
HAL Id: hal-03866575
https://hal.science/hal-03866575

Submitted on 22 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Sol-gel transition induced by alumina nanoparticles in a
model pulmonary surfactant

Jean-François Berret, Fanny Mousseau, Rémi Le Borgne, Evdokia K
Oikonomou

To cite this version:
Jean-François Berret, Fanny Mousseau, Rémi Le Borgne, Evdokia K Oikonomou. Sol-gel transi-
tion induced by alumina nanoparticles in a model pulmonary surfactant. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2022, 646, pp.128974. �10.1016/j.colsurfa.2022.128974�.
�hal-03866575�

https://hal.science/hal-03866575
https://hal.archives-ouvertes.fr


Monday, April 11, 22 

 
 

 

1 

Sol-gel transition induced by alumina nanoparticles in a model 
pulmonary surfactant 

 
Jean-François Berret1*, Fanny Mousseau2, Rémi Le Borgne3 et Evdokia K. Oikonomou1 

1Université de Paris, CNRS, Matière et systèmes complexes, 75013 Paris, France 
2Laboratoire d'Optique et Biosciences, École Polytechnique, Institut Polytechnique de Paris, CNRS, 

INSERM, Route de Saclay, 91128 Palaiseau, France 
3Université de Paris, CNRS, Institut Jacques Monod, F-75013 Paris, France 

 
 

Abstract: Inhaled airborne particles smaller than 100 nm entering the airways have been shown to 
deposit in significant amount in the alveolar region of the lungs. The interior of the alveoli is covered 
with a ~ 1 µm thick lining fluid, called pulmonary surfactant. Inhaled nanoparticles are susceptible to 
interact with the lung fluid and modify pulmonary functions. Here we evaluate the structural and 
rheological properties of the pulmonary surfactant substitute Curosurf® which is administered to 
premature babies for the treatment of respiratory distress syndrome. Curosurf® is considered a reliable 
model of endogenous pulmonary surfactant in terms of composition, structure and function. Using 
active microrheology based on magnetically actuated wires, we find that Curosurf® dispersions exhibit 
a Newtonian behavior at lipid concentration from 0 to 80 g L-1, and that the viscosity follows the 
Krieger-Dougherty law observed for a wide variety of colloids. Upon addition of 40 nm alumina 
nanoplatelets, a significant change of the Curosurf® rheology is noticed. The dispersions then enter a 
soft solid phase characterized by an infinite viscosity and a non-zero equilibrium elastic modulus. The 
sol-gel transition induced by the nanoparticles is interpreted as the result of the alumina/vesicle 
interaction, which are illustrated by transmission electron microscopy. It also suggests a potential 
toxicity associated with the modification of the lung fluid structural and dynamical properties.  
 
Keywords: Pulmonary surfactant – Curosurf® – Bio-nano interfaces – magnetic wires - microrheology 
Corresponding authors: jean-francois.berret@u-paris.fr 
To be published in Colloids and Surfaces A 
Monday, April 11, 22 
 
 

I – Introduction 
Our respiratory system is made up of channels and ducts by which air enters through the nose and 
mouth and passes into the airways to reach the lung alveoli during breathing. Of the order of 300 
million in adult lungs, the alveoli provide a large area, around 70 m2 that favors the transfer of the 
oxygen into the bloodstream and the carbon dioxide from the bloodstream into the exhaled air [1, 2]. 
In humans, the alveoli are 200 μm in size and made of an epithelium wall of thickness around 1 μm. 
One side of this epithelium is covered with lung lining fluid, also called pulmonary surfactant and on 
the other side it is surrounded by blood capillaries (Fig. 1a) [3]. The pulmonary surfactant is made of 
phospholipids and proteins in a ratio 90:10, and its physiological concentration has been estimated to 
be approximately 40 g L-1 [4-7]. It is now accepted that the pulmonary surfactant phase represents an 
active barrier of protection against external particles and pathogens. Depending on their size, the 
particles may eventually cross the epithelial barrier and enter the bloodstream. The mechanism of 
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passage through the epithelium barrier, known as translocation, is of paramount importance for 
toxicity and pharmacological studies (Fig. 1b) [8]. The translocation processes are complex and, despite 
continuous efforts and extensive experiments, they are not yet understood.  
The deposition profile of airborne particles in the lungs depends on several factors, such as the size, 
nature and surface reactivity of the particles, as well as the breathing scenario. To provide a 
quantitative estimation of the regional fractional deposit along the pulmonary track, we used the 
Multi-Path Particle Dosimetry software (MPPD from Applied Research Associates, Inc.) [9]. The main 
feature of the regular breathing scenario is that large particles (> 1 µm) are deposited in the upper 
airways, whereas nanometric ones are able to reach the alveolar region [8, 10, 11]. It has been reported 
that inhaled particles of sizes less than 100 nm end up significantly deposited in the alveoli, with a 
regional deposition probability as high as 50% [10]. As such, these nanoparticles are likely to interact 
with the pulmonary fluid. 
 

 
 

Figure 1 : a) Schematic representation of the alveolar region. b) Sketch of a human pulmonary alveolus 
showing the possibility for inhaled particles of nanometric size to cross the air-blood barrier (indicated 
by the red arrow). In the diagram, AT I and AT II cells refer to alveolar Type I and Type II pneumocytes, 
the former covering 95% of the internal surface of the alveolus. The pulmonary surfactant lining the 
alveolar epithelium is produced by the AT II cells. The panel on the left showing the several alveoli is 
adapted from Ref. [1]. 
 
 
Recently, we have investigated the interactions of 40 nm organic and inorganic particles with 
Curosurf®, a lung fluid substitute used as a medication for treatment of respiratory distress syndrome 
[12, 13]. Curosurf® is given to preterm infants who are at high risk of developing acute respiratory 
distress syndrome (ARDS), a syndrome associated with lung fluid deficiency and hyaline membrane 
disease. Randomized studies carried out with Curosurf® have shown a single dose of 200 mg kg-1 
instilled directly into the child's lower trachea is accompanied of a significant reduction in ARDS 
severity, with excellent survival rates [14]. In practice, pulmonary surfactant substitutes such as 
Curosurf® are easier to work with than endogenous surfactant and are considered reliable surfactant 
models. In particular, they have excellent physico-chemical stability over time, which allows extended 
characterization of its structure. Curosurf® bulk solutions are dispersions of spherical multivesicular 
vesicles composed of a mixture of phospholipids and the surface-active proteins SP-B and SP-C [12, 14-
18]. Studies have shown that its interaction with nanoparticles is driven by electrostatics, and result in 
the formation of micron size aggregates, where vesicles maintain their structure and trap the particles 
at their surfaces. The agglomeration of particles in surfactant phase is a phenomenon of importance 
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as it could modulate the particle interaction with the epithelium, increase uptake and translocation. In 
a previous paper we focused on the viscosity change induced by various metal oxide particles [19]. 
Here we focus on the sol-gel transition that occurs in Curosurf® as a function of lipid concentration 
with the addition of alumina nanoplatelets (Al2O3-NPs) at the physiological concentration. We also 
discuss the impact of these transitions on the flow properties of the pulmonary surfactant during 
respiration. 
 
 

II - Materials and Methods 
II.1 – Materials 
Curosurf® (Chiesi Pharmaceuticals, Italy) is a porcine minced pulmonary surfactant extract used in 
neonatal and maternity hospitals mainly in Europe [15]. It is produced as a 80 g L-1 suspension 

containing phospholipids such as phosphatidylcholine (PC) lipids, sphingomyelin (SM), 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG) and the 
hydrophobic proteins SP-B and SP-C [16, 20]. Curosurf® is administered by intratracheal instillation to 
premature newborns with respiratory distress syndrome. The optimum dose of 200 mg per kilogram 
body weight is given in a single bolus by highly trained staff. Three milliliters of Curosurf® at 80 g L-1 
are worth about 1000 €. Curosurf® was kindly provided by Dr. Mostafa Mokhtari and his team from 
the neonatal service at Hospital Kremlin-Bicêtre, Val-de-Marne, France. The suspension appears as a 
whitish and low viscosity fluid.  
Aluminum oxide (Al2O3) nanoparticle powder (Disperal®, SASOL, Germany) was dissolved in a nitric acid 
solution (0.4 wt. % in deionized water) at the concentration of 10 g L-1 and sonicated for one hour [13]. 
In transmission electron microscopy, the particles appear as irregular platelets of diameter 40 nm and 
thickness 10 nm. In solution (pH 4), their colloidal stability is ensured by electrostatic repulsions 
mediated by cationic surface charges (charge density +7.3e nm-2), resulting in an hydrodynamic 
diameter 𝐷𝐻  = 64 nm [21].  
 
II.2 – Structural characterization techniques 
The hydrodynamic diameter 𝐷𝐻  of Curosurf® vesicles was determined on dilute solutions using a 
NanoZS Zetasizer (Malvern Instruments). The second-order autocorrelation function was recorded in 
triplicate (T = 25 °C) and analyzed using the cumulant and CONTIN algorithms to determine the average 
diffusion coefficient, as well as the intensity distribution of the hydrodynamic diameter. Laser Doppler 
velocimetry using the phase analysis light scattering mode was performed also using the NanoZS 
Zetasizer to determine the electrophoretic mobility and zeta potential. At physiological pH, the 
Curosurf® vesicles were found to be negatively charged, with zeta potential values 𝜁 = -54 ± 8 mV [22]. 
Nanoparticle Tracking Analysis (NTA) measurements were performed with a NanoSight LM14 (Malvern 
Instruments, UK), equipped with a sample chamber illuminated by a 532-nm laser. Liquid samples were 
injected in the measuring chamber until the liquid reached the tip of the nozzle. The software used for 
recording and analyzing the data was Nanosight NTA 3.0. The Curosurf® concentrations used in the 
previous experiments have been adjusted so that the results of each technique are optimized. In 
particular, for NTA and NanoZS studies, concentrations were 10-3 g L-1 and 1 g L-1, respectively.  
 
II.3 – Transmission electron microscopy 
For Cryo-TEM, few microliters of a 5 g L-1 Curosurf® dispersion were deposited on a lacey carbon coated 
200 mesh (Ted Pella Inc.). The concentration of 5 g L-1 was chosen because it gives reliable results in 
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terms of the number of observable vesicles. The drop was blotted with a filter paper using a FEI 
VitrobotTM freeze plunger. The grid was then quenched rapidly in liquid ethane to avoid crystallization 
and later cooled with liquid nitrogen [23]. The membrane was transferred into the vacuum column of 
a JEOL 1400 TEM microscope (120 kV). Note that the cryoTEM technique has also limitations, 
particularly with respect to the maximum size of objects that can be visualized. For deformable colloids, 
this size is estimated to be 1 µm. It was hypothesized that vesicles larger than 1 µm are expelled from 
the water film during blotting [24]. 
 
For TEM, a dispersion was prepared by simple mixing Curosurf® and Al2O3-NPs, their final 
concentrations being 80 g L-1 and 1 g L-1 respectively. The dispersion was fixed with 2.5% glutaraldehyde 
and 4% PFA in PBS buffer. The sample was stored in the fixative for 3 h at room temperature and then 
kept at 4 °C. Afterwards, the sample was centrifuged at 500 – 1000 g for 3 min to obtain a pellet. After 
several washing steps in buffer, the sample was subsequently post-fixed in osmium tetroxide, 
dehydrated in an ascending ethanol series and embedded in Epon at 60ºC. The Eppendorf cups were 
then removed, and ultrathin 70-nm sections were cut using an ultramicrotome UC6 (Leica). The 
sections were analyzed with a 120-kV transmission electron microscope Tecnai 12 (ThermoFisher 
Scientific) using the 4-k camera OneView and the GMS3 software (Gatan). 
 
II.4 – Phase-contrast and bright field optical microscopy 
Phase-contrast and bright field images were acquired on an IX73 inverted microscope (Olympus) 
equipped with 20× and 100× objectives. An EXi Blue camera (QImaging) and Metaview software 
(Universal Imaging Inc.) were used as acquisition system.  
 
II.5 – Rheology 
Rheology experiments were performed using a Physica RheoCompass MCR 302 (Anton Paar) working 
with a cone-and-plate geometry (diameter 50 mm, cone angle 1°, sample volume 0.7 mL). The MCR 
302 rheometer was operated in rate-controlled mode for the measurements of the storage and loss 
moduli 𝐺′(𝜔) and 𝐺′′(𝜔) and of the stress versus shear rate curves 𝜎(�̇�). The macrorheology was 
carried out in duplicate at T = 25 °C and 37 °C [25]. Pertaining to their frequency and shear rate 
dependences, the data for elastic moduli and for the shear stress were similar at the two temperatures 
tested, corroborating earlier results from King et al. on other surfactant mimetics (Infasurf) [26]. The 
magnetic wire microrheology technique has been described in previous accounts [27-29]. Curosurf® 
stock suspensions were used as received and diluted to the desired concentrations of 5, 20, 40, 50, 70 
and 80 g L-1 using PBS. A total of 105 wires (contained in 0.5 µL) was then added to 100 µL of the 
previous suspensions and gently stirred. 25 µL of the previous suspension were deposited on a glass 
plate and sealed into to a Gene Frame® (Abgene/Advanced Biotech, dimensions 10×10×0.25 mm3). 
The microrheology protocol is based on the magnetic rotational spectroscopy (MRS) technique. MRS 
consists in applying a rotating magnetic field to a wire and recording its motion by time-lapse 
microscopy. For calibration, MRS was performed on a series of water-glycerol mixtures of increasing 
viscosities. 
 
 

III – Results and discussion 
III.1 – Structure of Curosurf® dispersions 
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Fig. 2a shows an image of a Curosurf® dispersion obtained by Cryo-TEM on a 5 g L-1 sample. The sample 
was obtained by diluting Curosurf® clinical formulation at 80 g L-1 with DI-water. The Cryo-TEM image 
displays multi-lamellar and multi-vesicular vesicles ranging in size from 50 to 500 nm. According to the 
phospholipid terminology, multi-lamellar vesicles exhibit an onion-like layered microstructure whereas 
multi-vesicular vesicles are compartments encapsulating smaller vesicles without concentric 
arrangement. The Cryo-TEM results of Fig. 2a are in good agreement with those of the literature [30, 
31], as well as with the data on porcine surfactant [32]. Additional studies using the nanoparticle 
tracking analysis (NTA) technique on dispersions diluted  in PBS (𝑐 = 10-3 g/L) have allowed to determine 
the number distribution of vesicles as a function of their size. Fig. 2b shows that this distribution has a 
broad maximum around 150-200 nm, followed by a shoulder around 400 nm. This technique allows 
calculation of the volume fraction of vesicles for a given concentration. Here we found a vesicle density 
of 7.4×1011 L-1, leading to the relationship 𝜙 = 5.2 × 10−3𝑐, where 𝑐 is  expressed here in g L-1. In the 
sequel of the paper, we assume that the 𝜙(𝑐)-relation is verified at higher Curosurf® concentration as 
well. As a result, the concentration at which Curosurf® is formulated (80 g L-1) is associated with the 
volume fraction of 𝜙 = 0.42, suggesting that the vesicles are in a crowded environment. In support of 
this result, it should be noted that Lu et al. had found volume fractions of vesicles in the order of 60% 
for Infasurf, another surfactant substitute [33] and more recently Ciutara and Zasadzinski reported 
values in the range 40-50% for Curosurf® and Survanta [34], in good agreement with our results. 
The 𝜙(𝑐)-relationship will be further useful to express the measured viscosity as a function of volume 
fraction and to compare it to rheological models of colloids.  
 

 
Figure 2 : a) Cryo-TEM image of Curosurf® at the concentration of 5 g L-1. b) Vesicle number distribution 
determined by nanoparticle tracking analysis (NTA) on Curosurf® at 10-3 g L-1. The distribution 

(continuous line in black) has been averaged on 4 runs. c) Autocorrelation function 𝑔(2)(𝑡) of the 
scattered light obtained from Curosurf® at 1 g L-1. d) Intensity distributions corresponding to the 
correlograms in c). All experiments were made at room temperature (T = 25 °C). 
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Figs. 2c and 2d show the light scattering data in the form of the second order autocorrelation function 

𝑔(2)(𝑡) and the intensity distribution of the hydrodynamic diameters 𝐷𝐻. We also find here data similar 
to the two previous techniques, with maxima in intensity at 170 and 700 nm. As light scattering is 
sensitive to large objects, this technique highlights the population of vesicles that is larger than the 
number distributions obtained from Cryo-TEM and NTA. Taken together, the data on Curosurf® 
structure reveals an assembly of lipids in lamellar bilayers, and a wide distribution of vesicle sizes from 
50 nm and a few micrometers, with the smallest vesicles being the most numerous. 
 
III.2 – Viscosity of Curosurf® dispersion as a function of the concentration 
During breathing, the volume of the alveolus (Fig. 1) varies by about 10% [35], leading to the 
recirculation and flow of pulmonary surfactant at the interface with air. Such a process is indeed 
dependent on the surface tension and on the viscosity of the fluid. Surprisingly, there are currently few 
rheology measurements of endo- or exogenous pulmonary surfactant [26, 33, 34]. As a vesicle 
dispersion, pulmonary surfactant is expected to behave as a viscous liquid under physiological 
conditions, i.e. at a lipid/protein concentration of 40 g L-1 [4-7]. Given the cost of Curosurf® samples, it 
is more convenient to use microrheology rather than conventional rheometry for a systematic study 
of the viscosity. To this aim we applied the technique of magnetic rotational spectrometry (MRS) in 
which micro-sized magnetic wires are subjected to a rotating magnetic field at increasing angular 
frequency 𝜔. The wires are 10-100 µm long, with a diameter of about 1 µm. Due to their 
superparamagnetic properties, these objects can be actuated, leading to a propeller-like motion. The 
generic model of magnetic wire embedded in a viscous Newton liquid of static shear viscosity 𝜂 has 
been derived [36, 37]. It predicts that at low frequency, the wire rotates in phase with the field; the 
motion is synchronous. With increasing 𝜔, the friction torque increases and above a critical value noted 
𝜔𝐶  the wire undergoes a transition towards an asynchronous regime at [36, 37]: 
 

𝜔𝐶 =
3

8𝜇0

Δ𝜒

𝜂

𝐵2

𝐿∗2                                                                                   (1) 

 
In Eq. 1, 𝜇0 is the vacuum permeability, Δ𝜒 the anisotropy of susceptibility between parallel and 

perpendicular wire direction and 𝐿∗ = 𝐿 𝐷√𝑔(𝐿 𝐷⁄ )⁄ , with 𝑔(𝑥) = 𝑙𝑛(𝑥) − 0.662 + 0.917𝑥 −
0.050𝑥2 [27]. With MRS, the simplest method to determine 𝜂 is to measure the critical frequency 𝜔𝐶  

as a function of the reduced wire length 𝐿∗, and to verify the 𝐿∗−2-dependence in Eq. 1. The static 
viscosity is then retrieved from the value of the prefactor featuring in Eq. 1, 3Δ𝜒𝐵2/8𝜇0𝜂.  
 
MRS microrheology experiments have been performed at 25 °C as a function of the lipid/protein 
concentration, from 0 to 80 g L-1. In this range, experiments have displayed a wire behavior that is 
characteristic of Newtonian fluids. At the highest concentrations (80 g L-1) the viscosity was found to 
be 22 ± 3 mPa s, around 25 times that of the solvent. Fig. 3 shows the variation of the viscosity of 
Curosurf® dispersions as a function of the vesicle volume fraction 𝜙, this later quantity being computed 
from the NTA results. At 𝜙 less than 10%, the data show Einstein-like linear behavior characteristic of 
dilute colloids. Above, the increase is stronger and attributed to interparticle interaction [38]. In 
parallel we performed macroscopic rheometry measurements with a Physica RheoCompass MCR 302 
(Anton Paar) working with a 50 mm wide cone-and-plate geometry at the two reference 
concentrations, 40 and 80 g L-1. Both frequency and shear rate sweeps were performed at 25 and 37 
°C, leading to data of the loss modulus 𝐺"(𝜔) and shear stress 𝜎(�̇�), where �̇� denotes the shear rate. 
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The viscosity of Curosurf® did not show much difference between room and physiological temperature. 
These results disclose a Newtonian behavior for the 40 g L-1 sample and a slightly viscoelastic behavior 
for the 80 g L-1. In contrast to Ciutara and Zasadzinski [34], no yield stress behavior was found in the 
Curosurf® samples studied here. Of note here, the data from cone-and-plate rheology show good 
agreement with those of MRS technique (Fig. 3b). We have reported on the figure the Krieger-
Dougherty law found for a wide variety of colloidal particles [39]: 
 

𝜂(𝜙) = 𝜂𝑆 (1 −
𝜙

𝜙𝑚
)

−2

                                                                   (2) 

 
In Eq. 2, 𝜂𝑆 is the solvent viscosity and 𝜙𝑚 is the maximum-packing volume fraction at the sol-gel 
transition. Dispersions above 𝜙𝑚 exhibit the properties of yield stress materials, i.e. materials that can 
flow if they are mechanically subjected to shear stresses above a critical value. For Curosurf®, we found 
a maximum-packing volume fraction of 𝜙𝑚 = 0.62, in good agreement with experiments on 
concentrated colloidal dispersion and theory [40, 41]. 
 

 
Figure 3 : a) Tools used to measure the static viscosity of Curosurf® dispersions. Microrheology 
experiments on magnetic wire can be performed with samples of less than 10 µL, whereas the Cone-
and-Plate (CP) rheometer require around 1 mL of sample. b) Static viscosity of Curosurf® dispersions as 
a function of the volume fraction in vesicles. The dotted line is obtained from the Einstein linear 
dependence and the continuous line is from the Krieger-Dougherty law (Eq. 2) [38, 39]. 
 
 
III.3 – Impact of alumina nanoplatelets on the surfactant rheology 
III.3.1 – Modification of Curosurf® microstructrure in presence of alumina nanoplatelets 
Here, we estimate the concentrations of nanoparticles in the alveolar region of the lungs that are 
consistent with actual air pollution by PM10. For this purpose, we consider the case of airborne particle 
densities in the 100 µg m-3 range, which are values commonly found, and in some cases exceeded in 
polluted city centers [42, 43]. According to European air quality indices, such PM10 densities 
correspond, to a very poor to hazardous air quality for humans. Based on estimations made by Schleh 
et al. [30] on sub-100 nm TiO2 nanoparticles, the corresponding mass of particles deposited in the 
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alveoli amounts at 360 µg per day. Similar calculations by Geiser and Kreyling [10] using a particle 
deposition fraction of 0.30 lead to a daily dose of 280 µg deposited in the alveolar region. Assuming 
that the volume of pulmonary surfactant in humans is around 25 mL and distributed over 300 million 
alveoli [2], we end up with a pulmonary surfactant volume of 80 pL per alveolus, and a daily 
concentration in the pulmonary surfactant of (12 – 16)×10-3 g L-1. If, in addition, one assumes that 
these daily levels can be cumulative, it is reasonable to consider as realistic a broader range for the NP 
concentration, say between 𝑐𝑁𝑃 = 10-3 and 0.1 g L-1. In this type of estimation, it should be kept in mind 
that previous estimates depend on a variety of factors, such as the nature and physico-chemical 
properties of the particles and that some of these factors are still under debate [10]. 
 

 
Figure 4 : a) Transmission electron microscopy (TEM) images of a Curosurf® dispersion at lipid/protein 
concentration of 80 g L-1 showing multilamellar and multivesicular vesicles. b) TEM image of positively 
charged alumina nanoplatelets of size 40 nm (platelet diameter) and dispersity 𝑠 = 0.30. 𝑠 is defined as 
the ratio between the standard deviation and the mean. c,d) TEM images of a multivesicular vesicle 
after interacting with Al2O3-NPs. The lipid/protein and alumina concentrations are 80 g L-1 and 𝑐𝑁𝑃 = 1 
g L-1, respectively. e,f) Boxed areas showing a close-up view of the multivesicular vesicles in c) and d) 
respectively showing Al2O3-NPs adsorbed at the lipid membranes.  
 



Monday, April 11, 22 

 
 

 

9 

 
To evaluate the impact of Al2O3-NPs on Curosurf® we performed TEM and rheology experiments on 
pristine Curosurf® and on Al2O3/Curosurf® mixtures. Fig. 4a shows a TEM image of a Curosurf® 
dispersion at a lipid/protein concentration of 80 g L-1 after fixation with glutaraldehyde and labeling 
with osmium. Following fixation, the sample was microtomized into 70 nm sections, which were then 
deposited on a TEM grid. The figure shows the presence of a 2.7 µm large multivesicular vesicle 
together with several enclosed uni/multilamellar substructures. Lipid membranes are clearly visible, as 
are neighboring vesicles, the proximity of which confirms the finding of a crowded state for the clinical 
formulation. The observed fluctuations in the membrane contours are related to surface tension or 
elastic properties of the lipid bilayer. Alumina NPs obtained by TEM from a 𝑐𝑁𝑃 = 1 g L-1 dispersion 
deposited on a TEM grid show anisotropic nanoparticles, with a main diameter of 40 nm, and dispersity 
0.30 (Fig. 4b). The thickness of these nanoplatelets is estimated to be about 10 nm [13]. Fig. 4c and 4d 
displays a TEM image of a multivesicular vesicle after interacting with Al2O3-NPs. Compared to Fig. 4a, 
the structure has been profoundly modified. The image reveals a froth-like arrangement with 
membrane compartments that no longer resemble those of pristine vesicles. On the other hand, the 
contrast of the membranes is more irregular, a phenomenon that is linked to the presence of 
nanoplatelets adsorbed on the lipid bilayers. Enlarged views of selected areas displaying Al2O3-NPs are 
shown in Fig. 4e and 4f. In these examples, it is found that the NPs come into contact and adhere to 
the lipid membranes, a result that has been attributed to electrostatic interaction [13]. We recall here 
that the surface charge density of alumina NPs and Curosurf® are of +7.3 e nm-2 and -0.19 e nm-2 
respectively [22], and we ascribe the patterned structure of Fig. 4e and 4f to the high density of positive 
charges carried by the alumina NPs. 
 
III.3.2 – Rheology of Al2O3/Curosurf® 
It was by observing Al2O3/Curosurf® samples under optical microscopy that we noticed an abnormal 
behavior regarding the vesicle Brownian dynamics. The upper panel of Fig. 5a shows a 40× magnified 
image of a 40 g L-1 dispersion obtained by phase contrast microscopy. At this magnification, we observe 
a continuum of intensity that is spatially heterogeneous, and that comes from vesicles above and below 
the focal plane of observation. Vesicles in the focal plane are also clearly identifiable. In this 
configuration we collected the light transmitted by the camera over 5 minutes. This intensity in Fig. 5a 
(lower panel) exhibits large fluctuations coming from the Brownian motion of the vesicular objects. For 
Curosurf® the amplitude distribution of these fluctuations was found to be Gaussian-like [19]. Fig. 5b 
illustrates a zone of identical size for the Al2O3/Curosurf® mixture at concentration 0.5 g L-1 / 40 g L-1. 
The samples with and without NPs appear identical under phase contrast microscopy. However, strong 
differences are observed in the fluctuations of the transmitted light (lower panel of Fig. 5b). The 
intensity collected for Al2O3/Curosurf® reveals fluctuation which amplitudes are barely perceptible to 
the eye. These results suggest that the addition of NPs to Curosurf® has induced a transition to a 
dynamic arrested state, which we now investigate in microrheology.  
 
In the high frequency range, the generic behavior of magnetic wires subjected to a rotating magnetic 
field can be summarized as follows [19]. Purely viscous fluids undergo a transition towards 
asynchronous motion with back-and-forth oscillations above a critical frequency 𝜔𝐶, whereby the 
oscillation amplitude decreases as 𝜃𝐵(𝜔) ~ 𝜔−1. For viscoelastic or soft solids, an asynchronous 
regime is found at all frequency and 𝜃𝐵(𝜔) reflects the elastic response of the material. Fig. 5c displays 
the wire oscillation amplitudes as a function of the reduced frequency 𝜔/𝜔𝐶 for Curosurf® 40 and 80 
g L-1. Wires between 20 and 80 µm were used in these measurements. At 40 g L-1, 𝜃𝐵(𝜔) decreases 
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with increasing frequency in accordance with the Newton constitutive equation prediction [36, 37]. In 
the 𝜃𝐵(𝜔/𝜔𝐶)-representation used here, the continuous line is obtained with no adjustable parameter 
and it accounts well for the data. At 80 g L-1, a strong decay of 𝜃𝐵(𝜔) is also observed as a function of 
frequency. However, it is found to deviate slightly from Newton's prediction, a result that is interpreted 
as the onset of viscoelasticity. The data is however very close to that of the 40 g L-1 sample, which 
allows us  
 

 
Figure 5 : a) Upper panel: Phase contrast microscopy images of a 40 g L-1 Curosurf® dispersion. The 
square indicates the domain where transmitted light intensity (lower panel) was collected as a function 
of time. b) Same as in a) for Curosurf® loaded with 0.5 g L-1 of alumina nanoplatelets. c) Oscillation 
amplitude 𝜃𝐵(𝜔/𝜔𝐶) observed in the asynchronous regime for Curosurf® at 40 and 80 g L-1 (T = 25 °C). 
The continuous line is the constitutive equation solution for Newtonian fluid. Inset: Time dependence of 
the wire orientation angle 𝜃(𝑡) showing the definition of the back angle 𝜃𝐵. d) Oscillation amplitude 
𝜃𝐵(𝜔) measured in Curosurf® loaded with alumina particles ( 𝑐𝑁𝑃 = 0.19 g L-1) using 12 wires of lengths 
between 13.6 and 42.2 µm.  
 
 
to conclude that Curosurf® behaves globally as a purely viscous fluid in the studied concentration 
range. When minute amounts of Al2O3-NPs are added, typically for concentrations below 0.1 g L-1, the 
same Newtonian fluid-like behavior was also observed [19].  
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For concentrations above 𝑐𝑁𝑃 = 0.1 g L-1 however, the dispersions exhibit the arrested dynamic regime 
described in Fig. 5b, and the wire motion has the signature of a soft solid material. Fig. 5d displays the 
oscillation amplitude 𝜃𝐵(𝜔) as a function of the frequency at 𝑐𝑁𝑃 = 0.49 g L-1 and for wires comprised 
between 13 and 42 µm. It is found that 𝜃𝐵(𝜔) exhibits a plateau at low frequency, noted 𝜃𝐵,𝑒𝑞  followed 

by a modest decrease above 1 rad s-1. According to the constitutive equations developed for soft solids 
[29], the low frequency limit is linked to the equilibrium storage modulus 𝐺𝑒𝑞  through the relation: 

 

lim
𝜔→0

𝜃𝐵(𝜔) = 𝜃𝐵,𝑒𝑞 = 3𝜇
0
Δ𝜒𝐻2/4𝐿∗2

𝐺𝑒𝑞                                          (𝐸𝑞. 3) 

 
For a soft solid, 𝐺𝑒𝑞  characterizes the quasi-static elastic response of the material, i.e. as 𝜔 goes to 

zero. Similarly, the infinite frequency limit of the oscillation amplitude is related to the instantaneous 
elastic shear modulus 𝐺 by the expression :  
 

lim
𝜔→∞

𝜃𝐵(𝜔) =
𝜃0𝜃𝑒𝑞

𝜃0 + 𝜃𝑒𝑞
 and 𝜃0 = 3Δ𝜒𝐵2/4𝜇0𝐺𝐿∗2                                    (4) 

 
The analysis of the behavior of about ten wires in the samples at 𝑐𝑁𝑃 = 0.19 and 0.49 g L-1 leads to 
elastic modulus values in the range 0.02 – 0.2 Pa. These elasticity values are low, and the dispersions 
are therefore considered as soft solids. Table 1 compares the microrheology results obtained on 
Curosurf® samples without and with Al2O3-NPs. We attribute the sol-gel transition to the formation of 
a cross-linked network between the Curosurf® vesicles, the cross-linkers being the alumina NPs, as 
suggested by the results in Figs. 4c and 4d. Under such conditions, it is conceivable that the presence 
of large numbers of NPs in the most distal region of the lungs could have harmful effects on the 
recirculation of pulmonary surfactant occurring in the lumen of the alveoli.  
 

Sample Model fluid 
𝜼 

(mPa s) 
Sync./Async. 

transition 
𝑮𝒆𝒒 

(Pa) 
𝑮 

(Pa) 

Curosurf® 40 g L-1 Newton 5 ± 1 yes 0 0 

Curosurf® 80 g L-1 Newton 22 ± 3 yes 0 0 

Al2O3/Curosurf® 
0.19/44 g L-1 

Soft solid ∞ no 
0.016 
± 0.01 

0.11 
± 0.03 

Al2O3/Curosurf® 
0.49/44 g L-1 

Soft solid ∞ no 
0.18 

± 0.05 
0.24 

± 0.06 

 
Table 1: Summary of microrheology experiments conducted on Curosurf® at physiological 
concentration (40 g L-1) and on the clinical formulation (80 g L-1) without added particles, as well as on 
44 g L-1 formulations containing 𝑐𝑁𝑃 = 0. 19 and 0.49 g L-1 of alumina nanoplatelets.  
 
 

IV – Conclusion 
We report on the structural and dynamical properties of the pulmonary surfactant substitute Curosurf® 
which is administered to premature babies as prophylaxis for the treatment of respiratory distress 
syndrome at birth [14]. Using spectrometry for deciphering Curosurf® structure, we find that the 
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clinical dispersion is made of phospholipids assembled in multivesicular vesicles characterized by a 
wide distribution of sizes between 50 nm and 5 µm. Using an active microrheology technique refereed 
to magnetic rotational spectrometry and based on the magnetic rotation of micron-sized wires, we 
measure the Curosurf® viscosity for concentration ranging from 0 to 80 g L-1 and found a Newtonian 
behavior, the static shear viscosity increasing according to the Krieger-Dougherty behavior. Upon 
addition of 40 nm alumina nanoplatelets to Curosurf® at concentration above 0.1 g L-1, we observe a 
significant change in the structure and rheology of the dispersion. The change in the flow properties is 
consistent with the appearance of a gel phase, with an infinite viscosity and a zero-frequency elastic 
modulus. The MRS technique is quantitative and allows to determine the elastic moduli, around 0.1 
Pa. This outcome is interpreted by the interaction of the Al2O3-NPs that establish a crosslink between 
the lipid vesicles, forming thereby a percolating network. Under such conditions, it is conceivable that 
the presence of large numbers of NPs in the distal region of the lungs could have harmful effects on 
the recirculation of pulmonary surfactant occurring in the lumen of the alveoli. This result could 
indicate a potential toxicity associated with the modification of the lung fluid rheology.  
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