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For applications of pulmonary surfactant delivery to the lungs, the question of rheology of the existing clinical formulations is of upmost importance. Recently, Ciutara and Zasadsinky (Soft Matter, 2021, 17, 5170-5182) measured the rheological properties of Infasurf®, Survanta® and Curosurf®, three of the most used pulmonary surfactant substitutes. This study revealed that these fluids are shear-thinning and characterized by a yield stress. The results obtained by Ciutara et al. on Curosurf® differ from our results published in Colloids and Surfaces B: Biointerfaces, 2019, 178, 337-345 and in ACS Nano, 2020, 14, 466 -475. In contrast, we found that Curosurf® suspensions are viscous Newtonian or slightly shear-thinning fluids, with no evidence of yield stress. The purpose of this Comment is to discuss possible causes for the discrepancy between the two studies, and to suggest that for biological fluids such as surfactant substitutes, the microrheology technique of rotational magnetic spectroscopy (MRS) can provide valuable results.

Introduction:

In the lungs, the alveoli form a froth-like structure and provide a large area that favors the transfer of the oxygen into the bloodstream and the carbon dioxide from the bloodstream into the exhaled air. 1,[START_REF] Notter | Lung Surfactant: Basic Science and Clinical Applications[END_REF] In mammals, the alveoli are constituted by an epithelium wall of thickness around 1 μm. One side of this epithelium is covered with lung lining fluid, also known as pulmonary surfactant and on the other side it is surrounded by blood capillaries. The pulmonary surfactant is made of phospholipids and proteins in a ratio 90:10 at the physiological concentration of 40 g L -1 . [START_REF] Hobi | [END_REF][4][5][6] The role of surfactant is to reduce the surface tension with the air and to prevent alveolar collapse and expansion during breathing 7,8 With regard to the inhalation of airborne nanoparticles, the pulmonary surfactant also represents an active protective barrier against external particles and pathogens. 9,10 In practice only few studies have investigated human or animal native (i.e. endogenous) pulmonary fluids, the reason being that they are difficult to extract, purify and condition to obtain significant reproducible data. [START_REF] Notter | Lung Surfactant: Basic Science and Clinical Applications[END_REF]8 Researchers have turned to pulmonary surfactant substitutes (i.e. exogenous), such as Infasurf®, Survanta® and Curosurf®, which are medications for treatment of preterm infants with acute respiratory distress syndrome (ARDS), a syndrome associated with the hyaline membrane disease. 11,12 The structural properties of exogenous surfactant are now well documented. Curosurf® for instance has been studied in details, and electron and optical microscopy have shown that the lipids associate into membranes to form multi-lamellar and multivesicular vesicles with size between 50 nm to 5 µm. [13][14][15] In contrast, their flow properties are much less known. However, these properties are critical in surfactant replacement strategies for children and adults 11,12,[START_REF] Lenclud | Curosurf® in Adult Acute Respiratory Distress Syndrome Due to COVID-19 (Caards-1)[END_REF] where fluid velocity in successive bifurcations can vary from 1 m s -1 in the trachea to 10 -3 m s -1 in the distal region of the lungs. [START_REF] Kazemi | [END_REF] Given the importance of the rheological properties of lung fluids for biomedical applications, it is surprising that only few rheology experiments have been performed yet. [18][19][20] Recently, Ciutara et al. measured the flow properties of Infasurf®, Survanta® and Curosurf® using cone-and-plate rheometry. 21 These authors were able to produce a consistent set of data showing that the three fluids were shear-thinning and characterized by a yield stress (𝜎 𝑌 ), implying that these fluids flow if a stress applied to the sample is greater than 𝜎 𝑌 . [22][23][24] In 𝜂(𝜎)flow curves, where 𝜂(𝜎) is the shear viscosity at the applied shear stress 𝜎, the existence of a threshold stress is seen by a sharp decrease in viscosity at 𝜎 = 𝜎 𝑦 (Figure 2 from Ref. 21 ). The yield stress values obtained were on the order of 𝜎 𝑦 = 0.02 Pa for Infasurf® and Curosurf®, and 𝜎 𝑦 = 1 Pa for Survanta®. The existence of residual elasticity at low frequencies has also been confirmed by the authors in linear rheology measurements, where the elastic and loss moduli 𝐺 ′ (𝜔) and 𝐺 ′′ (𝜔) show scaling laws as a function of the frequency with exponents around 0.4, together with the inequality 𝐺 ′ (𝜔) > 𝐺 ′′ (𝜔).

The results obtained by Ciutara et al. on Curosurf® differ from our results acquired by cone-andplate rheometry and by microrheology techniques. 25 The microrheology experiments were performed at Curosurf® concentrations between 5 and 80 g L -1 using remotely operated magnetic wires submitted to a rotating field. As described below, monitoring the wire behavior as a function of frequency provides access to the static shear viscosity and elastic modulus. These results were published in 2019 in the reference: 25 337-345 (2019). In this report, we find, in contrast to Ciutara et al. 21 that Curosurf® suspensions are viscous Newtonian or slightly shear-thinning fluids (depending on the concentration), with no evidence of a yield stress behavior. For applications of mimetic surfactant delivery, the question of rheology and in particular whether or not they are yield stress fluids is paramount. Such applications include surfactant replacement strategies applied to adults suffering from COVID-19 infection [START_REF] Lenclud | Curosurf® in Adult Acute Respiratory Distress Syndrome Due to COVID-19 (Caards-1)[END_REF][START_REF] Filoche | Proc. Natl. Acad. Sci[END_REF][START_REF] Grotberg | [END_REF] or less invasive surfactant administration (LISA) technologies for preterm infants. 28 In what follows, we first compare our macroscopic rheological data with those of Ciutara et al. 21 and recall the salient features of microrheology before concluding on the rheology of Curosurf®.

Comparison of rheological data from Ciutara et al. 21 and Thai et al. 25 : Fig. 1 compares the results obtained by the two groups in dynamical frequency sweeps for 𝐺 ′ (𝜔) and 𝐺 ′′ (𝜔) and at 40 and 80 g L -1 . All 𝜔-dependence can be accounted for by scaling laws of the form 𝐺 ′ (𝜔) ~ 𝜔 𝛼 and 𝐺 ′′ (𝜔) ~ 𝜔 𝛽 , as indicated by the straight lines fitting the data points. In Fig. 1, the exponents 𝛼 and 𝛽 equal 0.39 and 0.43 for the 80 g L -1 data from Ciutara et al., 21 and 𝛽 equals 0.95 and 0.75 from Thai et al. for 40 and 80 g L -1 , respectively. 25 Regarding 𝐺 ′′ (𝜔), the power law exponents and magnitudes differ, except at the highest frequency (~ 10 rad s -1 ) where they appear to intercept. The storage modulus 𝐺 ′ (𝜔) was also measured in the work of Thai et al. 25 In Supplementary Information S1, we show the strain (Fig. S1a) and frequency (Fig. S1b) sweep results obtained on Curosurf® 80 g L -1 . In Fig. S1b, 𝐺′(𝜔) is found to vary between 2×10 -3 and 2×10 -2 Pa in the range 0.1-10 rad s-1 and it is lower than 𝐺′′(𝜔). For G'(ω), data above 10 rad s-1 were removed from the plot, because in this range, G'(ω) was found to decrease with frequency. Because the 𝐺 ′ (𝜔)-data was not available across the entire frequency domain, it was decided not to include these data in the Thai et al. 2019 paper 25 or in the main text of this Comment. Taken together, both strain and frequency sweeps, in the ranges 0.5-100% and 0.1-10 rad s -1 show that Curosurf® 80 g L -1 is viscoelastic and characterized by a linear response dominated by the viscous part of the complex elastic modulus, i.e. 𝐺 ′′ (𝜔) > 𝐺 ′ (𝜔). 21 on Curosurf® suspensions at 40 and 80 g L -1 .The data in yellow are those of Fig. 5 in Ref. 21 An additional discrepancy between the two papers concerns steady shear data, where stress and viscosity are measured as a function of shear rate 𝛾̇. Figs. 2a and2c displays the stress versus shear rate 𝜎(𝛾̇) curves obtained for Curosurf® 80 g L -1 at 25 °C and 37 °respectively, whereas Figs. 2b and2d show the corresponding viscosity 𝜂(𝛾)-data. In Ciutara et al., 21 steady shear rheology was performed as a function of 𝛾̇ over the range 10 -2 -10 3 s -1 , the waiting time between each subsequent shear rate being 10 seconds. In Thai et al., 25 the stress versus shear rate curve was measured following first a ramp of velocity gradients starting from 10 -2 to 1000 s -1 (red dots), the entire scan lasting 15 minutes (measuring time 10 seconds and waiting time 20 seconds). At 1000 s -1 , the shear rate was decreased down to 10 -2 s -1 under similar waiting and measurement time conditions (blue dots). Following the approach suggested by Ovarlez and coworkers for complex fluids, 22,29 only the downward ramp data were considered in the Thai et al. paper, 25 as they allow overcoming the transient responses between two consecutive rates more easily than using an upward ramp. Moreover, in the published data (Fig. 2b in Ref. 25 ), only viscosity and stress values that were identical on the upward and downward ramps were retained, limiting the data to the 1 -1000 s -1 region. An interesting result here is that there is a reasonable overlap of the 𝜎(𝛾) ̇ and 𝜂(𝛾) ̇-data between the measurements by Thai et al. 25 and Ciutara et al., 21 typically above 5 s -1 . The differences between the upward and downward ramps suggest the existence of transient responses in the low shear rate domain, reminiscent of results found in the surfactant phases of wormlike micelles [START_REF] Lerouge | Polymer Characterization: Rheology, Laser Interferometry, Electrooptics[END_REF] and bilayers. [START_REF] Berni | [END_REF][32][33] Note that although Curosurf® membrane has the gel-to-fluid transition temperature at 29.5 °C (Supplementary Information S2), the Curosurf® viscosities at 25 and 37°C exhibit similar shear-thinning behaviors above 1 s -1 , indicating a weak temperature dependence (Supplementary Information S3). In conclusion of this part, we cannot exclude that the differences between the measurements in the two groups are due to the different protocols used. The results of both studies are close to each other for 𝐺 ′′ (𝜔) at high angular frequency and for the shear stress at high shear rates, but differ in the low frequency and shear rate regions. 25 following a ramp of velocity gradients from 10 -2 to 1000 s -1 (resp. from 1000 s -1 to 10 -2 s -1 ), whereas the data in yellow are from Ciutara et al. 21 

Magnetic wire active microrheology data on Curosurf® as a function of the lipid concentration

Recently, we applied the magnetic rotational spectroscopy (MRS) technique to determine the viscoelastic properties of complex fluids such as surfactant wormlike micelles, 34 polysaccharide gels, 35 the cytoplasm of living cells, 36 DNA strands complexed with amyloid fibers 37 and pulmonary mucus. 38 As mentioned above, it has also been applied to Curosurf® samples as a function of the concentration and in the presence of engineered nanoparticles, as shown in Thai et al, ACS Nano 14, 466 -475 (2020). 39 With MRS, magnetic wires of length between 1 and 100 µm, and of diameters 200 nm to 2 µm are submitted to a rotational magnetic field at increasing angular frequency 𝜔 and the wire motion is monitored by time-lapse microscopy. In its current configuration, the MRS allows to measure viscosity between 10 -3 and 10 3 Pa s and elasticity from 0.1 to 100 Pa over a frequency range between 10 -3 and 100 rad s -1 . The generic model of magnetic wire embedded in a viscous Newton liquid of static shear viscosity (Fig. 3a) 𝜂 predicts that at low frequency the wire rotates in phase with the field, leading to a synchronous motion. 40 With increasing 𝜔, the friction torque increases and above the critical value 𝜔 𝐶 the wire undergoes a transition towards an asynchronous regime at: 40

𝜔 𝐶 = 3 8𝜇 0 Δ𝜒 𝜂 𝐵 2 𝐿 * 2 (1) 
In Eq. 1, 𝜇 0 is the vacuum permeability, Δ𝜒 the anisotropy of susceptibility between parallel and perpendicular wire direction, 𝐵 the magnetic field and 𝐿 * = 𝐿 𝐷√𝑔(𝐿 𝐷 ⁄ ) ⁄

, with 𝑔(𝑥) = 𝑙𝑛(𝑥) -0.662 + 0.917/𝑥 -0.050/𝑥 2 . 34 With MRS, the simplest method to retrieve 𝜂 is to measure the critical frequency 𝜔 𝐶 as a function of the reduced wire length 𝐿 * and to verify the 1/𝐿 * 2dependence. The static viscosity is then determined from the prefactor 3Δ𝜒𝐵 2 /8𝜇 0 𝜂. We further developed the concept of rotating wires applying it in soft solids such as crosslinked polysaccharide gels. 35 For soft solids, the critical frequency 𝜔 𝐶 is identically zero whatever the frequency, and the wires oscillates between two symmetric orientations of amplitudes 𝜃 𝐵 (𝜔). This behavior can be understood with the help of Eq. 1 by assuming an infinite value for the viscosity, or equivalently by the fact that the stress applied is lower than that of the yield stress, the material being solely subjected to a deformation. In the asymptotic low and high frequency regimes, one gets for soft solids: 35 where 𝜃 𝑒𝑞 = 3Δ𝜒𝐵 2 /4𝜇 0 𝐺 𝑒𝑞 𝐿 * 2 and 𝜃 0 = 3Δ𝜒𝐵 2 /4𝜇 0 𝐺𝐿 * 2 (2𝑏)

where 𝐺 𝑒𝑞 and 𝐺 denote the equilibrium and static storage elastic moduli, respectively. Table 1 summarizes the generic behaviors of a magnetic wire subjected to a rotating field as a function of frequency when placed in one of the four basic models of rheology, i.e. those of Newton, Maxwell, the Standard Linear Solid and Hooke. 41,[START_REF] Larson | The Structure and Rheology of Complex Fluids[END_REF] The signatures of each model are clearly established, and show that the MRS method can differentiate between a viscous fluid and a soft solid. This can be achieved by studying the occurrence of the synchronous/asynchronous transition (column 4, Table 1) or the oscillation amplitude as a function of frequency (column 5, Table 1). We will use the predictions in Table 1 to identify the rheological nature of the Curosurf® (Fig. 3b).

Fig. 3c displays the ratio 8𝜇 0 𝜂𝜔 𝐶 /3Δ𝜒𝐵 2 as a function of the reduced wire length 𝐿 * for Curosurf® samples at concentration 5, 20, 40, 50, 70 and 80 g L -1 . The data points are found to collapse on a single master curve displaying the 1/𝐿 * 2 -dependence (straight line). This set of results shows that according to Table I, all the samples studied obey a Newton or Maxwell type behavior. The data on the oscillation amplitude in Ref. 25 confirm that at physiological concentration 𝜃 𝐵 (𝜔)~𝜔 -1 and that lim 𝜔→∞ 𝜃 𝐵 (𝜔) = 0, suggesting finally a Newton-like behavior.

At the concentration of the clinical formulation (80 g L -1 ), 𝜃 𝐵 (𝜔) was found to deviate slightly from the Newton prediction, an outcome that was interpreted as the onset of viscoelasticity and could also be linked to the shear-thinning behavior in steady shear. 41,[START_REF] Larson | The Structure and Rheology of Complex Fluids[END_REF] The synchronous-asynchronous transition observed ion Curosurf® 40 g L -1 can be viewed in the Supporting Information movies in Refs. 25,39 . The values of the static viscosity used to construct the master diagram in Fig. 3c are displayed in Fig. 3d as a function of the Curosurf® concentration. At low concentration, 𝜂(𝑐) is increases linearly (dotted line) and deviates from the linear behavior above 40 g L -1 . The continuous line through the data points was obtained using a modified Krieger-Dougherty equation, [START_REF] Krieger | [END_REF] 𝜂(𝑐) = 𝜂 𝑆 (1 -𝑐/𝑐 𝑚 ) -2 where 𝜂 𝑆 is the solvent viscosity, 𝑐 𝑚 the concentration at which the viscosity diverges and where the exponent in the function (1 -𝑐/𝑐 𝑚 ) was set to -2. 44 For Curosurf®, we found 𝑐 𝑚 = 117 g L -1 . Assuming that 𝑐 𝑚 is related to the maximum-packing volume fraction 𝜙 𝑚 of vesicles and that its value for dispersed colloids is 0.63, 45,46 we end up with a volume fraction for the Curosurf® formulated at 80 g L -1 of 𝜙 = 0.42, in good agreement with recent literature determinations. 20,21 Fitting the viscosity data using the Krieger-Dougherty three-parameter model [START_REF] Krieger | [END_REF] yields a similar continuous line in Fig. 3d, with 𝑐 𝑚 = 101 g L -1 and an exponent equal to 1.54. As a conclusion to this section, we have found that the results of microrheology on Curosurf®, whether as a function of frequency or concentration, are consistent with a description in terms of colloidal suspensions that is below the critical volume fraction 𝜙 𝑚 . In contrast to the paper by Ciutara et al., 21 all studied suspensions were of Newton type (or slightly viscoelastic)) and no yield stress behavior could be evidenced.

Rheological model

Static shear viscosity

In the course of this work, we questioned the ability of the MRS technique to detect low yield stresses (< 1 Pa), such as those reported by Ciutara et al. 21 for mimetic surfactants. In practice, we cannot exclude cases where the wires driven by the rotating magnetic field would disrupt the vesicle network, and locally induce flow. To answer this question, we return to the recent study we did on the effects of engineered nanoparticles on Curosurf® rheology. In this work, we studied the effects of 40 nm cationic silica (SiO2) and alumina (Al2O3) nanoparticles on Curosurf® properties formulated in physiological conditions. It was found that particles interact strongly with Curosurf® vesicles, inducing profound modifications in the surfactant flow properties. In particular, we could show that above the alumina concentration of 0.1 g L -1 , Curosurf® underwent a rheological transition, from a purely viscous liquid to a soft solid behavior (described by the Standard Linear Model in Table 1). The transition was interpreted in terms of a bond percolation network, the particles acting as cross-links to the vesicles. Interestingly, the equilibrium elastic modulus 𝐺 𝑒𝑞 in Al 2 O 3 -Curosurf® mixtures (Eq. 2) was found in the range 0.01 -0.1 Pa, and increasing with the particle concentration. For Curosurf® at 80 g L -1 , Ciutara et al. found low frequency storage modulus of the order of 0.1 Pa (Fig. 1), suggesting that if the Curosurf® formulation studied in Refs. 25,39 had been a soft solid with a finite yield stress, the MRS technique should have be able to detect it, which was not the case. These latter results represent a further indication of the differences in rheological response of Curosurf® studied by Thai. et al. 25 and by Ciutara et al. 21 . 

Conclusion:

We have shown in this Comment that from the macroscopic rheology and active microrheology data operating on the MRS principle, the Curosurf® samples showed, at all concentrations studied, a Newtonian or slightly viscoelastic behavior, in contradiction with the results from Ciutara et al. 21 who proposed that pulmonary surfactants are yield stress fluids. The concentrated Curosurf® suspension shows flow curves that suggest transient responses at low shear rates, as illustrated by the differences between the up-and downward ramps in Fig. 2. It should be recalled that many complex self-assembled fluids, including surfactant lamellar phases show transient behavior at low velocity gradients that can last for from minutes to hours. [START_REF] Berni | [END_REF][32][33] Step shear rate experiments over extended periods of time are well suited to monitor these transient responses. They are however difficult to perform on Curosurf® because of the large amount of sample required. Here we show that difficulties inherent to classical rheometry, and in particular with regard to yield stress identification, [22][23][24] can be solved using our wire-based microrheology technique.

Figure 1 :

 1 Figure 1 : Compilation of data of 𝐺 ′ (𝜔) and 𝐺 ′′ (𝜔) measured by Thai et al. (T = 25 °C)25 and by Ciutara et al. (T = 37 °C)21 on Curosurf® suspensions at 40 and 80 g L -1 .The data in yellow are those of Fig.5in Ref.21 

Figure 2 :

 2 Figure 2 : a, b) Shear stress and viscosity versus shear rate curves for Curosurf® 80 g L -1 at T = 25 °C. c,d) Same as in a) and b) for T = 37 °C. The data in red (resp. blue) are from Thai et al.25 following a ramp of velocity gradients from 10 -2 to 1000 s -1 (resp. from 1000 s -1 to 10 -2 s -1 ), whereas the data in yellow are from Ciutara et al.21 

Figure 3 :

 3 Figure 3: a) Schematic representation of a wire actuated in a Newton viscous liquid represented by a dashpot. In MRS, the magnetic field rotates at a constant angular frequency 𝜔. b) Phasecontrast optical microscopy image of a 40 g L -1 Curosurf® dispersion at 25 °C (objective 20×) showing a 64 µm long magnetic wire. Arrows are pointing to vesicles. c) Normalized critical frequency 8𝜇 0 𝜂𝜔 𝐶 /3𝛥𝜒𝐵 2 as a function of the reduced wire length 𝐿 * obtained for Curosurf® suspensions at concentration 0 to 80 g L -1 (𝑇 = 25 °C).25 The straight line displays the 1/𝐿 * 2dependence predicted for Newton fluids (Eq.1). d) Concentration dependence of the Curosurf® static viscosity. The dotted line is from the Einstein model while the continuous line is derived from a modified Krieger-Dougherty equation.44 

Table 1 :

 1 Summary of the predictions for the wire rotation in viscous (Newton) and viscoelastic (Maxwell) liquids, and in viscoelastic (Standard Linear Solid) and elastic (Hooke) solids.

			Yield stress	Sync./Async. transition	𝝎 𝑪	𝐥𝐢𝐦
	Newton	𝜂	No	Yes	Eq. 1	0
	Maxwell	𝜂 = 𝐺𝜏	No	Yes	Eq.1	𝜃 0
	Standard Linear Solid	infinite	Yes	No	0	𝜃 0 𝜃 𝑒𝑞 /(𝜃 0 + 𝜃 𝑒𝑞 )
	Hooke	infinite	Yes	No	0	𝜃 𝑒𝑞

𝝎→∞ 𝜽 𝑩 (𝝎)
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