico-chemical point of view. Thank to a collaboration with a
group involved in lipidomic (LipSys?, Faculty of Pharmacy, Paris-Saclay), chromatography and
mass spectrometry analysis are in progress in order to significantly improved the knowledge on
the composition of Labrafils and equivalent products. More than twenty species have been

identified and quantified at this time.
On the impact of Gelucire 50/13 and Phospholipon

All along the manuscript and in the previous paragraphs, we focused our interest on the
properties of the Labrafils. However, it is apparent from the first results of this work (Figure
2.2 b,d) that both Gelucire 50/13 and Phospholipon 90G have their own role on the Janus
particle building. Indeed, in absence of Phospholipon 90G, mainly classical NE droplets have
been obtained and the dispersion is not stable enough in absence of Gelucire 50/13.
Complementary experiments in the laboratory demonstrated it is possible to substitute
Phospholipon 90G by other phospholipids as DMPC or DPPC and Gelucire 50/13 by other
macrogolglycerides having HLB >12 as polyoxyethylene (40) stearate.

This was not detailed in the chapter dealing with hydrophilic ferrofluids but some additional
investigations have been done on Gelucire 50/13 and Phospholipon 90G in order to understand
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the influence of some parameters such as pH on the process feasibility. Indeed, because FF-
PAAMA and FF-PAA are more stable at pH 10 than pH 7 or 5.5, first incorporation trials were
made in basic conditions. It was possible to obtain stable dispersions at pH 10 but the two
compartments of the JNP were dissociated. Indeed, on cryo-TEM pictures, independent oil
droplets (dark) and uni- or multi-lamellar vesicles were clearly visible. Structural investigations
have been done on Synchrotron beamline (Elettra, Trieste, Italy) which allows to reach larger
lamellar period than the laboratory equipment. The beam intensity is also advantageous to
identify structures as micelles or non-lamellar organizations, i.e. cubic or hexagonal phases.
Compared to pure water, the structural behavior of one of the formulation stabilizer, Gelucire®
50/13, is affected by the pH. At the same hydration rate (80%), this macrogolglyceride self-
organizes into a lamellar structure (d = 158 A) at pH 10 while the SAXS profile in pure water
(pH~5.5) suggests the presence of discrete structures into the sample as already observed in the
laboratory [4]. A modification of the packing parameter of the Gelucire® 50/13, which is the
main constituent of the JNP interfacial layer should result on curvature constrains and possibly
on the separation of the compartments. The results at pH 10 are significantly different to that in
pure water or pH 7 which are totally compatible with the preparation process [5]. For its part,
the structural behavior of Phospholipon 90G was not significantly modified by the hydration
media we investigated as the lamellar phases we got in all the cases had periods of 64.3 A, 64.2

A and 64.7 A for pure water, pH 7 and pH 10 solutions respectively.

To better understand these mysterious Janus nanoparticles, notably why the two compartments
appear separated in some conditions (of pH here), studies on packing parameters should be a
possible strategy. Indeed, this packing parameter describes the shape of surfactants and allows
to give an idea of the self-assemblies generated by surfactants. Thus, this parameter should be
around 1 to produce lamellar structures while a parameter ~1/3 leads to spherical object with
high local curvatures. In other words, it means that in our system, the sum of the surfactants
constituting the bilayer around the aqueous compartment should have a mean packing
parameter ~1. This mean packing parameter would be of course dependent on the presence of
Phospholipon 90G in the mixture or on the temperature, pH and ionic strengths for ethoxylated

surfactants coming both from Gelucire 50/13 and Labrafils.
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On hydrophilic FF incorporation

The results of the second experimental chapter clearly showed that incorporation of hydrophilic
FF into the aqueous compartment of the Janus particles is very limited, maybe impossible,
when FF are incorporated in the aqueous phase during the preparation particles. By analogy
with liposomes, it is maybe possible to envisage a post-loading into preformed Janus particles.
lonic gradient methods have been often used for this purpose [6]. However, due to the size of
the FF grains, they seem not adapted here and it would be more consistent to consider methods
which would generate transient alteration and pores in the layer surrounding the aqueous
compartment. Lyophilization / rehydration cycles, congealing / decongealing cycles and
electroporation could be of great interest here. Some freeze-drying tests were carried out. First
without any cryoprotectant, a partial dehydration was observed and the samples had a compact
appearance. Other trials were made with different cryoprotectants : mannitol 5%, 10%, 15% ;
glucose 5%, 10%, 15% ; saccharose 10% with all the same result : a good dehydration occurred
but the redispersion was not possible and aggregates appeared. Studies should be pursued in

this area.

On hydrophobic FF incorporation

Hydrophobic FF stabilized with phospho-ester like surfactant (BNE) clearly gave the most
promising results during this PhD thesis. From the diagnostic application point of view, the
next step will be in vivo magnetic resonance imaging. Concerning the therapeutic application,
the challenge is now to encapsulate an API in the hydrophilic compartment. Most of the
encapsulation trials made in the laboratory deal with encapsulation of hydrophobic molecules.
Thus, molecules such as chloroxylenol, triclosan or quercetin (log P> 2) were efficiently
encapsulated and protected in the lipid compartment of the Janus nanoparticles. Preliminary
experiments with hydrophilic molecules, caffein or a short peptide, have shown that the
presence of these exogenous molecules did not interfere with the particle formation as
anisotropic particles were still obtained at the end of the process. However, the ratios between
encapsulated and non-encapsulated API have to be quantified. Regarding the results obtained
with the hydrophilic FF, i.e. the absence of grain flux during the phase separation, the molecular
weight of the hydrophilic API could appear as a critical parameter and should be considered
with care. Hyaluronic acids, with different molecular weights, are good candidates to

investigate this aspect.
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On IV administration

To conclude this general discussion, the route of administration must be commented out,

especially the toxicity of raw materials and the dispersing vehicle used.

The excipients incorporated in our nanoparticles have different levels of approvement from the
pharmaceutical authorities. Attested by their use as NE stabilizers or in liposomes for parenteral
administration, phospholipid mixtures are approved for IV route. As of today, the Labrafils
were approved for oral and topical applications in European Pharmacopeia while the US
Pharmacopeia allows the injection of « PEG vegetable oils » at a maximum concentration of
5% (7% for IM and SC routes) (Labrafils Regulatory Data Sheet, Gattefossé). At last, in
previous works from the laboratory (unpublished data), Gelucire 50/13 has been used, also with
Phospholipon 90G and at the same concentration than in Janus particles, to stabilize solid lipid
nanoparticles. These nanoparticles were non-cytotoxic (MTT test) until a total concentration of
200 pg/mL and were well tolerated after IV administration in mice (1g of nanoparticles/kg). Of

course, all these data have to be confirmed on Janus nanoparticles but they are encouraging.

Because the osmolarity will be of prime importance in case of parenteral administration,
preliminary experiments have been done by substituting pure water, used in the original
process, by NaCl solution (150 mM) or citrate buffer (pure or containing citrated-FF).
Unfortunately, the preparation became very unstable and it was not possible to achieve a good
dispersion in these conditions. Thus, the ionic strength of the aqueous phase seems to be also a
critical parameter of the process as salts and buffers have a strong effect on the physical stability
of the final dispersions which trend to macroscopically separate with time. Synchrotron
investigations have been done on Gelucire 50/13 and Phospholipon 90G to clarify the effect of
salts and/or ionic strength on their structural organization. Within the studied concentration
ranges (max. 150 mM) and for both ion type (NaCl, citrate), we did not observe significant
structural modification of both excipients compared to their behavior after hydration with pure
water (“On the impact of Gelucire 50/13 and Phospholipon” section of this discussion). The
diffraction peaks slightly shifted but the types of structure were similar suggesting this could

probably not explain the instability of the dispersion in presence of ions and buffers.

To deepen this problematic, it would be necessary now to investigate inversion phase
phenomena due to the temperature. Indeed, it is well known that most of salts and buffers
strongly decrease phase inversion temperature [7] and would totally modify the “equilibrium”
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during our preparation process. The ethoxylated surfactants from Labrafils will be more
hydrophobic than hydrophilic on larger range of temperature (Phase inversion temperature

<<40°C). Preliminary surface tension measurement results go in this direction.

As it is not possible to prepare Janus nanoparticles directly into buffer / saline solutions with
our current knowledge, we considered the dilution of the preformed nanoparticles into saline
solution. With a 150 mM NaCl solution, cryo-TEM observations clearly indicated that the two
compartments of blank nanoparticles were still stuck together, but with shrinkage of the
aqueous one. Perfectly known for natural cells as red blood cells, this phenomenon is also
documented for liposomes under hyperosmotic stress [8]. Of course, it needs to pay special
attention to this problem for further development of our particles for IV administration, as it
could induce leakage of the encapsulated APl from the hydrophilic compartment to blood

stream. This uncontrolled release would also depend on the API properties.
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In the field of drug delivery, theranostic nanocarriers and FDC products necessitate the
improvement of ingenious carriers able to co-encapsulate several compounds of interest. Janus
nanoparticles are one of the interesting carriers because it is a promising system to implement
the requirements needed in drug delivery among many nanotechnologies such as liposomes,

polymer particles, ...

In the context of this study, the first aim was to investigate the possibility to produce Janus
nanoparticles with a scalable process and only with marketed and pharmaceutically approved
lipid-based excipients. Different lipid phases have been combined into the formulations. The
nanoparticles have been characterized from their long-term physical stability such as size, zeta
potential, microscopic structure and supramolecular organization. In this PhD thesis, a focus

has been done on the formation mechanism.

The second goal of this work was to elaborate a hydrophilic ferrofluid and to encapsulate it in
the agueous compartment of Janus nanoparticles. The compatibility between aqueous
ferrofluids and the HPH process used to make the Janus nanoparticles was evaluated in term of
stability of the nanodispersions. Two polymers, PAA and PAAMA were chosen as the best
stabilizers to coat the nude maghemite in aqueous medium. Several physicochemical
characterizations were performed in order to show the grafting between the polymers and the
iron core of the maghemite and also to demonstrate that the integrity of the iron oxide core is
preserved after coating with polymers. After some aqueous encapsulation trials, we found that
the maghemite grains are not incorporated into the Janus nanoparticles but the formation
mechanism of these particles, based on a temperature dependent phase separation, is conserved

in the presence of ferrofluid.

The third purpose of this thesis was to prepare a hydrophobic ferrofluid compatible with the
lipid compartment of the Janus nanoparticles. Two lipid stabilizers were grafted on the surface
of nude maghemite : a fatty acid (OA) and a phospho-diester like surfactant (BNE). After some
characterizations, we found that the BNE was a better stabilizer in term of stability than the OA
justifying why FF-BNE was chosen to be encapsulated in the lipid part of the Janus
nanoparticles. Once purified by centrifugation, the magnetic Janus nanoparticles were found to
have much higher r2/r; ratio than those of commercial contrast agents allowing us to qualify
our system as a good candidate for MRI contrast agent. Magnetization experiments done on the
purified particles demonstrated that the superparamagnetism behavior of the SPION is

preserved after encapsulation in the Janus nanoparticles.
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In conclusion, the general aim of the present thesis was to propose a formation mechanism of
the Janus nanoparticles, to incorporate a diagnostic agent in one or the other of the two

compartments and to characterize the new objects obtained.

Regarding the perspectives at short term, we got good results in relaxometry measurements and
it could be interesting to evaluate the magnetophoretic mobility of the magnetic Janus
nanoparticles and the SPL respectively to demonstrate their ability to do magnetic targeting and
hyperthermia treatment. The main advantage of the Janus nanoparticles is their capacity of co-
encapsulate a hydrophilic and a hydrophobic compound. The next step would be to incorporate
a hydrophilic drug in the agueous compartment of the Janus nanoparticles whereas the SPION

would be entrapped in the lipid part in order to obtain a new theranostic tool.

In the longer term, the Janus nanoparticles are intended to be administered to the patient by
injection. Thus, it could be favorable to carry out some in vitro experiments to determine the

cytotoxicity of the nanoparticles and their stability in biologically relevant media.
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1. Lipids

Lipid phases (Labrafils) used in this work are based on polyoxylglycerides (or
macrogolglycerides). They were supplied as gift samples from Gattefossé S.A. (Saint-Priest,

France).

These are several marketed products of transesterified ethoxylated vegetable oils with the trade
name Labrafil [1]. In the present work, we used Labrafil® M1944CS (Oleoyl polyoxyl-6
glycerides), obtained from kernel oil, and Labrafil® M2125CS (Linoleoyl polyoxyl-6
glycerides), obtained from corn oil. Both of them contain a mean of 6 ethoxy units. Table Al
summarizes the composition and most important physicochemical properties of both products

(data from the supplier).

Table A.1. Properties of Labrafil® M1944CS and Labrafil® M2125CS

Properties Labrafil® M1944CS Labrafil® M2125CS
Composition
Palmitic acid (C16) 40t09.0% 410 20%
Stearic acid (C18) <6.0% <6.0%
Oleic acid (C18:1) 58.0t0 80.0 % 20.0 to 35.0%
Linoleic acid (C18:2) 15.0t0 35.0 % 50.0 to 65.0%
Linolenic acid (C18:3) <2.0% <2.0%
Arachidic acid (C20) <2.0% <1.0%
Eicosenoic acid (C20:1) <20% <10%
Physical form Liquid at 40 °C Liquid at 45 °C
Viscosity at 20 °C 75 to 95 mPa.s 70 to 90 mPa.s
HLB 4 4
Acid number <2.00 mg KOH/g <2.00 mg KOH/g
Saponin number 150 to 170 mg KOH/g 150 to 170 mg KOH/g
lodine number 7510 95 g 12/100g 90.0to 110.0 g 12/100g
Solubility Very soluble in methylene Soluble in chloroform,
chloride; soluble in n-hexan methylene chloride
Insoluble in ethanol Insoluble in ethanol
Dispersed in water Dispersed in water
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2. Surfactants
2.1. Gelucire® 50/13

Gelucire® 50/13 was kindly gift from Gattefossé S.A. (Saint-Priest, France). This excipient
composes primarily a mixture of poly(ethyleneglycol) (PEG) 1500 mono- and diesters with
palmitic (C16) and stearic (C18) acid with a mean HLB value about 13 [2]. It is adaptable to a
variety of formulation process and can be used, among others, for the development of solid

dispersions of hydrophobic drugs in order to improve their oral bioavailability [3-6].
2.2. Phospholipon® 90G

Phospholipon® 90G was received as a gift sample from Phospholipid GmbH (Nattermannalle,
Germany). This is a purified, de-oiled, and granulated soy lecithin with a high
phosphatidylcholine content (94-100%), lysophosphatidylcholine (max. 4%) and tocopherol
(0.3%). It is used as raw material forming of liposomes and mixed micelles, moisturizer,
emulsifier for pharmaceutical dermatology, cosmetics and personal care products. It is also used

as a solubilizer for drugs and encapsulation of active compounds
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