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ABSTRACT 

 

The interactions of ligand-functionalized nanoparticles with the cell membrane affect cellular uptake, 

cytotoxicity, and related behaviors, but relating these interactions to ligand properties remains challenging. In this 

work, we perform coarse-grained molecular dynamics simulations to study how the adsorption of ligand-

functionalized cationic gold nanoparticles (NPs) to a single-component lipid bilayer (as a model cell membrane) 

is influenced by ligand end group lipophilicity. A set of 2-nm diameter NPs, each coated with a monolayer of 

organic ligands that differ only in their end groups, was simulated to mimic NPs recently studied experimentally. 

Metadynamics calculations were performed to determine key features of the free energy landscape for adsorption 

as a function of the distance of the NP from the bilayer and the number of NP-lipid contacts. These simulations 

revealed that NP adsorption is thermodynamically favorable for all NPs due to the extraction of lipids from the 

bilayer and into the NP monolayer. To resolve ligand-dependent differences in adsorption behavior, string method 

calculations were performed to compute minimum free energy pathways for adsorption. These calculations 

revealed a surprising non-monotonic dependence of the free energy barrier for adsorption on ligand end group 

lipophilicity. Large free energy barriers are predicted for the least lipophilic end groups because favorable NP-

lipid contacts are initiated only through the unfavorable protrusion of lipid tail groups out of the bilayer. The 

smallest free energy barriers are predicted for end groups of intermediate lipophilicity which promote NP-lipid 

contacts by intercalating within the bilayer. Unexpectedly, large free energy barriers are also predicted for the 

most lipophilic end groups which remain sequestered within the ligand monolayer rather than intercalating within 

the bilayer. These trends are broadly in agreement with past experimental measurements and reveal how subtle 

variations in ligand lipophilicity dictate adsorption mechanisms and associated kinetics by influencing the 

interplay of lipid-ligand interactions.  
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INTRODUCTION 

 

Ligand-functionalized gold nanoparticles (NPs) provide platforms for a wide variety of biomedical applications, 

including drug delivery, biosensing, and photothermal therapy.1–5 These applications are facilitated by grafting a 

self-assembled monolayer of organic ligands to the NP surface to modulate interactions with biological 

materials.6–10 Selecting or designing ligands to mediate desired nano-bio interactions is a central challenge – and 

opportunity - for NP applications. Ligands are commonly designed using a modular structure comprising 

separately selected backbone and end group moieties.11–13 Ligand backbones are often alkane chains of varying 

length, possibly with an ethylene glycol segment inserted to confer stability in biological environments,14 while 

end groups can include a wide variety of moieties of varying charge, size, and lipophilicity (i.e., thermodynamic 

affinity for lipids).6–10 Varying the ligand backbone and end group properties, as well as the relative proportions 

of different ligands in multicomponent ligand monolayers,15 thus leads to a large feasible design space of NP 

compositions. To guide ligand design, experimental studies have systematically investigated how variations to 

ligand properties such as end group charge or lipophilicity affect behaviors including cellular uptake,16,17 

cytotoxicity,16,18,19 antimicrobial activity,20,21 and immunological response.22,23 Recent computational models 

have also related descriptors of NP properties to experimentally measured biological activities.24–31
 However, 

predicting how ligand structure influences nano-bio interactions remains challenging because subtle differences 

in ligand chemical properties can manifest as large changes in NP behavior (e.g., swapping the positions of 

charged moieties in zwitterionic end groups can substantially influence cellular uptake17). This challenge is 

exacerbated for small (<10 nm in diameter) NPs because the free volume accessible to ligands in the monolayer 

can influence ligand conformations, which has motivated a number of molecular simulation studies to understand 

how the interplay of NP size and ligand properties affects the surface properties of NPs in solution.31–40 

 

Understanding how ligand properties influence interactions between NPs and cell membranes is of particular 

biomedical importance.9,41–43 For example, NP adsorption to the cell membrane can drive intracellular transport,44 

which is critical for applications requiring delivery of NPs to the cell interior, but may also cause membrane 

disruption and cytotoxicity.45,46 Given the complex composition of the cell membrane, simplified lipid bilayer 

systems, such as supported lipid bilayers (SLBs) and lipid vesicles with a small number of components, are 

routinely used experimentally as model membranes to enable mechanistic studies of NP-bilayer interactions.47 

Experimental studies of NP-bilayer interactions can be related to biologically relevant behaviors; for example, 

the adsorption of NPs to lipid bilayers correlates with endocytic uptake,44 NP-induced disruption of lipid bilayers 

correlates with cytotoxicity,48 and the insertion of amphiphilic NPs into lipid bilayers correlates with 

nonendocytic cell entry.49 The simplicity of these model systems further permits comparisons to molecular 

dynamics (MD) simulations. For example, all-atom (AA) and coarse-grained (CG) MD simulations have revealed 

pathways by which amphiphilic NPs insert into lipid bilayers,50–54 explained the preferential adsorption of NPs to 

different lipid phases or phase boundaries,55–58 and explored the effect of NP charge on bilayer adsorption.59–62 

Together, experiments and corresponding simulations with model membranes permit analysis of how ligand 

properties affect nano-bio interactions.  

 

Recently, we combined experiments and AA MD simulations to explore the relationship between the lipophilicity 

of ligand end groups and NP adsorption to single-component lipid bilayers.63 We studied a library of gold NPs 

with 2 nm core diameters, each protected by a monolayer of ligands with the structure shown in Figure 1A. Each 

ligand was composed of (1) a backbone consisting of a lipophilic alkanethiol segment and hydrophilic 

tetraethylene(glycol) segment and (2) an R group consisting of a cationic quaternary ammonium group substituted 

with two methyl groups and an R group. Different R groups were selected to vary their lipophilicity and the 

adsorption of the resulting NPs on a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) SLB was measured via 

quartz crystal microbalance with dissipation (QCM-D) experiments.63 These experiments found that increased R 

group lipophilicity resulted in increased adsorbed mass and increased rate of adsorption as measured by QCM-D. 

Notably, only the most lipophilic R groups (C9 and C1Bn in Figure 1B) remained adsorbed after extended rinsing, 

indicating irreversible adsorption to the SLB. AA MD simulations, coupled with umbrella sampling calculations, 
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were used to compute the potential of mean force (PMF) for NP adsorption to explain this behavior. PMFs 

computed by using the distance between the NP and the bilayer center as a collective variable (CV) revealed that 

adsorption is thermodynamically favorable once sufficient contacts between lipophilic ligand R groups and lipid 

tails are formed. Separate PMF calculations using the number of these hydrophobic contacts as a CV indicated 

that contacts were promoted by ligands intercalating within the bilayer, suggesting that intercalation promotes 

irreversible adsorption.63 However, the computational expense of AA MD simulations limited these studies to 

sampling only a single CV at a time for a limited number of NPs, inhibiting more detailed analysis of the impact 

of ligand R group properties on mechanisms of adsorption and limiting the number of ligand R groups that could 

be studied.  

 

In this work, we perform CG MD simulations to further investigate the thermodynamics and associated 

mechanisms of NP adsorption to single-component lipid bilayers as a function of ligand R group lipophilicity. 

We perform metadynamics calculations to compute the free energy landscape for NP adsorption using both the 

distance of the NP from the bilayer and the number of NP-lipid contacts as CVs, revealing local free energy 

minima associated with (1) the adsorption of the NP onto the bilayer and (2) the extraction of lipids from the 

bilayer and into the ligand monolayer. To further resolve ligand-dependent adsorption mechanisms, we use the 

string method with swarms of trajectories64–67 to compute minimum energy paths (MFEPs) for NP adsorption to 

the upper leaflet of the bilayer from an initial state in solution. The MFEP is defined as the path with the highest 

likelihood of NP adsorption and is used to quantify the free energy barrier that each NP must cross to adsorb to 

the bilayer. Comparing the free energy barrier for adsorption for seven different NPs reveals an unexpected non-

monotonic dependence on R group lipophilicity. All seven NPs demonstrate deep minima associated with 

adsorption without a clear trend in the global adsorption free energy minimum. We relate these findings to the 

likelihood of lipids to extract from the bilayer and the competition between the intercalation of lipophilic ligands 

within the bilayer or within the hydrophobic core of the ligand monolayer. Together, these results provide 

mechanistic insights into kinetic phenomena underlying NP adsorption and how they depend non-intuitively on 

ligand R group properties.  

 

 
 

Figure 1. (A) AA and CG representations of the ligand chemical structure and the DIPC lipid. Chemical groups 

are colored according to their coarse-grained bead. (B) Seven R groups studied with their corresponding chemical 

structure and LogP values. Label colors are consistent with colors used in other figures. (C) Schematic illustrating 

the defined CVs. For each lipid, the choline group is colored cyan, the phosphate group is colored orange, and 

the tails are colored blue. Water molecules and counterions are included in all simulations but are excluded from 

this schematic. (D) Snapshot of an equilibrated simulation of a C1 NP solvated in water (white) neutralized with 
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Cl- counterions (magenta) and far from a DIPC bilayer; color scheme follows (A). Visual Molecular Dynamics 

(VMD)68 was used to generate all simulation snapshots. 

 

RESULTS AND DISCUSSION 

 

Free energy landscape reveals NP adsorption and desorption modulated by lipid extraction. 

 

In our past computational and experimental study, we found that the adsorption of NPs (functionalized with a 

subset of the ligands shown in Figure 1B) to DOPC lipid bilayers depends upon the lipophilicity of the ligand R 

group.63 Increasing R group lipophilicity led to a transition from a reversibly adsorbed state to an irreversibly 

adsorbed state as quantified using QCM-D experimental measurements. AA simulations indicated that this 

difference could be related to the propensity of more lipophilic ligands to intercalate within the bilayer, eventually 

leading to the extraction of lipids from the bilayer and into the ligand monolayer.63 However, it is too 

computationally expensive to sample the free energy landscape underlying the extraction of lipids using AA 

simulations, motivating CG simulations to model the adsorption process for a larger set of ligand R groups in this 

study to understand mechanisms influencing NP adsorption as a function of ligand properties. Figure 1A shows 

the chemical structures and CG models of the cationic ligand structure and DIPC lipid (which has 16-18 carbon 

tails with two cis-unsaturated bonds on each tail and is used to represent DOPC in the CG simulations), and Figure 

1B shows the seven ligand R groups we used in this study. Each R group is labeled with a corresponding value 

of its octanol-water partition coefficient (LogP) as a measure of lipophilicity; larger, more positive values of LogP 

indicate increasingly lipophilic R groups. The seven R groups span a range of LogP values and consist of five R 

groups with varying alkyl chain lengths (C1, C5, C9, C13, and C17), a benzyl group (C1Bn), and an alkyl chain 

terminated in a sulfonate group (C4SO3). Ligands with all R groups excluding C4SO3 have a net positive charge 

due to the quaternary ammonium groups; the negative charge on the C4SO3 group causes its corresponding ligand 

to be neutral. This set of ligand exceeds those that we previously studied63 by including longer alkyl groups (C13 

and C17) to probe larger values of LogP and by including the zwitterionic C4SO3 to probe the impact of R group 

charge. CG parameters for all ligands were obtained following a bottom-up approach by reproducing more 

accurate AA MD simulations as detailed in the SI (Figure S6-S11). 

 

To first gain insight into NP-bilayer adsorption behavior, we performed 2D well-tempered metadynamics69 

simulations in a space defined by two collective variables (CVs): the distance between the NP and the bilayer 

(𝐷𝑧) and the number of contacts formed between the NP and the bilayer (contacts). A representative schematic of 

these CVs is shown in Figure 1C. Four walkers were simultaneously sampled every 400 ps during 500 ns 

production runs for a total of 2 μs of sampling time. Figure 2 shows the free energy landscape for the adsorption 

of the C1 NP to a DIPC lipid bilayer. An upper wall is imposed to restrict the NP to sample values of 𝐷𝑧 close to 

the bilayer (described in the Methods section) which may bias the numerical values of the free energies obtained 

from these calculations. Nonetheless, the metadynamics calculations are valuable for qualitatively identifying 

several important regions in the free energy landscape for NP adsorption; Figure 2 labels important regions with 

points and shows corresponding simulation snapshots. We now describe these points sequentially to highlight the 

sequence of events that may occur during the interaction with a bilayer. 

 

The initial configuration of the NP is point A, which corresponds to a NP in solution away from the bilayer (large 

𝐷𝑧) and not in contact with any lipids (zero contacts). The free energy in this region is a local minimum. The NP 

can then approach the bilayer (decreasing value of 𝐷𝑧), which is associated with an increase in free energy, until 

reaching point B. Point B corresponds to the free energy barrier for adsorption and occurs when the NP initiates 

contacts with the bilayer. Metadynamics simulations do not sample the free energy landscape with sufficiently 

fine resolution near the free energy barrier to resolve its value; this limitation, as well as the limitation associated 

with the upper wall noted above, motivates the use of the string method with swarms of trajectories and umbrella 

sampling to compute this barrier (vide infra). Further decreasing 𝐷𝑧 from point B likewise increases the number 

of contacts to reach point C, which lies within a low free energy basin. The snapshot at this point illustrates that 
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the increase in contacts is due to the extraction of lipids from the bilayer and into the ligand monolayer. Once 

sufficient lipids are extracted, the NP adsorbs to the upper leaflet and the bilayer relaxes the deformations 

associated with the adsorption process, leading to a local free energy minimum at point D. Taken together, 

analysis of the free energy landscape indicates that NP adsorption is favorable due to lipid extraction that occurs 

after the NP initiates favorable contact with the hydrophobic core of the bilayer, which is in agreement with our 

prior AA MD simulations.63 Further analysis confirming that lipid extraction is thermodynamically favorable, in 

agreement with this result, is presented in the SI (Figures S1-S5). 

 

The sequence represented by points A-D represents the expected adsorption process and highlights the importance 

of lipid extraction from the bilayer to stabilize the adsorbed state. However, the metadynamics calculations further 

reveal that the free energy landscape includes a region associated with the desorption of a NP with extracted 

lipids. Specifically, increasing 𝐷𝑧 from point D with the number of contacts approximately constant leads to point 

E, in which the NP begins to detach from the bilayer while maintaining a “lipid bridge.” The bridge eventually 

relaxes when the NP completely desorbs into solution at point F. Point F is similar to point A, but is lower in free 

energy due to the favorable extraction of lipids from the bilayer; extracted lipids fill free volume within the NP 

monolayer to shield hydrophobic NP surface area from water in agreement with prior simulations.37,51,63 There is 

no apparent pathway from point A to point F without passing through a surface-adsorbed state; therefore, free 

energy calculations that sample only 𝐷𝑧 as a CV may fail to detect point F which could lead to a bias in free 

energy calculations depending upon the manner in which initial configurations are generated (e.g., by permitting 

the extraction of lipids or not).50,63 Indeed, this behavior was observed in our past AA MD simulations, in which 

we observed hysteresis in the free energy computed as a function of 𝐷𝑧 depending on whether initial 

configurations included large numbers of lipid contacts.63 The results and configurations obtained in Figure 2 are 

thus consistent with those AA simulations and indicate that favorable lipid extraction occurs over long timescales 

not sampled in the AA simulations, highlighting the importance of explicitly biasing the formation of NP-bilayer 

contacts.  
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Figure 2. Free energy landscape for the adsorption of the C1 NP computed using metadynamics. Regions of the 

free energy landscape are labeled according to representative simulation snapshots that show the NP-bilayer 

interactions at the defined set of CVs. Note that an upper wall is imposed to prevent large values of 𝐷𝑧 from being 

sampled (as described in the Methods). The MFEP computed using the string method with swarms of trajectories 

is overlaid (black line) to show that the MFEP connects two low free energy basins on the landscape. In the 

simulation snapshots, the NP and lipids are color coded as described in Figure 1A. Water molecules and ions are 

not shown. Lipids from the bilayer that are in front of the center of mass of the NP and farther than 2.5 nm of the 

S1 beads are not shown to visualize ligand intercalation in the bilayer while allowing visualization of lipids 

extracted onto the NP monolayer. 

 

Potentials of mean force along the minimum free energy paths for NP adsorption  

 

To complement the mechanistic insight gained from resolving the free energy landscape, and to more accurately 

resolve the free energy barrier for NP adsorption, we established an alternative approach to compute a potential 

of mean force (PMF) using 1D umbrella sampling. We computed the most probable path for NP adsorption to the 

bilayer in terms of the same two CVs used during metadynamics by using the string method with swarms of 

trajectories, as described in the Methods section and schematically illustrated in Figure S13, to compute the 

MFEP. 64–67 This approach involves iteratively evolving strings composed of sets of physically relevant CV values 

toward a converged path between two free energy basins, labeled by states A and D in Figure 2, that passes 

through state C. The converged path is defined as the MFEP. To confirm the validity of the MFEP calculations, 

Figure 2 overlays the final converged string for one replica of the C1 NP on the free energy landscape to show 
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that it samples CV regions associated with an increase in NP-bilayer contacts and a decrease in 𝐷𝑧. The evolution 

of strings for all seven NPs (one replica) are included in the SI (Figures S14-S20); MFEPs for all seven NPs 

appear similar to the MFEP shown in Figure 2. The MFEP was expressed using path CV equations67 described 

by the distance along the path, S, and the distance away from the path, Z. 1D PMFs were then computed as a 

function of S, with additional details and data on convergence described in the SI (Figure S21-S26). 

 

Figure 3A shows PMFs as a function of S for all seven NPs. All PMFs have qualitatively similar features; PMFs 

for additional replicas are shown in the SI (Figure S27-S33) and exhibit similar features. Low values of S 

correspond to configurations where the NP is in solution far from the bilayer (state A in Figure 2 with large 𝐷𝑧 

and zero contacts). Accordingly, PMF values were set to zero for S = 0 so that the PMF represents the change in 

free energy associated with NP adsorption from an initial state in solution. All PMFs exhibit maxima for 0.3 < S 

< 0.5. These values of S correspond to state B in Figure 2 where the NP comes close to the bilayer and initiates 

contact with the lipids, followed by lipid extraction after enough contacts are made. We associate these PMF 

maxima with NP-specific free energy barriers for adsorption, as discussed in detail below. Some PMFs also 

exhibit a local maximum and minimum prior to the global PMF maximum, which occurs when a low number of 

lipids are initially extracted before a larger number are extracted in subsequent windows (discussed in more detail 

below); when this behavior was observed, an additional simulation replica was performed to ensure adequate 

sampling near the PMF maximum. As S further increases, all PMFs decrease due to a decrease in 𝐷𝑧 and an 

increase in contacts that promote lipid extraction (state C in Figure 2). Large values of S correspond to NP 

adsorption to the upper leaflet of the bilayer with numerous extracted lipids stabilizing the adsorbed configuration 

(state D in Figure 2 with large 𝐷𝑧 and a large number of contacts). 

 

While all PMFs demonstrate qualitatively similar features, there are distinct quantitative differences depending 

upon the ligand R group. To explore these differences, we first define the adsorption free energy as the minimum 

value of the PMF as a function of S because this quantity reflects the free energy difference between state A (in 

solution) and state D (adsorbed to the upper leaflet of the bilayer); more negative values indicate that adsorption 

is more favorable. The adsorption free energies range between approximately -47 kBT to -202 kBT, indicating that 

adsorption is favorable for all NPs. The observation of lipid extraction for all NPs indicates that negative 

adsorption free energies are due to favorable hydrophobic interactions between ligands and extracted lipids, with 

differences in the adsorption free energies attributed to differences in electrostatic and hydrophobic interactions 

between ligand R groups and lipid head groups. Adsorption is least favorable for the C4SO3 NP, which is expected 

given the weaker electrostatic interactions between lipid head groups and its zwitterionic R group compared to 

the cationic R groups for all other NPs. Adsorption is most favorable for the C1Bn NP which can be attributed to 

stronger cation-π binding interactions.70 For the remaining ligands with linear alkyl R groups, adsorption is more 

favorable for shorter, less lipophilic R groups (C1, C5, and C9) than longer, more lipophilic R groups (C13 and 

C17). This result is counterintuitive, as more lipophilic R groups might be expected to promote adsorption; this 

behavior reflects the reduced free volume in the monolayers of NPs with long, lipophilic R groups due to 

interactions between ligand R groups and ligand backbones, as further elaborated upon below.71 Despite these R 

group-specific differences in adsorption free energies, all adsorption free energies are sufficiently favorable that 

differences among predicted values would not influence experimentally observed adsorption behavior 

significantly. Therefore, we next focus on the values of the PMF maxima to understand if ligand R groups 

influence adsorption behavior by impacting free energy barriers to adsorption.  
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Figure 3. Potentials of mean force (PMFs) for the seven NPs with ligands shown in Figure 1B. PMFs are 

computed as a function of the distance along the MFEP, S. (A) Complete PMFs. (B) Enlarged PMFs to show 

differences in PMF maxima, which likewise indicate differences in free energy barriers of adsorption modulated 

by the physicochemical properties of the ligands and distinct NP-bilayer interaction mechanisms.  

 

Intercalation of ligand R group into the bilayer reduces free energy barrier for adsorption 

 

Figure 3B presented enlarged portions of the PMFs corresponding to values of S where the PMFs reach maxima. 

This plot shows differences in PMF maxima for different ligand R groups that correspond to differences in the 

barriers to adsorption. Prior work has shown that free energy barriers for the insertion of lipophilic groups into 

bilayers, similar to the behavior observed in Figure 2, can be related to the formation of contacts with lipid 

tails.63,71,72 Therefore, we further outline quantitative comparisons between the thermodynamics and the 

molecular mechanisms that modulate NP adsorption to the upper leaflet of the bilayer to elucidate the role of 

lipophilicity during this process. Specifically, Figure 4B shows the free energy barrier for adsorption (from the 

PMFs in Figure 3) for each NP and Figure 4C quantifies the number of contacts between different groups 

computed from the umbrella sampling window that is closest in CV space to the value of S corresponding to each 

PMF maximum. Comparing these values to each other and to simulation snapshots of the same umbrella sampling 

windows in Figure 4A identifies several relevant ligand-lipid interactions that characterize the adsorption process, 

as we next describe. 

 

The C4SO3 and C1 NPs exhibit large free energy barriers of 19.2 ± 4.1 kBT and 24.0 ± 3.6 kBT, respectively. The 

ligands for these NPs have low lipophilicity and solvent-exposed charged groups, suggesting that the interactions 

with the bilayer are primarily driven by electrostatic interactions. Simulation snapshots (Figure 4A) reveal that 

the free energy barrier to adsorption for these NPs is associated with strong membrane deformation induced by 

the partitioning of lipid tail groups into the NP hydrophobic core from the hydrophobic bilayer bulk, which we 

refer to as “lipid protrusions.” Lipid protrusions are promoted by hydrophobic interactions between the nonpolar 

groups in the ligand backbones and the tails of the lipids as shown by the large number of contacts between ligand 

backbone and lipid tail beads in Figure 4C. Because the R groups for these NPs are charged, lipid protrusions 
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require the lateral displacement of ligand R groups and lipid head groups, which interact with each other through 

Coulombic interactions as shown by the small number of contacts between ligand R groups and lipid tail groups 

in Figure 4C. The resulting “lipid bridge” structure that forms due to lipid protrusions (Figure 4A, and previously 

noted in Figure 2) resembles the high-energy stalk commonly observed during vesicle fusion.51,73,74 This 

substantial bilayer disruption explains the large free energy barrier associated for adsorption of these NPs.  

 

The C5 (11.7 ± 0.9 kBT), C1Bn (9.3 ± 1.6 kBT), and C9 (11.2 ± 0.1 kBT) NPs exhibit substantially lower free energy 

barriers compared to the C4SO3 and C1 NPs. The ligands for these NPs are of intermediate lipophilicity, and the 

corresponding simulation snapshots in Figure 4A indicate that their R groups insert into the upper leaflet of the 

bilayer due to favorable hydrophobic interactions with lipid tails. These configurations are consistent with the 

low-energy ligand intercalation mechanism identified in prior AA simulations.63 Figure 4C indicates that 

intercalation primarily leads to contacts between the lipophilic R groups and lipid tail groups. While the C9 NP 

also has contacts between ligand backbones and lipid tails, no visible lipid protrusions are observed, and these 

contacts are instead generated by the intercalated R group pulling the NP core and lipid tails close together without 

extracting the lipids from the bilayer. The lack of notable bilayer disruption associated with ligand intercalation 

explains the lower adsorption barrier for these three NPs.  

 

Surprisingly, the C13 (20.0 ± 4.0 kBT) and C17 (15.6 ± 3.5 kBT) NPs exhibit free energy barriers comparable to the 

C4SO3 and C1 NPs that are larger than the free energy barriers for the C5 and C9 NPs, even though C13 and C17 NPs 

are coated with linear alkyl-terminated ligands that are longer and more lipophilic than the C5 and C9 NPs. This 

comparison indicates that there is a non-monotonic variation in the free energy barrier for adsorption as a function 

of ligand lipophilicity. Simulation snapshots indicate that unlike the C5, C1Bn, and C9 NPs, the longer C13 and C17 

R groups do not intercalate into the bilayer and instead lipid protrusions mediate contact with the NP as with the 

shorter C1 and C5 ligands, although the bilayer is noticeably less disrupted. Figure 4C confirms that both R groups 

and ligand backbones are in contact with tail groups, with the large number of backbone-tail group contacts 

consistent with lipid protrusions and the formation of a high-energy lipid bridge.  

 

To explain the inability of the C13 and C17 R groups to intercalate in the bilayer, we hypothesized that hydrophobic 

interactions with ligand backbones cause the ligands to fold back and bury R groups within the ligand monolayer, 

where they are shielded from the surrounding solvent. This “backfolding” behavior inhibits the extension of the 

R out of the ligand monolayer and into contact with the lipid. To test this hypothesis, we explored the capacity of 

R groups from each NP to extend into solution by computing radial distribution functions (RDFs) from unbiased 

simulations of each NP in solution (i.e., in the absence of lipids). These unbiased simulations were equilibrated 

with isotropic pressure coupling as described in the SI, and then sampled every 10 ps during a 50 ns production 

trajectory. We expect that ligand backfolding would result in the charged quaternary ammonium being exposed 

to solvent, while the last bead of the R group would be close to the core of the NP. RDFs were thus computed for 

the quaternary ammonium and the last bead of the ligands using the center of mass of the NP as reference. Figure 

5 compares these RDFs for six NPs excluding the C1 NP (since its R group bead is the quaternary ammonium 

bead). The RDFs for the quaternary ammonium group and R group for the C4SO3 NP overlap, indicating that the 

R group extends toward solution as expected due to its zwitterionic nature. RDFs for the more lipophilic ligands 

(C5, C1Bn, and C9) also overlap, albeit to a lesser degree, indicating that the R groups can extend appreciably into 

solution. In contrast, RDFs for the longer lipophilic ligands (C13 and C17) show minimal overlap such that the R 

group is localized near the core of the NP. These results support the hypothesis that only the C13 and C17 R groups 

exhibit substantial backfolding, which explains their inability to intercalate into the bilayer. 
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Figure 4. Comparison of free energy barriers to adsorption and ligand-lipid contacts. (A) Representative 

simulation snapshots of configurations from the umbrella sampling window corresponding to the free energy 

barrier for adsorption. The NP and lipids are color coded as described in Figure 1A. Water molecules and ions 

are not shown. Lipids from the bilayer that are in front of the center of mass of the NP and farther than 2.5 nm 

away from the S1 beads are not shown to visualize ligand intercalation in the bilayer and lipid extraction to the 

NP monolayer. (B) Maximum value of the PMF for each NP, which is defined as the free energy barrier of 

adsorption. (C) Contacts between lipid tails and either ligand R groups (TAILS - R) or ligand backbone groups 

(TAILS - BB). Contacts were computed from the same window used for the snapshots in (A). Error bars in (B) 

and (C) were calculated as the standard deviation between three replicas for C4SO3 and C1 NPs, and between two 

replicas for C5, C1Bn, C9, C13, and C17 NPs. 
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Figure 5. Radial distribution functions, 𝑔(𝑟), computed for the quaternary ammonium bead (solid lines) and the 

last bead of each ligand R group (dashed lines) using the center of mass of the NP as reference. The RDF for the 

C1Bn NP was computed with the center of mass of the benzene ring. All data were normalized using the maximum 

counts for the last bead and were computed from a single unbiased simulation of each NP in solvent. The gmx rdf 

tool was used with a bin size of 0.01 nm. 

 

Onset of lipid extraction coincides with free energy barrier for adsorption 

 

To further quantify the relationship between lipid protrusions, lipid extraction, and free energy barriers for 

adsorption, Figure 6 compares values of 𝐷𝑧, contacts, and the number of lipids extracted computed for each 

umbrella window along the MFEP for one replica of the C1, C1Bn, and C13 NPs, which are the NPs with the 

smallest (C1Bn) and two largest (C1 and C13) free energy barriers. We classify a lipid as being extracted when its 

phosphate group is coordinated to (i) at most one phosphate group of another lipid and (ii) at least one quaternary 
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ammonium of the NP ligands. The cut-off distance for phosphate-phosphate coordination was chosen as 1.1 nm 

from the radial distribution function of phosphate groups in a plain bilayer. The cut-off distance for the phosphate-

ammonium coordination was chosen as 1.2 nm by matching the computed number of lipids extracted to the 

simulation snapshots; this cut-off consistently yielded good agreement between quantitative measurements and 

qualitative observations.  

 

All three plots exhibit a similar increase in the PMF as 𝐷𝑧 decreases prior to the formation of contacts with the 

bilayer. Upon the initial increase in contacts (near S = 0.3), however, the C1 and C13 NPs show a sharp increase 

in the PMF. Both NPs exhibit similar features with the increase in the PMF and number of contacts coinciding 

with the initial extraction of lipids from the bilayer. The PMF maxima are reached at a larger value of S after 

more lipids are extracted. These behaviors are characteristic of initial lipid protrusions followed by substantial 

lipid extraction. One difference between the C1 and C13 NPs is the first local maximum observed for the C1 NP, 

which coincides with the first lipid being extracted (Figure 6A). Similar behavior is occasionally observed in 

other PMFs and is attributed to the stochastic nature of lipid extraction. In contrast to the behavior of the C1 and 

C13 NPs, the PMF maximum for the C1Bn NP (Figure 6B) coincides with first lipid contacts and occurs with 

minimal lipid extraction. These behaviors are characteristic of ligand intercalation, which increases contacts 

without extracting lipids. Together, these observations quantify the extent of lipid extraction associated with lipid 

protrusions compared to ligand intercalation. Moreover, all NPs eventually extract lipids as the PMFs decrease, 

indicating that lipid extraction is a key factor in stabilizing NP adsorption. This prevalence of lipid extraction is 

consistent with prior studies that have shown the extraction of lipids to form a lipid corona around charged NPs.75–

78 

 

Since lipid extraction refers specifically to lipids that are removed from the bilayer environment, the number of 

lipids extracted does not directly quantify the formation of a lipid bridge observed in the snapshot of the C13 NP 

in Figure 4A. The bilayer disruption associated with this lipid bridge is expected to contribute to the free energy 

barrier to adsorption. To more clearly highlight the bilayer disruption associated with the lipid bridge, Figure 6 

shows the time-averaged number density of lipid beads from the umbrella sampling window corresponding to the 

maximum value of the PMF (i.e., the same trajectory from which the snapshots in Figure 4A were obtained). 

These plots support the observation that the C1 and C13 NPs induce substantial bilayer deformations (visible from 

the high density of lipid beads at z-distances greater than 2 nm from the bilayer center) associated with high free 

energy barriers, whereas the bilayer is essentially unperturbed upon intercalation of the C1Bn ligands. These NPs 

are also unable to move closer to the bilayer due to these lipid deformations, explaining the plateaus in 𝐷𝑧 

observed at higher values of S. The deformation for the C13 NP is less pronounced than for the C1 NP and 

consequently has a smaller free energy barrier. These densities explain the origin of the larger barrier for the C13 

NP in comparison to the C1Bn NP.  
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Figure 6. Values of the PMF, distance between the NP and the bilayer (𝐷𝑧), the number of contacts formed 

between the NP and the bilayer, and number of extracted lipids along the MFEP computed for the (A) C1, (B) 

C1Bn, and (C) C13 NPs. The shaded regions indicate values of S greater than the value that corresponds to the free 

energy barrier of adsorption. The plots at bottom show histograms of the time-averaged number density of all 

lipid beads as a function of the z-component of the distance from the bilayer center (z-distance) and the distance 

from the center of the NP in the x-y plane (radial distance). Histograms were generated from the same trajectories 

used to generate the snapshots in Figure 4A, which correspond to the maximum values of the PMFs for these 

NPs. Histogram bins were 0.375 nm in the radial direction and 0.375 nm in the z-direction. Densities for positive 

and negative radial distances are equivalent; negative distances are included for visualization purposes only. The 

bilayer center was computed as the center of mass of the phosphate group for lipids farther than 5 nm radially 

from the center of the NP. 

 

Ligand-specific adsorption mechanisms 

 

Based on our observations, we propose three different mechanisms that modulate NP adsorption to the upper 

leaflet of the bilayer in Figure 7: lipid protrusions, ligand intercalation, and lipid protrusions with ligand 

backfolding. The lipid protrusions mechanism refers to the extension of lipid tail groups out of the bilayer and 

into the hydrophobic core of the NP to initiate irreversible adsorption. Lipid protrusions were observed for the 

C4SO3 and C1 NPs and led to large free energy barriers of adsorption because such protrusions are energetically 

unfavorable,51,79 manifesting as minimal irreversible adsorption for similar NPs in experiments.63 Ligand 
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intercalation refers to the extension of sufficiently long and lipophilic ligand R groups into the hydrophobic core 

of the lipid bilayer to promote hydrophobic contact with lipid tail groups. The intercalation mechanism led to the 

lowest free energy barriers of adsorption for the C5, C1Bn, and C9 NPs, which were again observed experimentally 

to adsorb to the greatest extent.63 Further increasing the length of the ligand R group to C13 and C17 unexpectedly 

led to lipid protrusion behavior with free energy barriers of adsorption comparable to C4SO3 and C1. To explain 

this result, we identified ligand backfolding as a mechanism that competes against ligand intercalation because 

the preferential partitioning of sufficiently long ligand R groups within the ligand monolayer inhibits contact with 

the bilayer, requiring lipid protrusions to initiate hydrophobic contact. Ligand backfolding thus leads to the non-

monotonic behavior in the adsorption free energy barrier with R group lipophilicity, as shown in Figure 4A. 

 

 
Figure 7. Schematic illustrations of the three mechanisms that determine the free energy of adsorption and how 

they depend upon ligand R group properties. 

 

 

CONCLUSIONS 

 

In this work, we performed CG simulations to investigate the adsorption of seven different small (2 nm in 

diameter) ligand-functionalized, cationic gold NPs to single-component lipid bilayers. For similar NPs, prior 

experimental QCM-D measurements revealed that NP adsorption increased with increasing ligand R group 

lipophilicity and was reversible for NPs with short aliphatic R groups but (quasi)-irreversible for NPs with more 

lipophilic R groups (longer aliphatic groups or a benzyl group).63 To understand mechanisms dictating these 

results, we performed CG simulations with metadynamics to determine the free energy landscape for NP 

adsorption as a function of two collective variables: the distance of the NP from the membrane and the number 

of NP-lipid contacts. The free energy landscape (Figure 2) reveals free energy changes associated with NP 

adsorption and desorption from the bilayer, with adsorption stabilized by the extraction of lipids from the bilayer 

and into the corona of the NP. Biasing two collective variables is necessary to resolve distinct adsorption (without 

extraction) and desorption (after extraction) regions of the free energy landscape. We further computed minimum 

free energy paths for adsorption and corresponding PMFs (Figure 3) to resolve adsorption free energies and free 

energy barriers for all seven NPs. All NPs exhibit highly favorable adsorption free energies consistent with 

irreversible adsorption. However, the adsorption free energy barrier depends upon ligand lipophilicity, indicating 

that experimentally observed differences in adsorption are a kinetic phenomenon. In particular, we find that the 

C5, C1Bn, and C9 NPs have the lowest adsorption free energy barriers, which is consistent with experimental 

observations that similar NPs exhibit the most irreversible adsorption.63 Surprisingly, however, increasing ligand 

lipophilicity further for the C13 and C17  increases the free energy for adsorption. We explain this nonmonotonic 

dependence of the adsorption free energy on ligand lipophilicity based on the three mechanisms proposed in 

Figure 7. Short, less lipophilic ligand R groups lead to NP adsorption through unfavorable lipid protrusions, ligand 

R groups of medium length and lipophilicity modulate adsorption through favorable ligand intercalation, and NPs 
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with long, highly lipophilic ligand R groups adsorb through unfavorable lipid protrusions due to backfolding 

mechanisms that prevent R group intercalation into the bilayer.  

Together, these results suggest design considerations for nanomaterials and related soft materials that interact 

with lipid membranes. The finding of a nonmonotonic dependence of the free energy barrier of adsorption on R 

group lipophilicity due to backfolding highlights that simple descriptors of ligand R group properties are 

insufficient to capture the complex interplay of interactions at the nano-bio interface. A similar backfolding 

mechanism has also been shown by simulations to influence NP-protein interactions,35 suggesting that this 

counterintuitive behavior generally influences nano-bio interactions. Simulation-derived descriptors, such as the 

NP-lipid contacts calculated here, may be better suited to capture the interactions between system components 

and used to guide NP design.25 The results also suggest opportunities for separately tuning properties of the 

hydrophobic component of the ligand backbone (to modulate the free energy for irreversible adsorption) and the 

ligand R groups (to modulate the free energy barrier for adsorption). While here we investigated a limited set of 

R groups, future work will consider how a broader range of R group chemistries and structure, in combination 

with variations in core size, impact adsorption. We note that dozens of ligands with the modular chemical structure 

in Figure 1A have been synthesized previously, leading to a large feasible design space encompassing variations 

in R group length, bulkiness, lipophilicity, and charge.17,22,80,81  

The molecular mechanisms and thermodynamics for adsorption explored in this work reflect interactions with 

single-component, zwitterionic lipid bilayers, which are commonly used as model cell membranes.46–48 Biological 

membranes can contain numerous lipid components as well as distinct domains (e.g., lipid rafts), which may 

influence NP-membrane interactions.30,55,56 We expect the ligand-mediated adsorption mechanisms described in 

this work to generalize to adsorption on multicomponent membranes because they emerge from the ability of 

ligands to intercalate into the hydrophobic core of the bilayer or from ligand-ligand interactions, both factors that 

should be largely independent of membrane composition. Nonetheless, in future work we will study ligand-

specific variations in NP adsorption to multicomponent lipid bilayers with components that influence the surface 

charge density (e.g., anionic lipids) or fluidity (e.g., cholesterol). Probing the mechanisms and thermodynamics 

of NP adsorption to such biomimetic multicomponent bilayers will provide valuable insight into developing these 

synthetic nanomaterials for applications in biotechnology and targeted drug delivery.  

Finally, the definitions of the collective variables used in this work are appropriate for studying adsorption of a 

NP to one leaflet of the bilayer, but are not intended to bias the observation of rare events related to the 

translocation of charged ligand R groups across the bilayer.51–53,82 Nonetheless, visual inspection of the umbrella 

sampling windows corresponding to S values near the second energetic barriers for some of the NPs revealed 

strong bilayer disruption. In the case of the strongly lipophilic NPs, at least one linear alkyl ligand translocated 

across the bilayer to the lower leaflet (Figure S34). Such processes may lead to the further insertion of the NP 

into the bilayer core and could be associated with biophysical processes such as non-disruptive cellular 

internalization.49 Future work will thus extend the computational methodology developed here to also consider 

translocation processes to explore effects of ligand R groups on a wider variety of membrane interactions.  

METHODS 

 

Coarse-grained molecular dynamics simulation parameters 

 

All simulations were performed with GROMACS 2021.583,84 patched with PLUMED 2.8.085 using a leap-frog 

integrator with a timestep of 20 fs. The temperature was controlled at 300 K using the velocity-rescale thermostat. 

System equilibration was performed step-wise for a total of 45 ns in the NPT ensemble with semi-isotropic 

pressure coupling at 1 bar using a Berendsen barostat. Production runs were performed with the same parameters 

used for equilibration with the exception of using the Parrinello-Rahman barostat to control the pressure. A 



Page 16 of 25 

 

detailed description of other simulation parameters is included in the SI and details for the production simulations 

are provided below.  

 

Coarse-grained simulations were performed using the MARTINI force field86 version 2.3P.70,87–89 This version 

improves aromatics-choline interactions to reproduce membrane-binding events. We also used the refined 

polarizable water model to model electrostatic interactions more accurately.88,89 The use of a polarizable water 

model improves the treatment of electrostatic interactions to satisfactorily capture behavior from more accurate 

all-atom (AA) simulations53,59 and thus is suitable for analyzing adsorption behavior. 

 

System description and coarse-grained model parameters 

 

Following our previous work,63 we modeled NP adsorption to a single-component zwitterionic lipid bilayer 

composed of DIPC, which is commonly used as a representation of DOPC in MARTINI simulations.90 The initial 

bilayer was generated using the insane.py script91 with dimensions of 14 nm ×14 nm × 24 nm and 289 lipids in 

each leaflet.  After solvating the NP and the bilayer, the final number of water molecules ranged between 29,000 

and 31,000 with 72 Cl- counterions to neutralize the cationic ligands; Table S1 reports exact numbers.   

 

We modeled 2 nm diameter gold NPs coated with 72 ligands; this grafting density is based on the average number 

of ligands per NP measured experimentally for similar NPs.17 The core of the NP was modeled as a spherical 

hollow shell following our prior work.55,58 All ligands have the modular structure shown in Figure 1A. Each 

ligand consists of an undecane thiol segment, a tetraethylene glycol segment, and an R group. For the thiol 

segment, we modeled the S(CH2)3 group as a C5 bead (using MARTINI naming conventions) and each (CH2)4 

group as a C1 bead. For the tetraethylene glycol segment, we modeled each ethylene oxide group using the EO 

bead model developed by Grunewald et al.92 which has been shown to capture experimentally relevant NP-bilayer 

interactions in numerous past simulations.50,52,53,55–57 We mapped the EO bead to each [O–CH2–CH2] group 

instead of its original [CH2–O–CH2] group. We chose this mapping to model the quaternary ammonium in the R 

group as a Q0 (choline) bead in which none of its carbon atoms are considered part of the R group beads. Keeping 

the original EO bead mapping would require a smaller 3:1 bead mapping for the undecane thiol segment.  

 

Structures of the ligand R groups modeled in this study are shown in Figure 1B. R groups were selected based on 

our previous study and prior experimental studies to ensure that all R groups are experimentally relevant63,80. We 

modeled cationic ligands comprised of either linear alkanes or a benzyl group to study how R group lipophilicity 

modulates adsorption thermodynamics and mechanisms. We also modeled a zwitterionic ligand with 1-

butanesulfanote bonded to the quaternary ammonium as an R group expected to exhibit a large free energy barrier 

for adsorption to zwitterionic bilayers. For the R groups, we modeled (CH2)4 groups as C1 beads, the benzene 

ring as a cyclic moiety of three SC5 beads (quaternary ammonium bonded to a single SC5 bead that is bonded to 

the other two SC5 beads), and the 1-butanesulfonate group as an SC1 bead bonded to a Qda bead.35 The 

lipophilicity of each R group was quantified by computing LogP values using Crippen’s method93 as implemented 

in ChemDraw 21.0.0 (reported in Figure 1B).  

 

Bonded parameters for the ligands were obtained through a bottom-up parameterization approach using data 

obtained from molecular dynamics simulations using all-atom models of each NP coated with the same number 

of ligands and solvated in water. We chose to parameterize each ligand independently to capture potential effects 

on ligand conformations due to grafting to the gold core. Detailed descriptions of our parameterization are 

included in the SI (Figure S6-S11). The 72 ligands were distributed spherically and uniformly to generate the NP, 

and all C5 beads were bonded to their nearest C5 neighbors within 1.24 nm with a harmonic potential of 5,000 

kJ/mol·nm2
 to ensure the stability and rigidity of the core.  

 

Definition of collective variables for free energy calculations 
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We defined two CVs, 𝐷𝑧 and contacts, to describe NP adsorption to the bilayer as schematically shown in Figure 

1C. 𝐷𝑧 quantifies the distance in the z dimension between the center of mass of the NP (including its ligands) and 

the center of mass of 20 randomly selected lipids from the bilayer (10 from the upper leaflet and 10 from the 

lower leaflet). 𝐷𝑧 is reported either as a distance in units of nm or as a unitless value that is scaled by the z-

dimension of the simulation box. For metadynamics calculations, we sampled 𝐷𝑧 in nm, while for free energy 

calculations we used 𝐷𝑧 as a unitless value to ensure appropriate biasing of the CVs regardless of possible bilayer 

or box size changes during sampling. Contacts quantify the number of CG beads from one set of beads that are 

within 0.47 nm (the standard diameter of MARTINI beads) of any bead from another set of beads. For 

metadynamics and free energy calculations, a contact was counted when any NP bead was within the specified 

cutoff of any lipid bead. For other analyses, a contact was defined between specific subgroups of beads: ligand 

backbone beads and lipid tail beads, ligand R group beads and lipid tail beads. All CVs were computed using the 

DISTANCE (𝐷𝑧) and COORDINATION (contacts) collective variables in PLUMED 2.8.085. 

 

2D Metadynamics 

 

We performed 2D well-tempered metadynamics69 to approximate the free energy landscape for NP adsorption to 

the bilayer as a function of 𝐷𝑧 and contacts. These simulations were initiated with the NP far from the bilayer. 

The two CVs were biased using two-dimensional Gaussian hills with a height of 0.2 kJ/mol and width of 0.2 nm 

for 𝐷𝑧 and 1 contact. Hills were deposited every 20 steps (400 ps) during a 500 ns simulation with a bias factor 

of 10 kJ/mol. Four walkers were sampled simultaneously for a total of 2 𝜇𝑠 of sampling time. To avoid sampling 

configurations with large 𝐷𝑧 (i.e., with the NP diffusing in solution far from the bilayer), we imposed an upper 

wall on the scaled value of 𝐷𝑧 at 0.40 with a harmonic potential of 150,000 kJ/mol. The contacts sampled were 

those between all NP beads and all lipid beads. Metadynamics was only performed for the C1 NP with 

convergence shown in Figure S12. 

 

String method with swarms of trajectories 

 

We used the string method with swarms of trajectories64–66 to compute the minimum free energy path (MFEP) 

for NP adsorption to the bilayer as a function of 𝐷𝑧 and contacts. We chose the initial string for each MFEP as 

the pathway that connects two states, the NP in solution and the NP adsorbed to the upper leaflet of the bilayer, 

which are expected to represent stable equilibrium states (Figure 2).63 Each string was comprised of 24 evenly 

spaced independent windows. Restrained simulations were performed to equilibrate the CVs and generate a set 

of 128 independent configurations (from each restrained simulation) that were subsequently used to generate 24 

swarms of unbiased simulations (i.e., the swarms of trajectories). The average drift computed from the unbiased 

trajectories for each window was added to the old CVs to evolve the string. A new string was generated by linearly 

interpolating through the new sets of CVs and reparameterized to ensure equal distances between consecutive 

windows.64–66 A total of 75 iterations were required to achieve convergence (Figure S14-S20). Since the string 

method with swarms of trajectories is a finite-temperature method, the final path fluctuates slightly every iteration 

even after convergence. Therefore, we determined the MFEP by averaging the last five strings using a spline fit. 

A more detailed description along with a schematic depicting this method are shown in the SI. 

 

Umbrella sampling simulations 

 

We performed 1D umbrella sampling to compute the PMF as a function of the distance along the MFEP. We used 

the path CV equations defined by Branduardi et al.67 to define the distance along the path, S, and the normal 

distance away from the path, Z. The MFEP was discretized into 72 windows evenly spaced in S. Each umbrella 

sampling window was restrained at a chosen value of S using strong harmonic potentials near the region between 

where the NP begins making contacts with the bilayer and where the adsorption process begins; weak harmonic 

potentials were used for all other values of S. The values of these restraints were slightly varied for each NP and 
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for each replica to ensure numerical stability, particularly for cases in which the NP interacted very strongly with 

the bilayer (i.e., due to strong lipid extraction and NP desorption). The restrained values of S and their 

corresponding spring constants are included in the SI. In all simulations, the value of Z was restrained at 0.02 

using a harmonic potential of 20,000,000 kJ/mol to restrict sampling to the MFEP. For each window, we 

performed a 50 ns production run and discarded the first 5 ns as equilibration. The last 45 ns were used to compute 

the PMF in terms of S using the Weighted Histogram Analysis Method (WHAM)94. For the C4SO3 NP, we 

discarded the first 10 ns as equilibration and used the last 40 ns for analyses. WHAM was performed as a function 

of both S and Z, with the final PMF reweighted to be a function of S only. To ensure robustness, the string method 

and umbrella sampling were repeated at least once for all NPs to ensure fully independent strings and PMFs 

between replicas. Due to the computational expense, two replicas were performed for all NPs and an additional 

replica (with a new string) was performed for NPs that exhibited instability during umbrella sampling (described 

in the SI).  
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