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S1. Additional experimental data 
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Figure S1. Time-dependent inhibition of Infasurf films by NPs of different hydrophobicity. 

a, Control experiment: time-dependent compression isotherms of pure Infasurf. Pure Infasurf is 

very stable, indicated by consistent compression isotherms without time-dependent shifting.1 b, 

Infasurf exposed to 50 µg/mL (i.e., 1% surfactant phospholipids) hydrophilic hydroxyapatite 

NPs (HA-NPs) shows time-dependent inhibition, indicated by isotherm shifting to the left. 

Surfactant inhibition stabilizes after 7 hours of particle exposure.1 c, Infasurf exposed to 50 

µg/mL hydrophobic polystyrene NPs (PST-NPs) stabilizes after 1 hour of particle exposure. This 

comparison demonstrates the effect of particle hydrophobicity on kinetics of surfactant inhibition. 

The hydrophobic NPs tend to inhibit pulmonary surfactant much quicker than hydrophilic NPs. 

b 

a 

c 
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S2. Detailed molecular dynamics simulations 

S2.1. Overall system setup 

As shown in Fig. S2, our initial simulation system consisted of a water slab sandwiched by 

two symmetric pulmonary surfactant monolayers. The water slab was set to be 20 nm in 

thickness (approximately 10 times the thickness of a lipid monolayer), large enough to separate 

the two monolayers without interaction with each other. In other words, during our simulations 

these two leaflets behaved as independent monolayers instead of a bilayer. Single nanoparticles 

were introduced symmetrically from the airside modeled by a vacuum. This symmetric 

arrangement allows us to conveniently set up system boundaries without compromising the 

accuracy of simulating monolayers or significantly increasing the computational load. Only the 

top leaflet (at z=0) of these two monolayers was illustrated in the paper. To study translocation 

of nanoparticles across static monolayers (Fig. 2), the system was studied within a simulation 

box with a constant volume and constant surface area of the monolayer. To simulate interactions 

between nanoparticles and dynamic pulmonary surfactant monolayers (Figs. 3-5), the simulation 

box and the surface area of the monolayers were compressed. 
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Figure S2. Initial setup of the molecular dynamics simulation system. a, The initial density profile of lipid headgroups along the 

vertical direction of the simulation box; b, The simulated symmetric system with a water slab sandwiched by two non-interacting 

surfactant monolayers with individual nanoparticles introduced from the airside. 

a b 
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Figure S3. Schematics of coarse-grained (CG) molecules and nanoparticles involved in our simulations. DPPC in green; POPG 

in yellow; SP-B1-25 in purple; SP-C in orange; neutral particle in black. Surface of the cationic particle was modified with randomly 

distributed positive charges shown in red. Surface of the anionic particle was modified with randomly distributed negative charges 

shown in blue. For clarification, cationic and anionic particles in text are shown in solid red and solid blue, respectively.

DPPC POPG 

SP-B1-25 

SP-C 

Neutral particle Cationic particle Anionic particle 
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S2.2. Coarse-grained models 

The entire system was simulated with coarse-grained (CG) models which allow molecular 

simulations at a larger length-scale and longer time-scale than all-atom models. Each pulmonary 

surfactant monolayer contained 1,120 CG DPPC (green) and 480 CG POPG (yellow) molecules 

(7:3), doped with 7 CG SP-B1-25 (purple) and 7 CG SP-C (orange) molecules. The simulation 

parameters of CG DPPC and CG POPG were taken from the MARTINI force field.2-4 All-atom 

models for SP-C (1SPF.pdb) and SP-B1-25 (1DFW.pdb) were obtained from the protein data 

bank.5 CG models of these two protein peptides were derived from these all-atom models using 

martinize.py by analyzing the secondary structure and the sequence of residues of these protein 

peptides. 

The CG models for nanoparticles were built to be compatible with the MARTINI CG force 

field for proteins and lipids.2-4 Each nanoparticle contained 1,721 CG beads arranged in a face-

centered cubic arrangement. The diameter of the final nanoparticle was approximately 5 nm. The 

CG bead types P2 and C1 were used for constructing the neutral (black) hydrophilic and 

hydrophobic nanoparticles, respectively. Qda and Qa were used to modify the surface charges of 

the particle. Cationic particle was shown in red and anionic particle was shown in blue. The 

water slab contained 158,418 CG water beads and 862 Na+ ions to neutralize the system.  

Fig. S3 shows the schematics and color schemes of the simulated CG molecules and particles. 

 
S1.3. Molecular dynamics simulations 

All simulations were performed using the GROMACS 4.5.4.6 All simulations were 

conducted at a constant temperature of 310 K. For the study of particle translocation across a 

static surfactant monolayer (Fig. 2), the simulation box was set to be at a constant volume of 31

×31×100 nm, at which the surfactant monolayer had a molecular area of approximately 60 Å2 
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per lipid. The nanoparticle (NP) was introduced to the pre-equilibrium monolayer and the 

interaction was simulated up to 200 ns. The potential of mean force (PMF) was calculated using 

the weighted histogram analysis method (WHAM) 7 and the umbrella sampling technique 8 with 

0.2 nm spacing between the umbrella windows. For each window the system underwent 20 ns 

constant volume and temperature equilibration simulations and 50 ns umbrella sampling runs. 

For the study of particle interaction with dynamic surfactant film (Figs. 3-5), the simulation 

box and the surface area of the monolayers were compressed by applying positive lateral 

pressure using the semi-isotropic pressure coupling scheme (isotropic coupling in the x-y plane 

and anisotropic coupling in the z-direction). The Berendsen barostat was used for the semi-

isotropic pressure coupling with a coupling constant ps4P  . The system compressibility was 

set to be 5×10-5 bar-1 in the x-y plane and 0 bar-1 in the z-direction. The temperature was 

maintained at 310 K by Berendsen temperature coupling with a coupling constant ps1T  . The 

time step was 20 fs and the neighbor list was updated every 10 steps. 
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S3. Interactions between the cationic hydrophilic NP and lipids 

For the hydrophilic NPs, we found that the cationic NP selectively adsorbs POPG. Fig. S4 

shows the molar ratio of POPG to DPPC lipids adsorbed onto the NP surface. A higher 

POPG:DPPC ratio is found in the lipid monolayer adsorbed on the particle surface than that of 

the interfacial monolayer (POPG:DPPC=3:7). This is likely due to electrostatic interactions 

between the cationic NP and the anionic POPG molecules. 
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Figure S4. Time dependent variations of POPG:DPPC molecular ratio adsorbed on the 

surface of a cationic hydrophilic NP.  
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S4. Interactions between the anionic hydrophilic NP and surfactant proteins 

To study the binding specificity between the anionic hydrophilic NP and the protein 

molecules, Fig. S5a shows the interaction distance between the NP and the protein molecules 

(SP-B1-25 and SP-C) during the simulation time. It is found that SP-B1-25 selectively binds to the 

NP. However, despite being in contact with the NP from 25 to 125 ns, SP-C is eventually 

separated from the NP at equilibrium. Similarly, Fig. S5b shows the potential of mean force 

(PMF) required to "pull" a protein molecule out of the interfacial surfactant monolayer. It is 

found that the PMF of "pulling" a SP-C molecule is more than double of the PMF of "pulling" a 

SP-B1-25 molecule, indicating a higher affinity between the surfactant monolayer and the SP-C 

molecule than with the SP-B1-25 molecule. 
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Figure S5. Additional MD simulations that confirm the binding specificity between an 

anionic hydrophilic NP and surfactant proteins (SP-B1-25 and SP-C). a, Interaction distance 

as a function of the simulation time; b, Potential of mean force (PMF) for interaction between 

the surfactant monolayer and the protein molecules. 

 

a 

b 
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S5. Amino acid sequences of SP-B1-25 and SP-C 

The human SP-B monomer contains 79 amino acids. The detailed three dimensional structure 

of this protein is still unclear. In our MD simulations, we used SP-B1-25, which is a SP-B peptide 

of 1-25 amino-terminal residues, to replace SP-B. Despite the simplicity, both experimental 9-15 

and MD studies 16-18 have shown that SP-B1-25 represents certain properties of the full-length SP-

B. 

Fig. S6. compares the charge and polarity of amino acid sequences for SP-B1-25 and SP-C. 

SP-B1-25 contain 4 net positive changes and 16 non-polar amino acids out of the 25 amino acid 

residue. The human SP-C consists of 35 amino-acid polypeptide enriched in valine (V), leucine 

(L), and isoleucine (I), which make SP-C one of the most hydrophobic proteins in the proteome. 

Specifically, SP-C contains 3 net positive charges and 27 non-polar amino acids out of the 35 

amino acid residue. Hence, compared to SP-C, SP-B1-25 has a higher positive charge density and 

is significantly less hydrophobic. 

 
Figure S6. Amino acid sequence of a. SP-B1-25; and b. SP-C molecules. For each amino acid, 

the charge at pH 7 is indicated by different colors: positive (red), negative (blue), and neutral 

(black); the polarity is indicated by the background: polar (clear) and non-polar (gray).  

1        ——            10   11        ——         20   21 ——25 

FPIPLPYCWL CRALIKRIQA MIPKG 

1        ——            10  11        ——          20   21        ——          30   31 ——35 

LRIPCCPVNL KRLLVVVVVV VLVVVVIVGA LLMGL 

a. SP-B1-25 

b. SP-C 
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