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(54) Particles comprising luminescent lanthanide complexes

(57) The present invention relates to particles, useful
for drug release detection, comprising:
- at least one luminescent metal complex of formula [Ln].
[L], wherein:
- Ln is a lanthanide ion,
- L is an organic ligand comprising a hydrophilic unit with
at least 6 chelating groups chosen from the group con-
sisting of hydroxyl, carboxyl, optionally in the carboxylate
form, carbonyl, ether, phosphonate, phosphinate, thi-

olate, amino and imino functions, and
- at least one drug comprising a conjugated aromatic sys-
tem, wherein said drug is not covalently bonded to the
metal complex,
said particle having a size comprised from 3 nm to 2 000
nm, and wherein the distribution of the metal complex
and the drug within the particle is such that the mean
distance between a drug molecule and a metal complex
is less than 15 nm.
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Description

[0001] The present invention relates to particles useful for drug delivery, particularly to luminescent particles.
[0002] Particles, notably nanoparticles such as liposomes and natural or synthetic lipoproteins, have been widely
explored for drug delivery and biological imaging given their high payloads, improved detection sensitivity, long circulation
times and the ease of integrating multiple properties. With particles, biological and biophysical barriers are more easily
overcome to improve detection of pathophysiologic changes in vivo. Particle drug delivery also limits off-target toxicity
associated with conventional medical therapies.
[0003] The control of the in vivo integrity of the particles and the monitoring of the release of the drug at the site of
interest is one of the major fields where drug delivery can benefit from molecular imaging. This requires properly designed
agents that allow in vivo visualization of the drug reaching a pathological region and the quantitative assessment of its
release.
[0004] Organic fluorophores are notably used to test liposome content release: they are encapsulated in the liposomes
above the self-quenching concentration and become detectable upon liposome rupture.
[0005] However, this method suffers from several disadvantages of organic fluorophores such as the difficulty of the
detection of the fluorescence signal of the drug due to the interference of biological autofluorescence, photobleaching,
change of emission wavelengths with the experimental conditions or reabsorption of the excitation light. Moreover, this
is an indirect technique, since the detected signal is not directly related to the drug molecule.
[0006] Thus, there is a need in novel drug delivery technologies in order to increase efficacy or improve safety and
patient compliance in the cure of highly social impact diseases, in particular cancer.
[0007] The present application aims at providing novel particles which allow the visualization of the drug release by
optical imaging.
[0008] The present application particularly aims at providing novel liposomes and lipoproteins comprising a metal
complex suitable for near-infrared (NIR) optical imaging.
[0009] The present invention relates to a particle, comprising:

- at least one luminescent metal complex of formula [Ln].[L], wherein:

- Ln is a lanthanide ion,
- L is an organic ligand comprising a hydrophilic unit with at least 6 chelating groups chosen from the group

consisting of hydroxyl, carboxyl, optionally in the carboxylate form, carbonyl, ether, phosphonate, phosphinate,
thiolate, amino and imino functions, and

- at least one drug comprising a conjugated aromatic system, wherein said drug is not covalently bonded to the metal
complex,

said particle having a size comprised from 3 nm to 2 000 nm, and wherein the distribution of the metal complex and the
drug within the particle is such that the mean distance between a drug molecule and a metal complex is less than 15 nm.
[0010] Among the constituents of the particles according to the present invention, at least one luminescent metal
complex and at least one drug comprising a conjugated aromatic system have to be present.
[0011] Due to their unique electronic structures, lanthanides are well suited for the design of optical probes. Indeed,
they possess advantageous optical properties, while their similar chemical reactivities allow facile substitution of one
lanthanide by another. Luminescent lanthanide ions provide complementary properties to the above-presented organic
fluorophores, such as resistance to photobleaching, long luminescence lifetimes, absence of reabsorption and sharp
emission bands in the visible and the NIR. In comparison to visible detection, NIR luminescence results in improved
signal-to-noise ratios and detection sensitivity in biological media due to the low residual cell/tissue autofluorescence.
[0012] It is also possible to simultaneously incorporate more than one metal complex into multiple-lanthanide containing
particles, thus enabling "multiplex emission".
[0013] The particles according to the invention may further incorporate Gd3+ complexes, which are widely used as
agents for MRI detection.
[0014] The particles according to the invention may further incorporate other lanthanide complexes providing the
possibility of Paramagnetic Chemical Exchange Saturation Transfer (PARACEST) MRI detection.
[0015] The use of luminescent lanthanide requires a chromophore (also called "antenna") that is capable of absorbing
excitation energy and transferring it to the metal complex.
[0016] The present invention consists of using the drug molecules, incorporated into the particles, as an antenna for
the lanthanide luminescence. The inventors have found that the drug according to the invention is capable of absorbing
excitation energy and transferring it to the metal complex, thus sensitizing the lanthanide luminescence and enabling
the detection of the particle by optical means.
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[0017] Since the drug is not covalently bonded to the metal complex, the lanthanide luminescence can exclusively be
observed when the drug and the metal complex are within the same intact particle. "Not covalently bonded" means that
the drug and the metal complex are not chemically attached and that they are two distinct species.
[0018] On the contrary, the release of the drug from the particles, or the destruction of said particles, will lead to the
loss of the luminescence signal thus allowing a direct follow-up of the drug release, by optical means.
[0019] In case of particles further incorporating Gd3+ complexes, the biodistribution of the particles may also be
monitored by MRI detection. This might allow monitoring the appropriate delivery of the particles to the desired biological
site before content release (detected by optical means) happens.
[0020] Without being bound to a particular theory, the inventors have observed that, in particles having a size according
to the invention, it is sufficient to distribute the drug molecules and the metal complex in the particles so that the mean
distance between a drug molecule and a metal complex is less than 15 nm, in order to enable the above-mentioned
energy transfer and thus the particle detection.
[0021] This condition can be met, for example by homogeneously distributing the drug and/or the metal complex within
the particles, or within at least a zone of the particle, such as the core or the shell in the case of a core/shell particle.
[0022] In order to enable a luminescence suitable for optical detection, the skilled person in the art will be able to select
the nature of the particles considering the hydrophilic or hydrophobic behavior of the metal complex and/or drug molecule.
[0023] For example, in the case of a liposome, i.e. in a particle comprising an aqueous core surrounded by a phos-
pholipid bilayer, the drug and/or the metal complex may be homogeneously distributed within the core or the bilayer,
according to the hydrophilic or hydrophobic nature of said drug and/or metal complex.
[0024] For example, in the case of a lipoparticle, i.e. in a particle comprising a lipidic core surrounded by a phospholipid
monolayer, the drug and/or the metal complex may be homogeneously distributed within the core or the monolayer,
according to the hydrophilic or hydrophobic nature of said drug and/or metal complex.
[0025] In case of low luminescence, the skilled person in the art will also be able to adapt the amounts of metal complex
and/or drug molecule loaded into the particles in order to promote the energy transfer and thus enhance the lanthanide
luminescence.
[0026] The invention provides a novel strategy for the luminescence sensitization of lanthanide without covalent bonds
between the chromophore (i.e. the drug) and the lanthanide (i.e. the metal complex), and provides an unambiguous tool
for monitoring the integrity of the particles, via emission in the NIR region.
[0027] This is the first report of a NIR emitting particle based on lanthanide luminescence. The structure and properties
of these particles allow the localization in sufficient proximity of sensitizing antennae and NIR emitting lanthanide without
the need of multistep organic synthesis. Furthermore, compared to methods using organic fluorophores, the technique
according to the present invention is a direct technique, since the detected signal is directly related to the drug molecule.
[0028] Through the integration of targeting agents on the surface of the particles, such as proteins, synthetically or
genetically modified proteins, natural or synthetic peptides, polysaccharides, natural or synthetic oligonucleotides, aptam-
ers or small synthetic vectors, said particles can be specifically targeted to cellular receptors, such as LDL receptors
over-expressed in cancer cells.
[0029] The versatility of particles also allows the simultaneous incorporation of luminescent lanthanides, magnetic
probes such as Gd3+ complex, and drugs acting as a chromophore antenna.
[0030] The present invention can benefit to clinical healthcare and to drug development in the preclinical phase.
[0031] The particles of the invention may be used for the treatment of cancer.
[0032] The particles of the invention may be used for imaging methodologies, particularly for monitoring the release
of the drug at its site of interest.
[0033] Several further aspects of the present invention will be detailed in the following paragraphs.
[0034] According to the present invention, a "luminescent metal complex" is a species comprising a lanthanide ion Ln
capable of luminescence emission upon specific energy excitation, and an organic ligand L able to chelate the lanthanide
ion in a thermodynamically stable and/or inert metal complex.
[0035] The lanthanide ion Ln is preferably in its oxidation state +3 or +2, i.e. in its cationic form Ln 31 or Ln2+.
[0036] When sensitized, i.e. when excited, the lanthanide ions are known to emit a characteristic luminescence, notably
used in the fields of optical imaging.
[0037] Upon excitation, the lanthanide ion may emit in the visible, i.e. from 400 to 800 nm.
[0038] Upon excitation, the lanthanide ion may emit in the NIR, i.e. from 800 to 1600 nm.
[0039] Upon excitation, the lanthanide ion may emit both in the visible and the NIR.
[0040] According to one embodiment, the lanthanide metal Ln is selected from the group consisting of Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb, preferably from the group consisting of Nd and Yb.
[0041] Nd and Yb, preferably in their cationic form Nd3+ and Yb3+, are luminescent lanthanides with emission bands
in the NIR.
[0042] The spectrum of emission of Nd3+ appears as two main series of bands centered at 890 nm and 1065 nm.
[0043] The spectrum of emission of Yb3+ is centered around 980 nm.
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[0044] According to the present invention, L is an organic ligand comprising a hydrophilic unit with at least 6 chelating
groups chosen from the group consisting of hydroxyl, carboxyl, optionally in its carboxylate form, carbonyl, ether, phos-
phonate, phosphinate, thiolate, amino and imino functions.
[0045] According to the present invention, a "hydrophilic unit" is a part of a molecule with high affinity with water and
with other hydrophilic molecules.
[0046] According to the present invention, a "chelating group" is a group capable of coordinating a metal species,
preferably a metal cation. The organic ligand and the metal coordinated by said ligand together form a metal complex,
which is stable under the conditions wherein the particles are maintained. The stability of the complex is needed for the
relevance of the drug release monitoring.
[0047] L comprises at least 6 chelating groups chosen from the group consisting of hydroxyl (-OH), carboxyl (-COOH),
optionally in the carboxylate form (-COO-), carbonyl (-C(=O)alkyl), ether (-Oalkyl), phosphonate (-P(O)(ORα)(ORβ)),
phosphinate (-P(O)(alkyl)(ORα)), thiolate (-S-), amino (primary, secondary or tertiary amines) and imino functions (-N=),
wherein Rα and Rβ are independently H or alkyl groups, optionally substituted.
[0048] The non-binding doublets of the heteroatoms (N, O, P and S) present in said groups participate in the coordination
of the lanthanide ion.
[0049] Preferably, L comprises at least 6 chelating groups chosen from the group consisting of carboxylate, amino
(primary, secondary or tertiary amines) and imino functions.
[0050] The term "alkyl" means a saturated or unsaturated aliphatic hydrocarbon group which may be straight or
branched having 1 to 24 carbon atoms in the chain. "Branched" means that one or lower alkyl groups such as methyl,
ethyl or propyl are attached to a linear alkyl chain. The alkyl may be substituted with one or more "alkyl group substituents"
which may be the same or different, and include for instance halo, cycloalkyl, aryl, hydroxyl, alkoxy, amino, carboxy.
[0051] The term "alkoxy" refers to an -O-alkyl radical, alkyl being defined above.
[0052] The term "cycloalkyl" as employed herein includes saturated cyclic, bicyclic, tricyclic, or polycyclic hydrocarbon
groups having 3 to 12 carbons, wherein any ring atom capable of substitution may be substituted by a substituent.
Examples of cycloalkyl moieties include, but are not limited to, cyclohexyl and adamantyl.
[0053] The term "halo" refers to the atoms of the group 17 of the periodic table (halogens) and includes in particular
fluorine, chlorine, bromine, and iodine atom.
[0054] The term "aryl" (or Ar) refers to an aromatic monocyclic, bicyclic, or tricyclic hydrocarbon ring system, in C6-C10,
wherein any ring atom capable of substitution may be substituted by a substituent. Examples of aryl moieties include,
but are not limited to, phenyl, naphthyl, and anthracenyl.
[0055] The term "substituents" refers to a group "substituted" on an alkyl, heterocycle or aryl group at any atom of that
group. Suitable substituents include, without limitation, alkyl, alkenyl, alkoxy, halo, hydroxy, cyano, nitro, amino, SO3H,
sulfate, sulfonate, phosphate, perfluoroalkyl, perfluoroalkoxy, carboxyl, oxo, imino (alkyl, aryl, aralkyl), amine, ester,
amide, sulfonamide, aryl, heterocycle, and cycloalkyl.
[0056] The term "acyl" refers to an alkylcarbonyl, cycloalkylcarbonyl, arylcarbonyl, or heterocyclecarbonyl substituent,
any of which may be further substituted by substituents.
[0057] The term "oxo" refers to an oxygen atom, which forms a carbonyl when attached to carbon, an N-oxide when
attached to nitrogen, and a sulfoxide or sulfone when attached to sulfur.
[0058] The term "alkenyl" as employed herein includes partially unsaturated, nonaromatic, hydrocarbon groups having
2 to 12 carbons, preferably 2 to 6 carbons.
[0059] According to one embodiment, the organic ligand L is a polyaminocarboxylate ligand, preferably comprising at
least one, for example two, groups of formula -N[(CH2)iCOO-]2, wherein i is from 1 to 6.
[0060] According to one embodiment, i is 1.
[0061] Thanks to their amino and carboxylate chelating groups, the polyaminocarboxylate ligands are often used for
coordinating metal cations.
[0062] The metal complexes corresponding to this embodiment are particularly stable and preserve the integrity of
the lanthanide ion through time, thus avoiding toxicity that would be associated with in vivo lanthanide ion release.
[0063] According to one embodiment, the organic ligand L comprises at least one group of formula -N= or -N<.
[0064] The non-binding doublet of the nitrogen atom of said group participates in the coordination of the lanthanide ion.
[0065] For example, the ligand may comprise an (aza)macrocycle, aromatic or nonaromatic, preferably comprising at
least 4 chelating nitrogen-containing groups, such as -N= or-N<.
[0066] Examples of (aza)macrocycles are cyclens, cyclams, porphyrins, texaphyrins, phthalocyanins, and derivatives
thereof.
[0067] Besides its hydrophilic unit, the organic ligand L preferably further comprises a lipophilic unit.
[0068] According to the present invention, a "lipophilic unit" is a part of a molecule with low affinity with water, and with
high affinity with other lipophilic molecules such as alkanes, unsaturated hydrocarbon moieties, oils, fats, etc.
[0069] According to this embodiment, the organic ligand L is an amphiphilic molecule, i.e. a molecule comprising a
hydrophilic unit and a lipophilic unit.
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[0070] The lipophilic unit is preferably selected from linear or branched C6-C24 alkyl, C6-C24 alkoxy, and C6-C24
fluoroalkyl groups.
[0071] The lipophilic unit is preferably a C12 alkoxy group.
[0072] According to one embodiment, the organic ligand L is of formula (I):

wherein:

- R1, R2, R3 and R4 are independently selected from the group consisting of hydroxyl, carboxyl, optionally in the
carboxylate form, carbonyl, ether, phosphonate, phosphinate, thiolate, amino and imino functions, preferably from
the group consisting of phosphonate and carboxylate functions,

- n1, n2, n3 and n4 are independently selected from 1 to 6,
- n’ and n" are independently selected from 1 to 6,
- A is a saturated, partially saturated or aromatic heterocycle, comprising at least one coordinating group of formula

-N= or -N<, said heterocycle being optionally substituted by one or more lipophilic groups, preferably selected from
C6-C24 alkyl, C6-C24 alkoxy, and C6-C24 fluoroalkyl groups.

[0073] Preferably, n1, n2, n3 and n4 are 1.
[0074] Preferably, n’ and n" are 1.
[0075] According to one embodiment, the organic ligand L is of formula (I’):

wherein R1, R2, R3 and R4 and A are defined as above.
[0076] The term "heterocycle" refers to a saturated 5-7 membered monocyclic, ring system having 1-3 heteroatoms,
said heteroatoms being selected from O, N, or S (e. g. , carbon atoms and 1-3 heteroatoms of N, O, or S), wherein any
ring atom capable of substitution may be substituted by a substituent.
[0077] Examples of "saturated heterocycle" include pyrrolidinyl, pyrazolidinyl, imidazolidinyl, oxiranyl, tetrahydrofura-
nyl, dioxolanyl, tetrahydro-pyranyl, dioxanyl, dioxolanyl, piperidyl, piperazinyl, morpholinyl, pyranyl, imidazolinyl, pyrro-
linyl, pyrazolinyl, thiazolidinyl, tetrahydrothiopyranyl, dithianyl, thiomorpholinyl, dihydropyranyl, tetrahydropyranyl, dihy-
dropyranyl, tetrahydro-pyridyl, dihydropyridyl, tetrahydropyrinidinyl, dihydrothiopyranyl, azepanyl, as well as the fused
systems resulting from the condensation with a phenyl group.
[0078] The term "heterocycle" also refers to an aromatic 5-8 membered monocyclic, 8-12 membered bicyclic, or 11-14
membered tricyclic ring system (also called heteroaryl) having 1-3 heteroatoms if monocyclic, 1-6 heteroatoms if bicyclic,
or 1-9 heteroatoms if tricyclic, said heteroatoms selected from O, N, or S (e.g. , carbon atoms and 1-3, 1-6, or 1-9
heteroatoms of N, O, or S if monocyclic, bicyclic, or tricyclic, respectively), wherein any ring atom capable of substitution
may be substituted by a substituent.
[0079] Examples of "aromatic heterocycle" include pyrrolyl, pyridyl, pyrazolyl, thienyl, pyrimidinyl, pyrazinyl, tetrazolyl,
indolyl, quinolinyl, purinyl, imidazolyl, thienyl, thiazolyl, benzothiazolyl, furanyl, benzofuranyl, 1,2,4-thiadiazolyl, isothia-
zolyl, triazoyl, tetrazolyl, isoquinolyl, benzothienyl, isobenzofuryl, pyrazolyl, carbazolyl, benzimidazolyl, isoxazolyl, pyri-
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dyl-N-oxide , as well as the fused systems resulting from the condensation with a phenyl group.
[0080] According to one embodiment, the organic ligand L is of formula (II):

wherein A is as defined above.
[0081] In formulae (I), (I’) and (II), A is preferably a C4-C10 saturated heterocycle comprising at least one nitrogen
atom within the ring, such as a pyrrolidinyl, a piperidyl, a piperazinyl, a morpholinyl, or an azepanyl ring.
[0082] In formulae (I), (I’) and (II), A is preferably a C1-C10 aromatic heterocycle, comprising at least one nitrogen atom
within the ring, such as a pyrrolyl, an imidazolyl, a pyrazolyl, a pyridyl, or an indolyl ring.
[0083] According to one embodiment, A is a nitrogen-containing aromatic heterocycle ring in C1-C5, optionally sub-
stituted.
[0084] A is preferably a pyridyl ring, optionally substituted.
[0085] According to one embodiment, the organic ligand L is of formula (III):

wherein R is selected from the group consisting of linear or branched C6-C24 alkyl, C6-C24 alkoxy, and C6-C24 fluoroalkyl
groups.
[0086] R is preferably a lipophilic unit.
[0087] R is for example a C6-C24 alkoxy group, preferably a -OC12H25 group.
[0088] The organic ligand L is for example the ligand pyOC12 which has been synthesized as previously described
(Bonnet et al. Chem. Commun. 2010, 46, 124):

[0089] According to one embodiment, the Ln/drug molar ratio in the particles is from 1:1 to 10:1, preferably from 1:1
to 5:1, more preferably from 2:1 to 4:1, and is typically about 3:1.
[0090] Said ranges of ratio enable a luminescence suitable for the monitoring via optical means.
[0091] Many kinds of drugs may be used in the framework of the present invention, as long as they incorporate a
conjugated aromatic system.
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[0092] According to the present invention, a "drug" is a therapeutic agent, useful for the treatment and/or the prevention
of a disease and/or a condition.
[0093] The drug may be amphiphilic, lipophilic or hydrophilic.
[0094] When the drug is lipophilic, it is typically located within a lipophilic zone of the particle, such as in the lipidic
bilayer of a liposome or in the lipidic core of a lipoparticle.
[0095] When the drug is hydrophilic, it is typically located within a hydrophilic zone of the particle, such as the aqueous
core of a liposome.
[0096] When the drug is amphiphilic, it may be located either within a hydrophilic zone of the particle, or within a
lipophilic zone of the particle, or both within a hydrophilic zone and a lipophilic zone of the particle.
[0097] As mentioned above, the drug inside the particles of the invention comprises a conjugated aromatic system.
The inventors have observed that said system is able of absorbing excitation energy and transferring it to the metal
complex. It seems that the drug according to the invention is a chromophore, acting as antenna, able to sensitize the
luminescence of the lanthanide.
[0098] According to one embodiment, the conjugated aromatic system is selected from heterocyclic and non-hetero-
cyclic moieties, including anthracene, naphthalene, naphthalimide, anthraquinone, naphthoquinone, quinoline, isoqui-
noline, indole, quinazoline, purine, and derivatives thereof, preferably from anthraquinone, quinoline and derivatives
thereof.
[0099] A heterocyclic conjugated aromatic system is a system wherein at least one heteroatom, such as a nitrogen,
an oxygen or a sulfur atom, participates in the conjugation system. Quinoline and anthraquinone are examples of
heterocyclic conjugated aromatic system.
[0100] A non-heterocyclic conjugated aromatic system is a system wherein only carbon atoms are engaged in the
conjugation system. Anthracene is an example of non-heterocyclic conjugated aromatic system.
[0101] By "derivatives", it is meant that the conjugated system may be further substituted by one or more substituents,
such as C1-C6 alkyl groups, C1-C6 alkoxy groups, or C1-C6 aminoalkyl groups, said substituents being optionally sub-
stituted.
[0102] Preferably, the conjugated aromatic system of the drug is selected from anthraquinone, quinoline and derivatives
thereof.

[0103] According to one embodiment, the drug is an anticancer agent, preferably chosen from the group consisting
of doxorubicin, mitoxantrone and irinotecan.
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[0104] The wavelength of excitation of the drug according to the invention is preferably from 250 nm to 800 nm, more
preferably from 400 nm to 800 nm, advantageously from 600 nm to 800 nm.
[0105] For example, the wavelengths of excitation of doxorubicin are from 300 nm to 650 nm, the wavelengths of
excitation of mitoxantrone from 500 nm to 750 nm, and the wavelengths of excitation of irinotecan are from 300 nm to
500 nm.
[0106] According to another embodiment, the particle of the invention further comprises a chromophore, different from
the drug.
[0107] An alternate strategy to trigger a change of luminescence signal upon drug delivery is based on its use as a
"quencher". According to this embodiment, the drug no longer acts as an antenna but as a "quencher", which results in
the inhibition of the lanthanide luminescence. "Quenching" refers to any process which results in the decrease of the
luminescence intensity of the lanthanide ion.
[0108] In this mode, the lanthanide ion is sensitized with a different antenna than the drug which is present in the
particle of the invention.
[0109] In this setup, the drug acts as a "quencher" and induces the absence of signal or the presence of a weaker
signal when the drug is in the particles. Upon excitation, the energy absorbed by said chromophore is deactivated by
the drug, so that the lanthanide of the metal complex is not sensitized or not sensitized efficiently. Thus, when the particle
is intact, the lanthanide ion does not emit any luminescence, or only a low luminescence.
[0110] Upon release of the drug from the particle, the "quenching effect" induced by the drug disappears and the
energy absorbed by the chromophore can be transferred to the lanthanide. The luminescence of the lanthanide ion is
thus detectable or is more intense. The particle is thus more detectable once the drug is released from said particle.
[0111] Many kinds of particles may be used in the framework of the present invention, such as core/shell particles,
liposomes, lipoparticles, coated solid particles, particles obtained via polymerization, gelified particles, hollow particles,
or particles resulting from sonication.
[0112] According to one embodiment, the particles are core/shell particles.
[0113] According to the present invention, a "core/shell particle" is a particle formed of a core surrounded by a shell.
[0114] The shell may be a liposomal surfactant layer, or a polymerized shell, or a gelified envelope. The core may be
solid, liquid, or gelified.
[0115] According to one embodiment, the particles are lipoparticles.
[0116] According to the present invention, a "lipoparticle" is a particle formed of an aqueous core surrounded by a
phospholipid monolayer.
[0117] According to one embodiment, the particles are liposomes.
[0118] According to the present invention, a "liposome" is a particle formed of an aqueous core surrounded by a
phospholipid bilayer.
[0119] The phospholipid bilayer is a thin polar membrane made of two layers of phospholipid molecules. These mem-
branes are flat sheets that form a continuous barrier around liposomes. The phospholipid bilayer is the barrier that
prevents the core of the liposomes from diffusing into areas where they should not be. Phospholipid bilayers are ideally
suited to this role because, even though they are only a few nanometers in width, they are impermeable to most hydrophilic
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molecules.
[0120] Phospholipids have a hydrophilic head and two hydrophobic tails each. When phospholipids are exposed to
water, they arrange themselves into a two-layered sheet (a bilayer) with all of their tails pointing toward the center of the
sheet. The center of this bilayer contains almost no water and excludes hydrophilic molecules.
[0121] The phospholipid bilayer typically includes several types of lipids other than phospholipids, such as targeting
agents able to specifically target cellular receptors.
[0122] The aqueous core of the liposome is preferably liquid.
[0123] The release of the drug from a liposome may occur upon rupture of said liposome. Alternatively, the drug may
also be released from a liposome without breaking said liposome.
[0124] In the case of a liposome, the metal complex is preferably amphiphilic.
[0125] Accordingly, the metal complex is preferably located within the phospholipid bilayer of the liposome.
[0126] In the case of a liposome comprising phospholipids and wherein the metal complex is located within the phos-
pholipid bilayer, the molar ratio Ln:phospholipids is preferably about 1:1.
[0127] The phospholipids forming the bilayer of the liposomes are preferably selected from the group consisting of
phosphatidylcholine, phosphatidylserine, phosphatidylinositol, phosphatidylglycerol, diphosphatidylglycerol and N-acyl
phosphatidylethanolamine, dioleoyl phosphatidylcholine, dipalmitoyl phosphatidylcholine, distearoyl phosphatidylcho-
line, dimyristoyl phosphatidylcholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-oleoyl-2-palmitoyl-sn-glyce-
ro-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], 1,2-dipalmitoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)], 1,2-distearoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)], 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], 1-oleoyl-2-palmitoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)], N-decanoyl phosphatidylethanolamine, N-undecanoyl phosphatidylethanolamine, N-dodecanoyl phos-
phatidylethanolamine, N-tridecanoyl phosphatidylethanolamine, and N-tetradecanoyl phosphatidylethanolamine, and
mixtures thereof.
[0128] Preferably, the phospholipid is dimyristoyl phosphatidylcholine (DMPC).
[0129] According to one particular embodiment, the particles of the present invention are liposomes, comprising an
aqueous core surrounded by a phospholipid bilayer, said bilayer comprising at least one amphiphilic luminescent metal
complex as defined above.
[0130] The lanthanide ion according to this embodiment is preferably Nd3+ and/or Yb3+.
[0131] Depending on their lipophilic of hydrophilic properties, the incorporated drug molecules may be localized either
in the bilayer or in the aqueous core of the liposomes, said aqueous core being preferably liquid.
[0132] According to a first variant of this embodiment, the drug is hydrophilic and therefore located in the aqueous
core of the liposomes, preferably homogeneously distributed within the core. According to this variant, the drug molecules
able to sensitize the metal complex are located in the zone of the core that is in contact with the bilayer.
[0133] According to a second variant of this embodiment, the drug is lipophilic and therefore located in the bilayer of
the liposomes, preferably homogeneously distributed within the bilayer. According to this variant, both the drug molecules
and the metal complexes are distributed in the bilayer and are thus in close proximity, thus allowing the sensitization of
the metal complex.
[0134] The ligand L according to this particular embodiment is preferably of formula (I) or (II), wherein A is substituted
by a lipophilic unit, or of formula (III), wherein R is a lipophilic unit.
[0135] For example, L is pyOC12 as defined above.
[0136] For example, the luminescent metal complex is selected from the group consisting of Nd-pyOC12, Yb-pyOC12,
and a mixture thereof.
[0137] The particles of the invention preferably further comprise a targeting agent on the surface of said particles,
preferably selected from the group consisting of a protein (preferably an apolipoprotein), a synthetically modified protein,
a genetically modified protein, a natural or synthetic peptide, a saccharide, a natural or synthetic oligonucleotide, an
aptamer, a small synthetic vector (preferably folic acid), capable of targeting cellular receptors.
[0138] A liposome further comprising on its surface a protein able to specifically targeting receptors is also called a
"lipoprotein". In respect to liposomes, lipoprotein particles offer further advantages for biological targeting.
[0139] The targeting agent may be grafted onto the particle surface after its formation, typically via covalent chemical
grafting using methods known in the art (see P. Caravan, Z. Zhang, Targeted MRI contrast agents in The Chemistry of
Contrast Agents in Medical MRI, 2nd Edition, Eds. A. E. Merbach, L. Helm, E. Toth, Wiley, 2013, Chichester).
[0140] In the case of liposomes, the targeting agent may be grafted onto a phospholipid prior to the liposome formation.
The hereby obtained "grafted phospholipid" is intended to be incorporated within the bilayer of the liposome, exhibiting
its targeting agent on the surface of the liposome.
[0141] The particles of the invention have a mean size comprised from 3 nm to 2 000 nm, preferably from 5 nm to 1
000 nm, preferably from 10 nm to 500 nm, more preferably from 10 nm to 300 nm, advantageously from 10 nm to 150
nm, for example from 10 nm to 100 nm.
[0142] The mean size of the particles of the invention is typically measured by Dynamic Light Scattering (DLS), in a
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Mavern Zetasizer Nano Series equipment, at 20.0°C.
[0143] The present invention also relates to the particles as defined above, wherein the drug is an anticancer agent,
for use for treating cancer.
[0144] The present invention also relates to the particles as defined above for use in imaging methodologies.
[0145] The present invention also relates to a method of treating cancer, comprising the step of administering to a
patient in need thereof the particles as defined above in a pharmaceutically acceptable excipient, wherein the drug is
an anticancer agent.
[0146] Optionally, said method further comprises the monitoring of the release of the drug comprised in the particles,
preferably by NIR detection.
[0147] The present invention also relates to a method of treating cancer, comprising the step of administering to a
patient in need thereof a pharmaceutical composition comprising at least one particle as defined above and at least one
pharmaceutically acceptable excipient, wherein the drug is an anticancer agent.
[0148] The present invention particularly relates to the particles as defined above for the use in imaging methodologies,
for monitoring the release of the drug, preferably by NIR optical detection.
[0149] According to the particles of the present invention, the loss of luminescence means that the drug, originally
incorporated in the particles, has been released from said particles, or else that the particles have been broken, both
corresponding to the release of the drug to its site of interest.
[0150] The NIR optical detection of the metal complex can be visualized by optical means, using a macroscope Nikon
AZ100 Multizoom equipped with a camera Evolve 512 EMCCD.
[0151] In the case of particles further incorporating Gd3+ complex, the monitoring of the particles may be achieved via
MRI detection of the Gd3+ complex, using classical T1 mapping imaging techniques (see B-T Doan, S. Même, J-C.
Beloeil, General principles of MRI in The Chemistry of Contrast Agents in Medical MRI, 2nd Edition, Eds. A. E. Merbach,
L. Helm, E. Toth, Wiley, 2013, Chichester).
[0152] The present invention also relates to a pharmaceutical composition comprising at least one particle as defined
above and at least one pharmaceutically acceptable excipient.
[0153] "Pharmaceutically acceptable" means it is, within the scope of sound medical judgment, suitable for use in
contact with the cells of humans and lower animals without undue toxicity, irritation, allergic response and the like, and
are commensurate with a reasonable benefit/risk ratio.
[0154] The pharmaceutical compositions can be administered in a suitable formulation to humans and animals by
topical or systemic administration, including oral, rectal, nasal, buccal, ocular, sublingual, transdermal, rectal, topical,
vaginal, parenteral (including subcutaneous, intra-arterial, intramuscular, intravenous, intradermal, intrathecal and epi-
dural), intracisternal and intraperitoneal. It will be appreciated that the preferred route may vary with for example the
condition of the recipient.
[0155] The present invention also relates to a method for preparing the liposomes as defined above, comprising the
steps of:

- preparing a solution comprising an organic solvent, the luminescent metal complex as defined above and a phos-
pholipid,

- evaporating the organic solvent in order to obtain a lipidic film,
- forming liposomes, typically by hydrating said film and sonicating the resulting mixture, and
- loading the drug as defined above into said liposomes, preferably by incubating the liposomes in a solution of said

drug.

[0156] The method of preparation of the liposomes is adapted from the method described in Cormode et al. Small,
2008, 4: 1437.
[0157] The molar ratio Ln:phospholipids in the solution is preferably about 1:1.
[0158] The organic solvent may be a mixture of organic solvents, comprising preferably polar solvents, such as meth-
anol, chloroform, acetonitrile, DMSO (dimethyl sulfoxide), DMF (dimethylformamide).
[0159] Advantageously, the solution is sonicated, for example for 30 min, for example at 37°C.
[0160] The organic solvent or mixture of solvents is then evaporated, preferably under a N2 flow in order to obtain a
lipidic film.
[0161] Said film is then typically hydrated with an aqueous solution, such as a buffer of acidic pH (for example NH4OAc
buffer, pH 4.8), in order to obtain a suspension, which is preferably sonicated at low temperature, typically at 10°C.
[0162] The liposomes thus obtained may be further incubated in a solution of neutral pH (such as PBS medium, pH
7.4) in order to create a pH gradient useful for loading the desired drug molecule.
[0163] The loading of said drug is then carried out by transferring the unloaded liposomes into a solution of said drug.
If the drug is hydrophilic, said solution is an aqueous solution. If the drug is lipophilic, said solution is a lipidic solution.
If the drug is amphiphilic, said solution is preferably an aqueous solution.
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[0164] For example, in the case of doxorubicin, mitoxanthrone or irinotecan, the liposomes are added in an aqueous
solution of the respective drug and then stirred for several hours at room temperature to enable the loading.
[0165] After the loading of the drug, the liposomes may be dialysed, i.e incubated in an aqueous solution to remove
any free drug.
[0166] In the case of the synthesis of lipoproteins, the targeting agent is further incorporated by incubating the liposomes
with the targeting agent (such as an apolipoprotein), followed by a sonication and a final dialysis step.

Experimental Part

Materials

[0167] The ligand pyOC12 has been synthesized as previously described (Bonnet et al. Chem. Commun. 2010, 46,
124). GdCl3.6H2O, YbCl3, NdCl3.6H2O, DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), Doxorubicin, Mitoxantro-
ne, Irinotecan, n-octyl-glucoside, PBS (0.05% Tween 20, pH 7.4), methanol and chloroform were purchased from Sigma-
Aldrich. ICP Gd3+ standard (10000 mg/L in 5% HNO3) was purchased from Spex CertiPrep. ApoE4 was purchased from
AbCam. All the products have been used without further purification, unless stated otherwise.

Synthesis of the particles

[0168] Liposomes and lipoproteins containing different luminescent lanthanide ions were synthesised by the lipid film
method, adapted from the literature (Cormode et al. Small, 2008, 4: 1437). In some preparations, Gd3+ complexes have
been also integrated in the preparation to make the particles also detectable in MRI.
[0169] Briefly, an equimolar amount of phospholipid (DMPC) and metal complex (Nd-pyOC12 or Yb-pyOC12) are
solubilised in MeOH/CHCl3 and sonicated for 30 min at 37°C. After this time, the solvents are evaporated under a N2
flow and the lipidic film formed is then hydrated with NH4OAc buffer, pH 4.8. This suspension is incubated at 37°C for
1h and follow by a sonicated for 30min at 10°C. The final solution is dialysed against PBS (3.5KDa cut-off membrane),
allowing the formation of "acidic" particles, in PBS pH 7.4 medium (and therefore creating a pH gradient). The desired
drug molecule (doxorubicin, mitoxanthrone or irinotecan) is then added in a 3:1 total Ln/drug molar ratio and stirred for
7h at room temperature.
[0170] After the incorporation of the drug, the particles are once again dialysed against PBS to remove any free drug.
[0171] In the case of the synthesis of lipoproteins, after the doxorubicin encapsulation step, the ApoE4 (1 mg ApoE4/
5 mg lipids) is incubated for 1h at 37°C followed by a sonication of 20min at 10°C and the final dialysis step against PBS.

Measurements

[0172] Induced Coupled Plasma Optical Emission Spectrometric (ICP-OES) measurements have been performed to
determine the lanthanide concentration in each particle. The particles formed were analyzed by Dynamic Light Scattering
(DLS) to acquire about their size (~12-50 nm in diameter), in a Mavern Zetasizer Nano Series equipment, at 20.0°C.
[0173] The encapsulation efficiency of the drug has been determined by UV-vis absorption, upon lysis of the particles
with n-octyl-glucoside (40%).

ICP-OES measurements

[0174] Induced Coupled Plasma Optical Emission Spectrometer (ICP-OES) measurements were performed in a Jobin
Yvon ULTIMA2 Spectrometer. Both standards solutions of the corresponding Ln3+ and the samples were prepared in
5% HNO3. The measurements were performed using the 3 characteristic bands of GdIII, being the most accurate results
those corresponding to the 342.246 nm band for GdIII. All the measurements were done in triplicate.

Photophysical measurements

[0175] Absorbance UV spectra were performed on a Secomam Uvikon XL spectrophotometer. Emission and excitation
spectra were measured using a Jobin-Yvon Horiba Fluorolog-322 spectrofluorimeter equipped with a Hamamatsu R928
detector for UV-vis detection and an InGaAs Jobin-Yvon FL-1046 detector for the NIR region detection. Emission and
excitation spectra were recorded using a 700 nm cut-off filter. Spectra were corrected for instrumental response due to
the excitation lamp output, spectral responses of the excitation and emission gratings, response of the detector, and the
use of neutral density filters, when applicable.
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Results

[0176] The following liposomes were prepared:

(A) DMPC/Nd-pyOC12/Yb-pyOC12/doxorubicin
(B) DMPC/Nd-pyOC12/doxorubicin
(C) DMPC/Yb-pyOC12/doxorubicin
(D) DMPC/Nd-pyOC12/mitoxantrone
(E) DMPC/Yb-pyOC12/irinotecan

[0177] The following lipoprotein was prepared:

(A’) DMPC/Nd-pyOC12/Yb-pyOC12/doxorubicin+ApoE4

[0178] Liposomes (A) to (E) and lipoprotein (A’) were also prepared by incorporating Gd-pyOC12.
[0179] The results of absorption/emission measurements are as follows:

[0180] Upon excitation (notably at 495, 543, 585 and 600 nm), liposomes (A) exhibited luminescence centred mainly
at 890 nm and 1064 nm, which is characteristic of Nd3+ luminescence, and also exhibited luminescence centred mainly
at 980 nm, which is characteristic of Yb3+ luminescence.
[0181] Upon excitation (notably at 495, 543, 585 and 600 nm), liposomes (B) exhibited luminescence centred mainly
at 890 and 1064 nm, which is characteristic of Nd3+ luminescence.
[0182] Upon excitation (notably at 495, 543, 585 and 600 nm), liposomes (C) exhibited luminescence centred mainly
at 980 nm, which is characteristic of Yb3+ luminescence.
[0183] Upon excitation (notably at 600 nm and 660 nm), liposomes (D) exhibited luminescence centred mainly at 890
nm and 1064 nm, which is characteristic of Nd3+ luminescence.
[0184] Upon excitation (notably at 370 nm), liposomes (E) exhibited luminescence centred mainly at 980 nm, which
is characteristic of Yb3+ luminescence.
[0185] The luminescence studies of the doxorubicin, mitoxantrone and irinotecan containing liposomes and lipoproteins
showed that these drug molecules are capable of sensitizing both Nd3+ and Yb3+ luminescence in the near IR (excitation
at 370 nm for irinotecan, 495 to 600 nm for doxorubicin and 500-700 nm for mitoxantrone).
[0186] It was observed that for these drugs used as chromophores, the absorption and the excitation spectra of the
particles recorded upon lanthanide emission have fairly similar profiles. This result shows that the electronic structure
centred on the chromophore drugs is indeed used for the sensitization of both Nd3+ and Yb3+.
[0187] A further proof that the sensitization of the metal complexes incorporated in the particles is indeed achieved
by the "antenna effect" of the drug molecules, n-octyl-glucoside was added to the particles, a detergent known to induce
liposome disruption.
[0188] Upon addition of 40% of n-octyl-glucoside to a batch of liposomes (C), a complete loss of the Yb3+ luminescence
(band centred at 985 nm) and an increase of the doxorubicin emission (bands centred at 550 and 590 nm) are observed.
After liposome destruction, the energy received by the doxorubicin is no longer transferred to the lanthanide.
[0189] This result also shows that the particles according to the invention, involving luminescent metal complexes,
allow for a direct follow-up of drug release.

(A) (B) (C) (D) (E)

λexcitation(nm) 495 - 600 495 - 600 495 - 600 500 - 700 370

λemission (nm)

890 (lb)

890 (lb) 890 (lb)

980 (lb) 980 (lb) 980 (lb)

1064 (sb) 1064 (sb)

1064 (sb)

(lb) large band
(sb) sharp band
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Results in vivo

[0190] A NIR imaging device optimized for the detection of NIR emitting Ln3+ reporters from cells to small animals has
been created.
[0191] First, liposomes (C) were internalized in HeLa cells. The luminescence arising from the Yb3+ NIR emission was
detected with a good signal-to-noise ratio.
[0192] Further, tumors were induced in female BALB/c mice by subcutaneous injection of 106 4T1 murine mammal
carcinoma cells. After tumor growth (15 days), liposomes (C) were injected into the tumor (~5 mM doxorubicin concen-
tration). For comparison, the same concentration of doxorubicin was injected in control mice.
[0193] Macroscopy images of the tumor region on mice were obtained using a macroscope Nikon AZ100 Multizoom
equipped with a camera Evolve 512 EMCCD.
[0194] For detection of the Yb3+, the following set of filters was used: λexcitation: 482/35nm, dichroic 705, λemission:
LP770nm.
[0195] For the detection of doxorubicin signal, the following set of filters was used: λexcitation: 447/60nm, dichroic 605,
λemission: 536/40nm.
[0196] In the visible region, a very intense autofluorescence is observed preventing the detection of the signal originating
from the imaging probe.
[0197] In the NIR region, the doxorubicin has a weak emission signal, while the Yb3+ NIR emission arising from the
liposomes can be detected with a short acquisition time.
[0198] Indeed, in the NIR, the background luminescence is extremely weak or non-existent, favouring a good signal-
to-noise ratio and detection sensitivity.
[0199] Those results demonstrate the feasibility of lanthanide-based NIR imaging in living cells and also in living mice
with liposomes (C).
[0200] The particles of the invention thus enable the acquisition of optical images by detecting non-invasively the drug-
sensitized lanthanide luminescence in living mice.
[0201] This work establishes a proof of principle that, despite their modest quantum yields, NIR emitting lanthanide
ions in the particles of the invention can emit a sufficient number of photons to allow sensitive bio-imaging using drug-
sensitized lanthanide luminescence in the NIR.

Claims

1. Particle comprising :

- at least one luminescent metal complex of formula [Ln].[L], wherein:

- Ln is a lanthanide ion,
- L is an organic ligand comprising a hydrophilic unit with at least 6 chelating groups chosen from the group
consisting of hydroxyl, carboxyl, optionally in the carboxylate form, carbonyl, ether, phosphonate, phosph-
inate, thiolate, amino and imino functions, and

- at least one drug comprising a conjugated aromatic system, wherein said drug is not covalently bonded to the
metal complex,
said particle having a size comprised from 3 nm to 2 000 nm, and
wherein the distribution of the metal complex and the drug within the particle is such that the mean distance
between a drug molecule and a metal complex is less than 15 nm.

2. Particle according to claim 1, wherein the lanthanide is selected from the group consisting of Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm and Yb.

3. Particle according to anyone of claims 1 or 2, wherein the ligand is a polyaminocarboxylate ligand.

4. Particle according to anyone of claims 1 to 3, wherein the ligand further comprises a lipophilic unit.

5. Particle according to anyone of claims 1 to 4, wherein the ligand is of formula (I):
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wherein:

- R1, R2, R3 and R4 are independently selected from the group consisting of hydroxyl, carboxyl, optionally in the
carboxylate form, carbonyl, ether, phosphonate, phosphinate, thiolate, amino and imino functions,
- n1, n2, n3 and n4 are independently selected from 1 to 6,
- n’ and n" are independently selected from 1 to 6, and
- A is a saturated, partially saturated or aromatic heterocycle, comprising at least one coordinating group of formula
-N= or -N<, said heterocycle being optionally substituted by one or more lipophilic groups.

6. Particle according to claim 5, wherein A is a nitrogen-containing aromatic heterocycle ring in C1-C5, optionally
substituted.

7. Particle according to anyone of claims 5 or 6, wherein the ligand is of formula (III):

wherein R is selected from the group consisting of linear or branched C6-C24 alkyl, C6-C24 alkoxy, and C6-C24
fluoroalkyl groups.

8. Particle according to anyone of claims 1 to 7, wherein the drug is an anticancer agent.

9. Particle according to claim 8, wherein the anticancer agent is chosen from the group consisting of doxorubicin,
mitoxantrone and irinotecan.

10. Particle according to anyone of claims 1 to 9, characterized in that it is chosen from the group consisting of a
core/shell particle, a liposome, a lipoparticle, a coated solid particle, a particle obtained via polymerization, a gelified
particle, a hollow particle, and a particle resulting from sonication.

11. Particle according to claim 10, characterized in that it is a liposome comprising an aqueous core surrounded by
a phospholipid bilayer.

12. Particle according to anyone of claims 8 or 9 for use for treating cancer.

13. Particle according to anyone of claims 1 to 11 for use in imaging methodologies.

14. Pharmaceutical composition comprising at least one particle according to anyone of claims 1 to 11 and at least one
pharmaceutically acceptable excipient.
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15. Method for preparing the particle according to claim 11, comprising the steps of:

- preparing a solution comprising an organic solvent, the luminescent metal complex as defined in claim 1 and
a phospholipid,
- evaporating the organic solvent in order to obtain a lipidic film,
- forming liposomes, typically by hydrating said film and sonicating the resulting mixture, and
- loading the drug as defined in claim 1 into said liposomes, preferably by incubating the liposomes in a solution
of said drug.
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