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Abstract 

We investigate the encapsulation in Hybridosomes®, a type of capsules unique regarding their 

structure and method of elaboration. Hybridosomes®, are made of a single shell of nanoparticles 

(~5 nm) crosslinked with a polymer and are easily obtained via spontaneous emulsification in a 

ternary mixture THF/water/butylated hydroxytoluene (BHT). Our main finding is that an 

exceptionally high concentration of a hydrophobic model dye can be loaded in the hybridosomes®, 

up to 0.35 mol.L-1 or equivalently 170 g.L-1 or 450 000 molecules/capsule. The detailed investigation 

of the encapsulation mechanism shows that the dye concentrates in the droplets during the 

emulsification step simultaneously with capsule formation. Then it precipitates inside the capsules 

during the course of solvent evaporation. In vitro fluorescence measurements show that the nano-

precipitated cargo can be transferred from the core of the hybridosomes® to the membrane of 

liposomes. In vivo studies suggest that the dye diffuses through the body during several days. The 

released dye tends to accumulate in body-fat, while the metal-core nanoparticles remained trapped 

into the liver and the spleen macrophages. 

Keywords: Hybridosomes®; encapsulation; nanoprecipitation, Ouzo effect, hydrophobic cargo 

Introduction 

Encapsulation is a major issue in nanomedicine for the delivery of toxic, unstable or poorly soluble 

drugs but also for the food and cosmetic industries [1–6]. A large variety of encapsulation systems 

are available, including polymer nanoparticles (NP), micelles, liposomes and polymersomes, silica 

NP, nanogels and solid-lipid NP, to name only a few [7–14]. The selection of the encapsulation 

technology is dictated both by the application and by the properties of the cargo. In parti cular, the 

hydrophilic or hydrophobic nature of the cargo is a determining factor. Thus, hydrophobic 

ingredients will most often be encapsulated in the hydrophobic core of solid-lipid NP or of polymer 

micelles, whereas nanogels or liposomes will be preferred for hydrophilic ones. Besides, for any 

medical or biotechnology applications, the size needs to be precisely controlled as a key factor for 
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the biodistribution of the nanocarrier [15–17]. Indeed, size strongly influences the adsorption of 

plasma proteins (opsonins) which triggers the clearance from the bloodstream. Renal filtration and 

accumulation in the liver also depend on the NP size. Thus, it is generally admitted that particles 

with diameter below 5 nm are rapidly evacuated via renal clearance, whereas particle larger than 

10 nm are captured by phagocytic cells, unless they are rendered stealthy by surface modification 

[15,17,18]. 

Whilst most studies have focused on the pharmacokinetics and therapeutic efficacy of encapsulated 

drugs, strategies to improve loading have been overlooked. To date, this remains one of the 

challenging issues of drug encapsulation. Indeed, achieving a very high encapsulation efficiency 

reduces losses of active ingredients. In addition, the more the carrier is loaded, the lower the level of 

excipient relative to the active molecules. In the case of liposomes, the simplest approach for drug 

encapsulation is passive loading: the liposomes are formed from a lipid film by rehydration in a 

buffer containing the drug to encapsulate. Therefore, the inner and outer drug concentrations are 

similar, and inherently limited by the solubility of the drug in the buffer. Whilst relatively convenient 

and easy, this method suffers from low encapsulation efficacy and high levels of non-encapsulated 

drugs, which need to be eliminated. The active (or remote) loading driven by a transmembrane pH-

gradient has successfully enabled the loading of large amounts of drugs. Thus Doxil®, which was the 

first liposomal formulation approved by FDA in 1995, is an emblematic example of the use of active 

loading. The load reaches ca 10 000 doxorubicin molecules per liposome (typically 0.05-0.1 mol.L-1), 

in the form of its ammonium salt [19–21]. The encapsulation mechanism is based on a 

transmembrane pH-gradient coupled to the precipitation of the ammonium salt in the core of the 

liposome. The precipitation produces a sink effect, which drives the doxorubicin inward [20,22]. 

Interestingly, the low solubility of the salt helps slowing down the release of the drug from the 

liposome. Active loading has been extended to a few other drugs including ciprofloxacin, vincristine, 

topotecan and irinotecan using ammonium sulfate, citric acid, calcium acetate, phosphate or EDTA 

gradients [22]. Despite these undeniable successes, the active loading method remains complex to 

implement. In addition, it is limited to a relatively low number of amphiphilic and acidic (or basic) 

drugs, and cannot be applied to hydrophobic drugs.  

In contrast, the co-precipitation of polymers and drugs is a straightforward strategy to encapsulate 

hydrophobic drugs into polymer NP [23]. In practice, the polymer and hydrophobic solute are 

dissolved into an organic solvent miscible with water, typically acetone, ethanol or tetrahydrofuran 

(THF). This solution is then rapidly mixed with a large amount of water to induce nanoprecipitation. 

It was shown that under appropriate conditions this process can generate polymer/drug particles in 

the 50-300 nm range, with a very narrow size-dispersity [9,24]. However, the main drawback of co-

precipitation in the form of particles is the large amount of excipient, generally biodegradable 

polymers such as poly(lactic acid) and poly-(iso-hexylcyanoacrylate) [8] , relative to the encapsulated 

drug. For this reason, a process leading to pure drug nanoprecipitation in a capsule would be more 

advantageous, provided that the process remains simple to implement. Interestingly, the “Ouzo 

effect”, a process related to nanoprecipitation, can produce such capsules. The Ouzo effect occurs in 

ternary systems consisting of a water-miscible solvent, water, and a low amount of oil. Beyond a 

certain amount of water, oil-rich droplets separate from the continuous phase. This phenomenon is 

responsible for the appearance of the turbidity in the well-known Greek beverage and its analogues, 

such as Pastis or Raki [25–29]. More generally, different situations are grouped under the term 

“Ouzo effect”. Indeed, depending on the solvent/water ratio, these systems can form either a 
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thermodynamically stable micro-emulsion (SFME for surfactant free micro-emulsion) or a 

metastable phase (the “Ouzo domain”) with oil droplets coalescing more or less rapidly.  In the SFME 

domain, the droplets have a submicronic size with a very narrow polydispersity. Interestingly, it was 

shown by Ganachaud et al. that the droplets formed in the SFME domain can be used as templates 

to elaborate capsules of polymer [30] or fluorescent organic nanoparticles [31].  

More recently, our group reported the use of the Ouzo effect to form hybrid inorganic-NP/polymer 

capsules, named hybridosomes® [32–34]. The procedure of elaboration of the hybridosomes® via 

the Ouzo effect is summarized in Figure 1[32]. Hydrophobic NP are first suspended in THF (as the 

water-miscible solvent) containing a preservative (Butylated Hydroxytoluene, BHT, as the lipophilic 

compound). Then, a large amount of water (typically 0.7-0.9 in terms of volumic fraction) is added to 

generate supersaturation of the oil and nucleation of droplets. Simultaneously to droplet formation, 

the NP which are also hydrophobic, become incompatible with the water-rich solvent, and 

precipitate at the interface of the Ouzo droplets. Although this process may seem similar to 

Pickering emulsions, we wish to underline here an important difference. In the case of Pickering 

emulsions, the particles are adsorbed at the interface, in equilibrium with the bulk phase, with an 

adsorption energy proportional to the square of the particle radius [35,36]. In practice, nanoparticles 

are only very weakly adsorbed, which severely limits their efficiency for the stabilization of 

emulsions. Here, in the contrary, the nanoparticles are irreversibly precipitated at the droplet 

surface. It is interesting to note that if a low amount of water is added (typically < 0.5 in the case of 

THF) the NP precipitates out of the ouzo domain, while the drops are not formed [32]. We then 

observe a macroscopic precipitate and not the formation of capsules. For this reason, it is necessary 

to add a large fraction of water quickly. Finally, we crosslink the NP with a polymer, which provides 

mechanical robustness to the capsules, enabling the replacement of the solvent core with water, 

either by evaporation or dialysis.  

 

Figure 1 – Schematic representation of the process of elaboration of the Hybridosomes ® via the 

nanoprecipitation of hydrophobic NP at the surface of Ouzo droplets . Water is rapidly added to a THF solution 

containing hydrophobic NP (here, Superparamagnetic Iron Oxide NP, coated with octylamine) and BHT (here 

THF 25%/water 75%/BHT<0.01%). Ouzo droplets form and the NP cover their surface. Then, a polymer (PAA-b-

PEG) is added to crosslink the NP. After removal  of the solvent (evaporation or dialysis), the core is substituted 

with water.  

Herein, we hypothesized that the specific mechanism of capsule formation via the Ouzo effect is 

intrinsically very efficient for encapsulation. Using a fluorescent BODIPY dye with different spectral 

characteristics in the solid and liquid states[37], we investigated in great details the physical state of 

the dye in the course of its encapsulation in hybridosomes® and determined the encapsulation 

efficiency and the internal payload. Besides, we studied the release of the cargo, in vitro and in vivo, 

using luminescence measurements and demonstrated that the dye is able to diffuse into cells 

cytoplasm and distributes through the body after intravenous injection.  
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Results & Discussion:  

1. Encapsulation 

 

Figure 2 – (A) Structure of the BODIPY 1. (B-C) Characterization of a suspension of BODIPY-loaded 

hybridosomes® ([BODIPY] = 50 mmol.L
-1

) (B) Photograph under UV-irradiation (λexc = 365 nm). (C) Size 

distribution using Nanoparticle Tracking Analysis (NTA) and Transmission Electron Microscopy (TEM) (inset).  

A straightforward encapsulation procedure. To achieve encapsulation, the target compound is 

simply added to the organic phase beforehand as shown in Figure 1[37]. In the present work, we 

selected the fluorescent BODIPY dye 1 (Figure 2A), synthesized in the laboratory, as a model 

compound to investigate the encapsulation. Indeed, this dye is poorly soluble in water (see SI section 

A), which is an important factor for its sequestration in the Ouzo droplets. Moreover, in contrast to 

most dyes, the solid form of 1 is also significantly emissive with a red shift compared to the soluble 

form, which is useful to probe its physical state and image dye-loaded hybridosomes®. To facilitate 

the purification step, we prepared the hybridosomes® from superparamagnetic iron oxide NP 

(SPION, 5 nm) [38] coated with an octylamine ligand. Then, the NP shell was crosslinked by a 

poly(ethylene glycol)2k-b-poly(acrylic)7k diblock copolymer (PEG-PAA). As shown in our previous 

work, these hybridosomes® (SPION@PEG-PAA hybridosomes®) can be easily separated from the 

bulk using a permanent magnet. In contrast to other separation methods such as centrifugation and 

steric exclusion, magnetic separation allows to selectively attract the magnetic hybridosomes®, 

leaving aside non-encapsulated nanoprecipitated dye, if any.  

Regarding the Ouzo system, we selected a THF/water mixture (25/75). Indeed, THF is a good solvent 

for both the alkylamine-coated SPION and 1. No oil is added to the system, as standard commercial 

THF already contains traces of an hydrophobic antioxidant preservative, butylated hydroxytoluene 

(BHT ~ 320 mg.L-1; water solubility ~ 0.6 mg.L-1 [39]; LogP = 5.10 [40]) which can play the role of the 

oil in the Ouzo emulsion. Indeed, previous work has shown that BHT was responsible for the 

formation of droplets of the order of a few hundreds of nanometers in THF/water mixtures [41]. To 

confirm this result in our own conditions, dynamic light scattering (DLS) measurements of THF/water 

mixture (25/75) were performed (Figure S 1). Two types of THF were compared: the BHT-containing 

THF used in our preparations and the preservative-free THF. It appears clearly that the presence of 

BHT is necessary to observe such mesoscopic structures (with the principal mode for the mean 

hydrodynamic diameter at 190 nm). 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 mmol.L -1 in the 

initial THF/water 25/75 mixture. As for BODIPY 1, its concentration varies between 5 and 150 µmol.L-
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1. Calculation of the solubility of these two compounds in THF/water mixtures, using the 

thermodynamic calculation software COSMO-RS (Error! Reference source not found.) [42], 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 phase (1.3 mmol.L-1 and 

1.5 µmol.L-1 for BHT and 1, respectively). These calculations explain the presence of droplets 

observed in the mixture of water and commercial THF. They also suggest that under these conditions 

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

Dye-loaded hybridosomes® were prepared according to these conditions. Figure 2 shows a 

photograph of a suspension of dye-loaded hybridosomes® under UV-irradiation (λexc = 365 nm), as 

well as size measurements using transmission electron microscopy (TEM) (mean diameter: 55 ± 14 

nm) and nanoparticle tracking analysis (NTA) (hydrodynamic diameter main mode: 74.3 ± 1.8 nm). 

The absorbance spectra of 1 under its soluble and nanoprecipitated are displayed in Error! 

Reference source not found.. 

Investigation of nanoprecipitation. We first investigated the behavior of the dye during 

nanoprecipitation, in the absence of NP. Figure 3 shows the emission spectra of BODIPY 1, in THF 

and in the THF/water mixture (25/75). Both spectra are very similar, with a main emission band at 

538 nm suggesting that the dye is dissolved in both cases. However, at this point we do not know 

whether the dye is dissolved in the continuous phase (THF/water mixture) or in the Ouzo droplets. 

After total evaporation of THF and centrifugal purification, the emission spectrum of the 

resuspended pellet exhibits two broad bands at 555 and 620 nm. The red shift of the main emission 

(from 538 to 555 nm) and the emergence of a second emission transition at lower energy are 

attributed to a nanodispersed form of 1 [43,44]. The presence of a nanodispersed form is confirmed 

by NTA which shows a population of 132 ± 4 nm (Error! Reference source not found.). 

In a second time, we measured the emission spectra of 1 when encapsulated in the hybridosomes®. 

In this case, the feature of the emission is very similar to that of the nanoprecipitated form, 

suggesting that the encapsulated dye is also a nanoprecipitate. Nevertheless, the peak at 555 nm 

seems to be more predominant compared to the nanodispersed non-encapsulated form of BODIPY. 

This may be due to a fraction of 1 solubilized in the PEG block of PEG-PAA. Note that both the 

nanoprecipitated and encapsulated form of BODIPY show lower emission intensity (~ 1/10) than the 

soluble form. At this point, our results clarify an important issue: the dye is mostly localized in the 

droplet. If this was not the case, it would nanoprecipitate outside of the hybridosomes® during the 

evaporation of the solvent. 
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Figure 3 – Fluorescence emission spectra of BODIPY 1 at different steps of the process  (λexc = 400 nm). 1) 

Dissolved BODIPY in THF (plain black line); 2) BODIPY in THF/water (25/75) mixture (dashed black line); 3) 

Nanoprecipitated BODIPY (plain red line); 4) BODIPY encapsulated in PEG-PAA-stabilized iron oxide 

hybridosomes® (dashed red line).  

Quantitative evaluation of loading. The efficiency of loading was characterized from the 

measurement of the absorbance of the dye in the hybridosomes® and in the supernatant after 

magnetic separation. Figure 4 shows both the encapsulation yield (defined as the amount of 

encapsulated dye over the total amount of dye) and the internal concentration in the hybridosomes® 

([BOD]in), for different total concentrations of dyes ([BOD] tot). These are calculated from 

experimental values reported in Error! Reference source not found.. For all concentrations, a very 

high encapsulation yield was found (88 ± 5%). Losses and variability can be partly attributed to the 2 

steps of magnetic purifications. Interestingly, the internal concentration can be as high as  0.35 mol.L-

1 (or ~170 g.L-1), which corresponds to ca 450 000 molecules/capsule. This is 2 to 50 times higher 

than values previously reported for Doxil® [19,20,45]. Changing the amount of SPION to prepare 

hybridosomes® does not modify the encapsulation yield (Error! Reference source not found.). This 

shows that there is no adsorption of the BODIPY on the NP surface. Indeed, if the encapsulation 

process was related to adsorption of the dye on the NP, there should be an increase of the 

encapsulated amount with the number of NP. Jo
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Figure 4 – (A) Encapsulation yield and (B) internal BODIPY concentration in hybridosomes® as a function of the 

total concentration of BODIPY. 

Moreover, we investigated the influence of the total dye concentration on the nanoprecipitation in 

the absence of NP. In this case, water was rapidly added to THF solutions of 1 of various 

concentrations (10 – 150 µmol.L-1), to reach the ratio THF/water (25/75). Then, THF was evaporated 

and the suspension centrifugated. The nanoprecipitation yield was determined from UV-visible 

measurements of the pellet after redispersion in THF (Figure 5). Very interestingly, the 

nanoprecipitation yield decreases with decreasing dye concentrations in the low initial 

concentrations range, which was not observed in the presence of hybridosomes®. More precisely, 

Figure 5 also shows that the concentration of dye recovered in the supernatant af ter centrifugation 

(empty squares) is ca 6 µmol.L-1, whatever the total amount of dye in the mixture. The difference of 

behavior between the nanoprecipitation in solution and in the hybridosomes® is striking. For a 

detailed explanation, the reader is invited to refer to the SI  section A “Comparison of the 

nanoprecipitation vs encapsulation yield”. In brief, (i) in the case of nanoprecipitation without NP, 

the fraction of un-precipitated dye is related to the solid/liquid equilibrium of the dye, and directly 

corresponds to the solubility of the dye. (ii) In the case of hybridosomes®, the encapsulation yield 

corresponds to the fraction of dye nanoprecipitated in the hybridosomes® reported to the total 

amount of dye. It is found constant, as a result of the partitioning equilibrium of the dye between 

the continuous and the dispersed phase.  
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Figure 5 – Nanoprecipitation of BODIPY in water: nanoprecipitation yield (plain squares) and residual BODIPY 

concentration in the supernatant (empty squares). 

2. In vitro and in vivo release 

In a previous work, we demonstrated that hybridosomes® have a porous structure, with pores 

~4 nm [33]. This should allow the leakage of encapsulated cargo. The water solubility of dye 1 being 

extremely low (ca 10-10 mol.L-1), no release could be measured in pure water. Nevertheless, it is 

possible to investigate the release in a hydrophobic medium. To do this, we used a mixture of dye-

loaded hybridosomes® and liposomes as a model of hydrophobic environment. In the presence of 

liposomes a dramatic enhancement of the luminescence is observed (Error! Reference source not 

found.), due to the transfer of the dye to the membrane of the liposomes. Figure 6a shows the 

kinetics of transfer of the dye from dye-loaded hybridosomes® to the membrane of liposomes, for 

three concentrations of liposomes (2, 5, and 8 mg.mL-1). The amount of transferred dye increases 

with time over more than one week (Figure 6b). In contrast, in pure fetal bovine serum, only a small 

fraction of the dye is solubilized, within the first day, most probably in proteins.  Besides, the higher 

the lipid concentration, the higher the level of dye extracted. This indicates that the transfer of the 

dye from the hybridosomes® to the liposomes is driven by its solubility in the lipid membrane. As 

also shown in Figure 6, the solubilization kinetics of the nanoprecipitated dye is only slightly 

different from that of the hybridosome®-encapsulated dye, confirming the porous character of the 

hybridosomes®. These kinetics measurements can be satisfactorily fitted by the empirical 

Korsmeyer-Peppas equation f= k.tn [46–48], with n close to 0.5 (Error! Reference source not found. 

in SI section G), which strongly suggest that the limiting step is a diffusive process.   
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Figure 6 – Time-dependent release of BODIPY. (a) transfer from dye-loaded hybridosomes® to liposomes (lipid: 

2 (□), 5 (○), 8 (△) mg.mL
-1

) and (□): transfer from nanoprecipitated dye to l iposomes (lipid: 2 mg.mL
-1

); black 

lines: fit by empirical equation: f=k.t
n
. (b): long time scale transfer of 1 from dye-loaded hybridosomes® to 

l iposomes (○, l ipid: 5 mg/mL) and to fetal bovine serum (×). 

In a second step, BODIPY-loaded hybridosomes® where incubated with malignant GL261 cells. This 

cell line is a frequently used murine glioma model and we considered it in the perspective of a future 

evaluation of hybridosomes® for treatment of glioblastoma [49]. Figure 7 shows confocal 

fluorescence images of dye-loaded hybridosomes® incubated with the cells, in the absence of any 

specific cell staining. Bright green spots are clearly visible inside the cells incubated with 

hybridosomes®. These are attributed to internalized BODIPY, probably in confined spaces such as 

lysosomes. In addition to these bright spots, the cytoplasm is rather uniformly stained with the dye, 

which obviously do not penetrate in the nucleus. Very interestingly, orange fluorescence is also 

visible and co-localized with the green fluorescence, validating the fact that is attributable to 1 which 

shows a characteristic dual green-orange emission as described in Figure 3. These results show that 

after 2 hours of incubation, the dye is partially released in the cytoplasm, and partially enclosed in 

intracellular compartments. Release of hydrophobic Bodipy dyes from NP into the cytosol of cells 

was previously reported and can occur even in the absence of uptake of the particles, through 

membrane mediated diffusion [50]. Note that internalization of nano-objects into cells depend both 

on the physico-chemical features of the nano-objects and on the cell types, phagocytic cells being 

more prone to internalization of particles over 50 nm [51]. In the present case, using iron oxide 

hybridosomes®, it is difficult to ascertain whether the hybridosomes® shells are taken up by the cells 

or not. However, experiments achieved using hybridosomes® made from fluorescent quantum dots 

suggest that they mostly remain at the membrane of the cells.  
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Figure 7 – Confocal fluorescence imaging of malignant GL261 cells (A) before and (B) after 2 h incubation with 

BODIPY-loaded hybridosomes®. From left to right, green fluorescence channel, orange fluorescence channel 

and transmitted light image. 

Finally, dye-loaded hybridosomes® were injected into mice via two injection modes. Firstly, dye-

loaded hybridosomes® were injected in matrigel® seeded with Nalm6 cells (Figure 8 A&B). Nalm6 

cells are malignant lymphoblast cells, commonly used as model of acute lymphoblastic leukemia 

[52]. The green fluorescence was monitored over 2 weeks with a bioimager. Both the intensity 

(Figure 8 B) and the size of the fluorescent zone (Figure 8 A) increase over the duration of the study. 

Many nanomedicine studies have reported that, in contrast to molecular compounds, nanoparticles 

injected intratumorally remain close to the injection site because they are unable to migrate 

effectively through the extracellular matrix[53–55]. As we have just shown, the encapsulated dye 

can easily be released from hybridosomes® and incorporated into lipophilic reservoirs. In addition, 

green fluorescence is strongly attenuated through the body and can only be monitored when close 

to the surface. Therefore, the spreading of the fluorescent zone several millimeters away from the 

site of injection is most probably due to the release of the molecular dye and its accumulation into 

subcutaneous fat. Secondly, we performed an intravenous retro orbital injection (Figure 8 C&D). A 

green fluorescence appears gradually all over the mouse, with an increasing intensity over 5 days. 

This is also due to the accumulation of the dye in fatty tissues under the skin. Since previous 

experiments using MRI monitoring of SPION hybridosomes® evidenced that they were captured by 

liver and spleen macrophages within 30 min after injection [32], the present observations strongly 

support a release of the dye in the blood circulation.  
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Figure 8 – (A) In vivo fluorescence bioimaging after injection of dye-loaded hybridosomes® in matrigel ® 

containing Nalm6 cells; (B) Time evolution of the fluorescence intensity measured from (A). (C) In vivo  

fluorescence bioimaging after intravenous injection (retro-orbital vein). (λexc = 488 nm ; λem = 547 nm). (D) 

Time evolution of the fluorescence intens ity measured from (A). 

In order to complement these results, TEM was performed on sections of liver and spleen 24 hours 

after intravenous injection of hybridosomes® (Figure 9). As indicated by arrows, structures of ca 100 

nm in diameter and presenting a strong contrast effect are detected in both the liver and the spleen. 

In accordance with our previous in vivo MRI experiments [32], it is reasonable to identify these 

structures as internalized hybridosomes®. In the liver, they were found in hepatocytes as well as in 

Kupffer cells (liver macrophages). Regarding the spleen, they were observed only in macrophage 

cells connected to endothelial cells and not in the red pulp lymphocytes cells. Within the cells, NP 

were mainly localized in vesicular compartments and not scattered in the cytoplasm, suggesting that 

the hybridosomes® were especially captured by the cellular degradation system. Since we have 

observed previously an accumulation of the hybridosomes® in the the liver in the course of the first 

hour after intravenous injection [32], it may seem surprising that the luminescence still increases 

after 5 days. The hypothesis of a rapid release in the blood pool, followed by a slow accumulation in 

the body fat may be ruled out. Indeed, our in vitro release experiment show a very limited transfer 

to serum albumin which suggests a low dissolution of the dye in the blood pool. In addition, 

molecular compounds released in the blood pool would be rapidly eliminated via renal excretion. A 

more likely mechanism would involve the Monocyte Phagocytic System (MPS)[56]. Indeed, it is 

widely reported in the case of nanoparticle formulation of hydrophobic drugs, that the particles are 

first uptaken by the MPS, and accumulates mainly in macrophages of the liver (Kupffer cells) and of 

the spleen [57,58]. Inside these cells they traffic through lysosomes. Due to their lipophilic character, 

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

profile with much prolonged t1/2.  
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Figure 9 – Transmission Electron Microscopy (TEM) images of the liver (A, B, C and D) and the spleen (E and F) 

of mice 24 hours after intravenous injection of hybridosomes®. A, C and E represent c ell  architecture at low 

magnification. Ultrastructural details inside the white rectangles in A, C and E are imaged in B, D and F, 

respectively. Yellow arrows indicate the NP inside the cells. Abbreviations: Hepatocytes (He), Lipid globule (Lp), 

Lymphocyte (Ly). Scale bar: 1 µm. 

Finally, it is interesting to summarize the encapsulation properties of hybridosomes® by comparing 

them with similarly structured nanovectors. In fact, there are relatively few examples of capsules 

whose walls are entirely or partly made of nanoparticles, and capable of encapsulation  [59–63]. 

Regarding the encapsulation efficiency, it is straightforward to calculate that we can reach a mass 

percentage of 47% (mdye/mvesicle). In comparison, Nie reported a maximal loading of 18.4% for the 

encapsulation of a photosensibilizer (Ce6) into vesicles made from gold NP [62] and of 28% for 

doxorubicin into iron oxide vesicles[63], using NP tethered with amphiphilic block-copolymers. In 

both cases, the encapsulation of the water-soluble drug is operated via the film rehydration method, 

an aqueous solution of the cargo being used as the solvent for the rehydration process. 

Lecommandoux et al reported a slightly higher load (34%) of an hydrophobic form of doxorubicin in 

the membrane of magnetic polymersomes, using a coprecipitation method [61]. The core 

encapsulation of hydrophobic drugs such as indomethacin or protonated ibuprofen in capsules made 

from Pickering emulsion is also reported, with relatively low loading efficiency (6%)[59,64]. This 

quantitative comparison of mass encapsulation rates (mdye/mvesicle) is questionable, as it varies 
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greatly with the density of the NP used (e.g. AuNP vs SPION), the proportion of polymer in the shell 

or the presence of an oil core in the case of Pickering emulsions. However, our results clearly show 

an unprecedented loading, thanks to the nanoprecipitation of the hydrophobic cargo within the core 

of the capsules.  

 

Conclusion 

The results presented here lift the veil on the mechanism of encapsulation in hybridosomes®, using 

the Ouzo effect. The essential result of this study is that we were able to encapsulate the model 

cargo in nanocapsules up to 170 g.L-1, or equivalently 450 000 molecules/capsule. Thanks to the 

specific emission properties of the model cargo, we could monitor its physical state throughout the 

encapsulation process and provide a detailed mechanism. We show that this exceptional loading 

ability is specific to the Ouzo effect, since it generates at the same time the accumulation of the 

cargo in the Ouzo droplets and the formation of capsules around the droplets.  This procedure is also 

extremely straightforward to implement. 

Thanks to in vitro and in vivo fluorescence experiments, we were able to observe the cellular 

internalization of the cargo, after incubation with cells, and prove its availability in solution or after 

body injection. It is clear that the cargo (encapsulated under the form of a nanoprecipitate)  can 

dissolve, leak out across the hybridosome® shell and transfer to any lipophilic compartment, such as 

liposomes membrane or body fat. Note that the controlled release of the drug may be achieved by 

adding additional polymer layers, but this is beyond the scope of this study.   

This exceptional encapsulation method can be applied both to capsules made only of polymers and 

to hybridosomes®. In the case of hybridosomes®, the intrinsic properties of nanoparticles can add 

significant value. For example, the SPION used here ease the purification of the nano-carriers by 

magnetic separation, and allow electron microscopy observation and MRI monitoring. The use of 

gold nanoparticles seems also very promising in combination with the encapsulation of an anti-

cancer molecule, for treatments combining radiotherapy and chemotherapy, for example in the case 

of glioblastoma. Work is in progress in this direction. 
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Materials. Superparamagnetic iron oxide NP (SPION) (γ-Fe2O3; mean diameter 5 nm) were 
synthesized following a reported procedure [38]. 4,4-Difluoro-8-(4-trimethylsilylethynylphenyl)-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene 1 (BODIPY, M = 476.2 g.mol -1) was 
synthesized following a reported procedure [65]. Poly(ethylene glycol)-b-Poly(acrylic acid) (MPEG = 2 
kDa; MPAA = 7.2 kDa) were kindly provided by G. Casterou. Tetrahydrofuran (GPR Rectapur ≥99% 
stabilized) was purchased from VWR and used as received. Samples were made using MilliQ water 
(18.2 MΩ.cm-1).  
 
Elaboration of BODIPY-loaded hybridosomes®. Dye-loaded hybridosomes® were prepared by an 
implementation of the previously published procedure for the preparation of hollow hybridosomes® 
[32]. In a typical experiment, water was added to a THF solution containing dye 1 to reach THF/water 
25/75. The final Fe2O3 concentration was in the range 10 – 50 µg.mL-1. The PEG-PAA was then added 
at a concentration of 25 µmol.L-1 ([acrylic acid units] = 2.4 mmol.L- 1). After a quick homogenization, 
the solvent was slowly evaporated overnight at 40°C. Two 24h magnetic separation were performed, 
the supernatant was discarded and the purified hybridosomes® were redispersed in fresh water. The 
hybridosomes® suspension was characterized by NTA (vide infra) and TEM using a Jeol 1400 electron 
microscope equipped with a Gatan Orius 1000 camera. 
 

Nanoparticle tracking analysis (NTA). The size distribution (hydrodynamic diameter) and particle 

concentration was determined by NTA. NTA was carried out with a Nanosight LM10 device system 

(Malvern Panalytical) equipped with a 40 mW laser working at λ = 638 nm. Video sequences were 

recorded via a CCD camera operating at 30 frames per second and evaluated via the NANOSIGHT 

NTA 2.0 Analytical Software Suite. A blank NTA measurement with pure water was performed to 

exclude a possible contamination with scatterers. For each sample, 3 acquisitions with an acquisition 

time of 60 s were performed at 25°C. Calculations of the hydrodynamic diameters were achieved 

taking the viscosity of water at the temperature of measurement.  

Titration of nanoprecipitated BODIPY in water. The nanoprecipitated BODIPY 1 was prepared by 

evaporating THF from THF/water (25/75) solutions of BODIPY. Then the suspensions were 

centrifuged (20 min, 3820 g, Mikro 220R - Hettich). The supernatant was extracted twice with 

dichloromethane, the organic phase was evaporated and re-dissolved in THF. The pellet was directly 

re-dissolved in THF. The titration of BODIPY in THF is performed by absorbance measurements (λmax 

= 526 nm) based on a calibration curve in the range [0.5;20] µmol.L-1 BODIPY. 

The nanoprecipitation yield (NY) is calculated as follows: 

   ( )  
[   ]      

[   ]       [   ]   
     

where [BOD]pellet and [BOD]sup are the concentrations of BODIPY in the pellet and in the supernatant 

after centrifugation, respectively. 

 

Encapsulation efficiency. The encapsulation yield (EY) in hybridosomes® was determined using an 

absorbance microplate reader (FLUOstar Omega - BMG Labtech), following this typical procedure: in 

a 96 wells absorbance microplate, the absorbance of both pellets and supernatants obtained by 

magnetic separation were determined at λmax = 535 nm. The EY was calculated as follows: 
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   ( )  
       

            
     

where         is the absorbance of the magnetically purified BODIPY-loaded hybridosomes® 

suspension and      is the absorbance of the supernatant. 

The total internal volume of the hybridosomes® is calculated using the formula:  

  ∑   
  

 
  
  

Which is a sum over all the discrete size bins ( i) containing each a number ni of particles of 

hydrodynamic radius Ri.  

The internal concentration in hybridosomes® can be calculated from EY and NTA measurements as 

follows: 

    
       

 
  

where ntot stands for the total amount of dye molecules. Error bars correspond to the mean 

deviation from the trend curve. 

ICP-OES for determination of the iron concentration. Typically, the hybridosomes® were dissolved in 

nitric acid for one week under heating at 40°C. After appropriate dilution with milliQ water, the iron 

concentration was determined using an iCAP 7000 Series ICP-OES spectrometer (Thermo Scientific) 

under an argon flow, previously calibrated from 0 to 2 ppm Fe. 

COSMO-RS calculations: COSMO-RS calculations were performed using COSMOtherm (evaluation 

version). The Conductor-like Screening Model for Realistic Solvation (COSMO-RS), combines 

quantum chemical DFT calculations with statistical thermodynamics and allows for the prediction of 

a broad range of physico-chemical properties of molecules in solution including solubility. 

Calculation parameters were set as follow (T=25°C; Gfusion estimated by software). 

Fluorescence of BODIPY in different environments. Emission spectra were recorded on a Fluorolog-3 

fluorimeter (Horiba Jobin-Yvon). The measurements were performed at 90° from incident light in a 

45 µL fluorescence quartz cuvette (Hellma Suprasil; path length 3x3 mm) at an excitation wavelength 

of 400 nm and the emission was recorded from 450 to 750 nm.  

In vitro release. The release kinetics of BODIPY in different environments was studied by incubating 

BODIPY-loaded hybridosomes® or nanodispersed BODIPY with liposomes (at different 

concentrations) or Fetal Bovine Serum (FBS). Typically, 50 µL of BODIPY-loaded hybridosomes® were 

incubated with 50 µL of a suspension of liposomes, and water was added to reach a total volume of 

250 µL. The liposomes dispersions (10 mg/mL; 90 %wt eggPC; 10 %wt PEG2000-DSPE; Zav = 72 ± 0.8 

nm; PDI = 0.235) were kindly provided by F. Camerel (ISCR). For short-time fluorescence release in 

liposomes, the fluorescence intensity was monitored at 25°C using a FLUOstar Omega (BMG 

Labtech) microplate reader equipped with a 485 ± 6 nm excitation band-path filter and a 520 ± 5 nm 

emission band-path filter. For long-time release kinetics, the fluorescence intensity at 537 nm upon 

excitation at 480 nm was monitored for 8 days using a Fluorolog-3 fluorimeter (Horiba Jobin-Yvon). 
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In this particular case, the shell of the hybridosomes® was composed of SPION and QD (CdSe/ZnS 

Cytodiagnostics) emitting at 665 nm. 

Cell culture and confocal imaging. GL261 cells were cultured in DMEM medium (Dutscher, Brumath, 

France) supplemented with 10 % heat inactivated FBS (Dutscher) and 2 mM L-Glutamine 

(PanBiotech, Aidenbach, Bavaria, Germany) in 8-well chambered coverglass suitable for confocal 

microscopy (NuncTM Lab-TekTM). Wells were seeded with 25000 cells/well and incubated with 10 µL 

of concentrated hybridosomes® ([Fe]  200 µg/mL) for 3 hours at 37°C 5% CO2. The culture medium 

is replaced by 100 µL of imaging medium before the confocal imaging. Images were acquired with a 

LSM 880 confocal (Zeiss) equipped with a 63X oil-immersion objective (NA 1.4) driven by ZEN 

software. The excitation laser was set at 488 nm, the green emission channel detector at 517-

544 nm and the orange emission channel detector at 579-624 nm. Images were analyzed and 

processed with ImageJ. 

In vivo release. For the release study in matrigel® (Growth Factor Reduced (GFR) matrigel®, Corning, 

Tewksbury, MA), one immunocompromized adult NSG mouse (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; 

Charles River Laboratories, Wilmington, MA), anesthetized with inhaled isoflurane, was injected 

subcutaneously with matrigel® containing Nalm6 cells (v/v: 50 µL matrigel® mixed with 50 µL 1 

million Nalm6 in PBS). After 9 days, 50 µL of BODIPY-loaded hybridosomes® were injected in the 

matrigel® and the fluorescence was monitored the following days, using a PhotonImager Optima 

bioimager (Biospace Lab, Nesles la Vallée, France) equipped with a highly sensitive cooled CCD 

camera. The same region of interest (ROI) was used for all the recordings in order to compare the 

intensities over time. For the systemic release study, two Balb/c nude mice (Charles River), 

anesthetized with isoflurane, were injected 50 µL of BODIPY-loaded hybridosomes® in the retro-

orbital vein and the fluorescence was monitored over a week. The whole-mouse photon intensity 

was recorded. The mice were bred in the animal facility of the University of Rennes (Arche, BIOSIT) 

under SPF status and unsed at 6-12 weeks of age. These experiments were approved by the ethics 

committee for animal experimentation of the French Ministry for Higher Education and Scientific 

Research (Agreement A-35-238-40). 

Transmission Electronic Microscopy (TEM) of biological samples for in vivo biodistribution study. 

C57Bl/6 mice were intravenously injected with 50 µL of hybridosomes® (1 mg Fe/kg) and euthanized 

24 h after the injection. After 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 metal soluti on (1% osmium 

tetroxide) for 1 hour. Next, after rinsing, the samples were dehydrated with graded acetone series 

following standard procedures and embedded in Epon-Araldite-DMP30 resin (polymerized at 60°C 

for 48h). Ultrathin sections of 80 nm were cut (Leica UC7 ultramicrotome, Wetzlar, Germany), 

collected on copper grids, poststained with 2% uranyl acetate solution and finally imaged with a Jeol 

1400 electron microscope (Jeol Co. , Ltd, Tokyo, Japan) equipped with a Gatan Orius 1000 camera. 
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Higlights 

 The Ouzo effect enables high loading of Hybridosomes (hybrid capsule) 

 The cargo is nanoprecipitated within the core of Hybridosomes 

 The cargo is released to the body while the capsule is captured by the macrophages  
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