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Abstract 

In this work, a NE-U22 vibrating mesh Omron nebulizer was used to deliver Rh-PE and 

HPTS/ DPX double labelled macrophage-targeted pH-sensitive archaeosomes (ApH, 174  48 

nm, - 30  13 mV unilamellar nanovesicles made of   dioleoyl-sn-glycero-3-phosphoethanolamine: 
[total polar archaeolipids from the hyperhalophile archaebacteria Halorubrum tebenquichense]: 
cholesterylhemisuccinate 4.2:2.8:3 w:w:w) - on J774A1 cells covered by Prosurf pulmonary 

surfactant (PS) monolayer at or below the equilibrium surface pressure  . The uptake and 

cytoplasmic drug release from ApH were assessed by flow cytometry of Rh-PE and HPTS 
fluorescence respectively. Despite of being soft matter submitted to dismantling interactions of 
shear stress of nebulization and contact with surfactant barrier, at least a fraction of nebulized 
ApH was found to be stable enough to execute higher cytoplasmic delivery than archaeolipids 
lacking vesicles.   

Nebulized ApH increased the PS tensioactivity below e only, out of the physiological 

range. This would mean that in vivo, changes in lung surfactant function induced by nebulized 
nanovesicles, is poorly likely to occur. The cytoplasmic delivery from ApH slightly decreased 

across monolayers at  , suggesting that nanovesicles crossed the PS in a fashion inversely 

related to monolayer compression. Laurdan Generalized Polarization and Fluorescence 
Anisotropy were used to reveal that nanovesicles neither depleted B and C proteins of the PS, not 
increased its fluidity. Together with the feasibility of cytoplasmic drug delivery upon nebulization, 
our results suggest that ApH are structurally unique nanovesicles that would not induce 
biophysical changes leading to PS inactivation, and open the door to future deeper translational 
studies.   
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1 Introduction 

Inhalation of therapeutic nanoparticles is at the edge of clinical implementation. Unlike 
parenteral delivery, inhalation is a non-invasive route, may localise the drug action in the lung for 
prolonged periods and may reduce systemic adverse effects. 1,2,3 Worth to note however, that from 
the wide range of structural types of nanoparticles developed so far, and because of their robust 
methods of production and high biocompatibility 4, only lipid nanovesicles, followed by polymeric 
micelles and nanocrystals, fit into the selected portfolio of the pharmaceutical industry. 5,6 If well   
nanovesicles in clinical use are mostly intended for parenteral administration, inhalation of 
aqueous suspension of nanovesicles is preferentially carried out employing nebulizers.  The 
output of the nebulizers in terms of liposomal transport efficiencies differed significantly among the 
nebulizer principles (20–100%, p < 0.05), with the vibrating-mesh nebulizers being the most 
effective.7Compared to other inhalation devices, nebulisers can generate large volumes of 
‘respirable’ aerosol, with no need to perform drying procedures, as in the case of dry powder 
inhalers, or involve propellants, as in case of pressured metered dose inhalers.1 Three nebulizable 
nanovesicule formulations: liposomal ciprofloxacin (Pulmaquin ® and Lipoquin®) and liposomal 
amikacyne (Arikace ®) are in current advanced clinical studies.8,9 Up to now a solid knowledge on 
pharmacotechnical, preclinical and clinical features has been documented on these future 
pharmaceutical products. However, scarce biophysical studies aimed to unravel their interaction 
with PS have been performed.  

Recently, we have described the structural features of pH-sensitive archaeosomes (ApH), 
nanovesicles displaying key properties expected to speed future industrial translation.10,11The ApH 
are multifunctional nanovesicles offering a versatile platform for drug delivery because of their 
archaeolipids content. The archaeolipids are novel biomaterials extracted from a non-conventional 
(neither animal, vegetal not bacterial) source, the hyperhalophile archaebacteria Halorubrum 
tebenquichense. The presence of such archaeolipids, particularly of the majoritarian component 
PGP-Me (Fig 1), renders the nanovesicles resistant to physical, chemical and enzymatic attacks, 
including to shear stress of nebulization. The ApH combine two characteristics needed to  achieve 
massive drug delivery to the cell cytoplasm: a) high endocytic uptake rate, owed to the presence 
of archaeolipids, that are ligands of the class A scavenger receptors10 and  enable specific 
macrophages and vascular endothelial cells targeting, avoiding the use of covalent derivatization 
12 and b) ability to respond  to endosomal acidity with a phase transition, subsequent fusion 
between endosome and ApH bilayers, and massive inner content release to cell cytoplasm, owed 
to its DOPE:CHEMS content. ApH also surpasses the ability of ordinary (archaeolipids lacking) 
pH-sensitive nanovesicles (LpH), in releasing hydro soluble drugs to the cell cytoplasm. Because 
of that, while higher doses of free or loaded in other nanovesicles dexamethasone phosphate 
failed, a small amount of dexamethasone-loaded in ApH was sufficient to in vitro efficiently reduce 
a strong inflammatory response elicited by lipopolysaccharide in macrophages (J774A.1 and THP-
1).10 

ApH display also a superior structural endurance compared to LpH:  where these last are 
dismantled, the colloidal structure of ApH is retained upon at least six months of storage in 
aqueous media and further nebulization employing vibrating mesh technology. Nebulizable (non-
pH-sensitive) nanovesicles require of cholesterol or hydrogenated phospholipids to make bilayers 
resistant to shear stress and chemical attacks.8,13 Hydrogenated phosphatidylcholine however, is 
expensive and may be contaminated with highly toxic trans isomers.14In ApH the hydrogenated 
phosphatidylcholine is replaced by polar archaeolipids that grant structural stability during storage 
and subsequent nebulization.10,11 

More specifically, nebulizable ApH are aimed to target alveolar macrophages, immune 
cells living under the air-blood interface, covered by a thin film of pulmonary surfactant (PS).15The 
PS interposes between all respirable nanoparticles, and target cells in the alveoli. The PS holds at 
least three essential biophysical properties for normal respiratory physiology. They are rapid 
adsorption, very low surface tension on film compression, and effective film replenishment on film 
expansion.16 Thus, when thinking of respirable nanoparticles formulations, these have not only to 
survive to nebulization stress, storage, and targeted drug delivery after crossing a detergent 
monolayer, but also to grant safety for the respiratory function. Surfactant inactivation is life-
threatening and refers to all processes that interfere with and decrease surface activity of 
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surfactant. PS inactivation may occur because of external (leakage of surface active serum 
proteins, meconium, fatty acids, lysoderivatives, protein C reactive) or endogenous (altered 
secretion by alveolar type II cells) factors.17 The advent of new techniques for detection, 
production and structural characterization of respirable nanoparticles, enabled to survey their 
impact on respiratory function, specifically of their interaction with PS.18,19 The role of PS is to 
facilitate the respiratory dynamics by diminishing  the water surface tension at the alveolar 
interfase.17,20 An ample evidence have emerged supporting the fact however, that translocation of 
polymeric, silicon oxide pristine or methylated, titania oxide21, negatively- and positively-charged 
poly(styrene)22 or metallic nanoparticles, induces PS inactivation. Hydroxyapatite nanoparticles 
injected into PS Infasurf subphase for instance, cause a significant time dependent shift of 
compression isotherms to the left, i.e., more area reduction is required to increase surface 
pressure, indicating surfactant inactivation.23Nanoparticles in contact with lung surfactant must 
prove therefore, not to induce surfactant inactivation. 

In this work, the cytoplasmic drug release of pH-sensitive nanovesicles nebulized on a 
Prosurf (a PS obtained from a bovine/porcine lung lavage and having cholesterol, hydrophobic B 
and C proteins and phospholipids) monolayer covering J774A.1 cells, was determined.  The study 
was complemented with a survey of the effect of subphase injected or nebulized nanovesicles, on 
the surface pressure of a Prosurf monolayer.  Here we report for the first time that nebulized 
nanovesicles remained structurally stable after crossing the PS monolayer. After passage, 
nebulized nanovesicles could efficiently release a cytoplasmic fluorophore marker into the 
underlying cells. We also found that upon injected in the subphase, or after nebulized, the surface 
pressure of Prosurf was increased by the presence of ApH. Despite of being more efficiently 
induced by nebulization, such effect occurred at very low surface pressure, out of the 
physiological compression expansion range.  Overall, such findings suggest that nebulized 
nanovesicles used in this work are not expected to induce biophysical changes leading to PS 
inactivation, opening the door to future deeper translational studies. 

 
2 Materials and methods 

2.1 Materials 
Pulmonary surfactant (PS) Prosurf was a gift from Nialtec S.A. (Buenos Aires, Argentina). 

Soybean phosphatidylcholine (SPC, purity>90%) was a gift from Lipoid (Ludwigshafen, Germany). 
1,2-Hydrogenated-L-α-phosphatidylcholine (HSPC) was from Northern Lipids Inc (Vancouver, 
Canada); Dioleoyl-sn-glycero-3-phosphoethanolamine  (DOPE)  was  from  Avanti  Polar  Lipids 
(Alabama,  USA); p-xylene-bis-pyridinium bromide (DPX) was from Invitrogen (Oregon, USA). 
Cholesterol, cholesteryl hemisuccinate (CHEMS), 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium 
salt (HPTS), Laurdan, Sephadex® G-25 Fine were from Sigma Aldrich (Missouri, USA). 
Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 
triethylammonium salt (RhPE) was purchased from Thermo Fisher Scientific (Massachusetts, 
USA). Roswell Park Memorial Institute (RPMI) 1640, penicillin-streptomycin sulphate and 
glutamine were from Gibco®, Life Technologies (New York, USA); fetal bovine serum (FBS) was 
from Internegocios (Cordoba, Argentina). The other reagents were analytic grade from Anedra, 
Research AG (Buenos Aires, Argentina).  

2.2 Archaebacteria growth, extraction, and characterization of total polar 
archaeolipids 

Halorubrum tebenquichense archaeabacteria, isolated from soil samples of Salina Chica,  
Península  de Valdés, Chubut, Argentina were grown in basal medium supplemented with yeast 
extract and glucose at 37°C.24  Biomass  was  grown  in  15  L  medium  in  a  25  L  home-made  
stainless  steel  bioreactor  and harvested after 96 h growth. Total polar archaeolipids (TPA) were 
extracted from biomass using the Bligh and Dyer method modified for extreme halophiles.25 
Between 400 mg and 700 mg TPA were isolated from each culture batch. The quali-quantititive 
composition of each TPA extract was routinely screened by phosphate content26 and electrospray-
ionization mass spectrometry.27 

2.3 Preparation of nanovesicles 
Conventional nanovesicles made of HSPC:cholesterol 9:3 w:w (L), archaeosomes  made  

of  TPA  (ARC),  pH-sensitive  nanovesicles  made  of DOPE:CHEMS  7:3  w:w  (LpH)  and  pH- 
sensitive archaeosomes made  of  DOPE:TPA:CHEMS  4.2:2.8:3  w:w (ApH); were prepared by 
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the film hydration method, as described in Altube et al.10 Briefly, mixtures of lipids were dissolved 
in chloroform: methanol 1:1 v:v; solvents were rotary evaporated at 40°C until elimination. The 
lipid films were flushed with N2 and hydrated with aqueous phase (10 mM Tris-HCl buffer pH 7.4 
with 0.9 % w:w NaCl -Tris-HCl buffer) up to a final concentration of 10 mg/mL total lipids. The 
resultant suspensions were sonicated (1 hour with a bath-type sonicator 80 W, 80 KHz) and 
extruded 21 times through 0.2 µm pore size polycarbonate filters using a manual extruder (Avanti 
PolarLipids, Alabama, USA).  The resulting nanovesicles were sterilized by passage through a  
0.22  µm sterile filter, and stored at 4°C. 

2.4 Preparation of PS vesicles  
Prosurf is a sterile chloroform solution that contains lipids and proteins extracted by 

means of bronchoalveolar lavage from bovine lungs. Prosurf is composed of phospholipids (PL) 
94.8% (which dipalmitoylphosphatidylcholine (DPPC) is 46%); cholesterol 4.4% and proteins (SP-
B, SP-C) 0.8%.28 Chloroform was evaporated at low pressure and below 40°C; the film was 
resuspended in sterile saline solution (0.9% NaCl) at 50°C, obtaining a final phospholipid 
concentration of 30 mg/mL, corresponding to 41 mM DPPC (PS vesicles).  

2.5 Quantification of phospholipids 
Phospholipids were quantified by a colorimetric phosphate microassay.26 
2.6 Size and Z potential 
Size and Zeta potential of nanovesicles and PS vesicles were determined by dynamic 

light scattering (DLS) and phase analysis light scattering (PALS) respectively, using a nanoZsizer 
apparatus (Malvern Instruments, Malvern, United Kingdom). 

2.7 Preparation of HPTS/DPX and RhPE labelled nanovesicles 
To prepare HPTS/DPX labelled nanovesicles (HPTS/DPX-nanovesicles), lipid films were 

hydrated with 35 mM HPTS and 50 mM DPX in Tris-HCl buffer. Free HPTS and DPX were 
removed from HPTS/DPX-nanovesicles by gel filtration on Sephadex G-25 using the minicolumn 
centrifugation technique.10To prepare double-labelled nanovesicles (RhPE and HPTS/DPX), 
RhPE was added at 0.5% weight to the organic lipid solutions and lipid films were hydrated with 
HPTS–DPX solution as stated above. 

RhPE was quantified by spectrofluorometry (λex =561 nm and λem = 580 nm) with a 
Fluorescence Spectrometer LS Perkin Elmer, upon complete disruption of 1 volume of 
nanovesicles in 40 volumes of methanol. The fluorescence intensity (I) of the sample was 
compared with a standard curve prepared with RhPE in methanol. The standard curve was linear 
in the range 0.075–0.5 μg/mL RhPE with a correlation coefficient of 0.999.  

HPTS was also quantified by spectrofluorometry (λex = 413 nm and λem = 515 nm) before 
and after complete disruption of 1 volume of nanovesicles in 175 volumes of Tris-HCl buffer with 
Triton X-100 1% w/v. The fluorescence intensity (I) of the sample, calculated as I with Triton X-100 
- I without disruption, was compared with a standard curve prepared with HPTS–DPX in solution. 
The standard curve was linear in the range 0.18–12 μM HPTS with a correlation coefficient of 
0.996. 

 
2.8 J774A.1 cells growth 
Immortalized murine Balb/c macrophages J774A.1 (ATCC® TIB-67™), supplied by Dr 

Erina Petrera (Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Buenos Aires 
Argentina), were maintained in RMPI 1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 
μg/mL streptomycin and 2 mM L-glutamine (complete RMPI medium) in a humidified atmosphere 
of 5% CO2 at 37°C. 

2.9 Nebulization of HPTS/DPX-RhPE nanovesicles on J774A.1 cells covered by PS 
monolayers 

Briefly, J774A.1 cells were seeded on 24-well culture plates at a density of 1.5 × 105 cells 
per well. Upon 24 h growth, the culture media was removed and replaced by 300 µLphosphate-
buffered saline (PBS). A chloroform solution of PS (3.1 mg / mL) was spread on the aqueous 

interface of PBS up to 10 ± 1 mN / m or 45 ± 1 mN / m , a value close to e, the equilibrium 

surface pressure of phosphatidylcholines. e is the maximum surface pressure of compressed 
monomolecular films at an air/water interface under equilibrium conditions. A further compression 
induces the collapse of the two-dimensional interface, to form three-dimensional structures29,30, 
but no increase in the density of the monolayer or in surface pressure occurs.31,32A NE-U22 



5 
 

vibrating mesh Omron nebulizer, adapted to reduce the output flow at5 μL/ min rate, was used to 
nebulize aqueous suspensions of nanovesicles at 2.5 mg/mL total lipids on the surface of each 
Prosurf monolayer for 1 minute. Cells were incubated for 3 h at 37°C, washed, trypsinized, 
resuspended in phosphate-buffered saline (PBS) and a total of 1 × 104 cells were analysed by 
flow cytometry.  For HPTS, green fluorescence (FL-1) was analysed, whereas for RhPE the red 
fluorescence (FL-3) was analysed. The fluorescence was further normalized to the HPTS /total 
lipids and RhPE /total lipids ratio of each formulation. The colloidal stability of nanovesicles 
nebulized across the PS monolayer, before being taken up by underlying cells, was determined by 
measuring the % encapsulated HPTS upon extracted from cell supernatants 3 h after 
nebulization.  The uptake and subcellular pH-sensitivity of double labelled RhPE–HPTS/DPX-
nanovesicles was followed by the fluorescence of rhodamine, while the fluorescence of HPTS 
indicated its degree of subcellular dequenching, or pH-sensitivity.10 

2.10 Mutual bilayer perturbation of PS vesicles and nanovesicles:  
2.10.1 Laurdan generalized polarization (GP) and fluorescence anisotropy (FA) of 

PS vesicles 
The order and fluidity of PS bilayer upon contacting nanovesicles, were assessed by 

determining GP and FA respectively, of Laurdan in PS vesicles.  

PS vesicles were labelled with Laurdan by mixing 10 L of 120 mM Laurdan in methanol 
with a volume of PS vesicles sufficient to render a 1:20 mol:mol Laurdan:lipids. After 30 minutes, 
nanovesicles were added at 1:0.1 PS vesicles: nanovesicles w: w ratio; the mixture was incubated 
at room temperature. GP, FA of PS vesicles bilayers and size were determined as a function of 
time. 

GP was calculated using the following equation:  
GP= I440 – I490 / I440 + I490 

Where I440 and I490 are the fluorescence intensities at λem =440 nm and λem =490 nm 
respectively and obtained from the spectra between 400-520 nm at λex =364nm (Slit ex:5.0 nm and 
Slit em: 10.0 nm. Scan Speed: 100 nm/min) 

FA was calculated by the fluorimeter software according to the following equation:  
FA= (I0-G I90)/ (I0+2G I90)  
Where I0 and I90 are the fluorescence intensities at λem=440 nm with λex = 364 nm and the 

excitation polarizer oriented at 0 and 90° respectively. The correction factor (G) was obtained from 
the ratio of emission intensity at 0 and 90° with the excitation polarizer oriented at 90°(after 
subtraction of scattered light). 

2.10.2 Laurdan GP and FA of nanovesicles 
Similarly, the order and fluidity of nanovesicles bilayers upon contacting PS vesicles were 

assessed by GP and FA respectively, of Laurdan in nanovesicles, employing the same 
experimental conditions than in 2.12.1 

2.10.3 Inner content leakage of nanovesicles 
The HPTS released from HPTS/DPX-nanovesicles upon contacting PS vesicles, was 

determined as a function of time. Briefly, HPTS-DPX-nanovesicles were incubated 1, 5 and 20 h 
at 25°C in 10 mMTris-HCl buffer with PS vesicles at the same ratio than in 2.10.1. The 
percentage of released HPTS was calculated as follows: (I / ITriton X-100) x 100. Where I is the 
fluorescence intensity at λem= 515 nm and λex=413 nm at each time point, and ITriton X-100 is the 
fluorescence intensity after adding 1% w/v Triton X-100.  

In addition, the average size of nanoliposome and PS vesicles was determined by DLS. 

2.11 Effect of nanovesicles on surface pressure (  ) during compression-expansion 

cycles 

The surface pressure  is defined as the extent to which a film reduces the surface 

tension of a clean interface; it denotes the two-dimensional equivalent of pressure in three 
dimensions, or the force exerted by an interfacial film on its linear confining boundaries, with units 

of force/length.33Surface pressure vs area ( A) isotherms were run in the KSV trough (240 cm2 

area) of a Wilhelmy balance provided by a Platinum probe (39.24 mm2) (KSV-NIMA, Finland). The 
whole equipment was enclosed in an acrylic box to minimize solvent evaporation and to avoid 
contaminations from the environment during the study. A compression isotherm for the Prosurf 
monolayer was first determined. To that aim, a PS monolayer was prepared by spreading a 
chloroform solution of PS (3.1 mg / mL) on the aqueous interface of 10 mM Tris-HCl buffer and 
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allowed to stabilize during 30 min. after that, the monolayer was submitted to a 5 mm/min 
compression rate. 

Compression and expansion rate of PS monolayers were performed at 5 mm/min, target 

pressure  was set at 30 mN/m (compression) and 1 mN/m (expansion) and the temperature was 

20 ± 2 °C. Nanovesicles were injected into the subphase at a final concentration of 10 g/mL at 30 

mN/m  at the end of the first compression. After each measure, the KSV trough was exhaustively 

cleaned with pure water and the surface tension was verified to be 72 mN/m. The surface 
pressure and the barriers were controlled by software purchased from NIMA (KSV-NIMA, 
Finland). Control experiments in the absence of nanovesicles were also carried out in the same 
conditions, spreading the same amount of PS on the surface.  

2.12 Effect of nanovesicles on   at constant area: 

2.12.1 Nanovesicles injected in the aqueous subphase 
A chloroform solution of PS (3.1 mg / mL) was spread on the aqueous interface of 10 mM 

Tris-HCl buffer in order to attain an initial pressure of 10 ± 1 mN / m, 30 ± 1 mN / m and 45 ± 1 mN 
/ m  respectively, in a Kibron μtrough S equipment (13.6 cm2 area, 8 mL subphase) (Kibron, 

Finland). The changes in surface pressure of PS monolayer upon injection of nanovesicles into 
the subphase were registered as a function of time, until a constant pressure value was reached. 
The final concentration of   injected nanovesicleswere 0.3 and 10 µg/mL, respectively. 

In order to avoid the solvent evaporation and contamination from the environment during 
the study, the whole equipment was enclosed in an acrylic box. After each measure, the trough 
was exhaustively cleaned with pure water and the surface tension was verified to be 72 mN/m. In 
all the assays, the temperature was maintained at 20 ± 0.5 ° C 

2.12.2 Nebulized nanovesicles  
Employing identical conditions than in 2.11.1, nanovesicles were first nebulized for 1 

minute, followed by a second dose 15 minutes later at 0.06 or 1.5 g total doses; after that the 
monolayer was allowed to stabilize other 15 minutes.  
             2.13 Statistical analysis 

Statistical analyses were performed by one-way analysis of variance followed by Dunnet’s test 

using Prisma 6.0 Software (Graph Pad, CA, USA). The p-value of <0.05 was considered 

statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s. represents non-

significant (p > 0.05). 

3 Results  
3.1 Compression isotherm of Prosurf and structural features of nanovesicles 
The compression isotherm of the lung surfactant Prosurf employed in this work, showed a 

collapse pressure ( c) of ~ 60 mN/m (Fig. 2), a value closer to the c of bovine derived clinical 

surfactant Survanta (Abbott Laboratories, North Chicago, IL) (62 mN/m) than to the porcine 
derived Curosurf (CHIESIUSA.com), or bovine derived Infasurf (ONYINC), which are nearly 10 
mN/M higher.34The structural features of nanovesicles are depicted in Table 1. 

3.2 Uptake of nebulized nanovesicles and cytoplasmic delivery on J774A.1 
macrophages under a PS monolayer  

As already reported, the shear stress of nebulization induced a partial loss of aqueous 
content from nanoliposomes.10 As depicted in Table 2 however, nanoliposomes lost nearly the half 
excepting ApH, that retained nearly 75 % of its aqueous content. After crossing the PS 
monolayers however, no further loss of HPTS occurred: after nebulized on buffer or on PS 
monolayers at 10 or 45 mN/m, the amount of retained HPTS remained identical.  On the other 
hand, after crossing the PS monolayers covering underlying J774A.1 cells, we observed that 
archaeolipid-containing nanovesicles ARC and ApH, were up taken in the highest extent (highest 
RhPE signal), followed by LpH, while no uptake of L was registered (Fig. 3a). In agreement with 
our previous report on cytoplasmic delivery by ApH (on cells uncovered by a PS monolayer)10, 
ApH displayed again the highest cytoplasmic delivery, as measured by the highest intensity of the 
HPTS signal. ARC, while it was up taken in equal extent than ApH, did not release its aqueous 
content (HPTS) to the cell cytoplasm, because of its lack of pH-sensitivity. It was also observed 

that, at 45 mN/m (a value close to e of phosphatidylcholines) the uptake and subsequent 
cytoplasmic delivery of ApH seemed to slightly decline, as compared to that at 0 or 10 mN/m (Fig. 
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3b). Overall, we observed that at least a fraction of nebulized nanovesicles spanned the PS 
monolayer in intact form. After entering the subphase, the nanovesicles were captured by 
underlying cells and processedaccording to the structural characteristic of each other. The slightly 

decreased uptake and subsequent cytoplasmic delivery at e suggests that during the respiratory 
cycle, the uptake of nebulized nanovesicles would follow an inverse relationship with surface 

pressure, being probably lower when the PS monolayer is fully compressed well abovee.  
3.3 Mutual bilayer perturbation of PS vesicles and nanovesicles  
Laurdan is a fluorescent probe of membrane structure, sensitive to the solvent relaxation 

effect. The dye senses the differences in number/mobility of water molecules associated to the 
phospholipid glycerol backbone of phosphatidylcholine bilayers.22,37,38 Upon excitation, the dipole 
moment of Laurdan increases noticeably, and water molecules in the vicinity of the probe reorient 
around this new dipole. Accordingly, Laurdan is sensitive to membrane phase transitions and 
other alterations to membrane fluidity.39-40 When the membrane is in a fluid phase, the 
reorientation rate is faster than the emission process, and consequently, a red-shift at λex=340 nm 
from about 435 nm to about 480 nm is observed.39When the bilayer packing increases, some of 
the water molecules are excluded from the bilayer, and the dipolar relaxation rate of the remaining 
water molecules is slower, leading to an emission spectrum that is significantly less red-shifted. 
The generalized polarization (GP) quantifies this red-shift from the emission spectra. In particular, 
the work of Harris 200241noticed that when membrane fluidity changes but phospholipid order 
(defining ‘‘order’’ as representing conformational order of the phospholipid molecules (mostly 
based on the acyl chains) and “fluidity” as representing the ability of lipids to diffuse in the plane of 
the bilayer and/or rotate42 remains constant, one would expect Laurdan fluorescence anisotropy 
(FA), but not GP, to also change. The change from disordered toward ordered phases represents 
an actual loss of water molecules from the bilayers. Since FA reports changes in membrane 
fluidity while GP is more sensitive to variations in membrane order41, the mutual perturbations in 
order and fluidity of PS vesicles contacting nanovesicles, were here assessed by Laurdan GP and 
FA.  

3.3.1 GP of PS vesicles: the bilayer order (GP) of PS vesicles and of each nanoliposome 
alone was: PS vesicles ~L>[ApH~LpH]>> ARC. Upon contact with nanovesicles, the order of PS 
vesicles (compared to that of PS vesicles alone) was: PS vesicles~[PS vesicles-L]>[PS vesicles- 
(ApH, LpH)]>[PS vesicles-ARC]. The contact with L did not modify the bilayer order of PS 
vesicles; ApH and LpH intermediately disordered the PS bilayers, while the highest disorder was 
induced by ARC (Fig. 4a). 

3.3.2 FA of PS vesicles: the bilayer FA (inversely related to fluidity41of PS vesicles and of 
each nanovesicle alone was: PS vesicles~L>ARC>ApH>LpH. Upon contact with nanovesicles, 
the FA of PS vesicles (compared to that of PS vesicles alone) was: [PS vesicles-L] >PS vesicles ~ 
[PS vesicles - (ApH, LpH, ARC)]. The contact with L slightly decreased the fluidity of PS vesicles; 
the reminder nanovesicles had not effect on the fluidity of PS vesicles (Fig. 4b). 

3.3.3 GP and FA of nanovesicles: 24 h after contacting PS vesicles on the other hand, the 
order of pH-sensitive nanovesicles and ARC significantly increased to values close to 0.2 (the GP 
of PS vesicles alone), while the fluidity of all nanovesicles decreased (Fig. 5). 

Briefly, excluding L, nanovesicles had no effect on the fluidity of PS vesicles. However, a 
mutual perturbation in bilayer order occurred upon contact between PS vesicles and nanovesicles. 
The highest disorder on PS bilayers was induced by ARC; LpH and ApH induced less disorder 
while the contact withL had no effect on it.  Roughly, the order of PS bilayers seemed to shift 
towards those values typical for each type of nanoliposome, suggesting the occurrence of a lipid 
flux from nanovesicles (particularly from ARC) towards PS vesicles. This may be the case of the 
high disorder in PS bilayers induced by ARC. The archaeolipids are known to form an 
homogeneous phase with phospholipids.43 Besides, archaeolipids bilayers  exhibit peculiar 
structural features,  different from phospholipid bilayers in that though highly entropic (disordered), 
display a relatively low permeability and reduced lateral diffusion.44FA depends on the viscosity of 
the local molecular environment, in this case, the bilayer; and is also inversely proportional to the 
rotational rate of Laurdan, a parameter directly related with bilayer fluidity.41 The Laurdan GP and 
FA values of ARC indicated disordered bilayers having highly reduced lateral mobility. PS vesicles 
and ARC bilayers both exhibit low fluidity (high FA). However, PS vesicles bilayers are highly 
ordered and become disordered after contacting ARC. 
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3.3.4 Size change of PS vesicles and inner content leakage of nanovesicles 
After HPTS-DPX nanovesicles contacted PS vesicles, the mean size of PS vesicles 

(shown in Table 1) remained unchanged. Besides, no HPTS release from nanovesicles was 
recorded.  

3.4 Effect of nanovesicles on during compression-expansion cycles (dynamic 

condition) 

Upon injected in the subphase of PS monolayers,  varied according to each 

nanoliposome structural type (Fig. 6). The effect of L and ARC was displayed during the second 
expansion. Between 30 and 0 mN/m (200 cm2) for L, and ~ 5mN/m (175 cm2) for ARC, the 
expansion was almost identical to that of PS alone (Fig. 6a).  From these points to the end of the 

expansion,    did not decrease to 0, but raised to   ~5 and ~ 25 mN/m, respectively (Fig. 6b,c).  

On the contrary, LpH and ApH immediately affected  along the first expansion. Between 

30 mN/mand ~9 mN/m (150 cm2) forLpH and ~12.5 mN/m (150 cm2) forApH, the expansion was 

almost identical to that of PS alone. However, from these points to the end of the expansion,  did 

not decrease to 0 but raised to ~ 25 mN/m. The second compression required only a reduction in 

area of 16 % (to ~ 210 cm2) to raise  from 25 to 30 mN/m (Fig. 6d, e). Instead, PS monolayers 

alone required a reduction in area of 60 % (from 250 to ~ 100 cm2), to raise  from 0 to 30 mN/m. 

This signified that the insertion of pH-sensitive nanovesicles enabled the induction of nearly 4 

folds less compression to achieve the maximal value of .  

Overall, these results suggest that pH-sensitive nanovesicles were rapidly adsorbed, to 

pronouncedly affect  at the relatively high degree of compression of 150 cm2.  ARC and L 

adsorbed later and on more relaxed monolayers (>175 cm2). According to their capacity to perturb 

, nanovesicles ordered as follows: ApH=LpH>ARC>>L. A direct relationship between their ability 

for inserting into more compressed monolayers and the increase of  was revealed: while 

components of pH-sensitive nanovesicles were inserted into more compressed monolayers at 150 
cm2, ARC components did it on less compressed monolayers at (175cm2) whereas L components 
required almost fully expanded (200cm2) monolayers. 

3.5 Subphase injection vs nebulization of nanovesicles on PS monolayers (static 
condition) 

Since the interaction between nanovesicles and PS monolayer was observed to start 

during the expansion, the effect of high (80 g) and low (2.4 g) mass of nanovesicles on PS 

monolayers expanded at a fixed 10 mN/m was tested. The effect of 80 g of pH- sensitive 

nanovesicles was noted after 15 minutes, with  increasing in a 50 % (LpH) and a 75 % (ApH) 

(Fig. 7a). 
Overall, the effects of injected nanovesicles agreed with previous compression-expansion 

data: pH-sensitive nanovesicles adsorbed fastest and deeply increased . According to their 

capacity to perturb ,  nanovesicles  ordered as follows: Aph~ Lph> ARC~ L. 

In a further step the effect of nebulized nanovesicles was tested on PS monolayers 

expanded at 10 mN/m. This time it was found that after 15 minutes, 1.5 g pH-sensitive 

nanovesicles were sufficient to increase  in a ~ 80 for LpH and a 140 % for ApH. Remarkably, 

ARC also increased  in a 60%. These results suggested that the nebulization induced a faster 

spreading, and a more efficient increase of   achieved with ~ 53 folds lower mass than if injected 

in the subphase (Fig. 7b).  According to their capacity to perturb , the nanovesicles are ordered 

as follows [similar to that when injected during compression-expansion]:  ApH>LpH> ARC>L. 
Finally, the effect nebulized nanovesicles on PS monolayers at different degrees of 

compression was tested. 1.5 g nanovesicles induced less pronounced increases in PS 

monolayer at 30 mN/m , following a trend similar to that on the expanded monolayer.  At 45 

mN/m however, no changes in  were registered. This can be interpreted as a threshold between 

30 and 45 mN/m , above which the surface-active monomers can no longer be inserted in the 

monolayer (Fig. 8).  
4 Discussion 
Nebulized nanovesicles aimed for cytoplasmic drug delivery such as ApH, are expected to 

be endocytosed in intact form. We had already shown that ApH is partly sensitive to shear stress 
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of nebulization, since nearly one third of its inner content is lost.10 Besides, a recent report shows 
that nebulization induces the loss of lipid monomers from nanovesicles bilayer, a fact potentially 
leading to hydrophilic content loss.45 Up to now, no data on the fate of nebulized nanovesicles 
across a PS is available. The combination of shear stress of nebulization, with the potential 
physical PS barrier encountered by nebulized ApH, may led to reduce or even to eliminate the 
amount of intact ApH gaining access the underlying cells.  

In the first section of this work, we showed that a fraction of nanovesicles survived 
nebulization and subsequent spanning of the PS monolayer, still efficiently delivering their cargo 
to underlying macrophages cytoplasm. 

Secondly, a few basic biophysical determinations, aimed to characterize the interaction 
between PS and nanovesicles to predict the occurrence of a potential surfactant inactivation, were 
performed. In first place, size, order and fluidity of PS vesicles upon contacting nanovesicles of 
different composition, were determined.  This was followed by surveying the effect of injected or 
nebulized nanovesicles on the surface pressure of a PS monolayer in dynamic and static 
conditions.   

The first finding was that no size change of PS vesicles occurred upon contact with 
nanovesicles. The size reduction of PS vesicles is associated to PS inactivation.46,47 While large 
(in the order of several micrometres diameter) PS vesicles represent the surface-active 
components of PS, the smaller vesicles display slow adsorption and inability of reaching low 
surface tension.46,47Hydroxyapatite  nanoparticles for instance, besides of changing the shape of 
compression isotherms, induce the size reduction of PS vesicles.23 This fact is explained by the 
loss by partition of  hydrophobic cationic proteins B and C48,49 of the PS, on nanoparticles surface. 
B and C are transmembrane proteins that induce vesicle fusion to promote formation of large and 
surface-active vesicles.  The loss of B and C proteins induces low surface pressure PS 
monolayers, since further adsorption/spreading of PS is impaired. Such proteins ensure an 

efficient re-extension of the interfacial film upon expansion essential for maintaining e during 
inhalation48 and are important for minimising the energy required to expand the alveolar interface 
and stabilise the lung epithelium. The size reduction of PS vesicles upon contacting deleterious 
agents is thus considered as a significant indication of surfactant degradation.46,47 Here no 
changes in PS vesicles size were detected, suggesting that, different to rigid nanoparticles, no 
loss of hydrophobic proteins from PS vesicles was induced by contacting nanovesicles. 

Despite of the lack of B and C losing however, a mutual structural perturbation between 
nanovesicles and PS vesicles was revealed. ApH for instance, slightly decreased the order of PS 
bilayers, while the order of ApH was significantly increased by PS vesicles. This suggested the 
occurrence of lipid exchange between PS vesicles and nanovesicles. According to the chemical 
nature of nanovesicles, such exchange may modify the fluidity and thus the tensioactive 
properties of the PS monolayer. Lipid monolayers that at body temperature are in liquid expanded 

(LE) phase such as DOPC under quasi elastic compression, collapse at e. In contrast DPPC -the 
majoritary saturated phospholipid of PS- at 37 °C forms monolayers that under compression, 

convert from LE to tilted crystalline (TC) structures, and do not collapse above e20,51-54. It was 
suggested thus that opposite to LE, the TC phase is needed to avoid monolayer collapse under 
compression.55 In this context, fluidizing agents, namely lysoderivatives, fatty acids or unsaturated 
phospholipids (such as DOPE in pH-sensitive nanovesicles) may in one hand-and aided by B-C 
proteins56 be required for normal PS spreading/adsorption57on the other, since fluidizing agents 
are LE phase inducers, may favour  the collapse of a compressed monolayer.29,51 Another 
example of the dual role played by fluidizing agents are lysoderivatives such as  
lysophosphatidylcholine, that form positively curved micelles that can prevent formation of HII 
structures by other lipids, inhibiting the adsorption of PS itself.58 Summarizing, fluidizing agents 
actively inhibit the PS by multiple mechanisms.17We found however, that none nanovesicles (even 
the DOPE-containing pH-sensitive nanovesicles), increased the fluidity of PS vesicles. On the 
contrary, even the slight interaction with L decreased PS fluidity.    

Interestingly, when injected in the subphase of PS monolayers compressed at 30 mN/m, 
nanovesicles affected the surface pressure along the subsequent expansion, that raised instead 

of decreasing to 0 mN/m. In particular, injected pH-sensitive nanovesicles shifted  from 0 to 25 

mN/m (almost the 30 mN/m  value of the fully compressed PS monolayer alone).  Such 

behaviour suggested not only absence of inactivation, but improvement of PS tensioactive 
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function. The highest increase of  was caused by pH-sensitive nanovesicles, structures that 

below pH 5.5- because of the CHEMS: DOPE content- experience a phase transition from 
lamellar to hexagonal HII.59-61The hexagonal HII phase is suggested to mediate the 
adsorption/fusion of bilayers without the surfactant proteins with monolayers in the interfase58,62,63 
and probably played a role in the interaction between ApH, LpH and PS monolayer. ARC on the 

other hand, affected  in the second expansion. ARC showed slower and less pronounced 

adsorption/fusion kinetics than pH-sensitive nanovesicles, probably because of the lack of HII 

phase, the same as L, that did not affect  during the two compression-expansions.  

The PS inactivation caused by hydroxyapatite nanoparticles is described as a shift to the 

left of the  vs area isotherm.23 In other words, the presence of inactivating nanoparticles 

counteracts the raise of  induced by compression. Here we showed that opposingly, pH-sensitive 

nanovesicles shifted the curve to the right: a slight compression induced higher  than in absence 

of nanovesicles. The increase of  would imply a reduction in the mechanical expansion effort 

during the inspiration. As discussed below, such encouraging results, not necessarily have a 
physiological parallel.  

  We finally compared the ability of injected vs nebulized nanovesicles to alter  of PS 

monolayers. Our results indicated that  was always increased according to the chemical nature,  

concentration, time of contact and route of administration of each nanovesicle.  Nebulized 

nanovesicles caused the highest impact on , at doses 53 folds lower than injected in the 

subphase. The reason for this phenomenon lies in the disruptive effect of nebulization on the 
nanovesicle bilayer. Intact DPPC nanovesicles are known to slightly  decrease the surface tension 
of water, in an extent depending on lipid processing.64,65 That is because the monomeric 
phospholipids (the dominant surface tension lowering species) in equilibrium with aqueous 
dispersions of nanovesicles is extremely low  between 10-8 -10-10 M.64-69 The surface tension of the 
PS monolayer is only affected by nanovesicles in the subphase after diffusion and  break open to  
render surface active lipid monomers that incorporate  to the pre-existing monolayer.70   
Compared to non-pH-sensitive nanovesicles, subphase injected pH-sensitive nanovesicles 

increased  probably because of the better  adsorption/spreading enabled by the HII-mediated 

stalk structure. The raise of   caused by subphase injection however, was slower and less 

pronounced compared to the induced by nebulization. This was probably owed to the shear stress 
of nebulization, responsible for generating surface active monomers. Recently, employing a 
closely related vibrating mesh nebulizer to the one used in 1 and in the present work, Stetten 
201645showed that nebulization of multilamellar vesicles of pure DPPC and of 
dimyristoylphosphatidylcholine shear opened the vesicles and created a high droplet surface area 
on which to store monomeric lipid.45The results discussed above however, were obtained on 
monolayers at 10 mN/m. When the surface pressure was increased to 30 mN/m the impact of 

nebulized nanovesicles on  was less pronounced, while at e, nebulization did not affect it.   
4 Conclusion 
The conclusions arising from these simple experimental approaches can be grouped in 

three blocks: In the first one, we can state that at least a fraction of nebulized nanovesicles 
remained structurally stable after crossing a PS monolayer, retaining the ability of successfully 
executing cytoplasmic delivery. This would mean that therapeutic use of nebulized nanovesicles 
for targeted pH-sensitive cytoplasmic delivery is feasible, despite of being soft matter submitted to 
dismantling interactions (shear stress of nebulization and interaction with surfactant barrier) along 
the pathway to the underlying cells. In the second one, that nebulized nanovesicles can only 
increase the tensioactive function of a PS monolayer, when the monolayer is relaxed enough 

below e, this is, out of the physiological range. This would mean that in vivo, perturbations on 

tensioactive function of the lung surfactant induced by nebulized nanovesicles, is poorly likely to 
occur.    In the third one, that in vivo, though no monomer insertion in monolayer had taken place, 
the passage of nanovesicles across a PS monolayer may occur as well. The fact that cytoplasmic 

delivery from ApH slightly decreased across monolayers at , suggested that nanovesicles 

passage across PS monolayer was inversely related to monolayer compression during the 
respiratory cycle. This would mean that, while nebulized nanovesicles crossed the surfactant 
barrier with independence of monomers insertion, the cross would be dependent of the 
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compression degree of the monolayer. Together with the finding that nanovesicles neither 
depleted B and C proteins of the PS, not increased its fluidity, the results indicate that in our 
experimental conditions, nebulized nanovesicles would not induce biophysical changes leading to 
PS inactivation, opening the door to future deeper translational studies. 
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Table 1: Structural features of nanovesicles and PS vesicles 

Sample 
Mean Diameter 

 (nm ± SD) 
pdi 

ζ Potential           
  (mV ± SD) 

Total Lipids         
(mg/ml ± SD) 

L 271 ± 45 0.37 ± 0.08 -6.6 ± 0.8 5.6 ± 1.7 
ARC 179 ± 49 0.25 ± 0.06 -39.1 ± 7.1 7.2 ± 2.2 
LpH 188 ± 18 0.22 ± 0.0 -20.2 ± 9.2 4.5 ± 2.2 
ApH 174 ± 48 0.49 ± 0.33 -30.7 ± 13.0 6.0 ± 1.4 
PS 1057 ± 293 0.64 ± 0.18 -20.5 ± 7.6 30 ± 2.5 

Data are expressed as mean ± SD from three independent batches. PDI: Polydispersity index; SD: Standard 

deviation. 

 

Table 2: HPTS encapsulated in nanovesicles 3 hours after post nanovesicles nebulization on PS 

monolayer covering J774A.1 cells. 

Cell 
Supernatant 

Surface Pressure 
(mN/m) 

Encapsulated 
HPTS  (%) 

L 
0 47.7  ± 0.1* 
10 55.7  ± 1.9 
45 61.7  ± 4.9 

ARC 
0 58.9  ± 3.9 
10 47.5  ± 8.1** 
45 55.5 ± 1.5 

LpH 
0 69.2  ± 4.6 
10 67.5  ± 2.5 
45 63.0  ± 1.3 

ApH 

0 74.2  ± 6.4 

10 77.0 ± 1.1 

45 75.2  ± 3.6 

Data are expressed as mean ± SD.  
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Figure 1: Chemical structure of 2,3-di-O-phytanyl-sn-glycero-1-phospho-(3'-sn-glycerol-1'-methyl 
phosphate) (PGP-Me), main polar archaeolipid from H. tebenquichense. The PGP-Me is recognized 
as a ligand by Scavenger Receptor Class A in macrophages10.   
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Figure 2: A compression isotherm of Prosurf monolayer. As the surface pressure increases from 
10 mN/m to 40 mN/m, a LE- TC phase transition occurs, characterized by a plateau between 40 

mN/m to 50 mN/m where TC and LE domains coexist, known as the equilibrium surface pressure e. 

Further compression above e increased the surface pressure of the monolayer; in this condition, the 
interfacial PS monolayer interacts with squeezed out bilayers35,36 until collapsing at 60 mN/m.  
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Figure 3: Fluorescence Intensity from RhPE (a) and HPTS (b) inside J774A.1 cells, 3 hours post 
nanovesicles nebulization.  Before nebulization, each well was covered with PS amounts roughly 
corresponding to 10 or 45 mN/m surface pressure, according to the lipid mass/area ratio previously 
determined in the compression isotherm of Prosurf.  
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Figure 4: Laurdan Generalized Polarization (GP) (a) and Fluorescence Anisotropy (b) in PS 
vesicles alone and after contacting nanovesicles as a function of time. 
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Figure 5: Laurdan Generalized Polarization (GP) (a) and Fluorescence Anisotropy (b) in 
nanovesicles alone and after contacting PS vesicles as a function of time. 
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Figure 6: Compression-expansion isotherms of PS. Nanovesicles were injected in the subphase 
in the first compression at 30 mN/m surface pressure. Continuous line: expansion, dot line: 
compression. 
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Figure 7: Variation () in PS monolayer surface pressure after 15 minutes the nanovesicles were 

(a) injected in the aqueous subphase or (b) nebulized. =final-initial, with initial= 10 mN/m. 
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Figure 8: Variation () in PS monolayer surface pressure 15 minutes after the nanovesicles were 

nebulized. =final-initial, with initial= 10, 30 and 45 mN/m. 
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