
Nanoparticle impact on membrane properties and embedded ion channels 

 

By 

Isabel Ursula Foreman-Ortiz 

 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy (Chemistry) at the University of Wisconsin – Madison 

2021 

 

Date of Final Oral Examination: 05/10/2021 

The dissertation is approved of by the following members of the Final Oral Committee: 

 Dr. Joel A. Pedersen, Professor, Soil Science (University of Wisconsin – Madison) 

 Dr. Robert J. Hamers, Professor, Chemistry (University of Wisconsin – Madison) 

 Dr. Silvia Cavagnero, Professor, Chemistry (University of Wisconsin – Madison) 

 Dr. Qiang Cui, Professor, Chemistry (Boston University)



i 
 

Nanoparticle impact on membrane properties and embedded ion channels 

 

Isabel Ursula Foreman-Ortiz 

Under the Supervision of Professor Joel A. Pedersen 

University of Wisconsin – Madison 

Abstract 

 

Nanomaterials used in consumer and industrial products are subject to release into the 

environment. As these nanomaterials enter the environment, they are likely to come into contact 

with cell surfaces, which consist primarily of a lipid bilayer and many surface and embedded 

membrane proteins. Thus, it is important to study the impact of nanomaterials on lipid bilayer 

systems containing membrane proteins as these interactions may play a critical role in cellular 

function and response. The studies presented here work to understand nanomaterial binding to 

and functional disruption of model membranes containing the membrane protein and ion 

channel, gramicidin A (gA), as well as changes in membrane mechanical properties which may 

alter the function of gA. The transient dimerization of small gA molecules to form a current-

passing channel facilitates its use as a functional model ion channel. Moreover, its channel length 

is smaller than that of the lipid bilayer, making its dimerization sensitive to changes in bilayer 

mechanical properties which alter the tension placed on channel dimers. Utilizing this model 

system, variation of nanomaterial and membrane properties ultimately allows for a detailed study 

on nanomaterial binding and disruption of ion channel function. 

The first set of studies sought to investigate the impact of anionic nanoparticles on gA 

function in suspended lipid bilayers. Voltage clamp electrophysiology measurements on ion 

channel formation indicated that anionic nanoparticles increased gA channel duration, suggesting 
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that ion channel function was altered through changes in membrane mechanical properties which 

alter membrane tension on channels and ultimately dictate channel lifetime. This change in 

function was observed for two anionic nanoparticle types of varying size and aggregation states. 

Molecular dynamics simulations were employed to further analyze the role of membrane 

mechanical properties in altering gA function. Nanoparticles were found not to interact with ion 

channels directly. Instead, transient interactions between nanoparticles and the lipid bilayer 

resulted in increased packing of lipids near the nanoparticle-bound area, leading to local 

softening in extended areas due to weakening of adhesion between neighboring lipids. These 

results demonstrate that anionic nanoparticle-induced alterations in gA function may be mediated 

by membrane mechanical properties.  

 Subsequent studies were performed to determine how the presence of gA alters the 

binding of anionic nanoparticles. These studies employed a unique combination of nanoparticle 

tracking analysis (NTA) and statistical mixture distributions to determine the percent of 

nanoparticle binding in varying ratios to vesicles containing versus lacking gA. Application of 

statistical mixture distributions involved drawing from measured NTA diffusion coefficients of 

individual mixture components (nanoparticles and vesicles) and iteratively binding particles until 

the distribution of diffusion coefficients closely matched that measured for the mixture. Two 

diffusional models were applied (Stokes-Einstein and Kirkwood-Riseman) to convert particle 

diffusion coefficients to particle hydrodynamic diameters. Both models predicted that the 

presence of gA increases the binding of anionic nanoparticles in both attached (1:1 

nanoparticle:vesicle) and bridged (1:2 nanoparticle:vesicle) motifs. The Kirkwood-Riseman 

model was ultimately determined to be the best fitting model via statistical testing, indicating the 

importance of model choice. These results demonstrate the application of a new combination of 
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methods (NTA and statistical mixture distributions) to obtain an accurate measure of particle 

binding and determined that the presence of gA increases the interaction of vesicles with anionic 

nanoparticles. 

 Finally, the influence of anionic nanoparticles on membrane mechanical properties were 

measured using a membrane-segregating dye which is sensitive to changes in membrane packing 

(Laurdan). It was determined that anionic nanoparticles can increase lipid packing in a 

phospholipid vesicle system, although the extent of that effect is determined by lipid type, salt 

concentration, and anionic nanoparticle ligand structure. These results suggest that there is an 

electrostatic interaction between nanoparticle and lipid vesicle, and that the lipid packing itself 

dictates the degree of nanoparticle impact. Although this system lacks gA, these results are 

consistent with those previously obtained using gA ion channels in suspended membranes – 

anionic nanoparticles exert an effect on membrane mechanical properties which may then result 

in observable changes to gA ion channel function. 
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Chapter 1: Background and Introduction 

 

1.1 Engineered nanomaterials in the environment 

 

Nanomaterials, defined as materials having at least one dimension between 1 and 100 nm, 

have a number of interesting characteristics that make them technologically desirable. These 

include increased reactivity relative to bulk materials resulting from a high surface area to 

volume ratio, small size allowing potential cellular interaction and uptake, and interesting 

photonic properties exploited in displays and imaging.1,2 Between 2010 and 2019 alone, there 

was a 24% increase in consumer products reporting the inclusion of nanomaterials, in 

commercial areas such as cosmetics, sporting goods, clothing, foods, and pharmacueticals.3,4 The 

rise of engineered nanomaterials, designed and used for a specific purpose, leads to increased 

environmental release and the potential to interact with the cells of organisms found in the 

environment.5 Thus it is important to understand how nanomaterials interact with organisms and 

their cells in the environment in order to prevent negative effects that may ultimately impact the 

ecosystem.5 Moreover, biomedical, pharmaceutical, and agricultural applications of 

nanomaterials necessitate the understanding of nano-bio interactions for safe and intended use.6 

1.2 Impact of nanomaterials on cellular outcomes 

 

Studies on nanomaterial impact on cells show that nanomaterial surface chemistries play 

a large role in responses such as binding to cells7–11, membrane disruption and defect 

formation8,11–15, lipid peroxidation14,16, modulation of membrane potential17,18, cellular 

uptake18,19, as well as toxicity and cell death7,8,11,12,14,15. Cationic nanoparticles have been found 

to be more cytotoxic than anionic nanoparticles7,8,12, although both anionic nanoparticles and 

sublethal doses of cationic nanoparticles still demonstrate adverse cellular effects including cell 
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membrane damage and alterations in membrane potential.13,17,18 Other features of nanomaterials, 

including the production of reactive oxygen species (ROS)14,16 and degree of ligand 

hydrophobicity12, dictate cellular response. Nanoparticles capable of inducing ROS production, 

including TiO2, ZnO, and silver, are more likely to cause lipid peroxidation14,16,20 that can 

ultimately lead to potential negative cellular outcomes including increased membrane 

permeability and alterations in gene expression and cell metabolism.21  Studies on cells also 

show that hydrophobic ligands may regulate nanoparticle translocation across the membrane due 

or affinity of hydrophobic nanomaterials for the membrane interior.22–24  

In addition to the effects of surface chemistry, nanoparticle size, shape, or aggregation 

influence the rate and mode of cellular uptake (passive diffusion, phagocytosis, etc.)25–28 – small 

nanoparticles are typically found to internalize faster.25 However, there is a complex interplay 

between nanoparticle size and surface chemistry, and studies demonstrate that an increase in 

nanoparticle size does not universally indicate a decrease in amount or rate of cellular uptake.25,27 

While increasing size of zwitterionic and anionic gold nanoparticles was found to decrease 

uptake, larger cationic nanoparticles demonstrated increased uptake in human cervical carcinoma 

(HeLa) cells.27 The variation in uptake of NPs is likely due to differences in cellular uptake 

mechanisms – which is altered by both size and surface charge of NPs.27 There is also variability 

in size-dependent uptake of anionic nanoparticles across multiple cell lines, indicating the 

importance of cell surface features in uptake.25 

Nanomaterial impact on cells is thus also dictated by cell surface chemistry. Cell 

membranes have a variety of species in the distal leaflet that are subject to potential nanomaterial 

interactions. Some bacteria bear lipopolysaccharide (LPS) molecules of varying length and 

terminal chemical identity on the outer leaflet  of the outer membrane– higher densities10 and 
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longer LPS moieties9 were associated with increased binding of cationic nanoparticles via 

electrostatic attraction. However, the cell membrane also contains many embedded membrane 

proteins, which make up about 50% by mass of the cell membrane.29 Thus, the impact of 

nanomaterials on membrane proteins is of considerable interest. 

1.3 Impact of nanomaterials on ion channels—binding and function 

 

Considerable focus has been placed on understanding the generation of soluble, cytoplasmic 

protein layers on nanoparticle surfaces, as this protein ‘corona’ may play a role in subsequent 

interactions with cell surfaces or organelles.30–35 However, fewer studies have been dedicated 

towards the interaction of nanomaterials with membrane-embedded proteins. Ion channels are 

one such class of membrane protein which may be of interest in nanomaterial interactions due to 

their role in maintaining cellular homeostasis and function via control of membrane potential, 

transport, nerve impulse conduction, and muscle contraction.36 Ion channels are transmembrane 

proteins which ‘gate’, or open and close, in response to external stimuli (e.g., exposure to certain 

ligands, membrane properties like stiffness or potential) to allow passage of ions. Numerous 

cellular studies show that nanoparticles can impact ion channel function, as reflected in changes 

in membrane potential17,37, alterations in ion channel gating38, or decreases in ion channel 

function.39–43 Nanoparticle-induced alterations in ion channel function can lead to impacts on cell 

function including changes in excitability of neurons.44 

1.4 Nanoparticle impact on membrane mechanical properties 

 

The mechanism through which nanomaterials can alter ion channel function is often 

attributed to direct ion channel blockage or binding to extracellular domains which result in 

protein conformational changes.39,41–43 However, a number of studies have also proposed, but not 
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demonstrated, that nanoparticles may indirectly alter ion channel function through changes in 

membrane mechanical properties.37,38,40 Ion channel function can be modulated by membrane 

properties like thickness, stiffness, or curvature, as the channel deformation during the gating 

process depends on hydrophobic matching with the surrounding lipid bilayer.45 Charged 

nanomaterials have been demonstrated to impact lipid packing46, suggesting potential to impact 

membrane properties and ultimately, the function of embedded membrane proteins. 

1.5 Scope of Thesis 

 

Nanomaterials released into the environment will inevitably encounter cells and organisms, 

where a likely first point of contact is the cell membrane. Moreover, use of nanomaterials in 

biomedical or pharmaceutical applications necessitates an understanding of their interactions 

with the cell membrane. Model membrane systems composed primarily of lipids have long been 

used to capture mechanistic insight into nanoparticle-membrane interactions which would 

otherwise be difficult to capture in cells or organisms. However, such simplistic model systems 

do not capture functional changes in proteins or other embedded species which may ultimately 

contribute to cellular outcomes. The scope of this thesis is focused on building up membrane 

complexity to a combination of lipids and embedded ion channels to study the impact of 

nanomaterial exposure on binding and membrane mechanical properties and subsequent changes 

in ion channel function.  

Chapter two begins by demonstrating that anionic nanoparticles impact the function of 

gramicidin A (gA) ion channels embedded in a model lipid membrane. We used computational 

studies to suggest that this functional change may be due to nanoparticle-lipid membrane binding 

that alters membrane packing and compressibility, leading to the observed decrease in function 
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of embedded ion channels. These studies are among the first to demonstrate functional protein 

changes as a result of nanomaterial-membrane interactions. 

Chapter three then uses a novel combination of nanoparticle tracking analysis (NTA) and 

statistical mixture distributions to quantify binding to model membranes that either contain or 

lack embedded gA ion channels. These studies demonstrated that anionic nanoparticles bind 

more frequently and in greater number to membranes containing ion channel than those lacking 

them. Moreover, a novel statistical analysis is presented and proposed as useful in quantitative 

assessment of binding in other nano-sized systems. 

Chapter four further and more explicitly examines the impact of anionic nanoparticles on 

membrane properties by utilizing a phase-segregating dye to qualitatively assess lipid packing. 

One anionic nanomaterial was found to increase lipid packing in systems of varying salt 

concentration or lipid vesicle rigidity. However, the effect may vary based on anionic ligand 

type, which modulates the extent of negative charge. These studies provide experimental 

confirmation for the membrane-mediated mechanism of ion channel functional changes 

suggested in Chapter two. 

Finally, Chapter five presents a larger summary and ties between each Chapter, context 

within the larger field, and potential future directions motivated by the findings of these studies. 
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Chapter 2: Anionic nanoparticle-induced perturbation to phospholipid membranes affects 

ion channel function 

 

The following chapter is adapted from the article published in Proceedings of the National 

Academy of Sciences*, 2020, 117 (45), 27854-27861 (DOI: 10.1073/pnas.2004736117), with the 

following co-authors: Dongyue Liang, Elizabeth D. Laudadio, Jorge D. Calderin, Meng Wu, 

Puspam Keshri, Xianzhi Zhang, Michael P. Schwartz, Robert J. Hamers, Vincent M. Rotello, 

Catherine J. Murphy, Qiang Cui, and Joel A. Pedersen 

*Contributions to this publication include: Conceptualization, methodology, experimental design 

and data collection, and writing and editing of the manuscript. 

2.1 Introduction  

Nanoparticles, virus-sized objects that can be composed of organic or inorganic 

materials, show considerable promise as bioimaging agents, drug delivery vehicles, and even as 

therapeutic agents themselves 1–3. Many of these technologies would benefit from a deeper 

understanding of how nanoparticles interact with biological membranes to enable the design of 

new nanomaterials with improved efficiencies and to minimize negative biological impacts. 

Nanoparticle properties such as core composition, size, shape, and surface functionalization can 

each influence membrane interactions and subsequent biological outcomes, including 

internalization 4–10, membrane damage 11–13, alteration of membrane function 14,15, and initiation 

of cellular signaling cascades 16. Experimental model membrane systems such as lipid vesicles 

17–20, supported lipid bilayers 21–24, lipid monolayers 25,26, and planar suspended bilayers 27 have 

been employed to gain insight into mechanisms of nanoparticle interaction with biological 

membranes and to inform in vivo investigations that correlate nanoparticle properties to cellular 

outcomes such as toxicity. For example, the binding to and disruption of model membranes by 

poly(ethyleneglycol)-functionalized quantum dots and polycation-coated diamond nanoparticles 
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have been correlated to bacterial membrane damage that ultimately reduces cell viability 17,28,29. 

Amphiphilic and lipophilic nanoparticles can induce defects in model membranes and cells 30 or 

embed in lipid bilayers 27,31. Atomistic and coarse-grained molecular dynamics simulations and 

analytical modeling have provided important insights into nanoparticle interaction with the lipid 

bilayer of cellular membranes 13,31–33. While the majority of prior investigations of nanoparticle 

interaction with model membrane systems have relied on lipid bilayers composed of single 

phospholipids or binary mixtures 19,23,24,26,34 recent efforts have begun to investigate the influence 

of other important membrane components on nanoparticle binding such as cell surface glycans 

and membrane proteins 35–37 to provide deeper insight into how the chemistry of cell surfaces 

facilitates nanoparticle binding.  

Ion channels comprise a class of embedded membrane proteins that are critical for 

maintaining cellular homeostasis and other biological functions (e.g., epithelial transport, 

immune cell activation, conduction of nerve impulses, muscle contraction) 38. Nanoparticles can 

disrupt the function of ion channels in membranes 14,39–41, altering ion channel gating 39 and 

membrane potentials 14,42. For example, while anionic nanoparticles are often considered non-

toxic 29, they have been shown to preferentially interact with neuronal membranes (vs. glial cells) 

and modulate their excitability, whereas such effects were not induced by cationic or neutral 

nanoparticles 15. Computational and experimental studies have provided evidence that some 

nanomaterials can decrease ion channel function by blocking the channel entrance or by altering 

protein conformation via binding to extracellular domains 40,43–45. Nanoparticle-induced 

perturbation to the mechanical properties of phospholipid bilayers has also been invoked as a 

potential explanation for observed disruption of ion channel function 39,41,42. The binding of 

nanoparticles to phospholipid bilayers can alter the mechanical properties of membranes 19, but 
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evidence correlating changes in membrane properties to altered ion channel (or other membrane 

protein) function has hitherto been inconclusive. 

Here, we combine experiments and simulations to investigate nanoparticle-membrane 

interactions and concomitant effects on the function of embedded ion channels. We employed 

voltage-clamp electrophysiology measurements on planar suspended lipid bilayers to 

demonstrate that anionic gold nanoparticles (AuNPs), often considered among the most benign 

nanoparticles 29, alter the function of embedded mechanosensitive gramicidin A ion channels 

without disrupting the membrane itself. Assembly of gramicidin A monomers into membrane-

spanning, ion-conducting dimers is sensitive to the bilayer deformation energy 46. We used 

attenuated total reflectance-Fourier-transform infrared (ATR-FTIR) spectroscopy and molecular 

dynamics simulations to obtain evidence that anionic AuNPs interactions subtly change 

membrane mechanical properties without directly altering the structure of embedded gramicidin 

A dimers. Our results provide insight into an indirect, phospholipid bilayer-mediated mode of 

nanoparticle-induced modulation of membrane protein function that was previously 

hypothesized, but not demonstrated to occur 39,41,42. Indirect effects of nanoparticles mediated by 

changes in the biophysical properties of the lipid bilayer are expected to influence the function of 

membrane proteins – both mechanically gated ion channels (for which gramicidin A serves as a 

model) and others, whose activities exhibit sensitivity to the properties of the bilayer 46,47. Our 

study also serves as a proof-of-concept demonstration of modeling a functional membrane 

system to assess the effects of nanoparticle binding on ion channel function.  
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2.2 Materials and Methods 

2.2.1 Ligand and gold nanoparticle synthesis 

The TCOOH ligand was synthesized according to the scheme in Figure 1. Compound 2 was synthesized 

following the reported literature 48. To synthesize compound 3, 1.56 g (2.76 mmol, 1 eq) of compound 2 

was taken in a round bottom flask containing 15 mL of tetrahydrofuran (THF). The flask was cooled to 0 

°C in an ice bath. After cooling, NaH (0.33 g, 13.37 mmol, 5 eq) was added to three portions (within 10 

min). After stirring this mixture for 30 min at 0 °C,  ethyl bromoacetate (0.91 mL, 8.26 mmol, 3 eq) was 

added to it. The solution was allowed to stir at room temperature for 16 h. The remaining NaH was quenched 

with methanol (MeOH) followed by EtOAc (Ethyl Acetate) (3 × 30 mL). The organic layer was separated, 

dried (Na2SO4) and concentrated at reduced pressure. The crude product was purified by column 

chromatography over silica gel using hexane/ethyl acetate (1:1) as an eluent. Solvent was removed in 

vacuum to afford compound 3 as a colorless oil (yield = 1.04 g, 52%). 1H NMR (400 MHz, CDCl3): δ 1.21-

1.46 (m, 19H), 1.58 (pent, 2H), 2.15 (t, 2H), 3.45 (t, 2H), 3.60-3.75 (m, 16H), 4.17 (s, 2H), 4.23 (q, 2H), 

7.22-7.31 (m, 9H), 7.42-7.44 (m, 6H). 

To synthesize compound 4, compound 3 (1.04 g, 1.44 mmol, 1 eq) was dissolved in THF (15 mL).  

LiOH. H2O (0.18 g, 4.32 mmol, 3 eq) was dissolved in 15 mL of distilled water and then added to the 

solution of compound 3.The mixture was allowed to stir at room temperature for 16 h. After 16 h, 1 M HCl 

was added to the reaction mixture to adjust the pH to 1-2. This was followed by the work up using EtOAc 

(3 ×30 mL). Afterward, the organic layer was separated, dried (Na2SO4) and concentrated at reduced 

pressure. The crude product was purified by column chromatography over silica gel using 

chloroform/methanol (17:3) as an eluent. Solvent was removed in vacuum to afford compound 4 as a 

colorless oil (yield 0.87 g, 87 %). 1H NMR (400 MHz, CDCl3): δ 1.16-1.41 (m, 16H), 1.55 (pent, 2H), 2.13 

(t, 2H), 3.45 (t, 2H), 3.59-3.75 (m, 14H), 4.15 (s, 2H), 7.20-7.33 (m, 9H), 7.40-7.42 (m, 6H). 

Compound 5 (TCOOH) was synthesized from compound 4 as follows. Compound 4 (400 mg) was 

dissolved in 5 mL of dichloromethane (DCM) and purged with nitrogen for 5 min. 1 mL of TFA was added 
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to the mixture in nitrogen atmosphere and allowed to stir for 20 min. Afterward, triisopropylsilane (0.4 mL) 

was added to the mixture and kept stirring at room temperature for 16 h under nitrogen atmosphere. It was 

then washed with hexane (twice), hexane-DCM (7:3) (twice), hexane-DCM (3:7) (twice), DCM (twice). 

Solvent was removed in vacuum to afford compound 5 as a colorless oil (yield = 180 mg, 67 %). 1H NMR 

(400 MHz, CDCl3): δ 1.26-1.39 (m, 14H), 1.54-1.70 (m, 4H), 2.51 (q, 2H), 3.47 (t, 2H), 3.59-3.78 (m, 16H), 

4.16 (s, 2H). 

Gold nanoparticles for TCOOH ligand exchange were synthesized by Brust-Schiffrin two-phase 

method 49,50. In brief, 1 g of HAuCl4 was dissolved in 150 mL water and 150 mL toluene. 

Tetraoctylammonium bromide (TOAB, 2.1 g) was added with maximum stirring speed. Pentanethiol(0.7 

mL) was added dropwise until whole solution turned into white. Sodium borohydride (2.0 g) was dissolved 

in 8 mL water and added into the white solution immediately. After 5 h of stirring, organic layer was 

separated and dried under reduced pressure in room temperature. The residue was dissolved in hexanes and 

washed with acetonitrile 80 times until all TOAB were fully removed.  

To perform a ligand exchange, 40 mg of gold core was dissolved in 4 mL of DCM under argon. Ligand 

(120 mg) in 2 mL DCM and 2 mL MeOH was added to solution dropwise under argon and stirred in room 

temperature for 72 h. Solvents were removed under reduced pressure, and precipitates were washed three 

times each with hexanes and hexanes/DCM mixture (1:1 v/v). Then solid was dissolved in ultrapure water 

(>18 MΩ∙cm) and dialyzed for 3 days. The gold nanoparticles had diameters of 2.1 ± 0.2 nm, as measured 

by transmission electron microscopy (TEM) (Figure 2). Ligand density was determined previously using 

matrix-assisted laser desorption/ionization mass spectrometry and found to be ~63 ligands/NP or ~5 

ligands∙nm-2 51. 

The 3-mercaptopropionoic acid (MPA) AuNPs were synthesized by an adapted existing protocol as 

follows 52. HAuCl4 (3.53 mL, 0.1 M) was added to 450 mL ultrapure water in an Erlenmeyer flask, and 212 

µL of 0.1 M MPA was added to the aqueous solution. The solution pH was adjusted to ~8.5 using 1 M 

NaOH, and stirred for 10 min. Fresh 0.1 M NaBH4 solution (6.4 mL) was added to the above reaction 

mixture. The combined solutions rapidly changed color to a deep red-brown, and the reaction mixture was 
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stirred for 2 h. The MPA-AuNPs were concentrated by a customized flow reactor with a 30 kDa MWCO 

membrane to a ~30 mL volume 53. The concentrated MPA-AuNPs were purified by centrifugation at 

13,000g for 55 min twice. For TEM imaging, 5 μL of a dilute solution of AuNPs was drop cast onto a TEM 

grid (Ted Pella), and the AuNPs sample images were taken with a JEOL 2100 cryo TEM.  

The UV-vis spectrum of MPA-AuNPs are shown in Figure 2. The diameter of MPA-AuNP were 

estimated in solution by UV−vis spectroscopy to be around 4.6 nm 54. TEM image analysis indicated that 

the core diameter of MPA-AuNPs were 4.7 ± 1.3 nm (n >200). A representative TEM image is shown in 

Figure 2. 

2.2.2 Characterization of gold nanoparticles 

For transmission electron microscopy (TEM) imaging, 4.5 μL of a dilute solution of MPA-AuNPs was 

drop-cast onto a TEM grid (Ted Pella), and images were acquired with a JEOL 2100 TEM. For TCOOH-

AuNPs, 5-10 μL of 1 μM AuNPs were drop-cast onto 300 Square Mesh, Nickel Grids (EMS FF300-Ni) 

and images were acquired using a TEM JEOL 2000FX instrument at an acceleration voltage of 200 kV. 

The UV-vis spectra of the TCOOH- and MPA-AuNP suspensions were acquired on a Molecular Devices 

Spectramax M2 Plate Reader and a Cary 500 Scanning UV-vis spectrophotometer, respectively. 

Nanoparticle hydrodynamic diameters and ζ-potentials were determined in 0.150 M KCl buffered to pH 7.4 

with 0.01 M HEPES by dynamic light scattering (DLS) and laser Doppler electrophoresis (Malvern 

Zetasizer Nano ZS). Reported hydrodynamic diameters and ζ-potentials represent the means of 10 and 12 

replicates, respectively (Table 1). 

2.2.3 Nanoparticle ligand density by X-Ray Photoelectron Spectroscopy (XPS) 

We quantified the number of MPA ligands on the AuNPs by XPS using a previously 

established approach 55 to determine the concentration of malonic acid to use as a ligand 

surrogate in electrophysiology control experiments. Two sets of samples were prepared for XPS 

analysis: stock and washed MPA-AuNPs. The washed samples in ultrapure water (>18 MΩ∙cm) 
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were prepared by isolating MPA-AuNPs from free ligand in solution via centrifugation of 50 µL 

MPA-AuNP stock for 8 min at 14100g. Both sets of samples were drop-cast (2 or 1 µL, 

respectively) onto planar Si substrates (previously sonicated in isopropyl alcohol for 10 min and 

dried under a stream of nitrogen gas), and the droplet was allowed to dry. XPS spectra were 

collected using a custom-built, ultrahigh-vacuum Phi XPS system with a base pressure of 10-9 

torr. X-rays were provided by an Al kα source (1486.6 eV photon energy) with a quartz-crystal 

monochromator and a hemispherical electron energy analyzer. Measurements were taken with 

pass energies of 58.7 eV. An electron collection angle of 45° with respect to the surface normal 

was used for all experiments. The XPS spectra were fit using CasaXPS software 2.3.16 

(www.casaxps.com). Experimental XPS data were compared with computed results using a 

previously reported model 55. The computed C:Au ratio from the model was compared with that 

calculated from the experimental data to obtain an organic layer thickness. Layer thickness was 

converted to molecular density using the density of the MPA ligand, and the surface area of the 

particle was used to approximate the concentration of MPA ligand on a single MPA-AuNP. Data 

were analyzed using CasaXPS, software version 2.3.16. Ligand coverages calculated for each set 

of samples were within 84% of one another when measured in triplicate. Ligand density 

determined by this XPS method was ~23 ligands∙nm-2. 

2.2.4 Preparation of planar suspended lipid bilayers and Voltage-Clamp electrophysiology 

We prepared planar suspended phospholipid bilayers by painting 56 n-decane solutions of 

DPhPC containing gA across 150 µm apertures in Delrin cups (Warner Instruments, Camden, 

CT). We used DPhPC because of its high stability when used to construct suspended bilayers 57. 

The experimental set-up is depicted in Figure 3. Briefly, we combined 0.5 mg of DPhPC from 25 

g∙L-1 chloroform stock with 2 to 10 µg gA in 2,2,2-trifluoroethanol. The mixture was then placed 

http://www.casaxps.com/
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under vacuum for at least 1 h to remove the solvents. We dissolved the resultant lipid film in 20 

µL of n-decane and allowed the solution to sit for 10-15 min before use. The aperture waspre-

coated with the DPhPC solution containing gA and allowed to dry. The cup was placed into the 

sample holder of the planar lipid bilayer workstation (Warner Instruments, Camden, CT), and the 

cup and chamber were filled with 1 mL of 0.15 M KCl buffered to pH 7 with 0.010 M HEPES. 

Bilayers were formed by swirling an elbow-shaped glass tube in the lipid solution and briefly 

occluding one side of the aperture until a highly capacitive (>40 pF) structure indicative of a 

planar bilayer membrane was formed.  

In voltage-clamp electrophysiology a constant transmembrane potential is applied across a 

phospholipid bilayer and current passage through the membrane is monitored. Electrophysiology 

experiments were conducted using a planar bilayer membrane workstation (Warner Instruments) 

shown schematically in Figure 3. These experiments employed planar suspended DPhPC bilayer 

membranes exhibiting capacitances >40 pF, higher than the intrinsic 25 pF capacitance of a bubble 

occluding the Delrin aperture 58, yet lower than the maximum bilayer capacitance at 100-200 pF 

59. Capacitance was determined by the application of a ± 1 V sawtooth potential waveform 60. 

Gramicidin A-containing planar suspended lipid bilayer membranes used in electrophysiology 

experiments displayed consistent ion channel activity (similar number of active channels present) 

for 10-15 min under +50 mV transmembrane DC potential prior to nanoparticle addition. After 

monitoring bilayer-incorporated gA activity for 10-15 min in 0.15 M KCl buffered to pH 7 with 

0.010 M HEPES, TCOOH- or MPA-AuNPs were sequentially added to final concentrations of 1, 

3, and 5 nM (particle number concentration) to either the cis (ground) or trans (input) wells, or to 

both. In the majority of experiments, AuNPs were added to both sides of the planar suspended 

bilayer membrane to avoid electrophoretic effects arising from sidedness 46,61–66, and membrane 
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conductance was measured under +50 mV applied transmembrane DC potential for 10-15 min 

after each addition of AuNPs. Experiments in which AuNPs were added to only one side of the 

membrane were conducted to verify that results were consistent regardless of whether 

nanoparticles were added to both or to only one side of the bilayer. In experiments in which AuNPs 

were added to only one side of the bilayer, a negative transmembrane potential was achieved by 

imposing a negative –50 mV bias on input electrode (trans) and adding nanoparticles to the 

solution corresponding to the ground electrode (cis). This orientation is analogous to addition of 

nanoparticles to the outside of a cell, which usually bears a negative transmembrane potential 

inside relative to outside. A subset of experiments were conducted to examine the effect of malonic 

acid (as a surrogate for MPA) on gA activity in the planar suspended bilayer membranes.  

Electrophysiology experiments were performed in triplicate at 25 (± 0.2) °C. Each replicate 

represents a unique bilayer, and data were averaged over 3.0-6.5 min time frames per replicate 

depending on channel activity. The desired number of channels prior to addition of AuNPs or 

malonic acid was >500 per analysis frame (3.0 to 6.5 min). A high channel density is required for 

statistical analysis of channel lifetimes, and the analysis frame was chosen accordingly. Values for 

numbers of channels (N), channel lifetimes (τ), and single-channel currents (g) depend sensitively 

on the amount of n-decane trapped between acyl chains of the lipids in the bilayer, a factor that is 

not easily controllable in bilayer lipid membranes formed using the painting method. Thus, each 

replicate (representing a unique bilayer) is normalized to its starting value for each figure of merit, 

which is then averaged across three replicates to assess the degree to which each is altered by 

exposure to AuNPs.  

Electrophysiology traces were analyzed over selected analysis frames for single-channel 

activity using the single channel search feature of Clampfit 10.6 (Molecular Devices). Single-
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channel currents were determined by dividing each current by the corresponding number of 

channels and averaging the resulting values. A representative single-channel current trace for a 

DPhPC bilayer containing grA is shown in Figure 2B. The trace depicts changes in the number of 

gA channel formation events, as measured by quantized current levels, where a single gA channel 

passes 1.00 ± 0.14 pA. 

To determine channel lifetimes (τ), raw lifetime data from the single channel search feature 

was binned according to Sturge’s Rule 67:  

𝑘 = 1 + 3.222(log10(𝑛))          (1) 

where bin size (k) is determined from the number of data points (n). Average single-channel 

lifetimes were then determined by applying a statistical function on the binned lifetime data based 

on previous studies 68,69: 

    ln (
𝑁(𝑡)

𝑁(0)
) = 𝑡 ∙ (−

1

𝜏
)   (2) 

where N(t) is the number of channels in each bin, N(0) is the total number of channels, t is the 

binned time, and τ is the average lifetime. Plotting ln (N(0)/N(t)) vs. t allows τ to be determined 

from the slope. 

For channel lifetimes, error was determined as that solely between replicates, as the original 

quantification does not contain measurable error. Error in lifetimes and single channel currents 

were determined by propagation of error for each replicate followed by propagation among 

averaging between replicates. 

2.2.5 Preparation and characterization of small unilamellar vesicles (SUVs) 

Small unilamellar vesicles for use in attenuated total reflectance-Fourier transform infrared 

spectroscopy studies (vide infra) were prepared by the extrusion method. Briefly,  DPhPC lipids 

(0.846 mg) in a 25 mg∙mL-1 chloroform stock mixed with 0.05 mg gA dissolved in 2,2-
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trifluoroethanol. The solvents were under a stream of ultrapure N2 gas, and the lipid film was 

rehydrated in 0.150 M KCl buffered to pH 7.4 using 0.01 M HEPES. After sonication for 30 min, 

the solution was extruded 11 times through a 0.05 μm polycarbonate filter (Whatman) using an 

extrusion kit (Avanti Polar Lipids). Vesicles suspensions (1 mM in DPhPC and 0.0265 mM in gA) 

were stored at 4 °C and used within 1 week of extrusion. Hydrodynamic diameters and ζ-potentials 

of the vesicles in 0.150 M KCl buffered to pH 7.4 with 0.01 M HEPES were determined by DLS 

and laser Doppler electrophoresis as described above. These data are reported below. 

2.2.6 Attenuated Total Reflectance–Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

We used ATR-FTIR spectroscopy to probe the changes in the vibrational spectra of 

supported layers of DPhPC vesicles containing gA upon interaction with TCOOH- and MPA-

AuNPs. Small unilamellar vesicles had a number average diameter of 82 ± 2.4 nm (Z-average 

diameter of 117 ± 1.4 nm, PDI of 0.14 ± 0.04) and a ζ-potential of -4.4 ± 1.2 mV. These small 

unilamellar vesicles (1 mM) were drop-cast via pipette onto a single-bounce monolithic diamond 

internal reflection element (GladiATR, Pike Technologies) mounted in a Bruker Vertex 70 

instrument with a LN-MCT (liquid nitrogen-cooled HgCdTe) detector. The diamond surface was 

cleaned with ethanol and water in between experiments. All data were acquired in triplicate. For 

both background and sample spectra, 300 scans were averaged at a 2 cm-1 resolution. A 

Blackman-Harris 3-term apodization function, Mentz phase correction mode, and zero-filling 

factor of two were used in all cases. Single channel spectra were collected and converted to 

absorbance spectra using Igor Pro version 6.3.7.2 (www.wavemetrics.com). 
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2.2.7 Molecular Dynamics (MD) Simulations 

We applied MD simulations to explore the interaction between nanoparticles, the gA 

dimer and lipid membrane at the microscopic level.  In addition to the DPhPC bilayer studied 

experimentally, we also studied the case of DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine) to evaluate the generality of the observed trends. For each type of lipid, we 

embedded a gA dimer in a pure lipid bilayer; for comparison, simulations were also carried out 

without the embedded gA dimer. The initial structure of the gA dimer was taken from 

PDB:1JNO 70. For all the MD simulations, the CHARMM36 71–74 force field was used for 

nanoparticle ligands, lipids, proteins, ions and water. The membrane builder module of 

CHARMM-GUI 75–77 input generator was used for system assembly, and the dimensionality of 

the simulated system was approximately 10×10×8 nm3, and the z dimension (membrane normal) 

was extended to 13 nm when the AuNP (and additional water and ions) was introduced into the 

system. The NaCl salt concentration of 0.15M was applied in all the simulations. Each lipid 

bilayer–gA system was first equilibrated for 375 ps 76,77 during which harmonic restraints were 

applied to protein backbones, sidechains and lipid. After equilibration, each system was 

assembled with pre-equilibrated MPA-AuNP, including the water molecules and ions within the 

first shell; to mimic the situation when MPA-AuNP approaches the gA channel, the initial 

location of the MPA-AuNP was set to be on top of the gA channel with a distance of ~15 Å (see 

Figure 7). The MPA-AuNP model consisted of a 2-nm-diameter AuNP functionalized with 72 

MPA ligands (with a surface ligand density ~5.7 nm-2), which are randomly distributed on the 

surface; we explored two titration states for the MPA ligands, where all or approximately half 

78,79. MPA ligands were charged. The INTERFACE force field 80 was used for the gold atoms, 

which was shown to be reliable in our previous work 81. Replicas of production runs were 

performed with the assembled systems for 100 ns each.  
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For comparison, simulations have also been conducted for a single TCOOH-AuNP and 

four MPA-AuNP aggregated together interacting with a DPhPC bilayer. For the TCOOH-AuNP, 

three independent simulations of at least 100 ns each were conducted; for the aggregated MPA-

AuNPs system, the simulation is 100 ns in length.  In the latter setup, a set of harmonic restraints 

was applied to the centers of mass for the MPA-AuNPs to maintain their spatial proximity in the 

x-y plane and alignment along the z axis; the force constant for the horizontal restraints is 50 

kcal·mol-1·Å-2, and that for the vertical (z) restraint is 1000 kcal·mol-1·Å-2.  

All simulations were performed with the NAMD 82 simulation package. Particle-Mesh-

Ewald 78 was used to treat electrostatic interactions with a grid spacing of 1 Å and a real-space 

cutoff of 12 Å. Force switching with a switching distance of 10 Å was applied for van der Waals 

interactions. The SHAKE 83 algorithm was applied to all bonds involving hydrogens, allowing an 

integration time step of 2 fs. Langevin dynamics with a damping coefficient of 1.0 ps-1 was applied 

for temperature control, and the Nosé-Hoover Langevin piston 84,85 was applied for constant 

pressure control. The temperature of the simulations was set to 303.15K, and the pressure was set 

to 1 atm with the x-y ratio of the box fixed at 1. CHARMM 86, VMD 87 and the MDAnalysis 88,89 

tool were applied for analysis and visualization. 
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2.3 Results and Discussion 

2.3.1 Anionic AuNPs Impact Ion Channel Function 

Electrophysiology was employed to measure the impact of anionic gold nanoparticles (AuNPs) 

on the function of gramicidin A (gA) ion channels embedded in 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) bilayers (see Methods). Bilayers composed of DPhPC are frequently 

used in studies of ion conductivity because they exhibit characteristics desirable for 

electrophysiology studies including high mechanical and chemical stability, high electrical 

resistance, and low ion and water permeability, and they remain in the biologically relevant liquid 

crystalline (i.e., fluid) phase over a broad temperature range (–120 to 120 °C) 90. Gramicidin A is 

a well-studied bacterial mechanosensitive peptidic ion channel 91–94 that shares several features 

with larger ion channels, including the dependence of its ion gating on bilayer deformation 46,95 

and the presence of tryptophan residues at the bilayer-solution interface 96. Gramidicin A-

containing lipid bilayers provide a convenient and robust platform to investigate membrane-

mediated impacts on ion channel function.  

AuNPs were functionalized with either short (mercaptopropionic acid, MPA) or long 

(mercaptodecanoic-tetraethyleneglycol-carboxylate, TCOOH) anionic ligands to probe the 

presentation of carboxyl groups on interactions with gA-containing membranes (Table 1). The 

MPA-AuNPs exhibited ζ-potentials of –29.4 ± 0.99 mV and underwent considerable aggregation 

in the buffer used for electrophysiology experiments. Specifically, while MPA-AuNPs possessed 

a core diameter of 5.4 ± 1.6 nm based on TEM measurements, the hydrodynamic diameter 

measured in electrophysiology buffer was 360 ± 61 nm (Table 1). TCOOH-AuNPs in 

electrophysiology buffer had a ζ-potential of –8.9 ± 0.40 mV and aggregated to a smaller extent 

than MPA-AuNPs (core diameter = 2.1 ± 0.2 nm, hydrodynamic diameter = 20 ± 15 nm; Table 1). 
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The MPA-AuNPs and TCOOH-AuNPs thus had distinct sizes, aggregation states, and ζ-potentials 

in the buffer used here. 

Ion channel function was first measured for gA-containing membranes by adding anionic 

AuNPs to both sides of the membrane to minimize any electrophoretic effects or membrane 

pressure changes that might complicate interpretation of changes in ion channel function. Ion 

channel function was quantified for embedded gA-ion channels by measuring the number (N(t)), 

lifetime (τ), and single-channel current (g) via voltage-clamp electrophysiology (Fig. 1A and B). 

Exposure of gA-containing membranes to a gradient of either TCOOH- or MPA-AuNPs reduced 

gA ion channel activity (number of channels per unit time; p < 0.05) and extended single-channel 

lifetimes (p < 0.001) in a dose-dependent manner, but did not alter single-channel current (Fig. 2, 

Fig. 3).  

Similar trends were observed for changes in ion channel function when 1 nM MPA-AuNPs 

was introduced to only the side of the membrane corresponding to the exterior (extracellular side) 

of a biological cell (Fig. 3-4). We note that although the terminal carboxylate groups of ligands 

decorating the AuNPs may bind potassium cations, the number of ions sequestered at the 

nanoparticle concentration used would be insufficient to appreciably change the K+ concentration 

of the solution. Using the determined ligand densities and assuming that every ligand is 

deprotonated and binds one K+ cation, we find that 5 nM MPA- and TCOOH-AuNPs (the highest 

concentrations used) would decrease the K+ ion concentrations by < 0.01%. This change in K+ 

concentration is too small to appreciably alter channel conductance. Indeed, single-channel current 

is unaltered by exposure to the anionic AuNPs over the concentration range used (Fig. 2 G & H). 

The observed changes in the number of gA channels and their lifetimes is instead largely 

consistent with a change in membrane mechanical properties, although activity and lifetime do not 
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change in parallel as they do for molecular species 66. We note that dosing with free malonate 

(chosen as a free ligand control) at a concentration equivalent to total ligand on 1 nM MPA-AuNPs 

(Fig. 3) did not significantly alter channel activity or single-channel current (p > 0.05), but reduced 

channel lifetimes relative to control (p < 0.05, Fig. 3), in contrast to the increase in lifetime 

observed for both MPA- and TCOOH-AuNPs. Taken together, our results indicate that anionic 

AuNPs alter gA function similarly despite differences in carboxyl-bearing ligands (MPA vs. 

TCOOH), aggregation state (approx. 360 vs. 20 nm hydrodynamic diameter), and ζ-potential 

(approximately –9 vs. –29 mV), but that the effect of the nanoparticles differs mechanistically 

from that of free ligand in solution. 

2.3.2 Anionic AuNPs Do Not Impact gA Conformation 

We used ATR-FTIR spectroscopy to probe perturbations of gA embedded in DPhPC vesicles 

induced by interactions with MPA- or TCOOH-AuNPs (Fig. 6). We focused our analysis on the 

Amide I (dominated by backbone C=O stretching vibrations) and Amide II (dominated by N–H 

stretching vibrations) regions of the vibrational spectra. The Amide I band is particularly sensitive 

to secondary structure of the peptide backbone 97. The FTIR spectra of gA-containing vesicles 

exposed to MPA- or TCOOH- AuNPs were first referenced to gA-free vesicles to assess gA-

related peaks in the Amide I and II regions (Fig. 6A). The Amide I peaks at Amide peaks at 1630 

cm-1, and ~1668 cm-1 (shoulder) and the Amide II peak at 1548 cm-1 for gA-containing vesicles 

are consistent with previously reported vibrational spectra for gA ion channels embedded in lipid 

vesicles 98–100. Exposure to MPA- or TCOOH-AuNPs (Fig. 6A) resulted in a reduction in peak 

intensities relative to gA-containing vesicles alone, but peak positions remained unchanged.  

We also referenced spectra for gA-containing vesicles exposed to AuNPs to gA-containing 

vesicles alone to isolate peak intensity changes specific to nanoparticle exposure (Fig. 6B). Amide 
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I and II absorbances decreased for gA-containing vesicles exposed to MPA- or TCOOH-AuNPs 

compared to gA-containing vesicles alone (Fig. 6B), resulting in inverted peaks (compared to 

spectra in Fig. 6A). However, Amide I and II peak ratios were similar for gA-containing vesicles 

exposed to MPA- or TCOOH-AuNPs (Fig. 6B), consistent with interactions being similar for both 

AuNP types. We note that peak shapes in the Amide I and II regions for gA-containing vesicles 

exposed to AuNPs (referenced to gA-containing vesicles) were similar to gA-containing vesicles 

alone (referenced to DPhPC vesicles). Thus, the primary effect of exposing gA-containing vesicles 

to AuNPs was a uniform decrease in overall peak intensity across the Amide I and II region without 

changing relative peak positions or peak shapes. Based on these combined results, we conclude 

that any perturbation in gA conformation due to interaction with anionic AuNPs was minimal. 

2.3.3 MPA-AuNPs Perturb Local Membrane Properties 

To obtain further mechanistic insight into the interaction of anionic AuNP interaction with 

gA ion channels embedded in lipid bilayers, we performed molecular dynamics (MD) simulations 

on a single MPA-AuNP in proximity to a single gA ion channel embedded in a DPhPC bilayer. 

We note that MPA- and TCOOH-AuNPs differ in several relevant properties (Table 1), but 

experimental results are consistent with similar interactions with gA-containing bilayers. We 

therefore also conducted simulations for a TCOOH-AuNP as well as four MPA-AuNPs aggregated 

together. Both show qualitatively similar behaviors as the single MPA-AuNP; thus our analysis 

has focused on the MPA-AuNP system. We found that regardless of the titration state (fully or 

half deprotonated) of the MPA ligands, the MPA-AuNP remains on the lipid bilayers for the 

majority of the 100-ns simulations with a distance of ~2.5 to 5 Å (Fig. 7), indicating stable 

adsorption. The nanoparticle, however, did not consistently exhibit attraction to the gA dimer; it 

remained close to the gA dimer in some trajectories, but drifted away in others (Fig. 7B).  
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We computed the root mean square difference (RMSD) of the gA backbone with respect 

to the crystal structure (Fig. 8) and the number of backbone hydrogen bonds formed within the gA 

dimer (Fig. 9) from the MD trajectories. In general, the results indicate that the presence of MPA-

AuNP leads to very little perturbation on the gA structure, in agreement with FTIR results. To test 

the generality of the observed trends, we also conducted simulations for MPA-AuNP with a gA 

embedded in a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer. The mode of 

interaction between MPA-AuNP and gA was found to be similar for both DPhPC and DMPC 

bilayers.  

Since little direct impact on the gA channel from the MPA-AuNP is observed, we 

hypothesized that the effect on the gA channel lifetime stems from a change in local lipid properties 

upon MPA-AuNP adsorption. As discussed below and shown by Andersen and coworkers 101, 

local bilayer thickness (i.e., hydrophobic mismatch) and mechanical properties play an important 

role in determining the gA channel lifetime. To focus on the effect of MPA-AuNP on lipid 

properties, we measured the hydrophobic thickness and area compressibility modulus of the 

bilayer in MD simulations of MPA-AuNP assembled with a lipid bilayer without the gA dimer. 

The hydrophobic thickness of the bilayer is commonly defined as the average thickness given by 

C2 carbon atoms of the acyl tail of lipids in opposing leaflets 94, and the area compressibility 

modulus (KA) is related to the mean square fluctuation in lipid area (A) 102:  

KA=
kBT〈A〉

〈δA
2〉

 

where kB is the Boltzmann constant and T is absolute temperature. 

The impact of MPA-AuNP adsorption on local lipid properties was evaluated for a DPhPC 

bilayer with several independent 100-ns trajectories in the presence of an MPA-AuNP in either 

titration state. Since the DPhPC bilayer is rather stiff due to the packing of additional methyl 
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groups along the acyl chains, adsorption of the MPA-AuNP did not lead to significant local 

thinning of the bilayer, as shown in Figure 10 ; that is, the mean hydrophobic thickness is 

comparable in the presence and absence of the nanoparticle when the magnitude of thermal 

fluctuations is considered. By comparing the area compressibility moduli for different segments 

of the MD trajectory, we observe that the segment where AuNP is adsorbed on DPhPC consistently 

exhibits lower compressibility modulus relative to the segment without AuNP adsorption from 

multiple independent trajectories. This suggests that MPA-AuNP adsorption likely leads to local 

softening of the bilayer. Analysis of headgroup orientation and lipid tail order parameters (Fig. 11) 

indicates that AuNP binding perturbs mainly the headgroup orientation while having a minimal 

impact on the tails. The headgroups near the MPA-AuNP are better aligned with the membrane 

normal compared to those further away; this leads to overall more repulsion between the 

neighboring headgroups, weakening the adhesion between neighboring lipids, which in turn leads 

to larger area fluctuations and thus a lower area compressibility modulus. On the other hand, a 

quantitative characterization of the area compressibility remains challenging even with 

microsecond MD trajectories; the statistical uncertainty associated with the computed area 

compressibility is about 12%, which is comparable to the difference between cases with and 

without the AuNP bound to the membrane. The subtle effect of AuNP binding on the membrane 

mechanical properties is not unexpected, since the DPhPC bilayer is stiff and the interaction 

between AuNP and the zwitterionic headgroup is relatively weak. 

2.4 Conclusions and Implications 

Model membranes provide useful platforms to gain quantitative insight into interactions 

with nanoparticles such binding, changes in lipid bilayer structure, and alterations to mechanical 

properties. While membrane modeling strategies are becoming increasingly sophisticated and 
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computational modeling approaches have begun to complement experimental results, most studies 

investigating interactions with nanomaterials have been limited to single-component or mixed 

phospholipid bilayers, with only relatively few reports of models that incorporate other relevant 

membrane biomolecules 35,36. The combined experimental and computational strategy taken in the 

present study allowed us to investigate the influence of nanoparticles binding on membrane 

properties and function.  

The mechanosensitivity of gramicidin A ion channels arises from the dependence of gA 

dimerization on bilayer compressibility, meaning that its ion channel formation and the lifetime of 

channels depends on the ability of surrounding phospholipids to deform 103. Gramicidin A channels 

are smaller than the thickness of the phospholipid bilayer 46,93,104. Thus, gA dimerization and 

channel formation depends on the ability of the bilayer to compress to match the hydrophobic 

length (l = 2.6 nm) 105 of the channel (hydrophobic matching) 46,66, a property important for larger 

ion channels 92,106 and other membrane proteins 47. 

Prior reports speculated that nanoparticles can indirectly alter ion channel function through 

interactions with the surrounding membrane 39,42,107, but experimental support for this has been 

inconclusive. For example, the reduction in sodium channel current amplitudes in neuroendocrine 

cells induced by exposure to silver nanoparticles was proposed to be mediated by changes in 

membrane mechanical properties 42. In another study, ZnO nanoparticles increased steady-state 

current amplitude, decreased the channel inactivation rate during steady-state depolarization, and 

had no effect on the current activation rate for HEK 239 cells. The mechanism was proposed to 

involve nanoparticle-induced alterations to channel gating (opening/closing) rather than channel 

blockage, but whether the effects observed were due to direct interaction of ZnO with the ion 

channel or indirect interactions with the lipid bilayer remained unresolved 39. The inconclusiveness 
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of these studies reflects the challenges associated with measuring nanoparticle-induced alterations 

to the biophysical properties of the membranes of living cells.  

Our results provide evidence that nanoparticles can indirectly disrupt the function of gA 

ion channels by altering mechanical properties of the surrounding lipid bilayer. Although similar 

results have not been reported for nanoparticles, several studies have investigated such effects 

using amphiphiles or drug molecules. For example, amphiphiles have been shown to change 

membrane properties such as compressibility and thickness, which alters channel function by 

modulating the energetic penalty for membrane deformation associated with the mismatch in 

hydrophobic thickness between the bilayer and embedded ion channel 68,95,108. The dependence of 

gA channel activity on bilayer hydrophobic matching has also been exploited to study the impact 

of drug molecules on bilayer stiffness by using gA as a “molecular force probe” to assess changes 

in bilayer properties such as bilayer compressibility 46,94. The partitioning into or adsorption onto 

the membrane of these drug molecules alters bilayer stiffness, and in turn the bilayer disjoining 

force (Fdis) acting on gA channels, by changing the bilayer compression and bending moduli and 

intrinsic bilayer curvature 46. A decrease in bilayer stiffness and therefore in Fdis results in increases 

in N(t) and 𝜏, and an increase in bilayer stiffness has the opposite effect.  

In our study, the malonate molecule chosen as our ligand control induced a decrease in 

channel lifetime, while differences in channel activity were not statistically significant. In contrast, 

anionic TCOOH- and MPA-AuNPs interact with the model membrane system containing gA in a 

manner that reduces the number of ion channels and extends the lifetime of remaining channels 

without changing conductance. Thus, whereas the effects of amphiphiles, peptides, and solvents 

result in coordinated changes in N(t) and 𝜏 (i.e., both properties change in the same direction), 

anionic AuNPs interacting with gA-containing bilayers cause N(t) and 𝜏 to change in opposite 
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directions. This finding suggests more complex modulation of gA monomer–dimer kinetics in the 

case of interaction with anionic nanoparticles relative to partitioning or adsorption of molecular 

species. We note that the trends observed for small molecules may not extend to larger, flexible 

species like anionic polymers, which were previously reported to not exert an effect on gA 109. 

 Complementary evidence from our experimental and computational experiments also 

indicate that anionic AuNPs do not induce measurable changes in gA dimer structure or 

conformation within the lipid bilayer. First, FTIR characterization of Amide I and II absorbances 

did not identify measurable changes that would indicate altered ion channel structure or 

conformation for gA-containing vesicles exposed to anionic AuNPs 98,110,111. Our FTIR results are 

also similar to previously reported effects for changes in amide absorbance for gA-vesicles 

exposed to silver nanoparticles 99. Furthermore, molecular dynamics simulations demonstrate that 

anionic TCOOH- and MPA-AuNPs do not interact strongly with gA ion channels or induce 

significant conformational changes to gA dimers. Rather, our computational results suggest that 

AuNP adsorption to the lipid bilayer surface induces local perturbation of the membrane and likely 

a concomitantly decreased compressibility modulus, which is consistent with the extended 

lifetimes of gA channels observed experimentally. Based on our combined results, we conclude 

that anionic AuNPs disrupt ion channel function by modulating local membrane properties rather 

than by direct NP-ion channel interactions. 

Previous studies have reported that gA dimer configuration must stretch to a transition state 

before dissociating into monomers 112,113. The thickness of the annular lipids is unable to match 

both dimer and the transition state, thus hydrophobic mismatch is expected to affect the 

dissociation rate of the dimer. Since DPhPC and gA dimers exhibit significant hydrophobic 

mismatch, the formation of a gA dimer induces local lipid compression, and the degree of 
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compression is less in the transition state. Decrease in compressibility modulus (thus bending 

modulus according to a polymer brush model for lipid mechanics) leads to a lower free energy 

penalty for lipid deformation and an increased barrier from dimer to the transition state 114; the 

latter is consistent with the lifetime increase of the gA dimer observed experimentally. Similar 

effect on the gA dimer lifetime was reported for a series of amphiphiles by Andersen et al. 95, who 

explained the increase of gA dimer lifetime in terms of reduced bilayer spring constant by the 

amphiphiles. Prior studies have reported that channel lifetimes and channel activity change in a 

concerted fashion with changes in bilayer mechanical properties. In contrast, anionic AuNPs 

induce changes in channel lifetime and activity that are inversely correlated, which to the best of 

our knowledge has not been previously described. Thus, the mechanisms of anionic AuNP 

modulation of gA ion channel activity cannot be described based solely on current understanding 

of the influence of membrane mechanics on channel activity. While further study will be required 

to understand the inverse correlation between lifetime and activity, our results point to the 

importance of developing more sophisticated modeling approaches to understand such effects. 

Our combined experimental and computational results demonstrate that anionic AuNPs can 

indirectly alter gramicidin A ion channel function by changing local mechanical properties of the 

surrounding lipid bilayer. These findings also provide insight into the potential for nanoparticles 

to indirectly alter ion channel function in cells 39,42,107. Due to the complexity of such systems, 

determination of underlying mechanisms of interaction can be difficult, and attribution of ion 

channel disruption by nanoparticles to changes in membrane properties has been largely 

speculative in those system. For example, a role for changes in membrane mechanical properties 

has been proposed for the impact of silver nanoparticles on sodium channel function 42, and for 

the effect of ZnO nanoparticles on membrane potentials for HEK 239 cells 39. However, these 
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studies could not distinguish between direct interactions with ion channels from indirect 

interactions with the surrounding lipid bilayer using available techniques 39,42. While further 

investigation would be necessary to definitively correlate our results to biological outcomes, our 

combined approach establishes a connection between NP-induced modulation of membrane 

mechanical properties and impact on ion channel function and offers molecular-level insight into 

a possible underlying mechanism. 

The ability of interactions with nanoparticles to impact the bilayer mechanical properties 

with concomitant effects on the hydrophobic matching of mechanosensitive ion channels have 

implications far beyond the present study. The activities of numerous membrane proteins are 

modulated by the coupling between hydrophobic protein domains and the bilayer core including 

those of ion channels, transporters, receptors, and enzymes 47,106. Our results indicate that 

nanoparticle effects on protein function do not require direct interaction; effects may also be 

mediated by changes in the biophysical properties of the lipid bilayer. Such indirect effects 

warrant investigation in evaluating the safety of engineered nanomaterials and suggest potential 

applications in modulating cellular function.   
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2.5 Tables and Figures 

Table 1. Diameters and Zeta-Potentials of Anionic Gold Nanoparticles 

 

 Hydrodynamic Diameterb (nm) ζ-potentialb 

Ligand Core Diametera (nm) Number-

Average 

Z-

Average 

PDI (mV) 

MPA 5.4 ± 1.6  360 ± 61 480 ± 94  0.28 ± 0.03   –29.4 ± 0.99  

TCOOH 2.1 ± 0.2 20 ± 15  500 ± 130  0.53 ± 0.08  –8.9 ± 0.40  

a Core diameters represent mean values ± one standard deviation and are based on analysis of TEM 

images (n = 150-700). PDI is the polydispersity index. 
b Hydrodynamic diameters (n = 5) and ζ-potentials (n = 5) were determined in 0.15 M KCl buffered 

to pH 7 with 0.01 M HEPES.  
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Figure 1. Primary experimental and computational approaches. (A) Schematic of the voltage-

clamp electrophysiology setup used to study ion channels embedded in suspended bilayers. Cis 

and trans refer to sides of the membrane with respect to the position of the viewing window (i.e., 

from the vantage point of the user). (B) Electrical current trace for gramicidin A embedded in a 

DPhPC bilayer bathed in symmetric solutions of 0.15 M KCl buffered to pH 7 with 0.01 M 

HEPES. A +50 mV transmembrane potential was applied to the trans well such that cations flow 

to the cis well through open gramicidin A channels. Each current step on the electrophysiology 

traces of current versus time on the left corresponds to the number of conducting channels in the 

individual bilayers depicted in the right. (C, D) Illustration of the initial configuration of the 

molecular dynamics system after assembly. The system shown here includes an MPA-AuNP 

assembled with a gramicidin A dimer embedded in a DPhPC lipid bilayer. For clarity, water and 

ions are not shown, (C) provides top-down view (D) depicts a side view. 
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Figure 2. (A, B) Anionic gold nanoparticles (C, D) reduced normalized channel activity, (E, F) increased 

channel lifetimes (τ), and (G, H) had no effect on single-channel current at the nanoparticle concentrations 

used (1 – 5 nM, number concentration) of MPA- or TCOOH-AuNPs. Changes in normalized channel 

activity (N/N0), lifetime (τ/τ0), and single-channel current (g/g0) are shown for each nanoparticle type 

where the 0 subscript indicates the value prior to introduction of nanoparticles. Nanoparticles were added 

to both sides of the planar suspended bilayer lipid membrane with a +50 mV potential applied through the 

trans electrode. Channels were sampled in MPA- and TCOOH-AuNP experiments over 6.5 and 3.0 min, 

respectively. In (C) and (D), statistical significance is denoted by asterisks: p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***), p < 0.0001 (****). In (E) and (F), all differences are significant (p < 0.05). The normalized 

single-channel currents in (G) and (H) do not differ (p > 0.05). Plots display the results of triplicate 

experiments; error bars represent one standard deviation. 
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Figure 3. Malonate, used to probe the effects of the MPA ligand, produced (A) no changes in 

channel activity (N/N0), (B) reduced channel lifetime (τ/τ0), and (C) left single-channel current 

(g/g0) unaffected. Malonate was added to both sides of the suspended bilayer lipid membrane at 

a concentration equivalent to the amount of ligand present on 1 nM MPA-AuNPs with a +50 mV 

potential applied through the trans electrode. Plots display the results of triplicate experiments. 

Channels were sampled over 6.5 min. Statistical significance is designated by asterisks: p < 

0.0001 (****). 
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Figure 4. Anionic mercaptopropionic acid (MPA)-gold nanoparticles (1 nM), when added to 

only one side of the bilayer, (A) reduced normalized channel activity (N/N0), (B) increased 

normalized single-channel lifetimes (τ/τ0), and (C) had no effect on normalized single-channel 

current (g/g0). The subscripted 0 denotes the value prior to introduction of nanoparticles. 

Nanoparticles were added to the trans side of the planar suspended bilayer lipid membrane with a 

–50 mV transmembrane potential applied through the cis electrode. Channels were sampled over 

3.0 min. Statistical significance is denoted by asterisks: p < 0.05 (*), p < 0.001 (***). Plots 

display the results of triplicate experiments.  
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Figure 5. Comparison of changes in normalized (A) channel activities (N/N0), (B) single-channel lifetimes 

(𝜏/𝜏0), and (C) single-channel currents (g/g0) for experiments in which 1 nM MPA-AuNPs were added to 

either one or both sides of the planar suspended bilayer lipid membrane. Data are replotted from previous 

figures. Channels were sampled over 3.0 and 6.5 minutes for one- and two-sided exposures, respectively. 

Bars show mean values; error bars indicate one standard deviation. Statistical significance (p < 0.05, *) is 

denoted.  
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Figure 6. Amide I and II region in the infrared absorbance spectra of gA-containing DPhPC vesicles before 

and after exposure to 100 nM of the indicated nanoparticle. Spectra were referenced against (A) DPhPC 

vesicles lacking gA and (B) DPhPC vesicles containing gA. Abbreviations: DPhPC, 1,2-diphytanoyl-sn-

glycero-3-phosphocholine; gA, gramicidin A; MPA, mercaptopropionic acid; TCOOH, mercaptodecanoic-

tetraethyleneglycol-carboxylate 
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Figure  7. (A) Distance between MPA-AuNP and DPhPC bilayer over a 100 ns timeframe and (B) distance 

between MPA-AuNP and gA dimer embedded in a DPhPC bilayer; both two replicates each for half 

deprotonated and fully deprotonated MPA-AuNP. Panel (C) depicts snapshots from MD simulations 

illustrating that the MPA-AuNP interact directly with lipid molecules regardless whether it is near or far 

from the gA dimer. The snapshots are from simulations of the half-deprotonated MPA-AuNP (i.e., 35 out 

of 72 MPA ligands are charged) assembled with a gA dimer embedded in a DPhPC lipid bilayer. For clarity, 

water and ions are not shown, and only phosphorus (tan) and nitrogen (blue) atoms in phospholipid head 

groups are shown for lipids. 
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Figure 8. Time evolution of backbone RMSD of a gA dimer with respect to the crystal structure (PDB: 

1JNO) from 100 ns MD simulations of a fully/half-deprotonated MPA-AuNP assembled with a gA dimer 

embedded in a DPhPC lipid bilayer. Panels A and B are for two independent replicas of the system with 

fully deprotonated MPA-AuNP (i.e., 72 deprotonated MPA ligands), and panels C and D are for two 

replicas of the system with half deprotonated MPA-AuNP (i.e., 35 out of 72 MPA ligands are deprotonated). 

In each panel, PROA and PROB represent the two gA monomers; MPA-AuNP is positioned on the side of 

PROB. In one trajectory depicted in panel D, the half deprotonated MPA-AuNP system has a higher 

backbone RMSD values in the range of 1.2 Å (vs. the typical values of 0.4 to 0.7 Å); however, no direct 

contact between MPA-AuNP and gA was observed for those segments of the trajectory, suggesting that the 

larger structural deviations were stochastic and not caused by interaction with the nanoparticle. 
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Figure 9. Time evolution of the total number of backbone hydrogen bonds formed within a gA dimer from 

100 ns MD simulations of a fully/half-deprotonated MPA-AuNP assembled with a gA dimer embedded in 

a (A, B) DPhPC (two replicas of 100 ns trajectories shown in each panel) or (C) DMPC bilayer. 
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Figure 10. Hydrophobic thickness profile of PC lipids as a function of radial distance from the center of a 

gA dimer embedded in a DPhPC or DMPC lipid bilayer based on 100 ns of MD simulations without the 

nanoparticle. The hydrophobic thickness is defined as the average distance between the C2 carbon atoms 

of the lipid acyl tails. 
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Figure 11. P–N vector orientation profile of DPhPC lipids as a function of projected radial distance 

between the center of mass of MPA-AuNP and choline nitrogen from 10 replicas of 100-ns MD 

simulations of a DPhPC bilayer assembled with one fully deprotonated MPA-AuNP. θ_PN is defined as 

the angle between the phosphorus – nitrogen vector and the membrane normal. Only lipid molecules in 

the monolayer in contact with the MPA-AuNP are selected for analysis.
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Chapter 3: Nanoparticle tracking analysis and statistical mixture distribution analysis to 

quantify nanoparticle–vesicle binding 

 

The following chapter is adapted from an article in submission to JCIS with the following co-

authors: Ting Fung Ma, Brandon M. Hoover, Meng Wu, Catherine J. Murphy, Regina Murphy, 

and Joel A. Pedersen 

*Contributions to this publication include: Conceptualization, methodology, experimental design 

and data collection, and writing and editing of the manuscript. 

3.1 Introduction 

 Nanoparticle tracking analysis (NTA) is a single-particle tracking technique that allows high-

resolution determination of particle size distributions for polydisperse samples 1. In NTA, the Brownian 

motion of individual particles diffusing in solution is tracked via the light they scatter or emit (in the case 

of fluorescent particles) under laser illumination using a microscope equipped with a video camera 1. The 

mean squared displacement in the x–y plane is used to calculate translational diffusion coefficients (DT) for 

individual particles, yielding a number distribution of diffusivities, from which hydrodynamic diameters 

(dh) can be derived by the Stokes–Einstein or other diffusional models 1,2. The determination of a true 

number distribution of diffusion coefficients represents a distinct advantage over ensemble techniques such 

as dynamic light scattering (DLS) 1. The upper bound for the size of particles amenable to tracking by NTA 

is ~1000 nm due to their slow Brownian motion, whereas the lower size limit depends on particle refractive 

index, laser wavelength and power, and sensitivity of the camera, and can range from ~10 to ~50 nm 3–5. 

Nanoparticle tracking analysis has been used to characterize the hydrodynamic properties 

nanoscale particles (e.g., engineered nanoparticles, liposomes, extracellular vesicles, viruses, protein 

aggregates) in mixtures 3–8 and to monitor protein aggregation 9. Nanoparticle tracking analysis has been 

used to monitor the bioconjugation of gold nanoparticles (AuNPs) by protein A and subsequent interaction 

of immunoglobulin G (IgG) with the conjugated particles by measuring the change in mean hydrodynamic 

diameter as function of protein A or IgG concentration, respectively 1,3,7. As a single-particle tracking 
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technique, NTA allows more accurate determination of particle size distribution in polydisperse samples 3–

5. In polydisperse mixtures in which particles may bind to one another, determining the proportion of 

particles in each binding state (e.g., unbound, pairs, triplets) is a more complicated task than comparison of 

mean particle sizes. Approaches need to be developed to analyze NTA data from the highly polydisperse 

samples that result from mixtures containing both unbound and (multiply) bound populations. This 

challenge can be met by application of statistical mixture distribution analysis to histograms of particle 

diffusivities, or hydrodynamic diameters, determined by NTA. Mixture distribution analysis can also 

provide an estimate of binding ratios between particle types present in a mixture. 

The objective of this study was to evaluate the application of statistical mixture distribution analysis 

to NTA data for the purpose of estimating bound populations in a polydisperse mixture. The experimental 

system investigated consisted of small unilammellar vesicles (SUVs) and anionic gold nanoparticles 

(AuNPs). Small unilammellar vesicles are commonly used to investigate the interaction of nanoparticles 

with phospholipid bilayers as simple models for cell membranes 10–13. Understanding of nanoparticle 

interaction with cell membranes can aid the design of nanoparticles for biomedical applications14–16 and 

inform the assessment of potential adverse outcomes of exposures to nanoparticles due to their release into 

the environment 13,14,17–20.  In the present study, we employed vesicles composed of zwitterionic lipids and 

compared AuNP binding to vesicles that either lacked or contained the model ion channel gramicidin A 

(gA). Prior work has demonstrated that anionic AuNP binding to zwitterionic lipid bilayers can modulate 

gA activity 21. In the mixture distribution analysis we evaluated two diffusion models (Stokes–Einstein and 

Kirkwood–Riseman) using the statistical fitness of each model to determine model suitability. We 

demonstrate that the combination of NTA and mixture distribution analysis can be used to discriminate 

nanoparticle binding to different vesicle types – here, either lacking or containing gA. Thus, the approach 

developed can be used to investigate the influence of individual membrane components on nanoparticle 

binding. Overall, this method provides a quantitative improvement over DLS measurements for assessment 

of particle–particle interactions that arise in complex colloidal systems such as nanoparticle–vesicle 

mixtures.  
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3.2. Materials and methods 

3.2.1 Synthesis of gold nanoparticles capped with 3-mercaptopropionic acid (MPA) 

We synthesized MPA-AuNPs following a published protocol with modifications 22. Briefly, we 

added HAuCl4 (3 mL, 0.1 M) to 700 mL ultrapure water in an Erlenmeyer flask. Subsequently, 333 µL of 

0.1 M MPA followed by 1.4 mL of 1.0 M NaOH solution was added to the aqueous solution under gentle 

stirring. Fresh 0.1 M NaBH4 solution (10 mL) was quickly added to the above reaction mixture under 

rigorous stirring. The combined solutions rapidly changed color to a deep red-brown, and the reaction 

mixture was stirred gently for 2 h. The MPA-AuNPs were purified by centrifugation (55 min, 13,000g, 

twice) and redispersed in 1 mM NaOH after the first centrifugation and ultrapure water (≥18 MΩ∙cm) after 

the second centrifugation.  

3.2.2. Ultraviolet-visible absorbance spectroscopy 

The UV-vis spectra of MPA-AuNP suspensions were acquired on a Cary 5000 UV-vis 

spectrophotometer. The diameter of MPA-AuNP was estimated in solution by UV−vis spectroscopy to be 

around 3.3 nm 23. TEM image analysis indicated that the core diameter of MPA-AuNPs were 3.3 ± 0.6 nm 

(n >200).  

3.2.3. Transmission electron microscopy (TEM) 

For TEM imaging, 5 μL of a dilute solution of MPA-AuNPs was drop-cast onto a copper TEM grid 

with 400 mesh ultrathin carbon film on lacey carbon support film (Ted Pella), and images were acquired 

with a JEOL 2100 cryo TEM. The TEM sizing analysis was performed by ImageJ.  

3.2.4. Formation and characterization of SUVs.  

Small unilamellar vesicles for analysis by DLS and NTA were formed using the extrusion method 

24,25. We chose to construct vesicles from the zwitterionic phospholipid DPhPC to allow comparison to 

previous studies where gA ion channels were embedded in suspended planar DPhPC membranes 21. Briefly, 

DPhPC lipids purchased in chloroform and gA diluted in 2,2,2-trifluoroethanol were combined to a 
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DPhPC:gA molar ratio of about 27.8:1. The mixture was then completely dried under ultrapure N2 gas, 

followed by rehydration to a lipid concentration of 2.5 mM in 0.150 M KCl buffered to pH 7.5 using 0.01 

M HEPES by sonication for 30 min. The salt concentration was chosen for both physiological relevance in 

terms of ionic strength, and direct comparison to a previous study indicating that MPA-AuNPs can alter the 

function of gA 21. The resulting solution of lipid and gA is then extruded 11 times through a 0.05 µm 

polycarbonate filter (Whatman). Vesicles lacking gA were formed in a similar manner with DPhPC lipid 

only. All vesicle solutions were used within 1 week of extrusion and were stored at 4 °C. Vesicle 

hydrodynamic diameters are reported in Table 1. The vesicle sizes are larger than the 50 nm pore size as 

commonly observed for vesicles extruded through filter sizes <100 nm 24,26. 

3.2.5 Fluorescence spectroscopy  

Fluorescence spectroscopy was used to confirm the presence of gA in vesicles by observation of 

an emission maximum at 328 nm when referenced to vesicles lacking gA 27,28. This peak indicates the 

presence of gA in its ion channel conformation, which occurs only when embedded in the lipid membrane 

27,28. Fluorescence spectra were measured using an ISS K2 spectrofluorimeter set to 1.0 mm slit width and 

equipped with a neutral density filter of 1.0 optical density. An excitation wavelength of 280 nm was used, 

and emission was collected from 300 to 400 nm. The presence of a maxima at 328 nm indicated the presence 

of gA in vesicles. 

3.2.6. Nanoparticle tracking analysis 

Binding of gold nanoparticles to vesicles consisting of DPhPC with and without gA peptide were 

monitored by NTA. Briefly, particles in the sample scatter light from a 405 nm laser, and the scattered light 

is tracked using a high-sensitivity camera. By measuring the trajectory of the diffusing particle over a 

tracking time t, the translational diffusion coefficient DT is calculated and dh,n is estimated4,29:  

(𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ = 4𝐷T𝑡 =
4𝑘B𝑇𝑡

3𝜋𝑑h𝜂
     (1) 
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where kB is the Boltzmann constant, T is temperature, and 𝜂 is dynamic viscosity. Given a particle shape 

and dimensions, dh can be calculated from well-established equations.  

All NTA measurements were performed with a Nanosight LM10 (Nanosight) using a 405 nm laser 

at room temperature. Vesicle samples were diluted to a concentration range optimal for tracking (108-109 

particles∙mL-1) 30. Samples were then injected directly into the sample chamber using Luer Lok syringes 

(BD). Analysis of the number distribution of particle sizes was conducted using NTA 3.0 software using a 

detection threshold of 4. The detection threshold establishes the minimum pixel brightness by the software 

for particle tracking, and settings were adjusted according to manufacturer recommendation to eliminate 

tracking background noise. The camera level determines the amount of scattered light entering the camera 

(i.e., the brightness of particles) and a setting of 13 was selected such that all particles could be clearly 

detected with no more than 20% of particles reaching pixel saturation.  

Nanoparticle tracking analysis requires extremely dilute solutions (107-109 particles∙mL-1) to track 

individual particles by light scattering. To achieve a particle concentration in this range, 0.05 µL of 2.5 mM 

vesicles were combined with 0.05 µL of 487.3 nM MPA-AuNPs and diluted to 10 mL with 0.150 M KCl 

buffered to pH 7.4 with 0.01 M HEPES. Nanoparticle tracking analysis was performed on 1 mL aliquots of 

this solution. Similar measurements were performed on individual samples of vesicles and MPA-AuNPs. 

Assuming only two-body collisions, the aggregation rate scales as the product of the concentrations of the 

two colliding species 31. We therefore expect the aggregation rate to be lower in the NTA experiments (due 

to lower particle concentration) than in the DLS experiments. We therefore avoid a direct, quantitative 

comparison between NTA and DLS, which were collected on similar time scales.  

3.2.7. Dynamic light scattering 

Dynamic light scattering measures the intensity of laser light passed through a liquid sample, 

recording intensity fluctuations that occur over time due to occlusion of laser light by particles diffusing 

via Brownian motion. Small particles diffuse more rapidly than large particles and therefore produce faster 
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intensity fluctuations. Intensity fluctuations are converted to translational diffusion coefficients via the 

autocorrelation function, G(t), which involves assessing destructive interference of intensity fluctuations 

by mathematical comparison of originally measured fluctuation signal and that signal shifted by some time 

delay. Smaller particles produce higher frequency fluctuations than larger particles, so they require a 

smaller time shift for destructive interference. An exponential function is used to model this time-shifted 

autocorrelation function, the decay of which occurs faster for smaller particles due to the smaller time delay 

required to reach destructive interference. Cumulants analysis (a moments expansion) represents a simple 

approach to model the autocorrelation function 32: 

𝐺(𝑡) = 𝐴[1 + 𝐵exp(– 2𝐷T𝑞2𝜏 + 𝜇2𝜏2)]     (2) 

where A is the y-intercept of the correlation function, B is the baseline, DT is the translational diffusion 

coefficient, q is the scattering vector, τ is the time delay, and µ2 is the second moment of the cumulants 

expansion. The hydrodynamic diameter based on the translational diffusion coefficient obtained from the 

single exponential fit to the autocorrelation function is termed the Z-average hydrodynamic diameter (dh,Z). 

The dh,Z is an intensity-weighted mean hydrodynamic diameter and is thus highly sensitive to increases in 

particle size and biased towards the presence of even small concentrations of highly aggregated particles 

32. The polydispersity index (PDI), a measure of the width of distribution of hydrodynamic diameters, is 

derived from the second moment 32. Thus, Z-average and PDI are the values most directly derived from the 

autocorrelation function. The number distribution of hydrodynamic diameters can be derived from the 

intensity distribution using Mie scattering theory, which carries the assumption that all particles are 

homogeneous and spherical. The conversion to the number-average hydrodynamic diameter removes 

intensity weighting, such that resulting diameter is primarily dictated by the most abundant particle size 32. 

Due to lack of intensity weighting, number-average is less sensitive to small increases in particle size.  

Hydrodynamic diameters and PDI values of 5 nM MPA-AuNPs, 1 mM vesicles, and a combination 

of 5 nM MPA-AuNPs and 1 mM vesicles were determined using DLS (Malvern Zetasizer Nano ZS). A 

173° backscattering angle was used during data collection, with a 633 nm He-Ne laser and temperature held 
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at 25.0 °C. Each sample was placed in a solution of 0.150 M KCl buffered to pH 7.4 with 0.01 M HEPES. 

Nanoparticle concentrations corresponded to ~1:27 AuNP:vesicle ratio, the same as that used for later NTA 

measurements. The Z-average hydrodynamic diameter and PDI were derived from cumulants analysis of 

the autocorrelation function. Hydrodynamic diameters represent the average of three replicates of a single 

sample, and these data are reported in Table 1. We note that the hydrodynamic diameters determined in the 

0.150 M KCl solution exceeded that determined by TEM and reflect aggregation induced by charge 

screening, consistent with numerous other studies demonstrating aggregation of colloidal gold 

nanomaterials in saline media 21,33. 

3.2.8. Laser Doppler electrophoresis 

Laser doppler electrophoresis was used to determine the electrophoretic mobilities of the MPA-

AuNPs, the vesicles, and the vesicles mixed with MPA-AuNPs, all in 0.150 M KCl buffered to pH 7.4 with 

0.01 M HEPES at 25.0 °C (Malvern Zetasizer Nano ZS). The MPA-AuNP concentration was 5 nM and 

that of the vesicles was 1 mM. These concentrations correspond to ~1:27 AuNP:vesicle ratio. The 

Smoluchowski equation was used to calculate ζ-potentials from the electrophoretic mobilites. Measured ζ-

potentials represent the average of five replicates of a single sample, and these data are reported in Table 1. 

As expected, zwitterionic DPhPC vesicles exhibited  ζ-potentials near 0. Addition of gA did not alter vesicle 

ζ-potential. The MPA-AuNPs exibited negative ζ-potentials as expected.  

3.2.9. Statistical analysis of mixture distributions  

We used a simulation-based finite mixture approach to estimate the proportion of particle bound at 

different AuNP:vesicle ratios when mixed. The distributions of nanoparticle (MPA-AuNPs) and vesicle 

(DPhPC or DPhPC + gA) diameters were each obtained from experimental data and binned in 10 nm 

intervals for subsequent analysis. Smoothing was then applied to the average sampling distribution among 

three replicates 34. To apply a finite mixture approach, each particle in the mixture is assumed to belong to 

only one of the following particle types: nanoparticle alone, vesicle alone, or bound species (in varying 
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AuNP:vesicle ratios). Because the total number of particle types are known, a finite mixture scenario35 can 

be applied to determine the proportion of each particle type from an observed distribution of particle sizes. 

Application of the finite mixture approach first involves employing a probability mass function (pmf) to 

describe the proportion of a particle type in the mixture where 𝑋1, … 𝑋𝑛 represent random samples from this 

finite mixture. In the implementation of mixture analysis here, Xi is the observed diameter of the ith particle. 

We note that pmfs are used in the case that the variable can take a finite number of values. The approach 

can be extended to cases with continuous random variables by using a probability mass function, replacing 

the summation with an integration.  

Pr
𝑚𝑖𝑥

= (𝑋𝑖 = 𝑥) = 𝜙𝑚𝑖𝑥(𝑥) = ∑ 𝜆𝑗𝜙𝑗(𝑥)𝑚
𝑗=1    (3) 

In this approach, m is the number of particle types, x is the bin center diameter, ϕj and λj are the pmf and 

corresponding proportion in the mixture of the j-th particle type. The primary goals are to estimate and 

construct confidence intervals of the λj values and compare observed (experimental) and estimated 

(statistically modeled) pmfs in terms of fitness. 

Mathematically, the complete data are 𝐶𝑖 = (𝑋𝑖 , 𝑍𝑖), where 𝑍𝑖 = (𝑍𝑖1, … 𝑍𝑗𝑚) is a single trial 

multinomial random variable (m-dimensional vector) and 𝑍𝑖𝑗 ∈ {0,1} is the random variable indicating the 

𝑖-th particle comes from component 𝑗. Note, we use upper case to denote a random quantity and lower case 

to signify a fixed or realization of the random quantity (i.e., observed data). Since each particle in the 

mixture belongs to only one particle type, we define 

Pr(𝑍𝑖𝑗 = 1) = 𝜆𝑗, Pr(𝑋𝑖 = 𝑥𝑖|𝑍𝑖𝑗 = 1) =  𝜙𝑗(𝑥𝑖), 𝑗 = 1, … , 𝑚  (4) 

such that  

∑ Pr(𝑍𝑖𝑗 = 1)𝑚
𝑗=1 = ∑ 𝜆𝑗

𝑚
𝑗=1 = 1    (5) 

The complete-data likelihood (assuming the 𝜙𝑗 are known) is then given by 
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ℓ𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒(𝜆; 𝐶) = ∏ ∑ 𝑍𝑖𝑗𝜆𝑗𝜙𝑗(𝑋𝑖)𝑚
𝑗=1

𝑛
𝑖 ,   (6) 

 

where 𝜆 = (𝜆1, … 𝜆𝑚) and C = {Ci}
n. When the 𝜙𝑗 are known, the 𝜆𝑗 values can be estimated by an 

expectation-maximization (EM) algorithm 35. The EM algorithm iteratively maximizes the expectation of 

observed log-likelihood:  

𝑄(𝜆|𝜆(𝑡)) = 𝐸[log ℓ𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒(𝜆; 𝐶) |𝑥, 𝜆(𝑡)],    (7) 

where 𝜆(𝑡) is the (estimated) proportion at iteration t and updates the proportion estimate by 

λ(t+1) = argmaxλ Q(λ∣λ(t))    (8) 

The expectation and maximization steps can be computed, first by updating the probability that the i-th data 

point falls into the j-th component: 

𝑝𝑖𝑗
(𝑡)

≔ Pr𝜆(𝑡)(𝑍𝑖𝑗 = 1|𝑋𝑖 = 𝑥𝑖) =
𝜆𝑗

(𝑡)
𝜙𝑗(𝑥𝑖)

∑ 𝜆𝑘
(𝑡)

𝜙𝑘(𝑥𝑖)𝑚
𝑘=1

= [1 + ∑
𝜆𝑘

(𝑡)
𝜙𝑘(𝑥𝑖)

𝜆
𝑗
(𝑡)

𝜙𝑗(𝑥𝑖)
𝑘≠𝑗 ]

−1

  (9) 

Then by calculating an estimate of λ by 

𝜆𝑗
(𝑡+1)

=
1

𝑛
∑ 𝑝𝑖𝑗

(𝑡)𝑛
𝑖 , 𝑗 = 1, … , 𝑚.    (10) 

The estimation process is conducted iteratively and terminated when the difference between 𝜆(𝑡+1) and 𝜆(𝑡) 

is sufficiently small, chosen here to be when ∑ |𝜆(𝑡+1) − 𝜆(𝑡)|𝑚
𝑗=1 < 10−6 , that is, when the change between 

iterations is precise to the 6th decimal place. We used a self-written R code to implement this iterative finite 

mixture process. 

A non-parametric spline34 was applied to smooth the sample probability mass function (𝜙𝑗), which 

consisted of a set of relative frequencies of particle diameters calculated from diffusion coefficients using 

one of two diffusional models (viz. the Stokes–Einstein or Kirkwood–Riseman models) 36,37. A large 

number of random sampling from the relative frequencies is necessary to simulate a probability mass 
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function for the mixture (𝜙𝑚𝑖𝑥). We determined that the use of 106 random samples was sufficient to 

accurately mimic experimental mixture data. For further statistical inference, the sampling and estimation 

procedures are repeated 1,000 times. In sum, our approach can be viewed as a form of parametric 

bootstrapping 38, which can be used to recover the function of an underlying distribution.  

 This process can be thought of as a random drawing of particles from distributions of nanoparticle 

and vesicle diameters to produce an estimated mixture distribution. Particle diameters are obtained from 

measured diffusion coefficients by application of one of two diffusional models. The fitness of each model 

is assessed by measuring the statistical distance between estimated and observed mixture distributions using 

the Cramér–von Mises criterion, which is the sum of squared distances between the estimated and observed 

distribution 39. A Wilcoxon rank sum test is used to compare the CVMs based on Stokes–Einstein or 

Kirkwood–Riseman model. Computations were conducted in R with packages 40, and the R code is included 

in the SI for user reference. 

3.3 Results and discussion 

3.3.1. Assessment of nanoparticle binding to vesicles by DLS 

We used two figures of merit to characterize the binding of nanoparticles to vesicles: the Z-average 

and number-average hydrodynamic diameters. The Z-average hydrodynamic diameter is an intensity-

weighted hydrodynamic diameter. Because Rayleigh scattering is proportional to the sixth power of the 

particle radius, it is more sensitive to the presence of large particles that scatter light with higher intensity. 

Thus, Z-average is sensitive to small amounts of binding or aggregation. The number-average 

hydrodynamic diameter expresses the mean hydrodynamic diameter based on the number of particles of 

various sizes present in the measured suspension, without intensity weighting. Thus, the number-average 

hydrodynamic diameter is less sensitive to binding or aggregation than the Z-average hydrodynamic 

diameter. 
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 Anionic MPA-AuNPs were introduced to suspensions of vesicles that lacked or contained gA to 

determine if the inclusion of this channel-forming peptide alters nanoparticle binding. Analysis of DLS data 

(Fig. 1) reveals that the Z-average hydrodynamic diameter vesicles increased upon introduction of MPA-

AuNPs regardless of the presence of gA. However, the magnitude of change is larger for gA-containing 

vesicles, suggesting that the presence of gA increases binding. Moreover, the number-average 

hydrodynamic diameter shifted for only the AuNP-exposed gA-containing vesicles. Together these results 

suggest that although binding to both vesicle types occurs (as indicated by changes in the aggregation-

sensitive Z-average), the presence of gA in the vesicles increases AuNP–vesicle binding (either by 

formation of more or larger aggregates). Since the number-average is much less sensitive to the presence 

of large particles, the increased number-average observed only for gA-containing vesicles may indicate 

increased binding in comparison to gA-lacking vesicles. 

 However, assessment of binding by DLS is limited to hypothesizing that AuNPs may bind more to 

vesicles containing gA relative to those lacking gA based on analysis of ensemble averaged hydrodynamic 

diameters. Moreover, DLS cannot accurately distinguish between increased hydrodynamic diameter due to 

many AuNPs binding in a 1:1 AuNP:vesicle ratio versus a few very large AuNP–vesicle clusters. The use 

of NTA allows us to determine which of these scenarios is occurring. 

3.3.2. Determination of fraction of AuNPs bound from mixture distributions and NTA  

Nanoparticle tracking analysis allows determination of the lateral diffusion coefficients of 

individual particles based on the analysis of the trajectories of scattering particles captured with a video 

camera. Histograms of estimated lateral diffusion coefficients are plotted in Fig. 2. Initial comparison of 

median hydrodynamic diameters derived from raw NTA diffusion coefficient histograms indicates a change 

upon introduction of MPA-AuNPs to gA-containing vesicles (p < 0.001; non-parametric Mann-Whitney U 

test), but not to vesicles lacking gA. The general observation that the presence of gA may lead to more 

binding of MPA-AuNPs is consistent with the interpretation of the DLS results (vide supra) and likewise 
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provides insufficient information to determine specific AuNP:vesicle binding ratios or quantitation of the 

degree of binding.  

Diffusion coefficient histograms (Fig. 2) demonstrate multi-peak character for both SUV and SUV-

gA samples which complicates comparison of sample means once MPA-AuNPs are added. Cursory visual 

assessment of the multi-peak histograms suggests that there may be shifts in individual peaks towards 

smaller diffusion coefficients (larger particle hydrodynamic diameters). However, peak assignments by 

particle type and attempted quantification of peak shifts are again complicated by multi-peak character and 

made difficult to assess with certainty. Thus, sample analysis in this manner is not reliable. 

 To provide a more descriptive and quantitative measure of binding to vesicles lacking or containing 

gA, we applied statistical mixture distribution to the NTA data 41. Fig. 3 depicts a schematic of how mixture 

distributions were employed to the systems of interest in this study. The process involves randomly drawing 

nanoparticle and vesicle diffusion coefficients from measured NTA histogram data, artificially “binding” 

them in different AuNP:vesicle ratios by applying a binding model describes the diffusion coefficient of 

the bound species, and then repeating this process until the new histogram of artificially bound species 

closely matches (α = 0.05, 1000 replicates) that which was experimentally collected. 

3.3.3. Stokes–Einstein model  

Application of mixture distributions to NTA data requires that an assumptions be made to relate diffusion 

coefficients to particle binding. The Stokes–Einstein model is the simplest and most commonly used model 

relating the translational diffusion coefficient to particle hydrodynamic diameter (dh) 42: 

𝑑ℎ =
𝑘B𝑇

3𝜋𝜂𝐷T
    (11) 

where kB, T, and η are defined as above. We applied the Stokes–Einstein model to the experimental data in 

a simple manner by assuming that two bound spherical particles diffuse such that their diffusion coefficient 



68 
 

  

equals that of a single larger sphere of encompassing diameter (i.e., the bound pair is modeled as a sphere 

with diameter equal to the sum of the diameters of the two particles). 

Figs. 4 and 5 summarize the results from application of the Stokes–Einstein model and subsequent 

mixture distribution analysis of NTA data. Results from this model fit all of the experimental data such that 

they are explained by only four possible components: AuNPs, vesicles, and bound species—either attached 

(1:1 AuNP:vesicle) or bridged (1:2 AuNP:vesicle). Application of this model predicts that the attached (1:1) 

and bridged (1:2) populations increase from ~3% to 34% and 0.1% to 0.5%, respectively, upon inclusion 

of gA in vesicles. This increase in binding to gA-containing vesicles qualitatively agrees with a previous 

study which found that MPA-AuNPs can bind to gA-containing membranes 21. 

The manner in which the Stokes–Einstein model was applied assumes a spherical nature of bound 

AuNP–vesicle species, which may instead resemble a linear chain. This spherical assumption estimates that 

multi-unit objects diffuse slower than they actually do, largely due to the increased friction factor for a 

large, encompassing sphere relative to a chain of bound particles 42. Thus, Stokes–Einstein may fail to 

accurately describe the diffusion of particles that bind to form a linear chain, which may be especially 

relevant for AuNP–vesicle binding that exceeds the 1:1 (attached) ratio.  

3.3.4. Kirkwood–Riseman model 

Analysis of NTA using the Stokes–Einstein model showed that bound populations include a 1:2 

ratio of AuNP:vesicle (bridged). Our implementation of the Stokes–Einstein model is not expected to 

accurately predict the diffusion of multi-component objects36,43, as the presence of such chain binding 

violates the underlying spherical assumption. Thus, we apply a second model that can better account for 

the presence of multi-component objects as would be the case if several vesicles bind to a single 

nanoparticle. The Stokes–Einstein relation can be modified by a multiplicative factor to account for multi-

unit objects in the form of the Kirkwood–Riseman model 36. The Kirkwood–Riseman model assumes chain 

binding and that the size of each subunit is identical 36. Although the identical size criterion is not met for 
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our system of nanoparticles and vesicles (Table 1), this model was tested because the accuracy of a chain 

model may still exceed that of a spherical assumption (as in the implementation of the Stokes–Einstein 

estimation above) despite some underestimation of the adjustment factor due to inequal sizes.  

The Kirkwood–Riseman model allows calculation of an adjustment factor from the ratio of friction 

factors between chain (f) and monomer (fm) is described as 36 

𝑓

𝑓𝑚
= 𝑁 [1 + (

1

𝑁
) ∑ ∑ 𝛼𝑎𝑏

−1
𝑗≠1𝑖 ]

−1
  (12) 

where N is the number of subunits in the chain and αab denotes the distance between subunits a and b. By 

this equation, the ratio of friction factors for a two subunit chain is 1.33 and that of a three subunit chain is 

1.64. The friction factor itself (f) 36: 

𝑓 = 3𝜋𝑚𝑑ℎ   (13) 

is proportional to dh. Thus, the Kirkwood–Riseman model can be used to correct hydrodynamic diameters 

resulting from the assumption of additive diameter upon binding. This mathematical adjustment can be 

made by simple multiplication of the adjustment factor  to Stokes–Einstein sizes, as dictated by the number 

of particles binding in the chain. To apply the Kirkwood–Riseman model, we assumed that the nanoparticle 

and vesicle hydrodynamic diameters were similar (Table 1), and used the bin center radii from the NTA 

histogram and adjustment factors (e.g., 1.33×(vesicle radius) for 1:1 AuNP:vesicle bound species) to 

calculate attached sizes.  

 To assess AuNP–vesicle binding, we assumed that all binding configurations demonstrate higher 

vesicle than AuNP concentrations, since vesicles were present in excess by a factor of 10 relative to 

nanoparticles in our NTA experiments. Moreover, we assume that nanoparticles will not homoaggregate to 

a larger extent in the presence of vesicles than in their absence. These two assumptions taken together would 

limit the potential binding configurations to 1:1 AuNP:vesicle (attached) and 1:2 AuNP:vesicle (bridged) 

populations. Application of the Kirkwood–Riseman model in this manner reveals that attached species (1:1 



70 
 

  

AuNP:vesicle) increased from ~16% to 41% and bridged species (1:2 AuNP:vesicle) increased from 0.01% 

to 20% with the inclusion of gA in vesicles. Thus, this model qualitatively agrees with the Stokes–Einstein 

model; both models predict that inclusion of gA in vesicles leads to more total binding and an increase in 

both attached (1:1) and bridged (1:2) species. Up to ~2% of the experimentally measured diffusion 

coefficients cannot be accounted for using the Kirkwood–Riseman model when chain binding is limited to 

attached (1:1) and bridged (1:2) species according to the criteria we applied. The failure to capture the entire 

population may be attributed to the presence of a small population of species that have aggregated beyond 

the assigned 1:1 or 1:2 binding states.   

3.4. Conclusion  

We demonstrate that the unique combination of mixture distributions and NTA used in this work 

can be used to assess binding in a manner that both qualitatively agrees with ensemble DLS measurements 

and provides quantitative information on proportion of binding in different configurations (ratios). 

Employing two different binding models, Stokes–Einstein and Kirkwood–Riseman, demonstrated that, 

although the trends in binding were similar, the proportion of binding in different ratios is sensitive to model 

type. The fitness of each model was tested using the Cramér–von Mises criterion, or the sum of squared 

distances between the estimated and observed distribution resulting from statistical analysis. The 

Kirkwood–Riseman was determined to be the more favorable of the two models using this method of fitness 

testing. Moreover, the Kirkwood–Riseman model may serve as a better physical model for the proposed 

AuNP–vesicle binding scenario, where AuNP–vesicle affinity (heteroaggregation) may exceed that of 

either nanoparticles for themselves or vesicles for themselves (homoaggregation). The Kirkwood-Riseman 

analysis also overcomes the additive assumption used in the Stokes-Einstein model. Thus, model choice is 

an important consideration when applying mixture distributions to NTA data sets, and both the underlying 

assumptions of each model and model fitness should be carefully considered. In the case of the system 

studied here, the Kirkwood–Riseman model appears more suitable because the measured bound species 

does not appear to exceed a 1:2 AuNP:vesicle ratio, beyond which the bound species might depart more 
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considerably from the underlying linear chain binding assumption of this model. By the Kirkwood–

Riseman model, the presence of gA peptide was found to increase total binding by a factor of 3.8 times due 

to increases in both the attached (1:1 AuNP:Vesicle) and bridged (1:2 AuNP:Vesicle) binding 

configurations. The application of mixture distributions to NTA analysis can thus provide a quantitative 

description about proportion bound in varying particle binding configurations, information that is not 

otherwise possible to obtain via NTA or DLS alone.  
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3.5 Tables and Figures  

 

 

 

 

 

 

 

Table 1. Hydrodynamic and electrokinetic properties of the gold nanoparticles (AuNPs) and lipid 

vesicles.a 

 
 

Hydrodynamic Diameter (nm) 
 

 
 

Dynamic Light Scattering 
 

NTA ζ-Potential 

Sample 
 Z-

average 

Number-

average 
PDI b 

 Number-

average 
(mV) 

 

MPA-AuNPs 
 

90 ± 14 60 ± 17 
0.22 ± 

0.01 

 
83 ± 1.5 

–25.0 ± 

1.4 

DPhPC 
 

135 ± 0.9 90 ± 10 
0.12 ± 

0.01 

 
112 ± 1.9 –3.0 ± 0.9 

DPhPC + MPA-AuNPs 
 

156 ± 1.0 97 ± 9.4 
0.20 ± 

0.01 

 
114 ± 5.0 –2.1 ± 0.6 

DPhPC + gA 
 

129 ± 1.2 78 ± 8.3 
0.17 ± 

0.01 

 
120 ± 36 –3.6 ± 0.7 

DPhPC + gA + MPA-

AuNPs 

 
189 ± 4.9 120 ± 18 

0.23 ± 

0.01 

 
150 ± 54 –3.3 ± 0.2 

a Values presented as a mean ± for three replicates of a single sample. 

b Polydispersity Index (PDI), a measure of heterogeneity in hydrodynamic diameters. 
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Figure 1. Average hydrodynamic diameters (dh) of MPA-AuNPs, DPhPC vesicles (alone or incorporating 

gramicidin A (gA), and AuNPs interacting with vesicles as determined by dynamic light scattering (DLS). 

(A) Z-average hydrodynamic diameter (dh,Z) indicating that anionic MPA-AuNPs bind to vesicles both 

lacking and containing gA. (B) Number-average diameter (dh,n) showing a size change (p <0.05) resulting 

only from interaction of MPA-AuNPs with gA-containing vesicles  
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Figure 2. Representative histograms of particle diffusion coefficients measured by NTA for a single 

replicate of each sample, normalized to maximum concentration. (A) DPhPC vesicles with and without 

addition of MPA-AuNPs and (B) DPhPC + gA vesicles with and without addition of MPA-AuNPs, both 

showing shifts in diffusion coefficients upon addition of MPA-AuNPs that justify further, more detailed 

analysis of NTA data.  
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Figure 3. Schematic depicting the concept of mixture distributions as applied to a nanoparticle-vesicle 

system where (A) vesicles, nanoparticles, and bound AuNP–vesicle species all exist in solution and (B) 

mixture distribution analysis is applied by drawing vesicle and nanoparticle sizes from NTA measurements, 

and AuNP–vesicle bound species are artificially formed using either the Stokes–Einstein (SE) or 

Kirkwood–Riseman (KR) models to generate a third modeled histogram of bound species that closely 

matches the measured histogram for AuNP + vesicle. Two possible binding scenarios and their SE 

hydration spheres are depicted in (C) a 1:1 AuNP:Vesicle ratio or a 1:2 AuNP:Vesicle ratio based on the 

excess of vesicles present in solution relative to the AuNP concentration. 
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Figure 4. Comparison of gold nanoparticle (AuNP)–small unilamellar vesicle (SUV) binding using the (A, 

C) Stokes–Einstein (SE) and (B, D) Kirkwood–Riseman (KR) models for (A, B) SUVs and (C, D) vesicles 

containing gramicidin A (SUV-gA), where “attached” indicates 1:1 AuNP:vesicle and “bridged” denotes 

1:2 AuNP:vesicle binding ratios. Percentages denoted in the middle of each chart indicate the percent of 

the measured population explained by each analysis (e.g., KR analysis of SUV-gA population accounts for 

98.1% of the measured species).



 

 

Figure 5. Population of attached (1:1 AuNP:vesicle) versus bridged (1:2 AuNP:vesicle) species based on 

application of the (A) Stokes–Einstein (SE) or (B) Kirkwood–Riseman (KR) model in the statistical mixture 

distribution analysis of NTA data. Bars represent mean values calculated at the 95% confidence interval; 

error bars represent upper and lower bounds. 
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Chapter 4: Anionic nanoparticles impact lipid packing in vesicles 

 

The following co-authors have contributed to this work: Yuanya Zhao, Brenda Gonzales, Meng 

Wu, Puspam Keshri, Xianzhi Zhang, Chandler B. Est, Regina Murphy, Vincent M. Rotello, and 

Joel A. Pedersen 

 

4.1 Introduction 

 Cell membrane properties such as lipid packing (lateral mobility) and lipid organization 

are known to impact the structure and function of embedded membrane proteins,1–5 which can 

lead to effects on cellular function.1,2 Lipid packing in membranes is dictated by the structural 

features of constituent species and interactions with the surrounding environment.6–9 Longer 

chain lipids have more surface area to interact with neighboring lipids, resulting in stronger Van 

der Waals interactions between lipids and tighter lipid packing.6,7 Unsaturated lipids can form 

kinks that reduce lipid packing by decreasing Van der Waals interactions between lipids.6,7 Other 

membrane constituents like sterols can accumulate in the lipid bilayer leaflet, leading to tighter 

packing.8,10 The ionic strength of the surrounding solution can also influence lipid packing 

through charge screening, which increases electrostatic interaction between lipid headgroups, 

leading to closer lipid packing.11,12 Lipid packing dictates the function of the cell membrane 

through phase separation and membrane protein aggregation13, or membrane leakage.14 

Previous work reported in Chapter 2 has shown that exposure to anionic NPs may induce 

changes in lipid packing that impact the function of embedded ion channels.15 Computational 

assessment within this work suggested that anionic NPs may bind to a zwitterionic lipid bilayer 

and induce local areas of increased lipid packing that weaken interactions between neighboring 

lipids and cause softening outside of the direct NP-bound area.15 Such altered lipid packing and 
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extended softening would lead to the observed increased lifetime of ion channel dimers due to 

lowered membrane compressibility.15 

 Membrane-segregating dyes have been employed to gain insight on lipid packing in 

membranes.16–18 One such dye is Laurdan, a lipophilic probe which is sensitive to both the 

polarity of the medium in which the fluorophore resides (environment) and dipolar relaxation of 

surrounding molecules.17 The fluorescence of Laurdan arises from charge separation in the 

headgroup, which aligns with phospholipid headgroups when incorporated into a lipid bilayer, as 

depicted in Figure 1.9,19 The Laurdan dipole moment increases with excitation by light, causing 

reorientation of surrounding solvent molecule dipoles (usually water).17 The energy required for 

solvent dipole reorientation then decreases the energy of the Laurdan excited state, leading to a 

red shift in the Laurdan emission spectrum.9,19 The penetration of water molecules to the 

Laurdan headgroup depends on lipid packing – a more “rigid” bilayer will allow less water 

penetration and demonstrate less of a red shifted emission spectrum than a “fluid”, or more 

loosely-packed lipid bilayer (Figure 1). Thus, Laurdan is sensitive to lipid packing, often referred 

to as rigidity, within the membrane.17  

Due to its sensitivity to lipid packing, Laurdan can be used to detect the presence of gel 

(packed) versus liquid-crystalline (fluid, less packed) phases within lipid membranes.19–22 The 

transition between ordered gel and disordered liquid-crystalline phases is controlled by 

temperature – above the phase transition temperature characteristic of the consitituent lipid, 

membranes exist in the liquid-crystalline (fluid) phase. Thus, Laurdan can be used to observe 

phase transitions in single component or mixtures of lipids.17,19,20,23 Laurdan is also sensitive to 

changes in the polarity of its environment – exposure to a polar environment causes enhancement 

of the Laurdan dipole moment, which results in a decreased fluorescence lifetime9 and a peak 
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shift in the fluorescence spectrum.24 The approximate alignment of Laurdan with surrounding 

phospholipids9 and the Laurdan head group exposure to solvent based on lipid packing is 

depicted in Figure 1.  

 Laurdan has been employed extensively to study the impact of membrane 

composition9,17,19,21,22,25,26, incubation temperature17,19,22,25, and exposure to membrane-

interacting species such as Ca2+ and Na+ on lipid packing in vesicles.26 Studies on model 

membranes often employ a generalized polarization (GP) equation to compare membrane 

packing between samples. Generalized polarization (GP) is a measure of Laurdan emission peak 

characteristics and is typically defined as follows17, although some systems may use different 

wavelength regions23,27: 

𝐺𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝐺𝑃) =
𝐼440−𝐼490

𝐼440+𝐼490
   Equation 1 

Where I440 and I490 represent the fluorescence intensity at 440 and 490 nm, respectively. An 

increase in membrane water penetration resulting from decreased lipid packing is associated with 

a red shift in the Laurdan fluorescence peak.17 The GP would then increase with lipid packing, 

such that a more positive GP indicates increased lipid packing. 

 The Laurdan and GP system has been previously applied to study the impact of 

nanoparticles on model membrane systems. Charged polystyrene nanoparticles (NPs) can induce 

changes in lipid packing in zwitterionic vesicles, with cationic NPs inducing fluidization of gel-

phase membranes and anionic NPs causing gelation of fluid-phase membranes.16 Moreover, a 

combined Laurdan fluorescence and atomic force microscopy (AFM) membrane study indicated 

that anionic gold nanoparticles may induce effects similar to those observed previously15 – local 

stiffening of the bilayer which causes membrane softening in areas extending past the NP.28 

Previous studies provide motivation for further characterization of anionic nanoparticle-induced 
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alteration to lipid packing.15 The Laurdan GP system provides a simpler and faster measure (than 

the electrophysiology previously characterized15) of alterations in membrane mechanical 

properties that may impact the function of embedded ion channels. For this reason, Laurdan GP 

measurements can be easily and quickly extended to study vesicle systems of varying lipid 

composition and solution ionic strength to study the impact of these factors on the extent of NP-

induced lipid packing changes. 

Here, we employ the membrane-segregating dye Laurdan to study changes in lipid 

packing of zwitterionic vesicles in response to exposure to two anionic gold NP types bearing 

different ligands. Moreover, we assess the impact of nanoparticle aggregation and charge, as well 

as degree of bilayer rigidity on the extent of the anionic NP effect. We found that degree of 

anionic charge and aggregation state of NPs may both impact the extent of impact on lipid 

packing. Moreover, we found that anionic NPs demonstrate more impact on lipid packing in 

fluid than rigid vesicles. These results support computational studies which suggested that 

anionic NP exposure may alter the function of embedded ion channel function by increasing 

local lipid packing15 and provide further insight into the effect of lipid rigidity, salt 

concentration, and NP ligand type on anionic-NP induced effects on lipid packing. 

4.2 Materials and Methods 

4.2.1 Materials 

We procured 3-mercaptopropionic acid (MPA), gold (III) chloride trihydrate (HAuCl4·3H2O), 

sodium hydroxide, Laurdan dye (6-Dodecanoyl-N,N-dimethyl-2-naphthylamine), and gramicidin 

A (gA) from Sigma Aldrich. Sodium borohydrate was acquired from Fluka. Buffers were made 

using potassium chloride and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) from 

Dot Scientific. We obtained 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC: 4ME 16:0 
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PC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (Δ9-Cis) PC) in chloroform from 

Avanti Polar Lipids (Alabaster, AL). 

4.2.2 Ligand and gold nanoparticle synthesis 

 The production of 3-mercaptopropionic acid (MPA) AuNPs and TCOOH-AuNPs is 

identical to that outlined previously.15 Briefly, MPA-AuNPs were synthesized using an existing 

protocol29 where HAuCl4 (3.53 mL, 0.1 M) and 450 mL ultrapure water were combined in an 

Erlenmeyer flask, then adding 212 µL of 0.1 M MPA. Following adjustment of the pH to ~8.5 

using 1 M NaOH, 6.4 mL of 0.1 M NaBH4 was added and the solution was stirred for 2 h. A 

customized flow reactor with a 30 kDa MWCO membrane was then used to concentrate the 

MPA-AuNPs to a volume of ~30 mL.30 Purification of the particles was performed using 

centrifugation at 13,000 g for 55 min (2x). Sample preparation for TEM imaging involved drop 

casting 5 µL of MPA-AuNPs onto a TEM gril (Ted Pella) followed by measurement using a 

JEOL 2100 cryo TEM. 

 The TCOOH ligand was synthesized as described previously.15 Gold nanoparticles used 

to form TCOOH-AuNPs were synthesized by a Brust-Schiffrin two-phase method15 followed by 

a ligand exchange, performed by dissolving 40 mg of gold core in 4 mL of DCM under argon 

and adding  TCOOH ligand (120 mg) in 2 mL DCM and 2 mL of MeOH. The following solution 

was stirred at room temperature for 72 h. Remaining solvent was then evaporated using reduced 

pressure, followed by three washes using hexane and hexane/DCM (1:1 v/v) rinses. This process 

resulted in the formation of a solid, which was then dissolved in ultrapure water and dialyzed for 

purification for 3 days. TEM measurements were performed as described previously.15 The 

structure of MPA- and TCOOH- ligands are presented in Figure 2. 
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4.2.3 Characterization of gold nanoparticles 

 The TEM and UV-Vis characterization of gold nanoparticles is identical to that presented 

previously.15 Electrophoretic mobility measurements of MPA- and TCOOH-AuNPs were 

previously collected in high salt (0.15 M KCl buffered to pH 7.4 with 0.01 M HEPES) and used 

to calculate apparent NP ζ-potentials. MPA-AuNPs were characterized in low salt (1 mM KCl 

buffered to pH 7.4 with 0.01 M HEPES) as an average of five replicates. The ζ-potential standard 

deviations represent the variation among replicates. Dynamic light scattering (DLS) 

measurements of AuNPs in low salt resulted in particle size distributions that were too 

polydisperse to apply cumulants analysis, so nanoparticle hydrodynamic diameters were 

additionally characterized using nanoparticle tracking analysis (NTA), as depicted in Table 1. 

Briefly, nanoparticles were diluted to concentrations in the 107-109 particle·mL-1 range, and 

directly injected into the Nanosight LM10 (Nanosight, 405 nm laser) using Luer Lok syringes 

(BD). All measurements were performed instantly at room temperature. The NTA 3.0 software 

was used to analyze the number distribution of particle sizes, with a detection threshold of 4 to 

eliminate background noise and a camera level of 13 to avoid excess saturation. The particle 

hydrodynamic diameters measured using NTA are summarized in Table 1. 

4.2.4 Preparation and characterization of small unilamellar vesicles 

 Vesicles (with or without incorporated Laurdan dye) were formed using the extrusion 

method.31 First, 1 mM of lipids was prepared, to which 0.01 mM Laurdan in methanol is added 

for some samples. Solvent (chloroform) is then removed by evaporation under nitrogen, until 

visibly dry. Samples were then dried under vacuum for several hours to ensure complete removal 

of solvent. Buffered solutions containing low (1 mM KCl buffered to pH 7.4 with 0.01 M 

HEPES) or high salt (0.15 M KCl buffered to pH 7.4 with 0.01 M HEPES) were added, followed 



  88 

 

  

by mixing via vortex for 4 minutes. Lipid solutions then sat in the dark for 30 minutes to ensure 

incorporation of lipophilic Laurdan molecules into the vesicles. Samples were then extruded 

through a 50 nm polycarbonate filter (Whatman) 11 times using an extrusion kit (Avanti Polar 

Lipids). The resulting vesicle solutions were stored at 4 °C and used within 24 hours of 

production. Vesicle hydrodynamic diameters and ζ-potentials were determined using dynamic 

light scattering (DLS) and laser Doppler electrophoresis (Malvern Zetasizer Nano ZS). The 

hydrodynamic diameters and ζ-potentials reported in Table 2 are the means of three and five 

replicates, respectively. 

4.2.5 Laurdan fluorescence generalized polarization (GP) measurements 

Laurdan fluorescence was excited at 370 nm and emission was collected between 400 

and 560 nm. All fluorescence experiments were performed using an ISS K2 spectrofluorimeter 

equipped with a neutral density ND05 filter. In order to mitigate potential spectral interference 

from AuNPs, the AuNPs were added to both reference and sample vials, where the reference 

fluorescence intensity is subtracted from the sample intensity to obtain the spectrum depicting 

the impact of AuNPs on Laurdan fluorescence alone. Reference vials thus contained vesicles 

lacking Laurdan as well as AuNPs, while sample vials consisted of Laurdan-containing vesicles 

and AuNPs. This referencing system helps to eliminate artifacts from AuNPs or vesicles 

themselves and isolate the effects of AuNPs on Laurdan-containing vesicles. Referencing in this 

manner was effective at removing the contribution of AuNPs, as the change in fluorescence 

when AuNPs are added to Laurdan-containing vesicles exceeds that of the AuNPs alone (at the 

wavelengths under study, 440 and 490 nm) by a factor of over 40. 

Laurdan fluorescence spectra were used to generate generalized polarization (GP) values, 

the magnitude of which relates to the water penetration and thus extent packing of lipids in the 
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membrane. Higher (or more positive) GP values are associated with increased lipid packing (less 

water penetration), as calculated using Equation 1. Fluorescence measurements were performed 

in at least triplicate (triplicate for DOPC low and high salt experiments, triplicate for DPhPC 

high salt + TCOOH-AuNPs, and five replicates for DPhPC high salt + MPA-AuNPs), and the 

GP is an average of these values with propagated error and an associated standard deviation. 

Statistical significance was determined using an ordinary one-way ANOVA test with multiple 

comparisons (GraphPad Prism). 

4.3 Results and Discussion 

4.3.1 Cholesterol content or Anionic MPA-AuNP Exposure Impact Lipid Packing 

 Initial experiments to study the impact of anionic AuNPs on membrane packing focused 

on the DPhPC vesicle system in high salt (0.15 M KCl buffered to pH 7.4 with 0.01 M HEPES) 

previously used to characterize the impact of anionic AuNPs on ion channel activity.15 Relatively 

few studies have employed the Laurdan GP system to assess the lipid packing properties of 

DPhPC membranes (structure depicted in Figure 1), with a focus placed on the effects of 

membrane compositional changes25,32 rather than exposure to external species. Although DPhPC 

remains in the fluid phase over a broad temperature range (-120 °C to 120 °C),  the presence of 

branched methyl sidechains (Figure 1) is known to decrease chain ordering by formation of kinks 

and reduce lateral diffusion of lipids33, resulting in higher membrane fluidity than conventional 

lipids lacking methyl sidechains33.  

To assess the lipid packing properties of DPhPC, cholesterol (5 wt%) was first 

incorporated for comparison to a previous study demonstrating that a similar cholesterol content 

increases packing in DPhPC membranes by interdigitating with lipids.34  Incorporation of 5 wt% 

cholesterol into DPhPC vesicles resulted in an increase in Laurdan GP, indicating an increase in 
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packing. This change is in qualitative agreement with the interdigitation of cholesterol in DPhPC 

membranes, which would induce tighter packing and subsequent reduced Laurdan solvent 

exposure. 

With qualitative confirmation of Laurdan to test lipid packing using cholesterol, we then 

assessed the impact of anionic MPA-AuNP exposure to DPhPC vesicles. The addition of 5 nM 

MPA-AuNPs was also found to increase lipid packing, as evidenced by the increase in Laurdan 

GP (Figure 3).  This observation is in agreement with previous studies demonstrating the ability 

of anionic nanoparticles to interact with zwitterionic lipid membranes15 and induce areas of 

tighter lipid packing in fluid phase membranes due to reorientation of PC headgroups.16  

Although both cholesterol and MPA-AuNPs alter Laurdan GP, is not trivial to draw conclusions 

when comparing the effects of AuNP exposure to increased cholesterol content, since cholesterol 

segregates into the lipid bilayer whereas AuNPs may bind to the surface of the membrane.15,16  

4.3.2 Less rigid vesicles are affected more by NP-induced lipid packing changes 

 Next, we examined the impact of MPA-AuNPs on lipid packing in DOPC vesicles, for 

comparison to DPhPC vesicles. The structures and approximate alignment of Laurdan9 with 

these lipids is depicted in Figure 1. Both lipids bear a zwitterionic phosphatidylcholine 

headgroup. However, the synthetic DPhPC contains branched methyl groups characteristic of 

Archaeal lipids.33 The branched structure of DPhPC forms highly mechanically stable bilayer 

structures with low ion permeability that remains in the liquid crystalline (fluid) phase from −120 

°C to 120 °C35, whereas bilayers made of DOPC will remain fluid above -17°C.36 Thus, at room 

temperature, both DOPC and DPhPC bilayers will be in the fluid phase. 

We found that under similar high salt conditions (0.15 M KCl) and at room temperature, 

the MPA-AuNPs impacted the Laurdan GP of DPhPC vesicles more than that of DOPC vesicles 
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(Figure 4). This difference between vesicle types occurred despite no statistically significant 

difference in vesicle ζ-potentials. The primary measurable difference between DOPC and 

DPhPC vesicles is the initial bilayer rigidity – DPhPC vesicles are found to have a more negative 

Laurdan GP than DOPC vesicles, indicating higher DOPC lipid packing. This is consistent with 

the suspected looser packing of DPhPC lipids in curved vesicles due to steric hindrance imparted 

by backbone methyl groups, and qualitatively agrees with previous studies demonstrating that 

branched methyl sidechains of constituent lipids can increase membrane fluidity.33,37 Upon 

addition of MPA-AuNPs in high salt (0.15 M KCl), the initially ‘less packed’ DPhPC vesicles 

demonstrate a larger increase in packing than DOPC vesicles. Thus, the initial lipid packing 

properties of vesicles (as reflected in Laurdan GP of vesicles) may dictate the extent of NP-

induced lipid packing changes. 

4.3.3 Aggregation state influences MPA-AuNP impact on lipid membranes 

 To probe the effects of salt screening and NP aggregation, we compared the impact of 

anionic MPA-AuNPs on DOPC vesicles under low (1 mM KCl) versus high (0.15 M KCl) salt 

conditions. The apparent ζ-potential of MPA-AuNPs is not observed to change considerably in 

low (1 mM KCl) vs high salt (0.15 M KCl) conditions. Using this metric alone, DOPC vesicles 

in high salt may more readily bind anionic MPA-AuNPs than in low salt based on electrostatic 

interaction. However, the lack of change in apparent ζ-potentials may be caused by nanoparticle 

aggregation in high salt which leads to invalidation of the concept of zeta potential due to fluid 

flow through aggregates. Table 1 shows that MPA-AuNPs in high salt (0.15 M KCl) are more 

aggregated than those in low salt.  

  With a surface-interacting mechanism like that previously proposed for MPA-AuNP 

interactions with zwitterionic lipid bilayers15, less aggregated particles may exert a greater 
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impact on lipid packing by more distributed interaction with the bilayer.  Since low and high salt 

experiments were performed using the same AuNP concentration (5 nM), low salt conditions 

lead to the presence of a higher number of less aggregated particles available for membrane 

surface interaction. These more abundant and smaller aggregates may distribute more evenly 

when interacting with the bilayer surface, leading to more measurable impact on lipid packing 

properties. Low salt conditions are indeed found to lead to increased impact of MPA-AuNPs on 

the Laurdan GP of DOPC vesicles, indicating that aggregation state may be an important factor 

in dictating alterations in lipid packing by AuNPs. 

4.3.4 Anionic NP-induced packing changes may be particle-dependent 

 To determine if there are variations in the extent of lipid packing changes due to NP 

ligand structure, we also studied another AuNP type, the anionic TCOOH-AuNPs (Figure 2). 

Both AuNPs have carboxylate-bearing ligands (MPA and TCOOH) but differ in aggregation 

state and ζ-potential. Due to their longer ligand structure, TCOOH-AuNPs particles aggregated 

to a lesser extent under high ionic strength conditions than MPA-AuNPs, although their apparent 

ζ-potential was much less negative. Based on aggregation state alone, we might suspect that 

these TCOOH-AuNPs would exert a larger impact on lipid packing than MPA-AuNPs under 

similar high salt (0.15 M KCl) conditions. However, we found that TCOOH-AuNPs had no 

measurable impact on Laurdan GP (Figure 6). This is likely due to the significantly less negative 

apparent ζ-potential of TCOOH-AuNPs than MPA-AuNPs, leading to decreased electrostatic 

interaction between phospholipid headgroups and AuNP. These data are consistent with 

electrophysiology studies which found reduced impact for TCOOH than MPA-AuNPs on bilayer 

interaction and subsequent ion channel disruption.15 Although some effect was previously 

measurable for TCOOH-AuNP-induced ion channel disruption, the electrophysiology method 
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used to quantify channel currents may be more sensitive than the GP method, leading to no 

observable change when probed with Laurdan. The differences observed between nanoparticle 

ligand types demonstrates the need for a more comprehensive screening of nanoparticle 

properties with respect to Laurdan GP changes. 

4.4 Conclusions and implications 

 We demonstrate that anionic AuNPs may induce an increase in lipid packing, as 

evidenced by fluorescence spectral changes of embedded Laurdan dye molecules. These studies 

further show that the extent of lipid packing changes may be dictated by NP ligand structure and 

surface charge, ionic strength that can alter particle aggregation state, and lipid vesicle 

composition. The increase in lipid packing observed upon exposure of zwitterionic membranes 

to anionic AuNPs is consistent with previous work demonstrating that anionic AuNPs alter the 

function of embedded ion channels through a membrane-mediated mechanism.15 Thus, although 

the DPhPC Laurdan GP has been previously characterized to investigate the effects of binary 

lipid mixtures32 and lipopolysaccharide concentration25, the study of the mechanical response of 

this lipid membrane yields useful comparisons to studies performed on suspended membrane 

systems to study ion channel function where DPhPC is often employed. In this way, the Laurdan 

GP method for studying lipid packing could serve as a supplementary method to corroborate 

membrane-mediated mechanisms in NP-induced perturbation of ion channel or membrane 

protein function. Future studies focusing on the effects of nanoparticle concentration on the 

magnitude of Laurdan GP could reveal its sensitivity to detecting changes in membrane 

mechanical properties relative to the alterations in ion channel function in electrophysiology 

measurements. 
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4.5 Tables and Figures 

 

Figure 1. The (A) structures of DOPC, DPhPC, and Laurdan along with the approximate relative 

location of Laurdan when embedded beside phospholipids in a bilayer structure and (B) the 

alteration in Laurdan headgroup access to solvent as dictated by lipid packing. 
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Table 1. Apparent ζ-potentials, NTA (Number average) hydrodynamic diameters, and PDI (via 

DLS) of MPA- and TCOOH-AuNPs in high (0.15 M KCl) and low (1 mM KCl) salt 

 

AuNP Ligand Type Salt Concentration NTA Hydrodynamic 

Diameter (nm) 

PDI (DLS) Apparent 

ζ-potential 

(mV) 

MPA 0.01 M KCl 53 ± 0.3 0.62 ± 0.12 

 

–30.1 ± 7.8 

MPA 0.15 M KCl 83 ± 1.5 0.22 ± 0.01 –25.0 ± 1.4 

TCOOH 0.15 M KCl 69 ± 2.2 0.53 ± 0.08 –8.9 ± 0.40 
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Table 2. ζ-potentials and hydrodynamic diameters (via DLS) of DOPC and DPhPC vesicles with 

and without the inclusion of Laurdan dye in high and low salt concentrations 

 

  Hydrodynamic Diameter   

Vesicle Type [KCl] 

(M) 

Number 

Average (nm) 

Z-Average 

(nm) 

PDI ζ-potential 

(mV) 

DOPC 0.01 87 ± 8.6 123 ± 1.0 0.11 ± 0.02 –6.8 ± 0.34 

DOPC + Laurdan 0.01 92 ± 5.0 130 ± 0.7 0.11 ± 0.02 –5.2 ± 0.43 

DOPC 0.15 92 ± 5.1 129 ± 2.2 0.11 ± 0.01 –3.7 ± 0.47 

DOPC + Laurdan 0.15 96 ± 5.7 144 ± 3.7 0.14 ± 0.01 –3.5 ± 0.85 

DPhPC 0.01 72 ± 1.5 147 ± 2.2 0.25 ± 0.01 14.3 ± 1.3 

DPhPC + Laurdan 0.01 80 ± 10.0 148 ± 1.8 0.23 ± 0.02 11.3 ± 1.6 

DPhPC 0.15 61 ± 10.0 121 ± 2.3 0.20 ± 0.04 –3.2 ± 0.40 

DPhPC + Laurdan 0.01 67 ± 2.6 158 ± 1.2 0.28 ± 0.02 –2.7 ± 0.82 
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Figure 2. Structures and approximate core sizes of MPA- and TCOOH- ligands used for AuNP 

systems under study. 
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Figure 3. Cholesterol (5 wt%) and MPA-AuNPs (5 nM) impact lipid packing in DPhPC vesicles 

in high salt (0.15 M KCl), as reflected by a change in Laurdan GP. Error bars represent the 

standard deviation between replicates (n = 5). Statistical significance is denoted by asterisks: P < 

0.0001 (****). 
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Figure 4. Lipid type dictates the impact of MPA-AuNPs (5 nM) on lipid packing. (A) ζ-

potentials and (B) Laurdan GP values for DOPC and DPhPC vesicles in high (0.15 M KCl), with 

addition of 5 nM MPA-AuNPs. Statistical significance is denoted by asterisks: P < 0.05 (*), P < 

0.01 (**), P < 0.001 (***), P < 0.0001 (****). 
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Figure 5. Ionic strength influences the impact of MPA-AuNPs on lipid packing rigidity in 

DOPC vesicles. (A) ζ-potentials and (B) Laurdan GP values for DOPC vesicles placed in high 

(0.15 M KCl) or low (1 mM KCl) salt, with addition of 5 nM MPA-AuNPs. Statistical 

significance is denoted by asterisks: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 

(****). 
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Figure 6. TCOOH-AuNPs (5 nM) do not alter Laurdan GP for DPhPC vesicles in high salt (0.15 

M KCl). 
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Chapter 5: Conclusions and Future Directions 

 

The rise of nanomaterials in industrial and consumer applications necessitates the study 

of their interactions with biological species upon disposal to mitigate potential negative effects. 

Moreover, characterizing the interaction of nanomaterials with cellular components can provide 

design rules that improve pharmaceutical or biomedical applications of nanomaterials. Thus, it is 

important to characterize nano-bio interactions in order to both mitigate potential negative 

outcomes and to reveal design rules that may improve intentional biological use of 

nanomaterials. Model lipid bilayer systems are often used in studying nano-bio interactions 

because they simplify living systems to focus on individual membrane components, revealing 

mechanistic insight that would otherwise be obscured by the functional complexity of the cell. 

Here, we demonstrate a model membrane system consisting of phospholipids and an embedded 

model ion channel (gA). Employing this model membrane system allowed us to study the impact 

of anionic AuNPs on functional gA ion channels, assess the effect of the presence of gA on 

AuNP binding, and reveal the mechanism by which AuNPs can exert effects on embedded ion 

channels. 

 First, we examined the impact of anionic AuNPs on the function of membrane-embedded 

gA ion channels and found that the AuNPs decreased the number of channels but increased their 

duration. Further study by both FTIR spectroscopy and computational modeling indicated that 

the AuNPs do not bind directly to the ion channels, but instead disrupt channel function through 

a membrane-mediated mechanism. Computational studies suggested that anionic AuNPs weakly 

adsorb to zwitterionic phospholipids, altering their headgroup orientation and lipid packing in a 

way the reduces the energetic penalty for channel formation and resulting in the increased 
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channel durations observed experimentally. These studies are among the first to experimentally 

link changes in ion channel function to alterations in membrane mechanical properties.  

 We employed a similar model membrane system in examining the influence of the 

presence of gA on the binding of anionic AuNPs. A unique combination of NTA and statistical 

mixture distributions revealed that the presence of gA increases the frequency and amount of 

binding to anionic AuNPs. This combination of methods can also be expanded to study particle 

binding or aggregation in other nano-sized systems and thus has wide potential use in 

pharmaceutical, biomedical, or biophysics research. 

 Finally, a dye sensitive to lipid order was used to examine the impact of anionic AuNPs 

on lipid packing. Anionic MPA AuNPs were found to increase lipid packing, as is consistent 

with previous ion channel studies suggesting that a local increase in lipid packing ultimately 

leads to extended membrane softening and a resulting increase in gA channel duration in much 

larger membrane systems. Lipid packing changes were also found to be sensitive to ionic 

strength of the solution, lipid type, and anionic AuNP ligand type. These studies corroborate the 

proposed membrane-mediated and lipid packing-based mechanism for ion channel disruption, 

although further study is necessary to better characterize the impact of AuNP concentration and 

ligand type. 

 Ultimately, the inclusion of embedded ion channels in model membranes allowed the 

study of a functional component while retaining enough simplicity to reveal the underlying 

mechanism of disruption by anionic AuNPs. This model system should serve as a starting point 

for further work. Studies on ion channel function and lipid packing suggested that nanomaterial 

aggregation and surface charge may play a role in the extent of membrane interaction and 

subsequent ion channel disruption. Thus, future studies employing nanomaterials with greater 
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control over aggregation state and surface charge may reveal additional, more detailed 

information. 

 


