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Abstract

We investigate the encapsulation in Hybridne~me s®, a type of capsules unique regarding their
structure and method of elaboration. Hyk-*do>omes®, are made of a single shell of nanoparticles
(=5nm) crosslinked with a polymer an { @’ easily obtaivéa sportaneous emulsification in a
ternary mixture THF/water/butylated hyu.oxytoluene (BHT). Our main finding is that an
exceptionally high concentration of a h,drophobic model dye can be loaded in the hybridosomes®,
up to 0.35mol.L" or equivalently 17(3.* .+ 450000 molecules/capsule. The detailed investigation

of the encapsulation mechanis n chows that the dye concentrates in the droplets during the
emulsification step simultaneo isly with capsule formation. Then it precipitates inside the capsules
during thecourse of solvent v rap oratiomn vitro fluorescence measurements show that the nano
precipitated cargo can be .ansferred from the core of the hybridos@iesthe membrane of
liposomes.In vivostudie: sut gest that the dye diffuses through the bodymiyseveral days. The
released dye tends to a>cumulate in befdy, while the metalcore nanoparticles remained trapped

into the liver and the sp'~en macrophages.

Keywords Hybridosome®) encapsulation; nanagcipitation Ouzo effecthydrophobic cargo

Introduction

Encapsulation is a major issue in nanomedicine for the delivery of toxighlasdr poory soluble
drugs but also for the food and cosmetic industrjé46]. Alargevariety of encapsulation systems
are available, including polymer nanoparticlg$P) micelles, liposomes and polymersomes, silica
NP, nanogels and solitipid NP, to name only a few7 t14]. The selection of the encapsulation
technology is dictated both by the application and by the properties of the cargo. Ircylarti the
hydrophilic or hydrophobic nature of thecargois a determining factor. Thus, hydrophobi
ingredients will most often be encapsulatedthe hydrophobic core of soHldpid NPor of polymer
micelles, whereas nanogels or liposomes will be preférfor hydrophilic onesBesides for any
medical @ biotechnology applicationghe size needto be precisely controlled as a key factor for



the biodistribution of the nanocarriefl5t17]. Indeed, size strongly influences the adsorption of
plasma proteins (opsonins) which triggers the clearance from the bloodstreamal filtrationand
accumulation in the liver also depend on th&Psize.Thus, it is generally admitted that particles
with diameter below 5im are rapidly evacuated via renal clearance, whergasicle larger than
10nm are captured byhagocytic cellsunlessthey ale rendered stealthy by surface modification
[15,17,18]

Whilst most studies have focused on the pharmacokinetics and therapeutic efficacy of encapsulated
drugs, strategies tamprove loading have been overlooked. To date, this remains ohethe
challenging issues of drug encapsulatiotndeed, achieving a verlgigh encapsulation efficiency
reduces lossesf active ingredientsin addition, the more the carrier is loaded, the lower the level of
excipient relative to the active moleculds the case of liposomes, the simplest approach for drug
encapsulation is @ssive loading: the liposomes are formed from a lipid film by rehydration in a
buffer containing the drug to encapsulate. Therefore, the inne. and outer drug concentrations are
similar, and inherently limited by the solubility of the drug in *ne . uifer.idthrelatively convenient

and easy, this method suffers from low encapsulation effiz~c, and high levels @neapsulated
drugs, which need to be eliminated. Thetive(or remote) 'cxdny driven by a transmembrane pH
gradienthas successfully enabléde loading of large amousof drugs. Thus &il®, which was the

first liposomal formulation approved by FDA in 1997 is « n emblematic example of the use of active
loading The load reaches d® 000doxorubicin molerdlex ndiposome (typically0.05-0.1 mol.L "),

in the form of its ammonium sal{19t21]. "nr. encapsulation mechanisns based on a
transmembrane pkyradientcoupled to the pr-cipiiation of the ammonium salt in the core of the
liposome The precipitation produces a sink ehect, which drives tlexorubicininward [20,22]
Interestingly, the low solubility of the sa. helps slowing down the release of the drug from the
liposome.Active loading has been exw nded to a few other drugs including ciprofloxacin, vincristine,
topotecan andrinotecan using amrmro, ‘'in, sulfate, citric acid, calcium acetate, phosptvaEDTA
gradients[22]. Despite theee underiab.» success, the active loading method remains complex to
implement In addition, itis limite 1 toa relatively low number ofamphiphilic and acidic (or basic)
drugs and cannot be applied tv hydrophobic drugs.

In contrast, he coprecipitativ,> f polymers and drugs is a straightforward strategy to encapsulate
hydrophobicdrugs into noly nerNP [23]. In practice, the polymer and hydrophobic solute are
dissolved into an organic solvent miscible with water, typically acetone, ethanetrahydrofuran
(THR. This solution is ti.en rapidiyixed witha large amount of wateto induce nanoprecipitation
It was shown that under appropriate conditions thi®pess can generafgolymer/drug particlesin
the 53300nm range, with a very narrow sizbspersity[9,24]. However, the main drawback of €o
predpitation in the form of particles is the large amount of excipiegenerally biodegradable
polymers such as poly(lactic acid) and pap-hexylcyanoacrylatdg], relativeto the encapsulated
drug. For this reason, a process leadingptare drug nanopecipitationin a capsule would be more
advantageous, provided that the process remains simple to implememdrestingly, $Z ~Kpul}
(( % ptbcess related to nanoprecipitatiptan produce such capsuleghe Ouzo effect occurs in
ternary systems consisting af watermiscible solventyater, and a low amount of ociBeyond a
certainamount of water, oHrich droplets separate from the continuous pha3éis phenomenons
responsible for the appearance tife turbidity in thewell-known Greek beveragend its analogues
such asPastisor Raki [25129]. More generally, dferent situaions are grouped under the term
AKul}  (( 8_X depending on the solventiwater ratio, theseystems can forneither a



thermodynamically stable microemulsion SFME for surfactant free micreemusior) or a
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domain, thedroplets have a submicronic siagth a verynarrow polydispersity Interestingly, i was
shown byGanachaucet al that the dioplets formed in the SFME domasan be used as templates
to elaborate capsules of polym[&0] or fluorescent organic nanoparticl31].

More recently, our groupeported the use of the Ouzo effect to forhybridinorganieNHpolymer
capsules,named hybridosomesgs2t34]. The procedure of elaboration of theybridosomes®ia
the Ouzo effecis summarizedn Figure 1[32]. Hydrophobic NP are firguspended in THRY the
watermisciblesolven) containinga preservative (Butylated Hydroxytoluene, B the lipophilic
compound). Thera large amount ofvater (typically0.7-0.9in terms of volumic fractions added to
generate supersaturation ohe oiland nucleation of dropletsSimultaneously to droplet formation,
the NP which arealso hydrophobic, become incompatible *ith thevater-rich solvent, and
precipitate at the interface of theOuzo droplets. Although t*i~ p-ocess may seem similar to
Pickering emulsionsye wish to underline here an importan diff2renca the case of Pickering
emulsions the particles are adsorbed at the interfaca eq Jilib,'um with the bulk phaseyith an
adsorptionenergy proportional tothe square of the partic:» raui85,36] In practie@, nanoparticles
are only very weakly adsorbedvhich severely limis *he efficiency for the stabilization of
emulsions.Here, in the contrarythe nanoparticles ai > irreversibly precipitateat the droplet
surface It is interesting to note that if a low amcu. * of water is added (typically5<in the case of
THF) the NP precipitates out of the ouzo dcn..in, while the drops are not fofB&dWe then
observe a macroscopic precipitate and nr.. the ‘armation of capsules. For this reason, it is necessary
to add a large fraction of water quickllyii.>!l' , we sslink the NRvith a polymer, whichprovides
mechanical robustnes® the capsulesenabii.g the replacement ofthe solvent corewith water,
either by evaporation or dialysis.

Figure 1 t Schematic representation of the process of elaboraton of the Hybridos@més the
nanoprecipitation of hydrophobic NP at the surface of Ouzo dropMtater is rapidly added to a THF solution
containinghydrophobic NPHere, Superparamagnetic Iron Oxidé’Ncoated with octylamine) and BHfere
THF 3% water 756%BHT<001%9. Ouzodroplets formand theNPcovertheir surface Then,a polymer(PAAb-
PEG) is addem crosslink the NPAfter removalof the solvent(evaporationor dialysis)the core is substtuted
with water.

Herein, we hypothesized that the specific mechanism of capsule formatiarthe Ouzo effect is
intrinsicallyvery efficient for encapsulatiotJsing a fluorescent BODIPY dye with different spectral
characteristics in the solid and liquid stdt&7], we investigate in great detailgthe physical state of
the dyein the course of itsencapsulation in hybridosom@sand determinal the encapsulation
efficency andhe internal payjoad.Besides, westudied the release of the cargm,vitro andin vivg
using luminescence measuremerdasd demonstrated that thedye is able to diffuse into cells
cytoplasm and distributes through the body aftatravenousnjection.



Results & Discussion:

1. Encapsulation
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Figure 2 t (A) Structure ofthe BODIPYLl. (B-C) Characterizatio, of. suspension ofBODIPYoaded
hybridosomes® ([BODIPY30 mmoI.ILl) (B) Photograph under L \tirrdiation (,exc = 365 nm). (C) Size
distribution usingNanoparticle Tracking AnalysiTA and Trans vissiun Electron MicroscoffiEM (inset).

A straightforward encapsulation procedur&o achic ‘e ¢ ncapsulation, the target compound is
simply added to the organic phase beforehamsl shcwn > Figure[37]. In the present work, we
selected thefluorescent BODIPY dyd (Figure 2’, synthesized in the lalvatory, as a model
compound to investigatéhe encapsulation. Inc'»eq, this dye is poorly soluble in wétee S| section
A), which is an important factor for its sejue stradion in the Odzoplets. Moreover, in contrasb
most dyes, the solid form dE is alsosignific. Atlyemissivewith a red shift compared to the soluble
form, whichis useful to probe its phys.~al staged image dydoaded hybridosomes@ o facilitate
the purfication step, we preparec v.~ nybridoson®$om superparamagnetic iron ae NP
(SPION, ®1im) [38] coated with @ o>*ylamine ligand. Then, tieP shellwas crosslinked by a
poly(ethylene glycof}-b-poly(acry'ic), diblock copolymer (PEBAA). As shown in our previous
work, these hybridosome®(SF YN@PERBAA hybridosomes®gn be easily separated from the
bulk using a permanent mcane . In contrast to other separation methods such as centrifugation and
steric exclusion, magnedc separation allows to selectively attract the maghghbgdosomes)
leaving aside nom®nca,su. ~td nanoprecipitated dye, if any.

Regarding the Ouzo sysieme selectech THF/water mixture (25/75). IndeefiHHs a goodsolvent

for both the alkylaminecoated SPI10MMNd 1. No oil is added to the systerasstandardcommercial
THF already contasrtraces ofan hydrophobicantioxidant preservative butylated hydroxytoluene
(BHT~320mg.L"; water solubility ~ 0.6 mgi[39]; LogP = 5.1p10]) which can play the role of the
oil in the Ouzo emulsionindeed, previous work has shown that BHT was responsible for the
formation of droplets of the order of a few hundreds of nanometerdHF/water mixture§4l]. To
confirm this result in our own conditions, dynamic light scattering (DLS) measure oieTits-/water
mixture (25/75)were performed(Figure S 1)Two types of THF were compared: el Tcontaining
THF used in our preparations and theservativefree THFIt appears cleary thathe presence of
BHT is necessary to observe sunbsoscopic structes (with the principal mode for the mean
hydrodynamic diameter at 198m). Both BODIPY and BHT can participate in the formation of Ouzo
droplets. According to our measurements, BHT is present at a concentration of 0.36 himdhe
initial THF/water 2575 mixture. As for BODIRYits concentration varies between 5 and 150 pmol.L



', Calculation of the solubility of these two compounds in THF/water mixtures, using the

thermodynamic calculation software COSNRS Error! Reference source not found42], shows
that 1 is much less soluble than BHT, by two or three orders of magnitude. Both concentrations are
close to or beyond the solubility limits in the THF/water (25/75) continuous phasenfh®.L* and
1.5pmol.L* for BHT andl, respectively). These calculations explain the presence of droplets
observed in the mixture of water and commercial THF. Thaysliggest that under these conditions

of concentration, BODIPY will be found mainly in the dispersed phase.

Dyeloaded hybrideames® were prepared according to these conditioRgyure 2 shows a
photograph of a suspension diye-loaded hybridosomes@nder UVirradiation ~.= 365 nm)as
well as size measurements usitignsmission electron micezopy(TEN) (mean diameter: 55 14

nm) and nanoparticlaracking analysis (NTAhydrodynamic diameter main mode: 74£31.8 nn).

The absorbance spectra df under its soluble and nanopr. <ipitated are displayed Hrror!

Reference source not found.

Investigation of nanoprecipitationWe first investigate’s ‘e behavior of the dye during
nanoprecipitation in the absence of NFEigure 3 shows tlie c~assion spectra 8fODIPY, in THF
and inthe THF/water mixture (255). Both spectra ar~ **e: " similar, with a mamission band at
538 nm suggesting that the dye is dissolvedoth cas~s. Aowever, at this point we do not know
whether the dye is dissolved in the continuous nhese (water mixture) or in the Ouzo droplet
After total evaporation of THF and centrifuy. nurification, the emission speattrof the
resuspended pelle¢xhibits twobroad bands av =5 and 620nm. Thered shift of the main emission
(from 538to 555 nm) and theemergen‘.e c¢i a second emission transition at lower energy
attributed to a nanodispersed form df[43,4-. The presence of a nanodispersed fagrconfirmed
by NTA which shows a populationl® + * nm (Error! Reference source not founy.

Inasecond timewe measured the ericsion spectvthl whenencapsulatdin the hybridosome®

In this case, the feature of th: mission is very similar to that of the nanoprecipitated fom
suggesting that the encapsula.=~d dye is also a nanoprecipiNgeertheless, e peak at 555m
seems to be more predominar. compared to the nanodispersedemmapsulated form of BODIPY
Thismay be due toa fra~uon ufl solubilized inthe PEG blockfoPEGPAA Note that both the
nanoprecipitated anr’ ~ncoansulated form of BODIPY show lower emission intensity (~ 1/10) than the
soluble form.At this point ourresults clarify an important issue: the dye is mostly localized in the
droplet. If this was not the case, it would nanoprecipitate outside of the hybridos®uasng the
evaporation of the solvent



Figure3 t Fluorescence emissiospectraof BODIP\M at different st os «f the proces§,exc = 400 nm) 1)
DissolvedBODIPYn THF flain blackline); 2) BODIPY in THiater \25//5) mixture (dashed black ling3)
Nanoprecipitated BODIPY (plain redine); 4) BODIPY encrp.'la.eth PEGPAAstabilized iron oxide

hybridosome®(dashed redine).

Quantitative evaluation ofloading The efficiency cfoading was characterized from the
measurement of the absorbance of the dye ir *he hybridosa@nessd in the supematantafter
magnetic sepration. Figure 4 shows both th=c+.cepsulation yielddefined as the amount of
encapsulated dye over the total amount of Z've, and fgemal concentrationn the hybridosome®
([BOD},), for different total concentra.on, of dyes ([BOR). These are calculated from
experimental values reported iirror! Refere,.ce source not foundFor all concentrations, a very
high encapsulatioyield was found§8+ 5-7). Losses and variability can be partly attributed to the 2
steps of magnetic purifications. Inte ‘e stigly, the internal concentration can be as hiyBbasol.L

' (or ~170g.L", whichcorresponus . *a 460 000 molecules/capsule. This2 to 50 times higher
than valuespreviously reportet: fo.Doxi®[19,20,45] Changing the mount of SPION to prepare
hybridosomes® does not moify the encapsulation yigldaf! Reference source not found.This
shows that there is no adscmon of the BODIPY on the NP surface. Indeed, if the encapsulation
process was related tc ad:orption of the dye on the NP, there should be an increase of th
encapsulatel amountwi." the number of NP.
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Figure4 t(A) Encapsulation yield an@)internal BODIPY concentra*o,.*v.oridosome®as a function of the
total concentration of BODIPY.

Moreover, we investigated the influence of theotal dye <~ncentration orthe nanoprecipitation in
the absence of NP. In this case, water was rap.lv added to THF solutiohsofofvaiious
concentrations (10t 150umol.L™"), to reach the ratin T Hader (25 75). ThenTHF was evaporated
and the suspension centrifugated:he nanopre ~pitation yield & determined from UV-visible
measurements of thepellet after redisrersan in THRFigure %. Very interestingly, the
nanoprecipitation yield decreases w:h Jecreasing dgencentrations in the low initial
concentrations range, whictvas not observe 1 in the presence of hybridoso®eblore precisely,
Figure5 also shows that the concentrau~n of dye recovered in the supernatdat aéntrifugation
(empty squares)s ca6 pmol.L*, what 2ve, ‘hetotal amount of dye in the mixture. The difference of
behavior between the nanoprec:p.*auun in solution and in the hybridosdmissstriking. For a
detailed explanation, the reade: is invited to refer to the s@iction A omparison of the
nanoprecipitation vs encaps.''au>n yieldn brief, (i)in the case of nanoprecipitation without NP,
the fraction of unprecipitate dve is related to the solid/liquid equilibrium of the dye, aekctly
correspond to the soluk lity »fthe dye. (ii) In the case of hybridoson®&she encapsulation yield
correspnds to the fiacion of dye nanoprecipitated in the hybridosorfieeported to the total

amount of dye. It is fou'rd constant, as a result of the partitioning equilibrium of the dye between
the continuous and the dispersed phase.
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Figure5 t Nanoprecipitaon of BODIPY in water: nanoprecipitaion ield (plain squares)esimiial BODIPY
concentration in the supernatant (empty squares).

2. Invitroandin vivorelease

In a previous work, we demonstrated that hyordoso@®dsve a porous structurewith pores
~4nm [33]. This should allow the leakage of £nc.zoulated cafge.water solubility ofdye 1 being
extremely low (cal0™ mol.L"), no releas: ¢uil be measured fiure water. Nevertheless, it is
possible to investigat¢he release ina hydic ~ nobic medium. Tdo this we used a mixture of dye
loaded hybridosome®and liposomes.~ a model of hydrophobienvironment In the presence of
liposomesa dramatic enhancement .. the luminescence is obsenido(! Reference sowe not
found.), due tothe transfer of the ay :tr, the membrane of theliposomes.Figure6a shows the
kinetics oftransfer of thedye fror dyeioaded hybridosomes® to the membrane of liposonfes
three concentrations of liposc.ngg, 5, and 8mgmL"). The amount oftransferred dye increases
with time over more than one v.~el{gurebb). In contrast, in pure fetal bovine serum, only a small
fraction of the dye is sol:Zlizc d, within the first day, most probably in protéBasides, the higher
the lipid concentratic» .>e Figher the level of dye extracted. This indidhtaisthe transfer of the
dye from the hybridoson ®to the liposomes is driven biys solubility in the lipid membraneAs
also shownin Figure 6, the solubilization kinetics of the nanoprecipitated dye is only slightly
different from that of the hybridsome®encapsulated dyeconfirming the porous character of the
hybridosanesR These kineticsmeasurementscan be satisfactorily fittedby the empirical
KorsmeyetPeppasquation f= k.t [46 t48], with nclose t00.5 (Error! Reference source not found.
inSlsectionG), which strongly suggest that the limiting step is a diffusive process.
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liposomes (lipid:5mg/mL) ando fetal bovine serumx).

In a second ste@BODIPYoadedhybridosome®wh~re incunated withmalignantGL261cells. This
cell lineisafrequentyusedmurine glioma model ~nd weonsideredt in the perspective of &uture
evaluation of hybridosomes for treatme~t f glioblastoma [49]. Figure 7 shows confocal
fluorescence images ayeloaded hybric "sc ne®incubated with the cellsin the absence of any
specific cellstaining. Bright green spots are clearly visible inside the caltsbated with
hybridosome® These are attributed to ‘nternalized BODIPY, probably in confined spacessuch
lysosomeslin addition to these brigt t 5p .S, the cytoplasm is rather uniformly stained with the dye,
which obviously do not penetrae 1 (he nucdeugery interestingly, orange fluorescence is also
visible and cdocalized with the gre>n fluorescenceglidating the fact that is attributable tbwhich
shows acharacteristicdual grecro.ange emissiomms described ifrigure3. These results show that
after 2 hoursof incubation. v = lye is partially released in the cytoplasm, and partialiosed in
intracellular compartme 1tsk 2lease ohydrophobicBodipy dyesrbm NP into the cytosol of cells
was previously reporte tnu can occur even in the absence of uptake of the particles, through
membrane mediated dif.siofb0]. Note that internalization of nanobjects into cells depend both
on the physicechemical features of the narabjects and orthe cell typesphagocytic cells being
more prone to intemalizatiorof particles over 5@m [51]. In the present case, using iron oxide
hybridosome®) it is difficult toascertairwhether the hybridosome®shells are takemp by the cells

or not. Howeve, experiments achievedsinghybridosome®made from fluorescent quantum dots
suggest that they mostly remaat the membrane of the cells.



Figure7 t Confocal fluorescence imaging of malign&it261cells(A) befc. 2 and (B)after 2 hincubaton with
BODIPYoaded hybridosome® From left to right, green fluorescenc: ~ainel, orange fluorescence channel
and transmitted lightimage.

Finally,dye-loaded hybridosomeBwere injected intomic : v.~ *wo injection modes. Firsty, dye-
loaded hybridosome®were injected inmatrige® seedr” w.*hNalmg cells (Figure8 A&B). Nalm6
cells are malignant lymphoblast cells, commonly u.sdrodel of acute lymphoblastic leukemia
[52]. The green fluorescence wamonitored over 2 weews with a bioimagelBoth the intensity
(Figure8 B) and the size of the fluorescent zorf€ {.re 3A) increase over the duration of the study
Many nanomedicinestudies haveaeported that, .n contrast to molecular compoundsanaoparticles
injected intratumorallyremain close to ‘ne .njection site because they are unable to migrate
effectively through the extracellular matrfo. t55]. As we have just shown, the encapsulated dye
can easily be released from hybridosumes® and incorporated into lipophilic reservoirs. In addition,
green fluorescence is strongly atte'iu-w. 4 through thel@nd can only be monitored when close
to the surface. Theffere, the spreuling of the fluorescent zorseveral millimeters away from the
site of injectionis most probably " 1e tthe releaseof the molecular dyeandits accumulation into
subcutaneous fatSeconty, w~ porformed anntravenousretro orbital injection(Figure8 C&D). A
green fluorescence appeagraduadllyall over the mouse, with an increasing intensityer 5 days
This isalso due to the eccumulation of the dyen fatty tissues under the skirSinceprevious
expernmentsusing M1 mu.utoring of SPION hybridoso®esidenced thathey were captured by
liver and spleen macroot.ages witi8@ minafter injection[32], the present observatigs strongly
support a release of the dye in tlidood circulation
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Figure8 t (A) In vivo fluorescence bioimaging after injecfor of di@aded hybridosomes® in matrigel
containing Nalmé6 cells; (B) Time evolution of the fluc.esce.ace intensity measured from (Ap Y@p

fluorescence bicimaging afténtravenousinjection (rctrri-} E 18 0 Agd Ve X0 6-6  Vah 2547 nm). (D)

Time evolution of the fluorescence inteigmeasurc:! fron (A).

In order to complement these result$EN ve s performed orsectionsof liver andspleen 24 hours
afterintravenousinjectionof hybridosrme®(-.gure9). As indicated by arrowstructures of ca 100
nm in diameter and presenting a strong >ontrast effect are detectdubth the liver and the spleen

In accordance with our previous v.v) viRlexperiments[32], it is reasonable to identify these
structures as internalized hybrid ysu. ¥ $n the liver, they were found ihepatocytesas well as in
Kupffer cells (liver macrophar.es). Regarding the spleen, they eleservedonly in macrophage
cells connected to endothelic. ceiis and not in the red pulp lymphocytes Witsin the cells, NP
were mainlylocalizedin vesiw.ar compartmentsandnot scadtered in the cytoplasm, suggestirigat

the hybridosome® were esp 2cially captured by the adhr degradation system.Since we have
observed previouslgn ac~umulatiorof the hybridosome®in the the liver in the course of the first
hour afterintravenousir,zction[32], it may seem surprising that the luminescence still increases

after 5 daysThe hypothesis of a rapid release in the blood pooal, followed by a slow accumulation in

the body &t may be ruled out. Indeedyur in vitro release experiment show a very limited transfer
to serum albumin which suggestslow dissolution of the dye in the blood pool. In addition,
molecularcompoundsreleasedn the blood poowould be rapidly eliminatd via renal excretionA
more likely mechanism would involve thdonocyte Phagocytic System (MPSB). Indeed,it is
widely reported in the case of naparticle formulation of hydrophobic drugs, thathe particles are
first uptaken by the MPSnd accumulatesnainlyin macrophagesf the liver Kugfer cellg and of
the spleen[57,58]. Inside these cells thayaffic through lysosome. Due to their lipophilicharacter,

they may pass the lysosomal membrane and finally exit the cell. This result in a pharmacokinetic

profile with much prolongeth ..



Figure9 t Transmission Electron Micvoscupy (TEM) imageb efiver (A, B, C and)Dandthe spleen(E and F

of mice24 hoursafter intravenous ‘njecion ohybridosome® A, C and E represent cell architecture at low
magnification. Ultrastructural det..'s inside the white rectangles in A, C and E are imaged in B, D and F,
respectively. Yellowrrows in~ica.~ .he NP inside the cells. Abbreviations: Hepatocytes (He), Lipid globule (Lp),
Lymphocyte (Ly). Scaleba 1| n.

Finally, itis interesting tc summarize the encapsulation properties of hybridos®mesomparing
them with similarly structurd nanovectors. In fact, there are relatively few examples of capsules
whose walls are entirely or partly made of nanoparticles, and capable of encapsyad®a].
Regardingthe encapsulation efficiency, it is straightforward to calculate that we reach a mass
percentage of 47% (@/M.esicd. IN comparison, Nie reported a maximal loading of 18.4% for the
encapsulation ofa photosensibilizer (Ce6) into vesiclemde from gold NF62] and of 28% for
doxorubicininto iron oxidevesiclef3], using NPtethered with amphiphilic blockopolymers.in

both casesthe encapsulatiorof the water-soluble drugs operatedviathe film rehydration method

an aqueoussolution of the cargo being used as the solvdor the rehydration process.
Lecommandouet al reported a slightly higher load (34%) of an hydrophobic form of doxorubicin in
the membrane of magnetic polymersomes, using a coprecipitaion metf@l]. The core
encapsulation of hydrophobic drugs such as indomethacin or protonated ibuprofen in capsules made
from Pickeringemulsion is also reportedwnith relatively low loading efficienc{6%)59,64] This
quantitative comparison of mass encapsulation rates,{m..sic9 iS questionable, as it varies



greatly with the density of the NBsed (e.g. ANPvs SPIOI) the proportion of polymer in the shell
or the presence of an ail core in the case of Pickering emulstéasever, ouresults clearly show
an unprecedented loading, thanks to the nanoprecipda of the hydrophobic cargo withitihhe core
of the cgpsules.

Conclusion

The results presented hetdt the veil on the mechanismof encapsulation in hybridosom@susing

the Ouzo effectThe essential result of this study is that we were able to encapsulate the model
cargo innanccapsuks up to Z0g.L', or equivalently 48000 molecules/capsuleThanks to the
specific emission properties of the model cargo, we could monitor its physical state throughout the
encapsulation process and provide a detailed mechanism. W show hisagxceptionalloading
ability is specific tathe Ouzo effectsinceit generatesat the san.> tmethe accumulationof the

cargo in the Ouzo droplets and the formation of capsules 2*2u:x% the droflleis procedure ialso
extremelystraightforward to implenent.

Thanks toin vitro and in vivo fluorescenceexperime its, ve were able toobservethe cellular
internalization of the carggaafterincubation with cellsai.” vrove its availabilityn solution orafter
body injection. It is clear that the carggencaps :.cted under the form of a nanoprecipitatgn
dissolve, leak out across the hybridosa®shell a1.-« transfer to any lipophilic compartment, such as
liposomes membrane or body fatlote that .>2 cntrolled release of the drugay be achieved by
adding additional polymer layers, but thi. is Jeyond the scope of this study.

This exceptional encapsulation methoJn be applied both to capsules made only of polymers and
to hybridosome® In the case of hy or.c~30m@sthe intrinsic properties of nanoparticles can add
significant value. For example, *..c ST ION used basethe purification of the nanearriers by
magnetic separation, and allov Jlectron microscopy observation and MRI monitoring. The use of
gold nanopaiticles seems alco v=ry promising in combination with the encapsulation of an anti
cancer molecule, for treatr.”nts combining radiotherapy ahémotherapyfor example in the case

of glioblastomaWork is i1 piogressin this direction.
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Materials. Superparamagnetic iron oxid&lP (SPION) ¥FeO;; mean diameter5 nm) were
synthesized following a reported predure [38]. 4,4Difluoro-8(4-timethylsilylethynylphenyk
1,3,5, Ztetramethyl-2, 6diethyl4-bora-3a,4adiazasindacene 1 (BODIPY, M = 476.2 g.mplwas
synthesized following a reported proceduy@s]. Poly(ethylene glyceb-Poly(acrylic acidMpes=2
kDa Mpan = 7.2 kD3 were kindly provided by G. Casteroletrahydrofuran GPR Rectapui9%
stabilized was purchased from VWR and used as received. Sampkesmade using MilliQ water
(182 MQcm™).

Elaboration of BODIPYoaded hybridosomes®Dyeloaded hybridosomes@®ere prepared by an
implementation of the previously published pratere for the preparation of hollow hybridosomes®
[32]. In a typichexperiment, water waadded to a THF solution containing dy® reachTHFwater
25/75. Thefinal Fe,0, concentraton wasin the range 10t 50 pg.mL*. ThePEGPAAwasthen added

at a concentration oR5 pmol.L* ([acrylic acid ung] = 2.4 mmol.L)). After a quick horogenization,
the solvent waslowly evaporated overnight at 40°Cwo 24h marnetic separation were perfordhe
the supernatant wasliscarded and the purifiedybridosome®were .~dispersed in fresh watefhe
hybridosome®suspension was characterized by NViéd infrg ina TEM using a Jeol 1400 electron
microscope equipped with a Gatan Orius 1000 camera.

Nanoparticle tracking analysis (NTAYhe size distributic (hydrodynamic diameter) and particle
concentrationwas determined byNTA NTAwas carrie 1 o.t with a Nanosight LM10 device system
(Malvern Panalytical) equipped with4® ut o « E ~ ‘& |]vB8 nin. Videdsequences were
recorded via a CCD camera operating at 30 frai-.es per second and evaluated via the NANOSIGHT
NTA 2.0 Analytical Software Suite. A blank \'1.* :neasurement with pure water was performed to
exclude a possible contamination with sc.av 3. +2r each sample, 3 acquisitions with an acquisition

time of 60 s were performed at 25°C. C~l_ulations of the hydrodynamic diameters were achieved
taking the viscosity of water at the te.moerature of measurement.

Titration of nanoprecipitated BODI(*>V11..ater. The nanoprecipitaéd BODIPY was prepared by
evaporating THHrom THHKFwate ™ /5) solutions of BODW Then the suspensions were
centrifuged (20 min, 3820 g, Min"0 220RHettich). The supematamivas extracted twice with
dichloromethane,the organic . ha. 2 waewaporated ande-dissolved inTHFE The pellet wasdirectly
re-dissolvedin THF. Théitrauon or BODIPY in THF is performed by absorbance measurefngits
= 526 nmpased on a ca'tbra ion curve in thenge [0.520] pmol.L* BODIPY.

The nanoprecipitation yie NVY)is calculated as follows:

;L ?pl&%‘ggwg Hsrr
B 1&g B 1&es

where[BOD,i: and [BODs,, are the concentrations of BODIPY in tpelletand in the spematant
after centrifugation respectively

0:

Encapsulationefficiency The encapsulation yielcEff in hybridosomes®vas determined using an
absorbancanicroplate reader (FLUWssar Omega BMG Labtech)following this typical proceduren
a 96 wellsabsorbancemicroplate the absorbanceof both pellets and supematantobtained by
magnetic separatioweredetermined $ . =535 nmTheEYwas calculatedsfollows:



#arzngHS”
#aonplptzea

where #54 dgthe absorbanceof the magnetically purifiedBODIPYoaded hybridosome®
suspensiorand #4 i the absorbance dhe supernatant

The total internal volume of the hybridosomes® is calculated using the formula:
. ve 5
8LI Juaa 4y

Which is a sum over all the discrete size biscontaining each a numbem of particles of
hydrodynamic radiuR.

The internal concentration hybridosomes®an be calculated .o ‘and NTA measurementas
follows:

0/@ a\L aBl:JI-H%O

where ny stands for thetotal amount of dye molec 'le<, Error bars correspond to the mean
deviation from the trend curve.

ICROESor determination of the iron concentr:tio.> ypically, the hybridosons® were dissolved in
nitric acid for one week under heatireg 40°C. After appropriate dilution with milliQ e, the iron
concentration was determined usingn&CA.” 7000 Series HOES spectrometer (Thermo Scientific)
under an argon flow, previously calib, ~ted from 0 to 2 ppm Fe

COSMERS calculationsCOSMERS e cliations were performed using COSMOthdewaluation
version) The Conductelike Scieei.‘ngModel for Realistic Solvation (COSMAS), combines
guantum chemical DFT calcul:tioi.= wsthtistical thermodynamics and allows for the prediction of
a broad range of physieoncmical properties of moledess in solution including solubility.
Calculation parameters were =7t as follow (T=25%.i.» eStimated by software).

Huorescence of BODI™Y ., different environmermission spectra were recorded on a Fluoredog
fluorimeter (Horiba Job#» von).Themeasurements were performedt 90° from incident lighin a

45pL fluorescence quartz cuvette (Hellma Suprasil; path length 3x3 mm) at an excitation wavelength
of 400nm and the emission was recorded from 450 to T#0.

In vitro release.The releaseinetics of BODIPY in different environments was studied by incubating
BODIPYoaded hybridosomeé® or nanodispersed BODIPY with liposomes (at different
concentrations) or Fetal Bovine Serum (FBS). Typically, 50 pL of Bo&i&hybridosome®were
incubaed with 50 pL of a suspension of liposomes, and water was added to reach a total volume of
250 pL. The liposomes disperssqid0 mg/mL; 90 %wt eggPC; 10 %wt BE®SPE;Z= 72+ 0.8

nm; PDI = 0.235) were kindly provided by F. Camerel (ISCR). Fetirahditiorescence release in
liposomes, the fluorescence intensity was monitoratl 25°Cusing a FLUOstar Omega (BMG
Labtech) microplate reader equipped with a 486 nm excitation bangbath filter and a 52@& 5 nm
emission banepath filter. For longime release kinetics, the fluorescence intensitys87nm upon
excitation at 480hm was monitored for 8 days using a Fluore®fuorimeter (Horiba JobHYvon).



In this particular case, the shell of the hybridoso®ess composed of SPION and (IaSe/ZnS
Cytodiagnostic®mitting até65nm.

Cell culture and confocal imagin@L261 ells were cultured in DMEM medium (Dutscher, Brumath,
France) supplemented with 10 % heat inactivateBSF(Dutscher) and 2 mM-Glutamine
(PanBiotech, Aidenbach, Bavartaermany) in 8vell chambered coverglass suitable for confocal
microscopy (Nun¢ LabTeK"). Wells were seeded with 25000 cellsiwell and incubated with 10 pL
of concentrated hybridosome([Fe] | 200 pg/mL) for 3ours at 37°C 5% GO 'he culture medium

is replaced by 100 pL of imaging medium before the confocal imagdimgges were acquired with a
LSM 880 confocal (Zeissjuipped witha 63X oHmmersion objective (NA 1.4) driven by ZEN
software. The excitation laser was set 488nm, the green emission channektector at 517-
544nm and the orange emission channgétector at 579-624nm. Images were analyzed and
processed with ImageJ.

In vivo releaseFor the release study in matrig¥Growth Factc* Re duced (GFR) matrigel®, Cgrnin
Tewksbury, MA)one immunocompromized adulNSG murs.e, 'ODCgPrkdcscid [12rgtm1Wijl/SzJ
Charles River Laboratories, Wilmington, MAhesthetizd ..*.n inhaled isoflurane,awinjected
subcutaneously with matrigél containing Nalmé6 cells *#v: 50 L matri®ehixed with 50 pL 1
million Nalm6 in PBSAfter 9 days 50 uL of BODIRuwded hybridosomes® were injected in the
matrigef®and the fluorescence as monitored the fullowng daysising a Photonlmager Optima
biomager (Biospace LalNesles la Valléekranc?’ e juipped with a highly sensitive cooled CCD
camera. The same region of interest (RO w ~s used for all the recordings in order to compare the
intensities over time.For the systemic rel:ase studywo Balb/lc nude mice (Chares Rivey)
anesthetized with isoflurane, were injecte. 50 pL of BOBdRAYed hybridosomes® in the retro
orbital vein and the fluorescence was monitoregler a week. The wholenouse photon intensity
was recordedThe nice were bred ir t'e imal facility of the University of Rennes (Arche, BIOSIT)
under SPF status and unsed atov.eexs of age.nEse experiments were approved by the ethics
committee for animakexperime 1te.on of the French Ministry for Higher Education and Scientific
ResearcliAgreemenid-35-23C 4¢,.

Transmission Electronic w..~ruscopy (TEM) of biological samples for in vivo biodistribution study.
C57BI/6 mice were i*,va\v ~n,usly injected with g0 of hybridosomes® mg Fe/kgandeuthanized

24 h after the injectionAf13r the dissection of the liver and the spleen, small pieces of tissues were
fixed in 2.5% glutaraldehyde in cacodylate buffer during 1 hour at room temperature. Then, after 3
washes in cacodylate buffer, the samples were impregnated in heavy metaloso(if% osmium
tetroxide) for1hour. Next, after rinsing, the samples were dehydrated with graded acetone series
following standard procedures and embedded in Epoaldite-DMP30 resin (polymerized at 60°C

for 48h). Ultrathin sections o80nm were cut (Leca UC7 ultramicrotomeWetzlar, Germany
collected on copper grids, poststained with 2% uranyl acetate solution and finally imaged with a Jeol
1400 electron microscope (Jeol Co., Ltd, Tokyo, Jaeganpped with a Gatan Orid®00 camera.
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Higlights

x The Ouzo effect eables high loading of Hybridosomes (hybrid capsule)
X The cargo is nanoprecipitated within the core of Hybridosomes
X The cargo isreleased to the body while the capsule is captured by the macrophages
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