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ABSTRACT

Nanoparticle tracking analysis (NTA) is a single particle tracking technique that in principle
provides a more direct measure of particle size distribution compared to dynamic light scattering
(DLS). Here, we demonstrate how statistical mixture distribution analysis can be used in
combination with NTA to quantitatively characterize the amount and extent of particle binding in
a mixture of nanomaterials. The combined approach is used to study the binding of gold
nanoparticles to two types of phospholipid vesicles, those containing and lacking the model ion
channel peptide gramicidin A. This model system serves as both a proof of concept for the method
and a demonstration of the utility of the approach in studying nano-bio interactions. Two
diffusional models (Stokes—Einstein and Kirkwood—Riseman) were compared in the determination
of particle size, extent of binding, and nanoparticle:vesicle binding ratios for each vesicle type.
The combination of NTA and statistical mixture distributions is shown to be a useful method for
quantitative assessment of the extent of binding between particles and determination of binding

ratios.

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 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 (Dr) for individual particles, yielding
a number distribution of diffusivities, from which hydrodynamic diameters (d},) 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, 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].

NTA has been used to characterize the hydrodynamic properties of nanoscale particles
(e.g., engineered nanoparticles, liposomes, extracellular vesicles, viruses, protein aggregates) [3—
8] and to monitor protein aggregation [9]. Specifically related to this work, NTA 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 [1,3,7]. In polydisperse
mixtures in which particles may bind to one another such as in the aforementioned study, it would
be particularly illuminating to not only compare mean particle sizes but also to deduce the
proportion of particles in each binding state (e.g., unbound, pairs, triplets). Since NTA creates a
size distribution from particle-by-particle measurements, the technique has the potential to achieve
accurate determination of particle binding-state distribution in polydisperse samples [3-5].
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 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 unilamellar vesicles (SUVs) and anionic



gold nanoparticles (AuNPs). SUVs 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 applications[14—16] and inform the assessment of potential adverse outcomes of
exposures to nanoparticles due to their release into the environment [13,14,17-20]. Other work in
the literature finds multiple stoichiometries and binding modes of AuNPs with liposomes by many
complementary techniques, including fluorescence correlation spectroscopy, x-ray scattering, and
cryo-electron microscopy; in most cases, it is found that multiple small AuNPs bind to large
liposomes.[21-23] In the present study, we employed vesicles composed of zwitterionic lipids,
and compared AuNP binding to vesicles versus vesicles containing the model ion channel protein
gramicidin A (gA); in our case, the effective size of the AuNPs were of similar size to the vesicles.
The motivation for choosing this experimental system came from prior work that demonstrated
that anionic AuNP binding to zwitterionic lipid bilayers can modulate gA activity [24]. In the
mixture distribution analysis we evaluated two models of particle shape (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. This method provides a unique advantages over ensemble
techniques such as dynamic light scattering (DLS) for assessment of particle—particle interactions

that arise in complex colloidal systems such as nanoparticle—vesicle mixtures.

2. Materials and methods

2.1. Synthesis and characterization of gold nanoparticles



2.1.1. Materials

We obtained 3-mercaptopropionoic acid (MPA), gold(III) chloride trihydrate (HAuCly-3H,0), and
sodium hydroxide from Sigma Aldrich. Sodium borohydride was purchased from Fluka. We
procured 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; 4ME 16:0 PC) in chloroform
from Avanti Polar Lipids (Alabaster, AL), and gramicidin A (gA) from Sigma Aldrich. We
acquired 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) from Dot Scientific. All

chemicals were the highest purity ones available from each vendor.

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

We synthesized nominal 3 nm diameter MPA-AuNPs (hereafter referred to only as AuNPs)
following a published protocol with modifications [25]. Briefly, we added HAuCl, (3 mL, 0.1 M)
to 700 mL ultrapure water in an Erlenmeyer flask. Subsequently, 333 uL 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 NaBHj, 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 AuNPs were purified by centrifugation (55 min, 13,000g,
twice) and redispersed in 1 mM NaOH after the first centrifugation and ultrapure water (>18

MQ-cm) after the second centrifugation.

2.1.3. Ultraviolet-visible absorbance spectroscopy

The UV-vis spectra of AuNP suspensions were acquired on a Cary 5000 UV-vis
spectrophotometer. The normalized UV-vis spectrum of AuNPs is shown in Fig. S1. The diameter
of AuNP was estimated in solution by UV—vis spectroscopy to be around 3.3 nm [26]. TEM image

analysis indicated that the core diameter of AuNPs was 3.3 £ 0.6 nm (r >200).



2.1.4. Transmission electron microscopy (TEM)

For TEM imaging, 5 pL of a dilute solution of 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. A representative TEM image is shown in Fig. S1.

The TEM sizing analysis was performed by Imagel.

2.2. Formation and characterization of SUVs.

Small unilamellar vesicles were formed using the extrusion method [27,28]. 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 [24].
Briefly, DPhPC lipids purchased in chloroform and gA diluted in 2,2,2-trifluoroethanol were
combined to a DPhPC:gA molar ratio of about 27.8:1. The mixture was then completely dried
under ultrapure N, 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 AuNPs can alter the function of gA [24]. The resulting solution of
lipid and gA was then extruded 11 times through a 0.05 um 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.

2.3. 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 [29,30].

This peak indicates the presence of gA in its ion channel conformation, which occurs only when



embedded in the lipid membrane [29,30]. 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. Fig. S2 depicts the presence of a maxima at 328 nm, indicating the presence of gA in

vesicles.

2.4. Hydrodynamic and electrokinetic properties of nanoparticles and SUVs

2.4.1. Nanoparticle tracking analysis (NTA)

Binding of gold nanoparticles to vesicles consisting of DPhPC with (SUV-gA) and without
(SUV) the gA peptide was 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 ¢, the translational diffusion coefficient Dt

is calculated [4,31]:

(x,y)* = 4D1t (1)
where kg is the Boltzmann constant.

All NTA measurements were performed with a Nanosight LM 10 (Nanosight) using a 405
nm laser at room temperature. Samples were prepared by combining vesicles at 2.5 mM lipid with
0.05 uL of 487.3 nM AuNPs and diluted to 10 mL with 0.150 M KCI buffered to pH 7.4 with 0.01
M HEPES. These conditions were selected to reach a concentration range optimal for tracking
(108-10° particlessmL!) [32] where the number of vesicles was determined using vesicle
hydrodynamic diameters and the estimated surface area of each lipid. Samples were injected
directly into the sample chamber using Luer Lok syringes (BD). Data were collected on 1 mL

aliquots of this solution. Similar measurements were collected on samples of vesicles or AuNPs



alone. 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 setting of 13 was
selected such that all particles could be clearly detected with no more than 20% of particles

reaching pixel saturation. The frame rate of the camera was 22.5 - 28.1 frames per second.

2.4.2. Dynamic light scattering (DLS)

Briefly, dynamic light scattering (DLS) measures the fluctuation in the intensity of
scattered light due to particles diffusion. Intensity fluctuations are converted to translational
diffusion coefficients via the autocorrelation function, G(¢), by cumulants analysis (a moments
expansion) [33]:

G(t)=A[1+ BeXp(—ZDquT + uzrz)] (2)
where A is the y-intercept of the correlation function, B is the baseline, Dr is the translational
diffusion coefficient, g is the scattering vector, 7 is the time delay, and u, is the second moment of
the cumulants expansion. Because scattering intensity is proportional to particle size, Dr is
intensity (or Z)- averaged. A Z-averaged hydrodynamic diameter dj, ; can be calculated from Dr
using the Stokes-Einstein equation. dj, 7 is an intensity-weighted mean hydrodynamic diameter and
is highly weighted towards larger particles [33]. The polydispersity index (PDI), a measure of the
width of distribution of hydrodynamic diameters, is derived from u, [33]. If one makes the
assumption that all particles are solid spheres, a mass-averaged or number-averaged hydrodynamic

diameter can be estimated from dj, 7 and u, [33].



Samples of 5 nM AuNPs, vesicles at | mM lipid, or a mixture of 5 nM AuNPs and vesicles
at 1 mM lipid were analyzed using DLS (Malvern Zetasizer Nano ZS). A 173° backscattering
angle was used, with a 633 nm He-Ne laser and temperature held at 25.0 °C. Each sample was
placed in a solution of 0.150 M KCI buffered to pH 7.4 with 0.01 M HEPES. The AuNP:vesicle
ratio was held at ~1:27 AuNP:vesicle ratio, the same as that used for later NTA measurements.
The number of AuNPs was estimated based on their measured hydrodynamic diameter and starting
concentration. Vesicle numbers were determined using lipid concentration, particle size, and

estimated surface area of lipid.

2.4.3. Laser Doppler electrophoresis

Laser doppler electrophoresis was used to determine the electrophoretic mobilities of the
AuNPs, the vesicles, and the vesicles mixed with AuNPs, all in 0.150 M KCI buffered to pH 7.4
with 0.01 M HEPES at 25.0 °C (Malvern Zetasizer Nano ZS). The 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 (-potentials from the electrophoretic mobilities.

2.5. Statistical analysis of mixture distributions

We used a simulation-based finite mixture approach to estimate the proportion of particles
bound at different AuNP:vesicle ratios when mixed. The distributions of nanoparticle (AuNPs)
and vesicle (SUV or SUV-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 AuNP:vesicle ratios). Because the total number of particle

types are known, a finite mixture scenario[35] 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 X;,...X,, represent random samples from this finite mixture. In
the implementation of mixture analysis here, X; is the observed diameter of the /" 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=(Xi=x) = pmu(x) = X7_  4h(x) (3)

mix

In this approach, m is the number of particle types, x is the bin center diameter, ¢; and 4; 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 4; values and compare observed (experimental)
and estimated (statistically modeled) pmfs in terms of fitness.

Mathematically, the complete data are C; = (X, Z;), where Z; = (Z;3,...Zjy,) is a single trial
multinomial random variable (m-dimensional vector) and Z;; € {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(Z;=1)=2,Pr(X;=x | Zj=1)= ¢;(x),j=1,...m 4)
such that

X Przy=1=Y"_ %=1 (5)

The complete-data likelihood (assuming the ¢; are known) is then given by

10



Ceomplete(B:C) = [T X ZyAi,(X), (6)

where A = (14,...A,,) and C = {C;}". When the ¢ ; are known, the 4; values can be estimated by an
expectation-maximization (EM) algorithm [35]. The EM algorithm iteratively maximizes the

expectation of observed log-likelihood:
Q1| 19) = E[10g Leomplece(:0) 1%, A©)], @)
where 1® is the (estimated) proportion at iteration ¢ and updates the proportion estimate by
2D = argmax; Q(A] 2 9) (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:

A9 (x) A0 L
(t)'z t L. = .= ) = # =
pif):==Pr) )(Zl] 11X; = x;) e 1+ Zk £ 299G 9)
Then by calculating an estimate of 4 by
1 .
D =550 j=1,.,m. (10)

The estimation process is conducted iteratively and terminated when the difference between 1¢ +1
and A1 is sufficiently small, chosen here to be when Z;r; 1|/1(t D _210] <1070, that is, when
the change between iterations is precise to the 6™ decimal place. We used a self-written R code to
implement this iterative finite mixture process.

A non-parametric spline[34] was applied to smooth the sample probability mass function
(¢)), 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

11



simulate a probability mass function for the mixture (¢ix). We determined that the use of 10°
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. Results and discussion

3.1. Assessment of nanoparticle binding to vesicles by DLS

DLS data were collected for nanoparticles alone, vesicles alone, and mixtures of
nanoparticles and vesicles and are reported as Z-average (intensity-weighted) and number-average
hydrodynamic diameters. 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 [27,41]. Because Rayleigh scattering intensity increases with the square of the mass
of particles (and the sixth power of the radius of solid spherical particles), the DLS signal is more
sensitive to the presence of large particles, and the Z-averaged hydrodynamic diameter d;; is the

most direct measure provided by DLS. The number-average hydrodynamic diameter is calculated

12



from dj; by assuming that all particles are solid spheres, and is less sensitive to larger particles
than the Z-average hydrodynamic diameter.

Vesicle d;z, based on the average of three replicates of a single sample, was measured as
135 nm (Table 1). Vesicle size is larger than the 50 nm pore size, a pattern that is commonly
observed for vesicles extruded through filter sizes <100 nm [27,41]. Incorporation of gA did not
measurably affect vesicle size (Table 1). Hydrodynamic diameters for AuNPs represent the
average of three replicates of a single sample, and these data are reported in Table 1. The
nanoparticle size of ~90 nm is significantly larger than that measured by UV-Vis or TEM (3.3 nm,
Supplemental Information). We note that nanomaterials placed in high salt buffers aggregate
significantly beyond their TEM core size, consistent with numerous other studies demonstrating
aggregation of colloidal gold nanomaterials in saline media [24,42]. Measured (-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 (-potentials near 0. Addition of gA did not
alter vesicle {-potential. The AuNPs exibited negative {-potentials as expected.

Anionic AuNPs (~90 nm in diameter due to aggregation under our conditions, Table 1)
were introduced to suspensions of vesicles (~130 nm diameter) that lacked or contained gA to
determine if the inclusion of this channel-forming peptide alters nanoparticle binding. Our
previous work of AuNP interactions with gA-containing lipid bilayers on flat surfaces did show
that gA function was altered by AuNPs, albeit in an indirect way via AuNP perturbation of lipid
bilayers rather than direct binding to gA [21]. Thus, the possibility that the presence of gA in lipid
vesicles could alter AuNP binding in colloidal suspension (to lipids or to gA itself) needed to be
checked. Analysis of DLS data (Table 1, Fig. 1) reveals that the Z-average hydrodynamic diameter

increased upon mixing vesicles with AuNPs regardless of the absence or presence of gA. However,
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the magnitude of change is larger for gA-containing vesicles, suggesting that the gA enhances
binding. The number-average hydrodynamic diameter increased at a statistically significant level
for only the gA-containing vesicles. Together these results suggest that although binding of
nanoparticles 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, by formation of
either more vesicle-particle complexes, or by increasing the size of complexes.

DLS is an ensemble method that averages over all particles in solution and does not directly
measure the number concentration of particles; therefore, the technique is not readily amenable to
differentiating between these two possible explanations for the increase in mean Z-average
hydrodynamic size. Because NTA counts particles and measures size on a particle-by-particle
basis, the technique provides the potential opportunity to determine which of these scenarios is

occurring.

3.2.1. Determination of fraction of AuNPs bound from mixture distributions and NTA

Nanoparticle tracking analysis measures diffusion coefficients of individual particles by
analyzing the trajectories of scattering particles captured with a video camera. Generally speaking,
NTA operates under far more dilute conditions (~107 - 10° particles/mL) compared to DLS (~10'4
- 10'¢ particles/mL). Samples of AuNPs with vesicles (alone or with gA) were prepared at 103 —
10? particles/mL and then analyzed by NTA. Histograms of diffusion coefficients are plotted in
Fig. 2. Median number-averaged hydrodynamic diameters calculated from these histograms using
the Stokes-Einstein equation indicates a change upon introduction of AuNPs to gA-containing
vesicles (p < 0.001; non-parametric Mann-Whitney U test), but not to vesicles lacking gA (Table

1). The observation that the presence of gA may lead to more binding of AuNPs is consistent with

14



the interpretation of the DLS results (vide supra). However, this analysis alone is insufficient to
determine specific AuNP:vesicle binding ratios or quantitation of the degree of binding.

Diffusion coefficient histograms (Fig. 2) demonstrate multi-modal character for both SUV
and SUV-gA samples. Cursory visual assessment of the histograms suggests that there may be
shifts in individual peaks upon addition of AuNPs towards smaller diffusion coefficients (larger
particle hydrodynamic diameters). However, it is not possible to confidently assign a specific peak
to a particular particle type or to quantify the distribution between free and bound nanoparticles
by visual examination alone.

To provide a more descriptive and quantitative measure of nanoparticle binding to vesicles
lacking or containing gA, we applied statistical mixture distribution to the NTA data [43]. Fig. 3
depicts a schematic of how mixture distributions were employed. The process involves randomly
drawing nanoparticle and vesicle diffusion coefficients from measured NTA histogram data,
computationally “binding” them in different AuNP:vesicle ratios and calculating a diffusion
coefficient from a model equation, and then repeating this process until the new histogram of
computationally bound species closely matches (o = 0.05, 1000 replicates) that which was

experimentally collected.

3.2.2. Stokes—Einstein model
Application of mixture distributions to NTA data requires that model equation be applied that
relates diffusion coefficients to particle binding. The Stokes—Einstein model relates the

translational diffusion coefficient to particle hydrodynamic diameter (d;) [44]:
kgT
dh = 3D, (11)

where kg, T, and 7 are the Boltzmann constant, temperature, and solvent viscosity, respectively.

We applied the Stokes—FEinstein model to the experimental data by assuming that two bound

15



spherical particles diffuse such that their diffusion coefficient 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) For example, an ‘attached’ pair of one 130 nm-diameter
vesicle and one 90-nm nanoparticle was assumed to diffuse with the same diffusion coefficient as
one 220 nm spherical particle, while a ‘bridged’ complex of two vesicles and one nanoparticle is
assigned the same diffusion coefficient of a 350 nm spherical particle (Figure 3C).

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
AuNPs can bind to gA-containing membranes [24].

The Stokes—Einstein model assumes an effective spherical shape of AuNP—vesicle species.
Since the ‘attached’ and ‘bridged’ complexes more closely resemble a linear chain, the spherical
assumption will estimate a slower diffusion coefficient than the actual chain [44] [36,45],. Thus,
Stokes—Einstein may fail to accurately describe the diffusion of particles that bind to form a linear
chain, which may be an especially marked error for AuNP—vesicle binding that exceeds the 1:1

(attached) ratio.

3.2.3 Kirkwood—Riseman model
To better account for inaccuracies in applying the Stokes—Einstein relation to chain-like

complexes, we considered the Kirkwood—Riseman model [36]. The Kirkwood—Riseman model

16



postulates spherical subunits binding in a linear chain and assumes that the size of each subunit is
identical [36]. Although the nanoparticles and vesicles differ somewhat in size (Table 1), the
Kirkwood-Riseman model was expected to provide a more accurate description than Stokes-
Einstein of the diffusive properties of nanoparticle-vesicle complexes if the binding events
produced linear chains .

The Kirkwood—Riseman model calculates the ratio of friction factors between chain (f) and

monomer (f,,) as [36]
L=n1+ (I, ] - (12)

where N is the number of subunits in the chain and a;; denotes the distance between subunits i and
Jj. 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 (f) [36]:

kT
f =1, = 3mnd (13)

is related to dj, and D7. To apply the Kirkwood—Riseman model, we assumed that the nanoparticle
and vesicle hydrodynamic diameters were similar (see Table 1), and used the bin center radii from
the NTA histogram and adjustment factors (e.g., 1.33x(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
vesicle:AuNP ratios > 1, since vesicles were present in far excess relative to nanoparticles in our
NTA experiments. Moreover, we assumed that the AuNPs (already aggregated to 85 nm from their
core 3.3 nm diameters) will not undergo additional aggregation in the presence of vesicles. These
two assumptions taken together limit the potential binding configurations to 1:1 AuNP:vesicle

(attached) and 1:2 AuNP:vesicle (bridged) populations. Application of the Kirkwood—Riseman
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model in this manner reveals that attached species (1:1 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, application of either the Stokes-Einstein or the Kirkwood-Riseman models
to the NTA data demonstrate that inclusion of gA in vesicles leads to an increase in the number of
both attached (1:1) and bridged (1:2) species (Table S1). Up to ~2% (e.g., sum of Table S1 is
98.1% instead of 100%) 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.

4. Conclusion

We demonstrate that the application of statistical mixture distributions to analyze particle size
distributions from NTA experiments can be used to assess binding between gold nanoparticles and
lipid vesicles and provides quantitative information on the proportion of particles bound in
different configurations. Employing two different diffusion models, Stokes—Einstein and
Kirkwood—Riseman, demonstrated that 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, and the Kirkwood—Riseman was determined to be the more favorable of the two models.
The Kirkwood—Riseman model may serve as a better physical model for the proposed AuNP—
vesicle binding scenarios illustrated in Figure 3C. 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. By the Kirkwood—
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Riseman model, the presence of gA peptide was found to increase total binding by approximately
4-fold 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. In
addition, the results described here provide clear hypotheses to test for NP-liposome-protein
interactions, that could be interrogated by a number of orthogonal experiments, such as
fluorescence resonance energy transfer experiments between labeled species, or cryo-electron

microscopy.
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Table 1. Hydrodynamic and electrokinetic properties of the gold nanoparticles (AuNPs) and lipid vesicles.“

Hydrodynamic Diameter (nm)

Dynamic Light Scattering

Sample Z-average
AuNPs 90 + 14

SUV 135+0.9

SUV + AuNPs 156 + 1.0

SUV-gA 129+1.2

SUV-gA + AuNPs 189+4.9

Number-average

60 £ 17

90+ 10

97+9.4

78 £ 8.3

120 £ 18

PDI ®

0.22 £0.01

0.12+0.01

0.20 £0.01

0.17 £0.01

0.23 £0.01

NTA

Number-average

83+ 1.5

112+1.9

114+5.0

120 + 36

150 + 54

(-Potential

(mV)
-25.0+14
-3.0+0.9
-2.1+£0.6
-3.6+£0.7

-33£0.2

@ Values presented as a mean + for three replicates of a single sample. The stoichiometry of the AuNP:vesicle mixtures are

1:27.

b Polydispersity Index (PDI), a measure of heterogeneity in hydrodynamic diameters.
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Figure 1. Average hydrodynamic diameters (d,) of AuNPs, DPhPC vesicles (SUV alone or
incorporating gramicidin A (SUV-gA), and AuNPs interacting with vesicles as determined by
dynamic light scattering (DLS). (A) Z-average hydrodynamic diameter (d),7z) indicating that
anionic AuNPs bind to vesicles both lacking and containing gA. (B) Number-average diameter
(dnhn) showing a size change (p <0.05) resulting only from interaction of 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 particle number concentration. (A)
DPhPC SUVs with and without addition of AuNPs and (B) SUV-gA with and without addition of
AuNPs, both showing decreases in diffusion coefficients upon addition of 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—FEinstein (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.

26



Em AuNP B AuNP
— Suv — Suv
3 attached 3 attached
E3 bridged
mm SUV-gA B AuNP
B3 attached mm SUV-gA
Bl bridged B attached
Bl bridged

KR SUV-gA
Total=98.1%

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).
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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
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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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