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Lipid nanoemulsions (NEs), owing to their controllable size (20 to 500 nm), stability
and bio-compatibility, are now frequently used in various fields, such as food, cosmetics,
pharmaceuticals, drug delivery, and even as nano-reactor for chemical synthesis. Moreover,
being composed of components generally recognized as safe (GRAS), they can be
considered as “green” nanoparticles that mimic closely lipoproteins and intracellular lipid
droplets. Therefore, they attracted attention as carriers of drugs and fluorescent dyes for both
bioimaging and studying the fate of nanoemulsions in cells and small animals. In this
review, we describe the composition of dye-loaded NEs, methods for their preparation and
emerging biological applications. We focus on design of bright fluorescent NEs with high
dye loading and minimal aggregation-caused quenching (ACQ). Common issues including
dye leakage and NEs stability are discussed, highlighting advanced techniques for their
characterization, such as Forster resonance energy transfer (FRET) and fluorescence
correlation spectroscopy (FCS). Attempts to functionalize NEs surface are also discussed.
Then, biological applications for bioimaging and single-particle tracking in cell and small
animals as well as biomedical applications for photodynamic therapy are described. Finally,
challenges and future perspectives of fluorescent NEs are discussed.

Keywords: fluorescent nanoemulsions; lipophilic dyes; dye leakage; in vitro and in vivo
imaging; passive and active targeting.
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1. Introduction

In the past decade, a tremendous effort has been done for designing fluorescent
(more general term luminescent) nanomaterials for bioimaging and biomedical
applications.’>? On one hand, fluorescent nanoparticles (NPs) are direct analogues of drug
nanocarriers that can be readily tracked in cells and live animals for better understanding the
mechanisms and the bottlenecks in the field of drug delivery. On the other hand, fluorescent
NPs are attractive because they can be much brighter than fluorescent dye molecules, which
is of key importance for improving resolution and sensitivity of fluorescence detection and
imaging.>4 The controlled size of NPs, ranging from 10 to 200 nm, can tune drastically
their biodistribution in vivo and capacity to target pathological tissues, such as tumors.[!
Finally, versatile surface chemistry of NPs allows minimizing their non-specific off-target
interactions and enable grafting specific ligands for targeting the cells of interest.[®]

NPs can be classified based on chemical composition into inorganic and organic
ones. Typical examples of luminescent inorganic NPs include semiconductor quantum dots
(QDs),B°! dye-doped silica NPs,*%11 and upconverting NPs.[131 QDs dominated the field
of luminescent NPs for bioimaging applications since 1990s because of important
advantages as point-like emissive sources:[**l their tunable and narrow emission band and
continuous absorption spectrum as well as exceptional photostability, resisting to prolonged
irradiation. However, they also revealed a number of drawbacks, such as fluorescence
intermittency, or blinking, and their challenging surface chemistry that requires protection of
the inorganic core from aqueous solution by relatively thick organic biocompatible shell.
However, the key problem is their highly toxic elements, such as Cd and Se, along with the
lack of biodegradability and accumulation in the body. These issues raise questions on their
long-term toxicity and severely limit their future applications in nanomedicine (unless they
are replaced with less toxic components).*>-271 Similar problems should be addressed in
biological applications of upconverting NPs.*€

NPs based on organic compounds open the gate to a “green” approach in
nanotechnology, where they can be fabricated from natural and/or biodegradable
components. Fluorescence can be readily implemented into these NPs by encapsulating a
specially designed fluorescent dyes, providing superior control optical properties of NPs,
such as color and brightness.[**! The current fluorescent organic nanocarriers are dominated
by conjugated polymer NPs?°21 and dye-loaded polymer NPs.322Z1 However, in the
biomedical context, the use of polymers raises some issues, related to the residues of
monomers and solvents after their synthesis and formulation of NPs as well as polymer
toxicity. Moreover, the production scale up of polymeric NPs is another challenge and the
concentration of produced NPs is generally < 2%.14 Lipid nanoparticles is an alternative
approach to all-organic nanoparticles through an assembly of small highly lipophilic
molecules (lipids). The oldest and actually the most commonly used lipid nanomaterials in
nanomedicine are liposomes, which are lipid bilayer vesicles having an aqueous
reservoir.[?126] However, they are not an ideal scaffold for fabrication of stable dye-loaded
NPs, because of the lack of organic core. Lipid NPs having organic core can be classified



based on their physical state: solid lipid NPs (SLNs) and nanoemulsions (NEs). SLNs NPs
having a solid lipid core, because they are composed of lipids presenting a solid state at
room temperature.?’2%1 Their surface is stabilized by non-ionic or ionic surfactants.
Although the solid core renders SLNs relatively stable, the fabrication of dye-loaded SLNs
is challenging, because the solid lipid can form orientated crystalline domains that gradually
expel encapsulated materials to the particle surface.*% On the other hand, NEs are
dispersion of two immiscible liquids, oil in water (O/W) or water in oil (W/O) in form of
nano-droplets, which are stabilized by an amphiphilic surfactant, with diameter below 300
nm.BY381 NEs can be also in form of doublel®*!! and multiple emulsions.[*®! Herein, we focus
on O/W NEs, composed of oil core and stabilized by surfactants forming droplets, dispersed
in aqueous continuous phase.

NEs emerged in the past decade as promising delivery platform, due to their long
term stability, low toxicity, high encapsulation efficiency, capacity for rapid large scale
production and biocompatibility properties.3336-401 Importantly, they can be built from
components generally recognized as safe (GRAS) and usually FDA approved.[*l They can
be formulated easily using nonionic surfactants conferring them a high surface density of
PEG, which ensures their stealth properties with respect to immune and rethiculo-endothelial
system,[#24% resulting in the increased circulation time in blood.[8! On the other hand, oil
core is a perfect reservoir for solubilizing lipophilic guest molecules at high concentration,
in particular, organic dyes to formulate fluorescent NEs.

Another attractive feature of NEs with oily core is that they can be considered as
analogues of particles naturally present in the body, such as intracellular lipid droplets, and
low-density lipoproteins (LDLs). Lipid droplets are cellular organelles that regulate the
storage and metabolism of lipids, which are found in almost every eukaryotic cells, and
particularly abundant in adipose tissues.[*”#l Lipid droplets are also a storage for cholesterol
and acylglycerols, required for biomembrane formation and maintenance. On the other hand,
LDLs are lipid core-protein shell NPs naturally present in blood, and ensure solubilization
and transport of lipophilic molecules like cholesterol. LDLs can be considered as a drug
nanocarrier, and has already raised interest in nanomedicine.[**5% Therefore, NEs emerge as
bio-mimicking “green” nanocarriers, with strong potential as future safe scaffold for
preparation of contrast imaging agents and nanomedicines. In this review, we will focus on
NEs as nanocarriers of fluorescent dyes, their fabrication, properties as well as bioimaging
and biomedical applications.
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Figure 1. Structure of typical oil (A) and surfactant (B) used in NEs formulation, (C) General procedure for
dye loaded NEs formation.

2. Preparation of dye-loaded NEs
2.1.  Components of NEs

2.1.1. Qil

A broad range of oils, natural or synthetic can be used in the formulation of NEs.
However, biocompatible oil phases from vegetable origin are preferred, such as re-esterified
fractions derived from soybean oil,®*-%4 sesame oil,** cottonseed oil, 5% sunflower oil, (5
coconut oil, 57 rice bran oil (see examples in Figure 1A).¥1 A major limitation of natural
oils of vegetal origin is their instability. Unsaturated fatty acid esters, present in natural oils
(e.g. linseed oil), are susceptible to polymerization reaction in air conditions.®® Oils based
on D-a-tocopherol (vitamin E) have also been extensively used in the formulation of
NEs.[0-61 Qleic acid and ethyl oleate have been used in oral, topical and parenteral
NEs.[64851 Alternatively, synthetic oils are also widely used, which include long-chain
triglycerides (LCT), medium-chain triglycerides (MCT) or short-chain triglycerides (SCT)
are used either alone or in combination for formulation of NEs. Among them MCT (e.g.
Labrafac® WL) is one of the most common synthetic oils used for formulation of NEs.
Solubility of encapsulated compounds (drug or dyes) in the oil phase is an important factor
to consider when choosing the oils to be used in NEs formulation



2.1.2. Surfactant

Surfactants are essential for formulation of NEs, because they reduce the interfacial
tension and prevent nano-droplets from aggregation. During the formulation process, they
rapidly adsorb at oil-water interface of the newly formed droplets, providing stabilization to
NEs by steric and/or electrostatic forces. For that purpose, nonionic surfactants are a widely
used. They present the advantage to decorate the droplets with a PEG layer along with
strongly stabilizing the droplets. Some of them, like ricinoleate PEG-35 amphiphile (e.g.
Kolliphor® ELP) are parenteral grade molecules, used in clinical formulations with a variety
of oils.®Y Other similar non-ionic surfactants were also employed: Tween 20, 40, 60 and 80
(Polyoxyethylene sorbitan monolaurate), ©6-6 Span 20, 40, 60 and 80 (Sorbitan
monolaurate)®’ and Kolliphor® HS-15 (polyoxyethylene-660-hydroxystearate) (see
examples in Figure 1B).[Y1 In addition, common surfactants of different chemical nature can
be also used for NEs preparation: poloxamers (also known as Pluronics), [? amphiphilic
proteins like casein,’3™ lactoglobulin,[’™® polysaccharides (e.g., gums, starch
derivatives),l”® and PEG containing block copolymers.l’"! lonic surfactants have also been
used for preparation of NEs, like for instance, sodium dodecyl sulfate and docusate sodium
salt (AOT).["87

Importantly, natural lipids should be also mentioned as emulsifying agents. In
particular, phospholipids, like phosphatidylcholine (lecithin, Figure 1B), bearing a
zwitterionic head group,®! and their PEGylated analogues, have been extensively used for
preparation of NEs. In case of saturated lipids, their monolayer at the surface was
hypothesized to be present in gel (solid) phase, so that these NEs droplets were also called
nanocapsules.[:821 Cholesterol, a natural molecule used for stabilization of liposomes, can
also be used for similar purpose in NEs formulations.®¥l Ultimately, in a biomimetic
approach, lipid membranes from blood cells have also been used to stabilize NEs for in vivo
applications.!8

In addition to the formulation of simple oil nano-droplets structures, several literature
reports proposed modifications to control their surface properties: for example, the addition
of a small amount of amphiphilic polyelectrolytes in the formulation, such as PMAO
(poly(maleic anhydride-alt-1-octadecene)), results in the decoration of the droplets interface
with carboxylic acid functional groups.®® An approach based on layer-by-layer (LbL)
assembly onto the droplet surface has also been proposed. !

2.2. Preparation of NEs: general principles

Owing to the large interfacial area developed at the water/oil interface of NEs, they
are present in a metastable state. Interfacial area indeed involves a high Gibbs free energy of
the system according to the expression AGs = yAA — TASt, where yis the interfacial tension,
AA — the increase of interfacial area, T — the temperature and TASt — the entropy of droplet
formation.®”] The higher Gy, the higher the system instability, and this is due to the
interfacial energy created (AA). Therefore, the main challenges in the preparation of
emulsions include control of the stability and the need to decrease surface tension as well as
the need to supply some energy to increase interfacial area during the formulation.



In the case of macro-emulsions (diameter higher than micrometer), the stability issue
is very important to consider. On the other hand, in the case of nanoemulsions (below
300 nm), droplets are so small that, even if Gt is much higher, droplets are stabilized because
of their size range, that prevents the effect of gravitation (i.e. droplets are Brownian particles
that do not cream). In addition, nano-droplets do not flocculate for steric reasons.[82
Stability is in fact one of the main interesting features of nano-emulsions compared to other
lipid-based nanocarriers.

NEs can be prepared by either high energy or low energy methods.*¥ Indeed, the
huge interface can be created by supplying a large amount of energy™® but also by physico-
chemical (low energy) methods, so-called spontaneous emulsification,® with takes benefit
of the physicochemical properties of the nonionic surfactants to breaks-up the oil phase into
nano-droplets. Spontaneous nano-emulsification method follows very simple processes,
where an aqueous phase is added to a homogenized mixture of oil with the surfactants under
intensive stirring (Figure 1C). This process is usually done under temperature control, which
depends on both oil and surfactant. The simplicity of this formulation method makes it
especially attractive, allowing rapid production and industrial scale-up.

2.3.  Layer by layer NEs

Layer by layer (LbL) NEs are generally formed by electrostatic interaction of anionic
and cationic polyelectrolytes on a surface formed by charged surfactants. In contrast to
already described single-layer NEs, the thickness of the hydrophilic shell of NEs can be
controlled by varying the number of deposited layers.®% The electrostatic attraction
between the oppositely charged species of polyelectrolytes and surfactants leads to
polyelectrolyte-surfactant structures that can stabilize the liquid core of NEs. The interfaces
of charged surfactant/polyelectrolyte complexes play a crucial role in the formulation of LbL
NEs, which include complex formation, competitive adsorption between surface-active
polyelectrolyte/surfactant complexes as well as polymer/surfactant aggregates.®**! The
multilayer structure also depends on non-electrostatic forces, such as hydrophobic
interactions and steric repulsion.®4-%!

This novel encapsulation process was initiated by Sukhorukov and co-workerst®’]
with the incorporation of positive and negative polyelectrolytes onto solid colloidal
substrates. LbL technology has been successfully applied for preparation of NEs (Figure
2).[%8-11 NEs formed by this technique depend on a surfactant-stabilized oil core and LbL
shell formed by cationic and anionic polyelectrolytes. Research on LbL NEs is focused on
two aspects: novel polyelectrolytes and charged surfactants. Szczepanowicz et al. found out
that the major issue in the liquid core LbL preparation procedure is the instability of
polyelectrolyte due to the dynamic nature of micellar aggregates, leading to fast unwanted
leakage of encapsulated drug.[®21%1 Thus, they developed polyelectrolytes for of stable LbL
NEs, which include synthetic (poly(sodium 4-styrenesulfonate) (PSS), poly
(diallyldimethylammonium chloride) (PDADMAC), polyallylamine hydrochloride (PAH)),
natural (chitosan (CHIT), sodium alginate (ALG)) as well as biodegradable (poly-L-
glutamic acid (PGA), poly-L-lysine (PLL)) polyelectrolytes.[*]



The second direction was dedicated to development of novel ionic surfactants for
improving the stability of the oil core.['921041%1 The construction of stable container shells
relies on a successful choice of suitable ionic surfactant for the oppositely charged
polyelectrolyte 04107198 For NEs formulation, several ionic surfactants have been
developed. Grigoriev et al.['% prepared a template of ionic surface for the LbL preparation
using dodecane nano-droplets stabilized by didodecyldimethylammonium bromide
(DODAB). Then, poly-(sodium 4-styrenesulfonate) (PSS)/poly(diallyldimethylammonium
chloride) (PDADMAC) polyelectrolytes were used for form multilayers around the droplet
core. However, their stability remained low as the oil was released from the nano-capsules to
the glass surface. Nilsson and Bergenstahl also reported an DODAB-stabilized NEs of MCT
oil core, coated with a hydrophobically modified anionic starch, however this NEs showed
aggregation during centrifugation.l’® The latter was attributed to lower electrostatic
stabilization of NEs by cationic surfactant DODAB in the presence of the anionic
polyelectrolytes. This embarked the search for new surfactant structures and geometric
features favoring NEs-templated LbL processes. Sodium dioctyl sulfosuccinate (AOT) was
reported to be able to constitute a satisfactory template to encapsulate n-octane nanodroplets
in aqueous medium.['%! Bazylli et al proposed a novel type of surfactant, bis-ammonium
N,N-bis[3,30-(trimethylammonium)propyl]dodecanamide dimethylsulfate (C12(TAPAMS)2)
presenting two cationic head groups. It enabled fabrication of LbL coated NEs with
improved stability against cargo (dye) leakage.[*%!

Generally, LbL NEs are highly flexible modular structures and their properties can
be readily tuned by the relative concentrations of ionic surfactants and polyelectrolytes,
ionic strength and pH of the medium, or lipophilicity of surfactants. Moreover, change in the
pH can induce disassembly of the NEs and therefore pH-controlled cargo release.*'%
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hydrophilic head groups used for stabilization of dye-loaded NEs templates covered by ‘‘n’’ PE bilayers; B the
release process of studied hydrophobic dye-molecules from the obtained nanocapsule. Reproduced with
permission.[%] Copyright 2011 Soft Matter.

2.4.  Dyes and dye-loaded NEs

Although the dye-loaded nanoparticles have been intensively studied,®9222% the
research on dye-loaded NEs is still in its infancy. The goal of a successful formulation of
dye-loaded NEs is a high and efficient loading, high particle brightness and stability with
minimal dye leakage. Indeed, the dye leakage diminishes the brightness of fluorescent NEs,
but increases the background because of the leaked dyes. Dyes inside NEs are generally
loaded by non-covalent methods, which means that the dye is physically entrapped inside
the non-polar oil environment of NEs. In this method, dyes are dissolved in the oil prior to
the process of NEs formation.*! In some cases, the nano-emulsification process needs to be
adapted to prevent the dye degradation, for example by modulating the temperature or
changing the type of surfactant.[**2113] |n cases when dyes have limited solubility in oil, an
organic solvent is concomitantly used with dyes, surfactant and oil.*4l It is then evaporated
before the nano-emulsification,*** while the dye solubility in oil is improved due to the
amphiphiles (surfactants).
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Figure 3. Examples of fluorescent lipophilic dyes used for preparation of dye-loaded lipid NEs organized by
their emission wavelength in oil. (X is counterion, inorganic anion or tetraphenylborate).

The key to preparation of dye-loaded NEs is proper selection/design of the
encapsulated dyes, in order to achieve high solubility in oil, efficient dye loading and high
NEs brightness. Variety of dyes have been designed for loading NEs (Figure 3). Several
strategies have been followed in the dye design for encapsulation into NEs, which are aimed
to improve their lipophilicity. The most common and efficient approach is covalent
modification of dyes with lipophilic chains.[*>1%] Indeed, practically all examples of dyes
for NEs loading bear alkyl chains (Figure 3). The second approach, which is applied to
charged dyes (like cyanines) is the use of bulky hydrophobic counterions.*?1%3 |ncrease in
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the dye lipophilicity has several positive effects. First, it improves dye solubility in oil and
thus enables efficient loading of dyes and ensures long term stability of NEs without dye
precipitation.[*2116l Second, higher lipophilicity will shift the water/oil partition towards the
oil core, which inhibit the dye leakage, commonly observed for NEs.[*2112113] Finally, the
dye could be chemically grafted to the components of NEs, such as oil or surfactant
molecules.™71 However, this cannot totally solve the problem of dye leakage because the
components of NEs are small molecules and can also exchange with biological environment.
This and other related issues will be discussed in the next chapter.

3. Challenges in dye-loaded NEs
3.1. Brightness of dye-loaded NEs

Brightness of dye loaded NEs is crucial for bioimaging applications because it is
directly relevant in obtaining images with high resolution. High brightness of dye-loaded
NEs is beneficial for the quality of image obtained, because signal-to-noise ratio of the
image and the temporal and special resolution of the imaging method are directly linked to
the number of capacity of NEs to emit intense fluorescence light. In general, the brightness
(B) of a NE droplet is defined by the equation applied to any dye-loaded nanoparticle:[!
B=nxexQY, where n is the number of fluorophores loaded in the oily core, € and QY
correspond to the extinction coefficient and fluorescence quantum vyield of the loaded dye
inside NE particle. In the search for brighter dye-loaded NEs, three different ways were
considered based on this equation. The first way is to increase the number of loaded dyes,
which is represented by the n in the equation. This can be achieved by firstly increase in the
size of NEs, because the larger volume of NEs corresponds to larger n for the same dye
concentration. Second is increase in the dye concentration inside NEs. In achieving this
purpose, firstly, dye with good solubility in oil is required. As mentioned above, this is
usually achieved by modifying dye with lipophilic groups. Long alkyl chains have been used
by Texier et al. to improve the optical properties of lipid NEs loaded with cationic cyanine
dyes DiD and DiR.1'4 Both of them were encapsulated into NEs with encapsulation
efficiency of 99% to reach dye concentration of 3.9 mM in oil core, without any observed
fluorescence self-quenching. An increase in the fluorescence quantum yield ® from 0.28 to
0.38 and fluorescence lifetimes t from 1.0 to 1.8 ns were observed for DiD (Figure 3) inside
NEs vs. organic solvent. Similar tendency was observed for DiR (Figure 3): ® increased
from 0.13 to 0.25, while t increased from 0.57 to 1.1 ns. These effects were assigned to
more viscous environment of the oil core compared to the organic solvent. Having 350 dyes
per particle, the brightness of DiD-loaded particles scored up to 1.6 x 107 M~* cm™, 118 this
brightness are close to the reported highest values for QDs (~ 4 x 10 M cm™),[2% dye-
loaded silica NPs (~ 2 x 108 M cm™),[2% and polymeric micelles (~ 5 x 10° Mt cm™).[t24

When dyes are loaded at high concentration, a fundamental problem of aggregation
caused quenching (ACQ) arise because of the close proximity of the encapsulated
fluorophores.t®! In our previous studies, we showed that Nile Red and NR688, self-quench at
high concentrations inside the oil core, indicating that its planar structure favors dye



aggregation at high concentrations.[] Dye aggregation can also result in the destabilization
of NEs and sometimes in dye precipitation.[*?l Therefore, ACQ should be avoided as much
as possible. There are several ways to prevent ACQ behavior in dye-loaded NPst: (i)
aggregations-induced emission; (ii) introduction of bulky groups; and (iii) bulky
hydrophobic counterions for ionic dyes. AIE is one of the most popular methods for
fabrication of organic materials emissive in the solid state.*? However, so far, AIE dyes
(AlEgens) have not been directly used to prepare fluorescent NEs. On the other hand, they
have been successfully used to stain lipid droplets inside the cells,[?212124] which are nano-
objects of similar structure. Incorporation of bulky groups can provide direct steric
hindrance to n-stacking, which inhibits H-aggregation. This approach was particularly used
in solutions,[*?>1%6] solid statel'?’] and in dye-loaded polymeric materials.[*?®! It is also
attractive for dye-loaded NEs, because incorporation of bulky lipophilic groups can both
improve oil solubility and decrease the ACQ. For example, 3-alkoxychromone derivative
F888 (Figure 3), which bears bulky groups to prevent direct n-m stacking showed a
remarkable resistance to ACQ even at very high dye loading, showing up to 78%
fluorescence QY at 10 wt% loading in the oil core.[*2]

In case of DID and DiR bearing long alkyl chains used for loading into NEs,*
high loadings were not studied, probably because of problem of dye solubility and
aggregation. The point is that cationic dyes, such as cyanines, are prone to form self-
quenched m-stacked structures (H-aggregates) at high concentration,*?®! which are
responsible for strong ACQ. We recently found that ACQ in charged dyes in dye-loaded
polymer and lipid NPs can be prevented by replacing their small hydrophilic counterion (i.e.
perchlorate, iodide, etc) with bulky hydrophobic counterions.[*'21%! The jon pair of cationic
cyanine dye Dil with tetraphenylborate TPB (Dil-TPB, Figure 4), showed >40-fold
improved solubility in labrafac, allowing dye loading up to 8 wt %.1*12 It was remarkable
that even at 8 wt% Dil-TPB loading only negligible dye aggregation was observed judging
from the optical absorption measurements of the dye-loaded NEs. Only 3.5-fold decrease in
NEs quantum yield was observed by increasing the dye concentration by 80-fold (from 0.1
to 8 wt%). This led to the increase of estimated particle brightness 23-fold (80/3.5)
compared to the NEs with of 0.1 % dye loading (Figure 4B). The obtained 90 nm NEs
encapsulating ~12000 dyes per droplet showed a quantum yield of 0.14, which corresponded
to theoretical brightness B = 2.5x 108 Mt cm™. This value was close to that obtained
experimentally (B = 8.0 x 10’ Mt cm™) by single-particle microscopy with reference
particles (FluoSpheres™) of known brightness (Figure 4C). The latter value was >100-fold
brighter than quantum dots of similar emission wavelength with quantum yield of ~0.5 and
extinction coefficient at the long-wavelength maximum of ~1 x 10% (B ~ 5.0 x 10°M™
cm ™).
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Figure 4. Chemical structures of Dil perchlorate and Dil-TPB and schematic presentation of a nano-droplet
encapsulating them. With confocal images of single nano-droplets loaded with Dil-TPB at 8 wt% (A) and
standard polystyrene fluorescent nanoparticles (FluoSpheres™, Red-orange, 565/580 nm, 45 nm diameter) of
similar spectroscopic properties (B) in agarose gel recorded at the same experimental conditions. Reproduced
with permission.'2l Copyright 2014 Biomaterials.

Brightness of dye-loaded NEs is also closely associated with the characteristics of
dye itself, notably its extinction coefficient and quantum yield. A lot of research have been
done in the past few years on the developing of novel dyes with improved brightness
characteristics,[**!! although the efforts to design bright dyes specially for NEs are still
limited. Earlier, Zyabrev et al.[**? introduced the dioxaborine barbituryl moiety and then
Kovtun et al designed new fluorophores based on dioxaborine complexes and indolenine
moieties.[*33-1%] By combining these design approaches, we recently reported a series of
fluorophores called StatoMerocyanines. They are composed of an indolenine moiety and a
bulky barbiturate rigidified by a dioxaborine complex, which are ultrabright in oil and used
as lipid droplet markers in cellular and tissue imaging.[**®! They displayed remarkable high
molar extinction coefficients (up to 390 000 Mt cm™) and quantum yields up to 100%.
However, the dye compatible with common 488 nm excitation (SMCy3) showed modest
quantum vyield of 0.25 and extinction coefficient of 87,300 M cm™. Therefore, the
indolenine group was replaced with aniline unit yielding new fluorophores called
dioxaborine barbituryl styryl dyes (DBS) and incorporating long alkyl chain (DBS-Cs,
Figure 3). This dye showed a good molar extinction coefficient of 120 000 M~ cm™ (two
times higher than Nile Red) and an increased quantum yield of 0.98 (similar to Nile Red).[53
The brightness of DBS fluorophores in oil was enhanced due to their viscosity,3 a
phenomenon similar to that observed earlier by Texier et al using cyanines.''*l The
developed DBS dyes showed highest brightness (quantum yield and molar extinction
coefficient) in castor oil (with the highest viscosity) compared with other oils (e.g. MCT and
VEA). The fluorescence quantum vyield correlated with solvent viscosity, so that it was
higher in oils of higher viscosity (Figure 5). It can be explained by the restriction of
intramolecular rotation, commonly observed in fluorophores with structure of molecular
rotors.l371381 Consequently, it is recommended to use viscous oil to increase the brightness
of NEs when loading fluorophores with high degree of rotation freedom. On the other hand,
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dyes with rigid structure, like NR668, do not show a clear correlation of their fluorescence
quantum yield with the oil viscosity (Figure 5).
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Figure 5. Correlation of the fluorescence quantum yield of DBS dyes and NR668 with the viscosity of the
medium. 1 is the solvent viscosity expressed in mPa.s. Red arrows show rotational freedom in DBS-Cg dye,
responsible to viscosity effect. Adapted with permission.[®! Copyright 2019 ACS Appl. Mater. Interfaces.

3.2. Photostability and phototoxicity

High photostability of dye-loaded NEs is almost as important as brightness for high-
quality fluorescence imaging, because it defines the number of photons emitted by the
system before complete photobleaching. Photobleaching, which is a loss of fluorescence
intensity (brightness) over time on continuous exposure to light, is a common problem of
organic dyes. It is frequently observed in cellular microscopy experiments when the same
region of cells is repeatedly imaged. In the study of Gravier et al,[*®] the increase in the DiD
concentration from 1.2 to 4 mM, increased in the photobleaching rate by 63 %. However,
further increasing the concentration to 10 mM decreased the photobleaching rate to the same
as 1.2 mM. The first phenomenon was attributed to photoproduced oxidized radicals that
could react with neighboring fluorophore. By increasing the dye concentration, the
bleaching reaction should be faster when the dye concentration is below dye self-quenching
concentration. However, after the dye loading concentration reached the self-quenching
value, dye would form aggregates, thus lower down the concentration of reactive dye
species concentration, leads to a higher resistance to photobleaching. In another study, a
photostability in dye-loaded NEs was achieved by using fluorinated oil core encapsulating
specially designed NIR quaterrylene dye (QR-4Py, Figure 3).1*°! In high polar medium,
fluorescence of this dye was quenched, because the highly rigid and planar aromatic
structure favored the w-t stacking in aqueous solutions. Inside NEs it drastically increased
its emission and showed much higher photostability compared to corresponding formulation
with DIR dye.

The encapsulation of dyes in a LbL NEs system could help to increase the
photostability and, at the same time, increase the generation of ROS species. It was reported
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that the encapsulation of a cyanine dye IR-786 in multilayer oil core nanocapsules increased
the dye photostability and conserved its photodynamic effectiveness. This photostability
effect of LbL NEs was proved by a model study, where a higher ability to produce ROS was
observed for encapsulated IR-786 in comparing to the free form.[**% Photostability is also
closely linked to phototoxicity, because both are related to formation of the dye triplet state
and further generation of highly reactive singlet oxygen (see a dedicated chapter below). On
one hand, this would lead to unfavorable phototoxic effects, especially at strong irradiance.
On the other hand, phototoxicity of NEs can be directly used in photodynamic therapy
(PDT)™Y as generated singlet oxygen can kill target pathological cells (see a dedicated
chapter below).

In addition to photo-degradation of encapsulated dyes, intense light irradiation can
directly affect the stability of dye-loaded NEs.[**? Indeed, our earlier studies with NEs
loaded with NR688 dye showed that strong irradiation for a few seconds, can induce, in
addition to photo-degradation of the dye, its effective release into biological environment.
The effect was found to be oxygen-dependent, indicating that that some photochemical
degradation of the NEs and/or dye could trigger dye release of NEs. This originally
unwanted phenomenon was then applied for a light-controlled release of NEs cargos in cells
and in zebrafish embryo.[*42]

3.3. Stability of dye-loaded NEs and cargo release

When the dyes are non-covalently encapsulated inside a nanocarrier, they may
undergo a leakage that depends on both dye and nanoparticle platform.[*43l As mentioned
above, it is important to prevent the dye leakage, because it decreases the particle brightness,
but increases the background signal caused by the released dyes. Therefore, the leakage
lowers the imaging contrast obtained with the dye-loaded NEs and can be a source of
important artifacts.*?l In contrast to dye-loaded nanoparticles based on silical** and
polymers,1**31 which are generally more resistant against dye leakage due to their solid core,
nano-droplets with their liquid core are more prone to the leakage. As a result, they usually
release their lipid content rather rapidly ranging from minutes to hours depending on the
lipophilicity and the structure of the encapsulated molecule.[461471 This might be the reason
why fluorescent NEs are less common imaging agents than solid NPs. The retention of a dye
in NEs depends strongly on hydrophobic interactions between the dye and NEs. Therefore,
highly hydrophobic dyes will likely have a strong preference for the oil phase, thus limiting
its leakage in biological environment. Moreover, more lipophilic dyes will remain in the oil
core and less at the NEs-interface, which slow down exchange with continuous phases and
acceptor-media like biological environment (blood, other biological fluids, tissues).[*?l In
this case, the dyes are released only when the NEs degrade releasing its oil, which is optimal
for bioimaging and cargo delivery applications. An additional stability can be provided
using fluorinated emulsions based on fluorinated oil, which provides NEs core with super-
hydrophobic properties. It was shown that dyes bearing fluorinated alky chains exhibit much
higher stability against dye leakage inside fluorinated emissions than their non-fluorinated
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analogues,** highlighting the importance of chemical match between the dye cargo and the
oil core.

However, characterization of dye release from hydrophobic reservoir of NEs and
NPs is challenging using classical methods, such as dialysis.l}4%10 The point is that
hydrophobic cargo is poorly soluble in water, so that in the conditions of dialysis in pure
water, NEs would produce false impression of good stability. Unfortunately, the use of
acceptor media containing organic solvents (like ethanol and isopropanol) is not compatible
with NEs because they can destabilize the nano-droplets. Moreover, dialysis is difficult to
realize in the presence of serum, as serum particles are much larger than dialysis membrane
and could alter its function. Analysis of particle size is very useful to understand stability,
although dye leakage is not always associated with changes in the particle size and
measurements of particle size in complex biological systems is prone to artifacts.

Methods exploiting light absorption and fluorescence of the encapsulated dyes can
help to understand the problem of dye leakage and NEs stability. The simplest approach uses
optical spectroscopy, where the dye aggregation or leakage can lead to changes in the
absorption and emission wavelengths.[**2% One of the most powerful methods to
understand particle integrity is Forster resonance energy transfer (FRET). Since short donor-
acceptor distances are required for the efficient FRET (2-10 nm), one should achieve mM
concentrations of dyes to realize FRET inside the nano-droplets. This means that the
efficiency of FRET can be used as the tool to monitor the concentration of dyes loaded in
the NEs and thus dye leakage behavior. This approach was successfully used for variety of
NPs in order to understand their stability and the cargo leakage in solution and directly in
small animals: polymeric NPs,*%] conjugates with quantum dots,**¢! and dye-loaded lipid
NPs.*51 When using this technique, the FRET pair should be carefully chosen in order to
have good overlap between emission band of the donor and the absorption band of the
acceptor, while keeping donor and acceptor emission bands well separated to avoid their
overlap.t581%° A complementary approach to study stability of fluorescent NPs is
Fluorescence correlation spectroscopy (FCS), a well-known technique in biophysics*® and
materials sciencel*®!l that allows to study in situ diffusion of emissive species. Similar to
DLS, it can provide information about the hydrodynamic radius, but it can in addition be
used in situ in biological media, including serum, which is challenging for DLS. Therefore,
it was successfully used to study interactions of NPs with serum proteins and formation of
protein corona of NPs.21621 The unique feature of FCS is that it can provide information
about brightness and the number of emissive species. The two parameters are directly linked
to the stability of NPs, because once the fluorescent cargo is released into recipient medium
(e.g. serum), the number of emissive species increases while their brightness
decreases.[42150]

In our early studies, we focused on the development of stable non-leaking dye-loaded
NEs based on Nile Red.*l To ensure proper loading and stability against dye leakage,
parent Nile Red was functionalized with three hydrophobic chains (NR668, Figure 3). Then,
using FRET and FCS techniques, we compared stability of NEs loaded with NR668 vs the
parent analogue: Nile Red. To design FRET NEs, they were loaded with a FRET donor dye
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F888 (Figure 3), which is blue dye also bearing three lipophilic chains and its emission
showed good spectral overlap with the absorption of Nile Red dyes. Efficient FRET could
be achieved at 0.5 wt.% loading of both donor (F888) and acceptor (Nile Red or NR668)
(Figure 6A,B). Then incubation in serum revealed that FRET NEs based on Nile Red
acceptor lost their FRET signal already after 3 min of incubation, whereas only minor
release was observed for NEs loaded with NR668 after 6 h at 37 °C (Figure 6C). This result
indicated that Nile Red is not hydrophobic enough to remain in the oily core of nano-
droplets and thus undergoes a rapid leakage in biological media. On the other hand, the
lipophilic version of Nile Red, NR668, shows excellent stability against leakage. The
stability of NEs was then studied by FCS through monitoring the brightness and number of
the emissive species in the serum medium.®? In this case, Nile Red-loaded NEs showed
rapid increase in the number of emissive species and drop of the particle brightness already
after 5 min of incubation in serum, whereas these parameters were relatively stable for
NR668 cargo. These FCS results correlated well the FRET data, confirming the importance
of lipophilic alkyl chains in the stability of NEs. Finally, NEs loaded with Nile Red showed
rapid leakage in presence of cells, whereas NR668-loaded NEs were resistant for hours in
the same conditions.[*?l Later studies using Nile Red and NR668 showed that lipophilicity of
cargo is crucial for controlling exchanges and interactions between loaded and empty NEs as
well as between NEs and live cells.[*®® In addition, using both FRET and FCS we found that
NEs encapsulating NR688 can be destabilized only after reaching high temperature, such as
60 °C.[*%01 Moreover, this study showed that by measuring the standard deviation of
fluorescence fluctuation in FCS, one can provide a quantitative measure of NEs cargo
release in situ in biological medium.
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Figure 6. (A) Schematic presentation of FRET NEs. (B) Fluorescence spectra of FRET NEs at different
concentrations of donor (F888) and acceptor (NR668). The black dotted line corresponds to NEs containing
only the donor (1% loading). Fluorescence spectra were recorded at 390 nm excitation wavelength. (C)
Investigation by FRET of the dye release from NEs in different media: water, Opti-MEM (OM) and Opti-
MEM with 10 vol.% FBS (OM+FBS). NEs encapsulating 0.5 wt% of F888 as energy donor and 0.5 wt% of
Nile Red or NR668 as energy acceptor were used. The NEs were diluted 10 000-times from the original
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formulation into the medium of interest. The first fluorescence spectra were measured after 3 min incubation at
RT. Then, samples were incubated for 1 h, 3 h and 6 h at 37 °C. (D) FRET was quantified as the fluorescence
intensity ratio between the maximum of the donor (450 nm) and acceptor (590 nm). The donor in the nano-
droplets was excited at 390 nm. (E) Schematic illustration of the microfluidic setup to study formation of NEs
by FRET. (F) Emission spectra of NEs containing different Dil/DiO concentration ratios, excited at 458 nm.
(G) Emission spectra recorded inside microfluidic device at indicated ROIs: ROI 1 corresponds to the organic
phase; ROI 2 lies at the periphery of the solutions mixing area, and the ROI 3 corresponds to the central mixing

area, where NEs are expected to form. (B-C) Adapted with permission.[42] Copyright 2012 RSC Adv. (E-G)
Adapted with permission.[* Copyright 2017 Angew. Chem. Int. Ed.

The stability of dye-loaded NEs in plasma was also studied using FRET between
cyanine dyes.*%31 NEs loaded with FRET donor (DiD) and acceptor (DiR) showed slow
decrease in the FRET efficiency starting from 1h and the process ended after 24h, indicating
good resistance of NEs to leakage. Owing to NIR emission of the DiR acceptor, these FRET
NEs allowed studying the biodistribution and stealth properties of NEs in mice. However,
FRET NEs in this case showed low relative intensity of acceptor, indicating low FRET
efficiency. The reason is probably linked to low solubility of positively charged cyanines
dyes, DiD and DiR in oil, which does not allow achieving sufficiently high concentration of
cyanines inside NEs. Solubility and loading of cationic cyanines can be drastically improved
(> 80-fold) by simply replacing their hydrophilic inorganic counterion with bulky
hydrophobic counterion (e.g. tetraphenylborates, TPB), which make cyanines much more
lipophilic.'? Following this finding, we were able to prepare NEs with highly efficient
FRET by loading two NIR dyes inside NEs at sufficiently high concentration (1 wt%).!
Cyanines Cy5.5 LP and Cy7.5 LP, bearing octadecyl hydrophobic chains and TPB
counterions were used for encapsulation. Remarkably, these NEs showed practically no loss
of FRET signal after 24h incubation in serum. This higher stability is probably related to the
presence of bulky counterion in cyanines, which make them less prone to leakage.
Moreover, having both donor and acceptor emitting in NIR region, we were able to perform
quantitative analysis of FRET of NEs injected in mice. Experiments on both healthy and
tumor bearing mice revealed remarkable stability of NEs in blood circulation (see below).
Later on, Roger et al. employed another pair of cyanine dyes, Dil and DiD, with TPB
counterion to study integrity of NEs while crossing the intestinal barrier.[*®! |t was shown
that FRET signal of NEs was preserved after their transfer across an intestinal epithelium
model, indicating the capacity of NEs to undergo transcellular crossing without losing their
integrity.

Another interesting application of FRET with NEs was to monitor their formation
process. Sanchez Gaytan et al.l***l used a micro-flow-homogenizer to mix basic components
to form NEs along with two lipophilic dyes, DiO and Dil, upon NEs formulation, the FRET
pair was encapsulated into the oil core, triggering FRET (Figure 6E). As the NEs formed, an
increase in the acceptor fluorescence intensity and decrease in the donor fluorescence
intensity were observed, so that the color changed from the green to red (Figure 6 F, G).

Recently, we exploited two other methodologies to generate fluorescence response to
dye leakage. In one study, we used the phenomenon of self-quenching of NR668, which is
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observed at high dye loading inside NEs. Then, during dye transfer to a recipient medium
(e.g. empty NEs), dilution of the dye led to de-quenching, i.e. to increase in the fluorescence
intensity, which allowed monitoring the dye release.l**”1 In a second approach, we designed
a fluorogenic dye, which light up on hydrolysis of its ester bond after release from the
nanocarrier.'%8 This approach is especially suitable for monitoring intracellular release of
model lipophilic pro-drugs followed by activation of active cargo by intracellular esterases.

To minimize dye leakage, it is also possible to directly graft the dyes to the oil or
surfactant component used for the formation of NEs.[*%% Patel et al. described an approach
to monitor a two oil phase NEs system where each component was separately labeled by
fluorescent dyes, namely, Cy3 was connected with perfluoropolyether (PEPE) oil and DIiR
dissolved in the outer hydrocarbon oil phase. This formulation showed great size stability
and resistance to fluorescence signal losing over time. After 49 days stored at 4 °C,
fluorescence signals of Cy3 dye barely decreased (4%), while DiR on the outer layer showed
a reduced fluorescence of 23%. Jarzyna described a way to formulate a multifunctional
nanoparticle system with Cy5.5 grafted on the lipid surfactant (DSPE-PEG) at its PEG end
and iron oxide encapsulated in the oil core.l***I This method required the pre-synthesis of the
surfactant part, which is called Cy5.5-PEG-DSPE. The reduced dye leakage in the obtained
NEs allowed non-targeted imaging of subcutaneous tumors.

Another way to prevent leakage of dyes is by using cationic lipid that provide ionic
interactions inside oil core, similar to bulky hydrophobic counterion TPB, mentioned above.
It is reported that cationic lipid stearylamine (SA) can enhance stability of NEs loaded with
indocyanine green (ICG), a water-soluble, amphiphilic anionic tricarbocyanine dye. The
incorporation of this lipid would trigger electrostatic interaction with nearby anionic ICG,
thus preventing ICG from aggregation and destabilization of the NEs.['7%]

The multi-layer NEs system could also be used to prolong the release of dyes, when
the C12(TAPAMS), templates were coated with 2, 4, 5 and 6 layers of PSS/PDADMAC
polyelectrolyte bilayers, the release of encapsulated cyanine dyes was slowed by 5, 30, 340
and 13400 times, respectively, compared to the bare NEs.'5! The release rate depends on
the interfacial tension and surface activity in this case and can be modified by increasing the
number of layers in the polyelectrolyte coating.

Further control on the encapsulation and release of cargo from NEs was achieved by
embedding NEs into hydrogels. In this case, NEs were photo-polymerized inside
poly(ethylene glycol) diacrylate and loaded with lipophilic cyanine dyes (PKH26, Dil
analogue) and DiO as well as model cargo, Nile Red and fluorescently labelled protein
streptavidin.'"Y1 Prolonged pH-controlled release of fluorescent cargos was demonstrated
due to degradation (cleavage of acrylic esters) of the hydrogel matrix.

3.4. Surface modification of NEs

Surface functionalization of nanocarriers is a key step towards biomedical applications that
include targeted imaging and drug delivery. However, so far, surface modification of NEs
remains challenging because of their liquid nature. Indeed, in contrast to solid inorganic and
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organic NPs, the surface of NEs is highly dynamic because surfactant can readily exchange
with the environment and thus loose a grafted functionality. Nevertheless, a number of
approaches for NEs functionalization have already been proposed.

The most common one is based on functionalization of PEGylated lipids (e.g. DSPE-PEG),
which insert at the NEs interface as a surfactant. On the one hand, it allows grafting
fluorescent dyes to the NEs surface (see above).[** On another hand, DSPE-PEG enables
grafting tumor targeting ligands, like RGD. In the study by Texier and co-workers, 9.2% of
surfactant was replaced with DSPE-POE5000-maleimide, which bears thiol reactive group
used for grafting RGD moiety.'’?l PEGylated surfactant bearing stearate lipophilic chain
and reactive groups have also been used for chemical functionalization with RGD ligand.[*"]
More recently, Niko and co-workers proposed an original approach, where the commonly
used surfactant for formulation of NEs, Kolliphor® ELP (Cremophor® ELP, Figure 1B),
was functionalized with azide groups.!’ These obtained azide-bearing NEs were
successfully functionalized with cell penetrating peptides, which was applied to enhance
their internalization into cancer cells in vitro. In another recent study, lipophilic amine
oleylamine was used to graft targeting ligand RGD and fluorescein to NEs, which showed
higher cellular update in vitro compared to analogues with RGD ligand.[*"]

An emerging strategy to modify NEs surface is to use amphiphilic polymers. In a recent
study, NEs were formulated with the lipophilic poly(maleic anhydride-alt-1-octadecene)
(PMAO), which can hydrolyze into a amphiphilic polymer containing negatively charged
carboxylates localizing at the NEs-water interface.[!’®! The attractive feature of this approach
is that amphiphilic polymer, bearing multiple lipophilic tails should provide more stable
surface modification, in comparison to methods based on amphiphiles bearing 1-2 lipophilic
tails. Further studies showed that PEGylated PMAO derivatives can be used to prepare
fluorescent hybrid lipid-polymer NPs, where the lipid droplets, loaded with lipophilic
BODIPY dye BDP-2Cs (Figure 3), are decorated with stable a PEG shell.X”"1 PEG shell at
the NEs surface was also introduced using a radical polymerization of poly(ethylene
glycol)diacrylate, and the oil core-PEG shell NEs were successfully loaded with lipophilic
contrast agents, such as iron oxide nanocubes and fluorescent dye indocyanine green.[78l

4. Biological applications of fluorescent NEs
4.1. Imaging at the cellular level
4.1.1. Studying the pathway of NEs entering cells

Dye-loaded NEs showed the potential to be used to understand the interactions of
these nanocarriers with cells. Particularly important is the internalization of NEs and the
release of their content to the cells. Generally, there exist two main paths for the
internalization of NPs: endocytosis!”®! and macropinocytosis.[*®! It was shown that NPs
with size above 300 nm preferentially internalize through macropinocytosis, whereas below
this size they usually undergo endocytosis.!*8! As the size range of NEs is usually between
20 and 200 nm, endocytosis is their main internalization pathway. Endocytosis is an active
energy-consuming process that ensures entry of substances into the cells.[*821 Although
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numerous studies found out a direct correlation of the increased endocytosis of NPs with the
decreasing of their size,[*®18] few studies were focused on the size effect on NEs
endocytosis. Besides, most of these studies are difficult to compare because different
materials were used. Based on previous reports on NEs, it is clear that their internalization is
a complex function of different factors, including size, nature of emulsifiers, carrier oil and
interfacial characteristics (surface charges).[*®¢18 Focusing on size effects, Fan et al.
studied the cellular uptake of NEs with three droplet diameters (170, 265 and 556 nm).[*&
The uptake efficiency in this study was analyzed based on the fluorescence intensity of
loaded dye inside the cells, revealing strong dependence on the nano-droplet size. It allowed
the authors to conclude that NEs of smaller size could enter into cells by endocytosis faster
than larger NEs. Zheng et al.,!*%! also showed an increased uptake for lower droplet size of
NEs loaded with 5-demethyltangeretin (5DT) (Figure 7). In this study, authors measured the
internalization of 5DT into a suspension of HCT116 cells from different media: bulk water,
medium chain triglyceride (MCT) and NEs with different sizes (67 nm, 125 nm and 203
nm), after incubation for 0.25, 1, and 4 h. HPLC determination after 5DT extraction from
cells suggested that 5DT internalization was highest when delivered in 67 nm NEs. Taking
this condition as a reference (100%), the internalization rate for other conditions was 92.9%,
30.6%, 5.9% and 13.1% in that of 125 nm NEs, 203 nm NEs, bulk water and MCT,
respectively. The low internalization of 5DT when delivered from bulk water and MCT
suggested minimal interference of direct leakage from NEs to cells, highlighting the role of
endocytosis of NEs containing 5DT. The effect of nano-droplet size on the internalization
was confirmed by fluorescence microscopy of cells internalized with Nile Red-loaded NEs
(Figure 7B). In the study by Yi et al., authors found out that smaller droplet size of lipid-
based emulsions improved efficiency of a cargo (drug) delivery, defined by the amount of
loaded drug recovered in the aqueous phase after ultracentrifugation.’®® Two possible
mechanisms have been proposed to explain the effect of size.['%21% The first one is size-
dependent contact curvature: smaller particles have more adhesive contacts with the cellular
membrane and less energy is required for deforming membrane around droplets for the
formation of the endosome.!*¥21%%1 Second one is size-dependent droplet deformability,
where smaller droplets exhibit more defined spherical shape with lower deformability and
thus can easier enter the cells.[191:1%2]
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Figure 7. The effects of three different droplet sizes on cellular uptake of lipid-based emulsions (A) Relative
uptake of emulsions of different diameters by Caco-2 cells. The 170 NEs were used as control (100% uptake).
Other lipid emulsion sizes were compared to the control using ANOVA (* p < 0.05, ** p <0.01). (B) CLSM of
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Caco-2 cells grown on glass coverslips after exposure to three different droplet size lipid-based emulsions
containing Nile red for 4 h. Scale bar indicates 15 um. Influence of emulsion delivery system type on the
uptake of 5DT detected by HPLC. (C) Intracellular levels of 5DT at different times after incubation with
different emulsions. (D) Area under the curve (AUC) of intracellular levels of 5DT after treatment with
different emulsions. The data were expressed as mean * standard with three independent replicates.
Reproduced with permission.[85189 Copyright 2017 Nanomaterials and 2014 Food Research International.

However, one should also take into account that size of NEs can also influence their
stability, especially dye leakage. Indeed, larger NEs with less surface-volume ratio can be
more stable in the holding of dyes with lower problem of leakage. Our previous studies
showed that the dyes can be released before NEs enter the cells.[*l Indeed, when NEs loaded
with Nile Red were incubated with cells, already after 15 min a significant emission was
observed inside the cells (Figure 8A,B). By contrast, incubation with NR688-loaded NEs
showed no detectable fluorescence signal even after 2h of incubation at rt (Figure 8A,C).
These results suggest that NR668 NEs do not enter the cells in these conditions, whereas
Nile Red undergoes fast leakage out of the NEs followed by intracellular accumulation.
These data, in line with FRET and FCS results for Nile Red (see above), can be explained by
insufficient lipophilicity of Nile Red, so that its affinity to the oil core of NEs is not strong
enough to be efficiently protected in biological environment. Therefore, great attention
should be paid in cellular studies using Nile Red or other medium-lipophilic dyes as the
loading cargo for NEs.
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Figure 8. Imaging cells incubated with NEs loaded with Nile Red and its lipophilic derivative NR668. (A)
Presentation of NEs loaded with Nile Red or NR668. (B,C) Combined fluorescence and transmission images of
HelLa cells incubated with nano-droplets containing 0.1 wt.% of Nile Red (B) or 1 wt.% of NR668 (C) for
different times: 15 min and 2 h. (D,E) Zebrafish microangiography using NEs containing 0.1 wt.% of Nile Red
(D) or 1 wt.% of NR668 (E) with the Tg(flil:eGFP)y1 line. 3 days post fertilization, the living zebrafish
embryos were injected 2.3 nL of nano-emulsions diluted twice in HEPES buffer (pH 7.4) and imaged with a
confocal microscope. Images present the global view (upper panels) and a zoom in of the trunk vasculature
(lower panels). The images in green present endothelial cells expressing eGFP, while in red — fluorescence of
Nile Red and NR668, 30 min after the injection of the nano-emulsion. The arrows show the endothelial cells.
The merged image shows the localization of Nile Red in the endothelium and the global diffuse labeling of the
entire embryo, while the merged image shows no colocalization of NR688 with the endothelial cells after 2
hours. Reproduced with permission.[“?l Copyright 2012 Biomaterials.
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The absence of signal from NR668-loaded NEs with cells suggested remarkably
weak interactions with the cell surface. On the one hand, it can be explained by high
deformability of these liquid-core NEs, in line with other studied mentioned above.[*%:192]
On the other hand, their stealth properties probably stems from their PEGylated shell formed
by the non-ionic surfactant, which is known to inhibit non-specific interactions with the cell
surface for different NPs.l*%1%] To modulate NEs surface chemistry, negatively charged
carboxylates were inserted to NEs interface using amphiphilic polymer PMAO.['"®1 The
obtained NEs containing 1 % of PMAO and loaded with NR668 were able to enter the cells
in 2 hours, which was not the case of the parent NEs without polymer. Thus, negatively
charged carboxylates on the NE surface favor interactions of NEs with cells and their
internalization.[*"® However, further work is needed on surface chemistry of NEs, in order to
control better their interactions with cells.

4.1.2. Tracking nano-droplets inside cells

Single particle tracking in cells is a great way to gain insight into the dynamics of
intracellular trafficking and other macromolecular behavior.'®"1 It is also important for
understanding how nano-objects interact with the intracellular environment. The most
important aspect of single-particle tracking in cells is usually high signal to noise ratio and
tracking time. The first method to improve this is usually by using two-photon excitation
(TPE) imaging, since cellular contents are generally transparent under infrared excitation
wavelength.[%-2001 However, it is a scanning technique, which is slower than wide-field
single-photon excitation, which can easily provide video rate imaging of single molecules
and NPs.[63112201 The key approach to improve signal to noise ratio is to use NPs of highest
possible brightness. Up to now, most of particle tracking experiments in cells have been
done using quantum dots, because they are 10-100 times brighter than single organic dyes
and feature high photostability, which allows robust continuous recording of single-particle
traces.l?%2-2941 Nowadays, organic NPs started gaining popularity because of improved
quantum yield, brightness and controlled small size, which enables them to be tracked with
high precision and for longer periods.[2%5-207]

Recently, a novel dioxaborine dye named DBS-Cg was developed and encapsulated
into NEs with vitamin E acetate as liquid core (around 40 nm) at high concentration of 37
mM in oil without obvious aggregation caused quenching issue and a high quantum yield of
0.44.[%% Moreover, in comparison to NR668, it showed significantly improved photostability
and single-particle brightness. These improved optical properties of fluorescent NEs enabled
their single-particle tracking as well as determination of their trajectory and velocity in the
cytoplasm (Figure 9). Remarkably, NEs bearing negative surface change due to presence of
PMAO polymer at the interface significantly decreased the intracellular mobility of NEs,
probably due to increased non-specific interactions with the intracellular components
(Figure 9). This successful example shows a strong potential of dye-loaded NEs as a tool for
particle tracking analysis and the importance of dye design for achieving desired optical
properties.
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Figure 9. (A) Microinjection of DBS-Cs-loaded NEs (41 nm) in HelLa cells and their individual tracking.
Images of HelLa cells microinjected with negatively charged NEs (A-C) and neutral NEs (D-F). (A, D)
Transmission light microscopy 5 min after injection. (B, E) Epifluorescence imaging 15 s post-injection; the
NEs are in red and the nuclei are in blue (Hoechst 5 ug mL™); white arrows indicate the injection point. (C, F)
NEs’ maximum intensity projection of a 30 s time laps (50 ms acquisition time, a total of 600 images), 5 min
post-injection. Scale bar is 10 pum. (G) Example of a HeLa cell microinjected with neutral NEs where single
NEs have been spotted (blue spots) and their trajectory tracked using Imaris 9.2.1 (Bitplane Inc) software, scale
bar is 3 um. (H) Histogram of NEs’ velocity in the cytosol obtained by individual NEs’ tracking from movies
right after injection (30 s, 50 ms acquisition time). Reproduced with permission.®3 Copyright 2019 ACS Appl.
Mater. Interfaces.

4.1.3. Cytotoxicity

To understand the cytotoxicity of dye-loaded NEs, it is crucial to investigate the
cytotoxicity of NEs itself. Among the two components, oil and surfactant, the latter can be a
source of toxicity, because surfactants are known to provide multiple toxicity effects on cells
and they are the part of NEs directly in contact with cells.[?%8 In this case, the earlier studies
on drug-loaded NEs shed light on the cytotoxicity of NEs without dyes. Yoon et al. focused
on the effect of surfactant of NEs cytotoxicity in different cell lines (NIH3T3, HI9C2,
HepG2, hCPC, and hEPC). NEs with average diameter of 200 nm were formulated for
delivery of curcumin, which is a natural compound with multiple therapeutic activities,
including anti-cancer and anti-inflammatory. Authors prepared two different types of NEs
with different ratio of synthetic surfactant Tween 80 and of natural emulsifier (lecithin).
Without drug, both types of NEs did not show any detectable cytotoxicity, which can be
related to low concentrations (2.5 mg/mL of oil) of NEs were tested. Moreover, formulations
of curcumin with NEs significantly reduced its cytotoxicity in cells, probably because NEs
decreased access of the drug to cells.[?% Vater et al. compared the cytotoxicity of lecithin-
based NEs with NEs based on conventional surfactants on human skin cells (primary human
keratinocytens as well as fibroblasts). In addition, they evaluated the effect of the nano-
droplet size in the range from 124 nm to 245 nm. Authors made the NEs concentration
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extremely high (75 mg/mL of oil) in order to have a more obvious effect by NEs themselves
in the cell medium. MTT assay for primary human keratinocytes cells showed that NEs
based on anionic and non-ionic surfactants (SDS, SLES, APG and Tween 80) showed strong
cytotoxicity (nearly 0% viability) after 24 h incubation. In sharp contrast, all the NEs
samples prepared by using lecithin-based surfactant showed high cell viability ranging from
34 to 50% depending on the formulation. This result clearly shows that synthetic surfactants
whether ionic or not have higher cytotoxicity compared to natural lipids. However, the effect
depended strongly on the cell line, as the difference of cytotoxicity for fibroblast cells was
much less pronounced, all the formulations led to a mean cell viability of 82.43 %
(x11.83%), indicating that any comparison of cytotoxicity of different formulations should
be done for a given cell line. Overall, these results suggested that replacing synthetic
surfactants with natural surfactant lecithin is beneficial for reducing the cytotoxicity of NEs
used at high concentration. However, at lower concentrations (5 mg/mL of surfactant) NEs
did not show any clear cytotoxic independently of the nature of their surfactant.[2°%21% Qur
previous data showed that in case of NEs formulated with GRAS components (labrafac and
Kolliphor® ELP), the cytotoxicity is observed only at relatively high concentrations (7.5
mg/mL surfactant and 7 mg/mL oil).

Dye loading inside NEs usually does not contribute to increase the cytotoxicity of
NEs, because its concentration in the oil rarely exceeds 1 wt%. In our previous studies, even
heavy loading (8 wt%) with cyanine dye and its bulky counterion (Dil-TPB) did not
significantly affect the cytotoxicity of NEs. Remarkably, cytotoxicity of dye-loaded NEs
remained very similar for most of NEs formulations, except the highest concentration (21
UM Dil-TPB dye concentration, 15 mg/mL oil).[**2l However, the latter dye concentration
was >20-larger than that normally used in imaging experiments, indicating that these dye-
loaded NEs can be safely used for bioimaging at the cellular level.

Nevertheless, when doing cell imaging experiments with dye-loaded NEs, attention
should be paid to the phototoxicity of dyes. Cells observed under fluorescence microscopy
may be subject to photo-damage due to the production of light-induced reactive oxygen
species (ROS), especially when fluorophores are present.?*!] Fluorophore in excited state
can react with oxygen to generate singlet oxygen that can disrupt the redox homeostasis of
the cells and result in physiological damage of the cells, thus decreasing the quality of cell
imaging results. Even without added fluorophores, ultraviolet light is harmful for
mammalian cells. High excitation power used in new imaging techniques could be also
problematic. Indeed, cellular imaging with maximal signal/noise ratio and resolution usually
needs high excitation light irradiance.?*?l Moreover, it is commonly accepted that shorter
wavelength of light is more toxic for cell samples. The problem of phototoxicity is generally
avoided by applying less irradiance or shorter illumination period. Normally, before the
imaging experiment, one should determine the illumination irradiance that generate
phototoxic effect, and work well below this irradiance threshold to prevent potential
phototoxic effects.[?*®l An alternative option is to encapsulate dyes absorbing in the red to
near-infrared optical window, where the photo-damage is generally lower.?142151 However,
one should take into account that current optical microscopes are optimal in the visible
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spectral range, so that optical imaging with NIR dyes requires higher excitation power. The
optimal spectral window for microscopy is between green (500 nm) to red (650 nm).

Overall, photo-toxicity effects of NEs loaded with fluorescent have not been
sufficiently investigated. Although cytotoxic effects of free drug and drug loaded NEs were
often compared, no comparative study has been conducted about the photo-toxicity effect of
highly lipophilic dye to cells in its free form and NEs encapsulated form. This would be an
interesting aspect to investigate in the future, whether NEs can provide a photo-protective
effect on the encapsulating dyes. On the other hand, photo-toxicity of NEs loaded with
photosensitizing dyes, specially designed for singlet oxygen generation have been studied
for photodynamic therapy (see chapter 4).

4.2. In vivo applications

NEs are particularly attractive for in vivo imaging and delivery applications in
comparison to small organic dyes (cargos) because of their prolonged circulation periods, as
well as the ability to encapsulate different cargos, both contrast agents and drug
molecules.r® The fate of NEs in vivo, their bio-distribution and their disintegration process
have been intensively studied in the last decade.

4.2.1. Dye-loaded NEs in Zebrafish embryo

The zebrafish embryo is becoming a powerful vertebrate model for quantitative
optical imaging, owing to its high transparency in the embryonic and larval stages.?'!
Recently, it also appeared as promising in vivo model for studying and treating diseases,
especially cancer.[?!"?18] The application of dye-loaded NEs in zebrafish was initially
reported by us using NR668 dye as non-leaking cargo.[*” The NEs were injected into the
heart of the embryo followed by live imaging of their bio-distribution. The experiments were
done in a zebrafish transgenic line expressing eGFP specially in the endothelial cells for
delimiting the vascular network of the embryo. The two-color imaging allowed co-localizing
the vascular network in green channel with dye-loaded NEs in Red channel. We found out
that NR668 loaded NEs were localized exclusively in the blood circulation system without
any signs of dye leakage (Figure 8E). In sharp contrast, Nile Red-loaded NEs showed
intense fluorescence in the epithelial cells of vessels and diffused fluorescence all over the
embryo, showing clearly that this dye can rapidly leak out of NEs and distribute all over the
embryo (Figure 8D). This study on one hand, validated NEs as promising tool for imaging
blood circulation of zebrafish. On the other hand, it showed that it is very important to
consider the problem of proper choice of dye cargo, in order to avoid in vivo imaging
artifacts. Later study found that strong illumination NR668 NEs can trigger release of their
content in biological media. This light-controlled cargo release was also tested in zebrafish
embryo and it was found that after 5 min illumination through a bandpass filter (450-490
nm), fluorescence of NR668 was clearly observed outside of the blood vessels, which was
not the case of non-illuminated zebrafish.[*4?l These experiments, provide a proof-of-concept
for the light-controlled release of a dye cargo from NEs in vivo.
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In the further study, we aimed to boost the brightness of nano-droplets in order to track
single particles directly in the blood stream of zebrafish. To this end, we loaded 90-nm NEs
with Dil with bulky counter-ion TPB (Dil-TPB, Figure 10A) at 8 wt%, which corresponded
to ~10,000 dyes per particle. At normal dilution before injection (1000-fold) these NEs
allowed imaging blood circulation of zebrafish without noticeable dye leakage (Figure 10B).
At much higher dilution (10°%-fold), these ultra-bright NEs enabled first single-particle
tracking in live zebrafish embryo. (Figures 10C,D).1*? The tracking analysis showed strong
variation in the single particle velocity produced by a heartbeat of the embryo, which
matched well with the velocity of blood cells (Figures 10E-G). Single-particle tracking in
vivo opens new horizons in bioimaging and nanomedicine, because it enables monitoring
directly individual nanocarrier, and thus understand better bottlenecks in the field of drug
delivery. 21l
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Figure 10. Zebrafish microangiography and single-particle tracking using 90-nm nano-droplets containing
8 wt.% of Dil-TPB injected in Tg(flil:eGFP)'* embryos 3 days post fertilization. (A) Scheme of NEs loaded
with Dil-TPB. (B) Images present the global view of zebrafish in the Dil-TPB NEs channel (top), 30 min after
injection, and merged image with GFP channel for endothelial cells expressing eGFP (bottom). (C-G) Single-
particle tracking of Dil-TPB NEs in zebrafish vessels. (C) During the diastole single particles were followed in
consecutive frames. (D) 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. (E) Reconstruction of the blood flow profile.
The velocities during the diastole (lower part < 500 um/s) were determined by manual tracking (C) while the
peak velocities (>500 pm/s) were deduced from the line profiles (D), where d and t define the particle
displacement and the required time, respectively. (F) Average velocity profile of 10 pulses shown in panel E.
(G) Example of velocity profile of the blood flow in the dorsal aorta determined by tracking the blood cells.
Adapted with permission.'2 Copyright 2014 Biomaterials.

4.2.2. Dye-loaded NEs used for mice imaging

Imaging of NEs in mice is very important, because mice is a key model animal used
in cancer research and therapy.[??! However, unlike zebrafish embryo, imaging of mice is
strongly altered by auto-fluorescence and light-scattering of tissue and blood.[??*?2?] These
interferences can be decreased by using dyes operating in the NIR region (> 700 nm), where
those signals from tissue are minimal.[2142232241 The key question related to in vivo
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applications of NEs is whether they are able to keep their cargo after injection up to reaching
target (e.g. tumor). Indeed, the nanomedicine has been established mainly on solid organic
and inorganic NPs,[2%52261 while NEs, having liquid core, has not been considered as a carrier
with sufficient stability. Since more deformable particles tend to be less prone to cellular
uptake,[**1:1921 NEs with a liquid core can present minimal non-specific internalization into
cells (see above) and potentially longer blood circulation time. On the other hand, liquid
core NEs raises questions about stability of NEs in vivo. As mentioned above, the key tool to
understand integrity of a NEs and the leakage of cargo is FRET between two encapsulated
dyes. This approach has already been used to study integrity of different NPs in vivo.[?27-2°]
For instance, Hammond et al. reported a micelle polymer chemically modified with two
azide-containing near-infrared (NIR) cyanine dyes named Cy 5.5 and Cy 7 by click
chemistry.[?2° The integrity of this polymer particle was monitored by the FRET efficiency
of these two dyes to study the in vivo fate of this polymer nanoparticle after injection in the
blood circulation system of mice.

One of the first attempts to generate FRET NEs for in vivo imaging was done by
Texier et al., where red DiD was combined in a FRET acceptor NIR dye DiR.['%% These
NEs enabled monitoring biodistribution of NEs in vivo, showing their remarkable stealth
character. However, as the FRET signal was relatively weak, it was difficult to quantify the
integrity of NEs in vivo. Later on, we designed FRET NEs by loading donor (Cy5.5LP) and
acceptor (Cy7.5LP), both operating in the NIR region (Figure 11A, B). Efficient FRET was
achieved by improving dye loading to 1 wt.% with help of bulky hydrophobic counterion
TPB (Figure 11C). Once injected at the tail of mice, donor and acceptor emission was
detected by the whole animal imaging setup by exciting the donor dye (Figure 11D).[*% At
the initial injection time, the donor intensity was much lower than the acceptor channel all
over the healthy mice. Over time, donor channel intensity increased, while the acceptor
intensity dropped, reflecting the loss of FRET over time (the FRET ratio decreased over
time with pseudo-color switching from red to cyan), reflecting disintegration of NEs (Figure
11E). Using calibration solutions of NEs under the same imaging setup up it was possible to
establish a calibration of the FRET ratio and thus directly quantify the integrity of NEs in
mice (Figure 11D). Remarkably, emission from tail vein revealed that the integrity of these
FRET NEs in the blood circulation of healthy mice was preserved at 93% at 6 h of post-
administration (Figure 11G). On other hand, integrity of NEs dropped faster in liver, i.e. to
66% after 6h (with half-life of 8.2 h). Experiments in tumor bearing mice showed that these
NEs accumulated efficiently in tumors (Figure 11F) being nearly intact (77% integrity at 2
h) and then decreased their integrity to 40% at 6 h (with half-life of 4.4 h). This study
proposed a robust FRET-based methodology to evaluate quantitatively the nanocarrier
integrity in small animals. The results also showed that NEs are remarkably stable,
remaining nearly intact in the blood circulation and reaching the target tumor in nearly intact
form. The latter validate them as prospective nanocarriers for drug delivery applications.
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Figure 11. Concept of FRET NEs that can report on their integrity by change in their emission color (A) and
the NIR dyes with their hydrophobic counterion (Cy5.5LP and Cy7.5LP) used for encapsulation (B). (C)
Fluorescence spectra of dye-loaded NEs as a function of weight % of FRET pair (corresponds to % of each
dye). (D) FRET imaging of healthy nude mice 15 min after injection of NIR-FRET NEs (1% of Cy5.5LP and
Cy7.5LP each). Low panel (D) shows calibration of the imaging setup, where the ratio (A/D) image
corresponds to level of integrity of NEs. (E) FRET imaging of healthy nude mice at different times after
injection with NIR-FRET NEs and control NEs 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. (F) FRET imaging of tumor-bearing nude mice at different times after injected with NIR-FRET NEs. (G)
Analysis of NEs integrity in different regions of healthy and tumor-bearing mice as a function of post-
administration time. Reproduced with permission.[**3l Copyright 2016 J. Control. Release.
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In addition to systemic administration, fluorescence imaging can help to understand
the fate of lipid nanocarriers after oral gavage administration, which is used in the oral drug
delivery. In this case, highly hydrophobic dyes, which undergo quenching in water through
ACQ was used for encapsulation in solid lipid nanoparticles (SLNs). (Figure 12A).123% This
guenching phenomenon was exploited to extract information about the integrity of SLNs in
vivo. This was achieved by comparing fluorescence intensity of quenchable BODIPY cargo
with non-quenchable dye DIR (Figure 12). The quenchable probe showed significant time
dependent loss of fluorescence in the intestinal tract related to SLN digestion
(disintegration), whereas DIR loaded SLNs did not show significant intensity change. This
in vivo imaging suggested predominant disintegration of SLNs within 2 h and complete
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digestion within 4 h, which correlated well with the in vitro lipolysis data. The described
methodology of water-quenching fluorescence dyes can be used as probes to monitor the in
vivo fate of lipid-based nanocarriers after oral administration. So far, in vivo imaging of NEs
after oral delivery in mice has not been realized to date. But these experiments would be of
particular interest because both model™%6-231 and animal studies!®*?! show the great potential
of NEs as drug delivery agent through the intestinal route.
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Figure 12. Schematic representation of the rationale of exploring the in vivo fate of lipid-based nanoparticles
using environment-responsive aggregation-caused quenching (ACQ) probes. (A) The water sensitivity and
chemical structure of a model ACQ dye P2; (B) Fluorescent emission spectra in response to the water content
(with acetonitrile) in the system; (C) the rationale of exploration of in vivo fate of solid lipid nanoparticles
(SLNs); (D) in vitro and in vivo imaging of P2-labeled SLNs in comparison with a conventional dye DiR.
Reproduced with permission.[23% Copyright 2015 Nanomed. Nanotechnol.

4.3. Targeted imaging with dye-loaded NEs

4.3.1. Passive tumor targeting

It is established that the abnormal angiogenesis of tumor tissues produces porous
blood vessels and permeable holes that could facilitate the internalization of macromolecules
and particles.[?*1 Additionally, the instability of lymphatic vessels in tumor areas might
enhance the retention time of drugs, macromolecules and particles since their clearance rate
decreases, so that they are more likely to be retained in the tumor tissue.[?*42%1 This
phenomenon is called the enhanced permeability and retention (EPR) effect.

Based on this effect, dye-loaded NEs with size between 20-100 nm, being large
enough to avoid fast renal clearance, but small enough to pass the blood vessels, are an
attractive agent for the monitoring of the EPR directed accumulation of NEs (drug-loaded or
not) in tumors. For instance, Radicchi et al., observed the developing stages of NEs
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accumulation in tumor areas based on a DiR loaded NEs. Authors observed some increase
fluorescence intensity of DiR of dye-loaded in NEs in comparing to DiR administrated
alone, indicating that NEs favors accumulation of dye cargo in tumor areas. This effect
became successively more obvious in 4 weeks during the experiment.[2®8 Jacquart et al.
reported a 50-nm NEs loaded with lipophilic NIR dye, derivative of IR780. Owing to their
sufficiently long circulation time on the time scale of hours, these NEs enabled passive
targeting and imaging of human prostate cancer cells implanted in mice.[**® It is also
reported by Juliette et al. that a lipophilic dye-loaded NEs with diameter of 55 nm exhibited
the preference to accumulate in tumors.I71 However, in this study, authors also observed
fluorescence from some organs (especially liver) involved in steroid hormone synthesis and
storage. Authors attributed the reason to the fact that NEs itself being lipid based
nanoparticle has a higher affinity for areas rich in the steroid hormones. Since lipoprotein-
receptor is overexpressed in cancer cells of hormone-dependent tumor areas, it could be used
as another feature for passive targeting of dye-loaded NEs (Figure 13). Our studies with
FRET NEs loaded with NIR dyes Cy5.5LP and Cy7.5LP also showed an EPR effect, with
strong accumulation in tumor already after 1h post-administration in tumor bearing mice
(Figure 11F). Remarkably, imaging of dissected organs revealed that fluorescence signal
from tumor was the largest followed by liver and then lungs, while practically no signal was
observed in other organs.*?!
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Figure 13. Uptake of DiD-loaded lipidots in PyMT mammary cancer cells. Fluorescence images were obtained
before injection (A), 5 h after injection (B), and 24 h after injection (C). (D) Schematic presentation of lipid dot

is shown. Reproduced with permission.[237] Copyright 2013 J. Nucl. Med.
4.3.2. Active targeted imaging of tumors

For targeted imaging, it is necessary to conjugate a nanoparticle with targeting ligands,
which include small molecules (e.g. folate, RGD, etc) and biomolecules (antibodies or
aptamers). However, as the chemical functionalization of NEs is rather challenging because
of liquid nature of these particles, the examples of NEs bearing targeting ligands are still
limited. In one approach, bovine serum albumin (BSA) conjugated with folic acid was used
to formulate NEs by high pressure homogenization.”®! Owing to hydrophobic and
hydrophilic domains, BSA served as a surfactant located at NEs’ interface exposing the
ligand. Fluorescence labelling of NEs was also provided though BSA using fluorescein
derivative (FITC). Folate-tagged protein NEs were shown to selectively internalize into
folate receptor-positive cells.

The second approach, which is the most commonly used for NEs, is functionalization of
PEGylated lipids or surfactants. In a previous study, DSPE-POE5000-maleimide was used
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to formulate NEs,!*"? followed by grafting by maleimide-thiol coupling of the targeting
cyclic RGD-based ligand (cRGD-SH) as well as control ligands (cCRAD-SH, OH-SH)
(Figure 14A). In order to track these NEs, they were loaded with DiD in the oil phase.
Authors found significant fluorescence intensity difference between targeting group (LNP-
cRGD) with non-targeting groups (LNP-cRAD and LNP-OH) from fluorescence cell
imaging results and flow cytometry analysis (Figure 14 B-C). Later on, in another research,
the capacity of these RGD-functionalized NEs to target cancer cells HEK293((B3)
overexpressing target receptor was evaluated in vivo on mice. It was found that after 24 h of
injection, the fluorescence from ROI areas was much higher in the groups treated with
ligand-bearing NEs in comparison to control non-targeted NEs. The results suggested the
targeting effect of the ligand that favors accumulation of NEs in cancer cells overexpressing
corresponding receptor (Figure 14 D-F).[1721 These exciting results showed a possibility to
enhance the capacity of NEs to accumulate in tumors. However, drug delivery with ligand
bearing NEs for anti-cancer therapy remains to be realized. High specificity to the target can
be achieved by grafting of antibodies (Abs). Finally, only a rare report shows
functionalization of NEs with antibodies, which was also realized using PEGylated lipid
with a maleimide function (SPE-PEG3400-Maleimide). The obtained NEs bearing scFv-Fc
TEG4-2C antibodies and loaded with iron oxide nanoparticles enabled direct MRI imaging
of atherosclerosis in mice models.’*¥ The development of dye-loaded NEs bearing
antibodies for targeted optical imaging constitutes a promising research direction.

One should note that the idea of active tumor targeting by modifying the NEs or NPs
surface does not always work as expected. The problem can be associated with the
Tumor/Skin (T/S) ratio of specific tumors.>*% In cases when T/S ratio is low, EPR effect
could surpass the effect of active targeting in vivo. For instance, Coll and co-workers
designed a functional IR780 dye-loaded NEs with surface modified by Arg-Gly-Asp (RGD)
peptide, and showed their capacity to target tumor cell overexpressing avp3 integrin.[*’l
Later on, the authors wanted to verify the generality of this targeting NEs for other tumors.
Unfortunately, this effect was not universal: although authors found significant
accumulation of this NEs on the membrane of HEK293(B3)-avRFP cells in vitro, a negative
result of improving accumulation in DU145 tumor in mice was observed comparing with
NEs without this targeting agent. This was attributed to the fact that DU145 expressed
insufficient amount of avp3 integrin (T/S ratio of 1.5), compared to HEK293(b3)-avRFP
cells (T/S ratio of 3.0),4% so that EPR effect surpassed the specific targeting in the former
case. Thus, the targeting effect strongly depends on the cell line, so that the studies on
targeted delivery should be systematically tested on multiple cells lines with varied receptor
expression.

The ultimate application goal of dye loaded NEs would be the imaging drug-loaded NEs
for the treatment of cancer. Systematic efforts should be done in these direction, which could
further validate NEs as reliable imaging and drug delivery agents.

30



A B LNP-cRGD LNP-cRAD LNP-OH

Figure 14. (A) Lipid nano-droplets LNP-OH, LNP-cRGD, or LNP-cRAD prepared by derivatization of
maleimide groups at the particle surface. (A,B) In vitro evaluation of LNP-cRGD, LNP-cRAD, LNP-OH (0.2
uM DiD, 141 pg/mL of lipids) in the presence of HEK293(B3) cells after 15 min incubation at 4 °C in the
presence of 10% fetal bovine serum. Fluorescence microscopy images (A) and flow cytometry analysis (B)
evidence the specific LNP-cRGD (red) binding (A and B), in comparison with negative control LNP-cRAD
and non-functionalized LNP-OH. The cell nuclei are labeled in blue (Hoechst) on the fluorescence microscopy
photographs (B). The figures on the flow cytometry plots (C) represent the percentages of labeled cells. (D-F)
In vivo injection of LNP-cRGD (D), LNP-cRAD (E), or LNP-OH (F) (10 nmol DiD, 7.1 mg of lipids dispersed
in 200 pL) in HEK293(B3) xenografted Nude mice. Fluorescence images (200 ms integration time, color scale
with contrast fixed between 1836 and 59,641) are recorded at different times after injection and superimposed
to visible light images (in white and black) (D—F). Reproduced with permission.l*’2 Copyright 2010 Eur. J.
Pharm. Biopharm.

4.3.3. NEs used as nano-carrier for photodynamic therapy

Being able to target passively or actively tumor areas grants NEs to be promising nanocarriers for
different drugs in order to improve their efficacy. To make the treatment more specific, an optical
stimulus could be used for specific drugs which could only be toxic when excited. Photodynamic
therapy (PDT) drugs can achieve this purpose. The basic principle of this therapy is the delivery a
light sensitive molecule, so-called a photosensitizer (PS), into cells and tissues and further
application of the light irradiation. Reactive oxygen species (ROS), generated by PS, produce
damage to the targeted diseased cells.’*!] PS molecules of the first generation were chemically
modified porphyrinoids extracted from blood. Although good PDT effects were observed in these
molecules, their application was hindered by the difficulty of their purification as well as their strong
retention in tissues, such as skin. One more issue was the short absorption wavelength (around 630
nm) characterized by poor light tissue penetration. Higher chemical purity and lower skin retention
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period were achieved for the second generation of PS molecules.?*? Since many years PDT has
become a reliable technique for treating certain cancers in clinics, especially those where medical
doctors can easily access with an excitation light.

The emerging research about dye-loaded NEs provides a great opportunity for the development of
the third generation of PS by encapsulation them inside of NEs core, which are released only after
reaching the targeted areas. Moreover, by limiting the light source only to the precise pathology
anatomical sites, the damage to other contaminated healthy sites could be avoided. Usually, the
applied PS is fluorescent itself, so the location and concentration of this compound could be
determined by the fluorescence intensity under suitable excitation wavelength. Meanwhile, the
concentration of the generated ROS could be measured by using an appropriate ROS probe. For
instance, Park et al. encapsulated a PS named Chlorin e6 (Ce6) in NEs stabilized by mPEG-PCL
surfactant and used these NEs for tumor targeting delivery and PDT treatment. Firstly, cellular
uptake study was conducted to verify that Chlorin e6-loaded NEs can improve delivery of PS into
cells, which can generate more ROS species in comparison to its free PS form. Indeed, after 2 h
incubation NEs formulation showed stronger fluorescence intensity of Chlorin €6 and higher ROS
generation monitored by probe 2’,7’-dichlorofluorescein diacetate (DCFDA) (Figure 15). The
formulation also showed good phototoxicity in vitro on cancer cell lines. Then, in vivo imaging
experiments were conducted in mice showing EPR-based accumulation of the NEs in the tumor, in
line to capacity of NEs of passive tumor targeting mentioned above.?*3! In another study, aluminium-
phthalocyanine chloride was used as PS encapsulated inside NEs.?*4! Cellular uptake of PS-loaded
NEs was confirmed by fluorescence imaging, whereas the changes in the absorbance of the ROS
probe (1,3-diphenylisobenzofuran) was used as the indicator for ROS generation ability. It is
interesting that at 0.1 uM loading, 4.4 J/cm? power excitation for 15 min could result in a great
decrease of over 80% cell viability, compared to the cell treated in the dark. In a study by Matos et
al., a well-known PS curcumin was loaded in NEs and efficiently delivered inside cells according to
fluorescence microscopy on three different cell lines. The authors showed low toxicity of Curcumin
in NEs below the concentration of 20 uM (NEs concentration of 8 mg/mL oil) without radiation
(80% viability) and strong toxicity when excited in a modest excitation power of 80 J/cm? (7%
viability).[?®! In this study, NEs also showed protective effect for cells in darkness by comparing the
toxicity of curcumin in NEs and its free form. The effect of light-triggered cell death with help of
PS-loaded NEs is illustrated by fluorescence imaging in a study of Day et al.?*! The authors used a
cell viability label NucGreen that label exclusively dead cells by green fluorescence, and thus
differentiate dead from live cells. By applying NEs loaded with fluorous rhodamine as PS, cell
viability was greatly reduced after illumination (Figure 16). For the application of this type of NEs, it
is also important to prevent rapid leakage of PS. To this end, the authors increased the length of the
lipophilic fluorinated alkyl group of the rhodamine derivative which resulted in a significant increase
of the stability of this PS in NEs system.[?*8l The obtained NEs formulation produced efficient
phototoxic effect in cell culture according to NucGreen staining. Overall, with the development of
dye-loaded NEs, PDT have a bright future for application as dual imaging and curing agent for
cancer with minimal cytotoxic effects in the healthy tissues.
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5. Conclusion and perspectives

Fluorescent nanoemulsions loaded with dyes is an expanding field for developing
novel probes for biological and biomedical applications. It has a unique position with
respect to all other existing nanoparticles, with its strong and weak points. On the side of
advantages of NEs, one should mention its composition based on compounds generally
recognized as safe, which place them together with liposomes, the golden standard in
nanomedicine,?®1 and above all other systems in terms of biocompatibility and
biodegradability. These “green” nanocarriers are mimic of lipoproteins and intracellular
lipid droplets. Moreover, in contrast to most nanocarriers, it can be readily prepared in large
quantities, making it comparable with industrial scale production®! Finally, in contrast to
liposomes NEs have a large oil core, which can serve as a reservoir for encapsulating
lipophilic drugs and contrast agents. Indeed, because of their oil core, NEs ensure the
solubility and stability of lipophilic molecules. Actually, nanoemulsions are already
frequently used as drug nanocarriers in some daily-used pharmaceutical products, such as
topical products of drops or creams.[?472481 Also, there already exist pediatric products in the
form of nanoemulsions.[?*®! Moreover, NEs constitute an important platform for future food
industry.?® However, in the field of dye-loaded NEs a number of challenges should be
addressed in order to establish them as efficient imaging agents in biology and medicine.

The present review identified these challenges and showed existing solutions. In
particular, to obtain bright NPs, one should be able to encapsulate large amount of dyes
without aggregation-caused quenching, which is a common tendency of flat n-conjugated
fluorophores.®! Special dye design, which includes solubilizing lipophilic and bulky groups
has been explored. Bulky counterions were particularly useful and they drastically increase
solubility of cationic dyes, such as cyanines and prevent their aggregation through -
stacking.[**? The second key issue is the dye leakage, which stems from the liquid nature of
these particles. This issue is particularly difficult to address, because common methods
including dialysis fail to estimate the leakage of lipophilic cargo poorly soluble in the
medium. Ideally, the method should be compatible with biological media, such as serum,
which serve as recipient medium for these lipophilic cargos. Therefore, advanced
fluorescence techniques such as FRET and FCS has been applied to trace the fluorescent
cargo in complex biological environments.[*21%% Using these methods, it has been shown
that dyes of intermediate lipophilicity, such as Nile Red, are not reliable fluorescent cargo
for NEs, because in biological environment, they can rapidly leak out and localize in
lipophilic binding sites, such as lipoproteins, biomembranes and intracellular lipid droplets.
To prevent the leakage, dyes should be modified with long alkyl chains, as for instance in
NR688 and cyanine derivatives, which ensures stability of dye-loaded NEs for hours.

Biological applications of NEs revealed their relatively low toxicity, probably
because of GRAS components. Nevertheless, one should always take into account the
toxicity and phototoxicity of dyes. Cellular studies showed remarkably low interactions of
NEs with cell surface, which is clearly connected with the dense PEGylated surface made by
a non-ionic surfactant. However, it is important to note that in vitro and in vivo imaging by
NEs is frequently biased by dye leakage, especially commonly used Nile Red. It has been
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evidenced that on the time scale of 10-30 min, the dye can readily redistribute form NEs into
cells or animal tissues, which can produce a wrong impression of NEs internalization.?!
NEs loaded with lipophilic dyes resistant to leakage have shown to be remarkably stable in
vivo in the blood with long circulation time in both zebrafish and mice. Remarkably, despite
their liquid nature, dye-loaded NEs were able to enter tumors by the EPR effect in nearly
intact form.'31 Moreover, first examples of grafting specific ligands, such as RGD, showed
possibilities of specific targeting.[t”2 All these properties make NEs attractive as imaging
agents to study EPR and specific targeting and as nanocarriers for drug delivery especially in
the field of cancer. An important therapeutic modality that has already been demonstrated
for dye-loaded NEs is photodynamic therapy. NEs can readily solubilize lipophilic
photosensitizers in their oil core and decrease their accumulation in healthy tissues, thus can
improve efficiency of PDT and minimize side effects.

Although those results showed the great potential of dye-loaded NEs as imaging and
therapeutic agents, there still exist room for improvement. One aspect is that the size of NEs,
which is relatively large (generally above 30 nm) compared to proteins or some other
nanoparticles. Ideally, it should be reduced to the range of 5-20 nm, which will be attractive
for single particle tracking and super-resolution imaging, where the particle size should be
comparable with biological macromolecules.’?72%1 This would require dramatic shift in the
design strategy, for example with the use of more compact surfactants or combination of
lipids with polymers. Another aspect is related to the improving of dye encapsulation,
particle brightness and stability, which would require development of dyes with higher
lipophilicity, fluorescence quantum yield and photostability as well as minimized self-
quenching. In this respect, strategies based on bulky side groups*?”! and bulky hydrophobic
counterionst*22521 should be further explored for known and new classes of fluorophores.E!
A promising approach would be also to use aggregation-induced emission, which has been
mainly applied so far for imaging intracellular lipid droplets.[*222%% |ast but not least, the
surface chemistry and colloidal stability issues need to be addressed, because, non-specific
interactions and off-target accumulation remains a major problem in nanomedicine. It is of
great importance to continue working on new non-interacting hydrophilic shells for NEs in
order to achieve high stability in biological media and long circulation time in vivo. Owing
to stealth properties of NEs build of non-ionic surfactants, it is particularly attractive to
covalently graft desired specific ligands to the NEs surface to enhance their specific
targeting. However, the liquid nature of NEs makes this task particularly challenging,
although the approaches based on modified lipids and amphiphilic polymers hold good
promises. In this way, NEs can be used as nano-vehicles even for highly toxic drugs that can
be delivered exclusively to the diseased tissues. Here, combination with dye-loaded NEs
would enable theranostics, where the targeting capacity of the therapeutic NEs could be
tracked for each patient. This is particularly important for precision medicine, where
efficiency of a given nanomedicine relies greatly on section (stratification) of patients.[?2%]

Overall, owing to “green” biomimetic nature, simplicity of preparation, versatile of
design, and stealth characteristics, dye-loaded NEs have the potential to become a universal
tool for bioimaging, therapeutics and theranostics applications.
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