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SUMMARY.   

While mixing nanoparticles with certain biological molecules can result in coronas 

that afford some control over how engineered nanomaterials interact with living systems, 

corona formation mechanisms remain enigmatic. Here, we report results from experiments 

and computer simulations that provide concrete lines of evidence for spontaneous lipid 

corona formation without active mixing upon attachment to stationary and suspended lipid 

bilayer membranes. Experiments show that polycation-wrapped particles disrupt the tails of 

zwitterionic lipids, increase bilayer fluidity, and leave the membrane with reduced ζ-

potentials. Computer simulations suggest that the contact ion pairing between the lipid head 

groups and the polycations’ ammonium groups leads to the formation of stable, albeit 

fragmented, lipid bilayer coronas. The mechanistic insight regarding lipid corona formation 

can be used for improved control over nano-bio interactions and to help understand why 

some nanomaterial/ligand combinations are detrimental to organisms while others are not. 

138 of 150 Max 
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toxicology. 

INTRODUCTION.  

 The propensity of biological species to form coronas around nanoparticles1-5 has been 

used for preparing engineered nanomaterials that can be distributed in biological systems 

with some control.6-11 While protein coronas in particular have been studied extensively,1-3,6,7 

our understanding of lipid coronas is now just beginning to emerge,12-15 especially of those 

formed upon unintended nanoparticle contacts with living cells. The protein and lipid corona 

formation mechanisms appear to differ substantially, as “hard” and “soft” coronas16, typical 

for the former, have not been described for the latter.3 While pulmonary surfactants can lead 

to lipid corona formation,3,17-19 it is unclear whether the process can also occur in the more 
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general case of lipid bilayers, which lack the considerable dipole potential carried by their 

monolayers counterparts.20 Some precedent for lipid corona formation from cellular bilayer 

membranes exists in the budding of viruses, which do not possess the machinery to produce 

their own lipids but instead use charged patches on proteins for sheathing their RNA with a 

membrane scavenged from the host cell membranes.21,22 Likewise, computer simulations 

indicate coronas of certain lipids may be stable on certain particles,23-25 but the roles of 

specific functionalization patterns or charge remain poorly understood.26 

 Here, we ask whether lipid coronas can form spontaneously, i.e. without active 

mixing, around nanoparticles when they interact with immobilized lipid bilayer membranes, 

such as those surrounding cells fixed within the extracellular matrix of a living organism. 

Instead on a human health focus, where 37 °C is the relevant temperature, we consider 

somewhat lower temperatures (~ 20 °C) that are closer to soil and aquatic environments 

relevant for the bottom of the food chain. Our experimental design (see Supplementary Note 

1) considers a spectrum of model systems that range from supported to suspended lipid 

bilayers. To test whether corona formation differs for particles having diameters close to or 

larger than the bilayer thickness, we examine spherical gold metal nanoparticles (AuNPs) 

having diameters of 4 and 15 nm, chosen as the methods to synthesize, functionalize, and 

characterize them are well established.27 Complementary experiments using 15-nm diameter 

nanodiamond particles inform on the generality of the interactions across some varied range 

of core compositions. We pair our imaging and spectroscopy experiments (see 

Supplementary Notes 2-4) with molecular dynamics simulations28 of idealized all-atom and 

coarse-grained models (see Supplementary Notes 5) to probe the lipid corona at an 

unprecedented level of detail. We then discuss our findings in the context of mitochondria-

specific third-generation sequencing data obtained after exposing the water flea Daphnia 
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magna, chosen as a well-characterized eukaryote, to the same particle formulations used in 

our bilayer and bacterial models. 

 Our study focuses largely on particles wrapped in the cationic encapsulation 

polyelectrolyte poly(allylamine hydrochloride) (PAH). Particles functionalized with the 

anionic ligand mercaptopropionic acid (MPA) are probed as well but show generally little 

interaction with bilayers and biological systems surveyed. As assessed by fluorescence,29 

double centrifugation, the method used to prepare the particles used in our vibrational sum 

frequency generation (SFG) studies, resulted in a fraction of 0.27 ± 0.04 for the free PAH 

mass concentration when compared to the mass concentration of cationic (PAH-wrapped) 

AuNPs in solution. Special attention was therefore given to the role of unbound ligands on 

the systems studied.  

 Our model systems focus on particle interactions with supported and suspended lipid 

bilayers composed of the lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), given 

the direct relevance of the zwitterionic PC head group to biological membranes.30,31 

Additional work probed bilayers formed from DMPC mixed with 10% lipids containing 

negatively charged head groups in the form of 1,2-dimyristoyl-sn-glycero-3-phospho-1'-rac-

glycerol (DMPG). These lipids have gel-to-liquid crystalline phase transition temperatures 

(Tm near 24°C) below those found in warm-blooded organisms. Given our focus on aquatic 

and soil environments, where T<Tm, our models allow us to probe how engineered 

nanomaterials interact with membranes in their solid, i.e. gel, phase. Our choice is also 

motivated by the fact that PC and PG lipid from pulmonary surfactant monolayers have been 

reported to be preferentially taken up by carboxylated carbon nanotubes in pulmonary 

exposure routes.19 Other lipid combinations we investigated32-34 did not show the effects 

reported herein.  
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RESULTS AND DISCUSSION.  

Lipid tail disruption in zwitterionic lipid bilayers. Vibrational SFG spectra of lipid 

bilayers report on molecular structure and order within them,35-37 in our case the molecular 

environment of the lipid's C−H oscillators. Indeed, the lipid alkyl tails within the supported 

bilayers produce strong signals (Fig. 1a, top spectrum) near 2870, 2920, and 2970 cm-1, 

consistent with the presence of well-formed bilayers. In contrast, the ligands on the AuNPs 

used in this study are spectroscopically silent (see Supplementary Section 2C), indicating 

they are likely to be highly disordered under our experimental conditions.  

 Following exposure of the bilayer at 21±1 °C to 10 nM solutions of the 4-nm sized 

anionic gold particles, we find only negligible changes in the spectral lineshapes and 

intensities (Fig. 1a, bottom spectrum). In contrast, exposure of the supported lipid bilayers to 

the cationic particles coincides with the vanishing of the sharp vibrational features from the 

lipids (Fig. 1b). A new, spectrally broad signal is observed that is reminiscent of non-resonant 

sum frequency responses produced by thin gold films,38 albeit with much smaller intensities, 

indicating the presence of gold cores at the interface. This outcome is observed for particle 

concentrations as low as 1 nM. Experiments using bilayers formed from pure DMPC (2a) 

indicate negatively charged DMPG lipids are not necessarily needed to promote the effect. 

Moreover, the outcome appears to be invariant with particle size or core type over the range 

surveyed, as PAH-wrapped 15-nm sized gold and nanodiamond particles show qualitatively 

the same result (Fig. 1c), albeit with a smaller response from the gold cores than for the 4-nm 

sized AuNPs. This outcome is consistent with the fourfold smaller mass gain for the larger vs. 

the smaller particles (vide infra).  

 Controls (see Supplementary Figures 2b and 2c) indicate the loss of bilayer structure 

and order upon exposure to the cationic particles does not depend on ionic strength within the 

range investigated here. Likewise, controls using free PAH do not show altered spectral 
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responses from the bilayer unless PAH is present in a 100-fold excess over the nanoparticle 

concentrations employed (Fig. 1d). Other free polycations surveyed also disrupt bilayer 

structure at comparably high cation concentrations (Supplementary Fig. 2d and 2e).  

High coverage of cationic nanoparticles. To quantify the amount of cationic AuNPs on the 

membranes, we applied quartz crystal microbalance with dissipation (QCMD) monitoring to 

estimate mass gains (Fig. 2a) and resonantly enhanced second harmonic generation (SHG) 

measurements to specifically probe the gold cores (Fig. 2b). Mass gains were not detectable 

above the ~2 ng·cm-2 limit of detection of the instrument for the anionic particles interacting 

with supported lipid bilayers rich in DMPC. This outcome is consistent with result reported 

for supported lipid bilayers formed from pure DOPC33 as well as pure POPC34 exposed to 

MPA-functionalized AuNPs. Yet, the SHG measurements provided evidence for the presence 

of some particles,39 albeit presumably at much smaller surface coverages than what is 

observed for the cationic particles. We conclude that the 4-nm sized anionic particles interact 

weakly, if at all, with the bilayers studied under these experimental conditions.  

 In contrast to the anionic particles, the QCM-D experiments revealed considerable 

acoustic mass gains when the bilayers were exposed to cationic AuNPs (Fig. 2a). Attributing 

the surface mass gain solely to the AuNPs, this mass would correspond to roughly 1.9 (± 0.2) 

× 1012 particles·cm-2. Because the acoustic mass includes hydrodynamically coupled solvent, 

the number of particles per cm2 may be less. As shown in Supplementary Fig. 5, the 15-nm 

diameter cationic particles led to mass gains corresponding to 5.0 (± 0.4) × 1011 particles·cm-2 

if the acoustic mass were attributed solely to the nanoparticles. Rinsing the supported lipid 

bilayers with nanoparticle-free solution after attachment of PAH-AuNPs resulted in decreases 

in energy dissipation and small decreases in mass, which may indicate release of PAH-

AuNPs, a small fraction of the bilayer, or some combination of the two, from the surface (see 

Supplementary Fig. 5).  
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 These results, together with the spectroscopic observations presented earlier, point 

towards an interaction mechanism that is specific to a combination of bilayer membranes 

containing lipids having transition temperatures close to room temperature and nm-sized 

nanoparticles wrapped with polycations, as opposed to with just the free polymer wrapping.  

Nanoparticles leaving the membrane carry a lower ζ-potential. Motivated by the lines of 

evidence pointing to the association of membrane lipids with the cationic nanoparticles, we 

proceeded to collect 4- and 15-nm core PAH-AuNPs after interacting them with the 

supported lipid bilayers prepared from a 9:1 mix of DMPC:DMPG, measured their 

electrophoretic mobilities, and calculated their apparent ζ-potentials using the Smoluchowski 

approximation. PAH-AuNPs that had passed over bare SiO2-coated sensors were used as 

controls. Fig. 2c shows the ζ-potentials of the 4- and 15-nm cationic particles measured in the 

eluent of the QCM-D flow cell (100 mM salt, pH 7.4, 10 mM Tris buffer) decreased from 

+32 ± 2 mV and +36 ± 1 mV, respectively, in the absence of lipids, to +24 ± 2 mV and +26 ± 

1 mV, respectively, upon rinsing from the supported lipid bilayers. These results are 

consistent with the notion that the nanoparticles collected following interaction with the 

supported lipid bilayer acquired negatively charged species, likely DMPG, as further 

supported by calculations (vide infra).  

Nanoparticles increase bilayer fluidity 3-4 fold. Single molecule fluorescence microscopy, 

which we used to track the trajectories of individual phospholipid molecules (Fig. 3a-b), 

showed a significant increase in the local diffusion coefficients of individual lipids, from an 

average of 0.0095 ± 0.0062 to 0.035 ± 0.011 µm2 s-1, after interaction with the cationic 

particles (p < 0.001, Kruskal-Wallis H test with Dunn’s post hoc test). The value of the lateral 

diffusion coefficient before interaction with the cationic particles is slightly smaller than 

those previously reported for gel-phase DMPC bilayers supported on glass, perhaps due to 

the bilayers being formed via the vesicle fusion method.40 A histogram analysis shows that 
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the average diffusion coefficients increase substantially because of the presence of a large 

new lipid population, possibly co-localized with the bound particles, that is distinct from the 

one having coefficients equivalent to the control (Fig. 3c).   

 The observed increase in the molecular diffusion coefficients indicates an increase in 

the local fluidity of the gel-phase 9:1 DMPC:DMPG bilayer. We rationalize this outcome by 

the change in the tilt angle of the electric dipole of the choline headgroup induced by 

interaction with a cationic amine in the coating41, increasing the area per lipid head group and 

thereby decreasing lipid packing density. This interaction represents an initial step in the 

process of lipid extraction. Removal of lipids from the bilayer would increase the free area 

per lipid in the remaining bilayer42, consistent with the observed increase in diffusivity.  

Molecular dynamics simulations reveal stable bilayers forming on nanoparticles 

wrapped in cationic polyelectrolytes but not on anionic nanoparticles. A lipid corona was 

seen to form in a coarse-grained simulation (Fig. 4a) providing molecular-level information 

regarding its structure and composition (Fig. 4b-c). The structure of the coarse-grained PAH-

AuNP was validated using sub-microsecond long all-atom simulations of 200-monomer long 

PAH around an AuNP (see Supplementary Fig. 9). Microsecond-long coarse-grained 

simulations show significant bilayer bending upon nanoparticle attachment (see 

Supplementary Note V and Supplementary Fig. 10-13).  Given that potential of mean force 

calculations show lipid extraction by PAH models to be associated with a significant free 

energy penalty for both zwitterionic and anionic lipids (see Supplementary Fig. 14), the full 

extraction process of multiple lipids for an entire PAH-wrapped particle interacting with the 

bilayer is a rare event that is difficult to sample or observe in trajectories even as long as 

multiple microseconds. Instead, we explored the structure of lipid corona formation by 

starting from a random distribution around a PAH-wrapped 4-nm sized gold particle; as a 

control, self-assembly simulations were also conducted with the same gold particle 
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functionalized with anionic ligands that mimic the MPA. The lipids quickly assemble into 

micelles but do not attach to the anionic nanoparticle in independent microsecond scale 

simulations (see Supplementary Fig. 15), supporting the experimental observation that MPA 

functionalized nanoparticle does not interact significantly with the lipid bilayer. By contrast, 

in the presence of the PAH-wrapped nanoparticles, the lipid molecules are observed to 

quickly self-assemble into ribbons and micelles, which then attach to the nanoparticle during 

~100 ns (see Supplementary Fig. 16). This result is comparable to what has been reported for 

the hypothetical case of a bare (ligand free) gold particle interacting with DPPC.25 Unlike in 

that work, we find here that the lipid bilayer is not uniformly distributed around the particle 

but instead patchy, which is consistent with the significant bending penalty associated with 

the lipid membrane around a small (4nm diameter) nanoparticle. For larger nanoparticles 

(e.g., 15 nm diameter), due to reduced membrane bending penalty, it is likely that more 

uniform membrane wrapping is stable.24 An analysis of ion/lipid distributions around the 

nanoparticle indicates that the cationic PAH polymer plays the key role of attracting lipids by 

contact ion pairing between the ammonium groups and phosphate and glycerol groups 

(Supplementary Tables 1 and 2). Besides DMPC, the positive charges also recruit anionic 

lipids (DMPG), leading to a higher fraction of DMPG (32% and 43% for the two simulated 

systems, respectively) in the lipid corona when compared to the bulk concentration (10%). 

The dimensionality of the lipid corona model is consistent with observations from our 

electron microscopy analysis and measured changes in the hydrodynamic radii of the PAH-

wrapped nanoparticles following corona formation described below.  

Nanoparticle-vesicle suspensions form aggregated superstructures featuring lipid 

headgroup association with particle wrapping moieties. To investigate whether the 

cationic AuNPs also interact with suspended, as opposed to supported, lipid bilayers, we 

exposed suspended vesicles to PAH-AuNPs. 1H NMR spectra of vesicles formed from a 9:1 
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mixture of DMPC and DMPG show that the ammonium headgroup protons (−N−CH3, 3.16 

ppm) disappear upon addition of 4 nm PAH-AuNPs (Fig. 5a). The hydrocarbon proton 

resonances are broadened beyond detection because the lipids exist in the lipid ordered phase 

at the laboratory temperature at which the experiment was run (20 °C, below the transition 

temperatures of DMPC (24 °C) and DMPG (23 °C)). The disappearance of the headgroup 

proton resonance can best be explained by attachment of the headgroup to another species, 

presumably PAH, which would immobilize the protons and broaden the resonance into the 

baseline. Indeed, the PAH-AuNP protons shift significantly upfield after interaction with the 

lipid vesicles, suggesting that the PAH layer is now sandwiched between the gold surface and 

an additional species. Taken together, the NMR data support the conclusions from the 

supported lipid bilayer studies that lipids strongly associate with the surface of the cationic 

AuNPs.  

 Additional experiments using dynamic light scattering and fluorescence microscopy 

of the nanoparticle-vesicle suspensions reveal the formation of aggregated superstructures: 

the hydrodynamic diameters of the vesicles double upon addition of the cationic particles to 

200 ± 10 nm and further increase in the subsequent two hours to >1 µm. Spinning disk 

confocal fluorescence microscopy experiments show the rapid build-up of sub- and super-

µm-sized agglomerates that are immobilized at the solution/glass interface of the imaging cell 

(Fig. 5b), indicating the newly formed structures are considerably stickier than the PAH-

wrapped nanoparticles or the lipid vesicles themselves. These microscopy images also show 

that the particles that produce fluorescence signals have the labels far enough from the gold 

core that the fluorescence is not quenched. Yet, we find that many of the fluorescent features 

are seemingly co-localized with similarly sized features observed in the bright field 

(Supplementary Fig. 8), which visualizes particles that are agglomerated to mm-sized 

structures. This effect is seen for many of the sub-micron sized features. These features are 
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not formed when PAH-wrapped nanoparticles are brought in contact with vesicles formed 

from a 9:1 mix of DOPC and DOTAP (Supplementary Fig. 6), when 9:1 DMPC:DMPG 

vesicles are exposed to 10 nM free PAH, or when 9:1 DMPC:DMPG vesicles are brought in 

contact with anionic, MPA-functionalized AuNPs (Supplementary Figure 7).  

 Our work presents unprecedented views of lipid coronas forming spontaneously when 

lipid bilayers are brought into contact with cationic nanoparticles. As summarized in Table I, 

lipid coronas were shown to form spontaneously when polycation-wrapped 4- and 15-nm 

diameter nanoparticles, be their cores made of gold or nanodiamond, interact with a variety 

of bilayer membranes, be they immobilized or suspended. By pairing spectroscopic and 

imaging experiments with atomistic and coarse-grain simulations on idealized model systems, 

we identify contact ion pair formation between the ammonium groups of the polycationic 

nanoparticle wrapping and the negatively charged lipid head group moieties as a key 

formation mechanism for lipid coronas. By paying careful attention to free ligand controls, 

we identified particle-specific effects that require 100 times smaller N+ concentrations than 

what was needed to promote membrane disruption using just the bare ligands. 

 Taken together, the results described above provide several concrete, as opposed to 

hypothetical, lines of evidence regarding nanoparticle-lipid interactions that may help us 

understand and predict, from a molecular level, why some nanomaterial/ligand combinations 

are detrimental to cellular organisms while others are not. How the original state, identity, 

and composition of the lipids in a given membrane determines whether a lipid corona may 

form is an open question that needs to be addressed. Indeed, we caution that the implications 

of our results are limited to the nanoparticle formulations and lipid compositions surveyed 

here. We realize that an intervening protein corona layer may also impact lipid corona 

formation.33,43 Indeed, we have demonstrated in related experiments that the presence of 

certain proteins in certain nanoparticle coronas can coincide with the adsorption of 
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nanoparticles to lipid bilayers that would otherwise not occur.33 Future work will address the 

interplay between proteins and lipids in biomolecular coronas, including competitive 

exchange between the functional groups of nanoparticle coatings or wrappings and lipids vs. 

proteins. Yet, even on its own, lipid corona formation may also be critically important in 

more complex biological systems if the corona-forming structures require the presence of 

lipid-specific functional groups, such as phosphate (as shown here through ammonium-

phosphate contact ion pair formation), that are absent or considerably less abundant in 

proteins.  

The results presented here may be of relevance for explaining the molecular origin of 

nanoparticle-specific and dose-dependent decreases in the viability of Shewanella44 and 

Daphnia45,46 exposed to the same nanoparticle formulations (ligands and size and core 

composition) for which lipid corona formation is reported here. Ongoing efforts focus, 

therefore, on uncovering possible links between lipid corona formation and oxidative stress in 

daphnid tissues47 as well as the alteration of the expression of individual genes, in the form of 

RNA production, specifically those associated with metabolism, reproduction, and growth.45 

In the long term, we believe that our approach for studying the nano-bio interface, in which 

understanding the nanomaterial and its coating along with the biological membrane is 

considered equally important, will increase our ability to predict the impact that the 

increasingly widespread use of engineered nanomaterials in industrial applications and 

consumer products has on the fate of these materials once they enter the environment48-51 and 

the food chain, which many of them may eventually do.52 

2963 of 3000 Words Max for Intro, Results, Discussion 

PROCEDURES.  

Materials, nanoparticle synthesis, bilayer preparation, and characterization. The 

synthesis, functionalization, and characterization of the nanoparticles and bilayers studied 
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here have been described in our prior work32,46 and are discussed in further detail as described 

in Supplementary Note 1. 

Single molecule trajectories. Supported lipid bilayers were formed within 35/22 mm #1.5 

glass bottom dishes (Willco Wells). Dishes were rinsed with ultrapure water (18 MΩ·cm; 

MilliQ Advantage A10, Millipore), dried with N2, and cleaned in a UV/Ozone chamber (PSD 

Pro Series, Novascan) for 20 min. Cleaned dishes were equilibrated with a solution 

containing 0.1 M NaCl buffered to pH 7.4 with 0.010 M Tris for at least 1 h.  Suspensions of 

small unilamellar vesicles (SUVs) (0.0625 mg·mL-1 9:1 DMPC:DMPG with 0.0001 mol% 

fluorescent Atto 647N DOPE (Atto-Tec; λex = 642 nm; λem = 667 nm) in the same buffered 

solution used to equilibrate the dishes) were introduced to the dish.  After bilayer formation, 

the solution in the dish was exchanged five times with 2 mL aliquots of the buffered solution. 

Single molecule fluorescence imaging of supported lipid bilayers was conducted before and 

after introduction of 1 nM PAH-AuNPs. Imaging was conducted on an Olympus IX71 

inverted microscope with a UPlanSApo 100× 1.4 NA oil-immersion objective. Fluorescence 

emission was acquired with an Andor iXon Ultra EMCCD operated at 6.9 Hz. The excitation 

source was a 643 nm pumped laser (CL-2000, Crystal Laser). A series of at least 500 frames 

was collected at three spots (250 × 250 pixels, 40 × 40 µm) before and after 1 nM PAH-

AuNP addition, and this was repeated on three different supported lipid bilayers. MATLAB 

(R2015a, MathWorks) was used to determine the trajectories of individual lipid molecules 

and lateral lipid diffusion coefficients. Individual fluorescent molecules were identified as 

unique, diffraction limited points with the expected fluorescence intensity of single dye 

molecules, as predetermined by spin-coating the dye molecules on a glass coverslip and 

imaging them using the same settings. These points were tracked from one frame to the next 

to reconstruct the trajectories of individual lipid molecules. The lateral diffusion coefficient, 

DL, was determined from the mean squared displacement, MSD, and the time between frames, 
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t, using the relation MSD = 4DLt.  

Computer Simulations. To understand how lipid corona is formed around gold 

nanoparticles wrapped with positively charged PAH polymers, we use molecular dynamics 

simulations with the POL-MARTINI coarse-grained force field.53,54 The gold nanoparticle is 

constructed as a 4-nm diameter sphere with fcc lattice structure, where all beads are treated as 

the C1 type (the most hydrophobic in the MARTINI force field) with 4.7 Å as the van der 

Waals radius; a similar model for the gold nanoparticle has been employed successfully in 

previous coarse-grained molecular dynamics simulations of functionalized nanoparticles and 

their interactions with lipid membranes.55,56 All beads beyond 1.8 nm from the center of the 

nanoparticle are assigned with a negative charge of -1, qualitatively mimicking the effect of 

surface passivation by citric acids; as a result, the Lennard-Jones parameters of the CG gold 

beads are expected to be less important than in previous CG simulations.56 The force field of 

PAH polymer is established by combining the carbon backbones of polystyrene57 and the top 

bead of the lysine side chain from MARTINI.53 Two PAH models that contain 160 and 200 

monomers, respectively, are constructed, since exploratory simulations indicate that these 

chain lengths lead to a significant degree of surface coverage of the nanoparticle once it is 

wrapped by the PAH polymer. All monomers are assumed to be positively charged, which 

likely leads to an overestimated charge of PAH.58 The interfacial electrostatic potential of the 

nanoparticle in salt solution is about +100 mV at the van der Waals surface of the PAH 

polymer that wraps the gold nanoparticle, thus the z-potential is expected to be substantially 

lower, in the range of 50 mV, which can be compared to the experimental measured value of 

+30 mV.32 Thus, we expect that the current model is appropriate for exploring the qualitative 

nature of the lipid corona. The calibration of the coarse-grained model using an all-atom 

representation of the PAH interacting with the gold nanoparticle is described in 

Supplementary Note 5.  We note that while it is possible that more than one PAH polymer is 
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adsorbed onto the gold nanoparticle,59,60 the current CG model for the PAH wrapped AuNP is 

sufficient for probing the fundamental interactions that drive the formation of the lipid 

corona. More detailed analysis of the corona formation mechanism requires further 

characterization of PAH conformations at the AuNP surface, including the impact of the 

citrates, which are the subjects of on-going experimental and computational studies.  For the 

MPA functionalized nanoparticle, the MPA ligand is described using the MARTINI model 

with parameters similar to an aspartate.   

 To study the organization of lipids near the PAH-wrapped gold nanoparticle, self-

assembly simulations are carried out by randomly placing lipids around a gold nanoparticle 

wrapped with a PAH chain that contains 160 or 200 monomers. The solution contains 423 

copies of DMPC molecules and 47 copies of DMPG molecules, and 0.02 M NaCl solution 

with MARTINI polarizable water model. The dimension of the simulation box is 15×15×15 

nm3. The time step of the simulations is 20 fs. Electrostatic interactions are treated with the 

particle mesh Ewald (PME) method,61 with a Fourier spacing of 0.12 nm. Van der Waals 

interactions are treated by the shift scheme, with a cut-off distance of 1.2 nm and the 

switching function turned on at 0.9 nm.  Isothermal-isobaric (NpT) simulations are carried 

out at 300 K and 1.0 bar using the Berendsen thermostat and pressure coupling 

(compressibility of 3×10-5 1/bar),62 calculations are repeated using the semi-isotropic pressure 

coupling and the qualitative results remain the same. The system is subject to 20,000 steps of 

steepest descendant energy minimization before 1 ns of NVT equilibration and 400 ns of 

production simulations. Several independent simulations are carried out to ensure the 

robustness of the qualitative trends. For the self-assembly of lipids around a MPA 

functionalized nanoparticle, the setup is identical, other than the model used for the MPA 

ligands.  For a summary of all simulations conducted, see Supplementary Table 3.   
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LIST OF FIGURES.  

Figure 1. Molecular order within lipid bilayers changes upon interaction with PAH-wrapped 

particles. (a) ssp-Polarized SFG spectra obtained from supported lipid bilayers prepared from 

a 9:1 mixture of DMPC:DMPG held at 100 mM NaCl and pH 7.4 (10 mM Tris buffer) before 

(top) and after (bottom) introduction of MPA-coated 4-nm sized gold metal nanoparticles. (b) 

SFG responses obtained from supported lipid bilayers prepared from a 9:1 mixture of 

DMPC:DMPG held at 100 mM NaCl and pH 7.4 (10 mM Tris buffer) following exposure to 

4-nm sized PAH-wrapped particles at concentrations indicated. (c) SFG responses obtained 

from supported lipid bilayers prepared from a 9:1 mixture of DMPC:DMPG held at 100 mM 

NaCl and pH 7.4 (10 mM Tris buffer) following exposure to PAH-wrapped gold and 

nanodiamond particles having the indicated core diameters. (d) SFG responses obtained from 

supported lipid bilayers prepared from a 9:1 mixture of DMPC:DMPG held at 100 mM NaCl 

and pH 7.4 (10 mM Tris buffer) following exposure to free ligand at concentrations indicated. 

Spectra offset for clarity. See also Supplementary Note 2 and Figures S1 - S2.  

Figure 2. PAH-wrapped nanoparticles form large surface coverages on supported lipid 

bilayers and lower their ζ Potentials. (a) Acoustic mass gains, determined from QCM-D 

measurements, of 10 nM solutions of PAH-(blue) and MPA-(red) coated 4-nm AuNPs before, 

during (20 min), and after contact with supported lipid bilayers composed of 9:1 

DMPC:DMPG maintained at pH 7.4, 10 mM Tris buffer, and 100 mM salt. (b) Fractional 

SHG signal gain as a function of concentration of PAH-(blue) and MPA-(red) coated 4-nm 

AuNPs referenced to the SHG signal intensity obtained from supported lipid bilayer 

composed of 9:1 DMPC:DMPG maintained at pH 7.4, 10 mM Tris buffer, and 100 mM salt. 

(c) ζ Potentials of PAH-AuNPs prior to contact with and after rinsing from 9:1 

DMPC:DMPG bilayers. Solutions were pH 7.4 (10 mM Tris) and contained 100 mM NaCl. 
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Error bars indicate one standard error for each point estimate from three replicates. See also 

Supplementary Note 3 and Figures S3 – S5.  

Figure 3. Lipid diffusion is altered by interaction with PAH-wrapped nanoparticles. 

Trajectories of individual Atto 647N DOPE lipid molecules in a 9:1 DMPC:DMPG bilayer. 

Reconstructed lipid trajectories before (a) and after (b) the addition of 1 nM PAH-AuNPs. 

Colors indicate lateral diffusion coefficients [DL, µm2s-1] for individual lipid molecules. 

Lateral diffusion coefficients of all labeled lipid molecules (three spots on each bilayer and 

three bilayer replicates) were averaged to determine the mean lateral diffusion coefficients 

presented in (e). The error bars correspond to one standard deviation. (c) Histograms of 

molecular diffusion coefficients shown in (a) and (b) before (green) and after (blue) 

interaction of bilayers with the PAH-wrapped nanoparticles.  

Figure 4. Coarse grain molecular dynamics simulations show stable bilayer membrane 

fragments surrounding PAH-wrapped nanoparticles. The final snapshot after 400 ns of 

simulations using the POL-MARTINI coarse-grained model from a self-assembly simulation 

of lipids corona formation around a gold metal nanoparticle wrapped in a single PAH 

polymer having 160 monomers (a) and zoomed in view of just the phosphate (orange), PG 

head group glycerol (red) and choline (green) groups within 6 Å of the cationic side chain of 

PAH (ice blue/gray) or Au (yellow) (b). Phosphates are colored in dark blue, lipid tails are 

shown as while/purple lines. Smaller yellow and light blue spheres indicate sodium and 

chloride ions (0.1 M). Coarse-grained water molecules omitted for clarity. In (a), lipid tails 

are shown as while/purple lines, counter ions and coarse-grained water molecules are omitted 

for clarity. (c) Final snapshot after 52.5 ns of an all-atom simulation of PAH deposition on a 

citrate-AuNP. Counterions are omitted for clarity. See also Supplementary Note 4 and 

Figures S6 – S12.  
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Figure 5. PAH-wrapped nanoparticles alter bilayers in suspended vesicles, which then form 

sticky, macroscopic superstructures. (a) Normalized proton NMR spectra of (i) vesicles 

formed from a 9:1 mixture of DMPC:DMPG, (ii) PAH-AuNPs interacting with 9:1 

DMPC:DMPG vesicles, (iii) PAH-AuNPs alone, and (iv) unbound PAH. The green dotted 

line tracks the chemical shift of the lipid headgroup protons; the blue, purple, and grey dotted 

lines track the chemical shifts of the PAH protons. All measurements made at 20 °C and in 

0.1 M NaCl and at pH 7.4 (0.01 M Tris) in D2O, for 12 nM vesicles and 10 nM particles after 

2 h of incubation. z-Stack fluorescence image obtained from a glass surface in contact with a 

solution formed from mixing a 5 nM solution of PAH-wrapped 15-nm sized gold metal 

nanoparticles under conditions of 100 mM NaCl and 10 mM Tris buffer with a solution 

containing (b) 0.0625 mg/mL and (c) 0.00625 mg/mL vesicles (100 nm diameter) formed 

from a 9:1 mixture of DMPC:DMPG and 0.1% TopFluor-labeled PC. The liquid/solid 

boundary is visualized by the presence of micron-sized features and marked by the black 

rectangle in each image. Scale bars are 5 mm. See also Supplementary Note 5 and Figures 

S13 – S15.  
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Table I. Experimental Outcomes (“+”=positive, “-“=negative) of Lipid Corona 

Formation. 

 

Bilayer  
formed from 

[NaCl] 
[mM] 

4nm 
MPA-

AuNPs 

4nm  
PAH-

AuNPs 

15nm 
PAH-

AuNPs 

15nm  
PAH-
ND 

        Free PAH  Controls 

      PAH PDADMAC PVAM 
100%  
DMPC 100 n.a. (+)* n.a. n.a. n.a. n.a. n.a. 

9:1 
DMPC:DMPG 

1 n.a. (+)* n.a. n.a. n.a. n.a. n.a. 
100  (-)*#^        (+)*&%#=^ (+)* (+)* (-)$#(+)@ (-)$(+)@ (-)$(+)@ 

9:1 
DOPC:DOTAP 100 (-)§ (-)# n.a. n.a. n.a. n.a. n.a. 

100% 
DOPC or POPC 100 (-)+ n.a. n.a. n.a. n.a. n.a. n.a. 

 
All particle concentrations at 10 nM except where indicated. Outcome determined *by SFG; &by 1H NMR; §by 
QCM-D and 1H NMR from ref. 29; %by molecular dynamics simulations; ^by QCM-D; $by SFG for 10 nM PAH-
equivalent concentration; @by SFG for 1 mM PAH-equivalent concentration; #by spinning disk confocal 
microscopy; +by QCM-D from ref. 30 and by QCM-D, SHG, and cell sorting from ref. 31; =by TEM. 
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Fig. 2.  
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Fig. 3.  
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Fig. 4.  
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