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ABSTRACT: Molecular understanding of the impact of nanomaterials on cell membranes is 

critical for the prediction of effects that span environmental exposures to nano-enabled therapies. 

Experimental and computational studies employing phospholipid bilayers as model systems for 

membranes have yielded important insights but lack the biomolecular complexity of actual 

membranes. Here, we increase model membrane complexity by incorporating the peripheral 

membrane protein cytochrome c and studying the interactions of the resulting membrane systems 

with two types of anionic nanoparticles. Experimental and computational studies reveal that the 

extent of cytochrome c binding to supported lipid bilayers depends on anionic phospholipid 

number density and headgroup chemistry. Gold nanoparticles functionalized with short, anionic 

ligands or wrapped with an anionic polymer do not interact with silica-supported bilayers 

composed solely of phospholipids.  Strikingly, when cytochrome c was bound to these bilayers, 

nanoparticles functionalized with short anionic ligands attached to model biomembranes in 

amounts proportional to the number of bound cytochrome c molecules. In contrast, anionic 

polymer-wrapped gold nanoparticles appeared to remove cytochrome c from supported lipid 

bilayers in a manner inversely proportional to the strength of cytochrome c binding to the 

bilayer; this reflects the removal of a weakly bound pool of cytochrome c as suggested by 

molecular dynamics simulations. These results highlight the importance of the surface chemistry 

of both the nanoparticle and the membrane in predicting nano-bio interactions. 

INTRODUCTION 

Engineered colloidal nanomaterials are being deployed as diagnostic, imaging, delivery, and 

therapeutic agents. Predictive success requires a mechanistic understanding of the interaction of 

nanomaterials with cell or organelle membranes. Such knowledge is also needed to assess 
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 3

potential environmental health and safety risks associated with use of engineered nanomaterials.1 

The cytoplasmic membrane represents the initial point of contact between a nanoparticle and 

eukaryotic cells.2 After internalization, nanoparticles may interact with a variety of intracellular 

membranes. Interactions of nanoparticles with cell membranes may alter lipid ordering,3 lead to 

attachment4 and cell entry via passive diffusion or endocytosis,5,6 induce membrane 

permeabilization,7,8 or cause lipid extraction.9,10 Mechanistic understanding of nanoparticle 

interactions at biological interfaces requires consideration of the chemical and physical 

properties of both the nanoparticle and the cellular membrane. In eukaryotes, cell membranes are 

composed of a mixture of glycerophospholipids, sphingolipids, sterols,11 and contain an 

abundance of integral, peripheral, and lipid-anchored proteins, some of which are glycosylated.12 

The biomolecular complexity of cellular membranes poses a challenge to developing a 

mechanistic understanding of their interactions with nanomaterials. Phospholipid bilayers have 

been employed as chemically and physically tunable cell membrane mimics to study 

nanoparticle interactions with cell surfaces. The majority of these studies use single-phase 

supported lipid bilayers composed of a single or binary mixtures of phospholipids.3,8,13–22 Both 

experimental and computational studies have provided valuable insights into the influence of 

phospholipid properties in nanoparticle interactions with cell membranes, including nanoparticle-

induced membrane hole formation8,22 and nanoparticle penetration of lipid bilayers.13,14 They 

have revealed the importance of electrostatics in governing nanoparticle-membrane 

interactions.15,21 We previously demonstrated that, relative to bilayers composed of a single 

phospholipid species, the presence of liquid-ordered domains23 or glycans24 can strongly 

influence nanoparticle interaction with model biomembranes.  
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Membrane-associated proteins can comprise more than 50% of cellular membrane mass in 

eukaryotes and bacteria12 and represent >20% of the total proteome across all three domains of 

life.25,26 Much research has been directed toward understanding the interaction of soluble 

proteins with nanoparticle surfaces and the formation of biomolecular coronas.27–30 In contrast, 

and despite their prevalence and importance in cell membranes, membrane proteins have 

received little study in the context of their interaction with nanoparticles.31–33 Recent reviews of 

model membrane studies reveal a dearth of investigations incorporating proteins.18,34–36 A few 

studies investigating nanoparticle interaction with lung surfactant have included surfactant-

associated proteins.37,38 Gold nanoparticle interaction with glucose-6-phosphatase in 

phospholipid monolayers has been examined.39 Because this transmembrane protein contains 

nine transmembrane helices and therefore spans the bilayer membrane, the orientation of 

glucose-6-phosphatase in a monolayer at the air-water interface likely does not correspond to 

that in vivo.  

The primary objective of this study is to investigate the influence of a model peripheral 

membrane protein on anionic nanoparticle interaction with model biomembranes. To accomplish 

this objective, we examined the influence of the peripheral membrane protein cytochrome c (cyt 

c; Figure 1) on nanoparticle interaction with model supported bilayers composed of zwitterionic 

1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 phosphatidylcholine, DOPC) alone or in 

combination with anionic 1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (18:1 

cardiolipin, TOCL) or anionic bovine liver α-phosphatidylinositol (Liver PI, a mixture of 

phosphatidylinositol lipids varying in acyl chain length, degree of saturation, and position of 

double bonds) (Figure S1). We focused on the highly conserved peripheral membrane protein cyt 

c because of the wealth of literature that exists on its interaction with lipid bilayers.40–42 
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 5

Cytochrome c associates with the inner mitochondrial membrane, is an important component of 

the electron transport chain, and plays a role in apoptosis when released into the cytosol.43 We 

conducted molecular dynamics (MD) simulations to investigate the orientation and conformation 

of cyt c on bilayers representative of those used in this study. We investigated the interaction of 

cyt c-containing model membrane systems with nanoparticles functionalized with small anionic 

ligands and wrapped in anionic polymers.  

RESULTS AND DISCUSSION 

Formation of Supported Lipid Bilayers Incorporating Cytochrome c. We 

employed simultaneous quartz crystal microbalance with dissipation monitoring (QCM-D) and 

nanoplasmonic sensing (NPS) to monitor supported lipid bilayer formation44,45 and subsequent 

association of the peripheral membrane protein cyt c with them. The acoustic mass calculated 

from QCM-D frequency data includes the mass of the analyte and dynamically coupled solvent 

and can therefore be considered a “wet” mass. The optical mass derived from NPS 

measurements does not include a contribution from the solvent because the refractive index of 

the solution is taken as the reference and can be considered a “dry” mass. Simultaneous 

measurement of acoustic and optical mass by combined QCM-D and NPS allows estimation of 

adlayer water content. 

We formed supported lipid bilayers composed of DOPC alone and in combination with 

TOCL or LPI using the vesicle fusion method (Figure S2)44 and then incorporated cyt c into the 

bilayers containing anionic phospholipids. (Cytochrome c did not attach to pure DOPC bilayers.) 

Figure 2A shows example results from a combined QCM-D/NPS experiment for the attachment 

of cyt c to a supported DOPC bilayer incorporating 17.6 mol% TOCL (phospholipid 

compositions of all bilayers are given in mol%). The cyt c adlayer was rigidly coupled to the 
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 6

oscillations of the sensor crystal allowing use of the Sauerbrey equation46,47 (equation 1, vide 

infra) to estimate acoustic surface mass density. Simultaneous monitoring of ∆λmax via NPS 

allowed the optical surface mass density of cyt c to be calculated. The large difference between 

the acoustic and optical surface mass densities reflects the substantial mass of water associated 

with the cyt c adlayer as sensed by QCM-D. The acoustic and optical surface mass densities for 

cyt c adlayers for all bilayer systems investigated are reported in Table S2.  

The mass of cyt c binding to supported lipid bilayers increased with the amount of negative 

charge imparted by incorporation of anionic phospholipids (p < 0.001; Figure 2B), consistent 

with expectations based on electrostatic interactions.48 Incorporation of increasing amounts of 

anionic phospholipids (TOCL or Liver PI) into DOPC vesicles resulted in increasingly negative 

zeta potentials (ζ) as determined by laser Doppler microelectrophoresis (Table S3). We therefore 

infer that the ζ of the supported lipid bilayers similarly decreased with increasing incorporation 

of anionic phospholipids. We note that the phosphatidylinositol head groups of the Liver PI 

molecules carry a single negative charge, while those of TOCL bear two negative charges. 

Cytochrome c is expected to exhibit an approximate +8 charge at pH 7.4 (Figure 1).49  

To assess the strength of cyt c association with model membranes varying in phospholipid 

composition, we examined the effect of incremental increases in NaCl concentration (from 0.01 

M to 0.1 M) on cyt c dissociation from supported lipid bilayers. The slope of the linear portion of 

the dissociation curves decreased with increasing anionic phospholipid content in the bilayer 

(Figure 2C). These results are consistent with reduction in the electrostatic attraction of cyt c to 

the bilayers containing anionic lipids due to charge screening, leading to cyt c dissociation,50,51 

and demonstrate that the strength of cyt c binding to supported lipid bilayers correlates directly 

with the amount of negative charge within the bilayer. We observed that cyt c bound to bare 
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 7

silica showed the smallest amount of dissociation with increasing NaCl concentration, likely due 

to this surface carrying a strong negative ζ at pH 7.4 (approximately −110 mV).52 In the case of 

cyt c bound to either 17.6% TOCL bilayers and to silica, complete dissociation of cyt c did not 

occur even upon increasing the NaCl concentration to 0.1 M. For these systems, we further 

raised the final the NaCl concentration to 0.15 M, and following this increase, 8.2 ± 2.0% of cyt 

c originally bound to the 17.6% TOCL supported lipid bilayer remained (32 ± 8.2 ng·cm-2), 

whereas 48.4 ± 8.8% remained on the silica surface (140 ± 24 ng·cm-2). The highest 

concentration of TOCL employed (17.6%) falls within the range expected in the inner 

mitochondrial membrane of both mammals and yeast;11 ~10% cyt c remains bound to the inner 

mitochondrial membrane at physiological ionic strength.53
 

Cytochrome c Structure and Orientation on Bilayers Containing Anionic 

Phospholipids. We next sought to determine which surface(s) of cyt c face the phospholipid 

bilayer and which face the solution (and are therefore more likely to interact with the 

nanoparticles we studied). Despite being perhaps the most thoroughly investigated peripheral 

membrane protein, the location of the phospholipid binding site(s) and the bilayer-anchoring 

mechanism for cyt c has not been fully resolved. In the absence of crystal structures of cyt c 

bound to TOCL, the precise site(s) of binding to or preferred binding orientation(s) on TOCL can 

be assessed via atomistic molecular dynamics (MD) simulations. Sites A, C, L, N (Figure 1), and 

several lysine residues have been implicated as possible binding sites to anionic 

phospholipids.40,41,51,54–58 We therefore focused on observables that characterize their relative 

positions in MD simulations. All MD simulations included explicit water and counter ions. 

Combinatoric Panel of Cytochrome c and Bilayer Simulations. Nine trajectories were 

integrated using molecular dynamics on starting configurations while varying the membrane 
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 8

composition and the cyt c orientation. The three lipid bilayers investigated were composed of 

100% DOPC, a 9:1 mixture of DOPC and cardiolipin (DOPC:TOCL), or a 9:1 mixture of DOPC 

and SAPI (DOPC: SAPI) (Figure S1). (The 18:0-20:4-phosphoinositol lipid SAPI is the second 

most abundant species in the Liver PI mixture used in the experiments and serves to illustrate the 

effect of Liver PIs on cyt c binding.) For each of these, we conducted simulations with cyt c 

initially aligned in one of three possible starting orientations – denoted by face 1, face 2, and face 

3 – relative to the surface of the lipid bilayers (Figure 3). Each protein-bilayer system was 

propagated for 200 ns. To characterize the preferential orientation and overall structural 

conformations of cyt c across the different simulations, we monitored the following observables: 

(i) the distances between the average position of the phosphorus atoms in the upper membrane 

leaflet and the center of mass (COM) of each of the three selected faces (1, 2, and 3) of cyt c and 

the COM of the entire protein (Figure 1); (ii) the number of hydrogen-bonding interactions 

between each face of cyt c and selected groups in the lipids, including glycerol, phosphate, and 

choline groups (Figure S4); (iii) the distances between the specific amino acids in the anionic 

phospholipid binding sites of cyt c (L, C, A, N, and the three lysine residues involved in 

cardiolipin recognition) and the surface of the upper leaflet (Figures S5-S8); and (iv) the 

secondary and tertiary structural dynamics and conformational fluctuations of cyt c along each 

200 ns MD trajectory (Figures S9-S12).  

Effects of Bilayer Composition and the Initial Orientation of Cytochrome c on Binding by 

Simulation. We monitored the average positions (COMs) of the amino acids that comprise each 

cyt c face (1, 2, and 3), in addition to the COM of the entire protein, relative to the membrane 

plane across all nine trajectories (Figure 4). A value of 0 Å would occur if the COM of the 

selected residues were located on the plane at the average position of the phosphorus atoms in 
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 9

the upper leaflet of the model membrane. Regardless of the starting orientation (face 1, 2, or 3), 

when cyt c is positioned atop the zwitterionic bilayer (Figure 4A-C), the protein dissociated 

away from the bilayer and became completely solvated.  

When the anionic phospholipids SAPI (Figure 4D-F) or TOCL (Figure 4G-I) were 

incorporated into the bilayer, cyt c physisorbed to the model membrane surface in one of two 

final orientations. For each starting orientation of cyt c on the DOPC:SAPI bilayer, the final 

orientation of the protein was such that faces 1 and 2 were in closest proximity to the bilayer 

surface. This is consistent with the experimental result of no observed cyt c interaction with 

bilayers composed solely of DOPC. For DOPC:SAPI with cyt c face 1 or face 2 oriented toward 

the bilayer, the alignment of protein with respect to the bilayer surface remained fairly constant 

throughout the entire trajectory. However, when face 3 was initially positioned closest to the 

DOPC:SAPI surface, this face rotated away from the DOPC:SAPI surface. In its final 

orientation, a mixture of amino acids from faces 1 and 2 were closest to the DOPC:SAPI 

membrane.  

When TOCL was introduced into the bilayer, the dynamics and observed orientations of 

cyt c became more complex. As with the DOPC:SAPI bilayer, when face 3 was initially aligned 

toward the DOPC:TOCL surface, this face rotated away from the bilayer, resulting in faces 1 and 

2 pointing towards the DOPC:TOCL surface. However, when the protein was initially oriented 

such that face 1 was closest to the DOPC:TOCL bilayer, a different protein alignment was 

observed. Unlike in the final configurations of the trajectories stemming from the other initial 

orientations on DOPC:SAPI, in which the amino acids from faces 1 and 2 were closest to the 

bilayer surface, here faces 1 and 2 rotated away from the DOPC:TOCL surface, resulting in faces 

1 and 3 having the closest proximity.  
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The trends seen in the COM distances of Figure 4 were further supported by the 

hydrogen bonding contacts between each face of the protein and bilayer surface observed along 

each of the nine trajectories (Figure S4). Both results support the experimental findings in this 

work that cyt c binds to, or closely associates with, membranes that contain anionic lipids, and 

does not associate with membranes composed of purely zwitterionic lipids such as DOPC. 

Additionally, the binding of TOCL to cyt c has been reported to occur at different sites (A, L, C, 

and N) which would lead to different stable orientations at the membrane surface.40,42,51,59 Thus 

the observation of two distinctly different binding orientations in the MD trajectories are 

consistent with experimental observations of cyt c interactions with DOPC:TOCL membranes. 

Relative Orientation of Cytochrome c Bound to the Bilayers by Simulation Agree with 

Prior Experimental Studies. The exact location of the anionic phospholipid hosting region(s) in 

cyt c and therefore, the final orientation(s) of the protein on bilayers containing anionic 

phospholipids is highly debated.40,41,51,54–58 We tracked the positions of these regions in each of 

the trajectories assayed above to determine which orientations are preferred. We find that the 

effects of bilayer composition on the preferred orientation of cyt c in our simulations correlate 

directly with experimental observations.54,56,60 As shown in Figures S5-8, the amino acid site-

specific results across the nine MD simulations reveal that bilayers including anionic 

phospholipid SAPI bind to cyt c with site L nearest to the bilayer surface, while sites A, N, and C 

are not in contact with the surface. However, when the bilayer includes anionic phospholipid 

TOCL, two binding orientations are preferred: sites L and A. Previous experimental work has 

indicated the participation of site A or site L in cyt c binding to cardiolipin.41,57,61 Interaction 

sites A and L contain two histidine residues and are rich in lysine, containing seven of the 

nineteen lysine residues in cyt c. These two binding sites are highly electropositive, containing 
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 11

about a third of the surface lysine residues, and each basic residue is located on the surface of cyt 

c. Therefore, interaction between the negatively charged phosphate head group of TOCL and the 

positive charges of these specific, surface lysine and histidine residues is critical for binding to 

occur.62 The existence of two binding orientations in the presence of TOCL suggests a cyt c 

orientation-specific effect. Each observed orientation of cyt c on the DOPC:TOCL bilayer results 

in a different face (that is composed of the amino acid residues opposite those involved in the 

electrostatic binding to the bilayer) being accessible for binding to a nanoparticle and hence can 

lead to differences in competitive binding. For the bilayer containing SAPI, this corresponds to 

site A being available for binding to the nanoparticle. For the bilayer containing TOCL, site A or 

L is available for binding when the cyt c binds at L or A, respectively, though not with equal 

probability.  

 Cytochrome c Conformation is not Appreciably Perturbed upon Binding to the Bilayers: 

Experiment and Simulation. The binding of cyt c to lipid bilayers with high anionic lipid contents 

can induce conformational perturbations.40,63,64 This was not expected for the systems studied 

here because they contained a maximum of 17.6% TOCL. We conducted circular dichroism and 

absorbance spectroscopy experiments with free and vesicle-bound cyt c (vesicles with the same 

phospholipid composition as our QCM-D studies) to confirm the absence of structural 

perturbations upon lipid binding. We observed no changes in the far- and near-UV regions of the 

circular dichroism spectra (Figure S13). This indicates that binding to phospholipid vesicles 

produced no detectable changes in cyt c secondary structure and did not perturb tertiary structure 

in a manner that discernably influenced the environment and interactions of aromatic side 

chains.65 Absorbance spectroscopy focused on the Soret region (350-490 nm) provides 

information on the spin state of the heme iron. For native cyt c, we observed the expected 
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maximum absorbance at 410 nm indicating the heme iron has two axial ligands provided by 

His18 and Met80.40,66 Comparing native to vesicle-bound cyt c, we observed no changes in either 

the maximum absorbance or maximum absorbance intensity (Figure S14 and Table S5), 

indicating no changes in protein conformation that impact the heme iron spin state upon binding 

to the model biomembranes. 

Molecular dynamics simulations confirmed our experimental observations that the 

secondary and tertiary structures of cyt c were not perturbed upon binding to model 

biomembranes containing up to 17.6% TOCL. To determine the degree of structural flexibility 

along the MD simulation trajectories, root mean square deviations (RMSDs) were calculated for 

the backbone atoms of cyt c (Figure S9). Cytochrome c exhibited relatively low RMSD values 

during the MD simulations, with deviations remaining ≲ 6 Å. These relatively low RMSD 

values for backbone cyt c atoms over each trajectory illustrate that the protein retains the 

majority of its structure during the 200 ns MD simulations. Three trajectories yielded the lowest 

RMSD values: starting orientations face 1 and face 3 on DOPC:SAPI, and starting orientation 

face 1 on DOPC:TOCL (Figure S9). To further understand the RMSD fluctuations, the relative 

mobility of the secondary structure of cyt c induced by the differing bilayer compositions was 

investigated via STRIDE and VMD.67 The PDB structure of cyt c (access code 1AKK) exhibits 

five α-helical regions involving residues 4-7, 10-15, 51-55, 62-70, and 91-102, a short 310-helical 

region encompassing residues 72-74, a β-sheet region spanning 38-39 and 58-59, and several 

interconnecting turn and coiled regions. Across each MD trajectory, the secondary structural α-

helical and β-sheet components were maintained. However, structural transitions from turn to 

coil or to unstructured conformations were apparent, especially for residues 19-37 (see Figure S9 

for visualization of the secondary structure analysis). Overall the secondary structure 
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components and therefore, shape of cyt c remained mostly unchanged when the protein interacts 

with bilayers composed of zwitterionic phospholipids and 10 mol% of either of the anionic 

phospholipids examined. The possible perturbation of cyt c secondary structure due to 

interaction with ligand-coated nanoparticles is the subject of future work.  

Nanoparticle Interaction with Model Biomembranes. We next examined the 

interaction of 4-5 nm diameter gold nanoparticles (AuNPs) bearing one of two anionic 

functionalizations: the short molecular ligand mercaptopropionic acid (MPA) or the polymer 

polyacrylate (PAA) (Figure S15). Several prior studies investigated the interaction of these 

AuNPs with both supported lipid bilayers and whole organisms. These AuNPs were found to not 

attach to bilayers composed of solely zwitterionic phospholipids at levels detectable by QCM-

D,17,23 but do interact with cell surfaces of the Gram-negative bacterium Shewanella oneidensis,68 

produce reactive oxygen species in the gut tissue of the microcrustacean Daphnia magna,69 and 

alter gene expression in S. oneidensis,70 human fibroblast cells,71 and D. magna.69 We determined 

the hydrodynamic diameters and ζ of these AuNPs in 0.01 M NaCl buffered to pH 7.4 with 0.01 

M HEPES by dynamic light scattering and laser Doppler electrophoresis: MPA-AuNPs (9.4 ± 

0.5 nm; ζ  = −43 ± 4 mV) and PAA-AuNPs (33 ± 2 nm; ζ  = −35 ± 1 mV). These data indicate 

that the MPA-AuNPs are likely not aggregated under the solution conditions employed, whereas 

the PAA-AuNPs exhibit some degree of aggregation (although they are expected to be slightly 

larger than the MPA-AuNPs as a result of the layer-by-layer wrapping process used to achieve 

the anionic polymer coating). We investigated the interaction between these AuNPs and each of 

the phospholipid bilayers discussed above (viz. DOPC, and DOPC containing 8.8% Liver PI, 

4.4% TOCL, 8.8% TOCL, and 17.6% TOCL) in the absence and presence of cyt c by QCM-D.  
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Anionic mercaptoproprionic acid-functionalized AuNPs. Figure 5A shows representative 

data for MPA-AuNP attachment to DOPC bilayers, DOPC bilayers containing 4.4 mol% TOCL, 

and the latter composition with associated cyt c. The MPA-AuNPs did not interact with the pure 

phospholipid bilayers to an extent detectable by QCM-D, consistent with our previous results for 

these AuNPs.17,23,24 This lack of interaction was also observed for supported DOPC bilayers 

containing larger amounts of TOCL (Table S7). In marked contrast, the association of cyt c with 

model membranes promoted attachment of MPA-AuNPs as indicated by the negative shifts in 

frequency (representative data in Figure 5A, full data set in Table S7; here we present the data as 

∆f because ∆D/∆f > 4 × 10-7 Hz-1 and therefore did not support application of the Sauerbrey 

equation).47 The interpretation is that cyt c molecules on the membrane surfaces provided local 

sites of positive charge that led to electrostatic attraction of the anionic nanoparticles and thus 

their accumulation on the membrane surface, an event not measurable in the absence of cyt c 

association with the bilayer.  

Attachment of MPA-AuNPs differed significantly (p < 0.001) among bilayer types, and 

appeared to increase with the amount of bound cyt c, suggesting localized nanoparticle 

attachment to proteins. (The ζ values of the overall bilayer or vesicles containing protein are 

barely altered, (Table S3) with the exception of the 17.7% TOCL bilayer). Based on the MD 

simulations described above, cyt c is oriented in TOCL-containing bilayers so that site A or L 

faces the solution (Figure 6A and B). We hypothesize that the anionic MPA-AuNP interacted 

with these highly electropositive sites (Figure 6C). 

The final change in frequency (∆ffinal) for MPA-AuNP attachment correlated strongly 

with the amount of cyt c bound to the bilayer (R2 = 0.997; Figure 5B), indicating that the extent 

of MPA-AuNPs binding to the bilayer was a function of the amount of cyt c present on the 
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supported lipid bilayer surface. Interestingly, attachment of MPA-AuNP to the cyt c-coated SiO2 

sensor surface (Figure 5B) does not follow the linear trend for bilayers with bound cyt c. This 

may indicate differences in cyt c protein structure or orientation when bound to silica vs. a 

bilayer that increase the favorability of interaction with MPA-AuNPs. 

Our results imply that basing the assessment of nanoparticle interaction with cellular 

membranes solely on interaction with phospholipid bilayers is insufficient. Proteins associated 

with cellular membranes also contribute to nanoparticle interaction with membranes.  

Anionic polyacrylic acid-wrapped AuNPs. We next examined the effect of replacing the 

short, molecular MPA ligands with the anionic polymer polyacrylic acid. In the absence of cyt c, 

PAA-AuNPs did not interact with TOCL-containing bilayers to an extent detectable by QCM-D 

(Figure 5A, Table S7; a small degree of attachment was observed for Liver PI-containing 

bilayers). In marked contrast and counter to what we observed with the MPA-AuNPs, interaction 

of PAA-AuNPs with cyt c-containing bilayers produced positive shifts in frequency (Figure 5A; 

Table S7) corresponding to losses of mass. We attribute the positive frequency shifts to removal 

of cyt c from the bilayers by the PAA-AuNPs. These data suggest that the energy of interaction 

between PAA-AuNPs and cyt c exceeds that between the protein and the supported lipid bilayers 

(as well as that between MPA-AuNPs and cyt c). Free PAA polymers produce the same result: 

loss of mass of the protein-laden lipid bilayer but no mass loss for lipid bilayers alone (Table 

S10). One intriguing rationalization of these results is that the binding of PAA-wrapped 

nanoparticles (but not MPA-conjugated nanoparticles) to cyt c induces a conformational change 

in the protein that results in a less favorable interaction between the anionic phospholipids and 

cyt c, which ultimately causes the release of the cyt c-PAA-nanoparticle complex from the 

surface of the model biomembrane. Presumably the PAA-AuNPs interact with site A or L faced 
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as with the MPA-AuNPs. We illustrate the hypothesized binding of PAA-AuNPs to cyt c 

associated with bilayer surfaces and subsequent removal of the protein from the bilayer in Figure 

6D. 

The extraction of peripheral membrane proteins from phospholipid bilayers by anionic 

polymer-wrapped nanoparticles has two important implications. First, our results suggest that the 

formation of complexes between peripheral membrane proteins and nanoparticles can lead to the 

incorporation of membrane proteins in the biomolecular corona that often forms on nanoparticles 

immersed in biological media. Past work has focused on the formation of coronas from soluble 

proteins.30,72,73 We suggest that the recruitment of membrane proteins into nanoparticle coronas 

is a fundamental mechanism by which nanoparticles interact with cell or organelle membranes. 

Second, removal of peripheral membrane proteins from cellular membranes by nanoparticles is 

another fundamental mechanism by which nanoparticles interact with cellular membranes and 

produce concomitant impacts on biological function.  

The rate and proportion of cyt c that was apparently removed from each bilayer varied as 

evidenced by differences in the shapes of the ∆f traces following PAA-AuNP introduction (data 

not shown), although the ∆ffinal upon interaction of PAA-AuNPs did not differ among supported 

lipid bilayers with bound cyt c (p > 0.005; Table S7). We determined the initial rate of cyt c 

removal from the bilayers as described in the Materials and Methods. This analysis revealed a 

significant (p < 0.001) increase in the initial cyt c removal rate by PAA-AuNPs from supported 

lipid bilayers containing 4.4% TOCL or 8.8% Liver PI (equivalent amount of anionic lipid 

charge) relative to those containing 8.8% or 17.6% TOCL. We hypothesize that the rate of 

removal was related to the strength of cyt c binding to the supported lipid bilayers, which 

differed by composition. To support this hypothesis, we plotted the initial cyt c removal rates 
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against the change in fractional coverage of cyt c (θcyt c) per unit change in NaCl concentration 

(Figure 5C). The rate of cyt c removal by the PAA-AuNPs correlated strongly with the strength 

of cyt c binding to supported lipid bilayers (R2 = 0.9308).  

The loss of mass induced by exposure of the cyt c-containing bilayers to PAA-AuNPs 

does not restore the frequency value to that of the supported lipid bilayers prior to association of 

cyt c, suggesting that not all bound cyt c was removed from the bilayer. This observation could 

be explained by the existence of two subpopulations of membrane-bound cyt c, tightly and 

weakly bound.53,74 In turn, this is consistent with the finding of two possible binding orientations 

of cyt c relative to the bilayer containing TOCL from the MD trajectories.  

CONCLUSIONS 

This study demonstrates that membrane-associated proteins can dramatically influence 

nanoparticle interaction with model biomembranes. The two nanoparticles highlighted here, 

MPA- and PAA-AuNPs, exhibited no detectable or only limited interaction with supported 

bilayers composed solely of phospholipids as measured by QCM-D. Strikingly, when the 

peripheral membrane protein cyt c was associated with bilayers, we observed extensive MPA-

AuNP attachment. The extent of attachment scaled with the number of cyt c molecules 

associated with the bilayers. In contrast, anionic polymer-wrapped gold nanoparticles appeared 

to remove cyt c from supported lipid bilayers to an extent that was inversely proportional to the 

strength of cyt c binding to the bilayer. Although all-atom simulations of these systems are 

highly challenging using current computational resources, we employed a battery of related 

simulations, varying membrane composition and cyt c orientation, to observe the relative 

relaxation and orientation of the protein in proximity to the nanoparticle surface. We found that, 

in apparent consonance with the experiments, inclusion of TOCL in bilayers gave rise to two 
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possible preferred cyt c orientations. We hypothesize that the anionic MPA- and PAA-AuNPs 

interacted electrostatically with the strongly electropositive sites A and L that face away from the 

bilayer surface as determined by MD simulations (Figure 6).  

While the results in this study were obtained for highly simplified model biomembranes 

with a single type of protein present at the membrane surface, they clearly indicate that proteins 

may present high affinity sites for nanoparticle binding, which, as observed in this study, can 

result in nanoparticle accumulation at the membrane surface or the removal of membrane-bound 

proteins. Within organisms, this could alter or abolish protein function. Our results thus point to 

the need to study the impact of nanoparticle exposure on membrane protein function. Supported, 

tethered, or planar suspended lipid bilayers represent a set of experimental platforms that allow 

incorporation of membrane proteins (with some important caveats) and that are expected to 

prove useful in probing nanoparticle interactions with and impacts on membrane proteins. These 

platforms are amenable to the study of a nanoparticles possessing a wide variety of sizes, shapes 

and surface functionalities, as well as strongly associated corona proteins.30,98 Mechanistic 

understanding acquired in such studies would enable more powerful predictions of the potential 

biological impacts of nanoparticles designed to interact with living systems or present in the 

environment, and help guide the sustainable development of benign nanoparticles.  

MATERIALS AND METHODS 

Materials. All materials were used as received, unless otherwise noted. Hydrogen tetrachloroaurate 

trihydrate (HAuCl4·3H2O), sodium borohydride, mercaptopropanoic acid, 3-amino propanethiol 

hydrochloride, sodium polyacrylate (Mr = 15 000 Da, 35 wt % in water), polyallylamine HCl (PAH; Mr = 

15 000 Da), glycerol (99% purity), and horse heart cyt c were purchased from Sigma Aldrich. Trisodium 

citrate dihydrate was obtained from Flinn Scientific. We procured HEPES, NaCl, and CaCl2 from Fisher 
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Scientific. The phospholipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine, bovine liver α-

phosphatidylinositol, and 1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol were purchased from 

Avanti Polar Lipids. All aqueous solutions were prepared in ultrapure water (>18 MΩ·cm). All solutions 

used were buffered to pH 7.4 with 0.01 M HEPES. 

Vesicle and Protein Preparation and Characterization. Small unilamellar vesicles (SUVs) 

composed of pure DOPC, or DOPC containing 8.8% Liver PI, 4.4% TOCL, 8.8% TOCL, or 17.6% 

TOCL (all percentages are mol%) were prepared by extrusion as described previously,23 with the 

exception that the hydration solution was 0.001 M NaCl and the stock vesicle concentration was 2.5 g·L-1. 

The SUVs were stored at 4 °C and used within 1 week. Cytochrome c stock solution (1 g·L-1) was 

prepared in 0.01 M NaCl and stored at −20 °C.  

Vesicle hydrodynamic diameter (dh) and ζ of SUVs were determined by dynamic light scattering and 

laser Doppler electrophoresis (Malvern Zetasizer Nano ZS) using SUV suspensions (0.0625 g·L-1) in 0.01 

M NaCl that had been vortexed for 15 s. Reported dh (number mean) and ζ values represent averages of 

six measurements each consisting of 10 or 20 runs, respectively. The effect of cyt c binding on vesicle dh 

and ζ was determined using SUV suspensions that had been gently mixed by pipetting with 0.02, 0.04, 

0.08, or 0.16 g·L-1 cyt c. 

We examined structural changes to cyt c induced by binding to SUVs by circular dichroism and 

absorbance spectra in the Soret region (350-490 nm). Circular dichroism spectra in the far- and near-UV 

regions were collected for 10 µM cyt c in the presence and absence of 10 mM SUVs. Cytochrome c 

spectra in the presence of SUVs were background subtracted using the spectra of the vesicles alone. Far-

UV and near-UV spectra were measured in 1 mm and 10 mm quartz cuvettes, respectively. Spectra were 

obtained with a 50 nm·min-1 scan rate, 1 nm bandwidth, and 1 nm spectral resolution, and represent the 

averages of four scans. Absorbance spectra were obtained for 5 µM cyt c in the absence and presence of 

0.5 mM vesicles, and the spectra of lipid-protein complexes was background subtracted using the spectra 

of SUVs alone.  
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Nanoparticle Synthesis and Characterization. Gold nanoparticles (4-5 nm core diameter) 

were prepared by borohydride reduction of HAuCl4 in the presence of MPA or citrate , as previously 

described.75–77 The resulting MPA-AuNP solution was purified by diafiltration.75 Citrate-AuNPs were 

wrapped with PAH and purified by diafiltration, followed by centrifugation and washing. PAA-wrapped 

AuNPs were prepared from the PAH-AuNPs and purified by diafiltration, followed by centrifugation. 

Nanoparticle concentrations were determined by UV-visible spectroscopy using a known extinction 

coefficient.78 Gold nanoparticle suspensions were diluted to 10 nM in 0.01 M NaCl solution, vortexed for 

15 s, and their dh and ζ were determined as described above for the SUVs.  

Quartz Crystal Microbalance with Dissipation Monitoring. We employed QCM-D to 

monitor supported lipid bilayer formation, cyt c attachment to supported lipid bilayers, and the interaction 

of nanoparticles with supported lipid bilayers in the absence and presence of cyt c. Quartz crystal 

microbalance with dissipation monitoring measures changes in the resonance frequency (∆f) and energy 

dissipation (∆D) induced by interaction of an analyte with the surface of a coated (SiO2 or Si3N4 in the 

present study) piezoelectric quartz crystal. Changes in frequency reflect changes in the acoustic mass 

coupled to the sensor surface (analyte mass and dynamically coupled solvent). Changes in energy 

dissipation are related to the viscoelastic properties of laterally homogenous adlayers or the rigidity of the 

particle-surface contact region for films of discrete nanoscale objects.79 In the case of a rigidly coupled 

adlayer (∆Dν/(–∆fν/ν) << 0.4 × 10-6 Hz-1, where ν is the harmonic number),47 the Sauerbrey relationship46 

can be used to estimate the change in acoustic surface mass density (∆ΓQCM-D): 

  (1) 

where C is the mass sensitivity constant (18 ng·cm-2·Hz-1 at the fundamental frequency, f1 = 4.95 MHz).  

All experiments were conducted at a 0.1 mL·min-1 flow rate (except during protein attachment to the 

supported bilayer surface, noted below) and 25 °C. All experiments using conventional QCM-D sensors 

were conducted using the Q-Sense E4 system (Biolin Scientific, Göteborg, Sweden) containing silica-

coated sensors (QSX 303) mounted in temperature-controlled liquid flow cells (QFM 401). QCM-D 

∆Γ
QCM-D

= −C
∆f

ν

ν
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sensor crystals were prepared for use by bath sonication in 2% (w/v) sodium dodecyl sulfate for 20 min, 

rinsing extensively and consecutively with ultrapure water, ethanol, and ultrapure water; drying with a 

stream of N2 gas; and UV/ozone treatment for 30 min (Bioforce Nanosciences UV/Ozone Procleaner) 

immediately prior to mounting in the flow cells. Supported lipid bilayers were formed by vesicle fusion.44 

Briefly, after stabilizing sensor frequency and dissipation response under flow of a solution composed of 

0.15 M NaCl and 0.005 M CaCl2, we flowed SUVs (0.125 mg·mL-1 in the same solution) across the 

sensors until the ∆f and ∆D values passed through a minimum and maximum, respectively, that indicate 

attainment of the critical adsorbed vesicle concentration and commencement of vesicle fusion and rupture 

leading to the spontaneous formation of a supported lipid bilayer. The supported lipid bilayer was rinsed 

sequentially with vesicle-free solution of the same composition (~5 min), 0.15 M NaCl (~5 min), and 0.01 

M NaCl (~10 min). The duration of each rinse period was dictated by the attainment of stable ∆f and ∆D 

values. 

For experiments investigating the influence of cyt c on nanoparticle interaction with model 

biomembranes, protein solution (0.05 mg·mL-1) in 0.01 M NaCl was flowed over the bilayer for 20 min at 

a reduced flow rate of 0.05 mL·min-1. After 30 min, the flow was halted for 30 min. After this period, 

flow was increased to 0.1 mL·min-1 and protein-free solution was flowed over the sensor for 10 min to 

remove any weakly adsorbed protein. In a sub-set of experiments, the strength of cyt c attachment to 

supported lipid bilayers was assessed by incrementally increasing solution ionic strength and monitoring 

protein detachment from the bilayer. In these experiments, the NaCl concentration was increased from 

0.01 to 0.1 M in 0.01 M increments (10 min for each increment), with each increment followed by a 10 

min rinse with 0.01 M NaCl. For cases in which cyt c remained adsorbed to the bilayer surface at 0.1 M 

NaCl, the salt concentration was increased to 0.15 M for 10 min followed by a 10 min rinse with 0.01 M 

NaCl. 

After formation of (cyt c-containing) supported lipid bilayers, we flowed 10 nM nanoparticle 

suspensions in 0.01 M NaCl over the model biomembranes for 20 min to determine how the presence of 

cyt c altered the interaction of nanoparticles with the supported lipid bilayer system. After the 20-min 

Page 21 of 41

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 22

period nanoparticle-free solution was flowed for 20 min to assess the reversibility of changes in ∆f and 

∆D. 

Nanoplasmonic Sensing. Nanoplasmonic sensing in reflection mode was conducted using a 

QCM-D sensor crystal decorated with 100 nm diameter nanoplasmonic gold discs coated with ~10 nm 

Si3N4. Coupling of light delivered via a fiber optic cable induces charge density oscillations in the gold 

discs, producing localized surface plasmon resonance (LSPR).80 The wavelength of maximum extinction 

(λmax) is sensitive to the local refractive index. Monitoring ∆λmax induced by the change in local refractive 

index due to analyte adsorption allows optical mass to be determined.  

Nanoplasmonic sensing experiments were conducted using a combined NPS and QCM-D setup that 

was comprised of a QSense E4 system equipped with a window module (QWM401) connected to an 

Insplorion Acoulyte. The Acoulyte sensors were QCM-D chips modified with a gold nanodisk array on 

the sensing surface overcoated with Si3N4 (10 nm; ACO-SEN1Insplorion).81 Prior to use, Acoulyte 

sensors were treated with UV/ozone for 10-15 min to oxidize the surface and produce a thin SiO2 layer. 

Formation of supported lipid bilayers and incorporation of cyt c into them was accomplished as described 

above in the section on QCM-D.  

The change in optical surface mass density, ∆ΓLSPR, can be estimated from the de Feijter formula82,83
  

          (2) 

where t is adlayer thickness, nfilm and nbuffer are the refractive indices of the adlayer and buffer, and dn/dC 

is the refractive index increment. The pairing of NPS with QCM-D allows simultaneous determination of 

optical (“dry”) and acoustic (“wet”) mass associated with the sensor surface. Details are provided in the 

Supporting Information (SI). 

Analysis of QCM-D and LSPR Data. We converted the QCM-D frequency data for supported 

lipid bilayers and incorporation cyt c to acoustic mass using the Sauerbrey model.46 The frequency and 

dissipation responses for the nanoparticle attachment experiments were such that the Sauerbrey model 

could not be applied ((∆Dν/(–∆fν/ν) > 0.4 × 10-6 Hz-1)47 and changes in frequency are instead reported. For 

∆Γ
LSPR

≈
t n

film
− n

buffer( )
dn dC
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the LSPR data, ∆λmax was used to calculate optical mass82 as detailed in the SI. Reported frequency, 

dissipation, and surface mass densities represent averages of at least triplicate measurements. To calculate 

initial rates of cyt c removal from or nanoparticle deposition to supported lipid bilayers, the raw QCM-D 

frequency data were subjected to locally weighted scatterplot smoothing with a smoothing parameter of 

0.03. We determined the slope between each QCM-D data point (one data point every ~1.3 s) and 

averaged the slopes of the initial 30 s of nanoparticle attachment or cyt c removal to determine the initial 

rate of deposition or removal. 

Molecular Dynamics (MD) Simulations. A challenge for characterizing nanoparticles and 

membrane proteins on bilayers using computational models lies in the simultaneous relevance of many 

length scales: those associated with the nanoparticle structure, the nanoparticle surface, the relative 

distances of the nanoparticle and protein to the bilayer, and the even larger lengths of the bilayer. In this 

work, we exploit the increasing power of computers to propagate all-atom MD simulations of relatively 

large systems at long times84 by focusing on the smaller system consisting of only a membrane protein 

and a bilayer surface to infer the possible points of contact to a nanoparticle.  

Selection of Cyt c Starting Orientations on Model Bilayer Surfaces. Figure 1 shows the adaptive 

Poisson-Boltzmann electrostatic potential of the cyt c surface in three orientations to highlight the nearly 

completely electropositive nature of face 1 and the mixture of positively and negatively charged regions 

on faces 2 and 3. Face 1 was chosen to direct the electropositive heme group toward the bilayer surface. 

Amino acid residues 16-28 and 76-84 comprise the majority of this face, and we use these residues to 

calculate the Face 1 COM. Face 1 partially overlaps the electrostatic binding site L and shares no amino 

acids with sites A, C, or N. However, site A is in close proximity to face 1. A 90° rotation of this structure 

(around an axis so-defined) results in 19 amino acid residues (20-27, 29-33, and 42-47) in proximity to 

the bilayer; these residues comprise face 2. Faces 1 and 2 overlap, sharing some amino acid residues; both 

faces include residues found in the acidic phospholipid binding site L. Face 2 is farther from site A than is 

face 1, and therefore closer to the residues that comprise binding sites C and N. A further 90° rotation 

about the same axis results in the unique orientation where face 1, dominated by the electropositive heme 
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group, is oriented opposite to the bilayer surface. The resulting face 3 in closest proximity to the bilayer 

consists of 21 amino acid residues (61-74 and 86-92). Face 3 is composed of residues that overlap site A 

and are near site N, but not sites C and L. Figure 3 illustrates the three bilayers considered in this study 

with the three respective faces of cyt c physisorbed onto the surface. 

Atomistic System Construction. All bilayer components were constructed and assembled for the MD 

simulations using the CHARMM GUI Membrane Builder (http://www.charmm-gui.org/).85,86 The 

homogeneous bilayer was composed of 100% DOPC and the two heterogeneous bilayers were composed 

of DOPC:SAPI and DOPC:TOCL in 9:1 ratios. The protonation states of SAPI and TOCL were taken 

such that each molecule bore a charge of –1 or –2, respectively. In Figure 3, each bilayer is represented 

through a periodic patch of approximately 120 Å × 120 Å in the plane of the bilayer. We distributed the 

SAPI and TOCL uniformly in the two bilayer leaflets in equal proportions. We note that actual 

mitochondrial membranes are unlikely to have equal numbers of anionic lipids in both leaflets due to the 

presence of many other molecular components. Furthermore, we recognize that the outer and inner leaflet 

environments differ substantially. However, in the absence of these known constraints, unequal 

distribution of lipids across the bilayer might induce artificial elements in the simulation with unknown 

implications.87 Moreover, the anionic lipid TOCL comprises ~10 mol% of the inner mitochondrial 

membrane.88 The 9:1 leaflet compositions used in the MD simulations closely match the bilayer 

compositions used in the experiments reported herein. The protein and bilayer were combined using the 

visualization and analysis program VMD.89 The protein was positioned on the plane of the bilayer surface 

in one of the three starting orientations chosen so that the selected face (shown in Figure 3) of the protein 

is oriented towards the bilayer as illustrated in Figure 1. The resulting nine systems (three orientations 

over each of three bilayer compositions) were solvated with all-atom TIP3P water90 up to 100 Å above 

(where cyt c is also solvated) and down to 30 Å below the bilayer. Periodic boundary conditions were 

employed between the faces of the resulting periodic box. The charges were neutralized, and the system 

was ionized to 0.01 M NaCl.  
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Simulation Methods and Parameters. All initially constructed bilayers were minimized and 

equilibrated in an ionized periodic TIP3P solvent box prior to production simulations with cyt c. This 

mitigates the small but non-negligible effect of lipid packing on the preferred orientations of cyt c. The 

initial minimization and equilibration also relaxes the uncorrelated bilayer components through a series of 

stages successively releasing constraints on water, ions, and lipid bilayer.85,86 To address similar concerns 

about the cyt c (1AKK) structure and to remove bad contacts, the protein was initially energy-minimized 

in an ionized TIP3P periodic box. The protein then underwent a series of successively less constrained 

relaxations to the point when it was unconstrained and free to equilibrate inside the TIP3P periodic box 

for tens of nanoseconds in the final relaxation. Only after both system components (protein and bilayer) 

were minimized and equilibrated separately, were the two components combined to make each of the 

systems of interest. These combined systems were re-solvated, re-ionized, and then minimized and 

equilibrated following a series of successively less constrained relaxations following the same protocol as 

above. After the final mostly free equilibration was completed, distance constraints on cyt c were released 

to propagate the combined system through MD trajectories at constant number, pressure and temperature.  

Trajectories starting from the prepared initial systems were propagated in the NPT ensemble with 

a 2-fs time step for 108 steps (i.e., 200 ns simulation per system totaling 1.8 µs simulation time). 

Simulations were run using the MD program NAMD 2.1191 and the CHARMM force field.92–95 Periodic 

boundary conditions were applied to all dimensions, and temperature and pressure were fixed to 303.15 K 

and 1 atm. Pressure was constrained using the Langevin piston algorithm, and temperature was 

constrained with a damping coefficient of 1.96 The particle-mesh Ewald approximation97 was employed to 

account for the long-range electrostatic interactions, while the short-ranged Lennard-Jones and 

Coulombic interactions were truncated smoothly by a 12 Å cutoff with a switching function applied 

beyond 10 Å. The cutoff distance for the hydrogen bonding profiles was 3 Å between the potential donor 

and acceptor atoms, with a 20° angular cutoff. 
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Figure 1. Cytochrome c (cyt c) structure. Three adaptive Poisson-Boltzmann electrostatic surface area 

maps are shown (top left) for the protein in orientations such that the corresponding face directed toward 

the lipid bilayer surface in the MD simulations faces the reader. Blue indicates regions of positive charge, 

red indicates negative charge, and white indicates neutral regions. Face 1 (left) shows the mostly 

electropositive face of cyt c, face 2 (middle) is a 90° rotation from the electropositive face, and face 3 

(right) shows a further 90° rotation from face 2. Below each of these images, a van der Waals space-

filling representation in the same orientation is shown to highlight the putative cardiolipin binding sites: 

site A in blue, site L in yellow, site N in green, and site C in red. The four center of mass (COM) 

distances defined from the closest point on the surface of the bilayer to each of the three selected faces of 

cyt c and the entire protein are illustrated at right: rCOM is the distance between the COM of cyt c and the 

bilayer surface, r1 is the distance from the COM of face 1 (green) to the bilayer surface, r2 is the distance 

from the COM of face 2 (grey) to the bilayer surface, and r3 is the distance from the COM of face 3 (pink) 

to the bilayer surface.  
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Figure 2. Cytochrome c (cyt c) incorporation into and release from DOPC bilayers containing 

the TOCL or Liver PI. (A) Acoustic and optical mass densities for cyt c association with a DOPC 

bilayer containing 17.6 mol% cardiolipin derived respectively from QCM-D data (orange line) 

using the Sauerbrey equation (Eq 1) and localized surface plasmon resonance (LSPR) data 

(maroon line) using the de Feijter formula (Eq 2). Cytochrome c was delivered at 50 mg·L-1 in 

0.01 M NaCl buffered to pH 7.4 with 0.01 M HEPES. The QCM-D and LSPR traces are 

presented in Figure S3. (B) Surface density of cyt c molecules as a function of anionic lipid 

charge in model membranes. Error bars indicate one standard deviation of triplicate 

measurements. Numerical values provided in Table S2. (C) Ionic strength-induced dissociation 

of cyt c from supported DOPC bilayers containing the indicated amount of anionic phospholipid 
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(mol %) or from silica surfaces. Numerical values provided in Table S4. Error bars indicate the 

standard deviation of triplicate measurements.   
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Figure 3. The three bilayers (left to right: 100% DOPC, 9:1 DOPC:SAPI, and 9:1 DOPC:TOCL) 

considered in this study are shown with the three respective faces – highlighted in Figure 1 – of 

cyt c physisorbed onto the surface. The amino acids that compose each cyt c face (1, 2, and 3) 

are shown in green, grey, and pink, respectively. The acyl chains of the DOPC lipids are shown 

in cyan, those of SAPI are in orange, and those of TOCL are in blue. van der Waals spheres of 

the nitrogen atoms of the DOPC choline head groups are shown in blue, and the DOPC 

phosphate oxygen atoms are shown in red. TIP3P water molecules and salt ions are omitted for 

clarity. Above each lipid bilayer system, cyt c is scaled to enhance the view of the oriented 

structure.  
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Figure 4. The four COM distances highighted in Figure 1 were monitored for all nine 

trajectories. The green, grey, pink, and goldenrod curves are the measured distances between the 

bilayer and the COM of face 1 (r1), face 2 (r2), face 3 (r3) or the cyt c molecules (rCOM), 

respectively. Panels A-C are for the 100% DOPC bilayer; panels D-F are for the 9:1 DOPC:SAPI 

bilayer; and panels G-I are for the 9:1 DOPC:TOCL bilayer.   
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Figure 5. The presence of cytochrome c on the membrane surface alters nanoparticle interaction 

with model biological membranes. (A) Representative data of MPA- and PAA-AuNP interaction 

with supported lipid bilayers. The TOCL content of cardiolipin-containing bilayers was 4.4 

mol%. Changes in frequency are expressed relative to the (cyt c-containing) supported lipid 

bilayers prior to introduction of nanoparticles. Error bars indicate one standard deviation of 

triplicate measurements. Data for supported DOPC bilayers with higher TOCL contents are 

presented in Table S7. (B) Attachment of MPA-AuNPs to supported lipid bilayers with bound 

cyt c correlates strongly with the amount of cyt c bound to the bilayer (–∆fMPA-AuNP = (3.7 × 
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1011)·Ncyt c – 25, where Ncyt c is the number density of cytochrome c molecules; p = 0.0106, R2 = 

0.978) and differs from cyt c bound to silica. In (B), vertical and horizontal error bars indicate 

the standard deviation of MPA-AuNP attachment and number density of cyt c molecules of 

triplicate measurements, respectively. Surface number densities of cyt c associated with Liver PI- 

and TOCL-containing bilayers presented in Table S9. (C) The rate of apparent cyt c removal by 

PAA-AuNPs from supported lipid bilayers ((df/dt)init)) correlated strongly with  the “strength” of 

cyt c binding (p = 0.0608, R2 = 0.882) as determined by the change in fractional coverage of cyt 

c (θcyt c) per unit change in NaCl concentration (dθcyt c/dCNaCl). In (C), vertical and horizontal 

error bars indicate one standard deviation from triplicate measurements in the release rate and the 

slope of the cyt c release curve, respectively.  
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Figure 6. The peripheral membrane protein cytochrome c (cyt c) mediates the interaction of 

anionic gold nanoparticles with phospholipid bilayers. (A) Ribbon diagram of cyt c highlighting 

basic amino acid residues in sites A and L. (B) Cytochrome c bound via site A to a phospholipid 

bilayer composed of zwitterionic DOPC and anionic TOCL was not seen in the case of SAPI 

(which bound primarily to face 2). We note that a subpopulation of cyt c binds with site L 

oriented towards the membrane. (C) Anionic MPA-AuNPs attachment to model membranes 

illustrates the hypothesis of mediated binding to cytochrome c via site L. (D) Anionic PAA-

AuNPs binding to cyt c via site L and removing the protein from the membrane under this 

hypothesis. 
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