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Abstract

Lipid bilayers are biomembranes common to cellular life and constitute a continuous barrier
between cells and their environment. Understanding the interaction of engineered nanomaterials
(ENMs) with lipid bilayers is an important step toward predicting subsequent biological effects. In
this study, we assess the effect of varying the surface functionality and concentration of 10 nm-
diameter gold (Au) and titanium dioxide (TiO2) ENMs on the disruption of negatively charged
lipid bilayer vesicles (liposomes) using a dye leakage assay. Our findings show that Au ENMs
having both positive and negative surface charge induce leakage that reaches a steady state after
several hours. Positively charged particles with identical surface functionality and different core
composition show similar leakage effects and result in faster and greater leakage than negatively
charged particles, which suggests that surface functionality, not particle core composition, is a
critical factor in determining the interaction between ENMs and lipid bilayers. The results suggest
that particles permanently adsorb to bilayers and that only one positively charged particle is
required to disrupt a liposome and trigger leakage of its entire contents in contrast to mellitin
molecules, the most widely studied membrane lytic peptide, which requires hundred of molecules
to generate leakage.
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1. INTRODUCTION

Engineered nanomaterials (ENMs) are used in more than 1300 commercial products.
Whether by design or as unintended consequence, ENMs may contact human, bacteria or
other cells which has led to the growing public debates on if potential impacts of these
materials on the environment and human health outweigh their benefits.12 ENMs have
several potential exposure routes such as incidental or intended inhalation, ingestion, skin
uptake, and injection. Recent toxicological studies have suggested that ENMs may cause
adverse health effects based on their chemical composition, shape and size, but the
fundamental cause effect relationships are not well understood and thus, the interaction of
nanomaterials with biological systems including living cells requires additional research.3-13
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The phospholipid bilayers in liquid-crystalline phase (as oppose to gel phase) are a
fundamental structural element of the cell membrane and common to cellular life.14 The
lipid bilayer of a cell membrane serves as continuous barrier between cellular content and its
local environment as well as serves as the interface where chemical fluxes are regulated by
various membrane-bound proteins. Therefore, synthesized lipid bilayers are a critical model
interface to study nano-bio interactions.1® Model lipid bilayers have previously been shown
to exhibit mechanical and electrical properties similar to those of cell membranes! and thus
offer significant potential for systematically probing the role of specific membrane
properties (lipid composition, charge, fluidity, etc.) on cell membrane interactions with
ENM. A range of experimental techniques have shown that the ENMs interaction with lipid
bilayers depends on their physicochemical properties.17-19

Various lipid bilayer structures, i.e. supported, suspended and vesicles, along with different
detection techniques have been used to probe the effects of ENMs on lipid bilayer. Hong et
al. and Mecke et al. investigated the interaction of poly (amidoamine) dendrimers with solid
supported 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayers using atomic
force microscopy (AFM). 2021 They showed that positively charged dendrimers create holes
on supported lipid bilayers, dendrimers with lower surface charge don’t initiate holes but
expanded existing defects, and neutrally charged dendrimers did not cause hole formation at
the same concentration range. Leroueil et al., also used AFM to show that disruption of solid
supported lipid bilayers (SSLB) is a common property of cationic nanomaterials regardless
of shape, chemical composition, deformability, charge, or size.??

Our recent work shows that ENMs significantly adsorb to bilayers. We quantified the
distribution of fullerene 23 and gold 24 ENMs between (SSLB) and water. This work
indicates that water-lipid distribution reaches some steady state distribution on lipid bilayer.
The adsorption increases with decreasing pH, suggesting that electrostatic interactions are
important. These studies suggest that the distribution of ENM between lipid bilayers and
water also have the potential to predict bioaccumulation of ENMs in organisms, analogous
to how octanol-water partitioning is used for molecular compounds.2®

Being supported on a solid surface limits SSLB’s capability in detecting the leakage and
ENMs transfer through bilayers. Several groups, including our own, have probed change in
ionic permeability of suspended lipid bilayers using electrophysiological
measurements.26-2% The complexity of the experimental setup, e.g. high sensitivity to
vibrations, and having low signal to noise ratios at high ionic strength mediums, limit their
application to be used in high-throughput assays.

Lipid bilayer vesicles (liposomes) are synthetic mimics of cellular membranes and represent
an experimental system widely used for more than 30 years in the field of biochemical
research involving lipids. Vesicles with different structures are used extensively in drug
delivery and combinatory chemotherapeutic systems and can also be used to study artificial
cell formation, which primitively mimics the membrane-based structure of eukaryotic
cells.3% Hybrid lipid vesicle-nanoparticles have been shown to stabilize nanoparticles in bio-
medical applications.3! Liposomes maintain natural fluidity of lipid bilayers, in contrast to
supported lipid bilayer where binding of the inner layer of lipid to the solid surface may
decrease fluidity of the lipid bilayer.32 The defined size, composition, homogeneity, and
availability of large-batch production of liposomes have made them useful for the study of
diverse cellular phenomena.33 In many cases, however, the successful use of liposomes
depends on their formulation and the method of preparation and can be used for robust high-
throughput screening assays.34

Langmuir. Author manuscript; available in PMC 2013 November 27.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Moghadam et al.

Page 3

Liposome leakage assays have been used extensively to probe the lipid bilayer response to
macromolecules such as melittin peptides and other bio molecules, like magainin, cecropin
and alamethicin.35-37. 38 The assay is based on measuring the increase fluorescence that
results from the leakage of self-quenched dye that is loaded into liposomes. The self-
quenching property of fluorescence dye permits leakage from liposomes to be monitored
continuously and is sensitive to small perturbations in the bilayer.3% This method can also be
used to gain some mechanistic understanding by which ENM induce liposome leakage, e.g.
by monitoring dye self-quenching efficiency to determine mode of interaction, etc.40-42

Some recent studies use liposome leakage assays to determine the effect of ENMs on lipid
bilayers. Hirano et al. studied the influence of single walled carbon nanotubes (SWNTSs)
conjugated with positively charged lysozymes (LSZ) on the leakage of negatively charged
200 nm unilamellar 1,2-dioleoyl-sn-glycero-3-phosphogrycrol (DOPG)/1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) liposomes. 43 They reported significant leakage caused
by SWNTSs-LSZ conjugates, while only marginal leakage occurred by bare SWNTs and
unbounded LSZ, concluding that both SWNTSs and LSZ have no effect on liposomes unless
they are conjugated together, i.e. surface functionality is important. The effect of ENMs on
liposomes correlates well with in vitro cell studies. Goodman et al. compared the cellular
toxicity of 2 nm gold ENMs with liposome leakage assays. 44 They showed that cationic
materials are moderately toxic and that anionic materials are nontoxic which correlated well
with their lytic effects on L-a-stearoyl-oleoyl-phosphotidylcholine (SOPC) and L-a-
stearoyl-oleoyl-phosphotidylserine (SOPS) lipid bilayer vesicle-disruption assays. These
previous studies use liposomes larger than 200 nm in diameter, made by extrusion
technique, which are most likely to be multilamellar vesicles (MLV). The size,
heterogeneity and the presence of many internal compartments make MLVs more resistant
to defects and disruption than unilamellar vesicles and limit their use in studies of bilayer
properties such as permeability and fusion.#>46:47 Large unilamellar vesicles (LUVS) are
relatively homogeneous in size, contain relatively large volumes (results in higher assay
SNRs) and more closely resemble the structure of cell membranes.*8

In this work, we investigate the role of surface functionality and charge of 10 nm gold (Au)
and titanium dioxide (TiO2) ENMs on the disruption of DOPC LUVs (~100 nm) using a
liposome dye leakage assay. The use of LUVs assures that the ENMs are interacting with a
single layer of lipid bilayer. We present leakage kinetics as a function of particle surface
functionality and concentration. We develop a kinetic model to describe the rate and time
constant of interaction and show that the rate constant is a property of each ENM with
specific surface functionality. The ENM-induced disruption is compared with melittin, a
toxic peptide consisting of 26 amino acids that is well-known to create pores on lipid
membranes.3540:49 Mass concentration, number density, as well as ENM number and mass
to lipid ratio descriptions are used to shed light on the possible interaction mechanism of
liposomes disruption.

2. EXPERIMENTAL SECTION
2.1. Materials

We use DOPC dissolved in chloroform (CAS# 4235-95-4, Avanti Polar Lipids, Alabaster,
AL). We dissolved melittin (96% pure, CAS# 20449-79-0, Sigma Aldrich chemicals, Saint
Louis, MO) in 20 mM HEPES (CAS# 7365-45-9, Sigma Aldrich chemicals, Saint Louis,
MO) buffer at pH = 7.4. The resulting stock melittin solution (5 mg/mL) was then frozen
and kept at —20°C until used. Triton X-100 (CAS# 90002-93-1, Fisher Scientific, Hampton,
NH) and 5(6)-carboxyfluoresceine (CF) (CAS# 72088-94-9, Molecular Probes, Eugene,
OR) are used without further purification. To facilitate CF crystals dissolution in water, the
aqueous stock solution of 100 mM CF was prepared in 20 mM HEPES, adjusting to pH =
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7.4 with KOH solution (10 M). Commercially available ENMs were used, all with reported
diameters of 10 nm. We use Au and TiO, ENMs functionalized with
polydiallyldimethylammonium chloride (polyDADMAC) (Vive Nano, Toronto, ON), Au
coated with tannic acid and polyvinylpyrrolidone (PVP) (NanoComposix, San Diego, CA),
and TiO, functionalized with sodium polyacrylate. All the ENMs were chosen with the
same nominal size (7.e. 10 nm), to be relatively small compared to the liposomes, as well as
commercially available with a variety of surface functionality and charge. Note that TiO,
particles have the highest known production volume and use in commercial product.>® Gold
particles have become a standard for academic research because they are available in a wide
range of sizes and surface functionalities and are easy to image using electron microscopy
and detect in low concentrations in complex matrices. Poly DADMAC (CAS# 26062-79-3,
Sigma Aldrich chemicals, Saint Louis, MO) was obtained as an isolated compound to
observe its disruption effect independent from the nanoparticles. All aqueous samples were
prepared using water purified with a Milli-Q Advantage A10 ® system (Millipore Corp.,
Billerica, MA).

2.2. Liposome preparation

We prepared liposomes using the extrusion method.>1:52 First, a 25 mg/mL solution of
DOPC in chloroform was dried under a gentle stream of pure nitrogen, to create thin layers
of dried lipid. The residual solvent was removed in vacuum overnight in a desiccator at
room temperature. After drying, we hydrate the lipid films in HEPES buffer (pH 7.4, 20
mM) containing 100 mM CF. We kept the buffer concentration at an optimized value (/.e.
20 mM) in order to prevent ENM’s aggregation while performing leakage experiments. The
lipid mixture was incubated for 1 h with occasional vortex mixing at 20°C, above the phase
transition temperature of the phospholipid component of DOPC liposomes (-19°C). We
then subject the lipid mixture to five freeze-thaw cycles in liquid nitrogen and then extrude
(Northern Lipids, Vancouver, BC) them 20 times through a stack of two polycarbonate
membrane filters of 100 nm pore size (model# 110605, Whatman, Clifton, NJ). We remove
CF that is not trapped in the liposomes using a 3kDa centrifugal ultrafiltration filters
(model# UFC900308, Millipore Corp., Billerica, MA) and resuspend in HEPES buffer
without CF dye. The resulting 100 nm liposome stock suspension has a final lipid
concentration of 2.54 mM, as measured using the malachite green dye method.>3 We
measure the liposome size distribution using dynamic light scattering before and after the
removal of encapsulate dye. Our t-test calculations shows that there is not a statistically
significant difference (at significance level of a = 0.05) between the mean diameter of the
two liposome samples. We measured the final mean diameter of liposomes as 106.2 + 3.3
nm (95% confidence interval). The prepared liposome suspensions were stored at 4°C and
used within 2 weeks of preparation.

2.3. Leakage experiment

We performed dye leakage experiments by mixing CF dye encapsulated liposomes and
ENMs. All the samples were kept in amber vials and covered with aluminum foil to reduce
effect of light on chemical and physical properties of reagents. The stock liposome
dispersion was diluted with 20 mM HEPES buffer in order to obtain a phospholipid
concentration of 7.8 M in a 3.5 ml methacrylate fluorometer cuvettes (Perfector Scientific,
Atascadero, CA). The initial vesicle dispersion has a low background fluorescence intensity,
we denote as /g because the high concentration (>50 mM) of CF dye encapsulated in the
liposomes is self-quenching. The CF calibration curve in 20 mM HEPES buffer at pH=7.4 is
provided in the supporting information. An aliquot of ENM solution was added to the
liposome dispersion to obtain desired ENM to lipid ratio. The ENMs induce the release of
CF from the liposomes which results in dilution of the dye into the electrolyte and a
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measured increase in fluorescence. We report the time dependent leakage as the normalized
fraction of released CF given by,

1)1y
Imm‘_IO

L(n)= (1)

Where /(3 is the time dependent fluorescence intensity, / is the initial intensity before
addition of ENMs, and /5 is the maximum fluorescent intensity upon the complete leakage
of dye, which is induced by addition of Triton X-100 at final concentration of 32 mM to
each experimental sample after the fluorescence intensity reached a steady value. Triplicate
samples were prepared for several ENM to lipid ratios to ensure the reproducibility of the
experiments.

2.4. Analysis

The hydrodynamic sizes and zeta potentials of ENMs and liposomes were determined using
dynamic light scattering (DLS) (NICOMP 380 ZLS, Particle Sizing Systems, Santa Barbara,
CA) that uses a laser light at 635 nm. The measurements were done under a scattering angle
of 90° at 20°C. All ENM sizes are reported as intensity-weighted sizes. For the leakage
experiments we used a spectrofluorometer (LS-5, Perkin-Elmer, Waltham, MA) with
excitation wavelength of 490 nm and emission at 517 nm (excitation and emission slit
widths were 2.5 nm).

2.5. Transmission electron microscopy studies

The transmission microscopy investigations were performed with a CM12 transmission
electron microscope (TEM) (Philips, Amsterdam, Netherlands). All the images were
recorded at accelerating voltage of 80kV using a CCD camera (Gatan, Pleasanton, CA) with
a chip that was cooled to —30°C.

Briefly, the method for sample preparation was as follows, with a more comprehensive
description available in Thery er al®* 7 pL of liposomes solution in 20 mM HEPES was
mixed with 1 pL of 8% paraformaldehyde and incubated for 5 minutes. Then, we applied a
drop of sample to parafilm and floated the grid on top of the drop for 20 min at STP
condition. Next, we washed twice for 5 min with buffer and incubated on 1% aqueous
glutaraldehyde for 5 min. The sample is then washed one more time with deionized water,
incubated on uranyl oxalate at pH 7 for 5 min, and incubated on 1.8% methy! cellulose 0.4%
uranyl acetate for 10 min in the presence of ice. Finally, the grid was covered with petri dish
and allowed to air-dry.

3. Results and discussion

3.1. Liposome and ENMs Characterization

We measured the hydrodynamic diameter and zeta potentials of the ENMs and DOPC
liposomes in the same HEPES buffer that the interaction experiments of liposomes and
ENMs were conducted (7.¢e., in 20 mM HEPES buffer electrolyte at pH = 7.4). We measured
the hydrodynamic size and zeta potential of DOPC liposomes as 106.2 + 4.4 nm and -12.1 +
1.1 mV, respectively. The hydrodynamic size of DADMAC coated gold (Au DAD), tannic
acid coated gold (Au TAN) and PVP coated gold (Au PVVP) were measured as 16.2 + 1.6
nm, 18.2 + 3.9 nm and 21.9 + 5.5 nm, respectively. These measured sizes are marginally
larger than size revealed by TEM images (reported by the manufacturer), potentially due to
the incorporation of surface coating or slight aggregation in the DLS measurements. Au
DADs have a zeta potential of 22 + 2.4 mV, while Au TAN and Au PVP were both —36.8 £
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1.3 mV. DLS measurements indicate the hydrodynamic sizes of DADMAC coated titanium
dioxide (TiO, DAD) and sodium polyacrylate coated titanium dioxide (TiO, SOD) were
10.9 £ 0.2 nmand 7.7 £ 0.3 nm, respectively. The zeta potentials for TiO, DAD and TiO,
SOD were 31.2 £ 1.0 mV and -45.8 + 0.4 mV, respectively at pH = 7.4.

3.2. Kinetics of liposome leakage

Au ENMs induce liposome leakage in a time-dependent manner. Figure 1A shows the time
dependent dye leakage, L (), for Au DAD, Au TAN, Au PVP, melittin, and a control sample
with liposomes present only.

We normalize particle concentration (mg/L) with the lipid concentration (mg/L) and report it
as the mass concentration ratio mg/m; p (mg/mg) in order to compare our leakage data to
other experimental data where different lipid concentrations have been used. Au DADs
induce rapid leakage that increases exponentially and reaches a steady state value after a few
hours. At concentration ratios larger than 0.015 (mg/mg), complete release of dye is
observed after 6 hours. At mp/m; pof 0.002 (mg/mg), the leakage was indistinguishable
from the control experiment, in which ENMs were absent. In the control experiment,
leakage still occurred at a much slower rate, which we attribute to the natural decay of
liposomes. This suggests that Au DAD requires mg/m; p> 0.002 (mg/mg) to mediate
significant liposome leakage. The leakage induced by Au DADs at mg/m; p= 0.005 (mg/
mg) reaches 40% at steady state, suggesting that Au DADs remain on the bilayer surface not
attaching to other liposomes, otherwise we should have observed continued increase in the
leakage until all the dye has been released from all the liposomes. In a related study by
Goodman et al., they reported that 2 nm positively charged Au ENMs at 43 ppb induce a
20% steady state leakage from 1 pum negatively charged SOPC/SOPS vesicles after 5 min,
while our results show a 40% steady state leakage induced by 10 nm Au DADs (30 ppb)
after 90 min. The faster kinetics in their system to reach a steady state leakage can be
attributed to the smaller ENM size they used (Z.¢e., 2 nm) resulting in higher diffusivity for
positively charged Au ENMs compared to our 16 nm Au DADs, while the lower level of
steady state leakage they recorded might be due to lower number density ratio of their assay
compare to ours.

The Au TAN and Au PVP exhibit weak leakage compare to the control sample even at high
concentration ratios (7.e. 0.02). Close inspection of the data suggests that the negatively
charged ENMs stabilize the liposomes to some degree (verified using t-test). We believe that
this slow leakage is a result of electrostatic repulsion of the negatively charged ENMs and
vesicles. Close inspection of the data suggests that the negatively charged ENMs stabilize
the liposomes to some degree. Zhang et al showed that adding negatively charged 20 nm
polystyrene (PS) latex ENMs stabilize 200 nm DLPC liposomes resulting in reduction of the
leakage caused by fusion of liposomes with one another.>

We compare the ENMs-induced leakage to melittin, a well-known bilayer disruptor. Melittin
induces complete leakage rapidly (<30 min) at mass ratios greater than 0.005 (mg/mg). One
reason for the fast kinetics of melittin is its high number density compare to Au ENMs for
an equivalent mass ratio. Melittin has an order of magnitude larger diffusivity (1.92 x 1076
cm?/s) than Au ENMs (2.06 x 10~/ cm?/s), based on the Stokes-Einstein equation and our
DLS measured hydrodynamic size of melittin as 2.5 £ 1.0 nm in 20 mM HEPES at pH=7.4.

Lacowicz et. aP® also measured site-to-site (distance between sites on labeled
macromolecules) diffusion coefficient of melittin in water as 3.38x 10~ cm?/s using
fluorescence energy resonance transfer (FRET). Our melittin kinetic data follows the same
increasing trend as an earlier study by Wessman et al., where liposomes with the same size
and lipid composition have been used. °” According to their measurements, at melittin to
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lipid concentration ratio of mp /m; p=0.025 (mg/mg) (5 fold smaller than one we have used)
complete leakage occurs after 7 minutes.

3.3. Modeling leakage kinetic

We determined characteristic leakage rate constants by modeling our kinetic data presented
in Fig. 1 using Lagergren’s pseudo-first order adsorption model.28:59:60 The rate of leakage
is proportional to the initial ENM to lipid mass ratio mp /m; pin the extravesicullar medium
(considered as a reservoir) and the fraction of undisturbed liposomes (1-L(%)/L), where
L is the steady state leakage for a given particle and mass concentration ratio. The leakage
rate per unit time is,

dL ___m, L)

a e il) e

where the leakage rate constant is K; (in S™9). Integrating with the initial condition at ¢ =0
of L(?) = Othe time dependent leakage induced by ENMSs is,

L()=Leo (1—exp (—KLﬂlt)) @)

)

Equation 3 is shown fit to the data in Figure 1 where the mass ratios (mp /my; p) and Lo are
measured quantities and the rate constant K; is a fitting parameter that remains constant for
a specific surface functionality. The leakage reaches a steady value with a characteristic time
constant of z =(Lgy/K;) (mp/myp). The rate and time constants and are presented in Table 1
along with 95% confidence intervals (based on Student’s t statistics). The model fits the
concentration and time dependent trends. The values of z decreases with concentration ratio
as expected. At ratio of 0.02 (mg/mg), =1.7 h. At lower mass ratios of 0.015 (mg/mg) and
0.005 (mg/mg) the time constant increases to 2.2 and 2.6 h, respectively, indicating that at
higher concentrations Au DADs induce liposome leakage more rapidly. The characteristic
times for Au TAN and Au PVP at a high mass concentration ratio of 0.02 (mg/mg) was
found to be 2.6 and 3.6 h respectively, showing their slow interaction with lipid bilayers
compared to positively charged Au DADs even at high concentration ratio (7.e. 0.02). K,
describes how fast ENMs interact with the lipid bilayer, depends on the surface
functionality, and may also depend on the particle size.

3.4. Role of freely dispersed functional compounds

We also examine the effect of the surface functionalization compounds on the liposomes
directly to ensure that the functionalized particle is disrupting the liposome rather than
surface functional groups that may be freely dispersed in the solution, To do this, we
compare the leakage induced by Au DAD with its filtrate (potentially containing free
DADMAC) and free DADMAC solution freshly prepared. The filtrate was obtained by
passing the original high concentrated Au DADs stock solution (1500 ppm) through a 3kDa
ultrafiltration filter. We then diluted the filtrate to the concentration we used in our
experiments. Figure 2 compares the induced leakage after 6 hours, L o, by Au DADs at 60
ppb, prepared DADMAC solution at 700 ppb (equivalent to that mass of DADMAC present
on Au DAD surface estimated by gold to DADMAC mass ratio of 1 to 11.5 reported by the
supplier), Au DAD filtrate potentially containing DADMAC, and the control solution (/.e.,
buffer electrolyte). We observe insignificant leakage by DADMAC solution, filtrate, or
control relative to the Au DADs. The finding indicates that the functional group DADMAC
does not induce leakage on its own and has to associate with ENMs to cause lipid bilayer
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leakage. The result is consistent with previous work that indicates that cationic lysozymes
do not exert permeabilizing effect on liposomes unless associated with a tubular
nanostructure (7.e., CNTs).43

3.5. Impact of particle dosage on liposome leakage

We measured the steady state liposome leakage due to Au DAD and melittin over a wide
range of concentration ratios from 0.001 to 0.02 (mg/mg) (corresponds to Au DAD
concentration of 6 to 185 ppb) as reported in Figure 3A. The upper axis of Figure 3A shows
Au DAD and melittin by mass concentration and the lower x-axis shows mass of ENMs per
lipid mass. Melittin induces complete liposome leakage at a mass ratio = 0.01 (mg/mg),
which is similar to Au DADs. However, melittin is more effective in inducing leakage at a
lower mass ratio, especially in the range of 0.0025 to 0.005 (mg/mg). For example, at mass
ratio of 0.005 (mg/mg), melittin causes ~75% leakage where Au DADs only cause 40%.
Both Au DAD and melittin induced leakage increases with concentration that follows a
sigmoidal shape. This sigmoidal behavior is common to wide variety of chemical systems
including disassociation, titration, as well as dose response curve in toxicity studies.1:62 We
calculated the mass effective concentration (EC50) of melittin and Au DAD required to
reach 50% leakage as 18 and 32 ppb (mass concentration ratio of 0.003 and 0.0064 (mg/
mg), respectively. These EC50 values are determined using the trimmed Spearman-Karber
(TSK) dose response model, a statistical method which calculates the values by fitting the
data to a sigmoidal dose response curve.53

Our melittin concentration dependency curve reported here follows the same trend as the
previous study (Benachir et. a/, 1995) in which similar PC lipid vesicles were used.
Goodman et al. also showed that leakage of negatively charged SOPC/SOPS vesicles
increased with increasing mass concentration of 2 nm Au DADs, although they never
reported a complete liposome leakage at steady state.** In Goodman’s study, the Au
concentration ranges from 0.4 to 1.72x102 ppb which resulted in 12 and 50% leakage,
respectively. Potential reasons for this discrepancy can be related to the lower number
density of their system and multilamellar liposome structure they used. It is known that
liposomes with a size larger than 200 nm have a multilamellar structure,*> which are more
resistant against permeabilization than unilamellar ones.*” Alternatively, the nanomateral
size can play a role on the mechanism by which they induce leakage, it has been shown that
2 nm amine coated Au ENMs with positive surface charge disrupt supported lipid bilayer by
aggregating on the surface and expanding the pre-existing defects while positively charged
50 nm amine coated Si ENMs are capable of directly inducing defects (creation of pores) on
the bilayer.22 It is also likely that the number of Au DADs in the Goodman*4 study was not
high enough to induce 100% leakage for a given amount of liposomes, but number density
ratio (ENM to liposomes) cannot be calculated since they did not report the lipid
concentration.

We also plot the steady state leakage results of Au DAD and melittin as a function of the
ENM number density as shown in Figure 3B. The top x-axis shows the absolute number
density per mililiter, while the bottom axis shows the calculated number of ENMs/melittin
(np) normalized by the number of liposomes 7, . We calculate Au ENMs number density
as,
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where Cpis the molar concentration of Au ENMs, N4 is the Avogadro number, dpis the
measured ENM mean diameter, and a is the number of atoms per unit cubic cell, 4 for gold
with a cell length of 4.0786 A.54 We estimated the number of melittin macromolecules per
milliliter by multiplying melittin molar concentration by the Avogadro’s number. We
estimate the number of liposomes per milliliter by two methods, using either lipid head
group surface area or molecular volume of DOPC lipids, as presented in the supporting
information (SI). The two methods yield a similar number density of liposomes at 3.7 x 1010
mL~1. Our number density ratio result for melittin is close to the value (i.e., 250) reported by
Benachir et a/*0 They estimated this value by using a statistical model for their system
consisting of melittin and 100 nm POPC vesicles. The small difference between the two
values may be attributed to the different calculation methods and lower resistivity of POPC
liposomes against disruption they used compare to our DOPC liposomes.*?

In contrast to the mass results, Figure 3B shows that Au DADs are more effective than
melittin, per ENM, in inducing liposome leakage. For example, it requires roughly 350
melittin macromolecules per liposome compared to only one Au DAD particle to cause
complete leakage. This suggests that in contrast to melittin, one Au DAD particle can induce
a defect on a liposome resulting in complete release of dye. It can also be inferred that Au
DAD-induced release of CF follows all-or-none pathway leading to two different vesicle
populations: the intact vesicles with trapped dye at its initial concentration and the empty
vesicles having released entirely their CF content. This leakage data is supported by TEM
images obtained from liposome and ENM solutions as shown in Figure 4. The TEM
micrograph shows that only one particle is associated with each liposome. This small
number, /.e. one particle per liposomes, suggests that the leakage is more likely due to the
formation of well-defined pores by particles rather than to collective membrane
perturbation. A single Au DAD can perturb the lipid bilayer affecting its impermeability
integrity. It is not clear from these images if the nanoparticles sit on the bilayer surface or
are inside the liposomes.

3.6. Mechanism of lipid bilayer disruption by ENMs

Determining the physical disruption mechanism by which the Au DADs mediate liposome
leakage is important to gain insight into how ENM may interact with cell membranes and
exert toxicity. Recently, it has been shown by Leroueil et. a/that positively charged
nanoparticles generate holes on lipid bilayers supported on silica surfaces.22 They show that
2 nm Au nanoparticles interact with lipid bilayer by aggregating on lipid bilayer surface
diffusing to the existing defects and expanding them, while larger silica nanoparticles (50
nm) with same surface functionality are capable of formation of holes following addition to
lipid bilayer. Prior studies have also indicated that polymeric ENMs with a diameter
between 8 to 10 nm cause formation and growth of holes in model membranes whereas this
ability is reduced by particles smaller than 6 nm.21 Our number density ratio based data,
shown in figure 3, and the supportive TEM images, suggest one 10 nm Au DAD particle is
sufficient to disrupt the bilayer and release the entire encapsulated marker. We hypothesize
that the disruption results from the creation of pores on the lipid bilayer, or extracting lipids
from the bilayer (/.e. wrapping the bilayer molecules around them), leading to the release of
encapsulated dye.

Some studies suggest that at higher concentrations of ENMs and melittin are capable of
disrupting the lipid bilayer by inducing aggregation of liposomes thus changing their
morphology or size.5”65 Chen et al. examined interaction of anionic superparamagnetic iron
oxide (SP10) particles and lipid bilayers by adding them to a suspension of cationic
liposomes. They have shown that particles drive vesicles to fuse together resulting in
significant increase in their size which at higher particle concentrations results in bilayer
deformation and flattening.5® The lowest ENM to lipid mass ratio they used is more than
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two orders of magnitude greater than what we have used here. To test the liposome fusion
hypothesis in our system, we measured the hydrodynamic size change of liposomes before
and after adding melittin and Au DADs at the mp/im; pmass ratio of 0.01 (mg/mg), at which
100% leakage occurs, as shown in Figure 3A. The result (not shown) indicates that melittin
causes the liposome size to increase by 50%, while liposome size in the control sample
without melittin remains unchanged. Melittin induces leakage by creating pores on the lipid
bilayer,3>49 it has also been shown that in the presence of melittin liposomes fuse together
into larger liposomes while maintaining their structure even after complete leakage of their
encapsulated marker.%6 In contrast, we only observed minimal increase in liposome size in
the presence of Au DADs after 6 h (/.e. the point of complete leakage) compared to melittin.
These results, in combination with the TEM images, suggest that fusion and morphological
changes of liposomes are not the dominant phenomenon in inducing leakage at low ENM to
lipid ratios, e.g. Au DAD in this study.

3.7. Effect of surface functionality of ENMs on lipid bilayer leakage

Figure 5 reports the leakage induced by 10 nm TiO2 and Au ENMs with several different
surface functionalities. In these experiments, we add 60 ppb of ENMs to 6 ppm of liposomes
at mass concentration ratios of 0.01 (mg/mg) and report the leakage at steady state (/.e. after
6 h). We see that the measured liposome leakage is a strong function of surface charge. Au
DAD and TiO, DAD induce strong induce leakage (>80%) while only marginal leakage is
measured for negatively charged Au TAN, Au PVP and TiO, SOD. We attribute the low
leakage induced by negatively charged ENMs to electrostatic repulsion by negatively
charged liposomes. A prior study showed that single walled carbon nanotubes (SWNTS)
coated with positively charged proteins caused the leakage of negatively charged liposomes,
while uncoated SWNTs had a minimal effect.3 Their results also showed minimal leakage
induced by negatively charged ENMs in a good agreement with our observations. Our
previous work on adsorption of ENMs to lipid bilayers also suggest that the electrostatic
interactions are largely control nonspecific binding of ENMs to a bilayer surface.23:24
Collectively, there is strong evidence that surface functionality, which determines the ENM
surface charge, plays a key role in the interaction of metallic and metal oxide ENMs with
DOPC lipid bilayer vesicles, and changing the core composition have an insignificant effect.

4. SUMMARY

In this paper, we use fluorescence spectroscopy to detect leakage from unilamellar
liposomes upon their exposure to 10 nm ENMs with different surface functionalities and
core compositions. We detected leakage at ENM concentrations down to 30 ppb
(corresponding to mass concentration ratio of 0.005 (mg/ml)). We found that liposome
leakage is time dependent and increases with ENM number density. Our data suggests that
leakage is mediated by electrostatic interactions which are primarily governed by the ENM
surface functional groups and not dependent on the particle core composition. Our results
demonstrate that a single Au DAD can induce complete leakage from a liposome suggesting
an all-or-none mechanism. It is not clear if the leakage is caused by particles passing
through the membrane, the formation of pores on the membranes, or particles extracting
lipid molecules.

Given that cellular membrane disruption is one of the potential mechanisms leading to nano-
toxicity, probing the lipid bilayer disruption may prove a promising alternative to cell
studies to preliminarily screen the cytotoxicity for a wide range of ENMs. Liposomes are
simple analogs to cell membranes and are more facile and repeatable to produce and
manipulate than cells which makes them amenable to use in high-throughput assays.
Additional research is needed to investigate the mechanisms by which ENMs interact with
lipid bilayers and how ENM and lipid properties govern the interaction.
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Figure 1.

Time dependency study of carboxyfluorescein (CF) dye leakage from large unilamellar
liposomes (LUV) ([lipid] = 7.83 wM) induced by 10 nm gold ENMs or melittin at pH = 7.4
(20 mM HEPES), indicating the leakage in experimental samples containing melittin at a
mass ratio mp /my p= 0.005 (@), or positively charged diallyldimethylammonium
(DADMAC) coated gold ENMs (Au DADs) at ENM to lipid mass ratios of mp /m; p=0.02
(mm), 0.015 (O), 0.005 (@), or 0.002 (O), or negatively charged tannic acid coated gold
ENMs (Au TAN) at mp/m; p= 0.02 (A), or PVP coated gold (Au PVP) at mp/m; p=0.02
(A) as well as control sample with liposomes present only (x). The error bars indicate 95%
confidence interval.
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Figure 2.

Comparison of dye leakage at equilibrium from liposomes ([lipid] = 7.83 .M) induced by
the positively charged DADMAC coated gold ENMs (Au DADs) (60 pg/L), poly
(DADMAC), the cationic material used to coat Au DADs surface (700 pg/L), or the filtrate
of Au DAD:s after 6 h of incubation at pH = 7.4 (20 mM HEPES). The control sample
contained liposomes only. The filtrate was obtained after passing Au DADs through 3 kDa
ultrafiltration membranes and was added to the samples in an equivalent amount to that in
Au DADs. The error bars indicate 95% confidence interval.
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Figure 3.

Comparison of liposome leakage induced by 10 nm positively charged DADMAC coated
gold ENMs (Au DADs) (<), versus melittin (@) as a function of (A) mass
concentration(top axis), and mass ratio (lower axis), (B) number concentrations per milliliter
(mL) (top axis), or number density ratio (lower axis) of Au DAD or melittin (NP) to
liposome (LP) after reaching a steady state leakage at pH = 7.4 (20 mM HEPES). The error
bars indicate 95% confidence interval.
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Figure4.
TEM micrograph of liposomes and 10 nm tannic acid coated gold particles (Au TAN) that
supports data in Figure 3 that only one particle per liposome is required to induce leakage.
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Figure5.

Comparison of liposome leakage induced by 10 nm ENMs with different surface coatings,
charge characteristics, and core compositions, indicating the percent leakage induced by
positively charged DADMAC coated gold ENMs (Au DAD), negatively charged tannic acid
coated gold ENMs (Au TAN), negatively charged PVP coated Au ENMs (Au PVP),
positively charged DADMAC coated TiO, ENMs (TiO, DAD), as well as negatively
charged TiO, ENMs (TiO, SOD), at pH = 7.4 (20 mM HEPES). The percent leakage was
recorded after 6 h of interactions. The nanoparticle mass concentrations were 60 pg/L and
lipid concentration was 7.83 M. The error bars indicate 95% confidence interval.
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Kinetic parameters obtained by fitting data reported in Figure 1. Each value is reported with its corresponding
95% confidence interval.

Particle | (mp/m_p) Ky (1/h) z(h)

AuDAD 0.005 0.03+0.0019 | 3.83+0.52
Au DAD 0.015 0.03+0.0019 | 2.61+0.20
Au DAD 0.020 0.03+£0.0019 | 2.22+0.10
Au TAN 0.020 1.11+0.26 3.34 £ 0.62
Au PVP 0.020 1.90+0.23 6.65+0.72
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