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Abstract: Engineered nanomaterials (ENMs) have attractive functional
properties and are increasingly being used in commercial products. However,
ENMs present health risks that are poorly understood and difficult to assess.
Because ENMs must interface with cell membranes to cause biological effects,
improved methods are needed to measure ENM-biomembrane interactions.
The goals of this paper are to review the current status of methods to
characterise interactions between ENMs and bilayer lipid membranes that
mimic cell membranes, and to present example applications of the methods
relevant to nanotoxicology. Four approaches are discussed: electrochemical
methods that measure ENM-induced ion leakage through lipid bilayers, optical
methods that measure dye leakage from liposomes, partitioning methods that
measure ENM distribution coefficients between aqueous solution and
immobilised lipid bilayers, and theoretical models capable of predicting
fundamental molecular interactions between ENMs and biomembranes.
For each approach, current literature is summarised, recent results are
given, and future prospects are analysed, including the potential to be used in a
high-throughput mode. The relative advantages of the various approaches are
discussed, along with their synergistic potential to provide multi-dimensional
characterisation of ENM-biomembrane interactions for robust health risk
assessment algorithms.

Keywords: nanoparticle toxicity; nanotechnology; bilayer lipid membrane;
electrophysiology; impedance spectroscopy; pore; fluorescence; nanoparticle
partitioning; model; high-throughput.
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1 Introduction and scope

Engineered nanomaterials (ENMs) have unique and desirable functional properties due to
their extremely small size (between 1 and 100 nm). As a result, ENMs have enormous
economic potential and are reported in over 1,300 commercial products. However, recent
reviews have summarised compelling evidence that ENMs can induce health risks (Nel
et al., 2006; Buzea et al., 2007). ENMs can travel throughout the body, triggering health
problems through a number of mechanisms, including denaturing proteins, compromising
membranes, damaging DNA, inducing granuloma formation, increasing oxidative stress,
and triggering immune responses. The difficulty in assessing the variety of potential toxic
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effects induced by ENMs is compounded by the large number of ENM variations,
including size, shape, composition, charge, surface functionality, etc. Consequently, it is
crucial to develop high-throughput methods that can be used to predict health risks of
ENMs to achieve the goal of responsible, nanoenabled technologies.

Toxicity of ENMs is commonly investigated using animal (in-vivo) (Li et al., 2010)
and/or cell-culture (in-vitro) (Hsiao and Huang, 2011; Klaassen, 2007) approaches.
Common toxicity endpoints in animal studies include mortality, changes in body
weight, histopathology of tissue samples, inflammation markers (e.g., cytokines), and
immune-cell composition in bronchoalveolar lavage fluid. Common toxicity endpoints
in cell studies include cell viability (e.g., by MTS assay), cell proliferation, lactate
dehydrogenase activity, histological analysis of cytokines and other markers of immune
response, DNA mutation frequency, expression of genes in toxicity-associated pathways,
and reactive oxygen species (ROS) levels. The molecular chain of events leading to these
toxicity endpoints typically involves interactions between the ENMs and cell membranes.
Lipid bilayers surround most living cells and organelles, incorporate a variety of
functional membrane proteins, and constitute a continuous barrier to the transport of ions
and other molecules (Alberts, 2002). Because molecules or nanoparticles must first
interface with lipid bilayers to cause biological effects (Nel et al., 2009), understanding
how ENMs interact with this barrier is critical to understanding cellular damage
mechanisms.

Figure 1 Schematic showing diverse ENM interactions with a BLM (in form of a liposome),
including (a) aggregation in the bilayer forming a disruptive nanopore,
(b) adsorption to and potential deformation and modification of phase behaviour of
bilayer, (c) penetration and disruption of bilayer by high aspect ratio ENMs
(i.e., carbon nanotubes), (d) partitioning of ENMs into the hydrophobic core of the
bilayer, and (e) disruption of bilayer and formation of nanopore, potentially leading to
increased permeability to molecules and ENMs (see online version for colours)

Note: The small red dots emanating from the pores depict the leakage of molecules from
the liposome.

Source: Adapted with permission from Moghadam et al. (2012)

When a nanoparticle approaches a cell membrane, several interactions are possible, as
illustrated in Figure 1. The nanoparticle could be repelled by the membrane, adsorb onto
the membrane, extract lipids from the membrane, become stably embedded within the
membrane, pass through the membrane, induce pore formation in the membrane, rupture
the membrane, activate a membrane-bound receptor protein, be endocytosed by the
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membrane, or facilitate other forms of cellular damage (Rejman et al., 2004). Each of
these interactions could lead to a different toxicological outcome. Once inside the cell, an
ENM’s ability to escape from membrane-enclosed endosomes or penetrate organelle
membranes can lead to intracellular damage via mechanisms including DNA cleavage
and disruption of mitochondrial architecture (Buzea et al., 2007).

Despite the central role of nanoparticle-biomembrane interactions in determining
toxicological outcomes, this topic is poorly understood, and improved research tools
capable of measuring, understanding, and predicting these interactions are needed to
manage human and ecological risks from ENM. The properties of both the nanoparticle
and biomembrane strongly influence their interactions. Research to elucidate the effect of
an ENM’s properties on its interactions with cells has recently been reviewed, with
emphasis on mechanisms of ENM uptake and ultimate intracellular localisation (Verma
and Stellacci, 2010).

However, the influence of biomembrane properties is difficult to study, for two
reasons. First, the inherent complexity of cell membranes makes it difficult to isolate
and characterise the effects of specific membrane components. Second, it is difficult to
modify the composition of native biomembranes to test hypotheses about how
composition influences membrane properties. These challenges can be addressed using a
biomimetic approach in which a synthetic bilayer lipid membrane (BLM) having a
known phospholipid composition is used to mimic a cell membrane. Model BLM have
previously been shown to exhibit mechanical and electrical properties similar to those of
cell membranes (Ti Tien and Ottova-Leitmannova, 2000; Mueller et al., 1962) and thus
offer outstanding potential for systematically probing the role of specific membrane
properties (lipid composition, charge, fluidity, etc.) on cell membrane interactions with
ENM.

The goals of this paper are to describe the current status of four ex-vivo assay
platforms that characterise interactions between ENMs and model BLM in the context of
nanotoxicity, and to present example applications of the methods that illustrate their
utility. Electrochemical methods that measure ENM-induced ion leakage through lipid
bilayers are reviewed first, with an emphasis on two platforms: the planar BLM method,
in which an unsupported BLM is formed across an orifice; and the tethered BLM, in
which a BLM is supported and tethered to an electrode surface. Next, an optical method
is discussed that measures leakage from artificial lipid vesicles using fluorescence
spectroscopy. Then, an approach that measures ENMs binding to, or partitioning within,
bilayers is described. The potential to use these four ex-vivo experimental platforms for
high throughput screening is discussed. Finally, theoretical modelling approaches suitable
to help interpret experimental results and elucidate fundamental molecular interactions
between ENMs and biomembranes are described.

2 Electrochemical methods

2.1 Planar bilayer lipid membrane

The cell membrane provides an electrically insulating barrier that is impermeable to ions,
enabling cells to maintain transmembrane ion gradients that are vital for survival and
often used for intercellular signalling. Consequently, particles or molecules that affect ion
transport across membranes may be detrimental to proper cell function. For example,
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ENM-induced pore formation in leukocytes could alter intracellular ion concentrations,
thus leading to altered immune cell activation, proliferation, differentiation, and effector
function (Oh-Hora and Rao, 2008).

The field of electrophysiology has developed powerful research tools to characterise
ion passage across BLM mediated by ion channels (Hille, 1992), lipid pores (Antonov
et al., 2005), and toxins (Schonherr et al., 1994; Matile et al., 1996; Baldwin et al., 1995).
The technique involves forming an unsupported, planar bilayer lipid membrane (pBLM)
across a small orifice and then measuring the ionic conductance across the pBLM
using electronics having a sensitivity on the order of 10 pS (Mironova et al., 1999).
Planar-BLM research has elucidated a wide range of molecular phenomena that influence
membrane permeability, including selectivity of the channels (Pavlov et al., 2005;
Negoda et al., 2007), channel gating (Ruta et al., 2003) and other properties of channel
functioning and regulation.

The high temporal resolution and sensitivity offered by the BLM method allow
ENM-BLM interactions to be characterised by analysing patterns in the electrical
signatures following ENM exposure. While this research approach is in its early stages of
development, recent results have demonstrated its potential to characterise BLM
perturbation by ENM. Inorganic semiconductor nanocrystals, quantum dots (QDs) were
shown to induce ion currents through synthetic BLM (Ramachandran et al., 2005).
Electric current was observed when a BLM was exposed to QDs having diameters of
2.2 to 15 nm at a nanomolar concentration. Klein et al. conducted similar experiments
while imaging the bilayer using epi-fluorescence microscopy and directly observed QD
aggregation on the surface of the bilayer, which remained fluid. They showed that a
neutrally charged dye could pass across the bilayer only in the presence of the pore
forming QDs (Klein et al., 2008). de Planque et al. (2011), using a modified pBLM
technique, recently demonstrated that silica nanospheres (aminated and unfunctionalised)
50 nm to 500 nm in diameter disrupted biomembranes.

An important goal of ongoing research is to develop a fundamental understanding of
how properties of the ENM and BLM affect their interactions. A strong influence of the
BLM’s lipid composition on ENM-induced pore formation has been demonstrated.
Figure 2(a) shows the current through a pBLM as a function of time induced by
carboxyl-functionalised QDs at a concentration of 0.6 pg/ml. The QDs induced integral
conductance (a jump in current that continues for an extended period of time) through a
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid bilayer at a potential of 50 mV,
and increasing the potential to 100 mV led to rapid membrane disintegration. However,
when the same QDs were introduced to a pBLM composed of a 3:1 ratio 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) under identical conditions, no current was observed
[Figure 2(b)]; a higher QD concentration (6 pg/ml) and higher voltage amplitude
(100 mV) were necessary to induce current [Figure 2(c)]. A similar effect of lipid
composition was also observed in experiments with carboxyl functionalised multi-wall
nanotubes (FMWNT). Exposure to 10 pg/ml FMWNT did not induce currents in a pPBLM
formed from a 3:1 ratio of POPC and POPE, even after increasing the FMWNT
concentration to 100 pg/ml [Figure 3(a)]. However, under the same conditions, pPBLM
formed from DOPC exhibited strong integral conductance at a FMWNT concentration of
10 pg/ml [Figure 3(b)]. Currents induced by FMWNT at 100 mV increased with time
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until the BLM ruptured [Figure 3(c)]. The trends observed in Figures 2 and 3 are
consistent with the hypothesis that pPBLMs having lower fluidity due to the use of
lipids having a higher degree of saturation (POPC and POPE) are less susceptible to
ENM-induced poration than pBLMs having higher fluidity due to the use of lipids with a
lower degree of saturation (DOPC).

Planar BLM formed on standard electrophysiology cuvettes having an orifice about
150 to 250 pm in diameter exhibit low mechanical stability, exhibiting lifetimes on the
order of an hour and rapidly breaking transmembrane potentials of 150 to 200 mV.
However, pBLM formed on smaller orifices exhibit significantly higher stability
(Hirano-Iwata et al., 2010a, 2010c). Sub-micron aperture sizes gave pBLMs that
exhibited an order of magnitude longer lifetime and tolerated several times higher
transmembrane potentials (Hirano-Iwata et al., 2010b; Han et al., 2007; Tiefenauer and
Studer, 2008). A pBLM formed on a 100 nm nanopore milled through silicon nitride by
focused ion beam had a minimum breakdown voltage of 250 mV (Kresak et al., 2009).
Moreover, these nano-pBLM exhibited properties typical of conventional pBLM, as
evidenced by patterns of pore formation by ion channel proteins and ionophores (Kresak
et al., 2009; Studer et al., 2009). Im et al. (2010) reported a pBLM biosensor on a
periodic nanopore array coupled with surface plasmon resonance (SPR) technique for
SPR kinetic binding assays. The Worden lab has demonstrated that nano-pBLM can be
used to measure ENM-membrane interactions. A pBLM formed across a 760 nm
aperture drilled in silicon nitride showed gigaohm resistance by electrochemical
impedance spectroscopy (EIS) and low transmembrane current when subjected to a
constant potential of —80 mV [Figure 4(a)]. Then, ENM-induced pore formation was
demonstrated for two types of ENM: PEG functionalised silica-core nanoparticles
[Figure 4(b)] and FMWNT [Figure 4(c)]. Current traces following ENM addition showed
the expected trends, including rapidly resealing current spikes and integral conductances
similar to those observed in pBLM formed using conventional electrophysiology
cuvettes.

As a measure of the pPBLM method’s reproducibility, each experiment shown in
Figures 2 and 3 involved at least five independent repetitions. Similar current profiles
(e.g., integral current or rapidly resealing current spikes) were observed in about 80% of
cases, but current amplitude varied between experiments, suggesting that ENMs induce
defects in the membrane with variable pore size(s). To explore reproducibility of pPBLM
experiments between laboratories, similar experiments were conducted at both the
Worden and Posner labs as part of the NIEHS-funded NanoGO consortium. In general,
similar trends were observed in both labs. In the case of QDs, both labs observed rapidly
resealing spikes as well as integral conductance, and conductance histograms for DOPC
BLM for the two labs [Figures 2(a) and 2(d)] both showed a main peak that had a small
shoulder at higher conductance. In the case of DOPC exposure to FMWNT at 100 mV,
both labs observed integral conductance that increased with time, resulting in current
histograms with multiple peaks associated with current jumps [Figures 3(c) and 3(d)].
However, differences in quantitative measures (e.g., time-averaged conductance) were
observed between the two labs, likely due to differences in sensitivities and noise levels
of the planar bilayer workstations in the two labs and subtle differences between
experimental protocols.
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Figure 2 Representative current traces (left) depicting ionic currents through BLM induced by
QDs and the corresponding histograms of conductances (right), (a) A BLM formed
using DOPC was exposed to 0.6 ng/ml of QDs at a potential of 50 mV (b) A BLM
formed using a 3:1 ratio POPC and POPE was exposed to 0.6 png/ml of QDs at a
potential of 50 mV (c) A BLM formed using a 3:1 ratio POPC and POPE was exposed
to 6.0 pg/ml of QDs at a potential of 100 mV (d) A BLM formed using DOPC was
exposed to 6.0 pg/ml of QDs at a potential of 100 mV (see online version for colours)
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HEPES, pH 7.4. QDs were added to one side of the BLM. Dotted line shows zero
current. Results in Figures 2(a) to 2(c) were obtained by the Worden group, and
results in Figure 2(d) were obtained by the Posner group.
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Figure 3 Representative current traces and histograms of conductances induced by FMWNT
in BLM, (a) A BLM formed using a 3:1 ratio of POPC and POPE was exposed to
100 pg/ml FMWNT at a potential of 50 mV (b) A BLM formed using DOPC was
exposed to 10 pg/ml of FMWNT at a potential of 50 mV (¢) A BLM formed using
DOPC was exposed to 10 pg/ml of FMWNT at a potential of 100 mV (d) A BLM

formed using DOPC was exposed to 6 pg/ml of FMWNT at a potential of 100 mV
(see online version for colours)
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Figure 4 Ionic currents measured at room temperature for BLM formed across a 760 nm pore
drilled in a silicon nitride window using a focused ion beam, (a) A BLM formed using
a 3:1 ratio of POPC and POPE prior to the ENM exposure at a potential of -80 mV
(b) A BLM formed using a 3:1 ratio of POPC and POPE was exposed to 300 pg/ml of
silica-core nanoparticles terminated with PEG oligomers at a potential of —-80 mV
(c) A DOPC BLM was exposed to 20 pg/ml of FMWNT at a potential of 50 mV
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Notes: The BLM was suspended between aqueous solutions of 20 mM KCl, 20 mM

HEPES pH 7.4. ENMs were added to one side of the BLM. Dotted line shows
zero current.

An important goal of ongoing research is to develop a fundamental understanding of how
an ENM’s properties influence pPBLM current signatures. A variety of mathematical tools
may be used to analyse the information-rich chronoamperometric current-vs-time profiles
such as those shown in Figures 2 and 3. Quantitative measures commonly used to
characterise pore formation by ion-channel proteins, including histograms, average
conductance values, and number of conductance events greater than a threshold value, are
also useful to characterise ENM-BLM interactions. Using these tools, qualitative
differences BLM-disruption patterns have been noted. Early work has suggested that
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spherical nanoparticles often trigger current spikes, presumably caused by individual
pores opening and then rapidly closing. On the other hand, high-aspect ratio ENMs
(e.g., FMWNT) often induce integral conductance that fluctuates in magnitude,
suggesting formation of pores having greater stability, perhaps due to penetration of the
bilayer by the ENM, as is illustrated in Figure 1. The significance of these trends from the
standpoint of nanotoxicity is not yet clear, and the quantitative measures that best
characterise an ENM’s potency at BLM disruption have not yet been identified.

2.2 Tethered bilayer lipid membrane

Immobilisation of BLM on surfaces offers advantages over pBLM, including enhanced
stability. Supported BLM can be self-assembled directly on hydrophilic surfaces (Nollert
et al., 1995). However, this approach lacks an ion reservoir on both sides of the BLM
needed to measure transmembrane ion flux. This deficiency can be overcome using the
tethered bilayer lipid membrane (tBLM) platform (Krishna et al., 2003), in which some
of the phospholipids composing the lower leaflet are chemically tethered to the
underlying electrode (Rossi and Chopineau, 2007). Figure 5 shows the process of tBLM
formation (adapted from Jadhav et al., 2008). The headgroups of tethering lipids are
commonly terminated with thiol or disulfide groups that form thiol linkages to gold
(Atanasov et al., 2006; Prime and Whitesides, 1991). An advantage of depositing tBLM
on gold is that a variety of sensitive surface-characterisation techniques, such as quartz
crystal microbalance with dissipation, SPR, atomic force microscopy (AFM), and
ellipsometry, can be applied (Garcia-Saez and Schwille, 2010; Hook et al., 2008).
High-impedance tBLM have also been formed on hydrogel-coated indium-tin oxide
electrodes (Kibrom et al., 2011).

Figure 5 Process of forming tethered BLM on a gold electrode (see online version for colours)

LTI

' ! Tethering I
Gold electrode lipids SAM on gold electrode
Liposomes
tBLM interacting tBLM

with ENM

Notes: A self-assembled monolayer is first formed on a gold electrode. Then, liposomes
are deposited and ruptured to form the top leaflet of the tBLM. The tBLM can
then be exposed to pore-forming agents, such as gramicidin (Jadhav et al., 2008)
or ENM.
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Cyclic voltammetry (CV) and EIS can sensitively measure ion migration through pores
formed in tBLM by ENMs, ionophores, channel-forming proteins, etc. In EIS, the tBLM
is subjected to a transient electrical potential consisting of a constant DC component
superimposed on an AC component that varies in frequency. The resulting impedance
data are analysed using an equivalent-circuit model to calculate the tBLM’s membrane
resistance (R,). Alternatively, finite element analysis can be applied to analyse EIS
spectra in terms of defects in the tBLM that range from small pinholes to large
membrane-free patches (Kwak et al., 2010). Use of these quantitative approaches allows
drops in R, to be calculated following exposure to pore-forming agents, such as the
peptide gramicidin and the ionophorevalinomycin (Kohli et al., 2006; Jadhav et al.,
2008). Gramicidin is selective for monovalent ions (Hladky and Haydon, 1972), while
valinomycin is selective only for potassium ion (Kohli et al., 2006; Raguse et al., 1998),
providing a means to validate proper functional behaviour of tBLM.

In recent years, the tBLM platform has been characterised and validated for a variety
of biomembrane research (Jadhav et al., 2008, 2012; Adams et al., 2003; Oh et al., 2008;
Robertson et al., 2008; Terrettaz et al., 2003; Tun and Jenkins, 2010; Jadhav and Worden,
2008). The tBLM system has recently been adapted to characterise interactions of
ENMs with biomembranes. Exposure of a DOPC tBLM to functionalised silica core
nanoparticles gave a time-dependent decrease in R,,. Statistical analysis confirmed that
the method could distinguish between silica-core ENMs that were identical except for the
surface functional group. While the mechanism of ENM-induced changes in R,, has not
been studied, AFM studies have documented hole formation and/or expansion of existing
defects in supported BLM following exposure to polyamidoaminedendrimers (Mecke
et al., 2004), cationic nanoparticles (Leroueil et al., 2008) and polycationic polymers
(Mecke et al., 2005). Molecular dynamics (MD) simulations have provided additional
insight into the pore formation mechanism (Lee and Larson, 2006, 2008, 2009).

2.3 Outlook for high-throughput applications of pBLM and tBLM

The classical pBLM method, while sensitive and powerful, has disadvantages that limit
its practicality for ENM screening. The method is slow, tedious, requires a skilled
technician, and, due to variability between runs, requires multiple replicates (z > 5 often).
The tBLM method (Figure 5) does not require manual procedures, as the solutions
containing the tethering lipids and then liposomes can be automatically delivered to the
electrodes via pumps. However, the incubation times typically used for self-assembly of
the tethering layer and upper leaflet are on the order of hours. Higher throughput can be
achieved in several ways:

1 by accelerating the BLM-assembly process

2 by accelerating the data-acquisition phase, in which the BLM disruption by the
ENMs is measured

3 by running multiple assays in parallel
4 by operating the system more hours per day.

Array architectures supporting parallel assays, such as a robotically controlled multi-well
plate system (Aftab and Hait, 1990), are ideal for high-throughput applications.
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Although array structures for BLM studies are still in their infancy, arrays have been
shown to greatly enhance the efficiency of analysis by forming multiple BLMs
simultaneously (Im et al., 2010; Baaken et al., 2011; Thei et al., 2010; Zagnoni, 2012;
Studer et al., 2009). The pBLMs can be formed in an automated fashion by flowing
lipid-containing solvents through microfluidic channels on both sides of a nanopore film
(Malmstadt et al., 2006; Osaki et al., 2009, 2011; Suzuki et al., 2007; White et al., 2007;
Zagnoni et al., 2009; Hirano-Iwata et al., 2012). Thus, forming arrays of multiple BLM
with different functionalities using multi-channel microfluidic networks appears feasible.
Additional gains in throughput could be obtained by integrating electrochemical
instrumentation onto microelectronics chips (Genov et al., 2006; Gore et al., 2006; Yang
et al., 2009a) including those used for EIS (Manickam et al., 2010; Min and Parve, 2007;
Yang and Mason, 2009; Yang et al., 2009b). Electrode and sensor arrays have been
formed on the surface of microelectronic chips (Eversmann et al., 2003; Schienle et al.,
2004; Yue et al., 2008; Yun et al., 2000; Zhu and Ahn, 2006). These microelectronics
electrochemical instrumentation chips reduce noise, providing higher accuracy and
eliminating the need for bulky bench-top instruments.

3 Liposome leakage assay

Some of the challenges associated with electrical measurements can be addressed by
using optical assays that measure dye leakage from liposomes. Liposomes are artificially
prepared vesicles composed of a lipid bilayer shell with an aqueous interior. For more
than 30 years, liposomes have served as a research platform to study lipid bilayers.
Liposomes have been used for quantifying lipid bilayer leakage induced by lipid lytic
compounds (Bechinger, 1997; Chatterjec and Banerjee, 2002; Gervais et al., 2011;
Herbig et al., 2006; Matsuzaki et al., 1997; Tosteson and Tosteson, 1981). Measurements
are typically performed by loading the liposomes with self-quenching fluorescent
dye at a concentration high enough ( > 50 mM) to quench fluorescence. When
membrane-disrupting compounds or nanoparticles are added to the solution, dye escapes
from the liposome, reducing quenching and increasing fluorescence, which can be
measured with fluorescence spectroscopy (Moghadam et al., 2012; Ralston et al., 1981).
The specificity, homogeneity, and availability of large-batch production of liposomes
has encouraged their use in robust high-throughput screening assays (Chatterjee and
Banerjee, 2002; Gervais et al., 2011). The approach can provide insight into the
disruptive mechanisms, e.g., permeabilisation of lipid bilayers and pore formation, by
modulating the osmotic pressure across the liposome and by working near the phase
transition temperature (Benachir and Lafleur, 1995; Rex and Schwarz, 1998).

Liposome leakage from ENMs has been shown to correlate well with in vitro
cell studies. Goodman et al. compared the cellular toxicity of 2 nm gold
nanoparticles with liposome leakage assays. They showed that cationic particles are
moderately toxic and that anionic particles are non-toxic; these results correlated well
with the lytic effects on L-a-stearoyl-oleoyl-phosphatidylcholine (SOPC) and L-a-
stearoyl-oleoyl-phosphatidylserine (SOPS) lipid bilayer vesicle-disruption assays
(Goodman et al., 2004).

Multi-lamellar vesicles (MLV) typically exhibit considerable heterogeneity in size
and contain many internal compartments, which make them more resistant to defects and
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disruption than uni-lamellar vesicles (UV). Consequently, UV are better suited for
studying liposome permeability and fusion than are MLV (Hope et al., 1986;
Mayer et al., 1986; Sila et al., 1986). Large uni-lamellar vesicles (LUVs) are relatively
homogeneous in size, contain relatively large volumes (resulting in higher assay signal to
noise ratios and more closely resemble the structure of cell membranes (MacDonald
et al., 1991). The use of LUVs helps assure that the nanoparticles interact with a single
lipid bilayer.

Liposome-leakage assays can be used to detect ENM-induced disruption of
lipid bilayers. Hirano et al. studied the effect of single-walled carbon nanotubes
(SWNTs) conjugated with positively charged lysozymes (LSZ) on the leakage of
negatively charged 200 nm UVs composed of 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG)/DOPC. They reported similar leakage caused by SWNTs-LSZ conjugates and
LSZ amyloid fibrils, while only marginal leakage occurred for bare SWNT’s (Hirano
et al., 2010). Posner’s group have investigated the role of surface functionality and charge
of 10 nm gold and titanium dioxide (TiO,) nanoparticles on the disruption of DOPC
LUVs (~100 nm) using dye-leakage assay. They used polydiallyldimethylammonium
chloride (polyDADMAC), tannic acid, polyvinylpyrrolidone (PVP) (NanoComposix,
San Diego, CA), and sodium polyacrylate functionalised particles to elucidate the role of
ENM concentration and surface charge on the kinetic rate and steady-state leakage rate of
liposomes. Our work showed that ENMs induce leakage that increases exponentially and
reaches a steady state value after several hours. Figure 6 shows the steady state leakage
induced by polyDADMAC functionalised 10 nm Au ENM(+) and a well-known lytic,
melittin peptide, as function of number density and number of particles per liposome
(Moghadam et al., 2012). Both Au(+) ENMs and melittin induce leakage that increases
with concentration following a sigmoidal shape. A variety of chemical systems exhibit
sigmoidal responses as a function of a concentration, including cooperative ligand
binding and dissociation (Juska, 2008), pH titration, and the dose-response curve in
toxicity studies.

Leakage from liposomes was detected for nanoparticle concentrations as low as
20 ppb mass. These measurements suggest ENMs trigger leakage similar to melittin and
that a single Au(+) nanoparticle may induce measurable leakage from a liposome
(relative to ~300 molecules for melittin) (Benachir and Lafleur, 1995). Figure 7 reports
the effects of surface coating and particle charge on the steady-state liposome leakage by
TiO, or Au ENMs at mass concentration ratios of 0.01 (i.e., 60 ppb mass of nanoparticle
and 6 ppm mass of lipid). These results show that leakage is a strong function of surface
charge with Au(+) ENMs inducing 94% of leakage and only marginal leakage measured
for tannic acid and PVP coated Au and TiO, ENMs. Low leakage induced by negatively
charged ENMs was attributed to electrostatic repulsion by negatively charged liposomes.
A prior study showed that SWNTs coated with positively charged proteins caused the
leakage of negatively charged liposomes, while uncoated SWNTs had a minimal effect
(Hirano et al., 2010). Their results also showed minimal leakage induced by negatively
charged ENMs in a good agreement with our observations. Hou et al.’s (2012) work on
adsorption of ENMs to lipid bilayers also suggests that the electrostatic interactions
largely control non-specific binding of ENMs to a bilayer surface. Collectively, the
finding suggests that an ENM’s surface coating, which determines the surface charge,
plays a key role in the interaction of metallic and metal oxide nanoparticles with DOPC
lipid bilayer vesicles, and changing the core composition has an insignificant effect.



Engineered nanomaterial interactions with bilayer lipid membranes 67

Figure 6 Comparison of liposome leakage induced by 10 nm positively charged Au nanoparticles
(Au ENM (1)) (©), versus melittin (#) as a function of (B) number concentrations
(top axis), or particle number ratio (lower axis) of Au ENM(+) or melittin to liposome
after reaching a steady state leakage at pH = 7.4 (20 mM HEPES)
[NP] (#mL)
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Source: Reprinted with permission from Moghadam et al. (2012)

Figure 7 Comparison of fraction of liposome leakage L(#) induced by 10 nm nanoparticles with
different surface coating, charge characteristics, and core compositions, indicating the
percent leakage induced by negatively charged TiO, nanoparticles (TiO,(—) ENM),
positively charged TiO, nanoparticles (TiO,(+) ENM), negatively charged Au
nanoparticles (Au(—) ENM), positively charged Au nanoparticles (Au(+) ENM),
as well as polyvinylpyrrolidone coated Au nanoparticles (PVP Au ENMs ) at pH = 7.4
(20 mM HEPES)
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Notes: The percent leakage was recorded after 6 h of interactions. The nanoparticle mass
concentrations were 60 pg/L and lipid concentration was 7.83 pM. The error bars
indicate + one standard deviation.

Source: Reprinted with permission from Moghadam et al. (2012)
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Several studies have suggested that electrostatic interactions governed by surface
functionality (e.g., positive particles with negatively charged lipids) are critical to
mediating leakage. To evaluate whether molecules used to coat ENMs caused liposome
leakage on their own (without the ENM), researchers compared the leakage induced by
DADMAC Au(+)ENMs with the Au(+)ENMs filtrate (potentially containing free
DADMAC) and free DADMAC solution freshly prepared. They observed insignificant
leakage by DADMAC solution, filtrate, or control relative to the to the Au(+)ENMs. This
finding indicates that the DADMAC does not induce leakage on its own and must
associate with nanoparticles to cause liposome leakage. The result is consistent with
previous work indicating that cationic LSZ do not permeabilise liposomes unless
associated with a tubular nanostructure (i.e., SWNT) (Hirano et al., 2010).

The large number of particle physicochemical characteristics, lipid compositions,
and electrolyte conditions necessitate the use of high-throughput methods. Liposome
leakage assays have been conducted in high-throughput using microtiter plates
(Hadjicharalambous et al., 2008; Kichler et al., 1997; Kusonwiriyawong et al., 2003).
Extending ENM liposome leakage assays to a high-throughput format would leverage the
robotics infrastructure that has been widely used in the biotechnology industry.

4 ENM adsorption to lipid bilayers

Quantitative approaches for predicting toxicity and bioaccumulation of ENMs can
be developed that account for the collective influence of ENM properties on lipid
membrane-water distribution (Kj,,). For chemicals that distribute between different
organic phases, both octanol and water distribution coefficients (K,,) and Kj,, are
influenced by single or multiple parameters of organic pollutants, such as molar volume,
aqueous solubility, and acidity constants (Chiou et al., 1982; Jafvert et al., 1990). Global
descriptors like K, are widely used for predictive toxicology and bioaccumulation of
organic pollutants (Chiou et al., 1977; Neely et al., 1974) and are incorporated into
current US EPA models (ECOSAR, Oncologic). Analogous empirical global descriptor
methods to partitioning have begun to be employed for ENMs (Petersen et al., 2010;
Jafvert and Kulkarni, 2008; Giri et al., 2009; Hristovski et al., 2011; Wang et al., 2010).
K,,, recently was determined for carbon nanotubes (Petersen et al., 2010), Cqy (Jafvert and
Kulkarni, 2008), dendrimers (Giri et al., 2009), as well as metals and metal oxides
(Hristovski et al., 2011), but the validity of K,, as an appropriate descriptor for some
ENMs is under some scrutiny (Giri et al., 2009; Hristovski et al., 2011; Petersen et al.,
2010). The Posner group and others have observed that in octanol-water systems,
ENMs can accumulate at interfaces and form emulsions (Giri et al., 2009; Binks and
Rodrigues, 2005; Hristovski et al., 2011) that complicate the design, quantification, and
interpretation of Kow experiments and thus their use in predictive models.

Synthetic BLM have been used increasingly as replacements for octanol in
partitioning studies with organic pollutants. The lipid bilayer-water distribution
coefficient (Kj,,) has been shown to be a more appropriate descriptor than K,,, for the
biological membrane uptake of some classes of hydrophobic (Dulfer and Govers, 1995;
Kwon et al., 2006; Opperhuizen et al., 1988) and ionisable organic pollutants (Escher and
Schwarzenbach, 1996), as well as surfactants (Muller et al., 1999). A BLM’s mass is
nearly all at the interface and can be quantified. This eliminates the difficulty encountered
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in the octanol-water partitioning of surface-active compounds and potentially some types
of ENMs that may also accumulate at the octanol-water interface (Binks and Rodrigues,
2005; Giri et al., 2009; Hristovski et al., 2011).

To evaluate the lipid bilayer-water distribution for ENMs, Hou et al. (2011, 2012)
have developed a robust approach using lipid bilayers-non-covalently-supported on
silica spheres, which are commercially available as TRANSILTM binding Kkits.
Hou et al. (2011) has examined the lipid bilayer-water distribution of fullerene Cgy
and functionalised polyhydroxylated Cqy fullerol (Ce(ONa)(OH),, x + y = 24)
nanomaterials. Their results indicate that the fullerene nanomaterials achieve a
steady state distribution in 24 h, and the fullerene distribution between the aqueous
phase and lipid bilayers appears non-linear across two orders of magnitude in aqueous
fullerene concentrations. The lipid bilayer-water distributions of both Cg and
fullerolnano-aggregates are pH-dependent with accumulation in lipid bilayers increasing
systematically as pH decreased from 8.6 (natural water pH) to 3 (the low end of
physiologically relevant pH). This pH dependency, which we control using buffered
solutions, modulates the zeta potentials of the fullerene nanomaterials and leads to similar
patterns as previously observed for the lipid bilayer-water distribution behaviour of
ionisable organic pollutants. The lipid bilayer-water distribution coefficient (Kj;,,) for Cg
was larger than that of fullerol at a given pH, indicating greater propensity for Cg
aggregates to interact with lipid bilayers.

Figure 8 Preliminary comparison of lipid bilayer-water distribution of Cgy, aggregates (nCg)
measured at pH = 7.4 from this study with existing bioaccumulation studies of nCg,
under similar solution chemistry
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Notes: The organism (water flea, Daphnia magna)-water distribution bioaccumulation
data (O Cpigmass Versus C,,) from this report is plotted along with a solid line
representing the fitted Freundlich isotherm. Cp;4 1S the mass of nCgq
accumulated in daphnia normalised by daphnia biomass (i.e., mg nCgo/kg
biomass) based on dry weight (m), or lipid content (). Dashed lines indicate
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Source: Bioaccumulation data are from Oberdorster et al. (2006),
Tao et al. (2009) and Tervonen et al. (2010) with all studies using
Daphnia magna as test organisms; Reprinted with permission
from Hou et al. (2011)



70 A. Negoda et al.

Hou et al. assessed the utility of lipid bilayer-water distribution in prediction of
bioaccumulation in aquatic organisms by comparing their data with existing aquatic
organism bioaccumulation studies for Cgy nano-aggregates as shown in Figure 8.
Bioaccumulation is important in that if a chemical tends to reside in organisms it is
likely to exert long-term biological effects such as food-chain transfer. Therefore,
bioaccumulation potential is an important aspect in quantifying ecological risks. Figure 8
shows a preliminary comparison of the lipid bilayer-water distribution of nCg, at
pH = 7.4 from Hou’s study with existing bioaccumulation studies using Daphnia magna
(i.e., water flea) at pH = ~7 (Oberdorster et al., 2006; Tao et al., 2009; Tervonen et al.,
2010). Bioconcentration factor (BCF), defined as chemical concentration measured in
biota divided by chemical concentration measured in water, traditionally has been used to
assess the bioaccumulation potential of chemicals. The reported or estimated log BCF
ranges are 2.98—4.40 (dry biomass-based) and 3.67-4.16 (lipid content-based).
The daphnia-water distribution trend is qualitatively consistent with the lipid-water
distribution data. Tao et al. (2009) reported that nCyy accumulated in biomass well
correlated to the lipid content. The single estimated lipid-based log BCF of 3.674.16
from Tao et al. compares well to our log Kj;,,, of 3.62 at similar exposure concentration.

Recent studies have begun to examine the role of ENMs’ physicochemical properties
in their interactions with biomembranes and cellular uptake. Selection of meaningful
dosimetry (e.g., mass, surface area, or particle number concentration) can aid in the
understanding of nano-bio interactions. There is a lack of consensus on the appropriate
dosimetry for nanomaterials. The behaviour of ENMs in the aqueous phase is dynamic
because they can aggregate, settle, diffuse, or interact with biological surfaces depending
on their physicochemical properties, such as size distribution, surface charge, and
functionality, as well as the dependence of these properties on the solution chemistry
(Teeguarden et al., 2007). These dynamic processes relate specifically to the number
density and size distribution of nanoparticles rather than their mass concentrations. The
analogy for dissolved molecular chemicals would be a comparison of doses for two
compounds using molar units rather than mass units. Applying to nanoparticles the
dose metric for molecular solutes based on mass concentration can yield different
interpretations of the response endpoints. For example, for a given mass concentration of
the same nanoparticles with different sizes, the corresponding particle number or surface
area concentration can be larger by orders of magnitude for the smaller diameters.

Hou et al. also explored the dosimetric selection on the distribution of gold
nanoparticles (Au NPs) to lipid bilayers (Hou et al., 2012). Using tannic acid
functionalised Au NP from 5 to 100 nm, they found that typically 10-60% of Au NP
mass concentration from the aqueous phase distribute to lipid bilayer, but only cover
< 2% of lipid bilayer surface as supported by the SEM images in Figure 9. These results
show that smaller sized Au NPs accumulate more rapidly to lipid bilayers than do larger
ones. Large Au NPs distribute to lipid bilayer to a greater extent on mass basis than small
Au NPs, but the trend reverses on particle number density basis. The faster accumulation
to lipid bilayers for small nanoparticles can be qualitatively rationalised by the
Smoluchowski collision rate equations and the classical colloid theory [i.e., Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory]. The Smoluchowski equations state that the
initial collision rate increases with greater number density consistent with the larger
number density for small Au NPs in a given Au mass concentration (Elimelech et al.,
1998). Hou’s analysis suggests that number concentration, along with Au NP diameter,
may be the more appropriate dosimetricparameter for mechanistically describing the
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nano-bio interaction. Across the various Au NP sizes, they measure the lipid bilayer-
water distribution coefficient (Kj;,,, = Cy, / C,) as 450 L/kg lipid, which is independent of
dosimetric units. The Ky, value may be used to predict the affinity of spherical Au NPs
across a certain size range toward lipid membranes.

Figure 9 SEM images of 50-nm tannic acid coated Au NP adsorbed onto solid-supported lipid
membranes (see online version for colours)

Source: Reprinted with permission from Hou et al. (2012)

Overall, Hou’s studies suggest that lipid bilayer-water distribution is a promising
predictor for accumulation of ENMs in lipid bilayers specifically (Figure 1) and
potentially bioaccumulation in aquatic organisms. Because lipid bilayers are simpler and
easier to manipulate than organisms, measurement of ENM adsorption to lipid bilayers
has the potential to be conducted in high throughput, such as in microtiter plates, to
screen ENMs for bioaccumulation and toxicity potentials.

5 Theoretical modelling of ENM interactions with lipid bilayers

AFM provides clear images of the formation of holes in supported DMPC bilayers by
generation seven (G7) amine terminated dendrimers, but not by lower order dendrimers
or by G7 PAMAM dendrimers terminated by acetamide end groups (Mecke et al., 2005;
Leroueil et al., 2007). Cationic amine-terminated dendrimers have a favorable attraction
to the lipid head groups, and the observed chemical and size effects observed were
explained based on a balance of surface energy and head group packing constraints,
where smaller dendrimers lead to more difficulty in optimising both the inner and outer
lipid monolayer head-group packing densities. The strongly disruptive effect of cationic
ENMs is due to their attraction to the overall negative charge that is typical of
mammalian cell membranes. MD simulations using a CHARMM potential, implicit
solvent, and a Langevin noise term support the concept that highly charged cationic
dendrimers are strongly attracted to the BLM, though computational limitations restricted
the calculations to G3 dendrimers (Kelly et al., 2008).

This work stimulated a series of MD simulations of the effects of various ENMs on
BLM using all-atom and coarse-grained descriptions (Muller et al., 2006; Deserno,



72 A. Negoda et al.

2009). Three of the most commonly used coarse-grained models are a united atom model
develop by the Klein group (Shelley et al., 2001; Shinoda et al., 2010), the Cooke model
(Cooke et al., 2005; Deserno, 2009) that uses pair potentials with broad minima and the
MARTINI model (Marrink et al., 2004, 2007) that typically condenses four heavy atoms
to one bead, and uses a coarse-grained solvent. The non-bonded interactions in the
MARTINI model are Lennard-Jones and Coulomb, while the bonded interactions are
harmonic bond-stretching and bond-bending. A basic requirement of the coarse-grained
models is that they reproduce the liquid-like structure of lipids, which overcomes
problems with simple Lennard-Jones models that have difficulty reproducing the correct
BLM liquid structures. Studies of membrane disruption due to PAMAM dendrimers
using the MARTINI force field support the earlier conclusions (Lee and Larson, 2008)
and also show that cationic linear polymers also disrupt BLM. However cationic
dendrimers of larger size have a stronger effect on BLM, while the effect of cationic
linear polymers on BLM appears to saturate at larger size. Cation-coated AuNP-BLM
response analysed (Lin et al., 2010) using MD simulations with the coarse-grained
MARTINI force field (Marrink et al., 2004), indicates that nanoparticles with diameter
approximately 2.2 nm produce hydrophilic pores allowing water translocation, and that
membrane disruption is stronger for ENMs with higher concentrations of cationic
headgroups. Both atomistic and coarse-grained MD simulations demonstrate that small
hydrophobic carbon nanoparticles, including various fullerenes (Wong-Ekkabut et al.,
2008; Monticelli et al., 2009; Jusufi et al., 2011), nanotubes (Monticelli et al., 2009),
and graphene flakes (Titov et al., 2010) segregate to the hydrophobic core of lipid
membranes; moreover suitable end functionalisation can stabilise transmembrane
nanotube configurations (Dutt et al., 2011), which are candidates for artificial
drug-delivery channels. Nanoparticle translocation is a key goal for applications to drug
delivery, and mechanisms for translocation include diffusion, pore formation, and
endocytosis.

These insights and those garnered from studies of cationic ENMs have been extended
to a more complete analysis of the dependence of ENM translocation mechanisms on
ENM size, shape and surface functionalisation (Yang and Ma, 2010; van Lehn and
Alexander-Katz, 2011), with smaller particles of lower charge being more diffusive and
larger cationic particles favouring disruptive pore formation. Thermodynamic models
provide a broader perspective of the stable and metastable phases of BLM-ENM systems.
Mechanical models that balance the ENM-membrane interaction energy against the
energy cost of bending the BLM, where the bending modulus is typically 20kgT
(Helfrich, 1973; Gao et al., 2005), provide a first estimate of the equilibrium states. The
phase diagram of ENM-BLM systems as a function of ENM size and charge has been
calculated using a self-consistent field theory method (Ginzburg and Balijepalli, 2007).

The results are reproduced in Figure 10, along with images of MD simulations using
similar parameters within the Cooke coarse-grained model, for nanoparticles that are
strongly attracted to the lipid heads (Cooke et al., 2005). In both cases, there is a change
in morphology as a function of the nanoparticle size, from an intact ENM/BLM
morphology at small nanoparticle size to a ruptured morphology at larger nanoparticle
size. The onset of poration is tuned via the interaction strength between the ENM and the
BLM. Figure 10 illustrates a case where an ENM of radius 4.4 nm causes poration while
an ENM of radius 2.7 nm does not. The morphologies are, however, different for the
smaller ENM sizes, with the MD simulations suggesting that the ENMs remain bound to
the outer surface of the BLM, while the self-consistent field theory suggests that the
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nanoparticle forms a stable complex on the interior of the bilayer. Further simulations are
required to test the stability of the structure suggested by the self-consistent field theory.
Because the self-consistent theory is two dimensional, the nanoparticles in the theory are
actually rods. The nanoparticle sizes treated within both theories and in all of the
simulations discussed above are relatively small (at most a few nanometres), due to
computational constraints. In contrast many experiments use nanoparticles in the size
range 10-200 nm, which is extremely challenging for even the most coarse-grained MD
models currently available.

Figure 10 Coarse grained MD NP/lipid morphologies (top two figures) found using the Cooke
model (see online version for colours)

7 4
R T

Single-layer Hybrid Micelles |
(Embedded in Membrane)
0.0
£ —_—
g % — T e
3 P
o b
& 1.0
2 Bilayer Hybrid Micelles
° (Embedded in Membrane)
-2.0
-3.0
1.6 2

Notes: A small hydrophilic NP (left) does not rupture the bilayer while a larger
hydrophilic NP (right) is covered by lipid to form a NP-lipid liposome and leading
to poration. Phase diagram of NP-lipid systems within self-consistent field theory
(Ginzburg and Balijepalli, 2007).

In summary, simulation studies are consistent with the experimental observations,
predicting that larger cationic ENMs are disruptive to BLM, and that small hydrophobic
ENMs aggregate to the core of BLM. Further developments in multi-scale modelling are
required to simulate larger ENMs interacting with lipid membranes and to capture
dynamical processes at the larger time scales that are relevant to high throughput ENM
screening methods. Simulations are also being used to search for ENM size, shape and
charge combinations that enable efficient NP translocation with minimal disruption to the
BLM, as is required for applications to drug-delivery systems.
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6 Summary and outlook

This paper has reviewed four assay platforms to measure molecular interactions between
ENMs and synthetic BLM. These ex-vivo assays offer advantages over traditional in-vivo
and in-vitro toxicity assays, including

1 the composition of the BLM can be precisely controlled
2 the assays are customisable via selecting components included in the BLM

3 experiments can be performed under a wider range of conditions than is possible
using living systems

4  the assays are readily adaptable to high-throughput operation

5 theoretical models that predict molecular interactions between ENMs and BLM may
be used to interpret the results.

Each of the platforms offers distinct advantages. The electrochemical methods measure
transmembrane ion flux, which is important for both cell viability and intercellular
signalling. The pBLM method leverages well established electrophysiology tools to
characterise ENM-induced membrane perturbations with single-pore sensitivity, whereas
the tBLM method is more robust and uses less expensive equipment. High-throughput
can be achieved for both electrochemical methods via integration of microfluidics and
microsystem array architectures. The liposome-leakage platform use sensitive optical
methods to measure the fluorescence increase as self-quenching fluorescent dyes escape
LUV under the influence of membrane-disrupting ENM. This approach has been
validated for multiple types of ENM, and results have been correlated with in-vitro cell
toxicity studies. The platform based on ENM adsorption to lipid bilayers offers
advantages over octanol-water partitioning for measuring bioaccumulation, because lipid
bilayers are a more biologically relevant model reservoir. The use of commercially
available, BLM-coated silica spheres facilitates standardisation. Ongoing research
is clarifying the role of particle size on dose response relationships. Both the
liposome-leakage and ENM-adsorption assays can be performed in high-throughput
mode using multi-well optical plate readers.

Because all of four approaches are based on molecular interactions between ENMs
and BLMs, the assay results are sensitive to the solution chemistry. For example, the
ionic strength inside and outside of the liposomes must be relatively well matched, or the
osmotic pressure can deform and destabilise the membrane. In the electrochemical
methods, the ionic strength must be sufficient to conduct current and obtain a reasonable
signal to noise ratio but not so high as to induce ENM aggregation. Thus, electrolyte
composition and concentration must be considered into context of both dispersion
stability and biological relevance. In general, BLM-based assays can be performed at
much lower electrolyte concentrations than is possible in in-vivo and in-vitro assays,
which often suffer from ENM aggregation.

Some common trends have already emerged from the BLM-based platforms.
Positively charged ENMs uniformly induced more disruption to bilayers for both pPBLM
and liposome-based systems. In addition, pPBLMs formed from lipids whose tails are
more saturated (POPC and POPE) are less susceptible to ENM-induced poration than
pBLMs formed using lipids whose tails are less saturated (DOPC). We also found that
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results on pBLM systems could be reproduced in different labs with similar but unique
experimental systems. This finding is important, because the high variability seen in
in-vivo and in-vitro assay platforms has motivated extensive investigation by the NIEHS
NanoGO programme. Overall, the BLM-based assays that were originally developed to
study ion channel proteins, toxins, and other agents that disrupt cell membranes appear to
be useful for ENM when proper consideration is given to key factors including
electrolyte composition and pH.

Additional research is needed to correlate results of these emerging BLM-based
assays with traditional in-vitro and in-vivo toxicity assays. As the BLM-based assay
protocols are further refined and validated, they can be readily extended to investigate the
effect of other ENM-related molecular phenomena on toxicity. For example, under
physiological conditions, ENM interact with a variety of biomolecules, including proteins
(Lynch et al., 2007). Formation of a protein-containing corona on ENM can influence the
ENM'’s surface properties and thus its tendencies to aggregate and interact with cell
membranes (Lynch et al., 2009). The integration of multiple assay platforms to measure
ENM-BLM interactions with fundamental knowledge of corona-formation dynamics
(Lundqvist et al., 2008; Cedervall et al., 2007) would enable high-throughput assays of
ENM-BLM interactions to be conducted under increasingly more physiologically
relevant conditions, and would improve correlations between these assays and traditional
in-vitro and in-vivo toxicity assays. Development of correlations between the
various assay platforms would provide a broader database for developing improved
risk-assessment models, enable high-throughput methods to screen ENM libraries for
toxicity potential, and facilitate in-silico design of ENMs that meet desired performance
criteria as well as safety standards.
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