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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-
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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 dynamic simulations help to rationalize 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.  

1. INTRODUCTION  

In recent years, the robust improvement in computational resources has bolstered the molecular 

dynamic (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 [4-7]. In addition, 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. 

Different NPs have been conjugated/wrapped with different ligands (e.g., thiols [8, 9], 

polyethylene glycol [6], lipids [10, 11], polymers [12], and peptides [13]), that can be either 

covalently or non-covalently attached to the NP core, to fabricate NP-based therapeutics [14-16]. 

The properties of the NP can be tuned, improving the efficiency and efficacy of NP-based drug 

delivery in other nanomedical applications [9, 16, 17], by varying the species, and thus the 
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properties of the ligand shell and/or NP core. Different in vitro [18-20] and simulation [21, 22] 

studies reported that lipid (DPPC [18, 19], POPG [18]) wrapped- and alkylated [20] NPs have 

considerable potential in delivering the nano-drug to the targeted area [10, 23], but none of these 

studies were conducted for lung surfactant (LS) monolayers. The species of phospholipid (PL) 

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 [24]. However, a key challenge for NP-based drug delivery remains 

the ensuring of the delivery of the nanotherapeutics to the targeted area [25, 26].  

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 [9, 27-29]. In addition, AuNPs are 

considered to have remarkable versatility for functionalization 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 [18, 30-32] or functionalized state [9, 18, 22, 33, 34]. Experimental studies suggest 

that the hydrophobic AuNPs when coated with DPPC, remain in the LS monolayer and typically 

do not enter the aqueous phase and unlikely inhibit surfactant function [18], however, these studies 

overlooked the role of cholesterol. Experimental studies [35] advocated the use of AuNPs as 

nanotherapeutics and showed that AuNPs can be conjugated with drugs to enhance the delivery 

capacity in the treatment of cancer. In addition, AuNPs coated with didodecyldimethylammonium 

bromide (DDAB, a cationic lipid) could escalate the gene delivery efficiency with minimum 

cytotoxicity [36]. While hydrophobic alkylated AuNPs (hexadecanethiolate-capped AuNPs) have 

an impact on the physiological properties of LS monolayer including phase behaviour and 
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structural changes along with the accumulation of the capped AuNPs-hydrophobic surfactant 

proteins in the liquid expanded phase, but the interactions between capped-AuNPs and monolayer 

components are not fully understood due to the absence of POPG and cholesterol in the monolayer 

[20]. 

The LS monolayer acts as the first biological barrier for inhaled NPs/therapeutics. 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 significant roles on the permeation of the 

(NP-based) therapeutics through the surfactant layer.  

In vertebrate lungs, the LS consists of a mix of 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  [37-39]. The LS monolayer controls the surface tension, via 

expansion and compression of the alveoli surface area, during the breathing process under 

compression, the monolayer surface tension is reduced to ~0 mN/m before increasing to ~20-25 

mN/m during the expansion.  

The proportion and distribution of cholesterol within the LS can alter the properties of the 

monolayer significantly [40, 41], and high concentrations of cholesterol can result in lung 

dysfunction [42]. The distribution and (non-) aggregation of cholesterol in PL membranes is a 

topic of controversy [43-45]. Previous simulation studies [43, 45] of lipid bilayers containing 20 

mol% of cholesterol have found limited evidence of cholesterol aggregation, with cholesterol 



 5 

molecules are well-distributed throughout the bilayer in the ordered phase and remained mostly 

independent (monomers) or small clusters with 2-3 molecules [46].  

Cholesterol has been shown to adsorb strongly to the surface of bare AuNPs [5]. Thus, the presence 

of AuNPs has the potential to result in localized imbalances in the LS monolayer cholesterol 

density, with such local imbalances being potentially deleterious to the lung membrane. The 

presence of proteins could influence the cholesterol adsorption to hydrophobic NPs as the 

interaction of lipids 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) [47-50] and simulation studies [51]. An in vitro study [52] 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 [53]. However, systematic investigations of the present of (PL wrapped) AuNPs 

on the aggregation of different species present in LS monolayers is lacking.  

In the present work, AuNPs functionalized/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. We have reported different structural and dynamical changes in the monolayer exposed 

to PLs-AuNPs through different qualitative and quantitative analyses such as cholesterol and 

peptide clustering analyses in the monolayer that have not been shown before in any simulation 

studies. Therefore, our study has reported new results to determine and explain different 
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biophysical changes in the monolayer exposed to lipid-AuNPs that carry a significant amount of 

novelty. 

2. 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 [54] with the interactions 

between sites described using the MARTINI force field [55].  

Surfactant monolayer systems preparation and equilibration process have been reported in our 

previous study [51] as well as in the supporting information. AuNPs were constructed using the 

method reported previously [5, 51], with the parameters of the sites taken from previous simulation 

studies [5, 31]. The hydrophobic AuNP (diameter=3 nm) was wrapped with 60 PLs (either DPPC 

or POPG equivalent to 2.12 phospholipids/nm2) using packmol [56] in a sphere close to the AuNP 

surface [57] such that the hydrophobic tails of the amphiphilic lipid faced towards the AuNP 

surface (Fig. S1). This level of lipid coating represents an approximately 50% saturation level. 

Both the DPPC- and POPG-AuNPs were equilibrated, separately, in a box of CG water for 100 ns 

at room temperature to stabilize the coating on the NP surface (see Fig. S1b).   

The PL-AuNPs were initially placed very close to the surface of equilibrated monolayers (details 

of the equilibration process are provided in the Supporting Information) 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 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 various systems 

simulated are summarised in Table S1. 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. 
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To prevent a discontinuity in the force potential, the LJ potential was smoothly shifted to 0 between 

0.9 to 1.2 nm, and the Coulomb potential was smoothly shifted to 0 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 [58]. We have simulated all the systems with AuNPs 

in the canonical (NVT) ensemble to be consistent with previous studies on the interaction of LS 

monolayers. Simulations of the expanded LS monolayer in the NPγT ensemble at a surface tension 

of 23 mNm-1 (with the compressibility in the x/y and z directions 4.5e-5 and 0 bar, respectively) 

were found to produce results equivalent to the simulations in NVT ensemble at an APL ~0.53 

nm2. However, simulations of compressed LS monolayers in the NPγT ensemble (at a surface 

tension of 0 mNm-1) results in the collapse of the monolayer. 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 conducted over the last 1 µs of the trajectories. The peptide SP-B1-25 and 

cholesterol clustering analysis being an exception and analyzed over the full 3 µs trajectory and a 

cut-off of 1.2 nm used to assign molecules to a cluster.   

3. RESULTS AND DISCUSSION: 

3.1 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 (Fig. 

1). After the adsorption, the wrapped-AuNPs reside in the area of the monolayer that corresponds 
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to the hydrophobic tails of the LS lipids (Fig. 1 and Fig. 2). In no case is diffusion of PL-AuNPs 

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 rearrange themselves, and there is partial exposure 

of the AuNPs hydrophobic surface. The rearrangement of the wrapped PLs occurs due to 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, AuNPs surface, and wrapped PLs tails.  

As a result, the head groups of the adsorbed PLs rearrange themselves in the monolayer in a 

particular fashion towards the vacuum phase (Fig. S2c,d). 

 

Figure 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 (Fig. 1e, Fig. S2a,b). The buckle formation correlates 



 9 

favourably with our earlier findings [5] and previous studies by Yue et al. [59, 60] that the 

surfactant components bind hydrophobic NPs and prompt the 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 [61]. 

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 (Fig. S2a,b).  We have characterized 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: Fig. 2 and lower monolayer: Fig. S3).  
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Figure 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 AuNPs/lipids. 

The partial density profiles were calculated over the last 1 µs. 

For the DPPC-AuNPs (Figs. 2 and S3), in both the expanded and compressed LS systems, all of 

the PLs rearrange 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 (Fig. 2 and S3) show that the wrapped-POPG head groups tend 

to be distributed both above and below the AuNP core, due to an electrostatic interaction between 

negatively charged wrapped-POPG PLs head groups with the positively charged surfactant 

peptides (SP-B1-25) during simulations. Therefore, two density profile peaks of wrapped POPG 

head groups are observed on two sides of the POPG-AuNPs (Fig. 2b and Fig. S3b). Our findings 

also align with the previous experimental study [18] that argued on the strong interaction between 

positively charged SP-B and negatively charged POPG-AuNPs in the surfactant monolayer. The 

favourable interaction between the wrapped POPG and SP-B1-25 can be observed in RDFs profiles 

(Fig. S4), where a strong peak in the profile of the head group of the wrapped POPG with SP-B1-

25 is present at ~2.5 nm. No such peak is present in the equivalent profile of the wrapped DPPC 

molecules, indicating a particular interaction between the wrapped POPG and SP-B1-25. Our 

findings also align with the previous experimental study [18] that argued on the strong interaction 

between positively charged SP-B and negatively charged POPG-AuNPs in the surfactant 

monolayer. 
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3.2 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 [47, 62], as well as playing a role in protein aggregation [51, 63]. 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 [64]. To 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 (Fig. 3a). Two peptides are 

considered to belong to the same cluster if they are within 1.2 nm of each other. 

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 [51]. 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 

(Fig. 3a).  
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Figure 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. 

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 throughout the simulation. We have further analyzed the 

peptide SP-B1-25 clustering to investigate the role of individual PL-AuNPs in the monolayer (Fig. 

4 and Fig. S5). 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. 
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We have quantitatively analyzed the number of surfactant peptide SP-B1-25 clustering and the 

number of peptide SP-B1-25 in the largest cluster (Fig. S6) within 0.1-0.5 mol% AuNPs/lipids 

systems. Our analyses clearly indicate that the POPG-AuNPs concentration increases the number 

of peptide SP-B1-25 in the largest cluster and thus, decreases the number of peptide SP-B1-25 clusters 

in the monolayer. 
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Figure 4. Surfactant peptide fragments B (SP- B1-25) cluster formation in the LS monolayer (upper 

monolayer) with the APL of 0.47 nm2 and the presence of 0.1 mol% of POPG-AuNPs/lipids. (a) 

Pictorial representation (top transparent view of all molecules except AuNP and SP- B1-25 clusters 

for clear identification) after 2 µs of simulation, and (b) number density map of SP-B1-25 clustering 

in the surfactant monolayer at ~2 µs simulation. (c) Cluster size analysis of surfactant peptide B 

(SP-B1-25) throughout the 3 µs simulation. 

3.3 Cholesterol adsorption to AuNPs and Aggregation: 

Cholesterol is preferentially adsorbed, over other lipid species, to the surface of the PL-AuNPs 

(Fig. 5a). Such a preference for cholesterol adsorption is also seen for bare AuNPs (in the 

monolayer without SP-B1-25) [5]. However, in the current study, we have 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 (Fig. S7). In addition, the adsorbed cholesterol molecules are 

positioned closer to the AuNPs (peak in rdf profile at ~1.8 nm) than PLs, which originally part of 

the monolayer, adsorb to the AuNP (peak position > 3 nm (Fig. 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 (Fig. 5c). We observe a number of 

differences. First, AuNPs with a POPG coating clearly show a higher propensity for cholesterol 
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adsorption than bare AuNPs. Second, the presence of SP-B1-25 has little effect on cholesterol 

adsorption to POPG-AuNPs. Third, the presence of SP-B1-25 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 

[65]. 
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Figure 5. (a) The RDF between the COM of AuNP molecules and the COM of surfactant 

molecules components. (b) The representative snapshot of the AuNP with adsorbed DPPC (cyan), 

POPG (green) and cholesterol (red) beads. (c) 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/lipids. 
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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 

(Fig. S8a - 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 (Fig. S8b) in the 

compressed (APL=0.47 nm2) over the expanded (APL=0.54 nm2) monolayers. The result implies 

that the probability of binding cholesterol molecules is intensified in the area where surfactant 

lipids are congested to each (i.e. compressed monolayer) other over the lipids in the extended 

monolayer. 

Both in vitro [66, 67] and in vivo [68] 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 the chance of forming large clusters [69]. 

Previous simulation studies [43, 45] 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 (Fig. 

S9). 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 Fig. S10). 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 
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cholesterol will aggregate around the AuNPs surface. The preference of cholesterol adsorption to 

the AuNPs surface happens due to strong hydrophobic-hydrophobic interaction between AuNPs 

and hydrophobic cholesterol molecules. In our previous simulation study on bare AuNPs in LS 

monolayer [5], we have clearly shown the preference in the interaction of hydrophobic cholesterol 

beads to the hydrophobic AuNP’s surface beads over the interaction of amphiphilic PLs’ beads to 

AuNP’s surface beads, and our current results align even when the AuNPs are wrapped by PLs. 

We have measured levels of cholesterol aggregation by performing a cluster analysis of cholesterol 

for different systems (see Fig. 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 (Fig. 6c,d) show cholesterol clustering in the peptide 

SP-B1-25 free LS monolayer systems with bare AuNPs and the peptide SP-B1-25 containing 

monolayer with POPG-AuNPs. These figures (Fig. 6c,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 (Fig. 6a,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 a significant number of cholesterol molecules adsorb to the wrapped-AuNPs as 
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compared to the bare AuNPs, and that while the presence of SP-B1-25 has little effect on cholesterol 

adsorption to PL-AuNPs it has a significant effect when for bare AuNPs. 

The effects of POPG-AuNPs concentrations (0.1-0.5 mol% of AuNPs/lipids) on cholesterol 

clustering in the monolayer have been measured quantitatively (Fig. S11). As one may expect, 

increasing the concentration of POPG-AuNPs in the monolayer decreases the number of 

cholesterol clusters as more of the cholesterol in the LS monolayers become adsorbed to the PL-

AuNPs. 

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 in the 

monolayer (Fig. S12). However, we have found a difference in the cholesterol clustering process 

between the compressed and expanded monolayers (Fig. S13). 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 a significant number of 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 [52, 70, 71]. Our findings 

on cholesterol clustering and adsorption on the AuNPs surface could help in the assessment of the 

potential nanotherapeutics. The impact of cholesterol cluster formation in the monolayer may 

provide some clues on the roles of cholesterol on different biophysical properties such as 

monolayer phase transition behaviour, surface pressure, surface viscosity and elasticity ultimately 
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monolayer stability. It is known that the cholesterol clusters assists in forming the lipid rafts [72], 

which are responsible for protein trafficking, processing and many cellular processes [73]. The 

presence of (wrapped) AuNPs in the monolayer not only increases the level of SP-B aggregation 

put causes aggregation of cholesterol. As such, the present of AuNPs results in the unequal 

distribution of SP-B and cholesterol within the monolayer, with localized areas of the higher and 

lower density of these species. The imbalance in the density of SP-B1-25 and cholesterol molecules 

in the surfactant may impede the stability of the monolayer [74] and the inhabitation in the 

transportation/recirculation of surfactants from the monolayer in air-phase to bilayer/type II cells 

[75]. Previous experiment studies [42, 76] also found that the increase in the cholesterol 

concentration acts against pulmonary surfactant function by inhabiting the monolayer intrinsic 

reversible property i.e., monolayer to bilayer transformation during breathing.  
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Figure 6. Cluster size analysis of surfactant cholesterol during surfactant monolayer is in a 

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. 

3.4 Mean Square Displacement 
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We have calculated the 2-dimensional 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 Fig. 7. The presence of AuNPs (bare or PL-wrapped) reduces the lateral 

diffusion coefficient of lipid species within the monolayers (Table S2). 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 

[40, 74, 77] that have shown that SP-B and unsaturated lipids fluidize LS monolayers, and in 

fluidized 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 the 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 by 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 (Fig. 7b). No significant difference has been identified between two 

different PLs-wrapped AuNPs in either expanded/compressed monolayers (Fig. S14). 

In summary, the quantitative lipid diffusion coefficients reported in the Table S2 have a good 

agreement with previous diffusion simulations findings [78-81] for the monolayers not exposed to 

PLs-AuNPs, and followed a similar trend for the monolayers exposed to lipid-wrapped with 

previous simulation studies on monolayers exposed to NPs [82, 83]. 
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Figure 7. Lung surfactant monolayer lipids MSD curves, (a) with colors 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. 

4. 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 these 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 the hydrophobic 

components of the monolayers coat the wrapped-NPs and reduce the rate of lipid diffusion. We 
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have demonstrated the preference of cholesterol molecules in covering the PLs-AuNPs over the 

other lipids 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 localized concentration of cholesterol across the monolayer. In addition, 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 localized 

concentration of species within LS monolayers could have a significant long-range effect on the 

properties of the monolayers. Only minor differences are observed between the two PLs used to 

wrap the AuNP, with the changes are observed in the monolayer independent of PLs type. While 

there are no qualitative differences between PL-AuNPs and bare AuNPs, there are significant 

quantitative differences, e.g. PL-AuNPs causing an increased level of SP-B1-25 aggregation. 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, lipid coating density 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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