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Abstract

:

Pollution is currently a public health problem associated with different cardiovascular and respiratory diseases. These are commonly originated as a result of the pollutant transport to the alveolar cavity after their inhalation. Once pollutants enter the alveolar cavity, they are deposited on the lung surfactant (LS) film, altering their mechanical performance which increases the respiratory work and can induce a premature alveolar collapse. Furthermore, the interactions of pollutants with LS can induce the formation of an LS corona decorating the pollutant surface, favoring their penetration into the bloodstream and distribution along different organs. Therefore, it is necessary to understand the most fundamental aspects of the interaction of particulate pollutants with LS to mitigate their effects, and design therapeutic strategies. However, the use of animal models is often invasive, and requires a careful examination of different bioethics aspects. This makes it necessary to design in vitro models mimicking some physico-chemical aspects with relevance for LS performance, which can be done by exploiting the tools provided by the science and technology of interfaces to shed light on the most fundamental physico-chemical bases governing the interaction between LS and particulate matter. This review provides an updated perspective of the use of fluid films of LS models for shedding light on the potential impact of particulate matter in the performance of LS film. It should be noted that even though the used model systems cannot account for some physiological aspects, it is expected that the information contained in this review can contribute on the understanding of the potential toxicological effects of air pollution.
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1. Introduction


In recent years, the injection of pollutants into the atmosphere as a result of the combustion processes of fossil fuels in industries, power plants, heating systems and vehicles, and the residues of the production processes of nanotechnological industries has undergone a spectacular growth. This opens many questions related to the potential harmful effects of such compounds for human health [1] as is evidenced from the recent statistics of the World Health Organization (WHO) [2], which include long-term exposure to air pollutants as one of the most important sources of cardiovascular diseases, and mortality (around one third of the deaths by strokes, lung cancer, or cardiac diseases are associated with air pollution) [3,4]. Therefore, air pollution should currently be included as a very important public health issue in modern s·ociety [5,6], making it necessary to evaluate the potential impact of pollutants in normal physiological functions, paying special attention to the role of inhaled pollutants [7,8,9].



Pollutant inhalation is associated with the emergence of pathogenic states and respiratory diseases, e.g., acute respiratory distress syndrome (ARDS), asthma, chronic obstructive pulmonary diseases, fibrosis, or lung cancer [10,11]. Therefore, it is critical to perform a careful examination of the effect of particles in respiratory function [12].



Among pollutants, fine particulate matter (PM2.5, particles with diameter ≤2.5 μm) is counted as one of the most important sources of respiratory diseases [13,14,15]. This type of particulate matter can be inhaled and transported along the respiratory tract to the alveoli, where they interact with the lung surfactant (LS) film [16,17], modifying the LS chemical composition and lateral organization upon incorporation, which in turn alter LS functionality. Furthermore, the interaction between LS and particles can induce different pathways which favor particle translocation towards other tissues and organs [18,19]. This may be the origin of several adverse health effects [20,21].



LS is a mixture containing mainly lipids and proteins which overlays the inner wall of alveoli in mammals (i.e., the alveolar lining) [7,22], contributing to two very important physiological aspects: (i) regulation of the mechanical properties of the alveoli during breathing, preventing alveolar collapse during exhalation [23,24,25], and (ii) protection against inhaled matter, mainly pathogens (e.g., SARS-CoV-2) [7,26,27,28,29,30,31]. Therefore, any dysfunction on the LS mechanical properties or modification of its composition may be harmful for health [32,33,34,35,36,37,38]. However, to date there is an important lack of knowledge about the true impact of inhaled particles in the respiratory cycle, even though it is clear that the deposition of particles on LS alters the breathing mechanics, the use of particles, even inhaled ones, in therapy and diagnosis is undergoing continuous growth [39,40,41,42,43]. Therefore, it is necessary to deepen the current understanding of the interactions of different types of particulate pollutants with LS for predicting their potential toxicity [44,45,46]. However, it is not always easy to perform a direct evaluation of the interaction of pollutants with LS under physiological relevant conditions, and most in vivo tests are invasive, including exposure to particles followed by bronchoalveolar lavage or even the sacrifice of small animals [15,47,48]. This makes it necessary to seek non-invasive in vitro approaches providing a first evaluation of the impact of inhaled particles in the physico-chemical properties of LS films [49,50,51,52].



The use of models based on fluid films of different lipids or mixtures of lipids and proteins at water/vapor interfaces, or their deposits onto solid surfaces as Langmuir–Blodgett or Langmuir–Schaefer films, is widespread for the evaluation of the impact of specific chemicals on the activity of different biological systems under physiological relevant conditions [49,53,54,55,56,57,58,59,60,61,62,63,64]. Therefore, the use of interfacial science may help in the evaluation of the effect of inhaled pollutants or particles in LS films [58,59,65,66,67,68] by exploiting the importance of different physical and chemical aspects of the liquid/vapor interface formed between the alveolar lining and the gas contained in the alveolar cavity in LS physiology [69,70]. It should be stressed that studies using model systems are in most of the cases an oversimplification, allowing mimicking of only some specific physico-chemical aspects related to the complex biophysical function of LS film. Furthermore, the most common practice relies on the use of models including a limited number of components, i.e., minimal systems, which many times makes it difficult to extrapolate the results obtained by using model systems to the real in vivo situation. On the other side, model systems do not include, in most of the cases, some specific hydrodynamics and aerodynamics aspects guiding the interaction between LS and inhaled particles under true in vivo conditions.



It should be noted that the limitations associated with the use of model systems based on fluid interfaces for evaluating the potential toxicity of inhaled particles upon their interaction with LS cannot hide the many possibilities offered by these types of model systems for preliminary assessment of the harmful effects of inhaled pollutants in the normal respiratory function [59,65,67]. This review tries to provide an updated physico-chemical perspective about the current understanding on the potential toxicity of inhaled materials upon interaction with LS films, which requires the introduction of some general points related to the LS performance, including its chemical composition and the role of such composition in LS interfacial properties. Furthermore, considering that the aim of this work is focused on the incorporation of inhaled particles into LS films, some general aspects of such process will be also discussed. On the other side, considering that the review tries to provide insights into the utility of fluid films as models for studying the impact of particles on LS performance, it is necessary to introduce the most common experimental tools used for exploring the interaction of LS with particulate matter, and the chemical composition of such models together with the influence of the physico-chemical characteristics of the particles in the model properties. The last part of the review will highlight some relevant information about the interaction of particles with LS extracted from the exploitation of the tools offered for the interfacial science.




2. Lung Surfactant from Chemistry to a Functional Layer


LS is a very complex mixture containing lipids (around 90% of the total weight) and different proteins (comprising about the 10% of the total weight) [24,71], with the specific proteolipidic composition of LS playing a key role and being essential for the control of its structure, properties, and function. This means that the specific composition of LS determines the formation of a surfactant film at the surface of the liquid film covering the alveolar epithelium, contributing to the surface tension reduction and facilitating the respiratory mechanics [32,72]. Furthermore, the formation of the LS film acts as the main biological barrier protecting against the entrance of inhaled particles into the mammal bloodstream. Figure 1 presents a scheme summarizing the average composition of mammal LS.



The lipid fraction includes three major components, phospholipids, cholesterol, and neutral lipids, corresponding to around 79%, 8%, and 5% of the total weight of LS, respectively. Among phospholipids, zwitterionic phosphatidylcholines (PC) emerge as the most important contribution to the average composition of LS (in the range of 60–70% of the total weight of LS), with anionic species, such phosphatidylglycerols (PG) and phosphatidylinositols (PI) together with other minor components, e.g., phosphatidylethanolamines (PE) and sphingomyelin, appearing in smaller concentrations [73,74]. A more detailed analysis of the average phospholipid composition of mammal LS shows that 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is the main component of the lipid fraction, and in turn, of the LS (in the range 40–50% of the total LS weight) [75]. It should be noted that the exact content of DPPC in LS is inversely proportional to the rate of surface area change, i.e., the respiratory rate, occurring during breathing [71]. Other phosphatidylcholines that appear commonly in mammal LS are 1-palmitoyl-2-oleyl-sn-glycerol-3-phosphatidylcholine, 1-palmitoyl-2-palmitoleyl-sn-glycero-3-phosphatidylcholine, and 1-palmitoyl-2-myristoil-sn-glycero-3-phosphatidylcholine. It should be noted that the specific proportion between DPPC and other phosphatidylcholines is correlated to the specific respiratory rate and the alveolar development [73,76,77,78,79]. Beyond phosphatidylcholines, anionic phospholipids, e.g., phosphatidylglycerols and some phosphatidylinositols, account for 10% of the total weight of the LS, with an absence of myristoyl components and a low concentration of dipalmitoyl among these types of compounds [73,80]. The presence of anionic PG and PI presents a very important role in the interactions between the lipid fraction and the cationic surfactant proteins (SP-B and SP-C) [22].



The presence of cholesterol is also a very important feature in LS, allowing the modulation of lipid packing in LS structures, and hence any change of the cholesterol concentration may dramatically impact the lateral organization and functionality of LS [81]. Furthermore, the presence of neutral lipids in LS, e.g., cholesterol esters, triglycerides, diglycerides, and free fatty acids, is very important for surfactant properties, and its content has been modulated during evolution for optimizing the activity of the surfactant [82].



The protein fraction is commonly formed by four proteins, the so-called surfactant proteins (SP), SP-A, SP-B, SP-C, and SP-D, which are named following the order of their first detection. Furthermore, some additional proteins, e.g., SP-G and SP-H, can appear in specific mammal species [83]. Among the four most common proteins, there are two oligomeric fibrous ones with hydrophilic characters (SP-A and SP-D), presenting a very important role in the innate defense of the lung. Furthermore, they perform a certain role in maintaining the alveolar surfactant homeostasis [84]. On the other side, SP-B and SP-C are hydrophobic proteins, playing a very important role in the control of the interfacial properties of LS, and hence in its functionality [75,85].



SP-B is a positively charged polypeptide with a molecular weight of about 8.7 kDa, adopting α-helical structure [86]. This protein performs a very important role on the LS adsorption at the liquid/gas interface, and in the dynamics exchange between the interfacial LS layer and the subphase enriched in compounds with low surface activity [86,87]. Furthermore, SP-B plays a very important role in the storage of LS modulating the assembly of lipids into the lamellar bodies, and their deficiencies are lethal [88]. On the other side, SP-C is a small hydrophobic protein (molecular weight around 3.7 kDa) with helical structure, and their deficiency is not lethal but can induce chronic respiratory disorders [72,89]. SP-C is associated with the promotion of vesicle fragmentation helping in the membrane curvature [90,91].



Lung Surfactant Interfacial Activity: A Key Aspect for the Respiratory Function


The interfacial activity of LS is closely correlated to the phospholipid ability for self-organizing at the interface but also to the LS composition, temperature, and lateral pressure [72,92]. Thus, below the melting temperature (temperature for the order-disorder transition), the lateral mobility of phospholipids is hindered due to the strong interfacial packing, whereas once the melting temperature is passed, the fluidity of phospholipid membranes is enhanced. The emergence of the transition between ordered and disordered phases is correlated to the specific molecular characteristics of the considered phospholipid. In particular, for the main component of the LS, i.e., the 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), the transition occurs around 41 °C, whereas the transition temperature can drop down to values below 0 °C for membranes of phospholipid having unsaturated acyl chains. Furthermore, the presence of cholesterol is essential for modulating the lipid packing. On the other side, when interfacial films, i.e., monolayers, are considered, the modulation of the phase behavior is commonly associated with surface pressure changes Π = γ0 − γ, with γ0 and γ being the surface tension for a pristine water/vapor (around 72 mN/m at 37 °C), and the surface tension of the monolayer, respectively. Therefore, if the interfacial density of phospholipids at the interface is low, it can be assumed that the monolayer behaves as a gas-like system, with the increase of the interfacial density pushing the monolayer through phases with higher lateral order, where the lipid mobility starts to be hindered, e.g., liquid expanded phase (LE) or liquid condensed phase (LC), to reach a 2D solid-like conformation for high values of Π [93].



Moreover, lipid membranes can undergo 3D assembly processes in aqueous medium to form a broad range of structure with lamellar and non-lamellar ordering. It should be noted that the specific molecular characteristics of lipids, and in particular their hydrophilic-lipophilic balance (HLB), are essential in the modulation of the LS adsorption at the liquid/gas interface and reorganization during breathing [72]. Figure 2 show a sketch of different lipid structures that can emerge in LS under physiological conditions.



The lipid polymorphism in LS surfactant plays a very important role for ensuring the correct respiratory function, which requires the fulfillment of three conditions: (i) efficient interfacial adsorption in a small time-scale; (ii) surface tension reduction down to very low values under compression without any weakening of the mechanical stability, and (iii) efficient respreading during expansion, ensuring the stabilization of the surface of the alveoli under recurrent compression-expansion cycles [72].



De novo secreted LS undergoes a continuous adsorption to the gas/liquid interface for guarantying the normal respiratory function. This entails that lipids are incorporated into the interface following a process governed by LS composition, and lipid concentration and structure, with the transition bilayer-to-monolayer being essential for the formation of functional interfacial films (see Figure 2). This requires the formation of non-lamellar structures at specific locations with the contribution of anionic lipids and SP-B and SP-C proteins [92,94,95,96,97]. In particular, SP-B protein presents a very important role in the first contact of LS with the interface, and also promotes membrane aggregation, fusion, and permeabilization, which may be related to the rapid lipid exchange between the interfacial film and the fluid phase underneath, commonly enriched in the less surface-active components, forming the so-called reservoirs [86,87,98,99,100,101,102].



The adsorption and spreading of the LS at the gas/liquid interface leads to the formation of an interfacial film which leads to a strong decrease of the surface tension during compression (at exhalation), minimizing the respiratory work [22]. Experimental evidences shown that the absorption of LS at water/vapor interface leads to an immediate drop of the surface tension from 70 mN/m to a value around 25 mN/m, and this latter value can be furtherly reduced to an almost negligible one upon a change of the interfacial area in the range 10–15%, which is equivalent to the final steps of the exhalation. This is possible because the composition of the interfacial film can be remodeled (squeezing-out process) to reduce the surface tension during exhalation [103], which requires excluding those molecules from the interface which cannot attain high values of surface pressure (unsaturated phospholipids, cholesterol, and surfactant proteins), a film enriched in DPPC remaining at the interface. This can lead to the formation of rather solid structures under high lateral pressures as those occurring in the alveolar surface during exhalation. This increases the lung compliance, and stabilizes the alveolar volume, which in turn contributes towards prevention of the premature alveolar collapse during exhalation [23,24,25]. Simultaneously to the compositional remodeling, the interfacial film is bound through protein-mediated interactions to reservoirs containing excluded lipids, proteins, and freshly secreted LS [92]. The association of the reservoirs with the interface plays a central role in the new remodeling of the interfacial composition occurring during inspiration by supplementing new molecules to the interface [102,104,105,106,107,108,109]. Furthermore, these types of structures contribute to the mechanical stability as a result of the high cohesion induced by protein-protein and protein-lipid interactions [87,104]. Therefore, disaturated lipids drive the surface tension decrease during exhalation, with surface-active proteins (SP-B and SP-C) acting as helper systems for ensuring such minimization of the surface tension.



The lateral organization of the LS interfacial film is reminiscent of a coexistence between two liquid phases, where domains enriched in DPPC appear surrounded by a disorder lipid phase. These domains grow during exhalation leading to a solid structure at maximum compression [92], which is reverted during inspiration as result of the quick replenishment of the gas/liquid interface by the adsorption of lipids from the reservoirs. This leads to the increase of the surface tension leading to the formation disordered phase. Therefore, the continuous remodeling of the LS films modulated by the surface proteins SP-B and SP-C connecting the interfacial film with the reservoirs ensures effortless breathing [32,72,110]. Figure 3 present a sketch showing the different phenomena occurring during the compression-expansion cycles of alveolar cavity, indicating the remodeling processes and their effect on the surface tension.



A last important process associated with the interfacial activity of the LS is related to the recycling of lipids and proteins excluded from the interfacial layer as result of the activity of alveolar macrophages and type II pneumocytes [111]. In particular, the SP-C protein presents a very central role in the recycling process contribution to the formation of small vesicles that can be easily taken up [90]. On the other side, SP-B stimulated the secretion of lamellar bodies in type II pneumocyte [112], whereas SP-A contributes to the mechanism regulating the inhibition of LS secretion when their concentration is enough in the alveoli [113].





3. Impact of Inhaled Particle Deposition in Lung Surfactant Film


The transport of inhaled particles along the respiratory tract involves several processes: Brownian diffusion, gravitational sedimentation, inertial impaction, and interception [114]. However, the specific role of each individual process is far from clear due to the high complexity of the breathing dynamics. On the other side, inhaled aerosols commonly present a high polydispersity, which limits their penetration into deep lung regions, and only a small fraction of particles with sizes below 4 μm can go through the respiratory airways to reach the alveolar cavity. This can be understood considering the tortuous way, including 23 tubular bifurcations, encountered for the particle from their inhalation through the nose to their final destination inside the alveoli [7].



It is commonly accepted that the biophysical effects of inhaled substances start when they penetrate into the alveoli, leading to a partial inhibition of the LS function, and in turn in the lung function [32]. It should be stressed that the high surface area of the alveoli (up to 100 m2) leads to relatively small concentrations of deposited particles on the alveolar fluid. However, the high surface-to-volume (or surface-to-mass) ratio of deposited particles leads to a situation in which inhaled particles induce stronger effects than those that are expected considering only the deposited mass, i.e., the acquired dose [42,55,57,65,115,116]. Therefore, the evaluation of the safety of inhaled particles must consider the role of several parameters, including the dimensions of the particulate material and its concentration, the particle molecular structure, and other physico-chemical properties (hydrophobicity and charge) [69,114,117,118,119,120,121,122,123,124,125].



It should be stressed that the deposition of particles on the LS layer is commonly associated with several events that are triggered after the interaction of the particles with the LS. Such interaction may occur directly with specific components of the LS film at the interface, or indirectly through the competition of the inhaled particles with the LS components for the space available at the interface [63,126,127,128,129]. Thus, the interaction of particles with the LS film may induce an inhibition of the LS functionality. In particular, particles can critically impact normal respiratory function [66], with the alteration of the Marangoni flows occurring in the LS upon particle deposition playing a critical role [130,131]. This is particularly important because Marangoni flows are essential in the control of the compositional remodeling of the LS film during breathing. Therefore, if the Young–Laplace law is assumed as an oversimplified representation of the alveolar mechanics during breathing [132], it may be expected that an alveolar compression under high surface tension conditions may induce an alveolar collapse. However, the ability of LS to decrease the surface tension during exhalation, and the consequent reduction of the respiratory work, takes the system far from collapse conditions. This is, in part, a result of the high content of LS in DPPC, and other disaturated phospholipids, which lead to the formation, at room temperature, of highly condensed phase with thigh packing at very low surface tensions. However, the incorporation of particles into the LS film may influence the mechanical aspects associated with the normal physiological respiratory function in different ways [32,65,66].



The deposition of particles on the LS film may inhibit the formation of condensed phases during alveolar compression, which in turn limits its ability to reduce the surface tension, and drives a premature alveolar collapse, e.g., hydrophobic particles may remain trapped within the hydrophobic regions of the LS film, modifying the intricate balance of the interactions emerging between the components and hindering the formation of tightly packed phases [133,134]. This can lead to a situation in which the surface tension is not low enough during compression, and it is impossible to overcome the forces pulling the alveolar walls together [135]. It should be noted that collapsed alveoli can be reopened during inspiration. However, alveolar collapse leads to a reduction of the tidal volume [32]. On the other side, particle incorporation modifies the remodeling dynamics of LS film, modifying the area of the hysteresis loop corresponding to the compression-expansion cycles. This is the result of the modification of the boundary conditions controlling the mass transport between the interfacial film and the adjacent fluid due to two possible effects: (i) incomplete clearance of inhaled particles from LS film or (ii) modification of the fluid phase composition as a result of the expulsion of particles from the interface during the compression [130,131,136,137,138]. The latter effect adds an additional mechanism in which particles can influence the functionality of LS as a result of the adsorption of LS compounds onto the particle surface, contributing to the formation of an LS corona onto particle surface which influence their fate. This modifies the particle wettability and the LS composition, which alters the ability of LS to reduce the surface tension and the remodeling process [139]. It is commonly accepted that SP-A binds to hydrophilic particles, facilitating the subsequent adsorption of the rest of the LS components, which allows particle clearance from the lung [140]. The situation changes when hydrophobic particles are considered, with the binding of hydrophobic components starting the formation of the corona [141]. According to the above discussion, it may be expected that particles penetrating into the alveolar cavity can be embedded within the LS membrane and undergo different processes in a highly dynamic environment. Thus, particles will be subjected to the same compression-expansion processes than the LS film, which can induce their release from the LS towards the alveolar spaces, making it possible for particles to interact and be internalized by the cellular barrier [142,143]. Therefore, it may be expected that particle inhalation can present short-term and long-term harmful effects in the normal physiology of the respiratory process.




4. Surface Science Approaches for Evaluating the Interaction of Particles with the Lung Surfactant Film: Tools and Models


4.1. Experimental Tools


The use of colloidal and interfacial approaches allows overcoming some of the main limitations associated with the in vivo evaluation of the interaction between inhaled particles and LS, providing important insights on the most fundamental bases governing the interaction of particles with LS, avoiding the use of invasive methodologies [58,59,66].



The use of Langmuir film balances for studying spread films of lipids or lipid-protein mixtures at liquid/vapor interfaces are probably the most exploited approaches for deepening on the knowledge of LS mechanics, and its modification as results of the incorporation of particles or different types of chemicals, providing very insightful information on the quasi-static mechanical properties of LS films [58,144]. It is true that the studies based on the use of Langmuir film balances do not provide true biophysical information. However, they help in the understanding of several aspects with relevance for the incorporation of particles into LS films in terms of the modification of the surface pressure of pristine LS layers as a result of the incorporation of particles, i.e., the changes in the surface pressure vs. molecular area plot for the interfacial film, the so-called interfacial isotherm [108,117,118,128,129,145].



The use of Langmuir film balances also allows the study of the rheological response of interfacial layers under compression-expansion cycles (oscillatory barrier experiments) which are somehow reminiscent of the deformations of the alveoli during breathing. During these experiments, the surface pressure is monitored by using a surface balance fitted with a contact probe, normally a Wilhelmy plate, whereas the area available for the film is modified by the coupled motion of two barriers arranged parallel in opposite extremes of the trough [146,147]. These experiments require surface pressure changes occurring in comparable time-scales to the area changes. Despite the many possibilities offered for the use of Langmuir film balance, it should be stressed that the probed frequencies and deformation amplitudes are far from that what occur during normal breathing, and in turn they only give semi-quantitative information that can be exploited for evaluating the incorporation of particles into LS films.



Langmuir film balances can also be exploited for transferring the interfacial film from the surface of the liquid to a solid substrate by the Langmuir–Blodgett or Langmuir–Schaefer methods, which makes an ex situ study possible of the interaction of the LS film with particles using microscopy techniques, commonly atomic force microscopy (AFM). These types of studies provide insights on how particles modify the interfacial morphology of LS films [148,149,150]. Figure 4 shows sketches of the Langmuir film balance and the two alternatives for depositing films on solid surfaces.



The highly dynamic character of the alveoli during breathing requires deepening of the mechanical characterization of LS layers under dilational deformations mimicking the expiration-inspiration cycles [116,151]. This information is difficult to obtain by using Langmuir film balances as was stated above (further details can be found in the recent review by Ravera et al. [68]). However, the use of techniques based on oscillating drops or bubbles, e.g., pulsating bubble surfactometer or captive bubble tensiometer [152,153,154,155,156], help in the evaluation of the potential impact of the particle incorporation in the mechanics of LS films under realistic simulations of the physiological situation. Thus, it is possible to evaluate the remodeling process and stability of LS films upon their exposure to inhaled particles.



The use of the captive bubble tensiometer relies on the creation of an air bubble suspended in a liquid phase commonly containing the LS which adsorbs to the liquid/vapor interface. Once the LS film is ready at the interface, particles are deposited on the interface by injection in its vicinity through the liquid phase. In some cases, the particles can be premixed with the LS before the formation of the bubble, which provides a less realistic representation of the inhalation process. The use of a captive bubble tensiometer makes it possible to evaluate the fast adsorption of the LS film to the water/vapor interface, and the remodeling processes, as well as the surface activity of LS under changes of the interfacial and its stability [157,158]. Another alternative for evaluating the impact of particles in the mechanics of LS films is the use of a pulsating bubble surfactometer. This technique is based on the creation of an air bubble suspended on a capillary tube inside a chamber filled with LS which undergoes compression-expansion cycles by the action of a piston pulsator [152,157].



Conventional oscillating bubbles have also been used for exploring the effect of particles in LS [159,160]. This approach relies on the oscillation of the bubble surface at a frequency close to that corresponding to the breathing rate (around 15 min−1), allowing the evaluation of different relevant properties for the breathing cycle, including the minimum surface tension reached under compression and the area of the hysteresis loop associated with the compression-expansion of the area available, and how these parameters are influenced as a result of the incorporation of particles [68]. Oscillating drops in pendant drop tensiometers also allow obtaining information about the mechanical performance of LS layers under sinusoidal changes of the interfacial area [159,161,162]. Thus, the analysis of the dependence of the dilational viscoelasticity of the layer on the deformation frequency helps in understanding how particles modify the kinetics associated with the exchange of material between the interfacial film and the adjacent fluid layer. This becomes very important because any modification of the remodeling kinetics may be either a signature of inhibition, degradation of the LS activity, or in combination [137,163,164]. Therefore, the combination of experimental results and suitable theoretical models may help in the evaluation of the particle impact in the interfacial relaxation [165]. This is in agreement with the work by Kondej and Sosnowski [166], where the changes in surface viscosity and elasticity obtained against dilational deformations of the interface are proposed as a signature of the inhibition of the LS activity due to the particle incorporation. As an alternative, the analysis of the evolution of the linearity of the rheological response in terms of the total harmonics distortion (THD) is also a very promising tool for evaluating the inhibition of the LS film mechanics [165].



The use of constrained drop surfactometer (see Figure 5) has recently emerged as a very promising tool for studying LS films under conditions which are very close to the true physiological one [70].



Constrained drop surfactometer consists of a single sessile droplet constrained on a knife-sharp edge pedestal where the LS is accommodated. This configuration avoids surfactant leakage even at the lowest values of surface tension [167], allowing real time evaluation of the volume, surface area, and surface tension of the droplets using a modified axisymmetric drop analysis (closed-loop axisymmetric drop analysis). These act as feedback control systems enabling the direct measurement and modification of the above-mentioned parameters. The main novelty of the use of constrained drop surfactometer in relation to other traditional configurations relies on the possibility to perform precise harmonic oscillatory deformations of the interface with predefined amplitudes and frequencies (up to 0.5 Hz), which is useful for determining the surface dilational modulus before and during the exposure of the LS film to particulate matter [167].



The above discussion shows clearly that the evaluation of the effect of particles on the interfacial properties of LS films is a very interesting tool for deepening knowledge on the effect of pollutants in the dynamic response of the air/liquid interface in the alveoli during breathing [168]. This is possible by evaluating aspects, such as the minimum and maximum surface tension values reached upon compression and expansion, respectively, which provides important insights on the surfactant functionality. However, in recent years, many researches have turned their interests towards the understanding of the relationship existing between the changes in the interfacial packing of LS layers and the worsening of their mechanical properties [22,169]. This is important because as was stated above, the LS present a very complex organization at the interface and in the adjacent liquid phase [170], and the use of techniques such as Brewster angle microscopy (BAM), AFM, surface force apparatus (SFA), ellipsometry, infrared reflection absorption spectroscopy (IRRAS), or epifluorescence microscopy, and their combinations with tensiometric techniques (mainly Langmuir film balances) are very powerful tools for deepening knowledge on the impact of particles on the organization of LS films in the micrometric and submicrometric scale [171,172,173,174]. Furthermore, there are more sophisticated tools, including neutron reflectivity or synchrotron grazing angle X-ray diffractions which may also be useful in the evaluation of the impact of particulate matter on LS interfacial organization [108,134,175,176,177,178,179,180,181,182].




4.2. Chemistry of Lung Surfactant Models


The methodologies used for evaluating the interaction between pollutants and LS components rely on the use of different models, ranging from simple lipid monolayers to complex surfactant extracts obtained from bronchoalveolar lavage fluid. Therefore, it is necessary to know the main differences of the physico-chemical properties of the chosen model with respect to the true LS to draw conclusions with biophysical relevance. Therefore, any LS model should mimic some of the physical properties related to the physiological function of LS: (i) ability to decrease the surface tension of the water/vapor interface down to a quasi-null value (<2 mN/m) upon reduction of the interfacial area, (ii) effective compositional remodeling during compression at very low surface tension values, and (iii) fast re-adsorption and respreading during expansion of the area of the interface [7,58,66,67].



DPPC fulfills the first requirement, which has pushed the use of DPPC monolayers as minimal models for understanding some physico-chemical aspects related to the impact of particles in LS films. Furthermore, the interfacial behavior of this lipid has been extensively studied by many researchers [59,66,175,183,184,185,186,187]. However, the use of DPPC as a model for understanding the performance of LS is rather limited because its inefficiency in the reservoir formation and its slow respreading at the interface during expansion. This has driven the research on the use of more complex models, including DPPC in combination with other lipids or fatty acids, e.g., palmitic acid, cholesterol or DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), among others [117,136,165,173,188,189,190,191], which provide a simplified picture of the complex behavior of LS under physiological conditions. The use of these models can provide a deeper understanding of the behavior of LS films because some studies have evidenced the important role of specific lipids, e.g., 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (POPG), on the modulation of the phase behavior of LS film [173,189,190,192]. On the other side, it has been reported that the inclusion of DOPC in LS models provides a suitable environment for gaining information of the remodeling process, contributing to the squeezing-out of lipids and reservoir formation upon compression, and to the respreading of the LS upon expansion [193].



It should be noted that the biophysical interpretation of the results obtained from studies using LS models composed by single lipids or their mixtures is very difficult, especially because the absence of the surface-active proteins makes it difficult to control the exchange of molecules between the liquid/vapor interface and the adjacent aqueous subphase during the compression-expansion cycles of the interfacial layers, and hence the control over the formation of reservoirs and the re-adsorption/respreading of material at the fluid interface becomes very poor, which are very critical processes for the normal physiological function of the LS related to the surface properties and mechanical stability of the interfacial layer [22,104,106,194]. Therefore, the use of most realistic models, based on natural extracts or laboratory mixtures, having a composition similar to that what is found in mammal LS is required for a biophysical quantification of the potential effects of particles in LS films. This has been solved by using different commercial LS formulations (clinical LS) as models [195]. These types of surfactants are commonly used in surfactant replacement therapy (SRT), and for treating neonatal respiratory distress syndrome (NRDS) [196,197], having gained interest as palliative treatment for reducing the impact of SARS-CoV-2 in respiratory physiology [30,198]. Table 1 summarized some of the currently used clinical lung surfactants and their origins.



The importance of the use of realistic LS models is easily understood considering the differences on the effect of particles in the behavior of interfacial films of DPPC and commercial LS formulation [199]. In particular, DPPC films containing particles do not easily undergo any remodeling process, emerging as a fast destabilization of the interfacial film when the surface tension reaches a low value. This pushes the monolayer to a premature collapse [133,200], which drives the formation of bilayer folds and other 3D structures. These structures are not easily re-adsorbed into the interfacial film upon expansion. However, the presence of other lipids and the surface-active proteins SP-B and SP-C results in a minimization of the destabilization of the interfacial film. Thus, whereas from the studies of the interaction of particles with DPPC films a clear inhibition of the LS activity may be expected, this can be, at least in part, ruled out from similar studies in which commercial LS formulations are used as model [199,201,202,203]. Similar conclusions can be extracted from the analysis of the minimum surface tension that can be reached by LS model in presence of particles. Thus, the incorporation of particles into interfacial films of commercial LS formulations leads to a smaller increase of the minimum surface tension reached upon compression than when particles are incorporated in DPPC layers. This can be understood considering that the presence of surface-active proteins favors the remodeling process of the interfacial layer, and in particular the reservoir formation and the re-adsorption/respreading kinetics of the squeezed out material during the expansion of the interfacial area [115,199].



The Tanaka mixture containing only lipids (DPPC, POPG, and palmitic acid in weight ratio 68:22:9) emerges as a very simple and robust model for study involving the interfacial properties of LS [204]. This is possible because the addition of POPG to DPPC monolayers plays a crucial role in the modulation of the interfacial compressibility of the interfacial film by reducing the rigidity of pristine DPPC films, which is essential for the LS packing and its ability to reduce the interfacial tension. Furthermore, the presence of POPG has a very important contribution in the formation and stabilization of reservoirs. On the other side, palmitic acid is essential for the fluidization of films at high values of surface tension, making the molecular rearrangement in the LS films easy. Furthermore, palmitic acid contributes to the interfacial packing, improving the film rigidity at low surface tension values, avoiding a premature collapse.



Despite that many studies dealing with LS models consider the use of single monolayer, the LS complexity can be modelled by using other types of colloidal structures, including bilayers or multilayers [49]. This presents interest for gaining additional insights into the LS behavior and how this is modified by particle incorporation, especially considering the important role of bulk structures, e.g., reservoirs, in the exchange of material between the interface and the adjacent fluid phase during the compression-expansion cycles [205].



From the above discussion, it is clear that there are many possibilities for exploring LS films, especially from a mechanical point of view. However, the used of models with biophysical relevance should consider two main aspects: (i) the temperature used should be close to the physiological one (37 °C) and (ii) the specific hydrodynamic conditions of the experiments which govern the Marangoni flows within the interfacial film, and between the interface and the adjacent fluid phase [65,66,107,109,130,131].





5. Evaluating the Interaction of Lung Surfactant and Particles: Methodological Approaches


The investigation of the interaction of particles with LS films requires, in most cases, to put into contact a film preformed at the water/vapor interface and the particles, which can be commonly done by aerosolization or deposition. In particular cases, the studies are performed by premixing the lung surfactant and the particles before the preparation of the interfacial films [32]. The use of these different approaches can decisively impact the biophysical interpretation of the experimental results [206]. Furthermore, the existence of different approaches for incorporating particles into LS layers makes it difficult to compare the different impacts found for similar particles in different studies. Thus, the incorporation of hydrophilic particles into LS layers is commonly explored by spreading the LS model film onto a subphase containing a dispersion of particles [119,188], or by the injection of the particles into the subphase once the LS layer is preformed at the water/vapor interface [116,207]. These methodologies are far from the real situation that is found during particle inhalation. However, they emerge as very useful alternatives for evaluating the direct interaction of particles with LS layers [67].



The situation becomes even more complex when the interaction of hydrophobic particles with LS layers is considered. In this case, there are multiple possibilities for incorporating particles into LS films. The first approach used for the incorporation of hydrophobic into LS films relies on the co-spreading at the pristine water/vapor interface of a mixed dispersion containing the LS model and the particles [42,208]. Thus, it is possible to tune, at will, the exposure dose in relation to the LS concentration, ensuring that the exposure of the surfactant to the particles is high enough. However, the obtained films are probably very far from what are expected once inhaled particles interact with LS layer, the formation of particles decorated with a surfactant corona emerging even before the formation of the LS layers at the water/vapor interface. A more realistic approach considers the deposition of particles at the interface from the airside once the surface layer is formed at the water/vapor interface [118,133], which leads to a more realistic picture of what happens in the LS film upon pollutant inhalation. However, organic solvent is used for the spreading of either the LS layer, the particles, or both [206,209], which may modify the LS-particle interactions, or the lateral packing and homogeneity of the film, and the difficulties associated with the mimicking of the specific mass transport conditions occurring during in vivo breathing are two main drawbacks of the studies using the approach discussed above [67,70,130,131].



Aerosolization of the particles onto a preformed LS film by using a dry power insufflator can provide a more realistic representation of the inhalation process, even though the use of organic solvents continues being necessary for spreading the LS layer [199]. Figure 6 presents sketches of three commonly used approaches for the study of particles with LS models, as well as examples of the differences in the surface pressure-area per molecule isotherms obtained using different preparation procedures.



The above discussion considers the study of the interaction of particles with spread monolayers of LS models obtained by mixing different raw materials in an organic solvent. However, a very different situation emerges when commercial LS formulations are used as models. These are commonly supplied as saline aqueous dispersions of LS components as vesicles and micelles of lipids associated with LS proteins. Therefore, the use of these types of formulations require the preparation of interfacial films by the direct adsorption of the LS components from the bulk dispersion to the aqueous solution/vapor interface. This requires depositing the particles on the interfacial film by injection into the aqueous subphase after the formation of the interfacial layer (hydrophilic particles) or by spreading through the airside onto the formed layer (hydrophobic particles). On the other side, hydrophilic particles can also be premixed with the LS dispersion before forming the interfacial film. The latter leads to the co-adsorption of LS molecules and particles at the liquid/vapor interface [210]. It should be stressed that commercial LS formulation can also be extracted in an organic solvent, and then applied by spreading at a pristine/water vapor interface [211].



It is true that most of the studies using LS models for exploring the impact of particles in the respiratory mechanics present a situation that appears very far from what happens when the pollutants are inhaled. However, these studies are very useful for gaining an important understanding of the most fundamental physico-chemical bases of the interaction of inhaled pollutants and LS films, and their potential harmful effects [59,65,66].




6. How Do the Particle Physico-Chemical Properties Affect Their Interaction with LS Layers?


Once particles are deposited on the LS layer, their specific physico-chemical properties define the particle-LS interactions, and their consequences. Furthermore, it is very important to control the particle dose that interacts with the LS film because in most cases the harmful effects associated with inhaled particles present a strong dose dependence [70,193,212,213,214]. It should be noted that in general, particles’ affects to the respiratory function are at two different levels: (i) LS biological function and (ii) LS metabolism [7]. Therefore, a deep understanding of the impact of particles on the physico-chemical properties of LS layers requires examination of the specific characteristics of the probed particles [65,128]. Figure 7 summarized the potential impact of particles with different physico-chemical properties in the interfacial properties of layers formed by LS models.



6.1. Interaction of Particles and Lung Surfactant Films: A Matter of Size


Particle size is a very important parameter controlling the interaction of particles with cells, affecting particle uptake. Furthermore, particle size affects their cytotoxicity and the induction of inflammatory response [215,216]. Therefore, it may be expected that size can also influence the interaction between inhaled pollutants and the LS film.



Dwidedi et al. [57] studied the interaction of hydrophobic poly(organosiloxane) particles with two different sizes (12 and 136 nm) with two LS models, and found that the smallest particles do not induce any significant modification of the phase behavior of DPPC layers, even though the morphology of the Lc domains undergoes a slight change. However, when the incorporation of the biggest particles was considered, the lifting-off of the surface-pressure isotherm was shifted to lower values of the compression degree, and the DPPC film undergoes a strong modification of its phase behavior. The situation changes when 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) and the SP-C were used together with DPPC as model LS. In this case, it was again found that the smaller the particle size the smaller the modification of the phase behavior. However, the incorporation of big particles (diameter 136 nm) induces a strong modification of the interfacial phase behavior of the LS model. These modifications were found to be stronger at the highest surface pressures (above 35–40 mN/m), which is critical for the normal physiological function of the LS film, and in particular for the remodeling of the composition of the interfacial, inhibiting the incorporation of vesicles from the adjacent fluid phase to the interface. Furthermore, particles with a diameter of 136 nm lead to a fluidization of the interfacial film, i.e., reduce the elasticity of the LS film, independently of the model used. This may be explained considering that particle incorporation leads to a disruption of the lateral packing of the LS film, modifying the cohesion between the molecules in the monolayer. This results from the complexity of the interaction balance governing the interfacial packing, which includes different contributions, e.g., steric hindrance, excluded area effects, and other type of interactions [200]. This leads to a strong influence of the particle size and their concentration in the performance of LS film [118,119,133,179].



The effect of the particle size in the biophysical properties of LS films is strongly dependent on the specific chemistry of the probed particles. This is clear considering the existence of some studies in which the effect of particles is rather independent of their size, and emerges only dependent on the particle nature [173,178,217], whereas in other cases, size emerges as the main aspect governing the impact of particles with LS films.



Orsi et al. [178] reported that the modification of the phase behavior, lateral packing of the molecules at the interface and interfacial dynamics of DPPC films upon the incorporation of particles with size in the range 9–60 nm emerged rather independent of the specific particle size. Furthermore, the incorporation of particles into the DPPC films hindered the formation of condensed phase, leading to an interfacial organization that was reminiscent of what is expected for Pickering emulsions (2D Pickering emulsion-like structure) in which particles decorated with DPPC molecules are distributed around ordered domains of DPPC. This organization results in a reduction of the line tension of the domains in relation to that which is found for pure DPPC, and consequently their growth is hindered, i.e., the formation of domains with smaller size is found [179] in agreement with the molecular dynamic simulations by Curtis et al. [217]. Figure 8 presents a schematic representation of the structure emerging from the incorporation of hydrophilic particles into DPPC films.



Contrary to what was reported for the incorporation of hydrophilic silicon dioxide particles, Ku et al. [218] found that the incorporation of gelatin particles into DPPC monolayers leads to a modification of the interfacial behavior of the lipid in such a way that the resultant emerges strongly dependent on the specific dimensions of the incorporated particles. Furthermore, it was found that the largest particles (in this case with an average diameter around 236 nm) present the strongest interaction with the LS model layer altering both the surface pressure-area per molecule and the surface potential-area per molecule isotherms, and the reduction of particle dimensions weakens such interaction. Particle incorporation into DPPC pushes the phase behavior to more expanded states, making the rearrangement of lipid molecules at the fluid interface difficult.



The above discussion evidences clearly that the influence of the size on the impact of particles in the physico-chemical properties of LS model is far from clear, and the current framework is controversial. An additional contribution to this controversy emerges from the study by Kodama et al. [219] in which the interaction of particles with different dimensions with a commercial LS formulation (Survanta) was explored. They found that only very small particles (average diameter about 20 nm) drive a significant modification of the interfacial phase behavior of the LS model. The multiple scenarios found for the interaction of particles and LS models can be understood considering that the effect of particles is dependent on a complex interplay of different factors, including the types of particles and LS model as well as the specific interfacial behavior of the model used.



It should be noted that together with particle size, there are physical parameters related to the particles, e.g., total surface area and specific surface area, chemical nature, and surface charge, that influence their impact on the behavior of LS layers. This is better understood considering that the alteration of LS behavior as a result of the particle incorporation emerges from two different directions: (i) particle aggregation in the LS layers and (ii) specific particle-LS interactions [219]. This perspective agrees with the results found when the interaction of particles in vivo is analyzed. The association of particles with LS films is strongly correlated to the specific nature of the interactions occurring within the system, and the ability of particles to be coated for an LS corona [220]. On the other side, the aggregation plays a very important role in the deposition of particles along the respiratory tract, as well as on the interaction with LS and clearance mechanism. It should be noted that together with the size, there are many other physico-chemical parameters of the particles modulating their interactions with LS [7,66].




6.2. Role of Particle Surface Charge and Wettability on Their Interactions with Lung Surfactant Films


The ability of particles to interact with biological structures is strongly dependent on the particle surface charge and their hydrophilic-lipophilic balance, i.e., wettability. This is understood considering that both parameters present a very critical role in how particles are incorporated within biological interfaces and interact with biomolecules, affecting metabolic pathways of the LS and their biophysical function [65,143,221]. In particular, it has been found that charged polystyrene particles lead to a stronger inflammatory response in lung than neutral ones [222], and hence it may be expected that electrostatic interactions present a prominent role in the modification of the respiratory physiology [200,212,223]. This can be ascribed to the higher strength of electrostatic interactions in relation to other forces [224].



The incorporation of negatively charged hydrophilic silicon dioxide particles into DPPC monolayers can occur through their electrostatic interaction with the ammonium terminal group of the lipid, allowing a modification of the dipolar moment of the DPPC molecules at the interface which in turn modifies its ability for reorienting at the water/vapor interface and the molecular packing. This hinders the formation of ordered phases, and reduces the rigidity of the film. On the other side, hydrophilic silicon particles undergo an effective clearance from the interface at the highest values of the surface pressure, suggesting the formation of a lipid corona on the particle surface [136]. Similar conclusions were found by Farnoud and Fiegel [55] when analyzing the interaction of negatively charged polystyrene carboxylate with DPPC films. Furthermore, they also reported that the incorporation of charged particles into lipid monolayers affects the size of the compression-expansion hysteresis loop, which plays a critical role in the exchange of material between the interface and the adjacent subphase, affecting to the compositional remodeling of LS layers, and in turn, to its normal physiological function.



The inhibitory character of the LS function associated with its interaction with charge particles was also evidenced by molecular dynamic simulations [225]. It is worth mentioning that the specific nature of the particle charge does not present a significant effect for the interaction of monolayers formed by zwitterionic lipids such as DPPC. However, it may be expected that the effect of the cationic and anionic particles on true LS becomes more complex due to the presence of lipids and proteins with different positively and negatively charged moieties.



Negatively charged polylactide particles induce a strong inhibitory effect of the behavior of bovine LS extract (Curosurf) as a result of the association between the particles and the SP-B protein. Furthermore, the interaction of particles with SP-C protein also has a very important influence in the inhibitory effect of the negatively charged polylactide particles. However, the interaction of positively charged particles with the LS model results in a reduced inhibitory effect which confirms the importance of the charge nature on their inhibitory character [19,103,226]. This agrees with the different scenario found upon the interaction of positively and negatively charged aluminum oxide, silicon dioxide, and latex nanoparticles, with LS layers. Thus, negatively charged particles present a negligible impact on the LS function, whereas positive charged ones lead to the formation of aggregates with LS vesicles. This interaction, which occurs with an LS having an average negative charge, is enhanced as the charge density of the particles is increased [208]. The different impact of charged particles on the interfacial properties of lipid mixtures and LS formulations containing proteins was independently demonstrated by Behyan et al. [189] in their study about the interaction of positively and negatively charged silicon dioxide particles with different LS models, a DPPC/POPG mixture, and an extract from calf lung (Infasurf). They found that whereas the behavior of Infasurf was only modified by the cationic particles, that of the natural extract was influenced by both, positively and negatively charged particles.



The particle wettability also emerges as a very important parameter influencing the particle interaction with LS films [200]. Thus, the incorporation of hydrophobic particles into DPPC layers modifies lateral packing of molecules at the interface and the cohesion interactions between the lipids at the interface, which results in the inhibition of the ability of DPPC for reducing the surface tension of the interface, and the reduction of the film rigidity. Furthermore, hydrophobic particles do not undergo an effective clearance upon the compression of the interface [118,133]. On the contrary, hydrophilic particles undergo an effective clearance from the interface upon compression [200]. The above picture is in agreement with the work by Zhang et al. [214] on the interactions of hydrophobic gold particles and DPPC monolayers, in which the particle hydrophobicity was found to be critical for ensuring the retention of the particles within the alveolar lining film for long periods of time. Furthermore, the interactions of particles with the lipids result in a decrease of the layer rigidity in accordance with the finding by Guzmán et al. [118,133]. Similar results in relation to the retention of hydrophobic and hydrophilic particles were found when the interaction of particles with different hydrophilicity and natural LS models was analyzed. The enhanced retention of the hydrophobic particles is associated with the emergence of strong van der Waals interactions between particles and the hydrophobic tails of the lipid molecules [57,227], which makes the modification of the monolayer organization easy as result of the particle trapping [228].



In general, it was found that the incorporation of hydrophobic particles, e.g., hydrophobic montmorillonite, silicon dioxide, carbon black, or graphene oxide, into DPPC films shifts the surface pressure-area per molecule isotherm to more expanded states as a result of an excluded area effect induced by particles [118,129,133,229]. On the other side, hydrophilic particles, including halloysite or bentonice, induce the opposite effect, pushing DPPC monolayers towards more compressed states and reducing the average distance between lipid molecules [229]. The above situation is very different to what emerges when commercial LS formulations are used as models. In these cases, the isotherm appears shifted to more compressed states with independence of the wetting properties of the particles. This leads to a strong inhibition of the LS performance, which is characterized by a worsening of the ability of LS to reduce the surface tension, and compositional remodeling [19,227]. However, the influence of hydrophilic and hydrophobic particles follows very different pathways. Thus, hydrophilic particles undergo a direct penetration into LS layers, whereas hydrophobic particles require being wrapped by LS components to be incorporated in LS films [228,230] in agreement with the finding by Hu et al. [19]. They combined experiments and simulations, and found that hydrophilic particles undergo a fast translocation through the LS films during compression, whereas hydrophobic particles lead to the formation of structural protrusion in the LS film, and hence the inhibition induced by hydrophilic particles emerge faster than those induced for the hydrophobic one.




6.3. Impact of Particle Shape on the Interactions with LS Layers


Particle shape, and in particular shape anisotropy, emerges as a very important parameter controlling the physico-chemical properties of colloidal particles, and their ability for self-organizing at the fluid interface [231], and hence it may be expected that it plays a very important role in the modification of the LS performance as a result of the particle incorporation [232]. This is clear by comparing the modifications of the phase behavior of DPPC layers upon the incorporation of three different types of particles, two surface inactive anisotropic clays (plate-like bentonite and halloysite nanotubes) and spherical silicon dioxide particles. The results found that the increase of the particle anisotropy facilitates the particle clearance upon compression [229]. However, there are no systematic experimental studies evaluating the impact of the particle anisotropy on LS layers. However, some simulations (molecular dynamics) evidenced that the length-to-diameter aspect ratio of the particles plays a very important role on the control of their penetration and disturbance of LS function [233].



The influence of the particle anisotropy on the modification of LS layers was further explored by Kondej and Sosnowski [161]. They studied how carbon particles with different geometry (nanotubes and nanohorns) modify the performance of LS layers and found that the increase of the surface area of the particles induces a stronger frustration in the LS behavior. It should be stressed that most of the effect on LS behavior associated with particle anisotropy can be ascribed to the influence of the capillary forces [234].




6.4. Does the Particle Chemistry Matter in Their Interactions with Lung Surfactant Films?


The impact of the particle chemical nature on LS performance is difficult to systematize [59,65], and only some general aspects will be included about the impact of particle chemistry in LS layers. Silicon dioxide particles alter the LS performance in such a way that it is strongly dependent on the number of SiOH groups on the particle surface. Thus, the increase of the surface density of silanol groups leads to the emergence of silicosis and other lung diseases associated with the inhalation of silicon dioxide particles [235]. The importance of the chemistry of the particles in the modification of LS properties is also found by comparing the effect of carbon black and fumed silicon dioxide in the interfacial properties of DPPC layers [128]. Despite the physical characteristic of the particles possibly being very similar, the specific chemical nature of the particles governs the balance of interactions occurring within the interface, and that consequently modifies the degree of interfacial disruption and the aggregation of the particles at the interface.



Figure 9 presents a summary of the impact of different physico-chemical properties of the particles in the LS function.





7. Some Experimental Results of the Interaction of Particles with Interfacial Lung Surfactant Models


The understanding of the potential harmful effects associated with the incorporation of particles in LS layers requires a deeper analysis of the impact of particles in the tensiometric properties and dynamic response of the interfacial films, as well as their effect on the lateral organization and structure. Furthermore, it is also very important to evaluate the distribution of particles between phases with different orders because it can impact on the translocation of particles across the pulmonary fluid and the clearance processes. This section will review the effect of different types of particles on the behavior of LS models, paying attention mainly to realistic systems including lipids and the surface-active proteins.



The incorporation of particles, mainly those of hydrophobic nature, into LS films is commonly associated with a partial inhibition of the LS function. This was evidenced in the study by Valle et al. [227] where the interaction of polymer particles with LS films was evaluated. These particles lead to a contraction of the area available for LS molecules, i.e., shift the isotherm to more compressed states, which significantly alter the ability for surface tension reduction (see Figure 10a). The modification of the tensiometric properties as a result of the incorporation of particles is also reflected in changes in the lateral organization of the molecules at the interface as evidenced by AFM micrographs of Langmuir-Blodgett films at different surface pressures (see Figure 10b). These images evidence that particle incorporation makes the lateral packing of the molecules difficult, hindering the nucleation and growth of domains containing ordered phases, which disturbs the monolayer-to-multilayer transition. On the other side, the analysis of the AFM images also evidences a higher tendency of particles to aggregate into LS layers as their hydrophobicity increases, which may be a signature of the important role of hydrophobicity in the control of the particle retention and translocation across the pulmonary fluid. Last but not least, the incorporation of particles increases the area of the hysteresis loop of the compression-expansion cycles of the LS layers, which is expected to present a critical impact on the normal function of LS (see Figure 10c). Recently, Beck-Broichsitter et al. [236] evidenced that the inhibition of the LS activity upon particle deposition is strongly correlated to their ability to sequester the surface-active proteins. Therefore, the shielding of the particles to avoid the formation of an LS corona reduces their harmful effects and allows their exploitation as carriers for inhalable drugs.



The deposition of hydrophilic hydroxyapatite particles leads to similar effects than those discussed above for hydrophobic polymer particles [69]. In addition, there is a strong time dependent behavior in the inhibitory character of the LS function as a result of the inhalation of hydroxyapatite particles, reaching the maximum inhibition after 7 h of exposure. It should be noted that even though hydroxyapatite particles are effectively cleared from LS films, they modify the lateral packing of the LS molecules at the fluid interface by hindering the formation of condensed phase, altering the remodeling process of the film and the reservoir formation. LS films at physiologically relevant conditions present a morphology characterized by the presence of a homogeneously distributed fluid multilayer in which insertions of DPPC domains appear. This structure changes upon the deposition of particles on the LS films, with the appearance of crystalline folds along the direction of lateral compression, which leads to the inhibition of the LS performance.



It should be noted that the interaction of particles with LS models containing proteins emerges very different in most of the cases to what happens for model mixtures in absence of surface-active proteins. The role of these proteins in the formation of the LS corona on the surface of the particles is essential for the inhibitory role of particles [236]. The important role of the proteins is clear considering that in most cases the interaction of hydrophilic particles, e.g., silicon dioxide, Fe3O4, or titanium dioxide, with models based only on lipids, takes the surface pressure-area per molecule to more expanded states. This shifting is enhanced with the increase of the particle concentration, which may be explained considering that the interaction occurs through electrostatic particles, with the particles being retained as granular domains within the monolayer [117,119,188,223].



The importance of the model composition is also supported by the results obtained by Tatur and Badia [115] using a multi-technique approach (surface tension measurements, ellipsometry, Brewster angle microscopy, and AFM of Langmuir-Schaeffer films). They compared the effect of alkylated gold particles on the interfacial behavior of DPPC and discovered that the particles do not alter the tensiometric properties of Survanta films, but they lead to a strong modification to those of the DPPC layers, changing both the phase behavior and the lateral packing of the molecules. Thus, gold nanoparticles hinder the nucleation and growth of condensed phase domains, leading to the change of the shape of the domains from a multilobe geometry for pristine DPPC monolayers to a circular one in the presence of particles. This is similar to what was reported for the incorporation of silico dioxide particles into DPPC films [179]. The different effect of gold particles on DPPC and Survanta films can be understood by considering that their accumulation occurs within the disorder region, and this leads to the incorporation of particles within the phase containing the surface-active proteins. This minimizes their effect on the condensation of ordered phases when Survanta films are considered. The above results suggest that alkylated gold particles present a rather limited inhibition of the LS function under the experimental conditions. However, a true biophysical interpretation of the results should consider its effect under conditions mimicking the physiological one. This becomes very important because Hossain et al. [237] reported the inhibition of LS function as a result of the interaction with gold nanoparticles. These make the reduction of the surface tension of the water/vapor interface difficult, reducing the lateral packing of LS molecules at the interface and dragging LS molecules into the adjacent subphase



Tobacco smoke results in similar inhibition of the LS performance as particles, as was evidenced for Survanta and Curosurf films under physiological relevant conditions [238]. Thus, the response of LS layers after exposure to tobacco smoke to consecutive compression-expansion cycle evidences a clear reduction of the efficiency of the compositional remodeling process, which agrees with the reduced formation of reservoir evidenced from the analysis of the Langmuir–Blodgett deposits. Furthermore, the tobacco smoke reduces the ability of the LS to reduce the surface tension under compression conditions, increasing the respiratory work. The comparison of the effect of tobacco smoke with that associated with the vapor ejected by electronic cigarettes evidenced unexpected results [172]. On one side, both alter the lateral packing of LS film, whereas on the other side only tobacco smoke modifies the tensiometric properties of LS films, resulting in a premature collapse of the layer. These differences can be understood only by considering the different chemical nature of the vapor obtained from each type of cigarette. The influence of tobacco smoke can be correlated to the effect of other types of hydrophobic carbonaceous particles (nanotubes or nanohorns), which alter the viscoelastic response of LS layers (Survanta) under dynamic conditions, enhancing the monolayer rigidity. However, the effect of hydrophilic carbonaceous particles is rather limited which may be explained considering their effective clearance [161].



The inhibition of the LS function is not only associated with particle inhalation, with the exposure to other chemicals (trimethoxyoctylsilane, methyl 3-oxo-2-pentylcyclopentaneacetate, and diisopentyl ether) also being associated with the emergence of acute inhalation toxicity as was evidenced by combining interfacial science techniques and biophysical methodologies. It should be noted that the understanding of the potential inhalation toxicity associated with these types of chemicals is very important because LS is the main target of impregnation spray products [239]. The interaction of LS layers with the above products leads to a partial inactivation of the LS function, resulting in a fluidization of the condensed phases due to the insertion of the chemical between LS molecules which weakens the cohesion in the layer and reduces the stability of the LS function. There are many other chemicals, including benzalkonium chloride and cetylpyridinium chloride, that present a strong inhibitory characteristic of the LS function. These molecules alter the lateral organization of the molecules at the water/vapor interface, affecting the ability of LS to reduce the surface tension [240].




8. Beyond Experiments: Exploiting Computational Tools for Elucidating the Interaction of Lung Surfactant with Inhaled Particles


The use of computational tools for the evaluation of the interaction of particles with LS is rare due to the complexity of these types of systems, which require a strong computational effort. However, some studies have evidenced that molecular dynamic simulations can help the understanding of the dynamics of the composition remodeling process, and how this is modified by the incorporation of particles [86].



Hu et al. [19] demonstrated, by using coarse-grained molecular dynamics, the differences in the translocation pathway of hydrophilic and hydrophobic particles, which agrees with experimental results. Thus, hydrophilic particles undergo an easy translocation through the LS films upon compression, whereas hydrophobic particles were retained within the LS layer. This different behavior was found to be the result of the different abilities of particles for the binding of the surface-active material, with the binding of SP-B being essential for the clearance of hydrophilic particles.



The interaction of hydrophobic carbonaceous particles with LS films has also been explored by using molecular dynamics, which has shown the direct interaction of such particles with the surfactant proteins, altering the interfacial organization of the LS film. Furthermore, the simulations evidence that asymmetric particles are placed at the interface under compression in a direction perpendicular to the monolayer [241,242], which agrees with the experimental picture found for the interaction of graphene nanosheets and LS model films [129,243]. On the other side, molecular dynamic simulations have provided additional evidences on the dose-dependent inhibition of the LS performance upon the deposition of carbonaceous particles [244], which agrees with the experimental findings [63,118,129].



Molecular dynamic simulations were also used for confirming that particles alter the exchange of material between the interface and the adjacent fluid subphase, which plays a critical role in the LS functioning [164]. This agrees with the molecular dynamic simulations by Li et al. [245] which evidenced that the transport of particles to the LS film can disrupt the ultrastructure and fluidity of the interface, resulting in a premature alveolar collapse.




9. What Can We Learn Using Model Lung Surfactant Films?


The effect of particle incorporation into LS films is the emergence of specific dependency on the specific nature of the considered particles, and the use LS model. However, most of the studies present some general features that are relevant for extracting biophysical relevant information. In particular, the incorporation of particles into LS films worsens the mechanical properties of the surfactant-laden interface by hindering the reorientation and lateral packing of the surfactant molecules at the water/vapor interface. This alters the compositional remodeling of the interfacial layer. Furthermore, the use of model systems evidences that the interaction of LS with particles results many times in the formation of a surfactant corona on the particles surface, which leads to a compositional modification of the LS, and can facilitate the translocation of the particles beyond the alveoli, resulting in their transport along the bloodstream to different organs and tissues. Thus, the interaction of particles with LS can alter and inhibit the LS functionality through different mechanisms.



Moreover, the formation of the surfactant corona can also modify the dynamic of material exchange between the interfacial layer and the adjacent fluid subphase, which alters the particle clearance during breathing. However, it is necessary to obtain a further understanding on how specific components of LS may influence the biological alterations induced by particles, and in particular the influence of the adsorption of surfactant proteins on the particle fate, and the physiological function of LS.



The use of LS models allows inferring that the inhalation, and subsequent deposition of particles on LS leads to an important alteration of the normal physiological respiratory function. However, it is necessary to deepen knowledge of the specific effects induced by particles with different properties (charge, wettability, chemical nature, morphology, or size) for obtaining a suitable evaluation of the potential harmful effects associated with inhaled pollutants. This is a very important for unraveling the possible elimination pathways of the particles after their deposition on the LS film. Furthermore, the understanding of the specific effects associated with particle nature is very important in the modulation of the in vivo interaction of LS and pollutants.



In summary, the use of fluid films as LS models presents an important role in the safety evaluation of particulate pollutants. However, there are many open questions that require refining of some specific physico-chemical and mechanical aspects of the currently available models.




10. Conclusions


This review analyzes some of the most relevant colloidal and interfacial approaches exploited for the in vitro evaluation of the potential toxicity of inhaled pollutants. It is true that the results obtained by using these types of tools are often times difficult to extrapolate to a true biophysical situation, they are useful for a fundamental understanding of some of the physico-chemical aspects associated with the harmful effects of particulate matter in the LS function. In particular, the use of model based on monolayers at fluid interfaces can help to understand how the deposition of particle leads to either inhibition, inactivation, or both, of the LS function due to the alteration of the packing/organization of the molecules at the interface. This hinders the formation of ordered phases, and inhibits the compositional remodeling of LS layers at low values of the surface tensions, which reduces the LS ability for reaching surface tension values close to zero, increasing the mechanical work associated with breathing. However, the use of colloidal and interfacial models makes it difficult to mimic the entire respiratory cycle and its modification by particles, thus they provide very limited access to aerodynamic and hydrodynamic aspects of the problems which many times are very important aspects for understanding the true effect of inhaled materials in respiratory physiology. Despite the clear limitations associated with the use of model systems, it is clear that these types of systems provide a general perspective of the potential risks and hazards associated with particle inhalation. However, a complete picture of these aspects can only be obtained by combining physico-chemical models with complementary biophysical and medical studies.
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Figure 1. Average composition, as percentage in relation to the total weight, of mammal LS. PL: phospholipids; PC: phosphatidylcholines; PG: phosphatidylglycerol; Chol: cholesterol; NL: neutral lipids; SP-A/B/C/D: surfactant protein A/B/C/D. Reprinted from Parra and Pérez-Gil [24], with permission from Elsevier, Copyright 2015. 
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Figure 2. Different structures emerging in LS. Reprinted from Castillo-Sánchez et al. [72], with permission under Open access CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2021). 
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Figure 3. Sketch of the different remodeling processes occurring during compression-expansion cycles of the alveolar cavity. Reprinted from Da Silva et al. [32], with permission from Elsevier, Copyright 2021. 
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Figure 4. (A) Scheme of a Langmuir film balance fitted with a contact probe (Wilhelmy plate) and two symmetric barriers. The numbers indicate: 1. Fluid interface, 2. Symmetric barriers and 3. Force balance fitted with a Wilhelmy plate. (B) Scheme of the vertical transference of a film from a fluid interface to a solid substrate following the Langmuir–Blodgett method. (C) Scheme of the horizontal transference of a film from a fluid interface to a solid substrate following the Langmuir–Schaefer method. Reprinted from Wang et al. [67], with permission from Elsevier, Copyright 2020. 






Figure 4. (A) Scheme of a Langmuir film balance fitted with a contact probe (Wilhelmy plate) and two symmetric barriers. The numbers indicate: 1. Fluid interface, 2. Symmetric barriers and 3. Force balance fitted with a Wilhelmy plate. (B) Scheme of the vertical transference of a film from a fluid interface to a solid substrate following the Langmuir–Blodgett method. (C) Scheme of the horizontal transference of a film from a fluid interface to a solid substrate following the Langmuir–Schaefer method. Reprinted from Wang et al. [67], with permission from Elsevier, Copyright 2020.



[image: Coatings 12 00277 g004]







[image: Coatings 12 00277 g005 550] 





Figure 5. Sketch of the typical configuration of a constrained drop surfactometer. Reprinted from Valle et al. [70], with permission from ACS, Copyright 2015. 
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Figure 6. Sketches representing the three different approaches used for incorporating particles into LS models layers based on DPPC, and the differences in the surface pressure-area per molecule isotherm obtained depending on the procedure used for preparing the mixed layers. Adapted from Miguel-Diez et al. [206], with permission from Elsevier, Copyright 2019. 
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Figure 7. Schematic representation of the effect of different types of particles in the interfacial organization of LS layers, and the surface pressure-area per molecule isotherms. Reprinted from Arick et al. [65], with permission from Elsevier, Copyright 2015. 
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Figure 8. Sketch showing the interfacial organization of interfacial films of DPPC upon the incorporation of hydrophilic silicon dioxide and experimental image of such organization obtained by epifluorescence microscopy. Reprinted from Orsi et al. [178], with permission under Open access CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/ (2015) (accessed on 20 December 2021). 
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Figure 9. Impact of different physico-chemical properties of the particles in the LS performance. General perspective of the main effects and interactions of particles upon contact with LS. Reprinted from García-Mouton et al. [7], with permission from Elsevier, Copyright 2019. 
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Figure 10. (a) Modification of the compression isotherms of an LS model for the compression isotherm of an LS model. (b) AFM micrograph showing the lateral structure of Langmuir–Blodgett films at three different surface pressures of the LS model and LS models upon the incorporation of three different types of hydrophobic polymer particles. All 2D images are shown at a resolution of 50 μm × 50 μm and have a z-range of 5 nm. The high-pressure images are shown in 3D to capture the topographic contrast between the particles and multilayer structures. The presence of NPs, denoted by white arrows, increases with increasing hydrophobicity. (c) Compression–expansion cycles for the pure LS model and LS model upon the incorporation of three different types of hydrophobic polymer particles. Dynamic cycling was conducted under physiological temperature (37 °C) and cycling speed (3 s/cycle). Reprinted from Valle et al. [227], with permission from American Chemical Society, Copyright 2014. 
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Table 1. Summary of the most extended clinical lung surfactants, together with their type, origin, and producer.
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	Commercial Name
	Origin
	Producer





	Infasurf
	lavage of calf lung fluid
	ONY Biotech Inc., Amherst, NY, USA



	Curosurf
	lavage of porcine lung fluid
	Chiesi Farmaceutici S.p.A, Parma, Italy



	Survanta
	lavage of bovine lung fluid
	AbbVie Inc., North Chicago, IL, USA



	BLES
	lavage of bovine lung fluid
	BLES Biochemicals Inc., London, ON, Canada



	Alveofact
	lavage of bovine lung fluid
	Lyomark Pharma, Oberhaching, Germany



	Venticute
	synthetic
	Byk Gulden Pharmaceuticals, Konstanz, Germany



	Surfaxin
	synthetic
	Discovery Laboratory Inc., Warrington, PA, USA



	Exosurf
	synthetic
	GlaxoSmithKline, Brentford, UK
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