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ABSTRACT 

Air-borne nanoparticles (NPs) can act as pollutants and have harmful effects, yet at the 

same time, the recent improvements in nanotechnology have enabled the design of NPs 

with specific properties, and their use in various biomedical applications. For example, 

gold NPs (AuNPs) found in mining dust or exhaust fumes can cause serious lung diseases 

but are also used as nanocarriers to improve the delivery of drugs into cells.  

For air-borne NPs, the main route of entry to the body is via the lungs. After inhalation, 

the NPs come into contact with the inner surface of the lungs’ alveolus, a component 

called the lung surfactant (LS). The main site of interaction of inhaled NPs is the LS 

monolayer, which is composed of lipids and proteins and forms the air-liquid interface of 

the lungs. Normal physiological lung function depends on the LS monolayer’s capacity 

to act as a surface tension reducer. Despite exhaustive studies, the molecular-level 

mechanisms that underpin the adsorption, interaction and translocation/diffusion of 

AuNPs, either in their bare (pollutants) or phospholipid/ligand-coated (nanocarriers) 

states, into the LS monolayer are still poorly understood.  

In this project, a series of coarse-grained molecular dynamics simulations are performed 

to elucidate the interaction of bare and phospholipid-wrapped AuNPs with LS 

monolayers, resulting in a number of key findings. First, bare AuNPs structurally deform 

the LS monolayer in a concentration-dependent manner, changing the biophysical 

properties of the monolayer, and creating pores in the monolayer. All of these changes 

are likely to interfere with normal lung functions such as maintaining physiological 

surface tensions at the interface. Second, the simulations reveal that the surfactant protein 

B (SP-B1-25) found in LS monolayers, is important for monolayer stability and 

significantly increases AuNP aggregation in the monolayer. Third, phospholipid-wrapped 

AuNPs further increase the aggregation of SP-B1-25, inducing buckle in the monolayer, 

and participating in the cholesterol sequestration. The studies also explore how the 

adsorption of phospholipid-wrapped AuNPs and monolayer perturbation are affected by 

the monolayer breathing conditions, monolayer lipid composition, and nature of the 

phospholipids used for wrapping.  

In summary, the combined findings from these simulation studies have provided 

molecular-level insight into the structure and dynamics of the LS monolayer and how 
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bare or phospholipid-wrapped AuNPs interact with and diffuse into the LS monolayer. 

The molecular insights of these studies will facilitate the future design of nanocarriers for 

drug delivery and the assessment of AuNP as a pollutant and thus help to identify 

potential health risk in people exposed to bare AuNPs.  
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CHAPTER 1 

INTRODUCTION 

The rapid development of nanotechnology has increased both the vast potential for the 

beneficial use of nanoparticles (NPs) in biomedical applications, as well as the potential 

health risks associated with inhaling NPs in the form of pollutants. Inhaled NPs may be 

either from environmental sources, such as pollutants found in mining dust of exhaust 

fumes, or engineered particles made in the laboratory for therapeutic purposes.  

Being nanoscale in size, NPs can easily enter our organism through the lungs and in the 

case of inhaled NPs, the respiratory system acts as the main gateway for NPs to enter the 

human body. Once inhaled, NPs primarily interact with a thin alveolar membrane called 

lung surfactant (LS). These surfactants are critical for normal lung function as they 

control the stability of the lungs during normal breathing. The main interaction site is the 

LS monolayers, a thin film that lines the alveoli. The LS monolayer is composed of lipids 

and proteins that act as the main air-water interface in the lung. The role of the LS 

monolayer is to act as surface tension reducer and ensure lung stability during breathing.  

Thus, any interference with the normal structure and function of the LS, such as through 

inhaled NPs, can damage the lungs. On the other hand, the rational design of NPs as drug 

carriers also requires an in-depth knowledge of the LS. Consequently, it is crucial to 

understand how inhaled NPs interact with LS at the molecular level.  

To this end, the studies presented in this thesis have used a series of molecular dynamics 

simulations to model the interaction of bare and phospholipid-wrapped AuNPs with 

models of lung surfactants to improve our understanding of the molecular mechanism of 

how inhaled NPs affect the structure and function of LS monolayers.   

1.1 Motivation and significance 

Improving our molecular-level understanding of the potential health risks associated with 

the interactions of inhaled NPs and LS forms the main motivation of the studies presented 
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in this thesis. Inhaled NPs are associated with a range of lung diseases [1], but the 

molecular-level interactions between AuNPs and lung components, in particular the LS 

monolayer, are still far from gaining a deeper understanding. Over the past few decades 

a large number of cell-based and tissue-based studies have been conducted to better 

understand how NPs are adsorbed into lung cells and how the presence of NPs affects 

normal physiological functions [2-4]. In addition, biophysical experiments using models 

of LS monolayers were used to understand the effect of NPs on the physical and chemical 

properties and phase behaviour of LS monolayers [5, 6]. Nevertheless, the vast majority 

of these studies cannot provide structural, dynamical and/or molecular level information 

on the interaction of NPs with the lipids and proteins that make up the LS monolayer. In 

this regard, computer simulation studies are an ideal complement to wet-lab experiments 

as they can provide molecular-level details of these interactions that cannot be achieved 

with any other techniques. 

1.2 Background 

Research into the function of different organelles of the lungs and their molecular 

components (e.g. lung surfactant) has attracted significant interest due to real-life 

applications, such as insight into the physiological lung functions, understanding lung 

diseases, and development of drugs to treat them [7]. The lungs are the most complex 

organ of the respiratory system [8] and essential for human health. As noted above, the 

main role of the LS monolayer is to act as a surface tension reducer at the air-water 

interface during inhalation and exhalation [9, 10]. Surface tension at the interface 

fluctuates from nearly 0 mN/m [11-14] to the equilibrium value 20~25 mN/m, [14, 15] 

during the compression and expansion process, respectively. By reducing the surface 

tension, the monolayer prevents the alveoli from collapsing. 

Along with the in vivo and in vitro analyses, in silico studies can help to explain the 

mechanism of the various properties of the LS monolayer such as phase behaviour 

change, surface tension, surface pressure, area per lipid (APL) and density. What 

complicates the study of the LS monolayer, is that many of these properties are 

interrelated. For instance, at end of exhalation, surface tension reduces ~ 0 mN/m and the 

monolayer changes from the liquid expanded (LE) phase to the liquid condensed (LC) 

phase.  As a consequence, the APL decreases and the monolayer density increases.  
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As the normal physiological function of the lung depends on the properties of the LS 

monolayer, any external particles that interfere with the structure and dynamics of the 

monolayer have the potential to be detrimental to the lungs. This includes the inhalation 

of NPs associated with air pollution, or the prolonged exposure to industrial NPs found 

in the mining industry and metal processing. Not surprisingly, inhaled NPs have been 

associated with severe lung-related diseases such as asthma [16], lung cancer [17, 18], 

and chronic pulmonary obstructive diseases  [19, 20]. For instance, various 

epidemiological studies on gold miners found that they have an increased occurrence of 

various lung diseases [21-24]. In addition, the increasing use of AuNPs in consumer 

products has raised concerns over the impact of these NPs to our health [25, 26].  

On the other hand, the distinct physical and chemical properties of metallic NPs have 

motivated a large range of biomedical applications [27, 28]. For example, AuNPs [29, 

30] and other engineered NPs [31] are used as nanocarriers of probes and drugs to detect 

and treat cancer [32] and other diseases[33]. The reason AuNPs are used extensively in 

biomedical applications, is that gold is chemically inert, biocompatible, non-toxic, and 

easily adsorbed into biological environments such as cells [27, 34-36].  Apart from this, 

researchers have shown considerable interest in the use of AuNPs because of the ease of 

synthesis of various sizes, shape and their surface modification by chemical or bioactive 

molecules.  

Despite exhaustive wet-lab studies [5, 6], the molecular-level mechanism behind the 

adsorption, diffusion and interaction of the AuNPs with the LS monolayer is still poorly 

understood. To this end, this thesis presents a series of Molecular Dynamics (MD) 

simulations that will be performed in this project to assess the molecular-level interactions 

of NPs with LS monolayers, to understand the NPs (pollutants and nanocarriers)’ role on 

the monolayer. The current MD study will provide significant insight into the biophysics 

of AuNP adsorption to, and diffusion into, the LS monolayers. The information that will 

be obtained through our simulations will provide molecular models to rationalise how 

AuNPs could impede the pulmonary function of the lungs. The outcomes of the study 

also pave the way for the design of safe nanomedicines and potential use of nanocarriers 

in biomedical applications. 
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1.3 Thesis outline 

In this Introduction, (Chapter 1) the motivation of the work was outlined and a brief 

background of LS and LS exposed to NPs was provided. The succinct discussion covers 

the role, causes, and consequences of inhaling NPs in terms of pollutant and nanocarrier 

exposure to the LS monolayer area. In Chapter 2, a detailed literature review of 

computational (in silico) as well as in vivo and in vitro studies on the LS monolayer in 

the presence of NPs is presented. The chapter starts with a short introduction on important 

concepts such as the respiratory system with a particular focus on LS, the LS monolayer 

and its components. In addition, NPs are introduced with a focus on the properties that 

affect its interaction with biological molecules such as the LS monolayer. Chapter 3 

outlines the theoretical basis of the methodology used throughout the thesis. This chapter 

includes physics-based MD methodological discussion of force fields, particularly the 

MARTINI force field in CGMD simulation. Chapter 4 reports on coarse-grained 

molecular dynamics (CGMD) simulations on LS monolayer systems. Exploratory 

simulations are carried out to gain an understanding of the interactions between bare 

AuNP and LS monolayer components at the nanoscale, where each system contains a 

single AuNP with a diameter of 3 nm. Three different surface tensions are applied to 

mimic the LS monolayer in three different cases, including two breathing states. This 

chapter has been published in a peer-reviewed journal (MRS Advances1). Chapter 5 

provides a more detailed analysis of the effects of monodisperse AuNP samples on LS 

monolayers. In particular, the effect of AuNP concentration on physiological 

characteristics (surface tension, order parameter, lipid density profiles, and radial 

distribution function) during breathing cycles has been elucidated. At high concentration, 

the presence of (bare)-AuNPs is predicted to lead to monolayer pore formation and does 

not allow lowering of the physiological surface tension values at the air-water interface 

of the LS monolayer during breathing. All of the contents of Chapter 5 have been reported 

as an article in a peer-reviewed journal (BBA-Biomembranes2). Chapter 6 describes the 

                                                 
 
1 Sheikh I. Hossain, Neha S. Gandhi, Zak E. Hughes, Suvash C. Saha, Computational Modelling of the 
Interaction of Gold Nanoparticle with Lung Surfactant Monolayer, MRS Advances, 4 (20), 1177-1185, 
2019. doi.org/10.1557/adv.2019.93. 

2 Sheikh I. Hossain, Neha S. Gandhi, Zak E. Hughes, Y.T. Gu, Suvash C. Saha, Molecular insights on the 
interference of simplified lung surfactant models by gold nanoparticle pollutants, Biochimica et Biophysica 
Acta (BBA) – Biomembranes, 1861 (8), 1458-1467, 2019. doi.org/10.1016/j.bbamem.2019.06.001. 
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role of surfactant protein B (SP-B1-25) in the LS monolayer (in the expanded, compressed 

and re-expanded states) exposed to AuNPs of two different sizes. First, the effect of the 

presence of SP-B is characterised, with the finding that peptide B can induce fold in the 

monolayer during compression. Second, it is found that the presence of AuNPs results in 

a co-operative aggression process, increasing the agglomeration of both AuNPs and SP-

B1-25 in the monolayer owing to a hydrophobic interaction between the two species. This 

chapter has been published as an article of a peer-reviewed journal in the Royal Society 

of Chemistry (Physical Chemistry Chemical Physics3).  

The molecular insights of PLs-wrapped AuNPs on the LS monolayer, in compressed and 

expanded states, have been outlined in Chapter 7. We looked at the adsorption, diffusion, 

and interaction of PLs-wrapped AuNPs with the LS monolayer at the interface. The PLs-

wrapped AuNPs are prepared with DPPC and POPG. The results summarised that there 

is an inconsequential difference between the effects of these two types of PLs-wrapped 

AuNPs on the monolayer, compared to their individual impact. The obtained results also 

describe that the precedence of cholesterol binding to AuNPs’ surface and their clustering 

are accelerated by the wrapped AuNPs and hydrophobic surfactant protein segments (SP-

B1-25) at the interface of the LS monolayer. The chapter will be submitted to a peer-

reviewed journal in the Royal Society of Chemistry (Nanoscale4). 
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CHAPTER 2 

LITERATURE REVIEW 

RESPIRATORY SYSTEM EXPOSED TO NANOPARTICLES 

AS POLLUTANTS AND DRUG CARRIERS 

2.1 Overview 

During respiration, an adult human not only inhales oxygen and other gases but also 

inhales somewhere between 100 bi1lion and 10 trillion particles per day [1]. During this 

process, particles of different sizes enter into the respiratory system [2] and then deposit 

into its various regions (Figure 2.1). Particles >10 µm in diameter (inhalable size) are 

filtered out by nasal hairs, nasal mucosa or mucus that always moves up by cilia. Less 

than 3 µm size particles can pass through the barriers in the upper airways (nasal cavity 

and trachea) and deposit in the bronchus region [3]. Only the particles with respirable size 

<0.1-1 µm can enter into the pulmonary region (deep lungs) such as alveolar region [4]. 

Much of the particles in nanosize (<100 nm) primarily interact with a thin layer 

(surfactant layer) above the alveolar fluid (Figure 2.1). Surprisingly, most of the particles 

that can penetrate all these physical barriers are engulfed by the alveolar macrophages [5, 

6]. However, some particles can reach the bloodstream [7].   

The absorption of nanoparticles (NPs) or other ultrafine particles that are ≤100 nm in 

diameter [8-10] into the deep lungs has raised concern about their effect on human health 

as NPs might be more dangerous and harmful types of pollutants compared to other 

pollutants. For instance, silicosis (foundry, tunnel workers, potters and farmers) [11], 

chronic obstructive lung disease (gold miners [12, 13]) asthma [14], lung cancer [15], 

lung injury and fibrosis [14, 16, 17], lung inflammatory diseases [18], and others [14, 17, 

19-21] are the possible NPs-oriented fatal respiratory diseases caused by excessive 

exposure or long term inhaling of the NPs [22, 23].  
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Figure 2.1 Pathways of how NPs enter the respiratory system via inhalation and their 

interactions with its different components. (a) Particle sizes and their different penetration 

into the respiratory system. Image reproduced from Kumar et al. [3] with permission from 

the Royal Society of Chemistry. (b) Physical barriers in the lungs alveoli. NPs first contact 

and interact with the lung lining fluid (surfactant layer) before penetrating the lung 

epithelium. 

The interaction between NPs and the biological molecules in the lung area, particularly 

with the lung surfactant (LS) layer is responsible for the NP-associated toxicity related to 

lung diseases [23, 24]. The specific toxicity of an NP is related to its chemical and 

physical properties and thus various NPs (e.g., gold, silver, metal oxides, carbon-based, 

and dendrimers) resulting in different interactions with the LS layer. Therefore, different 

NPs may have different levels of toxicity.  

In contrast to these adverse effects, the revolution of nanotechnology has opened a new 

era in biomedical science and has enabled various applications including the development 

of drug delivery systems, adhesives and coating for bone and tissue, diseases targeting, 

diagnostics [25]. In the case of drug delivery, a large variety of NPs have been synthesised 

in the laboratory and used to deliver drugs to a targeted area in the body. NP-based drug 

delivery systems are usually made by adsorbing the drug on the surface of the NPs, called 

ligand-based systems, or encapsulating the drug by the NPs, called encapsulating systems 

or nanoencapsulation (Figure 2.2). The main benefit of both types of drug-

coated/capped/encapsulated NPs is that they enable drugs to reach the deep-targeted area 

in the respiratory system with improved efficacy over other drug delivery systems [26]. 

Delivering drugs into the lungs with NPs can also minimise unexpected side effects as 

the drug is delivered more directly into a targeted area, reducing the exposure of other 

tissue to the drug [27].  
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Figure 2.2 Types of NP-based drug delivery system. A drug can be attached to NPs by a) 

surface modification and adsorption onto the NPs, usually called ligand-based or ligand-

coated NP drug delivery systems or b) encapsulating the drug with NPs usually known as 

nanoencapsulation.  

NP-based drug delivery systems are useful in the treatment of lung cancer [28], asthma 

[29], tuberculosis [30], and cystic fibrosis [31], which are known lung diseases. For 

example, asthma is a chronic inflammatory disorder that can cause long-term damage to 

the lungs and airways. Steroid inhalation is the traditional treatment for asthma patients. 

However, the side effects of steroids do not allow for overcoming airway injury. In this 

situation, it has been shown that dexamethasone is a better option for asthma treatment. 

Delivering dexamethasone with self-assembled NPs has shown higher efficiency 

compared to dexamethasone doses alone [32]. However, the exact mechanism of NP-

based delivery of dexamethasone is still unclear. To fully understand this, one needs to 

consider the biological, mechanical, physicochemical, structural, and dynamical 

properties of the LS layer. In such investigations, it is crucial to keep in mind the various 

chemical and physical properties of the NP such as size, shape, surface activity, and 

hydrophobicity as well as that of the ligands. These properties can have different effects 

on the molecular interactions between the NP, the drug, and the LS layer and thus affect 

the efficiency and effectiveness of NP-based drug delivery into the respiratory system. 

In light of the above discussion, this chapter is divided into two parts. The first part of 

this chapter (section 2.1) is the discussion on the summarised biological aspects of the LS 

layer, LS monolayer composition, and simulation studies on LS monolayer. The second 

part of this chapter (section 2.2) is the review of the different NPs 

(pollutants/nanocarriers) and their roles on LS.      
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2.2  The respiratory system 

Despite the complexity of the human respiratory system, we can breathe comfortably 

owing to the easy respiration process. Respiration begins its journey by inhaling air from 

the environment, which supplies oxygen to red blood cells, and ends the journey by 

exhaling carbon dioxide back to the environment [33]. During this process, the air passes 

through the following respiratory organs: the nasal cavity, larynx, trachea, bronchial tree, 

lungs and more. As illustrated in Figure 2.3, the human airways start with the upper 

respiratory tract (nasal cavity, pharynx, and larynx) and end in the lower respiratory tract 

(trachea, primary bronchi, and lungs) [34]. The length of airways in the lungs is 

approximately 2,400 kilometres and the number of alveoli is between 274 to 790 million 

[35] to assist the rapid inhalation-exhalation process. 

 

Figure 2.3 The human respiratory system composed of different respiratory organs. The 

image has been reproduced from Deshmukh et al. [34] with permission from Elsevier. 

Among the vital organs of the respiratory system, the lungs play a crucial role in 

respiration. Lungs can expand and contract during inhalation and exhalation, respectively. 

During inhalation, the diaphragm and rib muscles pull in unison to expand the chest cavity 

and the lungs, which results in a partial vacancy in the lungs. During this inhalation, the 

lungs experience high-pressure, which is usually limited by the amount of air we inhale. 

During exhalation, the muscles in the diaphragm and ribs return and relax with the 

contraction of the lungs and chest cavity to expel air back out to the environment. The 

lungs have two main parts; one is for transporting air during breathing, known as airways, 

and one for exchanging gas, called alveoli [23]. The alveoli are the key organ of the lungs, 
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whose surface is covered by water-based alveolar fluid. The alveolar fluid consists of 

different proteins, alveolar macrophages, neutrophils and surfactants such as cation/anion 

phospholipids (PLs) in different orientations, other lipid species (mainly cholesterol) and 

ions [36]. Though mucus and cilia are found in airways, they are absent in the alveolar 

fluid region. Alveolar type II cells secreted LS into the alveolar space, which forms a thin 

layer at the air-water interface in alveoli to reduce surface tension. 

2.2.1 Lung surfactant and surfactant monolayer 

The concept of LS was introduced in the 1950s by Pattle and Clements [37, 38]. In the 

lungs, a layer of surfactant molecules cover the walls of the alveoli, and their primary role 

is to lower surface or interfacial tension between the gas phase (the air we inhale) and the 

lipid phase (the tissue of our lungs) and to restore the dynamical and structural properties 

of lung alveoli during breathing (Figure 2.4). An LS possesses three basic properties (a) 

it generates nearly 25 mN/m surface tension by surface adsorption at the air-water 

interface during inspiration (b) it can reduce the surface tension to nearly 0 mN/m during 

expiration to prevent alveoli from collapsing and (c) when the surface expands, the 

surface tension should be reduced by the surfactant with reducing the pressure difference 

to keep the ventilator cycle alive throughout the life [39, 40].  

 

Figure 2.4 Schematic representation of alveolus and the role of LS on the surface tension 

at the air-water; (a) having no surfactant, the alveolar collapse due to strong, attractive 

forces shown with the solid arrow; (b) having surfactant, the alveolar collapse is 

prevented by reducing surface tension, shown by empty arrows. The image has been 

reproduced from Fathi-Azarbayjani et al. [39] with permission from the Royal Society of 

Chemistry. 

The estimated LS concentration in alveolar fluid is nearly 1.0 to 3.0 % (w/v). The LS 

layer is a mixture of PLs and proteins. As other surfactant molecules, the lipid surfactants 
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in the lung are amphipathic (also called amphiphilic) meaning the lipid has both 

hydrophilic (water-attracting) and hydrophobic (water repulsing) regions. More 

specifically, PLs have a hydrophilic head group and a hydrophobic tail. Similarly, there 

are two hydrophobic (SP-B and SP-C) and two hydrophilic (SP-A and SP-D) proteins in 

the LS. In addition, the LS also contains cholesterol, which is hydrophobic. Figure 2.5 

shows the spatial organisation of these lipids and proteins in the LS layer. At the air-water 

interface, lipid molecules form a thin monolayer, where the hydrophilic heads of the PLs 

interact with the aqueous environment of the lung tissue and the hydrophobic tails point 

towards the air phase. This monolayer forms a rigid structure at the time of surface 

compression (condensed phase), which mainly reduces the surface tension (Figure 2.4). 

Reducing the surface tension, it ultimately prevents the alveoli from collapsing.  

Among the four-surfactant proteins (SP-A, SP-B, SP-C and SP-D), only SP-B and SP-C 

are adsorbed in the lipid monolayer at the air-water interface [41, 42]. Although the 

amount of these two proteins is minimal, they significantly alter the surfactant 

phospholipids (PLs)’ physical properties. Inside the aqueous environment, there are lipid 

bilayers that contain SP-A, SP-B and SP-C proteins (Figure 2.5). A brief discussion on 

surfactant proteins B and C have been reported in section 2.1.5 and section 2.1.6. 

 

Figure 2.5 Pulmonary surfactant lipids phase and monolayer associated surfactant protein 

structures. The image has been reproduced from Pérez-Gil et al. [43] with permission 

from Elsevier. 
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2.2.2 Surface tension 

The surface tension at the interface arises owing to the difference in the intermolecular 

attractive (cohesive) forces. The liquid (mostly water) in the lung tissue experiences 

cohesive forces in all three directions from other neighbouring molecules (Figure 2.6). 

On the other hand, the water molecules at the air-water interface only have attractive 

forces from two dimensions. Therefore, these molecules at the interface experience 

instability of forces that result in an inward force towards the interior of the LS layer. This 

inward force is called the surface tension, and it is this force that minimises the surface 

area of the LS layer. As this force is controlled/reduced by the surfactant molecules, they 

are known as surface tension reductants.  

The surface tension in the LS follows the law of Laplace, which predicts the pressure-

volume relationship of the lung alveoli. The law of Laplace states  

 P =
2γ

r
 (2.1) 

where, P is the pressure arises inside the alveoli, γ is the surface tension, and r is the radius 

of the alveoli.  

 

Figure 2.6 Systematic presentations of lung alveoli and surfactant layer at the air-water 

interface. 

Unlike the surface pressure, the surface tension of water (72.75 mN/m at 293.15 K) is 

independent of the size of the alveoli. Therefore, according to the law of Laplace, smaller 

alveoli exhibit higher pressure than larger ones. During inhalation, the air/oxygen, the 

air/oxygen travels along the path of least resistance to the low-pressure area (larger 

alveoli) in favour of the high-pressure area (smaller alveoli). As a consequence, the 

alveoli collapse. However, the surfactants at the air-water interface of the alveoli reduce 

the interfacial surface tension, and this effect is most pronounced in the smaller alveoli. 
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In this way, the smaller alveoli avoid collapse during exhalation. During inhalation 

(alveolar expansion) and exhalation (alveolar compression), the surface area of the alveoli 

fluctuates. During inhalation, the equilibrium surface tension is 20-25 mN/m while at the 

end of expiration, the alveolar surfactants reduce the interfacial surface tension to ~0 

mN/m [44]. The equilibrium surface tension of the surfactant at the air-water interface, 

γ𝑎−𝑤, is dependent on surface area and is defined by the following equation 

 γ𝑎−𝑤 = γ0 − Π𝑝 (2.2) 

where, γ0 is the interfacial surface tension (~70 mN/m) of water at temperature 370C 

(independent on surface area), and Π𝑝 denotes the interfacial pressure of the surfactant 

(dependent on surface area). In an in vitro study with captive bubble tensiometer [24, 45], 

it was found that to achieve ~0 mN/m surface tension from the equilibrium ~20-25 mN/m, 

around 10-12% reduction of the surface area is required. It is also found that to return the 

surface tension to the equilibrium value, it is time-consuming, i.e., it requires many hours 

to return at the constant surface area, which contradicts the directly proportional 

relationship between surface area and surface tension.  

2.2.3 Components of lung surfactant 

As noted above, the main components of the LS layers are PLs, neutral lipids (mainly 

cholesterol), and surfactant associated proteins. Both the PLs (~80% by weight of 

surfactant) and neutral lipids (~10% by weight of surfactant) are the significant parts of 

the surfactant. Of the remaining ~10% of the surfactant, the surfactant proteins are the 

main constituent [41, 46-48]. The functions of these lipids and proteins have been 

discussed briefly in the following sections 2.1.4 and 2.1.5. 

Among the PLs, saturated lipids are more common than unsaturated lipids, and around 

50% of the total PLs consist of the saturated lipid dipalmitoylphosphatidylcholine 

(DPPC) [49]. Another 25% of the surfactant layer consists of the unsaturated PC 

(phosphatidylcholine) lipids. Phosphatidylglycerol (PG) makes up 7-15% of, leaving 4-

10% for other lipids. Cholesterol is the major neutral lipid in the pulmonary surfactant, 

where it can be encountered at a concentration of up to 10% by mass (20 mol %) [50-52]. 

However, cholesterol is not present in synthetic surfactant (clinical modified model 

surfactant) [53]. Several experiments [54-57] also reported the presence of cholesterol in 

LS. Previous studies found that the physiological level of cholesterol in the surfactant can 

promote the activity of the lungs, such as attaining physiological surface tensions during 



CHAPTER 2: LITERATURE REVIEW                   19 

breathing and PLs adsorption, whereas the supraphysiological level of cholesterol has 

detrimental effects [51].  A high level of cholesterol has been noticed in an acutely injured 

lung, which can reduce the efficacy of the surfactant as a surface tension reductant and 

interfere with the formation of the surfactant monolayer at the interface [58].  

The 10% protein component is made up of four types of proteins. These are surfactant 

protein A (SP-A, ~6-7%) the most abundant protein, surfactant protein B (SP-B, <1%), 

surfactant protein C (SP-C, <1%), and surfactant protein D (SP-D, <1%) [59].  

2.2.4 Lung surfactant lipids  

As noted earlier, the main role of the surfactant lipids is lowering surface tension to 

decrease the mechanical work of breathing. They are also involved in different metabolic 

aspects of the LS such as aiding the secretion of lamellar bodies from alveoli cells and 

acting as a host defence molecule [48]. DPPC is the primary component of the LS lipids 

that can lower the surface tension significantly. As a result, the amount of DPPC present 

in the surfactant layer is sufficient to cover most of the alveolar surface [48].  

As illustrated in Figure 2.7a, the head group of DPPC is overall neutral but zwitterionic 

as it contains a positively charged quaternary ammonium group and a negatively charged 

phosphate group. The polar head groups are exposed to the water at the air-water 

interface, thus orienting the apolar tails (water repulsive) towards the air (Figure 2.7b). 

Both tails (lipid chains) in DPPC (sn-1 and sn-2) are palmitate (common fatty acid), which 

is fully saturated (i.e. contains only single bonds) [47]. The long hydrophobic fatty acid 

chains are structurally arranged in a straight line in the surfactant layer, and such an 

arrangement allows the DPPC lipids to pack tightly together. The tightly packed 

(compressed) molecules create a mutual repulsion to each other that helps to exclude 

water from the air-water interface, which leads to the reduced surface tension [41, 48].  

 

Figure 2.7 (a) DPPC (C16) molecule structure and (b) surfactant lipids at the air-water 

interface. 
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Unsaturated PC, including the palmitoyl-oleoyl-phosphatidylglycerol (POPG), and 

neutral lipids, facilitate the surfactant layer to be more fluid and thereby enhance the 

spreading of the surfactant layer [60], which is crucial for normal breathing function. The 

cholesterol, unsaturated PLs, and surfactant proteins accelerate the spreading of surfactant 

at the interface and lead to formation of a bilayer reservoir that is connected to the 

surfactant monolayer at the interface (see Figure 2.8) [61].  

 
Figure 2.8 Lung surfactant monolayer to bilayer (surfactant reservoir) transformation 

during monolayer compression. The components in the bilayer respread to the monolayer 

during monolayer expansion.  

Several experimental studies have reported that a higher amount of cholesterol (>40 mol 

% or ~20% wt/wt) significantly decreases the ability of LS to attain low surface tension, 

whereas physiological levels of cholesterol enhance the adsorption of surfactant PLs to 

the surface tension of ∼0 mN/m [62]. The roles of such minor lipids (considering their 

amount) in lung functioning are still far from being completely understood. 

As breathing involves substantial changes of pressure and volume in the alveoli, the LS 

layer needs to be dynamic and allow for changes in surface area. Depending on the surface 

area as well as the temperature, the surfactant molecules are arranged differently. As a 

result, the surfactant layer appears in different phases. Phases relevant for the LS layer 

are seen in Figure 2.9 and include the gas phase (G) where lipids are sparse like 2D gas, 

individual lipids do not touch and the tails occupy a large volume; the liquid-expanded 

(LE) phase where lipids are closer packed but tails are still freely moving; and the liquid 

condensed phase (LC) where lipids are packed in a gel-like manner and tails occupy a 

small volume. As a result of the different lipid packing, the gel phase shows the highest 

per-lipid surface area, followed by the LE phase with the lowest per-lipid surface area in 
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the LC phase. The LS layer can also exist as in-between phases such as the liquid expand-

gas phase (LE+G) and liquid condensed-lipid condensed expanded (LC+LE) phase (see 

also Figure 2.9). The temperature at which a lipid layer changes from one phase to another 

is called the phase transition (or melting) temperature. For example, DPPC changes 

between the G phase and the LC phase at approximately 314.15 K [63].  

As noted earlier, during the breathing cycle, the LS layer will experience different surface 

tensions. Figure 2.9 shows the monolayer pressure-surface area isotherm [64] for DPPC, 

showing how the monolayer travels through different phases during the compression and 

expansion associated with the breathing cycle. During the compression process, the area 

per lipid (APL) decreases (increasing surface pressure), which leads to increase the 

intermolecular interactions among the surfactant lipids. This is unlike the surface tension 

of the LS layer, which drops significantly to nearly 0 mN/m at the end of expiration. The 

surfactant monolayer transits phases (LC to LC+LE) from the lower APL to the higher 

APL  when the reverse of the compression process takes place, i.e., the expansion process 

[65].  

 

Figure 2.9 DPPC monolayer pressure-surface area isotherm result at temperatures 297 K 

and 310 K modified from an experimental study conducted by Crane et al. [64]. The 

image is reproduced from Crane et al. [64] with permission from Elsevier. 
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In contrast to saturated lipids, unsaturated lipids are capable of disrupting the regular 

packing of lipid tails due to the presence of one or more double bonds, in particular in the 

LC and LE phase. As a result, saturated lipids, have a lower phase transition temperature 

and higher spreadability, compared to saturated lipids.  

2.2.5 Lung surfactant proteins  

As noted above, there are four surfactant proteins: SP-A, SP-B, SP-C and SP-D. Of these, 

SP-A (octadecamer shape in LS) is the most abundant surfactant protein, but as it is 

hydrophilic, it does not participate in the surface activity of the surfactant at the interface. 

Similarly, SP-D (dodecamer shape in LS) is hydrophilic and not associated with 

surfactant monolayer [40]. These two proteins are thus not further discussed, as they will 

not be used in the simulation of this thesis. There are two hydrophobic surface-associated 

proteins (SP-B and SP-C) in the LS that independently enhance the lateral stability and 

adsorption of surfactant PLs at the air-water interface [66]. 

SP-B and SP-C: 

While the two hydrophobic surfactant proteins SP-B and SP-C only show a small amount 

in lung surfactants, they are an integral and important part of the surfactant monolayer.  

SP-B is a 79-residue based polypeptide, having eight positively charged, and one 

negatively charged, residues (thus overall positive charged). The experimental structure 

of SP-B is unavailable owing to the high hydrophobicity of the protein; therefore 

homology modelling allows obtaining the secondary structure of SP-B from known 

structures of SP-B fragments [67]. The protein is mainly 𝛼-helical, containing three 

disulfide bridges [68, 69], which stabilises its tertiary structure. The protein exists as a 

dimer, which is stabilised by one intermolecular disulfide bridge [69]. The dimer is 

directly associated with PLs as a membrane surface protein (see also Figure 2.5). The 

fundamental role of SP-B is to reduce surface tension and stabilize the surfactant 

monolayer [70]. It also promotes the PLs adsorption at the air-water interface and helps 

to increase the DPPC collapse pressure close to 70 mN/m.  

SP-C is a 35-residue protein, and like SP-B, it is mainly 𝛼-helical. However, in contrast 

to SP-B, SP-C exists as a monomer and is a transmembrane protein that spans the full LS 

monolayer (see also Figure 2.5) [71-73], and SP-C has both secondary and tertiary 

structure available [74]. The protein is known to promote the PLs adsorption to an 
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interfacial monolayer and regulating PLs order as the putative functions are almost similar 

to SP-B [75].  

2.2.6 Surfactant protein B fraction (SP-B1-25) 

As noted above, the full length of the protein SP-B has 79 amino acids and covalently 

linked homodimer. However, the fragment of SP-B contains 20-25 amino acid sequences 

and can show significant surface activity [76]. A small fragment SP-B1-25 of the peptide 

SP-B is also capable of restoring other biological activities of LS according to previous 

experiments [77-79]. The peptide fragment SP-B1-25 can enhance the surfactant 

adsorption process at the air-water interface [80, 81]. 

Among the first 25 amino acid sequences, FPIPL PYCWL CRALI KRIQA MIPKG of 

human, the first 8 residues (FPIPL PYC) are very hydrophobic [70, 82], and the rest of 

the sequence is amphiphilic [70]. In terms of charged residues, SP-B1-25 is positively 

charged as it contains 5 positive charges, 1 negative charge, and 19 neutral residues [83]. 

The α-helical structure of the peptide (SP-B1-25) is mostly independent of lipid 

composition and peptide concentration [70]. The N-terminal SP-B1-25 orients the 

hydrophobic portion (1-8 residues) towards the PL tail parts [84]. An experimental study 

suggested that the peptide in LS monolayer is parallel to the air-water interface; the 

hydrophobic residues of the peptide interact with the PLs hydrophobic parts (PLs tails), 

while positively charged residues interact with monolayer underlying water phase [85].   

2.2.7 Computational view of the lung surfactant monolayer 

To understand the mechanism of lung diseases and the regular breathing mechanism at 

the molecular level, studies of the LS are crucial. For this, computational methods are 

regularly used, as they allow one to study biomolecular systems at the molecular level. 

The size and complexity of models we can simulate is ever increasing, and these days can 

reproduce the biophysical and physicochemical properties preciously at the 

atomic/molecular level.  

Molecular dynamics (MD) simulation is used to elucidate the biophysical mechanisms of 

biomolecules and their complexes at atomic/molecular level [86]. In MD, atomistic and 

coarse-grained (CG) simulation techniques investigate the structure, dynamics, and 

thermodynamics properties at the atomic/molecular level. 
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In recent years, LS layers have been simulated by using atomistic [87-90] and coarse-

grained molecular dynamics (CGMD) [91-95] methods on various timescales. One of the 

most important findings of these studies is that the structure, formation, behaviour, and 

surface properties of the LS monolayer are different from that of lipid bilayers. This is 

mostly a result of the difference in lipid surface density of monolayers and bilayers [96, 

97]. Lipid bilayers have been simulated for a long time as models of the plasma and other 

cell membranes [98].  Comparing the number of studies on the LS monolayer and lipid 

bilayers (as models of the cell membrane) it is evident that most of the studies have 

simulated the bilayer (approximately ten times in comparison) rather than the monolayer 

[96]. However, there are sufficient simulation studies on the LS monolayer to elucidate 

its different structural, dynamical, morphological, and biological properties in atomistic 

as well as CG scale (Figure 2.10).  

 
Figure 2.10 Snapshots of DPPC monolayers in (a) atomistic and (b) CGMD simulation at 

the air-water interface. 

In these simulations, simplified LS monolayer models have been considered to mimic 

experimental models and control complexity. Due to the abundance of DPPC in LS, 

monolayers composed of DPPC only, are the most studied and simplest model of LS 

monolayers [87-89, 91-93]. These studies have revealed a wide range of properties of the 

DPPC lipids and their relevance to the function in the LS monolayer. Such properties 

include APL, monolayer surface tension, PL order parameters (as a measure of the degree 

of order in the lipid tail), diffusion and density of the model components, and lateral 

pressure profiles of the PL. Due to the importance of surface tension in the breathing 
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processes, these properties are often simulated at different surface tensions to obtain 

surface pressure-area isotherms and phase [93]. For example, simulations have shown 

that high lipid density in the monolayer results in high surface pressure regardless of the 

presence of unsaturated lipid. CGMD simulation has also suggested that the DPPC 

monolayer expands with the increase of polarity of the tail group [99]. With the help of 

both atomistic and CG simulations of DPPC monolayer at different temperatures 

(293.15K-323.15K), the pressure-area isotherms (changing the area and pressure with 

constant temperature) have been investigated and validated with experimental results 

[93]. For example, Baoukina et al. [100] measured the pressure-area isotherm of DPPC 

lipid monolayer and compared with the existing experiment to characterise the 

thermodynamical, structural, and dynamic properties of the lipid monolayer phases using 

CGMD simulations. The study reported that different LS monolayer phases possess 

distinct structural and dynamic properties such as order parameter of PLs chains. The 

order parameters in the LC phase are about two-fold lower than the LE phase, which 

indicates that PLs in the LC phase are more organised and ordered than the LE phase. 

This is consistent with what is known from experiments with DPPC monolayers [54]. 

Further, the study also found that the order parameter values are inversely related to the 

lateral diffusion coefficient of PLs. The higher the lipid order, the lower the diffusion. 

Similar to these results, other CGMD simulation study on LS monolayer found that in the 

LC phase (APL=0.475 nm2) the diffusion of lipids is ~D = 1 × 10−9 cm2s-1, which is 

lower than the lipid diffusion ~D = 2 × 10−9 cm2s-1 in the LE phase (APL=0.57 nm2) 

[101]. Phase behaviour of DPPC-monolayer at the air-water interface has also been 

studied at different area densities using MD simulation [89, 102].  Based on the analyses 

of lipid chain densities, the study reported that the monolayer has both order and 

disordered phase at the APL of 0.57 nm2, which indicates the co-existence of the LC and 

LE phase. The expansion of the monolayer results in lowering of the lipid chain densities, 

and an expansion of the monolayer beyond the threshold APL of 0.80 nm2 creates pores 

(Figure 2.11).  

Besides homogeneous DPPC systems, to better mimic the biological membrane, more 

complex surfactant monolayer models with different lipid mixtures have been studied in 

CGMD [95]. For these heterogeneous surfactant models, the most studied surfactant 

components are DPPC, POPG, cholesterol, other unsaturated lipids, and proteins [60, 90]. 

As in the computational studies on LS monolayer, these simulations allow the different 
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monolayer properties to be studied at the molecular level. Simulations of mixed 

monolayers are particularly useful, as in experiments; it is often not possible or 

challenging to isolate the contribution of a single component to the observed property, 

which is measured for the entire monolayer rather than for each component separately.  

 
Figure 2.11 DPPC monolayers at the air-water interface. (a) A side view of DPPC 

monolayer and (b) pore formation in the monolayer at APL ≥ 0.80 nm2. In the DPPC 

molecule, the atoms are coloured in cyan (carbon in general), yellow (carbon at the 

termini of lipid tails), brown (phosphate), red (oxygen), and blue (nitrogen), while the 

water atoms are shown in white. The image has been reproduced from Knecht et al. [102] 

with permission from AIP Publishing.  

To investigate the collapse mechanism in heterogeneous LS monolayer model, Baoukina 

et al. [95] have considered large monolayer systems (DPPC/POPG/DOPC 3:1:1 and 

DPPC/DOPC/cholesterol 5:3:4) nearly 80 nm in lateral dimension and simulated for long 

simulation times (10-25 µs). The outcomes of the study have provided some important 

insights, like (i) a surfactant monolayer bends at low surface tension which promotes 

monolayer collapse, (ii) monolayers of unsaturated lipids form a bilayer-shaped buckle 

and leave the monolayer enriched with mainly DPPC, which supports the previously 

reported squeeze-out mechanism [103], and (iii) a monolayer folds in liquid disordered 

phase.  

Upon compression during expiration, surfactant components (unsaturated lipids and 

cholesterol) expel out (squeeze-out) from the interface followed by folding the monolayer 

into a bilayer. The LS components reserved in the monolayer-associated bilayer are called 
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surfactant reservoir; the process is called monolayer to bilayer transformation [104]. The 

expulsion of the selective surfactant components is known as the squeeze-out mechanism 

and the respreading of the expelled surfactant components to the monolayer upon 

expansion is known as reversibility of surfactant components (see Figure 2.8). 

In another study, Laing et al. [60] have examined the effect of cholesterol concentration 

on lipid monolayer properties. Both CG and atomistic simulations were performed to 

simulate DPPC, POPG and cholesterol with ratios 8:2:1 and 4:1:4 for two symmetric 

monolayers. Three surface tensions (0, 20 and 40 mN/m) were used to study the 

monolayer properties at 310K. It was found that the formation of a LE phase with low 

area compressibility was achieved at low surface tension in the presence of high 

cholesterol concentrations in the monolayers. The cholesterol molecules are also found 

to alter the phase transition temperature [94]. The phase transition for the LC to LE and 

LE to LC temperatures increased with the increasing amount of cholesterol in the 

monolayer.   

MD simulations have also been used to simulate monolayers that contain LS proteins. By 

using CGMD, Baoukina et al. [104] have simulated the LS components DPPC, POPG, 

Cholesterol, (at 8:2:1 ratio) with SP-C. The study has revealed that at low surface tension, 

the monolayer transfers into a bilayer/lipid-reservoir and the connectivity of the lipid 

reservoir to the monolayer is required to exchange the surfactant component/material 

between the monolayer and bilayer/lipid reservoir. In their later studies, the same authors 

studied the function of SP-B at the monolayer air-water interface [105]. They found that 

SP-B promotes the monolayer-to-bilayer transformation through monolayer folding. The 

monolayer curvature/bilayer is also known as a bilayer reservoir (see Figure 2.8). Similar 

findings have been observed previously when the surfactant peptide B segment (SP-B1-

25) is used instead of the full-length peptide [80]. In that study, it was mentioned that SP-

B1-25 aggregates in the monolayer and acts like the full-length SP-B. The SP-B1-25 causes 

defects in the monolayer and prompts the monolayer to fold near the defect. The 

monolayer folding supports the proposed squeeze-out mechanism. Later, it is claimed that 

SP-B1-25 participates in fluidising the surfactant monolayer, and thus assists the 

monolayer to bilayer transformation at low surface tension [94]. The peptide B1-25 also 

perturbs the monolayer and aggregates in the LE phase of the monolayer. Upon peptide 

B1-25 aggregation in the monolayer, the peptide forms different sizes and numbers of 
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clusters. The cluster number and cluster size are characterised mainly by the amount of 

peptide in the monolayer [106].   

2.3 Studies on nanoparticles and their role on lung surfactant 

The lungs experience fine foreign particles through inhalation from different sources 

(environmental or engineered). The long-term exposure of pollutant NPs in the lungs are 

responsible for various lung diseases such as asthma, lung cancer and more [6, 19, 102]. 

These pollutant-oriented lung diseases occur when the pollutant NPs alter the biophysics 

of the healthy lungs.  

The inhaled nano-sized particles easily interact with the extracellular body fluid, which 

consists of blood plasma, interstitial compartments fluids and surfactant in the lungs’ 

alveoli [103]. LS monolayer in the alveoli acts as the first-line barrier for the 

inhaled NPs. Therefore, it is necessary to reveal the underlying mechanisms of the 

interactions induced by the NPs in the LS area. 

The molecular interactions between NPs and LS (NP-LS) are the main determinant of the 

mechanisms of how NPs are adsorbed into the LS and thus enter lung tissue. Experiments 

combined with simulation studies can help understand these interactions and thus 

contribute to elucidate the mechanism of how NPs enter into the LS.   

The improvement in computational facilities has triggered the NPs-LS research to a new 

state by opening various windows in biomedical and bioengineering research. The 

research includes the designing of nanotherapeutics to improve the existing efficiency of 

nano-drug in the LS area. The drug-based NPs’ translocation, intermolecular interactions 

with LS components, and pre- and post-effects of the NPs on the LS layer have raised 

concerns along with the size, shape, surface engineering, and type of the core NPs [107]. 

Dendrimers, liposomes, polymeric NPs, carbon-based NPs, and AuNPs are common 

types of NPs used as drug carriers to lung diseases [107, 108].  

Different experiments, surveys, and mostly modelling studies cover a wide range of NPs 

(carbon [14, 109-114], gold [13, 24, 115-119], silica [120, 121], silver [122, 123] and 

others [107, 108]) from different sources to access the NPs toxicity and potentiality as a 

nanocarrier.  

Based on the available literature, both carbon and gold nanoparticles have detrimental 

and beneficial effects on the pulmonary system [110, 124-131]. Both NPs act as pollutants 
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at their bare state, most cases when they are inhaled. The pulmonary system is highly 

exposed to carbon NPs due to easy availability in the environment. AuNPs have intense 

potential interests in the field of biomedical applications as a nanocarrier for non-toxic 

with simplicity in its surface modification compared to carbon NPs [132]. 

2.3.1 Carbon nanoparticles 

Researchers have shown much interest on carbon-based (carbon nanotube, graphene, and 

fullerene) NPs (Figure 2.12) because of their abundance in the environment as pollutants 

from industrial processes and motor vehicles [133, 134], as well as their promising 

applications as nanocarriers [129, 131, 135].  

 
Figure 2.12 Different types of carbon-based nanoparticles/nanomaterials such as 

fullerene, carbon nanotube, graphene, single-walled carbon nanotubes, and multi-walled 

carbon nanotubes. The image has been reproduced from Hong et al. [131] with permission

from ACS publications and an open online source [136]. 
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Carbon NPs form a special class of low dimensional NPs that can have a size range (1-

100 nm). The carbon-based NP fullerene (C60) is a zero-dimensional (0D) NP, and the 

hollow spherical fullerene (Figure 2.12) is used in nuclear medicine [137]. As a 

nanocarrier, fullerene NPs can penetrate cell membrane [138] and enhance 

drug/therapeutics delivery when the NPs are functionalised with drug/therapeutics [139].  

One-dimensional carbon-based NPs, carbon nanotubes (CNTs), can be single-walled 

carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). The 

SWCNTs or MWCNTs are the results of a single layer of graphite nanosheets or multiple 

layers. The functionalised CNTs are prominent and widely used in biomedical 

applications to deliver genes/drugs in the biological environment [128]. Graphene (GNs: 

graphene nanosheets, GO: graphene oxide) is a two-dimensional carbon-based nano-thin 

film where the carbon atoms are arranged hexagonally to form a single layer NP [140]. 

GO is commonly used in biomedical applications as a derivative form of Graphene [141]. 

Similar to fullerene and CNTs, graphene NPs have a wide range of applications in 

biomedical applications as the NPs ultra-surface area permit to bind/load biomolecules to 

treat cancer [142]. Biomolecules such as cholesterol can be successfully detected with the 

biosensor based on graphene NPs [143].  

On the other hand, airborne carbon-based NPs are responsible for most of the respiratory-

related and cardiovascular diseases like asthma [14], lung cancer [15], lung injury and 

fibrosis [14, 16, 17], lung inflammatory diseases [18], and others [14, 17, 19-21]; 

therefore, investigating the role of carbon NPs in initiating these diseases is important. 

Inhaled carbon-based NPs primarily deposit in the lungs area [144] and most of the NPs 

aggregate and remain there [145], as the clearance/further-translocation is found 

unfavourable [146]. It is found that fullerene (C60) NPs can trap in the surfactant layer in 

the alveoli and result in damage (pore formation) to the surfactant layer at a concentration 

of 0.3 mol% of C60/lipids [111]. The fullerene NPs of different sizes have significant 

effects [133] on the surfactant layer such as the larger fullerenes most likely perturb into 

the LS layer and thereby affect the physiological structure of the surfactant and its 

components during respiration. In contrast, it is also reported that the short term inhalation 

of the fullerene (C60) NPs have a minor impact on lung inflammation [147, 148]. In the 

case of CNTs, the specific surface area, physical, and chemical properties have crucial 

roles in measuring their toxicity in the lung area [149]. For example, longer MWCNTs 

enhance the inflammation in the pulmonary area [150]. However, by knowing the nature 
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of carbon NPs in the LS area, many lung-related problems due to the carbon pollutant 

inhalation may be solved. Therefore, different studies (experimental and simulation-

based) on carbon-based NPs in the LS area have been briefly discussed in section 2.2.3 

and 2.2.4.  

2.3.2 Metallic nanoparticles 

Metallic NPs are the most important category of NPs, which are mostly insoluble except 

in biological milieus. The metal NPs are ubiquitous in the environment and are the most 

likely inhaled particulates because of their extensive use in industries for different 

purposes as engineered NPs [151]. Furthermore, diagnostic imaging with the help of 

metallic NPs is common practice in medical treatment such as computerised tomography, 

ultrasound, magnetic resonance imaging, surface-enhanced Raman spectroscopy, 

ethylene terephthalate, and optical imaging [152]. Among the metal-based NPs, copper 

[153, 154], gold [13, 24], iron [155, 156], titanium [157], and silver [122] are universally 

used and appear in the form of wires, rods, spheres, plates, cube and sheets [158]. Most 

metal workers are likely to inhale these types of NPs from their occupational surroundings 

[13, 154]. For instance, it has been identified that high amounts of copper NPs are found 

in the industrial environment due to rubber and asphalt production [154]. The fate of 

metallic NPs in the lung is controlled by the physio-chemical and physiological properties 

of the NPs such as NPs’ deposition, accumulation, and retention in lung area [156]. In 

comparison between silver nanoparticles (AgNPs) and other NPs’ solubility, AgNPs are 

less soluble. Therefore, the AgNPs in hydrophobic nature spontaneously contact with LS 

lipoprotein (lipid and protein), which results in bilayer corona formation on the AgNPs 

surface [159]. In another study, it is found that the surfactant lipoprotein corona on the 

AgNPs does not leave the LS layer to the liquid phase under compression state [160].  

Interestingly, metallic oxides such as zinc oxide (ZnO), titanium dioxide (TiO2), silicon 

dioxide (SiO2), and iron oxides (Fe2O3),  also have great application in consumer products 

(sunscreens, clothing, cosmetics, food packaging, electronics, and sporting equipment) 

[161]. The ZnO and TiO2 are used in personal care products, like sunscreens to avoid 

damage in the skin from ultraviolet rays [162]. SiO2 is usually applied in the 

manufacturing industries to bridge the gaps between carbon fibres [163]. Arsenic is 

considered very unhygienic and harmful to health. Iron oxide NPs aid the removal of 

arsenic from water wells [164].  
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Gold nanoparticles (AuNPs) 

In recent decades, the use of gold nanoparticles (AuNPs) in biomedical applications has 

increased significantly. This is mostly due to its property of being inert [165], reducing 

its unwanted interactions with biological molecules. Owing to the large surface/volume 

ratio, gold in its nanosize possesses properties that are distinctively different from bulk 

gold. AuNPs have high stability, various shapes and sizes, and their surface can be easily 

modified. This has accelerated the use of this particle in nanotechnology. Subsequently, 

the use of AuNPs in consumer products increases the potential of exposure to AuNPs 

[166]. For example, the Consumer Products Inventory (CPI) reported that the presence of 

AuNPs, considering the concentration, size, shape, and potential exposure routes in food, 

health, beverage, and fitness-related consumer products, is increasing day-by-day [167, 

168].  

Furthermore, owing to the occupational circumstances, gold miners and goldsmiths are 

frequently exposed to AuNPs [13, 168]. The continuous inhalation of gold dust and 

AuNPs may cause serious respiratory problems, as has been reported in different studies 

[12, 13, 130, 169]. For example, respiratory disorders, lung cancer, and other respiratory 

diseases (e.g., asthma, pneumonia, bronchitis, and emphysema) are more common in gold 

miners compared to the healthy population [13, 169]. However, while these studies 

provide epidemiology data on the health issues of gold miners, such studies cannot answer 

the molecular mechanism by which these diseases originate. There are few experimental 

studies aimed at understanding the role of AuNPs in lung diseases [24, 170], but it is still 

unclear how NPs’ interact with lung tissue, and in particular with the LS monolayers at 

the molecular level.  

AuNPs are also increasingly used in biomedical applications as a system to deliver drugs 

or other compounds into the cell. Different advanced properties of AuNPs allow 

considering the AuNPs as a non-toxic and potential candidate for delivering drugs [126, 

171-173]. These advance properties of AuNPs include high-to-volume ratio, easy 

accessibility in modifying the NPs’ size and surface properties such as charge, 

hydrophobicity and tailoring different compounds [107, 173, 174]. AuNPs also enhance 

the efficacy of therapeutics delivery [175]. One way of preparing such NP-based delivery 

systems is to covalently or non-covalently attach the compound to the surface of the 

AuNP as a ligand (Figure 2.13). In most of the cases, an alkyl chain or polyethylene glycol 

(PEG) attachment as a ligand to the surface of the AuNPs (Figure 2.13a) enhances the 
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colloidal stability of the AuNPs [176]. Along with the stability, the surface modification 

of AuNPs also makes the NPs more biocompatible [177]. Moreover, different 

hydrophobic, hydrophilic, polymeric, and charged functional groups are attached to the 

AuNPs’ ligand to promote the performance of coated NPs’ in the biological environment 

as a nanocarrier [178]. AuNPs can also be fabricated as a nanocarrier by 

wrapping/capping biomolecules (non-covalently) on the NPs surface (Figure 2.13b), such 

as PL-wrapping, which could measure the nanocarrier efficiency in 

delivering/transporting nanodrugs/biomolecules [173, 179]. A significant number of 

studies reported that ≤4 nm (diameter) AuNPs can be used as nanotherapeutics, such as 

for radiotherapy in the treatment of tumours [180, 181].  

 

Figure 2.13 Different chemical functional groups are attached to the surface of AuNPs by 

(a) covalently and (b) non-covalently.  

However, either in nanocarrier or air pollutant, the size, shape, concentration and structure 

of AuNPs are the principal parameters to measure and explain the NPs’ translocation, 

accumulation, distribution, adsorption, stability, toxicity, uptake mechanism, and 

interaction with biological compounds. These critical parameters of AuNPs have 

significant effects in both biomedical applications as well as from the pollutant angle. 

Size, shape, and surface chemistry of AuNPs 

The number of atoms in AuNPs (Figure 2.14) defines the AuNPs’ size and shape. The 

AuNPs having a size of <10 nm are also known as gold nanoclusters [182].  
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Figure 2.14 AuNPs’ atom numbers define the size and shape of the NPs. The AuNPs with 

different sizes and shapes and the subscripts define the number of atoms. The image has 

been reproduced from [183] with permission from IOP Publishing. 

The intriguing factor is that the NPs size decreases exponentially with the increasing of 

the ratio of surface atoms to total atoms. That is, smaller NPs have a much higher surface-

to-volume ratio. This surface to the volume significantly governs the biological activities 

of the NPs. For example, AuNPs that have a diameter of <3 nm can be comparable to 

some biomolecules sizes, which allows the NPs’ easy interaction with the biomolecules 

[184]. The smaller AuNPs have higher organ distribution possibilities in contrast to the 

larger NPs [185, 186]. Also, the size of AuNPs matters when they translocate through the 

cell membrane. For example, NPs with a diameter of 4 nm have a higher translocation 

barrier than a particle with a diameter of 2 nm [115]. Similarly, in the case of permeability 

of AuNPs through the skin (Figure 2.15), it is found that the larger AuNPs have lower 

permeability through the skin [116]. AuNP has also been found to enhance protein 

permeation into the membrane compared to a protein on its own that cannot permeate the 

membrane alone [184]. However, in the pulmonary area, AuNPs’ translocation inversely 

depends on the NPs’ size but is independent of the NPs’ applied concentration [187].  
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Figure 2.15 Bare AuNPs size effect. Different sized AuNPs and coated AuNPs’ effects 

on the AuNPs’ translocation into the skin membrane. The image has been taken from 

Gupta et al. [116] with permission from ACS publications.  

In the case of AuNPs’ shape effect, spherical shape AuNPs showed to be less corrosive 

over rod shape NPs [188]. Recent CG study [115] on different shapes AuNPs (~4 nm) 

found that nanohexapod AuNPs have higher efficiency in cellular uptake than other 

shapes AuNPs (Figure 2.16). Thereby, nanohexapod could be a better potential 

nanotherapeutic compared to other shapes. 

 
Figure 2.16 Time evaluation of different shaped AuNPs in the membrane, (a) gold 

nanocage, (b) gold nanorod, (c) gold nanoplate, and (d) gold nanohexapod. The image 

has been taken from Lunnoo et al. [115] with permission from ACS publications.  
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Another property affecting the permeability of the NPs in the plasma membrane is the 

surface charge. In a CG study on 2- and 4 nm (diameter) AuNPs, Lunnoo et al. [115] 

reported that positively charged spherical AuNPs get preference in translocation across 

the membrane compared to negative and neutral charged NPs.  

Toxicity of AuNPs can be reduced by modifying the surface of AuNPs with 

attaching/wrapping of biomolecules such as ligands/lipids [177, 189, 190]. The AuNPs’ 

surface chemistry significantly influences the dynamic nature and environment of the cell 

during the interaction [191]. A CG study found that AuNPs’ surface coating has an 

inconsequential effect on the NPs’ permeability into the skin membrane, whereas surface 

charge has a substantial impact [192]. The study reported that neutral 2 nm (diameter) 

thiol-coated AuNP has high permeability contrarily to the 3 nm (diameter) cationic 

AuNP. The charged thiol-ligands at lower ligand densities promote the ligand-coated 

AuNPs to aggregate unlike to the high charged-ligand densities (Figure 2.17) on the 

surface of the AuNPs [193]. In asymmetric membranes, the ligand-coated AuNPs 

(cationic, anionic, and hydrophobic) change the morphological behaviour of the 

membranes at the oil-water interface [194, 195]. The study summarised that the ligand-

coated AuNPs disrupt the membrane instead of lifting the penetration efficiency if the 

surface charge density is raised.    

 

Figure 2.17 Thiol-coated AuNP permeability into the membrane and effects of surface 

coverage densities on AuNP clustering. Anionic thiol coated AuNP cluster formation 

capabilities for (a) 20%, (b) 40%, (c) 60%, (d) 80% and (e) 100% surface coverage. Four 

different AuNPs 1 (red), 2 (gray), 3 (orange), and 4 (yellow) are used [193]. The image 

has been reproduced from Sridhar et al. [193] with permission from the Royal Society of 

Chemistry. 
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2.3.3 Experimental view of nanoparticle interactions with lung surfactant  

There have been numerous in vivo [196-198] and in vitro [24, 199, 200] studies using a 

range of experimental techniques to investigate the interaction of NPs with the LS layer 

and the effect of NPs on the biological function of the LS. As an example of an in-vivo 

study on LS and NPs interactions, a study by Kapralov et al. [196] in mouse lungs showed 

that the aspiration (inhalation of foreign particles or gastric contents) of carbon-based NPs 

are adsorbed into the abundant surfactant PLs. Another in vivo study reported that 

poly(ethylene imines) NPs used as nanocarriers in mice pulmonary surfactants could 

induce an immune response, and PEG modification could reduce the toxicity of 

poly(ethylene imines) NPs [197].  

The impact of AuNPs size has also been investigated in in vivo studies [185]. One study 

by Takenaka et al. [198] showed that the size of the NPs is the main determinant for the 

accumulation of AuNPS in the lung. Small AuNPs (~5-8 nm) show higher aggregation in 

the lung and thus higher accumulation, compared to the deposition of larger AuNPs. In 

in vivo studies, it is found that carbon NPs are responsible for lung fibrosis [14]. Different 

in vivo studies on CNTs in the mouse lungs found that longer CNTs cause severe 

inflammation in the pulmonary area [150] whereas the short length of MWCNTs’ 

exposure to alveolar gas-exchange area induces septal fibrosis [201]. Another in vivo 

study on AgNPs’ size found that short term inhalation (~24 h) of the smaller NPs (~15 

nm, diameter) can result in pulmonary inflammation while the larger particles (~410 nm, 

diameter) had no effect in the lungs because the larger NPs are trapped/deposited in the 

upper airways of the respiratory system [202].  

While in vivo experiments are critical for understanding the interaction of NPs with 

biological tissue and its effect on physiological function, certain properties and 

observables of the LS monolayer such as surface tension, structural and dynamic 

properties (e.g., area-per-lipid), phase changes and the aggregation state of the NP cannot 

be measured with in vivo experiment. For this, the in vitro experiment is important [199]. 

In addition, compared to in vivo experiments, in vitro experiments decrease experimental 

costs, are less time consuming, and reduce the use of animals [203].  

Most of the in vitro experimental studies on LS components and their interactions with 

NPs were performed using the constrained drop surfactometer (CDS) (Figure 2.18a) 

[112], the captive bubble surfactometer/tensiometer (Figure 2.18b) [24, 204], and/or 
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Langmuir-Wilhelmy balance (LWB) [199]. These experimental studies are considered to 

be the most useful techniques to understand the effect of airborne NPs and nanocarrier on 

the structure and function of the LS as well as  LS/NP interactions during the breathing 

cycle [24]. 

 
Figure 2.18 (a) Illustrations of the instruments used to study the LS monolayer and its 

interactions with NPs during the breathing cycle. (a) Constrained drop surfactometer for 

nanomaterials study on LS. The image has been reproduced from Valle et al. [112] with 

permission from ACS publications. (b) Captive bubble surfactometer experimental setup 

for AuNPs with surfactant film study at the air-water interface. The image has been 

reproduced from Schürch et al. [204] with permission from ACS publications. 

Earlier studies have used wet-lab experiments to show how carbon NPs interact with the 

lungs and its components [14, 112]. It is observed that carbon NPs and graphene 

nanoplatelets inhibit the surfactant layer during adsorption on the layer, which results in 

structural damage of the layer. Concurrently, carbon nanotubes (CNT) play dominant 

roles in toxicological changes in the surfactant layer [20]. As an illustration, it has been 

shown that fullerene also has toxicological effects on skin cells and especially the lung 

tissue [205, 206]. The carbon NPs are also counted as the effective surfactant reductant 

NPs, which may lead to induced respiratory distress syndrome [207, 208].  

Metallic NPs such as AuNPs with the size of 15 nm were studied by the seed-growth 

method to investigate the interactions with an LS monolayer composed of DPPC, POPG, 

and SP-B [24, 170]. These studies suggested that the particles interact with surfactant 

PLs, and if the particles are inhaled from the environment, then this can hamper the LS 

function. Both studies indicated that bare AuNPs impede the lungs function by not 

allowing to lower the surface tension values during the compression of the lungs. Also, 
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the translocation of AuNPs in the pulmonary area (lung tissue) has enhanced the 

knowledge of understanding about the adsorption and bio-distribution process of these 

NPs [187]. Another investigation on bare AuNPs found that the NPs from environment 

could impede the normal surfactant functions in the lungs by interacting with the LS lipids 

and proteins (Figure 2.19) [24]. Figure 2.19 represents the rupture in the LS monolayer 

by the inhaled AuNPs that are trapped in the monolayer. 

In case of coated AuNPs, previous in vitro study reported that hydrophobic ligand-coated 

AuNPs can affect the phase behaviour of SP-B and SP-C contained DPPC monolayer 

[209]. Another in vitro analysis on polymer coated NPs reported that NPs coated with 

negatively charged polymers can preclude the biophysical activities of LS as the charged 

NPs bind the surfactant layer components during interaction [210]. The study also found 

that the positively charged polymer NPs could interact with the negative lung tissue that 

may cause the rupture of the tissue. A recent study on LWB systems suggested that 

engineered Cerium dioxide (CeO2) NPs accumulate in an LS monolayer (mimicked by a 

DPPC monolayer) and affect the surface tension of the monolayer at the interface [199]. 

Another study, examined the interactions of bare and lipid-coated AmorSil20 NPs with 

model LS monolayer at the air-water interface to investigate the structural changes during 

monolayer compression and expansion [211]. For this, the study used fluorescence light 

microscopy and Atomic force microscopy (AFM) techniques. The study found that bare 

NPs insignificantly alter the typical monolayer structures while lipid-coated NPs 

aggregate and exhibit hydrophobic properties. The study also summarised that the 

surfactant proteins have a preference to adhere on the surface of the NPs in DPPC and 

DPPG monolayers. A recent study used AFM and pressure-area isotherms to understand 

the effect of hydrophobic and hydrophilic modified silica NPs on the phase behaviour of 

DPPC monolayer at the air-water interface [120]. The hydrophobic silica NPs induced 

pores in the monolayer and exhibited fewer impacts on the monolayer compared to 

hydrophilic NPs. On the other hand, the hydrophilic silica NPs alter the monolayer normal 

phase transformation behaviour along with declining the monolayer rigidity and collapse 

pressure. An in vitro study investigated the NPs’ uptake and translocation in lung cells by 

manipulating the physicochemical properties (size and surface properties) of NPs [212]. 

The study revealed that polystyrene NPs could adsorb and diffuse across the alveolar type 

I cell, but no NPs can penetrate alveolar type II cell. The study also suggested that the 



CHAPTER 2: LITERATURE REVIEW                   40 

NPs modified with carboxyl can intensify the binding of surfactant to the surface of the 

NPs and thereby enhance the NPs’ uptake.  

 

Figure 2.19 AuNP on LS in the alveolar space. (a) A continuous surfactant film 

(monolayer and underlying multilayer) at the air-liquid interface (b) the disrupted 

interfacial surfactant film due to the entrapping of AuNP (from the air phase as pollutants) 

by LS. (The image has been reproduced from Bakshi et al.  [24] with permission from 

Elsevier.) 

To understand the effect of NPs’ sizes on the functional and structural behaviour of DPPC 

monolayers, two different sizes (~12 - and ~136 nm) of hydrophobic polymeric NPs were 

studied by Dwivedi et al. [213]. Using video-enhanced epifluorescence microscopy and 

AFM techniques the study found that larger NPs (~136 nm, diameter) induce significant 

disruption in the structure and function of the monolayers whereas the smaller NPs (~12 

nm, diameter) have a minor effect. The results suggested that ~ 12 nm NPs require high 

concentration to compare the damage and effects on monolayer phase behaviour induced 

by the ~136 nm NPs. Another study used CDS to explore the effects of NPs’ 

hydrophobicity on the surfactant layer.  Using AFM techniques, the study revealed that 

hydrophobicity promotes the NPs to retain in the surfactant layer [214]. Therefore, the 

combined findings of these studies suggest that larger size NPs can cause more damage 

to the LS monolayer [213] while hydrophobicity of the NPs [214] and cholesterol [215] 
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(hydrophobic content in the LS monolayer) inhibit their penetration into the LS 

monolayer and thus likely minimise the damage. However, these findings contradict the 

results from other in vitro studies about the NPs’ size role in DPPC monolayer in the LS 

[216]. Ku et al. [216] used Langmuir trough (a laboratory apparatus is used to fabricate 

and characterize thin films such as surfactant monolayer) to study the interaction of NPs 

in different sizes (diameter=137, 197, 221, 236, and 287 nm) with a LS monolayer. The 

study found that the monolayer stability was preserved even in the presence of NPs of 

size up to ~236 nm, and thus the size ~236 nm was introduced as an optimal size. The 

authors made the decision based on some analyses (pressure-area isotherm, surface area, 

monolayer surface potential, and polydispersity index), which might be independent of 

NP size.   

2.3.4 Simulation studies of nanoparticles and therapeutics with lung surfactant 

monolayer 

Simulations are an ideal technique to investigate NPs and their interactions with the LS 

monolayer at the molecular level and can provide insight that cannot be obtained from in 

vivo or even in vitro experiments. The interactions between the NPs and surfactant 

monolayer have been researched under different monolayer conditions and compositions 

using different simulation techniques [82, 110, 111, 113, 114, 133, 217-221]. Of these 

techniques, MD simulation is one of the most commonly used, to research the interaction 

of various NPs and LS components. Various NPs such as carbon NPs [82, 111, 222, 223], 

fullerenes NPs [110, 224-226], polyorganosiloxane NPs (AmorSil20) [211], clay NPs 

[227], SiO2 [228] and GO nanosheets [141, 229, 230] have been investigated, both in the 

context of pollutants (bare NPs) and as functionalized NPs and their use as drug carriers. 

The roles of the most common NPs in the lung area have been discussed in subsections 

2.2.1 and 2.2.2. Therefore, here is the brief discussion of NP roles on the LS monolayer 

within the framework of simulation studies.  

Both atomistic and CG MD have been used to investigate NPs interacting with LS 

monolayers. Examples of atomistic studies are described first. An atomistic MD study of 

carbonaceous NPs has unveiled the role of the carbonaceous NPs on DPPC LS monolayer 

[82]. The study found that the NPs readily enter into the lipid component of the monolayer 

but repel the surfactant peptide B segment (SP-B1-25). However, the NPs translocation is 

confined within the monolayer, and the NP cannot translocate through the monolayer into 
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the water phase. Another atomistic study on the DPPC LS monolayer model with the most 

common air pollutant Benzo[a]pyrene (BaP) has revealed that the BaP NPs interact with 

the DPPC molecules of the monolayers and restrain the DPPC tails’ movement while 

absorbed on the monolayer at the interface [231]. As a consequence, the monolayer 

fluidity decreases in an NP concentration-dependent manner. Similar to these findings, a 

recent study on DPPC and POPC mixed model LS monolayers has suggested that in the 

presence of BaP NPs, the monolayer fluidity is reduced [232]. The study also showed that 

the monolayer lipids (DPPC and POPC) compression facilitates the BaP NPs to 

translocate into the PL headgroups and further compression of the monolayer leads to the 

NPs to be expelled to a subphase of the monolayer. In a different study, bare and 

hydrophilic C60 NPs have been studied with DPPC monolayer to determine the diffusion 

of the NPs in the monolayer [224]. The atomistic study has asserted that the bare C60 

NPs interact with the lipid headgroups at the air-water interface of the DPPC monolayer 

and remain in the monolayer, whereas hydrophilic functionalised C60 NPs can permeate 

into the lipid headgroups.  

The CGMD simulations have gained popularity in recent decades owing to the 

capabilities of simulating large systems (i.e., with more particles) over an extended time 

scale [96]. Here, we have summarised a few recent and relevant CG studies on a surfactant 

monolayer exposed to nanoparticles and nanocarriers. 

Lin et al. [233] used CGMD to investigate the effect of NPs on LS monolayer breathing 

conditions and reported that the NPs retain in the monolayer with minor disruptions 

during lung expansion (inhalation), in contrast to the considerable disruption by the NPs 

at the time of the monolayer contraction (exhalation). The study also concluded that the 

hydrophobic entrapped in the monolayer and the structural disruption happened during 

compression while hydrophilic NPs can easily permeate the monolayer (Figure 2.20). 
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Figure 2.20 NPs (hydrophobic and hydrophilic) cause disruption in the monolayer during 

the monolayer (a) compression and (b) expansion. The hydrophobic NPs are denoted as 

HB (orange colour) and hydrophilic NPs as HL (pink colour). The image has been 

reproduced from Lin et al. [230] with permission from the Royal Society of Chemistry. 

 A CGMD study on carbon nanoparticles (C60 fullerene) found that the concentration of 

the NPs significantly governs the NPs’ aggregation in the LS monolayer that leads to the 

monolayer disruption, monolayer pore formation (Figure 2.21), and interruption in the 

physiological surface tension [111]. Another CG study also revealed that the C60 

fullerene in the LS monolayer raises the monolayer collapse surface tension to 10 mN/m 

whereas the monolayer normal collapse surface tension is ~0 mN/m in the absence of any 

NPs [110]. The presence of carbon NPs in the monolayer reduces the monolayer rigidity 

by perturbing the monolayer PLs (DPPC and DOPC)’ tail order. 
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Figure 2.21 Pore formation in the lipid (DPPC) monolayer (lipid tail: green; head: yellow) 

by C60 fullerene molecules (red). DPPC:C60 (a) 0 (b) 0.1(c) 0.2 and (d) 0.3. The image 

has been reproduced from Nisoh et al. [111] with permission from the Royal Society of 

Chemistry. 

Environmental carbon nanospheres (CNSs) and their interaction with LS monolayers 

have been simulated to investigate nano-aggregation and the monolayer rupture during 

respiration [113]. The study has found the nano-aggregation in the monolayer relates to 

the NP concentration, whereas both the NPs’ concentration and monolayer surface area 

intensify pore formation in the monolayer (Figure 2.22). An investigation on different 

sizes SWCNTs perturbation into LS monolayer observed that both the length and 

diameter of the SWCNT modulate its interaction with the monolayer [114]. The length < 

2 nm and diameter < 2 nm have found a minor effect on the monolayer structure while 

the larger size (length > 6 nm and diameter > 3 nm) SWCNT induced pore in the 

monolayer has enabled the water molecules from the monolayer-underlying water layer 

to escape from the monolayer. The study stated that the pore formation and water 

molecule transportation are the replicas of the biomolecules transport in the biological 
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channel. In a follow-up study, it is noticed that the pristine SWCNT adsorbs in the 

monolayer and the monolayer components binds the SWCNTs, which are characterised 

by the size of the SWCNT and monolayer surface tension [219]. Surprisingly, the 

hydrophilic SWCNT adsorption and translocation across the monolayer are independent 

of the surface tension. It has also been identified that the modified surface pattern of 

SWCNT prompts LS monolayer perturbation. A different study suggested that the 

accumulation of SWCNT in the monolayer initiates long-term lung damage because of 

the internalisation and hydrophilic pore formation in the monolayer [220].  

  

Figure 2.22 CNSs (diameter=3 nm) pore formation in the LS monolayer. Effect of CNSs 

concentration and monolayer surface area creates pores in the monolayer. The image has 

been reproduced from Yue et al. [113] with permission from the Royal Society of 

Chemistry. 
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CGMD simulations have also been reported illustrating -the effect of the size and shape 

of the NPs on their deposition, cluster formation, and penetrating ability through the LS 

monolayer and how these affect the properties of the surfactant monolayer at the air-water 

interface. For example, a study by  Chiu et al. [133] found that the surface tension at the 

interface of the DPPC monolayer is primarily affected by the size and concentration of 

fullerene NPs (Figure 2.23). The fullerene C540 (diameter=2.10 nm) NPs cluster 

diminishes the surface tension of the expanded monolayer (APL=0.63 nm2) at the air-

water interface while the smaller fullerene C60 (diameter=0.71 nm) NPs have a minor 

effect. The larger fullerene NPs also affect the monolayer transformations to the bilayer. 

Another study of CNSs on the LS monolayer has measured the potential impact of the 

CNSs on the physicochemical properties of the monolayer [113]. In the monolayer, larger 

CNSs form clusters while the smaller CNSs usually do not aggregate and distribute in the 

monolayer. Regardless of the NPs’ diameter, their length also controls their translocation, 

nano-aggregation, and retention in the monolayer. For example, a minor increase in CG 

nanotube length could help the tube to perturb the LS monolayer owing to the mismatch 

between the monolayer thickness and the tube length [114].  

 

Figure 2.23 Fullerene concentration alters the DPPC lipid monolayer surface tension. The 

surface tensions of the monolayer exposed to C60 (black circle), C60 cluster (red square), 

C180 (blue triangle), and C540 (purple diamond) are plotted. The image has been 

reproduced from Chiu et al. [133] with permission from the Royal Society of Chemistry. 
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As illustrated in Figure 2.24, a study by Luo et al. [229] showed that GNs extract LS 

monolayer components and this process depends on the shape and size of the GNs. 

Specifically, larger GNs (length=36.84 nm, width=9.2 nm) extract more LS atoms than 

the smaller one (length=18.42 nm, width=9.2 nm), a result that was obtained using 

CGMD simulation. A similar result reported in another CG investigation of LS monolayer 

showed that the increase in the size of lipid-covered NPs enhances the chance of more 

lipids to bind by the NPs [234].  

 

Figure 2.24 Graph showing size effects of graphene nanosheets on the LS monolayer 

extractions. Three different colour bars represent outcomes of three independent 

simulations. Three different sizes of GNs with same width (9.2 nm) have been used to 

elucidate the size effect. The image has been reproduced from Luo et al. [229] with 

permission from the Royal Society of Chemistry. 

A study on SWCNTs surface properties (hydrophilic and hydrophobic),  and size (long 

[219] and ultrashort [220]) has revealed different characteristics of LS monolayer while 

permeating into the monolayer during the compression and expansion process (Figure 

2.25).  
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Figure 2.25 SWCNTs interaction with PSM during expansion (a–d) and compression (e–

h). The SWCNTs size was L = 1.25 nm, D= 5.28 nm (a and e); L = 4.47 nm, D=3.52 nm 

(b and f); L = 14.04 nm, D= 5.28 nm (c and g); and L = 14.04 nm, D= 1.76 nm (d and h). 

The image has been reproduced from Yue et al. [219] with permission from the Royal 

Society of Chemistry. 

The differences in the shape of NPs can also regulate their transport process and degrees 

of deformation in the surfactant monolayer. A study by Lin et al. [235] looked into the 

shape effect on the compression and expansion process of an LS monolayer composed of 

DPPC. The authors found that rod-shaped NPs had higher penetrating ability compared 

to the barrel- and disk-shaped NPs. The study also indicated that hydrophilic NPs cause 

less disruption but show high translocation through the monolayer compared to 

hydrophobic NPs. Similarly, another CG study by Luo et al. [236] was looking at the 

effect of size, shape, and hydrophobicity on the interaction of silica NPs with LS 

monolayer. It was ascertained that regardless of the NPs’ shape, the hydrophilic NPs < 5 

nm (diameter) could cross the monolayer quickly with no significant effects on the 

monolayer perturbation during both breathing conditions (exhalation and inhalation). In 

contrast, the shape of the NPs matters for the NPs > 5 nm in perturbation and translocation 

of the NPs across the monolayer. The hydrophobic NPs are wrapped by the surfactant and 

cause disruption in the monolayer during monolayer compression. About the NPs shape 

effect, the NPs at different shapes (spherical, tetrahedron, disk, cubiod, and cylinder) are 

covered by surfactant and greater translocation has been seen, except for cubic-shaped 

NPs (Figure 2.26).  
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Figure 2.26 Time evolution of different shaped-NPs translocation along Z-axis under the 

surface tension 10 mN/m. The image has been reproduced from Luo et al. [236] with 

permission from the Royal Society of Chemistry. 

The surface modification of the NPs also regulates the translocation of the NPs and 

determines the fate of the NPs in the surfactant monolayer. The NPs’ surface modification 

includes applying surface charge, changing the hydrophobicity, and attaching different 

ligands. The position of the charge on the NPs’ surface (edge or face) is also a crucial 

factor in determining the NPs’ translocation ability. A CGMD study has reported that a 

charge on the face of an NP promotes translocation through the monolayer, but charge at 

the edge of the NP does not [237]. Another study on charged NPs and LS monolayer 

revealed that the surface charge impedes the movement of the NPs in the monolayer and 

facilitates the monolayer disruption (Figure 2.27) [238].  

 

Figure 2.27 Effect of hydrophilic NPs with different surface charge density (positive and 

negative) on LS monolayer during expansion and compression (a) quantitative (b) 

qualitative. The image has been reproduced from Chen et al. [238] with permission from 

Taylor & Francis. 
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Furthermore, Hu et al. [83] reported that the surface charge and hydrophobicity of NPs 

could influence the translocation of the NPs and interaction with an LS monolayer 

composed of DPPC, POPG, SP-B1-25, and SP-C. Their study reported that the NPs’ 

surface charge causes the accumulation of the peptides B with lipid to form coronas on 

the NPs surface known as lipoprotein corona (Figure 2.28). In a related study, the same 

authors reported corona formation on polystyrene NPs’ surface and noted that the 

molecular structure and shape of the corona might be related to the hydrophobicity of the 

NPs [159].  

 

Figure 2.28 The interaction of anionic hydrophobic NPs with surfactant monolayer 

(DPPC, POPG, and SP-B1-25). The image has been reproduced from Hu et al. [83] with 

permission from ACS publications. 

As discussed above, many similar studies reported that hydrophobic NPs are more active 

in disrupting the lung routine works than hydrophilic NPs [233, 235]. The disruptions 

happened mostly in the compressed surfactant layer by the hydrophobic NPs whereas, the 

hydrophilic NPs can penetrate the layer. Choe et al. [82] and Schneemilch et al. [224] 

also found that while disrupting the monolayer structure, the hydrophobic NPs alter the 

nearby lipid arrangement or other molecule packing densities. It has been reported that 

the changes in the structure of the lipid might create a distinct lipid distribution near the 

hydrophobic NPs [239]. In a study by Yue et al. [228] on different NPs (SiO2, C6H14O2, 

and ) exposure in model LS monolayers composed of DPPC, cholesterol, SP-B, and SP-

C  found that hydrophilic NPs (SiO2, C6H14O2) were seen to rapidly translocate across the 

monolayer in inhalation and exhalation conditions while the LS monolayer traps the 

hydrophobic NPs. In the same work, semi-hydrophilic NPs (CaSO4) crossed the 

monolayer when the cholesterol content was < 10% (by mass) of total lipids during 

inhalation condition. It also reported the preference of hydrophilic NPs over 
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hydrophobic/lipids (DPPC and DHPC)-coated NPs on NPs translocation across surfactant 

monolayer [234].  

GO, and GNs have been studied in LS monolayer using CGMD to explain their roles on 

the monolayer [141, 229, 230]. Hu et al. [141] reported the first CGMD study on GO 

nanosheets in an LS monolayer to access the toxicity level of the inhaled nanosheets 

(Figure 2.29). The monolayer containing the lipids DPPC:POPG (7:3 molar ratio) and 

cholesterol (10 wt%),  suggested that the nanosheets create pores in the monolayer as well 

as increase the monolayer compressibility.  

 

Figure 2.29 (a) Coarse graining of LS components (DPPC, POPG, SP-B, SP-C, and 

cholesterol), (b) LS components schematic representation in the simulation, and (c,d) the 

initial state of LS simulation. The image has been reproduced from Hu et al. [141] with 

permission from the Royal Society of Chemistry. 

Similarly, Yue et al. [230] have simulated a surfactant monolayer with GNs and proposed 

that the rigidity of GNs is the reason for the GNs’ toxicity in the monolayer. In their 

investigation, they noted that the hydrophobic nature of the GNs causes the surfactant 

lipids to cover the nanosheets, which results in the buckling of the monolayer followed 

by its collapse (Figure 2.30). In contrast, the hydrophilic GNs do not result in monolayer 

collapse.   
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Figure 2.30 Hydrophobic GN promotes buckle formation and leads to the collapse of the 

monolayer. (a) The snapshots represent the GN interaction with LS monolayer 

qualitatively and (b) time evolution of the angle between GN and monolayer normal. The 

image has been reproduced from Yue et al. [230] with permission from the Royal Society 

of Chemistry. 

A similar by Luo et al. [229] very recently found that the GNs’ size and oxidation ratio 

have considerable effects on the LS monolayer [229]. In the presence of GNs in an LS 

monolayer composed of DPPC, POPG, cholesterol, SP-B, and SP-C, the monolayer 

components are extracted by the GNs, and the extracted lipids induce reverse micelles on 

the surface of the GNs. Further, it was reported that factors like the surface tension of the 

monolayer, GNs size and curvature, affect the amount of extracted lipids.  

Drugs/therapeutics delivery for lung diseases using nanocarrier (NPs/nanodroplets) is 

promising because of efficient and controlled delivery [197]. Engineered NPs are 

prepared with the lower molecular weight and small sized (<200 nm) polymers such as 

PEI (polyethyleneimine) [197], chitosan [240], and d-α-tocopheryl polyethylene glycol 

1000 succinate (TPGS) [241] to use as nanocarriers, which could prevent 

drugs/therapeutics being engulfed by macrophage. Recently, a DPPC-capped nanodroplet 

(diameter=16 nm) has been studied on a mixed surfactant monolayer 

(DPPC:POPG:CHOL:SP-B:SP-C ) using CGMD simulation to scrutinize the role of lipid 

capping in translocating the nanodroplet across the monolayer [242]. In the monolayer, 

the droplets insist the monolayer collapse at low surface tension while the higher surface 

tension intensifies the translocation of the nanodroplets in exchange for creating pores in 

the monolayer. The study has argued that the disturbance caused by the nanodroplet can 

be alleviated by capping the droplet with lipid such as DPPC. What’s more, Lin et al. 

[233] have studied  PEG-and DPPC-coated NPs with surfactant monolayer to elucidate 

the potential applications of NPs as the drug carrier to the lungs using CGMD. The 

authors found that PEG-coated NP prompts in the monolayer without disruption, but the 

DPPC-coated NP has failed to do so.  
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2.4 Summary of literature review  

The study of NPs’ penetration and interaction with LS is crucial for characterising dangers 

of exposure to particulate matter and designing of medical therapeutics/nanocarriers for 

lung diseases. The NPs that reach the lung area are firstly faced with a thin wall/layer that 

is defined as LS monolayer. The LS monolayer is a fundamental part of the surfactant 

layer that de-escalates the mechanical work of breathing at the alveolar air-water 

interface. Prior in vivo and in vitro studies on the surfactant layer exposed to NPs have 

failed to provide proper explanations of the molecular-level interactions between the NPs 

and LS components. MD simulations have created many opportunities to know the 

interactions of the NPs with the LS monolayer components at nanoscale. Therefore, the 

MD simulation has ultimately bolstered the overcoming of challenges that have appeared 

in the experimental studies.  

Two popular MD simulation techniques (atomistic and CG MD) are used to simulate the 

surfactant molecules and their complexes exposed to NPs. To date, the MD studies have 

been conducted mainly focusing on carbon-based (CNT, fullerene, graphene), polymer, 

and metallic NPs with the surfactant membrane. Surprisingly, these studies have been 

mostly confined to the surfactant bilayer despite the vast importance of the LS monolayer 

that participates in maintaining a normal gas-exchange process in the alveoli. Moreover, 

the excessive use of AuNPs containing consumer products, easy availability of gold nano-

dust in the environment of gold mines, and wide range of applications of AuNPs in the 

biomedical sector allows us to be exposed to high levels of gold nano-dust/AuNPs. 

Therefore, the potential for an individual's exposure of AuNPs has also increased. 

Considering the existing literature, the modelling of the interactions between AuNPs as 

pollutants/drug-carriers with the LS monolayer at the air-water interface is 

unprecedented. Therefore, the study of AuNPs in the LS monolayer area deserves high 

priority to be modelled in the presence of AuNPs to access the role of the AuNPs and the 

LS monolayer components on the monolayer structural, dynamical and biophysical 

properties at different breathing conditions.  
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CHAPTER 3 

COMPUTATIONAL METHODS 

The specific simulation details used for each of the systems studied are given within 

Chapters 4 to 7. This chapter details the theoretical basis of the methodology used 

throughout the thesis. It outlines the physics underlying molecular dynamics (MD) 

simulations including the use of force fields, particularly the MARTINI force field used 

for coarse-grained MD (CGMD) simulation. The methodology sections in chapters 4 and 

5 are the parts of our published papers, and the reproduction of the parts of the published 

paper/papers is completed with permission from the publisher where necessary.  

3.1 Molecular dynamics 

MD is a popular computational method that investigates the movement of particles in 

space and time by evaluating Newton’s equation of motion [1]. MD is widely used to 

explore the structure and dynamics of biomolecules, biomaterials, and nanoparticles and 

thus assists in a wider range of research areas such as biotechnology [2], biomedical 

engineering [3], molecular biology [4], biophysics [5], biochemistry [6], materials 

chemistry  [7] and many more [8, 9]. In addition, as MD is based on the principles of 

statistical mechanics, it can thus be used to predict the thermodynamic properties (e.g. 

heat capacities, energy, pressure, and so on at the microscopic level) as well as the kinetic 

phenomena of systems [10].  

The central principle of MD is that the molecular system is composed of practices that 

each have their own motion in time and space. Newton’s classical equation of motion is 

followed by 

F = ma                 (3.1)  

where, F is the force acting on a particle, m and a are the mass and acceleration of that 

particle respectively. From the force that acts on a particle, the velocity and position of 

that particle can be calculated.   
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For the ith particle, the Newton equation of motion can be modified as  

Fi = miai                 (3.2) 

where Fi, mi and ai are the force, mass and acceleration of ith particle.  

Force can also be expressed as the gradient of the potential energy, V. So, the force will 

be  

Fi = −∇iV = −
dV

dri
                (3.3) 

On the other hand, the acceleration is the 2nd derivative of the position r with respect to 

time, i.e.,  

ai =
d2ri

dt2
                 (3.4) 

Combining the above two equations (3.3) and (3.4), Newton equation of motion in the 

form of derivatives of the potential energy is shown as 

−
dV

dri
= mi

d2ri

dt2                                 (3.5) 

where V is the potential energy of the system, riis the position of the ith particle. 

The potential energy function V is used to calculate all the relevant forces acting on each 

particle and the interactions between particles in the system. In the simulations used in 

this work, the classical potential energy of the system is defined via a force field, which 

is a set of equations that defines the interactions between particles. For MD simulations 

to be useful to understand the molecular-level structure and dynamics of a system, the 

force field needs to accurately reproduce the structure and thermodynamical properties of 

the system. The force field is thus critical in the accuracy of the simulations.  

To describe the interactions among particles in a system, the force field is divided into 

two main parts; these are the potentials that describe the covalent/bonded interactions 

within given particles such as bond stretching, torsion, and angle bending, and the 

potential describing the non-bonded interactions between particles like van der Waals and 

electrostatic (Figure 3.1). The sum of the bonded and non-bonded interactions gives the 

total potential energy, Vtotal, of the system given by  

Vtotal=Vbl+Vba+Vtors+Vvdw+Vel                         (3.6) 
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where Vbl= bond length, Vba= bond angle, Vtors= torsional angle (proper dihedral and 

improper torsion ), and the non-bonded interaction potentials are the sum of van der 

Waals and electrostatic (Vvdw+Vel). 

 

Figure 3.1 Different types of interactions (bonded and non-bonded) among the particles. 

Image adapted from a free online resource [11]. 

The potential energy function (sum of potentials) of a traditional biomolecular force field 

will have the following form (or similar) [9] 

 

  

 

                  (3.7) 

 

Equation 3.7 describes the potential for four particles’ interactions. bi is the bond length 

(bl) potential that connects two particles within a molecule; θi is the bond angle (ba) for 

three particles within a molecule; and the torsional angle (proper dihedral and improper 

torsion) for four particles within a molecule; denoted by ∅i and φi as proper dihedral and 

improper torsion, respectively. The equilibrium bond length, bond angle, proper dihedral, 
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oscillation of the particle around an equilibration value and Ki
b, Ki

θ, Ki
∅, and Ki

φ comprise 

the force constant for the bond, angle, proper and improper torsional angles, respectively. 

The non-bonded interactions are the sum of the van der Waals and electrostatic 

interactions between particles i and j where n is the dihedral multiplicity, ϵ is the Lennard-

Jones (LJ) well depth, σ is the atomic radii, D is dielectric constant, qi,j is partial atomic 

charges, and ri,j is the distance between particle i and j.  

Both atomistic and CG simulation techniques are used to simulate biomolecular systems.  

In MD simulation of molecular systems, a particle is usually described as a sphere where 

the size, mass and charge of the particle is defined by the chemical entity to describe.  In 

atomistic MD, all atoms or all heavy atoms are a single particle while in CG simulations, 

several particles are grouped into a single particle. As a result, CG simulation reduces the 

number of degrees of freedom of a system by transferring groups of atoms into a single 

bead or interaction site, and thus enhances the efficiency of modelling any system about 

10-15 times faster than atomistic simulation. As a result, larger systems and longer 

simulations are achievable in CGMD simulations.  

MD simulation possesses some important drawbacks. The two main challenges are the 

force fields used in MD simulations and the computational timescale [12]. The time scale 

restricts to extend system/problem size. For example, the structural changes in proteins 

require nanosecond to second; therefore, to reach the structural changes in protein, it is 

necessary to simulate trillions of time steps. More time steps mean more computational 

cost, while these may achievable in future based on the current improvement in computer 

technology. Another issue relates to the force fields accuracy for those systems where 

quantum effects are predominant, and thus the force field failed to approximate 

appropriately in these systems. Recent years, there has been much improvement in the 

MD force fields, but the modifications are still ongoing to better approximate the 

molecular interactions. In addition, MD simulation has limitation in reproducing 

thermodynamics properties of a system. Furthermore, the limitations of the MD technique 

are to do with sampling – in MD the ensemble average of properties is a time average, so 

one is required to sample the system for a suitable amount of time. This suitable amount 

of time cannot be known a priori, and improper/poor sampling of the potential energy 

landscape of the system (for example if the system becomes stuck in local minimum) will 

mean that the ensemble average of properties will be biased. 
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As MD results are the approximation of the molecular interatomic interactions, which are 

calculated using various MD simulation software, the results require to face the question 

of validation [13]. Generally, obtained MD results are validated with available 

experimental data to remark on the validation of the used molecular models/systems and 

force fields.   

3.2 The MARTINI Coarse-grained force field 

In CG simulation for a biomolecular system, MARTINI [14] is one of the most popular 

CG force fields. Protein-protein, protein-lipid interactions and simulations of protein-

lipid self-assembly are the common applications of the MARTINI CG force field. 

The MARTINI CG model usually uses 4:1 mapping, i.e. a single interaction a (bead) 

represents on average four heavy atoms with associated hydrogens.  Based on polarity, 

there are four main four types of beads (interaction sites) polar (P) non-polar (N) apolar 

(C) and charged (Q) which keep the MARTINI CG model simple. For these bead 

interactions, there are also 10 different interaction levels. In addition, each particle is 

divided into different subtypes, which allows us to represent more accurately the 

hydrogen-bonding character (donor, acceptor, both donor and acceptor, and neither donor 

nor acceptor) and the level of polarity (1-5, 1-low polarity, 5-high polarity). The charged 

(Q) and the non-polar (N) beads each have four subtypes depending on hydrogen-bonding 

capability. On the other hand, the polar (P) and apolar (C) beads each are divided into 

five different subtypes (1-5, low to high polarity). The bonded interactions like bond, 

angle, improper, and torsion are derived from atomistic simulations and then overlapped 

by the MARTINI CG beads. For non-bonded interactions, shifted Lennard-Jones (LJ) and 

shifted Coulombic potential energy functions are popular. Initially, the MARTINI was 

developed for lipids and surfactant system, cholesterol, and water [15, 16] and later 

extended to proteins [15, 17].  

The representation of a) DPPC monolayer molecules by both atomistic and CG b) 

different types of CG molecules are given in (Figure 3.2). 
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Figure 3.2 a) Atomistic to CG mapping strategy of DPPC lipid (Song et al. [18]). b) CG 

model for water, ions, Butane, Hexadecane, Benzene, DPPC and cholesterol. Different 

CG bead types are used to indicate their relative hydrophobicity. The image has been 

reproduced from Marrink et al. [15] with permission from ACS publications. 

Bonded interactions: 

In MARTINI, the bonded interactions are followed by the interactions between 

chemically connected beads. In MARTINI, a set of potential energy functions for bond 

length (Vbl), chain stiffness (angle) (Vba), proper and improper dihedral angles (Vdih and 

Vimp) with respective weak harmonic force constants are described in the bonded 

interactions [14]. All these potentials in the bonded interactions between CG beads are 

the same potentials for bonded interactions, as explained in equation (3.7). In MARTINI, 

the equilibrium bond length is considered 0.47 nm with a force constant 1250 KJ mol-1 

nm-2 and the equilibrium bond angle is considered 1800 with an angle force constant 25 

KJ mol-1 [15].  

The MARTINI non-bonded interactions: 

The MARTINI non-bonded interactions are described by shift Lennard-Jones (LJ) 12-6 

potential energy function VLJ(rij) and shift Coulombic potential energy function Vel. The 

Lennard-Jones energy function is defined by  

VLJ൫rij൯ = 4ϵij ቈ൬
σij

rij
൰

12

− ൬
σij

rij
൰

6

              (3.8) 

where ϵij is the interaction strength between two particles and σij is the nearest distance 

between them. For each interaction, pair has the value of σ=0.47 nm except for the 

interaction between apolar types (C1 and C2) and charged (Q-type). In this case, the value 
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of σ extends to 0.62 nm due to repulsion. With the increase of the interaction levels (O-

IX), the value of interaction strength ϵ decreases 5.6 KJ/mol to 2.0 KJ/mol. More specific, 

O, ϵ=5.6 KJ/mol; I, ϵ=5.0 KJ/mol; II, ϵ=4.5 KJ/mol; III, ϵ=4.0 KJ/mol; IV, ϵ=3.5 

KJ/mol; V, ϵ=3.1 KJ/mol; VI, ϵ=2.7 KJ/mol; VII, ϵ=2.3 KJ/mol; VIII, ϵ=2.0 KJ/mol; IX, 

ϵ=2.0 KJ/mol are the 10 interaction levels and their corresponding interaction strength. 

The interaction sites, subtypes and interaction levels are shown in Table 3.1.  

Table 3.1 The level of interactions (interaction matrix) between the MARTINI beads.  

  

          

sub 

Q P N C 

da,  d a 0 5 4 3 2 1 da d a 0 5 4 3 2 1 

 

Q 

da O O O II O O O I I I I I IV V VI VII IX IX 

d O I O II O O O I I I III I IV V VI VII IX IX 

a O O I II O O O I I I I III IV V VI VII IX IX 

0 II II II IV I O I II III III III III IV V VI  VII IX IX 

 

 

P 

5 O O O I O O O O O I I I IV V VI VI VII VIII 

4 O O O O O I I II II III III III IV V VI VI VII VIII 

3 O O O I O I I II II II II II IV IV V V VI VII 

2 I I I II O II II II II II II II III IV IV  V VI VII 

1 I I I III O II II II II II II II III IV IV IV V VI 

 

N 

da I I I III I III II II II II II II IV IV V VI VI VI 

d I III I III I III II II II II III II IV IV V VI VI VI 

a I I III III I III II II II II II III IV IV V VI VI VI 

0 IV IV IV IV IV IV IV III III IV IV IV IV IV IV IV V VI 

 5 V V V V V V IV IV IV IV IV IV IV IV IV IV V V 



CHAPTER 3: COMPUTATIONAL METHODS                                      86 

 

C 

4 VI VI VI VI VI VI V IV IV V V V IV IV IV IV V V 

3 VII VII VII VII VI VI V V IV VI VI VI IV IV IV IV IV IV 

2 IX IX IX IX VII VII VI VI V VI VI VI V V V IV IV IV 

1 IX IX IX IX VIII VIII VII VII VI VI VI VI VI V V IV IV IV 

 

Besides Lennard-Jones interaction, the interactions among charged (Q-type) particles 

with a full charge q(i,j) are described by Coulombic potential energy function Vel and 

defined by 

Vel =
qiqj

4πϵ0ϵrr
                     (3.9) 

where r  is the distance between the charged particles with charge qi  and qj  and the 

relative dielectric constant ϵr=15.  

To avoid unwanted noise in the simulation, the MARTINI uses a cutoff distance (rcut=1.2 

nm) in non-bonded interactions. In accordance with the MARTINI [14], the LJ potential 

is switched to 1.2 nm from 0.9 and the Coulombic potential is also switched to 1.2 nm 

from 0.0 nm. 

3.3 Software and algorithm 

MD simulation is a very useful simulation technique in chemical and biomolecular 

studies. In these studies, various open-source, licensed, and free available software are 

used to simulate and analyse different biological and chemical systems. In simulating 

these systems using MD, GROMACS [19] is a popular open-source software package for 

Graphics Processing Unit (GPU) support and fast parallelisation. MD simulation. 

GROMACS provides support to use a wide range of CG and atomistic force fields 

(OPLS-AA [20], Berger [21], MARTINI [15],) and the built-in tools help to analyse 

data/output-files/trajectories along with other analysing software (VMD [22], 

MDAnalysis [23], UCSF Chimera [24], and others [25, 26]). In GROMACS, the 

numerical integration of Newton’s equation of motion is accomplished by using the 

Verlet algorithm [27]. 
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Verlet algorithm 

One of the common integration algorithms in MD simulation is the Verlet algorithm [27, 

28]. Verlet integration algorithm is required to approximate the trajectories (positions, 

velocities, and accelerations), a solution of equations of motion. By a Taylor series of 

expansion, the algorithm can be derived at time t as 

r(t + δt) = r(t) + v(t)δt +
1

2
a(t)δt2           (3.10) 

a(t + δt) = a(r1(t + δt), . . , r𝑁(t + δt); t + δt          (3.11) 

v(t + δt) = v(t) +
1

2
δtሾa(t) + a(t + δt)ሿ + O(δt)3          (3.12) 

The positions r(t) at time t are used in Verlet algorithm, and in this algorithm, the new 

positions r(t + δt) can be calculated at time  t + δt . The new positions are used to 

calculate the accelerations and velocities of a particle using equations 3.11 and 3.12, 

respectively. Despite having advantages such as being straightforward and modest, using 

the Verlet algorithm, this also contains some disadvantages of moderate precision and 

numerical inaccuracies. 

Periodic Boundary Conditions 

In MD simulations, the finite-size system has problems with boundary/edge effects that 

have led to the use of the infinite system. Periodic boundary conditions (PBCs) are the 

set of boundary conditions that are used to approximate and study the infinite system with 

the help of a unit cell. This unit cell is capable of replicating the infinite system to present 

the realistic view of a phenomenon of MD simulations in three-dimensional Cartesian 

coordinate system. PBCs assist in reducing the surface effects and exploring the close 

properties of a system. To minimise the surface effects, particles in the unit cell can 

interact with the particles in the cell as well as the particles in the neighbouring cells 

(Figure 3.3). Particles can enter and leave the unit cell and it does not affect the PBCs as 

all the unit cells are symmetric. Therefore, the particles that leave from the cell have the 

same image seen in the opposite direction as an equal number of particles entering the 

cell.  



CHAPTER 3: COMPUTATIONAL METHODS                                      88 

 
Figure 3.3 Periodic boundary conditions in a two-dimensional view. The image has been 

adopted from an online free-source [29].  

Each particle i  interacts with the closest image of particles  j . The particle-particle 

interaction happens within a certain cut-off distance and ignores all the other particles 

beyond that distance.  

Ensembles in MD  

MD simulation provides microscopic level information of particles (kinetic and 

thermodynamic properties such as velocity, position, temperature, pressure, and more) in 

a system over time. Statistical averaging is required to average the microscopic level 

information that is obtained from the MD simulation over time. In 1902, Gibbs replaced 

the time average with an ensemble average to avoid the complexity of time averaging of 

a system with a larger number of degrees of freedom [30]. Different ensembles are used 

to control/preserve different kinetic and thermodynamic properties. For example, the 

microcanonical ensemble is applied to preserve the energy of a system. Therefore, in the 

microcanonical ensemble, the number of particles (N), the volume (V), and the total 

energy (E) of the system are kept constant over time. Keeping constant the temperature 

and pressure of a system is easier than keeping constant the energy of the system. The 

canonical ensemble enables keeping the temperature of a system constant, and the 

isothermal–isobaric ensemble is employed to keep constant both the temperature and 

pressure of the system. In the canonical ensemble, the system microscopic states are 

characterised by the constant values of the number of particles (N) in the system, the 
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volume (V) of the system, and the temperature (T) of the system. In the case of the 

isothermal–isobaric ensemble, the number of particles (N) in the system, the pressure (P) 

of the system, and the temperature (T) of the system remain constant.  

3.4 Methodology designed in each study 

The details of methodology/simulation protocols of each simulation set such as Force 

Field, molecules parameterization, system configuration and system content have been 

specified in sections 4.3, 5.3, 6.3, and 7.3 of Chapters 4, 5, 6, and 7 respectively. The 

general overview of each simulation set has been provided in the following flow chart. 

 
Flow chart 3.1 Simulation protocols.
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ABSTRACT

Lung surfactant (LS), a thin layer of phospholipids and proteins inside the alveolus of the lung
is the first biological barrier to inhaled nanoparticles (NPs). LS stabilizes and protects the
alveolus during its continuous compression and expansion by fine-tuning the surface tension
at the air-water interface. Previous modelling studies have reported the biophysical function 
of LS monolayer and its role, but many open questions regarding the consequences and 
interactions of airborne nano-sized particles with LS monolayer remain. In spite of gold
nanoparticles (AuNPs) having a paramount role in biomedical applications, the 
understanding of the interactions between bare AuNPs (as pollutants) and LS monolayer 
components still unresolved. Continuous inhalation of NPs increases the possibility of lung
ageing, reducing the normal lung functioning and promoting lung malfunction, and may 
induce serious lung diseases such as asthma, lung cancer, acute respiratory distress 
syndrome, and more. Different medical studies have shown that AuNPs can disrupt the
routine lung functions of gold miners and promote respiratory diseases. In this work, coarse-
grained molecular dynamics simulations are performed to gain an understanding of the
interactions between bare AuNPs and LS monolayer components at the nanoscale. Different
surface tensions of the monolayer are used to mimic the biological process of breathing 
(inhalation and exhalation). It is found that the NP affects the structure and packing of the 
lipids by disordering lipid tails. Overall, the analysed results suggest that bare AuNPs impede 
the normal biophysical function of the lung, a finding that has beneficial consequences to the
potential development of treatments of various respiratory diseases. 
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4.1 Abstract 

Lung surfactant (LS), a thin layer of phospholipids and proteins inside the alveolus of the 

lung is the first biological barrier to inhaled nanoparticles (NPs). LS stabilizes and 

protects the alveolus during its continuous compression and expansion by fine-tuning the 

surface tension at the air-water interface. Previous modelling studies have reported the 

biophysical function of LS monolayer and its role, but many open questions regarding the 

consequences and interactions of airborne nano-sized particles with LS monolayer 

remain. In spite of gold nanoparticles (AuNPs) having a paramount role in biomedical 

applications, the understanding of the interactions between bare AuNPs (as pollutants) 

and LS monolayer components still unresolved. Continuous inhalation of NPs increases 

the possibility of lung ageing, reducing the normal lung functioning and promoting lung 

malfunction, and may induce serious lung diseases such as asthma, lung cancer, acute 

respiratory distress syndrome, and more. Different medical studies have shown that 

AuNPs can disrupt the routine lung functions of gold miners and promote respiratory 

diseases. In this work, coarse-grained molecular dynamics simulations are performed to 

gain an understanding of the interactions between bare AuNPs and LS monolayer 

components at the nanoscale. Different surface tensions of the monolayer are used to 

mimic the biological process of breathing (inhalation and exhalation). It is found that the 

NP affects the structure and packing of the lipids by disordering lipid tails. Overall, the 

analysed results suggest that bare AuNPs impede the normal biophysical function of the 

lung, a finding that has beneficial consequences to the potential development of 

treatments of various respiratory diseases.  
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4.2 Introduction 

LS is a thin liquid layer inside the alveolus that forms a stable monolayer at the air-water 

interface and is composed of phospholipids, cholesterol, and proteins. The importance of 

LS is its function to reduce surface tension during expiration and prevent the lung from 

collapsing. Secondly, LS also acts as a first biological barrier for all the inhaled pathogens 

and pollutants. Lipids, cholesterol (neutral lipids), and proteins are the main components 

of the LS. Notably, lipids, which are the major components of the LS (about 92%) assist 

to reduce the surface tension nearly to zero during exhalation [1-3]. 

Dipalmithoylphosphatidycholine (DPPC), which typically makes up half of total 

surfactant lipid population, plays a significant role in maintaining the surface tension at 

the interface. During inhalation, the surfactant monolayer expands, but it compresses at 

the time of exhalation. Surface tension at the interface fluctuates from nearly 0 mN/m [4, 

5] to the equilibrium value 20~25 mN/m [5, 6] during the monolayer compression and 

expansion process respectively.  

Structural changes occur in LS monolayers during the inhalation-exhalation cycle, and 

molecular simulations can predict lipid structural properties at the nanoscale, e.g. phase 

behaviour, the area per lipid (APL), lipid chain order parameter, and radial distribution 

function (RDF). Similarly, the dynamical properties can be obtained through the 

calculation of lipid mean square displacement (MSD), and the lateral diffusion coefficient 

of lipids. The structural properties of the monolayer is correlated with each other. The 

monolayer at the air-water interface changes from the liquid expanded (LE) phase to the 

liquid condensed (LC) phase as the APL decreases. Depending on the APL values, the 

LS monolayer can also exist in LC+LE phase [7]. Similarly, the surface tension of the 

monolayer is directly proportional to the APL [6], and it achieves its highest value in the 

LE phase and reduces nearly to 0 mN/m in the LC phase. Surface tension can also be 

reduced to the equilibrium value due to the adsorption of surface-active substances at the 

LS interface [8, 9]. The physiological activities of the lung can be hampered in the 

presence of unexpected pathogens or pollutant nanoparticles in the lung area. 

Nanoparticles mainly enter into the respiratory system through the nasal cavity, pass the 

trachea region and then reach in the lower lung. The nanoparticles (<100 nm) can travel 

further down to alveolus region where gas exchange happens. These ultrafine NPs are 

considered most harmful [10-12] and can create many health hazards particularly in the 
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lungs. Inside the alveolus, the nanoparticles are trapped by the surfactant layer. The 

nanoparticles affect different surfactant structural and dynamical properties when they 

interact with the surfactant components. Such changes in LS monolayer properties could 

disrupt the normal function of the lung, and the disruption may induce many lung diseases 

including lung cancer, asthma, respiratory distress syndrome and more [10, 13].  

Research on NPs either engineered (prepared in the laboratory for drug delivery) or 

environmental (as pollutants) with surfactant monolayer have explored the potential use 

of the NPs as therapeutic agents as well as the causes and consequences of the NPs 

inhalation from the environment. Researchers have shown considerable interest in the use 

of gold NPs (AuNPs) because AuNPs can be synthesized into various sizes, shapes, and 

their surface can be modified by attaching bioactive molecules or chemical functionalized 

groups [14-17]. The engineered AuNPs can be a therapeutic and diagnostic agent for 

cancer by targeting tumour cells [18]. Like other NPs [19-22], bare AuNPs (engineered 

or environmental) can alter the surfactant structural and dynamical properties. 

Experimentally it has been shown that bare AuNPs can disrupt the normal lung function 

by impeding the ability to lower the surface tension values during alveolus compression 

[16, 17].   

The permeation of environmental and engineered bare AuNP through the LS monolayer 

have not studied before. Therefore the molecular-level understanding on AuNP 

translocation and permeation into the LS is still not properly understood. MD simulations 

have been performed to understand these interactions among LS monolayer components 

and AuNP. To the best of our knowledge, modelling of the interactions of bare AuNP 

with LS monolayer has not been reported previously. This study will help to understand 

the biophysics of NP penetration into LS monolayer. The molecular-level information on 

the interaction mechanism between AuNP and LS components that obtained through our 

simulations will offer a new way of thinking about the effects of AuNP on the behaviour 

on LS during breathing. 

4.3 Model and method 

The initial LS system was built using an INSANE [23] script and consisted of a mixture 

of DPPC and POPG phospholipids (7:3) lipids. The INSANE script produced a bilayer 

with a dimension 25×25 nm2 and the two monolayers were prepared by splitting the 
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bilayer about 6 nm. Then the 6 nm gap was filled by ~26000 CG water beads, resulting 

in a density of ~1 kg/L. The monolayer (in xy-plane) on each side of the water layer 

contained 1023 CG lipids molecules (716 DPPC and 307 POPG). In the presence of 

water, lipids are oriented its tails towards the air and polar heads towards the water. To 

counteract the presence of the negatively charged POPG lipid, a number of -water beads, 

such as to ensure the system was charge neutral, were replaced by positive CG ions 

(NA+). All the lipids, water and ions were placed in a cubic periodic box of dimension 

25×25×60 nm3, such that the lipid monolayers were separated by approximately 50 nm 

of vacuum, (Figure 4.1). The initial system was prepared using a similar procedure as 

described by Estrada-López et al. [24]. In addition to the control (monolayer+water) 

systems, simulations were also performed on systems containing a 3 nm (diameter) bare 

AuNP wherein, the NP was placed in the vacuum about 6 nm above one monolayer, in 

order to represent the LS monolayer in the presence of a pollutant. The difference in the 

systems with and without AuNP may contribute to predict the influence of pollutants in 

LS during inhalation and exhalation.  The orientation angles of lipid monolayers plane 

with respect to the normal of the monolayer (Figure 4.1c) confirm that the monolayer is 

aligned perpendicular to the Z-axis. 

 
Figure 4.1 (a) Simulation system configuration with the two lipid monolayers separated 

by 6 nm water/50 nm vacuum, the AuNP were placed in vacuum ~6 nm from a monolayer, 

(b) schematic representation the coarse-grained lipid models (DPPC and POPG), with 

MARTINI bead type (c) distribution of lipid upper monolayers tilt grouped of the systems 

with and without a AuNP at surface tensions 0 mN/m and 23 mN/m. 

GROMACS version 5.1.4 [25] was used to perform all the simulations. All the necessary 

input parameters for lipids, ions, and water were taken from MARTINI websites [26]. 
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MARTINI C5-type interaction site was assigned for each Au bead as described by Song 

et al. [27]. OpenMD [28] was used to construct the atomistic structure of an AuNP of 

diameter 3 nm with a lattice constant 0.408 nm. The final AuNP consisted of 887 atoms, 

and each atom was mapped 1:1 into CG Au bead. Harmonic bonds were applied to 

connect all AuNP beads in accordance with previous studies [29, 30].  

Before the simulation, all systems were energy minimized using the steepest descent 

algorithm to avoid all the unrealistic interactions among lipids, water, and ions molecules. 

Periodic boundary conditions (PBC) were applied in all directions. Coulomb interactions 

the cutoffs were shifted to 0 and 1.2 nm, but for the Lennard-Jones interactions, the 

cutoffs value 0.9 and 1.2 nm were considered for equilibration and production run. In all 

simulations, lipids, water, and ions molecules were coupled separately at 310K using v-

rescale thermostat [31] (close to the phase transition temperature of DPPC). Simulations 

were performed on systems with and without the AuNP present at surface tensions 0, 23, 

and 40 mN/m, the first two surface tensions corresponding to the compression and 

expansion states, respectively, for a total of six systems simulated. The monolayer surface 

tension further extended to 40 mN/m to observe the changes in LS monolayers lipid 

biophysical properties of the systems with and without AuNP. The equilibration and 

production simulations were performed in the NPγT (constant particle number, pressure 

and temperature) ensemble at surface tensions 0, 23, and 40 mN/m using Berendsen 

pressure coupling [32] with 4.5 × 10−5 bar-1 compressibility in the xy-plane. All the 

systems were considered 100 ns equilibration and 3 μs production run with 20 fs time 

step. The box height was kept constant in the normal direction to the monolayer plane by 

setting the compressibility to 0 bar-1.  

The Visual Molecular Dynamics (VMD) program [33] was used to render the snapshots. 

Analyses of the order parameter, density profiles, and integral of RDF were carried out 

over the last 1 μs of each system. The lipid order parameter was calculated using the 

following formula  

SZ =
1

2
 (3 < cos2θ > −1)               (4.1) 

where θ is the angle between lipid tail beads and monolayer normal. SZ = 0 indicates a 

random (isotropic) orientation of the tails, SZ = 1 defines that the lipid tails are in perfect 

alignment and SZ = −0.5 for perfect anti-alignment of the tails. 
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4.4 Results and discussion 

Comparison of the six systems simulated with and without the presence of an AuNP and 

at surface tensions of 0, 23, and 40 mN/m allowed the changes in the structural properties 

of the LS monolayer during inhalation and exhalation to be predicted. The orientation 

angle of the lipid monolayers plane is the angle between the lipid monolayer and the 

monolayer normal. The orientation angles of lipid monolayers were calculated over last 

1 μs with respect to the monolayer normal (along the Z-axis). The average pseudoangle 

of lipid monolayer in DPPC:POPG system with and without AuNP is ~900 (Figure 4.1c) 

at both surface tensions 0 mN/m and 23 mN/m. The results indicate that the lipids in 

monolayer create a plane which is vertical to the Z-axis and the lipids itself are parallel 

to the monolayer throughout the simulations. The DPPC:POPG system in absence of 

AuNP at surface tension 0 mN/m, the average pseudoangle of the DPPC:POPG 

monolayer is 90±25.980, indicates that the monolayer closely perpendicular to the Z-axis. 

The other systems having nearly the similar conformations except a extend angle tilt 

distributions ~90±400 (Figure 4.1c). 

The APL values of the different systems are given in Table 4.1. The data indicate that the 

presence of the AuNP has a negligible effect on the average APL values of the surfactant 

monolayer, with the surface tension being the factor controlling the APL. The APL values 

predicted good agreement with the experimental [17] and published results [24] where 

~15% reduction in APL reported during monolayer compression from the expansion 

state. The APL values ~0.47-0.49 nm2 indicate that the surfactant lipid monolayer exists 

in liquid condensed phase (LC) [7]. In our simulations, the LC phase was attained during 

the compression process of LS monolayer at surface tension 0 mN/m.  

Table 4.1 APL of the surfactant monolayer obtained at different surface tensions 0, 23, 

and 40 mN/m, surface tensions 0 and 23 mN/m represent exhalation and inhalation state 

respectively. 

System Surface Tension (mN/m) APL (Å)  
DPPC, POPG 0  47.43±0.04 

23  57.12±0.08 
40 60.82±0.01 

DPPC, POPG, AuNP 0  46.19±0.05 
23  57.03±0.08 
40 60.74±0.07 
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The obtained APL values at surface tension 23 mN/m postulate that the surfactant 

monolayer attained the coexistence of liquid condensed-expanded phase. In the LC phase, 

lipids were found very tightly packed and more ordered in comparison with the lipids at 

surface tension 23 mN/m (inhalation state). Based on the APL values, the surface tension 

40 mN/m is more likely to liquid expansion state (LE). To quantify this, we computed the 

order parameter of the lipid tails chain 1 (sn-1) and chain 2 (sn-2). The order parameter 

of lipids provides information on the structural orientation and ordering of lipids in the 

monolayer. The unsaturated lipid, POPG (with a double bond in chain 1) was more 

disordered than the saturated lipid DPPC at both surface tensions (Figure 4.2). In the 

absence of the AuNP, the phospholipids were more ordered at low surface tension than 

high surface tension. But, the presence of AuNP in the monolayer induced a switch with 

the phospholipid tails more ordered at surface tension 23 mN/m than at surface tension 0 

mN/m. This change occurred in both the sn-1 and sn-2 chains. The change in lipid order 

parameter signifies that AuNP disordered the normal lipid packing and may lead to 

disruption in surfactant monolayer. A minor change has been noticed in lipid order 

parameter values at surface tension 40 mN/m regardless of the presence of AuNP in the 

monolayer.  

 
Figure 4.2 Order parameters for DPPC (simple and double solid blue lines) and POPG 

(round dot and dash green lines) chain beads (a) chain 1 (sn-1) and (b) chain 2 (sn-2) at 

different surface tensions 0 mN/m (lines with triangular marker), 23 mN/m (lines with 

circular marker), and 40 mN/m (lines with star marker). The simple solid and dot lines 

represent the system without AuNP and double solid and dash lines represent the system 

with AuNP. 

Single AuNP marginally affected the APL values of LS monolayer at all surface tensions 

(Table 4.1) but significantly changed the order parameter values (Figure 4.2) at surface 

tensions 0 and 23 mN/m. However, the snapshots of the lipid monolayer in the presence 

of AuNP at surface tensions 0 mN/m (Figure 4.3a), 23 mN/m (Figure 4.3b), and 40 mN/m 
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(Figure 4.3c) indicate that AuNP strongly interacted with the monolayer lipids at surface 

tension 0 mN/m (Figure 4.3a). The interaction created a rupture in the monolayer at low 

surface tension while such change was not found in the monolayer at high surface tensions 

(Figure 4.3b and 3c). As a result of the disruption during compression, the lipids in the 

monolayer and water density profiles (Figure 4.3d), from their physiological values. At 

the high surface tensions (23 and 40 mN/m), a single AuNP showed negligible effects in 

lipids and water densities (Figure 4.3e and 3f). The snapshots (Figure 4.3a, 3b and 3c) 

also demonstrate that the AuNP absorbed on the monolayer surface quickly and interacted 

with the surfactant components. During the interactions between the AuNP and the LS 

components, the LS lipids wrapped the AuNP.   

 
Figure 4.3 (a) The snapshot of AuNP interactions with LS lipids (side view) at surface 

tensions (a) 0 mN/m, (b) 23 mN/m and (c) 40 mN/m.  Density profiles of DPPC (lines 

with triangular marker), POPG (lines with circular marker), and water (lines with square 

marker) were calculated for the system with AuNP (dash lines) and without AuNP (solid) 

at surface tensions (d) 0 mN/m, (e) 23 mN/m and (f) 40 mN/m.  

 Au beads were considered as hydrophobic (C5 type) using the Martini force fields. 

Therefore, the hydrophobic tail beads presumably interact strongly with the Au beads 

under both inhalation and exhalation. To quantify this, we calculated the integral of RDF 

(coordination number) of lipids tail and head beads around the Au beads at surface 

tensions 0 mN/m (Figure 4.4a), 23 mN/m (Figure 4.4b), and 40 mN/m (Figure 4.4c). The 

coordination number allows measuring the number of lipid beads around the AuNP beads. 

The integral was taken to the first minimum of the RDF. Figure 4.4 shows that the 

coordination number of lipid tail beads were higher than the lipid head beads.   



 

CHAPTER 4: PAPER 1                                                                   103 

  
Figure 4.4 (a)  Integral of RDFs (coordination number) between Au beads and head beads 

(dash line) and tail beads (solid line) of surfactant lipids were calculated at surface tension 

(a) 0 mN/m, (b) 23 mN/m and (c) 40 mN/m.  

In the monolayer, if there are no restricted interactions among the heterogeneous lipids, 

then lipids can freely move laterally in the monolayer. To monitor this effect, the lateral 

diffusion coefficients of the heterogeneous system (DPPC and POPG lipid monolayer) 

were calculated. The results for each monolayer are presented in Table 4.2. Both 

surfactant lipids species (DPPC and POPG) diffused laterally, with similar rates all 

surface tensions.  

The absence of AuNP in the systems, lateral diffusion coefficients of DPPC and POPG 

at surface tension 0 mN/m were increased almost seven-fold at surface tensions at 23 

mN/m and 40 mN/m. During exhalation, i.e. at low surface tension, the lipid monolayer 

becomes compressed and gives low diffusion of monolayer lipids. On the other hand, at 

high surface tensions, i.e., during inhalation monolayer lipids get more space to diffuse 

and result in high diffusion. Here, at the surface tension 0 mN/m, the diffusion of 

surfactant phospholipids in a system without AuNP was about three times less than their 

diffusion in a system with AuNP due to the significant disruption in the monolayer by the 

AuNP. In summary, the lipids diffusion enhanced during monolayer expansion than the 

compression process and single AuNP had less influence on the lipids diffusion in the 

monolayer expansion states. However, the inconsequential effects of single 3 nm AuNP 

on the lipids lateral diffusion coefficients during the monolayer expansion states may be 

changed to substantial impact for larger AuNP.   
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Table 4.2 Lateral diffusion coefficients of DPPC and POPG at 0 mN/m, 23 mN/m and 40 

mN/m in the presence and absence of AuNP in the surfactant monolayer. 

System Lipid 
Molecules 

Surface 
Tension 
(mN/m) 

Lateral Diffusion Coefficient, 
D 
(10-7 cm2s-1) 

DPPC,POPG DPPC 0 1.15 ± 0.30 
POPG 1.24 ± 0.32 
DPPC 23 8.76 ± 0.01 
POPG 8.73 ± 0.01 
DPPC 40 8.76 ± 0.01 
POPG 9.38 ± 0.03 

DPPC,POPG,NP DPPC 0 3.53 ± 0.28 
POPG 3.53 ± 0.28 
DPPC 23 8.42 ± 0.01 
POPG 8.29 ± 0.04 
DPPC 40 8.86 ± 0.02 
POPG 8.80 ± 0.05 

  

4.5 Conclusions 

We have studied the effect of AuNP on the LS monolayer at three different surface 

tensions 0 mN/m, 23 mN/m, and 40 mN/m using coarse-grained molecular dynamics 

simulation. These surface tensions represent surfactant monolayer compression and 

expansion states. As a pollutant, the AuNP affected the structure and dynamical properties 

of the surfactant lipids at the surface tensions. AuNP can alter the lipid packing, change 

the physiological densities of lipids and water and more importantly it can accelerate the 

lipid lateral diffusion. All these changes were mostly observed at low surface tension. 

Therefore, single bare AuNP had less influence on surfactant monolayer components and 

their biophysical properties at high surface tensions. It was also observed that the 

hydrophobic AuNP beads were profoundly attracted by the hydrophobic lipid tails beads. 

In this study, we used AuNP with a diameter of 3 nm as a model NPs for airborne 

pollutants whose size was approximately equal to the surfactant monolayer width. The 

single AuNP at the monolayer implies that a very low concentration of Au was used. 

Higher concentration of bare AuNP may lower the normal lung function ability. However, 

the causes and consequences that observed in the surfactant monolayer due to single 

AuNP permeation cannot be overlooked. The hypothesis of this study suggests that during 

monolayer compression AuNP has a broader impact than monolayer expansion. The 

outcome of this study will assist to understand the causes and consequences of NP 
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inhalation, as well as the coarse-grained model of LS lipids and AuNP, may be beneficial 

to design future nanomedicine for lung diseases.  
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CHAPTER 5 

MOLECULAR INSIGHTS ON THE INTERFERENCE OF 

SIMPLIFIED LUNG SURFACTANT MODELS BY GOLD 

NANOPARTICLE POLLUTANTS 
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A B S T R A C T

Inhaled nanoparticles (NPs) are experienced by the first biological barrier inside the alveolus known as lung
surfactant (LS), a surface tension reducing agent, consisting of phospholipids and proteins in the form of the
monolayer at the air-water interface. The monolayer surface tension is continuously regulated by the alveolus
compression and expansion and protects the alveoli from collapsing. Inhaled NPs can reach deep into the lungs
and interfere with the biophysical properties of the lung components. The interaction mechanisms of bare gold
nanoparticles (AuNPs) with the LS monolayer and the consequences of the interactions on lung function are not
well understood. Coarse-grained molecular dynamics simulations were carried out to elucidate the interactions
of AuNPs with simplified LS monolayers at the nanoscale. It was observed that the interactions of AuNPs and LS
components deform the monolayer structure, change the biophysical properties of LS and create pores in the
monolayer, which all interfere with the normal lungs function. The results also indicate that AuNP concentra-
tions> 0.1mol% (of AuNPs/lipids) hinder the lowering of the LS surface tension, a prerequisite of the normal
breathing process. Overall, these findings could help to identify the possible consequences of airborne NPs
inhalation and their contribution to the potential development of various lung diseases.

1. Introduction

Research on nanoparticles (NPs) in biological sectors has been
driven by significant applications in the fields of nanomedicine, drug
delivery, disease detecting and bio-sensing [1–4]. While NPs have the
potential to advance new technologies, prior studies have also de-
monstrated their potential risk to human health. One such health risk is
the uptake of airborne NPs [5–7], where the interaction of NPs with the
lungs can alter the normal mechanical properties of lung components
during breathing. The probability of inhaling airborne particles is
mostly determined by the particle size, with small particles (e.g. par-
ticles< 100 nm in diameter) more likely to be inhaled deeply into the
lungs, where they may penetrate the epithelium and enter the blood-
stream [8]. Regular inhalation of airborne NPs intensifies the prob-
ability of lung ageing, promoting lung malfunction, and can induce
serious lung diseases such as asthma, lung cancer, acute respiratory
distress syndrome, and more [8,9]. The inhaled NPs interact with the
lung surfactant monolayer (LS), the first biological barrier inside the
lung alveolus, and may cause serious damage in the surfactant layer

[6,10,11]. Furthermore, in experimental studies, it was found that the
inhaled NPs may interact with the surfactant components, inhibit
normal lung functioning and induce lung diseases [12,13]. As such,
molecular level research that can explore the structural changes in the
LS caused by the inhaled NPs, and help trace out the adverse effects of
these NPs on the usual lungs activities, is required [14].

LS is mainly composed of phospholipids (saturated and un-
saturated), cholesterol and a small number of proteins (approximately
90% lipids and 10% proteins by weight), which together form a stable
monolayer at the air-water interface inside the alveolus [15,16]. About
half of the lipids consist of dipalmitoylphosphatidylcholine (DPPC)
[16], a saturated phospholipid, which can be packed tightly in the
monolayer at physiological temperature and facilitates the LS mono-
layer the ability to reach a surface tension of ~0 mN/m, without col-
lapsing, during compression [17]. Other surfactant lipids, including the
unsaturated phospholipid palmitoyl-2-oleoyl-sn-glycero-3-phosphogly-
cerol (POPG), fluidize the monolayer and are thought to enhance re-
spreading [18]. During breathing, the alveolus surface area repeatedly
expands and compresses, LS serves to attain ~20–25 mN/m equilibrium
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5.1 Abstract 

Inhaled nanoparticles (NPs) are experienced by the first biological barrier inside the 

alveolus known as lung surfactant (LS), a surface tension reducing agent, consisting of 

phospholipids and proteins in the form of the monolayer at the air-water interface. The 

monolayer surface tension is continuously regulated by the alveolus compression and 

expansion and protects the alveoli from collapsing. Inhaled NPs can reach deep into the 

lungs and interfere with the biophysical properties of the lung components. The 

interaction mechanisms of bare gold nanoparticles (AuNPs) with the LS monolayer and 

the consequences of the interactions on lung function are not well understood. Coarse-

grained molecular dynamics simulations were carried out to elucidate the interactions of 

AuNPs with simplified LS monolayers at the nanoscale. It was observed that the 

interactions of AuNPs and LS components deform the monolayer structure, change the 

biophysical properties of LS and create pores in the monolayer, which all interfere with 

the normal lungs function.  The results also indicate that AuNP concentrations >0.1 mol 

% (of AuNPs/lipids) hinder the lowering of the LS surface tension, a prerequisite of the 

normal breathing process. Overall, these findings could help to identify the possible 

consequences of airborne NPs inhalation and their contribution to the potential 

development of various lung diseases.  
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5.1.1 Graphical abstract 

 

Figure 5.1 Gold nanoparticles inhalation and its consequence on LS monolayer.  

Keywords: Lung surfactant; Gold nanoparticles; Surface tension; Coarse-grained 

molecular dynamics; Lipid monolayers. 

 

5.2 Introduction 

Research on nanoparticles (NPs) in biological sectors has been driven by significant 

applications in the fields of nanomedicine, drug delivery, disease detecting and bio-

sensing [1-4]. While NPs have the potential to advance new technologies, prior studies 

have also demonstrated their potential risk to human health. One such health risk is the 

uptake of airborne NPs [5-7], where the interaction of NPs with the lungs can alter the 

normal mechanical properties of lung components during breathing. The probability of 

inhaling airborne particles is mostly determined by the particle size, with small particles 

(e.g. particles <100 nm in diameter) more likely to be inhaled deeply into the lungs, where 

they may penetrate the epithelium and enter the bloodstream [8]. Regular inhalation of 

airborne NPs intensifies the probability of lung ageing, promoting lung malfunction, and 

can induce serious lung diseases such as asthma, lung cancer, acute respiratory distress 

syndrome, and more [8, 9]. The inhaled NPs interact with the lung surfactant monolayer 

(LS), the first biological barrier inside the lung alveolus, and may cause serious damage 

in the surfactant layer [6, 10, 11]. Furthermore, in experimental studies, it was found that 

the inhaled NPs may interact with the surfactant components, inhibit normal lung 

functioning and induce lung diseases [12, 13].  As such, molecular level research that can 



 

CHAPTER 5: PAPER 2                                                                    113 

explore the structural changes in the LS caused by the inhaled NPs, and help trace out the 

adverse effects of these NPs on the usual lungs activities, is required [14]. 

LS is mainly composed of phospholipids (saturated and unsaturated), cholesterol and a 

small number of proteins (approximately 90% lipids and 10% proteins by weight), which 

together form a stable monolayer at the air-water interface inside the alveolus [15, 16]. 

About half of the lipids consist of dipalmitoylphosphatidylcholine (DPPC) [16], a 

saturated phospholipid, which can be packed tightly in the monolayer at physiological 

temperature and facilitates the LS monolayer the ability to reach a surface tension of ~0 

mN/m, without collapsing, during compression [17]. Other surfactant lipids, including 

the unsaturated phospholipid palmitoyl-oleoyl-phosphatidylglycerol (POPG), fluidize the 

monolayer and are thought to enhance respreading [18]. During breathing, the alveolus 

surface area repeatedly expands and compresses, LS serves to attain ~20-25 mN/m 

equilibrium surface tension [19] at the air-water interface while the alveolus expands.  

Experimental [17] and computational studies [20-22] have provided information on the 

various biophysical phenomenon of LS monolayers such as phase behaviour change, 

surface tension, surface pressure, the area per lipid (APL), LS components density, etc. 

An increasing number of studies based on molecular dynamics (MD) simulations have 

found that the LS monolayer at the air-water interface changes to the liquid condensed 

(LC) phase from the coexistence of LC and liquid expanded (LE) phases [23] as the APL 

decreases to ~0.46-0.47 nm2 from ~0.49-0.55 nm2 [21]. Similarly, the surface tension of 

the monolayer, which is directly proportional to the APL [24], reaches an equilibrium 

value of ~20-25 mN/m during inhalation and reduces to ~0 mN/m in the LC phase upon 

exhalation. The major LS component, DPPC, undergoes a phase change from the 

coexistence of liquid expanded and condensed phases (LE+LC) to LC phase at ~410C. 

The unsaturated lipids present in LS typically have a lower phase transition temperature 

than the saturated lipids, and so remain in a LE phase at a physiological temperature [25].  

Computational studies can aid in the understanding of the interaction between the 

surfactant and NPs by providing insights into the molecular level behaviour. Coarse-

grained molecular dynamics (CGMD) simulations have been applied to explain the 

structural and molecular changes in LS due to the inhalation of different types of NPs, for 

example, carbon nanotubes [10, 11, 26], fullerene [6, 7, 27], graphene [28-30], silica [31], 
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and others [2, 14, 32-34]. In addition, the interaction of LS monolayer with other 

molecules has been investigated, e.g. benzo[a]pyrene [35], antimicrobial peptides [36] 

and prednisolone [37] by CGMD simulations. The effects of NP size [2, 14, 27, 38], shape 

[14, 32], concentration [6, 7, 27, 37] and surface charge [33, 39, 40] have been considered. 

In LS monolayer, it was reported that the aggregation of larger fullerene NPs (C540) in the 

monolayer reduced the monolayer surface tension unlike the smaller fullerene NPs (C60) 

[27]. It was reported that small hydrophilic NPs (<5 nm) could quickly penetrate the LS 

layer [2] regardless of the NPs shape and LS surface tension [14]. A negligible side effect 

(less disruption in LS monolayer) with the highest penetration ability was found for the 

rod shape hydrophilic NPs [32] while hydrophobic and charged NPs could become 

trapped in the LS monolayer [33].  

Gold nanoparticles (AuNPs) have potential applications in bio-imaging, disease 

detection, drug delivery, and diagnostic purposes due to their biocompatibility, low-

toxicity, and easy translocation properties [1, 3, 4]. In experimental studies, AuNPs are 

commonly used as a drug delivery agent after modifying their surfaces by the attachment 

biomolecule ligands [12, 41-43]. In parallel with experimental studies, modelling studies 

have shown considerable interest in the use of AuNPs, investigating their toxicity [44], 

size [38, 45], shape [46] and surfaces modification [47, 48].  

Excessive exposure to AuNPs may cause serious problem to human health, and the 

possible health effects of AuNPs are a continuing concern to the nanotechnology industry 

[49]. With the increased use of AuNP containing consumer products, the potential for an 

individual's exposure has also increased [50]. Goldsmiths and workers employed in gold 

mining and refining are likely to inhale gold dust [51-53], and the toxic effect of AuNPs 

by inhalation in animal models has been studied [50, 54]. Based on the emerging evidence 

on the toxicity of gold particles, the National Institute of Standards and Technology 

(NIST) has suggested the use of AuNP as a model system for nanotoxicological research 

[55]. Moreover, different experimental, medical and survey studies have shown that 

AuNPs can disrupt routine lungs functions and promote respiratory diseases [12, 13, 51, 

52]. However, relatively few studies have investigated the interaction between human 

biological components and bare AuNPs [12, 13, 56]. 
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In a recent experimental study, it was postulated that the engineered NPs like AuNPs have 

potential similarities to the environmental NPs (most of the environmental NPs are treated 

as pollutants) [54]. Therefore, the findings regarding the effects of AuNPs (as pollutants) 

may be relevant to understanding the effects of other nano-pollutants on lungs. For 

instance, the observed effects of spherical and hydrophobic AuNPs on model surfactant, 

such as pore formation, lipid packing disturbance, and inhibition of some biophysical 

properties, may also be applicable to understanding effects of other spherical hydrophobic 

NPs [6, 7, 57]. 

The experimental paper, Bakshi et al. [12], whose work we have based our study around, 

have also reported AuNPs as model pollutants. The authors measured the surface activity 

of the surfactant membrane using a captive bubble tensiometer and reported that AuNPs 

lower the surface activity of the LS system during the breathing cycles. The authors 

proposed that bare AuNPs hinder the reduction in the surface tension value during the 

compression process. The findings of Bakshi et al. [12] are in agreement with the results 

of Zhang et al. [13] on the interaction of bare AuNPs with DPPC enriched LS monolayer. 

However, to the best of our knowledge, no computational studies on bare AuNPs 

interacting with LS monolayer have been reported to support the experimental hypothesis.  

Recent computational studies [33, 58] have highlighted that the LS proteins adsorb 

quickly on the NP surface and mediate the protein corona formation by directly 

interacting with lipids. In this study, we only considered simplified monolayers consisting 

of lipids and cholesterol. The molecular level interactions between bare AuNPs (as model 

pollutants) and the simplified LS monolayer components were investigated using CGMD 

simulations. We used spherical hydrophobic AuNPs with a diameter of ~3 nm and 

concentrations of ~0.1, ~0.9, ~1.56 and ~3.52 mol % of AuNPs/lipids. AuNP has specific 

properties such as chemical composition, nano-aggregation, the lattice constant, and 

potential. These properties provide unique attributes as compared to other hydrophobic 

NPs [7, 59, 60]. To our knowledge, there is no literature available on the modelling of 

bare AuNPs varying in concentrations with LS monolayer and this will be the first study 

to provide insight into biophysics of AuNPs interaction with LS monolayer. The 

simulation results will pave the way to rationalize how AuNPs could impede the normal 

pulmonary functions and could damage the lung alveoli by pore formation and nano-

aggregation in molecular scale.  
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5.3 Computational methods 

MD simulations were performed on a number of systems, each consisting of a water layer 

bounded by two symmetric lipid monolayers at the vacuum-water interface (Figure 5.2a 

and Figure 5.10A1a). The systems were prepared using a similar procedure as described 

by Baoukina et al. [61] and Estrada-López et al. [37]. Two different LS lipid mixtures 

(DPPC:POPG and DPPC:POPG:CHOL), separated by 6 nm of water, were used to build 

two different systems. Several experimental studies have reported that higher amounts of 

cholesterol (>40 mol % or ~20 % wt/wt) greatly decrease the ability of LS to attain low 

surface tension, whereas physiological levels of cholesterol enhance the adsorption of 

surfactant phospholipids to the surface tension of ∼0 mN/m [62]. Therefore, we have 

considered monolayers consisting of 10 mol % (~5% wt/wt) cholesterol in this study, 

consistent with physiological levels. Two systems with these lipid compositions were 

built, and single AuNP was placed close to the upper (vacuum) side of one monolayer 

only. A separate set of systems (Table 5.1) were prepared by placing the AuNPs onto both 

monolayers, consisting of DPPC:POPG:CHOL, separated by 21 nm of water. In these 

systems, different concentrations of AuNPs were used to explain the mechanism of LS 

monolayer perturbation by the AuNPs concentrations.  

 

Figure 5.2 The initial structure of model LS monolayer at the vacuum-water interface. (a) 

System configuration without AuNPs, (b) side view of the system with ~1.56 mol % of 

AuNPs/lipids, and (c) top view to the upper monolayer with ~1.56 mol % of 

AuNPs/lipids. 
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Table 5.1 Summary of the simulation systems with 651 DPPC, 279 POPG and 93 

cholesterol molecules per monolayer. The water thickness was 21 nm between two 

monolayers, and the temperature was at 310 K. 

 

 

 

 

 

 

 

5.3.1 Simplified lung surfactant model  

The bilayer systems DPPC:POPG (7:3) and DPPC:POPG:CHOL (7:3:1) were built using 

an INSANE [63] script with 1023 phospholipids in each monolayer. The two monolayers 

were prepared by separating two leaflets of a bilayer. The plane of the monolayers was 

parallel with the 𝑋𝑌 plane of the system. A water box (25 nm × 25 nm × 6 nm) was 

placed between the two monolayers and filled with ~26000 CG water beads. Then, the 

whole system was embedded in a periodic boundary box (25 nm × 25 nm × 60 nm) such 

that the two monolayers were separated by a water layer and ~50 nm of vacuum (Figure 

5.10A1a). These systems were extended to NP-based DPPC:POPG and 

DPPC:POPG:CHOL systems (Table 5.2A1) where a single AuNP was placed in the 

vacuum about 6 nm above one monolayer. In addition, a small control system 

DPPC:POPC (7:3) was prepared in accordance with the Estrada-López et al. studies [37] 

to validate all other LS systems (Table 5.2A1). The lipid order parameter values  of the 

control system were considered for comparison with Estrada-López et al. studies [37]. 

Comparison of the control system APLs and order parameters (supplementary 

information) with previously published results confirm that the choice of 

model/simulation parameters used do not introduce any artefacts. 

To study the effects of NP concentration, we also built another system consisting of the 

mixture of DPPC:POPG:CHOL (7:3:1) using the method mentioned above. Here, the two 

AuNP concentrations 
(mol %) 

No. of AuNPs 
in each monolayer 

APL 
nm2 

Pore 
formation 

~0.1 1 0.46 No 
0.53 No 

~0.9 9 0.46 No 
0.53 No 

~1.56 16 0.46 No 
0.53 No 

~3.52 36 0.46 Yes 
0.53 Yes 
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monolayers were separated by ~21 nm of water and ~34 nm of vacuum in a box of 

dimension 25 nm × 25 nm × 60 nm, as shown in Figure 5.2. Different in vivo, in vitro 

and in silico studies have suggested that a thickness of liquid-layer ranging from 0.025 to 

5 μm may have a significant impact on surfactant molecule transport during LS 

monolayer collapse [64]. A thinner liquid layer may slow surfactant molecule transport 

and thereby help to increase the resistance of LS to monolayer collapse [64]. We have 

used ~21 nm water layers as a compromise between computational cost and larger system 

size. Each monolayer contained 1023 lipid molecules while the water slab contained 

about ~96,000 water beads. An ionic concentration of 150 mM NaCl was added to the 

water slab. Due to the negative charge on the POPG phospholipid head group, an equal 

number of water beads were replaced by positive ions (Na+) beads to make the systems 

electro-neutral.  

The DPPC:POPG:CHOL monolayer systems (Table 5.1) were first equilibrated (500 ns) 

in the absence of any NPs at volumes corresponding to two different APLs, 0.46 and 0.53 

nm2, relating to the monolayer compression and expansion states, respectively. Once the 

monolayers had been equilibrated, the systems containing the AuNPs present were 

constructed by placing AuNPs in the vacuum space in close proximity (<1 nm) to the 

lipid tails of the monolayers. Concentrations of AuNPs of ~0.1, ~0.9, ~1.56 and ~3.52 

mol % were simulated (here mol % was calculated as the % of molecules with respect to 

the total number of lipid and NP molecules).  

5.3.2 Coarse-grained molecular dynamics simulation 

All MD simulations were performed using GROMACS version 5.1.4 [65]. The 

MARTINI force field (FF) [66] was used to describe the interactions between the lipids, 

water and ions. The  CG potential parameters of Au beads were adopted from Song et al. 

[56] with Au beads assigned the MARTINI C5-type interaction site [44] (Table 5.3A1). 

The atomistic AuNP with a diameter of 3 nm was made with OpenMD [67] NP builder 

using a quantum-adapted variant of the Sutton-Chen force field [68] with a lattice constant 

of 0.408 nm used for gold. The final AuNP consisted of 887 atoms, and each atom was 

mapped 1:1 into CG beads (in contrast to the usual 4:1 mapping of MARTINI). During 

the simulations, the CG AuNP beads were connected by harmonic bonds as described 

elsewhere [46, 69].  
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Periodic boundary conditions (PBC) were applied in all directions. A cutoff of 1.2 nm 

was used for the non-bonded interactions, with the Lennard-Jones potential shifted 

between 0.9 and 1.2 nm, and the Coulomb potential shifted between 0 and 1.2 nm, such 

that both potentials were zero at the cut-off.  Before equilibration, all systems were 

minimized using the steepest descent algorithm to remove any steric clashes among 

lipids, water, and ions molecules. In all MD simulations, the equations of motion were 

integrated via the leapfrog algorithm using a 20 fs time step. The NPγT (constant particle 

number, pressure and temperature) ensemble was applied to the systems (Table 5.2A1) 

with 6 nm water slab to investigate the LS monolayer structural, dynamical and phase 

transformation mechanism at the interface. The systems (Table 5.1) with 21 nm water 

slab were simulated in the NVT (constant particle number, volume and temperature) 

ensemble to analyse the compressed or extended LS monolayer properties in the presence 

of AuNPs. For the NVT simulations, the APL values were fixed at 0.46 and 0.53 nm2 to 

represent the compression and expansion states of the LS monolayers, respectively. The 

LS components (lipids with cholesterol), water with ions and AuNPs were coupled 

independently, to a velocity rescale thermostat at 310 K (close to the phase transition 

temperature of DPPC) with a relaxation time of 1 ps [70]. For the NPγT simulations 

(Table 5.2A1), Berendsen pressure barostat [71] and surface tension coupling were 

applied with compressibility 4.5 × 10−5 bar-1 in the 𝑋𝑌 plane and 0 bar-1 [72] along the 

Z-axis to have a constant box height. In these simulations, two different surface tension 

values 0 mN/m and 23 mN/m were used, corresponding to normal lung compression and 

expansion surface tensions, respectively [73]. All systems were equilibrated for 100 ns 

and simulated for 3 μs.  

The program Visual Molecular Dynamics (VMD) [74] was used to render the snapshots 

from all simulations. Analyses of the order parameter, density profiles, pore formation, 

and radial distribution function (RDF) were carried out over the last 1 μs of each systems. 

The analysis of AuNPs aggregation was performed over full 3 μs of simulation using the 

GROMACS tool gmx clustsize. In this cluster size analysis, a cutoff of 1.2 nm was 

considered for all the systems with multiple NPs. The same cutoff value was used in the 

calculation of the RDFs, performed using the GROMACS tool gmx rdf. The RDF 

calculation was performed to compute the density of surfactant components with respect 

to AuNP beads within the cutoff distance.  
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5.4 Results and discussion 

5.4.1 Lung surfactant monolayer area per lipid and phase behaviour 

The APL of a monolayer system is used to monitor the phase transitions as well as the 

equilibration of the monolayer. The average APL of the systems simulated in the NPγT 

ensemble are given in Table 5.2A1. The results for the DPPC:POPG system indicate that 

the average value of the APL reduces to 0.470±0.001 nm2 (monolayer compression) from 

0.572±0.001 nm2 (monolayer expansion) due to the change of surface tension to 0 mN/m 

from 23 mN/m, respectively. This change corresponds to a reduction in the surface area 

of ~15%, in agreement with the results of an experimental study [12], where it is found 

that a similar level of reduction in the surface area occurred during the compression of 

LS monolayer. The surface tension has a linear relationship with the APL, and our 

obtained results follow this relationship. The relationship defines that the APL increases 

and decreases in harmony with the surface tension values during inspiration and 

expiration, respectively, replicating the expansion and compression of the alveolus 

surface. The presence of cholesterol in the monolayers results in a marked difference in 

the APL at both surface tensions (Table 5.2A1). The APL values of DPPC:POPG:CHOL 

drop to 0.458±0.001 nm2 and 0.532 ±0.001 nm2 at a surface tension of 0 and 23 mN/m, 

respectively. The LS monolayer in the presence of cholesterol reduces the lateral 

compressibility of the LS lipids and may lead the LS monolayer to form a LC phase at a 

high concentration of cholesterol, a finding that was previously reported [18].  

In the initial setup of the DPPC:POPG:CHOL system with an APL of ~0.61 nm2, the 

monolayers exist in the LE phase (Figure 5.11A1a). However, after equilibration at a 

surface tension ~23 mN/m and physiological temperature (310 K), the 

DPPC:POPG:CHOL monolayers transfer to LE+LC phase (Figure 5.11A1b) with a 

reduction of APL. A further reduction in APL happens under a surface tension of ~0 

mN/m while the LS monolayer undergoes compression and the monolayer transits to the 

LC phase (Figure 5.11A1c). The lipids in the LS monolayer are more organized and 

ordered in the LC phase than the other two phases (Figure 5.11A1). From these results 

and previous simulations [75], we can conclude that the LS monolayers are in the LC 

phase at surface tension ~0 mN/m and are in the LC+LE phase at surface tension ~23 

mN/m.  



 

CHAPTER 5: PAPER 2                                                                    121 

We have also simulated another two systems (DPPC:POPG and DPPC:POPG:CHOL) in 

the presence of a single AuNP only in the upper monolayer to observe the effect of single 

AuNP on the biophysical function of LS. For the effect of single AuNP, we have 

compared the results from the set of systems (DPPC:POPG and DPPC:POPG:CHOL) 

with and without AuNP. We have found that the single AuNP in one monolayer has a 

negligible effect on the structural properties of the LS monolayers, as shown in Figure 

5.12A1 and Table 5.2A1 in the supplementary information.  

5.4.2 Effect of AuNP concentration on APL and surface tension 

The effects of AuNPs concentrations on the LS monolayer at both APL are demonstrated 

in Figure 5.3, for systems with AuNPs concentrations of ~0.1-3.52 mol % of 

AuNPs/lipids at the two fixed APLs of 0.53 nm2 (Figure 5.3a-d) and 0.46 nm2 (Figure 

5.3e-h).  

 

Figure 5.3 Snapshots taken during the course of the simulations showing the effect of 

AuNPs concentrations at APL of 0.46 nm2 (top view) (a-d), and at APL of 0.53 nm2 (side 

view) (e-h) on the LS monolayers: (a and e) presenting ~0.1 mol % of AuNPs/lipids, (b 

and f) presenting ~0.9 mol % of AuNPs/lipids, (c and g) presenting ~1.56 mol % of 

AuNPs/lipids, and (d, h) presenting ~3.52 mol % of AuNPs/lipids. The surface tensions 

of the monolayers consisting AuNPs with the concentrations of ~0.1, ~0.9, ~1.56, and 

~3.52 mol% of AuNPs/lipids at APLs of 0.47 nm2 are ~1.6, ~25.2, ~40.3, and ~41.8 

mN/m, respectively, whereas at APL of 0.53 nm2 are ~21.3, ~25.3, ~41.9, and ~48.1 

mN/m, respectively. 

At both APLs, the AuNPs become embedded in the monolayers, with the phospholipid 

and cholesterol molecules binding to the surface of the NPs. The lipid-coated AuNPs 

disrupt the monolayer structure causing bulges or “pockets” to form on the monolayer.  
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However, these “pockets” of lipid-coated AuNP do not detach from the monolayer 

(Figure 5.3) on the timescales simulated. The interaction of lipids with the AuNPs results 

in the extraction of lipids from the LS monolayer, which in turn leads to the creation of 

partial vacancies in the monolayer and results in the pore formation. No pores are formed 

in the LS monolayer at the concentrations  1.56 mol % of AuNPs/lipids. To the best of 

author’s knowledge, no captive bubble experiment has been performed to monitor pore 

formation by high concentrations of AuNPs, inhibiting a direct comparison of our result 

against experiment. However, previous MD simulations (e.g. [7, 57]), have reported that 

a high concentration of spherical NPs in the monolayer leads to pore formation. In our 

simulations, pores are observed in the monolayers, at both the APLs simulated, at a 

concentration of ~3.52 mol % of AuNPs/lipids (see Figure 5.3 and Figure 5.13A1). The 

results suggest that the damage in LS monolayer strongly depends on the concentration 

of AuNPs and also relates to the aggregation of AuNPs, similar findings have been 

reported for other spherical hydrophobic NPs (e.g. [7, 57]).  

LS phase behaviour and APL values are regulated by the surface tension at the air-water 

interface. In the healthy human body, the surface tension value remains in the range ~20-

25 mN/m, called equilibrium surface tension, during lung alveolus expansion. During 

compression of the surface area upon exhalation, the surface tension value typically 

reduces ~ 0 mN/m. To analyse the effects of AuNPs concentration on normal surface 

tension values, we have performed a series of simulations in the canonical ensemble at 

the two APL values corresponding to surface tensions of 0 and 23 mN/m for the 

monolayer in the absence of AuNPs (Table 5.1). In the NVT simulations, high 

concentrations of AuNPs interfere with lowering the surface tension values of LS 

monolayer. It is found that a very low concentration of AuNPs (<0.1 mol % of 

AuNPs/lipids) does not significantly affect the properties of the LS monolayer. The 

evidence to this claim can be the failure of pore formation in the LS monolayers (Figure 

5.3a and e), most importantly the lack of change to surface tension values for single AuNP 

in monolayers (Figure 5.4), and the minor change in lipid order parameter (Figure 5.5) 

values.  In the experimental view, bare AuNPs (as pollutants) at ~3.7 mol % of 

AuNPs/lipids concentrations interfered with the phospholipid adsorption process to form 

LS monolayer at the equilibrium surface tension (~23 mN/m), which would disrupt 

natural lung function by inhibiting the lowering of the surface tension during compression 
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process [12]. The most recent experimental studies (in vitro) also claim that at low 

concentration of AuNPs had less influence on lungs function while the higher 

concentrations greatly impeded the various lung properties [13]. In addition to the 

experimental findings, computational studies have also reported that spherical 

hydrophobic NPs could inhibit the LS ability to reduce the surface tension at higher 

concentration [7]. 

In the absence of NPs, LS monolayers spontaneously attain surface tensions of ~0 and 

~23 mN/m by LS compression and expansion, respectively. The very low concentration 

(~0.1 mol % of AuNPs/lipids) of AuNPs barely affects this dynamical process (Figure 

5.4) of surfactant monolayers. 

 
Figure 5.4 Effect of AuNPs concentrations on the surface tensions for systems with fixed 

APL values 0.46 nm2, and 0.53 nm2. Error bars represent the error estimates using block 

averaging. 

Our simulation results indicate significant changes in the predicted value of the surface 

tension, resulting from the presence of AuNPs at concentrations ≥0.9 mol % 

(AuNPs/lipids), which could result in impediment of the normal function of the lungs 

(Figure 5.4). In summary, these results show that the lower concentration of AuNPs, ~0.1 

mol %, barely affects normal lung function whereas higher concentrations of bare AuNPs 

hinder lowering of the surface tension values at both surface areas, which aligns with 

experimental studies [12, 13].   
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5.4.3 Surfactant lipid order 

Lipid order parameter calculation (supplementary information) measures the structural 

ordering of the lipids within a membrane. A lowering in the value of the order parameter 

accompanies the transformation of lipid-ordered phase to the lipid-disordered phase. The 

average order parameter can vary between -0.5 and 1, with -0.5 indicating perfect anti-

alignment of the lipid tails, and 1 indicating that the lipids tails are in perfect alignment). 

The order parameter of DPPC tail chain1 (sn-1) beads and POPC tail chain 2 (sn-2) beads 

at surface tension 0 mN/m and 20 mN/m are reported in Figure 5.14A1, the obtained 

values are in agreement with the values published by Estrada-López et al. [37]. It has 

been noticed that saturated lipids (single bond in each chain) are more ordered, occupying 

less area than unsaturated (double bond in the chain) lipids like POPC and POPG.  

 
Figure 5.5 AuNPs concentration (~0.1, ~0.9, ~1.56 and ~3.52 mol % of AuNPs/lipids) 

effects on DPPC (solid lines with triangular symbols) and POPG (dashed lines with 

circular symbols) lipid tails chain order parameters, chain 1 (sn-1) in (a, c), and chain 2 

(sn-2) in (b, d) at APLs of 0.46 nm2 (a, b), and 0.53 nm2 (c, d). The ~0.1, ~0.9, ~1.56 and 

~3.52 mol % concentrations of AuNPs/lipids are shown by the blue, orange, green, and 

red lines respectively. The surface tensions of the monolayers consisting AuNPs with the 

concentrations of ~0.1, ~0.9, ~1.56, and ~3.52 mol% of AuNPs/lipids at APLs of 0.47 

nm2 are ~1.6, ~25.2, ~40.3, and ~41.8 mN/m, respectively, whereas at APL of 0.53 nm2 

are ~21.3, ~25.3, ~41.9, and ~48.1 mN/m, respectively. 

The average order parameters for the monolayers of DPPC:POPG and 

DPPC:POPG:CHOL systems are calculated at two different surface tensions in the 
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absence (solid line) and in the presence (dashed line) of single AuNP in the upper layer 

(Figure 5.12A1). Monolayer lipids start disordering at the time of the NP entering into 

the monolayer (Figure 5.15A1). Visual analysis of the monolayers (Figure 5.15A1a) 

shows that the lipids within ~1 nm of the NP are more disordered than those in bulk. The 

AuNP is partially embedded within the monolayer by 2 ns of simulation time (Figure 

5.15A1b). After 16 ns, the AuNP starts to disturb the lipid tails at the vacuum interface 

and moves further towards the lipid head groups at the water interface (Figure 5.15A1c). 

The presence of an AuNP in the monolayer induces buckling upon a lateral compression 

of the monolayer (Figure 5.15A1b-d). This behaviour is consistent with the start of the 

process of monolayer collapse observed in previous studies. In the present study, the 

buckle in the monolayer is observed near the AuNP in one monolayer and thus failed to 

affect the average order parameter values of the lipids in both monolayers. On the other 

hand, significant differences are observed in the order parameters for the two different 

surface tensions (Figure 5.12A1), with the lipids tail beads being more ordered at the 

lower surface tension. The presence of the double bond in the POPG sn-1 lipid chain 

makes it more disordered compared to DPPC at both surface tensions (Figure 5.12A1). 

Similar to the systems with single AuNP, the presence of cholesterol also does not induce 

a significant change in lipid order parameter values (Figure 5.12A1c and d). Overall, the 

results from simulations in the NPγT ensemble indicate that both DPPC and POPG lipids 

are more disordered at higher surface tension (Figure 5.12A1).  

For the simulations performed in the canonical ensemble, the degree of lipid tail 

disordering in the monolayer rises along with the increase of AuNP concentration (Figure 

5.5). The LS monolayers lipids were found to be more disordered in the presence of 

AuNPs at both APLs as compared to the system in the absence of AuNPs. At the APL of 

0.46 nm2, a sudden fall in order parameter values is observed in both chains beads of 

DPPC and POPG lipids for the AuNPs concentrations of ~0.1 to ~0.9 mol % and ~1.56 

to ~3.52 mol % of AuNPs/lipids (Figure 5.5a and b). Whereas, a gradual decrease in order 

parameter values is observed for ~0.9 to ~1.56 mol % of AuNPs/lipids concentrations 

(Figure 5.5a and b) at APL of 0.46 nm2. The ordering of the lipid tails is moderately 

decreased for all concentrations of AuNPs at the APL of 0.53 nm2, Figure 5.5c and d.  

The density profiles of the LS components have been calculated at all the concentrations 

of AuNPs (~0.1, ~0.9, ~1.56 and ~3.52 mol % of AuNPs/lipids) used in our study (Figure 
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5.6). The peaks in the density profiles of the lipids at the vacuum-water interface are 

higher for the system with an APL of 0.46 nm2 (Figure 5.6a) than the system with an APL 

of 0.53 nm2 (Figure 5.6b) indicating the more densely packed nature of the monolayer 

lipids at the lower surface area. 

5.4.4 Surfactant components density 

 
Figure 5.6 AuNPs concentrations (~0.1, ~0.9, ~1.56 and ~3.52 mol % of AuNPs/lipids) 

effect on surfactant monolayer lipids, cholesterol (inset figures), and water density 

profiles at APLs of (a) 0.46 nm2, and (b) 0.53 nm2. Solid line represents ~0.1 mol % of 

AuNPs/lipids, dash line represents ~0.9 mol % AuNPs/lipids, dash-dotted line represents 

~1.56 mol % of AuNPs/lipids, and dotted line represents ~3.52 mol % of AuNPs/lipids 

concentrations. The surface tensions of the monolayers consisting AuNPs with the 

concentrations of ~0.1, ~0.9, ~1.56, and ~3.52 mol% of AuNPs/lipids at APLs of 0.47 

nm2 are ~1.6, ~25.2, ~40.3, and ~41.8 mN/m, respectively, whereas at APL of 0.53 nm2 

are ~21.3, ~25.3, ~41.9, and ~48.1 mN/m, respectively. 
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The presence of AuNPs at concentrations >0.9 mol % of AuNPs/lipids significantly affect 

lipids average density profiles. The height of the peaks in the density profiles of the lipids 

drops with the increase in AuNP concentration (Figure 5.6a and b). The tendency 

continues when the concentrations of AuNPs increases from ~0.9 to ~1.52 mol % and 

from ~1.52 to ~3.52 mol %. Similar to the effects of AuNPs concentrations on other LS 

lipids, the height of the peaks in the cholesterol density profiles (see Figure 5.6 insets) 

decrease with the increase of AuNPs concentrations.  

5.4.5 AuNP aggregation in LS monolayer 

The aggregation of the AuNPs in LS monolayer over time was studied using a cluster size 

analysis. A cutoff of 1.2 nm is considered, meaning that two AuNPs are considered to be 

aggregated in one cluster when they were less than 1.2 nm apart from each other.  

 
Figure 5.7 Cluster size analysis of AuNPs (~1.56 mol % of AuNPs/lipids) at APLs of (a) 

0.46 nm2, and (b) 0.53 nm2. Simulation time is presented along the X-axis, the number of 

AuNPs in the largest cluster is presented along the Y-axis, and the number of clusters is 

indicated by different colours. The surface tensions of the monolayers at APLs of 0.47 

and 0.53 nm2 are ~40.3 and ~41.9 mN/m, respectively. 
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The cluster size analyses of AuNPs at the concentrations of ≥0.9 mol % of AuNPs/lipids 

are plotted for the systems with APL of 0.46 nm2 (Figure 5.7a, Figure 5.16A1a and Figure 

5.17A1a) and APL of 0.53 nm2 (Figure 5.7b, Figure 5.16A1b and Figure 5.17A1b). At 

the beginning of the simulations, the system with ~1.56 mol % of AuNPs/lipids 

concentration contains 16 AuNPs in each monolayer, with all AuNPs separated by more 

than cutoff distance, resulting in 16 clusters (Figure 5.7). As the simulation progresses, 

the AuNPs become embedded in the monolayer, where they aggregate as clusters of 

multiple AuNPs. This implies that AuNPs first interact with lipids and cholesterol in the 

monolayer before aggregation. The AuNPs aggregation in LS monolayer is affected by 

the monolayer interfacial surface tension and the AuNP concentration (vide infra) [7, 27]. 

Also, many other factors such as chemical composition, potential, size, shape and 

hydrophobicity influence NP aggregation [60]. In our study, we have observed that once 

the AuNPs become embedded in the monolayer, they quickly become coated with lipids 

and then proceed to aggregate together. The extent to which, and how, lipids mediate this 

aggregation is a challenging question and will be the subject of future studies. However, 

there is some evidence from previous studies that a reverse micellar structure forming 

around NPs may play a role in NP aggregation [57].  

The number of clusters and the number of AuNPs in the largest cluster fluctuate over 

time. More clusters are formed at the lower APL (Figure 5.7a, Figure 5.16A1a and Figure 

5.17A1a) than the higher APL (Figure 5.7b, Figure 5.16A1b and Figure 5.17A1b). Also, 

the chance of forming a cluster depends on the number of NPs in the system. It is very 

usual that the high concentration of AuNPs has more possibility of aggregating together 

to form clusters than the low concentration. In support of this claim, we have presented 

the cluster analysis for the concentration of ~3.52 mol % of AuNPs/lipids at APL of 0.46 

nm2 (Figure 5.16A1a) and 0.53 nm2 (Figure 5.17A1b).  At this concentration, 36 AuNPs 

are in each LS monolayer at the beginning of the simulations, and the distance between 

two AuNPs is less than the cutoff value. As a result, all 36 AuNPs are in a single cluster, 

and the number of NPs in the largest cluster is reduced with the increase of simulation 

time. Cluster size analysis is also performed over ~0.9 mol % of AuNPs/lipids system at 

both APL values (Figure 5.17A1). From Figure 5.7, Figure 5.16A1 and Figure 5.17A1, it 

is clear that the number of NPs in a cluster increases with the increase of AuNPs 

concentration.  At ~0.9 mol % of AuNPs/lipids, the largest cluster contains only 3 AuNPs 

(Figure 5.17A1b) while this number has increased to 9 (Figure 5.7b) and 24 (Figure 
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5.16A1b) at the concentrations of ~1.56 mol % and ~3.52 mol % of AuNPs/lipids, 

respectively at the APL of 0.53 nm2. At the lower surface area, the AuNPs aggregate more 

quickly. Therefore, the possibility of forming a larger size cluster has also increased.  

 
Figure 5.8 (a) AuNPs cluster formation over time at the APL of 0.46 nm2. The 

concentration was ~1.56 mol % of AuNPs/lipids. The representative snapshots (top view) 

are taken at (a) 0, (b) 10, (c) 500, and (d) 3000 ns. The surface tension of the monolayer 

is ~40.3 mN/m for last 1 µs simulation. 

The process of AuNPs aggregation in the LS monolayer is illustrated in Figure 5.8, where 

the formation of AuNP clusters is tracked through the simulation (0, 10, 500, and 3000 

ns) for an exemplary system (~1.56 mol % of AuNPs/lipids at APL=0.46 nm2). The 

snapshots indicate the AuNPs aggregation in the surfactant monolayer started when the 

AuNPs absorbed in the monolayer (Figure 5.8). In the initial setup, the 16 AuNPs are 

separated by about 3 nm distance from each other (Figure 5.8a) and are placed ~1 nm 

above the monolayer. With increasing simulation time (t=10 ns) the NPs become fully 

submerged in the monolayer (Figure 5.8b), wrapped by phospholipids and cholesterol 

molecules. As the simulation progresses (500 ns to 3000 ns), more lipids and cholesterol 

adsorb to the NPs surface, and the NPs begin to aggregate, forming clusters of different 

sizes (Figure 5.8c and d). 

5.4.6 Radial distribution function 

The RDF of each lipid and cholesterol with the beads in the AuNP are illustrated in Figure 

5.9a for both APL (0.46 and 0.56 nm2), at a concentration of ~0.1 mol % of AuNPs/lipids. 

The distribution of lipid and cholesterol beads in the vicinity of an AuNP is shown in 

Figure 5.9b. There is a clear preference for the adsorption of cholesterol to the AuNP over 

other two surfactant lipids (DPPC and POPG). This preference is probably driven by the 

fact that cholesterol is both more hydrophobic and more rigid than the other two lipids. 
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The preferential binding of cholesterol to AuNPs could affect the long-range structure of 

LS monolayers by disturbing the distribution of cholesterol within the monolayers.     

 
Figure 5.9 The radial distribution function (RDF) between Au beads and lipid monolayer 

components at APLs of 0.46 nm2 (solid line), and 0.53 nm2 (dot) (b) snapshot of the 

interaction of AuNP (yellow) beads with DPPC (cyan), POPG (green) and cholesterol 

(red) beads within a cutoff distance 1.2 nm during lung compression. The surface tensions 

of the monolayers at APLs of 0.47 and 0.53 nm2 are ~1.6 and ~21.3 mN/m, respectively. 

5.5 Conclusions  
In this work, the effect of bare AuNPs on a simplified model of  a LS monolayer 

consisting of lipids and cholesterol has been studied using coarse-grained molecular 

dynamics simulation. AuNP concentrations of ~0.1-3.52 mol % have been investigated 

at two different surface areas/APL. It has been found that the AuNPs may disrupt the 

normal biophysical activity of lungs under high concentration of AuNPs, resulting in 

higher surface tension at the vacuum-water interface. The obtained results also indicate 

that AuNPs concentration plays a significant role in the order parameters of lipid tail 

beads. The interactions between AuNPs and lipids induce a decrease in order parameter 

values and density profiles of LS components. The further reduction in the order 

parameter and peaks in the density profiles are observed when the concentration of 

AuNPs increases. The AuNPs cluster size in LS monolayer increases with AuNP 

concentration and decreases as the surface area of the LS monolayer increases. At an 

AuNP concentration of ~3.52 mol %, pores form in the LS monolayers with APLs of 0.46 

and 0.53 nm2. Cholesterol molecules and the hydrophobic tails of the amphiphilic lipids 

interact with AuNPs, with cholesterol preferentially adsorbing to the surface of the AuNP 
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over the phospholipid tails. The consequence of this disruption of the LS monolayer is 

that the normal functions of the lungs are affected. More specifically, AuNPs hinder the 

ability of the LS monolayer to achieve normal surface tension during breathing. Overall, 

the study provides molecular insights of model AuNPs (as pollutants) with model LS 

monolayer at the vacuum-water interface. The findings of this study bring to light the 

possible consequences of AuNP inhalation and the possible causes of those effects. The 

results of this study provide clear and understandable molecular insights that could be 

helpful to design future nanomedicine along with the assessment of AuNP as a pollutant.  

Also, the results of our model simulations will assist in understanding different lung 

diseases due to the inhalation of environmental NPs in different concentration levels. 

Furthermore, the study will help to identify the potential health risk in people dealing with 

bare AuNP as an engineered nanoparticle in the laboratory or gold mines. 
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APPENDIX 1 

Supplementary Information (Chapter 5) 

 

Calculation of order parameter and surface tension: 

Order parameter values of lipid tail beads were calculated by using the following formula, 

Sz =
1

2
(3 < cos2 θ > −1) (5A1-1s) 

where, Sz denotes order parameter,  θ denotes angle between lipid tail beads bonds and 

monolayer normal [29], angular brackets denotes average of ensemble between temporal 

and molecular ensembles [76]. Both LS monolayers were considered to calculate the 

average order parameter of lipid tail chains beads. 

The surface tensions of each monolayer of the systems with concentrations (~0.1, ~0.9, 

~1.56, and ~3.52 mol %) of AuNPs/lipids were calculated using diagonal components of 

pressure tensor: 

γ =
Lz (Pzz −

Pxx + Pyy

2 )

2
 (5A1-2s) 

where, γ is the monolayer surface tension, Lz is the box length in the normal direction, 

Pzz is the pressure along the normal of the monolayer,  Pxx+Pyy

2
 is the lateral pressure. The 

factor of one half was used in equation (5A1-2s) as each system consisting of two 

monolayers. In molecular dynamics simulation, block averaging method [77] estimates 

the error by considering the fluctuations and autocorrelations in equilibrium averages 

calculation. The errors in surface tension values were estimated using the GROMACS 

tool “gmx analyze” with “-ee” option. Though the estimated errors were small, but 

quantively agree with the previous coarse-grained studies [7]. 
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Figure 5.10A1 The starting configuration of (a) a single AuNP system having 6 nm water 

slab between two lipid monolayers, (b) coarse-grained surfactant lipids (DPPC and 

POPG) and (c) AuNP (3 nm). 

 

 

Figure 5.11A1 Snapshots (top view) of different LS lipid monolayer phases (a) LE phase 

(b) coexistence of LE+LC phase and (c) LC phase. 

 



 

CHAPTER 5: PAPER 2                                                                    134 

 

Figure 5.12A1 Order parameter of DPPC (blue and orange) and POPG (green and red) 

lipids tails (a and c) chain 1 (sn-1), (b and d) chain 2 (sn-2) at surface tension 0 mN/m 

(blue and green) and 23 mN/m (orange and red) of DPPC, POPG (a and b) and DPPC, 

POPG, CHOL (c and d) systems in presence (dashed lines with circular symbols) and in 

absence (solid lines with triangular symbols) of a single AuNP in upper monolayer. Error 

bars are neglected due to their small value. 
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Figure 5.13A1 Pore formation in the monolayer at APL (a) 0.46 nm2 and (b) 0.53 nm2. 

Pore formation was observed at the concentration of ~3.52 mol % of AuNPs/lipids. 

 

 

 

Figure 5.14A1 Comparison of order parameter values of DPPC (a) chain 1 (sn-1), (b) 

POPC chain 2 (sn-2) at surface tension (ST) 0 mN/m and 20 mN/m with Estrada Lopez 

et al. [37]. 
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Figure 5.15A1 Snapshot of the penetration of AuNP into the lipid monolayer (DPPC in 

cyan and POPG in green colour). The representative snapshots showing the beginning of 

the monolayer collapse mechanism (a) top view (a) and (b-d) side views are taken at (b) 

2 (c) 16 and (d) 3000 ns.  
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Figure 5.16A1 Illustration of cluster size analysis of AuNPs at the concentration of ~3.52 

mol % of AuNPs/lipids at APL (a) 0.46 nm2 and (b) 0.53 nm2. Simulation time is 

presented along the X-axis; the number of AuNPs in the largest cluster is presented along 

the Y-axis and the number of clusters is indicated by different colours. 
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Figure 5.17A1 Illustration of cluster size analysis of AuNPs at the concentration of ~0.9 

mol % of AuNPs/lipids at APL (a) 0.46 nm2 and (b) 0.53 nm2. Simulation time is 

presented along the X-axis, the number of AuNPs in a maximum size cluster is presented 

along the Y-axis and the number of clusters is indicated by different colours. 
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Table 5.2A1 Area per lipid of LS monolayer during breathing process of a control system 

DPPC,POPC and in the presence and absence of single AuNP of DPPC, POPG, and 

DPPC, POPG, CHOL systems with 6 nm water. 

System No. of 

AuNP 

Surface tension, 

mN/m 

APL, 

𝒏𝒎𝟐 

DPPC, POPC 0 0 0.475±0.001 

20 0.560±0.001 

DPPC, POPG 0 0 0.470±0.01 

23 0.571±0.001 

DPPC, POPG 1 0 0.470±0.001 

23 0.572±0.001 

DPPC,POPG,CHOL 0 0 0.458±0.001 

23 0.532±0.0001 

DPPC,POPG, CHOL 1 0 0.450±0.001 

23 0.533±0.001 

 

 

AuNP Interaction parameter and topology: 

Table 5.3A1 Force field parameters of the CG AuNP 

Bead Type Constraints 
Interactions Type 

Au C5 Au-Au Fixed rigid 
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CHAPTER 6 

THE ROLE OF SP-B1-25 PEPTIDES IN LUNG SURFACTANT 

MONOLAYERS EXPOSED TO GOLD NANOPARTICLES 
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The role of SP-B1–25 peptides in lung surfactant
monolayers exposed to gold nanoparticles†

Sheikh I. Hossain,a Neha S. Gandhi, b Zak E. Hughes c and Suvash C. Saha *a

Lung surfactant (LS) monolayers that continuously expand and compress during breathing cycles, act as

the first line barrier for inhaled nanoparticles. It is known that nanoparticles which adsorb to the surface

of the surfactant layer facilitate the rearrangement of lipids and peptides at various stages of the

breathing cycle. However, the structural mechanisms for this ability of the lipid rearrangement are not

yet fully understood. Coarse-grained molecular dynamics simulations are performed to investigate

the role of surfactant protein B (SP-B) segments (SP-B1–25) in modulating the biophysical properties

of the surfactant monolayer in the presence of polydisperse gold nanoparticles (AuNPs) at different

concentrations. Herein, we observe that the AuNPs significantly alter the inherent structural and

dynamical properties of the monolayer and its components in three different breathing states. When

adsorbed into the monolayer, the AuNPs inhibit the ability of the monolayer to recover its surface

tension and other properties. The presence of SP-B1–25 in the monolayer accelerates the diffusion of the

monolayer phospholipids, contrarily to the role of AuNPs on phospholipid diffusion. Also, the AuNPs and

the peptides in the monolayer significantly increase their agglomeration in the presence of one another.

Overall, the simulations predict that the presence of polydisperse AuNPs hampers the stability and

biophysical functions of the LS in contrast to the role of the peptide. This study provides a clear view of

the hydrophobic peptide role in the LS monolayer at the interface along with the interactions and the

translocation of AuNPs that could have a significant impact to assess the NPs inhalation.

1. Introduction

A lung surfactant (LS) layer is responsible for the cycling of lung
volume during the respiration process. It controls the surface
tension at the air–water interface in alveoli to prevent alveolar
collapse and reduce the work of breathing. The LS layer is a
mixture of saturated and unsaturated phospholipids (PLs), and
cholesterol, which combined make up 90 wt% of the LS. Small
amounts (B10 wt%) of surfactant proteins (SP), both hydro-
philic (e.g. SP-A, and SP-D) and hydrophobic (e.g. SP-B, and
SP-C) are also found in the LS.1 Hydrophobic surfactant mono-
layer associated proteins, SP-B/-C, and surfactant lipids, mainly
dipalmitoylphosphatidylcholine (DPPC), unsaturated lipids, such
as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), and
cholesterol (neutral lipid) form a stable monolayer at the
air–water interface of the lung alveoli and, thus, stimulate the

gas exchange process during breathing.2 The LS monolayer
components stabilise the monolayer, with the role of surfactant
proteins being significant. For example, the surfactant peptide
SP-B initiates folding of the LS by fluidizing the monolayer.3,4

During the LS monolayer compression (during exhalation), the
surface tension at the interface is reduced to B0 mN m�1 from
the equilibrium surface tension B20-25 mN m�1, achieved
upon membrane expansion (inhalation).5 The interfacial sur-
face tension of the LS monolayer is responsible for determining
much of the structural, dynamical, and biophysical charac-
teristics of the surfactant layer.6 As such, it is essential to
understand the changes inhaled species make to the structural
and dynamical properties of the monolayer as these will, in
turn, affect the biophysical properties of LS monolayer.

Particulate matter (PM) such as fine and ultrafine particles
(PM2.5 o 2.5 mm and PM0.1 o 100 nm) at high concentrations
pose the greatest risk to human health as they rapidly and
easily enter into deep area of the respiratory system and cause
lung dysfunction.7 In an in vitro experiment8 it is reported that
ultrafine AuNPs (PM0.1) have been detected in blood and urine
three months after exposure. There is a significant amount of
literature concerning the possible consequences of inhaling
airborne nanoparticles (NPs) into the lung.9–13 Most of these
studies, whether computational or experimental, have been
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6.1 Abstract 

Lung surfactant (LS) monolayers that continuously expand and compress during 

breathing cycles, act as the first line barrier for inhaled nanoparticles. It is known that 

nanoparticles which adsorb to the surface of the surfactant layer facilitate the 

rearrangement of lipids and peptides at various stages of the breathing cycle. However, 

the structural mechanisms for this ability of the lipid rearrangement are not yet fully 

understood. Coarse-grained molecular dynamics simulations are performed to investigate 

the role of surfactant protein B (SP-B) segments (SP-B1-25) in modulating the biophysical 

properties of the surfactant monolayer in the presence of polydisperse gold nanoparticles 

(AuNPs) at different concentrations. Herein, we observe that the AuNPs significantly 

alter the inherent structural and dynamical properties of the monolayer and its 

components in three different breathing states. When adsorbed into the monolayer, the 

AuNPs inhibit the ability of the monolayer to recover its surface tension and other 

properties. The presence of SP-B1-25 in the monolayer accelerates the diffusion of the 

monolayer phospholipids, contrarily to the role of AuNPs on phospholipid diffusion. 

Also, the AuNPs and the peptides in the monolayer significantly increase their 

agglomeration in the presence of one another. Overall, the simulations predict that the 

presence of polydisperse AuNPs hampers the stability and biophysical functions of the 

LS in contrast to the role of the peptide. This study provides a clear view of hydrophobic 
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peptide role on the LS monolayer at the interface along with the interactions and the 

translocation of AuNPs that could have a significant impact to assess the NPs inhalation. 

 Graphical abstract 

 

Figure 6.1 Polydisperse AuNPs interaction with LS monolayer components.  

 

6.2 Introduction 

A lung surfactant (LS) layer is responsible for the cycling of lung volume during 

the respiration process. It controls the surface tension at the air-water interface in 

alveoli to prevent alveolar collapse and reduce the work of breathing. The LS layer 

is a mixture of saturated and unsaturated phospholipids (PLs), and cholesterol, 

which combined make up 90 wt% of the LS. Small amounts (~10 wt%) of 

surfactant proteins (SP), both hydrophilic (e.g. SP-A, and SP-D) and hydrophobic 

(e.g. SP-B, and SP-C) are also found in the LS [1]. Hydrophobic surfactant 

monolayer associated proteins, SP-B/-C, and surfactant lipids, mainly 

dipalmitoylphosphatidylcholine (DPPC), unsaturated lipids, such as 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), and cholesterol (neutral lipid) 

form a stable monolayer at the air-water interface of the lung alveoli and, thus, 

stimulate the gas exchange process during breathing [2]. The LS monolayer 

components stabilise the monolayer, with the role of surfactant proteins being 

significant. For example, the surfactant peptide SP-B initiates folding of the LS by 

fluidizing the monolayer [3, 4]. During the LS monolayer compression (during 

exhalation), the surface tension at the interface is reduced to ~0 mN/m from the 
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equilibrium surface tension ~20-25 mN/m, achieved upon membrane expansion 

(inhalation) [5]. The interfacial surface tension of the LS monolayer is responsible 

for determining much of the structural, dynamical, and biophysical characteristics 

of the surfactant layer [6]. As such, it is essential to understand the changes inhaled 

species make to the structural and dynamical properties of the monolayer as these 

will, in turn, affect the biophysical properties of LS monolayer.  

Particulate matter (PM) such as fine and ultrafine particles (PM2.5<2.5 µm and 

PM0.1<100 nm) at high concentrations pose the greatest risk to human health as 

they rapidly and easily enter into deep area of the respiratory system and cause 

lung dysfunction [7]. In an in vitro experiment [8] it is reported that ultrafine 

AuNPs (PM0.1) have been detected in blood and urine three months after exposure. 

There is a significant amount of literature concerning the possible consequences of 

inhaling airborne nanoparticles (NPs) into the lung [9-13]. Most of these studies, 

whether computational or experimental, have been concentrated on the effects of 

common airborne NPs (carbon [14, 15], silica [16], gold [12, 13], and others [17-

19]) on LS monolayer. In these studies, the consequences of airborne NPs 

inhalation have been investigated in terms of the NPs’ size[11], shape[17], surface 

properties (surface charge, hydrophobicity/hydrophilicity) [20], and concentration 

[10]. NP surface charge significantly affects the translocation of the NPs in the 

surfactant monolayer. For instance, Chen et al.[21] reported that an increase in the 

surface charge of NPs can reduce the translocation of the NPs across the surfactant 

monolayer. The interaction of NPs with LS monolayers at high surface tension can 

result in the formation of pores in LS and the aggregation of NPs [10, 11]. The 

presence of NPs has also been shown to alter the structural and mechanical 

properties of LS monolayers, inducing the layer collapse at higher surface tensions 

[22]. However, when investigating the impact of NPs concentrations on LS 

monolayer, almost all of the computational studies considered monodisperse NPs, 

even though the primary sources of airborne NPs (industrial process occurring in 

urban areas) result in a polydisperse mixture of NPs. Moreover, most simulations 

studies have overlooked the key role of surfactant peptides [12, 23]. 

Experimentally, it is challenging to prepare the well-controlled size (high degree 

of uniformity) NPs and thus polydisperse samples of NPs are used in the 

determination of Langmuir monolayers’ mechanical properties [24]. An 
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experimental study found that the broad size distribution of gold NPs (AuNPs) 

reduced the stiffness of the lipid layer [24]. In addition, heterogeneity of NP size 

may influence the therapeutic efficacy and translocation ability of the NPs [25].  

The existing literature sufficiently explains the role of surfactant peptides in the LS 

monolayer [3, 26-28]; however, it is essential to explore the role of SP-B1-25 

peptides in monolayers exposed to, different concentrations of, NPs. Thus, to gain 

a thorough understanding of the effect of NPs on LS monolayers with SP-B1-25 

peptide, the impact of polydisperse NP samples requires more significant 

consideration, particularly for AuNPs. The vast interest of AuNPs in fields like 

nanomedicine and biotechnology [29, 30], along with the inhalation of bare AuNPs 

from the environment has raised the question of potential health risk associated 

with the exposure of AuNPs [31]. For example, gold miners have to face different 

lung diseases due to exposure to gold dust from their occupational circumstances 

[32-34]. Recent experimental studies suggested that the inhaled NPs (engineered 

or environmental) may be responsible for lung-related diseases and AuNPs were 

detected longer times after exposure, when compared to other NPs [8, 35]. It has 

also been observed that the detection levels were higher for 5 nm (diameter) sized 

AuNPs compared to 30 nm (diameter) AuNPs, and that AuNPs with the size <10 

nm (diameter) showed higher translocation ability than larger AuNPs [8]. The 

translocation of AuNPs from the lung to other organs in animal models was 

investigated by, Yu et al.[36], with AuNP aggregation found in the lungs and 

AuNPs detected 15 days after exposure. A study by Takenaka et al.[37], used 

spherical AuNPs with diameters of 5-8 nm (diameter) to investigate the fate of the 

NPs using experimental methods. It was found that most of the inhaled AuNPs 

were retained in the lung, and only a meagre amount (0.03-0.06 % of lung 

concentrations) were transferred from the lung to blood circulation.  Bakshi et 

al.[9] and Zhang et al.[38] considered AuNPs as a model air pollutant in in vitro 

studies, predicting that the bare AuNPs disrupt routine lung activity, and that at 

high concentration (> 100 µg/mL) the presence of AuNPs in the lung could be the 

reason for the formation of cracks and cavities in the lung monolayer. Moreover, 

it was hypothesized that the adsorption of AuNPs hinders the ability of the LS to 

reduce the surface tension of the lung during compression, even in the presence of 

SP-B [38]. All these experimental studies suggest that the size distribution and 
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concentration of NPs can play an essential role in altering the intrinsic functions of 

the lungs, as well as the ultimate fate of the inhaled NPs.  

In the present study a series of coarse-grained molecular dynamics (CGMD) 

simulations were performed on the AuNPs LS systems to elucidate the role of 

peptide and AuNPs, at different AuNP concentrations, and on the three states of 

the LS monolayers. In our previous studies, AuNPs of uniform size (~3 nm 

diameter) were simulated at different concentrations interacting with LS 

monolayers at two different surface tensions (relating to the inhalation and 

exhalation states) [12, 13]. However, AuNP samples generally exist as a 

polydisperse mixture, and such molecules are more to cytotoxic than particles with 

well-defined size [39]. In previous studies [12, 13] the role of polydispersity and 

SP-B1-25 peptide was neglected. Therefore, in the present work, we intend to 

address the effect of the presence of SP-B1-25 in LS monolayers exposed to 

polydisperse AuNPs. Hence, we modelled LS peptide associated monolayer 

systems in three different breathing states (I: expanded, II: compressed, and III: re-

expanded) at varying levels of AuNP concentration (~0.19 - ~1.53 mol% of 

AuNPs/lipids). The findings of this study will help to elucidate the molecular 

mechanism of the interactions among hydrophobic AuNPs, hydrophobic peptide, 

and other LS components, providing insights into how the inhalation of NPs can 

contribute to damage to the lungs during different breathing cycles (expansion, 

compression, and re-expansion) as well as the NPs transportation in LS monolayer 

with lipoprotein corona formation.  

6.3 Computational methods 

6.3.1 Lung surfactant model  

The monolayers (Figure 6.2) used in the present study as a model for LS membranes 

consisted of DPPC and POPG PLs, cholesterol, and a segment of surfactant protein B, 

SP-B1-25. SP-B is a 79 residue long hydrophobic protein with three intramolecular 

disulfide bridges [40], and is capable of forming a homodimer through another 

intermolecular disulphide bond. Various SP-B fragments and constructs have been 

reported [41-43] to attempt to decipher the structure-activity relationship of the full-

length peptide, one such peptide SP-B1-25 (which incorporates the first 25 residues from 
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N-terminal) was found capable of retaining a substantial level of the biological 

properties/activities of the full-length SP-B [44]. For example, like SP-B, SP-B1-25 

enhances the surfactant adsorption process at the air-water interface [3, 45]. Thus, for 

simplicities sake, we choose to use SP-B1-25 in our models. SP-B1-25 in humans has the 

sequence FPIPL PYCWL CRALI KRIQA MIPKG, is a monomer peptide with strong α-

helical content, which when surrounded by PLs, is orientated such that the hydrophobic 

portion of the peptide (residues one to eight) points towards the PL tails [46]. The SP-B1-

25 molecules were inserted into a lipid bilayer of DPPC:POPG:CHOL using a python 

script (INSANE [47]). The bilayer was then split into two monolayers, and each 

monolayer consisted of 1035 lipids and 9 SP-B1-25 (with the N-terminus region placed 

close to lipid head groups), in a ratio of DPPC to POPG to CHOL to SP-B1-25 of 

70:30:10:1. The monolayers were aligned parallel to the XY plane and separated by a ~21 

nm layer of 150 mM NaCl aqueous solution (equivalent to ~100000 CG water sites), and 

~34 nm of vacuum, with the monolayer lipids, orienting its hydrophilic heads towards the 

water layer and hydrophobic tails towards the vacuum. Here, we used ~21 nm water layer, 

such that the diameter of the largest AuNP was significantly less than the distance 

between the two monolayers, ensuring that any artefacts due to system size were kept to 

a minimum. Sufficient Na+ beads above 150 mM NaCl were present to make the system 

charge neutral.  

 
Figure 6.2 Model LS monolayer initial structure at the vacuum-water interface in the 

presence of AuNPs (a) side view of the system with ~1.53 mol% of AuNPs/lipids, PL 

head group are shown in blue (b) CG structures of surfactant PLs, cholesterol, and SP-B1-

25. In SP-B1-25, the charged CG beads are shown in red (positive) and blue (negative), 

while neutral beads are in coloured orange. 
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6.3.2 Coarse-grained molecular dynamics simulations 

CGMD simulations using the MARTINI force field have been used in most previous 

simulation studies of LS-NP systems to allow the exploration of long time and length 

scales [48, 49]. For all simulations in the present study, the MARTINI force field was 

used to model the surfactant monolayer components, lipids, water, and ions (see ). The 

CG model of SP-B1-25 was generated by conversion of an atomistic structure of SP-B1-25 

(obtained from the protein data bank, PDB ID: 1DFW) via the use of the python script 

martinize.py from MARTINI website [50]. All-atom structures of two different sizes 

AuNPs (3 and 5 nm) with a lattice constant of 0.408 nm were obtained from nanoparticle 

builder of OpenMD [51], which uses Sutton-Chen force field [52]. In contrast to the 

conventional 4:1 MARTINI mapping, each atom of the AuNPs (887 and 3925 atoms for 

3 and 5 nm AuNPs, respectively) was mapped 1:1 to convert the atomistic structures to 

CG structures. The force field parameters for AuNPs beads were taken from Song et 

al.[53], where each Au bead was assigned as C5-type (hydrophobic) interaction site [53, 

54] for spherical CG AuNPs. A weak harmonic potential for bonded interactions [55, 56] 

was used to establish a connection among the CG AuNPs beads. 

All CGMD  simulations were performed using a protocol reported previously [12]. For 

the non-bonded interactions, a cutoff of 1.2 nm was used, with the Coulomb potential 

smoothly shifted to 0 between 0 and 1.2 nm, and the Lennard-Jones potential was shifted 

to 0 between 0.9 and 1.2 nm. Periodic boundary conditions were employed in all 

directions. All the systems were equilibrated for 100 ns and production runs were 

performed for 3 μs, with a time step of 20 fs used throughout. In all simulations, the 

temperature coupling was regulated using velocity rescale thermostat [57], with the 

monolayer components (lipids, cholesterol, and SP-B1-25), water and ions, and AuNPs 

independently coupled to temperature baths at 310 K with time constants of 1 ps.  

Simulations were performed at a variety of AuNP concentrations and in different 

ensembles. Table 6.1 summarises the simulations that were performed. First, control 

systems (state 0) of DPPC:POPG:CHOL:SP-B1-25 monolayers were simulated in the 

absence of AuNPs in the NPγT (constant particle number, pressure, and temperature) 

ensemble at surface tensions of 0 and 23 mN/m, using Berendsen pressure barostat [57], 

to reproduce the compressed and expanded states of the surfactant monolayer, 

respectively. The compressibility was set to 4.5 × 10−5 bar-1 along the XY plane and 0 
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bar-1 along the Z-axis (such that the size of the simulation cell was fixed along with that 

dimension). In these control simulations, the area per lipid (APL) obtained after 

equilibration was 0.470±0.001 and 0.538±0.001 nm2, for surface tensions of 0 and 23 

mN/m, respectively.  

The equilibrated control systems were then used as the initial configurations for the 

simulations of the monolayers in the presence of the AuNPs. The AuNPs were placed in 

vacuum space, close (< 1 nm, diameter) to the tails of the lipids in equilibrated 

monolayers. Systems were built at varying concentrations of AuNPs (~0.19, ~0.58, ~0.86, 

and ~1.53 mol% of AuNPs/lipids). The concentration modelled ranges from the lowest 

possible concentration (0.19 mol% of AuNPs/lipids - one 3 nm and one 5 nm AuNP) to 

the highest practicable concentration (1.53 mol% of AuNPs/lipids - eight 3 nm and eight 

5 nm AuNPs) of polydisperse AuNPs for the size of our monolayer system. For each 

concentration of AuNPs, we account for polydispersity by having two different sizes (3 

and 5 nm) of AuNPs present. All systems contain an equal number of 3 and 5 nm AuNPs. 

Due to computational constraints the size of the AuNPs modelled in the present work is 

at, or slightly below, the lower end of the size range of AuNPs considered in experimental 

studies [9, 37, 38]. 

To study the effect of dispersity, we have simulated two monodisperse systems - 

consisting of 3 and 5 nm (diameter) AuNPs at a concentration of ~0.58 mol% of 

AuNPs/lipids (Table 6.1).  All the systems containing AuNPs were simulated in the 

canonical (NVT) ensemble at either an APL of 0.54 (state I) or 0.47 (state II) nm2, 

corresponding to the expanded and compressed states, respectively. Each system was first 

equilibrated for a further 100 ns before a 3 𝜇𝑠 production run.  

After the 3 𝜇𝑠 production runs at constant APL, the systems with polydisperse AuNPs at 

an APL of 0.47 nm2 were simulated for a further 3 𝜇𝑠 in the NPγT ensemble at a surface 

tension of 23 mN/m (with the compressibility along XY plane and Z-axis set to 4.5 × 10−5 

and 0 bar-1, respectively). These systems, denoted as state III (re-expanded), were 

simulated in order to investigate the effects of AuNPs concentrations on LS monolayer 

breathing cycle, with the monolayers attempting to undergo a re-expansion process.  

Analyses were carried out to compute different physical and dynamical properties of LS 

surfactant components with averages taken from over the last 1 𝜇𝑠 of each simulation. At 
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least two repeat runs were performed for each system, and the analysis of properties 

averaged over the results of the repeat runs. All simulations snapshots were taken using 

the program Visual Molecular Dynamics (VMD) [58]. In VMD, a Tcl script [59] 

(cg_bonds-v5.tcl) was used for rendering CG MARTINI bonds. PLs tails order 

parameters were determined using do-order-gmx5.py python script [60]. Full 

methodological details of the analyses are provided in the supporting information, section 

S1 “Methodological Details of Analyses”. 

Table 6.1 Summary of the systems simulated (666 DPPC, 279 POPG, 90 cholesterol and 

9 peptides per monolayer). Data averaged over 2 or more repeats. 

*I: Expanded, II: compressed, and III: re-expanded monolayer systems, poly.: 
polydisperse (mixed of 3 and 5 nm diameter AuNPs), mono.: monodisperse AuNPs 

 

AuNP 
concentr

ation 
(mol %) 

No. of 
AuNPs 
(state, 
size) 
per 

monolay
er  

Monol
ayer 

State* 

Constant Variable Pore 
form
ation Surface 

tension  
/  

mN m-1 

APL 
/ 

nm2 

Surface 
tension  

/  
mN m-1 

APL / nm2 

0 0 0 23   0.538±0.001 No 
0 0   0.470±0.001 No 

~0.19 2 (poly.) I  0.54 26.3±1.6  No 
II  0. 47 21.2±1.3  No 
III 23   0.475±0.006 No 

~0.58 6 (poly.) I  0.54 38.0±0.8  No 
II  0.47 31.2±0.7  No 
III 23   0.440±0.003 No 

6 
(mono., 
3nm) 

I  0.54 22.9±0.4  No 
II  0.47 22.3±2.7  No 

6 
(mono., 
5nm) 

I  0.54 44.2±0.4  No 
II  0.47 37.0±0.3  No 

~0.86 9 (poly.) I  0.54 41.2±2.0  No 
II  0.47 36.1±1.1  No 
III 23   0.429±0.009 No 

~1.53 16 
(poly.) 

I  0.54 47.3± 1.0  Yes 
II  0.47 47.6±0.4

2 
 Yes 

III 23   0.426±0.004 Yes 
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6.4 Results and discussion 

6.4.1 Effects of SP-B1-25 and AuNPs on LS structure 

6.4.1.1 Lung surfactant monolayer surface tension 

LS components adsorb at the air-water interface in the form of a monolayer and regulate 

the surface tension at the interface. Therefore, it is anticipated that the surface tension 

remains unchanged/constant for the monolayer with a constant surface area until some 

external factors (e.g. the presence of airborne NPs) alter the surface tension value during 

breathing. We have shown previously [12, 13] that bare monodisperse AuNPs increase 

the surfactant monolayer surface tension at the interface. In the current study, we consider 

the effect of AuNPs of different sizes as model NPs to quantify the role of airborne NPs 

on SP-B1-25 containing LS monolayer in different states (I, II, and III). 

 

To quantify the impact of polydisperse AuNPs over monodisperse AuNPs on monolayer 

surface tensions, we have measured the surface tensions of the monolayers in the states I, 

(expanded, APL = 0.54 nm2) and II (compressed, APL=0.47 nm2) in the presence of ~0.58 

mol% AuNPs/lipids (Figure 6.3). In the absence of any AuNPs, the surface tensions of 

the systems reproduce the physiological surface tensions that occur during the breathing 

process. However, in the presence of AuNPs, the surface tension increases significantly 

in both states (Figure 6.3,Table 6.1).  

 

We observe that polydisperse AuNPs result in a slightly higher surface tension value over 

averaged monodisperse AuNPs when the monolayer is in state I. However, the effect of 

polydispersity at ~0.58 mol% AuNPs/lipids appears to be marginal/insignificant on the 

surface tension of the monolayer in the state II. As the NP concentration increases, so 

does the surface tension for both states I and II, in agreement with the results of previous 

studies on monodisperse AuNPs [12] (Table 6.1). It might be expected that the monolayer 

will be restored during the re-expansion process, state III, from the compressed state (state 

II). However, in state III the presence of AuNPs in the LS hindered the ability of the 

monolayer to return to a surface area of ~0.54 nm2, even at the lowest AuNP 

concentration. 
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Figure 6.3 Comparison between the effects of the monodisperse and polydisperse AuNPs 

on the surface tensions for the monolayer in states I (APL= 0.54 nm2) and II (APL=0.47 

nm2) at a concentration of ~0.58 mol% AuNPs/lipids. For the surface tension of 

monodisperse AuNPs, the average of the surface tensions of systems with 3 and 5 nm 

diameter AuNPs has been taken. The monolayer interfacial surface tension values of these 

two states (I and II) without any AuNPs are also presented. The error bars have been 

calculated using the standard deviation across repeated runs. 

The presence of the surfactant peptide, SP-B1-25, in the LS monolayer containing no NPs 

has only a trivial effect on the monolayer interfacial surface tension, in line with the 

existing observations from previous studies in case of SP-B in the LS monolayer [27, 61, 

62]. We have investigated the effect of the presence of SP-B1-25 on the surface tension 

values of the monolayer in states I and II with the presence of ~0.86 mol% of 

monodisperse AuNPs/lipids (Table 6.2A2). The simulations predict that the presence of 

SP-B1-25 marginally reduces the surface tension of the monolayer in state II compared to 

a monolayer containing no SP-B1-25, but the surface tension slightly increases in the case 

of the monolayer in state I. 

6.4.1.2 Pore formation in the LS monolayer 

Figure 6.10A2 shows representative snapshots of the LS monolayer in state II at different 

concentrations of AuNPs, both the aggregation of the NPs and the formation of pores are 

apparent. A higher concentration of NPs results in greater disruption to the LS monolayer 
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and if the NP concentration is sufficiently high pores are formed in the LS. As the 

concentration of AuNPs in the monolayer increases, the more lipid molecules are 

adsorbed to the NPs’ surface, and this causes pores to be formed. Pores are observed at 

the AuNPs concentration of ≥1.53 mol% (Figure 6.10A2d) for the polydisperse AuNPs 

(3 and 5 nm), whereas no pores in the monolayer are formed for ≤ 1.56 mol% of 

AuNPs/lipids for monodisperse AuNPs with diameter of 3 nm [12], this difference is 

because of the total surface area of AuNPs is greater in the former than in the latter. Pores 

are also formed in the monolayer in other two states (I and III) (data not shown for 

brevity), which implies that pores formation does not depend on the monolayer breathing 

conditions/states. The formation of pores in the LS monolayer due to the presence of 

sufficient AuNP concentration agrees with an experimental study that reports cracks in 

the monolayer observed as AuNPs concentration is increased [38]. Therefore, we believe 

that the formation of pores in the monolayer due to NP adsorption is representative of the 

true behaviour of the modelled systems. The formation of persistent pores in the LS 

monolayer can be a cause of serious health problems, including the hindrance of normal 

gas exchange process inside the alveoli and surfactant monolayer associated water level 

elevation [63, 64]. As a result, the required oxygen cannot reach into the bloodstream and 

one could develop acute respiratory distress syndrome. Lipids adsorb to the NPs’ 

hydrophobic surface, which affects the packing of lipids in the monolayer. In the present 

study, the diameter of the AuNPs modelled (3 and 5 nm) is greater than the monolayer 

thickness (~2 nm). As a result, the adsorption of the lipids on AuNP surface results in the 

prevention of the exposure of the bare surface of the AuNPs to the vacuum and/or water 

phases. The same observation was previously found in a simulated study for the 

environmental hydrophobic carbon NP surface exposed to air [65]. Radial distribution 

functions (RDF) of surfactant lipids (DPPC, POPG, CHOL and SP-B1-25) to AuNPs 3 nm 

(Figure 6.11A2a) and 5 nm (Figure 6.11A2b) represent the preference of the surfactant 

lipids to the AuNPs surface. In both cases (3 and 5 nm), the cholesterol molecule has the 

greater interaction to AuNP than other two phospholipids (DPPC, POPG and SP-B1-25). 

The high preference of cholesterol molecules to AuNPs arises due to the hydrophobic-

hydrophobic interaction. 

In the present investigation, the simulations predict the aggregation of polydisperse 

AuNPs (vide infra), and the formation of a reverse micellar structure around of the AuNPs 

is observed (Figure 6.12A2). The formation of the reverse micelles in the monolayers 



CHAPTER 6: PAPER 3                                                                   163 

occurs as a result of some of the PLs orientating themselves with their headgroups 

directed away from the NP surface. In our previous study, we found an aggregation of the 

AuNPs in the monolayer [12], and prior CGMD simulation studies have predicted that 

the adsorbed lipids form reverse micelles around the NPs, which can influence the 

aggregation of NPs within LS monolayers [66]. 

6.4.1.3 Lung surfactant monolayer components’ density profiles 

To measure the effects of surfactant peptide (SP-B1-25) and polydispersity of AuNPs on 

the surfactant lipids density profiles, we have computed the lipid (DPPC, POPG, CHOL) 

density profiles between the systems with and without SP-B1-25 (Figure 6.4a) as well as 

between the systems with monodisperse and polydisperse AuNPs (Figure 6.4b) at a 

concentration of ~0.86 mol% of AuNPs. Comparison of the peak heights of the lipid 

density profiles of the monolayers containing SP-B1-25 with monolayers where SP-B1-25 

is absent indicates that the former has a slightly lower the peak height than the latter at 

both surface tensions (Figure 6.4a). The result indicates that the surfactant monolayer-

associated peptides participate in decreasing lipid density profiles i.e., fluidizing the 

monolayer components, which is in reasonable agreement with previous in silico [3] and 

in vitro [67] studies. At an AuNPs concentration of 0.86 mol%, there is a small reduction 

in the peak height of the lipid density profiles for the polydisperse systems over the 

monodisperse systems in states I and II (Figure 6.4b). For the monolayers in state III (at 

a concentration of 0.86 mol% of AuNPs/lipids), the peak height of the density profiles of 

the lipids are slightly higher for the polydisperse system than the monodisperse one 

(Figure 6.4b). During the simulation of the monolayers (all states) exposed to NPs 

(monodisperse/polydisperse), the NPs have lipids adsorbed to their surface, which 

induces long tails in the density profiles (Figure 6.4b) towards the water layer and thus 

decreases the height of the peak in the density profiles of the lipids from the control values 

(peak height of density profiles of lipids in the monolayer without NPs). The density 

profiles of the individual components of the surfactant monolayer 

(DPPC:POPG:CHOL:SP-B1-25)  and water have been plotted in Figure 6.13A2 (insets: 

cholesterol and SP-B1-25 densities for clarity) for the systems with the polydisperse 

AuNPs. The density profiles have been calculated for the monolayer in states I (Figure 

6.13A2a) and II (Figure 6.13A2b). The AuNPs disrupt the orientation of the lipids, and 

thus the height of the peak in the density profile of each component of the LS monolayer 
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is reduced compared to the control simulations. The density profile curves in Figure 

6.13A2 show that at the lowest concentrations AuNPs (~0.19-0.86 mol% of 

AuNPs/lipids) there is a negligible change in the LS density profiles, whereas the highest 

concentration ~1.53 mol% of AuNPs/lipids substantially changes the density profiles for 

each LS components. 

The concentration effects of AuNPs are more significant in the state II systems than in 

the state I systems because lipids are more densely arranged in the monolayers in the state 

II than in the state I. The density profiles of cholesterol and SP-B1-25 follow a similar trend 

to the PLs density profiles for all concentrations of polydisperse AuNPs (Figure 6.13A2 

insets). 

 

Figure 6.4 (a) Lipid density profiles of LS monolayers in absence of AuNPs, for 

monolayers free of SP-B1-25 (green) and with SP-B1-25 present (red) at surface tensions 

(ST) of 23 (solid lines) and 0 mN/m (dashed lines). (b) Lipid density profiles for LS 

monolayers in the presence of AuNPs, for systems with monodisperse (green) and 

polydisperse (red) samples of AuNPs at an exemplar concentration of ~0.86 mol% of 

AuNPs/lipids for the monolayer in states I (solid lines), II (dashed lines), and III (red-

dotted lines). Water density profiles (purple) were computed at surface tensions (a) 0 and 

(b) 23 mN/m. 

6.4.1.4 Lung surfactant monolayer lipid ordering 

Lipid order parameters provide information about the phase of the monolayer and 

fluctuations in the order parameter values can indicate that lipids are in a phase transition 

state. The lipids in the LC phase of a monolayer are highly ordered and exhibit high values 

of the order parameter unlike the lipids in a LE phase. However, the presence of NPs has 

a substantial impact on the lipid order parameter values. The order parameter of lipid tails 
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decreased for all three states (Figure 6.5 and Figure 6.14A2), for both chains in the 

presence of the NPs. As the AuNP concentration increased, the order parameters 

decreased. The phenomena of lipid disordering is more noticeable in lipid chain 1 (Figure 

6.5a, c and Figure 6.14A2a) than chain 2 (Figure 6.5b, d and Figure 6.14A2b). The results, 

as shown in Figure 6.5, indicate that the AuNPs disturb the lipids’ systematic arrangement 

in the monolayer and the high concentration of the NPs substantially changes the 

physiological ordering of the lipids in the monolayers. The presence of SP-B1-25 in the 

monolayer slightly decreases the ordering of both phospholipids (DPPC, POPG) tail 

beads (Figure 6.15A2a, b) compared to a system without any surfactant proteins present. 

On the other hand, only marginal differences in order parameters for both lipid species 

were observed in case of polydispersed versus monodispersed AuNPs at a concentration 

~0.58 mol% of AuNPs/lipids in the monolayer in state II (Figure 6.15A2c, d). 

 

Figure 6.5 The effect of AuNPs concentrations on DPPC (solid lines) and POPG (dash 

lines) lipid tail order parameters, chain 1 (sn-1) in (a, c) and chain 2 (sn-2) in (b, d) of the 

monolayer in states I (a, b) and II (c, d). The ~0.19, ~0.58, ~0.86, and ~1.53 mol% 

concentrations of AuNPs/lipids are shown by the blue, yellow, green, and red lines 

respectively. The error bars have been calculated using the standard deviation across at 

least two repeat runs. 
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6.4.1.5 Lung surfactant monolayer folding, SP-B1-25 cluster formation, and 

aggregation of AuNPs 

A CGMD study by Duncan et al.[3] revealed that LS monolayer folding occurs when 

either the fold nucleates about a defect owing to the perturbation of the monolayer peptide 

SP-B1-25 or by the undulations of the monolayer. Our results also indicate that SP-B1-25 

aggregates in the monolayer forming clusters of peptides, with a fold then nucleating at 

the site of this cluster (Figure 6.6) in the NP free monolayer. A finding that agrees with 

the claims made by Duncan et al.[3] In the monolayer, the positively charged peptide SP-

B1-25 (5 positively charged residues) is found to adhere with the heads of the surfactant 

PLs (Figure 6.6c). The preference of SP-B1-25 to the PLs head groups is because the 

surfactant PLs contain anionic lipid POPG (with a negative charge in the headgroup). 

This lends support to the previous in vitro findings [44, 68]. These electrostatic 

interactions between the anionic POPG and cationic SP-B1-25 have been proposed to play 

a significant role in lamellar bodies (LB) formation, protein surface activities and 

aggregation in the LS monolayer [69].  

 
Figure 6.6 Monolayer folding associated with the SP-B1-25 aggregation, for a monolayer 

at a surface tension of 0 mN/m: (a-b) two side views of the beginning of monolayer to 

bilayer transformation, and (c) snapshot showing the close correspondence of SP-B1-25 

with the head groups of PLs. All the snapshots were taken during monolayer compression 

at surface tension 0 mN/m of the DPPC:POPG:CHOL:SP-B1-25 system, in the absence of 

NPs. 
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Experimentally, it has been demonstrated that LS monolayer compression has less 

influence in the SP-B clustering process, but the protein concentration in the monolayer 

is key in determining the size and number of protein clusters in the monolayer [70]. To 

investigate the aggregation behaviour of SP-B1-25, we performed a cluster analysis of the 

protein segments throughout the simulation (Figure 6.16A2a). Two or more peptides were 

assigned to the same cluster if the distance between them was ≤ 1.2 nm. Initially, the SP-

B1-25 molecules are well distributed in the monolayer, but by 2 µs every peptide is part of 

a cluster of at least two molecules. A representative snapshot (Figure 6.16A2b) and 2D 

map of the peptide density (Figure 6.16A2c) confirm this aggregation behaviour and 

show how the peptide is distributed in the equilibrated (at surface tension 0 mN/m) 

monolayer. 

While SP-B1-25 aggregates even in the absence of NPs, the adsorption of NPs into the LS 

monolayer sharply increases the aggregation of the peptide. A plot showing the formation 

of clusters of SP-B1-25 in the presence of AuNPs is given for an exemplar system (state 

II, 0.19 mol% of AuNPs) in Figure 6.7.  

The presence of the AuNPs increases the propensity of the peptide to aggregate in a 

monolayer, with the number of peptides present in the largest cluster higher than in the 

absence of any AuNPs (Figure 6.16A2) even for systems with the lowest AuNP 

concentration (Figure 6.7 and Figure 6.17A2). Both the number of clusters and the 

number of peptides in the largest cluster stabilize more quickly in the presence of the 

hydrophobic AuNPs in state II (Figure 6.7) than in the case of state I (Figure 6.17A2) or 

in the monolayer in the absence of AuNPs (Figure 6.16A2), indicating that the clusters 

are apparently more stable for monolayers with a lower surface area. In addition, the 

number of peptide clusters predicted in the monolayers in state II remain nearly 

unchanged during the expansion process of the monolayers in state III (Figure 6.18A2). 

We hypothesise that the increased aggregation of SP-B1-25 in the presence of AuNPs is 

driven by a hydrophobic interaction between the two species. Ultimately, the clustering 

of the proteins in the LS monolayer coupled with the hydrophobic AuNPs presence in the 

monolayer may lead to lipoprotein corona formation on the NPs surface (Figure 6.19A2).   
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Figure 6.7 (a) Cluster size analysis of surfactant peptide B (SP-B1-25) in state II (APL of 

~0.47 nm2) with a AuNP concentration of ~0.19 mol% of AuNPs/lipids, simulation time 

is presented along X-axis, the number of SP-B1-25 in the largest cluster is presented along 

Y-axis, and the number of clusters is presented along Z-axis, (b) visualization of SP-B1-

25 clustering in the surfactant monolayer (top view), and (c) SP-B1-25 number density map 

after 2 µs of simulation. 

We have considered two systems to measure the role of SP-B1-25 in AuNP clustering, one 

with and another one without SP-B1-25, where each system contains 3 nm-sized 

monodisperse AuNPs at a concentration of ~0.9 mol% of AuNPs/lipids and each 

monolayer is in state II. In the presence of hydrophobic surfactant peptide SP-B1-25, the 

number of AuNPs clusters is decreased, and the number of AuNPs in the largest cluster 

is increased (Figure 6.8). Therefore, we conclude that AuNPs and the SP-B1-25 peptide 

have a co-operative effect mutually increasing the propensity of both to aggregate. 
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Figure 6.8 Effects of SP-B1-25 on AuNP (~0.9 mol% of AuNPs/lipids) aggregation in LS 

monolayer in state II, in the presence (orange) and absence (blue) of SP-B1-25. The 

analyses have been performed over the full 3 µs of simulation.   

6.4.2 Effects of SP-B1-25 and AuNPs on LS PLs diffusion 

To investigate the effect of the presence of SP-B1-25 on the lateral mobility of the PLs the 

2-dimensional (2D) lateral mean-square displacement (MSD) has been calculated for 

systems with and without SP-B1-25 (MSD calculation details have been provided in the 

ESI). In the presence of SP-B1-25, the diffusion of the PLs in the compressed monolayer 

is slightly increased (Figure 6.20A2). This is because the hydrophobic peptide, SP-B1-25, 

fluidizes the LS monolayer [3] and thus the PL MSD is greater in the monolayer with 

surfactant peptide over without peptide system. 

We have measured the PLs’ 2D MSD (Figure 6.21A2 for state I) and lateral diffusion 

coefficients (Figure 6.22A2) in all the three states (I, II, and III) of the surfactant 

monolayer at four different concentrations of AuNPs (~0.19, ~0.58, ~0.86, and ~1.53 

mol% of AuNPs/lipids). The 2D MSD, and thus the lateral diffusion coefficients, of PLs 

in the monolayer significantly decrease with the increasing concentration of AuNPs 

present in the monolayer. We have observed that a drastic fall in the PL diffusion 

coefficient with the increase of AuNPs concentration from 0.19 to 0.58 mol% for 

monolayers in states II and III. We propose that this is because of the adsorption of PLs 
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to the NPs’ surface and subsequent formation of clusters of NPs (vide supra) hinders the 

ability of the PLs to diffuse. The PLs adsorption on the NP surfaces and subsequent 

formation of nano-clusters is promoted due to the decrease of the PLs free space in the 

monolayer with an increased volume of AuNPs. 

The diffusion of PLs in the LS monolayers (state II) exposed to polydisperse AuNPs is 

lower compared to the monodisperse AuNPs (3 and 5 nm) at a concentration of ~0.58 

mol% of AuNPs/lipids (Figure 6.23A2). This result is due to the fact that the total AuNP 

surface area is greater for the polydisperse and monodisperse AuNPs (5 nm) systems than 

the monodisperse system with 3 nm AuNPs, and so, more lipids are able to adsorb to the 

AuNPs surface, thus reducing the rate of diffusion of PLs.  

6.5 Conclusions 

The adsorption of polydisperse samples of AuNPs to LS monolayer containing a 

hydrophobic peptide have been modelled for three different breathing cycles using 

CGMD simulations. The presence of the peptide (SP-B1-25) and NPs in the LS monolayer 

mutually promote the aggregation of both species via hydrophobic interaction. In 

addition, the hydrophobic properties of the NPs, SP-B1-25, and the tails of the surfactant 

lipids induce an interaction between the surfactant molecules and the NPs, which could 

lead to lipoprotein corona formation. As a result, the biophysical functions of the LS 

monolayer in expanded, compressed and re-expanded states could be hampered. It is 

found that despite an attempted re-expansion process LS monolayers which have NPs 

embedded within them are unable to achieve a surface area similar to NP free monolayers. 

Furthermore, the AuNP concentration markedly affects the diffusion of the PLs process 

because of the PLs adsorption to the NPs’ surface. The current study has identified that 

the levels of NP polydispersity considered in this study have a significant role, but limited 

effect on the behaviour of LS monolayers. The insights gained from this study will be of 

assistance to understand the NPs contribution on monolayer pore formation, a contributor 

to lung diseases. The findings of these model simulations will assist the 

nanotechnologists, biophysicist, and pharmacist to model nanomedicine for lung area in 

future. 
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APPENDIX 2 

Supplementary Information (Chapter 6) 

 

Section S1: Methodological Details of Analyses: 

Mean-squared displacement and lateral diffusion coefficient 

The lung surfactant (LS) phospholipids’ (PLs) lateral diffusion coefficient were 

calculated from the slope of the mean square displacement (MSD) over time. The 

following equation expresses the MSD 

𝑀𝑆𝐷 (𝑡) = ∆𝑟𝑖(𝑡) =< [𝑟𝑖(𝑡 + 𝑡0) − 𝑟𝑖(𝑡0)]2 >   (6A2-1s) 

where at time 𝑡, the 𝑖𝑡ℎ particle position is 𝑟(𝑡), and 𝑟(𝑡𝑜) the position of the particle at 

time 𝑡0. The angle brackets designate a time-average over 𝑡 and overall molecules.  

Therefore, the diffusion coefficient 𝐷 is defined by 

𝐷 = lim
𝑡→∞

1

2𝑑𝑡
𝑀𝑆𝐷(𝑡) (6A2-2s) 

where 𝑑 is the dimensionality of diffusion (here 𝑑 = 2), which means we calculate the 

lateral diffusion coefficients and MSD in a plane perpendicular to Z-axis. 

Surface tension  

We calculated the surface tension for each monolayer of the systems with concentrations 

(~0.19, ~0.58, ~0.86, and ~1.53 mol %) of polydisperse AuNPs/lipids by using diagonal 

components of pressure tensor: 

𝛾 =
𝐿𝑧 (𝑃𝑧𝑧 −

𝑃𝑥𝑥 + 𝑃𝑦𝑦

2 )

2
 (6A2-3s) 

 

where 

 𝛾 = Monolayer surface tension 
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𝐿𝑧 = Box length in the normal direction 

𝑃𝑧𝑧 = Pressure along the normal of the monolayer 

𝑃𝑥𝑥+𝑃𝑦𝑦

2
= Lateral pressure 

The factor of one half was used in Equation 6A2-3s as each system consisting of two 

monolayers. The block averaging method [71] was used to estimate the error of each 

single run, with estimated errors in line with those reported by previous coarse-grained 

simulation studies [10]. The final uncertainties reported were determined from the 

standard deviation of the parameter over the repeated simulation runs for that system. We 

used Berendsen pressure barostat [57] with surface tension coupling as Parrinello-

Rahman barostat [72] with surface tension coupling is not implemented in GROMACS 

version 5.1.4 [73]. 

 

Order parameter  

The PLs (tail beads) order parameter values were computed to investigate the structural 

orientation/flexibility of PLs in the monolayer under different monolayer conditions. The 

order parameter of the monolayer PLs tail beads can be defined by the following formula, 

𝑆𝑧 =
3

2
(< cos2 𝜃 > −

1

3
) (6A2-4s) 

where 𝑆𝑧 is the order parameter,  𝜃 is the angle between lipid tail beads bonds and 

monolayer normal [64], angular brackets designates the average of ensemble between 

temporal and molecular ensembles [74]. The order parameter value ranges−0.5 ≤ 𝑆𝑧 ≤

1. The value 𝑆𝑧 = 1 indicates that the PL tails are perfect alignment and parallel to the 

monolayer normal, and a value 𝑆𝑧 = −0.5 indicates that the PL tails are perfect anti-

alignment and perpendicular to the monolayer normal. In our calculation of lipid order 

parameters, we have used a standard conversion factor of 4 to the python script do-order-

gmx5.py from MARTINI website [50], as reported in previous studies [12, 13, 75] 
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Comparison of POPG and POPC containing LS monolayers  

In our model, we used POPG over the other abundant surfactant component POPC (1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) to make consistent our model with 

previous experimental (in vitro) study by Bakshi et al.[9]. In addition, we found 

comparison of simulations of DPPC+POPC LS models with DPPC+POPG models show 

close agreement. For example, the area per lipid of our control system DPPC+POPG [12] 

is in good agreement with the data reported in Estrada-López et al.[75]. In addition, there 

is no significant difference in these two phospholipids tails order parameter values (Figure 

6.9A2) at surface tension 0 mN/m. 

 

Figure 6.9A2 Order parameter calculation for POPC (solid lines with triangle) and POPG 

(dash lines with circle) lipids chain 1 (sn1 is in blue colour) (b) chain 2 (sn2 is in orange 

colour) at surface tension 0 mN/m of the monolayer systems consist of DPPC, POPC and 

DPPC, POPG. 
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Figure 6.10A2 Pore formation in the surfactant monolayer in state II at different concentrations 

of AuNPs (a) ~0.19 mol% of AuNPs/lipids, (b) ~0.58 mol% of AuNPs/lipids, (c) ~0.86 mol% of 

AuNPs/lipids, and (d) ~1.53 mol% of AuNPs/lipids. In all cases, the snapshots are taken after 2 

µs simulation. 
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Figure 6.11A2 Radial distribution function (RDF) of surfactant lipids to the two different 

sizes AuNPs (a) 3 nm and (b) 5 nm in model surfactant monolayer system in presence of 

polydisperse AuNPs at concentration of (~0.19 mol% of AuNPs/lipids) is shown.  The 

RDF of surfactant lipids (DPPC is in cyan, POPG is in green, CHOL is in red and SP-B1-

25 is in orange colours) is calculated over the last 1µs of simulation. The RDF values were 

calculated from the centre of mass of each surfactant component to the centre of mass of 

reference AuNP (i.e. mol-mol). 
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Figure 6.12A2 Representative snapshots showing the aggregation of AuNPs in the LS 

monolayer in the state I with two different sizes (3 nm and 5 nm) AuNPs at a 

concentration ~0.58 mol% of AuNPs/lipids. The reverse micelles formation near the 

aggregated NPs were seen throughout the simulation. The AuNPs are shown as yellow 

spheres, DPPC as cyan, POPG as green, CHOL as red, SP-B1-25 as orange, and PLs head 

beads as blue. 
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Figure 6.13A2 Density profiles of individual components of model surfactant monolayer 

(DPPC:POPG:CHOL:SP-B1-25) in (a) state I and (b) state II  at different concentrations 

(~0.19, ~0.58, ~0.86 and ~1.53 mol % of AuNPs/lipids) of polydispersed AuNPs.  SP-B1-

25 and cholesterol densities are presented in insets. Solid line represents ~0.19 mol % of 

AuNPs/lipids, dash line represents ~0.58 mol % AuNPs/lipids, dash-dotted line 

represents ~0.86 mol % of AuNPs/lipids, and dotted line represents ~1.53 mol % of 

AuNPs/lipids concentrations. 
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Figure 6.14A2 Order parameter calculation for DPPC (solid lines) and POPG (dash lines) 

lipids (a) chain 1 (sn-1) (b) chain 2 (sn-2) at different concentrations of AuNPs (~0.19-

~1.53 mol % of AuNPs/lipids) in the monolayer in state III. The error bars have been 

calculated using the standard deviation across repeated runs. 

 

Figure 6.15A2 Order parameter calculation for DPPC (solid lines) and POPG (dash lines) 

lipids (a,c) chain 1 (sn-1) and (b,d) chain 2 (sn-2) showing the effects of peptides in the 

monolayer. Results are only shown for systems at surface tension 0 mN/m; and AuNPs 

polydispersity at the concentration of AuNPs (~0.58 mol % of AuNPs/lipids) in the 

monolayer in state II (c,d). Phospholipid order parameters coloured green correspond to 

the systems in the presence of monodisperse AuNPs and without SP-B1-25. The red colour 

represents the systems in the presence of polydisperse AuNPs and SP-B1-25. The error 

bars have been calculated using the standard deviation across repeated runs. 
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Figure 6.16A2 (a) Cluster size analysis of surfactant peptide B (SP-B1-25) during 

surfactant monolayer compression (surface tension 0 mN/m) in the absence of NPs, 

simulation time is presented along X-axis, the number of SP-B1-25 in the largest cluster is 

presented along Y-axis and the number of clusters is presented along Z-axis, (b) top view 

showing SP-B1-25 clustering in the surfactant monolayer, and (c) SP-B1-25 number density 

map after 2 µs of simulation. 
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Figure 6.17A2 Cluster size analysis of surfactant peptide B (SP-B1-25) during surfactant 

monolayer is in state I of the system with AuNPs concentration of ~0.19 mol% of 

AuNPs/lipids, (a) simulation time is presented along X-axis, the number of SP-B1-25 in 

the largest cluster is presented along Y-axis, and the number of clusters is presented along 

Z-axis, (b) visualization of SP-B1-25 clustering in the surfactant monolayer (top view), and 

(c) SP-B1-25 number density map after 2 µs of simulation. 
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Figure 6.18A2 Cluster size analysis of surfactant peptide B (SP-B1-25) during surfactant 

monolayer is in state III of the system with AuNPs concentration of ~0.19 mol% of 

AuNPs/lipids, (a) simulation time is presented along X-axis, the number of SP-B1-25 in 

the largest cluster is presented along Y-axis and the number of clusters is presented along 

Z-axis, (b) visualization of SP-B1-25 clustering in the surfactant monolayer (top view), and 

(c) SP-B1-25 number density map after 2 µs of simulation. 
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Figure 6.19A2 Interaction between SP-B1-25 (shown in orange) and the AuNPs (shown as 

spheres in yellow) showing the formation of peptide clusters around the AuNPs  and lipid 

head beads, which indicate lipoprotein corona formation in the monolayer. Data is shown 

for state II monolayers with an AuNP concentration of ~0.58 mol% of AuNPs/lipids: (a) 

polydisperse AuNPs (b) monodisperse AuNPs. The DPPC is shown as cyan, POPG as 

green, CHOL as red, and PLs head beads as blue. 
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Figure 6.20A2 Effect of surfactant peptide SP-B1-25 on PLs MSD in the monolayer 

(without NPs) at surface tension 0 mN/m, with (orange) and without SP-B1-25 (blue). The 

MSD curves were fitted within the time range denoted by the dotted lines. 
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Figure 6.21A2 Lung surfactant monolayer PLs MSD curves, with colours representing to 

different AuNPs concentrations 0, ~0.19, ~0.58, ~0.86, and ~1.53 mol% of AuNPs/lipids 

applied in the monolayer in state I. The time range used for fitting the MSD curves with 

two dotted lines. 
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Figure 6.22A2 2D diffusion coefficients of PLs at different AuNPs concentrations, with 

different colours corresponding different monolayers states; I (green), II (red), and III 

(purple). The error bars have been calculated using the standard deviation across repeated 

runs. 
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Figure 6.23A2 MSD curves of phospholipids in the monolayer systems. These curves are 

for state II at ~0.58 mol%. The MSD for monodisperse 3 nm diameter AuNPs , 

monodisperse 5 nm diameter AuNPs and a polydisperse sample of 3 and 5 nm diameter 

AuNPs. The diffusion coefficients of the systems were obtained from the fitting of the 

MSD curves between the times denoted by the dotted lines. 

Table 6.2A2 Effect of peptides (SP-B1-25) on surface tension values of the surfactant 

monolayer in states I and II. All simulations performed with all AuNPs 3 nm in diameter. 

 

Lung 
surfactant 

systems 

AuNP 
concent
ration 

(mol %) 

No. of 
AuNPs 
in each 
monola

yer 

Monolay
er states 

Constant Variable Pore 
formation 

APL / 
nm2 

Surface 
tension / 
mN/m-1 

In the 
absence of 

peptide 

 
~0.86 

 
9 

I 0.54 25.3±0.3  No 
II 0.47 25.2±0.7 No 

In the 
presence 
peptide 

I 0.54 27.5±0.4  No 
II 0.47 22.8±1.3 No 
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7.1 Abstract 

Colloidal nanoparticles, such as gold nanoparticles (AuNPs), are promising materials for 

the delivery of hydrophilic drugs via the pulmonary route. The inhaled nanoparticle drug 

carriers primarily deposit in lung alveoli and interact with the alveolar surface known as 

lung surfactant. Therefore, it is vital to understand the interactions between nanocarriers 

with the surfactant layer. To understand the interactions at the molecular level, here we 

simulated model lung surfactant monolayers with phospholipids (PL)-wrapped AuNPs at 

the vacuum-water interface using coarse-grained molecular dynamics simulations. The 

PL-wrapped AuNPs quickly adsorbed into the surfactant layer, altered the structural 

properties of the monolayer, and at high concentrations initiated the compressed 

monolayer to collapse/buckle. Amongst the surfactant monolayer lipid components, 

cholesterol adsorbed to the AuNP preferentially over PL species. The position of the 

adsorbed PL-AuNPs’ within the monolayer, and subsequent monolayer perturbation, vary 

depending on the monolayer phase, monolayer composition and species of PL used as a 

ligand. Information provided by these molecular dynamics simulations help to rationalise 

why some colloidal nanoparticles work better as nanocarriers than others and aid the 

design of new ones, to avoid biological toxicity and improve efficacy for pulmonary drug 

delivery system.   
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7.2 Introduction 

In recent years, the robust improvement in computational resources has bolstered the 

molecular dynamics (MD) simulation studies on biomolecules and 

nanomaterials/nanoparticles (NPs) in biomedical research [1-3]. MD studies provide an 

important aspect of biomedical research improving the nanomaterials/NPs designs by 

modelling and tailoring different drug/biomolecules to the surface of the 

nanomaterials/NPs for delivery purposes [4, 5]. In addition, such simulation studies 

provide an understanding of the interaction of synthetic nanomaterials with biomolecules 

at the molecular level and successfully establish a bridge between the theory and 

experimental findings. Among nanomaterials, noble metal NPs have been widely used in 

nano-drug industries for their large surface area-to-volume ratio, size (1-100 nm), shape 

dispersity, non-toxicity, biocompatibility, and ability to nanoaggregate [6-9]. Different 

NPs have been conjugated/wrapped with different ligands (e.g., thiols [10, 11], 

polyethylene glycol [7], lipids [12, 13], polymers [14], and peptides [15]), that can be 

either covalently or non-covalently attached to the NP core, to fabricate NP-based 

therapeutics [16-18]. The properties of the NP can be tuned, improving the efficiency and 

efficacy of NP-based drug delivery in other nanomedical applications [11, 18, 19], by 

varying the species, and thus the properties, of the ligand shell and/or NP core. For 

example, a simulation study found that the toxicity of ligand-coated gold nanoparticles 

(AuNPs) can be reduced by fine-tuning the surface charge of the coated NPs [11]. 

Different in vitro [20-22] and simulation [23, 24] studies reported that lipid (DPPC [20, 

21], POPG [20]) wrapped- and alkylated [22] NPs have considerable potential in 

delivering the nano-drug to the targeted area [12, 25]. The PLs used to coat the NPs 

significantly impacts on the dispersion and cytotoxicity of the NPs, for example the 

toxicity of NPs coated with DPPC is reduced ~25% (75% viability) at NPs concentrations 

>100 µg/cm2 and created a stable dispersions while coating the NPs with DPPC bilayer 

to become more hydrophilic [26]. However, a key challenge for NP-based drug delivery 

remains the ensuring of the delivery of the nanotherapeutics to the targeted area [27, 28].  

 AuNPs are popular as the core in nanotherapeutics due to having some desirable 

properties for biomedical and biological purposes, for example non-toxicity, 

synthesisability, biocompatibility, and tunability of their size, shape and surface 

structures [29-31]. For example, Jameson et al. [32] simulated ≤4 nm (diameter) AuNPs 
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(thiol and PEG capped) to evaluate the NPs’ transport through model membrane, Lin et 

al. [11, 33] simulated ≤2.2 nm (diameter) AuNPs (thiol and monolayer-protected) to 

monitor NPs’ uptake and agglomeration nature, and Hainfeld et al. [34] experimented (in 

vivo) on mice with 1.9±0.1 nm (diameter) AuNPs to promote radiotherapy in removing 

tumours.  

Furthermore, AuNPs are considered to have remarkable versatility for functionalisation 

through different chemical ligands, lipids, or drugs with comprehensive therapeutic 

applications in biomedical and biological fields. Studies have been reported to describe 

the nature of AuNP interactions with PLs membrane in either their bare [20, 35-37] or 

functionalised state [11, 20, 24, 38, 39]. Experimental studies suggest that the 

hydrophobic AuNPs when coated with DPPC, remain in the surfactant monolayer and 

typically do not enter the aqueous phase and unlikely inhibit surfactant function [20]. 

AuNPs can be conjugated with drugs to enhance the delivery capacity in the treatment of 

cancer [40]. In addition, AuNPs coated with didodecyldimethylammonium bromide 

(DDAB, a cationic lipid) could escalate the gene delivery efficiency with minimum 

cytotoxicity [41]. While hydrophobic alkylated AuNPs (hexadecanethiolate-capped 

AuNPs) have an impact on the physiological properties of lung surfactant (LS) monolayer 

including phase behaviour and structural changes along with the accumulation of the 

capped AuNPs-hydrophobic surfactant proteins in the liquid expanded phase [22]. 

The alveolar surfactant, also known as lung surfactant (LS) or pulmonary surfactant, acts 

as the first biological barrier for inhaled NPs/therapeutics. The lung is a suitable and 

common platform of nanotherapeutics administration via the respiratory system [42, 43]. 

Factors such as easy accessibility, high solute permeability, wide alveolar surface area, 

and thin membrane barriers such as surfactant and epithelial all recommend the lung as a 

nanotherapeutics route for efficient drug absorption [15, 44-46]. Therefore, most of the 

nanotherapeutics for treating lung diseases are delivered via the pulmonary system [47]. 

When delivered via the pulmonary system, the nanotherapeutics show high potentiality 

to be adsorbed onto the surface of the surfactant layer. The penetration of 

nanotherapeutics through the surfactant layer depends on the nature of the 

therapeutics/NPs’ physicochemical properties. Additionally, the biophysical condition of 

the surfactant layer at the air-water interface, surfactant layer composition, and the 

interaction mechanism of the nanotherapeutics with surfactant components, all play 
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significant roles on the permeation of the (NP-based) therapeutics through the surfactant 

layer.  

In vertebrate lungs, the LS consists of a mix of phospholipids (PLs), other lipids (e.g., 

sterols), and proteins. The total lipid content of the LS accounts for ~90 wt.% of the 

membrane with the remainder of the LS consisting of surfactant proteins  [48-50]. The 

LS monolayer controls the surface tension during breathing, during the alveoli 

compression and expansion process. Under the monolayer compression, the surface 

tension reduces to ~0 mN/m before increasing to ~23 mN/m during the expansion of the 

monolayer.  

The most abundant lipid (accounting for about half of the total lipid content) in the LS is 

dipalmitoylphosphatidylcholine (DPPC),  which acts as a major surface tension reductant 

[51]. The proportion of cholesterol in the LS can alter the properties of the monolayer 

significantly, the level of cholesterol will affect the monolayers coexisting phases [52] 

and the phase transition temperature of LS [53] and high concentrations of cholesterol 

can result in lung dysfunction [54]. For example, an increase in the amount of cholesterol 

from the typical physiological value of ~10 to >40 mol% of can impede in lowering the 

surface tension value [54]. The distribution and (non-) aggregation of cholesterol in PL 

membranes is a topic of controversy [55-57]. Previous simulation studies [55, 57] of lipid 

bilayers containing 20 mol% of cholesterol have found irregular clusters of cholesterol 

form in the membranes, and the clusters are rapidly separated. A very recent MD study 

of systems containing 30 mol% of the cholesterol in a bilayer [58] reported that 

cholesterol molecules are distributed throughout the bilayer in the ordered phase and 

remained mostly independent (monomers) or small clusters with 2-3 molecules.  In an 

experimental (in vitro) study, the cholesterol’s small clusters have also been detected in 

the membrane upon a concentration of 40 mol% of cholesterol [59].  

In our previous study [6], we have found that cholesterol is adsorbed strongly to the 

surface of bare AuNPs when compared to the other surfactant monolayers’ PLs in the 

absence of surfactant protein. However, the presence of proteins could influence the 

cholesterol adsorption to hydrophobic NPs. The interaction of PLs and peptides leads to 

lipoprotein formation in the surfactant layer. The interaction of PLs and surfactant protein 

has been the subject of previous experimental (in vivo and in vitro) [60-63] and simulation 
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studies [64]. An in vitro study [65] has found that high-density lipoprotein 

(transferable/mimic-able to natural high-density lipoprotein in cells) regulates the 

properties of cholesterol binding to the AuNPs.  In addition, another study has noted that 

the hydrophobic surface of AuNPs is a strong platform for binding hydrophobic 

molecules and their agglomerations [66].  

However, as the review of related literature shows, there have been few molecular 

simulation studies that have directly focused on the effects of lipid-wrapped NPs on LS 

monolayers, and none of the previous studies provides nanoscale insights of 

concentration-based lipid-wrapped AuNPs role. It is deemed necessary to disseminate the 

underlying changes in the LS monolayers exposed to lipid-wrapped AuNPs. In the present 

work, AuNPs functionalised/wrapped with DPPC and POPG lipids (as examples of 

ligands representing neutral (zwitterionic) and negatively charged PLs-AuNPs, 

respectively) are simulated interacting with LS monolayers. Different concentrations of 

PL-AuNPs (~0.1, ~0.3, and ~0.5 mol% of wrapped-AuNPs/lipids) are considered as lipid-

based nanocarriers to model the LS monolayer. 

7.3 Computational methods 

Coarse-grained molecular dynamics (CGMD) simulations of interactions between PL-

AuNPs with model LS monolayer were performed using GROMACS version 5.1.4 [67] 

with the interactions between sites described using the MARTINI force field [68].  

Surfactant monolayer systems preparation and equilibration process have been reported 

in our previous study [64] as well as in the ESI. AuNPs were constructed using the method 

reported previously [6, 64], with the parameters of the sites taken from previous 

simulation studies [6, 36]. The hydrophobic AuNP was wrapped with 60 PLs (either 

DPPC or POPG) using packmol [69] in a sphere close to the AuNP surface [70] such that 

the hydrophobic tails of the amphiphilic lipid faced towards the AuNP surface (Figure 

7.8A3). Both the DPPC- and POPG-AuNPs were equilibrated, separately, in a box of CG 

water for 100 ns at room temperature to stabilise the coating on the NP surface (see Figure 

7.8A3b).   

The PL-AuNPs were initially placed very close to the surface of equilibrated monolayers 

(details of the equilibration process are provided in ESI) at area per lipid (APL) of 

0.470±0.001 nm2 and 0.538±0.001 nm2. A series of monolayer systems (with and without 
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peptide SP-B1-25) were prepared with different concentrations (~0.1, ~0.3, and 0.5 mol % 

of wrapped-AuNPs per LS lipids) of wrapped-AuNPs to the equilibrated systems, the 

different systems simulated are summarised in Table 7.1A3.  

Periodic boundary conditions were imposed in all directions. A cut-off of 1.2 nm was 

applied for both van der Waals and electrostatic interactions. To prevent a discontinuity 

in the force potential, the LJ potential was smoothly shifted between 0.9 to 1.2 nm, and 

the Coulomb potential was smoothly shifted between 0 to 1.2 nm. All systems were 

equilibrated for 100 ns before production runs of 3 µs in the canonical (NVT) ensemble 

with the velocity rescale thermostat [71]. The model LS components (DPPC, POPG, 

CHOL, SP-B1-25), water with ions, and lipid-wrapped AuNPs were coupled separately at 

310 K temperature. All the simulations were performed with a time step of 20 fs, and the 

neighbour list for nonbonded interactions was updated every 10 steps. Two repeat runs 

were performed for each system, and the analysis of properties averaged over the results 

of the repeat runs. The analyses were typically performed over the last 1 µs of the 

trajectories. The peptide clustering analysis being an exception and analysed over the full 

3 µs trajectory.  

7.4 Results and Discussion 

7.4.1 PLs-wrapped AuNPs adsorption and interaction with LS monolayer 

components 

Initially, the PL-AuNPs are placed adjacent to the hydrophobic PLs tails in the LS 

monolayers, however, the PL-AuNPs are quickly (<1 ns of the simulation) absorbed into 

LS monolayer (Figure 7.1). After the adsorption, the wrapped-AuNPs reside in the area 

of the monolayer that corresponds to the hydrophobic tails of the LS lipids (Figure 7.1 

and Figure 7.2). In no case is diffusion of the PL-AuNP through the LS monolayer into 

the water layer observed. During the adsorption of the PLs-AuNPs to the LS monolayer, 

some of the ligand PLs re-arrange themselves, and there is partial exposure of the AuNPs 

hydrophobic surface. The rearrangement of the wrapped PLs occurs due to one or more 

of the following reasons: (i) the hydrophobic AuNPs surface was non-covalently wrapped 

by a single layer of PLs (DPPC/POPG), (ii) to avoid hydrophilic-hydrophobic 

interactions between wrapped-PLs heads and LS monolayer PLs tails, and/or (iii) to 

facilitate the hydrophobic-hydrophobic interactions among the LS monolayer PLs tails, 
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AuNPs surface, and wrapped PLs tails. As a result, the head groups of the adsorbed PLs 

re-arrange themselves in the monolayer in a particular fashion towards the vacuum phase 

(Figure 7.9A3c,d).  

 

Figure 7.1 Time evolution of typical snapshots showing DPPC-AuNP (0.1 mol% of 

DPPC-AuNPs/lipids) permeation into the LS monolayer at the APL of 0.47 nm2 (a-e) side 

view (f-j) top view. 

We have also noticed that the presence of PLs-AuNPs in the monolayer at the APL of 

0.47 nm2 can promote the buckling of the monolayer (Figure 7.1e, Figure 7.9A3a, b). The 

buckle formation correlates favourably with our earlier findings [6] and previous studies 

by Yue et al. [72] that the surfactant components bind hydrophobic NPs and prompt 

growth of a fold/buckle in the compressed state monolayer. However, the buckle 

formation in the monolayer can occur without the presence of AuNPs (or other NPs) for 

monolayers compressed below zero surface tension [73]. For monolayers in the expanded 

state (APL=0.54 nm2) no folding/buckling has been observed in the absence or presence 

of AuNPs.  

The surfactant peptide SP-B1-25 is aligned horizontally in the LS monolayers near the PLs 

head groups (Figure 7.9A3a,b).  We have characterised the nature of contact of the DPPC- 

and POPG-wrapped AuNPs with the monolayer surfactant peptide B segments (SP-B1-25) 

and surfactant monolayer (upper and lower) PLs head groups (upper monolayer: Figure 

7.2 and lower monolayer: Figure 7.10A3). For the DPPC-AuNPs (Figure 7.2 and Figure 

7.10A3), in both the expanded and compressed LS systems, all of the PLs re-arrange 

themselves such that they are in one location on the AuNP surface and orientated towards 

the vacuum interface, hence a single peak in the density profiles of the head groups of the 

wrapped DPPC is observed. However, in the compressed LS systems interacting with 

POPG-AuNPs the partial density profiles (Figure 7.2 and Figure 7.10A3) show that the 
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wrapped-POPG head groups tend to be distributed both above and below the AuNP core. 

Therefore, two density profile peaks of wrapped POPG head groups are observed on two 

sides of the POPG-AuNPs (Figure 7.2b and Figure 7.10A3b). 

The RDFs curves between the centre of mass (COM) of wrapped-PLs head beads and 

peptide SP-B1-25 also represent that the head groups of wrapped-POPG is slightly higher 

distribution than wrapped-DPPC head groups (Figure 7.11A3). 

 

Figure 7.2 The position of the head groups of (a) DPPC- and (b) POPG-wrapped AuNPs 

in the surfactant monolayer (upper) along with the density profiles. The partial density 

profiles of monolayer PLs head groups (blue), wrapped-PLs head groups (cyan), and 

surfactant peptides (orange) in the compressed monolayer (APL=0.47 nm2) exposed to 

~0.1 mol % of PL-AuNPs. The partial density profiles were calculated over the last 1 µs. 

7.4.2 PLs-wrapped AuNPs affect surfactant monolayer peptide SP-B1-25 clustering 

Our model LS monolayer contains both the net positively charged peptide SP-B1-25 and 

the anionic POPG. A previous study, using both in vivo and in vitro experiments, found 

that the interaction between the positively charged residues of protein B and anionic PLs 

increased the LS monolayer lateral stability [60, 74], as well as playing a role in protein 

aggregation [64, 75]. An in vitro experiment reports that both the number of clusters and 

the size of the clusters depend on the peptide SP-B1-25 content in the monolayer [76]. To 
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investigate the aggregation of SP-B during the course of the simulations we performed a 

cluster analysis. In our LS monolayer models, the model monolayers contain nine 

surfactant peptide molecules per leaflet, which are initially present as nine independent 

“clusters” at the beginning of the simulation (Figure 7.3a). Two peptides are considered 

to belong to the same cluster if they are within 1.2 nm of each other.  

 

Figure 7.3 Effect of DPPC-AuNPs on peptide clustering in the LS monolayer (APL=0.47 

nm2): (a) the number of peptide clusters and (b) the number of peptide clusters in the 

largest cluster in the LS monolayer with and without 0.1 mol% of  DPPC-AuNPs/lipids. 

We have previously observed that the individual SP-B1-25 molecules aggregate to form 

larger clusters in monolayers exposed to bare AuNPs than in the absence of NPs [64]. In 

the present study, the SP-B1-25 clustering is also accelerated in the presence of PLs-AuNPs 

in the LS monolayer (APL=0.47 nm2) compared to the clustering in the monolayer in the 

absence of NPs (Figure 7.3a). It is identified that the presence of PLs-AuNPs also work 

for enhancing the stability of the clustered peptides to remain in the same cluster 
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throughout the simulation. We have further analysed the peptide SP-B1-25 clustering to 

investigate the role of individual PL-AuNPs in the monolayer (Figure 7.4 and Figure 

7.12A3). Our analyses indicate that the number of peptide clusters and the number of 

peptides in the largest cluster remain almost constant after a certain period of simulation 

(~1.5 µs). We have found a negligible difference in the level of peptide clustering between 

DPPC- and POPG-wrapped AuNPs. 

 

Figure 7.4 Surfactant peptide fragments B (SP- B1-25) cluster formation in the LS 

monolayer with the APL of 0.47 nm2 and the presence of 0.1 mol% of POPG-

AuNPs/lipids. (a) Pictorial representation (top view), and (b) number density map of SP-

B1-25 clustering in the surfactant monolayer at ~1.5 µs simulation. (c) Cluster size analysis 

of surfactant peptide B (SP-B1-25) throughout the 3 µs simulation. 

7.4.3 Cholesterol adsorption to AuNPs and aggregation 

Cholesterol is preferentially adsorbed, over other lipid species, to the surface of the PL-

AuNPs (Figure 7.5a). Such a preference for cholestrol adsorption is also seen for bare 

AuNPs (in the monolayer without SP-B1-25) [6]. However, in the current study, we have 
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considered both the presence/absence of surfactant peptide SP-B1-25 in the LS monolayer 

and the shell of the AuNPs. In compressed and expanded monolayers cholesterol 

molecules adsorb strongly to both the DPPC-AuNPs and POPG-AuNPs surfaces (Figure 

7.13A3). In addition, for adsorbing more strongly to the AuNPs, cholesterol is also 

positioned closer to the AuNPs centre of mass (~1.8 nm) than those PLs originally part 

of the LS that subsequently adsorb to the AuNP, where the peak position is > 3 nm (Figure 

7.5a). 

The impact of PLs-AuNPs and nearby SP-B for enhancing the cholesterol-binding 

process to AuNPs surface and their individual contribution in cholesterol binding to the 

PLs-AuNPs exposed surface remains in the area of active research. Therefore, to quantify 

the effect of SP-B1-25 on cholesterol adsorption to AuNPs, we have computed the RDFs 

of cholesterol from the COM of AuNPs to the COM of cholesterol molecules for the 

systems with bare and POPG-wrapped AuNPs and for LS monolayers with and without 

SP-B1-25 present (Figure 7.5b). We observe a number of differences. First, AuNPs with a 

POPG coating clearly show a higher propensity for cholesterol adsorption than bare 

AuNPs. Second, the presence of SP-B has little effect on cholesterol adsorption to POPG-

AuNPs. Third, the presence of SP-B does have significant effects on cholesterol 

adsorption to bare AuNPs. Therefore, the AuNPs with POPG coating exhibit exceptional 

roles on cholesterol adsorption to its surface likely the roles of surfactant peptide SP-B1-

25 in the surfactant monolayer exposed to bare AuNPs. For instance, the enhancement of 

cholesterol adsorption to AuNP regulated by grafting surfactant indicates the 

nanoparticles retention in the monolayer. Thereby, the nanoparticle translocation in the 

monolayer could be hampered, which may mitigate the nanoparticle/nanotherapeutics 

clearance from the surfactant [77]. 
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Figure 7.5 The RDF between the COM of AuNP molecules and the COM of surfactant 

molecules components; inset is a representative snapshot of the AuNP with adsorbed 

DPPC (cyan), POPG (green) and cholesterol (red) beads. (b) The RDF between the COM 

of AuNP molecules and the COM of cholesterol for different combinations of AuNP and 

LS monolayers. All data are taken for systems in the compressed state (APL=0.47 nm2 

with peptide and APL=0.46 nm2 without peptide system) with a ~0.1 mol% concentration 

of POPG-AuNPs.  

We have also elucidated the effect of PLs-AuNPs concentrations on the cholesterol-

binding process to the AuNP surface in the compressed LS monolayers at different AuNP 

concentrations (Figure 7.14A3a - data is shown for DPPC-AuNPs, but data for POPG is 

equivalent). As the concentration of PL-AuNPs increases, the number of cholesterol 

molecules adsorbed to each PL-AuNPs decreases due to the competition between the PL-

AuNPs for cholesterol molecules. Comparing the cholesterol-binding process to AuNP 

for the two different monolayer surface areas, we have found that cholesterol molecules 

have a preference of binding to AuNPs surface (Figure 7.14A3b) in the compressed area 

(APL=0.47 nm2) over the expanded area (APL=0.54 nm2). The result implies that the 

probability of binding cholesterol molecules is intensified in the area where surfactant 

lipids are congested to each (e.g., compressed monolayer) other over the lipids in the 

extended monolayer. 

Both in vitro [78, 79] and in vivo [80] studies suggest that physiological level of 

cholesterol in the surfactant does not have any side effects on health. However, the 

packing of cholesterol molecules into pairs and distribution in PLs membranes can reduce 
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the chance of forming large clusters [58]. Previous simulation studies [55, 57] of LS 

models consisting of 40 mol % cholesterol have shown very limited levels of cholesterol 

aggregation in the membrane. We have considered nearly four times lower concentration 

(~10 mol%) of cholesterol in our surfactant monolayer models, where the cholesterol 

molecules have been initially distributed evenly throughout the monolayer (Figure 

7.15A3). It is not surprising therefore that for the control systems (no AuNPs present) we 

observe no, or only very minimal, aggregation of cholesterol in monolayers, regardless 

of the absence/presence of peptide SP-B1-25 (see Figure 7.16A3). However, the 

cholesterol strongly adsorbs to the surface of AuNPs, and the presence of wrapped PLs 

and SP-B1-25 further promote such adsorption.  Therefore, it may be expected that in LS 

monolayers where AuNPs are present significant amounts of cholesterol will aggregate 

around the AuNPs surface. We have measured levels of cholesterol aggregation by 

performing a cluster analysis of cholesterol for different systems (see Figure 7.6). It 

should be noted, however, that the cholesterol molecules are found to form 

unstable/irregular “clusters” throughout the simulation, and thus we have drawn trend 

lines for determining the inclination/tendency of cholesterol clustering in the systems. 

We have identified that the presence of POPG-AuNPs and peptide SP-B1-25 affects the 

degree of cholesterol aggregation. The density maps (Figure 7.6c and d) show cholesterol 

clustering in the peptide SP-B1-25 free LS monolayer systems with bare AuNPs and in the 

peptide SP-B1-25 containing monolayer with POPG-AuNPs. These figures (Figure 7.6c 

and d) are the representative snapshots that convey the pieces of evidence of the impacts 

of SP-B1-25 and PLs-AuNPs in the surfactant monolayer. The obtained maps explicitly 

depict and support the quantitative analyses (Figure 7.6a and b) of the cholesterol 

clustering in the monolayer. In summary of cholesterol clustering progression in the 

considered four systems (systems with bare and POPG-AuNPs and in the monolayers 

with and without SP-B1-25 present), it can be concluded that the presence of AuNPs has a 

limited effect on the number of cholesterol clusters but a significant effect on the size of 

the largest cluster (the “cluster” associated with the molecules adsorbed to the AuNP). In 

addition, the cluster analysis confirms that more cholesterol molecules adsorb to the 

wrapped-AuNPs than the bare AuNPs, and that while the presence of SP-B has little effect 

on cholesterol adsorption to PL-AuNPs it has a significant effect when for bare AuNPs. 
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The effects of POPG-AuNPs concentrations (0.1-0.5 mol % of AuNPs/lipids) on 

cholesterol clustering in the monolayer have been measured quantitatively (Figure 

7.17A3). As one may expect, increasing the concentration of POPG-AuNPs in the 

monolayer decreases the number of cholesterol clusters as more and more of the 

cholesterol in the LS monolayers become adsorbed to the PL-AuNPs.  

 

Figure 7.6 Cluster size analysis of surfactant cholesterol during surfactant monolayer is 

in compressed state (APL=0.47 nm2 with peptide and APL=0.46 nm2 without peptide 

system) of the system with AuNPs (bare and wrapped) concentration of ~0.1 mol% of 

AuNPs/lipids, (a,b) simulation time is presented along X-axis, (a) the number cholesterol 

clusters and (b) the number of cholesterol in the largest cluster is presented along Y-axis. 

Linear trend lines for each data set (a,b) are shown as dashed lines. (c,d) representative 

snapshots (density map) of cholesterol clustering in the LS monolayer systems with bare 

AuNPs but no peptide and POPG-AuNPs with peptide after 2 µs simulation. 

Regarding the PL species that is wrapped around the AuNP, we have found that there is 

no significant difference between DPPC and POPG PLs on the aggregation of cholesterol 
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in the monolayer (Figure 7.18A3). However, we have found a difference in the cholesterol 

clustering process between the compressed and expanded monolayers (Figure 7.19A3). 

In the compressed monolayer cholesterol molecules are accumulating into clusters faster 

and forming larger cluster compared with the expanded monolayer. 

The cholesterol clustering process in the monolayer is enhanced by the cholesterol 

adsorption on the PLs-AuNP’s surface. As more cholesterol molecules or their cluster are 

observed near the AuNP, therefore the density of cholesterol in other places is 

significantly reduced. Lowering the cholesterol density by transporting the cholesterol to 

the AuNP surface could be the best therapeutic strategy which aligns with previous 

studies [65, 81, 82]. Therefore, our findings on cholesterol clustering and adsorption on 

AuNPs surface could help in the assessment of the potential nanotherapeutics.  

7.4.4 Mean Square Displacement 

We have calculated the 2-dimentional mean square displacement (MSD) of surfactant 

lipids lateral to the plane of the monolayers for the different systems simulated. A 

correlation among these systems is demonstrated in Figure 7.7. The presence of AuNPs 

(bare or PL-wrapped) reduces the rate of lateral diffusion of lipid species within the 

monolayers (Table 7.2A3). We attribute this to the adsorption of species to the AuNPs 

introducing a dense and “congested” corona around the AuNPs, which limits the mobility 

of lipid species.  

In the case of the control LS monolayers, i.e. where no AuNPs are present, the presence 

of SP-B1-25 increases the rate of lipid lateral diffusion, this is consistent with the findings 

of previous studies [53, 83, 84] that have shown that SP-B and unsaturated lipids fluidise 

LS monolayers, and in fluidised monolayer, lipids usually diffuse faster. However, when 

an AuNP (bare or PL-wrapped) is adsorbed into a LS monolayer the presence of SP-B1-

25 has no significant effect on rate of lateral diffusion of lipid molecules. Moreover, the 

effect of the presence/absence of SP-B1-25 on the surface tension of the LS monolayers 

exposed to AuNPs is also negligible. These results suggest that any effects of SP-B1-25 on 

the properties of LS monolayers are significantly outweighed the effects of the AuNPs.  

As expected, we have found that the lipids are more dynamic in the expanded monolayer 

than in the compressed monolayer (Figure 7.7b). No significant difference has been 
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identified between two different PLs-wrapped AuNPs in either expanded/compressed 

monolayers (Figure 7.20A3). 

 

Figure 7.7 Lung surfactant monolayer lipids MSD curves, (a) with colours representing 

different systems of having no AuNPs and no peptide (red), no AuNPs and SP-B1-25 

(grey), bare AuNPs and no peptide (yellow), bare AuNPs and SP-B1-25 (purple), POPG-

AuNPs and no peptide (blue), and POPG-AuNPs and SP-B1-25 (green) in the expanded 

monolayers (~0.1 mol% of AuNPs/lipids in all cases). (b) Lipids MSD in LS compressed 

(green) and expanded (blue) monolayers. The results were prepared for the last 1 µs 

simulation and the time range was used for fitting the MSD curves shown with two dotted 

lines. 

7.5 Conclusions 

This study has led us to conclude that it is vital to investigate the wrapped-NPs roles in 

the LS monolayer area at the vacuum-water interface during the breathing process to 

access the specific interaction with the monolayer components and measure the alteration 

made by the wrapped NPs. To achieve the goals, we have investigated PLs-wrapped 

AuNPs (PLs-AuNPs) exposure to a model surfactant monolayer using CGMD simulation 

techniques. The evidence from the study implies that the PLs-AuNPs translocate quickly 

in the monolayer regardless of breathing conditions and help induce buckling in 

compressed monolayers, while monolayer hydrophobic components coat the wrapped-

NPs and reduce the rate of lipid diffusion. We have demonstrated the preference of 

cholesterol molecules in coating the PLs-AuNPs over the other surfactant molecules as 

well as the wrapped-PLs. As a consequence, the cholesterol molecules in the monolayer 

are found to be aggregated around AuNPs, which has the potential to create significant 

differences in the localised concentration of cholesterol across the monolayer. In addition, 
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the PLs-AuNPs not only prompt the surfactant peptide SP-B1-25 clustering process but 

also enhance the stability of the peptide to be clustered. The effect of AuNPs on changing 

the localised concentration of species within LS monolayers could have a significant 

long-range effect on the properties of the monolayers. We have also found that there is 

an inconsequential role of two wrapped-PLs types, which indicates that the changes are 

observed in the monolayer because the PLs-AuNPs are independent of PLs type rather 

than their presence. This study is the first step towards promoting our understanding of 

PLs-AuNPs interactions with the LS monolayer at the air-water interface. However, we 

do not include other types of lipids/ligands/functional groups, or different 

shapes/hydrophobicity/sizes of AuNP cores, which could be the extensions for further 

studies. The obtained findings of this study will be valuable in the comprehension of the 

nanocarrier adsorption and diffusion in the LS monolayer that will improve the efficacy 

of nano-drug carriers in the lung area. 
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APPENDIX 3 

Supplementary Information (Chapter 7) 

 

Computational Details  

Surfactant monolayer equilibration 

The model LS system (DPPC:POPG:CHOL:SP-B1-25) was equilibrated for 500 ns to 

attain the compressed (APL ~47 nm2, liquid crystalline (LC) phase) and expanded (APL 

~54 nm2, liquid expanded (LE) phase) state monolayers. The velocity rescale thermostat 

[71] at 310 K, with the time constant of 1.0 ps, was applied to control the temperature of 

the system. The LS monolayer lipids (DPPC, POPG, and cholesterol); water with ions; 

and protein molecules were coupled to independent thermostats. During the equilibration 

process, the compressed and expanded LS monolayers were simulated in the NPγT 

(constant particle number, pressure, and temperature) ensemble at surface tensions of 0 

mN/m and 23 mN/m, respectively. The pressure of the systems was controlled using the 

Berendsen barostat [85] with the compressibility was set to 4.5 × 10−5 bar-1 along XY 

plane and 0 bar-1 along Z-axis to keep a constant length along Z-axis. Periodic boundary 

conditions were imposed in all directions. A cut-off of 1.2 nm was applied for both van 

der Waals and electrostatic interactions. To prevent a discontinuity in the force potential, 

L-J potential was smoothly shifted to zero from 0.9 to 1.2 nm, and columbic potential 

was smoothly shifted to zero from 0 to 1.2 nm.  

Analysis: The reported snapshots were rendered by using visual molecular dynamics 

(VMD) [86]. We calculated radial distribution function (RDF) using GROMACS tool 

gmx rdf and considered the centre of mass (COM) of two molecules or their head and tail 

groups to compare RDFs between two molecules or between head and tail groups, 

respectively. The details of mean square displacement (MSD) analysis have also been 

reported in our previous study [64] as follows   
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Mean-squared displacement  

The lung surfactant (LS) lipids’ lateral diffusion coefficient were calculated from the 

slope of the mean square displacement (MSD) over time. The following equation 

expresses the MSD 

𝑀𝑆𝐷 ሺ𝑡ሻ = ∆𝑟𝑖ሺ𝑡ሻ =< ሾ𝑟𝑖ሺ𝑡 + 𝑡0ሻ − 𝑟𝑖ሺ𝑡0ሻሿ2 >   (7A3-1s) 

where at time 𝑡, the 𝑖𝑡ℎ particle position is 𝑟ሺ𝑡ሻ, and 𝑟ሺ𝑡𝑜ሻ the position of the particle at 

time 𝑡0 . The angle brackets designate a time-average over 𝑡  and overall molecules.  

Therefore, the diffusion coefficient 𝐷 is defined by 

𝐷 = lim
𝑡→∞

1

2𝑑𝑡
𝑀𝑆𝐷ሺ𝑡ሻ (7A3-2s) 

where 𝑑 is the dimensionality of diffusion (here 𝑑 = 2), which means we calculate the 

lateral diffusion coefficients and MSD in a plane perpendicular to Z-axis. 
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Table 7.1A3 Summary of the simulation systems with 666 DPPC, 279 POPG, 90 

cholesterol, and 9 SP-B1-25 molecules per monolayer. Data averaged over 2 repeats. The 

errors have been calculated using the standard deviation across repeated runs. 

System Number of AuNP 

per monolayer 

(mol % of AuNP) 

APL / nm2 Surface tension / mN m-1 

SP-B1-25 

present  

SP-B1-25 

absent 

No AuNP 0 (0) 0.46-0.47 1.15±0.41 2.61±0.11 

0.53-0.54 22.01±0.03 22.97±0.02 

Bare 

AuNPs 

1(~0.1) 0.46-0.47 16.12±1.29 1.6±0.098 

0.53-0.54 24.49±2.74 21.3±0.04 

POPG 

wrapped 

AuNPs 

1(~0.1) 0.46-0.47 17.58±1.99 17.92±0.03 

0.53-0.54 27.23±0.54 26.83±0.08 

3 (~0.3) 0.46-0.47 20.24±0.40 20.14±1.00 

0.53-0.54 28.99±0.21 30.18±1.13 

5 (~0.5) 0.46-0.47 21.85±0.69 21.76±0.57 

0.53-0.54 28.79±0.14 30.3±0.55 

DPPC 

wrapped 

AuNPs 

1 (~0.1) 0.47 16.03±2.48 - 

0.54 26.98±2.15 - 

3 (~0.3) 0.47 20.10±0.57 - 

0.54 28.27±0.15 - 

5 (~0.5) 0.47 22.27±1.72 - 

0.54 29.89±0.28 - 
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Table 7.2A3 Lateral diffusion coefficients (D) of surfactant lipids (DPPC,POPG,CHOL) 

calculated from different expanded monolayer systems. 

Monolayer system Lateral diffusion coefficients, D ×10-7 cm2s-1 

No AuNP and no peptide 7.35±1.05 

No AuNP with peptide 9.10±5.60 

Bare AuNP and no peptide 4.92±0.22 

Bare AuNP with peptide 4.54±0.26 

POPG-AuNP and no peptide 5.7±0.32 

POPG-AuNP with peptide 5.06±0.42 
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Figure 7.8A3 (a) (a) System setup with model LS monolayer initial structure at the 

vacuum-water interface in the presence of PLs-wrapped AuNPs (PLs-AuNPs) at a 

concentration of ~0.5 mol % of NPs; DPPC is in cyan, POPG is green, cholesterol is in 

red, lipids head beads are in blue, AuNPs are in yellow. (b) Representative snapshots of 

the DPPC-AuNP and POPG-AuNP after equilibration. 
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Figure 7.9A3 (a) Representative snapshots showing monolayer buckling/folding, and 

corona formation around the AuNP in the compressed (APL=0.47 nm2) LS monolayer 

exposed to POPG-AuNP (~0.1 mol% of AuNPs/lipids). (b) As (a) except the POPG-

AuNP other LS components have been made transparent for better visualization. (c-d) 

Wrapped PLs’ head groups (blue colour) re-arrange themselves towards vacuum in the 

monolayer side and top view. All the snapshots are taken after 3000 ns, DPPC, POPG, 

cholesterol, SP-B, AuNP and the PL head beads are coloured cyan, green, red, orange, 

yellow and blue, respectively. 
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Figure 7.10A3 The position of the head groups of (a) DPPC- and (b) POPG-AuNPs in 

the surfactant monolayer (lower) along with their density profiles are shown. The partial 

density profiles of monolayer PLs head groups (blue), wrapped-PLs head groups (cyan), 

and surfactant peptides (orange) in the compressed (APL=0.47 nm2) exposed to ~0.1 mol 

% of wrapped AuNPs. The partial density profiles are calculated over the last 1 µs. 
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Figure 7.11A3 RDF curves are calculated between the centre of masses of the head groups 

of the wrapped-PLs and the SP-B1-25 molecules, for the systems containing ~0.1 mol% of 

AuNPs/lipids. 
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Figure 7.12A3 Surfactant peptide B (SP-B1-25) cluster formation in the LS monolayer 

with the APL of 0.47 nm2 and the presence of 0.1 mol% of DPPC-AuNPs/lipids. (a) 

Cluster population and size analysis throughout the 3 µs simulation. (b) Number density 

map of SP-B1-25 clustering in the surfactant monolayer and (c) representative snapshot 

(top view) of surfactant monolayer at 1.5 µs simulation. 
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Figure 7.13A3 Effect of two different PLs-AuNPs (~0.1 mol% of AuNPs/lipids) on 

cholesterol radial distribution function (RDF) in (a) compressed (APL=0.47 nm2) and (b) 

expanded monolayer (APL=0.54 nm2). The RDF curves have been calculated between 

the COM of PLs-AuNP molecules and the COM of cholesterol molecules. 
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Figure 7.14A3 PL-AuNP-Cholesterol RDFs have been computed to measure the effects 

of (a) PLs-AuNPs (DPPC) concentrations and (b) two different surface areas of 

monolayers exposed to POPG-AuNP (at ~0.1 mol% of AuNPs/lipids) effects. The RDFs 

have been calculated between the COM of PLs-AuNP molecules and the COM of 

cholesterol molecules. 
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Figure 7.15A3 Distribution of cholesterol molecules (red colour) in the compressed LS 

monolayer system in the presence of POPG-AuNPs (~0.1 mol % of AuNPs/lipids), the 

monolayer has been equilibrated for 500 ns before introducing PLs-AuNPs. 
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Figure 7.16A3 Effect of peptides SP-B1-25 on cholesterol clustering analyses: (a) Number 

of cluster (linear trend lines) as a function of simulation time, the linear trend lines have 

been drawn over the actual values (transparent). (b) representative snapshots of 

cholesterol clustering (without and with peptide) in the compressed LS monolayer 

systems at 3000 ns of the simulation, cholesterol, DPPC, POPG and SP-B1-25 are coloured 

red, cyan, green and orange, respectively.   
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Figure 7.17A3 Effect of POPG-AuNPs concentration (~0.1-0.5 mol% of AuNPs/lipids) 

on cholesterol clustering: (a) Number of cholesterol clusters (linear trend lines) as a 

function of simulation time, the linear trend lines have been drawn over the actual values 

(transparent). (b) A representative snapshot of the compressed monolayer exposed to ~0.1 

mo% of AuNPs/lipids at 3000 ns of the simulation, cholesterol, DPPC, POPG and SP-

B1-25  are coloured red, cyan, green and orange, respectively. 
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Figure 7.18A3 Effect of two different PLs-AuNPs (~0.1 mol% of AuNPs/lipids) on 

cholesterol clustering in a compressed monolayer (APL=0.47 nm2); (a) The number of 

cholesterol clusters in the LS monolayer and (b) the number of cholesterol molecules in 

the largest cluster as a function of simulation time. Linear trend lines for each data set are 

shown as dashed lines. 
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Figure 7.19A3 Effect of two different surface areas on cholesterol clustering in the 

monolayers exposed to DPPC-AuNPs (~0.1 mol% of AuNPs/lipids): (a) The number of 

cholesterol clusters in the LS monolayer and (b) the number of cholesterol molecules in 

the largest cluster as a function of simulation time. Linear trend lines for each data set are 

shown as dashed lines. 
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Figure 7.20A3 Mean square displacement of the lipids in LS monolayers in the presence 

of two different PLs-AuNPs (~0.1 mol% of AuNPs/lipids). 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 
 

8.1 Conclusions 

The aim of this thesis was to apply biomolecular simulation approaches to evaluate the 

possible molecular mechanism of inhaled gold nanoparticles (AuNPs) as pollutants as 

well as nanocarriers for drug delivery. To achieve this aim, coarse-grained molecular 

dynamics (CGMD) simulations were performed to assess and understand the structure 

and dynamical properties of LS monolayers in the presence of AuNPs, and in particular, 

the molecular level interactions between the AuNPs and lung surfactant (LS) monolayer 

components at the vacuum-water interface that give rise to changes in these properties. 

Different models of LS monolayers at the vacuum-water interface were prepared and their 

interactions with both bare and phospholipid-wrapped AuNPs during both inhalation and 

exhalation conditions were investigated in four different studies.  

In the first study (Chapter 4), the effect of a bare AuNP on a model LS monolayer 

composed of DPPC and POPG phospholipids at three different interfacial surface 

tensions 0 mN/m, 23 mN/m, and 40 mN/m was studied. The single AuNP (diameter=3 

nm) on the monolayer implies a concentration of ~0.1 mol% of AuNP/lipids. It was found 

that at high surface tensions (23 mN/m and 40 mN/m), the NP has little effect on the 

overall structure of the monolayer and the physico-chemical properties of the individual 

lipid components. On the other hand, at low surface tension (0 mN/m), the NPs change 

the monolayer lipids’ density profiles, monolayer structure, and lipid diffusion. 

Therefore, instead of single bare AuNP in the monolayer, the multiple AuNPs may have 

substantial impacts on the normal lung function ability. Moreover, additional LS 

monolayer components could be included in the model monolayer, which may replicate 

the physiological monolayer biophysical properties during breathing more accurately.  

To evaluate the effect of bare AuNPs and higher concentrations (~0.1 - 3.52 mol % of 

AuNPs/lipids) on the LS monolayer, simulations of two different surface areas/APLs 

(APL=0.46 nm2 and 0.53 nm2 representing the monolayer APL at inhalation and 

exhalation conditions, respectively) of the monolayer were carried out (Chapter 5). It was 

found that at higher concentrations of AuNPs (≥0.9 mol% of AuNPs/lipids), the particles 

have a significant effect on the monolayer compared to the lower concentrations of 
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AuNPs.  For example, the AuNPs disrupt the regular biophysical activity of the lungs in 

the presence of higher concentrations of AuNPs, resulting in higher surface tension at the 

vacuum-water interface. Therefore, AuNPs hinder the ability of the LS monolayer to 

achieve normal surface tension during breathing. Additionally, the AuNP concentrations 

also play a significant role in perturbing the monolayer structural properties such as 

interfering in the monolayer lipids densities, phase transition, and cause pore formation. 

These structural changes are likely to have severe consequences on lung function. These 

findings bring to light the possible consequences of inhaling bare AuNPs. However, 

during this study, the role of surfactant hydrophobic peptide and AuNPs’ polydispersity 

were not considered, and this was addressed in the subsequent studies.  

In the third study (Chapter 6), the surfactant monolayer model was comprised of 

phospholipids, cholesterol, and surfactant peptide B segments (SP-B1-25). This model was 

used to explore the role of surfactant peptide SP-B1-25 in a monolayer exposed to 

polydisperse AuNPs at different concentrations, under the expanded, compressed, and re-

expanded states (representing monolayer at three different breathing cycles as inhalation-

exhalation-inhalation). The results showed that the presence of the peptide SP-B1-25 and 

NPs in the monolayer mutually promote the aggregation of both species via hydrophobic 

interaction. The hydrophobic properties of the NPs, SP-B1-25, and the tails of the lipids, 

induce an interaction between the surfactant molecules and the NPs, which could lead to 

lipoprotein corona formation. In addition, NPs embedded into the monolayer prevent the 

re-expansion process, and as a result, there is a failure to restore a surface area similar to 

NP free monolayers. Furthermore, the size-dependent/polydisperse AuNP concentrations 

markedly affect the PLs’ diffusion as the PLs’ adsorption to the NPs’ surface controls the 

diffusion in the monolayer. All these results imply that the structure and function of the 

monolayer in expanded, compressed, and re-expanded states are significantly altered.  

In the last study (Chapter 7) of this thesis focused on investigating the effect of 

phospholipid (PL) wrapping on the interaction between the AuNP and the LS monolayers. 

For this, AuNPs were wrapped with DPPC and POPG (PLs), and simulations of a LS 

monolayer composed of LS PLs (DPPC and POPG), cholesterol, and peptide SP-B1-25 

exposed to these PLs-wrapped particles in the compressed and expanded states were 

conducted. The results from these studies showed that the PLs-AuNPs adsorb quickly to 

the monolayer surface both in the compressed and expanded state but initiate buckling 
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mostly in the compressed monolayer. The adsorption of hydrophobic components of the 

monolayer to the PLs-AuNPs means, the particle is retained in the monolayer and 

prevented from further translocation to the aqueous phase. The data further demonstrated 

that cholesterol preferentially adsorbs to the AuNP over PLs. As a consequence, 

cholesterol molecules in the monolayer are found to be clustered near the surface of PLs-

wrapped AuNPs. The PLs-wrapped AuNPs in the LS monolayer also prompts the stability 

of the surfactant peptide SP-B1-25 clustering process in the monolayer. It was found that 

there is an inconsequential role between the two wrapped PL types (DPPC and POPG), 

but their individual roles were significant. Therefore, the changes that are observed in the 

monolayer owing to the PLs-wrapped AuNPs are independent of PL type rather than 

dependent on their presence.  

In summary, the studies presented in this thesis studied the adsorption to, diffusion in and 

interaction of bare and PLs-AuNPs with models of LS monolayers at the molecular level. 

The results from this thesis will assist in understanding the potential causes and 

consequences of inhaled AuNPs and assist in providing molecular-level insights into how 

this relates to explaining the risk associated with inhaled AuNPs. In addition, the study 

on lipid-wrapped AuNPs will assist in the future development of AuNP as a nanocarrier 

to improve the efficacy of nano-drug carriers in the lungs area.  

8.2 Limitations and future perspectives 

The model of LS monolayers used in this thesis is the first step towards promoting our 

understanding of AuNPs (bare/wrapped) interactions with the LS monolayer at the air-

water interface at the molecular scale. Despite being considered the most abundant 

components of the surfactant monolayer (DPPC, POPG, CHOL, and SP-B1-25), other 

monolayer components such as dioleoylphosphatidylcholine (DOPC), 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine (POPC), dipalmitoylphosphatidylglycerol (DPPG), 

full-length of SP-B, and SP-C have significant roles in the LS monolayer functions. 

Therefore, using more surfactant components in the model monolayer exposed to AuNPs 

needs further investigation. Also, a single molecular ratio (70:30:10:1) is used for DPPC, 

POPG, CHOL, and SP-B1-25 that limits exploration of the role of concentrations of 

individual monolayer components in interaction with AuNPs. Therefore, to investigate 

the individual components’ concentration effects, it is necessary to study the AuNPs with 

the model LS monolayer at different molecular ratios. During breathing, the lung volume 
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continuously changes, resulting in changing the LS monolayer surface area 

(systematically/repeatedly compressed then expanded). In this thesis, three different 

monolayer models (expanded, compressed, and re-expanded of the compressed 

monolayer) have been studied intending to represent the monolayer phases/surface-areas 

at three consecutive breathing cycles (inspiration, expiration, inspiration). It would be 

better to understand the LS monolayer’s physical and dynamical changes caused by 

AuNPs at further compression-expansion of the studied/simulated monolayers. 

The spherical hydrophobic bare AuNPs are used as pollutants and the considered sizes 

are limited to only 3- and 5 nm (diameter); therefore different AuNPs’ shapes, sizes, and 

surface chemistries (charge, hydrophilicity, and more) may have substantial impacts on 

the lung functions and interaction mechanisms with the surfactant monolayer. The current 

research defined polydisperse AuNPs with only two different sizes AuNPs (3- and 5 nm). 

Therefore, the level of polydispersities considered in this thesis can be extended by 

considering the NPs at more variance in sizes to assess and understand more extensively 

the role of polydisperse NPs in the LS monolayer.   

Two types of PLs (DPPC and POPG) wrapped AuNPs in the monolayer area have been 

investigated. However, other types of lipids/ligands/functional groups, or different 

shapes/hydrophobicity/sizes of AuNP cores need to be evaluated. Only a single PLs 

(DPPC and POPG) monolayer is used to coat (non-covalently) the hydrophobic surface 

of the core AuNPs. However, this wrapping can be further modified by using a PL bilayer 

to scrutinise the wrapped AuNPs adsorption to, diffusion in the monolayer, and 

interactions with the monolayer components.  

It would be better to extract the thermodynamics and kinetic properties from the model 

monolayer-AuNPs systems’ potential energy landscape using advanced sampling 

methods such as metadynamics and umbrella sampling. Limited computational facilities 

and lack of dedicated workstation are the big challenges in those advanced sampling 

approaches. 

Furthermore, the simulations of all the systems in this thesis are constrained to CGMD, 

and further study with atomistic simulations can provide more details of the systems’ 

structural and mechanical properties closer to the experimental studies. The results from 

the atomistic simulations may be helpful in correlating the reported CG simulation results. 
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