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Abstract 25 

LipoParticles, core-shell assemblies constituted of a polymer core coated by a lipid 

membrane, are promising carriers for drug delivery applications with intracellular targets. 

This is of a great interest since it is actually challenging to treat infections involving 

intracellular bacteria such as bone and joint ones for which the bacteria are hidden in 

osteoblast cells. The present work reports for the first time to the better of our knowledge the 30 

proof of an enhanced internalization of particles in osteoblast cells thanks to a lipid coating of 

particles (= LipoParticles). The ca 300 nm-sized assemblies were elaborated by 

reorganization of liposomes (composed of DPPC/DPTAP 10/90 mol./mol.) onto the surface 

of poly(lactic-co-glycolic acid) (PLGA) particles, and were characterized by dynamic light 

scattering (DLS), transmission electron microscopy (TEM), and zetametry. An optimization 35 

of these assemblies was also performed by adding poly(ethylene glycol) (PEG) chains on 

their surface (corresponding to a final formulation of DPPC/DPTAP/DPPE-PEG5000 8/90/2 

mol./mol./mol.). Interestingly, this has provided them a colloidal stability after their 20-fold 

dilution in PBS or cell culture medium, and made possible their freeze-drying without 

forming aggregates after their re-hydration. Their non-cytotoxicity towards a human 40 

osteoblast cell line (MG63) was also demonstrated. The enhanced internalization of 

LipoParticles in this MG63 cell line, in comparison with PLGA particles, was proven by 

observations with a confocal laser scanning microscope, as well as by flow cytometry assays. 

Finally, this efficient internalization of LipoParticles in MG63 cells was confirmed by TEM 

on ultrathin sections, which has also revealed a localization close to intracellular 45 

Staphylococcus aureus.  
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Highlights (below to 80 words) 

 Elaboration and characterization of LipoParticles constituted of PLGA particles coated 

with a lipid membrane. 

 Optimization of their lipid formulation with PEG chains for a better colloidal stability 50 

in biological media, and a non-aggregating freeze-drying. 

 Proofs of their non-cytotoxicity towards a human osteoblast cell line (MG63), and an 

enhanced internalization of LipoParticles in MG63 cells, versus PLGA particles, by 

CLSM, and flow cytometry assays. 

 Observation of their internalization in MG63 cells infected by intracellular 55 

Staphylococcus aureus by TEM on ultrathin sections. 
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Introduction 

Bone and joint infections (BJIs), especially the ones associated with prosthesis, are a major 

Public Health problem. Indeed, with the aging of the population, the number of arthroplasties 65 

continues to grow, inevitably increasing the number of BJIs. Staphylococci, and particularly 

Staphylococcus aureus, are the most prevalent pathogens in BJIs. This bacterium can develop 

antibiotic resistances, complexifying the management of these infections. Moreover, even 

with appropriate medical and surgical management and optimal antibiotic treatment, 

Staphylococcus aureus can persist in the periprosthetic tissues, leading to the chronicization 70 

of BJIs or to relapsing infections
1
. 

Long regarded as an extracellular pathogen, Staphylococcus aureus can be internalized by 

host cells such as macrophages or neutrophils, as well as non-professional phagocytic cells 

such as epithelial cells, endothelial cells, fibroblasts, or osteoblasts. In the context of BJIs, 

Staphylococcus aureus can survive intracellularly inside osteoblasts (the bone forming cells), 75 

and is thus protected from the activity of most of the antibiotics and from immune system
2,

 
3
. 

New antibiotics are regularly discovered and developed to fight staphylococcal infections
4
. 

However, in the specific context of intracellular Staphylococcus aureus, the ability of 

antibiotics to cross through the host cell membrane to attain the intracellular localization is 

still an important issue that could explain the high rate of relapse in staphylococcal BJIs. 80 

Nanotechnology-based species, such as liposomes and polymer particles, have emerged as 

new drug delivery systems to circumvent the limitations of traditional medicine
5
. Some of 

these drug delivery systems have been approved by the FDA, and have even reached a clinical 

use
6,

 
7
. 

Liposomes have extensively been valorized for the delivery of drugs, for instance in 85 

treatments of cancer, as well as fungal, viral, and bacterial infections
8,

 
9, 10

. Indeed, the 

particular physicochemical behavior of liposomes such as their possible encapsulation of 
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hydrophilic, lipophilic, and amphiphilic drugs can explain their use as drug delivery systems. 

Moreover, liposomes present satisfactory biocompatibility and bioresorbability, increase the 

drug bioavaibility, and decrease drug toxicity thanks to their encapsulation inside liposomes. 90 

Unfortunately, the liposomes can also show a low colloidal stability, and a short half-life in 

human body. Furthermore, encapsulated drugs can possibly leak from liposomes during their 

vectorization towards their target. 

Polymer particles have many advantages such as a size distribution which can be narrow, a 

controlled size, and reproducible and scalable elaboration processes
11

. Moreover, their surface 95 

can be modified by ligands to obtain a drug vectorization towards targeted pathologic area
12

. 

Poly(lactic-co-glycolic acid) (PLGA), which is biocompatible, bioresorbable, with a FDA-

approved utilization, is one of the best polymer candidates for the elaboration as drug delivery 

systems
13, 14, 15, 16, 17

. 

In order to put together these well-known advantages of liposomes and polymer particles 100 

in drug delivery applications, their assembly, corresponding to polymer particles coated with 

a lipid membrane, has been developed. They are named in the literature: “LipoParticles”
18,

 
19, 

20, 21,
 
22,

 
23,

 
24,

 
25,

 
26,

 
27,

 
28,

 
29

, “lipid-coated nanoparticles”
30

, “nanocell”
31

, “polymer-supported 

lipid shells”
32

, “lipid-enveloped hybrid nanoparticles”
33

, “lipid-polymer hybrid 

nanoparticles”
34

, or “lipid-coated polymeric nanoparticles”
35

. This lipid surface modification 105 

of particles affords several interesting advantages to the assemblies such as a better control of 

the drug release not only because of the degradation of their polymer core tridimensional 

matrix, but also the diffusional barrier constituted by their lipid envelope
36,

 
37

. Moreover, the 

lipid surface can easily be modified, for instance, with poly(ethylene glycol) (PEG) chains, 

and/or ligands in order to produce stealth assemblies, and/or assemblies showing an active 110 

vectorization process as already demonstrated for the liposomes
38,

 
39

. Finally, the polymer 

core can contribute to the structural stability of resulting assemblies in comparison with 
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liposomes, while the lipid coating provides them an external biomimetic behavior, and a 

modulated/tuned surface function. These core-shell assemblies have already been elaborated 

with synthetic polymer (e.g., poly(lactic acid)
19,

 
20,

 
40,

 
41

, PLGA
42,

 
43

, and polystyrene
21,

 
22,

 
24

) 115 

and MOF
44

 cores, and examined by electron microscopy
19,

 
20,

 
21,

 
32,

 
45

. 

However, interactions between these assemblies and cells have been poorly investigated in 

the literature. Their use has been reported for cancer applications
46,

 
47,

 
48

. Jadon et al.
46

 have 

notably highlighted the benefits to use these assemblies as nanovectors for the release of 

drugs inside cells versus free drugs. Indeed, in vitro cell studies have shown a greater cellular 120 

uptake of docetaxel (DTX) at lower IC 50 in breast cancer cell lines. Moreover, in vivo 

studies have exhibited better pharmacokinetics, and a tumor targetability with DTX-loaded 

assemblies as compared to free DTX, with the least drug distribution in various organs. 

Moreover, a noticeable percentage reduction in tumor burden was observed with these DTX-

loaded assemblies in comparison with free DTX. 125 

To resume, the use of these assemblies may allow the cell interaction to be improved, and 

the drug concentration to be increased in the cells. Nevertheless, to the better of our 

knowledge, there is no comparison in the literature between these assemblies and the 

corresponding polymer particles (i.e., without a lipid coating) for this cell interaction. 

In a effort to reach the intracellular compartment for the treatment of bone and joint 130 

pathologies, particles of PLGA, chitosan, or silica have been studied as nanocarriers to 

improve the internalization in osteoblast or pre-osteoblast cells
49,

 
50,

 
51,

 
52,

 
53,

 
54

. These studies 

have shown the possibility to deliver antibacterial drugs directly in these cells. Nevertheless, 

to the better of our knowledge, no work has been reported in the literature on the uptake of 

core-shell assemblies, that will be named here LipoParticles, in osteoblast cells in comparison 135 

with corresponding polymer particles. 
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Therefore, the main goals of the work described herein are to elaborate and characterize 

LipoParticles based on PLGA particles, as well as to study their uptake in osteoblast cells in 

comparison with bare PLGA particles. More precisely, the potential interest of a lipid coating 

onto PLGA particles on the uptake of resulting LipoParticles in a human osteoblast cell line 140 

(MG63) is examined by observations with a confocal laser scanning microscope, and a 

transmission electron microscope (TEM) on ultrathin sections, as well as by flow cytometry 

assays. Furthermore, studies of colloidal stability of these LipoParticles after their dilution in 

PBS or cell culture medium, their capacity of being freeze-dried, and their cytotoxicity 

towards the MG63 human osteoblast cell line complete these investigations in order to define 145 

if these core-shell assemblies could be interesting nanovectors to deliver antibiotics against 

intracellular Staphylococcus aureus. 

 

 

Experimental Section 150 

Materials and Methods 

Materials 

Zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, C40H80NO8P) lipid, 

cationic 1,2-dipalmitoyl-3-trimethylammonium propane (DPTAP, C38H76NO4Cl) lipid, 

fluorescent 1-palmitoyl-2-(dipyrrometheneboron difluoride) undecanoyl-sn-glycero-3-155 

phosphocholine (TopFluor®-PC, C48H83BF2N3O8P) lipid, and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DPPE-PEG5000, 

C265H531NO123P) polymer-lipid conjugate were obtained from Avanti Polar Lipids Inc. 

(Alabaster, AL). All lipids were used without further purification. The biodegradable PLGA 

(50/50) copolymer Expansorb
®
 P019 wit an acid end-group was purchased from Sigma 160 

Aldrich. Polyvinyl alcohol (PVA) (88% hydrolyzed), and dichloromethane (DCM) were 
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purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). The human osteoblast cell 

line used was MG63, CRL-1427, from LGC Standards, USA. For infection experiments, the 

well-characterized reference strain Staphylococcus aureus SH1000 was used. 

 165 

Methods 

Elaboration of cationic liposomes 

Liposomes were formulated according to the Bangham method
55

. This has consisted to 

dissolve lipids in chloroform with a specified ratio molar of DPPC/DPTAP 10/90 or 

DPPC/DPTAP/DPPE-PEG5000 8/90/2. For the confocal microscopy observations, a 170 

fluorescent lipid (TopFluor®-PC) was added to lipid formulations, and final molar ratios of 

DPPC/DPTAP/TopFluor®-PC 9/90/1 or DPPC/DPTAP/DPPE-PEG5000/TopFluor®-PC 

7/90/2/1 were employed. Then, the solvent was removed by rotary evaporation to get a 

homogenous, and thin lipid film. Multilamellar vesicles (MLV) were obtained by adding an 

aqueous solution to this lipid film (resulting in a final lipid concentration of 10 mM), and by 175 

stirring this mixture at 60°C. Finally, a dispersion of small unilamellar vesicles (SUV) was 

obtained by extruding 11 times the obtained MLV dispersion through a calibrated 

polycarbonate membrane with a pore diameter of 100 nm for the formulation containing 

DPPE-PEG5000, or 200 nm for the formulation without DPPE-PEG5000. 

 180 

Elaboration of anionic PLGA particles by emulsification-solvent evaporation 

An aqueous solution of PVA (0.5% w/v) was prepared by dissolving 150 mg of PVA in 30 

mL of Milli-Q water. In order to prepare an aqueous suspension of particles (15 mg.mL
-1

), 60 

mg of PLGA were solubilized in 1.5 mL of DCM in a glass vial under magnetic stirring. 

Then, 4 mL of the PVA solution were added in the vial, followed by vortexing for 20 s to 185 

form a coarse emulsion. A fine emulsion was obtained by sonication for 90 s (20% of power), 
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using a sonicator probe (Sonopuls HD 2070, BANDELIN Electronic GmbH & Co, Berlin, 

Germany). The size of the oil droplets was further reduced by a second sonication step, in an 

ice bath (30 s, 10% of power). The solvent (DCM) was evaporated overnight under a gentle 

magnetic stirring. For confocal microscopy observations, fluorescent PLGA particles were 190 

prepared by following the same method, and by adding 0.2 mg of PLA-rhodamine B in the 

PLGA DCM solution, as previously described
56,

 
57

. 

 

 

Elaboration of LipoParticles from cationic liposomes and anionic PLGA particles 195 

The elaboration of LipoParticles was previously achieved, and described
18,

 
19,

 
20,

 
21,

 
22,

 
23,

 
24,

 

25,
 
27,

 
28,

 
29

. Briefly, LipoParticles were prepared by adding an excess of the preformed cationic 

liposomes to a dispersion of anionic PLGA particles in water. This excess is defined by 

surface area considerations, expressed by the specific Av/Ap ratio (where Av is the total 

surface area of liposomes, and Ap is the total surface area provided by polymer particles, as 200 

previously detailed
21

), which was equal to 5 for all experiments described in this paper. The 

mixture was stirred at 650 rpm for 1 h at 70°C. Under such conditions, the adsorption and 

spreading of cationic liposomes upon contact with the anionic PLGA particles lead to a lipid 

coating formation onto the particle surface. 

 205 

Characterization of cationic liposomes, PLGA particles, or LipoParticles by dynamic 

light scattering (DLS) 

Mean hydrodynamic diameters (Dz) and mean size distributions (PDI) were determined at 

25°C in deionized water by dynamic light scattering (DLS, Zetasizer NanoZS, Malvern 

Instrument, U.K.). The PDI value is a dimensionless measurement of the size distribution 210 

broadness. The measurement angle was 173°, the laser was a helium-neon type operating at 
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633 nm, and the solvent refractive index and viscosity at 25°C were 1.33 and 0.8904 cP, 

respectively. For all the samples analyzed, their dilution in water was ca 20. Typically, three 

independent measurements were recorded to obtain average size and size distribution. 

 215 

Characterization of cationic liposomes, PLGA particles, or LipoParticles by 

electrophoretic mobility measurements (zeta potential measurements) 

The electrophoretic mobility values were measured at 25°C in deionized water using a 

Zetasizer NanoZS apparatus (Malvern Instrument, U.K.). Electrophoretic mobility (μe) was 

converted to zeta potential (ζ) value according to the following Smoluchowski’s equation. 220 

    
     

 
ζ 

where η, εo and εr are the medium viscosity, permittivity of vacuum, and relative permittivity, 

respectively. As for the DLS analyses, the dilution in water of all the samples analyzed was ca 

20, and three independent measurements were recorded to obtain a mean ζ value. 

 225 

Characterization of cationic liposomes, PLGA particles, or LipoParticles by 

transmission electron microscopy (TEM) 

For transmission electron microscopy (TEM) experiments, a drop (ca 5μL) of 0.5% (w/v) 

particle dispersion was disposed onto a 200 mesh copper grid coated with a carbon film 

(EMS), and stained with sodium silico tungstate (1% w/v in water) purchased from Sigma 230 

Chemical Co. (St. Louis, MO, USA). Then, the grids were transferred into the vacuum 

column of TEM microscope (PHILIPS CM120, CTμ Lyon, camera Gatan Orius200 2Kx2K). 

The accelerating voltage used for the observations was 120 kV. 

 

Characterization of LipoParticles by cryo-TEM 235 

The high resolution 200kV FEI Tecnai F20 is designed to produce optimum high resolution 

performance in TEM. Cryo-TEM images of LipoParticles (with a DPPC/DPTAP 10/90 molar 
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ratio coating) were acquired on this microscope equipped with a field emission gun of 200 

keV, and a 4kx4k Eagle FEI camera. 

 240 

Study of freeze-drying and re-hydration in water of PLGA particles or LipoParticles 

The freeze-drying treatment was carried out thanks to a Freezone 6 Plus® freeze-drier from 

Labconco, Kansas City, MO, USA. Firstly, the samples (PLGA particles, LipoParticles, 

without or with trehalose at a final concentration of 10 mg.mL
-1

) were immersed in liquid 

nitrogen, then placed in the freeze-drier. The pressure was lowered to get a high vacuum, at a 245 

temperature of - 83°C for 48 h. Finally, the obtained lyophilisates were re-hydrated with 

water. 

 

Study of cytotoxicity of cationic liposomes, PLGA particles, or LipoParticles 

The human osteoblast cell line MG63 (CRL-1427, LGC Standards, USA) was routinely 250 

cultured in a complete cell culture medium (DMEM supplemented with 10% of fetal bovine 

serum 100 U.mL
-1

 penicillin, and 100 mg.L
-1

 streptomycin, from Gibco
TM

, Paisley, UK) in a 

humidified incubator at 37°C in a 5% CO2 atmosphere. The goal of the addition of FCS is to 

provide attachment factors, nutrients, and hormones for mammalian cells. For cytotoxicity 

evaluations, cells were seeded in 96-well plates at a density of 25,000 cells per well, then they 255 

were exposed for 24 h at 37°C to different colloids studied in this work (liposomes, PLGA 

particles, and LipoParticles), as well as amino-polystyrene particles (used as a positive 

control). Unexposed cells were used as negative control. The lipid formulations of liposomes 

and LipoParticles were DPPC/DPTAP 10/90 or DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar 

ratio with an initial concentration of 7.6 mg.mL
-1

 in bidistillated water. Liposomes, as well as 260 

PLGA particles, were incubated with MG63 osteoblasts at increasing concentrations, from 

19.5 to 1,250 µg.mL
-1

. Finally, LipoParticles (prepared with PLGA particles with a final solid 
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content of 0.2%, a final liposome concentration of 0.7 mM, Av/Ap of 5) were incubated with 

MG63 osteoblasts at same different lipid concentrations. For the positive control, amino-

polystyrene particles were incubated for 24 h at a concentration of 100 µg.mL
-1

. 5 replicates 265 

were performed per condition to ensure statistical robustness, and this experimental series was 

carried out 3 times (leading to an analysis number of 15 for each point). After incubation of 

MG63 cells, their metabolic activity was quantified using the WST-1 assay, following the 

manufacturer’s instructions. This assay is based on the cleavage of the WST-1 tetrazolium salt 

by dehydrogenases from viable cells to form formazan, which shows an absorbance at 440 270 

nm. Briefly, after the cell incubation, the exposure medium was replaced by 100 µL of a 1/10 

(vol./vol.) WST-1 solution, then incubated at 37°C for 1 h. Cell viability was deduced from 

the comparison of absorbance at 440 nm in the wells of exposed cells to that of wells of 

unexposed cells. 

 275 

Characterization of osteoblast internalization of cationic liposomes, PLGA particles, or 

LipoParticles by confocal laser scanning microscope (CLSM) 

Microscope coverslips (thickness 0.13-0.16 mm, Karl Hecht™) were deposited in a culture 

plate, in which human osteoblast cell line MG63 (CRL-1427, LGC Standards, USA) were 

cultured in a complete cell culture medium (Dulbecco's Modified Eagle Medium, DMEM, 280 

Gibco
TM

, supplemented with 10% FCS, Gibco
TM

) for 24 h without stirring at 37°C under 5% 

of CO2. When the number of cells by well was ca 40,000, the cultures were washed 2 times 

with 1 mL of PBS, then different colloids (liposomes, PLGA particles, or LipoParticles) were 

added to get a final number of colloids per osteoblast of 3,000. Osteoblasts were incubated for 

24 h at 37°C under 5% of CO2 without stirring. Then, the cell culture medium was eliminated, 285 

and the cultures were washed 2 times with 1 mL of PBS in order to eliminate colloids which 

were not internalized in osteoblasts. With the aim of fixing osteoblasts on the microscope 
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coverslips, these cells were incubated for 30 min at 20°C with 1 mL of formaldehyde (at 4% 

vol./vol. in PBS). The cultures were washed 3 times with 1 mL of PBS. The staining of 

osteoblasts was realized in 3 steps. Firstly, the osteoblasts were permeabilized by incubating 290 

them for 10 min in ice with a solution of Triton™ X-100 at 0.1% in PBS. Then, the cultures 

were washed 3 times with PBS before being incubated with a BSA solution at 10 mg.mL
-1

 for 

30 min at 25°C, then washed 3 times with 1 mL of PBS. Finally, the actin was stained by 

adding 200 µL of a Alexa Fluor 647 phalloidin (Invitrogen ThermoFisher) solution at 165 nM 

in PBS in each well. The osteoblasts were kept for 20 min at 20°C in the dark before washing 295 

them 5 times with 1 mL of PBS. Osteoblasts were fixed by incubating them for 30 min in the 

dark at 20°C with 1 mL of formaldehyde (4% vol./vol. in PBS). The cultures were washed 3 

times with PBS, and then with sterile water Versol®. The microscope coverslips on which the 

osteoblasts were developed were hermetically closed (with a nail polish) on a microscopy 

slide, and the excess of sample was eliminated with Kimwipes® paper. Finally, this final 300 

microscope slide was observed thanks to a confocal laser scanning microscope (CLSM LSM 

800 Zeiss, Jena, Germany) under a 40x or 63x oil immersion objectives. The images were 

acquired with a Zen23® software and were analyzed with Image J®. 

Concerning different staining agents used, MG63 osteoblast cells have been stained by 

using the Alexa Fluor 647 phalloidin (which reveals the actin filaments, excitation/emission 305 

wavelengths = 650/668 nm). The PLGA particles were stained with rhodamine B 

(excitation/emission wavelengths of rhodamine B = 530/590 nm), and finally, lipid 

membranes were stained by incorporating a TopFluor®-PC fluorescent lipid in lipid 

formulation at 1% molar ratio (excitation/emission wavelengths of TopFluor®-PC = 495/503 

nm). Note that it was previously checked that the fluorescence of each staining agent (i.e., 310 

Alexa Fluor 647 phalloidin, TopFluor®-PC lipid, and rhodamine B) was specific of 
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fluorescence filter used to observe each of them, and there was no fluorescence "bleed-

through" between them. 

 

Characterization of osteoblast internalization of cationic liposomes, PLGA particles, or 315 

LipoParticles by flow cytometry 

The human MG63 cells were seeded (ca 50,000 cells per well) in 24 well plate (Falcon, Le 

Pont de Claix, France) in a complete cell culture medium in a humidified incubator for 48 h at 

37°C in a 5% CO2 atmosphere. When the number of osteoblasts per well was 100,000, 

cultures were washed 2 times with PBS, then different colloids (liposomes, PLGA particles, 320 

or LipoParticles) were added with a colloid number of 22,000 per osteoblast for 24 h. One 

step of rinsing was achieved in order to eliminate colloids non internalized in osteoblasts. The 

wells were washed 2 times with PBS, then osteoblasts were dissociated by trypsinization 

(0.05% Trypsin-EDTA 1X, Gibco
TM

) in order to put them in suspension in a Falcon® tube. 

Osteoblasts were stained with LIVE/DEAD
TM

 kit (Invitrogen®). The Falcon® tubes were 325 

centrifuged at 1,500 rpm for 5 min, the supernatants were removed, and the pellets were 

washed with 1 mL of PBS. A new centrifugation step was applied at 1,500 rpm for 5 min, the 

supernatants were removed, and the pellets were resuspended in PBS. Osteoblasts were 

incubated with 100 µL of formaldehyde (at 37% vol/vol in PBS) for 30 min at 20°C in the 

dark. Cells were centrifuged at 1,500 rpm for 5 min, the supernatants were removed, and the 330 

pellets were washed with PBS containing BSA at 1% wt. A second centrifugation step (for 5 

min at 1,500 rpm) was applied in order to eliminate PBS. The pellets were resuspended in 

PBS containing BSA at 1% wt in order to get 1x10
6
 osteoblasts per mL. The samples were 

analyzed with FACS LSR II 4 lasers cytometer (TopFluor®-PC and rhodamine B were 

excited at 488 nm and 561 nm, and their emission were measured at 525/50 nm and 582/15 335 
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nm, respectively). The events (ca 20,000) were among the « individual live cells » events. 

The data were acquired and analyzed with BD FACSDiva
® 

software. 

 

Observations of MG63 cells infected by intracellular Staphylococcus aureus in presence 

or not of PLGA particles, or LipoParticles, by TEM on ultrathin sections 340 

Internalization of PLGA particles and LipoParticles inside MG63 osteoblastic cells infected 

by Staphylococcus aureus was assessed by TEM on ultrathin sections. MG63 cells were 

seeded at 350,000 osteoblasts per well into 6-well tissue culture plates (Falcon, Le Pont de 

Claix, France), and cultured for 48 h until 70%-80% confluence. Staphylococcus aureus 

HG001 was used to carry out the intracellular infection. The day of the infection, the number 345 

of osteoblasts in each well was evaluated to adjust the bacterial suspension at a multiplicity of 

infection (MOI) of 10 bacteria per cell. Then the adjusted bacterial suspension was added to 

the osteoblastic cell culture wells for 2 h to allow the bacterial internalization. Cells were then 

washed twice with PBS and were treated with culture medium containing 10 µg/mL of 

lysostaphin (Sigma-Aldrich, Saint-Louis, MO, US) to kill all remaining extracellular bacteria 350 

without affecting intracellular bacteria. After 1 h of lysostaphin treatment, cells were washed 

twice with PBS, and PLGA particles or LipoParticles suspensions were added to the infected 

cells at 22,000 colloids/osteoblast. A control with non-treated infected osteoblasts was also 

performed. After 24 h, osteoblasts were washed with PBS, fixed with a solution containing 1 

volume of cell culture medium, and 1 volume of glutaraldehyde 4% for 15 min at 4°C, and 355 

the solution was replaced with another containing 1 volume of glutaraldehyde 4% and 1 

volume of cacodylate 0.2 M pH 7.4. After washing three times with a 0.2 M sodium 

cacodylate buffer, cells were post-fixed with 1% w/v aqueous osmium tetroxide at room 

temperature for 1 h, and dehydrated in a graded series of ethanol at room temperature, and 

embedded in an Epon resin. After polymerization, ultrathin sections (100 nm) were cut with a 360 
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UC7 (Leica) ultramicrotome, and collected on formvar/carbon-coated 200 hexagonal mesh 

copper grids. Sections were stained with uranyl acetate and lead citrate before their 

observation on a Jeol 1400JEM (Tokyo, Japan) TEM equipped with a Orius 1000 camera and 

Digital Micrograph. 

 365 

Results and Discussion 

Before studying the internalization of LipoParticles in a human osteoblast cell line (MG63) 

by confocal laser scanning microscopy, flow cytometry assays, and TEM on ultrathin 

sections, LipoParticles have been elaborated according to a contact/fusion process of cationic 

liposomes onto the anionic surface of PLGA particles. Then, the resulting assemblies were 370 

thoroughly characterized by DLS, zetametry, and (cryo)TEM. Their colloidal stability 

following a dilution in PBS or in a cell culture medium, their freeze-drying/re-hydration in 

water, as well as their cytotoxicity towards the same osteoblast cell line (MG63) have also 

been investigated. 

 375 

Elaboration and characterization of LipoParticles obtained from an assembly of cationic 

liposomes and anionic PLGA particles 

As previously mentioned, the elaboration of LipoParticles occurs thanks to a contact/fusion 

process of many liposomes onto the surface of polymer particles. Thus, the reorganization of 

lipid membranes from liposomes onto the particle surface leads to core-shell LipoParticles, 380 

that is to say polymer particles coated with lipid membranes. To this end, liposomes and 

polymer particles were independently prepared before mixing of both (at 650 rpm for 1 h at 

70°C). Our choice of polymer for the particles was PLGA for all the reasons (FDA approved, 

biocompatibility, and biodegradability) cited in the introductive part. PLGA particles were 

synthesized by an oil-in-water emulsion method using PVA as a surfactant. Their zeta 385 



17 

 

potential (ζ) is slightly anionic (- 4.5 mV, Table 1) due to carboxylic acid end-groups of 

PLGA chains. As shown by TEM (Figure 1A), these particles are spherical, with a number-

average diameter (Dn) of ca 80 nm (calculated on 315 particles by Image J®, see other images 

in SI1). The average hydrodynamic diameter (Dz) measured by DLS was found to be much 

higher (303 ± 44 nm, Table 1), with a relatively narrow size distribution (PDI < 0.2, Table 1). 390 

The significant size difference revealed by both analysis techniques could be explained by the 

type of size average. Indeed, an average in intensity of particle sizes was obtained with a DLS 

analysis. An average in intensity is much more impacted by the biggest particles in a mixture 

than an average in number calculated from TEM images. To illustrate this difference between 

an average in intensity and an average in number, the following example of calculation can be 395 

carried out. A mixture of 1% (in number) of 300 nm particles with 99% (in number) of 80 nm 

ones leads for this mixture to a diameter average in intensity of 299.99 nm, and an average in 

number of 82.20 nm. 

Concerning the liposomes, they were elaborated by the Bangham method followed by an 

extrusion step through a polycarbonate membrane of porosity equal to 100 nm or 200 nm for 400 

the lipid formulations with or without DPPE-PEG5000, respectively. Indeed, two liposomal 

formulations were elaborated in this work for comparison: DPPC/DPTAP 10/90 molar ratio, 

and DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio (DPPC is a zwitterionic lipid, DPTAP, 

a cationic one, and DPPE-PEG5000, a lipid bearing on its polar head a PEG chain of 5,000 

g.mol
-1

). Both lipid formulations correspond to cationic liposomes (due to 90% mol. of 405 

cationic DPTAP lipids) in order to improve their contact and their fusion onto the anionic 

particle surface via electrostatic attractions. The goal of the final extrusion step is to drastically 

decrease the size distribution of liposomes. As a result, the PDI value of the elaborated 

liposomes is very low since below 0.1 (Table 1). About their sizes measured by DLS, they are 

around 110-130 nm (Table 1), and their morphology is spherical according to the TEM 410 
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analysis (Figure 1B). As expected, their sign of zeta potential (ζ) is positive due to the 

presence of cationic DPTAP lipids in the formulation (Table 1). Finally, note that the presence 

of lipid-PEG conjugates at 2% molar ratio in the lipid formulation does not have any influence 

on Dn, Dz, PDI, and zeta potential values (Table 1).  

 415 

Table 1. Number-average diameters (Dn) measured by TEM, average hydrodynamic 

diameters (Dz), size distributions (PDI) measured by DLS, and zeta potentials (ζ) measured 

by zetametry of PLGA particles, liposomes (DPPC/DPTAP 10/90 molar ratio or 

DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio), and resulting LipoParticles obtained by 

spontaneous adsorption of lipid membranes onto PLGA particles. Measurements were 420 

performed after a 20-fold dilution in deionized water. 

 
Dn (nm) 

TEM 

Dz (nm) 

DLS 

PDI 

DLS 
ζ (mV) 

Liposomes 

DPPC/DPTAP 

10/90 molar ratio 

158 ± 33 

No = 500 

136 ± 11 

Nb = 16 

0.08 ± 0.02 

Nb = 16 

+ 44 ± 4 

Nb = 16 

Liposomes 

DPPC/DPTAP/DPPE-PEG5000 

8/90/2 molar ratio 

ND 
111 ± 12 

Nb = 10 

0.09 ± 0.04 

Nb = 10 

+ 44 ± 6 

Nb = 10 

PLGA particles 
79 ± 39 

No = 315 

303 ± 44 

Nb = 26 

0.17 ± 0.04 

Nb = 26 

- 4.5 ± 4.8 

Nb = 25 

LipoParticles 

DPPC/DPTAP 

10/90 molar ratio 

ND 
271 ± 40 

Nb = 6 

0.18 ± 0.02 

Nb = 6 

+ 8.0 ± 2 

Nb = 6 

LipoParticles 

DPPC/DPTAP/DPPE-PEG5000 

8/90/2 molar ratio 

ND 
260 ± 33 

Nb = 6 

0.19 ± 0.02 

Nb = 6 

+ 4.0 ± 1 

Nb = 6 

With No = number of considered objects for the calculations of averages by using Image J
®
, 

Nb = number of different batches used. ND = not determined. 
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As mentioned before, the driving force of the reorganization of liposomes onto the polymer 425 

particle surface is of electrostatic nature between cationic liposomes and anionic particles, 

with opposite surface charges. Moreover, in order to facilitate this reorganization, a surface 

area excess of liposomes in comparison of particle one was used (Av/Ap = 5, see the 

explanations in experimental section). The observation of an inversion of zeta potential sign of 

final assemblies (LipoParticles) versus the polymer particle one (ca + 4 or + 8 mV for final 430 

LipoParticles versus - 4.5 mV for PLGA particles) confirms a surface modification of PLGA 

particles by cationic lipids. The average size of LipoParticles is around 265 nm with a PDI 

below 0.2 demonstrating that this lipid reorganization process does not lead to aggregated 

assemblies. Note that the size of resulting LipoParticles is slightly below the one of initial 

PLGA particles (ca 300 nm). This could be explained by the fact that the DLS measurement 435 

takes also into account the excess of liposomes (with a lower size than particle one, 110 - 130 

nm) in the determination of the average size. 

The lipid membrane coating of particles is usually tricky to observe on TEM images 

because its thickness is much lower than the particle size (i.e., a thickness of ca 5 nm in 

comparison with 300 nm for the particle size). Nevertheless, it can be distinguished on TEM 440 

images of Figure 1C (as highlighted by the red arrows, more images are presented in SI1 

showing also this lipid coating). 

 

    

B A C 
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Figure 1. TEM images of PLGA particles (A), DPPC/DPTAP 10/90 molar ratio cationic 

liposomes (B), LipoParticles (Av/Ap = 5) with a PLGA core and a DPPC/DPTAP 10/90 molar 445 

ratio coating (C). Red arrows highlight the lipid coating onto the PLGA particles. All samples 

were stained with sodium silico tungstate at 1% w/v in water. More images of PLGA particles, 

and LipoParticles are presented in SI1. 

 

This lipid membrane coating of the PLGA particle surface was also confirmed by cryo-450 

TEM, and by using a high resolution Tecnai F20 microscope. Indeed, cryo-TEM images of a 

fast-frozen suspension of LipoParticles display a more or less continuous fringe (indicated by 

red arrows in Figure 2) at a distance estimated to 4 nm around the particles. This distance 

corresponds to the separation between two electron-dense layers in a liposome, demonstrating 

that the particles are well covered with a lipid bilayer. 455 

 

 

 

 

 460 

 

 

Figure 2. Cryo-TEM images of LipoParticles constituted of a PLGA core and a 

DPPC/DPTAP 10/90 molar ratio coating acquired on a high resolution Tecnai F20 microscope 

equipped with a field emission gun of 200 keV, and a 4kx4k Eagle FEI camera. 465 

 

Study of the colloidal stability of the LipoParticles after their dilution in PBS or in a cell 

culture medium 
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In order to carry out a study of interactions between cells and LipoParticles, it was 

necessary to previously examine that the PLGA particles and the LipoParticles do not form 470 

aggregates in PBS 1X (pH 7.4), nor in the Dulbecco's modified eagle medium (DMEM, 

supplemented with 10% FCS) cell culture medium (CCM) used for in vitro investigations. To 

this end, LipoParticles were prepared in water and 20-fold diluted in each one of these media, 

and characterized by DLS (Table 2). In water, the DLS average size of PLGA particles was 

found to be Dz = 303 ± 44 nm with a PDI value of 0.17 (Table 1). Consequently, their 475 

dispersion in PBS 1X and CCM did not lead to changes (Dz = 309 ± 5 nm, PDI = 0.19 ± 0.01, 

and Dz = 326 ± 13 nm, PDI = 0.23 ± 0.02, respectively). Concerning the LipoParticles with a 

DPPC/DPTAP 10/90 molar ratio formulation, in water, their size was found to be 271 ± 40 nm 

(PDI = 0.18 ±0.02, Table 1). After their dispersion in PBS 1X and CCM, a significant increase 

of their size was detected (514 ± 84 nm and 566 ± 53 nm, respectively, Table 2), revealing the 480 

formation of aggregates, and their colloidal instability in these media. However, when 2% 

mol. of DPPE-PEG5000 conjugates were added in their lipid formulation, the dispersion of 

LipoParticles in PBS 1X and CCM did not cause a size change (272 ± 2 nm, and 307 ± 4 nm, 

respectively, Table 2, instead of 260 ± 33 nm in water, Table 1). In conclusion, this lipid 

formulation containing lipid-PEG5000 conjugates at 2% mol. allows to satisfactorily ensure 485 

the colloidal stability of LipoParticles in PBS 1X and CCM. 

 

Table 2. Average hydrodynamic diameters (Dz), size distributions (PDI) measured by DLS of 

PLGA particles, and LipoParticles (DPPC/DPTAP 10/90 molar ratio or 

DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio) after their 20-fold dilution in PBS 1X or 490 

cell culture medium (CCM). Nb = number of different batches used = 6. 

 
PBS 1X CCM 

 

Dz 

(nm) 
PDI 

Dz 

(nm) 
PDI 
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PLGA particles 309 ± 5 0.19 ± 0.01 326 ± 13 0.23 ± 0.02 

LipoParticles 

DPPC/DPTAP 

10/90 molar ratio 

514 ± 84 0.16 ± 0.02 566 ± 53 0.26 ± 0.01 

LipoParticles 

DPPC/DPTAP/DPPE-

PEG5000 

8/90/2 molar ratio 

272 ± 2 0.20 ± 0.02 307 ± 4 0.24 ± 0.01 

 

Study of the freeze-drying and re-hydration in water of PLGA particles or LipoParticles 

Freeze-drying is a process frequently used in industry to facilitate the storage and the 

shipping of some pharmaceutical products which are thermolabile or which show instabilities 495 

in aqueous solution during several months of storage. At the same time, this freeze-drying 

process allows the sterilization of pharmaceutical compounds. In this context, the possibility 

to perform a freeze-drying of LipoParticles after their elaboration was examined. 

For the sake of comparison, same freeze-drying conditions were also applied to PLGA 

particles (with an initial solid content of 1.6% w/w). A dilution of 8-fold in water of PLGA 500 

particles (final solid content = 0.2% w/w), and a freeze-drying during 48 h were employed. 

The obtained lyophilisates were re-hydrated, and analyzed by DLS. Table 3 shows that freeze-

drying of PLGA particles causes their aggregation as suggested by the increase in average 

hydrodynamic size and PDI value of 20% and 32%, respectively. 

The same study was achieved on LipoParticles with the two previous lipid formulations 505 

(DPPC/DPTAP 10/90 molar ratio, and DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio). In 

this case, Table 3 displays that the freeze-drying of LipoParticles without DPPE-PEG5000 

(i.e., with a DPPC/DPTAP 10/90 molar ratio) leads also to an increased size and PDI value of 

16% and 34%, respectively, demonstrating that this lipid formulation is not suited to be 

freeze-dried. At the opposite, as for the study of the colloidal stability of LipoParticles in PBS 510 

1X and CCM, the presence of 2% mol. of lipid-PEG5000 conjugates in the lipid formulation 
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allows them to be stabilized during the freeze-drying/re-hydration process. Indeed, relatively 

low variations in size and PDI value (7% and 13%, respectively) were observed (Table 3). 

This suggests that this type of LipoParticles do not aggregate during the freeze-drying process, 

likely due to the steric stabilization provided by the presence of PEG chains onto the surface 515 

of these LipoParticles. 

 

 

Table 3. Average hydrodynamic diameters (Dz), size distributions (PDI) measured by DLS of 

PLGA particles, LipoParticles (DPPC/DPTAP 10/90 molar ratio or DPPC/DPTAP/DPPE-520 

PEG5000 8/90/2 molar ratio) before or after freeze-drying/re-hydration without or with 

trehalose (at 10 mg.mL
-1

). 

 Dz (nm) PDI 

PLGA particles   

Before freeze-drying 430 ± 7 0.19 ± 0.03 

After freeze-drying 536 ± 11 0.28 ± 0.01 

Difference (%) +20 +32 

LipoParticles 

DPPC/DPTAP 10/90 
  

Before freeze-drying 379 ± 4 0.19 ± 0.01 

After freeze-drying 449 ± 30 0.29 ± 0.03 

Difference (%) +16 +34 

LipoParticles 

DPPC/DPTAP/DPPE-PEG5000 8/90/2 

  

Before freeze-drying 329 ± 3 0.20 ± 0.01 

After freeze-drying 354 ± 5 0.23 ± 0.01 

Difference (%) +7 +13 

PLGA particles 

with Trehalose 
  

Before freeze-drying 439 ± 1 0.16 ± 0.04 

After freeze-drying 471 ± 6 0.12 ± 0.02 
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Difference (%) +7 -33 

LipoParticles 

DPPC/DPTAP 10/90 

with Trehalose 

  

Before freeze-drying 333 ± 10 0.18 ± 0.03 

After freeze-drying 326 ± 9 0.21 ± 0.02 

Difference (%) -2 +14 

LipoParticles  

DPPC/DPTAP/DPPE-PEG5000 8/90/2 

with Trehalose 

  

Before freeze-drying 327 ± 4 0.18 ± 0.03 

After freeze-drying 330 ± 5 0.22 ± 0.01  

Difference (%) +1 +18 

 

According to Abdelwahed et al.
58

, Shulkin et al.
59

, Stark et al.
60

, Van den Hoven et al.
61

, 

Chaudhury et al.
62

, freeze-drying is a process that requires the presence of a cryoprotectant 525 

agent in the sample to prevent it of aggregation phenomena. For this purpose, the most used 

chemical compounds used in literature are sugars, notably the trehalose molecule which has 

the property to be localized at the interface of colloids in suspension, and to decrease their 

glass transition temperature. This provides some “flexibility” to colloids during the freezing 

step which protects them of mechanical stress and aggregation provoked by the formation of 530 

glass crystals. In this context, with the aim of circumventing such an aggregation of PLGA 

particles and LipoParticles without lipid-PEG conjugates, trehalose agent was added to 

formulations. Vega et al.
63

 have used it at a final concentration of 10 mg.mL
-1

 in water to 

carry out a freeze-drying of PLGA particles without leading to their aggregation. The samples 

of PLGA particles and LipoParticles (final solid content of 0.2% w/w) were consequently 535 

prepared in our work with such a trehalose concentration, and a 48 h duration of freeze-drying. 

In these conditions, the size and PDI value evolutions of PLGA particles (Table 3) displays 

that the freeze-drying process in the presence of trehalose leads to a low increase of 7% in size 
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(and a decrease of -33% in PDI value). This seems to prove that the freeze-drying process 

does not imply aggregation of particles thanks to trehalose cryoprotectant agent. 540 

The same study was performed on LipoParticles with DPPC/DPTAP 10/90 molar ratio or 

DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio (final solid content of 0.2% w/w). They 

were freeze-dried during 48 h, with a final trehalose concentration of 10 mg.mL
-1

. Concerning 

LipoParticles with DPPC/DPTAP 10/90 molar ratio, the presence of trehalose prevents them 

of an aggregation (modifications of only 2% in size, and 14% in PDI value). For LipoParticles 545 

with DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio, the average size has only increased 

of 1% in size and 18% in PDI value. Note that in this case, the results in the presence of 

trehalose are similar to those obtained in its absence. Indeed, the presence of lipid-PEG5000 

conjugates at 2% molar ratio in the lipid membrane of LipoParticles can avoid the trehalose 

requirement. 550 

 

 

Study of the cytotoxicity of liposomes, PLGA particles, and LipoParticles towards 

MG63 osteoblasts 

A cytotoxicity study of PLGA particles, liposomes, and LipoParticles (both with a 555 

formulation of DPPC/DPTAP 10/90 molar ratio or DPPC/DPTAP/DPPE DPPE-PEG5000 

8/90/2 molar ratio) was performed by exposing for 24 h at 37°C the human MG63 osteoblast 

cell line to these different samples. Increasing concentrations of these samples from 19.5 to 

1,250 µg.mL
-1

 were used, and the WST-1 assay was applied (Figure 3). PS-amine particles 

were used as positive control, and unexposed cells, as a negative control. 560 
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Figure 3. Cytotoxicity assays on MG63 osteoblasts of DPPC/DPTAP 10/90 molar ratio 

liposomes (∆), DPPC/DPTAP/DPPE-PEG5000 8/90/2 molar ratio liposomes (▲), 

DPPC/DPTAP 10/90 molar ratio LipoParticles (◊), DPPC/DPTAP/DPPE-PEG5000 8/90/2 565 

molar ratio LipoParticles (♦), and PLGA particles (●). PS-amine particles, used at 100 µg.mL
-

1
 as positive control (●). All the standard deviations were calculated on 15 analyses. 

 

As shown in Figure 3, none of the studied samples has shown any cytotoxicity towards 

MG63 osteoblasts (excepted, as expected, for the positive control), and even increases in the 570 

metabolic activity (> 100%) can be observed for liposomes and LipoParticles (contrarily to 

PLGA particles), probably due to the cell stimulation by their lipid membranes. All together, 

these results suggest in a positive way that all our samples can be used for the subsequent 

phase of our study, in order to examine their interactions with the MG63 osteoblast cell line. 
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 575 

Evidence of an enhanced osteoblast cell internalization of LipoParticles by confocal laser 

scanning microscopy 

Osteoblast cells can be potential reservoirs for Staphylococcus aureus in bone and joint 

infections. Our work focuses on the capacity of all the different assemblies (liposomes, PLGA 

particles, LipoParticles) to be internalized by osteoblasts, with the aim to attain the bacteria 580 

internalized in these cells. To this end, all these assemblies were incubated with MG63 

osteoblast cells, and observed by confocal laser scanning microscopy. With the aim of 

localizing each assembly type by this technique, each one of them has been associated to a 

specific fluorescent probe. The different staining agents (nature, excitation/emission 

wavelengths) of osteoblasts, PLGA particles, and LipoParticles are further explained in 585 

Experimental Section. 

With the aim of maximizing the number of individualized cells observed in confocal laser 

scanning microscopy, the cell confluence has been limited to ca 40,000 osteoblasts in each 

one of wells of the cell culture plate. Then, liposomes, PLGA particles, or LipoParticles were 

added and incubated for 24 h at 37°C in CCM (DMEM, supplemented with 10% FCS) with an 590 

average amount of 3,000 liposomes, PLGA particles, or LipoParticles per osteoblast cell. 

Then, MG63 osteoblast cells were treated following the protocol described in “Materials and 

Methods” part, and were observed with an inverted laser scanning confocal microscope. 

Figure 4 shows the resulting images of unexposed MG63 osteoblast cells, and exposed 

ones to liposomes, PLGA particles, or LipoParticles. Images of unexposed MG63 osteoblast 595 

cells (Figure 4A) reveal that the staining of their actin protein filaments by Alexa Fluor 647 

phalloidin was efficient since it allows the observation of the wholeness of individualized 

cells or/and at confluence, in adhesion at the surface of microscope coverslip. The images of 

liposomes (Figure 4B), without (at the top, Figure 4B) or with PEG chains (at the bottom, 
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Figure 4B) in their lipid formulation, exhibit a green fluorescence spread throughout the 600 

whole cell enlightening that the liposomes, whatever their lipid formulation, were internalized 

in MG63 osteoblast cells. The elucidation of the cellular internalization mechanisms of 

liposomes has been the subject of studies described in the literature 
64,

 
65,

 
66, 67

. This green 

fluorescence seems to be localized in the cell cytoplasm, and not at the level of cell nuclei 

(which are consequently well-visualized). It is worthy of note that the confocal laser scanning 605 

microscopy being not a quantitative technique in the analysis conditions used herein, it would 

be hazardous to determine a precise influence of the lipid formulation upon the efficiency of 

the cell internalization. The images of PLGA particles (appearing in orange due to rhodamine 

B staining in Figure 4C) disclose, contrary to liposomes, a low, even no, internalization of 

them by MG63 osteoblast cells. These particles are rather homogenously dispersed on the 610 

microscope coverslip, likely irreversibly attached to it (since not removable by the washes). 

The slightly negative PLGA particle surface (ζ = - 4.5 ± 4.8 mV, Table 1), and/or eventual 

protein corona (coming from CCM) adsorbed onto particles, could explain a difficult 

internalization of them inside negative-surface cells could explain their difficult 

internalization inside negative-surface cells. This charge effect on the cell uptake has already 615 

been studied
47

. 

 

 

 

 620 
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 625 

A 
MG63 cells 

B 
MG63 cells+ liposomes 

C 
MG63 cells + PLGA particles 

   
   

   

Figure 4. Confocal laser scanning microscopy analysis of MG63 osteoblast cells (A), and in 

vitro uptake in these MG63 osteoblast cells of liposomes composed of 

DPPC/DPTAP/TopFluor®-PC 9/90/1 molar ratio (top) or DPPC/DPTAP/DPPE-

PEG5000/TopFluor®-PC 7/90/2/1 molar ratio (bottom) (B), as well as PLGA particles (C) 

after an incubation for 24 h at 37°C, under 5% of CO2, in DMEM supplemented with 10% of 630 

FCS with MG63 osteoblast cells. Colors of different staining agents used: red for Alexa Fluor 

647 phalloidin (staining the MG63 cells), green for TopFluor®-PC fluorescent lipid (staining 

the lipid membranes), orange for rhodamine B (staining the PLGA particles). Magnification 

x40, scale bar = 50 µm. 

Finally, concerning the LipoParticles, as for the liposomes, they are localized inside the 635 

MG63 osteoblast cells, whatever the lipid formulation used (i.e., without lipid-PEG 

conjugates in Figure 5, or with lipid-PEG conjugates in Figure 6). 
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Figure 5. Confocal laser scanning microscopy analysis of in vitro uptake of LipoParticles in 

MG63 osteoblast cells composed of DPPC/DPTAP/TopFluor®-PC 9/90/1 molar ratio and 

PLGA particles, after their incubation for 24 h at 37°C, under 5% of CO2, in DMEM 640 

supplemented with 10% of FCS with MG63 osteoblast cells. Colors of different staining 

agents used: A) red for Alexa Fluor 647 phalloidin (staining the MG63 cells), B) orange for 

rhodamine B (staining the PLGA particles), C) green for TopFluor®-PC fluorescent lipid 

(staining the lipid membranes), and D) all colors are merged showing the co-localization of 

different species. Magnification x40, scale bar = 50 µm. 645 

 

A B 

C D 
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Figures 5D and 6D show an image merging the three staining agents, and three other 

examples are also provided in SI for each lipid formulation (SI2 for the lipid formulation 

without lipid-PEG conjugates, and SI3, for one with lipid-PEG conjugates). 

  
  

  
 650 

Figure 6. Confocal laser scanning microscopy analysis of in vitro uptake of LipoParticles in 

MG63 osteoblast cells composed of DPPC/DPTAP/DPPE-PEG5000/TopFluor®-PC 7/90/2/1 

molar ratio and PLGA particles, after their incubation for 24 h at 37°C, under 5% of CO2, in 

DMEM supplemented with 10% of FCS with MG63 osteoblast cells. Colors of different 

staining agents used: A) red for Alexa Fluor 647 phalloidin (staining the MG63 cells), B) 655 

orange for rhodamine B (staining the PLGA particles), C) green for TopFluor®-PC 

A B 

C D 
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fluorescent lipid (staining the lipid membranes), and D) all colors are merged showing the co-

localization of different species. Magnification x40, scale bar = 50 µm. 

 

Figures 5 and 6 highlight the co-localization of staining agents of MG63 osteoblast cells 660 

(in red), PLGA particles (in orange) coated with a lipid membrane (in green), that is to say the 

LipoParticles, whatever the lipid formulation used. Consequently, these images evidence that 

the lipid coating of PLGA particles allows them to be internalized in MG63 osteoblast cells 

(since these same PLGA particles, without lipid coating, were not uptaken in the same 

osteoblast cells, as seen in Figure 4C). Nevertheless, the presence of a few PLGA particles 665 

outside osteoblast cells, mainly observed in Figure 5, may suggest an incomplete lipid coating 

of all the particles despite a liposome excess used (Av/Ap = 5), or/and a partial 

disorganization of the lipid coating during the incubation (for 24 h at 37°C). Note also that the 

diffuse green fluorescence detected inside the MG63 osteoblast cells (Figure 5C and Figure 

6C) may come from liposomes in excess since we could not purify LipoParticles due to the 670 

instability of PLGA particles during the centrifugation step required for such treatment. 

Finally, for the same reasons as the liposomes, it is not possible to rigorously distinguish a 

quantitative influence of lipid formulation of LipoParticles (with or without PEG chains) on 

the cell internalization magnitude by this technique. 

 675 

With the goal of confirming the internalization of LipoParticles in the MG63 osteoblast 

cells thanks to their membrane coating, we took advantage of the possibility given by the 

confocal microscope to make an “optical sectioning”, meaning to acquire a series of 

subsequent images on the Z axis of the cell (called a “Z-stack”, rendering in this way a 3D 

imaging). Firstly, this observation mode was used on the microscope coverslip of PLGA 680 

particles (without lipid coating) incubated with MG63 osteoblast cells in the same previous 
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experimental and analysis conditions. Figure 7 shows that these PLGA particles (in orange) 

are mainly present outside MG63 osteoblast cells (in red), and near the surface of microscope 

coverslip (Figure 7, a-b), and are absent when the focal plane is situated inside the MG63 

osteoblast cell (Figure 7, c-h). This confirms that the PLGA particles, without lipid coating, 685 

are a little, or not, internalized inside the MG63 osteoblast cells. 

 
 

Figure 7. “Z-stack” images in confocal laser scanning microscopy analysis of a MG63 

osteoblast cell (red) incubated for 24 h at 37°C, under 5% of CO2 in DMEM supplemented 690 

with 10% of FCS, with PLGA particles (orange). “Z-stack” composed of 12 images labelled 

(a)-(i) covering a depth of 7,51 µm (each confocal plan was acquired at each 0,63µm in the Z 

axis). Scale bar = 20 µm. 

 

a b c d 
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Secondly, the same observation mode was achieved on LipoParticles with a lipid coating 695 

of DPPC/DPTAP/DPPE-PEG5000/TopFluor®-PC 7/90/2/1 molar ratio. Figure 8 shows 

different confocal planes obtained by “Z-stack” imaging, and SI4 provides another example. 

Interestingly, the PLGA signal is detectable at the same confocal planes as those for MG63 

cells and the lipid coating (Figure 8, b-k), and absent on those confocal planes where the 

MG63 cells and lipid markers are not detectable (Figure 8, a and l). As a result, these 700 

observations strongly suggest the co-localization of PLGA particle cores of LipoParticles, 

lipid coating of LipoParticles, and MG63 osteoblast cells after an incubation for 24 h at 37°C 

in CCM. 

 

Figure 8. “Z-stack” images in confocal laser scanning microscopy analysis of MG63 705 

osteoblast cells (red) incubated for 24 h at 37°C, under 5% of CO2 in DMEM supplemented 

with 10% of FCS, with LipoParticles with a lipid coating of DPPC/DPTAP/DPPE-

PEG5000/TopFluor®-PC 7/90/2/1 molar ratio (green), and with a PLGA particle core 

a b c d 

e f g h 

i j k l 
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(orange). “Z-stack” composed of 20 images (12 representative images have been selected for 

this figure) covering a depth of 7,63 µm (each confocal plan was acquired at each 0,40 µm in 710 

the Z axis). Another example is provided in SI4. Another example is provided in SI4.Scale 

bar = 50 µm. 

 

To conclude, the analysis by confocal laser scanning microscopy allowed to prove that the 

lipid membrane at the surface of PLGA particles favors their internalization inside the MG63 715 

osteoblast cells with an incubation of 3,000 LipoParticles per MG63 osteoblast cell (and with 

a total number of osteoblasts = 40,000). Indeed, this lipid membrane seems to play an 

important role for this internalization since in its absence, the PLGA particles do not penetrate 

inside osteoblast cells (for an average number of 3,000 PLGA particles per MG63 osteoblast 

cell). However, since these observations were only qualitative, as we mentioned earlier, we 720 

decided to quantify particle internalization by flow cytometry. 

 

Evidence of an enhanced osteoblast cell internalization of LipoParticles by flow 

cytometry assays 

In order to quantify the internalization of different assemblies inside MG63 osteoblast cells, 725 

studies in flow cytometry were realized. The flow cytometry is a qualitative and quantitative 

characterization technique performed on cells in suspension in a liquid. As for confocal laser 

scanning microcopy, the specific fluorescent staining agents were used (TopFluor®-PC to 

identify the lipid membranes, and rhodamine B for the PLGA particles). Besides, to confirm 

that the assemblies are not cytotoxic (as previously proven by WST-1 assays), we studied the 730 

viability of MG63 cells after incubation with them. Table 4 (first column) shows that the 

percentages of alive MG63 osteoblast cells after an incubation for 24 h at 37°C are always 
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above 87%, whatever the nature of assemblies. These high percentages demonstrate the 

validity of the experiment, the analysis method, and the results obtained by WST-1 assays. 

Concerning the flow cytometry investigation, a number of “individual live cells” events of 735 

20,000, and 22,000 liposomes or LipoParticles per MG63 osteoblast cell, were chosen. As for 

the confocal laser scanning microscopy analyses, the conditions of incubation of MG63 

osteoblast cells with different types of colloids were 24 h at 37°C in DMEM CCM 

supplemented with 10% FCS. We also studied the influence of the presence of lipid-PEG 

conjugates in the lipid membrane of liposomes and LipoParticles. Table 4 displays the median 740 

fluorescence intensities of TopFluor®-PC (staining the lipid membranes) and rhodamine B 

(staining the PLGA particles). They reveal that the median fluorescence intensity of 

rhodamine B is about 4 to 5 times (i.e., = 29,019/7,669 to 38,000/7,669) higher when the 

MG63 osteoblast cells were incubated with LipoParticles than PLGA particles (without the 

lipid coating). This result confirms the observations in confocal laser scanning microscopy, 745 

meaning that the presence of lipid coating promotes the internalization of PLGA particles in 

the MG63 osteoblast cells. Moreover, note that the internalization of the lipid membrane of 

LipoParticles is equivalent to the liposome one (median fluorescence intensity of 

TopFluor®PC: 17,429, and 14,448 in LipoParticles versus 19,035 and 10,418 in liposomes). 

Concerning the presence of DPPE-PEG5000 conjugates in the lipid membrane of 750 

LipoParticles, it seems to cause the decrease of their internalization in the MG63 osteoblast 

cells (median fluorescence intensities of rhodamine B: 29,019 with PEG chains versus 38,000 

without lipid-PEG conjugates). In contrast, for liposomes, the opposite seems to be the case 

(median fluorescence intensities of TopFluor®-PC: 19,035 with lipid-PEG conjugates versus 

10,418 without lipid-PEG conjugates). This could be explained by an internalization 755 

mechanism in MG63 osteoblast cells depending on the nature of assemblies (liposomes and 

LipoParticles). 
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Table 4. Viability tests, and median fluorescence intensities of TopFluor®-PC (staining the 

lipid membranes) and rhodamine B (staining the PLGA particles) obtained by flow cytometry 760 

on 20,000 “individual live cells” events, and an incubation of 22,000 liposomes or 

LipoParticles (without or with lipid-PEG conjugates) per MG63 osteoblast cell 

(corresponding gating strategies, dot plots, and overlay histograms obtained are presented in 

SI5). 

Samples 

% 

Live 

cells 

Median fluorescence intensity 

TopFluor®-

PC  
Rhodamine B 

Liposomes 

DPPC/DPTAP/TopFluor®-PC 

9/90/1 molar ratio 

 

91.6 10,418 94 

Liposomes with lipid-PEG conjugates 
DPPC/DPTAP/DPPE-

PEG5000/TopFluor®-PC 

7/90/2/1 molar ratio 

 

90.4 19,035 113 

PLGA particles 

 
95.1 28 7,669 

LipoParticles 

DPPC/DPTAP/TopFluor®-PC 

9/90/1 molar ratio 

 

92.5 14,448 38,000 

LipoParticles with lipid-PEG conjugates 

DPPC/DPTAP/DPPE-

PEG5000/TopFluor®-PC 

7/90/2/1 molar ratio 

89.7 17,429 29,019 

 765 

 

Evidence of the internalization of LipoParticles in MG63 osteoblast cells infected by 

intracellular Staphylococcus aureus by TEM on ultrathin sections 

The last study of this work concerned always the internalization of LipoParticles in MG63 

osteoblast cells, but infected by intracellular Staphylococcus aureus. To this end, cells were 770 

incubated for 24 h with a LipoParticle suspension (22,000 per MG63 osteoblast cell). 
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Corresponding 100 nm-ultrathin sections (see their preparation in Experimental Section) were 

observed by TEM (Figure 9, other examples of images are also provided in SI6). In parallel, 

as references, the same preparation was performed on i) unexposed MG63 osteoblast cells 

non-infected by intracellular Staphylococcus aureus (image is presented in SI7), ii) unexposed 775 

MG63 osteoblast cells infected by intracellular Staphylococcus aureus (image is presented in 

SI8), iii) infected cells but incubated with PLGA particles (images are presented in SI9), iv) 

and suspensions of alone PLGA particles or LipoParticles (images are presented in SI10) 

without MG63 osteoblast cells. Figure 9 displays some cellular organelles (N = nucleus, M = 

mitochondria), intracellular Staphylococcus aureus (B), as well as DPPC/DPTAP/DPPE-780 

PEG5000 8/90/2 (molar ratio) LipoParticles (LP, highlighted by red arrows). Despite the fact 

that these latter present an observed size above the one measured by DLS (Table 1), and they 

are less spherical than in conventional TEM (Figure 1), these white objects correspond well to 

LipoParticles since they are absent in the control images (i.e., without the assemblies). These 

differences in size and morphology could be interpreted as artefactual modifications due to 785 

the number of steps required to perform such a technique (such as the dehydration of particles 

and LipoParticles in a graded series of ethanol, their embedding in an epoxy resin, as well as 

their final cut in ultrathin sections by the ultramicrotome). Indeed, previous TEM 

observations of ultrathin cross sections of LipoParticles, obtained by ultramicrotomy in 

similar conditions, have already shown the deformation of sectioned assemblies caused by 790 

compression during sectioning
21

. 

Figure 9 shows that the LipoParticles are internalized inside the human MG63 osteoblast 

cell line, close to intracellular bacteria. This favorable location of LipoParticles would very 

interestingly allow them to release their future antibacterial cargo, near the targeted bacteria. 

Note that the images of the reference constituted of PLGA particles (in SI9) reveal also their 795 

internalization. Nevertheless, with the TEM technique on ultrathin sections, the quantification 
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of the cell internalization magnitude, and the study of a cell internalization difference between 

LipoParticles and PLGA particles, are very tricky due to representativeness issues of images, 

and the limited number of observations due to the complexity of the stained ultrathin section 

preparation. 800 

 

Figure 9. TEM image of ultrathin sections obtained by ultramicrotomy of MG63 osteoblast 

cells (N = nucleus, M = mitochondria) infected by Staphylococcus aureus (SA), incubated 

with LipoParticles (LP) composed of DPPC/DPTAP/DPPE-PEG5000 8/90/2 (molar ratio) 

and PLGA particles. 805 

 

 

Conclusions 

LipoParticles are core-shell assemblies, constituted of a polymer core coated by a lipid 

membrane, with promising perspectives in drug delivery applications. On one side, the 810 

polymer core allows the lipid coating to be stabilized, and on the other side, the lipid coating 
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allows the polymer core to present a biomimetic surface. In this work, the lipid modification 

of PLGA particles was illustrated by an inversion of zeta potential (occurring during the re-

organization of cationic liposomes onto the anionic surface of polymer particles), and was 

shown by (cryo)-TEM (a lipid bilayer was observed onto the PLGA particles). The use of 815 

these assemblies as drug vectors is already well-reported in the literature. On the contrary, to 

the better of our knowledge, their capacity to go through the osteoblast cell membrane with 

the aim of targeting intracellular bacteria is not detailed. The study presented herein shows 

that the lipid coating of PLGA particles can enhance their internalization in a human 

osteoblast cell line (MG63) without presenting a cytotoxicity towards them for concentrations 820 

up to 1,250 µg.mL
-1

. Moreover, this work demonstrates that these assemblies with an 

optimized lipid formulation (containing 2% molar of DPPE-PEG5000 conjugates) can be 

freeze-dried without the formation of aggregates after their re-hydration, and can be diluted 

20-fold in PBS or cell culture medium without drastically modifying their size and size 

distribution. Finally, this study displays an intracellular localization of LipoParticles close to 825 

Staphylococcus aureus inside MG63 osteoblast cells leading them to be very promising 

candidates to carry and release antibacterial compounds close to intracellular bacteria. Further 

analyses to elucidate the mechanism of this osteoblast cell internalization of LipoParticles 

would be very interesting to even better fit the lipid formulation, the size of assemblies, and 

the “LipoParticle/osteoblast” number ratio. 830 
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