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ABSTRACT

EX-VIVO BIOMIMETIC INTERFACES FOR SCREENING ENGINEERED
NANOMATERIALS

By
Ying Liu

Engineered nanomaterials (ENM) have attractive functional properties and are
increasingly being used in commercia products. However, the potential health risks
induced by ENM are poorly understood and difficult to evaluate. Since the first step in
ENM toxicology pathway is to interface with cell membranes to trigger biological
effects, improved methods are needed to measure ENM-biomembrane interactions.
Therefore, the overal objective of my doctoral dissertation is to develop robust, high
throughput nano-structured biosensors, to elucidate mechanisms of surface interaction
between ENM and biomembrane, to evaluate ENM kinetics and performance, to predict
ENM induced health risk, and to provide guideline for bio-safety design of nano-products
with desired functions.

The first generation of higher throughput interface was developed by accelerating
the interface-assembly process and enhancing stability of a planar bilayer lipid membrane
(pBLM). The diameter of a classical planar BLM is ~500 um. The novel planar BLM
developed for this project was fabricated on nanopores (~700 nm) drilled through silicon
nitride thin film using focused ion beam lithography. Electrophysiology and
electrochemical impedance spectroscopy was used to validate functionality of the
nanopore pBLM. Then, transient current spikes induced by silica nanoparticles and
integral conductance induced by carboxylate multi-wall carbon nanotubes, across giga-

ohm nanopore pBLM, were measured.



As aresult, the second generation of high throughput biomimetic interface, tethered
BLM on gold electrode was developed with enhanced stability and ion reservoir. Another
advantage of tethered BLM isthat it can be integrated onto complementary metal—oxide-
semiconductor based microsystem with on-chip electrochemical detection.

Here, pore forming activities of functionalized silica nanoparticles, functionalized
polystyrene nanoparticles (PNP) and functionalized polypropargyl glycolide
nanoparticles (PGL) were characterized using high insulating tethered BLM. Electrical
resistance trajectory was analyzed using empirical exponential model, providing dynamic
information of ion leakage induced by various nanoparticles. Coupled with statistical
hierarchical clustering post-analysis, the tethered BLM method could distinguish between
nanoparticles based on size, charge and/or surface functional groups.

As a result, a mechanistic kinetic model was developed to predict interaction
kinetics of ENM with model BLM and to assess biosensor performance. A 9 parameter
model was designed using MATLAB and R, and then simplified into a 3 parameter
model. The model developed helps elucidate molecular processes responsible for time-
evolved electrochemical signal changes in tethered BLM. The model uses two kinetic
constants to describe the rates of ENM binding to, and lipid remova from, the interface.
The model was fit to membrane resistance, Ry, vs. time data for interaction of a tethered
BLM with two types of ENM: PGL and functionalized polystyrene nanoparticles. The
model was able to predict diverse trends in the Ry, vs. time data, including a continuous
decrease (PNP) in Ry, and an initia increase (PGL) in Ry, followed by a decrease. The
model also predicted that the biosensor is so sensitive that the interaction involving only

10%9% of bulk nanoparticles could generate measurable changes in the biosensor output.
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1. INTRODUCTION

1.1. Motivation and Objectives

With booming application of nanotechnology, engineered nanomaterials (ENM)
exhibit desirable electronic, catalytic and photonic properties and are rapidly being
introduced into diverse commercial products [1-4]. However, considerable evidence has
been obtained through in-vitro [5] and in-vivo [6, 7] studies that ENM can cause
significant health risks [8, 9]. The ENM can enter the body through multiple pathways,
interact with cells and then induce cytotoxicity in a variety of ways, including disrupting
membranes, denaturing proteins, triggering oxidative stress, inducing inflammation, etc.
Currently, methods to assess health effects of ENM and to rapidly screen ENM for likely
health risks are inadequate [10].

For ENM to trigger toxicity, they must interact with cell membranes [11]. A wide
variety of interaction mechanisms are possible; the ENM could bind to the membrane,
aggregate around the membrane, remove lipids from the membrane, compress the
membrane, become stably embedded in the membrane, pass through the membrane,
create dynamic pores in the membrane, and be endocytosed by the membrane, etc. [12].
ENM physicochemical properties such as concentration, size, surface charge, shape,
chemical functionalities, heterogeneity, hydrophobicity or hydrophilicity and surface
ligand arrangement, are likely to strongly influence its interactions with biomembranes
[11].

In spite of the importance of ENM-biomembrane molecular interactions, there is
little knowledge and poor understanding about the mechanism by which nanoparticles

interact with cell membranes and about how they may lead to toxicity. Therefore,
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improved methods to characterize them are needed, for many of these studies have shown
contradictory results on the same test substance due to lack of standardized testing
procedures. A comprehensive understanding of molecular interactions between ENM and
cell membranes is also needed to study ENM toxicity and develop ENM-based
biomedical technologies [13]. There are severa challenges associated with ENM toxicity
studies using in-vivo or in-vitro assays. One of them arises from the inherent complexity
of cell biomembranes, which are composed of a fluid lipid bilayer with a variety of
embedded proteins, carbonhydrates, and other accessory molecules. The integrity of
biomembrane contributes functionalities needed for vital membrane involved processes,
including recognition, communication, energy generation, and selective molecular
transport [14, 15]. Furthermore, biomembrane composition and function varies between
different parts of a cell and in different cell types [16]. As a result, the inherent
complexity and diversity of intact biomembranes make it difficult to carry out well
defined experiments, to test hypotheses about the role of specific biomembrane
components during ENM-biomembrane interactions and to interpret experimental results
from different laboratories. To overcome these disadvantages, a nanostructured interface
containing a bilayer lipid membrane (BLM) and the minimum number of other
membrane constituents provides a promising, bottom-up approach to study ENM-
biomembrane interactions. The composition of BLM interface can be customized to
mimic desired biomembrane functions.

The overall objective of this work is to develop a fundamental understanding of
how ENM interact with biomembrane, and to evaluate potential health risk of ENM.

More specifically, the proposed research aims at (1) developing robust, reproducible



model membrane platforms suitable for characterization of ENM-BLM interactions by
electrochemical and electrophysiological techniques, (2) developing mathematical
models to predict ENM activities against biomembrane and thereby potential toxicity, (3)
developing methods that not only can characterize biomembrane-ENM interaction but

also are adaptable to high throughput mode for screening ENM libraries.

1.2. Resear ch Problem Definition

The projects presented in this thesis focused on two different platforms of synthetic
BLM that are employed to provide a mimetic biomembrane environment: tethered bilayer
lipid membrane (tBLM) and planar lipid bilayer membrane (pBLM). The pBLM based
nanostructured biomimetic interfaces were originally used in characterization of ion
channels [17], ionophores [18] and toxins [19] with high sensitivity on the order of
picosiemons. Recently, the pBLM based assays have migrated to tBLM based platforms
which are involved in a variety of transmembrane ion flex studies [20, 21] as well asin
characterizing ENM interactions with biomembrane [22]. The tBLM system overcomes
several disadvantages associated with traditional BLM systems. Firstly, it provides a
hydrophilic spacer layer to serve as an ion reservoir to allow ions to enter and egress.
Secondly, tBLM has enhanced stability over classica pBLM. Thirdly, formation of
tBLM is through molecular self assembly instead of requiring manual procedures and
skilled technicians. All these advantages make tBLM more promising in adaption to high
throughput applications. So, we adapted tBLM method to miniaturized electrode array
coupled with lab-designed EIS acquisition chip for ENM studies.

On the other hand, given that the pPBLM system has its own merit of high sensitivity

and is capable of detecting single channel, the development of a new generation of pBLM



platforms with improved stability and robustness is a'so needed [23-25]. Then, dynamics
of interactions between ENM and pBLM can be characterized and analyzed according to
electrical signature profiles following ENM exposure. In particular, the integration of
microfluidic channel into pBLM system allows formation of pBLM and delivery of ENM
in an automated mode, which can potentially accelerate screening ENM libraries.
Therefore, one project in the thesis focused on developing a nanopore based pBLM
system using lithography technique. The newly developed nanopore pBLM was further
characterized and validated for ENM studies in order to achieve the goa of higher
throughput.

The key target studied in the presented projects is nanomaterials, more specificaly,
ENM. Nanotechnology has advanced fabrication of ENM in ways that ENM can be
customized with desired properties and functions [13]. Therefore, ENM are being
increasingly added into commercial applications in the area of sensors, cosmetics,
diagnostics and drug delivery [4, 26, 27]. As a result, human are increasingly being
exposed to nanomaterials in daily life, providing an incentive to understand the
mechanisms by which nanomaterials interact with cell membranes. In this work, a wide
variety of ENM, ranging from lab-fabricated nanoparticles, nanotubes, nano-sized
polymers to commercialized nanomaterials, was used to investigate how ENM influenced
ENM-BLM interactions. In the dynamic process of ENM-BLM interaction, the effects
are determined by ENM properties including concentration, shape, size, surface charge,
chemical functionalities, angle of curvature, porosity and surface crystalinity,
heterogeneity, hydrophobicity or hydrophilicity and surface ligand arrangement [11].

Main forces governing interfacial interactions include hydrodynamic interactions due to



convection, electrodynamic interactions such as van der Waals forces, electrostatic
attraction or repulsion and solvent interactions [11]. Although nanoparticles, in general,
are internalized and translocated into cells via endocytosis [15], it is still not clear that the
role of ENM properties in interactions between ENM and lipid bilayer without assistance
of other membrane accessory molecules. Accordingly, effects of size, surface charge, and
chemical functionalities were investigated in the projects to understand how each of these
factors played a part in ENM interactions with BLM.

As a selective and insulating barrier, cell membranes can block ion flow, which is
reflected by electrical properties of cell membranes. Such electrical property due to
certain substances can be characterized and measured by electrochemical impedance
spectroscopy (EIS) [28] and electrophysiology techniques [17], which is an another
advantage of using nanostructured interfaces containing a BLM to mimic desired
biomembrane functions to study ENM-biomembrane interactions. Therefore, electrical
properties were main indicators and parameters measured in investigating ENM-BLM
interaction, allowing establishing hierarchically assorted ENM libraries according to
distinct patterns of electrical signatures.

Other than experimental protocols, numerous attempts have been made to interpret
experimental EIS data based on potential and/or concentration gradient [29-32]. These
models tend to study dynamics of ion transport but lack of ability to identify transport
dynamics of ionophore such as gramicidin and valinomycin, both of which could interact
with BLM. Therefore, a mathematical model that can describe ENM transport, ENM-
BLM interaction, and BLM integration/deformation is needed. The presented kinetic

model in the dissertation was designed to help explain dynamic tragjectory of ENM-BLM



interactions, better understand the mechanisms by which ENM-BLM interactions are

dominated and determined and predict the fate of ENM after exposureto BLM.

1.3. Background

1.3.1. Mod€ bilayer lipid membranes

Biological membranes, composed of a fluid phospholipid bilayer with embedded
proteins, carbohydrates, and their complexes, are vital components for prokaryotic and
eukaryotic organisms [33]. Cell membranes are not only selective barriers dominating the
transport of materials into and out of the cell but also are in a dynamic state contributing
in many cellular activities such as recognition, communication and catalytic functions
[34]. Moreover, there is wide variation of biomembrane composition between different
cell types, and biomembrane dynamics is in transient state, far from homogeneous [35].
Both of the inherent complexity and diversity of intact biomembranes make it difficult to
perform experiments in well-defined conditions and thereby even harder to identify the
role of specific biomembrane components during ENM-biomembrane interactions.
Accordingly, the use of a biomimetic membrane that has a well-controlled composition
provides an excellent tool to elucidate biomembrane function mechanisms [36].

Since the pioneering work back in the 1960s, the first generation of experimental
bilayer lipid membrane systems, planar bilayer lipid membrane (pBLM), has been
developed and extensively used as a model of biomembranes [18, 37-39]. A pBLM is
usually formed by painting or brushing a small amount of solution containing lipids
across an aperture (0.1-2 mm in diameter) between two agueous solutions, shown in
Figure 1.1. The quality of pBLM formed can be determined by measuring its electrical
properties. A good unmodified pBLM typically has a membrane resistance on the order
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of 10~100 MQcm?, a membrane specific capacitance around 0.5 pF/cm?, and a dielectric

breakdown voltage above 100 mV [16].

To potentiostat

Figure 1.1: Schematic diagram of electrochemical cell used to characterize pBLM
formed across pore separating two reservoirs containing 20 mM KCl and 20 mM HEPES
buffer.

Another widely used experimental BLM for biomembranes was also developed as

vesicles/liposomes which consist of spherical BLMs enclosing a volume of agueous

solution [40-42], shown in Figure 1.2. The formation of liposomes can be achieved by



either mechanical sonication or extrusion of a suspension of hydrated lipids. Electrical
properties of pPBLM and liposome can be readily characterized by electrophysiology
technique [16] and patch clamp technique [43], respectively. These techniques measure
transient ionic current across the model BLM using electronics that have a sensitivity on
the order of pA [44]. These two methods offer relatively high temporal resolution and
sensitivity, advancing and elucidating a variety range of molecular studies in biosensing
applications [45]. For example, pBLM system has been used in characterizing channel
proteins such as gramicidin [17] and porin [46], selective ionophores such as AS701 [1§],
and silica nanospheres induced membrane disruption [47]. Liposomes have been used as
biomimetic sensors in areas of antigen-antibody reaction involved immunoassays [48],
partitioning behavior of organic compounds between water and biological systems [49-

51], and release rate of entrapped vesicle contents [40, 52].
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Figure 1.2: Schematic diagram of liposome as one type of model membranes
(http://www.chem.ucl a.edu/dept/Faculty/hawthorne/liposome/liposome.htm ).

Although pBLM and liposome, as model membrane, coupled with sensitive
characterization techniques have been employed in numerous biomedical applications,
they are ill fragile in terms of low mechanical stability and limited lifetime. To

overcome this drawback, the concept of solid supported BLM (sBLM) that possessed



structural and thermodynamic properties of pBLM and liposomes was raised [48]. In
particular, tethered BLM (tBLM) that uses self-assembly through spacer molecules such
as thiol group has been recently developed based on inception of sSBLM [14, 53]. The
tBLM construction (Figure 1.3) has several advantages over classical model membranes
[28]. For one hand, given the covalent bonding of linker (e.g. thiol lipids) to the
underlying substrate surface (e.g. gold), tBLM system has an improved stability and
prolonged lifetime, resulting in a more robust biomimetic platform than pBLM. On the
other hand, tBLM system has solved proximity problem resulting from sBLM and
provides a space layer to hold extra part of proteins or macromolecules embedded in
membranes as well as an ion storage. There are two main strategies to prepare tBLM:
vesicle fusion or Langmuir-Blodgett transfer on a substrate and Langmuir-Blodgett
transfer or self-assembly of monolayer followed by vesicle fusion onto a substrate [14].
Furthermore, tBLM formed on a metal substrate allows for characterization of resulting
tBLM not only by surface sensitive techniques but also by electrochemica methods
within defined electrical field [54]. Therefore, tBLM model are extensively employed in
studies of ion channels as well as their kinetics [20, 55, 56], function of membrane

associated proteins [21], and electron transport of bioel ectroactive molecules [57].
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Figure 1.3: Schematic formation of tBLM on gold electrode via self-assembly followed
by liposome rupture.

1.3.2.Engineered nanomaterials

Nanomaterials, which have at least one dimension smaler than 100 nm, have

extremely large specific surface area and often show unique electronic, photonic and
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catalytic properties [2]. There are a wide variety of types of ENM: metals, metal oxides,
polymers, carbon based nanotubes, and dendrimers, etc. The dimensions of many
biological macromolecules alow them to be classified as nanoparticles [10]. ENM that
are designed with specific functions and properties have huge potential markets and are
increasingly being used in the areas of cosmetics, sensors, drug delivery and diagnostics
[2]. Asaresult, human are increasingly being exposed to ENM in daily life, providing an
incentive to understand the mechanisms by which ENM interact with cell membranes.
Interaction of different types of ENM with a cell membrane is shown schematically in
Figure 1.4, leading to structural and/or functional change of a cell membrane [36]. On the
other hand, the fate of ENM aso depends on ENM-BLM interaction. The mode of
interaction is determined, by the properties of both the membrane and the ENM,
including concentration, shape, size, surface charge, chemica functionalities,
heterogeneity, hydrophobicity or hydrophilicity and surface ligand arrangement of ENM
as well as fluidity of biomembrane [11]. Main forces governing interfacial interactions
include hydrodynamic interactions due to convection, el ectrodynamic interactions such as

van der Waals forces, electrostatic attraction or repulsion and solvent interactions.
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Figure 1.4: Modes for Interaction of different types of ENM with model BLM

In general, nanomaterials can be internalized and translocated into cells via
endocytosis [15]. Nanomaterials might also traffic across lipid bilayer by paracellular
pathways (tight junctions) or through “holes” (or defects) in the lipid bilayer. Here, it is
the fluidity of the lipid bilayer interior that contributes more significantly than near the
glycerol backbone in determining the permeability of nanomaterials [16]. On the other
hand, the dynamic properties and fluidity of lipid bilayers are also affected by
nanomaterials. Membrane fluidity was reported to increase with enhancing concentration
of silver nanoparticles entrapped in dipalmitoylphosphatidylcholine (DPPC) liposomes

which composed the top leaflet of the lipid bilayer [58].
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Although it is dtill poorly understood about the mechanism of ENM transport
across a cell membrane as well as ENM induced potential health risks, studies have
demonstrated that ENM have the ability to penetrate cell membranes [59]. For example,
Holl [60] investigated the interaction of poly (amidoamine) (PAMAM) dendrimers with
supported 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayers, showing
that positively charged PAMAM dendrimers either initiated hole formation or expanded
holes at existing defects of the lipid bilayer. In addition, ENM characteristics such as
shape and size also influenced ENM-BLM interactions. In a study by Chithrani [61],
spherical nanoparticles were absorbed 5 times more than rod-shaped nanoparticles with
the same size. Also, the paper showed that the kinetics of uptake of gold nanoparticles
varied with nanoparticle size and suggested that an optimal dimension may exist for
efficient nanomaterial translocation across cell membranes. Therefore, ENM
characteristics make active contributions to the interactions with lipid bilayer through
forming electric double layer, enhancing the adsorption of ENM, initiating hole
formation and reducing free surface energy viareorientation of surface structure[11].

Another chalenge resulting from performing in-vitro and in-vivo assays to test
ENM toxicity is that ENM are likely to aggregate in cell medium [36]. Then,
physiochemical properties of ENM tend to change with a variety of shapes and sizes that
need further confirmation. This is the reason why characterization of ENM only after
synthesis is not adequate. Without careful characterization of ENM during ENM
interaction with a cell membrane, it would result in a judicious interpretation of the
outcome [62, 63]. To avoid unexpected influences due to complex cell culture medium,

experiments can be conducted in a defined environment that does not promote
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aggregation. So, this issue can be greatly avoided using biomimetic interface which is

surrounded by only buffered electrolyte.

1.3.3. Characterization of ENM-BLM interaction

Electrochemical impedance spectroscopy (EIS) and electrophysiology are two main
techniques used to characterize electrica properties of model BLM in the
presence/absence of ENM [16]. One run for EIS is on the order of several minutes while
electrophysiology has a sampling frequency on the order of kilo Hz, both of which are
label free and fast protocols compared to in-vivo and in-vitro assays. The impedance
response typically reflects a distribution of reactivity that is commonly represented in
equivalent electrical circuits. Two characteristic parameters, membrane resistance and
capacitance are extracted after simulating EIS data using a Randles equivalent circuit [28]
after modification. A good tBLM has a membrane resistance on the order of MQcm?2 and
a capacitance less than 1 pF/cmz2, depending on the lipids used. A constant-phase element
(CPE) replacing a double layer capacitance is employed in the equivalent circuit because
it isgenerally not valid to assume that the electrode surface activity is homogeneous [64].
A CPE has two parameters: a and Q which has units of s° / Qcm2 when o#1. Usually, a
system has a#1, showing behavior that has been attributed to surface heterogeneity [65].
ENM-BLM interaction induced changes in resistive and/or capacitive properties of model
BLM can be captured by EIS responses.

Electrophysiological method can capture transient conductance across BLM, thus
enabling to characterize ENM-BLM interactions by anayzing patterns buried in the
electrical signatures after ENM addition [36]. Recent studies have demonstrated its

ability to characterize membrane disruption by silica nanoparticles [47].
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In addition, BLM tethered on a metal substrate can allow for applying surface
sensitive techniques, such as cyclic voltammetry (CV), atomic force microscope (AFM),
and ellipsometry, in characterizing tBLM following ENM exposure. CV is a powerful
and popular electrochemical technique for analytically studying electrochemical
properties of systems [66]. For a tBLM deposited on solid substrate such as gold, the
thickness of the BLM is afew nanometers, which is too far for electrons to transfer from
electrode to electrochemical active redox species (e.g., ferrycyanide). When a tBLM of
high quality is employed to characterize interactions between BLM and ENM or other
biomolecules, CV is helpful to reveal the selectivity of the ion channel triggered by such
interactions, further confirming the mechanism of the interactions. AFM is widely used to
study lipid bilayer dynamics and provide information on surface topology [67]. For
example, Holl [60] have investigated the interaction of poly (amidoamine) (PAMAM)
dendrimers, positively charged dendrimers with supported 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipid bilayers. AFM images show that the positively charged
PAMAM dendrimers either initiated hole formation or expanded holes at existing defects
of the lipid bilayer. Ellipsometry is an optical technique to measure the thickness of lipid
bilayers based on the change of polarization and the difference in refractive index
between buffer and the adsorbed substances [14]. Jadhav et. a. [68] has reported
characterizing thickness of monolayer (~2.7 nm) and bilayer (~5.7 nm) during tBLM
formation using ellipsometry.

Although ENM have a specific size according to requirement for synthesis, they are
likely to aggregate into especially when they are exposed to and interacting with BLM.

Therefore, characterization of ENM is performed by dynamic light scattering (DLS) and
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phase analysis light scattering (PALS) prior to and after BLM exposure in order to study
how ENM are influenced by BLM [69].

In addition to experimental protocols, there are also simulation methods, including
molecular dynamics (MD), dissipative particle dynamics, Brownian dynamics and Monte
Carlo method, to explore ENM-BLM interactions [35]. In particular, MD is the most
popular approach, which applies Newton’s equations of motion to derive the time
dependent solution of the system. Current MD simulation studies also indicate formation
of transient pores during interactions involving a cell membrane, which is consistent with
the most possible mechanism for ions permeating across lipid bilayer and for lipid flip-
flop. However, most of these modeling studies lacks of experimenta data to support and
to verify simulation results. As aresult, a mechanistic model that can predict interactions

between ENM and BLM based on experimental datais needed.
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2.tBLM INTERACTION WITH SILICA NANOPARTICLES

2.1. Abstract

Engineered nanomaterials (ENM) have desirable properties that make them well
suited for many commercial applications. However, alimited understanding of how ENM
properties influence their molecular interactions with biomembranes hampers efforts to
design ENM that are both safe and effective. This chapter describes the use of a tethered
bilayer lipid membrane (tBLM) to characterize biomembrane disruption by
functionalized silica-core nanoparticles and to investigate how surface functional group
affect ENM-BLM interaction. Electrochemical impedance spectroscopy (EIS) was used
to measure the time trgectory of tBLM resistance following nanoparticle exposure.
Statistical analysis of parameters from an exponential resistance decay model was then
used to quantify and analyze differences between the impedance profiles of nanoparticles
that were unfunctionalized, amine functionalized, or carboxyl functionalized. All of the
nanoparticles triggered a decrease in membrane resistance, indicating nanoparticle-
induced disruption of the tBLM. Hierarchical clustering allowed the potency of
nanoparticles for reducing tBLM resistance to be ranked in the order amine > carboxyl ~
bare silica. Dynamic light scattering analysis revealed that tBLM exposure triggered
minor coalescence for bare and amine functionalized silica nanoparticles but not for
carboxyl functionalized silica nanoparticles. These results indicate that the tBLM method
can reproducibly characterize ENM-induced biomembrane disruption and can distinguish
the BLM-disruption patterns of nanoparticles that are identical except for their surface
functional groups. The method provides insight into mechanisms of molecular interaction
involving biomembranes and is suitable for miniaturization and automation for high-
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throughput applications to help assess the health risk of nanomaterial exposure or identify

ENM having a desired mode of interaction with biomembranes.

2.2. Introduction

Amorphous silica nanoparticles represent an excellent model ENM for systematic
studies of ENM-BLM interactions, because they are commonly found in nature, are
widely used in commercial products [70], and are being developed as cargo carriers in
targeted drug delivery [71-73]. Compared to crystalline silica particles, which if inhaled
can cause pulmonary silicosis [ 74], amorphous silica nanoparticles are much less toxic to
the lung. Inhaation of amorphous silica triggers minimal pulmonary inflammation in
rodents [75]. The nanotoxicity properties of amorphous silica nanoparticles have been
shown to vary with their size [76], structure [77] and surface properties [59, 61], which
can readily be customized via chemical functionalization. Pore formation in synthetic
BLM composed of L-a-dimyristoyl phosphatidylcholine (DMPC) induced by silica
nanoparticles less than 22 nm in size has been monitored by atomic force microscopy
(AFM) [78].

Several reports have suggested that transport of nanoparticles through
biomembranes strongly depended on surface charge and size of nanoparticles tested [79-
82]. Negatively charged nanoparticles were more rapidly taken up by adenocarcinoma
lung cells than positively charged ones [83]. On the other hand, HelL a cells more rapidly
endocytosed positively charged nanoparticles than negatively charged ones [84]. A recent
review of the influence of surface properties of ENM-cell interactions indicated that, in
general, uncharged ENM interact less aggressively with cells, and that positively charged

ENM are most efficient in crossing cell membranes [59].
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The purpose of this study was to test the hypothesis that a tBLM-based method
could be used to distinguish patterns of biomembrane disruption caused by nanoparticles
that had identical amorphous-silica cores but different surface functional groups. EIS was
used to measure time-dependent changes in the Ry, of ahighly insulating tBLM following
exposure to three types of silica-core nanoparticles: bare, amine functionalized, and
carboxyl functionalized. The rate of decrease in Ry, was described using an exponential
model, and hierarchical clustering was applied to statistically analyze whether the method
could distinguish between the effects of different silica-core ENM. DLS was used to
measure changes in the nanoparticles’ effective diameter before and after interactions
with the tBLM. The results demonstrate the suitability of the tBLM method to screen

ENM for aggressiveness in biomembrane disruption.

2.3. Materialsand M ethods

2.3.1. Materials

The phospholipids 1,2-dioleoyl-sn-glycero-phosphocholing(DOPC), and 1, 2-
dipalmitoyl-sn-glycero-phosphothioethanol (DPPTE) were purchased from Avanti Polar
Lipids Inc. (Alabaster, AL). All other chemicals, such as sodium chloride, chloroform,
decane, ethanol, potassium chloride, and, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) were purchased from Sigma Aldrich (St. Louis, MO).
2.3.2. Fabrication and characterization of silica-core nanoparticles

The surface functional silica-core nanoparticles were fabricated via click chemistry
[85, 86]. Briefly, the silica-core nanoparticles were synthesized from colloidal silica

SNOWTEX XS (SNTXS, 4-6 nm, 20 wt% suspension in H,0), 40 wt% suspension in
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H,0), SNOWTEX 20L (Nissan Chemical Industries, Ltd SNT20L, 40-50 nm, 20 wt%
suspension in H,O), and SNOWTEX ZL (Nissan Chemical Industries, Ltd SNTZL, 71
nm, 40 wt% suspension in H,O) using a two-step process. The surfaces of silica
nanoparticles were modified with akynyl-substituted triethoxysilanes to afford the
alkyne modified particles, which enable modification of particle surfaces via ‘click’
chemistry, the Cu-catalyzed azide-alkyne cycloaddition, catalyzed by CuSO, and sodium
ascorbate in dimethylformamide (DMF) and water (3:1). Copper ions were removed
using ethylenediaminetetraacetic acid (EDTA) or ion exchange resin beads (Amberlite
IRC-748). Since the click reaction was the final step in the synthesis, the particles were
identical except for the surface chemistry. We synthesized silica-core nanoparticles with
carboxylic acids, amines, and short methoxy-terminated polyethylene chains. To avoid
aggregation, the modified silica nanoparticles were purified by diaysis against DI water,
using dialysis tubing with molecular weight cut off (MWCO) values appropriate for the
size of the particles.

DL S was performed to identify an agueous medium for the experiments that did not
induce aggregation. In addition, particle size distributions were measured before and after
ENM exposure to the tBLM [26]. Effective diameter and surface charge (zeta potential)
of functionalized silica-core nanoparticles were determined using a Brookhaven 90 Plus
particle analyzer (Brookhaven Instruments Inc., Holtsville, NY) at 25°C in 10 mM KCI.
In control experiments to determine conditions that triggered nanoparticle aggregation,
bare silica nanoparticles were incubated in 10 mM KCI in a glass cuvette, in a PDMS
reservoir only, and in a PDMS reservoir on gold without tBLM, before particle-size

anaysis.

20



2.3.3. Preparation of liposome

Small unilamellar vesicles (SUV) of DOPC were prepared by freeze drying
DOPC dissolved in chloroform in a Labconco freeze dry system (Labconco Corporation,
Kansas, MO) at -47°C for 2 h followed by hydration in buffer (10 mM HEPES, 150 mM
NaCl, 2 mM CaCl,, pH 7.4) to a concentration of 1 mM. DOPC liposome was

ultrasonicated in an ice bath for 20 min prior to use.
2.3.4. Preparation of polydimethylsiloxane (PDMYS) slab

A PDMS dab with aholein it was used as areservoir to contain the solutions that
formed the tBLM on the gold. To make the PDMS dab, 77 g of PDMS prepolymer
material with the curing agent in a 10:1 weight ratio and then poured on a polished silicon
wafer in a petri dish. The petri dish was stored in a vacuum desiccator for 1 h and then

cured at 60°C overnight.
2.3.5. Formation of tBLM biomimetic interface

Typicaly, one terminal group based on polyethyleneglycol coupled with
functionalized disulfide moiety binds to gold surfaces through chemisorption while the
other terminal group chemically binds the BLM [87]. There are two steps in tBLM
forming process [68]. In general, a self-assembled monolayer is first formed followed by
liposome adsorption and rupture to form upper leaflet of tBLM.

Electrodes consisting of a gold layer (100 nm thick) coated on a silicon wafer by
chemical vapor deposition (Lance Goddard Associates, Santa Clara, CA) were cleaned in
fresh piranha solution (51% H,SO, and 30% H,O, in aratio of 7:3) for 30 s, washed with

deionized water and then dried in nitrogen. A self-assembled monolayer (SAM) of
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DPPTE was chemically adsorbed by dipping a clean gold electrode into 1 mM ethanolic
DPPTE solution for 1 h, rinsing with ethanol, and drying with nitrogen.

After ultrasonication for 20 min, 300 pL of the resulting SUV suspension was
added to the PDMS dlab reservoir and incubated at room temperature for 24 h. After
tBLM formation, the liposome solution was replaced with fresh 10 mM KCI electrolyte
(pH 6.1). Then sonicated nanoparticle solution was transferred to the PDM S reservoir and
mixed by a pipette to reach a final concentration of 300 pyg/mL in 10 mM KCI. In some
control experiments, the volume of DOPC and nanoparticles transferred to the PDMS
reservoir was varied, but the nanoparticles were maintained at the same concentration

(300 pg/mL in 10 mM KCI) in all experiments.
2.3.6. Electrochemical characterization of tBLM and ENM-BLM
interaction

In this study, EIS was used to measure changes in R, during 5 h incubation with
300 pg/mL silica-core nanoparticles. A supporting electrolyte of 10 mM KCI was chosen
because it provided sufficient conductance for the EIS studies while not inducing
significant nanoparticle aggregation. EIS experiments were conducted using a CHI 660B
electrochemical workstation (CH Instruments Inc., Austin, TX) configured in a three-
electrode setup (Figure 2.1). An ac perturbation of 5 mV was superimposed on dc bias of
0 V over a frequency (w) range between 0.01 Hz and 10,000 Hz. Experiments were
conducted in triplicate for each type of nanoparticle, including the control groups. To
determine Ry, values, a modified Randles equivalent circuit (Figure 2.2 (A)) was fit the

electrical impedance (Z) data [88, 89] using Zview software (Scribner Associates,
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Southern Pines, NC). A constant-phase element (CPE) was used in this modified model

to represent electrical behavior of heterogeneous submembrane space [65, 90].

Ag/AgCl
reference
electrode

Platinum wire
counter

electrode
A N

PDMS dab
with areservoir

B J -

tBLM on gold

Figure 2.1: EIS measurement setup
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Figure 2.2: (A) Modified Randles equivalent circuit that consists of an electrolyte
solution resistance Rs, a membrane capacitance, Cr,,, a membrane resistance, Ry, and a
constant-phase element, which dominates the hydrophilic spacer region. (B)
Experimental and predicted EIS spectra of tBLM formed on 0.45 cm? gold. Left vertical
axis. log of impedance (Z) magnitude (diamonds). Right vertical axis. minus phase
angle (sguares). Solid curves are impedance curves simulated from modified Randles
equivalent circuit using Zview software.

2.3.7. Topological characterization of tBLM

A DPPTE/DOPC tBLM was formed using the procedure described above on a 1
cmx1 cm piece of freshly cleaned gold. AFM imaging experiments were performed in
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tapping mode using an Asylum Research Cypher Scanning Probe Microscope (Santa
Barbara, CA) equipped with a droplet cantilever holder. A drive w of ~30 kHz and spring
constant of 0.01 N/m for the silicon nitride cantilever were determined by thermal data.
After tBLM formation, the liposome suspension was exchanged with DI water before

AFM scanning.
2.3.8. Statistical analysis

An exponentia function (Egn. 1) was fit to the R, vs time profiles measured during
exposure to silica-core nanoparticles,

Rm=(Ri-Rr)exp(kt)+R¢ (1)

where R; is the initial resistance, R; is the final resistance, and k is the exponential
rate constant. A relative membrane resistance change (Rn%) was also calculated using

Egn. 2:

Rm%:(Ri- Rf)/ R; (2)

A pattern matrix containing a total of n=12 experiments as rows, and p=3
parameters, (Ri-Rf), k, and R %, determined for each experiment as columns, was
analyzed using hierarchical clustering procedures in R software (Version 2.13.2: The R
Foundation for Statistical Computing), to quantify similarity between the curves. For
hierarchical clustering, the distances between rows (experiments) when forming the
clusters are calculated using Euclidean distance measured by summing the squared
differences between rows over al columns (parameters). Since the parameters have
scales in quite different orders of magnitude, the scales were standardized [91] prior to
the clustering procedure to prevent a parameter with larger order of magnitude from

dominating the clustering results. Also, Ward’s method was used to evaluate Euclidean

25



distances and to determine which clusters should be linked together at each step in the
dendrogram. Since the number of sample points (experiments) to be clustered is
relatively small, the uncertainty associated with the hierarchical clustering results was
assessed by computing the approximately unbiased (AU) p-value via multiscale bootstrap
resampling [92] with replacement at each bifurcation. AU p values provide quantitative
assessment of confidence in each clustering step. AU p values close to 100% indicate
relative certainty that the clustering is true. Two-sample t test assuming unequal variance
and Wilcoxon rank sum test were performed to compare size and surface charge of silica-
core nanoparticles before and after tBLM experiments. Differences were considered
significant at p<0.05.

To identify whether measured changes in Ry, following silica-core nanoparticle
exposure were significant, the random fluctuation (noise) was estimated from the three
control-group replicates that were not exposed to nanoparticles. The observations were
assumed to be random samples from a normal distribution, and the variance was
estimated using the pooled data from three control replicates (each with mean subtracted)
to represent the random fluctuation. To validate the assumption, the Ljung-Box test [93]
was used to test the potential serial correlation (randomness). Next, the normality
condition for individual replicate of control group was tested using Shapiro-Wilk test
[94]. Finally the homogeneity of variances across three replicates was assessed using
Bartlett's test [95]. For al tests the p-vaue was greater than 0.05, indicating the
corresponding assumptions hold at the 95% confidence level. After validating all
assumptions, variances from three control replicates were pooled to estimate one single

variance to represent the fluctuation.
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2.4. Results and discussion

2.4.1. Characterization of dispersed silica-core nanoparticles prior to
exposuretotBLM

Figure 2.3 shows effective diameter (Figure 2.3 (A)) and zeta potential (Figure 2.3
(B)) of bare, carboxyl functionalized, and amine functionalized silica nanoparticles
before interaction with the tBLM. Bare silica had a diameter of 51.9+6.5 nm and a zeta
potential of -14.8+3.0 mV. Carboxyl functionalized silica had an effective of 69.9+4.4
nm and zeta potential of -16.0+3.0 mV, respectively. Amine functionalized silica had an
effective diameter 111.0+2.7 nm and a zeta potential (-29.7+1.7 mV). Two-sample t test
indicated that the average size and zeta potential values of amine silica were significantly
different from those of either bare silica or carboxyl silica, while carboxyl silica did not
show a difference from bare silica for size or zeta potential. The unexpected larger size
and negative charge of the amine functionalized nanoparticles is believed to be due to
cross-linking of two or more nanoparticles via adsorption of a multivalent anion onto the
aminated surface. Candidate multivalent anions include SO,*, which was the counterion
for the Cu** click chemistry catalyst, and EDTA*, which was added in excess to remove
the Cu** catalyst following the reaction. Stable adsorption of oppositely charged
polyelectrolytes has been reported to reverse the zeta potential of charged particles and to

encourage aggregation by creating ionic bridges between adjacent particles [96].
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Figure 2.3: Size distribution (A) and zeta potential (B) of silica-core nanoparticles prior
to exposure to tBLM. An asterisk indicates significant difference between effective
diameter or zeta potentia of carboxylic acid or bare silicaand amine silica.

2.4.2. Electrochemical characterization of tBLM

A BLM’s lipid core blocks ion diffusion and thereby provides biomembranes with
inherently high Ry, values (order of MQcm?). Molecules that disrupt or induce pores in
BLM, such as channel proteins, ionophores, and some bacterial toxins, reduce R, while
maintaining membrane capacitance roughly constant [97-99]. Fitting the equivalent
circuit model (Figure 2.3 (A)) to atypica set of tBLM impedance data gave an R, value
of 1.5 MQcm? and a C, value of 0.84 pF/cm? (Figure 2.3 (B)). These values compare
favorably with literature values in a range between 0.1 ~ 15 MQcm?, [21, 38, 57, 68, 97,

98], providing further evidence of ahighly insulating and well formed tBLM.
2.4.3. AFM imaging of tBLM

A tapping-mode AFM image of a DPPTE/DOPC tBLM in DI water (Figure 2.4
(A)) follows topography of the bare gold substrate (Figure 2.4 (B)). The tBLM’s surface
roughness was 1.16+0.00032 nm, agreeing well with the reported roughness (0.9+0.2 nm)
of adensely packed tBLM [100].
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Figure 2.4: AFM images of tBLM in DI water (A) and on bare gold (B)
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Since the roughness of bare gold substrate was 1.12+0.0085 nm and is not
statistically different from that of the tBLM, thisis consistent with a conformal BLM that
is uniform and homogeneous. Moreover, resistivity of tBLM which is on the order of 10%
Qcm, much higher than that of 10 mM KCI solution (~70 Qcm). The ratio of tBLM
resistivity over KCl resistivity is a key factor in determining the minimum defect area
fraction of tBLM that can dramatically reduce R, value of tBLM. For example, the
fraction as low as 1.8x10™* of atotal tBLM area of 0.4 cm® could result in 50% decrease
in Ry, value of a perfect tBLM. Therefore, it is very unlikely that the variation in height

profile of tBLM due to existing holes given the high impedance shown in Figure 2 (B).
2.4.4. Surface functional group effects of silica-core nanoparticles on
membraneresistance of tBLM

Figure 2.5 (A) shows triplicate Ry, vs. time curves for the control runs performed
without nanoparticles, as well as the runs conducted with 300 pyg/mL of silica-core
nanoparticles having different functional groups. Ljung-Box test shows all p-values
(Table 2.1) greater than 0.05 for control groups at lags ranging from one to five so that
the serial correlation shows non-significance and randomness assumption holds well.
Thus, observations can be treated as random samples for each of three replicate of control
groups. Similarly, the Shapiro-Wilk test shows non-significance (p-value 0.84, 0.25 and
0.90, respectively), indicating that the normality assumption holds for all three replicates.
Then, the Bartlett's test of homogeneity of variances shows non-significance (p-value
0.06), and the three replicates are roughly considered to have the same variance. Thus,
the data from individual replicates were pooled to obtain the common standard deviation,

which represents the fluctuation level to be 0.062 MQcm? with 95% confidence interval.
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Figure 2.5: Membrane resistance time profiles during tBLM interaction with 300 pg/mL

bare and functionalized silica-core nanoparticles in 10 mM KCIl. The addition of (A) an

aliquot of water (control), (B) carboxyl functionalized silica, (C) amine functionalized
silica, (D) bare silica, and (E) amine functionalized silica nanoparticles was performed
immediately after first Ry, recorded for each replicate. Open points are experimental
values, and curves are optimized exponential model fits.
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Table 2.1: Ljung box test p values for control groups at different number of lags

Lag=1 | Lag=2 | Lag=3 | Lag=4 | Lag=>5
Control experiment-1 0.74 0.31 0.37 0.52 0.24
Control experiment-2 0.51 0.60 0.23 0.32 0.49
Control experiment-3 0.07 0.14 0.11 0.19 0.13

Although Ry, values reported vary from 0.1 to 15 MQcm? Ry, values of tBLM
formed using various lipids are, generally speaking, on the order of MQcm? [32, 101].
The large variation of Ry, values observed from control experiments and experiments
before ENM addition is believed to result from differences of roughness of gold substrate
after piranha cleaning [97]. Piranha solution composed of concentrated sulfuric acid and
hydrogen peroxide is a strong oxidizing agent, so cleaning the surface of gold substrateis
commonly achieved by piranha treatment. Although piranha treatment can enhance the
electrocatalytic activities of gold electrode, AFM and SEM studies also demonstrated
piranha treatment could cause substantial increase of gold electrode roughness [102,
103].

In al runs shown in Figures 2.5 (B)-(D), the final Ry, values were smaller than the
initial values, indicating an enhanced ability of ions to traverse the tBLM after exposure
to the silica-core nanoparticles. For the bare silica and carboxyl functionalized
nanoparticles, the rates of R, decline could be accurately traced using a 30 min interval
between R, measurements. However, for the amine functionalized nanoparticles,
virtually the entire drop in Ry, occurred within the first 30 min (Figure 2.5 (C)). To more
accurately estimate the exponential rate constant (k in Eqn. 1) for these nanoparticles,

EIS was performed over a smaller w range (from 0.1 Hz to 10,000 Hz), reducing the
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sampling period by afactor of 15. The use of atwo minute sampling interval alowed the
rate of Ry, decline to be more clearly resolved for the amine silica (Figure 2.5 (E)).

Clustering analysis was then used to test the hypothesis that the tBLM method
could distinguish patterns of biomembrane disruption caused by nanoparticles that had
identical amorphous-silica cores but different surface functional groups. Egns. 1 and 2
were fit to Ry, vs. time profiles (Figure 2.5). Then, the clustering analysis was applied to
the resulting three values of (Ri-Ry), k, and R%. The dendrogram generated from
hierarchical clustering using a parameter matrix containing best-fit (Ri-Ry), k, and Rn%
values (Figure 2.6) visualy displays the degree of similarity between experiments.
Numbers below the line indicate the sequence in which two objects are linked together,
while numbers above the line are AU p values a every clustering step.

Although bare silica, carboxyl silica, and amine silica particles al caused a decrease
in Ry that was well represented by an exponential curve, other trends in nanoparticle-
induced Ry, dynamics have also been observed. For example, when the same silica-core
nanoparticles were functionalized with short polyethylene glycol (PEG) functional
groups, the resulting PEG functionalized silica nanoparticles triggered a minor increase in
the tBLM resistance (data not shown). Because these R, traectories were poorly
described by the exponential decay model (Egn. 1) and were easily distinguishable from
the trgjectories of the other three silica-core nanoparticles, the PEG functionalized

nanoparticle data were not included in the clustering analysis.
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The dendrogram indicates that each type of nanoparticle clusters as a unique group,
consistent with the hypothesis. When only R, data acquired at 30-minute intervals
(Figures 2.5 (A)-(D)) were used to calculate (Ri-Ry), k, and R% values, the amine silica
nanoparticles clustered most closely with the control group (Figure 2.6 (A)), because 30-
min sampling interval did not capture the rapid exponential declinein Ry, that is apparent
in Figure 2.5 (E). However, when the two-min sampling interval Ry, profiles for amine
silica nanoparticles (Figure 2.5 (E)) were used, the resulting dendrogram (Figure 2.6 (B))
showed little similarity between the amine silica nanoparticles and the other three cases.
Also, Figure 2.6 (B) shows higher AU p values than those in Figure 2.6 (A), indicating a
greater degree of certainty that the clusters are distinct.

The simple exponential model (Egn. 1) did a reasonable job of describing the Ry,
trgjectories for the bare, carboxyl functionalized, and amine functionalized nanoparticles,
and the regression constants are physically meaningful. Specificaly, k, (Ri-Rs), and Rn%,
represent the rate of change, total Ry, change, and the fractional change in Ry, as a
function of time. This physical interpretation provides a framework by which
nanoparticles may be ranked in order of potency for biomembrane disruption. The
parameters regression constants for amine, carboxyl, and bare silica, combined with the
observation that PEG functionalized silica-core nanoparticles did not reduce Ry, yield the
following potency rank for functionalized amorphous silica EMN: amine > carboxyl ~
bare silica > PEG. The hierarchical clustering method presented here could be extended
to models other than Egn. 1, such as one capable of describing an initial increase in Ry,
followed by a decrease. In addition to different models, different combinations of

variables could be analyzed in the clustering analysis. We found that including all three
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variables: k, (Ri-Rf) and R% alowed effects of different nanoparticles to be better
distinguished than when only two (k and either (R;i-R¢) or R,%) were used.

The dendrogram’s ability to cluster silica-core nanoparticles according to their
surface functional groups confirms the study’s central hypothesis. Thus, this study
demonstrates for the first time that a tBLM method can measure time-dependent changes
in tBLM Ry, values with sufficient sensitivity to discern differences in potency of BLM
disruption by ENM that are identical except for their surface functional groups.

Mechanistic insight into ENM-BLM interactions can be difficult to discern when
using intact cell membranes, because the nanoparticles may interact with intact cell
membranes through a variety of mechanisms [59], some of which involve protein-
mediated events. For example, in receptor-mediated endocytosis, highly selective
membrane receptor proteins may bind a target macromolecule and trigger endocytosis
[104]. Results of this study showed not only that silica-core nanoparticles can disrupt
biomembranes through direct action on the lipid bilayer, as evidenced by a significant
reduction in the tBLM’s Ry, value, but that the potency of disruption can be significantly
affected by the surface chemistry of the otherwise identical nanoparticles. This finding
suggests it may be possible to achieve highly selective macromolecul e-biomembrane

interactions without the need for protein-mediated processes.
245. Effects of tBLM exposure on aggregation of silica-core
nanoparticles

Figure 2.7 (A) shows effective diameter of bare, amine functionalized, and carboxyl
functionalized nanoparticles measured before and after interaction with tBLM. Both two-

sample t test and Wilcoxon rank sum tests indicated a significant difference between the
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size of bare and amine functionalized silica before and after exposure to the tBLM.

However, the size of carboxyl functionalized silica did not change significantly during

tBLM exposure.
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Figure 2.7: (A) Effective diameter of silica-core nanoparticles prior to and after 5 h
interaction with tBLM, measured by DLS. An asterisk indicates significant difference of
effective diameter of silica nanoparticles between before tBLM exposure and after. (B)
Effective diameter of bare silica nanoparticles under various conditions by DLS. The
asterisk indicates the size of bare silica measured in the presence of tBLM is significantly
higher than that measured in al other conditions.

Control experiments were conducted to identify whether the apparent aggregation
of bare silica nanoparticles may have been due to factors other than the tBLM exposure.
Final particle sizes following 300 min contact of the bare silica nanoparticles with the

glass cuvettes in which particle size was measured, the PDM S well, the PDM S well with
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a gold electrode, and the PDMS well with a gold electrode covered with a tBLM are
shown in Figure 2.7 (B). Statistical analysis indicated no significant difference before and
after exposure of the bare silica nanoparticles to all components tested, except the tBLM.
At this time, molecular interaction mechanisms between the ENM and tBLM are
insufficiently understood to unambiguously map the Ry, trgectories into detailed
knowledge of ENM-biomembrane interactions. Additional research is needed to calibrate
the tBLM in terms of underlying mechanisms. Nevertheless, trends in the experimental
results presented here provide reproducible measures of molecular-scale molecular
interactions. One hypothesis to explain the decline in Ry, is that nanoparticles adsorb to
the tBLM and then remove lipids, thereby generating or enlarging defects in the tBLM
through which ions could traverse the tBLM. This hypothesis is consistent with the
observed increase in effective diameter of bare and amine functionalized silica following
exposure to the tBLM. Lipid transferred from the tBLM to the nanoparticles could trigger
nanoparticle cross-linking and aggregation. The hypothesis is also consistent with reports
that PAMAM dendrimers removed lipid from an sSBLM on a carbon electrode, thereby
reducing Ry, measured by EIS and increasing Faradaic current measured by cyclic
voltammetry [105]. Additional evidence for BLM lipid removal has been provided by
AFM images showing holes in sSBLM on mica induced by dendrimers [60, 106, 107], as
well as by visible microscopy images showing disruption of asBLM by semihydrophobic

nanoparticles.

2.5. Conclusions

The novel method presented here integrates EIS to monitor the Ry, of a tBLM

during nanoparticle exposure, an exponential-decay model to describe Ry, vs time
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trgectories, and statistical hierarchical clustering to generate a dendrogram that
graphically depicts similarities of time trgectories due to different nanoparticles. The Ry,
profiles obtained while challenging atBLM composed of DPPTE/DOPC with three types
of amorphous-silica-core nanoparticles (bare, amine functionalized, and carboxyl
functionalized) could be reasonably described with a decaying exponential model. The
resulting dendrogram successfully clustered each set of replicates, confirmed the study’s
central hypothesis that a tBLM-based method could be used to distinguish patterns of
biomembrane disruption caused by nanoparticles that had identica amorphous-silica
cores but different surface functional groups. The results also alowed the tBLM-
disrupting potency of the surface functionalized silica nanoparticles to be ranked in the
decreasing order amine > carboxyl ~ bare silica, with PEG functionalized nanoparticles
not reducing the Ry, These findings indicate that nanoparticle surface chemistry (e.g.,
click chemistry) can be used to modify the nanoparticles’ surface functional group and
thereby modulate nanoparticle-biomembrane interactions. Changes in the surface
functional group aso influenced the tendency of silica nanoparticles to aggregate
following exposure to a tBLM; bare silica nanoparticles aggregated significantly, while
carboxyl functionalized nanoparticles showed no change in diameter. The methods
presented here are generic and could be applied to a wide range of nanoparticles and
tBLM compositions to test other hypotheses about nanomateria interactions with

biomembranes.
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3.tBLM INTERTACTION WITH PNP

3.1. Abstract

Molecular interactions between engineered nanomaterials (ENM) and
biomembranes are not well understood. This study investigated the effects of particle size
and surface functional group on polystyrene nanoparticles (PNP) potency for
biomembrane disruption. Electrochemical impedance spectroscopy (EIS) was used to
measure changes in the R, of a tethered bilayer lipid membrane (tBLM) composed of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) following PNP exposure. All PNP
tested triggered a decline in the Ry, that could be described using an exponential-decay
model. Statistical hierarchical clustering analysis of two model parameters (exponential
rate constant and fractional loss of Ry,,) could distinguish between the PNP based on both
size and surface functional group. For carboxylate (COOH) modified nanoparticles, 20
nm PNP were more potent in reducing Ry, than 100 nm PNP. However, for amidine
modified nanoparticles, 120 nm PNP were more potent in reducing Ry, than 23 nm PNP.
The COOH modified PNP were more potent in reducing Ry, than amidine modified PNP,
which tended to aggregate following exposure to a tBLM. Ultra performance liquid
chromatography-mass spectroscopy analysis suggested that the aggregation may have

been triggered by DOPC that was removed from the tBLM by the amidine PNP.

3.2. Introduction

The expectation of elucidating and better apprehending the mechanisms of ENM
effects on biomembranes has driven numerous studies and efforts. The inherent challenge

lies in how ENM cross biomembranes [16]. The fluidity of the lipid bilayer interior
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contributes more significantly than near the glycerol backbone in determining the
permeability of ENM. On the other hand, the dynamic properties of lipid bilayers are a'so
affected in the presence of ENM.

DOPC is a mgjor constituent of many biomembranes that readily forms liquid-
phase BLM at room temperature, and is well suited to form biomimetic interfaces that
mimic biomembranes [108]. PNP are well suited as model ENM to elucidate ENM-
biomembrane interactions. Key properties of PNP, such as size and surface functionality,
can readily be customized. PNP have been investigated for a wide range of commercial
applications including drug delivery, food additives and other pharmaceutical
implementations [109-111]. PNP have been shown to activate ion channels (K+ and ClI-)
when interacting with human airway epithelial cells, thereby interfering with signal-
transduction pathways [112]. PNP having different size and surface functionalization
have been shown to exhibit cytotoxicity by causing G1 phase delay and disrupting
membrane integrity [113]. Cationic PNP were shown to induce mitochondrial damage
and ATP depletion [114]. Transcellular trafficking of positively charged, amidine-
modified PNP (amidine PNP) across primary rat alveolar epithelial cell monolayers was
shown to occur 20-40 times faster than for negatively charged, COOH-modified PNP
(COOH PNP) [80, 115]. The primary mechanism of this PNP translocation was thought
to be PNP diffusion through the BLM of the cell plasma membranes. Moreover, both
COOH PNP and amidine PNP have been shown to induce ion-selective pores in planar
BLM [116]. However, interactions of PNP with tBLM systems have not yet been

reported. In addition the ability of the tBLM method to distinguish between polymeric

41



ENM (e.g., PNP) based on their size and surface functionality has not yet been
established.

This chapter focuses on characterization of interactions between DOPC tBLM and
PNP for two functional groups (COOH and amidine) in two sizes (20 and 100 nm). EIS
was used to monitor changes in the tBLM’s Ry, following exposure to the various PNP.
Ultraperformance liquid chromatography-mass spectroscopy (UPLC-MS) analysis was
used to explore the role of DOPC in differential aggregation of COOH PNP and amidine
PNP observed after exposure to the tBLM. The methods’s ability to distinguish between
two different particle sizes and surface groups was assessed hierarchical clustering

anaysis.
3.3. Materialsand M ethods

3.3.1. Characterization of functionalized PNP

Fluorescent amidine PNP (23 nm and 120 nm in diameter) and fluorescent COOH
nanoparticles (20 nm and 100 nm in diameter) were purchased from Invitrogen (Eugene,
Oregon). Effective diameter of COOH and amidine PNP prior to and after interaction
with tBLM were measured by 90 Plus nanoparticle size analyzer (Brookhaven
Instruments Inc., Holtsville, NY), respectively. Zeta potential of tested PNP was
determined by Zeta potential analyzer (Brookhaven Instruments Inc., Holtsville, NY).
Dynamic and phase analysis light scattering measurements were performed at 25°C in 10
mM and 1 mM KCI, respectively. COOH and amidine PNP were ultrasonicated for 10
min. Then they were transferred to PDMS reservoir and exposed to tBLM in 10 mM KCI

to give a final concentration of 100 pg/mL.
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3.3.2. Fabrication of tBLM

A tBLM was deposited on freshly cleaned gold coated on silicon wafer in two-step
process, as described in Chapter 2. Briefly, gold electrodes were cleaned in fresh piranha
solution (51% H,SO,4: 30% H,0O, = 7:3) for 30 s, washed with deionized water and then
dried in nitrogen. A SAM of DPPTE chemically adsorbed on gold electrode to form
lower leaflet of tBLM by dipping the gold substrate into 1 mM ethanolic DPPTE solution
for 1 h. Then gold electrode was washed by ethanol and dried in nitrogen. SAM coated
gold electrode was incubated in DOPC liposome solution in a PDMS dlab. The area of

tBLM was 0.48 cn?.

3.3.3. EIScharacterization of tBLM

EIS was performed in a frequency interval ranging from 0.01 Hz to 10,000 Hz a O
V bias potential relative to an Ag/AQCl reference electrode with ac perturbation
amplitude of 5 mV using CHI660B electrochemical workstation (CH Instruments Inc.,
Austin, TX). The same equivalent circuit in Figure 2.2 (A) was employed to fit the
impedance spectra. Electrical resistances of the tBLM were measured by EIS for 5 h in

triplicate prior to, and after exposure to 100 pg/mL PNP.
3.3.4. DOPC analysisby UPLC-MS

Analysis of DOPC was conducted on a Xevo G2-S UPLC-Time of Flight MS
(Waters, Milford, MA) in a positive electrospray ionization mode, coupled with Acquity
UPLC consisting of binary pumps. An Ascentis Express Carbon reversed phase column
(100%2.1 mm, 2.7 ym, Sigma-Aldrich) was used to separate the DOPC lipid extract. The
column temperature was kept at 30 °C while the capillary energy was 2.14 kV. A 10-uL
solution was injected through an autosampler and eluted at a flow rate of 0.4 mL/min
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using mobile phase system consisting of solvent A (10 mM NH4CH3COO) and B (50%
CH3OH and 50% CH3CN) in alinear gradient, shown in Table 3.1.
Table 3.1: Mobile phase flow gradient for UPLC-MS analysis: solvent A (10 mM

NH4CH3COO) and B (50% CH3;OH and 50% CH3CN). The percentage represents the
volumetric ratio of solvent A over solvent B.

Time (min) Flow (mL/min) %A %B
0 04 30 70

20 04 0 100

25 04 0 100
25.01 04 30 70
28 04 30 70

3.3.5. Statistical analysis

All Ry, of tBLM versus time profile after addition of COOH or amidine PNP was
fitted using an exponential function, as described previously [22]. A pattern matrix
containing a total of N=12 experiments as rows, and p=2 features, b and R,% for each
experiment as columns, was analyzed using hierarchical clustering procedures in R
software (Version 2.13.2: The R Foundation for Statistical Computing), to evaluate the
similarity between experiments. Also, Ward’s method was used to determine which
clusters should be linked together at each step.

A difference was considered insignificant at p<0.05 by applying two-sample t test
assuming unequa variance when comparing size and surface charge of COOH and

amidine PNP.

3.4. Resaults

3.4.1. Characterization of COOH and amidine PNP
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Effective diameters of COOH PNP and amidine PNP were measured by DLS in 10
mM KCI (Table 3.2). Effective diameters of COOH PNP were 102.3 + 1.0 nm and 20.4 +
0.6 nm. Diameters for these PNP given by the manufacturer (determined by transmission
electron microscopy) were 100 nm and 20 nm, respectively. For amidine PNP, the
effective diameters were 93.2 + 1.3 nm and 20.6 + 1.5 nm, and the manufacturer-
provided diameters were 120 nm and 23 nm, respectively. Based on the DLS values, a
two-sample t test indicated that the size was significantly different between 20 and 100
nm COOH PNP, as well as between 23 and 120 nm amidine PNP. Also, the size of
COOH PNP labeled 100 nm was significantly different from that of amidine PNP labeled
as 120 nm. However, there was no significant size difference between the 20 nm COOH

PNP the 23 nm amidine PNP.

Table 3.2: Effective diameter of COOH and amidine PNP in 10 mM KCl measured by
dynamic light scattering at 25 °C.

PNP Effective Diameter (nm)
100 nm COOH PNP 102.3+1.0
20 nm COOH PNP 20.4+0.6
23 nm Amidine PNP 206+15
120 nm Amidine PNP 932+13

Zeta potentials of functionalized PNP (Table 3.3) were -32.2 + 3.3 mV for 100 nm
COOH PNP, -29.8 + 2.1 mV for 20 nm COOH PNP, 38.3 £ 6.2 mV for 120 nm amidine
PNP and 26.6 + 3.8 mV for 23 nm amidine PNP. Based on these values, there was a
significant difference in zeta potential between the two sizes of amidine PNP, but not

between the two sizes of COOH PNP.
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Table 3.3: Zeta potential of COOH and amidine PNP in 10 mM KCI measured by Phase
analysis light scattering at 25 °C.

PNP Zeta Potential (mV)
100 nm COOH PNP -32.2+ 3.3
20 nm COOH PNP -26.8+4.8
23 nm Amidine PNP 26.6+ 3.8
120 nm Amidine PNP 382+6.2

3.4.2. EIScharacterization of tBLM

The EIS spectrum of a typical tBLM used in this study is shown as a Bode plot
(logarithm phase diagram versus logarithm frequency) in Figure 3.1. This figure has
regimes dominated by different electrica characteristics:. Rpy-dominated in the low
frequency range (< 1 Hz) and capacitance-dominated in mid to high frequency range (1
Hz ~ 1000 Hz) [117]. The equivalent circuit model fit to the impedance data had an R,
value of 2.1 MQcm? and a membrane capacitance (Cy,) value 1.1 uF/cm?. Both values are

in the range reported for a highly insulating tBLM formed on a gold substrate[ 101, 118].
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Figure 3.1: Experimental and equivalent circuit-predicted EIS spectra of the tBLM
formed on 0.48 cm? gold. Left vertical axis: log of impedance magnitude (diamonds).
Right vertical axis: minus phase angle (squares). Solid curves are impedance curves
simulated by the equivalent circuit using Zview software.

3.4.3. Interaction of COOH and amidine PNP with tBLM

Triplicate Ry, profiles extracted from EIS data over 310 min were obtained for 100
nm COOH (Figure 3.2 (A)), 20 nm COOH PNP (Figure 3.2 (B)), 23 nm amidine PNP
(Figure 3.2 (C)), and 120 nm amidine PNP (Figure 3.2 (D)). In these experiments, the
PNP were added immediately after the first data point was recorded. Solid linesin Figure
3.2 show the best-fit exponential decay curves [22]. All PNP tested triggered a declinein
the Ry that could be described using an exponential-decay model. Based on the
regression values for the b and R,% constants (Figure 3.3), the 20 nm COOH PNP
reduced R, more rapidly than did the 100 nm COOH PNP, as evidenced by a more
negative b value. The smaller COOH PNP particles gave a greater R% value. Amidine
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PNP in both sizes reduced R, to a plateau value, but the 120 nm amidine PNP caused a

more rapid Ry, decay than the 23 nm amidine PNP.
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Figure 3.2: Ry, profiles over time during tBLM interaction with 100 pg/mL PNP in 10
mM KCl. (A): 100 nm COOH PNP, (B): 20 nm COOH PNP, (C): 23 nm Amidine PNP
and (D): 120 nm Amidine PNP. Ry, was extracted from EIS data fitted by equivalent
circuit model. Three replicates were done, labeled as open diamonds, squares and
triangles. All solid curves were fitted Ry, by a time dependent exponential model as
Rm=a*exp(b*t)+c where a, b and c represent initial Ry, rate constant and final R, after
addition of PNP.
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Figure 3.3: Rate parameter (A) and R,% (B) extracted using an exponential decay model
and calculated from Ry, profiles of COOH or amidine PNP interaction with tBLM in 10
mM KCl, respectively. The asterisk indicates statistical difference in rate parameter b or
Rm% when comparing two different sizes of PNP functionalized with either COOH or
amidine. The pound sign indicates statistical difference in rate parameter b or R,% when
comparing 20 nm COOH PNP and 23 nm amidine PNP or comparing 100 nm COOH
PNP and 120 nm amidine PNP.

3.4.4. Hierarchical clustering analysis

The hierarchical clustering dendrogram (Figure 3.4) for the best-fit b and R%
constants displays the Euclidean distance between clustered objects as a measure of
dissmilarity between samples and clusters. Samples that cluster at a smaller height are

more similar (separated by less Euclidean distance) than samples that cluster at a greater
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height. Each set of PNP triplicates having the same size and functional surface group
clustered first. Next, PNP having the same functional group but different sizes clustered.
Finally, PNP having different functional groups clustered. These results demonstrate that
the tBLM method, with hierarchical clustering analysis based on two experimental
parameters (b and R,%), can distinguish patterns of PNP-BLM interaction according to

both functional groups and size.
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Figure 3.4: Hierarchica clustering dendrogram of 20 and 100 COOH, as well as 23 nm
and 120 nm amidine PNP interaction with tBLM. Distances between objects when
forming the clusters were calculated by Euclidean distance. Ward’s method was used to
evaluate distances between clusters and to determine which clusters should be linked
together at each step.

3.4.5. Aggregation of amidine PNP

Particle size anayses (Figure 3.5) showed significant increases in effective

diameter during the experiments for the amidine PNP but not the COOH PNP.
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Figure 3.5: Size distribution of COOH and amidine PNP in 10 mM KCI prior to and
after tBLM exposure for 5 hrs, measured by DLS at 25 °C. (A): 20 nm COOH PNP; (B)
100 nm COOH PNP; (C): 23 nm Amidine PNP and (D): 120 nm Amidine PNP.

The increases in effective diameter for amidine PNP following tBLM exposure

were accompanied by visibly apparent aggregation, as evidenced by cloudy solutions

(Figure 3.6 (A) and (B)), while solutions containing COOH PNP remained clear (Figure

3.6 (C) and (D)). The effective diameter increased about 50-fold for the 23 nm amidine

PNP (Figure 3.5 (C)), but only about 3-fold for the 120 nm amidine PNP (Figure 3.5 (D)).

Electrolyte and buffer concentrations are known to affect the rate and extent of
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nanoparticle aggregation [26]. However, no aggregation was observed when the amidine
PNP were incubated in the electrolyte solution (10 mM KCI) used for the EIS
experiments, indicating that electrolyte concentration was not the sole factor triggering

the aggregation.

Figure 3.6: Images of PDMS reservoir containing functionalized PNP after exposure to
tBLM for 5 h: (A) 23 nm Amidine PNP; (B) 120 nm Amidine PNP; (C) 20 nm COOH
PNP; (D) 120 nm COOH PNP.

Additional experiments were conducted to explore the involvement of PNP-BLM
interactions in amidine PNP aggregation. One hypothesis was that DOPC liposomes
remaining in solution after forming the upper tBLM leaflet (concentration estimated to be
<1.3 pM) may have interacted with the amidine PNP, triggering aggregation. To test this
hypothesis, amidine PNP were incubated with a wide range of DOPC liposome

concentrations (10, 1, 0.1, 0.01, 0.001 pM), and the size distribution profiles were
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measured over a 300 min period (Figure 3.7). Figure 3.7 (A and B) show that the 23 nm

amidine PNP aggregated to a lesser degree when exposed to the DOPC liposomes than

when exposed to a tBLM (Figure 3.5 (C)). In addition, there was no significant

aggregation of 120 nm amidine PNP exposed to DOPC liposome (Figures 3.7 (C) and

(D).
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Figure 3.7: Size distribution of amidine PNP at different concentrations of DOPC
liposome in 10 mM KCI, measured by DLS at 25 °C. (A): 23 nm Amidine PNP at O min;
(B) 23 nm Amidine PNP at 300 min; (C): 120 nm Amidine PNP at 0 min and (D): 120
nm Amidine PNP at 300 min. Residue concentration of DOPC liposome was <1.3 uM
when tBLM was interacting with functionalized PNP while at all other concentrations of

DOPC liposome, amidine PNP did not contact atBLM.
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3.4.6. DOPC analysisby LC/ESI/M S

A second hypothesis to explain amidine PNP aggregation following tBLM exposure
was is that the PNP remove DOPC from the tBLM, and the adsorbed DOPC triggers PNP
aggregation. To test this hypothesis, after the amidine PNP were exposed to the tBLM for
5 h, the PNP were recovered and extracted with isopropanol. The extract was then
assayed for DOPC using UPLC/ESI/MS. As controls, similar extractions and assays were
performed on (1) PNP-free solutions that had been contacted with a tBLM, (2) solutions
containing 100 pg/mL COOH PNP that have been exposed to a DOPC tBLM, and (3)
solutions containing an equivalent concentration of amidine PNP that had not been
exposed to atBLM. Figure 3.8 shows peak area of DOPC at m/z=786.6 for the different
samples, including a DOPC standard dissolved in isopropanol. The DOPC peak had a
retention time of 23.08+0.10 min. DOPC extracted from 120 nm and 23 nm amidine PNP
after exposure to atBLM were at least 10 and 50 times higher, respectively, than that the
highest content of DOPC detected among the controls, confirming that the amidine PNP

DOPC lipids did contain DOPC following 5 h exposure to the tBLM.
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Figure 3.8: Peak area of DOPC at m/z=786.6 analyzed by UPLC-MS. DOPC lipids were
extracted from functionalized PNP after exposure to tBLM and bare gold for 5 h as well
as from the solution where PNP was not added in the presence of tBLM. A and C in the x
axis labeled stand for amidine and COOH, respectively.

3.5. Discussion

The goa of this study was to use EIS to characterize interactions between a DOPC
tBLM and PNP having different sizes (ca. 20 and 100 nm) and functional groups (COOH
and amidine). The hydrophobic core of an intact BLM is an excellent barrier to ion flow,
resulting in high initial Ry, values (on the order of 1 MQcm2). The reduction in Ry,
following PNP exposure is likely due to PNP-induced defect (hole) formation and/or
expansion. Formation and/or expansion of defects in supported BLM by dendrimers has
been documented using atomic force microscopy [60, 107]. Increased ion transport
through these defects would be manifested as a reduction in Ry, values following PNP

addition, while Cm remains roughly constant [36]. Similar trends are commonly observed
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following incorporation of channel proteins [97] or electroactive molecules into atBLM
[57].

Figures 3.3 showed that the best-fit b values were significantly different between
the two sizes of COOH PNP and also between the two sizes of amidine PNP. Moreover,
the Rn% values were significantly different between the two sizes of COOH PNP.
However, there was no significant difference in zeta potential between the two sizes of
COOH PNP, and only a minor difference between the two sizes of amidine PNP. In
addition, the PNP mass concentration was identical for all experiments (100 pg/mL).
These results indicate that the tBLM method can distinguish between PNP based on their
size. The apparent size effect may be manifested indirectly, via the influence of PNP
diameter on PNP surface area, PNP diffusion rate, and/or some other size-dependent
influence. The importance of ENM size on biomembrane interactions has been reported
previously for other types of ENM, including dendrimers [119]. The 20 nm COOH PNP
triggered a more rapid decline in Ry, than the 100 nm COOH PNP, consistent with other
studies that reported higher trafficking or uptake rates of smaller PNP into biomembranes
[80, 120] .

Figures 3.3 aso showed that the best-fit Rn% parameters were significantly
different between the two functional groups for both the larger (ca. 100 nm) and smaller
(ca. 20 nm) sizes. Moreover, the b values were significantly different between the
functional groups for the larger PNP. The DLS-measured diameters of the 20 and 23 nm
PNP were statistically identical, and those of the 100 and 120 nm PNP were only slightly
different. These results indicate that the tBLM method can distinguish between PNP

based on their functional group. For the functional groups studied, the effect of functional
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group is likely manifested via surface charge. The zeta potentials differed dramatically
between similarly sized COOH and amidine PNP (Table 3.3).

Clustering analysis applied to the best-fit b and R,% values also demonstrated the
tBLM method’s ability to distinguish between PNP based on both size and functional
group. The dendrogram (Figure 3.4) indicated that the results clustered first by size and
then by functional group, suggesting that functional group was the more potent variable
in influencing PNP-induced tBLM disruption.

All Ry, vs. time profiles were reasonably described using the exponential decay
model. Although this model uses three parameters, (b, R, and R;), combining R; and Rs
into a single parameter (R,%) allowed the results to be satisfactorily clustered with only
two parameter.

There was dtatistical difference of DOPC content associated with aggregated
amidine PNP in both sizes (Figure 3.8), with the smaller amidine PNP absorbing more
DOPC. This finding is consistent with aggregation for the 23 nm amidine PNP being
much greater than for the 120 nm amidine PNP. While both liposomes and tBLM were
able to trigger some degree of amidine ENM aggregation, tBLM exposure was far more
potent in triggering coal escence than liposomes. This result may reflect differencesin the
fluidity, geometry or lower-leaflet composition of the unsupported BLM in the liposomes
compared to the tethered BLM.

Nanoparticles can interact with BLM through a variety of mechanisms, some of
which can result in nanoparticle-induced lipid removal from the BLM [36]. Because
DOPC is nearly ubiquitous, and the detection limit of the LC/MS system is extremely

low (around 10 mol), harsh and complex cleaning procedures would have been
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required to completely remove all DOPC from the glass tubes used to extract the DOPC
from PNP samples [121]. As a result, even controls to which DOPC was not added
showed traces of DOPC (Figure 3.8). However, the much larger amounts of DOPC found
in amidine PNP samples that were exposed to the tBLM are consistent with our
hypothesis that amidine PNP extract DOPC from the tBLM. Nanoparticle-induced
extraction of phospholipids from lipid bilayers has been reported by others. Tu et al.
presented both experimental and theoretical evidence that graphene nanosheets can
extract phospholipid from lipid bilayers and become coated by the extracted phospholipid
[122]. The lipid extraction was attributed to strong dispersion interactions between the
graphene and lipids. Solvent-mediated forces that can dominate nanoparticle-BLM
interactions at small distances, especialy for biological colloidal systems [123], may also
play arole.

Theoretical models have predicted that nanoparticles can entirely cross a BLM
and/or become wrapped in BLM [124], depending on the balance of contact-adhesion
energy and curvature energies [125-127]. Simulations have estimated the minimum
nanoparticle size for such wrapping to be around 30 nm, which represents the transition
state between partiadly lipid coated nanoparticles and free nanoparticles [78]. Thus,
nanoparticle size would be expected to influence the reduction of Ry, following PNP
exposure as was observed in Figures 3.3.

Even small amounts of PNP-induced phospholipid removal from the tBLM can
explain the Ry, reduction shown in Figure 3.2. The electrical resistivity of aBLM (about
1012 Q cm) is about ten orders of magnitude higher than that of the 10 mM KCI

electrolyte solution (about 70 Q cm) [128]. As a result, the overall R, of a high-
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impedance tBLM can be exquisitely sensitive to small ENM-induced defects. Assuming a
PNP-induced defect went through both the upper and lower |eaflets, a defect area fraction
of only 1.8x10™ would cause a 50% decrease in the Ry, value [22]. The amount of lipid
that would need to be removed from the tBLMs used in this study to achieve this defect
area fraction is less than the amount needed to fully coat a single 20 nm nanoparticle.
Assuming the PNP removed lipid only from the upper leaflet, the entire upper leaflet
would need to be removed to cause a 50% reduction in Ry,. The fact that Ry, reductions
up to about 80% of the initial value were observed in this study suggests that lipid was
removed from both the top and bottom leaflets.

A second mechanism by which nanoparticles may influence Ry, values is by
changing the local BLM packing density. Functionalized 20 nm PNP were shown to
cause surface reconstruction of various phosphocholine BLMs in giant unilamellar
vesicles [129]. Negatively charged COOH PNP induced loca gelation in a DOPC BLM
above the phase-transition temperature, and positively charged amidine PNP induced
local fluidization in a 1,2-dipa mitoyl-sn-glycero-phosphocholine BLM below the phase-
transition temperature [129]. In the present study, COOH PNP may have caused local
DOPC gelation, but the effect of this surface reconstruction on Ry, is unclear. Local PNP-
induced compaction could increase the local Ry,. However, unlike the giant unilamellar
vesicles, which can shrink if gelation occurs [129], the tBLM has a fixed total surface
area and inventory of lipids. Thus, BLM compaction in one location would cause BLM
stretching in other areas, potentialy creating or expanding defects, which could reduce

Rm.
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The finding that amidine PNP gave a smaller R,% than the similarly sized COOH
PNP (Figure 3.3) was surprising, given the previous observations that (1) amidine PNP
passed through primary rat aveolar epithelial cell monolayers 20-40 times faster than
COOH PNP [80, 115], (2) negatively charged cell membranes adsorbed cationic
nanoparticles more extensively than anionic ones [59], and (3) amidine PNP more
aggressively induced pores in DOPC planar BLM than COOH PNP [116]. Thisresult is
attributed to the aggregation of amidine PNP into large flocs (Figures 3.6 (A) and (B)),
which significantly depleted the effective PNP concentration in the solution.

The PNP’s surface functional group was found to strongly influence the
aggregation rate during tBLM exposure. This finding is consistent with our previous
observation that bare silica nanoparticles exposed to a DOPC tBLM aggregated
significantly (10-fold increase in effective diameter), while COOH-functionalized silica
nanoparticles having a similar zeta potential did not [22]. In that study, control
experiments provided strong evidence that the factor triggering aggregation of the bare
silica nanoparticles was exposure to the tBLM. The different aggregation properties of
the amidine and COOH PNP may be interpreted in terms of long-range charge
interactions. The PNP’s surface charge generates an electrostatic repulsive force that
provides an energy barrier to PNP collision and aggregation. Electrolytes that shield the
charge or compounds that adsorb onto the PNP’s surface can reduce the repulsive force,
thereby accelerating aggregation [130, 131]. Previous studies to characterize PNP
aggregation under reaction-limited [132] and diffusion-limited [133] conditions showed
that even trace quantities of surface-active impurities can significantly increase PNP

aggregation rates. For example, low concentrations of hydrophobically modified
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ethyl (hydroxyethyl)cellulose polymer and sodium dodecyl sulfate triggered rapid
aggregation of cationic PNP into macroscopic flocs similar to those shown in Figure 3.6
[134]. The authors proposed that the amphiphilic polymer adsorbed onto the PNP,
creating high-energy hydrophobic patches on the PNP surface. Spontaneous bridging
between such hydrophobic patches on adjacent PNP would be entropically driven. Highly
ordered water clathrates form adjacent to hydrophobic patches in agueous solution.
Bridging of two hydrophobic patches would eliminate the clathrates, thereby increasing
the system’s entropy [135]. A similar mechanism is likely to occur in the PNP-tBLM
system. Extraction of small quantities of DOPC from the tBLM would create
hydrophobic monolayer patches on the PNPs’ surfaces. Bridging of patches between
adjacent nanoparticles would form PNP clusters, and then bridging between clusters
would form the flocs seen in Figure 3.6.

The type of BLM system used (tBLM vs planar BLM) also affected the aggregation
rate of amidine PNP during exposure to a DOPC BLM. The heavy aggregation observed
for amidine PNP (Figure 3.6) was not observed when the same amidine PNPs were
exposed to a DOPC planar BLM [116]. We attribute this difference to physica
constraints the gold electrode places on PNP penetration into the tBLM. Amidine and
COOH PNP have been shown to pass through cell membranes, reportedly by diffusion
through the plasma membrane [80, 115]. In the process, the PNP are likely to become
coated with a BLM, as has been described for other types of nanoparticles, including
dendrimers [136]. BLM-coated PNP would be expected to be relatively stable against

aggregation, as are BLM-coated silica nanoparticles (e.g., TRANSIL®) [137].
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This conceptual model of how PNP interact differently with a tBLM than with a
planar BLM is aso consistent with trends in the electrochemical results. For the planar
BLM, DOPC molecules removed by the PNP would be replaced from the Plateau-Gibbs
border. The observed of transient current spikes separating extended periods of low
background current [116] could result from a pore formed as a PNP penetrates into the
planar BLM, followed by flow of lipids from the Plateau-Gibbs border to seal the pore
and terminate the current spike. In contrast to the planar BLM, the tBLM’s underlying
gold electrode limits the PNP’s penetration depth into the tBLM. Also, tethering of some
lipids to the gold electrode limits the amount of lipid that can be extracted from lower
leaflet and consequently the degree of R, reduction observed following PNP exposure.
Consequently, amidine PNP would likely only become partially coated with phospholipid
after contacting the tBLM. Monolayer lipid patches would be hydrophobic and facilitate
the observed interparticle bridging and aggregation. In support of this model, significant
lipid removal from supported BLM by cationic nanoparticles including dendrimers, poly-
L-lysine, polyethylenimine, and diethylaminoethyl-dextran, has been reported [60, 106,
138]. Such lipid removal would generate patches of bare electrode or lipid monolayer
whose impedance would be lower than the bilayer, resulting in the reductions in R, seen
in Figure 3.2.

Based on this conceptual model, the amount of lipid removed from the tBLM, and
hence the observed degree of reduction of Ry, would be expected to depend on the
nanoparticle’s size. The maximum depth to which the PNP could penetrate into the tBLM
is equal to the tBLM’s depth (about 5 nm). However, the total surface area of the PNP’s

spherical cap in contact with the tBLM at maximum penetration depth, as well as the
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fraction of the nanoparticle’s surface area in contact with the tBLM, would vary with the
nanoparticle’s size, consistent with the tBLM method’s observed ability to discern
differencesin PNP particle size.

Comparison of results from the tBLM and pBLM systems provides insight into the
relative advantages, disadvantages, and areas of complementarity of the two methods.
Both methods are based on a BLM having an area-normalized resistance on the order of 1
MQ cm2. Because the planar BLM is unsupported, it is fragile and prone to rupture
during several-hour experiments, whereas tBLM’s tethered lower leaflet makes it more
physically robust. Microscopic roughness of the gold electrode’s surface causes dlight
defects in the tBLM, resulting in initial area-normalized Ry, values that are slightly less
than those for planar BLM and prone to minor variations between replicates. In control
experiments conducted without nanoparticle addition, the tBLM’s R, was constant over a
several-hour period with a random fluctuation level of 0.062 MQ cm2 at the 95%
confidence interval [22]. The noise level of the planar BLM is about 1 pA. PNP
interactions with a planar BLM induced pores, as evidenced by sudden increases in
current that were at times one or more orders of magnitude greater than the background
signal [116]. In contrast, PNP interactions with the tBLM reduced R, over a smaller
range (about 80% of the initial value). The lower sensitivity for the tBLM method is due
in part to differences in the measurement methods. The planar BLM method uses
chronoamperometry, which measures increases in current against an initially low value,
whereas the tBLM method uses EIS, which measures decreases in tBLM resistance
against an initially large value. In addition, chemical tethering of the lower tBLM leaflet

makes it difficult to form a sizable pore through both leaflets. Because of these inherent
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differences, direct quantitative comparison of results from the tBLM and the planar BLM
methods is difficult.

However, application of both the tBLM and planar BLM methods to the same ENM
(e.g., COOH and amidine PNP) and phospholipid (e.g., DOPC) provides complementary
information that can help elucidate interaction mechanisms. The planar BLM provides
sensitive, time-resolved information about single-pore events with a time constant on the
milliseconds. For example, penetration of a nanoparticle through the planar BLM,
followed by rapid resealing of the BLM is consistent with the frequently observed current
spikes [116]. However, nanoparticle-induced lipid removal is difficult to discern with the
planar BLM method, because the Gibbs-Plateau border quickly replaces the removed
lipids, allowing the pore to close. In contrast, the fixed area and lipid inventory of the
tBLM method does not alow lipid replacement, so ENM-induced extraction of lipids
from the tBLM would permanently reduce Rn,. Thus, the tBLM system provides a global
measure of the ENM’s influence on the tBLM’s R, that is integrated over time and area
and has a time constant ranging from seconds to hours. The tBLM method is more robust
than the planar BLM method. Some nanoparticles are particularly aggressive toward
planar BLM, causing rapid rupture and then preventing the BLM from being
reestablished. In addition, the equipment cost and technical difficulty of tBLM
experiments is less for the tBLM system than for planar bilayer system. However, further
experimental and modeling research is needed to map time-dependent changes in Ry,
obtained using the tBLM method into a mechanistic understanding of ENM-

biomembrane molecular interactions.

3.6. Conclusions



This work demonstrates for the first time that the tBLM method can measure
biomembrane disruption by PNP with sensitivity that can discriminate between PNP
having the same functional groups but different size, and between PNP having the same
size but different functional groups. Both PNP sizes tested (ca. 20 and 100 nm) and both
functional groups (amidine and COOH) resulted in reductions in Ry, that could be
described by a simple exponential model. Statistical analysis of two regression
parameters from the exponential model (b and R%) yielded a dendrogram that first
clustered the triplicates for all test cases, then clustered PNP having the same but
different sizes, and finally clustered the PNP having different functional groups. These
results further establish the tBLM method as a sensitive and versatile tool to characterize
ENM-biomembrane interactions. The simple and well-characterized tBLM interface can
be easily customized by changing the lipid composition, adding additional biomolecules,
etc., to test a broad range of hypothesis. The information-rich Ry, vs. time profiles are
likely to contain additional insight into fundamental mechanisms by which ENM interact
with biomembranes that could be discerned through further studies and integration of
mathematical models. The finding that amidine PNP aggregate in the presence of tBLM
but not planar BLM or intact cell membranes suggests that the tBLM method provides
complementary information to the other experimental platforms. The presence of DOPC
lipids associated with amidine PNP aggregates after exposure to the tBLM is consistent
with the hypothesis that amidine PNP capture lipids from the tBLM, and that the captured
lipids trigger aggregation. The utility of the tBLM method to characterize ENM-

biomembrane interactions, combined with its ability to be miniaturized and adapted with
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MEMS systems, may lead to automated, high-throughput screening systems to identify

ENM that are both safe and effective for desired applications.
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4. INTEGRATION OF MINIATURIZED BIOSENSOR
ARRAY WITH A MULTI-CHANNEL IMPEDANCE
EXTRACTION CIRCUIT

4.1. Abstract

Tethered bilayer lipid membrane (tBLM) methods are well suited for studying
interactions between biomembranes and functional molecules including engineered
nanomaterials (ENM), ion channel proteins, and ionophores (e.g., gramicidin). In this
chapter, research was conducted to adapt tBLM methods to high-throughput and
automatic operation mode. Miniaturized electrode arrays were used for fabricating
nanostructured biosensors and for demonstrating the ability of multi-channel impedance
extraction and digitization for measuring electrochemical impedance spectroscopy. The
tBLM biointerface formed on miniaturized electrode arrays exhibited giga ohm electrical
resistance and therefore high insulating property, as well as ion channel incorporation
activity. The exposure of tBLM to carboxylate (COOH) functionalized multiwall carbon

nanotubes decreased impedance of the tBLM.

4.2. Introduction

Miniaturized, electrical biosensors hold great promise for minimizing size, cost,
and power in vital applications such as point-of-care diagnostics, bio-toxin detection and
bioprocess monitoring [139]. Electrode array based biosensors can be integrated onto
CMOS chip circuitry integrated with a microfluidic assembly to automate fluid delivery,
as shown schematically in Figure 4.1. Biosensors today often incorporate affinity-based
interfaces such as nucleic acids, antibodies and antigens, and optical techniques are

commonly employed to measure binding of fluorescent tags. Alternatively, sensors
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utilizing electrochemical techniques have the advantages of direct transduction to
electrical signals and reduced interference noise. Furthermore, because e ectrochemical
instrumentation can readily be implemented within CMOS chips, electrochemical
biosensors offer an ideal basis for miniaturization into a microsystem array platform

[140].

[ robotic fluid delivery ]
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Figure 4.1: Electrochemical biosensor array microsystem concept with fluid delivery to
an electrode array on the top of a silicon integrated circuit.

Electrochemical microsystems have been formed by immobilizing affinity-based
bio-recognition interfaces onto CMOS €electrodes [141]. However, affinity-based
interfaces do not permit continuous operation because the analytes do not disassociate
easily from the probe. Alternatively, enzyme and membrane protein interfaces are
capable of continuous use and provide label-free monitoring with electrochemical
techniques. Enzyme interfaces maintain continuous catalytic activity for amperometric
monitoring when immobilized on an electrode by physical trapping or covaent binding
[142]. Many membrane proteins can be continuously monitored using a variety of
electrochemical techniques and can be immobilized on electrodes using synthetic BLM

serving as biomimetic interfaces to circumvent denaturing [143]. The development of a
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CMOS-based electrochemical microsystem platform that combines membrane-protein
biointerfaces would enable a new breed of biosensor arrays that are valuable for
biological research and medica applications. Furthermore, such a platform would open
new pathways for biology-to-silicon communication with vast opportunities for future
applications [144, 145].

Tethered BLM interfaces can be characterized by EIS using a commercial
potentiostat. Impedance spectra can be recorded by sweeping the frequency of a small
sinusoidal voltage stimulus and measuring the resulting current. The stimulus frequencies
vary depending on the interface measured, but are generally in mHz to kHz range for
many thin-film biomaterials.

The objective of thiswork was to demonstrate the ability to build tBLM interfaces
on miniaturized electrode array and to test functionality of a fully integrated multi-
channel impedance extraction circuit (MIED) that could both generate ac stimulus signals
over a broad frequency range and also measure and digitize the real and imaginary
components of the impedance response of tBLM interaction with nanoparticles. The
tBLM method was also adapted to gramicidin ion channel characterization using an
electrode array based biosensor. A model electrochemical sensor array platform was
implemented by incorporating gramicidin ion channel-based alkali sensor. Because akali
ions, including sodium and potassium, are reported to have an effect on blood pressure
[146, 147], this model sensor array could aid in the study and treatment of cardiovascular
disorders, diabetes and related complications. The miniaturized electrode and MIED were
fabricated in collaboration with the laboratory of Dr. Andrew Mason from the MSU

Department of Electrical and Computing Engineering.
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This research on microsystem integration fills the gap between heterogeneous
protein-based biosensors and CMOS electrochemical instrumentation circuitry by
identifying suitable processes for post-CMOS electrode fabrication, bio-interface
formation and sensor interrogation. By replacing the protein bio-recognition elements,
this model platform can be expanded to tackle a wide range of detection challenges in

fundamental biomedical research, medical diagnostics and drug discovery.

4.3. Materials and Methods

4.3.1. Fabrication of miniaturized electrode

The electrode was fabricated on the silicon substrate with thermal oxides using
lift-off process. Before fabrication, a photomask was designed for 1 mm diameter
electrode. Negative AZ5214 photoresist was spin coated on the cleaned substrate. After 1
minute soft bake at 95°C on hotplate and 0.7s UV exposure with the photomask, the
substrate was then baked for 30 s at 110°C. Meta layers (5 nm titanium and 100 nm gold)
were then deposited on the substrate using physical vapor deposition. Then the substrate
was immersed in acetone overnight to lift-off the undesired titanium and gold areas. The
1mm diameter gold electrode was then finally made after rinsing the substrate with

acetone, isopropanol and DI water.
4.3.2. Design of fully integrated muti-channel impedance extraction
circuit chip

A fully integrated MIED chip including a digitally programmable signal generator
(SG) and multiple channels of a compact, high-sensitivity impedance-to-digital converter

(IDC) [148] was fabricated in 0.5 ym complementary metal—oxide-semiconductor
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(CMOS) and consumed 355 pW at 3.3 V. Tailored for BLM characterization, the signal
generator produced sinusoidal waves from 1 Hz to 10 kHz. To suit a variety of
applications, the impedance extraction circuit provided a programmable current
measurement range from 100 pA to 100 nA with a measured resolution of ~100 fA. The
circuit occupied only 0.045 mm? per measurement channel and was compact enough to

include nearly 100 channels and the signal generator on 3 x 3mm die.
4.3.3. Incorporation of gramicidin protein into tBLM biosensor array
platform

An akali sensor can be formed by embedding gramicidin, a dimeric membrane
protein that selectively transports alkali metal ions, into the tBLM. The resulting interface
will ensure that only alkali ions such as sodium and potassium pass through the BLM.
The concentration of alkali anayte in the test solution will reflect proportionaly in the
membrane electrical parameter. The tBLM formation on gold electrode array followed
the same protocol described in Section 2.3.5. Gramicidin insertion into the tBLM was
accomplished by adding its ethanolic stock solution to give desired gramicidin
concentration of 1 M in the KCl electrolyte solution. The concentration of KCl

electrolyte ranged from 2 mM to 150 mM.
4.3.4. COOH MWNT interaction with tBLM biosensor array platform

The DPPTE/DOPC tBLM biosensor was exposed to 200 pyg/mL COOH MWNT
by adding COOH MWNT to the electrolyte solution to achieve the above concentration.
Then, EIS was performed over the frequency range from 0.01 Hz to 100 Hz in a two-

electrode setup with 0 V DC and 5 mV AC as the perturbation, relative to Ag/AgCl
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reference electrode. The MIED chip automatically recorded impedance data and

converted binary output into real and imaginary parts of the impedance.

4.4. Results and Discussion

4.4.1. Electrochemical characterization of gramicidin ion channel
incor por ated biosensor performance

After tBLM formation, gramicidin ion channels were incorporated in the tBLM
by maintaining protein in the electrolyte solution. The incorporation continued for one
hour before testing. Since gramicidin can transport both potassium and sodium ions
amost equally, potassium was chosen to characterize this alkali sensor. The impedance
spectrum shown in Figure 4.2 was measured in the presence of KCI up to 150 mM, which
covers the typical potassium concentration in blood (3.5 mM to 5.2 mM), urine (25 mM
to 125 mM) and the typical blood sodium concentration (136 mM to 145 mM). In the Ry,
dominated frequency range shown in the Figure 4.2 inset, the magnitude of impedance
decreased as KCI concentration increased. One step further, the Ry, was extracted from
Figure 4.2 impedance data using Z-View and plotted versus KCI concentration, shown in
Figure 4.3. The inset plot of Figure 4.3 indicates the high linearity of Ry, in the blood
potassium concentration range, where a K* sensitivity of -69.36 kQ/mM was obtained.
To determine the limit of detection (LOD), multiple control measurements were
performed in a buffer solution without any ions. The standard deviation of R, was
calculated to be 48.41 kQ (n=3), and the LOD was calculated as three times the standard
deviation. Using the absolute value of sensitivity, LOD in the range of 2.0 mM to 5.5 mM

i$2.12 mM.
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Figure 4.2: Impedance spectrum of gramicidin embedded tBLM in presence of KCI.
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Figure 4.3: Membrane resistance Ry, versus KCl concentration. Inset is magnified plot in
concentration range of blood potassium.
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The performance of the tBLM adkali sensor in measuring potassium ion
concentration was summarized in Table 4.1 and compared with a reported potassium
sensor [149, 150]. This model membrane protein interface demonstrates the potential of
the protein-based electrochemical biosensor array platform introduced in this work. The
tBLM sensor can be easily adapted to measure the activity of several other membrane
transport proteins, ionophores and nanomaterials by embedding different ion channel and
pore-forming proteinsinto the tBLM interface using similar protocols.

Table 4.1: Comparison of BLM potassium sensors

BLM- K" Range (mM) Sensitivity LOD (mM)
ion channel

Thiswork tBLM-Gramicidin 2t0 150 -69.36 kQ/mM 212

[150] sBLM-Vainomycin 2.5t0 130 N/A N/A

44.2. Electrochemical characterization of tBLM-nanoparticle
interaction by commercial potentiostat and MIED

EIS was used to characterize the interaction between DPPTE/DOPC tBLM
formed on miniaturized electrode and 200 pg/mL COOH functionalized multiwall carbon
nanotubes (MWNT) over the frequency range from 0.01 Hz to 100 Hz in a two-electrode
setup. Figure 4.4 shows that Bode plots of impedance spectra measured by potentiostat fit
well with those measured by MIED chip. Each data point taken by MIED chip was
averaged by repeating measurement five times at frequencies below 1 Hz while ten times
at frequencies above 1 Hz, in order to reduce measurement error. The impedance
magnitude of the tBLM reached up to 10 MQ, suggesting a highly insulating tBLM

formed on 1 mm gold electrode. To investigate the interaction of tBLM with carboxylate
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group modified MWNT, impedance was recorded immediately after addition of 200
pMg/mL MWNT. The impedance spectrum measured in the presence of COOH MWNT
using MIED chip well matches that measured using commercial potentiostat, indicating
that MIED chip is able to tailor electrochemical impedance characterization to tBLM
biosensor array. This is consistent with the theoretical mathematical design of the
impedance readout chip [151] and the previous work relating micro-fabrication integrated

biomimetic interface development [148].

+ tBLM impedance magnitude measured by MIED chip
—tBLM impedance magnitude measured by commercial potentiostat
¥ impedance magnitude of tBLM interaction with FMWNT measured by MIED chip
impedance phase of tBLM interaction with FMWNT measured by commercial potentiostat
B {BLM impedance phase measured by MIED chip
—iBLM impedance phase measured by commercial potentiostat
® impedance magnitude of tBLM interaction with FMWNT measured by MIED chip
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Figure 4.4: EIS spectra taken prior to and after addition of 200 yg/mL MWNT to tBLM
formed on micro-electrode.
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When tBLM interacted with MWNT, the instant impedance drop and phase angle
peak at approximate 10 Hz instead of phase dip over the frequency range indicated the
insulating barrier of tBLM becoming more capacitive and less resistive when exposed to
MWNT, allowing enhanced ions transport across tBLM. Also, in our study of MWNT
interaction with DOPC pBLM, MWNT was found to induce high level conductance
which lasted up to tens of seconds, implying transient pores enabling ions to pass through
lipid bilayers. Thus, the impedance decrease after addition of MWNT confirmed that
MWNT could enhance ion transport across a lipid bilayer. This finding is consistent with
molecular dynamics simulation showing that insertion of carbon nanotubes enhanced
diffusion coefficient of ion transport across the dimyristoylphosphatidylcholine lipid
bilayer by 35% [152]. Other toxicological effects induced by carbon nanotubes include
membrane structure reorientation, alteration of lipid molecule packing, and/or loss of
membrane fluidity [152]. Our results confirm that nanoparticle exposure to

biomembranes can modify membrane properties.
4.5. Conclusions

This work introduced a set of technologies for assembly of heterogeneous protein
biosensors within a microsystem platform. A scalable, CMOS chip compatible electrode
array was microfabricated to demonstrate its capability to accommodate membrane
protein biosensor interfaces. A self-assembled biomimetic membrane was formed on the
electrode array, followed by insertion of gramicidin, an ion channel protein, and
impedance spectroscopy verified the detection sensitivity of potassium ions. The MIED
instrumentation system on chip is tailored to BLM-based biointerfaces but provides the

sensitivity and programmability to serve a range of impedance measurement applications.
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Here, we demonstrated the use of the MIED chip for electrochemical impedance
measurement of tBLM interaction with nanoparticles. So MIED chip is suitable for EIS
measurements of biointerfaces as well as its functionality on a miniaturized electrode.
Moreover, the electrode array platform is a milestone toward integrating protein-based
electrochemical biosensor arrays and microelectronic instrumentation into highly

functional microsystems.
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5. DEVELOPMENT OF NANOPORE pBLM ON SILICON
NITRIDE FOR INVESTIGATING ENM-BLM
INTERACTIONS

5.1. Abstract

Electrophysiological signatures of a bilayer lipid membrane (BLM) are influenced
by both the BLM’s lipid composition and the engineered nanomaterials (ENM) properties.
Electrophysiological methods are well suited for studying single channel activity induced
by ENM for they have tempora kHz resolution. This chapter reported a highly insulating
biomimetic interface of planar BLM (pBLM) with giga ohm resistance on nanopore
drilled through silicon nitride window grid by focused ion beam. Electrochemical
impedance spectroscopy and electrophysiological techniques were used to characterize
the functionality of nanopore pBLM. The pore-forming peptide gramicidin was used to
validate the system’s ability to measure pore formation in pBLM. ENM such as
polyethylene glycol (PEG) functionalized silica core nanoparticles and carboxylate
(COOH) functionalized multi-wall carbon nanotubes (MWNT) induced current spikes or
extended integral conductance when interacting with nanopore pBLM, indicating
transient hole formation on nanopore pBLM. Electrophysiological methods are capable
of measuring ENM tendency to create pores in pBLM. Characteristic conductance
induced by charged carbon nanotubes was 20 times higher than that triggered by PEG
silica. The results predicted that charged carbon nanotubes were more aggressive in pore

forming activity against nanopore pBLM, compared to silica nanoparticles.

5.2. Introduction
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Model BLM have previously been shown to exhibit mechanical and electrical
properties similar to those of cell membranes [37] 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.

Planar BLM represents the first generation of biomimetic model of a
biomembrane. A pBLM that mimic biomemembranes are extensively used to study
molecular phenomena involving cell membranes. The aperture diameter for pBLM
formation typically varies from 100 nm to hundreds of micrometers, and the materials of
test compartment are usualy dielectrics such as glass, Teflon and silicon nitride [36].
Usually, apBLM is formed by painting or brushing a solution containing phospholipids
across an aperture separating two agueous solutions [153]. Properties of pBLM or pBLM
modified by different types of proteins can be readily characterized electrically. The
chronoamperometric traces monitored by electrophysiological technique show detailed
electrochemical signatures [46], which provide fundamental insight into molecule-
biomembrane interactions, allowing pBLM associated with electrophysiology methods to
be used to test ENM toxicity.

The high temporal resolution, on the order of milliseconds, and sensitivity offered
by the pBLM method enable to characterize ENM-BLM interactions by analyzing current
vs. time patterns in the electrical signatures following ENM exposure. One important
hypothesis of this work is that ENM properties influence its interactions with pBLM.
Especiadly, when the size of a pBLM fals in the nanometer range, only a few
nanoparticles are allowed to access to the lipid bilayer interface. Therefore, the objective

of the work was to fabricate a nanopore aperture across silicon nitride substrate via
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focused ion beam lithography, to use electrophysiological methods to measure ENM
(PEG terminated silica nanoparticles and COOH functionalized MWNT) tendency to

create pores in nanopore pBLM.

5.3. Materialsand M ethod

5.3.1. Materials

The phospholipids 1, 2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC),
DOPC, 1-pamitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-pamitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE) were purchased from Avanti Polar
Lipids Inc. (Alabaster, AL). All other chemicals, such as gramicidin D, chloroform,
decane, ethanol, potassium chloride, and, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) were purchased from Sigma Aldrich (St. Louis, MO).

5.3.2. Fabrication of nanopore on slicon nitride membrane window
grids by focused ion beam (FIB)

Silicon nitride (SizNg4) substrates (200 um thick frame, 100 nm thick window, 1
mm x 1 mm window size) were purchased from SPI Supplies / Structure Probe, Inc.
(West Chester, PA). A 1 nm thick layer of gold was sputter coated on the front side of the
silicon nitride membrane window to avoid charge accumulation [154] during ion beam
lithography using a Carl Zeiss Auriga Cross Beam FIB-SEM (Carl Zeiss NTS, LLC,,
Peabody, MA) with FIB probe at 30 kV and 50 pA. A nanopore having an average
diameter of 760 nm on silicon nitride window (Figure 5.1), was imaged by scanning

electron microscope (SEM).
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Figure 5.1: SEM image of nanopore on SizN4 window. The horizontal (H1) and vertical
(V1) diameters are 727.0 nm and 794.4 nm, respectively.

5.3.3. Formation of pBLM across nanopor e on silicon nitride

The front side of the SisN, window was pretreated with 10 mg/mL 1, 2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in decane and then dried. It is the net
attractive interaction between phospholipids and underlying gold substrate that leads to
the adhesion of phospholipids to the hydrophobic interface. These interactions consisting
van der Waals forces, electrostatic interactions, entropic repulsion and hydration
repulsion are in competition. The ultimate interaction mode is dependent on the dominant
interaction force [155]. A DPhPC pBLM was then formed across nanopore in 20 mM
KCl and 20 mM HEPES buffer by the Muller — Montal (M-M) method [38]. Briefly,

buffer solution was slowly injected into the two compartments until the agueous solution
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level was close to the position of nanopore. Then, 10 yL of DPhPC was added to the two
compartments followed by raising the buffer level via adding buffer solution to the
aqueous solution phase gradually and slowly. A schematic diagram of the experimental
setup for electrophysiologica measurement of transient current across the nanopore
pBLM isshown in Figure 1.1. Each Ag/AgCI reference electrode was immersed in buffer

solution in a compartment separated by nanopore pBLM.

5.3.4. Instrumentation

EIS was performed over in a frequency range between 0.01 Hz and 10,000 Hz at
0 dc bias and an ac perturbation amplitude of 5 mV using a CHI660B el ectrochemical
workstation (CH Instruments Inc., Austin, TX). An equivaent circuit [25] was employed
to fit the impedance spectra and to simulate membrane resistance by Zview software
(Scribner Associates, Southern Pines, NC). Reference and counter electrodes were

Ag/AgCI eectrode and platinum wire, respectively.

Current traces were recorded by bilayer workstation equipped with a bilayer
clamp amplifier (Warner Instruments LLC., Hamden, CT). DC potential was applied to
the cis compartment while the trans compartment was held at virtual ground. Currents
were filtered at 10 kHz by a low pass 8-pole Bessel filter and data was digitized at 1 kHz
using pClamp10 software (Molecular Devices Corporation, Sunnyvae, CA). Gramicidin
was added to buffer solution to reach a concentration of 20 nM and then DC current was
recorded at +100 mV. Similarly, PEG functionalized silica core nanoparticles (300
pg/mL) and COOH functionalized MWNT (300 pg/mL) were tested with nanopore

pBLM composed of a mixture POPC and POPE, and DOPC, respectively. The current
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across nanopore pBLM in presence of silica core nanoparticles and COOH functionalized

MWNT was recorded at applied DC potential of -80 mV and +50 mV, respectively.
5.4. Results and Discussion

5.4.1. EISand eectrophysiological characterization of nanopore pBLM

Figure 5.2 shows Bode plots prior to and after pBLM deposition on silicon nitride
nanopore. A dramatic increase of impedance magnitude at low frequencies and a plateau
region of the phase angle from 1 Hz to 10,000 Hz are consistent with pBLM formation
spanning nanoscale apertures [25, 156]. Pore resistance values extracted were 4.2 GQ
and 0.2 MQ for nanopore pBLM and nanopore only, respectively. Giga ohm resistance
for the nanopore pBLM is consistent with a highly insulating pBLM across the 760 nm

aperture.
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Figure 5.2: Experimental and fitting impedance spectrum taken prior to and after
nanopore pBLM formation on silicon nitride window. Log of impedance magnitude:
squares and circles for nanopore pBLM and nanopore, respectively; Minus phase angle:
diamonds and triangles for nanopore pBLM and nanopore, respectively. All blue curves
are impedance data fitted by Zview.

The channel-forming peptide gramicidin was used to further investigate the
functionality of nanopore pBLM. Gramicidin peptides partition into both leaflets of the
BLM. Alignment of peptides in the upper and lower leaflet creates an ion channel
through the BLM that is selective for monovalent cations. Single-channel conductance
following addition of 20 nM gramicidin was recorded at +100 mV. Single current spikes

about 2.5 pA above baseline that lasted up to several seconds were shown in Figure 5.3.

The well-defined feature of single channel current was observed and the average
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conductance level was calculated to be 20 pS, both of which are in agreement with the
single channel conductance of gramicidin  reported using pBLM modd [17, 157].
Formation of single gramicidin ion channels having the expected properties, coupled with
the EIS results, suggest that the SisN4 nanopore pBLM platform is suitable for BLM-

molecul e interaction studies.
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Figure 5.3: Trace of gramicidin (20 nM in ethanol) channel incorporated in nanopore
pBLM in 20 mM KCl and 20 mM HEPES.

5.4.2. Nanopore pBLM interaction with nanoparticles

The activity of PEG functionalized silica core nanoparticles (37 nm in diameter)
and COOH functionalized MWNT (91 nm in diameter) were tested with nanopore pBLM
in 20 mM KCI and 20 mM HEPES buffer. The current-time profile shown in Figure 5.4
(A) indicates that PEG functionalized silica tended to induce current spikes at -80 mV
when interacting with pBLM composed of POPC and POPE, compared to control current
profile. However, MWCT tended to cause much higher conductance in DOPC pBLM in

Figure 5.5 (A). Current traces were recorded at +50 mV and -80 mV voltages applied to
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nanopore pBLM and then the most abundant conductance was averaged from three

independent experiments.
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Figure 54: (A) Current vs time profile of pBLM composed of lipid mixture
(POPC:POPE=3:1) without (in pink) and with (in black) 300 pg/mL PEG terminated
silicaNPsin 20 mM KCl and 20 mM HEPES at -80 mV, respectively. (B) Corresponding
histogram for (A).
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Figure 5.5: (A) Current vs time profile of DOPC pBLM without (in pink) and with (in
black) 20 pg/mL F-MWNT in 20 mM KC| and 20 mM HEPES a +50 mV. (B)
Corresponding histogram for (A).

The electrical conductance caused by the nanoparticles suggests that transient

holes formed in nanopore pBLM at applied voltage, triggering transient ion flow that was
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measured as current spikes. Histograms of conductance distribution fitted by normal
distribution yield average conductance amplitude of 46.3 £ 2.1 pS for PEG terminated
silicaNPs and 798.3 + 97.0 pS for MWNT, shown in Figure 5.4 (B) and Figure 5.5 (B),
respectively. Both PEG modified silica nanoparticles and MWNT were considered
aggressive in term of the ability of inducing transient holes and allowing current to pass
through lipid bilayer.

Planar BLM formed on standard electrophysiology cuvettes having an aperture
about 500 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 [23].
Sub-micron aperture sizes gave pBLM an order of magnitude longer lifetime and
tolerated several times higher transmembrane potentials [156]. For example, a pBLM
formed on a 100 nm nanopore had a minimum breakdown voltage of 250 mV [25].
Moreover, these nano-sized pBLM exhibited properties typical of conventional pBLM, as
evidenced by patterns of pore formation by ion channel proteins and ionophores [158].
Here, we have demonstrated that nanopore pBLM can be used to measure ENM-
membrane interactions. Current traces following ENM addition showed the expected
trends, including rapidly resealing current spikes and integral conductance similar to
those observed in pBLM formed using conventional el ectrophysiology cuvettes.

The electrophysiological methods measure transmembrane ion flux, which is
important for cell viability, material transport and intercellular signaling. The pBLM
method leverages well established electrophysiology tools to characterize ENM induced

membrane perturbations with single pore sensitivity, whereas the tBLM method is more
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robust and uses less expensive equipment. High-throughput can be achieved for both
electrochemical/electrophysiologica methods via integration of customizable CMOS-

based microfluidics and microsystem array architectures.
5.5. Conclusions

A pBLM was fabricated on nanopores drilled through silicon nitride windows
using FIB. EIS characterization and the pore-forming peptide gramicidin have validated
the system’s ability to measure pore formation in pBLM. The effects of two types of
ENM on the pBLM were investigated: (1) PEG functionalized silica-core nanoparticles
and (2) COOH functionalized MWNT. Two phospholipid compositions were used to
produce the pBLM: pure DOPC and a 3:1 mixture of POPC and POPE. Current traces
following ENM addition showed a variety of trends, including rapidly resealing current
spikes and extended conductance with longer duration. Electrochemical signatures were
influenced by both the BLM’s lipid composition and the ENM properties. Average pore
conductance arising from MWNT interactions with pBLM formed from DOPC was about
an order of magnitude larger than that arising from interaction of PEG-functionalized,

silica-core ENM with pBLM formed from a POPC-POPE mixture.

89



6. DEVELOPMENT OF A MATHEMATICAL MODEL
DECRIBING KINETICSOF ENM-BLM INTERACTION

6.1. Abstract

The experimental studies showed that different nanoparticles generated different
trends in the resistance of tethered bilayer lipid membrane (tBLM) vs. time profiles. A
mathematical model was needed to help elucidate molecular processes responsible for
time-dependent changes in tBLM resistance (R,) following ENM exposure and gain
physical insight into the underlying nanoparticle-biomembrane interactions. In this
chapter, we present a simple mechanistic kinetic model to describe interactions between
engineered nanomaterials (ENM) and a tBLM. The mathematical model developed uses
two kinetic constants to describe the rates of ENM binding to, and lipid removal from,
the tBLM. The model was fit to Ry, vs. time data for interaction of atBLM formed using
DOPC with two types of ENM: functionalized polypropargyl glycolide nanoparticles
(PGL) and polystyrene nanoparticles (PNP). The model was able to reproduce diverse
trends in the Ry, vs. time data, including a continuous decrease in Ry, as well as an initia
increase in Ry, followed by a decrease. The model also predicted that interactions of only
afew nanoparticles with the tBLM were required measurable changes in the tBLM’s Ry,.
Hierarchical clustering was applied to pairs of optimized kinetic constants for various
ENM. The resulting dendrograms indicated that ENM having different properties
(composition, size, surface charge) could be statistically distinguished based on their
influence on tBLM’s Ry, using this approach. Results of this study provide insight into

fundamental mechanisms by which ENM interact with biomembranes and may lead to
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improved methods to rapidly screen ENM libraries for desired functional and biosafety

profiles.

6.2. Introduction

The increasing use of ENM raises concerns about potential toxicity and health
risks. Nanoparticles have been shown to penetrate cell membranes, but the internalization
pathways by which ENM interact with biomembranes is still poorly understood [59].
Recent computer based modeling and simulations have been successfully used in
studying lipid-lipid, lipid-protein interactions and lipid-nanoparticle interactions [ 35, 159].
For example, potassium ion transport across biomembranes incorporating valinomycin
ionophore has been determined via passive permeation [32, 97]. Molecular dynamics
usually yields time evolved force by numerically integrating Newton’s equations of
motion for a group of interacting particles. On the contrary, dissipative particle dynamics,
dominated by friction and random forces in addition of Newton’s law, are becoming
more powerful in elucidating diverse mechanisms of ENM interaction with a cell
membrane, ENM fate upon interaction with a cell membrane, and correlation of
interaction patterns to physicochemical properties of ENM [35, 59, 61, 160]. Modeling
using molecular dynamics shows that modes of nanoparticle interaction with
biomembranes strongly depend on charge, size as well as surface functionalization of
nanoparticles, and that the translocation rate of nanoparticles ranges from microsecond to
second [160]. For example, modified and optimized atomistic models that enable
simulations performed on the smallest scale under classica mechanics were used to
simulate phospholipid bilayers [161, 162]. The simulated lipid bilayer composed of

dipalmitoylphosphatidylcholine had similar lipid area and volume densities, in
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accordance with those values measured in the experiments [163]. Pore forming and
resealing behaviors across lipid bilayers were simulated using an atomistic model where
electroporation occurred and lasted on the order of nanoseconds in lipid bilayers under a
0.5V/nm electrical field [164, 165].

However, these computational studies are complicated, ssmulation time is limited
and experimental data to support simulation results is lacking. Accordingly, systematic
experimental methods and simple models are needed to help elucidate molecular
interactions between ENM and cell membranes, to study ENM toxicity and to develop
ENM-based biomedical technologies [13]. Furthermore, Ginzburg et al. reported
application of a mesoscale thermodynamic model to predict membrane morphology
changes upon exposure to various types of nanoparticles and the simulation results
indicated formation of nanosized holes on lipid bilayers [166]. Unfortunately, this
thermodynamic model is not able to provide kinetic mechanisms of nanoparticle
interaction with biomembranes, e.g., characteristic time constant for nanoparticle
adsorption into biomembranes or for other interaction modes. In addition, no direct
experimental evidence was available to support or supplement the simulation results.

As a result, the purpose of this project was to develop a simple mechanistic
mathematical model to describe kinetics/dynamics of ENM interactions with atBLM and
to predict diverse trends of ENM molecular interaction with a tBLM. The model was
developed to help elucidate molecular processes responsible for time-dependent changes

in Ry, following ENM exposure.

6.3. Materialsand M ethods
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Functionalized (-NH,, -COOH, -OH) PGL nanoparticles were synthesized in the
laboratory of Dr Gregory L. Baker in the Chemistry Department at Michigan State
University. Briefly, propargyl glycolide was first polymerized and then surface
functionalized with -NH,, -COOH, -OH group via click chemistry [167]. An aliquot of
PGL nanoparticle solution was added to a DPPTE/DOPC tBLM to reach a fina
concentration of 100 ug/mL. The tBLM was formed using the protocol, as described in
Section 2.3.5.

EIS was used to measure R, trgjectories in 5 h period following ENM exposure.
The instrumentation setup for EIS characterization was the same as described in Section

2.3.6 except that the PGL in a concentration of 100 ug/mL was studied rather than silica

nanoparticles in a concentration of 300 pg/mL.
6.4. Mathematical M odel Development

Coarse-grained molecular dynamics models have been used to simulate
interactions between nanoparticles and lipid bilayers [35, 160, 168]. These models are
either on the basis of pair potentials with broad minima or MARTINI force field theory.
However, these models are too expensive to adapt to fully atomistic smulations, limited
by simulation time and dimensions. Moreover, it is amost unlikely to validate these
models without any experimental data as support.

A goal of this study was to develop a simple kinetic model that could be validated
based on our experimenta measurements of ENM-BLM interactions. The ENM is
assumed to first adsorb onto a tBLM into which it may partialy insert itself, displacing
lipids. Because the lipid bilayer is incompressible, the displaced lipids would flow into

defects, thereby shrinking the pre-existing defects. At the same time, the adsorbed
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nanoparticles can remove and capture lipids from tBLM in the vicinity of the adsorbed
nanoparticles, enlarging defects in the tBLM. A defect area balance was applied to
account for changes in tBLM defect area. The resulting equation would take into account
the relative rates of (1) reductions in defect area as nanoparticles push into the tBLM,
forcing lipid into defects, displacing lipids, and (2) increases in defect area as lipids are
removed from the bilayer by the nanoparticles. The model would aso include an equation
that would calculate the changes in Ry, (both positive and negative) in terms of the
changes in defect area. The model should be as simple as possible while still capturing
the elementary kinetic steps above to minimize the number of adjustable constants and
allow optimal values of the constants to be determined and used to characterize
differencesin ENM’ effects as a function of the ENM’ and bilayer’s properties.

In the conceptual model, the tBLM is considered as a pair of parallel plates, each
of which offers resistance to ion flow across the tBLM. Because electrochemical
resistances in series are additive, the overall Ry, of the tBLM is sum of upper (R,) and
lower leaflet resistance (R)) [16, 169], as shown in Equation (1). Electrical resistance is
calculated as the product of resistivity (p) and the thickness of the leaflet (1) divided by

the cross-sectional area (A) [128, 170], shown in Equation (2).

R,=R +R (1)

R=—
A )

Each leaflet is assumed to include regions of continuous bilayer in parallel with
defect regions that are filled with electrolyte. Thus, each leaflet’s resistance can be
calculated from the resistance of intact lipid aggregate within the leaflet (Rpy, Ry in
parallel with that leaflet’s defect resistance (Rqu, Ra), shown in Equation (3) — (6).
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Because continuous bilayer resistivity (pp) is on the order of 10" Qcm, 10 orders of
magnitude higher than defect resistivity (pg), the key component dominating the overall
tBLM resistance is the ratio of defect area (Ag) to the continuous bilayer area (Ap). For
each |eaflet, the total area, which isthe sum of the defect area and continuous bilayer area,
is fixed. Thus, changes in each leaflet’s continuous bilayer area equal in magnitude to

defect area but opposite in sign.

i1_1.1

RJ qu Rju (3)

1 1 1

_——=——

R R R 4
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When a free ENM in the bulk liquid approaches a tBLM interface, the
nanoparticle first adsorbs onto either continuous bilayer area or defect area to form
complex. The number of complexes is nz while the number of defects is n,. ENM
adsorption rate is proportional to number of free ENM (n;) in the bulk solution only when
the adsorption occurs within continuous bilayer area, shown in Equation (7). The rate of
ENM adsorption onto defect area, the adsorption rate depends on not only ENM

concentration but also defect area.

dn,
—2 = . FKn +k
at ki Ay, + ko +k,n A, @

95



where ki, k, and k4 are corresponding rate constants. For a highly insulating
tBLM, defect area fraction is so low, less than 10™%°, that corresponding complex
formation rate with defects is assumed to be negligible and Equation (7) can be ssmplified

as Equation (8) as following:

dn,
—=2 =K
a e (8)

When ENM interact with continuous bilayer region, they may become partially
embedded in the bilayer and displace free (non-tethering) lipid molecules that would
migrate into open defect regions, thereby shrinking the defects. Alternatively, defect
region can be directly filled by ENM absorption within the same region. Both processes
would reduce the defect area and thus increase Ry, of a tBLM. Tethering lipids that
constitute the lower leaflet presumably cannot be displaced due to their strong chemical
affinity to the underlying gold substrate. Therefore, the non-tethering lipid fraction (o)
determines maximum volume of free lipids that can be displaced by ENM in lower |eaflet.
Limited to the thickness of a tBLM, maximum nanoparticle penetration depth was
estimated using Equation (9). Given the available free lipids in the tBLM and available
sites on the surface of a spherical nanoparticle having a radius r, and the formula for a

spherical cap, Equation (10) — (12) were developed to account for the volume of free

lipids displaced by asingle ENM.
@=15(r, + o) —0.5,/9(r, + ol )? - 24dir, ©
Y 2
Vo ==(0+1)*@r, -1 - )
3 (10)
_b _
an -5 (p2(3rn (P)
B (11)
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Vnu :Vn _an (12)

where @ (¢ <5 nm) is the penetration depth of ENM through the tBLM. The terms V,,,
Vi, and Vy, are the volume of total free lipids, free lipids from lower leaflet, and free
lipids from upper leaflet, displaced by ENM, respectively. After ENM adsorption, free
lipids are assumed to be captured from the tBLME and deposited onto the ENM as a
supported bilayer. The lipid capture rates from the upper and lower |eaflets are described
in Equations (13) and (14), respectively. Lipid capture and removal is predicted to cease
once the ENM surface is completely coated by a bilayer of free lipids, thus limiting the

amount of lipid that can be captured from the tBLM.

V,, +V,
—k3r13[—(4p 2N, ] .
cu _ V
S [‘(4pr>2|n]( a(A + A ) (14)

In Equations (13) and (14), V¢, and V4 are free lipid volume captured by ENM from the
upper and lower leaflet with corresponding rate constants kz and ks, respectively. In order

to simplify the model, k3 and ks are set to be equal. Then, Equation 14 can be written as

follow:
dv, _ V, +V,, Vy
dt Kl (4pr2)2n, - d(A +A, 9 (15)

A Baance on defect areas in each leaflet, which strongly influence the tBLM
resistance, can written based on initial defect area (Aguo and Agio), defect shrinkage by
nanoparticle displacement of lipids (Vi and Vy,) and defect enlargement by free lipid

capture by nanoparticles (V¢ and V), are shown in Equations (16) and (17)
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6.5. Results and Discussion

6.5.1. Model validation

The mechanistic model was first validated by simulating the continuous Ry, decay
curvess that were observed when PNP interacted with tBLM. Each type of PNP
interaction with tBLM was performed in triplicates. The mathematical model was fit to
the experimental Ry, profiles. Optimal values of the rate constants are shown in Table 6.1.
k, for adsorption and ks for lipid removal. Student t test shows that there is significant
difference in magnitude of k,, which varied from 10™ to 10 min™ between PNP in
different size and surface functionality. For both COOH PNP and amidine PNP, smaller
PNP exhibited larger k, values and thereby a more rapid formation rate of ENM
complexes. This trend suggests that smaller ENM with larger specific surface areas
adsorb more quickly to tBLM. On the other hand, negatively charged COOH PNP
adsorbed to tBLM much faster than positively charged, indicating negatively charged
ENM are more active and potent in terms of binding to tBLM surface. This trend is
mainly due to the aggregation of positively charged nanoparticles via negatively charged
lipid mediated crosslink [171].

The goodness of fit of the mechanistic model was compared with the previously
developed exponential decay model. Figure 6.1 shows experimental Ry, profiles extracted

from EIS data (open symbols), empirical exponential model predicted R, profiles
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(dashed lines), and mechanistic model predicted Ry, profiles (solid lines) over 310 min
when COOH (20 nm, Figure 6.1 (A)), COOH PNP (100 nm, Figure 6.1 (B)), amidine
PNP (23 nm, Figure 6.1 (C)), or amidine PNP (120 nm, Figure 6.1 (D)), were exposed
to tBLM after the first data point was recorded. The Ry, trgectories predicted by the
mechanistic model agree well with the experimental data. The observed variation in the
initial Ry, values is due to the extremely high sensitivity of Ry, to defect area. For
example, the change of tBLM area fraction from 100% to 99.9999999999998% is
predicted to cause a 50% decrease in the R, value.

Table 6.1:; Kinetic constants of functionalized PNP. The number after PNP stands for
size of PNP while the last number shows the replication.

ENM ko (min™) | ks (mL/min)
COOH PNP 20 1 1.86x10%* | 3.23x10™
COOH PNP 20 2 2.55x10™* 2.54x10™"
COOH PNP 20 3 1.56x10™*° 2.78x10"°
COOH PNP 100 1 7.52x10" 2.16x10™"°
COOH PNP 100 2 8.21x10™" 0.64x10™°
COOH PNP 100 3 11.5x10" 2.45x10™"°
Amidine PNP 20 1 5.73x10* | 3.09x10™"
Amidine PNP 20 2 5.01x10* | 3.15x10™"
Amidine PNP 20 3 251x10™ | 3.25x10"
AmidinePNP120 1 | 3.69x10™% 1.69x10™
AmidinePNP120 2 | 223x10™ | 2.05x10™
AmidinePNP120 3 | 0.92x10™% 1.53x10™
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Figure 6.1: Ry, profiles over time during tBLM interaction with 100 pg/mL PNP in 10
mM KCl. (A): COOH PNP (20 nm), (B): COOH PNP (100 nm), (C): Amidine PNP (23
nm) and (D): Amidine PNP (120 nm). R, was extracted from EIS data fit by equivalent
circuit model. Three replicates were done, labeled as open diamonds, squares and
triangles. All dashed and solid curves were fit R, by the empirical exponential model and

by the mechanistic model, respectively.

The attraction between ENM and the lipid head and/or tail groups is the dominant
physical driving force for ENM adsorption onto tBLM surface to form complexes [159].
The complexes formed from ENM adsorbing onto tBLM surface could either displace

lipids or remove and capture lipids, resulting in diverse trends of Ry, trgectories. The
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continuous decrease in Ry, observed when the tBLM was exposed to PNP is consistent
with lipid removal being the dominant event. However, an alternative mechanistic
explanation might also explain the experimentally observed trend. For example,
nanoparticle induced BLM surface reconstruction marked by a change in loca lipid
packing density has been shown in both experimental studies [129] and molecular
dynamics simulations [152]. Alternatively, insertion of single carbon nanotubes has been
reported to trigger alternation in the local packing of lipid molecules, with enhanced
diffusion coefficient of small molecules through the BLM [152]. These mechanisms
would aso be consistent with monotonic decreasing R, in the presence of PNP. Other
interesting behavior of BLM in response to nanoparticle exposure have been reported,
including transition of lipid vesicles from the usual sphere structure into stable pearls
necklaces [172].

To further validate the mechanistic model, its ability to smulate/predict a
nanoparticle-induced initial increase in Ry, followed by a decrease was evaluated. The
model predicts that the shape of the R, time trgjectories is controlled by the relative rates
of two processes. (1) nanoparticle adsorption and resulting lipid displacement, which
tends to increase Ry, and (2) lipid capture by nanoparticles, which tends to decrease R,.
When nanoparticle adsorption and lipid displacement initially dominate lipid capture, the
mechanistic model predicts an initial increase in Ry,. The model was fit to experimental
Rm trajectories obtained for various types of functionalized PGL nanoparticles. Figure 6.2
shows experimental R, profiles extracted from EIS data in open symbols, and
mechanistic model simulated Ry, profiles in solid lines in the presence of functionalized

PGL nanoparticles (COOH PGL, OH PGL or NH; PGL). The mechanistic model was
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able to predict Ry, trgjectories that included an initial R, increase followed by a decrease
(Figure 6.2 (A) and (B)). The initia increase is attributed to nanoparticle-induced lipid

displacement, resulting in defect area reduction and a corresponding increase in Ry,
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Figure 6.22 Ry profiles over time during tBLM interaction with 100 pg/mL
functionalized PGL in 100 mM KCI. (A): OH PGL (128 nm), (B): COOH PGL (100 nm)
and (C): NH, PGL (94 nm). Ry, was extracted from EIS data fit by equivaent circuit
model. Three replicates were done, labeled as open diamonds, squares and triangles. All
solid curves were fit Ry, by the mechanistic model.

This result may aso be consistent with negatively charged nanoparticles inducing

surface reconstruction, where anionic nanoparticles interacted preferentially with N*

terminus of the lipid bilayers, increasing lipid packing density [129]. Similar to our two-
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kinetic model, a two-step microstructure model composed of insertion (k:) and
desorption (k.) kinetics was reported to successfully predict the association kinetics of
Ergosta-5,7,9(11),22-tetraen-3p-ol with model lipid bilayers [173].

To our knowledge, this mechanistic model is the first one that has been shown to
simulate a variety of ENM induced various Ry, trgectories, including a continuous
decrease and an increase followed by a decrease and. In addition, the model has few
constants, allowing differences in experimental trends to be interpreted in terms of
physically meaningful rate constants for ENM adsorption to the tBLM (k) and for lipid

removal from the tBLM (ks), asillustrated below.

Table 6.2: Kinetic constants of functionalized PGL. The number after PGL shows the

replication.
ENM ko (min™ | ks(mL/min)
OH-PGL_1 0.80x10™"2 7.31x10%
OH-PGL_2 1.90x10* 9.47x10%
OH-PGL_3 1.22x10°* 8.94x10%
NH.-PGL_1 252x10" | 2.60x10%
NH.-PGL_2 2.24x10°" 6.55x10**
NH,-PGL_3 2.79x10" | 5.86x10%
COOH-PGL 1 1.37x10"° 2.15x10°%°
COOH-PGL_2 2.19x10™"2 3.85x10%
COOH-PGL_3 0.94x10™"2 2.23x10%°

Table 6.2 shows kinetic constants obtained by fitting the mechanistic model to
experimental data for functionalized PGL nanoparticles. Both OH PGL and COOH PGL
show adsorption rate constant on the order of 10 min™, allowing Ry, to initially increase
for 100 min and 40 min in Figure 6.2 (A) and (B), respectively. The difference in
duration time of the Ry, increase results from large lipid removal rate constant of COOH
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PGL. The lipid remova rate constant for COOH PGL is nearly one order of magnitude
higher than that for NH, and OH PGL. On the contrary, NH, PGL shows the lowest
binding rate constant due to its negative charge on surface, resulting in an abrupt decay in
Rm trajectories of Figure 6.2 (C).

Bi-exponential functions have been used in studying permeation kinetics of drug-
like bases across the lipid bilayer in order to simulate two phases of fluorescence
responses including an initial increase and then a decrease [174]. Such models could
presumably predict an initial increase in Ry, followed by a decrease. However, such
exponential models lack a mechanistic basis that allows differences in responses to be
interpreted in terms of molecular interactions between the ENM and lipid bilayer. The
two kinetic parameters in our model describe the relative rates of binding and lipid-
capture processes, whose balance determines the shape of the Ry, time trgjectories. A
similar mechanistic approach may also enable development of asimple kinetic model that
predicts ENM fate upon interaction with other types of biomembranes, including planar
BLM or cell plasma membranes. Results of such models could be validated in part using
molecular dynamics models, which have predicted, for example, that a spherical particle
may first adheres to a lipid bilayer, then become partially coated by lipids and finally
rupture the membrane [166, 175]. Whether the interaction favors ENM adsorption or
lipid removal is dependent on the competition between bending energy and stretching
energy [159]. For example, very small nanoparticles strongly adsorbed and embedded
into lipid bilayer surface due to overwhelming bending energy cost while nanoparticles
caused defect formation and became wrapped in captured lipids. The model also helps

explain various patterns of R, change over time by correlating meaningful physica
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processes. These binding/adsorption and lipid removal events predicted by the
mechanistic model were also consistent with molecular dynamics simulations based on
Cooke coarse-grained model, showing ENM induced ruptured ENM-BLM morphology
when ENM interact with BLM [36]. An alternative mechanism that is consistent with our
experimental trends and can potentially explain an increase or decrease of Ry, is that
nanoparticles could either induce BLM phase transition either to the gel state above the
phase-transition temperature transition to the liquid-crystalline state below the phase

transition temperature [176].
6.5.2. Statistical analysis

In Chapter 3, we demonstrated that the PNP-tBLM interactions could be
statistically distinguished based on the PNP’s size and surface group. The approach used
hierarchical clustering analysis of best-fit constants from an empirical exponential decay
model fit to the Ry, vs. time curves obtained during PNP-tBLM interactions (Figure 3.5).
Based on that result, we hypothesized that hierarchical clustering analysis of kinetic
parameters extracted from the mechanistic model could distinguish functionalized PNP in
different sizes. The two constants k, and ks were analyzed using hierarchical clustering
procedures in R software (Version 2.13.2: The R foundation for statistical computing) for
each replicate. Figure 6.3 shows dendrogram of hierarchical clustering using k, and ks,
which displays the Euclidean distance versus clustered objects and measures similarity
between samples and clusters. As in Figure 3.5, each replicate of PNP having same
functional surface group and the same size clustered together. The height scale in Figure

6.3 islarger than that in Figure 3.5, indicating that the mechanistic model provided higher
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resolution for distinguishing ENM. The similarity between ENM can be measured more

sensitively using the mechanistic model.
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Figure 6.3: Hierarchica clustering dendrogram of COOH (20 and 100 nm) and amidine
PNP (23 nm and 120 nm) interaction with tBLM. Distances between objects when
forming the clusters are calculated by Euclidean distance. Analysis of parameters k, and
ks extracted from mechanistic model was performed by evaluating distances between
clusters using Ward’s method.

We aso tested whether hierarchical clustering of k, and ks constants could
distinguish functionalized PGL nanoparticles, some of whose interaction with the tBLM
gave an initia increase in Ry, followed by a decrease. The dendrogram in Figure 6.4
clearly shows three clustered groups for OH, COOH, NH, PGL, respectively. Negatively
charged NH, PGL first clustered with neutrally OH PGL, followed by COOH PGL. This
result illustrates that the mechanistic model enables hierarchical clustering analysis to be

applied both to ENM that give monotonically decreasing Ry, vs time curves that could

aternatively be described using an empirical exponential model as well as ENM that give
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an initial increase in Ry, followed by a decrease. This latter class of ENM cannot be

reasonably described by a simple exponential model.
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Figure 6.4: Hierarchical clustering dendrogram of COOH, OH, and NH, PGL interaction
with tBLM. Distances between objects when forming the clusters are calculated by
Euclidean distance. Analysis of parameters k, and ks extracted from mechanistic model
was performed by evaluating distances between clusters using the Ward’s method.

The mechanistic model has been shown to reproduce two distinct trends in Ry, vs
time curves observed during tBLM exposure to tBLM. However, other patterns of R,
trgectories are possible. For example, we previously reported minor, but continuous
increase in Ry, triggered by exposure of a tBLM to PEG terminated silica-core
nanoparticles [22]. The model can describe such a trend (results not shown) by further
reducing ks below that used to obtain the initia increase followed by a decrease (e.g.,
Figure 6.2 (A)). The model could aso be adapted to simulate other experimental Ry,

changes by adjusting k» and ks, or even adding additional mechanistic detail to the model.

In this way, it may be possible to use tBLM-exposure experiments as a tool to interpret

107



patterns of ENM-biomembrane interactions. The tBLM method is readily scalable using
microel ectrodes and robotic fluid delivery, so that the method could eventually be used as
a high-throughput screening tool for ENM libraries to identify ENM candidates that
provide desired properties regarding toxicity, suitability for delivering drugs across

biomembranes, etc.

6.6. Conclusions

A simple mechanistic model has been devel oped that depicts dynamic interactions
between ENM and tBLM including ENM-tBLM binding/adsorption and lipid
displacement/removal. The model was validated by comparing its predictions to Ry, vs
time curves obtained using EIS during exposure of a tBLM to functionalized PNP and
PGL. Differences in ENM size or surface functiona groups resulted in differencesin Ry,
profiles, a monotonically decreasing curve, and an initial increase followed by a decrease.
The model was able to reasonably describe all the observed trends, demonstrated the
model’s robustness in describing kinetics of ENM-tBLM interactions. Best-fit values of
key kinetic constants for ENM adsorption to the tBLM (kz) and ENM removal of lipid
from the tBLM (ks) were used for hierarchical clustering analysis. The results indicated
that the ENM could be classified by size and surface functional group, and that clustering
based on the mechanistic model’s kinetic parameters gave a higher resolution than
clustering based on an empirical exponential model. This finding confirmed the
hypotheses that the mechanistic model can predict diverse trends of ENM-tBLM
interactions and that its parameters can be used to distinguish ENM via their kinetics of

tBLM interaction. The novel methods presented here could be adapted to high throughput
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applications for a wide range of ENM and synthetic BLM compositions to design ENM

with desired functional and biosafety profiles.
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7. CONCLUSIONS

The growing market for ENM-enhanced products has driven interest in devel oping
ENM that have a desired set of functional properties, can be economically produced, and
are nontoxic. The work presented in this dissertation mainly focused on developing
electrochemical, electrophysiological and mathematical methods to characterize the
interactions between ENM and biomembranes, discriminate ENM effects, and predict
kinetic mechanisms of how ENM interact with biomembranes. We applied a bottom-up,
biomimetic approach based on two types of biomembrane platforms, tBLM and pBLM,
to explore the effect of the ENM’s composition, size, surface charge and functional group
on its ability to induce ion flow across biomembranes.

Each of the BLM platforms offers distinct advantages. The tBLM method measures
total transmembrane ion flux across a macroscopic patch of biomembrane, whereas the
pBLM method leverages well established electrophysiology tools to characterize ENM-
induced membrane perturbations with single-pore sensitivity. The tBLM method offers
higher biomembrane stability and uses less-expensive equipment, whereas the pBLM
method reports molecular-level pore formation with millisecond time resolution. Both
platforms are potentialy adaptable to high-throughput applications via integration of
microfluidics and microsystem array architectures. Coupled with statistical analysis, both
methods are able to distinguish ENM effects on BLM resistances using an empirical
exponential model, which is consistent with our hypothesis.

Both approaches are based on molecular interactions between ENM and BLM, the
assay results are sensitive to the solution chemistry. For example, the electrochemical

methods require a sufficiently high ionic strength to conduct current and obtain a
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reasonable signal to noise ratio but not so high as to induce ENM aggregation. Because
ENM aggregation is strongly affected by ionic strength, electrolyte composition must be
considered into context of ion conductivity, ENM dispersion stability, and biological
relevance. In genera, 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. Furthermore, BLM-based assays that were originaly 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
electrol yte concentration and BLM composition.

Results of this study have established for the first time that nanostructured
biomimetic interfaces containing a synthetic BLM can distinguish between nanoparticles
based on their size and surface functional group. This result suggests that biomembrane
methods might be well suited to screen ENM libraries for nanoparticles that have
desirable biotoxicity or drug-delivery properties. A mechanistic kinetic model was
constructed to depict the interactions between ENM and tBLM. The kinetic rate constants
including k,, which describes the ENM adsorption rate, and ks, which describes to the
lipid capture rate, were evaluated using experimental R, trajectories for a variety of
ENM. The model successfully predicted all the observed R, trends, including a
continuous decrease and an initial increase followed by a decrease. The finding validated
the model’s ability to describe dynamics of ENM-tBLM interactions using two kinetic
constants. These constants have the potential to provide physical insight into ENM-
biomembrane interactions. Both k, and ks are affected by ENM physiochemical

properties including size, surface charge, core materials and functional groups as well as
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BLM properties, e.g. BLM composition and BLM intrinsic curvature. Future work is
warranted to explore the utility of the model to elucidate interactions between ENM and
biomembranes and to correlate the properties of ENM with their effect on biomembranes.
Additional structure could also be added to the model, allowing it to capture additional
dimensions of ENM-biomembrane interactions and to predict quantitative structure-
activity relationships for rationa ENM design. Such knowledge would aid in
development of guidelines for design and screening of ENM for special applications. For
example, in targeted drug delivery applications, the model could guide efforts to develop
ENM that ssmultaneously exhibit a desired biomembrane translocation efficacy and an
atractive toxicity profile. In this way, the research could facilitate nanomedicine
formulation technologies and computer-aided drug design.

The integrated experimental and mechanistic modeling methods we devel oped have
demonstrated robustness and versatility in characterizing biomembrane-ENM interaction.
They are also they are adaptable to high throughput mode for screening ENM libraries.
The knowledge obtained from this work provides insights into both tunable ENM

formulation and targeted molecular interactions.
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