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Description

Technical field

[0001] The invention is directed to the field of synthesis of mesoporous silica nanomaterials adapted to be used as
nanovector for the encapsulation and the delivery of materials. More particularly, the invention is directed to the synthesis
of mesoporous silica nanomaterials which are completely surrounded by a supported lipid bilayer (SLB).

Background art

[0002] Mesoporous silica nanomaterials allow different biomedical applications such as drug delivery, therapeutic
imaging, and diagnosis. In this context, mesoporous silica nanoparticles (MSNPs) have been hugely studied as a vector
for drug delivery applications.
[0003] Mesoporous silica nanomaterials allow different biomedical applications such as drug delivery, therapeutic
imaging, and diagnosis. In this context, mesoporous silica nanoparticles (MSNPs) have been hugely studied as a vector
for drug delivery applications.
[0004] Mesoporous silica micro or nanoparticles are generally synthesized using template-assisted sol-gel methods.
[0005] In order to attach different structure around those MSNPs, such as, for example, a supported lipid bilayer (SLB),
it is interesting to be able to functionalize the MSNPs with a reactive moiety which is on the external surface of the
MSNPs, allowing subsequently further functionalization.
[0006] Among different methods, Bein and co-workers (Chem. Mater., 2008, 20, 7207-7214) have reported the self-
assembly of MSNPs, in particular functionalized MSNPs. The self-assembly is provided by mixing a surfactant, which
is employed as structure-directing agent, a silica precursor, and an organotriethoxysilane, which will provide the functional
moiety onto the external surface of the nanoparticles, in an alkaline aqueous media containing a polyalcohol, which is
going to slow down the condensation rate of the silica species.
[0007] The surfactant is cetyltrimethylammonium chloride (CTACI).
[0008] The silica precursor is tetraethylorthosilicate (TEOS).
[0009] The organotriethoxysilane is 3-aminopropyltriethoxysilane (APTES). It can also be, for example, phenyltriethox-
ysilane (PTES).
[0010] The polyalcohol is triethanolamine (TEA).
[0011] The protocol provided by the Bein’s research group requires the co-condensation of all of the above mentioned
reagents to provide the self-assembly of the functionalized MSNPs.
[0012] Thus, a first mixture of TEOS, CTACI, TEA in water is prepared and is co-condensed with a mixture of TEOS
and the organotriethoxysilane. The second mixture, comprising TEOS and the organotriethoxysilane, always contained
185 mmol of silane, namely 2% of the total amount of silane involved in the preparation of the MSNPs.
[0013] The second mixture can be added onto the first mixture at different time, depending of the nanoparticle growth.
[0014] By using this above co-condensation principle and such ratio, non-aggregated functionalized MSNPs were
obtained. However, the yield of functionalized, namely the yield of organotriethoxysilane incorporated within the external
surface of the nanoparticles is dependent of the starting concentration of organotriethoxysilane, which is always below
2% of the total amount of silane involved in the preparation of the MSNPs.
[0015] The yield of the functionalization of the nanoparticles with the amino group (using subsequently APTES as
organotriethoxysilane) was reported using ζ-potential measurements.
[0016] ζ-potential experiments performed after 10 or 30 minutes of particle growth at a pH of 6 indicates a ζ-potential
between 0 mV and 5 mV. At more acidic pH values, the ζ-potential logically increases (up to 10 mV at a pH of 4 and up
to more than 25mV at a pH of 2 after 30 minutes of particle growth).
[0017] When the co-condensation route was not performed, namely when the organotriethoxysilane (at a concentration
equal to 2% of the total amount of silane involved in the preparation of the MSNPs) was added directly (without conden-
sation with TEOS), the final nanoparticles obtained where either aggregated (in the case where APTES was used) or
non-functionalized (in the case where PTES was used).
[0018] Those results suggest that when the organotriethoxysilane is used at this concentration, the pores and the
channels of the nanoparticles in formation becomes blocked. However, when co-condensation is previously performed,
the organotriethoxysilanes are hydrolysed forming oligosilicate anions which can subsequently reacts with the silica wall
which is built during the nanoparticle growth.
[0019] MSNPs are not yet approved for medical application as drug delivery vectors. Divergent results have been
discussed and it has been demonstrated that the toxicity and the biodistribution were dependent on the shape, the
structure, the functionalization and the size of the silica NP types.
[0020] Generally, MSNPs are expected to be administered intravenously and the future capability as carriers will
depend on their drug delivery performances and biocompatibility. In this context, several reports have focused on MSNPs
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hemotoxicity which also depends on the surface functionalization, size and shape. In the literature, most of the hemolysis
assays are performed in PBS (phosphate-buffered saline) solution. For instance, Paula and co-workers (J. Braz. Chem.
Soc., 2012, 23, 1807-1814) have demonstrated that the protein corona on 40-80 nm MSNPs induced the hemolysis
suppression. However, the absence of hemolysis does not mean that there is no impact on red blood cells (RBCs).
Reshaping or stress peak formation can hamper the RBCs deformability and therefore the biocompatibility of the system.
[0021] Several functionalizations have been tested in order to decrease hemolysis of RBCs induced by MSNPs. A
pegylated coating was described by He Q. et al. (Biomaterials, 2010, 31, 1085-1092) as very efficient for this purpose.
Nevertheless, for drug delivery design, based on PEG coating, let predict a large "burst effect" for hydrophilic drugs and
a lesser extent for hydrophobic ones. To circumvent this drawback, the pores can be sealed by using small nanoparticles,
polymeric cushions, organic corks or lipids.
[0022] In this context, coatings based on supported lipid bilayer (SLB) are emerging and presenting an important
advantage in controlling the drug release as well as improving the biocompatibility of MSNPs.
[0023] Despite this interest, few methods have been described to achieve the adsorption of a SLB on sub 100 nm
MSNPs. Brinker’s group synthesized to so-called "protocells" by merging mesoporous MCM-41 nanoparticles with pre-
formed and purified liposomes. In their case, nanoparticles sizes were generally greater than 100 nm and the porous
matrix was organized like a honeycomb structure. The method of Brinkers and co-workers (J. Am. Chem. Soc., 2009,
131, 7567-7569) involves the synthesis of anionic liposomes, extrusion and mechanical stirring with cationic silica na-
noparticles followed by the post insertion of cationic lipids. Without this post insertion, it was suggested that the negatively
charged SLB only partially covered the mesoporous core. Bein’s group proposed a new method to form SLB on MSNPs
of 55 nm based on solvent exchange methods (Nano Lett., 2010, 10, 2484-2492). In their work, however, the fluorescence
cross-correlattion (FCCS) method cannot demonstrate directly that the SLB is a non-defect supported bilayer.
[0024] This kind of supported bilayer presenting defects suffers from different kind of problems during delivery of
materials (e.g. drugs).
[0025] Cationic NPs such as cationic silica NPs, cationic gold NPs or polyethylenimine polymer based NPs were
demonstrated in several reports as producing defects in plasma membrane models (Nano Lett., 2008, 8, 420-424 and
J. Phys. Chem., 2009, 113, 11179-11185).
[0026] Cationic lipids NPs which include 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipids were described
as potentially toxic, inducing immune toxicity (Biomaterials, 2010, 31, 6867-6875) and RBCs lysis (Chem. Phys. Lipids,
2005, 135, 181-187).
[0027] For non-gene delivery applications, there is no need to use cationic NPs. Consequently, neutral or anionic
SLBs can be used. Anionic SLBs may decrease the interaction between RBCs or plasma proteins and therefore increase
the stability of MSNPs in blood. However, no method was described to achieve anionic SLB without defect on MSNPs.
[0028] International patent application published WO 2014/138278 A1 describes a method for forming a phospholipid
bilayer including contacting a suspension of silica bodies, for example, pre-loaded silica bodies, with a solution of
phospholipids in a suitable solvent. In this document, the combined mixture can be supplied with energy, for example,
via sonication, to facilitate coating of the silica body surface with the phospholipid bilayer. Numerous phospholipids
suitable for forming the bilayers are known, including 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).
[0029] In the above described method, it is not required to pre-form phospholipid liposomes that are contacted with
the silica bodies. It is rather a preformed film of phospholipids that is contacted with the silica bodies, in order to avoid
the need to carry out a lipid phase exchange, which can complicate the process of forming the submicron structures.
[0030] US patent application published US 2015/0164798 A1 relates to materials and method for synthesizing protocells
for use in targeted delivery of cargo components to cancer cells.

Summary of invention

Technical Problem

[0031] The invention has for technical problem to provide a synthesis of non-aggregated functionalized MSNPs being
covered by an anionic SLB without any defect in its structure. The main objective is to enhance the encapsulation of an
object, such as for example a drug, within the mesoporous nanoparticles. The goal is also to obtain such SLB which are
relatively stable.

Technical solution

[0032] The invention is directed to a method for manufacturing a negatively charged supported lipid bilayer on a
mesoporous silica nanoparticle, according to claim 1, said method comprising the following steps: preparing a formulation
of lipids, said lipids being 1,2-dioleoyl-sn-glycero-3-phospho-L-serine alias DOPS, cholesterol and at least one lipid
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different from DOPS and cholesterol, said formulation of lipids being dissolved in a first solvent; evaporating said first
solvent; adding an aqueous formulation of mesoporous silica nanoparticles; performing an ultra-sonication and perform-
ing a centrifugation. Said method is remarkable in that the number of equivalents of cholesterol relative to one equivalent
of DOPS is comprised between 2.30 and 2.70.
[0033] According to one embodiment, said number of equivalents of cholesterol relative to one equivalent of DOPS
is comprised between 2.35 and 2.65, preferentially between 2.40 and 2.60, more preferentially between 2.45 and 2.55.
[0034] In one embodiment, said number of equivalents of cholesterol relative to one equivalent of DOPS is 2.50.
[0035] In one embodiment, said step of performing an ultra-sonication is performed at room temperature, under argon
and during twenty minutes.
[0036] In one embodiment, said at least one lipid different from DOPS and cholesterol is 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine alias DPPC.
[0037] In one embodiment, the number of equivalents of said DPPC relative to said DOPS is comprised between 3.55
and 3.95, preferentially between 3.60 and 3.90, more preferentially between 3.65 and 3.85, even more preferentially
between 3.70 and 3.80.
[0038] In one embodiment, the number of equivalents of said DPPC relative to said DOPS is 3.75.
[0039] In one embodiment, said formulation further comprises 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-amino(polyethylene glycol) 2KDa alias DSPE-PEG(2000).
[0040] In one embodiment, the number of equivalents of said DPPC relative to said DSPE-PEG(2000) is comprised
between 6.70 and 8.30, preferentially between 6.90 and 8.10, more preferentially between 7.10 and 7.90, even more
preferentially between 7.30 and 7.70.
[0041] In one embodiment, the number of equivalents of said DPPC relative to said DSPE-PEG(2000) is 7.50.
[0042] In one embodiment, said formulation comprising at least three lipids dissolved in a first solvent is prepared at
a volume comprised between 0.5 and 1.5 ml, preferentially between 0.75 and 1.25 ml, more preferentially at a volume
of 1.0 ml.
[0043] In one embodiment, said first solvent is a mixture of chloroform and methanol.
[0044] In one embodiment, the number of equivalents of chloroform relative to methanol is comprised between 7 and
11, preferentially between 7.5 and 10.5, more preferentially between 8 and 10, even more preferentially between 8.5
and 9.5.
[0045] In one embodiment, the number of equivalents of the chloroform relative to methanol is 9.0.
[0046] In one embodiment, the concentration of lipids in said first solvent is comprised between 2 and 12 mg/ml.
[0047] In one embodiment, said mesoporous silica nanoparticles are obtained from the steps of condensing a silica
precursor, a surfactant and a condensation agent in a second solvent; of adding an organotriethoxysilane wherein the
portion of said organotriethoxysilane to said silica precursor is comprised between 5% and 15%; of removing said
surfactant.
[0048] In one embodiment, said portion is comprised between 6% and 14%, preferentially between 7% and 13%, more
preferentially between 8% and 12%, even more preferentially between 9% and 11%.
[0049] In one embodiment, said portion is 10%.
[0050] In one embodiment, said said silica precursor is tetraethyl orthosilicate, said surfactant is cetyltrimethylammo-
nium chloride, said condensation agent is triethanolamine and/or said organotriethoxysilane is (3-aminoproplyl)triethox-
ysilane.
[0051] In one embodiment, the number of equivalents of the condensation agent relative to one equivalent of said
silica precursor is comprised between 1.6 and 2.4, preferentially between 1.7 and 2.3, more preferentially between 1.8
and 2.2, even more preferentially between 1.9 and 2.1.
[0052] In one embodiment, the number of equivalents of the condensation agent relative to one equivalent of said
silica precursor is 2.0.
[0053] In one embodiment, the number of equivalents of the surfactant relative to one equivalent of said silica precursor
is comprised between 0.22 and 0.30, preferentially between 0.23 and 0.29, more preferentially between 0.24 and 0.28,
even more preferentially between 0.25 and 0.27.
[0054] In one embodiment, the number of equivalents of the surfactant relative to one equivalent of said silica precursor
is 0.26.
[0055] In one embodiment, said organotriethoxysilane is added between 10 minutes and 30 minutes, preferentially
between 15 minutes and 25 minutes, more preferentially at 20 minutes.
[0056] In one embodiment, said step of removing said surfactant is a combination of a dialysis process and an extraction
in hydrochloric acid.
[0057] In one embodiment, said second solvent is a mixture of milliQ water and ethanol.
[0058] In one embodiment, the number of equivalents of milliQ water relative to one equivalent of said silica precursor
is comprised between 100 and 134 or between 217 and 251, preferentially between 105 and 129 or between 222 and
246, more preferentially between 110 and 124 or between 227 and 241, even more preferentially between 116 and 118
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or between 233 and 235.
[0059] In one embodiment, the number of equivalents of milliQ water relative to one equivalent of said silica precursor
is 117.35 or 234.7.
[0060] In one embodiment, the number of equivalents of ethanol relative to one equivalent of said silica precursor is
comprised between 2 and 8 or between 9 and 14, preferentially between 3 and 7 or between 10 and 13, more preferentially
between 4 and 6 or between 11 and 12.
[0061] In one embodiment, the number of equivalents of ethanol relative to one equivalent of said silica precursor is
5.88 or 11.76.
[0062] In one embodiment, said mesoporous silica nanoparticles are dissolved in milliQ water at a concentration
comprised between 3 and 7 mg/ml, preferentially between 3.5 and 6.5 mg/ml, more preferentially between 4.0 and 6.0
mg/ml, even more preferentially between 4.5 and 5.5 mg/ml.
[0063] In one embodiment, said mesoporous silica nanoparticles are dissolved in milliQ water at a concentration of
5.0 mg/ml.
[0064] In one embodiment, said aqueous formulation of mesoporous silica nanoparticle is added at a volume comprised
between 3.5 and 4.5 ml, preferentially comprised between 3.75 and 4.25 ml, more preferentially at a volume of 4.0 ml.
[0065] The invention is further directed to a negatively charged supported lipid bilayer on mesoporous silica nanopar-
ticle, according to claim 7. Said negatively charged supported lipid bilayer comprises cholesterol, 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine alias DOPS, and at least one lipid different from DOPS and cholesterol. Said negatively charged
supported lipid bilayer is remarkable in that the number of equivalents of cholesterol relative to one equivalent of DOPS
is comprised between 2.30 and 2.70.
[0066] In one embodiment, said number of equivalents of cholesterol relative to one equivalent of DOPS is comprised
between 2.35 and 2.65, preferentially between 2.40 and 2.60, more preferentially between 2.45 and 2.55.
[0067] In one embodiment, said number of equivalents of cholesterol relative to one equivalent of DOPS is 2.50.
[0068] In one embodiment, said at least one lipid different from DOPS and cholesterol is 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine alias DPPC.
[0069] In one embodiment, the number of equivalents of said DPPC relative to one equivalent of said DOPS is comprised
between 3.55 and 3.95, preferentially between 3.60 and 3.90, more preferentially between 3.65 and 3.85, even more
preferentially between 3.70 and 3.80.
[0070] In one embodiment, the number of equivalents of said DPPC relative to one equivalent of said DOPS is 3.75.
[0071] In one embodiment, said negatively charged supported lipid bilayer further comprises 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-amino(polyethylene glycol) 2KDa alias DSPE-PEG(2000).
[0072] In one embodiment, the number of equivalents of said DPPC relative to one equivalent of said DSPE-PEG(2000)
is comprised between 6.70 and 8.30, preferentially between 6.90 and 8.10, more preferentially between 7.10 and 7.90,
even more preferentially between 7.30 and 7.70.
[0073] In one embodiment, the number of equivalents of said DPPC relative to one equivalent of said DSPE-PEG(2000)
is 7.50.
[0074] In one embodiment, said mesoporous silica nanoparticle comprises at least one silica precursor and at least
one organotriethoxysilane, the portion of said organotriethoxysilane to said silica precursor being comprised between
5% and 15%.
[0075] In one embodiment, said portion is comprised between 6% and 14%, preferentially between 7% and 13%, more
preferentially between 8% and 12%, even more preferentially between 9% and 11%.
[0076] In one embodiment, said portion is 10%.
[0077] In one embodiment, said silica precursor is tetraethyl orthosilicate and/or said organotriethoxysilane is (3-
aminopropyl)triethoxysilane.
[0078] The invention is further directed to a composition adapted for drug delivery according to claim 11 which comprises
the negatively charged supported lipid bilayer on a mesoporous silica nanoparticle according to the teachings of the
present invention and at least one active moiety. Said composition adapted for drug delivery is remarkable in that said
at least one active moiety is a molecule presenting therapeutic properties, preferentially a molecule presenting antican-
cerous properties, or said at least one active moiety is a contrasting agent, or said at least one active moiety is a cosmetic
agent.
[0079] In one embodiment, said molecule presenting anticancerous properties is chosen among the following list:
doxorubicin, paclitaxel, docetaxel, any mitotic inhibitor, cisplatin, 5-FU, temozolomide, or any other.
[0080] In one embodiment, said contrasting agent is any gadolinium derivative, any iodine derivative, any gold deriv-
ative, indocyanine green, rhodamine, fluorescein, methylene blue, 5-aminolevulinic acid, any porphyrin precursor, or
any other.
[0081] In one embodiment, said cosmetic agent is retinoic acid, vitamin E, nicotinic acid, ascorbic acid, any B vitamin,
any antioxidant, or any other.
[0082] The invention is further directed to the use, according to claim 15, of the negatively charged supported lipid
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bilayer on a positively charged mesoporous silica nanoparticle in accordance with any one of claims 7-10 as biomimetic
compound configured to mimic the membrane asymmetry and/or the electrical conductivity of a red blood cell.

Advantages of the invention

[0083] The invention is particularly interesting in that it discloses a method for manufacturing negatively charged
supported lipid bilayer on a mesoporous silica nanoparticle, said supported lipid bilayer fully covering said nanoparticle.
In addition to the complete covering of said nanoparticle, the method also provide negatively charged supported lipid
bilayer with an important colloidal stability. Encapsulation of objects, such as for example a drug, and delivery of these
objects to a selective location is therefore considerably enhanced by using this kind of nanoparticles fully covered by
those stable supported lipid bilayer.

Brief description of the drawings

[0084]

Figure 1: SEM (Scanning Electron Microscope) picture of MSNPs, with a size of 5366 nm (50 counts, scale bar =
50 nm).
Figure 2: TEM (Transmission Electron Microscope) picture of MSNPs, with a size of 5366 nm (scale bar = 50 nm).
Figure 3: SEM picture of MSNPs, with a size of 3566 nm (50 counts, scale bar = 35 nm).
Figure 4: TEM picture of MSNPs, with a size of 3566 nm (scale bar = 35 nm).
Figure 5 NTA (Nano Tracking Analysis) of MSNPs, with a size of 3566 nm.
Figure 6: SEM picture of MSNPs+, with a size of 50.963.6 nm (50 counts, scale bar = 50 nm).
Figure 7: TEM picture of MSNPs+, with a size of 50.963.6 nm (scale bar = 50 nm).
Figure 8: SEM picture of MSNPs+, with a sized of 36.565 nm (50 counts, scale bar = 100 nm).
Figure 9: NTA analysis of MSNPs+, with a sized of 36.565 nm.
Figure 10: SEM picture of purification in ammonium nitrate extraction of MSNPs showing the presence of CTACI
template and the aggregation between the nanoparticles (scale bar = 200 nm).
Figure 11: SEM picture of MSNPs after the acid dialysis process (scale bar = 200 nm).
Figure 12: SEM picture of the MSNPs dispersed in water after total extraction (scale bar = 200 nm).
Figure 13: CRYO-TEM picture of MSNPs covered by SLB, with a size of 62.366.5 nm and a SLB size of around
4.760.6 nm.
Figure 14: CRYO-TEM picture of MSNPs covered by SLB showing the integrity of the SLB.
Figure 15: CRYO-TEM picture of MSNPs covered by SLB, showing the emergence of a liposome around the MSNPs.
Figure 16: CRYO-TEM picture of MSNPs covered by SLBPEG, with a size of 65.361.6 nm.
Figure 17: NTA (Nano Tracking Analysis) of synthesis performed according to prior art protocol.
Figure 18: CRYO-TEM picture of synthesis performed according to prior art protocol.
Figure 19: NTA analysis of MSNPs, with a size of 3566 nm.
Figure 20: CRYO-TEM pictures of MSNPs covered by SLB, with a size of the MSNPs of 3566 nm.
Figure 21: CRYO-TEM pictures of MSNPs covered by SLB (zoom area on the MSNPs inside one liposome), with
a size of the MSNPs of 3566 nm.
Figure 22: Size analysis of silica nanoparticles by Nano Tracking Analysis (NTA).
Figure 23: ζ-potential graph for MSNPs, MSNPs+, SLB on MSNPs and SLBPEG on MSNPs performed on a Malvern
Instruments. Data are mean 6 SE and represent three independent experiments.
Figure 24: NTA analysis of SLB on MSNPs in HEPES buffer.
Figure 25: NTA analysis of SLBPEG on MSNPs in HEPES buffer.
Figure 26: Frames of NTA analysis for MSNPs in human serum.
Figure 27: Quantification of released haemoglobin expressed in percentage of hemolysis in PBS buffer. Height of
the columns corresponds to the mean values 6 SE. Ctrl - : negative control (PBS alone) Ctrl + : positive control
(milliQ water alone).
Figure 28 : Quantification of adsorbed plasma proteins on the surface of SLB-@MSNPs, SLB-/PEG@MSNPs,
MSNPs+ and MSNPs. Data are mean 6 SE. The comparison between columns provides a p < 0.001 performed
on three independent experiments. NPs were incubated in human plasma for 1h.

Description of an embodiment

[0085] The self-assembling of the mesoporous structure was provided by a radial growth using tetraethyl orthosilicate
(TEOS) as silica precursor, the surfactant cetyltrimethylammonium chloride solution (CTACI) as a pore template, and
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triethanolamine (TEA) as condensation agent.
[0086] This synthesis formed non-aggregated MSNPs with a dry size of about 54 nm as shown by TEM and SEM
pictures (figures 1 and 2).
[0087] Smaller MSNPs have potential interest in the perspective to cross biological barriers such as the blood brain
barrier. For this purpose, the size of MSNPs was decreased by diluting by two the reagents to get particles of a size
around 35 nm. Decreasing concentrations of reactants slows down the condensation of the silica nuclei which can explain
the smaller size of these MSNPs (figures 3 and 4).
[0088] A minor but still significant intra-particular aggregation of MSNPs 35 nm was observed during hydrodynamic
size studies by using Nano Tracking Analysis (NTA) (figure 5). Due to their smaller size, MSNPs of 35 nm tend to
aggregate more in water than those of 55 nm.
[0089] Functionalization of MSNPs with amino moieties provides positively charged nanoparticles. Those positively
charged nanoparticles (MSNPs+) will be used to be incorporated into negatively charged structures, such as negatively
charged supported lipid bilayer.
[0090] A high density of amino moieties is expected to reinforce electrostatic interaction between the negatively charged
supported lipid bilayer and the MSNPs+. To achieve such an amino coating, (3-aminopropyl)triethoxysilane (APTES)
were added 20 minutes after the beginning of the MSNPs 55 and 35 nm synthesis. Due to the presence of the template
CTACI which cloaks the pores, this process allows to functionalize the outer nanoparticle surface prior to the inner
surface. However, a functionalization of the inner surface cannot be excluded due to the diffusion of APTES inside the
nanoparticle.
[0091] Figures 6 and 7 provide respectively a SEM and a TEM picture of the MSNPs+ with a size of 50.963.6 nm.
[0092] A minor increase of size is observed compared to non-functionalized MSNPs. A similar amino coating process
was developed for MSNPs of 35 nm. SEM characterization of MSNPs+ (35 nm) is shown in figure 8. The dry size of
these particles does not significantly changes compared to the non-functionalized MSNPs of 35 nm. Nevertheless, in
water, MSNPs+ (35 nm) tends to aggregate more than MSNPs (35 nm) as shown by the NTA analysis depicted in figure 9.
[0093] In order to remove the template inside MSNPs+ and MSNPs, several extraction methods were tested. Template
extraction based on acidic conditions and ionic competition was described to decrease particle aggregation compared
to the template calcination. Some methods based either on ethanol/HCl extraction, acid dialysis or ammonium nitrate
extraction were already published.
[0094] Nevertheless, applying these approaches on our NPs failed to completely remove the template as shown by
the SEM analysis (figures 10 and 11).
[0095] Successful combination of acid dialysis and extraction in ethanol/HCl was highly efficient as demonstrated on
figure 12 depicting a SEM picture of the MSNPs dispersed in water after total extraction.
[0096] Anionic supported lipid bilayers (SLB) on functionalized MSNPs were synthesized in a one pot process using
ultra-sonication. The ultra-sonication process allows indeed the incorporation of the MSNPs+ within the SLB.
[0097] The lipid formulations of supported lipid bilayer covering mesoporous silica nanoparticles were composed of
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and choles-
terol.
[0098] In order to obtain a PEG coating, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(polyethylene gly-
col)-2 KDa (DSPE-PEG (2000)) is further added.
[0099] When preparing the formulation, the lipids are dissolved in a solvent, preferably a mixture of chloroform/methanol
at a molar ratio of 9/1.
[0100] To form the thin lipid film, 1ml of said formulation is then evaporated to remove said solvent.
[0101] The lipid film constituted by DPPC/DOPS/cholesterol or by DPPC/DOPS/cholesterol/DSPE-PEG(2000) was
thus ultra-sonicated in the presence of 4 ml of an aqueous solution of functionalized MSNPs with a nanoparticle size of
50.963.6 nm.
[0102] The concentration of said aqueous solution of functionalized MSNPs is fixed at 5 mg/mL.
[0103] Ultra-sonication of the lipid film in water induces very high shearing forces generating the formation of Small
Unilamellar Vesicles (SUV) from MultiLamellar Vesicles (MLV). In the presence of a cationic mesoporous matrix, such
as MSNPs+, lipid reorganization might occur in two different ways.
[0104] The first mechanism may involve the in situ formation of SUV which will be quickly adsorbed on the mesoporous
core according to the mechanism proposed by Brisson and co-workers.
[0105] In the second hypothesis, MSNPs can be loaded inside lipid vesicles. Then, the lipid bilayer will merge with
the outer layer of the MSNPs due to electrostatic forces and/or hydrogen bonding.
[0106] At the end of the process, the stable colloidal suspension was then centrifuged to remove the excess of liposomes
and the particles were suspended in water.
[0107] To visualize the integrity of the SLB, CRYO-TEM experiments were performed on the suspension of MSNPs
covered by SLB (SLB@MSNPs) (figure 13). All of the MSNPs+ (51 nm) were perfectly encapsulated by the negative
lipid bilayer DPPC/DOPS/cholesterol leading to an average size of 62.366.5 nm. The size of the bilayer is about 4.7 6
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0.6 nm.
[0108] No defect inside the lipid bilayer was observed from the CRYO-TEM picture, as indicated by figure 14.
[0109] Interestingly, figure 15 shows an "intermediate" particle where one of the MSNPs+ is going to be trapped by
anionic liposomes. This picture suggests that the mechanism of interaction is driven by electrostatic forces and could
fit in with a two-step mechanism involving the loading of MSNPs+ within a liposome in formation followed by an adsorption
of the anionic bilayers on the cationic MSNPs+.
[0110] Using ultra-sonication, pegylated SLB have also been synthesized on MSNPs of 65.361.6 nm, measured by
CRYO-TEM (figure 16).
[0111] After formulation, lipids were extracted and then quantified using the Liquid Chromatography-Mass Spectrom-
etry (LC-MS) method. Table 1 summarizes the different molar ratios for each lipid before and after the synthesis of the
MSNPs incorporated either within the SLB or within the SLBPEG.

[0112] Variations can be seen between the lipids molar ratios before ultra-sonication and the final ratios found by LC-
MS after the synthesis. The final molar ratio of cholesterol in the SLB increases from 34% to 50% whereas it remains
almost unchanged when the SLBPEG is used. The final molar ratios of DOPS in both formulations are almost divided by
two. The final molar ratio of DSPE-PEG 2KDa is doubled compared to the initial ratio and proves that DSPE-PEG was
successfully integrated inside the SLBPEG on MSNPs (SLBPEG@MSNPs).
[0113] This high amount of cholesterol (36%-50%) in the final SLB is necessary to give colloidal stability to the SLB.
This is provided by the number of equivalents (2.50) of cholesterol relative to one equivalent of DOPS as initial molar ratio.
[0114] These trends are attributed to the dynamic exchange between the different lipid constituents during the ultra-
sonication process. The negatively charged DOPS might have more affinity with ammonium moieties compared to silanol
domains, whereas DPPC might be more prone to be adsorbed on silanol functions. Therefore, during ultra-sonication,
lipids in excess are able to self-assemble to build the most thermodynamically stable SLB which can explain these
variations between the lipid molar ratios before and after the synthesis.
[0115] In order to assess if the ultra-sonication process improves the synthesis of SLB on MSNPs, as compared with
the methods used by Brinker and co-workers (J. Control. Release, 2013, 168, 209-224) which is based on the adsorption
of preformed liposomes on the silica surface, SUV liposome DPPC/DOPS/cholesterol (80 nm) was mechanically mixed
with MSNPs+ (55nm) in water. After the removal of the liposomes excess and particle redispersion, sizes were analyzed
using Nano Tracking Analysis (NTA), showing aggregation (figure 17) and CRYO-TEM, showing no synthesis of SLB
at all (figure 18). These results demonstrate that the SLB incorporating the MSNPs through an ultra-sonication step
according to the present invention provided a greater stability than a simple adsorption of preformed liposomes on the
silica surface of the nanoparticles.
[0116] When using MSNPs+ with a size of 36.565 nm, no stable colloidal suspension of SLB on MSNPs can be
obtained. Indeed, a minor but still significant intra-particular aggregation of MSNPs 35 nm was observed during hydro-
dynamic studies by using Nano Tracking Analysis (NTA) (figure 19).
[0117] Covering MSNPs 35 mm with SLB results in a strong aggregation of the particles after purification. This may
be explained by the initial intra-particular aggregation of MSNPs+ 35nm and the NPs curvature which is significantly
higher than the 55 nm MSNPs. This may induce defects in the SLB and concomitant intra-particulate aggregation between
cationic silica domains and SLB negatively charged domains. Nevertheless the presence of intact or partial SLB on
MSNPs+ (35 nm) can be seen in the aggregate as shown by CRYO-TEM pictures (figures 20 and 21).
[0118] The ζ-potential of SLB or SLBPEG on MSNPs were investigated in different media (milliQ water, HEPES buffer
and human serum) and were compared with the similar physicochemical properties of MSNPs and MSNPs+ (figures 22
and 23). These measurements have been made without performing any filtration or size exclusion prior to analysis. The
size has been measured using NTA whereas ζ-potential has been measured by using Malvern Nano Zetasizer®. In
milliQ water, at a pH value of 5.8, MSNPs+ have a charge of +26.47 mV whereas SLB on MSNPS or SLBPEG on MSNPs
have a charge of -52 and -50 mV respectively. This is in agreement with the CRYO-TEM pictures (figures 14 and 16)

Table I: Initial molar ratios of each lipid before synthesis and final ratios after synthesis and purification of the MSNPs 
with either SLB or SLBPEG. The data are mean6SE, performed by LC-MS in three independent experiments.

DPPC DOPS cholesterol DSPE-PEG
(2000)

Initial ratio SLB 52 14 34 N/A

SLBPEG 48 13 32 7

Ratio after 
synthesis

SLB 41.562.9 8.162.3 50.368.2 N/A

SLBPEG 41.968.2 7.661.3 36.661 1462.1
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showing that the MSNPs+ are fully coated by SLB or SLBPEG.
[0119] In comparison with the results obtained by the Bein’s research group, for a similar value of pH, the ζ-potential
of the MSNPs+ of the present invention is significatively higher. Indeed, at a pH value of 6.0, the ζ-potential of the Bein’s
nanoparticle is comprised between 0 mV and 5 mV. This is a clear indication that the functionalization of the MSNPs by
the organotriethoxysilane, i.e. (3-aminopropyl)triethoxysilane (APTES), resulting in MSNPs+, namely in nanoparticles
bearing a reactive organic group at its external surface, proceeds in a more efficacious manner when the protocol
according to present invention is followed.
[0120] A further result (not shown) indicates that at a pH value of 4.0, the ζ-potential measurement demonstrates a
charge of +37 mV onto the MSNPs+.
[0121] The presence of a large number of reactive organic groups at the external surface of the MSNPs+, in particular
the presence of a large number of amino group, coupled with the high amount of cholesterol in the final SLB, enhance
the incorporation and the stability of those nanoparticles into the SLB. More particularly, the self-assembled mesoporous
silica nanoparticle is entirely covered by the SLB.
[0122] Therefore, the encapsulation of any types of objects within the self-assembled nanoparticle is considerably
enhanced.
[0123] The size of MSNPs+ in water is about 99 nm. This may be attributed to the presence of a few intra-particulate
aggregates due to NH3

+/Si-OH electrostatic or hydrogen bonding between the particles. SLB on MSNPs were formulated
in water from MSNPs+ resulting in the size of 127 nm which is higher than MSNPs+. This can be explained by the lipid
coating present on the surface of MSNPs+.
[0124] The SLB on MSNPS and SLBPEG on MSNPs are stable in HEPES buffer (pH = 7.4) with a monodisperse
distribution centered respectively around 127 nm and 149 nm (figures 24 and 25).
[0125] When the particles are suspended in human serum (pH = 7.4), ζ-potential has a value close to -10 mV whatever
the kind of nanoparticle. This can be explained by the masked charges due to the protein corona. However, monodis-
persion in human serum is kept for MSNPs and SLB on MSNPs suggesting high stability of these particles whereas the
size of MSNPs+ cannot be measured by NTA due to the strong aggregation above 1 mm (figure 26). Together, these
results indicate that SLB on MSNPS and SLBPEG on MSNPs have an excellent colloidal stability in this biologic fluid
compared to MSNPs+ (without SLB).

Biological experiments on MSNPs and on SLB@MSNPs.

[0126] Systemic administration of nanotechnology based drug delivery platforms are moderated by the biosafety of
these materials. Compared with small molecules e.g. drugs or contrast media their physical nature can induce interactions
with cells and blood components. Cationic liposomes and cationic particles were originally designed as gene delivery
vectors. However, the toxicity of cationic lipids remains an issue especially for drug delivery applications. In order to use
those negatively charged particles for future intravenous drug delivery application, the cytotoxicity of SLB on MSNPs
and SLBPEG on MSNPs have been investigated. The toxicity of SLB nanoparticles was compared to MSNPs and MSNPs+.
Hemolysis assays can evaluate the influence of nanoparticles on isolated human red blood cells (RBCs) membrane.
The disruption of RBCs membrane was quantified by measuring the absorbance of released hemoglobin at 540 nm in
supernatants after centrifugation (figure 27).
[0127] MSNPs in PBS, induce a high rate of hemolysis even at low concentrations up to the equivalence with the
water positive control effect (100 % of hemolysis) at the high concentrations.
[0128] Coating of MSNPs by amino groups curbs their hemolytic effect (p values <0.001) that remains at 20 % and
40 % for 0.5 and 1 mg/mL respectively. On the contrary, no hemolysis of RBCs was observed with SLB on MNSPs and
SLBPEG on MNSPs even at a very high concentration (1 mg/ml). Compared with MSNPs, this interesting absence of
hemolytic effect in PBS could be correlated with the lower surface energy of SLB compared to MSNPs and MSNPs+.

Experimental section

Nanoparticles synthesis.

Chemical Materials.

[0129] Cetyltrimethylammonium chloride solution (CTACI), TEA: Triethanolamine, tetraorthosilicate (TEOS), (3-ami-
nopropyl)triethoxysilane (APTES) and cholesterol were purchased from Sigma-Aldrich Co. The phospholipids 1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG 2KDa) were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). Ammonium acetate and Methanol were purchased from Biosolve.
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Synthesis of 55 nm Mesoporous Silica Nanoparticles (MSNPs 55mn).

[0130] A stock solution was prepared by mixing 13.75 mL (762.8 mmol) of milliQ water, 2.23 mL (38.2 mmol) of absolute
ethanol, and 2.23 mL (1.69 mmol) of 25% CTACI by stirring in Radleys Tech® carrousel for 10 minutes under argon
atmosphere. Then, TEA (1.78 mL; 13.37 mmol) was added and mixed with stock solution until complete dissolution.
Stock solution was heated at 60°C, and then TEOS (1.454 mL; 6.5 mmol) was added in drops over 2-3 minutes. The
reaction was stirred for 2 hours, under argon atmosphere. The molar ratio of this reaction is: TEOS/CTACI/TEA/H2O/EtOH
1/0.26/2/117.35/5.88.
The mesoporous silica nanoparticles which are formed display a wormhole-type matrix.

Synthesis of 35 nm Mesoporous Silica Nanoparticles (MSNPs 35 nm).

[0131] During this reaction, the reagent mixture was diluted by two. Stock solution was prepared by mixing 27.5 mL
(1.52 mol) of milliQ water, 4.46 mL (76.4 mmol) of absolute ethanol, and 2.23 mL (1.69 mmol) of 25 % CTACI in Radleys
Tech® carrousel for 10 minutes under argon atmosphere. Then, the same synthesis process than the MSNPs 55 nm is
applied with a molar ratio of: TEOS/CTACI/TEA/H2O/EtOH 1/0.26/2/234.7/11.76.
The mesoporous silica nanoparticles which are formed display a wormhole-type matrix.

Synthesis of Mesoporous Silica Nanoparticles positively charged (MSNPs+).

[0132] After 20 minutes of MSNPs 55 nm reaction, 150 mL of APTES (0.64 mmol) were added inside the solution. The
reaction was stirred for 2 hours, under argon atmosphere. The molar ratio of this reaction is: TEOS/CTA-
CI/TEA/H2O/EtOH/APTES 1/0.26/2/117.35/5.88/0.1.

Template extraction.

[0133] The template extraction was performed by the combination of dialysis process and washing in hydrochloric
acid. For the dialysis process, 50 mL of mesoporous silica nanoparticles were transferred into a dialysis membrane
composed of cellulose (Molecular Weigh Cut Off = 15 000 Da, Spectrum Labs)). Nanoparticles were washed during 24h
against 1L of the mixture containing 3M acetic acid, and ethanol (1:1) to remove CTACI from inside nanoparticle pores.
This process was repeated five times. To remove the residual surfactant, the NPs were washed in HCI/Ethanol (25 mL
conc.HCl in 100 mL EtOH) solution follow by 20 minutes centrifugation at 45 000 g by Beckman TM Allegra® 64R. The
NPs were washed five times in the extraction solution for 2 hours under sonication. And, one last washing was performed
in water.

Synthesis of Supported Lipid Bilayer(SLB) on Mesoporous Silica Nanoparticles (MSNPs).

[0134] Phospholipids were dissolved in chloroform/methanol 9:1 at a range of concentrations of 2 to 12 mg/mL. For
SLB on MSNPs, the phospholipids ratio was DPPC/DOPS/cholesterol 75/20/50. And, for SLBPEG on MSNPs, the ratio
was DPPC/DOPS/cholesterol/DSPE-PEG 75/20/50/10. The total volume of lipid mixture was 1 mL. Then, these lipids
were evaporated to produce a lipid film. Four mL of MSNPs at 5 mg/mL were mixed with the lipid film. The suspension
was ultra-sonicated with Ultrasonicator Sonics Vibra Cell® during 20 minutes at room temperature under argon flow at
29 % of amplitude pulsed mode 10s/10s. The excess of liposomes was removed after centrifugation at 45 000g by
Beckman TM Allegra® 64R centrifuge. The SLB on MSNPs obtained were stored at 4 °C under argon.

Nanoparticles characterization.

XRD analysis.

[0135] The MSNPs and MSNPs+ samples were dried by lyophilization, to get 100mg of powder. The silica nanoma-
terials were characterized by X-ray diffraction (XRD) in Brüker D8 Discover® HR XRD. The pore size was calculated by
the Bragg’s law: nλ=2d sin θ (1) With n the order of diffraction (n=1), λ the diffracted wavelength (i.e. copper X-Ray
source, λCopper = 1.54), d the grating space between atomic lattice planes, and θ the angle between the incident beam
and the scattering planes.

BET experiments.

[0136] The MSNPs and MSNPs+ samples were evaporated by lyophilization, to get 100 mg of powder. The textural
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properties, including the BET (Brunauer-Emmett-Teller) specific surface area (SBET), specific pore volume (Vp) and
pore diameter (Dp), were determined from low-temperature N2 adsorption-desorption measurements collected using
an ASAP 2010 Micrometrics apparatus. Prior to the analysis, the samples were degased under vacuum at 150 °C until
the static pressure was less than 6.6310-4 Pa. The specific surface area was calculated from the N2 sorption isotherm
using the BET equation and taking into account the cross-sectional area of a physically adsorbed N2 molecule (0.1620
nm2). The pore diameter and pore size distributions were calculated from the desorption branch of the isotherms using
the Barrett-Joyner-Halenda (BJH) method.

DLS analysis.

[0137] Malvern Nano Zetasizer® measure the size and Zeta potential of NPs by using dynamic light scattering size
(DLS). The analysis was performed with 0.1 mg/mL for each sample.

NTA analysis.

[0138] Nanoparticles Tracking Analysis (NTA) used a light scattering method which relates the rate of Brownian motion
to particle size. This method allows direct and real time visualizing and analyzing of the NPs in liquids. During NTA
measurement, NPs are illuminated by a focused laser beam and analyzed by the light scattered by each individual
particle in the microscope onto the image sensor of a charge-coupled device (CCD) camera. The camera visualizes and
records the frames of the particles in solution. The NTA software identifies and individually tracks the particles moving
under Brownian motion. This measurement uses the temperature and the viscosity of the liquid to calculate particle size
through the Stokes-Einstein equation. The Nanosight® analyses the particles with a size range from 30 to 1 mm. The
samples were diluted at 0.01 mg/mL for analysis.

FT-IR spectroscopy.

[0139] Each sample was mixed with KBr in a weight ratio of 1.5:100. Samples were ground for 2 minutes and then
pressed into a pellet under 450 kg.cm-3. The spectra are performed with FTIR Brüker VERTEX 70 equipped with an
MCT detector via an Attenuated Total Reflection (ATR), and KBr background is substracted.

Scanning Electron Microscopy (SEM) analysis of nanoparticles.

[0140] One drop of each silica sample (MSNPs+ and MSNPs) was deposited on a copper support and dried for 3
hours. Pictures were acquired on a FEI HELIOS NanoLab 650™ scanning electron microscopy working at 2 kV.

Transmission Electron Microscopy (TEM) analysis of nanoparticles.

[0141] To ensure the relevant dispersion of MSNPs, NanoPlusGrids with a 15 nm Nitride monolayer were used as
analysis support. One drop of each silica sample was deposited on a grid and fully dried before measurement. The
shape, porosity and size of the nanoparticles were characterized by FEI Tecnaï™ Transmission Electronic Microscopy
(TEM) operating at 200 kV.

CryoTransmission Electron Microscopy (CRYO-TEM) analysis of nanoparticles.

[0142] The purpose of the CRYO-TEM analysis is to determine the presence of the lipid bilayer surrounding Silica
NPs. The samples were frozen with liquid nitrogen in carbon grids by FEI tool™ for sample preparation. Analyses were
performed using FEI Titan Krios™ CRYO-TEM operated at 200 kV.

LC-MS experiments.

[0143] The LC-MS Thermo Scientific Dionex BIO LC system is coupled with the mass of LTQ Orbitrap Elite. The
system consisted of a GS50 gradient pump, AS50 Auto Sampler with oven column of thermal compartment. The sep-
aration was performed at 40 °C on a GRACE visionHT C18 HL column (15032.1 mm i.d., 3 mm) from Dionex Bio LC
with the scan mass of 300 and 1 000. The flow rate was 0.25 mL/min for the mobile phases (mobile phase C, 5 mM
ammonium acetate in water (pH 4.0) and mobile phase D, 5 mM ammonium acetate in methanol). The binary linear
gradient began from a mixture of 20 % C and 80 % D and ended at 100 % D. The SLB on MSNPs and SLBPEG on
MSNPs samples were directly mixed in the solution of dichloromethane/methanol (9:1) to destabilize the lipid bilayer
around the MSNPs. The NPs were removed by Beckman TM Allegra® 64R centrifuge, and the samples were diluted in
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methanol. The calibration range was performed in methanol with the concentration of lipid mixture 1, 10, 25, 50, 75 and
100 mg/mol. The sample injection volume was 50 mL. Data analysis was performed with the software ThermoXcalibur
Qual Browser. The attenuation was 6 6 ppm.

Hemolysis assay.

[0144] The hemolysis assay was performed in two conditions, PBS buffer and human plasma. Human whole blood
was freshly collected from healthy donors with their signed consent in a tube containing EDTA. The collection and use
of healthy donor blood has been approved by the National Ethics Committee for Research of Luxembourg (CNER). Four
mL of blood were diluted with 8 mL of Dulbecco’s phosphate-buffered saline (PBS). Red blood cells (RBCs) were isolated
by centrifugation at 2 500 g for 10 minutes and washed 3 times with PBS. Then, RBCs were diluted in 40 mL of PBS.
The human plasma was collected after the first centrifugation of the blood. Nanoparticles were diluted in 0.8 mL of PBS
or human plasma with a concentration of 125, 625 and 1 250 mg/mL and 0.2 mL of diluted RBCs were added to make
a final concentration of 0.1, 0.5 and 1 mg/mL. For the positive and negative control, 0.2 mL of RBCs were added in 0.8
mL of water or PBS/human plasma respectively. The solutions were briefly mixed and left at room temperature for 2
hours at static conditions. Then the solutions were briefly mixed and centrifuged at 2 500 g for 5 minutes. One hundred
mL of each sample’s supernatant were transferred into a 96-well plate. The RBCs suspension with silica materials was
analyzed with the absorbance of hemoglobin at 540 nm with a reference wavelength of 640 nm (FluoSTAR Optima,
BMG Labtech). The percentage of hemolysis was calculated using the formula: Hemolysis % = [(sample absorbance -
negative control) / (positive control - negative control)] x 100%. The experiment was repeated 4 times.

Use of the negatively charged supported lipid bilayer (SLB) in the biomimetism of red blood cells (RBC)

[0145] Supported lipid bilayer (SLB) on mesoporous silica nanoparticles can be used as a nanovector for multiple
applications (such as drug delivery, contrast agent for imaging). For this purposes, mesoporous silica can be used as
a cargo while SLB adsorbed on porous silica play the role of gate keepers.
[0146] One of the main drawbacks of this system is the colloidal stability when MSNPs, used as substrate for supported
lipid bilayer, are close or below 70 nm. The curvature of such small MSNPs as well as the influence of their anionic
charge impact the lipid bilayer coverage and can lead to defect in the lipid bilayer or/and inter-particulate aggregations.
[0147] To circumvent this, several reports propose the use of synthetic cationic lipids (such as DOTAP) to stabilize
the lipid coating on silica and/or the use of pegylated phospholipid such as pegylated 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE). Cationic supported lipid bilayers are quickly removed from the blood circulation and can
induce immune toxicity as well as cell membrane defect. Pegylated lipid bilayers such as pegylated liposomes are
suspected to induce CARPA (complement activation-related pseudoallergy) or other immune reaction after multiple
injection.
[0148] The solution proposed by the present invention is to adsorb, on small cationic mesoporous silica, biomimetic
supported lipid bilayer which mimics the phosphatidyl serine asymmetry as well as the charge of the red blood cells
membrane. For this purpose, highly aminated mesoporous silica are coated during ultra-sonication process at room
temperature by a supported lipid bilayer constituted by a range of 33 % of cholesterol, 13.5 % of DOPS, and 53.5 % of
DPPC (see below table II, line 4).
[0149] Table II thus shows the impact of the lipid formulation on the colloidal stability:

Table II: Influence of the lipid ingredients in regards of the colloidal stability of SLB@MSNPs formulated by ultra-
sonication (US).

Ingredients of the SLB MSNPs used
Colloïdal stability 

after US
Size (NTA 

analysis) after US

DPPC: 80% / DOPS: 20% MSNP+ 55 nm High aggregation 240 6 95.6 nm

DPPC: 72% / DOPS: 18% / Myrj S40: 10% MSNP+ 55 nm Few aggregates 152 6 53.6 nm

DPPC: 53.5% / DOPS: 13.5% / Cholesterol: 
33%

MSNP+ 55 nm No aggregation 138 6 43 nm

DPPC: 45.6% / DOPS: 11.5% / Cholesterol: 
33% / Myrj S40: 10%

MSNP+ 55 nm Few aggregates 177 6 100 nm

DPPC: 80% / DOTAP: 20% MSNP 55 nm High aggregation 239 6 106 nm
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[0150] These ratios are equivalent to the ratio used for the synthesis of the MSNPs incorporated with SLB, as described
in table I of the present invention (34 % of cholesterol, 14 % of DOPS and 52 % of DPPC).
[0151] The number of equivalents of cholesterol relative to one equivalent of DOPS are thus comprised between 2.30
and 2.70, this number being preferably equal to 2.50.
[0152] The strong cationic charges of the silica surfaces attract DOPS into the inner leaflet of the supported lipid bilayer
resulting into DOPS asymmetric supported lipid bilayer in a similar way as RBC membranes.
[0153] The global charges are anionic as for RBC membranes.
[0154] For this particular purposes, ultra-sonication is required to suppress nanoparticle aggregation which appears
when highly aminated mesoporous silica and DOPS liposomes are in contact without adding ultra-sonication or any
other sources of energy. The rate of DOPS/Chol/DPPC has been designed to reach a strong degree of SLB stability to
coat the mesoporous silica without any defects which induce holes in SLB as well as nanoparticles aggregation. These
"aniocells" nanoparticles have a very low avidity for plasma proteins (similar to pegylated supported lipid bilayer), are
non-toxic regarding blood cells (i.e. peripheral blood mononuclear cell (PBMC) and/or RBC) and keep good colloidal
stability, even in blood plasma. The defect-free structure of the proposed supported lipid bilayer allows slowing down
the diffusion of active ingredients loaded into the mesoporous silica (gate keepers activity). These specific properties
result from the process of fabrication as well as the lipid composition selected to have biomimetic membrane.
[0155] The adsorption of plasma proteins on the silica surface forms a protein corona around NPs. To investigate the
anti-biofouling properties of MSNP+@SLB-, the amount of proteins bound to the surface of NP have been determined
(figure 28).
[0156] Remarkably, MSNP+@SLB- and MSNP+@SLB-/PEG exhibit fivefold less protein adsorption on their surfaces
compared to bare MSNP.
[0157] SLB- acts like an anti-biofouling layer decreasing non-specific binding of proteins similar to the DSPE-PEG
functionalized lipids. This antifouling property suggests therefore a different behavior of SLB- compared to a classical
liposome. These results show that SLB- would improve the stability of MSNP in blood and might decrease unwanted
phagocytosis by the reticuloendothelial system (RES).

Claims

1. Method for manufacturing a negatively charged supported lipid bilayer on a positively charged mesoporous silica
nanoparticle, said method comprising the following steps

a) preparing a formulation of lipids, said lipids being 1,2-dioleoyl-sn-glycero-3-phospho-L-serine alias DOPS,
cholesterol and at least one lipid different from DOPS and cholesterol, said formulation of lipids being dissolved
in a first solvent;
b) evaporating said first solvent;
c) adding an aqueous formulation of positively charged mesoporous silica nanoparticles;
d) performing a centrifugation;

characterized in that
said method further comprises the step of performing an ultra-sonication after step (c) and before step (d), and in
that the number of equivalents of cholesterol relative to one equivalent of DOPS is comprised between 2.30 and 2.70.

2. Method according to claim 1, characterized in that said at least one lipid different from DOPS and cholesterol is
1,2-dipalmitoyl-sn-glycero-3-phosphocholine alias DPPC.

(continued)

Ingredients of the SLB MSNPs used
Colloïdal stability 

after US
Size (NTA 

analysis) after US

DPPC: 53.5% / DOTAP: 11.5% / Cholesterol: 
33%

MSNP 55 nm High aggregation 340 6 134 nm

DPPC: 72% / DOTAP: 18% / Myrj S40: 10% MSNP 55 nm High aggregation 203 6 75 nm

DPPC: 45.6% / DOTAP: 11.5% / Cholesterol: 
33% / Myrj S40: 10%

MSNP 55 nm Few aggregates 194 6 68 nm
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3. Method according to any one of the claims 1-2, characterized in that said formulation further comprises 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(polyethylene glycol) 2KDa alias DSPE-PEG(2000).

4. Method according to any one of the claims 1-3, characterized in that said positively charged mesoporous silica
nanoparticles are obtained from the steps of

a. condensing a silica precursor, a surfactant and a condensation agent in a second solvent;
b. adding an organotriethoxysilane wherein the portion of said organotriethoxysilane to said silica precursor is
comprised between 5% and 15%;
c. removing said surfactant.

5. Method according to claim 4, characterized in that said silica precursor is tetraethyl orthosilicate, said surfactant
is cetyltrimethylammonium chloride, said condensation agent is triethanolamine and/or said organotriethoxysilane
is (3-aminopropyl)triethoxysilane.

6. Method according to any one of claims 4-5, characterized in that said step of removing said surfactant is a com-
bination of a dialysis process and an extraction in hydrochloric acid.

7. Negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle, said negatively
charged supported lipid bilayer comprising cholesterol, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine alias DOPS,
and at least one lipid different from DOPS and cholesterol, characterized in that the number of equivalents of
cholesterol relative to one equivalent of DOPS is comprised between 2.30 and 2.70, and in that the ζ-potential
measured in milliQ water at a pH of 5.8 is inferior to -50 mV.

8. Negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle according to claim
7, characterized in that said at least one lipid different from DOPS and cholesterol is 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine alias DPPC.

9. Negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle according to any
one of claims 7-8, characterized in that said supported lipid bilayer further comprises 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-amino(polyethylene glycol) 2 KDa alias DSPE-PEG(2000).

10. Negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle according to any
one of claims 7-9, characterized in that said positively charged mesoporous silica nanoparticle comprise at least
one silica precursor and at least one organotriethoxysilane, the portion of said organotriethoxysilane to said silica
precursor being comprised between 5% and 15%.

11. Composition adapted for drug delivery comprising

a. the negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle ac-
cording to any one of claims 7-10, and
b. at least one active moiety,

characterized in that
said at least one active moiety is a molecule presenting therapeutic properties, preferentially a molecule presenting
anticancerous properties, or said at least one active moiety is a contrasting agent, or said at least one active moiety
is a cosmetic agent.

12. Composition according to claim 11, characterized in that said molecule presenting anticancerous properties is
chosen among the following list: doxorubicin, paclitaxel, docetaxel, any mitotic inhibitor, cisplatin, 5-FU, temozolo-
mide, or any other.

13. Composition according to claim 11, characterized in that said contrasting agent is any gadolinium derivative, any
iodine derivative, any gold derivative, indocyanine green, rhodamine, fluorescein, methylene blue, 5-aminolevulinic
acid, any porphyrin precursor, or any other.

14. Composition according to claim 11, characterized in that said cosmetic agent is retinoic acid, vitamin E, nicotinic
acid, ascorbic acid, any B vitamin, any antioxidant, or any other.
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15. Use of the negatively charged supported lipid bilayer on a positively charged mesoporous silica nanoparticle in
accordance with any one of claims 7-10 as biomimetic compound configured to mimic the membrane asymmetry
and/or the electrical conductivity of a red blood cell.

Patentansprüche

1. Verfahren zur Herstellung einer negativ geladenen geträgerten Lipid-Doppelschicht auf einem positiv geladenen
mesoporösen Silika-Nanoteilchen, wobei das Verfahren die folgenden Schritte umfasst:

a) Herstellen einer Rezeptur von Lipiden, wobei die Lipide 1,2-Dioleoyl-sn-glycero-3-phospho-L-serin alias
DOPS, Cholesterin und mindestens ein von DOPS und Cholesterin verschiedenes Lipid sind, wobei die Rezeptur
von Lipiden in einem ersten Lösungsmittel gelöst ist;
b) Verdampfen des ersten Lösungsmittels;
c) Zusetzen einer wässrigen Rezeptur von positiv geladenen mesoporösen Silika-Nanoteilchen;
d) Durchführen einer Zentrifugierung;

dadurch gekennzeichnet, dass
das Verfahren weiter den Schritt des Durchführens einer Ultraschallbehandlung nach Schritt (c) und vor Schritt (d)
umfasst, und dass die Anzahl von Äquivalenten von Cholesterin relativ zu einem Äquivalent von DOPS zwischen
2,30 und 2,70 liegt.

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das mindestens eine von DOPS und Cholesterin
verschiedene Lipid 1,2-Dipalmitoyl-sn-glycero-3-phosphocholin alias DPPC ist.

3. Verfahren nach einem der Ansprüche 1-2, dadurch gekennzeichnet, dass die Rezeptur weiter 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamin-N-amino(polyethylenglycol) 2KDa alias DSPE-PEG(2000) umfasst.

4. Verfahren nach einem der Ansprüche 1-3, dadurch gekennzeichnet, dass die positiv geladenen mesoporösen
Silika-Nanoteilchen erhalten werden aus den Schritten des:

a. Kondensierens eines Silika-Vorläufers, eines oberflächenaktiven Mittels und eines Kondensationsmittels in
einem zweiten Lösungsmittel;
b. Zusetzens eines Organotriethoxysilans, wobei der Anteil des Organotriethoxysilans zu dem Silika-Vorläufer
zwischen 5% und 15% liegt;
c. Entfernens des oberflächenaktiven Mittels.

5. Verfahren nach Anspruch 4, dadurch gekennzeichnet, dass der Silika-Vorläufer Tetraethylorthosilikat ist, das
oberflächenaktive Mittel Cetyltrimethylammoniumchlorid ist, das Kondensationsmittel Triethanolamin ist und/oder
das Organotriethoxysilan (3-Aminopropyl)triethoxysilan ist.

6. Verfahren nach einem der Ansprüche 4-5, dadurch gekennzeichnet, dass der Schritt des Entfernens des ober-
flächenaktiven Mittels eine Kombination aus einem Dialyseprozess und einer Extraktion in Salzsäure ist.

7. Negativ geladene geträgerte Lipid-Doppelschicht auf einem positiv geladenen mesoporösen Silika-Nanoteilchen,
wobei die negativ geladene geträgerte Lipid-Doppelschicht Cholesterin, 1,2-Dioleoyl-sn-glycero-3-phospho-L-serin
alias DOPS und mindestens ein von DOPS und Cholesterin verschiedenes Lipid umfasst, dadurch gekennzeichnet,
dass die Anzahl von Äquivalenten von Cholesterin relativ zu einem Äquivalent von DOPS zwischen 2,30 und 2,70
liegt, und dass das ζ-Potential gemessen in milliQ Wasser bei einem pH-Wert von 5,8 niedriger als -50 mV ist.

8. Negativ geladene geträgerte Lipid-Doppelschicht auf einem positiv geladenen mesoporösen Silika-Nanoteilchen
nach Anspruch 7, dadurch gekennzeichnet, dass das mindestens eine von DOPS und Cholesterin verschiedene
Lipid 1,2-Dipalmitoyl-sn-glycero-3-phosphocholin alias DPPC ist.

9. Negativ geladene geträgerte Lipid-Doppelschicht auf einem positiv geladenen mesoporösen Silika-Nanoteilchen
nach einem der Ansprüche 7-8,
dadurch gekennzeichnet, dass die geträgerte Lipid-Doppelschicht weiter 1,2-Distearoyl-sn-glycero-3-phosphoe-
thanolamin-N-amino(polyethylenglycol) 2KDa alias DSPE-PEG(2000) umfasst.
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10. Negativ geladene geträgerte Lipid-Doppelschicht auf einem positiv geladenen mesoporösen Silika-Nanoteilchen
nach einem der Ansprüche 7-9,
dadurch gekennzeichnet, dass das positiv geladene mesoporöse Silika-Nanoteilchen mindestens einen Silika-
Vorläufer und mindestens ein Organotriethoxysilan umfasst, wobei der Anteil des Organotriethoxysilans zu dem
Silika-Vorläufer zwischen 5% und 15% liegt.

11. Zusammensetzung, die zur Abgabe von Medikamenten ausgelegt ist, umfassend

a. die negativ geladene geträgerte Lipid-Doppelschicht auf einem positiv geladenen mesoporösen Silika-Na-
noteilchen nach einem der Ansprüche 7-10, und
b. mindestens einen aktiven Anteil,

dadurch gekennzeichnet, dass
der mindestens eine aktive Anteil ein Molekül ist, das therapeutische Eigenschaften aufweist, bevorzugt ein Molekül,
das antikanzeröse Eigenschaften aufweist, oder der mindestens eine aktive Anteil ein Kontrastmittel ist, oder der
mindestens eine aktive Anteil ein kosmetisches Mittel ist.

12. Zusammensetzung nach Anspruch 11, dadurch gekennzeichnet, dass das antikanzeröse Eigenschaften aufwei-
sende Molekül aus der folgenden Liste ausgewählt ist: Doxorubicin, Paclitaxel, Docetaxel, gleich welcher Mitosein-
hibitor, Cisplatin, 5-FU, Temozolomid oder gleich welches andere.

13. Zusammensetzung nach Anspruch 11, dadurch gekennzeichnet, dass das Kontrastmittel gleich welches Gado-
linium-Derivat, gleich welches lod-Derivat, gleich welches Goldderivat, Indocyaningrün, Rhodamin, Fluorescein,
Methylenblau, 5-Aminolävulinsäure, gleich welcher Porphyrin-Vorläufer oder gleich welches andere ist.

14. Zusammensetzung nach Anspruch 11, dadurch gekennzeichnet, dass das kosmetische Mittel Retinsäure, Vitamin
E, Nikotinsäure, Ascorbinsäure, gleich welches B-Vitamin, gleich welches Antioxidans oder gleich welches andere ist.

15. Anwendung der negativ geladenen geträgerten Lipid-Doppelschicht auf einem positiv geladenen mesoporösen
Silika-Nanopartikel gemäß einem der Ansprüche 7-10 als biomimetische Verbindung, die dafür ausgelegt ist, die
Membranasymmetrie und/oder die elektrische Leitfähigkeit eines roten Blutkörperchens nachzuahmen.

Revendications

1. Procédé destiné à préparer une bicouche lipidique supportée du type à charge négative sur une nanoparticule de
silice mésoporeuse du type à charge positive, ledit procédé comprenant les étapes suivantes consistant à :

a) préparer une formulation de lipides, lesdits lipides étant la 1,2-dioléoyl-sn-glycéro-3-phospho-L-sérine alias
DOPS, le cholestérol et au moins un lipide différent du DOPS et du cholestérol, ladite formulation de lipides
étant dissoute dans un premier solvant ;
b) faire le vide dans ledit premier solvant ;
c) ajouter une formulation aqueuse de nanoparticules de silice mésoporeuse du type à charge positive ;
d) mettre en oeuvre une centrifugation ;

caractérisé en ce que
ledit procédé comprend en outre l’étape consistant à mettre en oeuvre une sonication aux ultrasons après l’étape
(c) et avant l’étape (d), et en ce que le nombre d’équivalents de cholestérol par rapport à un équivalent de DOPS
est compris entre 2,30 et 2,70.

2. Procédé selon la revendication 1, caractérisé en ce que ledit au moins un lipide différent du DOPS et du cholestérol
comprend de la 1,2-dipalmitoyl-sn-glycéro-3-phosphocholalias DPPC.

3. Procédé selon l’une quelconque des revendications 1 à 2, caractérisé en ce que ladite formulation comprend en
outre du 1,2-distéaroyl-sn-glycéro-3-phosphoéthanolamine-N-amino(polyéthylène glycol) 2KDa alias DSPE-
PEG(2000).

4. Procédé selon l’une quelconque des revendications 1 à 3, caractérisé en ce qu’on obtient lesdites nanoparticules



EP 3 324 940 B1

17

5

10

15

20

25

30

35

40

45

50

55

de silice mésoporeuse du type à charge positive à partir des étapes consistant à :

a. condenser un précurseur de silice, un agent tensioactif et un agent de condensation dans un second solvant ;
b. ajouter un organotriéthoxysilane, la portion dudit organotriéthoxysilane par rapport audit précurseur de silice
étant comprise entre 5 % et 15 % ;
c. retirer ledit agent tensioactif.

5. Procédé selon la revendication 4, caractérisé en ce que ledit précurseur de silice est l’orthosilicate de tétraéthyle,
ledit agent tensioactif est le chlorure de cétyltriméthylammonium, ledit agent de condensation est la triéthanolamine
et/ou ledit organotriéthoxysilane est le (3-aminopropyl)triéthoxysilane.

6. Procédé selon l’une quelconque des revendications 4 à 5, caractérisé en ce que ladite étape d’élimination dudit
agent tensioactif est une combinaison d’un procédé de dialyse et d’une extraction dans de l’acide chlorhydrique.

7. Bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse du type à
charge positive, ladite bicouche lipidique supportée du type à charge négative comprenant du cholestérol, de la
1,2-dioléoyl-sn-glycéro-3-phospho-L-sérine alias DOPS, et au moins un lipide différent du DOPS et du cholestérol,,
caractérisée en ce que le nombre d’équivalents de cholestérol par rapport à un équivalent de DOPS est compris
entre 2,30 et 2,70 et en ce que le potentiel ζ mesuré dans de l’eau milli-Q à un pH de 5,8 est inférieur à -50 mV.

8. Bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse du type à
charge positive selon la revendication 7, caractérisée en ce que ledit au moins un lipide différent du DOPS et du
cholestérol est la 1,2-dipalmitoyl-sn-glycéro-3-phosphocholine alias DPPC.

9. Bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse du type à
charge positive selon l’une quelconque des revendications 7 à 8, caractérisée en ce que ladite bicouche lipidique
supportée comprend du 1,2-distéaroyl-sn-glycéro-3-phosphoéthanolamine-N-amino(polyéthylène glycol) 2KDa
alias DSPE-PEG(2000).

10. Bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse du type à
charge positive selon l’une quelconque des revendications 7 à 8, caractérisée en ce que ladite nanoparticule de
silice mésoporeuse du type à charge positive comprend au moins un précurseur de silice et au moins un organo-
triéthoxysilane, la portion dudit organotriéthoxysilane par rapport audit précurseur de silice étant comprise entre 5
% et 15 %.

11. Composition conçue pour une distribution de médicament, comprenant :

a. la bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse du
type à charge positive selon l’une quelconque des revendications 7 à 10 ; et
b. au moins une fraction active ;

caractérisée en ce que
ladite au moins une fraction active est une molécule présentant des propriétés thérapeutiques, de manière préfé-
rentielle une molécule présentant des propriétés anticancéreuses, ou bien ladite au moins une fraction active re-
présente un agent de contraste, ou bien ladite au moins une fraction active représente un agent cosmétique.

12. Composition selon la revendication 11, caractérisée en ce que ladite molécule présentant des propriétés antican-
céreuses est choisie parmi la liste suivante : la doxorubicine, le paclitaxel, le docetaxel, n’importe quel inhibiteur
mitotique, le cisplatine, le 5-FU, le témozolomide ou n’importe quelle autre.

13. Composition selon la revendication 11, caractérisée en ce que ledit agent de contraste représente n’importe quel
dérivé du gadolinium, n’importe quel dérivé de l’iode, n’importe quel dérivé de l’or, du vert d’indocyanine, la rhoda-
mine, la fluorescéine, le bleu de méthylène, l’acide 5-aminolévulinique, n’importe quel précurseur de la porphyrine,
ou n’importe quel autre.

14. Composition selon la revendication 11, caractérisée en ce que ledit agent cosmétique est l’acide rétinoïque, la
vitamine E, l’acide nicotinique, l’acide ascorbique, n’importe quelle vitamine B, n’importe quel antioxydant, au n’im-
porte quel autre.



EP 3 324 940 B1

18

5

10

15

20

25

30

35

40

45

50

55

15. Utilisation de la bicouche lipidique supportée du type à charge négative sur une nanoparticule de silice mésoporeuse
du type à charge positive selon l’une quelconque des revendications 7 à 10 à titre de composé biomimétique
configuré pour imiter l’asymétrie en membranaire et/ou la conductivité électrique d’un érythrocyte.
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