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Aim of PhD thesis

Nowadays, nanocarriers present an attractive field for researchers and pharmaceutical industry,
on account of their possible application as a drug delivery system in biomedical applications.
They have the ability to improve the pharmacokinetics, solubility and toxicity profile of certain
drugs, and potentially augmenting their therapeutic index. However, disappointing results in
recent clinical trials have compelled some to question nanocarriers potential as drug delivery
and create debate about delivery problems. The poor delivery may be the result of stability,
design, pharmacokinetics or bioavailability, or simply due to intrinsic biological variability.
Nanocarriers complexity requires in-depth in vitro and in vivo quantitative evaluation of their

behavior, with a focus on encapsulation, stability, blood interactions and release properties.

The aim of my PhD project is the development of fluorescence based techniques for
characterization of lipid nanocarriers integrity and the release of active molecules in vitro and

in vivo.
Using a specially designed dyes as models of drugs, the following points have been addressed:

» The integrity of the lipid nanocarriers and the release followed by Forster resonance
energy transfer (FRET) technique in vitro and in vivo.

» The integrity of the lipid nanocarriers and the release followed by fluorescence
correlation spectroscopy (FCS).

» Encapsulation of organic nanocarriers and the release characterized by chemical
bleaching.

» Photo-triggered controlled release of active molecules from lipid nanocarriers in vitro

and in vivo.

Adopting and developing these techniques, could help overcoming the challenges and the
difficulties in obtaining rapid, quantitative characterization of nanocarriers stability and cargo

release directly in biological media and living organisms.
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Chapter 1: Fluorescence

During the past 20 years there has been a remarkable growth in the use of fluorescence in many
disciplines, especially in biology and imaging. This use is going more and more at the level of
single-molecule detection and in vivo imaging, because fluorescence is a highly sensitive in
situ technique. This chapter first introduces the basic concepts of fluorescence, its main
characteristics and describes some essential phenomena that were used in this thesis, such as

fluorescence correlation spectroscopy and energy transfer.

1- Principles of fluorescence

Fluorescence is a part of a more general phenomenon called photoluminescence, which
correspond to the emission of light from an electronically excited state of a given molecule.
Depending on the nature of exited state either a singlet or a triplet state, photoluminescence
includes fluorescence and phosphorescence. A singlet or a triplet state indicates the decay of
the excited energy level and depends on the spin orientation of two paired electrons, singlet is
formed if the spins are not parallel, and consequently, if the spins are parallel, a triplet is formed.
The fluorescence phenomena occur if the emission takes place from the singlet excited state
that has been populated after light absorption. The emission rates of fluorescence are typically
108 s, so that a typical fluorescence lifetime is around a nanosecond. When the emission
occurs from the triplet excited state, the phenomenon is described as phosphorescence;
transitions to the ground state are forbidden and the emission rates are slow (>10° s1), so that

phosphorescence lifetimes are typically on the time scale of milliseconds.

The fluorescence process is usually described by the Jablonski diagram [1] (Figure 1.1). For
any molecules, different electronic states exist (So, S1, S2 and T1), each electronic states are
subdivided into vibrational and rotational energy levels. Fluorescence includes several events;
first, the molecule is excited by absorption of an exciting photon (represented by the energy
hvi) leading to a transition to a higher electronic energy state Sy, then rapidly relax to the lowest
excited state S1 by dissipating a part of its energy in the surrounding environment, this

phenomenon is usually called internal conversion and occurs within 1025,
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Figure 1.1. Jablonski diagram illustrating the transition between electronic states and major

phenomena resulting from this transition. Adopted from ref [2].

From the excited state S1, the molecules will reach the ground state Sy via different competitive
processes. Molecules relax (S1 — So) directly by emitting another photon (hv2) and it is known
as fluorescence, or can undergo a spin conversion (S1 — T1) called intersystem crossing. As
transition T1 to the singlet ground state is forbidden (but it can be observed because of spin —
orbit coupling), the rate constants for triplet emission are several orders of magnitude smaller
than those for fluorescence. Emission from T1 is termed phosphorescence, and is generally
shifted to longer wavelengths (lower energy) relative to the fluorescence. Other important non-
radiative process is Forster Resonance Energy Transfer, where a molecule in S; state (donor)
gives the energy to another molecule (acceptor). This phenomenon will be described in the
chapter 3. Molecules which are able to show electronic transitions resulting in fluorescence are
known as fluorophores or fluorescent dyes. A fluorophore can be excited either by one photon
or multiphoton excitation (two-photon generally), the latest one is more and more used in bio-
imaging because it provides higher resolution of focal volume and deep tissue imaging through
the optical windows of living tissue (700- 1400 nm).

2- Characteristics of fluorescence
2.1- Emission and excitation spectra / absorbance

Emission spectrum is the most common measured fluorescence parameter. Basically, it is the
intensity of the emitted light recorded as a function of wavelength at a fixed excitation. This

spectrum allows us to deduce interesting behaviours of the system under investigation,

10
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regarding the shift in emission maximum or / and the variation of emission intensity. Some
biological and chemical assays are based on the variation in these parameters. Generally, the
same fluorescence emission spectrum is observed independently of the excitation wavelength,
this is known as Kasha's rule [3]. Excess energy is rapidly dissipated upon excitation into higher
electronic and vibrational levels, leaving the fluorophore in the lowest vibrational level of S1.
This relaxation occurs in about 1072 s and because of it, emission spectra are mostly

independent of the excitation wavelength.

By contrast, excitation spectrum is obtained by fixing the emission wavelength and the
fluorescence intensity variation is recorded as the exciting wavelength is changed. Typically,
the excitation spectrum covers a large wavelength range, which usually corresponds to the
fluorophore absorption spectrum, unless the existence of some species in the ground state in
different forms (aggregates, complexes, tautomeric forms, etc.), the excitation and absorption
spectra are no longer super-imposable. The measurements of emission and excitation spectra

should take into account the characteristics of the detector.

The ability of a molecule to absorb light at particular wavelengths can be considered in the

context of the Beer—Lambert law, which is a mathematical equation expressing how matter is

absorbing light ¢ = SxiL . This law illustrates that the light emerging from molecules is

regulated by three phenomena: (i) the concentration (C) of the molecules, (ii) the optical path
length (L) that the light must travel through the sample, (iii) the photon probability to be
absorbed by the sample (the extinction coefficient € of the substance). One of the absorption
spectroscopy applications is the determination (A) of the concentration of molecules in solution,

by the knowledge of the extinction coefficient.

2.2- Stokes Shift and Solvatochromism

The Stokes shift is the gap between the two maxima of absorption and emission spectra
(expressed in wavenumbers). This parameter gives information on the exited states and it is due
to the rapid relaxation to the lowest vibrational level of S;. Moreover, fluorophores further relax
to the higher vibrational levels of So, resulting in extra loss of excitation energy. In addition to
these effects, fluorophores can display additional Stokes shifts due to complex formation,
solvent effects, and/or energy transfer, charge transfer, proton transfer and other excited-state

reactions.

11



Bibliographical overview

Solvent polarity can affect strongly the fluorescence of a particular fluorophore possessing high
change in the dipole moment on electronic excitation. This solvent effect becomes stronger with
the increase in the solvent polarity, leading to a shift of the emission to lower energies. This

shifting is called fluorescence solvatochromism.

2.3- Quantum yield and fluorescence brightness, Fluorescence lifetime

Fluorescence quantum vyield and fluorescence lifetime are among the most important
characteristics of a fluorophore. The quantum yield QY of a fluorophore is the number of
emitted photons relative to the number of absorbed photons, according to the following

equation:

kr

y=—"0J
¢ kp + kg

(1.1)

Where the two rate constants k; and k,,, are, respectively, the radiative rate constant, and the
non-radiative rate constant. These two cover all possible competing deactivation pathways,
such as intersystem crossing, internal conversion or other intra- and intermolecular quenching
mechanisms. Practically, the simplest method to determine the quantum vyield is the
measurement of fluorescence efficiency relative to that of a standard fluorophore with known
QY value. For that, absorption and emission spectra for our sample and the reference, are
measured at the same excitation wavelength with the same condition. the QY is calculated as:
rlz I Apey

QY = Q¥yep ——7
"IN o A Lrey

(1.2)

Where QY,..f is the quantum yield of our reference fluorophore, n is the solvent refractive index,
I is the integrated fluorescence intensity and A is the absorbance at excitation wavelength. In
this setup experiment to avoid inner filter effect and to assure intensity linearity response, the
absorbance A should be kept < 0.1. On the other hand, the brightness of a given fluorophore is
determined by the molar extinction coefficient and quantum vyield, both of which are specific

for each fluorophore : B = QY X ¢.

The fluorescence lifetime 7, is defined by the average time that given molecules stay at the

excited state before emitting a photon:

1

- 1.3
Tk + ke (13)

12
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Two popular methods for the determination of fluorescence lifetime exist, time-correlated
single-photon counting TCSPC (time domain) and the phase modulation method (frequency
domain). Based on lifetime a very popular and powerful microscopy technique emerged: the

fluorescence lifetime imaging microscopy (FLIM) [3].

2.4- Quenching

The decrease in the fluorescence intensity by different processes is called quenching. As
example, we can cite the collisional quenching upon contact with some other molecule (the
quencher) in solution when the excited-state fluorophore is deactivated, the molecules are not
chemically altered in the process. Different molecules can act as collisional quenchers, such as
halogen anions, amines, oxygen and electron-deficient molecules like acrylamide [4]. The
mechanism of quenching varies with the fluorophore-quencher pair. Other type of process
leading to quenching is where the fluorophore can form non-fluorescent complexes with
quenchers. This process called static quenching, occurs in the ground state without any
diffusion. Quenching can also occur by a non-molecular mechanism, such as attenuation of the
incident light by the fluorophore itself or other absorbing species. Also we can cite auto-
quenching where many fluorophores show different spectroscopic properties in concentrated
solutions: fluorescence often becomes quenched while increasing the concentration of dyes.

This phenomenon is termed “aggregation-caused quenching”.

2.5- Anisotropy

Measurements of anisotropy are based on the photoselective excitation of fluorophores by
polarized light (Figure 2.1). Dyes absorb preferentially photons whose electric vectors are
aligned parallel to the dye transition moment. This transition has a defined orientation with
respect to the molecular axis. In isotropic solution the fluorophores are randomly oriented, any
molecules whose transition dipole moments are oriented parallel to the electric field vector E
will be excited preferentially [1]. As a result, this selective excitation drives to partially oriented
fluorophores population and in partially polarized fluorescence emission. Emission also occurs
with the light polarized along a fixed axis in the fluorophore. The relative angle between these
moments determines the maximum measured anisotropy (ro). The fluorescence anisotropy (r)

and polarization (P) are defined by:

L —1,

a7 1.4
"TI 2l (14

13
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S

(1.5)

where Iy and 1. are the fluorescence intensities of the vertically and horizontally polarized
emission, when the sample is excited with vertically polarized light. Anisotropy and

polarization are both expressions for the same phenomenon.

Photoselected Randomized
fluorophores fluorophores
[ I Rotational \ /
diffusion

| =
A I\

/ ~_ )

(]

Polarized Polarized Polarized
excitation emission excitation

Figure 1.2. Effect of polarized excitation and rotational diffusion on the polarization or

anisotropy of the emission. Adopted from ref [1].

The measured anisotropy can be decreased to lower values than the maximum theoretical values
by several phenomena. One of them is rotational diffusion, which occurs during the excited
state lifetime and displaces the emission dipole of the fluorophore. Measurement of this
parameter provides information about the relative angular displacement of the dyes between the
times of emission and absorption. In liquid solution most fluorophores rotate in 50 to 100 ps.
Thus, during excited-state lifetime the molecules can rotate many times, polarized emission
orientation is randomized. For this reason, fluorophores in non-viscous solution have
anisotropies close to zero. Transfer of excitation between fluorophores also results in decreased
anisotropies. Measurements of anisotropy of fluorophore dispersed in nanoparticles can inform

us about the environment around this fluorophore (liquid or solid).

Anisotropy is commonly used in the biochemical fluorescence sensing applications [5]. It
provides information’s on the size and the rigidity by giving response in the change of rotational

mobility for fluorescent reporter in various molecular environments. For example, if the free

14
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fluorescent molecule has a small size, it rotates rapidly and exhibits a low value of anisotropy.
On target binding the size of this rotating unit increases producing a sharp rise in anisotropy.
When the molecules are in solid environment, the rotation is very low, which also results in

high values of fluorescence anisotropy.

3- Fluorescent Probe

Fluorescent probes are very important tools in biological research. The choice of the appropriate
probe depends on the application. We can distinguish:

) Natural fluorophores such: tryptophan, fluorescent proteins, plant pigments.

i) Synthetic dyes.

iii) Fluorescent nanoparticles.

3.1- Natural fluorophores

Known as “intrinsic fluorophores” they present conjugated double bonds. Most proteins exhibit
absorption and emission in the ultraviolet (UV) region due to aromatic amino acids. Other
natural fluorophores in tissue include the reduced form of nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD), porphyrines, etc. Fluorescent proteins, such
as green fluorescent protein, are special family of proteins, containing a special fluorophore
formed from several amino acids [6]. These proteins are used as tags to label a protein of interest

inside live cells.

3.2- Synthetic dyes

Organic fluorophores became an indispensable tool for fluorescent imaging and sensing. They
are used for labelling biomolecules or fluorescence sensing [7,8]. Typically, they contain
several combined aromatic rings and are characterized by a strong absorption and emission
bands in visible range extending to near-IR of the electromagnetic spectrum, due to presence of
delocalized n-electrons forming discrete energy states. Their size is commonly less than 1 nm
and their quantum yields can vary from zero to nearly 100 %. The small size allows their
incorporation into biological structures such as double-stranded DNA and bio-membranes with

minimal perturbation [9].

Organic dyes offer tremendous possibilities in applications due to immense variations of their

structures and diversity of their spectroscopic properties.
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Figure 1.3. Fluorophore brightness versus the wavelength of maximum absorption (Amax) for
different classes of fluorophores. The colors of depicted structure illustrate their wavelengths
of emission (Aem). Adopted from ref [10].

With regard to applications, fluorescent dyes could be classified into two categories: non-
responsive (labels) and responsive (sensors/probes).

For the “label” activity the dyes must show highest brightness and contrast, also optimal
protection against various quenching and bleaching effects or perturbations by the interactions
with the medium [11]. There are several classes of dyes that conform to optimal labels criteria
like derivatives of fluorescein and rhodamine [12], BODIPY [13] and cyanine dyes [14]. These
dyes families having rigid skeleton, exhibit minimal vibrations-related energy losses. Their
electronic density is delocalized symmetrically over the whole structure, which provides high
QY and low spectral sensitivity to the environment. As example of this kind of dyes we present

below the cyanine dyes which were used in one of our studies.

Cyanine dyes are composed of a polymethine chain between two amino/imino groups, which
can be illustrated by the simple representation (i.e., R2N-(CH=CH) »- CH=N'R>), where n is a

small number that defines the electronic conjugation length, and the nitrogens being a part of
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the conjugated chain usually form part of a heterocyclic system [15]. This family of dyes is
widely used in ultrasensitive imaging and spectroscopy, especially for biological applications.
By variation of the polymethine chain length, the absorption can be tuned from the visible and
near-infrared region. This family of dyes is characterized by high extinction coefficients (1.2
and 2.5x10°M* cm™) and moderate to high quantum yields between 0.04 and 0.4 as well as

good photostability, with a lifetime in the ranging from 0.2 to 2.0 ns.

o e R R N

N T e W e
/ [
Cy5
CyT

&7

'II Cy3.s / Cy5.5 'f U
cy?.5
Figure 1.4. Examples of different cyanine dyes. Adopted from ref [16].

Alternatively, for the “sensors” activity, dyes must show high brightness to reach the highest
dynamic range of response in terms of variations of lifetime, intensity or of the wavelength of
emission. To achieve that, some photophysical mechanisms of response need to be exploited,
like ESIPT (excited-state intramolecular proton transfer) [17], ICT (intramolecular charge
transfer), FRET (Forster resonant energy transfer) [18], quenching, isomerization, formation of
exciplexes, etc. Based on organic dyes family as hydroxychromone derivatives [19], Pyrene
and Nile red [9], probes for sensing biomolecular interaction and monitoring biophysical
properties of biomembranes were developed [20]. Other types of molecular probes were also
developed for sensing pH, temperature, oxygen, metal ions in living systems [21]. Here, a

particular attention will be paid to Nile red [20,22].

Nile red is a solvatochromic dye that shows a poor solubility in water, but in solvent it
demonstrates strong fluorescence, with intensity maxima as indicators of the fluorophore
environment properties. Nile red shows interesting spectroscopical properties, such as large

stokes shift, good quantum yields (up to 50%) and extinction coefficient (45,000 M* cm™)
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which is suitable for intracellular imaging. With increase in solvent polarity, its emission

maximum shifts to the red and the QY decreases.

Figure 1.5. Nile red Fluorophore

3.3- Fluorescent nanoparticles

Fluorescent nanoparticles have attracted a lot of attention as a new class of probes for

bioimaging [23]. They demonstrate unique electronic structures and optical properties, unusual

chemical and physical characteristics. As example we can cite: quantum dots and clusters,

upconversion nanoparticles, carbon dots, fluorescent organic dye nanoparticles, dye-doped

silica nanoparticles, dye-loaded polymer or lipid nanoparticles. More description of these

systems will be developed further in this manuscript.

4- General requirements for fluorescent probes

For high-quality imaging and sensing in biology, fluorescent probes should fit some criteria
[24,25]:

High quantum vyield (QY); it means that some photochemical processes such as

bleaching or radical formation will be reduced leading to higher fluorescence intensity.

High extinction coefficient (€); in this case higher brightness will be achieved, driving

to the use of low excitation intensity. The latest one could be useful in imaging for living
tissue without damage or imaging of very low quantity of fluorophores [26].

Optimal excitation wavelength (Aex); to avoid autofluorescence, the excitation

wavelengths longer than 400-460 nm are preferable. For deeper penetration in tissue
imaging, NIR sources of excitation are optimal [27].

Optimal _emission wavelength (Aem); it should be selected with the account of

wavelength dependence of the detector sensitivity and sample transparency.

Large Stokes shift; for reducing light-scattering effects, a strong separation between

absorption and emission bands is needed. Also for more efficient collection of emitted
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light using broad-band filters or larger monochromator slits. Moreover, it can reduce

homo-FRET (excitation energy transfer between the same dye molecules).

e Optimal fluorescence lifetime t; depending on the application it can be selected long
or short by choosing the dye and its environment, because the lifetime depends on the
temperature and the dye immediate environment [28].

e High photostability; higher dye chemical reactivity in the excited states leads to the

degradation of the fluorophore (photobleaching). This photobleaching is due to some
photochemical reaction that often involves molecular oxygen and is coupled with the
production of singlet oxygen. In sensing applications, photostability is not a big problem
because it does not require exposure to intensive light. But in single molecular studies
and super-resolution microscopy, where the dye molecules are subjected to high light
intensities, photostability is an important issue. Regarding this, in many of these
experiments oxygen scavenging systems are used for improving the dye photostability
[29].

e Solubility and environmental stability. The physical and chemical properties of the dyes

(polarity, charge distribution, reactivity to form covalent bonds, ability to participate in
n—7 stacking, hydrogen bonding and other noncovalent interactions) determine its
distribution in a heterogeneous system, moreover, the dye has to be chemically stable
and less sensitive to external factor like pH or temperature if this sensitivity is not

wanted.

5- Near-IR Dyes

Fluorescence-based imaging techniques offer high temporal and spatial resolution compared to
ultrasound imaging, CT, MRI, PET [30,31]. For in vitro applications, super-resolution
microscopy offers optical resolution well below 100 nm and fast image acquisition on the

millisecond timescale allowing real-time imaging for many cellular processes [30].

For in vivo experiments, fluorescent techniques are limited by the scattering and strong
attenuation of visible light (400 nm—650 nm) by biological matter (collagens, hemoglobin, lipid
membranes, etc.), in addition of strong auto-fluorescence throughout the visible spectrum
[32,33], rendering deep tissue imaging practically impossible in this spectral region. To
overcome these problems, attention has shifted to the two so-called near-infrared biological
windows from 650 nm to 950 nm (NIR1) and 1000 nm to 1350 nm (NIR2) [34,35]. In this

spectral regions, light can penetrate much deeper into biological samples with minimum
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absorbance and auto-fluorescence with reduced scattering, affording high signal-to-background
ratio SBR (Figure 1.6). Rendering fluorescence-based imaging a viable alternative with a high

spatial and temporal resolution allowing precise quantifications.
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Figure 1.6. Near-infrared optical windows in biological tissues. The effective attenuation
coefficient as a function of wavelength show that absorption and scattering from oxygenated
blood, deoxygenated blood, skin and fatty tissue is lowest in the NIR | and NIR II spectral
region. Adopted from ref [36].

Last decade with advances in imaging instrument allowed efficient detection of long-
wavelength NIR photon. However, few fluorophores with sufficient fluorescence quantum
yields in the NIR region were developed, especially in aqueous surroundings. One should
mention cyanines 5.5, 7 and 7.5, some squaraine dyes [37], methylene blue (MB) and the FDA
approved Indocyanine green (ICG) [38]. In addition to dyes, we can also cite quantum dots,

carbon nanotubes, UCNPs, and gold nanorods.

These recently developed NIR emitters have emerged in biomedical imaging from contrast-
enhanced imaging and molecular imaging of specific biomarkers, both for preclinical animal

studies and clinical diagnostics and interventions.
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Chapter 2: Nanocarriers

Nanotechnology emerged as new field involving manipulation of the matter at nanometer scale,
which outcomes in a novel class of materials with innovative properties for a wide range of
applications. Nanoparticles are a part of these new materials, with a size between 1-100 nm.
Their use in diverse areas has been vastly explored in recent years, particularly in the biomedical
field. Nanoparticles were used in diverse range of applications, such as biosensors, drug
delivery, molecular imaging, and novel theranostic systems. In this chapter, we will introduce
different kind of nanoparticles and their applications, with stress on lipid nanocarriers, their
definition, methods of synthesis and characterisation. Additionally, their use in research as

fluorescent nanocarriers are summarized.

1- Terminology clarification

Before beginning this chapter, some term definitions should be clarified. The first one is
between nanoparticles (NPs) and nanocarriers (NCs). The term nanoparticle is the most general
term for nanosystems with the size under 100 nm, with more than 600,000 times used in
published article titles according to Web of Science database. By contrast, nanocarriers was
used 8,000 times. Also NPs are used as term in all kind of application starting from
manufacturing and materials, environment, energy and electronics, food applications, finishing
by biomedical applications as sensor, drug delivery and imaging agent. NCs is used like a sub-
class of nanoparticles, as a transport module for another substance (Protein, DNA, RNA, Drug
and Contrast agent); it is more related to the use in biomedical field. Most of research on
nanocarriers is being applied to their potential use in nanomedicine and drug delivery,
especially in chemotherapy. Term nanocarriers generally refers to organic nanoparticles,
composed of lipids or polymers. Among lipid nanocarriers one should mention liposomes,

nanoemulsions, solid lipid nanoparticles, lipid nanocapsules and nanostructed lipid carriers.

Sometimes different terms are used for relatively similar lipid materials. According to Benoit
and co-workers, nanoparticles containing oil core and shell composed of PEGylated
phospholipids are called nanocapsules [39,40]. On the other hand, Muller et al as well as

McClements et al used term nanoemulsion for different lipid based nanocarriers.
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To simplify the situation in the terminology, I will call all these systems lipid nanocarriers.

Moreover, all lipid systems containing liquid core will be termed nanoemulsions.

2- Nanoparticles in biomedical applications :

2.1- Inorganics nanoparticles

2.1.1- Quantum Dots (QDs)

QDs have semiconductor nanocrystal core, generally from the group I1-VI or group -V
elements in periodic table (CdS, CdSe, CdTe, ZnS, PbS), coated by a shell to modify their
physicochemical properties and promote solubility (Figure 2.1). With size ranging from 2 to 30
nm, they possess unique luminescent properties such a high photostability, high quantum yields
and absorption coefficient. Their photoluminescence emission band can easily be tuned from
the UV to the IR regions by varying the particle size or composition [41].

QDs particular characteristics make them attractive for the biomedical field such as imaging,
diagnosis and therapeutic applications [42]. Thus, QDs were used for multicolor imaging and
single-cell molecular profiling [3], also for simultaneous multi-species tracking in live cells
[44]. In addition, QDs were proved promising for multiplexing, as example, for in situ
molecular profiling of breast cancer biomarkers [45,46]. Recently, to overcome the poor
transmission of visible light through biological tissues, NIR emitting QDs were proposed. The
examples of their applications include in vivo imaging of tumor markers, such as EGFR [47,48].
Moreover, QDs operating in the second near-infrared region (1100 — 1400 nm) emerged as
probes for deep-tissue dynamic imaging of the circulatory system [49], including lymphatic
drainage, vascular networks, and angiogenesis [50]. In these cases, exceptional image
resolution was achieved, because of deeper penetration of light in this region. Additionally, the
use of QDs in targeted delivery have increased with the possibility to graft on their surface

chemically reactive ligands as well as active biomolecules, such as proteins and nucleic acids.

Despite the research of different groups to use QD nanoparticles as a drug delivery nanocarriers
[51], the application of QDs nanocarriers for drugs present a lot of challenges, such as limited

encapsulation capacity, presence of toxic elements and incomplete excretion pathway [52,53].
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Figure 2.1. Schematic representation of QD and its energy levels. A) Schematic structure of
QDs. Image adopted from physicsworld.com. B) Energy splitting diagrams for QDs due to the
quantum confinement effect: semiconductor band gap increases with decrease in size of the
nanocrystal. C) Example of QDs with a size-dependent luminescence. Adopted from ref [54].

2.1.2- Upconversion Nanoparticles (UCNPS)

UCNPs have emerged as a new class of theranostic agents [55]. In general, it consists of the
host matrix such as NaYF4 or CaF, doped with the rare earth ion like Yb%*, Tm®*, Er®*, or Ho*"
in which electronic transitions occur (Figure 2.2). UCNPs exhibit unique optical properties;
they absorb NIR light and emit shorter wavelength UV/visible photons [56]. In addition to these
properties, which allow elimination of background signal and deeper tissue penetration of light,
UCNPs are highly photostable [57], without blinking and have narrow emission bands,
controlled shapes and sizes. These make them promising candidates for biomedical applications

such as imaging, photodynamic therapy (PDT) and drug delivery.

In photodynamic therapy application, a photosensitizer is in proximity with UCNPs. At NIR
light illumination, UCNPs emit visible light allowing FRET to the photosensitizer and the
production of ROS (reactive oxygen species), which affect cell viability. The photosensitizer
can be loaded either by chemical linkage to the carbon chains at the surface of UCNPs [58], or
physically loaded in nanoparticles. As example, two photosensitizers MC540 and ZnPc were
loaded into UCNPs mesoporous silica shell, where the emission of the upconversion
nanoparticles matched with the absorbance of these two photosensitizers. These
photosensitizers activation at single 980-nm wavelength enhanced the therapeutic efficacy of

PDT in mice xenograft melanoma tumor [59].

In the same way, UCNPs were tested for drug delivery systems using a photorelease

mechanism. Doxorubicin anti-cancer drug was loaded into mesoporous silica-coated UCNPSs,
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modified by azobenzene molecules [60]. By irradiation with NIR laser light the trans—cis photo-
isomerization of the azobenzene molecules lead to the release of the drug in biological samples.
Alternatively, photo-cleavable moieties were implemented for release of sSiRNA [61], and dyes
molecules from UCNPs [62].

UCNPs can also be suitable material for bio-imaging due to their NIR excitation and can
provide high image resolution. In multiplexed in vivo imaging research, UCNPc were used for
lymph node mapping and in vivo tumor cell tracking, where PEGylated particles with three
emission colors were synthesized by varying the molar ratio between Yb and Er. The resulting

image exhibited higher in vivo detection and sensitivity compared to quantum dots [63].

In spite of UCNPs different advantages, it remains to overcome some major limitations, like

low quantum yield, need of strong laser powers, low solubility and biocompatibility.

3+ 3+
NIR light W B Visible

emission

Figure 2.2. Schematic representation of a core/shell upconversion nanoparticle showing
absorption of NIR light at 980 nm upconverted to visible light. Adopted from ref [64].

2.1.3- Carbon Nanotubes

Carbon nanotubes are tubular hydrophobic networks of carbon atoms prepared by rolling up of
graphene, with unique structural, electronic, optical and mechanical properties. They are
divided into single-walled carbon nanotubes (SWNTSs) and multiwalled nanotubes (MWNTS)
[65] (Figure 2.3).

SWNTSs present remarkable optical properties, as NIR region absorbance, high photothermal
effect, in addition of large endocytosis. Hence, they present a large interest of the scientific
community and have been considered for biomedical imaging [66], drug delivery [67],
photothermal therapy [68], as well as PDT. Carbon nanotubes are insoluble in most aqueous

media, creating toxicity problems. Various surfactants and polymers were used to overcome
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their poor solubility, however, their toxicity remains a controversial issue. Specifically, the

problem of delayed clearance in the lungs was reported by some researchers [69,70].

0.4-2nm 2-100nm

Figure 2.3. Schematic representation of carbon nanotubes showing typical dimensions of
length, width. A) Single-walled carbon nanotube (SWCNT). B) Multiwalled carbon nanotube
(MWCNT). Adopted from ref [71].

2.1.4- Gold Nanoparticles

Gold nanoparticles (AuNPs) have recently been widely used in many therapeutic and diagnostic
procedures in the biomedical field [72], mainly due to their unique structural and optical

characteristics.

AuUNPs are particles composed of an Au core and a surface coating. They can be colloidal or
clustered and can be synthetized through different methods [73]. The most used is the chemical
reduction method, namely reduction of a gold salt solution with reducing agent such as
borohydrides or citrate generating Au (0). Then, they are stabilised to avoid agglomeration by
stabilizing/capping agents such as citrate or alkane thiols. The synthetic versatility of AuNPs
facilitates manipulation of particle size, shape and surface like shown in Figure 2.4, offering

unique chemical and optical properties.

AuUNPs absorption depends on size and shape. Sphere nanoparticles absorb well in the visible
region, whereas gold nanorods and nanoshells show strong light absorption in the NIR region.
Under external light excitation collective oscillation of electrons occurs on their surface. This
phenomenon is called plasmon resonance (LSPR), and is dependent on the size and shape of
AUNPs [74]. With size increasing, the surface plasmon absorption shifts to red or NIR region.
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With shape changing from sphere to rode, both longitudinal and transverse oscillation of

electrons can be induced.
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Figure 2.4. Versatility of AuNPs offer a unique platform for tailoring particle size, shape,

surface coating and functionalization. Adopted from ref [75].

Due to LSPR proprieties and NIR absorption, gold nanoparticles are applied in different
imaging techniques like optical coherence tomography (OCT) imaging [76], photoacoustic
tomography (PAT), as well as fluorescence imaging. In early study, Chulhong Kim et al
explored gold nanocages conjugated with melanocyte stimulating hormone, as a contrast agent
for quantitative molecular PAT of melanomas in vivo, achieving contrast 300% higher than the
control [77]. Moreover, gold nanoparticles have a high electron density, leading to efficient
absorption of X-rays, which brings them in the area of X-ray-based imaging as contrast agent

for computed tomography (CT) [78].

AuNPs efficiently absorb light and convert it to heat; therefore they can be used for ablation of
tumor cells in photothermal therapy [79,80], and thermoresponsive controlled drug release.

In drug delivery application, AuNPs are associated with organic nanocarriers such polymers or
liposomes to deliver the cargo drugs or peptide upon external laser irradiation. As example,

liposomes and gold nanoparticles were used to construct a cluster “bomb” structure for and

26



Bibliographical overview

multi-order Paclitaxel release for liver tumor treatment upon laser illumination of the gold
nanoparticles [81]. In addition to all these multiple applications of AuNPs, they are largely used
as a sensor for in vitro detection of biomolecules [82].

2.1.5- Mesoporous Silica Nanoparticles (MSNs)

Mesoporous silica nanoparticles (MSNs) are class of silica nanoparticles with periodic
mesoporous of hexagonal, cubic or lamellar structures in the range of 2 to 50 nm [83]. Diverse
mesoporous silica nanoparticles were developed using different synthetic methods, such a
modified Stéber method, dissolving reconstruction and self-assembly, soft and hard templating
[84].

MSNSs have been widely applied in biomedical research, especially as delivery nanocarriers for
different drugs, dyes and active molecules. This interest is due to the intrinsic propriety of
mesoporous nanoparticles, including pore size and volume, favourable chemical properties

allowing surface modifications (Figure 2.5).

Even though their inorganic nature, the mesoporous MSNs are promising solution for
responsive drug release under triggers. As an example, Huang et, al developed 50 nm
nanoparticles with bio-cleavable disulfide bonds (-S-S-) directly incorporated, which break
within tumor microenvironment [85]. As a result, high chemotherapeutic outcome was achieved

in vitro and in vivo.

A) B)

Figure 2.5. Representation of mesoporous nanoparticles system. A) Structural illustration of
MSNSs. B) responsive release switches on MSNs. Adopted from ref [86].
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2.2- Organics Nanocarriers

2.2.1-Dendrimers

Dendrimers are a family of three-dimensional, nanoscale hyperbranched polymers,
characterized by a symmetrical branched architecture and ultra-small size (typically <5 nm)
with high monodispersity (Figure 2.6). They can be functionalized and conjugated with drugs
or dyes, and their synthesis is based on the principles of robust high-yield chemistry. Nowadays,
they are conjugated either with drug [87], or dyes for using as molecular probes [88].
Fluorescent dendrimers have relatively low quantum yield when used as fluorescent contrast
agent because of dye self-quenching and their brightness is controlled by their size. However,
these organic nanoparticles are costly to fabricate, and majority of them are toxic producing

cell membrane damage [89].

Figure 2.6. Architectural components of dendrimers. Adopted from ref [90].

2.2.2- Micelles

Micelles are amphiphilic macromolecules that self-assemble into core—shell structured
nanocarriers, in which the hydrophilic parts are in contact with surrounding solvent and
hydrophobic parts are in the center; their diameter is between 5 and 100 nm (Figure 2.7). They

can be classified according to their amphiphilic core: polymeric or lipid micelles.

Lipid micelle are prepared with water soluble surfactant bearing hydrophobic chain linked to a
polar head group. The latter can be small charged group or hydrophilic polymer, such as
Polyethylene Glycol (PEG) [91], Cremophor ELP being an important example [92]. Polymeric
micelles are made from block copolymers composed of hydrophobic and hydrophilic blocks
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[93]. Due to their lower CMC (critical micelle concentration), polymeric micelles display better
stability against dilution compared to lipid one, allowing retention of active molecule for a
longer period of time in blood pool [94].

Hydrophilic head

e

Hydrophobic tail

Figure 2.7. Figure illustrating micelle architecture.

Micelles are used as drug delivery systems to carry hydrophobic drugs entrapped in or
covalently bound to the hydrophobic core leading to dramatic improvement in their aqueous
solubility. As example, the solubility of anticancer drug paclitaxel (PTX) was increased 5,000
fold when it was formulated in poly(d,I-lactide)-MePEG diblock copolymer [95], and this
formulation is currently in clinical trials. Other common utilization of micelles is in stimuli-
responsive delivery mode, where drug can be released either by internal stimulus such as pH
[96], enzymatic reactions [97], reactive oxygen species (ROS) [98], and temperature.
Alternatively, external signal such as ultrasound, heat and light, can be used, where these last
stimuli are widely associated with photothermal and photodynamic therapy (PDT) issues. In a
recent study, Gao et al reported that photosensitizer (Ce6)-loaded micelles integrating cyanine
dye have huge potential as theranostic tool for tumor localization via NIR / photoacoustic
imaging modalities with superior cancer effect via subsequent combining photothermal therapy
(PTT)/photodynamic therapy (PDT) [99].

For other applications, several micellar forms of contrast agent have been established for
different imaging modes like magnetic resonance imaging (MRI) and X-ray computed
tomography (CT). Recently, bimodal fluorescent/photoacoustic imaging agent, based on NIR
Squaraine dye encapsulated into Pluoronic F-127 micelles was proposed, exhibiting high
photostability and low cytotoxicity in biological conditions, with good contrast in animal

experiment using fluorescence imaging and photoacoustic tomography modalities [100].
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Recently, Shulov et al presented an interesting concept of new shell-cross-linked fluorescent
micelles, with PEGylated cyanine 3 and 5 bis-azides forming a covalently attached shell on the
surface of micelles of amphiphilic calixarene bearing four alkyne groups. The final micelles
displayed small size of 7 nm, good quantum yield and stability in biological media. They were
2-fold brighter than quantum dots (QD-585) under microscopy, which make them suitable new

platform for developing bright protein-sized responsive nanoparticles for bioimaging [101].

2.2.3- Polymeric Nanocarriers

Polymeric nanoparticles NPs are colloid systems with an average size of 10-300 nm prepared
from natural or synthetic polymers. Recently, they have gathered a lot of interest in
nanomedicine as drug or protein nanocarriers, also in imaging as fluorescent nanoparticles.
Within in vivo applications, they have the capacity to protect their active content, with long
circulation time and controlled release. In addition, they offer great versatility in modifying
their size, chemical composition, morphology, biodegradability and surface functionality [102].

Nowadays, the most used polymers for nanoparticles include poly (lactic acid) (PLA), poly
(glutamic acid) (PGA) and poly (D, L-lactide-co-glycolide) (PLGA), due to their
biocompatibility and biodegradability properties [103]. Beside, poly (methyl methacrylate)
(PMMA), poly(caprolactone) (PCL), N-(2-hydroxypropyl)-methacrylate copolymers (HPMA),
poly (ortho ester) (POE) and Chitosan are aslo widely used [104].

Various methods for preparation of polymer NPs were proposed. One of them is direct
polymerization of monomers (Fig 2.8). In different types of emulsions, such as (conventional)
emulsion [105], mini-emulsion[106], and micro-emulsion [107]. The type of emulsion depends
on the surfactant concentration (> cmc in emulsion, < cmc in mini-emulsion, >> cmc in micro-
emulsion) and the method of homogenization (shear in emulsion, high shear, ultrasound in

mini-emulsion and low shear in micro-emulsion) [108].
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Figure 2.8. Preparation of polymer NPs though polymerization of a monomer. Adopted and
modified from ref [108].

The other strategies for polymeric NPs synthesis is based on preformed polymers, following
three main approaches: emulsification solvent evaporation, nanoprecipitation, and self-
assembly (Figure 2.9). In emulsification solvent evaporation method, the polymer is dissolved
in water-immiscible solvent and dispersed in an aqueous phase containing stabilizer. Then
nanoparticles are generated under sonication or high-speed homogenization, followed by
evaporation of the solvent. NPs of size 100-200 nm could be obtained [109].

Nanoprecipitation (also called solvent displacement technique) is based on the addition of
polymer, dissolved in a solvent, to aqueous phase [110]. Formation of NPs occurs due to rapid
diffusion of the solvent into the aqueous phase (and vice versa) and polymer supersaturation.
Concentration of polymer, amount of organic and aqueous phase and mixing procedure
influence the size. NPs from <10 nm up to hundreds nm could be obtained. Currently,
nanoprecipitation method is probably the most used method to obtain fluorescent polymer NPs
and therapeutic polymeric nanocarriers. Reisch et al based on this technique obtained very small
fluorescent polymeric nanoparticles with size nearly 15 nm using different charged polymer
[111]. In other study, Zhu et al used it as single self-assembly step to generate polymeric
nanoparticles with simultaneous installation of targeting proteins on the exterior and loading

of therapeutic proteins in the interior [112].

Finally, the self-assembly method is used for some amphiphilic polymer, who can self-assembly

into NPs in form of micelles under thermodynamic conditions. In this case, a solution of
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polymer dissolved in organic solvent is mixed with an aqueous phase, then the aggregation of
the hydrophobic part of polymer takes place when the concentration exceeds critical micelle
concentration (CMC) [113]. In fact, this approach lead to polymeric micelles, which were

already mentioned above.

nanoprecipitation emulsification-solvent evaporation self-assembly
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Figure 2.9. Techniques used for the preparation of polymeric NPs from preformed polymers.
Hydrophobic polymer segments are shown in green, hydrophilic ones in blue, organic solvent

in yellow. Adopted and from ref [108].

Polymeric nanoparticles serve as excellent drug or protein therapeutic carriers; the release can
be tailored via controlled polymer biodegradation or appropriate stimulus effect. One of the
most successful translation from bench to clinical trial was based on work led by Farokhzad
and co-workers. They developed docetaxel encapsulated in to PLGA-b-PEG polymeric
nanoparticles and surface functionalized with RNA aptamers, that target prostate cancer cells
over-expressing the prostate-specific membrane antigen (PSMA) receptor, with up to 77-fold
increase in binding compared to non-targeted controls [114]. Therefore, administration of this
aptamer-NPs containing docetaxel was highly effective at tumor size reduction, showing almost

complete tumor reduction and 100% survival.

Next, this concept was taken by BIND Therapeutics to clinical development translation with
the most optimal hit; BIND-014- as the first targeted and controlled release polymeric NPs, for
cancer chemotherapy. However, until now in clinical trial, polymeric nanocarriers failed to
demonstrate higher activity against tumors from their parent drug. Highlighting the need for
better patient selection [115,116], and better understanding of the release mechanism
undergoing with these nanoparticles in vitro and in vivo [117]. Moreover, the engineering of
polymeric nanocarriers that can avoid the immune system with prolonged circulation is needed.
Among the lines of reflection to this problem, researchers turned to nature by designing a

biomimetic nanoparticles. In one report, the group of Zhang report that PLGA nanoparticles
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coated with the membrane of blood platelets can hide from the body’s immune responses, and

possess higher binding properties that allow them to target desired cells and tissues [118].

In other approaches, polymeric nanoparticles are used for fluorescence bioimaging and sensing
in order to achieve extreme brightness and contrast using biodegradable materials. For that
purpose, dyes with high concentration are encapsulated inside the nanoparticles. However,
because of dyes aromatic flat structure, this encapsulation induces quenching caused by
aggregation of these fluorophores in tight confinement, besides the excitation energy transfer
phenomena. These processes affect the fluorescence quantum yield and reduce the brightness
of dye-loaded polymer NPs. Recently, an original approach was employed by Klymchenko
group, where they encapsulated inside PLGA NPs, an association of bulky hydrophobic
counterions (tetrakis (pentafluorophenyl) borate) with ionic dyes (Rhodamine C18) in the form
of salts, achieving small nanoparticles of 40 nm diameter and high dyes loading up to 5 wt%
with minimized quenching [119]. These PLGA fluorescent nanoparticles express a QY of 23%
being ~6-fold brighter than QDs-605. What is more, these NPs showed reversible and nearly
complete ON/OFF switching (blinking), opening the way for further application of dye-doped
NPs for super-resolution imaging by direct stochastic optical reconstruction microscopy
(dSTORM) [120]. Also, this systems was applied successfully to cyanine dyes leading to bare

coded fluorescent nanoparticles for single cells tracking experiment [121].

2.2.4- Lipid Nanocarriers

Over the past decade, there have been major advances in the development of nanocarriers as
delivery systems for drugs, peptides, proteins and contrast agents. Among them, lipid-based
nanocarriers have great potential to solubilize, protect, encapsulate and deliver lipophilic

bioactive components to desired target, achieving bioavailability and avoiding side-effects.

These nanocarriers are made from biocompatible lipids, such as phospholipids, fatty acids,
cholesterol and triglycerides, in addition of surfactants and aqueous phase. Numerous
advantages of the lipid matrix make the lipid-based nanocarriers potentially ideal drug delivery
systems. Due to bio-compatibility and bio-degradability characteristics, these systems are prone

to be less toxic as compared to other delivery systems, such as polymeric nanoparticles.

Before discussing nanoemulsions, which was the main subject of my research work, it is useful
to begin with a brief overview of the other major lipid nanocarriers, focusing on their

advantages and limitations.
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2.2.4.1- Liposomes

First described in the 1960s by Bangham [122], liposomes are spherical vesicles formed from
lipid bilayer shells enclosing aqueous interior compartments. PEGylated or not PEGylated, they
can encapsulate hydrophilic agents inside the central aqueous compartment and entrap
hydrophobic agents within the lipid bilayer. Liposomes are prepared mainly with lipid and/or
phospholipid molecules, dissolved in an organic solvent (chloroform generally), followed by
an evaporation step, rehydration of the film in an aqueous solvent, and finally processing with

different techniques such as [123]:

- Extrusion: with high pressure extruder, liposomes are structurally modified to large
unilamellar vesicles (LUV) or nanoliposomes, depending on the pore-size of the filters
employed [124].

- Sonication: which is the most widely applied method because of its simplicity [125]. It
can be realized by bath or probe sonication. However, this method presents some
disadvantages, like low internal volume/encapsulation efficiency and metal pollution by
the probe.

- Microfluidization: employing a microfluidizer without using solvent, based on divided

pressure stream into passing each part across a tiny aperture and leading the flows to
each other inside the chamber of microfluidizer [126]. This method has been applied in
pharmaceutical field to produce liposomes due to the large volume production capacity,

with adjustable average size and high capture efficiency.

<— Hydrophobic tail

Liposome Lipid bilayer Phospholipid
Figure 2.10. Schematic diagram of a liposome. Adopted from ref [127].

Liposome technology used as nanocarriers is extensively developed, a number of liposome-
based drug formulations are available for human use and many products are under different
clinical trials [128]. Doxil® was the first successful liposome-based product, introduced in US
market in 1995, for the treatment of patient with ovarian cancer. Barenholz and co-workers

were behind the development of this approach [129]. It consists of a Doxorubicin-loaded
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PEGylated liposomal bilayer with a size of 80-90 nm, comprising hydrogenated soy
phosphatidylcholine (HSPC), cholesterol (CHOL) and methyl-distearoyl phospho-
ethanolamine PEG 2000 (DSPE-PEG) sodium salt. Despite its large use in the cancer therapy
due to its long circulation time, good pharmacokinetics and pharmacodynamics, the Doxil®
does not improve therapy efficiency comparing to normal doxorubicin, but offers better life for
the patient and less side effects like hair loss and reduced cardiotoxicity. Subsequently, other
formulations based on liposomes came to market, including Myocet®, Depocyt®, and Onivyde®
[130].

Supplementary, huge effort is made in order to confer stimuli-responsive properties to
liposomes for delivery of active molecules (drug, siRNA, protein, etc.), with different chemical
and physical activation methods (pH, enzyme, redox, and light) [131]. Light triggered release
from liposomes is one of the most popular method, where a photosensitizer, NIR dyes or gold
nanoparticles are encapsulated inside the liposome and activated by photons to initiate the
release process. Recently, Kohane group developed, based on this technique, an ultrasensitive
phototriggered local anesthesia in superficial or deep tissues, where gold nanorods were
attached to low temperature sensitive liposomes (LTSL), encapsulating tetrodotoxin and
dexmedetomidine. Near-infrared light (808 nm) engender heat gold nanorods leading to rapid
release of the anesthesia agent. They demonstrate that for in vivo situation, only 1-2 min
irradiation at < 272 mW/ cm? is needed to produce repeatable and adjustable on-demand
infiltration anesthesia or sciatic nerve blockade with minimal toxicity. This effect is correlated

with the power and the time of irradiation [132].

Furthermore, dyes can be also associated with liposome for photothermal and photodynamic
therapy, photosensitizer dyes are encapsulated inside in order to generate singlet oxygen [133].
Also NIR dyes are used, due their deep penetration to generate the photothermal effect [134].
These last years, Indocyanine Green (ICG) was a subject of multiple studies for photothermic
and photodynamic therapy [135]. Yoon et al engineered liposomal Indocyanine Green (ICG)
for photothermal purpose. The photothermal effect of different lipid compositions and ICG ratio
was evaluated. They showed that optimized formulation has greater anticancer effects in a
mouse tumor model compared with other liposomal formulations and the free form of ICG.
Then it was served to visualize the metastatic lymph node around the primary tumor under
fluorescence imaging guidance, and ablate the lymph node with the enhanced photothermal

effect, indicating the potential for selective treatment of metastatic lymph node [136].
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2.2.4.2- Solid Lipid Nanocarriers (SLNS)

Solid lipid nanocarriers were introduced at the beginning of the 1990s by Mdiller research group
[137,138], in order to develop an alternative carrier system to liposomes, emulsions and
polymeric nanoparticles. SLN are composed of lipid being solid at physiological temperatures
such as mono-, di- and triglycerides, fatty acids, waxes and steroids, stabilized by surfactants
[139]. Having a highly-ordered crystalline structure, they are very stable. This type of
nanoparticles designed with the idea that the usage of solid lipids instead of liquid oils may
provide prolonged drug release, as the bioactive substance has much lower diffusion rate and it
can be controlled by controlling the physical state of the lipid matrix of SLN [140]. The average
diameter of SLNs is from 100 to 1000 nm. Solid lipid nanocarriers appear to be promising drug
delivery systems, especially for oral administration . The SLN formulations are generated by
both high- and low-energy methods [141].

Three models for the location of the drug within the SLN were described [142] (Figure 2.10):
= The homogeneous matrix model.
= The drug enriched shell model.

=  The drug-enriched core model.

¢ Drug model
Drug homogenized matrix Drug enriched shell Drug enriched core
model model model

Figure 2.11. Models for drug incorporation into SLNs.

Among these models, the difference is mainly due to the chemical nature of the active
ingredient, lipid and surfactant, as well as the process parameters [143]. For the matrix model,
there is a homogeneous dispersion of the drug in the lipid matrix. It occurs when the
nanocarriers are produced by cold homogenization technique without the use of a drug
solubilizing- surfactant, or when lipophilic drugs are incorporated using hot homogenization
technique into SLNs. In the drug-enriched shell model, the lipid core is surrounded by lipid

corona, due to the lipid precipitation mechanism that occurs at cooling stage when the
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recrystallization temperature of the lipid is reached [144]. This model is suitable for

dermatological application.

The drug-enriched core model happens when the crystallization mechanism is opposite to the
previous model. The drug is melted close to its saturation solubility, the cooling decreases the

solubility and leads to drug crystallization before to the lipid.

Solid lipid nanocarriers were extensively applied for drug delivery [145]. The loading
efficiency is affected by several factors: the drug solubility, the miscibility of the melted drug
with lipid environment, the physical and chemical structure of the solid matrix, and the
polymorphism state of the material [146]. Recently, a proof of concept was realized showing
that SLNs were able to cross the blood-brain barrier. The surface was covalently modified with
an Apolipoprotein E-derived peptide exploiting the warm microemulsion process. Different
administration routes were used, with a result that a pulmonary administration is related to high
confinement in the brain of mice compared to intravenous and intraperitoneal routes, without
causing any inflammation reaction [147]. In the same way, Gondomi et al used PEGylated
SLNs modified with two axo-glial-glycoprotein antigens, anti-Contactin-2 or anti-Neurofascin,
considered as the main target of autoimmune reaction in multiple sclerosis. This formulation
demonstrated a higher uptake up to 8 times with the surface-modified SLNSs in the brain tissue
[148]. Moreover, SLNs were also used for oral [149,150], ocular [151], dermal administration

routes as well as for gene therapy application [152,153] .

However, the important drawback of SLNs is their low drug loading capacity and drug
expulsion (burst release) after polymorphic transition during storage; with the increase in
crystal perfection, less space remains to accommodate drug molecules. In addition, the
formation of drug-enriched shell leads to burst release (Figure.2.12) [154]. To overcome this
problem, a second generation of SLN was developed, which is named nanostructured lipid
carriers (NLCs).

Solid lipid nanocarrier

Figure 2.12. Expulsion of the drug during the polymorphic transition.
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2.2.4.3- Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid nanocarriers, are the second generation of solid lipid nanocarriers. They

achieve higher loading capacity by mixing solid and liquid lipid [155]. With less-ordered

crystalline structure, the drugs should be better encapsulated inside the lipid core and, therefore,

their release during storage is minimized.

Three types of NLC have been described (Figure.2.13):

Solid lipid

Oil compartement

Solid lipid
Amorphous lipid

I) Imperfect type I1) Amorphous type TIT) Multiple type

Figure 2.13. Different types of NLC: I-the imperfect type; Il-the amorphous type; I1l-multiple
type. Adopted from ref [155].

1)

2)

3)

The imperfect type: it consists of small amounts of liquid lipids (oils) mixed with large
amount of solid lipids. This incompatibility leads to imperfections in the matrix
structure offering space for a drug in the core allowing higher loading.

The amorphous type: The nanocarriers are solid but in an amorphous state.
Crystallization upon cooling is avoided by the addition of significant amount of liquid
lipids with a special structure such as Miglyol ® 812 or isopropylmyristate [156].
Therefore, the consequent drug expulsion during storage is prevented.

The multiple types: also known as multiple Oil in Fat in Water (O/F/W) nanocarriers.
An excess amount of liquid oil is mixed with the solid lipid. Above the solubility, a
phase separation occurs with the formation of oily nano-vesicles within the solid lipid
matrix. Thus, the drug is dissolved in the oil and is protected by the surrounding solid

lipids.

The most used lipids and surfactants for preparation of active material-loaded NLC are [157]:

Liquid lipids: squalene, Corn oil, a-tocopherol/vitamin E, Oleic acid, Medium chain
triglycerides (MCT)/caprylic- and capric-triglycerides, Soybean oil.
Solid lipids: Stearic acid, Carnauba wax, Glyceryl monostearate, Cetyl palmitate,

Glyceryl palmitostearate, Propylene glycol monostearate.
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e Emulsifier: Tween 80/20, Poloxamer 188, Lecithin, Sodium dodecyl sulfate (SDS).

Selection of an appropriate lipid mixture is crucial for NLC successful production with suitable
chemical and physical characteristics [158]. Indeed, liquid and solid must be spatially
incompatible together as much as possible, which means that oil should not participate in the
solid crystalline matrix and the solid lipid should not be dissolved in the liquid one. Moreover,
they need to be stable against oxidation and lipolysis. NLCs production techniques are similar
to that of solid lipid nanocarriers, as hot/cold homogenization, solvent emulsification—

evaporation, solvent diffusion and phase inversion technigues.

NLC are particularly suitable for encapsulating and delivering lipophilic bioactive molecules
and other lipophilic compounds such as flavors, antimicrobials and drugs into aqueous-based
foods [158,159]. Further, NLCs are very popular for dermal applications. As example, the skin
penetration of the antioxidant coenzyme Q10 (CoQ10) is raised with the encapsulation in ultra-
small NLCs [160].

The possibility of using NLC as delivery system has been explored for many compounds in
pharmaceutical area. It has been shown that nanostructured lipid carriers, grafted with the
antigen ovalbumin (OVA) and injected into mice immunized with OVA, produced much higher
antibody titers for all tested formulations ( different size and surface charge ) as compared to
that immunized OVA or OVA formulated in Complete Freund Adjuvant (CFA, positive
control) [161]. The NLCs with size 80 nm anionic lipid particles were the most efficient antigen
carrier for eliciting higher humoral immune response, as well as cellular immune response.

These results open new way for application of these kind of nanocarriers in nanomedicine.

In addition, NLCs are used as fluorescent contrast agent, Isabelle Texier group focused for long
years to develop this specific application. In 2009 they encapsulated Cyanine dyes into lipid
nanocarriers containing soybean oil and wax (Suppocire®) as a core, stabilized by surfactant
Myrj™ 53 (polyethylene glycol 50 stearate) and phospholipid lecithin. It was shown that it is
very fluorescent and able to accumulate passively in various subcutaneous tumors in mice
[162]. Later, they called it Lipidots® with a range of dyes associated covering all visible spectra
(DiO, Dil, DiD, DIiR, and Indocyanine Green (ICG)) [163]. This newly developed contrast
agents compete by their optical properties with commercial QDs (QTracker®705). They enable
lymph nodes multichannel in vivo imaging in mice using doses lower than 2 pmols of particles.
Moreover, Lipidots® have very low toxicity, which make this tool for in vivo fluorescence

imaging for tumor Diagnosis and Lymph Node Resection applications [164].
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Recently, based the same approach they developed new dye-loaded lipid nanoparticles for long-
term and sensitive in vivo near-infrared fluorescence imaging, named Liplmage™ 815 [165].
This tool was applied into two clinical studies. The first one was the evaluation of LipImage™
815 application for intraoperative fluorescence imaging (IOFI) in the surgical excision of
malignant masses in dogs, with good result showing that this new fluorescent agent allows for
good discrimination between tumoral and healthy tissues during the surgery [166]. Secondly, a
phase-0/phase-I study of LipImage™ 815 for near-infrared fluorescence imaging in healthy
dogs was finished, with conclusion that the optimal dosage of 2.0 pg/kg allowed the
achievement of a fluorescence signal suitable for surgery guidance application without any
acute side effects [167].

2.2.4.4- Lipid Nanocapsules

Defined as a core-shell structure composed of a liquid oily core and an amorphous surfactant
shell, they were introduced by Heurtault et al, and formulated by phase inversion temperature
(PIT) method plus the temperature cycling treatment [168,169]. Composed of medium-chain
triglycerides oily phase (Labrafac® WL 1349), they are surrounded by a surfactant shell made
of lecithin and hydrophilic nonionic surfactant, PEGylated surfactants (Kolliphor®HS15). The
aqueous phase consists of MilliQ® water and NaCl. Lecithin was introduced in the formulation,
and has been shown to increase the nanocapsule stability [170,171]. An other surfactant Lipoid®
S75-3 is also added to increase stability. The particles obtained have a storage stability of more
than 18 months. Nevertheless, the structure of these lipid nanocapsules is quite similar to the
nanoemulsions. Just the lecithin is added more, and the PIT method is used.

The group of Jean-Pierre Benoit is the specialist for using and developing these lipid
nanocapsules in vitro and in vivo, with a large spectrum of applications. Indeed, they have
shown that lipid nanocapsules are very interesting for oral administration for different drugs
[172], such as paclitaxel and milifostine [173,174]. Also lipid nanocapsules demonstrated in
vitro stability in simulated gastrointestinal media [175]. Recently, their last in vitro study shows
that nanocapsules cross the intestinal epithelium model (Caco-2 cell model) in intact form,

opening a way for their oral administration [176].
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2.2.4.5- Lipid Nanoemulsions

a) Introduction:

Lipid nanoemulsions or what we call liquid lipid nanocarriers, are emulsions with droplet size
under 100 nm. Typically, it is a mixture of two immiscible phases, oil and water in addition of
an emulsifier (generally surfactant). The emulsifier decreases the interfacial tension and helps

to obtain small sized droplets which are more stable against creaming and sedimentation.

Based on composition of oil and water portions, nanoemulsions can be:
e Oil in water (O/W), where oil droplets are dispersed in continuous aqueous phase.
e Water in oil (W/O), where water droplets are dispersed in continuous oil phase.
e Multiple nanoemulsions (W/O/W).

In this manuscript, all our definitions and applications are about the most known and used
nanoemulsions, which are oil in water (O/W) type (Figure 2.14).
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Figure 2.14. Schematic diagram of nanoemulsions fabricated from oil, water and surfactant.
Adopted from ref [177].

Nanoemulsions can be prepared into different dosage forms, like cream, liquids [178], spray
[179], aerosols, gels [180], and can be administrated by different routes as oral [181],
intravenous, pulmonary and ocular [182,183]. The characteristics, concentration of ingredients
and preparation conditions [184], play crucial role in the formation and final characteristics of
the nanoemulsions. They affect:

e Droplet characteristics: concentration, size, distribution, physical state.

e Interfacial characteristics: thickness, electrical charge, polarity, rheology and
permeability.

e Phase characteristics: density, viscosity, refractive index, interfacial tensions.
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b) Components
The lipid (oil):

Generally, nanoemulsions contain 5-80% oil in order to solubilize the active molecules, it can
be formulated using triglycerides [labeled as long chain triglycerides (LCT), medium-chain
triglycerides (MCT) or short chain tri glycerides (SCT) depending on their chain lengths],
mineral oils, marine oil, flavor oils, or essential oils [185,186]. D-a-Tocopherol (vitamin E)
family has been extensively used as a carrier in nanoemulsions [187,188]. Oleic acid and ethyl
oleate have been also used. The physicochemical characteristics of the oil, such as refractive
index, density, viscosity and interfacial tension, impact the stability and formation of
nanoemulsions. As example, it has been reported that the lower interfacial tension and viscosity,

the smaller are the nano-droplets [189].

Emulsifier (surfactant):

Surfactants are amphiphilic molecules that have both hydrophilic and lipophilic parts in their
molecular structure. They stabilize nanoemulsions by reducing interfacial tension, and prevent
aggregation. The HLB (hydrophilic-lipophilic balance), which is the ratio of hydrophilic to
lipophilic groups on a molecule, can be a good index for emulsifier relative affinity to the water
and oil phases. With HLB >10, emulsifier has a higher affinity for water (hydrophilic), and
with HLB <10 has a higher relative affinity for oil (lipophilic) [190].

The frequently used surfactants in nanoemulsions are Cremophor EL (Polyoxyl-35 castor oil)
[191], Tween 20, 40, 60 and 80 (Polyoxyethlene sorbitan monolaurate) [192], lecithin
(phosphatidylcholine) derived from egg yolk or soybean [193], poloxamer family [194] and
sodium dodecyl sulfate [195], amphiphilic proteins like casein and polysaccharides [196].
Solutol HS-15 (polyoxyethylene-660-hydroxystearate) is also regularly used [197]. The
surfactant selection does not just affect size and stability, but determines also the toxicity,

pharmacokinetics and pharmacodynamics of a nanoemulsions.

Agueous Phase:

The aqueous phase composition plays an important role in nanoemulsion physicochemical
properties. A variety of water-soluble constituents, including minerals, acids, bases, flavors,

preservatives, vitamins, sugars, proteins, and polysaccharides, can be added to the aqueous
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phase to change its properties [198]. pH and viscosity of the aqueous phase may impact the

stability of the nanoemulsions.

¢) Formulation methods

Different formulation methods were proposed for the preparation of nanoemulsions, classified
into two categories: high-energy emulsification methods and low-energy emulsification

methods.

High-energy emulsification methods

It consists of applying high disruptive forces with mechanical devices capable of causing the
breakup of oil droplets and dispersing them into the water phase. Such disruptive forces are
achieved via ultrasonicators, microfluidizers or high pressure homogenizers which are
industrially scalable. Their versatility is in the fact that any oil can be subjected to
nanoemulsification. The disadvantages are in the cost of the instrument and generation of high

operational temperatures, and the size cannot be reduced under 50 nm.
= Microfluidizer

The starting material pass several times through a chamber, consisting of microchannel under
influence of a high pressure displacement pump (500-50,000 psi), resulting in very small
droplet as shown in Figure 2.15. The microfluidizer uses hydraulic shear, intense turbulence,
impact and cavitation, to effect size reduction. This technique requires cooling due to the
impaction energy generated by collision of droplets.
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Figure 2.15. Setup and functioning of a microfluidizer for nanoemulsion formulation. Adopted
from ref [199].
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= Piston gap homogenizer

A coarse emulsion is pumped through a narrow gap (<10 um), between rapidly moving rotor
and fixed stator. Grinding force, high shear and stress generated between the rotor and stator,
cause the size reduction as shown in Figure 2.16. Fixing dissipation gap can give the required

size.
P
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Figure 2.16. Basic principle of high pressure homogenization using a piston gap homogenizer.
Adopted from ref [200].

= Ultrasonication:

It consists of applying a strong ultrasonic energy with a high-frequency wave, in a small volume
to agitate particles in a sample. This action produces cavitation bubbles which continue to grow
until they implode, then create a jet stream of surrounding liquid, pressurizing dispersed
droplets and reducing their size. Increasing sonication time and input power decrease droplet
size [201].

Typical sonicators consist of a piezoelectric probe which generates intense disruptive force at
its tip as shown in Figure 2.17. These probes are available in a variety of dimensions which
affect their functionality. Ultrasonication requires less energy expenditure compared to other
high energy methods. On another side, the drawback of this technique is contamination induced
by probe degradation. This can be avoided in scale up manufactory, by using special column

capable of producing ultra-sonic waves.
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Figure 2.17. Schematic illustration of ultrasonication method for emulsification.

Low-energy emulsification methods

Nanoemulsions can be prepared by low-energy emulsification methods, using the energy stored
in the system to produce ultra-fine droplets. Based on diverting the intrinsic physicochemical
properties of the surfactants, co-surfactants and excipients composing the formulation, it
includes spontaneous emulsification or phase inversion method. Low energy methods are
sometimes limited by oil type and emulsifiers that can be used. However, they are simple,

solvent free, cost effective, producing small size droplets.
= Phase inversion temperature (PIT) method:

PIT exploits the change in aqueous/oil solubility of surfactants in response to temperature
fluctuation as shown in Figure 2.18. It involves via an intermediary bicontinuous phase ordered
conversion of a W/O to O/W emulsion or vice versa. Emulsion of oil, water and surfactant is
heated at defined temperature (PIT) and then rapidly cooled. The change in temperature from
low to high leads to opening and reversal of interfacial structure causing phase inversion. Then
cooling leads to closed structure, trapping oil for nanoemulsion generation. Surfactant and the
oil should be well mixed [202].

The influence of the formulation (electrolyte concentration, temperature, etc.) and composition
parameters (ratio surfactant/oil), has been largely reported on the potentialities to formulate

nanometric-scaled emulsion droplets [203].
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Figure 2.18. Schematic representation of phase inversion temperature method for

nanoemulsification. Adopted from ref [199].
= Spontaneous emulsification:

Spontaneous emulsification may occur when immiscible liquids in non-equilibrium conditions
are in contact and gently homogenized. In short time, a kinetically stable nanoemulsions is
formed [204]. This phenomenon is triggered by gradients of chemical potential between the
phases, which under certain conditions lead to negative values of free energy of emulsification.
Different explanations were formulated to understand this phenomena, but it still remains not
completely elucidated. A simple mechanism was proposed by Anton et al. The spontaneous
emulsification was attributed to the penetration of the water phase into oily phase, resulting in
the break-up of this phase [205].

As shown in Figure 2.19, when the lipophilic mixture of oil and surfactant, homogenized under
temperature and stirring (Figure 2.19.A), is in contact with water (Figure 2.19.B), the aqueous
phase penetrate the oil, solubilizing the surfactant molecules (Figure 2.19.C). Surfactant
molecules stabilize the newly formed droplet while nanoemulsions are generated (Figure
2.19.D), with size between 20 and 200 nm depending on the ratio oil/surfactant, with excellent
monodispersity (0.1-0.2). Not all surfactant and oil are adapted to this method, however some
optimal conditions can be found, like the complete solubility of the surfactant in the oily phase,
which can be improved by raising the temperature. A good choice of specific physiochemical
characteristics of ingredients is needed.
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Figure 2.19. lllustration of mechanism driving spontaneous emulsification. Adopted from ref
[206].

d) Nanoemulsion stability

With an appropriate selection of system components, composition and preparation method,
nanoemulsions, non-equilibrium systems, are wide kinetically stable system for months,
compared to emulsions (micrometer-size droplets) due to their small droplets size, stability
against dilution or even against temperature changes. Figure 2.20 summarizes the different
destabilization mechanism of nanoemulsions, namely flocculation, coalescence, Ostwald

ripening and creaming/ sedimentation.

47



Bibliographical overview

*
=
* ™
D NG
(=) 9/,)//.}
©
9 d
Iati @ > creamin
floccu‘a n.on‘ > __% phase
droplets ‘sticking a \) separation
but not combining )
o>
=
: T
©
@
o
QD o
. coalescence o
N « )
9 Q@ - (flocculation o
also possible) = D

Figure 2.20. lllustration of different nanoemulsions destabilization mechanisms. Adopted from
ref [207].

It is hard to distinguish between coalescence and flocculation in emulsion. In coalescence,
droplets merge one with each other and become larger. During flocculation, because of
attractive interactions, the droplets come closer to each other (stick but not combine) and move
as a single entity, this mechanism is irreversible. The DLVO theory explains that it is due to the

low potential interaction for the droplet—droplet [208].

However, nanoemulsions are stable against sedimentation or creaming due to their small droplet
size. Also, the absorbed layer of emulsifier on the droplet surface generates electrostatic and
steric interactions, which increase the repulsive maximum, thus stabilizing nanoemulsions

against flocculation and coalescence [209].

Ostwald ripening is the main breakdown stability process of nanoemulsions [210]. It occurs
because of the solute chemical potential within droplets of different sizes, as a consequence of
Laplace pressure. The dispersed phase chemical potential is higher in smaller droplets than in
larger ones, contributing to driving force for mass transfer from the smaller to the larger
droplets. Thus the smaller droplets become smaller and the larger droplets grow. One critical
factor affecting Ostwald ripening rate is the solubility of the dispersed phase in the continuous
phase. The Ostwald ripening rate follow this equation [211]:
640c.,v3D
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Where d} is the initial average diameter number, o is the interfacial tension, c., is the solubility
of the dispersed phase in the continuous phase, v is the molar volume of the dispersed phase, D
is the diffusivity of the dispersed phase in the continuous phase, R is the ideal gas constant and

T is the temperature of the system. Using derivative, the Ostwald ripening rate w, has the value

640Ceov3D
27RT

However, this is not very effective on the long term because it increases the

. wo decreases with addition of an insoluble emulsifier to the continuous phase [212].

flocculation/coalescence rate due to reduction in steric repulsion between droplets.
Nanoemulsions stability is controlled by various factors:

e lonic strength: Delmas et al, showed that increase in the ionic strength of the continuous
phase decreases the repulsive forces. As a result, the emulsions have a much higher
probability of flocculating/coalescing [212].

e Polydispersity: higher is the polydispersity, higher is the Ostwald ripening rate, due to
high difference in chemical potential between droplets.

e Solubility: it makes easier for dispersed phase molecules to travel through the
continuous phase.

e Additive products: destabilizes the rates by changing the properties, like interfacial
tension, droplet elasticity, and interaction potential between droplets.

e Emulsifier concentration: increasing this parameter causes the increase in
destabilization rate, argued by the enhanced diffusion of oil due to micelle formation
and lowering of Gibbs elasticity [213]. This is not always true because the inter-droplet
interactions are different for different systems.

e Temperature: some studies showed that increase in the temperature, increases the

ripening rate, due to change in dispersed phase solubility and diffusivity

The stability of nanoemulsions is not easy to monitor because of all previous cited parameters,
affecting their stability. For that reason and with the idea to apply these nanoemulsions as
eventual drug nanocarriers, the development of different tests for in vivo and in vitro stability

and release monitoring, is an urgent topic to investigate.

e) Application of nanoemulsions in biomedical field

With their unique proprieties such as small size, stability, transparent appearance, tunable
rheology, encapsulation capacity, biodegradation and bioavaibility, nanoemulsions are

attractive candidates for application in food [214], cosmetics [215], pharmaceutical and
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biomedical industries [199]. Here, we will focus just on biomedical applications as drug

delivery systems and imaging agents.

As drug delivery systems, nanoemulsions encapsulating active molecules can be administrated
with various modes in human body, such as topical, ocular, intravenous, intranasal, and oral
routes. Nanoemulsions were largely exploited as a drug delivery carrier for multitude of cancers
[216,217]. To overcome the multidrug resistance (MDR), nanoemulsions encapsulating
hydrophobic and hydrophilic drugs, paclitaxel (PTX) and 5-fluoroucacil (5-FU), were used,
functionalized by vitamin E (VE) and tocopherol poly (ethylene glycol) succinate (TPGS). This
combined therapy led to dramatic inhibition of tumor growth, especially in the PTX-resistant
KB-8-5 tumors, where Taxol had little therapeutic effect. Combined therapy allows
simultaneous interruption of diverse biochemical pathways, resulting in increased therapeutic
response and low toxicity [218]. In other studies, Coleman and coworkers used folate and
gadolinium targeting paclitaxel nanoemulsions to overcome multidrug resistance in ovarian
cancer. In vitro cytotoxicity showed a 270-fold drop in IC50 in SKOV3TR cells as compared
to docetaxel alone, and efficient accumulation in tumor-bearing mice [219]. In addition,
cationic nanoemulsions encapsulated TNFa siRNA where used via intranasal brain delivery
[220,221], in order to prevent chronic neurodegenerative disorders and neuro-inflammation
[222]. Several formulations using nanoemulsions as drug nanocarriers are in clinical trial
pipeline [223-225].

Other important application of nanoemulsions is biomedical imaging. Attia et al used iodinated
nanoemulsions as X-ray contrast agent, which allowed evaluation in situ of their
pharmacokinetics and biodistribution [226]. They compared three different iodinated oils
formulated with PEGylated surfactantg. As shown in Figure.2.20, the iodinated nanoemulsions
displayed high contrast enhancement in blood with similar half-life around 6 h, but very
different accumulation sites. While iodinated monoglycerides exhibited low accumulation in
liver and spleen, high accumulation in spleen was observed for iodinated castor oil and in liver

for vitamin E.
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Figure 2.21. lllustration of iodinated nanoemulsion as a contrast agent. Adopted from ref [226].

Recently, so-called ”high intensity focused ultrasound-responsive perfluorocarbon
nanoemulsions” have emerged as a new class of smart multifunctional vehicles which exhibit
high ultrasound imaging contrast and can release their payload in a controlled manner
[227,228]. Perfluorocarbons are fluorinated liquids which include perfluoropentane,
perfluorohexane perfluorodecalin, perfluorooctyl bromide, etc. Fluorine-19 isotope in these
fluorinated carbons enables quantitative fluorine-19 magnetic resonance imaging [229]. When
they are stimulated with ultrasound these volatile compounds vaporize, transforming the
nanoemulsions system into high-contrast microbubbles for delivery, therapy and imaging
[230,231].

In one similar study, nanoemulsions were used as blinking nanometer-size contrast agents, to
develop a new class of laser-activated nano-droplets (LANDSs) for super-resolution ultrasound
imaging as shown in Figure.2.22. This LANDs can be repeatedly optically triggered to blink
between vaporization state and native liquid droplet. The resulting spatially stationary and
temporally transient microbubbles provide high ultrasound contrast. After processing
algorithm, this new system provides high resolution molecular imaging deep in the tissue in

vivo, almost an order of magnitude better than conventional ultrasound imaging [232].
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Figure 2.22. schematic representation of laser-activated nano- droplets (LANDs) for super-
resolution ultrasound imaging. Adopted from ref [232].

Nanoemulsions were also investigated as fluorescence imaging tool, Mulder and coworkers
used it as a multifunctional platform for imaging guided therapy, where fluorescence is the
second function beside the MRI, providing near-infrared fluorescence imaging with Cy7 dye
[233]. Klymchenko and coworkers designed new bright nanoemulsions droplets based on Nile
Red derivative (NR668) without any leakage and showed that they can be useful and efficient
optical contrast agents for in vitro and in vivo applications [234]. Later the same group achieved
8 wt.% of dye loading into nanoemulsions, using modified cyanine dye (Dil) with counterion
tetraphenylborate. The latter drastically improves solubility of the dye in oil and prevents
formation of non-fluorescent aggregates. This new ultra-bright nanoemulsions contrast agent
containing >10,000 cyanine molecules, are >100-fold brighter than quantum dots, allowing for
the first time single-particle tracking in the blood flow of live zebrafish embryo as shown in
Figure 2.23, revealing both the slow and fast phases of the cardiac cycle with minimal

cytotoxicity [235]. These results provided a solid background for my PhD project.

A Tracking B Line analysis

Figure 2.23. Single-particle tracking of Dil-TPB nano-droplets in zebrafish vessels. (A) During
the diastole single particles were followed in consecutive frames. (B) During the systole, the
velocity was calculated from the shape of the line, which is a result of the movement of the
particles during the line scanning. Adopted from ref [235].
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Chapter 3: Optical instrumental techniques for
nanocarriers characterization

Nanocarriers have been an attractive field of research, due to their ability to improve the
pharmacokinetics, stability and toxicity profile of certain drugs, potentially augmenting their
therapeutic index. Moreover, disappointing results in recent clinical trials have compelled some
to question nanomedicine’s potential and create debate about delivery problems [236-239]. The
poor delivery may be the result of stability, design, pharmacokinetics or bioavailability, or

simply due to intrinsic biological variability.

Nanocarrier complexity requires in-depth in vitro and in vivo quantitative evaluation of
nanoparticle behavior, with a focus on stability and interactions with blood components,

especially for controlled release platforms.

In addition, the cancer drug delivery process consists of five critical steps, known as CAPIR
cascade: circulation in blood, accumulation and penetration into the tumor, cellular
internalization, and drug release. Thus, the global efficiency of a nanomedicine is determined
by its efficiency in each step [240]. Hence, optimal nanomedicine (nanocarriers for drug
delivery) should have 2R2SP properties, where (2R) is “drug retention vs release 7, (2S)

“surface stealthy vs sticky” and (P) “tumor penetration” [241].

» 2R is the required property in terms of loading, and stability from burst release during
transport in blood compartments and tumor tissues, while having an efficient release of
the active molecule at the target.

» 2S indicates the properties needed in terms of nanocarrier surface, on demand stealthy
or sticky.

» P is the ability to penetrate in tumor tissues and to reach remote tumor cells from blood

vessels.

If the nanocarriers possess the 2R2SP properties, they will be able to pass the CAPIR cascade
successfully at right time and place, reaching high therapeutic efficiency.
In this scenario, there is an urgent need for the development and improvement of

characterization techniques to monitor and follow the mentioned indicators in vitro and in vivo.
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In this respect, optical techniques and instruments represent promising, simple and non-invasive

approach to address this problem of nanocarrier evaluation.

The use of optical instrumentation has the advantage of tissue accessibility (for NIR region),
the multitude of photophysical and photochemical processes at the molecular level (e.g.,
fluorescence, luminescence, multiphoton absorption, and second-harmonic generation), as well

as detection sensitivity and resolution.

In the following pages we will provide a general overview of the principle fluorescence optical
techniques, which were used in the last years to characterize and follow nanocarriers in vitro

and in vivo at moderate costs even for very long-term experimental designs.

1- Fluorescence correlation spectroscopy (FCS)
1.1- Theoretical view

Fluorescence correlation spectroscopy is a method allowing temporal and spatial analysis of
low concentration biomolecules. While most of the fluorescence techniques are interested in the
intensity of the fluorescence signal, the FCS is based on the analysis of the temporal fluctuations
of the fluorescence intensity measured in a small volume (focal volume). While generally these
fluctuations are considered as measuring noise, the FCS technique exploits these to gain
information of the system dynamics. The treatment of the fluctuations by autocorrelation
function allows the measurement of the self-similarity of repeated measurements with time.
Among the information that can be drawn from this technique, we can cite the local
concentration of fluorescent biomolecules, their diffusion constant, the brightness of these
molecules. All the phenomena affecting fluctuation of the fluorescent signal can in theory be
apprehended by FCS. Fluctuations within the focal volume may arise from the changes in
fluorescence characteristics due to reaction kinetics or conformational changes. They also can
be from the diffusion of molecules in and out this volume. In addition, photophysical rate

constants can change the fluctuations. This technique is non-invasive and highly sensitive.
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1.1.1- Autocorrelation: principle and modelling of data
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Figure 3.1. Schematic illustrating the principle of FCS A) Excitation beam focused in a
liquid. B) Probe diffusing through the detection volume give rise to a fluctuating intensity
trace from which the auto-correlation curve, can be calculated .C) Parameters of interest are
obtained by fitting a mathematical model, the correlation function to the experimental

correlation curve.

The main origin of the fluctuation is the Brownian motion of the particles entering and exiting
from the excitation volume. The number of particles present in the focal volume at time (t)
follows the Poisson law. The root of the variation in the average number of molecules within

the focal volume can be given by [88]:

J@ND) _ 1 G
RN '

This implies that the relative fluctuations become more important when the concentration of

tag species decreases (limited nevertheless by the fact that the fluorescence signal must be
greater than the residual noise). In practice, the number of molecules within the focal volume
can range from 0.1 to 1000, which implies for a focal volume of 0.3fl, a concentrations ranging
from sub-nanomolar to micromolar. These ranges of concentrations are largely compatible with

the "physiological” concentrations that can be observed within cells.

Autocorrelation curve is formulated as:

G(r) = % (1 + %)_1 (1 4 i) (3.2)
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Where td is the diffusion (correlation) time, N is the mean number of fluorescent species within
the two-photon excitation volume, and S is the ratio between the axial and lateral radii of the

excitation volume

1.1.2- Instrumentation
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Figure 3.2. Scheme of a confocal set up for Fluorescence Correlation Spectroscopy. Adopted
from ref [242].

Typically, a confocal FCS setup is used as shown in Figure 3.2. an aqueous solution containing
emissive species is placed on the wells plate. The collimated laser beam is reflected by a
dichroic mirror into an objective with a high numerical aperture (NA), to create a diffraction-
limited spot. The emitted fluorescence light is collected by the same objective. Transmitted
through the dichroic mirror, and focused onto a pinhole which eliminates all light emitted from
outside the focal volume. The signal is detected by an avalanche photo diode in single-photon-

counting mode, then correlated to generate the FCS curve.
The autocorrelation curve has some properties that are important to notice:
- When a fluorescent molecule is in the centre of the focal volume, the fluorescence signal

will be highly correlated with time, because of higher probability to detect a large
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number of photons consecutively. With molecule diffusion out of detection volume, this
correlation decreases continuously, until the correlation is totally lost indicating that the
molecule has diffused away completely.

The correlation decay with time will be proportional to the diffusion rate of the
molecule.

The autocorrelation curve depends on the concentration of emissive species. At low
concentration of the species, the intensity fluctuation will be larger. Indeed, molecule
entering or leaving the focal will cause important signal variations. In contrast, at a high
concentration, this variation of signal will be smaller. There is a direct connection
between the amplitude of the autocorrelation curve and the inverse concentration of the
fluorescing molecules. For that reason, FCS can measure the concentration of
fluorescing molecules [244].

For various time scales, the properties of the fluorescent molecules can determine the
temporal behaviour of the autocorrelation function as it is shown in Figure 3.3. A
phenomena called photon anti-bunching can be observed at nanosecond scale [245]. The
fact that after a single fluorescent molecule excitation, the dyes cannot emit more than
one photon per excitation cycle, which reduces the chance to observe two consecutive
photons from one and the same molecule at very short correlation times. The
antibunching effect is used for several measurements like oligomerization and
quenching kinetics [246]. For longer times, other processes come into play. On a
picosecond to nanosecond time scale we have molecular rotation diffusion dynamics if
excitation and/or detection are performed with polarization filters. On a microsecond
time scale, G(t) is dominated by fast intramolecular structural dynamics and
photophysical processes like triplet state. Moreover, at millisecond to the second level
scale the autocorrelation curve presents its typical decay due to the diffusion of the
molecules out of the detection region [247].

In addition to normal Fluorescence correlation spectroscopy (FCS) we can find other
single molecule technique based on FCS like Fluorescence cross-correlation
Spectroscopy (FCCS) and Fluorescence lifetime FCS, etc. [248].

Practically, fluorescence correlation spectroscopy (FCS) is used in research, for the study

of multitude processes like molecular interactions, chemical kinetics and other single

molecules parameters. Also this technique emerges as a new tool to characterize
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nanoparticles, especially their size, brightness, binding, and to evaluate stability in

fluorescent nanoparticles.
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Figure 3.3. Timescales of various processes monitored by autocorrelation analysis. Adopted
from ref [243].

1.2- Application of FCS for nanoparticles characterizations

This single molecule technique is used until now in vitro to determine the nanocarrier size,
stability, release and interaction with surrounded media. Klymchenko et al, could measure the
size, brightness, concentration and the ratio dyes / droplet for lipid nanoemulsion carriers
encapsulating Nile Red dyes (NR) and lipophilic Nile red (NR668). Moreover, based on ability
of FCS to measure the variation in emissive species number, they could monitor the dye release
into serum medium [249]. In another example, Kristensen at al demonstrated the ability of FCS
technique to quantify the release of dyes from large vesicles, outlining the mathematical
framework required and the appropriate methodology for successful quantification. Moreover,
they applied the previous methodology to investigate the release of an antimicrobial peptide
(Mastoparan X), showing that Mastoparan X forms transient transmembrane pores in

unilamellar lipid vesicles, resulting in size-dependent leakage of molecules [250].

Based on the correlation time, FCS is a powerful tool to measure the size of nanocarriers as
good as DLS (Dynamic light scattering) technique [251]. According to FCS, polymeric

nanocarriers stability and interaction with proteins were tested. It was shown that 15 nm
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PMMA-SOsH nanocarriers precipitate in phosphate buffer saline, showing that these
nanocarriers are not stable under physiological salt concentrations. On the other hand, their
hydrodynamic diameter doubled in presence of 10% fetal bovine serum (FBS), indicating
strong protein adsorption at the particle surface. By contrast, the addition of the nonionic
surfactant Tween 80 and the amphiphilic block copolymer Pluronic F-127 to the nanocarriers
increased significantly their stability in presence of salts and prevented protein adsorption
[111].

Andresen group used FCS in order to understand the liposome protein corona binding affinities
and dynamics of common types of blood plasma proteins. They used FCS as shown in Figure
3.4 to investigate the binding of labeled Alexa Fluor 488 human serum albumin (HSA) to
standard types of PEGylated fluid-phase liposomes (consisting of DOPC and DOPE-PEG2k),
and PEGylated gel-phase liposomes (consisting of DSPC and DSPE-PEG2k) with various PEG

chain surface densities [252].

No binding Partial binding Full binding

Autocorrelation

Lag time on log scale

Figure 3.4. Schematic illustration of how FCS can be used for studying binding of fluorescently
labeled proteins to liposomes. Adopted from ref [252].

No binding of HSA to the DOPC-based PEGylated liposomes was detected. By contrast, it was
found that HSA could bind tightly to the DSPC-based PEGylated liposomes (typical

dissociation time longer than 24 h), although only a low number of HSA molecules were bound
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(on the order of ~2-5 on average per liposome) under conditions at which the liposomes were
at least partially saturated with HSA. The same approaches were applied to lipid coated
quantum dots by another group [253]. This FCS-based methodology could be applied in
systematic studies on the interactions of blood plasma proteins with nanocarriers, potentially
providing a basis for formulating a model of the protein corona on different nanocarriers

circulating in the bloodstream.

Other molecular behaviors of nanocarriers were followed by FCS due to the very high
sensitivity of the technique, like the hydrophobic collapse of pH responsive hairy nanoparticles
at the individual particle level [254]. As a model system, 20 nm fluorescent nanoparticles with
polystyrene core and poly (N, Ndiethylaminoethyl methacrylate) (PDEA) shell were used. It
was shown (Figure 3.5) that when the pH is increased, PDEA chains grafted to a small
polystyrene core collapse similarly to freely diffusing PDEA chains. In this process, the
concentration plays an important role. At high and moderately low concentrations, the pH-
induced collapse leads to aggregation and thus lowers of the nanoparticle mobility. At very low
concentrations, however, the hydrophobic collapse is associated with decrease of nanoparticle

size and increase in their mobility.
1.0 s

0.8 |

Figure 3.5. Hydrophobic collapse of pH responsive hairy nanoparticles at the individual

particle level monitor by FCS technique. Adopted from ref [254].

Recently, ex vivo diffusion dynamics of PEGylated liposomes in the intact vitreous of porcine
eye was elucidated by FCS. This parameter is an important aspect of the efficacy of intravitreal
administered nanomedicines for the treatment of posterior segment eye diseases [255]. The
coefficients in the intact vitreous (Dvit) were determined in function of the zeta potential of

polyethylene glycol functionalization, and compared with previous studies where non-
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PEGylated cationic nanocarriers have no diffusion, while neutral and anionic have shown
diffusion. It was shown that high cationic charge of nanocarriers is associated with significant
cytotoxicity due to cell membrane disruption. On the other hand, it was demonstrated that
PEGylated cationic liposomes can diffuse through the vitreous and can reach the vitreoretinal

region.

2- Forster resonance energy transfer (FRET)
2.1- Theoretical view

FRET has become a popular tool in biological and chemical investigations, Forster described
and modeled the phenomenon during the 1940s [256]. FRET is a photo-physical process by
which energy is transferred in non-radiative manner, from a fluorophore in its excited electronic
state (the donor D) to another fluorophore (the acceptor A) through intermolecular long-range
dipole—dipole interactions. This phenomenon is possible only if the emission spectrum of the
donor overlaps with the absorption spectrum of the acceptor. Additionally, donor and acceptor
should be located at separation distances within ~1-10 nm from each other. For this high
sensitivity to distance, FRET technique is considered as a “molecular ruler”. Practically, when
the transfer of energy occurs, the intensity of the donor emission decreases, while that of the

acceptor increases (if the latter is emissive).

- -

Fluorescence Absorption
of donor of acceptor

Overlap Wavelength
Figure 3.6. Spectral overlap between emission of donor and absorption of acceptor. Adopted
from ref [257].

2.1.1- Mathematical formalism of FRET

The FRET is determined by the following key parameters [4,258].
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a)-Forster distance:

It represents the distance at which resonance energy transfer is 50% efficient. The rate of

transfer from a donor to an acceptor, kgger (1), is given by :

kerpr (1) = <&)6i (3.3)

r/) Tp

where r is the distance between the D and A , 7, is the decay time of the donor in the absence
of acceptor (lifetime of D in absence of energy transfer), Ro is the Forster radius; the transfer
efficiency is 50% when the donor — acceptor distance is equal to the Forster critical radius
(Figure 3.7).

Ro generally between 1-10 nm, can be determined from spectroscopic data:

. 9(n10)k>®Y

= 3.4
0 128m5N,4n* G4

where k? is the orientation factor, ®9 is the fluorescence quantum yield of the donor in the
absence of transfer, n is the refractive index of the medium, J is the spectral integral and can be
written both in wavenumber and in wavelength scales:

J= j F(D)e(D)A*dA (3.5)

where F; is the normalized emission spectrum of the excited donor, and ¢ is the absorption
coefficient of the acceptor.

| FRET no FRET
d " Jz
s
R < 1.5 Rq (< 10nm) R >> 1.5 Ry (>> 10nm)

14

0.9

0.8 —

0.7 Cy3-Cy5: Ry = 5.6 nm

0.6 -

NI 50% transfer efficiency_

0

- mmmm -

0.4 -
0.3

FRET efficiency E (-)

0.2 A

Forster distance R

0.1 0.5Rg

Distance (nm)

Figure 3.7. Schematic representation of FRET as a photo-physical process. FRET efficiency
depends on the distance a) and orientation b) of D (green ellipse) and A (red ellipse).
Adopted from ref [259].
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b)-FRET Efficiency:

It is defined as the fraction of excited molecules that undergo energy transfer from the donor to

the acceptor and can be expressed in terms of the rate constants of the processes involved:

kFRET
kFRET X kf,donor

(3.6)

Epger =

Where Egggr is the FRET efficiency, kpggr the rate of energy transfer and kf oo is the radiative
decay rate of donor . Also the efficiency can be expressed as a function of the ratior / R o:

1
Eprer = T+ (r/Ry)® 3.7)

The FRET efficiency can be measured experimentally either by spectroscopic method or life

time data, in different number of ways. The most famous ones are [260,261]:

Measurements based on Donor emission

Epgpr =1— — (3-8)

where I, and I are the emission intensities of donor (D) in the absence and presence of
acceptor (A), respectively. If the experimental conditions for “D” and “DA” FRET

measurements are similar, this is usually a good approximation leading to adequate results.

Measurements based on Donor lifetime

A
Tp

Epper =1 — T_ (3-9)
D

where 7, and 75 are the decay times in absence and in presence of A, respectively. Since
lifetime is independent of D concentration, this method induces less to errors. But when the
donor has more than one lifetime, no simple, universal expression for the FRET efficiency

exists, since this will depend on the origin of the different lifetimes measured.

Measurements based on A emission

Donor emission is not an evidence of FRET, because the donor can be quenched. The only sure
evidence of energy transfer from D to A is to measure the intensity of A after excitation of D,
If A is fluorescent molecule, the FRET efficiency can be determined by quantification of the A

intensity.
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IPA7 — I3 A7

= 3.10
FRET I;;qu ( )

where I? is the A intensity following D excitation, I2 is the A intensity following A excitation,
AZis the A absorbance at the A excitation wavelength, and A% and A3 are the A and D

absorbance, respectively, at the D excitation wavelength.

Measurements using D/A intensity ratio (ratiometric FRET)

The ratiometric method is the easiest way to characterize the FRET efficiency, using the ratio

between the D and A emission intensity. The "relative™ FRET efficiency is given as:

Iy
Ip + 1y

(3.11)

Epgper =

where 1, and I, are the total A and D fluorescence intensities, respectively, both following D
excitation. If the D and A spectra overlap, the mixed D + A spectrum must be decomposed into

isolated D and A component spectrum.

2.1.2- Distinction in energy transfer process

Energy transfer from donor (D) to an acceptor (A) occurs in a variety of situations, for that a
distinction should be made between hetero-transfer and homo-transfer, between radiative and

non-radiative transfer [262].

When the two dyes are chemically different, the energy transfer from an excited molecule D *
(donor) to A (acceptor) according to D * + A—D+ A* is named hetero-transfer. If the donor
and acceptor are identical, we have homo-transfer: D *+ D—D-+D*. It can be detected in rigid
and highly viscous environments by the loss of fluorescence anisotropy. If this process can
repeat itself because the excitation migrates over several molecules, it is called excitation
transport. The overlap integral J is the parameter that often determines the choice of donor and

acceptor for particular needs.

In radiative transfer, a photon emitted by a molecule D is absorbed by a molecule A (or D). It
is observed when the average distance between them is larger than the wavelength, it depends
on the overlap of spectra and dyes concentration. Non-radiative transfer occurs at distances less

than the wavelength without emission of photons.
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2.1.3- FRET applications:

FRET is widely applied in physical and life science because it allows following many processes
and reactions in vitro and in vivo. The basic information being sought is whether or not two
molecules are close to each other and if that distance changes as a result of some process. Here

listed some examples of applications: [263—-265]

- Ligand-receptor interactions and conformational changes;

- Proteins: In vivo protein—protein interactions, protein folding kinetics, enzyme activity
assays;

- Membrane organization;

- Nucleic acid structures and sequences, interaction with drugs, DNA triple helix,
automated DNA sequencing;

- Nucleic acid—protein interactions;

- Immunoassays and Biosensors;

- Pathogen detection and disease investigation;

- Nanoparticles integrity and stability.

2.2- Application of FRET for nanoparticles characterizations

Forster Resonance Energy Transfer (FRET) is becoming a valuable tool for analyzing diverse
aspects of interactions among biological molecules in their natural environments [266]. The
singularity of FRET has been its capacity to convert near-field bimolecular interactions into far
field signals that explain some functions and behaviors of biological systems. In the last years,
due to the exquisite sensitivity of FRET to monitor changes in the donor acceptor distance, it
has been used as a technique for the nanocarrier characterization, specifically their stability and

drug release ability in vitro and in vivo.

Mulder group was the first to introduce it in the nanocarrier field, when they studied the in vitro
lipoprotein-lipoprotein (natural nanocarriers) interaction, exchange dynamics, and the influence
of Apo lipoproteins on these processes. A lipoprotein-based nanoparticle that consisted of a
quantum dot (QD) core and Cy5.5 labeled lipid coating was prepared. The QD/Cy5.5 ratios
enabled to follow high density lipoprotein (HDL)-cell interactions and exploited FRET to
visualize HDL association with live macrophage cells [267]. Later, as shown in Figure 3.8,
using QDs and Cy7 dyes, they demonstrated the dissociation of self-assembled lipid shell of

QDs in a mouse model upon intravenous administration [268].
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Figure 3.8. FRET based method for monitoring the dissociation of QD710-Cy7-PEG in

xenograft tumor mouse model. Adopted from ref [268].

Using Cy7, which is one of the most efficient near infrared dyes, and low concentration of QDs,
qualitative imaging was done based on FRET technique, while the quantitative FRET imaging

was done only by intravital microscopy.

In lipid nanocarriers, FRET technique was firstly adopted by Texier and coworkers to study the
fate of Lipidots® contrast agents in vitro. In this case, nanostructured lipid nanocarriers were
loaded with different cyanine FRET pairs (DiO/Dil and Dil/DiD). The fate was monitored by
confocal microscopy using Lipidots® (Dil/DiD) incubated with HEKP3 cells [269]. Then FRET
approach was extended to characterize LNE (lipid nanoemulsion) and LNC in vitro and in vivo.
As shown in Figure 3.9, the dissociation of the nanocarriers was associated with the release of
its components into the medium, which should resulted in the loss of the FRET signal [270].
However, Dil/DiD couple is not optimal for in vivo whole animal imaging because it does not

operate in the NIR region.
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Figure 3.9. lllustration monitoring the dissociation of lipid nanocarriers by FRET. Adopted
from ref [270].
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This point was addressed by the same group in their more recent work, where they were able to
exploit FRET imaging directly in healthy mice and organs to compare the behavior of different
lipid nanocarriers formulations. Regarding the biodistribution, stealth lipid nanocarriers,
developed based on LNC containing PEGylated phospholipids, displayed extended blood
circulation lifetime over conventional LNCs. The former showed good stability over several
hours after intravenous injection, and accumulation in the intestine, ovaries and skin [271].
Nevertheless, the FRET efficiency of DiD/FP730-C18 pair was not very high because of the
low solubility of the two dyes (DiD at 1.2 mmol/L apratac and FP730-C18 at 3 mmol/L Lavrafac),
so that the dynamic range changes in the donor/acceptor ratio were limited. This issue was
addressed during my PhD work (see below), where we drastically improved loading of NIR
dyes into nanocarriers and thus achieved strong FRET based response to changes in the

nanocarriers integrity [272].

We should also mention recent studies by Roger et al. Using Dil/DiD FRET pair, it was shown
that lipid nanocapsules maintained full integrity after crossing a human intestinal epithelium
model (Caco2 cell monolayer), via transcytosis [176]. Furthermore, near-infrared cyanine 5.5
and 7.5 dyes conjugated to squalene were used to study gemcitabine-squalene nanocarriers
SQGem, in order to monitor their stability in rat blood. While NPs were stable in water up to
24 h, the rapid drop of the FRET signal in the rat blood clearly indicated a fast disassembly of
the NPs in this medium, resulting in the release of individual SQGem molecules able to insert
into lipoproteins, probably as a result of similarities between the squalene moiety and
cholesterol [273].

FRET technique was also implemented for real-time monitoring of the in vivo stability of
polymeric micelles [274] and porphysomes [275], affording the capabilities to rapidly and
efficiently evaluate a library of synthetically derived systems as new nanocarrier platforms.
Additionally, some reports mentioned the ability of FRET for intracellular monitoring/imaging
of the release of doxorubicin. Chen et al studied the release from pH-responsive doxorubicin
(DOX)-loaded NPs, made of N-palmitoyl chitosan bearing a Cy5 moiety (Cy5eNPCS), as an
anticancer delivery device [276]. Cy5eNPCS has the ability to self-associate allowing the close
proximity between the donor (DOX) and the acceptor (Cy5) required for FRET. They found
that DOX fluorescence in the cytosol was first seen when NPCS NPs were present in the slightly
acidic early endosomes. Following NPCS NPs trafficking into a more acidic organelle (late

endosomes/lysosomes), a more evident release of DOX into the cytosol was observed; the
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released DOX was then gradually accumulated in the cell nuclei, leading to a significant

cytotoxicity.

Recently, an important paper was published by Zhao et al, where they used in vivo FRET
imaging to systematically investigate how drug—carrier compatibility affects drug release in a
tumor mouse model [277]. Firstly, they created a range of poorly water-soluble model drugs
with different physicochemical properties as shown Figure 3.10-(a). These model drugs
consisted of a near-infrared fluorescent (NIRF) dye, Cy7, with varying tail components X (X =
carboxylic acid (CA), C12, OLA and PLGAZ2k). Hydrophobicity and miscibility were
considered as two independent parameters, e.g. a drug with good miscibility may not

necessarily have a high hydrophobicity.
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Figure 3.10. Cy7-X model drugs release in serum from Cy5.5-NP: Cy7-X FRET nanoparticles.
(@) Chemical structures of Cy7-X (b) Schematic showing Cy5.5-NP: Cy7-X FRET
nanoparticle. Where log D and wWadrug-poly are consecutively the hydrophobicity and miscibility.
Adopted from ref [277].

The nanocarriers were synthesized through self-assembly of the block-copolymer PLGA-
block-poly (ethylene glycol) (PLGA-PEG). Cy5.5 conjugated to the polymer served as a FRET
donor in the core of NPs, while Cy7-X was the acceptor. Based on linear relation between the
average Cy7-X loading per particle and measured FRET/Cy5.5 intensity ratio (FRET ratio), the
amount of Cy7-X in the particle were estimated in situ through direct emission spectra

measurements.
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It was found that the different Cy7-Xs released more quickly at increased FBS concentrations
and at higher temperatures. The release rates also depended on the Cy7-X’s hydrophobicity and
miscibility, following the order: CA>C12>0LA>PLGAZ2k. Thus, Cy7-X migrated from the
original carrier particles to different serum components, with distributions varying among the
albumin and globulin portion, high-density lipoproteins and low-density lipoproteins. In human
serum, the drug release dynamics depended on serum protein composition and concentration,
which implies that the stability of nanoparticle drug assembly needs to be carefully considered

when translating nanomedicine to the clinic.

NIR FRET imaging also showed differential drug release in tumors at similar order as in the
circulation (PLGA2k>0OLA>CA), albeit at a slower rate [277]. Furthermore, biodistribution
studies of nanocarriers 24 h after administration indicated that, while all the Cy5.5-NP carrier
displayed very similar distribution patterns in major organs and tumors, the distribution of the
different Cy7-Xs greatly varied. In the tumor, Cy7-OLA’s and Cy7-PLGA2k’s tissue
concentrations were significantly higher than Cy7-CA’s. This implies that the ‘stickier’ the drug
is to the particle, the higher the tumor uptake will be. Finally, on the basis of these findings,
general guidelines for more efficient drug delivery were proposed and applied to doxorubicin,

which increased the delivery efficiency and improved antitumor efficacy.

Another new application of FRET system, is the possibility to follow in a real-time the
nanocarrier formation. Sanchez-Gaytan et al presented a new technology that integrated a
microfluidics-based nanoparticle synthesis method and FRET microscopy imaging to visualize
nanoparticle self-assembly in real time (Figure 3.11). It was successfully applied to different
nanocarriers systems, such as nanoemulsions, drug-loaded block-copolymer micelles, and

nanocrystal-core reconstituted high-density lipoproteins [278].
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Figure 3.11. Real-time nanoemulsions formation monitoring using a fluorescence microscope

on a microfluidics device. Adopted from ref [278].

3- Fluorescence-lifetime imaging microscopy FLIM

As FLIM is highly useful for quantitative fluorescence measurements, it was applied to study
drug release from nanocarriers. Using FLIM in 2D cell monolayers (Figure 3.12), Basuki et al
were the first to demonstrate the potential use of FLIM and phasor plot representation, to
monitor the in situ release of DOX from nanoparticles via the intracellular degradation of pH
responsive bonds (imine), distinguishing conjugated and native (free) DOX in live cells. Iron
oxide nanoparticles with grafted polymer shells, attached to doxorubicin (DOX) via imine
bonds, providing a controlled release mechanism for DOX in acidic environments [279].

IONPs-DOX
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Intracellular DOX release

Figure 3.12. In vitro monitoring of Doxorubicin released from nanoparticles via FLIM imaging
technique. Adopted from ref [279].
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The nanoparticles were shown to be readily up taken by H1299 cell lines, and intracellular
release of DOX was proven using in vitro FLIM measurements. Using the fluorescence lifetime
difference exhibited by native DOX (~1 ns) compared to conjugated DOX (~4.6 ns), the
intracellular release of conjugated DOX was in situ monitored and estimated using phasor plot
representation, showing a clear increase of native DOX with time. The results obtained from
FLIM were corroborated using confocal microscopy, clearly showing DOX accumulation in

the nuclei.

Furthermore, in light trigger release experiments with a photothermal heating of PLGA
nanocarriers, FLIM was applied to measure the temperature inside polymeric nanocarriers with
high spatial resolution. It was found that exposure to laser light resonant with the vibrational
absorption of water (980 nm) in the NIR region can induce release of payloads encapsulated in
particles made from inherently non-light-sensitive polymers such as poly (lactic-co-glycolic
acid) (PLGA). Water molecules absorb optical energy through vibrational transitions and the
excitation energy is rapidly converted into heat. FLIM was used to extract intra-particle
temperatures by comparing fluorescein lifetime to a standard curve generated by direct heating
of the dye. The dye inside irradiated hydrogels showed a systematic decrease in the fluorescein
lifetime with increasing irradiation at 980 nm. This thermometric methodology allowed

temperature measurements inside nanocarriers [280].

We should mentioned also some recent developments in application of FLIM to improve
characterization of nanocarriers, their interactions and penetration studying into skin [281]. In
particular, FLIM allows for the discrimination of target molecules, e.g. fluorescently tagged
nanocarriers, against the auto-fluorescent tissue background and, due to the environmental
sensitivity of the fluorescence lifetime, also offers insights into the local environment of the
nanoparticle and its interactions with other biomolecules. As example, the penetration of silver
nanoparticles (Ag NPs) into porcine skin ex vivo, association of FLIM and two-photon
tomography revealed that Ag NPs signal declined dramatically from the surface to 4 pum in
depth and then became much weaker and completely disappeared at a depth of 12 to 14 pm.
This results confirmed the maximum penetration depth of Ag NPs at ~14 um [282]. In in vitro
experiment, Alnasif et al studied the skin penetration of Nile Red loaded dendritic core—
multishell (CMS) nanocarriers. FLIM proved a stable dye-nanocarriers complex and revealed

peculiarities of nanocarriers—skin interactions [283].

71



Bibliographical overview

4- Intravital microscopy IVM

Intravital microscopy enables combined measurement of pharmacodynamics and
pharmacokinetics (PD / PK) at the single-cell level, and has facilitated answering main

questions regarding the biological mechanisms of in vivo nanocarriers behavior.

In its simplest form in mice, IVM is implemented on the ear thin skin, which can be taped flat
to the microscope stage. This approach is fast, reliable, and permits easy valuation of PK and
extravasation in healthy model tissue. The mouse ear has the same melanocyte distribution
compared to humans and therefore serves as a site for implantation of intradermal xenograft
melanoma, ensuing imaging studies [284]. For deeper tissue imaging, generally more invasive
surgical approaches are required by window chambers or intraoperative/endoscopic orthotropic

imaging (Figure 3.13).

e The windows chambers: to allow longitudinal imaging for long time surgically
implanted window chambers are usually used in IVM [285]. The skinfold chamber as
shown in (Figure 3.13 B) is the easiest one for making stable and clear images. This
window is made of a metal bracket sutured to a folding to the skin, generally on the
mouse back, with a glass cover slip substituted over a surgically removed section of
skin, and is classically used for imaging subcutaneous tumor models, lymph nodes, and
mammary fat pad tumors when placed over the fat pad. We can cite also mammary
imaging windows and abdominal imaging windows [286].

e Orthotropic imaging and immobilization: It is performed in the absence of surgically
implanted windows at a wide range of anatomical sites (Fig 3.13 A). This imaging
ideally occurs with a scarified animal and orthotropic sites can be surgically
externalized, manipulated and imaged. This can be useful for abdominal organs [287]
or superficial tissue structures [288]. When performing IVM surgeries, we need to take
attention to movement, damaged vasculature, thermal regulation and desiccation.
Moreover, IVM can be made by endomicroscopy (Fig 3.13 C).

e Image processing and analysis: Compared to in vitro microscopy, IVM data are
complex firstly in terms of artifacts linked to motion, tissue auto-fluorescence and
scattering, secondly due to complex biology of different cell types and structures
working dynamically in three dimensions. For analyzing and interpreting data,

computational methods have been developed [289], which involve automated or semi-
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automated processing [290], as well as corresponding correction techniques and plugin
software’s [291,292].
Recent IVM advances benefited enormously from computational tools for (i) tracking single-
cell movement with time; (ii) mapping vessel structures and 3D cellular distributions; (iii)
image phenotypes-based classification of cell and vessel populations; and (iv) simulating the
combined pharmacokinetics and pharmacodynamics of drugs moving from vessels to

individual cells.
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Figure 3.13. Three strategies for intravital imaging have been proposed to overcome limited
penetration of light into tissue: through intact or surgically exposed tissue (A), by implanting
an optically transparent window (B), or by inserting miniature endoscopic probes (C).Adopted
from ref [293].

In nanomedicine, IVM can address the following critical questions [294]:

= The physiological and mechanistic barriers for therapeutic nanocarriers (NCs) accumulation
in target cells.

= What determines cellular patterns of NCs uptake and distribution?

= Does drug loaded NCs reach their target (cancer cells) or do they accumulate in host cells
(and if yes in which types)?

= If targeting moieties help in terms of NP distribution and effectiveness.

= Can NP targeting and efficacy be optimized by other strategies?

= Correlation between local drug concentrations and antitumor effects.

= Are there bystander effects that explain the local anticancer effects of some
nanotherapeutics?

= The biological mechanisms that govern NP clearance and toxicity.
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For evaluating changes in vascular structure and neovascularization at drug target sites with
nanocarriers, IVM became a standard tool. As example, IVM was used to evaluate the positive
and negative effect of the nanocarriers encapsulating the anti-vascular endothelial growth factor
receptor (a-VEGFR) (Figure 3.14). It was found that a-VEGFR allows superior NCs perfusion
by normalizing vascular structure. It restricts tumor penetration by reducing vessel
permeability. Taking benefice from tumor vasculature remodeling, nanocarriers of 20-40 nm
size had also lesser degree of diffusional hindrance, resulting in a more homogeneous

distribution within the tumor, improving the NCs delivery [295].
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Figure 3.14. Proposed mechanism of improved nanoparticle delivery into tumors after vessel

remodeling .Adopted from ref [295].

Other IVM studies by Kataoka group supported this conclusion, showing that efficiency of
polymeric micelles depended on size, with better diffusion of smaller particles (<50 nm) into
poorly permeable tumors such as often found with pancreatic cancer. Furthermore, increasing
the permeability of hypovascular tumors using TGF-B signaling inhibitor improved the
accumulation and distribution of the larger 70 nm micelles, offering a way to enhance the
efficacy of larger nanomedicines [296]. By contrast, correlation in macroscopic tumor uptake
between NPs of contrasting size (~20 nm vs. ~100 nm) and coating (dextran vs. PEG) can still
be strong [297]. Moreover, it was shown (Figure 3.15) that permeability of tumor blood vessels
includes a dynamic phenomenon characterized by vascular bursts followed by brief vigorous
outward flow of fluid (named ‘eruptions’) into the tumor interstitial space [298]. These can
explain the enhanced extravasation of nanoparticles from the tumor blood vessels, allowing

even large particles to access tumor interstitial space. This finding supported the strategy of
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using enhanced permeability and retention (EPR) effect for drug delivery and then to release

small molecule therapeutics to travel throughout the tumor tissue.
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Figure 3.15. Scheme showing the implications of dynamic vents for drug delivery. Adopted
from ref [298].

Furthermore, Smith et al indicated using real-time intravital microscopic imaging that
nanocarriers shapes and geometries have an effect on extravasation across three different
murine tumor models [299]. Likewise, the effect of PEG density on accumulation Kinetics at
(sub)-cellular resolution in tumors was studied by IVM for ligand-functionalized
nanoemulsions. Counterintuitively, yet reliable with the PEG density conformation models in
vitro and in vivo, the highest specificity and targeting efficiency was observed at a low PEG

surface density [300].

Recently, real time 1VM started to be used for the evaluation of NCs degradation and payload
liberation. Hagen and coworkers showed that only 0.4% of the doxorubicin added as liposomal
formulation entered the nucleus, with slow translocation and apparent accumulation in
cytoplasm [301], unlike free doxorubicin which was 26%. In vivo intravital microscopy
revealed the sequestering of liposomal doxorubicin in the lysosomal compartment causing

limited delivery to the nucleus. This trap makes the bioavailable concentration of Doxil-

75



Bibliographical overview

delivered doxorubicin significantly lower and therefore ineffective as compared to free

doxorubicin in killing tumor cells.

For pharmacokinetics analysis IVM has been used to demonstrate that liposomal daunorubicin
showed longer plasma half-life compared to its non-encapsulated counterpart [302]. Also the
same conclusion was made for polymeric encapsulation of a cisplatin-related prodrug and free
cisplatin. In this case, the initial burst-phase of payload immediately after injection was
followed by more gradual release profiles, which can be attributed to changing stability and
thermodynamics when NCs are diluted [303]. IVM in addition provided information on the
NCs aggregation and coagulation processes, especially as they occur in microvasculature, as

was reported for cationic sSiRNA-loaded hydrogel NCs [304].

Intravital microscopy can be used also with FRET for investigation of drug release dynamics
in the vasculature, revealing that drug—carrier compatibility, including their hydrophobicity and

miscibility, strongly affects in vivo stability and release rate in the circulation [277].

5- Dynamic light scattering DLS

DLS (dynamic light scattering) — also known as photon correlation spectroscopy, is the most
commonly used non-invasive technique for measuring the hydrodynamic size of nanocarriers.
It requires minimal sample preparation and no pre-experimental calibration [305]. it’s based on

measuring Brownian motion of NCs in suspension.
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Figure 3.16. Schematic showing the instrumentation of DLS.
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Brownian motion could be measured by analyzing the rate of scattered light fluctuation. The
scattered light from the nanocarriers is proportional to 6th power of their radius , Rayleigh
theory (elastic scattering) is applicable for small molecules and particles whose diameters are
less than 1/10th of the laser wavelength and it is isotopic and not angle dependent [306].
However, when particles become larger than A/10, the scattering changes from being isotropic
to a distortion in the forward scattering direction, where Mie scattering (inelastic scattering)
theory is applied [307].

The size could be obtained from the correlation function. To obtain mean size (Z-average
diameter) and the particles distribution (Polydipersity index PDI), a single exponent fitting is
applied. Multiple-exponential fit gives us the intensity size distribution. Mie theory is used by
default to convert the intensity size distributions into volume and number for all sizes of

particles.

6- Other different techniques

Presently, researchers around the word are engineering and developing more and more
innovative optical techniques and approaches for nanocarrier characterization. This manuscript
will be not enough to cite and describe them all. Thus, we will give a short overview in the

flowing paragraph of some other techniques.

Single molecule TIRF microscopy is one of the most powerful tools for nanocarrier
investigation either for tracking or photophysics evaluation [308]. Boreham et al used it in
order to answer to a challenging question of distribution of active molecules inside nanocarriers
[309]. For that, lipophilic fluorescent drug mimetic, ATTO-Oxal2 was encapsulated inside
lipid nanostructed carriers (NLC). Then they were immobilized on the cover glass and imaged
under super resolution microscopy, to analyse the step length distributions (SLD) and the
resulting time resolved mean square displacements (MSD). “Visit maps”, highlighting the
places visited by the fluorophores, were generated for visualizing affinity based interactions to
resolve the underlying structures with sub-diffraction resolution. Results revealed that inside
NLC of 160 nm, the dyes ATTO-Oxal2 is distributed in the oily component in spherical shape
of 70 nm and 120-130 nm diameter, both smaller than the NLC size (+160 nm). Moreover,
two-color stochastic optical reconstruction microscopy (STORM) can be also used, for sizing
and positioning of nanoparticles inside cells and probing their interaction with the cellular

machineries at nanoscale resolution [121].
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Multimodal optical imaging has been used to establish the mechanism of the long-circulating
nanocarriers for atherosclerotic plaque targeting in a rabbit animal. Cy7-labeled liposomal
nanoparticles (Cy7-LN) were allowed to circulate for different time (0.5, 6, and 24 h), and
animals were subsequently sacrificed. In addition, Evans Blue (EB) was intravenously injected,
which bind to albumin and stains sites with enhanced endothelial permeability in
atherosclerosis. The abdominal aortas were imaged with NIRF imaging, revealing that
nanocarriers targeting in atherosclerosis is reliant on vascular permeability. Moreover, using a
fluorescence fiberscope, it was shown that nanocarriers can enter the plaque from the luminal
side due to a dysfunctional endothelium or from micro-vessels present in the adventitia that
originate from the vasa vasorum. This accumulation at inflammatory sites can be explained by
the fact that nanocarriers are taken up by mononuclear cells in the circulation or in the spleen
and, consequently, migrate to sites of enhanced permeability such as brain ischemia and

myocardial infarction [310].

Another technique developed recently for assessing nanocarrier distribution in biological

tissues in 3D, is the Laser-Induced Breakdown Spectroscopy (LIBS) [311].
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Figure 3.17. General protocol for LIBS imaging. (a) Schematic view of the LIBS instrument
(b) Example of single-shot emission spectra covering the 315-345 nm spectral range recorded
in different regions of the mouse kidney with the characteristic emission lines of calcium (Ca),
sodium (Na), and Gd. (c) Example of relative abundance images of Gd (green) and Ca (violet)

represented in a false color scale. Adopted from ref [311].
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LIBS technique (Figure 3.17) is based on laser-induced plasma generation by focusing laser
pulses on the surface of the sample of interest. The technique permits a specific optical response
to be produced from the constituting elements, resulting from the electronic relaxation of atoms
and ions excited by the high plasma temperature. Then, using an optical spectrometer, elemental
maps can be obtained in a pixel-by-pixel manner by scanning the sample surface over the region

of interest.

This methodological proof-of-concept study was conducted in the context of the renal clearance
of 5 nm Gd-based nanoparticles in nude mice. Applying LIBS to biological imaging allows
imaging chemical elements at the organ scale with ppm-scale sensitivity and a pixel size of up
to 10 x 10 p m2. Moreover, LBPS is a fast method (100 times faster than other 3D techniques)
and compatible with standard optical microscopy. Likewise, Chan group developed 3D optical

mapping of nanoparticle distribution in intact tissues [312,313].

79



Results and discussions

PART II

Results and discussions

80



Results and discussions

1- Integrity of lipid nanocarriers in bloodstream and
tumor quantified by near-infrared ratiometric FRET
imaging in living mice (Publication-1)

Lipid nanocarriers (NCs) emerged as promising candidates for drug delivery and cancer
targeting because of their low toxicity, biodegradability and capacity to encapsulate a drug or a
contrasting agent [314]. However, because of poor understanding of their in vivo fate and
integrity, their translation from laboratory to biomedical applications is limited.

We hypothesed in this work that Forster Resonance Energy Transfer (FRET) technique could
be exploited for real time investigation of their stability in vivo, due to the extreme sensitivity
of FRET to donor acceptor distance. Consequently; encapsulating together donor and acceptor
inside a nanocarrier should guarantee high FRET efficiency when the nanoparticle is intact.
Then, the loss of the FRET signals would indicate disintegration of the nanocarriers associated

with the release of its components into the medium (Figure 1).
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Figure 1. Concept of FRET NCs that can report on their integrity by change in their emission
color. Chemical structures of oil LabrafacWL (medium chain triglyceride) and Cremophor ELP
(PEGylated surfactant) as well as lipophilic cyanine 5.5 and 7.5 dyes (Cy5.5LP and Cy7.5LP)

with their bulky hydrophobic counterions are shown.
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Using our recently developed approach of hydrophobic counterion (TPB) [235], we
encapsulated inside a lipid nanocarrier of 100 nm size two lipophilic NIR cyanine dyes: Cy
5.5/TPB as a FRET donor and Cy 7.5/TPB as an acceptor [272].

Then, our FRET based concept for nanoccarriers integrity was validated in vitro by
spectrophotometry to verify the response of our FRET NCs to their disintegration. Likewise,
we assessed the stability of these FRET NCs by incubating them in serum (100%), a model of
a biological medium in vivo. The results showed a good stability of our NCs making them
suitable for whole-animal NIR imaging through intravenous injection.

Next, they were retro-orbitally injected into healthy and tumor bearing mice. Using two-color
whole animal NIR imaging, we could quantify the content of the nanocarriers and their integrity
directly in blood circulation, liver and tumor xenografts of living mice. This methodology
revealed that the particles remained stable in the blood circulation for at least 6h. They
accumulated in tumor rapidly in nearly intact form (77% after 2h) through permeability and
retention effect (EPR), and then disintegrated with half-life of 4.4 h (Figure 2). In conclusion,
we developed a FRET approach that allows direct visualization and quantification of
nanocarriers integrity in vivo.

A) Integrity of NCs over time for liver and tail vein, directly healthy mice
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Figure 2. Quantitative analyses of the integrity of lipid NCs in: A) healthy mice and B) mice
bearing tumor. Integrity was estimated based on calibration of our in vivo imaging setup [272].

This work was published in Journal of Controlled Release; the article is enclosed below
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Lipid nanocarriers are considered as promising candidates for drug delivery and cancer targeting because of their
low toxicity, biodegradability and capacity to encapsulate drugs and/or contrasting agents. However, their bio-
medical applications are currently limited because of a poor understanding of their integrity in vivo. To address
this problem, we report on fluorescent nano-emulsion droplets of 100 nm size encapsulating lipophilic near-in-
frared cyanine 5.5 and 7.5 dyes with a help of bulky hydrophobic counterion tetraphenylborate. Excellent bright-
ness and efficient Forster Resonance Energy Transfer (FRET) inside lipid NCs enabled for the first time
quantitative fluorescence ratiometric imaging of NCs integrity directly in the blood circulation, liver and tumor
xenografts of living mice using a whole-animal imaging set-up. This unique methodology revealed that the integ-
rity of our FRET NCs in the blood circulation of healthy mice is preserved at 93% at 6 h of post-administration,
while it drops to 66% in the liver (half-life is 8.2 h). Moreover, these NCs show fast and efficient accumulation
in tumors, where they enter in nearly intact form (77% integrity at 2 h) before losing their integrity to 40% at
6 h (half-life is 4.4 h). Thus, we propose a simple and robust methodology based on ratiometric FRET imaging
in vivo to evaluate quantitatively nanocarrier integrity in small animals. We also demonstrate that nano-emulsion
droplets are remarkably stable nano-objects that remain nearly intact in the blood circulation and release their

content mainly after entering tumors.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords:

Lipid nanocarriers

In vivo imaging

Near-infrared FRET

Nanocarrier integrity

Enhanced permeability and retention
Tumor

1. Introduction

Nanoscale vehicles (nanocarriers, NCs) become indispensable tools
for in vivo imaging [1-3], drug delivery [4,5] and image-guided surgery
[6,7]. One key requirement that any NC has to meet is to maintain its in-
tegrity until it reaches the target, for example a tumor [8,9]. This would
ensure robust delivery of active molecules and/or provide the best sig-
nal to noise ratio when NCs are used as contrasting agents. However,
suitable methods for assessing nanocarrier stability and the cargo leak-
age (such as dialysis, size exclusion chromatography, FCS, etc) are
sparse and mostly operate in vitro [10]. Therefore, while providing

* Corresponding authors.
E-mail addresses: nanton@unistra.fr (N. Anton), jacky.goetz@inserm.fr (J.G. Goetz),
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useful information, these model experiments cannot resolve fundamen-
tal issues such as the passage of NCs through the bloodstream, which in-
cludes shear forces, opsonization and uptake, and other undesirable
interactions with off-target cells [11-13]. Moreover, in the context of
tumor targeting, it is of utmost importance to assess whether NCs are
capable of maintaining their load upon extravasation from the systemic
circulation into the tumor (Fig. 1). Additionally, a reliable method for
assessing their integrity can inform on the time scale of release of NCs'
content upon tumor targeting through EPR (enhanced permeation
and retention) effect [14,15]. Therefore, it is essential to monitor the in-
tegrity of the nanocarriers in vivo, preferably in real time. Current
methods to study the integrity of the nanocarriers in vivo are very lim-
ited. In addition to radiolabelling assays [16], the highly promising ap-
proach is fluorescence imaging in the near-infrared (NIR) region,
which now ranges from classical 2D imaging of small animals up to fluo-
rescence-mediated tomography that enables quantitative 3D imaging

0168-3659/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Concept of FRET NCs that can report on their integrity by change in their emission color. Chemical structures of oil Labrafac WL (medium chain triglyceride) and Cremophor ELP
(PEGylated surfactant) as well as lipophilic cyanine 5.5 and 7.5 dyes (Cy5.5LP and Cy7.5LP) with their bulky hydrophobic counterions are shown.

[17-20]. Importantly, optical imaging modality provides access to For-
ster Resonance Energy Transfer (FRET), which acts as a molecular
ruler between the donor and acceptor dyes and has been extensively
used to characterize properties of bio-/nano-materials and their re-
sponse to biological environments [13,21-23]. It is particularly suitable
to study the integrity of a nanocarrier, because of exquisite sensitivity of
FRET to changes in the donor acceptor distance. Thus, encapsulation of
both donor and acceptor inside a nanocarrier should ensure high FRET
efficiency, while the loss of the nanocarrier integrity associated with
the release of its components into the medium should result in the
loss of the FRET signal. Moreover, when FRET occurs between two fluo-
rescent dyes, dual emission of NCs can be obtained, which opens possi-
bilities for quantitative ratiometric measurements using fluorescence
detection in two distinct optical windows. It is only very recently that
FRET imaging has been used for monitoring in vivo the integrity of
NCs. It has been successfully applied to monitor biodistribution and in-
tegrity of polymer micelles [24], hybrid organic-inorganic nanoparticles
[9] and nanoemulsion droplets [25]. However, these studies only
showed global FRET signal from the mice or a tumor, without imaging
directly the particle integrity in the blood circulation, where these
nanocarriers are actually injected. For this purpose, only indirect ex
vivo measurements and intravital microscopy, which requires complex
dedicated setup, were realized to date [9,26,27]. Moreover, the studies
were limited to qualitative evaluation and no quantification of
nanocarrier integrity directly in living mice was reported to date. Quan-
titative in vivo fluorescence imaging of NCs integrity can be achieved
only after some key limitations of existing fluorescent NCs are ad-
dressed. The first limitation is the insufficient fluorescence signal from
NCs that is contaminated by the background from animal tissue. This
could be overcome by high dye loading into NCs with minimal self-
quenching of the encapsulated dyes and injecting large quantities of
NCs into mice without toxic effects. Moreover, the loaded dyes should
operate in the NIR region (>700 nm), where the absorption, light-scat-
tering and auto-fluorescence of the tissue are minimal [28-30]. Second,
intensity of the FRET signal was usually analyzed, making the assess-
ment of nanocarrier integrity only qualitative. Quantification requires
internal control, which can be realized by ratiometric FRET imaging, ob-
tained by division of two images (e.g. acceptor/donor). In contrast to in-
tensity, the measured ratio values are absolute, being independent of
concentration of emissive species and light source intensity [31,32].

However, only one rare example used ratio imaging in application to an-
alyze FRET of nanocarriers in vivo [33]. The problem is that in majority of
examples FRET donor emits below near-infrared (NIR) window
(<700 nm), so that its signal is strongly attenuated by tissue absorption
and contaminated by light scattering and auto-fluorescence. Therefore,
quantitative and reliable ratiometric in vivo imaging requires both
donor and acceptor species to emit in the near-infrared (NIR) region
above 700 nm.

Among the existing nanocarriers for drugs and contrasting agents in
the biomedical research, lipid nano-emulsion emerged recently as a
promising alternative [34-36]. Although nano-emulsions were mainly
used for the last >20 years as template for nanoparticle preparation
[37], only in the last years they attracted attention as nano-carriers in
pharmacy and cosmetics application [38,39]. Nano-emulsifications en-
able preparation of lipid nanocarriers of well-defined size from FDA ap-
proved materials using direct approaches that do not use organic
solvents [40]. This feature is particularly attractive for high quality fluo-
rescence imaging as it enables injecting maximal amount of
nanocarriers with minimal harm to an animal [34,35]. However, as
nano-emulsions are essentially liquid objects, two major problems
need to be addressed before they can be broadly used in drug delivery
and/or as contrasting agents. First, efficient encapsulation of material
and active compounds, without fast leakage, needs to be achieved. Sec-
ond, in vivo stability is required to ensure proper delivery. Both issues
are actively debated over the last years [25,41-43]. Recently, we intro-
duced an original concept to improve the loading of cyanine dyes into
the oil droplet, which is based on the use of hydrophobic counterions
[44]. Cyanine dyes usually bear inorganic counterions such as perchlo-
rate or iodide that are responsible for poor solubility of these dyes in
oils. By replacing these ions with tetraphenyl borate (TPB), we were
able to improve solubility >40-fold and create 90 nm lipid droplets
bearing exceptional number of cyanine dyes (~12,000 per droplet,
8 wt% dye loading) that remained efficiently fluorescent [44]. The ex-
treme brightness of these NCs enabled pioneer single particle tracking
in vivo in a zebrafish embryo model. However, this unique counterion
approach has never been applied to NIR cyanine dyes, required for in
vivo imaging, and it has never been used to generate FRET inside
nanocarriers, needed to assess the NCs integrity.

In the present work, we synthesized lipophilic cyanine 5.5 and 7.5
dyes bearing long alkyl chains and TPB counterion (Cy5.5LP and
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Cy7.5LP, respectively, Fig. 1) and encapsulated them inside lipid
nanocarriers at concentrations required for highly efficient FRET, i.e.
1% in oil. These dyes ideally fit the NIR spectral region for in vivo imag-
ing, where, notably, our cyanine 7.5 is an apolar analogue of indocya-
nine green commonly used for in vivo imaging [45,46]. The obtained
ultrabright FRET NCs were successfully injected and monitored in
healthy and tumor-bearing mice. We were able, for the first time, to vi-
sualize and quantitatively assess lipid nanocarrier integrity directly in
the bloodstream, liver and tumor of living mice. We showed that lipid
NCs remain nearly intact in the blood circulation, and they can enter
the tumor with minimal loss of their integrity followed by the release
their content with a half-life of 4.4 £ 0.3 h. Thus, we provide a robust
imaging methodology to follow the evolution of lipid NCs in vivo, show-
ing their remarkable stability in vivo and capacity to deliver their con-
tent into the target cancer tissues.

2. Materials and methods
2.1. Materials

All chemicals and solvents for synthesis were from Sigma Aldrich.
Cremophor ELP® (Kolliphor ELP®) was provided by BASF
(Ludwigshafen, Germany), Labrafac WL® (medium chain triglycerides)
by Gattefossé (Saint-Priest, France). Ultrapure water was obtained using
a MilliQ® filtration system (Millipore, Saint-Quentin-en-Yvelines,
France). Fetal bovine serum (FBS) was acquired from Lonza (Verviers,
Belgium) and Gibco-Invitrogen (Grand Island, USA).

2.2. Synthesis of Cy5.5LP and Cy7.5LP

2.2.1. 1,1,2-trimethyl-3-octadecyl-1H-benzo[e]indol-3-ium iodide (1)

250 mL round-bottom flask equipped with magnetic stirring bar was
charged with 1,1,2-trimethylbenz[e]indole (1 eq., 6.88 g, 32.9 mmol)
and 1-iodooctadecane (2 eq., 25 g, 65.7 mmol), 100 mL of 2-butanone
was added subsequently. Reaction mixture was refluxed for 24 h, then
cooled down to r.t. Reaction mixture was cooled down to r.t., diethyl
ether was added and formed solid part was filtered off and washed
with 100 mL of diethyl ether. Obtained crystals of crude product were
redissolved in DCM and precipitated back while by adding diethyl
ether, afterwards filtered and washed with diethyl ether. Product was
obtained as slightly green crystals in 76% yield (14.73 g).

"H NMR (400 MHz, CDCl3) 6 8.10 (d, ] = 8.7 Hz, 1H), 8.08 (dd, ] =
8.0, 1.1 Hz, 1H), 8.04 (dd, ] = 8.2, 1.3 Hz, 1H), 7.76 (d,] = 8.9 Hz, 1H),
7.72 (ddd, ] = 8.3,6.9, 1.4 Hz, 1H), 7.65 (ddd, ] = 8.1, 6.9, 1.2 Hz, 1H),
478 (t,] = 7.7 Hz, 2H), 3.19 (s, 3H), 1.97 (p,J = 7.8 Hz, 2H), 1.87 (s,
6H), 1.52-1.41 (m, 2H), 1.40-1.30 (m, 2H), 1.28-1.19 (m, 26H), 0.85
(t,J = 7.0 Hz, 3H).

13C NMR (100 MHz, CDCl5) 6 195.25, 138.34, 137.29, 133.82, 131.56,
130.17, 128.77, 127.97, 127.74, 122.96, 112.59, 56.04, 50.56, 32.00,
29.77, 29.76, 29.73, 29.70, 29.65, 29.55, 29.43, 29.41, 29.24, 28.26,
26.92,22.85,22.76, 17.03, 14.18.

HRMS (m/z): [M] ™ calcd for C33Hs,N 462.40943; found 462.40854.

2.2.2. Dioctadecylcyanine 5.5 chloride (2)
1,1,2-trimethyl-3-octadecyl-1H-benzo[e]indol-3-ium iodide (1)
(1 eq., 2 g, 3.39 mmol) was placed in 50 mL round-bottom flask.
10 mL of dry pyridine was added via syringe. Then, 1,1,3,3-
tetramethoxypropane (1.5 eq., 0.835 g, 0.838 mL, 5.09 mmol) was
quickly added dropwise to the boiling solution of indoleninium salt
using syringe. Reaction mixture was stirred under reflux for 3 h. After
cooling down to room temperature solvent was removed under re-
duced pressure. To the obtained residue 50 mL of dichloromethane
were added. Obtained solution was washed three times with 1 N HC,
then with brine and water. The crude product was purified by flash col-
umn chromatography on silica gel using ethyl acetate/dichloromethane

(9:1) mixture as eluent. Cyanine was obtained as dark blue-greenish
viscous oil in 76% yield (2.8 g).

'H NMR (400 MHz, CDCl5) 6 8.55 (t, ] = 13.0 Hz, 2H), 8.20 (d, ] =
8.5 Hz, 2H), 7.90 (d, ] = 8.6 Hz, 4H), 7.64-7.54 (m, 2H), 7.44 (t, ] =
7.5 Hz, 2H), 7.32 (d, ] = 8.8 Hz, 2H), 6.74 (t,] = 12.4 Hz, 1H), 6.24 (d,
J = 13.7 Hz, 2H), 414 (t, ] = 7.5 Hz, 4H), 2.12 (s, 12H), 1.83 (p,] =
7.6 Hz, 4H), 1.46 (p, ] = 7.6, 7.0 Hz, 4H), 1.40-1.33 (m, 4H), 1.30-1.18
(m, 52H), 0.85 (t, ] = 6.7 Hz, 6H).

13C NMR (100 MHz, CDCl3) 6 174.60, 153.33, 139.40, 134.46, 131.81,
130.44, 129.94, 128.32, 127.83, 125.11, 122.65, 110.44, 103.10, 51.53,
44,64, 32.00, 29.79, 29.77, 29.74, 29.70, 29.66, 29.55, 29.48, 29.44,
2793, 27.80, 27.08, 22.77, 14.21.

HRMS (m/z): [M] " calcd for CgoH193N5 959.81158; found 959.8098.

2.2.3. Dioctadecylcyanine 7.5 chloride (3)

1,1,2-trimethyl-3-octadecyl-1H-benzo[e]indol-3-ium iodide (1)
(2.2 eq., 1029 mg, 1.75 mmol) and glutaconaldehydedianil hydrochlo-
ride (1 eq., 226 mg, 0.794 mmol) were mixed in 10 mL of pyridine, after-
wards Ac0 (13.4 eq., 1087 mg, 1 mL, 10.6 mmol) was added and the
reaction mixture was heated to 60 °C while stirring and left for 3 h.
After reaction was finished, solvents were evaporated at vacuum, and
the crude product was dissolved in DCM, washed with 0.1 N HCI (3
times), brine and water. DCM layer was dried over Na,SO,, the solvent
was evaporated and the product was purified by column chromatogra-
phy on silica (gradient DCM/MeOH 99/1-95/5). Product was obtained
as a green solid (926 mg, 0.906 mmol, 52%).

"H NMR (400 MHz, CDCl5): & 8.16 (d, ] = 8 Hz, 2H), 8.06 (t,] =
12 Hz, 2H), 7.97 (bs, 1H), 7.92 (d, ] = 8 Hz, 4H), 7.61 (t,] = 7 Hz, 2H),
7.46 (t,] = 7 Hz, 2H), 7.35 (d, ] = 9 Hz, 2H), 6.67 (t,] = 12 Hz, 2H),
6.25 (d, ] = 12 Hz, 2H), 4.14 (bs, 4H), 2.04 (s, 12H), 1.87 (m, ] = 7 Hz,
4H), 1.49 (m, | = 7 Hz, 4H), 1.39 (m, ] = 7 Hz, 4H), 1.26 (bs, 52H),
0.88 (t,J = 7 Hz, 6H).

13CNMR (100 MHz, CDCl3): § 173.07,157.04, 151.02, 139.74, 133.98,
131.83, 130.59, 130.09, 128.41, 127.87, 126.27, 125.06, 122.47, 110.56,
103.39, 51.155, 44.76, 32.06, 29.842, 29.807, 29.76, 29.72, 29.60, 29.53,
29.50, 27.86, 27.14, 22.82, 14.26.

HRMS (m/z): [M]" calcd. For C;qHq05N5 985.8272; found 985.8290.

2.24. Dioctadecylcyanine 5.5 tetraphenylborate (Cy5.5LP)

Dioctadecylcyanine 5.5 chloride (1 eq., 100 mg, 0.1 mmol) was dis-
solved in 5 mL of DCM, sodium tetraphenylborate (3 eq., 103 mg,
0.301 mmol) was added and the dispersion was sonicated for 5 min.
TLC control has shown full conversion. Afterwards, the mixture was pu-
rified on a silica column, eluent DCM/MeOH 95/5 (product goes almost
with front). Dioctadecylcyanine 5.5 tetraphenylborate (109.2 mg,
0.085 mmol, 85%) was obtained as blue-green viscous oil and used
without further characterisation.

2.2.5. Dioctadecylcyanine 7.5 tetraphenylborate (Cy7.5LP)

Dioctadecylcyanine 7.5 chloride (1 eq., 200 mg, 0.18 mmol) was dis-
solved in 5 mL of DCM, sodium tetraphenylborate (3 eq., 184 mg,
0.539 mmol) was added and the dispersion was sonicated for 5 min.
TLC control has shown full conversion. Afterwards, the mixture was pu-
rified on a silica column, eluent DCM/MeOH 95/5 (product goes almost
with front). Dioctadecylcyanine 7.5 tetraphenylborate (218 myg,
0.167 mmol, 93%) was obtained as green viscous oil and used without
further characterisation.

2.3. Formulation and characterisation of lipid nanocarriers

Dye loaded nanoemulsions were produced by spontaneous nano-
emulsification. Briefly, the dyes (Cy5.5LP and Cy7.5LP) were firstly dis-
solved in Labrafac WL® (56 mg) at concentrations ranging from 0.1 to
1% by weight. Then, Cremophor ELP® (also called Kolliphor ELP®)
was added (44 mg), and the mixture was homogenized under magnetic
stirring at 37 °C for 10 min up to complete homogenisation. Finally,
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nanoemulsions were generated with the addition of ultrapure (Milli-Q)
water (230 mg). Size distributions were determined by dynamic light
scattering using a Zetasizer Nano series DTS 1060 (Malvern Instruments
S.A).

2.4. Fluorescence spectroscopy

Absorption and fluorescence spectra were recorded on a Cary 4
spectrophotometer (Varian) and a Fluoromax 4 (Jobin Yvon, Horiba)
spectrofluorometer, respectively. Fluorescence emission spectra were
performed at room temperature with 670 and 760 nm excitation wave-
lengths for Cy5.5LP and Cy7.5LP loaded nanocarrier, respectively. The
emission spectra were corrected from for the wavelength-dependent
response of the detector. All fluorescence measurements were done
using solutions with absorbance <0.1 at the wavelength of excitation.
The relative fluorescence quantum yield was measured using DiD dye
in methanol (QY = 33%) as reference using excitation at 630 nm [47].

2.5. FRET-based stability test

The stability of lipid nanocarriers was estimated using Forster reso-
nance Energy transfer (FRET) between two encapsulated dyes, 1% of
Cy5.5LP (with respect to Labrafac WL®) as energy donor and 1% of
Cy7.5LP as energy acceptor were used. The NCs were diluted 10,000
times from the original formulation and incubated in water and 100%
of fetal bovine serum (FBS). High dilution was needed to avoid satura-
tion of serum by lipids of NCs. The donor in the nanocarriers was excited
at 670 nm. The semi-quantitative parameter of FRET efficiency was cal-
culated according to the following equation E = A/(A + D) [48], where
A and D are the maximum of fluorescence intensity of the acceptor and
donor, respectively.

2.6. Cytotoxicity studies

In 96-well plates, HeLa cells were seeded at a concentration of
1 x 10* cells per well in 200 pL of the DMEM growth medium and
then incubated overnight at 37 °C in humidified atmosphere containing
5% CO,. Next, we add the lipid Nanocarriers (1% Cy5.5LP-Cy7.5LP), by
substituting the culture medium for a similar one containing variable di-
lutions of the Nanocarriers. After incubation for 24 h, the medium was
removed. Then, the wells were filled with cell culture medium
containing MTT, incubated for 4 h at 37 °C, and the formazan crystals
formed were dissolved by adding 100 pL of DMSO and shaked for
10 min. We measure the absorbance at 570 nm with a microplate
reader (Xenius, Safas). Experiments were carried out in triplicate,
and expressed as a percentage of viable cells compared to the control
group.

2.7. Subcutaneous tumor grafting and administration of FRET nanocarriers

Adult (10 months) immuno-deficient mice (NMRI-Foxnlnu/
Fox1nu, Janvier labs, 1) were anesthetized via gas anesthesia
(isoflurane) system prior to tumor cell grafting. Anesthetized mice
were injected subcutaneously (in the flank) with 100 pL of a solution
made of 50% PBS and 50% Matrigel containing 1.10° of D2A1 (murine
mammary carcinoma) cells [49]. Tumors were grown over a period of
20 days before administrating lipid nanocarriers. The mouse studies
were performed according to the Guide for Care and Use of Laboratory
Animals (E67-6-482-21) and the European Directive with approval of
the regional ethical committee (CREMEAS for Comité Régional
d'Ethique en Matieére d'Expérimentation Animale de Strasbourg, AL/
73/80/02/13). Mice received food and water ad libitum; they were
checked daily and tumor growth never exceeded 20 days, leading to
low-size tumors with no impact on the animal's health. All efforts
were made to minimize suffering and euthanasia was performed
using CO2. General health status was monitored regularly by

independent observers. Sacrifice of the animal was effectuated when
reaching limit ethical endpoints. Before administration of the
nanocarriers solution, mice were anesthetized by intraperitoneal injec-
tion of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). The
nanocarriers were administrated by retro-orbital injection (100 pL) as
previously performed for other purposes [50].

2.8. In vivo whole animal FRET imaging

Whole- and live-animal imaging of the FRET signal in healthy and
tumor-bearing mice was performed by using a luminograph (NightOwl,
Berthold Technologies). Anesthetized mice (isoflurane) were placed re-
peatedly in the luminograph, and positioned either on the flank or the
back. Mice were imaged using a halogen lamp, (75 W, 340-750 nm)
and emission of the two dyes was collected separately using separate fil-
ters sets (630/700 nm for Cy5.5LP, and 630/820 nm for Cy7.5LP). The
experiments with healthy and tumor bearing mice were repeated
three times.

2.9. Calibration of the ratiometric response of NCs to disintegration

To calibrate the ratiometric response of NCs to disintegration in our
in vivo imaging setup, we model the disintegration NCs by mixing intact
FRET NCs with NCs containing separately donor and acceptor at low
concentration, with the preservation of the same concentration of
dyes: 100% integrity corresponds to FRET NCs (1% of Cy5.5LP and 1%
of Cy7.5LP) diluted in PBS 1000-fold from the original formulation,
while 0% integrity corresponds to a mixture of NCs containing separate-
ly donor (0.1% of Cy5.5LP) and acceptor (0.1% Cy7.5LP), both diluted at
100-fold in PBS. Intermediate mixtures were made, where the level of
integrity (%) is defined as the fraction of Cy5.5LP/Cy7.5LP dyes in the
FRET NCs with respect to the total amount of these dyes. They were
placed into 96-well plate and imaged using the NightOwl setup. The
measurements were done in triplicate. The obtained values of the A/
(A + D) ratio were plotted vs % of integrity and the data were fit with
an exponential function (1):

y =a-+be* (1)

where a = 0.14572; b = 0.1254; c = 0.01748,yisA/(A + D) and x is
FRET pair concentration (wt%).

As another model of the complete disintegration of NCs, solution FRET
NCs diluted 1000-fold in dioxane was placed into 1 mL Eppendorf®
tube and imaged by the NightOwl setup.

2.10. Image analysis of the FRET signal in the living mice

The ratiometric images were built using a homemade plugin (devel-
oped by Romain Vauchelles) under Image] that divides the image of the
840 nm channel by that of the 700 nm channel. For each pixel, a
pseudocolor scale is used for coding the ratio, while the intensity is de-
fined by the integral intensity recorded for both channels at the corre-
sponding pixel. Image analysis was performed by using the Image]
software [51]. The tail vein, liver and tumor were manually delimitated
and the mean intensity of the delimitated region was determined for
each respective time point and channel for three healthy and three
tumor-bearing mice. For both donor and acceptor channels, the signal
was corrected for the background using the mice before injection (in
the corresponding region of interest). Then the corrected values of A/
(A 4+ D) were converted into the FRET pair concentration using Eq.
(1). The obtained values of FRET pair concentration were then plotted
vs time and fitted using a logistic function (2):

(a1—ay) 2)
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where y is the FRET pair concentration (wt%); x is time; other parame-
ters were calculated during the fitting procedure. This fit was further
used to calculate the integrity half-life.

2.11. Statistical analysis

Student's t-test was used to evaluate the statistical significance
between two sample groups. The differences between the results were
considered to be significant when the p-values were <0.05.

3. Results and discussion

Nanoemulsions were selected as NCs for several reasons. First, they
are very efficient at encapsulating materials. Second, nanoemulsions
can be easily formulated by spontaneous emulsification with non-
toxic compounds compatible with the parenteral administration route,
so that they can be intravenously injected at high concentrations into
mice with minimal harm [34,35]. The latter is particularly attractive to
achieve superior contrast for imaging nanocarriers directly in the
blood circulation. Cyanines 5.5 and 7.5 dyes were selected for encapsu-
lation, because they are an excellent FRET couple with ideal spectral
properties for in vivo whole-animal imaging. Indeed, cyanine 5.5 deriv-
atives are among the most commonly used NIR imaging agents with
convenient excitation 650-700 nm and emission in NIR region
(>700 nm). Moreover, cyanine 7.5 absorption spectrum overlaps per-
fectly with the emission spectrum of cyanine 5.5 (Fig. S2), while its
emission in NIR region at 840 nm is perfectly separated from the emis-
sion of cyanine 5.5, making this couple perfectly tailored for ratiometric
FRET imaging. To achieve both strong brightness and highly efficient
FRET inside NCs, cyanines 5.5 and 7.5 should be encapsulated at very
high concentrations up to 1 wt% in oil, as we earlier showed for
other FRET pair [41]. Therefore, their hydrophobic analogues,
dioctadecylcyanines 5.5 (2) and 7.5 (3), were synthesized bearing
long alkyl chains to ensure their high lipophilicity. Nevertheless, their
solubility in labrafac oil (medium chain triglycerides) was only
0.15 and 0.05 wt%, for 2 and 3, respectively. Therefore, we replaced
their inorganic counterion (chloride) with bulky hydrophobic
tetraphenylborate, which, according to our earlier study, improved
drastically the solubility of the cyanine 3 dye Dil [44]. The obtained
new salts, Cy5.5LP and Cy7.5LP (Fig. 1), showed much higher solubility
in labrafac, 7 and 4 wt%, respectively. Then, nano-emulsions (lipid NCs)
were generated by the spontaneous emulsification of dye-loaded oil
and non-ionic surfactant (Cremophor® ELP), giving rise to fluorescent
PEGylated droplets sizing around 90-100 nm (Table S1). To generate
FRET NCs, we prepared NCs encapsulating increasing amount of
Cy5.5LP and Cy7.5LP. As expected, the emission spectra recorded after

excitation of the energy donor showed strong dependence on the con-
centration of the FRET pair (Fig. 2A). Thus, at 0.1% of dyes, the emission
spectrum was very close to that of Cy5.5LP alone, while at higher con-
centrations, a long wavelength emission, corresponding to the FRET ac-
ceptor, appeared and became dominant at >0.5% of the dyes. It should
be noted that the emission maximum of Cy7.5LP shifted gradually to
the red with increase in the dye content (Fig. 2A). Similar concentra-
tion-dependent red shifts were previously observed for Cy3 dye
in lipid droplets [44]; they could be related to some aggregation of
the dyes, homo-FRET, as well as to small changes in the oil core
properties at higher dye concentrations. Remarkably, the total
(donor + acceptor) fluorescence quantum yield (QY) of NCs encapsu-
lating FRET pair at 1% loading of each dye was 11%. Although this
value was lower than the QY of NCs with 1% of Cy5.5LP alone (27%), it
remained relatively high to ensure high brightness to these NCs, impor-
tant for in vivo imaging. For comparison, QY of NIR dye indocyanine
green measured in phosphate-buffered saline (PBS) is 2.4% [52]. Here,
we achieved much higher QY already for the FRET system. Moreover,
because NCs minimize potential interactions of loaded dyes with tissues
in vivo, they allow the use of higher dye concentrations, which is essen-
tial for achieving optimal imaging contrast for NIR imaging.

Then, to verify the response of our FRET NCs to their disintegration,
we forced this process by adding excess of water miscible organic sol-
vent dioxane, which should destroy NCs by solubilizing its components.
As a result, a strong emission of Cy5.5LP dye was observed, while the
emission of Cy7.5LP was fully hampered (Fig. 2B). This result confirmed
that integrity of NCs, where Cy5.5LP and Cy7.5LP are in very close prox-
imity within the NCs, can be assessed based on FRET signal. We next
assessed the stability of these FRET NCs by incubating them in serum
(100%), used as model of a biological medium in vivo. As a semi-quanti-
tative parameter of FRET efficiency, we used the band intensity ratio of
acceptor to the sum of acceptor and donor, A/(A + D), so-called proxim-
ity ratio [48,53]. This ratio showed only a mild decrease over 24 h of in-
cubation in serum (Fig. 2C) and nearly no change in water,
demonstrating the relative stability of our FRET NCs. Therefore, we con-
cluded that these new FRET NCs, owing to good stability and relative
ease in monitoring their integrity, should be perfectly suited for
whole-animal NIR imaging through intravenous injection.

Before testing the integrity of our NCs in vivo, we evaluated cytotoxic
effects of NCs by performing a cell viability assay in vitro on tumor cells.
In the dilution range between 10,000 and 500, blank and dye-loaded
FRET NCs did not show any significant cytotoxicity (Fig. S3). NCs were
however cytotoxic when used at a 200-fold (and below) dilution. Im-
portantly, the presence of both dyes (Cy5.5LP and Cy7.5LP) in the NCs
had no added cytotoxic effect. It should be noted that the dilution factor
that we further used in our mice experiments corresponded to ~1000-
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Fig. 2. FRET in the lipid NCs. (A) Fluorescence spectra of dye-loaded NCs as a function of weight % of FRET pair (corresponds to % of each dye). The spectra were recorded for the same 1000-
fold dilution of NCs in water. (B) Disintegration of NCs by dioxane: fluorescence spectra of NCs encapsulating 1% of Cy5.5LP and 1% of Cy7.5LP diluted 1000-fold in water or in dioxane. (C)
Stability of FRET NCs in serum: FRET signal, expressed as A/(A + D) ratio, for different incubation times in 100% serum or water at 37 °C. To avoid saturation of serum by lipids of NCs,
10,000-fold dilution from original formulation was used. Excitation wavelength was systematically 670 nm.
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fold, which is well in the low cytotoxicity range according to the present
data.

We then performed whole-animal in vivo NIR imaging of anesthe-
tized and immobilized nude mice (Fig. S4) upon parenteral venous ad-
ministration (retro-orbital) of the FRET NCs suspension, diluted to 50-
fold in PBS (the dye concentration in the injected solution was
0.16 mM). We used 630 nm illumination in order to excite Cy5.5LP
dye. Emission was collected at two wavelengths: at 700 nm to observe
emission of the FRET donor Cy5.5LP, and at 820 nm to observe emission
of the FRET acceptor Cy7.5LP (Fig. 3). In order to evaluate directly FRET
changes independently of concentration, we also generated ratio im-
ages where emission of the acceptor was divided by the emission of
the donor (A/D, Fig. 3). Before injection, only low fluorescence was ob-
served for 700 nm channel and negligible signal at 820 nm (Fig. 3A).
Right after injection (15 min), the emission of Cy7.5LP corresponding
to FRET increased significantly, while emission intensities collected in
the Cy5.5LP channel remained very close to auto-fluorescence levels ob-
served before injection (Fig. 3B). This strong FRET fluorescence sug-
gested that the integrity of our FRET NCs was well preserved in vivo
15 min after their parenteral injection. Even more importantly, we ob-
tained high imaging contrast in the FRET channel, where blood circula-
tion could be distinguished, notably in the tail and in the back legs
vasculature (see arrows 1 and 2 in Fig. 3B). Strikingly, efficient FRET
(high A/D ratio in red) highlighted strongly vascularized organs,

Donor FRET

0 20 40 0 20 40
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Fig. 3. FRET imaging of healthy nude mice before (A) and after (B) injection of NIR-FRET
lipid NCs (1% of Cy5.5LP and Cy7.5LP each). Left panels present intensity images of the
Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel (820 nm),
while the right panels present ratiometric images (acceptor/donor). The excitation
wavelength was 630 nm. Numbers of arrows show vasculature of tail (1) and back leg
(2) as well as liver (3) and lungs (4).

particularly liver. Other organs sitting above the liver, such as the
lungs and potentially thyroid glands, were also resolved with our FRET
NCs. Thus, the use of ratiometric imaging of whole living mice with
our FRET NCs provided remarkably high resolution, where both the
blood circulation and several important organs were easily revealed.

Further time-course imaging experiment revealed that fluorescence
intensities of our NIR dyes and the associated ratio underwent dramatic
evolution. The fluorescence intensity gradually increased in the Cy5.5LP
channel, and became significant after 6 h, reaching maximal values only
after 24 h. On the contrary, overall FRET intensity gradually decreased,
so that after 24 h it was much lower than that at Cy5.5LP channel (Fig.
4). The ratio (A/D) imaging confirmed the continuous decay of the
FRET signal as the initial red pseudo-color changed to green, and
reached the lowest levels (blue) 24 h post-injection (Fig. 4 and S5). Re-
markably, this color switch corresponded to ~30-fold decrease in the A/
D ratio within 24 h, indicating profound changes of FRET in our NCs as
well as high sensitivity and dynamic range of the ratio imaging. This ex-
periment reveals, using FRET imaging, the time-course of disintegration
of our NCs. When the control NCs, containing only Cy5.5LP were
injected, the emission at the donor (Cy5.5LP) channel was much higher
than that at the acceptor one, whatever the post-injection time (Fig. 4
and S7). The obtained ratio images gave very similar blue pseudo-color-
ing all over the mice body for different post-injection times (Fig. S7), in
agreement with total absence of FRET in the control NCs. They matched
well with the images obtained at 24 h post-injection of the FRET NCs,
where the FRET signal was lost (Fig. 4). Interestingly, we obtained
high-quality contrast in the Cy5.5LP channel 15 min after injection of
our control donor dye-loaded NCs, and could easily discern both the
vasculature network as well as highly-vascularized organs such as the
liver. However, in contrast to the ratio imaging with FRET NCs, fewer de-
tails were observed (i.e. no lungs and less blood vessels). The time-lapse
experiment showed a gradual decay of the fluorescence intensity from
the tail vasculature (tail vein) with complete disappearance of the signal
after 24 h (Fig. 4 and S8).

To provide connection between observed pseudo-color and the in-
tegrity of our NCs, we performed a calibration of our imaging set-up
with diluted solutions of NCs containing mixtures modeling different in-
tegrity levels. As our dyes did not show significant leakage in serum
even within 24 h, we consider that disintegration of NCs observed in
vivo results in the destruction of the droplets themselves. The latter
would lead to the dilution of the liberated dyes in the surrounding tissue
especially in their lipid structures (lipid membranes and droplets), pro-
ducing the loss of FRET. In this case, to model fully disintegrated NCs, we
mixed NCs containing separately donor and acceptor dyes at low con-
centration (0.1%). The final concentration of each dye in this model mix-
ture was identical to that in our FRET NCs, but in this case donor and
acceptors dyes were isolated from each other and diluted in the oil of
NCs. This system should mimic disintegrated NCs, where liberated do-
nors/acceptor dyes are highly diluted in lipid environments of the tis-
sue. We also prepared mixtures of FRET NCs and NCs containing
separated FRET partners, where % of integrity was defined as the frac-
tion of the dyes in the intact FRET NCs with respect to total amount of
dyes in the mixture. Decrease in the integrity level produced drastic var-
iation of the two-band emission of NCs with rapid increase in the donor
emission and less pronounced decrease in the acceptor emission (Fig.
5B). These changes were expected as the fraction of non-FRET NCs in-
creased. Then, using our in vivo imaging setup, we observed that a de-
crease in the NCs integrity correlated with a rapid increase in the
donor channel, with only minor decrease in the acceptor one (Fig. 5C),
in line with the spectroscopic data. Ratiometric images of the intact
FRET NCs appeared in red, which reliably matched the blood circulation
of healthy mice at 15 min after injection (Fig. 4). Subsequently, the de-
crease in the NCs integrity level produced gradual change of the pseudo-
color to yellow, green and then to blue, reflecting the drop of the A/D
ratio (Fig. 5C). Remarkably, changes in the pseudo-color of our calibrat-
ing solution followed the same trend as those in the ratiometric images



R. Bouchaala et al. / Journal of Controlled Release 236 (2016) 57-67 63

Cy5.5LP / Cy7.5LP FRET NCs

Cy5.5LP NCs

15 min

Donor (Cy5.5LP)

FRET

Ratio (A/D)

Fig. 4. FRET imaging of healthy nude mice at different times after injection with NIR-FRET lipid NCs (1% of Cy5.5LP and Cy7.5LP each) and control NCs containing only Cy5.5LP dye (1%).
Upper panels present intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel (820 nm), while the lower panels present ratiometric images
(acceptor/donor). The excitation wavelength was 630 nm. Experiment was repeated on three mice, the set of data for the other two mice (15 min post-injection) is reported in the

Supplementary information section (Fig. S6).

of mice in the course of 24 h. The same color switch to blue was ob-
served once the NCs were diluted in dioxane (Fig. 5C), which was an ad-
ditional model of NCs disintegration. Based on the calibration results,
the ratio images obtained in living mice could directly be correlated to
NCs integrity in vivo. To realize quantitative analysis of the changes in
the NCs integrity, we first corrected the data from the background signal
in liver and tail vein for both 700 and 820 nm channels, and used them
to obtain the A/(A + D) ratio, which is used here as a semi-quantitative
measure of the overall FRET efficiency in our samples. This ratio
remained stable for 2-3 h post-injection in the tail vein (Fig. 6B), indi-
cating remarkable stability of NCs in the blood circulation. In sharp con-
trast, this ratio showed significant drop in the liver, indicating
significant loss of FRET and thus NCs integrity on the time scale of 2-
3 h. Although we cannot provide absolute values of FRET efficiency sim-
ply based on the A/(A + D) ratio [48,53,54], we could directly correlate
this ratio with the integrity level of NCs (Fig. 5D) using calibration im-
ages in Fig. 5C, recorded by the same imaging setup with identical emis-
sion filters. The obtained plot of A/(A + D) ratio vs integrity level of NCs
was fitted using a non-linear equation and then used as our calibration
curve. Consequently, this allowed us to estimate integrity of our NCs
over time for liver and tail vein, directly in living mice (Fig. 6C). This
analysis revealed dramatic difference in the stability of NCs in blood cir-
culation and liver. At 6 h of post-administration, the integrity of NCs in
the liver decreased to 66 + 2%, whereas in blood circulation NCs
remained practically intact with integrity level reaching 93 + 2% (Fig.
6C) (p <0.0003, n = 3). The integrity half-life of NCs was 8.2 + 0.4 h
in the liver of healthy mice. Unfortunately, this parameter could not
be assessed for the blood circulation since NCs were cleared from the
blood on the shorter time scale. Indeed, our experiments with NCs con-
taining only donor dye (Cy5.5LP) (Fig. S7) confirmed that the circula-
tion half-time was 3 + 1 h (Fig. S8). Therefore, after 6 h, most of NCs
were cleared from the blood circulation, so the detected signal in the
tail region was produced mainly by surrounding tissues. Thus, the
lipid NCs remain stable until their clearance from the blood. On the

other hand, our data suggest that liver can disintegrate lipid NCs on
the time scale of hours.

Next, because NCs bear great potential in tumor targeting, we ad-
ministrated our FRET NCs to tumor-bearing animals, where murine
tumor cells (D2A1) were subcutaneously xenografted in the flank of
nude mice 20 days before NCs injection (see photo of one tumor bearing
mice in Fig. S4). Thus, assuming that EPR would lead to accumulation of
NCs in tumors, the basic question we asked was whether the NCs enter
tumor in their intact or disintegrated form. Upon administration of NCs,
we observed a significant targeting of the microenvironment of the
tumor by our NCs, which led to fluorescence around tumor in the
FRET channel and almost negligible fluorescence in the Cy5.5LP channel
(Fig. 7A and Fig. S9). This fluorescence signal corresponded to high A/D
ratio (observed in red), indicating efficient FRET, similar to that in the
tail vessel. Thus, the fluorescence observed in the peri-tumoral region
can be assigned to the tumor-associated vasculature, which contains
high concentration of intact FRET NCs. Already at 1 h post-injection,
the tumor region displayed very strong FRET signal, even though signal
collected in the Cy5.5LP channel remained very low (Fig. 7A). In this
case, the absolute intensity of the donor channel was only 5.7 4 1.3 (ar-
bitrary units, a. u.), whereas for control NCs with only donor Cy5.5LP,
the intensity in the tumor region at 1 h injection was 26 + 2 (a. u.).
This much lower intensity of the donor channel suggested the efficient
FRET-based quenching of the donor inside the FRET NCs accumulated
in the tumor. Ratio image at 1 h showed mainly yellow-red color in
the tumor region, which indicated that after accumulation in the
tumor the FRET remained very high despite a small decrease. These ob-
servations suggested that (i) the lipid NCs underwent a specific, rapid
and efficient accumulation into the xenografted tumor, through the
tumor-associated vasculature, and (ii) they remain, to a large extent, in-
tact for at least 1 h within tumor region. Intensity of the FRET signal in
tumor reached maximum values 2 h post-injection and then remained
stable over the time-course of the experiment. In contrast, the fluores-
cence intensity in the donor channel increased slowly over the first
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Fig. 5. Calibration of ratiometric in vivo images using mixtures of intact FRET NCs with NCs containing separately donor and acceptor at low concentration. The mixing is done to preserve
the same concentration of dyes: 100% integrity corresponds to FRET NCs (1% of Cy5.5LP and 1% of Cy7.5LP) diluted in PBS 1000-fold from the original formulation, while 0% integrity
corresponds to a mixture of NCs containing separately donor (0.1% of Cy5.5LP) and acceptor (0.1% Cy7.5LP), both diluted at 100-fold in PBS. The latter mixture models the
disintegrated NCs, where donor and acceptor separate and get diluted in the tissue (A). (B) Fluorescence spectra of the obtained solutions. (C) Fluorescence images of these mixtures
acquired with the in vivo imaging set-up: donor (Cy5.5LP) channel (upper panels), acceptor (Cy7.5LP) FRET channel (middle panels), and the acceptor/donor ratio images (lower
panels). NCs containing only donor dye (Cy5.5LP) and FRET NCs diluted 1000-fold in dioxane (second model of the complete disintegration) are also shown. (D) Calibration curve of
A/(A + D) ratio vs the level of integrity of NCs obtained based on data in (C) panel. The error bars represent the standard error of the mean (n = 3).

6 h post-injection, but drastically increased 24 h post-injection. The
ratiometric imaging showed that relative intensity of the FRET acceptor
decreased continuously with time, reaching the lowest values after 24 h
of incubation. Experiments with control NCs containing only donor dye
Cy5.5LP confirmed rapid accumulation of NCs into the tumor region al-
ready at 1 h post-injection (Fig. 7A). The acceptor channel remained
dim in the tumor region, in line with expected absence of FRET. The in-
tensity in the donor channel continued to gradually increase over time,
reaching saturation after 24 h, whereas in the acceptor channel the in-
tensity remained poor (Fig. S11). Imaging of mice organs (Fig. S12) dis-
sected from animals at 24 h post-administration revealed that
fluorescence of tumor was slightly brighter than that of liver (by 30%,
p = 0.02, n = 4). By contrast, fluorescence of other studied organs
(spleen, lungs, heart and kidneys) was many-fold lower (p < 0.0002,
n = 4), suggesting that both tumors and liver are the main targets for
accumulation of our NCs, in line with the whole animal in vivo imaging
data.

After accounting for the background fluorescence, we quantified the
FRET proximity ratio in tumor-bearing mice by analyzing the A/(A + D)
ratio (Fig. 7B) and then converted it to the NCs integrity level for differ-
ent post-administration times (Fig. 7C). Importantly, after 2 h, when the
signal of NCs from the tumor region was already very strong (Fig. 7A),
the integrity of NCs was still at 77 + 1% (Fig. 7C), indicating that they

could enter the tumor with minimal loss of integrity. Nevertheless, the
loss of integrity was faster than in the blood circulation. Indeed, in tail
vein after 6 h NCs integrity was at 71 + 3%, whereas for tumor it
dropped already to 40 + 4% (Fig. 7C) (p < 0.003, n = 3). The integrity
half-life for our NCs in tumor was 4.4 £ 0.3 h, which was even faster
than in the liver of healthy mice (8.2 + 0.4 h, p<0.001, n = 3). We pro-
vide the first evidence for the kinetics of disintegration of lipid NCs in
tumor bearing mice in vivo and show that the lipid NCs preserve their
content in the blood circulation, then they can enter tumors with mini-
mal loss of integrity and finally after accumulation in the tumors they
disintegrate on the time scale of hours. One should also note that disin-
tegration of NCs inside blood circulation of tumor bearing mice was con-
siderably faster than in healthy mice, which can be seen from the
integrity levels at 6 h of post-administration (71 + 3% vs 93 + 2%,
p <0.003, n = 3). On the other hand, the clearance from blood circula-
tion, measured using control NCs bearing only Cy5.5LP (Fig. S11) in
tumor-bearing mice was similar to that in healthy mice (Fig. S8).

In conclusion, we propose here an original approach to obtain near-
infrared lipid nanocarriers with efficient FRET and excellent brightness.
It is based on hydrophobic counterions that increase many-fold the sol-
ubility of cyanines dyes in oil and thereby enable their high loading in-
side NCs, required for FRET. We provide here clear demonstration that
these new NCs allow reliable imaging and monitoring NCs' integrity in
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Fig. 6. Quantitative analysis of NCs integrity in living mice. (A) Ratio image of healthy mice showing the regions of interest: liver (1) and tail vein (2). (B, C) Analysis of the A/(A + D) ratio
(B) and integrity (C) of NCs in different regions of healthy mice as a function of post-administration time. Ratio analysis in the tail vein was done until 6 h, because after that the signal was
too low. Three mice were analyzed, the error bars represent the standard error of the mean (n = 3).
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Fig. 7. (A) FRET imaging of tumor-bearing nude mice at different times after injected with NIR-FRET lipid NCs (1% of Cy5.5LP and Cy7.5LP each) or control NCs with donor dye only (1% of
Cy5.5LP dye). Upper panels present intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel (820 nm), while the lower panels present
ratiometric images (acceptor/donor). The excitation wavelength was 630 nm. Experiment was repeated on three mice, the set of data for the other two mice is reported in the
Supplementary information section (Fig. S10). (B, C) Analysis of the A/(A + D) ratio (B) and integrity (C) of NCs in different regions of tumor-bearing mice as a function of post-
administration time. Three mice were analyzed, the error bars represent the standard error of the mean (n = 3). (D) Fluorescence intensity of organs dissected from animals at 24 h
post-administration with NCs containing 1% of Cy5.5LP dye. The error bars corresponds to standard error of the mean (n = 4). Images of organs are presented in Fig. S12.

vivo. Notably, we provide here whole-animal imaging with apparently
higher resolution compared to existing FRET systems for in vivo imaging
[9,24,25]. Importantly, we were able to accurately resolve the follow-up
of NCs integrity directly in the blood circulation of living mice, which
was possible before only by using dedicated intravital microscopy [9,
27]. The high-quality of the obtained images is probably due to relative-
ly high fluorescence quantum yield, dye-loading and injection dose, as
well as optimal NIR spectral excitation and emission windows of our
FRET NCs. Moreover, by dividing two emission channels, we generated
high quality ratiometric images capable of resolving some features of
the vascular system and tissues that are usually not assessable by live
whole-animal fluorescence imaging. The intensity ratio is the absolute
parameter, which is almost independent on the concentration of the im-
aging agent and excitation light intensity [31,32,55,56]. Therefore, the
ratio signal provides quantitative information about the changes in the
emission spectra of the probe in the imaged system. In our case, due
to calibration of the spectral response of the FRET NCs directly under
the in vivo imaging setup, we achieved a reliable read-out of the integ-
rity of our NCs by ratiometric analysis, which would not be possible
using absolute intensity measurements. It should be noted that in addi-
tion to calibration of the imaging system, this method requires subtrac-
tion of the background, which is relatively high in small animal
fluorescence imaging. One important point that is difficult to take into
account is the difference in the penetration depth for 700- and 820-
nm light [30], which may affect the precision of the quantitative
analysis.

The described methodology enabled, for the first time, to quantify by
in vivo fluorescence imaging the integrity of NCs in different regions of
healthy and tumor-bearing mice. It revealed that injected NCs remain
nearly intact after 6 h in the blood circulation of healthy mice, whereas
their integrity significantly dropped to 66 4+ 2% in the liver of healthy
mice, and up to 40 £ 4% in tumors. Nevertheless, lipid NCs appeared re-
markably stable as they could enter tumors rapidly with minimal loss of
integrity, showing for instance 77 + 1% of the integrity at 2 h of post-in-
jection. Thus, NCs can preserve their content in the blood circulation,
enter tumors in nearly intact form and then release this content on
the time scale of hours. This data shows the strong potential of NCs as
efficient carriers of drugs and contrast agents. The remarkable stability
of lipid NCs is an important finding of this work. Commonly,
nanoemulsions are considered as liquid systems that should not be sta-
ble enough in vivo and require, for instance, specially designed surface of
lipids with long PEG chains [25,36]. However, in the present work, we
showed for the first time that nanoemulsion droplets built only from
oil (medium chain triglycerides) and a surfactant (Cremophor® ELP)
exhibited no signs of disintegration in blood circulation for hours. This
result contrasts strongly with the poor capacity of these NCs to keep me-
dium polar molecules like Nile Red, which is rapidly released in biolog-
ical media [41,57].

Our NCs showed remarkably efficient accumulation in tumors,
which can be clearly assigned to the EPR effect originating from the
leaky nature of the tumor vesicles [15,58]. The efficiency of the passive
EPR tumor accumulation is generally proportional to the circulation
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time of the agent in the bloodstream. In this respect, our NCs present
dense PEG shell which is known to prolong the circulation time of nano-
particles [59].

Finally, the key finding that has never been shown for lipid NCs is
their capacity to accumulate in tumors in nearly intact form. This prop-
erty is known for polymer nanoparticles, which are established drug de-
livery vehicles into tumors [60,61], and inorganic nanoparticles, such as
quantum dots covered with robust organic shell [9,62]. The capacity of
our nano-emulsion droplets to preserve their integrity after accumula-
tion in tumors is particularly remarkable given the liquid nature of
their core. This result shows the strong potential of these lipid NCs as
nanoscale platform for in vivo imaging, drug delivery and image guided
surgery.

Acknowledgments

This work was supported by ERC Consolidator grant BrightSens
648528, Université de Strasbourg (IdEX 2015, W15RAT68 and J.G.G.),
by research grants from the French National Cancer Institute (INCa)
and the Ligue Contre le Cancer (J.G.G.), by institutional funding from
Inserm. RB is supported by Ministry of Higher Education and Scientific
Research of Algeria. BA is supported by LabEx Chimie des Systémes
Complexes. L.M. is supported by an INSERM/Région Alsace Ph.D Fellow-
ship. We thank Ievgen Shulov helping with synthesis of Cy5.5LP,
Tsukasa Shibue (HHMI/MIT) for providing the D2A1 cells and Domi-
nique Bagnard (INSERM U1109) for providing access to the NightOwl
luminograph. We thank the animal facility at INSERM U1109 for
mouse care.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2016.06.027.

References

[1] D.E.Lee, H. Koo, I.C. Sun, ].H. Ryu, K. Kim, I.C. Kwon, Multifunctional nanoparticles for
multimodal imaging and theragnosis, Chem. Soc. Rev. 41 (2012) 2656-2672.

[2] P.D.Howes, R. Chandrawati, M.M. Stevens, Colloidal nanoparticles as advanced bio-

logical sensors, Science 346 (2014) 1247390.

A. Reisch, A.S. Klymchenko, Fluorescent Polymer Nanoparticles Based on Dyes:

Seeking Brighter Tools for Bioimaging, Small 12 (2016) 1968-1992.

[4] ].-W. Yoo, DJ. Irvine, D.E. Discher, S. Mitragotri, Bio-inspired, bioengineered and bio-

mimetic drug delivery carriers, Nat. Rev. Drug Discov. 10 (2011) 521-535.

D. Peer, ].M. Karp, S. Hong, O.C. FaroKhzad, R. Margalit, R. Langer, Nanocarriers as an

emerging platform for cancer therapy, Nat. Nanotechnol. 2 (2007) 751-760.

E. Locatelli, I. Monaco, M.C. Franchini, Hard and soft nanoparticles for image-guided

surgery in nanomedicine, J. Nanopart. Res. 17 (2015) 1-17.

[7] L.Bu, B. Shen, Z. Cheng, Fluorescent imaging of cancerous tissues for targeted sur-

gery, Adv. Drug Deliv. Rev. 76 (2014) 21-38.

H.S. Choi, W. Liu, F. Liu, K. Nasr, P. Misra, M.G. Bawendi, et al., Design considerations

for tumour-targeted nanoparticles, Nat. Nanotechnol. 5 (2010) 42-47.

[9] Y.M.Zhao, I. van Rooy, S. Hak, F. Fay, ]. Tang, C.D. Davies, et al., Near-infrared fluores-
cence energy transfer imaging of nanoparticle accumulation and dissociation kinet-
ics in tumor-bearing mice, ACS Nano 7 (2013) 10362-10370.

[10] S.S. D'Souza, P.P. DeLuca, Methods to assess in vitro drug release from injectable
polymeric particulate systems, Pharm. Res. 23 (2006) 460-474.

[11] D.E. Owens, N.A. Peppas, Opsonization, biodistribution, and pharmacokinetics of
polymeric nanoparticles, Int. ]. Pharm. 307 (2006) 93-102.

[12] AE. Nel, L. Maedler, D. Velegol, T. Xia, E.M.V. Hoek, P. Somasundaran, et al., Under-
standing biophysicochemical interactions at the nano-bio interface, Nat. Mater. 8
(2009) 543-557.

[13] Y. Li, M.S. Budamagunta, J. Luo, W. Xiao, ].C. Voss, K.S. Lam, Probing of the assembly
structure and dynamics within nanoparticles during interaction with blood pro-
teins, ACS Nano 6 (2012) 9485-9495.

[14] S.Hak, E. Helgesen, H.H. Hektoen, E.M. Huuse, P.A. Jarzyna, W.J.M. Mulder, et al., The
effect of nanoparticle polyethylene glycol surface density on ligand-directed tumor
targeting studied in vivo by dual modality imaging, ACS Nano 6 (2012) 5648-5658.

[15] J.Fang, H. Nakamura, H. Maeda, The EPR effect: unique features of tumor blood ves-
sels for drug delivery, factors involved, and limitations and augmentation of the ef-
fect, Adv. Drug Deliv. Rev. 63 (2011) 136-151.

[16] W.G. Kreyling, A.M. Abdelmonem, Z. Al, F. Alves, M. Geiser, N. Haberl, et al., In vivo
integrity of polymer-coated gold nanoparticles, Nat. Nanotechnol. 10 (2015)
619-623.

3

[5

6

8

[17] V. Ntziachristos, C. Bremer, R. Weissleder, Fluorescence imaging with near-infrared
light: new technological advances that enable in vivo molecular imaging, Eur.
Radiol. 13 (2003) 195-208.

[18] J.V. Frangioni, In vivo near-infrared fluorescence imaging, Curr. Opin. Chem. Biol. 7
(2003) 626-634.

[19] J.H. Rao, A. Dragulescu-Andrasi, H.Q. Yao, Fluorescence imaging in vivo: recent ad-
vances, Curr. Opin. Biotechnol. 18 (2007) 17-25.

[20] C. Darne, YJ. Lu, E.M. Sevick-Muraca, Small animal fluorescence and biolumines-
cence tomography: a review of approaches, algorithms and technology update,
Phys. Med. Biol. 59 (2014) R1-R64.

[21] E.A.]Jares-Erijman, T.M. Jovin, FRET imaging, Nat. Biotechnol. 21 (2003) 1387-1395.

[22] K.E. Sapsford, L. Berti, L.L. Medintz, Materials for fluorescence resonance energy
transfer analysis: beyond traditional donor-acceptor combinations, Angew. Chem.
Int. Ed. 45 (2006) 4562-4588.

[23] T.Skajaa, Y. Zhao, D.J. van den Heuvel, H.C. Gerritsen, D.P. Cormode, R. Koole, et al.,
Quantum dot and Cy5.5LP labeled nanoparticles to investigate lipoprotein
biointeractions via Forster resonance energy transfer, Nano Lett. 10 (2010)
5131-5138.

[24] S.W. Morton, X. Zhao, M.A. Quadir, P.T. Hammond, FRET-enabled biological charac-
terization of polymeric micelles, Biomaterials 35 (2014) 3489-3496.

[25] A.L Laine, J. Gravier, M. Henry, L. Sancey, J. Bejaud, E. Pancani, et al., Conventional
versus stealth lipid nanoparticles: formulation and in vivo fate prediction through
FRET monitoring, ]. Control. Release 188 (2014) 1-8.

[26] S. Hak, N.K. Reitan, O. Haraldseth, Davies CdL. Intravital microscopy in window
chambers: a unique tool to study tumor angiogenesis and delivery of nanoparticles,
Angiogenesis 13 (2010) 113-130.

[27] H. Chen, S. Kim, W. He, H. Wang, P.S. Low, K. Park, et al., Fast release of lipophilic
agents from circulating PEG-PDLLA micelles revealed by in vivo Forster resonance
energy transfer imaging, Langmuir 24 (2008) 5213-5217.

[28] Z.Q. Guo, S. Park, J. Yoon, . Shin, Recent progress in the development of near-infra-
red fluorescent probes for bioimaging applications, Chem. Soc. Rev. 43 (2014)
16-29.

[29] S.L. Luo, E.L. Zhang, Y.P. Su, T.M. Cheng, C.M. Shi, A review of NIR dyes in cancer
targeting and imaging, Biomaterials 32 (2011) 7127-7138.

[30] H.Kobayashi, M. Ogawa, R. Alford, P.L. Choyke, Y. Urano, New strategies for fluores-
cent probe design in medical diagnostic imaging, Chem. Rev. 110 (2010)
2620-2640.

[31] A. H-w, K.L. Hazelwood, M.W. Davidson, R.E. Campbell, Fluorescent protein
FRET pairs for ratiometric imaging of dual biosensors, Nat. Methods 5 (2008)
401-403.

[32] X.F.Zhou, FY. Su, H.G. Lu, P. Senechal-Willis, Y.Q. Tian, R.H. Johnson, et al., An FRET-
based ratiometric chemosensor for in vitro cellular fluorescence analyses of pH, Bio-
materials 33 (2012) 171-180.

[33] KXK.Ng, M. Takada, C.CS. Jin, G. Zheng, Self-sensing porphysomes for fluorescence-
guided photothermal therapy, Bioconjug. Chem. 26 (2015) 345-351.

[34] MLF. Attia, N. Anton, M. Chiper, R. Akasov, H. Anton, N. Messaddeq, et al.,
Biodistribution of X-ray iodinated contrast agent in nano-emulsions is controlled
by the chemical nature of the oily core, ACS Nano 8 (2014) 10537-10550.

[35] X.Li, N. Anton, G. Zuber, M.J. Zhao, N. Messaddeq, F. Hallouard, et al., lodinated
alpha-tocopherol nano-emulsions as non-toxic contrast agents for preclinical X-
ray imaging, Biomaterials 34 (2013) 481-491.

[36] N.T. Huynh, C. Passirani, P. Saulnier, ].P. Benoit, Lipid nanocapsules: a new platform
for nanomedicine, Int. J. Pharm. 379 (2009) 201-209.

[37] N.Anton, ].-P. Benoit, P. Saulnier, Design and production of nanoparticles formulated
from nano-emulsion templates - a review, J. Control. Release 128 (2008) 185-199.

[38] J.M. Gutierrez, C. Gonzalez, A. Maestro, I. Sole, C.M. Pey, J. Nolla, Nano-emulsions:
new applications and optimization of their preparation, Curr. Opin. Colloid Interface
Sci. 13 (2008) 245-251.

[39] K. Hormann, A. Zimmer, Drug delivery and drug targeting with parenteral lipid
nanoemulsions - a review, ]. Control. Release 223 (2016) 85-98.

[40] N. Anton, T.F. Vandamme, The universality of low-energy nano-emulsification, Int. J.
Pharm. 377 (2009) 142-147.

[41] AS.Klymchenko, E. Roger, N. Anton, H. Anton, . Shulov, ]. Vermot, et al., Highly lipo-
philic fluorescent dyes in nano-emulsions: towards bright non-leaking nano-drop-
lets, RSC Adv. 2 (2012) 11876-11886.

[42] ]. Gravier, L. Sancey, S. Hirsjaervi, E. Rustique, C. Passirani, ].-P. Benoit, et al., FRET im-
aging approaches for in vitro and in vivo characterization of synthetic lipid nanopar-
ticles, Mol. Pharm. 11 (2014) 3133-3144.

[43] ]. Merian, R. Boisgard, P.-A. Bayle, M. Bardet, B. Tavitian, I. Texier, Comparative

biodistribution in mice of cyanine dyes loaded in lipid nanoparticles, Eur. ]J.

Pharm. Biopharm. 93 (2015) 1-10.

V.N. Kilin, H. Anton, N. Anton, E. Steed, ]. Vermot, T.E. Vandamme, et al., Counterion-

enhanced cyanine dye loading into lipid nano-droplets for single-particle tracking in

zebrafish, Biomaterials 35 (2014) 4950-4957.

[45] B.E. Schaafsma, J.S.D. Mieog, M. Hutteman, J.R. Van Der Vorst, P.J.K. Kuppen,
CW.G.M. Lowik, et al., The clinical use of indocyanine green as a near-infrared fluo-
rescent contrast agent for image-guided oncologic surgery, J. Surg. Oncol. 104
(2011) 323-332.

[46] T. Ishizawa, N. Fukushima, J. Shibahara, K. Masuda, S. Tamura, T. Aoki, et al., Real-
time identification of liver cancers by using indocyanine green fluorescent imaging,
Cancer 115 (2009) 2491-2504.

[47] 1. Texier, M. Goutayer, A. Da Silva, L. Guyon, N. Djaker, V. Josserand, et al., Cyanine-
loaded lipid nanoparticles for improved in vivo fluorescence imaging, J. Biomed.
Opt. 14 (2009) 054005.

[48] S. Preus, L.M. Wilhelmsson, Advances in quantitative FRET-based methods for
studying nucleic acids, Chembiochem 13 (2012) 1990-2001.

(44


doi:10.1016/j.jconrel.2016.06.027
doi:10.1016/j.jconrel.2016.06.027
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0005
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0005
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0010
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0010
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf9000
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf9000
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0015
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0015
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0020
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0020
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0025
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0025
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0035
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0035
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0040
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0040
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0045
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0045
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0045
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0050
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0050
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0055
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0055
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0060
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0060
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0060
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0065
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0065
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0065
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0070
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0070
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0070
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0075
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0075
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0075
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0080
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0080
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0080
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0085
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0085
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0085
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0090
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0090
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0095
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0095
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0100
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0100
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0100
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0105
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0110
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0110
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0110
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0115
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0115
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0115
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0115
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0120
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0120
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0125
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0125
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0125
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0130
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0130
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0130
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0135
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0135
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0135
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0140
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0140
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0140
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0145
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0145
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0150
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0150
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0150
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0155
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0155
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0155
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0160
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0160
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0160
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0165
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0165
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0170
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0170
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0170
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0175
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0175
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0175
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0180
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0180
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0185
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0185
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0190
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0190
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0190
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0195
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0195
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0200
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0200
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0205
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0205
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0205
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0210
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0210
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0210
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0215
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0215
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0215
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0220
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0220
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0220
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0225
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0225
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0225
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0225
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0230
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0230
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0230
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0235
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0235
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0235
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0240
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0240

R. Bouchaala et al. / Journal of Controlled Release 236 (2016) 57-67 67

[49] T. Shibue, M.W. Brooks, R.A. Weinberg, An integrin-linked machinery of cytoskeletal

[50]

regulation that enables experimental tumor initiation and metastatic colonization,
Cancer Cell 24 (2013) 481-498.

M.A. Karreman, L. Mercier, N.L. Schieber, T. Shibue, Y. Schwab, J.G. Goetz, Correlating
intravital multi-photon microscopy to 3D electron microscopy of invading tumor
cells using anatomical reference points, PLoS One 9 (2014) e114448.

[51] J. Schindelin, 1. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, et al.,

[52]

[53]

[54]

[55]

Fiji: an open-source platform for biological-image analysis, Nat. Methods 9 (2012)
676-682.

T.J. Russin, E.I. Altmoglu, J.H. Adair, P.C. Eklund, Measuring the fluorescent quantum
efficiency of indocyanine green encapsulated in nanocomposite particulates, J. Phys.
Condens. Matter 22 (2010) 334217.

E. Nir, X. Michalet, KM. Hamadani, T.A. Laurence, D. Neuhauser, Y. Kovchegov, et al.,
Shot-noise limited single-molecule FRET histograms: comparison between theory
and experiments, J. Phys. Chem. B 110 (2006) 22103-22124.

J.A. Broussard, B. Rappaz, D.J. Webb, C.M. Brown, Fluorescence resonance energy
transfer microscopy as demonstrated by measuring the activation of the serine/
threonine kinase Akt, Nat. Protoc. 8 (2013) 265-281.

V.V. Shynkar, A.S. Klymchenko, C. Kunzelmann, G. Duportail, C.D. Muller, A.P.
Demchenko, et al., Fluorescent biomembrane probe for ratiometric detection of ap-
optosis, J. Am. Chem. Soc. 129 (2007) 2187-2193.

[56]

[57]

[58]

Y. Kurishita, T. Kohira, A. Ojida, I. Hamachi, Rational design of FRET-based
ratiometric chemosensors for in vitro and in cell fluorescence analyses of nucleoside
polyphosphates, J. Am. Chem. Soc. 132 (2010) 13290-13299.

G. Bastiat, C.O. Pritz, C. Roider, F. Fouchet, E. Lignieres, A. Jesacher, et al., A new tool
to ensure the fluorescent dye labeling stability of nanocarriers: a real challenge for
fluorescence imaging, J. Control. Release 170 (2013) 334-342.

S.K. Hobbs, W.L. Monsky, F. Yuan, W.G. Roberts, L. Griffith, V.P. Torchilin, et al,, Reg-
ulation of transport pathways in tumor vessels: role of tumor type and microenvi-
ronment, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 4607-4612.

[59] J.V.]Jokerst, T. Lobovkina, R.N. Zare, S.S. Gambhir, Nanoparticle PEGylation for imag-

[60]

[61]

[62]

ing and therapy, Nanomedicine 6 (2011) 715-728.

R. Devulapally, R. Paulmurugan, Polymer nanoparticles for drug and small silencing
RNA delivery to treat cancers of different phenotypes, Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 6 (2014) 40-60.

A. Schadlich, H. Caysa, T. Mueller, F. Tenambergen, C. Rose, A. Gopferich, et al.,
Tumor accumulation of NIR fluorescent PEG PLA nanoparticles: impact of particle
size and human xenograft tumor model, ACS Nano 5 (2011) 8710-8720.

X.H. Gao, Y.Y. Cui, RM. Levenson, LW.K. Chung, S.M. Nie, In vivo cancer targeting
and imaging with semiconductor quantum dots, Nat. Biotechnol. 22 (2004)
969-976.


http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0245
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0245
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0245
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0250
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0250
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0250
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0255
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0255
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0255
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0260
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0260
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0260
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0265
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0265
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0265
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0270
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0270
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0270
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0275
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0275
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0275
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0280
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0280
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0280
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0285
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0285
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0285
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0290
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0290
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0290
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0295
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0295
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0300
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0300
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0300
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0305
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0305
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0305
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0310
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0310
http://refhub.elsevier.com/S0168-3659(16)30395-9/rf0310

Supporting information

Integrity of lipid nanocarriers in bloodstream and tumor quantified by near-

infrared ratiometric FRET imaging in living mice
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Scheme 1. Synthesis of dioctadecylcyanines 5.5 (2) and 7.5 (3).
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Figure S1. Absorption spectra of NCs encapsulating Cy5.5LP, Cy7.5LP and their mixture. NCs were

diluted 500-fold from in water from the original formulation.
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Figure S2. Normalized fluorescence spectrum of NC encapsulating 1% of Cy5.5LP and the absorption
spectrum of NC encapsulating 1% of Cy7.5LP showing good spectral overlap, required for FRET. NCs

were diluted in water 500-fold from the original formulation.
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Table S1. Hydrodynamic diameter and polydispersity index obtained by DLS and the fluorescence
quantum yield of lipid nanocarriers encapsulating different NIR dyes.?

NCGCESLE o 0.165
NG, 19 CyS 5LPICy75LP 91 0191 11
NCWGCYISL o 0.108 ;

% Statistics by volume was used in the size analysis. PDI is a polydispersity index. QY is a fluorescence
quantum yield, measured using DiD dye in methanol (QY = 33 %) as reference [1].
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Fig. S3. Cytotoxicity of lipid nanocarriers loaded with FRET pair (Cy5.5LP and Cy7.5LP, 1% each).
Cell viability was measured by MTT assay on HeLa cells incubated for 24 h with NCs without and
with Cy5.5LP and Cy7.5LP (1% each) at different dilutions from the original formulation. The error

bars correspond to standard error of the mean (n = 6).
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Figure S4. Photos of healthy (A) and tumor-bearing (B) mice which were used in the FRET imaging
shown in Figures 3, 4, S3 and S5.
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Cy5.5LP / Cy7.5LP FRET NCs
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Figure S5. FRET imaging of healthy mice at different times after injection with NIR-FRET lipid
nanocarriers. NCs contained 1% of donor Cy5.5LP and acceptor Cy7.5LP. Upper panels present
intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel
(840 nm), while the lower panels present ratiometric images (acceptor / donor).
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Cy5.5LP / Cy7.5LP FRET NCs after 15 min

FRET Donor (Cy5.5LP)

Ratio (A/D)

Figure S6. FRET imaging of three different healthy mice at 15 min after injection with NIR-FRET
lipid nanocarriers. NCs contained 1% of donor Cy5.5LP and acceptor Cy7.5LP. Upper panels present
intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel
(840 nm), while the lower panels present ratiometric images (acceptor / donor).
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Figure S7. FRET imaging of healthy mice at different times after injected control lipid nanocarriers
encapsulating only 1% of Cy5.5LP dye. Upper panels present intensity images of the Cy5.5LP channel
(700 nm), middle panels present images of Cy7.5LP channel (840 nm), while the lower panels present
ratiometric images (acceptor / donor).
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Figure S8. Decay of the fluorescence intensity of the control NCs (Cy5.5LP only) in tail vein of
healthy (H) and tumor-bearing (T) mice.
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Figure S9. FRET imaging of tumor-bearing mice at different times after injection of FRET lipid
nanocarriers. NCs contained 1% of donor Cy5.5LP and acceptor Cy7.5LP. Upper panels present
intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel
(840 nm), while the lower panels present ratiometric images (acceptor / donor).
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Cy5.5LP / Cy7.5LP FRET NCs after 15 min
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Figure S10. FRET imaging of tumor-bearing mice 15 min after injection with NIR-FRET lipid
nanocarriers. NCs contained 1% of donor Cy5.5LP and acceptor Cy7.5LP. Upper panels present
intensity images of the Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel
(840 nm), while the lower panels present ratiometric images (acceptor / donor).
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Figure S11. FRET imaging of tumor-bearing nude mice at different times after injected control lipid
nanocarriers encapsulating only 1% of Cy5.5LP dye. Upper panels present intensity images of the
Cy5.5LP channel (700 nm), middle panels present images of Cy7.5LP channel (840 nm), while the
lower panels present ratiometric images (acceptor / donor).
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Figure S12. Ambient light photos (A) and NIR fluorescence images of organs of four mice injected
with Cy5.5LP NCs 24h earlier. The excitation wavelength was 630 nm, while the emission was
detected at 700 nm. Before the injection, NCs solution was diluted 1000-fold in PBS, similarly to all in

vivo imaging experiments.
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Results and discussions

2- Fluorescence correlation spectroscopy to study
release from lipid nanocarriers (Publication-2)

In nanomedicine field, an optimal release of nanocarriers contents is considered as one of the
critical steps in order to ensure an appropriate drug delivery. For that studying the release
phenomena is an important challenge that needs to be addressed, with quantitative
characterization techniques and methods, capable to operate directly in situ in complex
biological media. As shown in the first project, FRET is a powerful approach to study integrity
and release of cargo. Here, we looked for an alternative method that does not required double

labelling of nanoacarriers.

The objective of this study is to develop a simple FCS-based technique for quantification of
release from nanocarriers. To this end, we used lipid NCs (LNCs), so-called nanoemulsion
droplets, encapsulating as a model cargo the hydrophobic Nile Red derivative NR668. We
explored a possibility to study and quantify by FCS the release from LNCs of this model cargo
in biological media.

In FCS setup, dye release should affect the LNCs brightness and the quantity of emissive
species in solution. However, in this case, the fluorescence of released dye as well as the auto-
fluorescence of the medium can alter the measurements of FCS. Starting from this problematic,
we introduced fluorescent molecule, calcein, into an external medium, in order to provide us a
background fluorescence that could model the emission of the released dye and/or of the
autofluorescence of the medium. Two series of experiment were performed, in the first one we
kept constant NR668 loading inside LNCs, but increased the calcein concentration, to mimic
release of free dye associated with appearance of emissive species in the medium. In the second
series, the NR668 loading inside LNCs was increased while keeping constant the concentration
of calcein. This would mimic changes in the dye content in the LNCs because of dye leakage.
Then, the following FCS parameters were studied: (i) brightness B and (ii) the number of

emissive species N and (iii) standard deviation SD of signal fluctuation.

The results suggest that among FCS parameters, the number of fluorescent species N (which is
generally used for this type of experiment) and the brightness per particles B are not suitable
parameters for the release quantification, because they are affected by the molecules present in
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Results and discussions

medium in a nonlinear way. The only parameter, which appears useful for leakage
quantification is standard deviation SD. It is independent from free small single molecules in
solution and depends linearly on the dye content inside LNCs. However, SD value is not an
absolute parameter, and would strongly depend on instrumental settings, as well as on the LNCs
concentration. Therefore, we introduced a normalized parameter SD/SDo, where SDg represents
the standard deviation of signal fluctuation for the 1 wt% NR668 LNCs without any leakage.
This new parameter is independent of LNCs concentration and laser power. The obtained
dependence of SD/SDo was then used against NR668 dyes concentration inside LNCs, as a

calibration curve after using linear fit (Figure 1).
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Figure 1. Normalisation of SD/SDO0 and calibration. (A) the parameter SD/SDO in function of
NR668 inside LNCs, with laser power change. Calibration curve of SD/SDO0 vs NR668 dyes
concentration inside LNCs (B) the parameter SD/SDO in function of NR668 inside LNCs, with
variation in LNCs concentrations. Error bars represent the standard error of the mean (n=3).

Finally, a release experiment was performed by incubating 1 wt% NR668 LNCs at 20, 37 and
60°C in three different media: milliQ water, water in the presence of blank nanocarriers or with
10% FBS. The results show that LNCs are very stable in water, whereas in FBS medium, they
release their content in a temperature-dependent manner. At 37°C, the release is relatively slow

reaching 50% only after 6h of incubation.

This new method of quantification is simple, because it requires only detection of standard
deviation of the signal fluctuation, without any analysis of auto-correlation curve. It can be

applied for in situ release quantification from different nanocarriers.

The full description of the work can be found in the manuscript enclosed below.
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Fluorescence correlation spectroscopy to study release from lipid
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University of Setif 1, 19000 Algeria.

Abstract

Understanding the drug release form nanocarriers is fundamental in the development of new
effective nanomedicines. However, existing methods, notably dialysis frequently fails to
quantifies release of molecules poorly soluble in water and it is not really adapted for in situ
measurements in biological media. Here, we have developed a new methodology for
quantifying release of fluorescent molecule from lipid nanocarriers (LNCs) using fluorescent
correlation spectroscopy (FCS). LNCs, so-called nanoemulsion droplets, encapsulating as a
model cargo, the hydrophobic Nile Red derivative NR668, were used as a testing system for
release into model biological media. Our studies revealed that standard deviation of
fluorescence fluctuation in FCS measurements depends linearly from the loading of the
nanocarriers with the dye and it is insensitive to the presence of less bright molecular emissive
species in solution. In sharp contrast, classical FCS parameters, such as number and brightness
of emissive species are strongly influenced by fluorescence of molecular species in solution.
Therefore, only standard deviation of fluorescence fluctuation can directly report on the
nanocarriers dye loading without interferences from “parasite” fluorescence because of released
dye or auto-fluorescence of the medium. Our method was validated using hydrophobic Nile
Red dye, NR668, encapsulated into lipid nanoemulsion. The results suggest that LNCs remain
intact in water, whereas in FBS medium, they release their content in a temperature-dependent
manner. At 37°C, the release is relatively slow reaching 50% only after 6h of incubation. This
method of quantification is simple, because it requires only detection of standard deviation of
the signal, so that measurements can be done in principle without any analysis of auto-

correlation curve.
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Results and discussions

Introduction

Nanocarriers technology in the last years gain a lot of interest, because of their possible
application as a tools for drug delivery,™? in vivo imaging and image-guided surgery.>* These
systems include polymer nanoparticles, lipid-based nanocarriers such as nanoemulsions,
liposomes,® micelles as well as inorganic nanoparticles. The interest in the studies of the
nanocarriers behaviour is increasing; a lot of research has been devoted to novel ways to
characterise, fabricate, and explore their properties.® One of the most important properties is
their ability to encapsulate hydrophobic or hydrophilic molecules, according to their

composition and morphology.’

Optimal application of nanocarriers (NCs) in the drug delivery requires that the drug is
maintained inside the nanocarriers until it reaches the target, such as a tumor, followed by
controlled release of the drug inside the target. The most common method to study release of
drugs from nanocarriers is dialysis.® However, it has limitations when applied to highly
hydrophobic drugs poorly soluble in water,® and it cannot be really applied to study release
directly in cells and animals. Other methods like size exclusion chromatography, continuous
flow, flow cytometry were also used,'® however, they have similar limitations as those of
dialysis. Therefore, understanding drug release requires simple and effective assays capable to
operate directly in situ in complex biological media. Forster resonance energy transfer (FRET)
is the method of choice in this case. Several reports have already shown a strong potential of
FRET to study release in biological liquids, cells and even in living animals.** However, this
method requires double labelling of the nanocarriers (i.e. with donor and acceptor). Moreover,
it is still challenging to achieve quantitative characterization of the cargo release using FRET-

based methods, although some calibration-based approaches were suggested recently. *2

A much less explored approach to study drug release is fluorescence correlation spectroscopy
(FCS).2® It is a powerful technique used in biological and biophysical research, 178
investigation of several fundamental processes like molecular diffusion'® and interaction of
biomolecules,?®?! and (bio)chemical reaction Kinetics,?? with sensitivity reaching single-
molecule level.Z FCS is based on measuring the fluctuation of fluorescence intensity from
emissive species across a small excitation focal volume. Autocorrelation analysis of the
intensity provides us information about concentration, diffusion constant and brightness of the
fluorescent particles. This technique serves as new tool to characterise nanoparticles specially

for measuring size,?* polydipersity,? and to evaluate stability of fluorescent nanoparticles.?6-2’
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Also many research used FCS for characterisation of formation of protein corona on gold
nanoparticles,?®2° or interaction of human serum albumin with liposomes.*® Very few studies
shown the use of FCS to study release. Andersen et al used it for quantification of leakage of
dyes from unilamellar lipid vesicles, 3! proposing a mathematical framework for the data

analysis.

The aim of our studies is to develop a simple FCS-based technique for quantification of release
from NCs. To this end, we selected lipid NCs (LNCs), so called nanoemulsion droplets. These
systems are composed of substances generally considered as safe (GRAS) and therefore LNCs
constitute a promising non-toxic platform for drug delivery.®? However, the liquid nature of
their core raises questions about their stability in vivo and capacity to maintain their cargo until
the target. Our recent work as well as those of Texier group showed that LNCs can keep their
contents even in vivo and accumulate in tumour in nearly intact form.2 However, in these cases
the cargo should be sufficiently hydrophobic to remain inside the LNCs in the presence of
biological media.!* Therefore, LNCs can be a suitable platform for encapsulation of
hydrophobic drugs and contrast agents. In the present work, we explored a possibility to study
by FCS release from LNCs of a model cargo, hydrophobic Nile Red derivative NR668.
Different parameters of FCS, such as number and brightness of emissive species and standard
deviation of the signal fluctuation, were studied as a function of dye loading and the degree of
the dye release. Remarkably, only the standard deviation of the signal showed almost linear
dependence on the degree of release of the dye with minimal perturbation by the fluorescent
species outside of NCs. Here, we propose to use a very simple fluorescence parameter to

monitor release of emissive cargo directly in situ in a complex biological context.

Result and discussion
Materials

All chemicals and solvents for synthesis were from Sigma Aldrich. Labrafac WL® (medium
chain triglycerides) by Gattefossé (Saint-Priest, France). Kolliphor® HS15 (non-ionic
surfactant) obtained from BASF (Ludwigshafen, Germany), Ultrapure water was obtained
using a MilliQ® filtration system (Millipore, Saint-Quentin-en-Yvelines, France). Fetal bovine
serum (FBS) was acquired from Lonza (Verviers, Belgium) and Gibco-Invitrogen (Grand
Island, USA). Dihexylamino-2-(2-ethyl-hexyloxy)-benzo[a]phenoxazin-5- one (NR668) and

4’-Dioctylamino-3-octyloxyflavone (F888) were synthesized as described before.!
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Formulation and characterisation of lipid nanocarriers LNCs

Dye-loaded nanoemulsions were prepared by spontaneous nano-emulsification.* We dissolved
the dyes (NR668 or F888 ) in LabrafacWL® (35 mg) at concentrations of 1% by weight (unless
indicated). Then, Kolliphor® HS15 was added (65mg), and the mixture was homogenized
under magnetic stirring at 90 °C for 5 min up to complete homogenisation. Finally,
nanoemulsions were generated with the addition of ultrapure (Milli-Q) water (230 mg). Size
distributions were determined by dynamic light scattering using a Zetasizer Nano series DTS

1060 (Malvern Instruments S.A). In the DLS measurements statistics by volume was used.

Fluorescence spectroscopy

Fluorescence spectra were recorded on a Fluoromax 4 (Jobin Yvon, Horiba)
spectrofluorometer. Fluorescence emission spectra were performed at room temperature with
520 nm excitation wavelengths for NR668 dye and 390 nm for F888 dye. Emissions spectra
were corrected for lump fluctuations and for wavelength-dependent response of the detector.
All fluorescence measurements were done using solutions with absorbance <0.1 at the

wavelength of excitation.

FRET-based stability test

The stability with time of dyes inside lipid nanocarriers was estimated in three different
temperatures 20°, 37°, 60°, by Forster resonance Energy transfer (FRET) between two
encapsulated dyes, 0.5 % of F888 (with respect to Labrafac WL®) as energy donor and 0.5 %
of NR668 as energy acceptor. The LNCs were diluted 1000 times from the original formulation
and incubated in water and 10 % of blank nanocarriers (without encapsulated dyes). The donor
in the nanocarriers was excited at 390 nm and the emission spectra were recorded for both donor
and acceptor. The semi-quantitative parameter of FRET efficiency was calculated according to
the following equation E=A/(A+D),** where A and D are the maximum of fluorescence

intensity of the acceptor and donor, respectively.

Fluorescence correlation spectroscopy (FCS) and data analysis

FCS measurements were performed on a two-photon platform based on an Olympus 1X70
inverted microscope, as described previously. 1* Two-photon excitation at 830 nm (10 mW laser
output power) was provided by a mode-locked Tsunami Ti: sapphire laser pumped by a Millenia
V solid state laser (Spectra Physics). The measurements were realized in a 96 well plate, using
a 200 mL volume per well. The focal spot was set about 20 um above the coverslip. The
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normalized autocorrelation function, G(t) was calculated online by an ALV-5000E correlator
(ALV, Germany) from the fluorescence fluctuations, 8F(t), by G(t) = <8F(t)5F(t + 1)>/<F(t)>2
where <F(t)>. is the mean fluorescence signal, and t is the lag time. Assuming that lipid
nanocarriers diffuse freely in a Gaussian excitation volume, the correlation function, G(t),
calculated from the fluorescence fluctuations was fitted according to Thompson 3 :

-1

¢ =1(1 +£)‘1 (1+25)° )

Td

where td is the diffusion time, N is the mean number of fluorescent species within the two-
photon excitation volume, and S is the ratio between the axial and lateral radius of the excitation
volume, B is the brightness par molecules and SD is the standard deviation of signal fluctuation.
The excitation volume is about 0.34 fL and S is about 3 to 4. Typical data recording times were
5 min, using dye-loaded LNCs diluted 1: 10 000 from the originally prepared LNCs. Using 6-
carboxytetramethylrhodamine (TMR from Sigma-Aldrich) in water as a reference, the
hydrodynamic diameter, d, of nanocarriers (LNCs) was calculated as: d(LNCs) = td(LNCs) /
td(TMR ) x d(TMR), where d(TMR) is a hydrodynamic diameter of TMR (1.0 nm).
Concentration of NCs, C(LNCs), was calculated from the number of species by: C(LNCs) =
N(LNCs)/N(TMR) xC(TMR), where N(LNCs) and N(TMR) are observed number of emissive
species for LNCs and TMR samples, respectively and C(TMR) is concentration of TMR (50
nM). The data were obtained based on 20 recorded correlation curves; the recording time for
each curve was 10 s for LNCs and 30 s for TMR.

FCS calibration

The calibration of FCS parameters for in situ release quantification were done by measurement
of SD, N and B for two different mixing systems. The first one was 1% NR668 LNCs and
different concentration of free calcein dyes (0.1, 0.2, 0.5, 1, 2 and 3.6 uM). The second system
is mixture between fixed concentration of calcein (0.2 puM) and variable concentration of
NR668 inside LNCs (0.1%, 0.2% ,0.4%, 0.6%, 0.8%, 1%). Then obtained values of the SD
were normalised with the expression of SD/SDo, where SDy is the standard deviation of initial
particles without leakage (1% wt NR668 LNCs). SD/SDg was plotted vs % NR668 inside LNCs
and the data were fitted with a linear function y=A+B*x where a = 0.08803; b = 0.96141; y is
SD/SDg and x is dye content inside LNCs (wt%).
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Dye release studies

The release of the NR668 dyes was studied by FCS. Dye-loaded LNCs were diluted 10 000
fold (~1.7 nM) to three different media: water, blank nanocarriers at 1000-fold dilution (10-fold
excess with respect to dye-loaded droplets) or 10 % of foetal bovine serum (FBS) in water.
Then, samples were incubated at three different temperatures 20, 37, 60°C, for 0.5, 1, 2, 4, and
6 h. SD was measured as a function of time and then converted into SD/SDg to obtain

quantitative data on the dye release.

Results and discussions

We first wanted to find conditions at which the content of LNCs is released as a function of
time. To this end we used FRET, which is a well-established technique for studying stability of
nanocarriers. FRET was used to follow the integrity of different nanoparticles in vivo, such as
polymeric micelles 3, LNCs!1121436 and HDL.3" It acts like a molecular ruler * to monitor the
proximity between the fluorophores inside LNCs, so that FRET is lost as soon as the dyes are
released from the nanocarriers and diluted into the medium. In our case, NR668 was an energy
acceptor, while another highly hydrophobic dye F888 was chosen as an energy donor, as shown
in our earlier report.!* Nanoemulsion droplets prepared by spontaneous emulsification showed
hydrodynamic diameter of 34 nm and good polydispersity (<0.1) according to DLS. The
presence of the dyes did not affect the polydispersity and the size of LNCs. The increase in the
loading of the FRET pair resulted in the growth of the relative intensity of the acceptor emission,
which is an indication of FRET (Fig 1-A). The highest relative FRET efficiency (~0.75) was
obtained for the LNCs with 0.5 wt% of F888 and NR668. This formulation was selected for the

release studies.
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Fig. 1 - (A) Fluorescence spectra of FRET NCs at different concentrations of donor (F888) and

acceptor (NR668), encapsulated at a 1: 1 molar ratio. The black solid line corresponds to LNCs
containing only the donor. The fluorescence spectra were recorded at 390 nm excitation
wavelength. The dotted line corresponds to direct excitation of the acceptor (NR668) at 390
nm. (B) Relative FRET efficiency (A/(D+A)) as a function of time, for a mixture of LNCs (0.5
wt% F888-NR668) and 10-fold excess of blank LNCs for three different temperatures 20, 37

and 60 °C. Error bars represent the standard error of the mean (n = 3).

The release experiments were performed in 10-time excess of blank LNCs, which was our
model of the recipient medium for hydrophobic dye molecules. This mixture was incubated at
3 different temperatures (20, 37 and 60°C) and the relative FRET efficiency was measured after
0.5, 1, 2, 4, and 6 h of incubation. As shown in fig 1-B, at 20 and 37°C the FRET efficiency did
not change even after 6 h, but at 60°C we observed a decrease in the FRET efficiency already
after the first 30 min and continued decreasing within 6h of the experiment. This decline is due
to increasing of the distance between the donor and acceptor, which necessary implies that there
is a dyes release from our FRET LNCs. These data show that our LNCs can retain the cargo
dyes in the release medium even at 37°C at least for 6 h, which is in line with our earlier report
realized in serum.* Moreover, we found that 60°C is a nice model conditions generating dye
release on the time scale of hours. However, it is hard to directly connect FRET efficiency with

degree of dyes leakage, unless a dedicated model and corresponding calibrations are realized.

Having set up our model release system, we then explored a possibility to quantify the release
using FCS measurements. Since dyes release should affect the nano-droplet brightness and the
quantity of emissive species in solution,?” FCS appears as an promising method to quantify the
dye release. Following this logic, the release of hydrophobic dye into the recipient medium

should result in the increase in the number of emissive species and decrease in the particle
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brightness, as we showed in our earlier work.* However, the problem comes when we do not
know much about the biological medium, where the dye is released. In this case, the
fluorescence of released dye as well as the auto-fluorescence of the medium can alter the
measurements of FCS. Therefore, we introduced fluorescent molecule, calcein, into an external
medium. It is highly soluble and should provide us a background fluorescence that could model
the emission of the released dye and/or of the autofluorescence of the medium. In one series of
experiments, we kept constant NR668 loading, but increased the calcein concentration, whereas
in the second series, the NR668 loading was increased while keeping the constant concentration
of calcein. Increase in the concentration of calcein would mimic release of free dye associated
with appearance of emissive species in the medium, while increase in the NR668 loading would
mimic changes in the dye content in the LNCs because of dye leakage. To realize FCS
measurements, two photon excitation at 830 nm and the emission was collected all over the
whole visible spectrum, so that fluorescence signal from NR668 and calcein could be recorded.
The following FCS parameters were studied: (i) brightness (B), (ii) the number of emissive
species (N) and (iii) standard deviation (SD) of signal fluctuation.

As shown in figure 2A, B, the increase in the calcein concentration increased the N value, but
decreased the B value. This was expected because, higher concentrations of calcein should
imply increase in the number of emissive species. Moreover, as LNCs containing large number
of NR668 are much brighter than single calcein molecules (~74 times brighter according to the
FCS measurement of brightness per particles at 10 mW-830 nm of illumination), the increase
in the number of less bright species decreased the overall brightness per particle. Remarkably,
SD parameter remained unchanged in the broad concentration range of calcein. This parameter
did not change probably because again LNCs being much brighter than calcein was the main
source of the light fluctuation totally controlling the SD value. On the other hand, SD value
showed almost liner dependence on the increase in the NR668 dye loading. Brightness also
increased with NR668 loading, although the dependence was clearly not linear with very slow
increase at low NR668 loadings followed by faster increase at higher loadings. Remarkably,
the number of emissive species showed a complicated behaviour: it rapidly decreased at low
dye loadings and then decreased much slower at higher loadings. These complex behaviours of
B and N parameters is because at very low dye loading, the contribution of the calcein emission
to the auto-correlation curve is still important, increases the overall N values, but decreases B.
At higher loading, LNCs become much brighter than calcein, so that start dominating the

fluctuation analysis. Nevertheless, even at the highest loading the N and B parameters in the
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presence of 0.2 uM calcein were quite different from those for LNCs in miliQ water, whereas

SD showed practically the same values for these two conditions (Fig. 2).
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Fig. 2. Signal fluctuation standard deviation and classical FCS parameters recorded for dye-
loaded NCs in the presence of calcein in the solution. (A) Emissive species number N and
standard deviation SD, as a function of calcein concentration, for a mixture in water of 1 wt%
NR668 LNCs diluted 10000 times with different concertation of calcein. (B) Brightness B in
function of calcein concentration. (C) Emissive specie number N and standard deviation SD, as
a function of NR668 concentration inside LNCs. LNCs are diluted 10000 times in water
containing 0.2 uM calcein. (D) Brightness B as a function of NR668 concentration inside LNCs.
Error bars represent the standard error of the mean (n = 3). The empty symbols in (C) and (D)
represent the parameter N, SD and B for LNCs (NR668) in water.

These two experiments, which model the release of dyes from LNCs suggest that B and N are
not suitable parameters for the release quantification, because they are affected by the molecules

present in medium with nonlinear way. The only parameter, which appear useful for leakage
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quantification is SD. Indeed, it is only affected by the change in the dye content insight bright
LNCs, but is practically independent from free small single molecules of calcein in solution,
which are much less bright than single LNCs. This means that SD can directly indicate the dye

content in LNCs without being influenced by fluorescence of the liberated dye.

However, SD value is not an absolute parameter, and would strongly depend on instrumental
settings, such as laser power and instrumental alignment as well as on the LNCs concentration.
Therefore, we introduced a normalized parameter SD/SDo, where SDo represent the standard
deviation of signal fluctuation for the 1% NR668 LNCs without any leakage. The dependence
of SD/SD, parameter on the NR668 loading content was verified for different laser powers and

concentrations of LNCs.

Thus, dyes-loaded LNCs with different NR668 concentration was measured by FCS setup in
function of two laser powers: 7 and 10 mW. Moreover, the same measurements were performed
in function of nanocarriers concentration. As shown in the figure 3 (A and B), the parameter
SD/SDo was not affected by change in the laser power or nanoparticles concentration, showing
that it is a robust parameter. The obtained dependence of SD/SDo was then then used as a
calibration curve after using linear fit (Fig 3-A). It needs to be mentioned that the LNCs point
at 1 wt% in fig 3-A is a little deviated from the fit, probably due to some self-quenching of the
dyes at the highest loading.
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Fig. 3. Normalised parameter SD/SDo and its dependence on the dye content inside LNCs. (A)
The parameter SD/SDy as a function of NR668 inside LNCs, using two different two-photon
excitation powers. Linear fit for the obtained data. (B) The parameter SD/SDo as a function of
NR668 inside LNCs, with variation in LNCs concentrations. Error bars represent the standard

error of the mean (n=3).

121



Results and discussions

Then a release experiment was performed by incubating 1 wt% NR668 LNCs at 20, 37 and
60°C in three different media: water alone, in the presence of blank nanocarriers or with 10%
FBS.
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Fig. 4. Quantification of release from 1 % (wt.) dyes LNCs in different media at three different
temperatures (20° -37°- 60°) (A) in presence of water. (B) in presence of water and Blank LNCs.
(C) in presence of water and 10% FBS. Error bars represent the standard error of the mean
(n=3).

Within the course of incubation, NR668 LNCs were very stable in water and there was no
release even at 60 °C, because NR668 is very hydrophobic and cannot be released into neat
water. In the presence of blank LNCs or FBS, capable to solubilize NR668, we observed the
dye release at 60°C with approximatively 50 and 75% release for blank LNCs and FBS,
respectively. At 37°C, the dye release was observed only for FBS medium with nearly 50%
release after 6h. The results observed in blank LNCs is perfectly in line with our FRET data
showing dye release exclusively at 60°C. However, in contrast to our FRET data, our
methodology based on FCS enabled quantitative description of the dye release with only one

type of dye pay loaded.
Conclusion

In summary, we have developed a new methodology for quantifying release of fluorescent dye
from lipid nanocarriers. This assay is based on standard deviation parameter measured by
fluorescent correlation spectroscopy. A proof of concept was validated using hydrophobic Nile
Red dye, NR668, encapsulated into lipid nanoemulsion. The results suggest that LNCs remain
intact in water, whereas in FBS medium, they release their content in a temperature-dependent
manner. At 37°C, the release is relatively slow reaching 50% only after 6h of incubation. This

method of quantification is simple, because it requires only detection of standard deviation of
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the signal. This means that the recording can be done in principle without any analysis of auto-
correlation curve. Therefore, we expect this method could be further extended to basic confocal
microscopes, where the release kinetics could be directly followed by recording signal

fluctuation in the focal spot.
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3- Encapsulation and release of molecules in lipid
and polymer nanocarriers evaluated by chemical
bleaching

Nanocarriers are promising tools for drug delivery, due to their ability to cross the biological
barriers, as well as their drug release properties and targeting. In addition, drugs loaded in
nanocarriers can be protected from external degradation, besides having their toxicity reduced
and efficacy increased.

Lipid and polymeric nanocarriers are composed of biodegradable materials and were
extensively investigated as delivery systems in nanomedicine. Their structures give them
diverse properties as drug delivery systems in therapeutics. However, for better optimization
and selection of the right carriers, we need to provide answers to some important questions

concerning nanocarriers and cargos:

- Capacity of the nanocarriers to encapsulate hydrophobic molecules with different level
of hydrophobicity.

- Efficiency of the molecule entrapment and repartition among the nanocarriers.

- Effect of the nanocarriers nature, matrix, size and preparation method on the molecule
repartition and encapsulation.

- The diffusion of the active molecules inside the nanocarriers.

Addressing these problems could give us information about the stability of these nanocarriers
in biological medium, their release rates and profiles and the presence of the burst release
phenomena. Moreover, understanding the physical nature of the nanocarriers core (solid or
liquid?) is important to predict kinetics of encapsulated molecules release.

In the present work, we tried to answer these questions using different lipid and polymeric
nanocarriers. Two dyes were used as a model of drugs: Nile Red and its more hydrophobic
version NR668. In drug delivery research, Nile Red has been used and discussed as a model of
hydrophobic drug to evaluate the solubilisation and the encapsulation inside nanoparticles
[316,317]. Nile Red is highly emissive, displaying solvatochromic properties. It contains a

quinoid fragment, which is a potential target for reduction by sodium dithionite Na>S204[9].
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Based on the reaction of Nile Red bleaching by sodium dithionite Na>S>0a4, we have developed
a technique that can inform us about the physical state of the nanocarriers and the level of
encapsulation of the fluorophore (their accessibility). This technique is based on the bleaching
of the fluorophore Nile Red (NR) and its hydrophobic analogue (NR668) by sodium dithionite,

which bleaching results in a fluorescence inhibition (Figure 1).

Five different lipid and polymer nanocarriers were formulated with NR and NR668 dyes.
Nanoemulsion and solid lipid nanoparticles were generated by the spontaneous emulsification
of dye-loaded oil (NR 0.2 wt% or NR668 0.5 wt%) and non-ionic surfactant (Kolliphor® HS
15), giving rise to fluorescent PEGylated nanocarriers. Labrafac® oil and Suppocire C ® wax
was used for nanoemulsion and solid lipid nanoparticles respectively. PLGA (poly (lactic-co-
glycolic acid) and PMMA-MA (poly (methyl methacrylate-co-methacrylic acid)) nanocarriers
were obtained through nanoprecipitation of an acetonitrile solution of the polymers and the dyes
(NR 0.5 wt% or NR668 0.5 wt% with respect to the polymer) in aqueous phosphate buffer. For
PLGA nanocarriers, the pH of the phosphate buffer used was 7.4 and 3.4 to obtain two different
sizes. For PMMA-MA pH values used were 7.4 and 6.4. Also, other PLGA nanocarriers were
formulated with solvent evaporation methods, using DCM solvent, and ultrasonication process.

W NR/NR668

Lipid nanoparticles

@ Polymeric nanoparticles

Sodium Dithionite
Nazszo4 (20 mM)

F—

Figure 1. Concept of the reduction experiment by sodium dithionite Na>S,O4 with lipid and
polymeric nanocarriers encapsulating NR and NR668.

Size of the obtained nanocarriers was measured by DLS (Figure 2). Similar size was obtained

with NR or NR668 for each kind of nanocarriers. For lipid systems, nanoemulsion
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(LBF NCs) and solid lipid nanoparticles (Sup C NCs) of ~31 nm diameter were formed. PLGA
and PMMA-MA NCs showed a size of 32 and 42 nm, respectively when formed under pH 7.4.
For PLGA at pH 3.4 and PMMA-MA at pH 6.4 the nanocarriers were much larger (170-180
nm). In nanoprecipitation methods the pH is an important factor for the size of polymeric
nanocarriers, because it controls the charge of the free carboxylate groups and therefore the
surface charge of the particles [26]. When formed with solvent evaporation method, the size of
PLGA nanocarriers (PLGA SE) was 245-260 nm.

[ INCs(NR)
300 [ INCs(NR668)
250 - EEa
200 - b
—F
E = & e
o 150
N
7
100
50
O'H\\F:‘"U'&D\'f |mﬂ|mﬂ|
B ORR B BB R R — S R [
A CHR\S Ny AT o0 A o % & (&
I E LS o K

Figure 2. Hydrodynamic diameter of nanocarriers made from different materials as measured
by DLS. The size was measured by volume statistics; error bars correspond to standard error of

mean (n=3).

For these series of NCs, emissions spectra were measured (Figure 3). In the case of NCs
encapsulating NR688 (Figure 3-A), the normalized fluorescence spectra were red shifted for
PMMA-MA. It could be due to the more polar environment within the matrix compared to other
NCs matrixes. All spectra of NR dye inside NCs (Figure 3-B), except the LBF NCs, were
systematically red shifted. We expect that the NR dyes are not well encapsulated and situated
near the surface in a more polar environment.

In Figure 3-C, we could see that at the same concentration of 0.5 wt% both small and large
PLGA nanocarriers showed very low intensity (~12 time less) compared to PMMA-MA
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nanocarriers. This difference is probably caused by the NR668 self-quenching through
aggregation inside the porous matrix of PLGA. By contrast, in PMMA-MA matrix, the
aggregation caused quenching is less pronounced probably because of more homogenous
distribution of the NR668 dyes within the core. The same remark can be made for the Nile Red

dye (NR), the difference between matrixes was less pronounced.
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Figure 3. Fluorescence spectra of lipid and polymeric nanocarriers. (A) Normalized spectra of
nanocarriers encapsulating NR668. (B) Normalized spectra of nanocarriers encapsulating NR.
Emission spectra of PLGA and PMMA encapsulating NR668 (C) and NR (D).

Next step we measured evolution of fluorescence intensity of the nanocarriers in the presence
of the reducing agent sodium dithionite Na2S,O4. Thus, NR668 and NR dyes should be bleached
after reaction with the dithionite and lose their fluorescence. Since sodium dithionite is highly
polar dianion and cannot penetrate in the nanoparticles hydrophobic core, it can bleach the

fluorophore exclusively on the external side (Fig. 1), as it was shown before for lipid vesicles.®
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Figure 4. Normalized fluorescence intensity decays Kinetics of lipid and polymeric nanocarriers
in the presence of sodium dithionite. (A) Nanocarriers encapsulating NR668. (B) nanocarriers

encapsulating NR. (C) Fluorescence anisotropy of PLGA, LBF and Sup C nanocarriers.

As shown in Figure 4-A.B, the fluorescence decay kinetics depends strongly on the nanocarrier
type and the encapsulated dye. It is clear that for lipid NCs the fluorescence decay is much
faster than for polymer NCs. Moreover, in lipid NCs fluorescence drops nearly to zero values,
indicating effective bleaching of nearly all encapsulated dyes. In case of LBF NCs this is clearly
because of diffusion of the dyes inside the lipid core, so that each dye could reach the NCs
surface followed by bleaching.

Generally, for NR the fluorescence decay is much faster than for NR668. In case of Sup C
NCs, the decrease in the fluorescence signal can be explained either by the free diffusion of the
fluorophore inside the lipid matrix, which means that the matrix is not really solid.
Alternatively, one can consider the expulsion of the dyes to the surface after lipid crystallisation,
inducing bad encapsulation rapid bleaching of the dye at the surface of NCs. The first
hypothesis is more valuable, because the NR668 is very well soluble into the Sup C, and it will

be probably hard to expulse this very hydrophobic dye to the surface. Importantly, fluorescence
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anisotropy (Figure 4-C) of NR668 inside Sup C NCs is similar to that in the LBF NCs, with a
value of 0.12. This means that viscosity of the core of Sup C and LBF NCs is similar. Taking
into account that the phase transition temperature of Sup c is 39 °C, we can expect that in form
of small nanoparticles and in the presence of large amount of surfactant, Sup C is in the liquid
state at room temperature.

In polymer NCs, the fluorescence decay was much slower and incomplete compared to lipid
NCs, indicating that the dyes are much better encapsulated inside polymer NCs and cannot
freely diffuse in the core. Nevertheless, for small PLGA nanocarriers (PLGA pH 7.4) after 30
min, 40 % of fluorescence decay was observed, suggesting large accessibility of the dye to the
dithionite agent. We expect that a significant fraction of NR668 (at least 40%) is located at the
NCs surface, allowing relatively fast bleaching by dithionite. The possibility of the fluorophore
diffusion within the PLGA core can be excluded, since the phase transition of PLGA is 65 °C
and the anisotropy measurement gave a value of 0.25, much larger compared to lipid NCs.
When the small PLGA nanocarriers are substituted with the large size PLGA (prepare at pH
3.4, 170 nm), the accessibility of the NR668 to dithionite is reduced, and just 15 % of the dyes
are bleached. This result implies that larger PLGA nanocarriers have better encapsulation and
protection for the hydrophobic dyes NR668. It can be explained by smaller surface to volume
ratio in larger NCs, which would limit exposure of NR668 to the surface.

Then, in case of PMMA-MA nanocarriers of both sizes only 6% of NR668 signal was lost in
the presence of dithionite. This means that PMMA-MA matrix allows better encapsulation and
protection of NR668 compared to PLGA matrix. This conclusion is important for drug
encapsulation with polymer NCs, in order to avoid the problem of burst release happening with
some polymeric nanocarriers. Furthermore, when PLGA NCs is prepared with solvent
evaporation method (PLGA SE), they displayed much lower accessibility of the dyes for
dithionite as compared to NCs prepared by nanoprecipitation. We expect that when using
solvent evaporation method, the dyes are better encapsulated as compared to the
nanoprecipitation. Indeed, nanoprecipitation is a very fast, kinetically controlled process, where
probably poor encapsulation of the dyes should be higher as compared to the solvent
evaporation technique. Larger size of NCs (260 nm) prepared by solvent evaporation could be
the second factor favouring better encapsulation of the dyes.

In the case of the less lipophilic Nile Red dye (log P=3-4.5) [318], after addition of dithionite,
we observed very fast drop of the fluorescence signal in case of LBF and Sup C nanocarriers.
This fluorescence intensity reached zero within 5 seconds, meaning that this kind of molecules

are expulsed to the surface of the nanocarriers, making their bleaching very fast. By contrast,
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NR668 dye (log P = 9.22) is probably localized in the lipidic core [11], and therefore its
interaction with dithionite would require much longer time. For small PLGA NCs the
fluorescence loss reached 80% of the initial signal after 30 min, suggesting that at least 80% of
the NR dyes are accessible at the surface for dithionite reduction agent. Better molecules
encapsulation was found for larger PLGA nanocarriers (170 nm) with just 30 % of fluorescence
loss. Similarly, to the NR668, the Nile Red dyes are well protected in case of PMMA-MA NCs,
with both sizes as well as in PLGA NCs prepared by solvent evaporation method. For this kind
of less lipophilic molecules with log P ~ 3 -4.5, to reach better molecular protection and less
burst release, it is much better to use PMMA-MA matrix. Moreover, solvent evaporation
method ensures better encapsulation of dyes as compared to the nanoprecipitation. These
findings should be important for encapsulation of hydrophobic drugs, such as Paclitaxel,

exhibiting very similar Log P values (log P = 4.5).

It should be noted that our method could clearly distinguish liquid core of lipid NCs from the
solid core of polymer NCs, because the difference in the dithionite bleaching kinetics was
drastic. Finally, to confirm the capacity of this technique to follow the physical state of the
nanocarriers within the same polymeric core, we measured fluorescence decay of PLGA (pH
7.4) NCs encapsulating NR668 in the presence dithionite at different temperatures (Figure 5).
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Figure 5. Normalized fluorescence intensity decay kinetics of PLGA nanocarriers (PLGA

pH7.4) encapsulating NR668 in the presence of sodium dithionite, at different temperatures.
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We could see that the fluorescence decay is much faster for higher temperatures. Higher
temperatures favours transition into liquid phase, allowing the NR668 diffusion within the
nanocarriers core and thus favouring dithionite bleaching, like in lipid NCs. Indeed, the
fluorescence decay kinetics >60°C is similar to that of LBF NCs, which is in agreement with
the theoretical PLGA phase transition of 65°C. However, we should note that very fast changes
in the kinetics of dithionite bleaching was observed already between 20 and 50°C, which
indicates that the polymer starts softening already at this temperature allowing some diffusion
of NR668 dye towards particle surface. This observation is very important as it can show that
kinetics of release in PLGA NCs is strongly temperature-dependent at physiologically relevant
temperatures.

As conclusion, the technique of dithionite bleaching allowed us to determine the parameters
that influence the encapsulation of the nanocarriers content (size, preparation method,
composition, etc). Moreover, this technique helps to investigate the diffusion of active
molecules within the nanocarriers, their accessibility to the surface and, consequently, the
release phenomena. Importantly, we could clearly distinguish NCs containing liquid core from
those containing solid core, because of dramatic differences in the bleaching Kinetics.
Moreover, we found that PMMA-MA is much better than PLGA for encapsulation of lipophilic

molecules (especially with medium lipophilicity) through a nanoprecipitation protocol.
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4- Light-triggered release from dye-loaded
fluorescent lipid nanocarriers in vitro and in vivo
(Publication-3)

Light is an attractive trigger for release of active molecules from nanocarriers in biological
systems. In this work [315], we have described how to use visible light to induce the release of
encapsulated fluorophores in lipid nanocarriers (nanoemulsions), similar to those studied in the
previous chapters. This study was carried out using 32 nm diameter nanoemulsions droplets
synthetized by auto-emulsification process and incorporating NR688, the hydrophobic
analogue of the Nile Red (Figure 1).
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Figure 1. Concept: lipid nanocarriers and the effect of light on the encapsulated Nile Red
derivative NR668.

These nanoparticles do not penetrate into the cells after several hours of incubation at 37 ° C.
However, after illumination under a microscope for 30 seconds at the absorption wavelength of
NR668 (535 nm), fast accumulation of the fluorophore within the cells was shown. This
phenomenon was observed at 1 and 5 wt% of dye loading and characterized by a difference
between intracellular and extracellular fluorescence intensity. These results highlight the role
of the nanocarriers, which encapsulates NR668 preventing its leakage into the cells, but
ensuring its release after the illumination.

The same phenomenon was observed in vivo on zebrafish, where fluorescent probes were
released into endothelial cells and tissues after illumination of nanoparticles circulating in the
blood. By using fluorescence correlation spectroscopy, we have been able to prove that by
illuminating the nanoparticles with defined wavelength and power, a controlled release of the

content is obtained (Figure 2). Since this process is inhibited by the presence of sodium sulfite,
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an oxygen depleting agent, it can be concluded that the mechanism of light-triggered release is
oxygen-dependent, i.e. involves photo-oxidation processes. Nevertheless, we cannot rule out
the possibility of a photo-thermal effect, which could also induce the dye release.
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Figure 2. Fluorescence correlation spectroscopy (FCS) study of the light-induced release of
fluorophore in model biological media. (A) Photorelease in the presence of blank nano-droplets.
(B) Positive control with Red Nile, showing increase in the number of emissive species because
of spontaneous dye release into surrounding blank nano-droplets. (C). Monitoring number of
fluorescent species variation by FCS for NR668-loaded nano-droplets in different media before

and after illumination [315].

Finally, to elucidate whether the whole nanocarriers are delivered or just its content, cells were
incubated with a mixture of nano-droplets encapsulating separately NR668 and F888, highly
hydrophobic dyes of different color. In this situation, both NR668- and F888-loaded
nanocarriers should be detected inside the cells if the whole nanocarriers enter after the
illumination. However, it was revealed that only NR668 signal was observed within the cells
after illumination, suggesting that laser illumination induced the release of the dye content from
NR668-loaded nanocarriers into the cells, but could not really induce internalization of the
whole nanocarriers.

Also, we have shown that illumination of NR668 can provoke the release into the cells of
another highly hydrophobic dye (F888) co-encapsulated into the lipid nanocarriers. On the basis
of these results, dye-loaded lipid nanocarriers appear as a prospective tool for biomedical

applications allowing the release of active molecules controlled by illumination.

This work was published in Colloids and Surfaces B: Biointerfaces; the article is enclosed

below.
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ABSTRACT

Light is an attractive trigger for release of active molecules from nanocarriers in biological systems. Here,
we describe a phenomenon of light-induced release of a fluorescent dye from lipid nano-droplets under
visible light conditions. Using auto-emulsification process we prepared nanoemulsion droplets of 32 nm
size encapsulating the hydrophobic analogue of Nile Red, NR668. While these nano-droplets cannot
spontaneously enter the cells on the time scale of hours, after illumination for 30 s under the microscope
at the wavelength of NR668 absorption (535 nm), the dye showed fast accumulation inside the cells. The
same phenomenon was observed in zebrafish, where nano-droplets initially staining the blood circulation
were released into endothelial cells and tissues after illumination. Fluorescence correlation spectroscopy
revealed that laser illumination at relatively low power (60 mW/cm?2) could trigger the release of the dye
into recipient media, such as 10% serum or blank lipid nanocarriers. The photo-release can be inhibited
by deoxygenation with sodium sulfite, suggesting that at least in part the release could be related to a
photochemical process involving oxygen, though a photo-thermal effect could also take place. Finally, we
showed that illumination of NR668 can provoke the release into the cells of another highly hydrophobic
dye co-encapsulated into the lipid nanocarriers. These results suggest dye-loaded lipid nano-droplets as

a prospective platform for preparation of light-triggered nanocarriers of active molecules.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Triggered release of active molecules from nanocarriers has
been a subject of intensive research in the last decades [1-6].
Various triggers, such as pH, reductive potential, enzymes, tem-
perature, ultrasound, magnetic field and light have been utilized.
Light is particularly attractive in this respect, as it can be focused
at a desired position of a specimen with high spatiotemporal reso-
lution. The most common approaches for light controlled release
utilize molecules that undergo light-controlled isomerization,
photo-polymerization and photo-cleavage [7,8]. Thus, azoben-
zene cis-trans isomerization can trigger release from liposomes
[9] polymer vesicles and micelles [10,11] and inorganic porous
nanomaterials [12,13]. Photo cleavage reactions in o-nitrobenzyl

* Corresponding author.
E-mail address: andrey.klymchenko@unistra.fr (A.S. Klymchenko).

http://dx.doi.org/10.1016/j.colsurfb.2017.05.035
0927-7765/© 2017 Elsevier B.V. All rights reserved.

[14-16], coumarin [17], spiropyran [18,19], malachite green [20],
cynnamic acid [21,22] derivatives, etc can produce photo-driven
hydrophobicity and charge changes, polymer/lipid fragmentation
and de-crosslinking. However, majority of examples of the light-
triggered release from nanocarriers reported to date require UV
light or two-photon excitation [17,23]. The other approach utilizes
surface plasmon and photo-thermal effects, to trigger the cargo
release. In this case, most commonly gold nanoparticles, nano-
rods or nano-shells, are used in combination with polymer, lipid
nanocarrier or thermo-sensitive covalent bonds [24-28]. The plas-
mon absorption in these nanostructures was successfully tuned,
so that they could be activated with almost any desired excita-
tion wavelength from UV up to near-infrared (NIR) region [29,30].
However, photothermal effects using gold nanostrcutures gen-
erally require relatively strong illumination powers [31], which
can be harmful for the biological sample. Upconverting nanopar-
ticles, which convert NIR light into visible and further produce
photochemical effect should be also mentioned, but so far all exam-
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Fig. 1. Concept: lipid nanocarrier and the effect of light on the encapsulated Nile Red derivative NR668.

ples of photo-release with upconversion nanoparticles are limited
to inorganic systems [32,33]. In order to develop organic photo-
responsive systems one should use dyes encapsulated inside a
nanocarrier. In this case, dyes operate as photosensitizers gener-
ating highly reactive singlet oxygen and/or as converters of light
energy into heat. As photosensitizers, organic dyes, due to their
capacity to disrupt biological membranes, were used for photo-
chemical delivery into the cells of molecules and nanoparticles
[34-37]. The use of organic dyes as triggers of molecular release
from a nanocarrier were mainly realized in lipid vesicles, where
local photothermal or photochemical effects were proposed as
driving mechanisms of photo-release [38-42]. The photothermal
effects were also reported for NIR dyes loaded into nanocarriers in
cancer therapy applications [43-45].

Lipid nanoemulsions are an important nanocarrier platform,
as they can be readily prepared from FDA approved agents and
their hydrophobic core can encapsulate drugs and contrast agents
[46-50]. Previously, the group of Texier suggested these lipid
nanocarriers as imaging agents by loading their core with apolar
cyanines [51,52]. We further suggested a particular probe design,
using long alkyl chains and bulky hydrophobic counterions, that can
increase the dye encapsulation together with preservation of the
highly efficient fluorescence [53,54]. Moreover, recent FRET- based
studies revealed their high stability in vitro and in vivo and capacity
to enter tumors in the intact form [55,56]. In particular, we showed
that the use of highly hydrophobic substituents of Nile Red enables
to significantly increase dye loading, preserve good fluorescence
efficiency and drastically decrease the dye leakage [53]. However,
the question remained: can a strong illumination of a large quantity
of dyes confined on the nanoscopic space destabilize lipid droplets?
This point was not studied up to now owing to the difficulty to
encapsulate a large amount of dyes in these nanoscale reservoirs.
Taking recently proposed approaches [53,54], the dye concentra-
tion can be increased up to 5 wt% along with conserving their
fluorescent properties. This is precisely the point that can open the
door to photo-triggered properties. Although Nile Red photosensi-
tizing properties were not described yet, we have shown earlier that
large concentrations of Nile Red-based membrane probe (NR12S)
can produce some photo-damage on cell membranes [57], which
suggests that Nile Red as photo-active molecule to destabilize lipid
nanocarriers.

In the present work, we describe an unexpected phenomenon,
which is the light-triggered release of nano-droplet content, when
encapsulating a hydrophobic Nile Red analogue. We show that the
dye release can be observed both in cell culture and in vivo on a
zebrafish model. The light-induced dye release was validated with

different acceptor media, such as blank nanocarriers and 10% serum
and it can be inhibited in the presence of oxygen scavenger. Finally,
the light-driven release of a co-encapsulated molecule (second
encapsulated dye) along with the Nile Red derivative was validated,
which proposes the route to light-controlled drug release from lipid
nano-droplets.

2. Results and discussion

The idea of light-triggered release from nano-carrier is sum-
marized in Fig. 1. The nano-emulsion droplets can be considered
as reservoir with high local concentration of dyes. Our question
was whether illumination of this large ensemble of dyes within
the small volume of lipid nanocarrier could produce release of its
content due to photophysical or photochemical phenomena. As a
dye for encapsulation, we selected a derivative of Nile Red bear-
ing long alkyl chains (NR668, Fig. 1). Although this dye is expected
to be cell permeant (like parent Nile Red), its high hydrophobic-
ity ensures encapsulation into nano-droplets with minimal leakage
effects, which prevents its fast accumulation in the cells [53].

We first prepared nanocarriers by spontaneous emulsification
of Solutol, Labrafac and NR668 dye in water, which gave 32 nm
particles of low polydispersity index (<0.1) according to dynamic
light scattering. The phenomenon of dye release under light illu-
mination was first studied in cell culture. Solutol® (I(olliphor®) HS
1 5/Labrafac® WL nanoemulsions loaded with hydrophobic Nile Red
derivative NR668 was incubated with cells and studied by wide-
field fluorescence microscopy. Our earlier works showed that no
internalization was observed for the same system even after 2 h of
incubation with HeLa cells [53], which showed that these nanocar-
riers cannot enter the cells on this time scale. Therefore, this system
is ideal for testing the effect of light, as no artifacts due to particle
internalization or dye leakage into the cells was observed. After
30 min of incubation of the cells with the emulsion of nanocarriers
containing 1 wt% of NR668, the cells remained poorly fluorescent,
as the fluorescence of the medium was more intense than that of
the cells. Moreover, after washing of the cells, no significant fluores-
cence was detected inside the cells (Fig. S1), which confirmed that
NR668 nano-droplets did not spontaneously internalize within this
time scale. Then, we illuminated the cells surrounded by NR668-
loaded nanocarriers for 30s at 535 nm (absorption maximum of
NR668 in nano-droplets is 526 nm [53]) using the maximal lamp
power (~14W/cm? power density at the sample level). The light
action resulted in a strong photobleaching of the area of observa-
tion. Indeed, it was observed that initially very bright fluorescence
field became non-fluorescent after the illumination (Fig. 2). Then,
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Fig. 2. Release of dye molecules in vitro. Brightfield (A and C) and fluorescence (B and D) images of Hela cells in the presence of nanocarrier loaded with at 1% (A, B) or
5% (C, D) of NR668. The first images on the left correspond to samples before illumination, while all others are after illumination for 30s at 535 nm with 2 min delay for
each consecutive image. All the experiments were done at 37 °C. (F): difference between intracellular and extracellular fluorescence intensity, li;;-lex, vs time delay after
illumination. The error bars represent the standard deviation of the mean from three independent illumination cycles (n=3). (G-H) Fluorescence images after washing (from

nanocarriers at 5 wt% NR668) showing non-illuminated and illuminated regions.

with time, the fluorescence of the medium started to recover, but
surprisingly the fluorescence of the cells increased with time. This
phenomenon was observed already at 1wt% of dye loading and
took about 10 min to achieve a clear intracellular staining (Fig. 2A
and B), characterized by a significant difference between intracel-
lular and extracellular fluorescence intensity (Fig. 2F). At 5 wt% dye
loading (Fig. 2Cand D), the cell staining after illumination was much
stronger, so that the difference between intracellular and extracel-
lular fluorescence intensity was >3-fold larger compared to that for
1 wt% loading. After cell washing from the nanocarriers, we could
find the initially illuminated regions, where the fluorescence inside
the cells was many-fold larger than that for the non-illuminated
regions (Fig. 2G and H). These experiments clearly showed that
nanocarriers, unable to enter the cells in the dark, can deliver the
dye after illumination. It should be noted that when NR668 dye
without lipid nanocarrier was added directly to the cells from its
DMSO stock solution (final DMSO concentration was 1%), the intra-
cellular fluorescence of this dye was observed (Fig. S1). Earlier
works showed that its parent analogue Nile Red could also spon-
taneously internalize [58], which implies that plasma membrane
is not really a barrier for these hydrophobic dyes. These results
highlight the role of the nanocarrier, which encapsulates NR668

preventing its leakage into the cells, but ensuring its release after
the illumination.

Then, we investigated whether the light-induced release can be
also realized in vivo on zebrafish. Our earlier work showed that
NR668-loaded nanocarriers remained in the blood circulation for
at least 30 min without dye leakage into the endothelial cells of the
vessels and surrounding tissues [53]. Here, we injected nanocarri-
ers containing 5 wt% of NR668 and performed microscopy imaging
as a function of time without and with illumination (through
450-490 nm bandpass filter). Without illumination, the red fluores-
cence of nano-droplets was observed exclusively inside the blood
vessels for at least 60 min (Fig. 3A,B), indicating that the nanocar-
riers remain in the blood circulation without dye leakage into
the tissues. By contrast, after the illumination, we could observe
a progressive increase of the fluorescence in surrounding tissues
between the blood vessels (Fig. 3C-F). The fluorescence intensity,
recorded in the tissue areas showed continuous increase in time
for the observation period of 60 min (Fig. 3G). Thus, the illumina-
tion triggered release of the encapsulated NR668 dye, which then
diffused freely into the surrounding tissues.

To understand better the observed phenomenon of release,
we performed fluorescence correlation spectroscopy (FCS) of our
nanocarriers in different model biological media. FCS is a powerful
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Fig. 3. The photo-induced release of the NR688 dye from the nanoemulsions in the vasculature of living zebrafish embryo. Fluorescence images of tail vasculature (green)
containing NR668 nanoemulsions (red). (A,B) Control non-illuminated embryo, showing no leakage of the dye. (C-F) Embryos illuminated for 5 min through 450-490 nm
bandpass filter, showing a red fluorescence in the tissues surrounding the vessels. Scale bar is 100 wm. (G) The increase in the fluorescence intensity averaged in the ROIs
shown in panel (C) with time. The error bars represent the standard deviation of the mean from two different regions of the embryo (n = 2). (For interpretation of the references
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technique to characterize nanoparticles in situ, which can provide
information about size, concentration and brightness of particles
[53,59,60]. According to our FCS data, the particle size, measured
from the diffusion correlation time of the emissive species was
33 nm (Table S1). This value is remarkably close to the hydrody-
namic diameter obtained for these nanocarriers by DLS (32 nm).
Moreover, the particles concentration for this sample at 1:10000
dilution, evaluated from the number of emissive species per focal
volume, was 1.7 nM. Basic calculation based on known total lipid
concentration in the used nanoemulsion (1.1 x 10~3%) and the mass
of a single 33-nm nano-droplet (1.9 x 10~17 g, assuming density of
the droplet of 1 g/ml), we could estimate that the concentration of
nanocarriers should be around 1.0 nM. The correspondence of the
theoretical and experimental values of the particle concentration
and the match of the particle size obtained from DLS and FCS sug-
gest that after this 10000-fold dilution the nanocarriers remained
practically intact.

In order to monitor the photo-release of the dye, we studied
the number of emissive species, which, according to our earlier
studies, is an important indicator of the dye release [53]. Indeed,
if the dyes are released into the acceptor medium (blank particles
or serum), the number of emissive species should increase (Fig. 4A).
For example, in control experiments without illumination, Nile Red
encapsulated into the nanocarriers showed a low number of emis-
sive species in water and Opti-MEM, where poorly soluble Nile
Red cannot really escape (Fig. 4B). On the other hand, in the pres-
ence of blank nanocarriers or fetal bovine serum (FBS), the number
of emissive species increased drastically, showing that Nile Red
leaked from nanocarriers and distributed in the recipient medium.
By contrast, the number of emissive species for the NR668-loaded
nanocarriers was low for all four studied media (Fig. 4C) and the
size of emissive species remained stable (Table S1). These results
confirmed our earlier data on the high stability of NR668-loaded
nanocarriers against leakage [53]. After illumination with the laser
at 532nm (power density 60 mW/cm?) the number of emissive
species grew drastically in the presence blank nanocarriers and FBS,
but did not change in water and Opti-MEM. The number of emissive
species in the media with blank nanocarriers or FBS grew gradu-
ally on increase in the time of illumination (Fig. 4D). These results
suggest that the dye photo-release is light-dose dependent and
it requires a biological medium containing hydrophobic microen-

vironment. This was expected, because NR668 is highly apolar
(logP=9.22 [53]) and practically insoluble in water. Moreover, as
the number and the size (Table S1) of emissive species in water did
not change after illumination, we could conclude that illumination
did not split the nanocarriers into multiple species. Therefore, the
observed photo-release in the presence of the acceptor medium
as well as in cell and zebrafish embryo is probably related to the
light-triggered dye leakage from the nanocarriers into the sur-
rounding hydrophobic microenvironment. The illumination also
produced adrop in the total fluorescence intensity (Fig. 4E), indicat-
ing the photobleaching of the dye. The latter indicates that NR668
underwent photochemical transformation, which could explain the
destabilization of the nanocarrier with further release of the dyes
into the medium. Photobleaching of dyes is commonly associated
with generation of singlet oxygen that further oxidize the dye or
other components of the nanocarrier. Therefore, we repeated our
FCS experiments in the presence of sodium sulfite. The latter is
a reductive deoxygenating agent, which depletes oxygen through
oxidation into a sulfate anion [61-63]. Remarkably, sodium sulfite
drastically decreased the release of the dye under illumination in
the presence of blank nanocarriers and serum, as it can be seen
from only small change in the number of emissive species (Fig. 4C).
Moreover, sodium sulfite did not show a significant influence on
the fluorescence intensity of the samples before illumination (Table
S1), indicating that it did not act as quencher through electron
transfer or other mechanisms. Overall, these results suggest that
the key mechanism that drives the dye release is linked to the
photo-oxidation that could destabilize the nanocarriers.

The important question is whether illumination of NR668 can
trigger release of other molecules form the nanocarriers. To this
end, we encapsulated into our lipid nano-droplets a second dye,
F888, which was also reported previously to remain inside the
droplets without dye leakage [53], similarly to NR668. Importantly,
the maxima of absorption and emission of F888 in nano-droplets
at 1 wt% loading (388 and 455 nm, respectively) are well separated
from those of NR668 (526 and 592 nm) [53], which should allow
selective excitation and detection of three two dyes by fluores-
cence microscopy. We incubated the dually labeled nanocarriers
with cells for 15 min and then illuminated them for 30 s at 535 nm.
Before illumination, the intracellular fluorescence was weak con-
firming no leakage of the encapsulated dyes in the presence of cells
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Fig. 4. Fluorescence correlation spectroscopy (FCS) studies of the light-induced dye release into model biological media. (A) Scheme explaining the effect of the dye release
on the number of the emissive species. (B) Control experiment showing Nile Red dye release from nanocarriers into blank nanocarriers (NCs) and 10% serum (FBS), which
was recorded as number of emissive species. (C) The effect of 30 min illumination by 532-nm laser (power density 60 mW/cm?) on lipid nanocarriers loaded with NR668
in different media: water, Opti-MEM, blank nanocarriers and FBS. Presence of oxygen-depleting agent sodium sulfite was also tested. (D) Effect of laser illumination time
on the number of emissive species and the total fluorescence intensity of NR668-loaded lipid nanocarriers in different media. The error bars in (B-E) represent the standard

deviation of the mean (n=20 recorded correlation curves).

(Fig. 5A and B). After illumination, the fluorescence recorded at the
NR668 channel showed expected behavior, where the total fluores-
cence decreased significantly after illumination, and then increased
inside the cells in the time period of 10 min (Fig. 5B). Importantly,
the intracellular fluorescence recorded at the channel correspond-
ing to F888 dye (shown in green) increased after illumination and
continued increasing together with that of NR668 (Fig. 5A). Impor-
tantly, the background fluorescence in the F888 channel did not
change after illumination, because this illumination cannot excite
F888 dye. In the control experiment, we incubated the cells with
only F888-loaded nanocarriers. After 30 s illumination at 535 nm,
we found no changes in fluorescence inside the cells (Fig. S2), so that
NR668 was absolutely required to induce release of F888 dye. These
results showed that illumination that excites selectively NR668 dye
inside nano-droplets can trigger the release of the second encap-
sulated dye F888. Thus, a prototype of a photo-release system is
developed, where illumination of nanocarriers could induce the
release of a molecule of interest, for instance in the drug delivery
applications.

Finally, to clarify whether the whole nanocarrier is delivered or
just its content, we incubated the cells with a mixture of nano-
droplets containing separately NR668 and F888. In this case, if
the whole nanocarriers enter after the illumination, then both
NR668- and F888-loaded nanocarriers should be detected inside
the cells. However, it was found that after illumination, only the
NR668 signal was observed inside the cells, whereas the F888 signal
remained low (Fig. 5C and D). This suggested that light illumina-
tion triggered the release of the dye content from NR668-loaded

nanocarriers into the cells, but could not really induce internal-
ization of the whole nanocarrier. Moreover, the fact that F888
did not enter the cells after illumination also suggested that the
photo-release process did not disrupt the cell plasma membranes.
This feature is important in the development of photo-release sys-
tems with minimal photo-damaging effects. Together with the FCS
data, these observations suggest that the light acts at the level
of the nano-droplet, producing destabilization and further cargo
release into the cells. In this respect the described phenomenon
is close to the light-triggered release from lipid vesicles, which
was explained by photo-thermal or photochemical mechanisms
[38-42].The described phenomenon s also relevant to photochem-
ical internalization [34-37], however, in the latter case light acts
mainly at the level of cell membranes.

3. Conclusions

In the present work, a phenomenon of light-induced release
from lipid nano-droplets under visible light conditions is described
for the first time. It was observed using nanoemulsion droplets
of 32nm size encapsulating hydrophobic the analogue of Nile
Red, NR668. These nanocarriers did not enter the cells after sev-
eral hours of incubation at 37 °C, however, after illumination for
30s under the microscope at the wavelength of NR668 absorp-
tion (535nm), fast accumulation of the released dyes inside the
cells was observed. The light-triggered release was also validated
in vivo on zebrafish, where nano-droplets showing stable emission
in the blood circulation, stained surrounding tissues after illumina-
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Fig. 5. Fluorescence imaging of HeLa cells incubated for 15 min at 37 °C with nanocarrier before and after illumination at 535 nm for 30s. Images were taken every 2 min.
(A and B) Nanocarriers encapsulating both dyes F888-NR668 (1 wt% each). (C and G) Mixture of nanocarriers encapsulating separately F888 (1 wt%) and NR668 (1 wt%) dyes
(1:1, v:v). F888 channel: excitation 360/40 nm and emission 470/40 nm. NR668 channel: excitation 535/50 nm and emission 610/75 nm.

tion. Using fluorescence correlation spectroscopy, we showed that
laser illumination at relatively low power (60 mW/cm?) triggered
dye release into 10% serum or blank lipid nanocarriers. As this pro-
cess is inhibited by the deoxygenating agent sodium sulfite, we can
conclude that the mechanism is linked to oxygen-dependent pho-
tochemistry, which destabilizes the nanocarrier. Nevertheless, we
cannot exclude that a photo-thermal effect could also take part, as
proposed in some recent literature for NIR dyes. Finally, we showed
that illumination of NR668 can induce the release of another highly
hydrophobic dye from the lipid nanocarriers, which was observed
as accumulation of both dyes inside living cells. Based on these
results, dye-loaded lipid nano-droplets emerge as a promising plat-
form for light-triggered release of active molecules in biomedical
applications. We expect that this concept could be readily extended
to other dyes, which could induce under light stimulus the release
of drugs from nano-droplets.

4. Materials and methods
4.1. Materials

All chemicals and solvents were purchased from Sigma-Aldrich.
Kolliphor® HS15 non-ionic surfactant (mixture of polyethy-
lene glycol 660 hydroxystearate and free polyethylene glycol
660 and) obtained from BASF (Ludwigshafen, Germany% was
a kind gift from Laserson (Etampes, France), Labrafac’ WL
(medium chain triglycerides) was obtained from Gattefossé
(Saint-Priest, France). MilliQ-water (Millipore) was used in all
experiments. Culture reagents were obtained from Sigma (St.
Louis, USA), Lonza (Verviers, Belgium) and Gibco-Invitrogen (Grand
Island, USA). Opti—MEM® reduced serum medium was from
Gibco. Dihexylamino-2-(2-ethyl-hexyloxy)-benzo[a]phenoxazin-
5- one (NR668) and 4’-Dioctylamino-3-octyloxyflavone (F888)
were synthesized as described before [53].
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4.2. Formulation and characterization of lipid nanoparticle

Lipid nanocarriers were prepared by spontaneous nano-
emulsification. Briefly, NR668 or F888 was solubilised in Labrafac”
WL.Then, I(olliphor® HS 15 was added and the mixture was homog-
enized under magnetic stirring at 90° C. Nano-droplets of 32 nm
diameter were prepared by adding 230 mg of ultrapure water to a
mixture of 35 mg of Labrafac® WL and 65 mg of Kolliphor® HS 15
under intense stirring.

The size distribution of the nanoemulsions was determined by
dynamic light scattering on a Zetasizer® Nano series DTS 1060
(Malvern Instruments S.A., Worcestershire, UK) and by FCS (home-
built setup, see below). In the DLS measurements statistics by
volume was used.

4.3. Cell culture

HelLa cells were cultured in Dulbecco’s modified Eagle medium
(D-MEM, high glucose, Gibco-invitrogen) supplemented with 10%
(v/v) fetal bovine serum (FBS, Lonza), 1% antibiotic solution
(penicillin-streptomycin, Gibco-invitrogen) in a humidified incu-
bator with 5% CO, at 37°C. Cells plated on a 75cm? flask at
a density of 106 cells/flask were harvested at 80% confluence
with trypsin-EDTA (Sigma) and seeded onto a chambered cover-
glass (IBiDi) at a density of 0.1 x 106 cells/IBiDi. After 24h, cells
in the IBiDi dishes were washed 2 times with PBS (phosphate
buffer saline) (Lonza). Then, a solution of dye-loaded nano-droplets
diluted at 1: 1000 in Opti-MEM was added. Microscopy images
were taken after 30-min incubation at 37 °C, unless indicated.

4.4. Microscopy

Fluorescence images were taken on a Leica DMIRE2 inverted
microscope equipped with a Leica DC350FX CCD camera and a ther-
mostated chamber (Life Imaging Services, Basel Switzerland) for
maintaining the temperature at 37 °C. Cy3 filter cube (excitation
535/50 nm, emission 610/75 nm) and DAPI filter cube (excitation
360/40 nm, emission 470/40 nm) were used for detection of NR668
and F888, respectively. A 63 x HCX PLAPO (1.32 NA) was used as an
objective. In the photo-release studies, the illumination for 30 s was
done using the same Cy3 filter cube at ~14 W/cm? power density
of light.

4.5. Fluorescence correlation spectroscopy (FCS) and dye release

FCS measurements were performed on a two-photon platform
including an Olympus IX70 inverted microscope. Two-photon exci-
tation at 830 nm (10 mW laser output power) was provided by a
mode-locked Tsunami Ti: sapphire laser pumped by a Millenia V
solid state laser (Spectra Physics). The measurements were real-
ized in an 96 well plate, using a 50 uL volume per well. The focal
spot was set about 20 wm above the plate. The normalized auto-
correlation function, G(t) was calculated online by an ALV-5000E
correlator (ALV, Germany) from the fluorescence fluctuations, 8F(t),
by G(1)=<8F(t) 8F(t + T) >/< F(t) >2 where <F(t)> is the mean fluores-
cence signal, and 7 is the lag time. Assuming that lipid nanoparticle
diffuse freely in a Gaussian excitation volume, the correlation func-
tion, G(7), calculated from the fluorescence fluctuations was fitted
according to Thompson [64]:

G(r)=%(1+%>71(1+é%)_1/2 (1)

where 14 is the diffusion (correlation) time, N is the mean number
of fluorescent species within the two-photon excitation volume,
and S is the ratio between the axial and lateral radii of the excita-
tion volume. The excitation volume is about 0.34 fL and S is about

3-4. Typical data recording times were 5min, using dye-loaded
lipid nanoparticle diluted 1: 10 000 from the originally pre-
pared nanoparticle. Using 6-carboxytetramethylrhodamine (TMR
from Sigma-Aldrich) in water as a reference, the hydrody-
namic diameter, d, of nanocarriers (NCs) was calculated as:
dnes = Td(Nes)/TdcrvRr) X dTvr, where dvr is a hydrodynamic diam-
eter of TMR (1.0 nm). Concentration of NCs was calculated from the
number of species by: Cncs = Nncs/Ntvr x Crmr, using a TMR con-
centration of 50 nM. The data were obtained based on 20 recorded
correlation curves; the recording time for each curve was 10s for
NCs and 30s for TMR.

For the dye release studies by FCS, dye-loaded nano-droplets
were diluted 10 000 fold to four different media: water, Opti-
mem, blank nanocarriers at 1000-fold dilution (10-fold excess with
respect to dye-loaded droplets) and 10% of FBS in water (serum).
Each sample was placed into special 50 il cuvette and the whole
sample was illuminated with 532-nm laser at ~60 mW/cm?2 power
density for different time (10 and 305, 10, 20 30 and 60 min) and
we measure number of species and total count rate.

4.6. In vivo studies in zebrafish

Zebrafish were keptat 28 °Cand bred under standard conditions.
The transgenic line, Tg(flk1:eGFP) [65], expressing eGFP specifi-
cally in the endothelial cells, was used in order to visualize the
vasculature. For the angiography, the embryos, 3 days after fertil-
ization, were anaesthetized in egg water containing 0.04% tricaine
and 0.05% phenyl thiourea (Sigma-Aldrich) and immobilized in 0.8%
low melting point agarose (Sigma). The injections were performed
using a Nanoject microinjector (Drummond Scientific, Broomal, PA,
USA). The glass capillary was filled with NR668-loaded nanocar-
riers (5wt% in oil) in 5mM HEPES (1000-fold dilution) and 2.3 nL
were injected in the sinus venosus of the embryos. The nanocarriers
were immediately distributed in all the vasculature. The injected
embryos were placed on the microscope stage and imaged within
5 min after injection. Intravital confocal microscopy was performed
on a Leica SP5 fixed stage direct microscope with a 25x (NA 0.95)
and 10x (NA 0.3) water immersion objectives. 488 nm argon laser
line was used to excite both eGFP and the NR668 dyes, and their
emission was detected by two separate PMTs in the spectral range
500-530 nm and 620-650 nm, respectively. At these conditions, no
cross-talk between the channels was observed. The illuminations
for the light-driven release were performed with a xenon lamp in
epifluorescence mode using a 450-490 nm band pass filter. Con-
focal z-stacks and time lapses were recorded and treated by the
Image] software (rsbweb.nih.gov/ij/). The embryos were imaged
during one hour postinjection and no toxicity due to the injection or
to the illumination was observed. All experiments performed with
zebrafish complied with the European directive 86/609/CEE and
IGBMC guidelines validated by the regional committee of ethics.
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vitro and in vivo
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Figure S1. Bright field and fluorescence images of Hela cells. (A1-A2) NR668 nanocarriers
incubated for 15 min with HeLa cells. (B1-B2) NR668 nanocarriers incubated for 15 min with
cells then washed by PBS. (C1-C2) NR668 without nanocarriers (added from DMSO)
incubated for 15 min with cells. The signal in C2 is multiplied 20-fold for visibility. All
experiments were done at 37 °C. (D1-D2) Control image of HelLa cells without NR888 using

the same microscopy settings. The size of the images was 140 x 105 um.
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Before 2 min 4 min 6 min 8 min

Figure S2. Fluorescence imaging of HelLa cells incubated for 15 min at 37 °C with F888-

loaded nanocarrier (at 1 wt%) before and after illumination for 30 s. Each figure was taken
every 2 min.

146



Table S1. FCS data of nanoemulsions in different media before and after illumination.?

Sample Cps N Ty Chi2 Brightness C Size
(kHz) (ms) (kH2) (nM) (nm)
Before illumination
Water 32.1 0.82 1.35 0.999 38.8 1.7 33
Blank NCs 33.8 0.81 1.31 0.999 40.5 1.7 32
Blank NCs + 29.8 0.92 1.41 0.999 321 1.9 34
Na2803
Opti-MEM 33.1 1.00 1.41 0.999 32.0 2.1 34
FBS 29.6 1.12 1.38 0.999 26.3 2.3 33
FBS + Na,S0; 32.1 1.26 1.42 0.999 25.6 2.6 34
After illumination
Water 10.2 0.83 1.37 0.999 12.3 1.7 33
Blank NCs 18.6 3.63 1.28 0.998 5.11 7.5 31
Blank NCs + 13.6 1.23 1.43 0.999 11.0 2.6 34
Na,SO;
Opti-MEM 12.1 1.02 1.39 0.998 11.9 2.1 33
FBS 17.2 4.45 1.30 0.996 3.86 9.2 31
FBS + Na,S0; 16.4 1.96 1.34 0.998 8.32 4.1 32
TMR (rhodamine) | 67.0 | 2408 | 0.0417 | 0.998 2.77 50 1.0

2 The effect of 30 min illumination by 532-nm laser (power density 60 mW/cm?) on lipid
nanocarriers (NCs) loaded with NR668 in different media: water, Opti-MEM, emulsion of
blank nanocarriers and FBS. In some samples oxygen depleting agent sodium sulphide
(Na,S0s) was used. Cps: count rate. N: the mean number of emissive species within the two-
photon excitation volume. Chi2: the goodness of the fit. 14: diffusion (correlation) time. C:
concentration of emissive species. Size: the hydrodynamic diameter of NCs (dncs) was
calculated as: dncs = Tancs)/ Tdrmr) X Orvr, Where dur is @ hydrodynamic diameter of TMR
(1.0 nm). Each value is the mean of 20 recorded correlation curves (the recording time for
each curve was 10 s for NCs and 30 s for TMR).
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Conclusion and perspectives

Conclusion and perspectives

The aim of my PhD project was dedicated to the development of fluorescence methods for
characterization of lipid nanocarrier integrity and the release of actives molecules in vitro and
in vivo.

In the first part of my work, Forster resonance energy transfer (FRET) technique was used to
follow the integrity of lipid nanocarriers and they release in vitro and in vivo. To address this
problem, we developed lipid nanocarriers (nanoemulsions) of 100 nm size encapsulating
lipophilic near-infrared cyanine 5.5 and 7.5 dyes. The excellent brightness and efficient FRET
inside the nanocarriers enabled for the first time quantitative fluorescence ratiometric imaging
of nanocarriers integrity directly in the blood circulation, liver and tumor xenografts of living
mice, using a whole-animal imaging set-up. The results revealed that in blood circulation of
healthy mice, the integrity of the nanocarriers is preserved at 93% 6h post-administration.
Through enhanced permeability and retention (EPR) effect, they accumulate rapidly in tumors
while preserving their integrity (77% after 2h), and further disintegrate in liver with a half-life
of 4.4h. Thus, nanoemulsions can be promising candidates for drug delivery and cancer
targeting because they can deliver the cargo up to the targeted tumor before getting

disassembled.

Then, based on fluorescence correlation spectroscopy (FCS) analysis, we developed a simple
method for the in vitro release quantification from lipid nanocarriers (NCs). A modified Nile
Red (NR668) dye was encapsulated inside the nanocarriers as model for hydrophobic drug.
Initially, we made a calibration, where the important FCS parameters for the quantification of
dye release were identified. As a result, we showed that standard deviation of the signal
fluctuation is a key parameter for FCS quantification. Unlike classical FCS parameters, such as
correlation time, number and brightness of the emissive species, the standard deviation
depended exclusively on the dye content inside nano-droplets, being independent from the
presence of emissive species. Moreover, we introduced a normalized parameter of standard
deviation which was independent from the nanocarrier concentration and the laser power. Then,
using different media, an evaluation of the NR668 release from NCs at different temperatures
was performed. We showed that NCs were intact in water, but showed slow dye release at 37
°C in 10% Foetal bovine serum (FBS), and at 60° the release in FBS was the fastest reaching
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75 % after 6h. Our new approach is quantitative, universal and very easy to apply to other
nanocarrier systems. Moreover, as our method requires simple recording of the fluctuation of
the signal (standard deviation of the fluctuation) without building an auto-correlation curve, we
expect that our method could be extended to a conventional confocal microscope. This means
that evaluation of the release from NCs would become really simple and accessible for any
laboratory having confocal fluorescence microscope without a dedicated FCS module.
However, additional work is needed to validate this idea.

The next step of the project was to understand the encapsulation of hydrophobic molecules
inside lipid and polymeric nanocarriers. For this purpose, a new method was developed based
on the chemical bleaching of a fluorescent dye by sodium dithionite Na»S,04. The Nile Red
and NR668 dyes were encapsulated into different nanocarriers: liquid lipid nanocarriers, solid
lipid nanocarriers, PLGA and PMMA-MA nanocarriers. The effect of lipid and polymer matrix
on the chemical bleaching of encapsulated dyes was studied, in addition to the effects of the
size and the preparation methods. The bleaching process monitored from the fluorescence
intensity of encapsulated dyes was much faster in lipid NCs compared to polymer NCs,
independently of the dye used. We concluded that all lipid NCs tested in our work present liquid
core, so that the encapsulated dyes can freely diffuse towards the particle surface resulting in
rapid beaching of all dyes inside NCs. However, we also found that NR668 was bleached
significantly slower than Nile Red, indicating that molecules of higher hydrophobicity are much
less assessable to the aqueous medium. Therefore, one should expect much slower release of
NR668 to the biological medium compared to Nile Red. Indeed, our FCS as well as FRET
studies confirm this conclusion. Secondly, in all polymer NCs, the bleaching was much slower
than in lipid NCs, suggesting that encapsulated dyes cannot diffuse in the solid matrix to the
particle surface and, therefore, they are better protected from the bleaching agent. Moreover,
the bleaching reaction was the fastest in case of smaller sized PLGA NCs, probably because
they present higher surface to volume ratio. Moreover, our bleaching methodology revealed
than PLGA NCs prepared by solvent evaporation are bleached much slower than those prepared
by nanoprecipitation. The difference between the methods was especially drastic for less
hydrophobic Nile Red, indicating much better encapsulation of dyes using solvent evaporation
method. Unlike solvent evaporation, nanoprecipitation is a kinetically controlled process, and,
therefore, some fraction of the dye may not have enough time to be encapsulated into newly
formed particles. Finally, PMMA-MA based NCs displayed much slower bleaching reaction,
suggesting that nanoprecipitation of PMMA-MA NCs provides much better encapsulation of
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dyes compared to PLGA NCs. Thus, our methodology can detect differences between different
NCs. In particular, it can distinguish solid vs liquid core NCs and it can show which formulation
ensures better encapsulation of the dyes with minimal diffusion to the surface. This means that
the bleaching method could evaluate the resistance of NCs against burst release and allow
prediction of release profile in biological media. We expect that the proposed method could be
extended to other nanocarriers. However, for the moment this method is still not quantitative
and therefore, it would be important to extract quantitative information from the fluorescence

decay kinetics in order to evaluate the degree of encapsulation and burst release.

Finally, I investigated the possibility of using light as trigger for controlled release of active
molecules from lipid nanocarriers in vitro and in vivo in zebrafish. As a model of active
molecules, NR668 the hydrophobic analogue of the Nile Red, was encapsulated into
nanoemulsion droplets. Then, visible light was used to induce the release of encapsulated
fluorophores in lipid nanocarriers. The release of the fluorophore and further accumulation into
the cells was shown to be light-dependent. According to fluorescence correlation spectroscopy
(FCS), this release is related to a photochemical process involving oxygen. In addition, we
showed that illumination of NR668 can provoke the release into the cells of another highly
hydrophobic dye co-encapsulated into the lipid nanocarriers. This system appears as promising
platform for light-triggered release of active molecules in biomedical applications. We expect
that other dyes encapsulated at large concentration could show similar light-triggered release
from lipid NCs, so that the light-triggered release could be in principle achieved for different

excitation wavelengths.

Obtained results suggest that nanoemulsion-based lipid nanocarriers have a great potential as
drug delivery carriers. Large variety of therapeutics molecules could be encapsulated, and
delivered by the EPR effect. Also, they display a very good stability and biodistribution in vivo.
Nanoemulsions can be a platform for controlled triggered release of active molecules, with a
variety of stimulus. Moreover, surface modifications of lipid nanocarriers may be considered
for targeting applications. However, at the moment it remains a challenge before the surfactants
at the surface of nanoemulsion droplets are quite mobile and can easily detach from the surface
in biological media. Finally, the developed fluorescence techniques provided suitable tools to
overcoming the challenges and the difficulties of obtaining rapid quantitative characterization
of nanocarriers such as stability and cargo release directly in biological medium. In addition,
these new methods can be applied to a variety of organic and inorganic nanocarriers and could

become standard benchmarks for evaluation of nanocarriers.
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Materials and Methods

1- Materials

All chemicals and solvents for synthesis were from Sigma Aldrich. Cremophor ELP®
(Kolliphor ELP®), Kolliphor® HS15 non-ionic surfactant (mixture of polyethylene glycol 660
hydroxystearate and free polyethylene glycol 660 and) were from BASF (Ludwigshafen,
Germany). Labrafac WL® (medium chain triglycerides) and Suppocire C® were from
Gattefossé (Saint-Priest, France). Ultrapure water was obtained using a MilliQ® filtration
system (Millipore, Saint-Quentin-en-Yvelines, France). Foetal bovine serum (FBS) was
acquired from Lonza (Verviers, Belgium) and Gibco-Invitrogen (Grand Island, USA). Culture
reagents were obtained from Sigma (St. Louis, USA), Lonza (Verviers, Belgium) and Gibco-
Invitrogen (Grand Island, USA). Opti-MEM® reduced serum medium was from Gibco. Nile
Red and Calcein dyes were purchased from sigma Aldrich. Sodium hydrosulfite from Alfa

Aesar.

Poly(D,L-lactide-co-glycolide) (PLGA, lactide 50 mol %, glycolide 50 mol %, acid terminated,
Mn 24 000, PDI 1.7, and Mn 8800, PDI 1.7), poly-(methyl methacrylate-co-methacrylic acid)
(PMMA-MA, 1.3% methacrylic acid, Mn ~15 000, Mw~34 000) were purchased from Sigma-
Aldrich. Sodium phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic
dihydrate (>99.0%, Sigma-Aldrich) were used to prepare 20 mM phosphate buffer solutions.

2- Methods
2.1- Synthesis of NR668 and F888

The synthesis of 4’-Dioctylamino-3-octyloxyflavone (F888) and 9-Dihexylamino-2-(2-ethyl-
hexyloxy)-benzo[a]phenoxazin-5- one (NR668). was performed by levgen Shulov as described
in ref [1].
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2.2- Synthesis of Cy5.5LP and Cy7.5LP

The synthesis of Dioctadecylcyanine 5.5 tetraphenylborate (Cy5.5LP) and Dioctadecylcyanine
7.5 tetraphenylborate (Cy7.5LP) was performed by Bohdan Andreiuk.

Cy5.5LP Cy7.5LP

1,1,2-trimethyl-3-octadecyl-1H-benzo[elindol-3-ium iodide (1). 250 mL round-bottom flask

equipped with magnetic stirring bar was charged with 1,1,2-Trimethylbenz[e]indole (1 eq., 6.88
g, 32.9 mmol) and 1-iodooctadecane (2 eg., 25 g, 65.7 mmol), 100 mL of 2-butanone was added
subsequently. Reaction mixture was refluxed for 24h, then cooled down to r.t. Reaction mixture
was cooled down to r.t., diethyl ether was added and formed solid part was filtered off and
washed with 100 mL of diethyl ether. Obtained crystals of crude product were re-dissolved in
DCM and precipitated back while by adding diethyl ether, afterwards filtered and washed with
diethyl ether. Product was obtained as slightly green crystals in 76% yield (14.73Q).

IH NMR (400 MHz, CDCls) 5 8.10 (d, J = 8.7 Hz, 1H), 8.08 (dd, J = 8.0, 1.1 Hz, 1H), 8.04 (dd,
J=8.2,13Hz, 1H), 7.76 (d, J = 8.9 Hz, 1H), 7.72 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.65 (ddd, J
=8.1,6.9, 1.2 Hz, 1H), 4.78 (t, J = 7.7 Hz, 2H), 3.19 (s, 3H), 1.97 (p, J = 7.8 Hz, 2H), 1.87 (s,
6H), 1.52 — 1.41 (m, 2H), 1.40 — 1.30 (m, 2H), 1.28 — 1.19 (m, 26H), 0.85 (t, J = 7.0 Hz, 3H).

13C NMR (100 MHz, CDCls) § 195.25, 138.34, 137.29, 133.82, 131.56, 130.17, 128.77, 127.97,
127.74, 122.96, 112.59, 56.04, 50.56, 32.00, 29.77, 29.76, 29.73, 29.70, 29.65, 29.55, 29.43,
29.41, 29.24, 28.26, 26.92, 22.85, 22.76, 17.03, 14.18.

HRMS (m/z): [M]* calcd for CasHsaN 462.40943; found 462.40854.

Dioctadecylcyanine 5.5 chloride (2).1,1,2-trimethyl-3-octadecyl-1H-benzo[e]indol-3-ium

iodide (1) (1 eq., 2 g, 3.39 mmol) was placed in 50 mL round-bottom flask. 10 mL of dry
pyridine was added via syringe. Then, 1,1,3,3-tetramethoxypropane (1.5 eq., 0.835 g, 0.838
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mL, 5.09 mmol) was quickly added dropwise to the boiling solution of indoleninium salt using
syringe. Reaction mixture was stirred under reflux for 3h. After cooling down to room
temperature solvent was removed under reduced pressure. To the obtained residue 50 mL of
dichloromethane were added. Obtained solution was washed three times with 1N HCI, then
with brine and water. The crude product was purified by flash column chromatography on silica
gel using ethyl acetate/dichloromethane (9:1) mixture as eluent. Cyanine was obtained as dark
blue-greenish viscous oil in 76% yield (2.8 g).

IH NMR (400 MHz, CDCls) § 855 (t, J = 13.0 Hz, 2H), 8.20 (d, J = 8.5 Hz, 2H), 7.90 (d, J =
8.6 Hz, 4H), 7.64 — 7.54 (m, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.32 (d, J = 8.8 Hz, 2H), 6.74 (t, J =
12.4 Hz, 1H), 6.24 (d, J = 13.7 Hz, 2H), 4.14 (t, J = 7.5 Hz, 4H), 2.12 (s, 12H), 1.83 (p, J = 7.6
Hz, 4H), 1.46 (p, J = 7.6, 7.0 Hz, 4H), 1.40 — 1.33 (m, 4H), 1.30 — 1.18 (m, 52H), 0.85 (t, J =
6.7 Hz, 6H).

13C NMR (100 MHz, CDCls) § 174.60, 153.33, 139.40, 134.46, 131.81, 130.44, 129.94, 128.32,
127.83, 125.11, 122.65, 110.44, 103.10, 51.53, 44.64, 32.00, 29.79, 29.77, 29.74, 29.70, 29.66,
29.55, 29.48, 29.44, 27.93, 27.80, 27.08, 22.77, 14.21.

HRMS (m/z): [M]" calcd for CesH103N2 959.81158; found 959.8098.

Dioctadecylcyanine 7.5 chloride (3).1,1,2-trimethyl-3-octadecyl-1H-benzo[e]indol-3-ium
iodide (1) (2.2 eq., 1029 mg, 1.75 mmol) and glutaconaldehydedianil hydrochloride (1 eq., 226
mg, 0.794 mmol) were mixed in 10ml of pyridine, afterwards Ac.O (13.4 eg., 1087 mg, 1 mL,

10.6 mmol) was added and the reaction mixture was heated to 60 °C while stirring and left for
3h. After reaction was finished, solvents were evaporated at vacuum, and the crude product was
dissolved in DCM, washed with 0.1 N HCI (3 times), brine and water. DCM layer was dried
over Na>SOs, the solvent was evaporated and the product was purified by column
chromatography on silica (gradient DCM/MeOH 99/1 - 95/5). Product was obtained as a green
solid (926 mg, 0.906 mmol, 52 %)

IH NMR (400 MHz, CDCl5): 5 8.16 (d, J=8Hz, 2H), 8.06 (t, J=12Hz, 2H), 7.97 (bs, 1H), 7.92
(d, J=8Hz, 4H), 7.61 (t, J=THz, 2H), 7.46 (t, J=7Hz, 2H), 7.35 (d, J=9Hz, 2H), 6.67 (t, J=12Hz,
2H), 6.25 (d, J=12Hz, 2H), 4.14 (bs, 4H), 2.04 (s, 12H), 1.87 (m, J=7Hz, 4H), 1.49 (m, J=THz,
4H), 1.39 (m, J=7Hz, 4H), 1.26 (bs, 52H), 0.88 (t, J=7Hz, 6H)
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13C NMR (100 MHz, CDCls): § 173.07, 157.04, 151.02, 139.74, 133.98, 131.83, 130.59,
130.09, 128.41, 127.87, 126.27, 125.06, 122.47, 110.56, 103.39, 51.155, 44.76, 32.06, 29.842,
29.807, 29.76, 29.72, 29.60, 29.53, 29.50, 27.86, 27.14, 22.82, 14.26

HRMS (m/z): [M]" calcd. For C71H10sN2" 985.8272; found 985.8290.

Dioctadecylcyanine 5.5 tetraphenylborate (Cy5.5LP).

Dioctadecylcyanine 5.5 chloride (1 eq., 100 mg, 0.1 mmol) was dissolved in 5 mL of DCM,
sodium tetraphenylborate (3 eq., 103 mg, 0.301 mmol) was added and the dispersion was
sonicated for 5 min. TLC control has shown full conversion. Afterwards, the mixture was
purified on a silica column, eluent DCM/MeOH 95/5 (product goes almost with front).
Dioctadecylcyanine 5.5 tetraphenylborate (109.2 mg, 0.085 mmol, 85 %) was obtained as blue-

green viscous oil and used without further characterisation.

Dioctadecylcyanine 7.5 tetraphenylborate (Cy7.5LP).

Dioctadecylcyanine 7.5 chloride (1 eq., 200 mg, 0.18 mmol) was dissolved in 5 mL of DCM,
sodium tetraphenylborate (3 eq., 184 mg, 0.539 mmol) was added and the dispersion was
sonicated for 5 min. TLC control has shown full conversion. Afterwards, the mixture was
purified on a silica column, eluent DCM/MeOH 95/5 (product goes almost with front).
Dioctadecylcyanine 7.5 tetraphenylborate (218 mg, 0.167 mmol, 93 %) was obtained as green

viscous oil and used without further characterisation.

2.3- Preparation of lipid nanocarriers

Cy5.5LP and Cy7.5LP loaded lipid nanocarriers were produced by spontaneous nano-
emulsification. Briefly, the dyes were firstly dissolved in Labrafac WL® (56 mg) at
concentrations ranging from 0.1to 1% by weight. Then, Cremophor ELP® (also called
Kolliphor ELP®) was added (44 mg), and the mixture was homogenized under magnetic stirring
at 37°C for 10 minutes up to complete homogenisation. Finally, nanoemulsions were generated
with the addition of ultrapure (Milli-Q) water (230 mg).

Spontaneous nano-emulsification was also used for the preparation of NR668 or F888
nanocarriers. The dyes (NR668 or F888) in LabrafacWL® (35 mg) at concentrations of 1% by
weight (unless indicated). Then, Kolliphor® HS 15S was added (65mg), and the mixture was
homogenized under magnetic stirring at 90 °C for 5 min up to complete homogenisation.

Finally, nanocarriers were generated with the addition of ultrapure (Milli-Q) water (230 mg).

156



Materials and Methods

Solid lipid nanocarriers with the wax Suppocire C® (SupC) encapsulated NR688 was prepared

with the same protocol.

2.4- Preparation of polymer nanoparticles

PLGA and PMMA-MA nanocarriers was prepared by nanoprecipitation methods. Stock
solutions of polymers in acetonitrile were prepared at a concentration of 10 mg/ml. These
solutions were then diluted with acetonitrile containing desired amount of dye, to the
concentration of 1 or 2 mg/ml. 50 uL of the polymer solutions were then added quickly using a
micropipette and under shaking (Thermomixer comfort, Eppendorf, 1000 rpm) to 450 uL of
water or buffer. PLGA and PMMA-MA based nanoparticles were prepared at 21°C. The
particles solution was then quickly diluted 5-fold with the same buffer. For varying the size of
NCs the value of pH of buffer was changed from 7.4 to 6.4 for PMMA-MA and 3.4 for PLGA.

For PLGA SE, the single-emulsion (O/W) solvent evaporation method was adopted. Briefly,
20 mg of PLGA was dissolved into 2.5 ml of dichloromethane containing NR668 dye. This
organic phase was added to 6 ml of 0.5% polyvinyl alcohol (PVA) aqueous solution and
sonicated at 40 W using a probe sonicator for 5 min in an ice bath. Organic solvent was
evaporated under vacuum evaporation. The nanosuspension was then centrifuged for 5 min at

10000xg to separate unloaded material and remove Ti-particles.

2.5- Nanocarriers size characterization

Dynamic light scattering measurements were performed on a Zetasizer Nano series DTS 1060
(Malvern Instruments S.A.). with a laser source of 633 nm. The size was calculated by volume

statistics.

2.6- Fluorescence spectroscopy

Absorption and fluorescence spectra were recorded on a Cary 4 spectrophotometer (Varian)
and a Fluoromax 4 (Jobin Yvon, Horiba) spectrofluorometer, respectively. Fluorescence
emission spectra were performed at room temperature with 670 and 760 nm excitation
wavelengths for Cy5.5LP and Cy7.5LP loaded nanocarriers, respectively. 520 nm excitation
wavelengths was used for NR668 loaded nanocarriers and 390 nm for F888. The emission
spectra were corrected from for the wavelength-dependent response of the detector. All
fluorescence measurements were done using solutions with absorbance < 0.1 at the wavelength

of excitation. For NCs (Cy5.5LP - Cy7.5LP ), the relative fluorescence quantum yield was
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measured using DiD dye in methanol (QY = 33%) as reference using excitation at 630 nm [47].
Anisotropy was measured on a Fluorolog spectrofluorometer (Jobin Yvon, Horiba) on a T-

configuration.

2.7- FRET-based stability test

The stability of lipid nanocarriers was estimated using Forster resonance energy transfer
(FRET) between two encapsulated dyes. 1 wt% of Cy5.5LP (with respect to Labrafac WL®) as
energy donor and 1 wt% of Cy7.5LP as energy acceptor were used. The nanoemulsion was
diluted 10000 times from the original formulation and incubated in water and 100 % of foetal
bovine serum (FBS). High dilution was needed to avoid saturation of serum by lipids of NCs.
The donor in the nanocarriers was excited at 670 nm. The semi-quantitative parameter of FRET
efficiency was calculated according to the following equation E = A/(A+D) [48], where A and
D are the maximum of fluorescence intensity of the acceptor and donor, respectively. In case
of nanocarriers containing 0.5 wt% of F888 as energy donor and 0.5 wt% of NR668 as energy
acceptor, the NCs were diluted 1000 times from the original formulation and incubated in water
and 10% of blank nanocarriers (without dyes). The donor in the nanocarriers was excited at 390

nm and the emission was measured for both donor and acceptor dyes.

2.8- Fluorescence correlation spectroscopy (FCS) and dyes release

FCS measurements of lipid NCs loaded with NR668 and Nile Red were performed on a two-
photon platform including an Olympus IX70 inverted microscope. Two-photon excitation at
830 nm (7 to 10 mW laser output power) was provided by a mode-locked Tsunami Ti: sapphire
laser pumped by a Millenia V solid state laser (Spectra Physics). The measurements were
realized in a 96 well plate, using a 50 puL volume per well for light trigger release studies and
200 pL for the others. The focal spot was set about 20 um above the plate. The normalized
autocorrelation function, G(t) was calculated online by an ALV-5000E correlator (ALV,
Germany) from the fluorescence fluctuations, 8F(t), by G(t) = < 8F(t) 8F(t + 1) > / < F(t) >2
where < F(t) > is the mean fluorescence signal, and t is the lag time. Assuming that lipid
nanoparticle diffuse freely in a Gaussian excitation volume, the correlation function, G(t),

calculated from the fluorescence fluctuations was fitted according to Thompson [64]:

-1

6w =(1+ 1)_1 (1+5-)°

N Tq SZ T4
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where 14 is the diffusion (correlation) time, N is the mean number of fluorescent species within
the two-photon excitation volume, and S is the ratio between the axial and lateral radii of the
excitation volume. The excitation volume was about 0.34 fL and S was about 3 to 4. Typical
data recording using dye-loaded lipid NCs diluted 1 : 10 000 from the originally prepared
formulatrion. Using 6-carboxytetramethylrhodamine (TMR from Sigma-Aldrich) in water as a
reference, the hydrodynamic diameter, d, of nanocarriers (NCs) was calculated as: dncs = td(nes)
/ TdTMR) x dTmR, Where drmr is @ hydrodynamic diameter of TMR (1.0 nm). Concentration of
NCs was calculated from the number of species by: Cncs = Nncs/Ntvr % Ctvir, Where Nnecs and
Ntmr are numbers of emissive species for NCs and TMR, respectively, and Ctmr isa TMR
concentration of 50 nM. The data were obtained based on 20 recorded correlation curves; the
recording time for each curve was 10 s for NCs and 30 s for TMR.

For release studies, dye-loaded nanocarriers were diluted 10 000 fold (1.7 nM) to four different
media: water, Opti-mem, blank nanocarriers at 1000-fold dilution (10-fold excess with respect
to dye-loaded droplets) and 10 % of FBS in water (serum).

For light-trigger release studies, the NCs were placed into special 50 uL cuvette and the whole
sample was illuminated with 532-nm laser at ~60 mW/cm? power density for different time (10
and 30 s, 10, 20 30 and 60 min) and we measured number of species (N) and total count rate
(CPS).

For the in situ release quantification studies, a calibration of FCS parameter was done by
measurement of SD, N and B for two different mixing system, the first one was 1 wt% NR668
NCs and different concentration of free calcein dyes (0.1, 0.2, 0.5, 1 and 2 uM, 3.6uM). The
second system is mixture between fixed concentration of calcein (0.2uM) and variable
concentration of NR668 inside NCs (0.1, 0.2 ,0.4, 0.6, 0.8 and 1%). then obtained values of the
SD/SDo were plotted vs % NR668 inside NCs and the data were fitted with a linear function
y=A+B*x where a = 0.08803; b = 0.96141; y is SD/SDO0 and x is dye content inside LNCs
(Wt%).

2.9- Microscopy

For light-triggered release studies, fluorescence images were taken on a Leica DMIRE2
inverted microscope equipped with a Leica DC350FX CCD camera and a thermostatic chamber
(Life Imaging Services, Basel Switzerland) for maintaining the temperature at 37°C. Cy3 filter
cube (excitation 535/50 nm, emission 610/75 nm) and DAPI filter cube (excitation 360/40 nm,
emission 470/40 nm) were used for detection of NR668 and F888, respectively. A 63x HCX
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PLAPO (1.32 NA) was used as an objective. To induce photo-release, the illumination for 30 s

was done using the same Cya3 filter cube at ~14 W/cm? power density of light.

2.10- Cellular studies

HeLa cells (ATCC® CCL-2) were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic
solution (penicillin streptomycin, Gibco-Invitrogen) at 37 °C in a humidified atmosphere
containing 5% CO2. Cells plated on a 75 cm?flask at a density of 10° cells/flask were harvested
at 80% confluence with trypsin-EDTA (Sigma). For microscopy imaging Hela cells were
seeded onto a chambered cover-glass (IBiDi) at a density of 0.1 x 10° cells/IBiDi. After 24 h,
cells in the IBiDi dishes were washed 2 times with PBS (phosphate buffer saline) (Lonza).
Then, a solution of dye-loaded (NR668 or F888) nanocarriers diluted at 1 : 1000 in Opti-MEM
(Gibco-Invitrogen) was added. Microscopy images were taken after 30-min incubation at 37°C,

unless indicated.

For cytotoxicity, in 96-well plates, HeLa cells were seeded at a concentration of 1 x 10* cells
per well in 200 pL of the DMEM growth medium and then incubated overnight at 37 °C in
humidified atmosphere containing 5% CO2. Next, we added the lipid nanocarriers (1%
Cyb5.5LP-Cy7.5LP), by substituting the culture medium for a similar one containing variable
dilutions of the nanocarriers. After incubation for 24 h, the medium was removed. Then, the
wells were filled with cell culture medium containing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), incubated for 4 h at 37 °C, and the formazan crystals formed
were dissolved by adding 100 pL of DMSO and shaked for 10 min. We measure the absorbance
at 570 nm with a microplate reader (Xenius, Safas). Experiments were carried out in triplicate,

and expressed as a percentage of viable cells compared to the control group.

2.11- In vivo studies in zebrafish

The transgenic line of zebrafish, Tg (flkl: eGFP) [65], expressing eGFP specifically in the
endothelial cells, was used in order to visualize the vasculature. For the angiography, the
embryos, 3 days after fertilization, were anaesthetized in egg water containing 0.05% phenyl
thiourea and 0.04% tricaine then immobilized in 0.8% low melting point agarose. The injections
were performed using a Nanoject micro injector (Drummond Scientific, Broomal, PA, USA).
The glass capillary was filled with NR668-loaded nanocarriers (5 wt%) in 5 mM HEPES (1000-

fold dilution) and 2.3 nL were injected in the sinus venous of the embryos. The nanocarriers
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were immediately distributed in all the vasculature. The injected embryos were placed on the
microscope stage and imaged within 5 min after injection. Intravital confocal microscopy was
performed on a Leica SP5 fixed stage direct microscope with a 25% (NA 0.95) and 10x (NA
0.3) water immersion objectives. 488 nm argon laser line was used to excite both eGFP and the
NR668 dyes, and their mission was detected by two separate PMTSs in the spectral range 500
530 nm and 620-650 nm, respectively. The illuminations for the light-driven release were
performed with a xenon lamp in epifluorescence mode using a 450-490 nm band pass filter.
Confocal z-stacks and time lapses were recorded and treated by the Image J software
(rsbweb.nih.gov/ij/). The embryos were imaged during one-hour post injection. All experiments
performed with zebrafish complied with the European directive 86/609/CEE and IGBMC
guidelines validated by the regional committee of ethics.

2.12- Subcutaneous tumor grafting and administration of FRET

nanocarriers

Adult (10 months) immuno-deficient mice (NMRI-Foxnlnu/ Foxlnu, Janvier labs, 1) were
anesthetized via gas anaesthesia (isoflurane) system prior to tumor cell grafting. Anesthetized
mice were injected subcutaneously (in the flank) with 100 puL of a solution made of 50% PBS
and 50% Matrigel containing 1.10° of D2A1 (murine mammary carcinoma) cells [49]. Tumors
were grown over a period of 20 days before administrating lipid nanocarriers. The mouse
studies were performed according to the Guide for Care and Use of Laboratory Animals (E67-
6-482-21) and the European Directive with approval of the regional ethical committee
(CREMEAS de Strasbourg, AL/73/80/02/13). Mice received food and water ad libitum; they
were checked daily and tumor growth never exceeded 20 days, leading to low-size tumors with
no impact on the animal's health. All efforts were made to minimize suffering and euthanasia
was performed using CO2. General health status was monitored regularly by independent
observers. Sacrifice of the animal was effectuated when reaching limit ethical endpoints. Before
administration of the nanocarriers solution, mice were anesthetized by intraperitoneal injection
of a mixture of ketamine (100 mg/kg) and xylazine (10mg/kg). The nanocarriers were
administrated by retro-orbital injection (100 pL) as previously performed for other purposes
[50].
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2.13- In vivo whole animal FRET imaging

Whole- and live-animal imaging of the FRET signal in healthy and tumor-bearing mice was
performed by using a luminograph (Night Owl, Berthold Technologies). Anesthetized mice
(isoflurane) were placed repeatedly in the luminograph, and positioned either on the flank or
the back. Mice were imaged using a halogen lamp, (75 W, 340-750 nm) and emission of the
two dyes was collected separately using separate filters sets (630/700 nm for Cy5.5LP, and
630/820 nm for Cy7.5LP). The experiments with healthy and tumor bearing mice were repeated

three times.

2.14- Calibration of the ratiometric response of NCs to disintegration

To calibrate the ratiometric response of NCs to disintegration in our in vivo imaging setup, we
model the disintegration NCs by mixing intact FRET NCs with NCs containing separately
donor and acceptor at low concentration, with the preservation of the same concentration of
dyes: 100% integrity corresponds to FRET NCs (1% of Cy5.5LP and 1% of Cy7.5LP) diluted
in PBS 1000-fold from the original formulation, while 0% integrity corresponds to a mixture
of NCs containing separately donor (0.1% of Cy5.5LP) and acceptor (0.1% Cy7.5LP), both
diluted at 100-fold in PBS. Intermediate mixtures were made, where the level of integrity (%)
is defined as the fraction of Cy5.5LP/Cy7.5LP dyes in the FRET NCs with respect to the total
amount of these dyes. They were placed into 96-well plate and imaged using the NightOwl
setup. The measurements were done in triplicate. The obtained values of the A/(A+D) ratio

were plotted vs % of integrity and the data were fit with an exponential function (1):
y=a+ be™ Q)

Where a = 0.14572; b = 0.1254; ¢ = 0.01748, y is A/(A+D) and x is FRET pair concentration
(wt. %). As another model of the complete disintegration of NCs, solution FRET NCs diluted
1000-fold in dioxane was placed into 1 ml Eppendorf® tube and imaged by the NightOwl setup.

2.15- Image analysis of the FRET signal in living mice

The ratiometric images were built using a homemade plugin (developed by Romain Vauchelles)
under ImageJ that divides the image of the 840 nm channel by that of the 700 nm channel. For
each pixel, a pseudo colour scale is used for coding the ratio, while the intensity is defined by
the integral intensity recorded for both channels at the corresponding pixel. Image analysis was

performed by using the Fiji software [51]. The tail vein, liver and tumor were manually
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delimitated and the mean intensity of the delimitated region was determined for each respective
time point and channel for three healthy and three tumor-bearing mice. For both donor and
acceptor channels, the signal was corrected for the background using the mice before injection
(in the corresponding region of interest). Then the corrected values of A/(A+D) were converted

into the FRET pair. The obtained values of FRET pair concentration were then plotted vs time

(ai—-a;
X p

1+(%)

(wt%); x is time; other parameters were calculated during the fitting procedure. This fit was

and fitted using a logistic function : y = a, + where y is the FRET pair concentration

further used to calculate the integrity half-life.

2.16- Statistical analysis

In case of animals experiments, Student's t-test was used to evaluate the statistical significance
between two sample groups. The differences between the results were considered to be

significant when the p-values were less than 0.05.

2.17- Bleaching of Nile Red and NR668 with Sodium Dithionite

Chemical bleaching kinetics was recorded as fluorescence intensity using Fluoromax 4 (Jobin
Yvon, Horiba) spectrofluorometer. Excitation wavelength was 520 nm, while emission
wavelength was 590 nm. A 0.5 M stock solution of sodium dithionite Na>S>04 miliQ water was
used for the experiments. After 2 min of recording, to 1 mL aqueous solution of dyes loaded
nanocarriers in a quartz cuvette under magnetic stirring was added an aliquot of the stock
solution of dithionite to a final concentration 20 mM. Then fluorescence intensity was recorded

as a function of time over 30 min while stirring.
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Résumé en francais

De nos jours, les nanovecteurs et nanoparticules constituent un domaine attractif pour les
chercheurs et I'industrie pharmaceutique, en raison de leur éventuelle application en tant que

systeme de délivrance de médicaments pour des applications biomédicales.

IIs ont la capacité d'améliorer la pharmacocinétique, la solubilité et le profil de toxicité de
certains médicaments, et potentiellement augmenter leur index thérapeutique. Cependant, les
résultats décevants des essais cliniques récents ont contraint certains a remettre en question le
potentiel des nanovecteurs en tant que moyen de délivrance de médicaments et créer un débat

sur ce probleme-la.

La mauvaise délivrance peut étre le résultat de I’instabilité des nanovecteurs, leurs conceptions,
la pharmacocinétique et la biodisponibilité, ou simplement en raison de la variabilité biologique
intrinseque. La complexité des nanovecteurs nécessite une évaluation quantitative in vitro et in
vivo approfondie de leur comportement, en mettant I'accent sur I'encapsulation, la stabilité, les

interactions sanguines et les propriétés de libération de molécules.

Le but de mon projet de doctorat est le développement de techniques basées sur la fluorescence
pour la caractérisation de l'intégrité des nanovecteurs lipidiques et la libération de molécules
actives in vitro et in vivo. En utilisant des fluoprophores spécialement concus comme modeles

de médicaments, les points suivants ont été abordés :

> L'intégrité des nanovecteurs lipidiques et la libération de molécules suivie par la

technique FRET (transfert d’énergie résonnant de type Forster) in vitro et in vivo.

> L'intégrité des nanovecteurs lipidiques et la libération de molécules suivie par la

technique FCS (fluorescence spectroscopie de corrélation).

» L'encapsulation de nanovecteurs organiques et la libération de molécules caractérisée

par la technique du blanchiment chimique.

> La libération contr6lée déclenchée par la lumiere de molécules actives a partir des

nanovecteurs lipidiques in vitro et in vivo.
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Adopter et developper ces techniques pourrait aider a surmonter les défis et les difficultés a
obtenir une caractérisation rapide et quantitative de la stabilité nanovecteurs et de leur libération

des molécules directement dans les milieux biologiques et les organismes vivants.

Dans cette these nous avons utilise principalement des nanovecteurs lipidiques qui apparaissent
comme des candidats prometteurs pour lI'administration de médicaments et le ciblage du cancer,
en raison de leur faible toxicité, leur biodégradabilité et capacité a encapsuler des molécules
actives ou agents de contraste. Cependant, en raison de la mauvaise compréhension de leur
comportement et intégrité in vivo, leur translation du laboratoire aux applications biomédicales
est limitée.

Dans une premiere partie (Part 11-1) en utilisant le FRET entre deux fluorochromes infrarouges
spécialement congus, I'intégrité des nanovecteurs lipidiques dans le sang et la tumeur cible a
été évaluée et quantifiée par imagerie ratiométrique dans le proche infrarouge chez les souris
vivantes.

Nous avons émis comme hypothése que la technique FRET (Transfert d’énergie résonante de
type Forster) peut étre exploité pour I'étude en temps réel de la stabilité des nanovecteurs in
vivo, en raison de I'extréme sensibilitt de FRET a la distance donneur-accepteur. Par
conséquent ; I’encapsulation d’un ensemble de donneur-accepteur a I'intérieur des nanovecteurs
devrait garantir une haute efficacité FRET lorsque la nanoparticule est intacte. Ensuite, la perte
des signaux FRET indiquerait la désintégration des nanovecteurs associée avec la libération de

ses composants dans le milieu (Figure 1).
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Figure 1. Concept des nanovecteurs FRET qui peuvent rendre compte de leur intégrité en
modifiant leur couleur d'émission. Les structures chimiques de I'huile LabrafacWL (triglycéride
a chaine moyenne) et Cremophor ELP (tensioactif PEGyIlé) ainsi que les cyanines lipophiles
55 et 7.5 (Cyb.5LP et Cy7.5LP) avec leurs contre-ions volumineux hydrophobes sont

présentés.

En utilisant notre approche récemment développée du conter-ion hydrophobe (TPB), nous
avons encapsulé a l'intérieur des nanovecteurs lipidiques de 100 nm de taille deux colorants
cyanines NIR lipophiles : Cy 5.5/ TPB en tant que donneur FRET et Cy 7.5/ TPB en tant
qu’accepteur.

Ensuite, notre concept base sur le FRET pour quantifié I'intégrité des nanovecteurs a été validé
in vitro par spectrophotométrie pour vérifier la réponse de nos nanovecteurs FRET a leur
désintégration. De la méme maniére, nous avons évalué la stabilité de ces nanovecteurs FRET
en les incubant dans du sérum (100%), un modeéle de milieu biologique in vivo. Les résultats
ont montré une bonne stabilité de nos nanovecteurs, ce qui les rend appropriés pour I'imagerie
PIR (proche infrarouge) de I'animal entier par injection intraveineuse. Puis, ces nanovecteurs
ont été injectés rétro-orbitalement chez des souris saines et porteuses de tumeurs. En utilisant
I'imagerie PIR des animaux entiers en deux couleurs, nous avons pu quantifier le contenu des
nanovecteurs et leur intégrité directement dans la circulation sanguine, le foie et les tumeurs

xenogreffes de souris vivantes.
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Cette méthodologie a revélé que les nanovecteurs sont restés stables dans la circulation
sanguine pendant au moins 6h. Ils se sont rapidement accumulés dans la tumeur sous forme
presque intacte (77% aprés 2h) grace a I'effet de perméabilité et de rétention (EPR), puis se sont
désintégrés avec une demi-vie de 4,4h (figure 2). En conclusion, nous avons développé une
approche FRET qui permet la visualisation directe et la quantification de I'intégrité des

nanovecteurs in vivo.

A) Integrity of NCs over time for liver and tail vein, directly healthy mice
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B) Integrity of NCs over time for tumor and tail vein, directly mice bearing tumor
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Figure 2. Analyse quantitative de l'intégrité des nanovecteurs lipidiques chez : A) les souris
saines et B) les souris portant une tumeur. L'intégrité a été estimée en fonction de I'étalonnage

de notre systéeme d'imagerie in vivo.

Dans la deuxiéme partie de cette these (Part 11-2), nous avons étudiés les phénomenes de
libération de molécules a partir des nanovecteurs. Ces phénomeénes sont un défi important qui
doit étre abordé, avec des techniques et des méthodes de caractérisation quantitative, capables
de fonctionner directement in situ dans des milieux biologiques complexes. Comme le montre
le premier projet, le FRET est une approche puissante pour étudier I'intégrité et la libération des
marchandises. Ici, nous avons cherché une méthode alternative qui n'exige pas un double
marquage des nanovécteurs. Pour cela, on a développé un test rapide et simple base sur la FCS
(Fluorescence spectroscopie de corrélation) pour la quantification in situ de la libération du
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contenu des différents nanovecteurs lipidiques, encapsulant comme un modéle de molécules, le
dérivé hydrophobe du Nil Rouge NR668.

Dans la configuration FCS, la libération de fluorochrome devrait affecter la luminosité des
nanovecteurs lipidiques et la quantité d'especes émissives en solution. Cependant, dans ce cas,
la fluorescence du fluorochrome libéré ainsi que I'auto-fluorescence du milieu peuvent altérer

les mesures de FCS.

A partir de cette problématique, nous avons introduit la molécule fluorescente, calcéine, dans
le milieu extérieur, afin de nous fournir une fluorescence de fond qui pourrait modéliser
I'émission du fluorochrome libéré et / ou de l'auto-fluorescence du milieu. Deux séries
d'expériences ont été réalisées, dans le premier on a gardé la concentration de NR668 constante
a l'intérieur des nanovécteurs lipidiques, mais on a augmenté la concentration de calcéine dans
le milieu extérieur, pour imiter la libération de fluorochrome libre associée a I'apparence des
especes émissives dans le milieu. Dans la deuxiéme série, la concentration du NR668 dans les
nanovecteurs lipidiques a été augmenté tout en maintenant constante la concentration de
calcéine. Cela imiterait les changements dans la teneur en fluorochrome dans les nanovecteurs
lipidiques en raison de la fuite de fluorochrome. Ensuite, les parameétres de FCS suivants ont
été étudiés : (i) la luminosité B et (ii) le nombre d'espéces émissives N et (iii) I'écart-type SD
de la fluctuation du signal.

Les résultats suggerent que parmi les paramétres de FCS, le nombre d'espéces fluorescentes N
(généralement utilisées pour ce type d'expérience) et la luminosité par particules B ne sont pas
des paramétres appropriés pour la quantification de libération car ils sont affectés par les
molécules présentes dans le milieu de maniere non linéaire. Le seul paramétre, qui semble utile
pour la quantification de la libération, est I'écart-type SD. Il est indépendant des petites
molécules individuelles libres en solution et dépend linéairement de la teneur en fluorochrome
a l'intérieur des nanovecteurs lipidiques. Cependant, la valeur SD n'est pas un parametre absolu
et dépend fortement des réglages instrumentaux, ainsi que de la concentration des nanovecteurs.
Par conséquent, nous avons introduit un parametre normalisé SD / SDO, ou SDo représente
I'écart-type de la fluctuation du signal pour les nanovécteurs a 1% NR668 sans fuite. Ce
nouveau parametre est indépendant de la concentration des nanovecteurs et de la puissance du

laser.
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La dépendance obtenue de SD / SDo a ensuite été utilisée en fonction de la concentration de
fluorochrome NR668 a l'intérieur des nanovecteurs, en tant que courbe d'étalonnage apres

utilisation de I'ajustement linéaire (Figure 3).
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Figure 3. Normalisation de SD / SDg et étalonnage. (A) le paramétre SD / SDo en fonction de
NR668 a l'intérieur des nanovecteurs (LNC), avec changement de puissance laser. Courbe
d'étalonnage du parametre SD / SDo vs NR668 a l'intérieur des (B), le paramétre SD / SDO en
fonction de NR668 a l'intérieur des nanovecteurs (LNC), avec variation des concentrations de

LNC. Les barres d'erreur représentent I'erreur-type de la moyenne (n = 3).

Finalement, on a réalisé une expeérience de libération en incubant 1% des nanovecteurs NR668
a 20, 37 et 60 ° C dans trois milieux différents : milliQ eau, eau en présence des nanovecteurs
vierges ou avec 10% de FBS. Les résultats montrent que les nanovecteurs (LNC) sont tres
stables dans I'eau, alors que dans le milieu FBS, ils liberent leur contenu d'une maniére
dépendante de la température. A 37 ° C, la libération est relativement lente atteignant 50%

seulement aprés 6 heures d'incubation.

Cette nouvelle méthode de quantification est simple, car elle ne nécessite que la détection de
I'écart-type de la fluctuation du signal, sans aucune analyse de la courbe d'autocorrélation. Elle
peut étre appliquée pour la quantification de la libération in situ a partir de différents

nanovecteurs.

Troisiemement (Part 11-3), en utilisant le blanchiment du Nil Rouge par le dithionite de sodium,
nous avons établi une approche originale pour étudier I'état physique des nanovecteurs et le
niveau d'encapsulation des fluorochromes. Les questions qui ont émané cette partie-la sont les

suivantes :
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= Capacité des nanovecteurs a encapsuler des molécules hydrophobes avec différents
niveaux d’hydrophobicité ?

= Efficacité du piégeage et de la répartition des molécules dans les nanovecteurs.

= Effet de la nature des nanovecteurs, de la matrice, de la taille et de la méthode de
préparation sur la répartition des molécules et I'encapsulation.

= |adiffusion des molécules actives a I'intérieur des nanovecteurs.

Répondre a ces questions-la pourrait nous renseigner sur la stabilité de ces nanovecteurs en
milieu biologique, leur taux de libération et leur profil, ainsi que sur la présence des
phénomeénes de libération soudaine. De plus, la compréhension de la nature physique du noyau
des nanovecteurs (solide ou liquide ?) est importante pour prédire la cinétique de libération des

molécules encapsulées.

Nous avons essayé de répondre a ces questions en utilisant différents nanovecteurs lipidiques
et polymériques. Deux fluorochromes ont été utilisés comme modeéle de médicaments : le Nil
Rouge et sa version plus hydrophobe NR668. Dans la recherche biomédicale, le Nil Rouge a
été utilisé et discuté comme modele de médicament hydrophobe pour évaluer la solubilisation
et I'encapsulation a l'intérieur des nanoparticules. Le Nil Rouge est hautement émissif et
présente des propriétés solvatochromiques. Il contient un fragment de quinoide, qui est une

cible potentielle de réduction par le dithionite de sodium Na2S204.

Sur la base de la réaction de blanchiment du Nil Rouge par le dithionite de sodium Na2S204,
nous avons développé une technique qui peut nous renseigner sur I'état physique des
nanovecteurs et le niveau d'encapsulation du fluorochrome (leur accessibilité). Cette technique
est basée sur le blanchiment du fluorochrome Nile Rouge (NR) et de son analogue hydrophobe
(NR668) par le dithionite de sodium, lequel blanchiment entraine une inhibition de la

fluorescence (Figure 4).
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Figure 4. Concept de I'expérience de réduction par le dithionite de sodium Na2S204 avec

I'encapsulation des nanovecteurs lipidiques et polymériques NR et NR 668.

Cing nanovecteurs lipidiques et polyméres différents ont été formulés avec des fluorochromes
NR et NR 668.

La taille des nanovecteurs obtenus ont été mesurée par DLS. Une taille similaire a été obtenue
avec NR ou NR668 pour chaque type de nanovecteurs. Pour les systemes lipidiques, une taille
de ~ 31 nm a été noté pour les nanoémulsions (LBF NCs) et les nanoparticules lipidiques solides
(Sup C NCs). Le PLGA et le PMMA-MA NCs présentaient une taille de 32 et 42 nm,
respectivement, lorsqu'ils étaient formés a pH 7,4. Pour le PLGA a pH 3,4 et le PMMA-MA a
pH 6,4, les nanovecteurs étaient beaucoup plus gros (170-180 nm). Dans les méthodes de
nanoprécipitation, le pH est un facteur important pour la taille des nanovecteurs polymériques
car il contrdle la charge des groupes carboxylates libres et donc la charge de surface des
particules. Lors de la formation avec la méthode d'évaporation du solvant, la taille des
nanovecteurs PLGA (PLGA SE) était de 245-260 nm. Pour ces séries de nanovecteurs, les
spectres d'émission ont été mesurés, pour avoir les caractéristiques spectroscopiques

nécessaires.

Ensuite, nous avons mesuré I'évolution de l'intensité de fluorescence des nanovecteurs en
présence de l'agent réducteur sodium dithionite Na2S204. Ainsi, les fluorochromes NR668 et
NR devraient étre blanchis apres la réaction avec le dithionite et perdre leur fluorescence. Etant

donné que le dithionite de sodium est un di-anion hautement polaire et ne peut pas pénétrer
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dans le noyau hydrophobe des nanoparticules, il peut blanchir le fluorochrome exclusivement

du coté externe (Figure 5).
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Figure 5. Diminution de la cinétique d'intensité de fluorescence normalisée des nanovecteurs
lipidiques et polymériques en présence de dithionite de sodium. (A) nanovecteurs encapsulant
NR668. (B) des nanovecteurs encapsulant NR. (C) Anisotropie de fluorescence des
nanovecteurs PLGA, LBF et Sup C.

La cinétique de décroissance de la fluorescence dépend fortement du type des nanovecteurs et
du fluorochrome encapsulé. 1l est clair que pour les nanovecteurs lipidiques, la décroissance de
fluorescence est beaucoup plus rapide que pour les nanovecteurs polymeres. De plus, dans les
nanovecteurs lipidiques, la fluorescence chute presque a zéro, ce qui indique un blanchiment
efficace de presque tous les fluorochromes encapsulés. Dans le cas des LBF NC, c'est
clairement en raison de la diffusion des fluorochromes a l'intérieur du noyau lipidique, de sorte
que chaque colorant pourrait atteindre la surface des NC suivie par le blanchiment. Pour les
nanovecteurs a base de Sup C on peut dire que sous forme de petites nanoparticules et en

présence d'une grande quantité de tensioactif, Sup C est a I'état liquide a tempeérature ambiante.
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Dans les nanovecteurs polymériques, la décroissance de la fluorescence était beaucoup plus
lente et incompléte par rapport aux lipidiques, ce qui indique que les fluorochromes sont bien
mieux encapsulés dans les polymeres et ne peuvent pas diffuser librement dans le noyau. Aussi
on peut noter que les nanovecteurs a base de PLGA de grande diamétre ont une meilleure
encapsulation et une meilleure protection pour les fluorochromes hydrophobes NR668,
comparé aux mémes nanovecteurs de petit taille. Cela peut s'expliquer par un plus petit rapport
surface / volume dans les nanovecteurs plus importants, ce qui limiterait I'exposition du NR668

a la surface.

Ensuite, dans le cas de nanovecteurs PMMA-MA des deux tailles, seulement 6% du signal
NR668 a été perdu en présence de dithionite. Cela signifie que la matrice PMMA-MA permet
une meilleure encapsulation et protection de NR668 par rapport a la matrice PLGA. Cette
conclusion est importante pour l'encapsulation des médicaments avec des nanovecteurs
polymeériques, afin d'éviter le probleme de la libération d'éclatement se produisant avec certains
nanovecteurs. En outre, lorsque les PLGA NC sont préparés avec la méthode d'évaporation du
solvant (PLGA SE), ils présentent une accessibilité beaucoup plus faible des fluorochromes
pour le dithionite par rapport aux NC préparés par nanoprécipitation. Nous prévoyons que lors
de l'utilisation de la méthode d'évaporation du solvant, les fluorochromes sont mieux encapsulés
par rapport a la nanoprécipitation. En effet, la nanopreécipitation est un processus cinétique tres
rapide, ou l'encapsulation des colorants est probablement médiocre par rapport a la technique
d'évaporation du solvant. Une plus grande taille de nanovecteurs (260 nm) préparée par
évaporation du solvant pourrait étre le deuxieme facteur favorisant une meilleure encapsulation
des fluorochromes. Il convient de noter que notre méthode pourrait clairement distinguer le
noyau liquide des nanovecteurs lipidiques du noyau solide de nanovecteurs a base polymere,

parce que la différence dans la cinétique de blanchiment dithionite était drastique.

En conclusion de cette partie, la technique de blanchiment au dithionite nous a permis de
déterminer les parameétres qui influencent I'encapsulation du contenu des nanovecteurs (taille,
méthode de préparation, composition, etc.). De plus, cette technique permet d'étudier la
diffusion des molécules actives au sein des nanovécteurs, leur accessibilité a la surface et, par
conséquent, les phénomeénes de libération. Il est important de noter que nous pouvons distinguer
clairement les noyaux contenant du noyau liquide de ceux contenant du noyau solide, en raison
des différences spectaculaires dans la cinétique de blanchiment. De plus, nous avons trouvé que
le PMMA-MA est bien meilleur que le PLGA pour I'encapsulation de molécules lipophiles (en

particulier avec une lipophilie moyenne) grace a un protocole de nanoprécipitation.
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En derniére partie (Part 11-4), nous avons montré que les nanovecteurs lipidiques encapsulant
des fluorochromes apparaissent comme un outil prospectif pour la libération contrélée par la
lumiére de molécules actives in vitro et in vivo. Nous avons décrit comment utiliser la lumiére
visible pour induire la libération des fluorochromes encapsulés dans des nanovecteurs
lipidiques (nanoémulsions), similaires a ceux étudiés dans les parties précédentes. Cette étude
a eté realisée avec des nanovecteurs de 32 nm de diamétre synthétisés par auto-émulsification

et incorporant NR688, I'analogue hydrophobe du Nil Rouge (Figure 6).
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Figure 6. Concept : nanovecteurs lipidiques et I’effet de la lumiére sur le dérivé du Nil Rouge
encapsulé NR668.

Ces nanovecteurs ne pénétrent pas dans les cellules apres plusieurs heures d'incubation a 37 °C.
Cependant, apres une illumination au microscope pendant 30 secondes a la longueur d'onde
d'absorption de NR668 (535 nm), une accumulation rapide du fluorochrome dans les cellules a
été montrée. Ce phénomeéne a été observe a 1 et 5% de concentration du et caractérisé par une
différence entre l'intensité de fluorescence intracellulaire et extracellulaire. Ces résultats
mettent en évidence le rdle des nanovecteurs, qui encapsulent NR668 empéchant sa fuite a

I’intérieur des cellules, mais assurant sa libération apres l'illumination.

Le méme phénomeéne a été observe in vivo sur des poissons-zebre, ou des sondes fluorescentes
ont été libérées dans les cellules endothéliales et les tissus apres l'illumination des nanovecteurs
circulant dans le sang. En utilisant la spectroscopie de corrélation de fluorescence, nous avons
pu prouver qu'en éclairant les nanovecteurs avec une longueur d'onde et une puissance définies,
une libération contrdlée du contenu est obtenue (Figure 7). Puisque ce processus est inhibé par

la présence de sulfite de sodium, un agent appauvrissant en oxygene, on peut conclure que le

201



mécanisme de la libération déclenchée par la lumiére dépend de I'oxygeéne, c'est-a-dire qu'il
implique des processus de photo-oxydation. Néanmoins, nous ne pouvons pas exclure la
possibilité d'un effet photo-thermique, qui pourrait également induire la libération du colorant.
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Figure 2. Etude de spectroscopie de corrélation de fluorescence (FCS) de la libération de
fluorochrome induite par la lumiere dans des milieux biologiques modéles. (A) Photo-libération
en présence des nanoémulsions vierges. (B) Contr6le positif avec Nil Rouge, montrant une
augmentation du nombre d'especes émissives en raison de la libération spontanée de
fluorochrome dans les nanoémulsions vierges environnantes. (C). Suivi du nombre de
variations d'espéeces fluorescentes par FCS pour les nano-gouttelettes chargées de NR668 dans

différents milieux avant et apres illumination.

Enfin, pour élucider si c’est les nanovécteurs entiers qui sont délivrés ou seulement leur
contenu, les cellules ont été incubées avec un mélange de nanovecteurs encapsulant séparément
NR668 et F888, des fluochromes hautement hydrophobes de différentes couleurs. Dans cette
situation, les nanovécteurs chargés a la fois NR668 et F888 devraient étre détectés a I'intérieur
des cellules si tous les nanovécteurs entrent apres I'éclairement. Cependant, il a été révélé que
seul le signal NR668 a été observé a l'intérieur des cellules aprés illumination, ce qui suggére
que I'illumination laser induit la libération des fluorochromes NR668 des nanovecteurs dans les

cellules, mais ne pouvait pas vraiment induire l'internalisation des nanovecteurs toutes entiers.

En outre, nous avons montré que l'illumination de NR668 peut provoquer la libération dans les
cellules d'un autre fluorochrome fortement hydrophobe (F888) co-encapsulé dans les mémes
nanovecteurs lipidiques. Sur la base de ces résultats, les nanovecteurs lipidiques chargés de
fluorochrome apparaissent comme un outil prospectif pour des applications biomédicales

permettant la libération de molécules actives contrélées par illumination.
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Les résultats dans le cadre de cette these suggerent que les nanovecteurs lipidiques a base de
nanoémulsion ont un grand potentiel en tant que vecteur de délivrance de médicaments. Une
grande variété de molécules thérapeutiques pourrait étre encapsulée et délivrée par I'effet EPR.
De plus, ils présentent une tres bonne stabilité et biodistribution in vivo. Les nanoémulsions
peuvent étre une plate-forme pour la libération contr6lée de molécules actives, avec une variété
de stimulus. De plus, des modifications de surface des nanovecteurs lipidiques peuvent étre
envisagees pour des applications de ciblage. Cependant, pour le moment, il reste un défi avant
que les surfactants a la surface des gouttelettes de nanoémulsion soient assez mobiles et puissent
facilement se détacher de la surface dans les milieux biologiques. Enfin, les techniques de
fluorescence développées ont fourni des outils appropriés pour surmonter les défis et les
difficultés d'obtenir une caractérisation quantitative rapide de nanovecteurs telle que la stabilité
et la libération de la cargaison directement en milieu biologique. De plus, ces nouvelles
méthodes peuvent étre appliquées a divers nanovecteurs organiques et inorganiques et

pourraient devenir des références standards pour I'évaluation des nanovecteurs.
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Nanoparticules organiques fluorescentes a base de lipides : intégrité
et relargage de principes actifs in vitro et in vivo

Résumeé

Pour une application optimale des nanovecteurs comme systéeme de délivrance de meédicaments, il est
nécessaire de caractériser pleinement leur intégrité, et leurs propriétés d’encapsulation et de libération de leur
contenue. Mon projet de doctorat consiste a développer des méthodes basées sur la fluorescence pour
caractériser I'intégrité de ces nanovecteurs lipidiques et la libération des molécules actives in vitro et in vivo.
Premiérement, en utilisant le FRET entre deux fluorochromes infrarouges spécialement congus, l'intégrité des
nanovecteurs lipidiques dans le sang et la tumeur cible a été évaluée et quantifiée par imagerie ratiométrique
dans le proche infrarouge chez les souris vivantes. Deuxiemement, nous avons développé un test rapide et
simple baseé sur la FCS pour la quantification in situ de la libération du contenu des différents nanovecteurs.

Troisiemement, en utilisant le blanchiment du Nil Rouge par le dithionite de sodium, nous avons établi une
approche originale pour étudier I'état physique des nanovecteurs et le niveau d'encapsulation des
fluorochromes. En conclusion, nous avons montré que les nanovecteurs lipidiques encapsulant des
fluorochromes apparaissent comme un outil prospectif pour la libération contrélée par la lumiére de molécules

actives in vitro et in vivo.

Mots-clés : nanoparticules, nano-véhicules lipidiques, fluorescence, FRET, relargage, intégrité.

Résumé en anglais

For effective application of nanocarriers as drug delivery system, it is necessary to fully characterize their
integrity, encapsulation, and release properties. The aim of my PhD project is to develop fluorescence-based
methods for characterizing integrity of lipid nanocarriers and the release of active molecules in vitr o and in
vivo. First, using FRET between specially designed near-infrared dyes the integrity of lipid nanocarriers in
bloodstream and tumor was assessed and quantified by near-infrared ratiometric imaging in living mice.
Second, we have developed fast and simple FCS-based assay for in situ quantification of release from different
NCs. Third, using Nile Red bleaching by sodium dithionite, we established an original approach to study the
physical state of the nanocarriers and the level of dye encapsulation. Finally, we showed that dye-loaded lipid

nanocarriers appear as a prospective tool for light-controlled release of active molecules in vitro and in vivo.

Keywords: nanoparticles, lipid nanocarriers, fluorescence, FRET, release, integrity.
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