ABSTRACT

Effects of Surface Heterogeneity on the Colloidal Stability, Protein Adsorption and
Bacterial Interaction of Nanoparticles

Rixiang Huang, Ph.D.

Advisor: Boris L.T. Lau, Ph.D.

Interfacial processes like aggregation and deposition control the transport and fate
of natural and engineering nanoparticles (NPs) in the environment, which are relevant to
important environmental processes, applications, and effects of NPs. These processes are
controlled by a wide range of NP properties. Depending on the time frame and nature of
the interfacial processes, a combination of different techniques (including dynamic light
scattering, isothermal titration calorimetry, batch adsorption and spectroscopic techniques)
were used to systematically investigate the effects of surface heterogeneity on the
colloidal stability, protein adsorption and bacterial interaction of self-assembled
monolayer coated gold nanoparticles (AuNPs). These AuNPs have similar size and shape
but quantitative difference in the ligand composition and distribution on their surface,
therefore serve as ideal models for heterogeneous surfaces that are ubiquitous in the
environment and engineering system.

Key findings of this work include: 1) In addition to surface chemical composition,
the organization of different functional groups on NP surface was also found to influence

the electrical double layer structure and the relative contribution of different interfacial



forces. Therefore, direct comparison of zeta potential of different particles and the
prediction using the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
should be made with cautions; 2) The effects of surface heterogeneity were found to be
scale-dependent in NP-protein interactions. The size of proteins and surface features of
NPs together determined the interaction mechanism (e.g., binding stoichoimetry and
forces involved). The interaction mechanism subsequently affects the protein corona
structure; 3) When these AuNPs adsorb onto bacterial cells, the adsorption kinetics is in
agreement with the DLVO prediction, where the magnitude of electrostatic repulsion
determines the diffusion of NPs onto bacterial cell. The adsorption capacity reflects the
influence of surface heterogeneity on the association of bacterial surface components
with these AuNPs. Overall, these findings improve our understanding on the effects of
surface heterogeneity on representative interfacial processes that control the transport and
fate of NPs. This work also provided new insights into better design of surfaces for

various applications.
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CHAPTER ONE

Introduction

Motivations

Natural nanoparticles (NPs) including silica, metal oxides and organic matters, are widely
present and of great importance to the biogeochemistry of the environment (Hochella et al. 2008;
Madden and Hochella 2005; Nowack and Bucheli 2007; Wigginton et al. 2007). With different
reactivity than their bulk counterparts, the transport and fate of these NPs are also closely related
to the cycling and mobilization of trace elements and contaminants (Madden et al. 2006).

The emergence of nanotechnology leads to mass production and widespread application
of nanomaterials. For examples, zero-valent iron NPs are being used for environmental
remediation (Li et al. 2006), carbon-based nanomaterials are made for water treatment (Savage
and Diallo 2005; Shannon et al. 2008), and silver NPs are widely utilized in consumer and
antibacterial products (Lee et al. 2005; Quadros et al. 2013). The production and use of these
nanomaterials will inevitably lead to their release into the environment (Benn and Westerhoff
2008) and some of them may ultimately end up in the bodies of organisms. In the past decade,
extensive research on the toxicity of these nanomaterials has shown varying degrees of
undesirable effects (Magrez et al. 2006; Nel et al. 2006). This causes great concerns on the safe
application and environmental effects of these nanomaterials (Klaine et al. 2008; Nowack and
Bucheli 2007).

Whether the purpose is to understand the role of natural NPs in biogeochemical processes
or to evaluate the effects of engineered nanomaterials, it is important to understand the transport,

transformation and fate of these NPs in the environment (Levard et al. 2012; Mylon et al. 2004).



They are all greatly controlled by various interfacial processes, for example, their homo- and
hetero-aggregation, and deposition. Homo-aggregation involves the transport of a particle to the
vicinity of another particle of the same type (similar size and surface) and subsequently attached
to it, while hetero-aggregation involves particles of a different type (Lin 2012). When the size of
the interacting objects is much larger than the NPs and is relatively immobile, NP’s attachment is
referred to as deposition. Representative interfacial processes controlling the transport,
transformation and fate of NPs include their aggregation in different water environments,
deposition onto mineral or biofilm surfaces, and protein adsorption following their entry into
organisms.

In addition to solution chemistry, these interfacial processes are controlled by a wide
range of properties of NPs and the interacting surfaces, like their size, shape and surface
properties. Among them, surface properties may be the most important factor.

Advancement in material science enables the synthesis of a vast variety of NPs with
different compositions and surfaces. For example, carbon nanomaterial can be functionalized
with different chemical groups and metal NPs can be coated with different organics for specific
applications (Han et al. 2007; Sun et al. 2002). On the other hand, the types of particle or surface
that NP may encounter in the environment can also be countless, including suspended natural
colloids (e.g., bacterial cells and inorganic particulates), various mineral surfaces, biofilm, and
organism tissues. They possess diverse and complex surfaces that are usually heterogeneous in
chemical compositions and physical structures (as reviewed below). Although the effects of
surface properties (e.g., charge and polarity) on various interfacial processes have been
extensively studied (Dunphy Guzman et al. 2006; Song et al. 2011), surface heterogeneity as an

important surface property has been disproportionately neglected. Therefore, the primary goal of



this dissertation was to investigate the effects of surface heterogeneity on nanoscale interfacial
process in representative scenarios.

Surface heterogeneity is a broad and scale-dependent concept. It can be used to describe
inhomogeneity of any physical or chemical properties within a two dimensional surface. Its scale
ranges from the variability of the earth’s surface (e.g., difference in geological setting and
vegetation) to chemical diversity on a protein surface (Koster and Suarez 1992; Park et al. 1992).
Characterization of the heterogeneity and understanding its impact on related processes are
important in various scientific disciplines, including climate modeling and colloid science
(Avissar 1990; Walz 1998).

In natural or engineered NPs and the interacting surfaces, surface heterogeneity is usually
referred to as the coexistence of different chemical functionalities and physical structures. For
examples, charge heterogeneity as the coexistence of positively- and negatively-charged groups,
polarity heterogeneity as the coexistence of polar and nonpolar groups. The different ways of
coexistence introduce the physical (or structural) heterogeneity. Surface heterogeneity exerts its
effects on interfacial processes of NPs by influencing the electrical double layer (EDL) structure
(see Appendix A for further description of the EDL) and interfacial forces (Drelich and Wang
2011; Duval et al. 2004; Walz 1998; Zembala 2004).

Since the behavior of ions (e.g., ion hydration and distribution) is dependent on the nature
of surface (e.g., charge and polarity) (Calero et al. 2011), surface heterogeneity will increase the
complexity of EDL structure and make it challenging to model and to derive electrostatic
interaction. Surface heterogeneity may also introduce anisotropic force distribution and forces in
addition to van der Waals and electrostatic interaction. For example, hydrophobic patches and

extracellular structures on bacterial surface lead to anisotropic force distribution as demonstrated



by atomic forces microscopy (Dorobantu et al. 2008; Dorobantu et al. 2009). Therefore, the
failure of the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (see Appendix A
for more details on DLVO theory) was commonly ascribed to surface heterogeneity (Tufenkji
and Elimelech 2004; Tufenkji and Elimelech 2005).

Aggregation and deposition of colloidal particles have been extensively studied for
colloid stability in estuary, drinking water and wastewater treatments, and groundwater
movement (Mayer 1982; Sigleo and Means 1990). Conventional theories in colloidal science
developed for micron-sized particles are the basis for the current studies on the interfacial
phenomena of NPs (Petosa et al. 2010). However, since the assumptions often applied to micron-
sized particles may be invalid in the case of NPs, experimental results sometimes deviate from
these theories. For example, in the calculation of electrostatic interaction, the condition that xo >>
1 (" is Debye length, a is the particle radius) required in some derivations may not be fulfilled
in the case of nanoparticles (Ohshima et al. 1982). Due to the large surface to volume ratio of
NPs, interactions involving NPs are more sensitive to small changes in surface compared to that
for microscale particles. To better describe and predict the environmental behavior of NPs, it is
important to investigate how surface heterogeneity affects the applicability of the DLVO theory

and to identify the causes of deviation.

Obijectives
The overarching objective of this dissertation was to systematically investigate the
influence of surface heterogeneity on the interfacial processes involving NPs in the context of
their environmental behavior and effects. Specific objectives of individual studies were: 1) To
study how chemical composition and spatial organization of functionalities on surface affect the

electrokinetic properties and self-aggregation behavior of self-assembled monolayer coated NPs



in the presence of monovalent and divalent electrolytes; 2) To mechanistically investigate the
interaction between NPs and proteins of different sizes and shapes, and to understand how
surface heterogeneity of NPs affects the interaction and subsequent functionality of NPs and
proteins; 3) To quantitatively measure the interaction between NPs and bacteria, and to identify

the effects of surface heterogeneity from both NPs and bacteria.

Organization of this Dissertation

To study the effects of surface heterogeneity, self-assembled monolayers (SAMs) coated
AUNPs were used as model NPs. SAMs are organic assemblies formed by adsorption of organic
ligands (thiols in this case) on surface and spontaneously organize into various structures, and
the terminal chemical functional group of the organic ligand determines their functionality (Love
et al. 2005). Particle-particle interactions (Chapter two), particle-protein interactions (Chapters
three & four), and particle-bacteria interactions (Chapter five) were systematically studied in this
dissertation work. A summary of the results and major contributions was presented in Chapter

SiX.

Particle-Particle Interactions

In Chapter two, the electrokinetic properties and aggregation behavior of three types of
AuNPs were studied in the presence of various monovalent and divalent electrolytes. These
AuNPs were capped with three different SAM configurations and they were: (1) AuNPs with
charged and nonpolar terminals organized into nano-scale structure (OT), (2) AuNPs with
randomly distributed terminals (brOT), and (3) AuNPs with homogeneously charged terminals
(MUS). Specifically, the electrophoretic mobility in a wide range of concentration of NaCl,
MgCl, and CaCl, were measured, the aggregation kinetics in the respective conditions were

monitored by time-resolved dynamic light scattering (DLS) experiments (See Appendix B for
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further description of DLS). Adsorption kinetics of these AuNPs on Escherichia coli was also
measured to identify the difference between homo-aggregation and particle-surface interaction.

This study served to investigate the stability of these AuNPs (Figure 1-1).
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Figure 1-1 Schematic illustration of particle-particle interactions examined in Chapter 2.

Particle-Protein Interactions

Protein-NP interaction is of great relevance in the toxicity and the biomedical application
of nanomaterials. How NP’s properties affect protein-NP interaction is important for
understanding the mechanism of toxicity and a better design of NPs for specific applications
(Gagner et al. 2012).

A wide range of NP properties (e.g., particle size, surface charge and surface
hydrophobicity) have been found to control the interaction mechanism and the final protein
composition of the protein corona - the proteins coating on the surface of NPs (Meder et al. 2012;
Tenzer et al. 2011). Particle size (or curvature) determines the contact area between protein and
NPs. Protein can interact with NP surface through non-specific interaction or covalent binding,

depending on the chemical functionality of the NP surface (Rana et al. 2010).



When NP is present in actual serum environment, it will be exposed to a vast amount and
variety of proteins with different affinities to the NPs (Zhang et al. 2011a). There will be a series
of adsorption and exchange reactions before thermodynamic equilibrium is reached (Lundqvist
et al. 2011; Monopoli et al. 2012). The protein corona is thus rather dynamic, with changing
protein composition and structure in different physiochemical environments.

In Chapter three, the interactions between these AuNPs and two proteins with different
sizes and shapes - ubiquitin and fibrinogen were examined (Figure 1-2). DLS and circular
dichroism spectroscopy were used to reveal different interactions at pH above and below the
isoelectric points of the proteins. The interaction thermodynamics were measured by isothermal
titration calorimetry (ITC, a description on the basics of this technique can be found in Appendix
C). The variation in protein types and particle surfaces enabled the analysis of effects of surface

heterogeneity at different scales on protein-NP interaction.
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Figure 1-2 Schematic illustration of particle-protein interactions examined in Chapter 3.

Chapter four is an extension of the study of NP-protein interaction. The interaction

between serum albumin and AuNPs were further studied to reveal the effects of surface



heterogeneity on interaction mechanism and resulting protein corona structure (Figure 1-3). The
interaction mechanism and protein corona structure were characterized by a combination of DLS,
circular dichroism (CD) spectroscopy, fluorescence quenching and ITC. An additional two types
of AuNPs, MPA/brOT and MPA/OT (resembling brOT and OT in their surface organizations of
the coating ligands, with the negatively-charged MUS substituted for mercaptopropionic acid
(MPA)), were used to examine whether the protein adsorption behavior is dependent on

structural heterogeneity and independent of specific polar groups.
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Figure 1-3 Schematic illustration of the particle-albumin interactions examined in Chapter 4.

Particle-Bacteria Interactions

NP-bacteria interaction is relevant in many applications of NPs and environmental issues,
including natural NP formation, the application and toxicity of nanomaterials (Bhattacharya and
Gupta 2005; Theron et al. 2008). For examples, the interaction of silver NPs with environmental
biofilms, and the synthesis of NP-embedded materials for antibacterial and antifouling
applications (Fabrega et al. 2009; Hetrick et al. 2009; Weir et al. 2008).

On bacterial surface, there are flagellum, pili and other extracellular components that

constitute a three dimensional structure (McEwen et al. 2010; Namba and Vonderviszt 1997).



Although the size of bacterium is about one micrometer, the size of their surface components and
characteristic patches are at the nanoscale, which is comparable to the size of NPs. Atomic force
microscopy (AFM) studies demonstrated the chemical and physical heterogeneity and the
distribution of anisotropic forces on the bacterial surface (Camesano and Abu-Lail 2002;
Dorobantu et al. 2009; Gaboriaud and Dufrene 2007; Sokolov et al. 2000). Therefore, NPs are
anticipated to interact with bacterial surface through different mechanisms, depending on the
properties of both NP and the interacting surface components. Electrostatic interaction seems to
be the predominant mechanism especially when the NPs and bacterial cell carry opposite surface
charges (Schwegmann et al. 2010; Zhang et al. 2011b). Hydrophobic interaction also contribute
to the adsorption when there is a significant degree of hydrophobicity on the NP surface (Xiao
and Wiesner 2013).

In Chapter five, the adsorption dynamics of the three types of AuNPs - MUS, brOT and
OT onto E. coli and Bacillus cereus was investigated to understand the effects of surface
heterogeneity in both AuNPs and bacteria Figure 1-4. The contribution of surface proteins on

AUuNP adsorption was also quantified.
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Figure 1-4 Schematic illustration of the particle-bacteria interactions examined in Chapter 5.



Experimental Techniques

Depending on the size of the interacting objects and the time frame of various
interactions, a combination of experimental techniques were used to quantify the interaction
kinetics and to characterize the role of surface properties on reaction mechanism when NPs
interact with themselves, proteins and bacteria. For the self-aggregation of NPs and protein-NP
interaction, particle size is a good indicator of the reaction process, and the interaction time
ranges from seconds to minutes and the sizes of interest are at the nanometers. In this case, DLS
is suitable for monitoring these reactions and was used in this study. Protein-NP interaction
involves non-covalent forces and desolvation/solvation process that results in heat exchange with
the environment. By capturing the heat profiles during protein-NP interaction, ITC directly
measures the binding affinity constant, enthalpy changes, and binding stoichiometry between
NPs and proteins, and other thermodynamic parameters can be derived. Since these parameters
can reveal the interaction mechanism in a quantitative manner, ITC was employed to
characterize the NP-protein interactions in this dissertation. For NP-bacteria interaction, since the
size of bacteria is hundreds times larger than that of the AuNPs, size change may not be sensitive
enough to characterize the interaction process. Besides, it may take longer time to reach
equilibrium compared to NP-protein interaction. Therefore, batch adsorption experiment was
used to quantify the adsorption Kinetics and capacity. Other techniques (such as zeta-potential
measurement, CD and fluorescence spectroscopy) were also used to characterize the studied

interactions.
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CHAPTER TWO

Colloidal Stability of Self-Assembled Monolayer-Coated Gold Nanoparticles: The Effects of
Surface Compositional and Structural Heterogeneity

This chapter has been published as:

Huang, R.; Carney, R. P.; Stellacci, F.; Lau, B. L. T., Colloidal Stability of Self-Assembled
Monolayer-Coated Gold Nanoparticles: The Effects of Surface Compositional and Structural
Heterogeneity. Langmuir, 2013, 29 (37) 11560-11566.
http://pubs.acs.org/doi/abs/10.1021/1a4020674
Copyright © 2013, American Chemical Society

Abstract

Surface heterogeneity plays an important role in controlling colloidal phenomena. This
study investigated the self-aggregation and bacterial adsorption of self-assembled monolayer
coated gold nanoparticles (AuNPs) with different surface compositional and structural
heterogeneity. Evaluation was performed on AuNPs coated with (1) one ligand with charged
terminals (MUS), (2) two homogeneously distributed ligands with respectively charged and
nonpolar terminals (brOT) and (3) two ligands with respectively charged and nonpolar terminals
with stripe-like distribution (OT). The brOT particles have less negative electrophoretic mobility
(EPM) values, smaller critical coagulation concentration (CCC) and larger adsorption rate on
Escherichia coli than that of AuNPs with homogeneously charged groups, in good agreement
with DLVO predictions. Although the ligand composition on the surface of AuNPs is the same,
OT particles have less negative EPM values and faster rate of bacterial adsorption, but much
larger CCC compared to brOT. The deviation of OT particles from brOT and MUS in their self
aggregation behavior reflects the effects of surface heterogeneity on electrical double layer

structures at the interface. Results from the present study demonstrated that, besides chemical
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composition, organization of ligands on particle surface is important in determining their

colloidal stability.

Introduction

Surface heterogeneity is a ubiquitous phenomenon in both natural and engineering
systems. For example, surface of microbes and cells usually has a diversity of biomolecules,
including phospholipids, proteins and polysaccharides, which have completely different
functional groups and properties (Pereira et al. 2009). Even proteins alone have rather complex
surface composition and structure, which is determined by the constituting amino acids,
specifically their diverse side-chains. Inorganic materials like activated carbon (Franz et al.
2000), siliceous materials (Bolis et al. 1997) and clay minerals (Tombacz and Szekeres 2006)
also have heterogeneous surfaces in terms of the nature, amount, and geometrical arrangement of
different functional groups at the surface. Materials’ surface chemical composition and structure
influence many surface properties and interfacial processes (Nel et al. 2009; Walz 1998;
Zembala 2004).

In spite of its importance, surface heterogeneity is difficult to be studied because, (1) it is
a broadly defined concept (surface heterogeneity is defined in this study as the coexistence of
chemically different substances in different patterns on the surface), (2) natural surfaces are
sometimes too complex for exact characterization and quantitative correlation with observed
properties, and (3) many experimental parameters measuring surface properties like contact
angle and surface potentials are scale-dependent, therefore may not be universally applicable.
Although there were numerous studies devoted to characterize surface heterogeneity, few of
them were able to establish a quantitative relationship between measured surface properties and

surface heterogeneity (Dorobantu et al. 2008; Drelich and Miller 1994; Drelich et al. 1996;
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Duval et al. 2004; Gaboriaud and Dufrene 2007; Taboada-Serrano et al. 2005). It has been
widely accepted that materials at the nano-scale behave differently when compared to their
counterpart at larger scales, relatively little is known about the effects of surface heterogeneity at
the nano-scale on surface properties like electrokinetics and interfacial forces. Understanding
these effects and the underlying mechanism are critical since it is of great relevance to various
interfacial processes occurred in biological and environmental systems (e.g., (Nel et al. 2009)
(Duffadar et al. 2009)).

The combination of gold nanoparticles (AuNPs) and thiol-based self-assembled
monolayers (SAMs) has widespread applications and provides attractive opportunities for basic
research in interfacial chemistry (Love et al. 2005). AuNPs with different surface chemical
compositions and nano-scale surface structures, as modulated by SAMs, were synthesized
(Jackson et al. 2006), and interesting properties regarding wettability (Centrone et al. 2008),
interfacial energy (Kuna et al. 2009), cell penetration (Verma et al. 2008) and protein adsorption
(Jackson et al. 2004) were found to be due to surface composition as well as surface structure.
When correctly chosen (Verma et al. 2008), it is possible to select nanoparticles that are nearly
identical in size distribution, shape, surface charge, and ligand density with quantitative
differences only in composition and arrangement of ligands on the surface. For example
particles coated with a 2:1 mixture of 11-mercapto undecanesulfonate, MUS and 1-octanethiol
(OT) show stripe-like domains on their ligand shell, while particles coated with a 2:1 of MUS
and 3,7 dimethyl octane 1-thiol (brOT) have a random distribution of ligand molecules; yet all of
the other structural parameters for these particles are statistically identical (Verma et al. 2008).

Hence these particles can be considered as nanoscale “isomers” (i.e., two particles differing only

13



in surface functional group distribution but not - to a first approximation- in their composition),
making them ideal for testing surface feature-activity relationships.

Colloidal stability, mostly involves particle-particle and particle-surface interactions, has
been extensively evaluated by the classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.
Despite its great success, deviations from this theory have been frequently reported, and most of
which have been generally ascribed to surface heterogeneity and its influence on interfacial
forces without strict correlation to specific type of heterogeneity (roughness, chemical or
structural heterogeneity) (Duval et al. 2004; Elimelech et al. 2003; Taboada-Serrano et al. 2005;
Tufenkji and Elimelech 2005). For nanomaterials with diverse structures and large surface-to-
volume ratio, surface plays a more significant role than for the larger colloids. The classical
DLVO theory does not account for all these effects (e.g., irregular shapes and coatings of
nanoparticle (NP)), making the evaluation of NP stability challenging (Petosa et al. 2010).
Therefore, a better understanding and quantification of how surface heterogeneity influences
interfacial processes is necessary to improve the ability of DLVO theory in predicting NP
stability.

The objective of this research was to identify the effects of surface heterogeneity
(compositional and structural) on the colloidal stability of SAM-coated AuNPs. Evaluation was
performed on AuNPs that are coated with (1) one ligand with charged terminals, (2) two
homogeneously distributed ligands with respectively charged and nonpolar terminals and (3) two
ligands with respectively charged and nonpolar terminals but distributed in a stripe-like pattern.
The electrokinetics and aggregation kinetics of these AuUNPs in various electrolytes were

measured, their adsorption kinetics onto E. coli cells was also measured to study the particle-
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surface interaction. The colloidal stability was analyzed within the context of the DLVO theory

to validate its applicability.

Materials and Methods

Preparation of AUNP suspensions

Three types of AuNP used in this study are coated with 1) one ligand with charged
headgroups (11-mercapto undecanesulfonate, MUS), 2) a random distribution of both charged
and nonpolar headgroups (MUS and branched-octanethiol, brOT) and 3) an ordered pattern of
charged and nonpolar headgroups (MUS and octanethiol, OT). Detailed information regarding
the synthesis and characterization of these three types of AuNPs can be found in previous studies
(Uzun et al. 2008; Verma et al. 2008).

All chemicals used in this study were ACS reagent grade and were purchased from Sigma
Aldrich, unless otherwise noted. Filtered (< 0.2 um) ultrapure water (Millipore Simplicity, > 18
MQ-cm) was used to prepare all stocks. To prepare the AuNPs stock solutions, 6 mg of each type
of AuNPs was added into 20 ml ultrapure water, the solutions were sonicated in an ultrasonic
bath (VWR, B2500A-MT) for 30 min. After ultrasonication, the AuNPS suspensions were
centrifuged at 9 000 g (Avanti A-J., Beckman-Coulter, Brea, CA) for 30 min in order to remove
nondispersive aggregates (> 20 nm) in the suspensions. The supernatant was carefully withdrawn
using pipette and stored in clean glass vials in 4 °C. The stock solution was further characterized
by transmission electron microscopy (TEM) and dynamic light scattering (DLS, Malvern
Zetasizer Nano ZS) to determine the size distribution and morphology of the particles (Appendix
D). All measurements were performed at pH 7.0 £ 0.2 (buffered with 0.2 mM NaHCO3 and

adjusted with HCI) and at the temperature of 25 °C.
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EPM Measurements

The EPM of three types of AUNPs were measured using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) over a range of electrolytes concentrations. The nanoparticle
concentrations for EPM measurements were around 0.1~0.2 times of the concentrations of the
corresponding AuNP stock suspensions. For most electrolyte concentrations, 6 measurements

were conducted for duplicate samples at each electrolyte concentration.

Dynamic Light Scattering (DLS)

The early stage aggregation kinetics of the three types of AUNPs was determined by time-
resolved DLS measurements using an ALV/CGS-3 compact goniometer (ALV GmbH,
Germany). For each aggregation experiment, 980 uL of electrolyte stock solution was introduced
into the glass vial containing 20 pL AuNPs stock suspension to achieve a final volume of 1 ml.
Therefore, the AUNP concentration for the DLS measurements was 0.02 times of the
concentration of the stock suspension. The vial was shaken for about 1 s with a vortex mixer and
quickly inserted into the sample holder. The DLS measurements were started immediately and
the intensity-weighted hydrodynamic diameters of the aggregating AuNPs were monitored over
time periods of 20 min. It took about 15 s to get the first data point. All DLS measurements were
performed at a scattering angle of 120°, each autocorrelation function was accumulated for 5 s
with a 5 s wait time between measurements. The intensity-weighted hydrodynamic diameter was

then derived using a second-order cumulant analysis.

Adsorption onto E. coli cells
E. coli K12 cells were grown in Luria-Bertani (LB) medium at 30°C with shaking and
were harvested in the late exponential growth phase. The harvested cells were washed three

times with phosphate buffer (10 mM, pH 7.4) and resuspended in the buffer solution to reach a
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concentration of approximately 4x10® CFU/mL. For adsorption kinetics experiments, AuNPs
and E. coli cells were mixed in 15 mL polypropylene centrifuge tubes. Five mL of the cell
suspension were transferred into the tubes and adsorption experiments were started by adding
100 pL AuNPs stock solution to each tube. The final dissolved concentration of AUNPs was
around 2.5 mg/L. Phosphate buffers without E. coli cells were used as control. The tubes were
placed in an incubator and shook at 200 rpm under 30 + 2 °C.

Adsorption kinetics was studied by monitoring the decrease in the concentration of the
suspended AuNPs in the bulk solution. The suspensions (350 pL) were sampled at 5, 15, 30, 60,
90, 120, 180 min and centrifuged at 6000 rpm x 5 min (Eppendorf 5417c centrifuge) to separate
the suspended AuNPs from E. coli cells (with or without adsorbed NPs). Based on the
measurements by DLS, the size of AuNPs in cell-free buffer was stable throughout the
experiment. Besides, there was no significant difference in Au concentration for the control
samples with and without centrifugation. These observations suggested that there was no
interference from aggregation or sedimentation and that the change in Au concentration was
mainly due to adsorption onto the bacterial cells. After centrifugation, 200 pL of the suspension
were pipetted into new clean 15 mL polypropylene centrifuge tubes and the suspension was

digested by Aqua regia before ICP-MS analysis.
Results and Discussion

Characterization of AUNPs

The synthesis and characterization of the three types of AuUNPs used in this study have
been extensively described in previous work (Huang In review; Uzun et al. 2008; Verma et al.
2008). The AuNPs were also further characterized by TEM and dynamic light scattering to

confirm the similarities in size and shape, and to the ones previously synthesized (Appendix D).
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They are mostly spherical and slightly angular, and have a core diameter around 4.5 nm (4.5 +
1.1,4.7%£0.9 and 3.9 £ 0.8 nm for MUS, brOT and OT particles, respectively). The ligand shell
has a thickness around 1.5 nm. The hydrodynamic sizes are around 10.9 £ 1.6 nm (10.8 £ 0.2,
125+ 2.4and 9.4 + 1.0 nm for MUS, brOT and OT particles, respectively). MUS was coated
with all MUS ligands, brOT was coated with 67% MUS and 33% branched-octanethiol, and OT
was coated with 67% MUS and 33% octanethiol. Since the nonpolar and polar ligands were
randomly distributed on brOT’s surface, the heterogeneity was considered to be at molecular
scale. The nonpolar and polar ligands were found to separate into alternative stripe-like domains
on OT’s surface with a spacing around 1 nm (Uzun et al. 2008), its heterogeneity were at the

nanoscale.

Influence of Surface Charge Density on Electrokinetics and Self-Aggregation of AUNPs

The MUS and brOT AuNPs have different densities of sulphonate group, which
determines the surface charge of the AuNPs, thus they were chosen to identify the effects of
surface charge density on the electrokinetics and stability of NPs. The EPMs of MUS and brOT
measured in the presence of NaCl, CaCl, and MgCl; electrolytes at pH 7.0 are shown in Figure
2-1A and Figure 2-2A. Both AuNPs exhibited negative EPMs over the range of electrolyte
concentrations employed for the measurements. With increasing electrolyte concentrations, the
EPMs of both AuNPs became less negative, due to an increase in charge screening (for NaCl) or
charge neutralization (for CaCl, and MgCl,). These two effects, which originated from the
different behaviors between monovalent and divalent cations in the NP-liquid interface (Ca?* and
Mg** can form complex with the sulphonate - served as the charge-determining ion, while Na*
only accumulate in the vicinity of the AuNPs - served as the indifferent ion), are also responsible

for the less negative EPM values of both AuNPs in the presence of CaCl, and MgCl; than in
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NaCl. Specific adsorption of divalent cations has also been found with carbon-based
nanomaterials (Chen and Elimelech 2006; Saleh et al. 2008). The less negative EPM values in
the presence of CaCl, than in MgCl, could possibly due to a stronger affinity of Ca®* than Mg
to the sulphonate.

Significant difference in EPM in the presence of NaCl can be observed between MUS
and brOT. Since MUS has a higher charge density, a higher NaCl concentration was required to
screen the charge compared to that for brOT. In contrast, there was no significant difference in
EPM in the presence of both CaCl, and MgCl; for the two types of AuNPs, which may be due to
the dissimilar propensities of the sulphonates of the two AuNPs to undergo complex formation
with the divalent cations. Since MUS and brOT were covered by 100% MUS and 66% MUS
(randomly distributed) respectively, there were more opportunities for a Ca** or Mg®* ion to bind
to two adjacent sulphonate groups to form a bidentate sulphonate complex for MUS than brOT.
As a result, even though MUS has a more negative EPM due to higher density of sulphonate on
the surface, there will be more Ca?* or Mg?* binding to it than to brOT. The same argument has
been proposed for multi-walled carbon nanotubes involving the complexation between Ca** and
surface carboxyl group (Yi and Chen 2011).

The critical coagulation concentration (CCC) of the salt for a colloid is commonly
defined as the bulk salt concentration where the repulsive barrier vanishes and the aggregation
rate reaches the maximum and will not increase even when higher concentrations of electrolyte
are used (the colloidal system undergoes diffusion-limited aggregation) (Kissa 1999).
Representative aggregation profiles obtained from time-resolved DLS measurements over a
range of electrolyte concentrations are presented in Appendix E. Since the size of these AUNPs

is relatively small and their diffusion coefficient is relatively large, it is difficult to capture the
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initial aggregation dynamics (first measurable diameter >> initial diameter). As a result, it is not
possible to obtain an exact CCC value using the traditional method, which calculated the early-
stage aggregation kinetics from the slope of initial size change. Instead, an uncertainty range for
the CCC was obtained, which was determined to be between the threshold concentration
(concentration equal to or higher than this tested concentration will not increase the aggregation
kinetics) and the next lower concentration (where aggregation Kinetics is noticeably smaller than
the maximum). This method was used throughout this study.

The CCC ranges for MUS and brOT in NaCl, and in CaCl, and MgCl; are presented in
Figure 2-1B and 2-2B, respectively. The CCC ranges for MUS and brOT in NaCl were
determined to be 250 mM to 350 mM and 125 mM to 225mM, while in CaCl; are 1.5 to 3 and
1.5to 3 mM, and in MgCl, 5 to 15 and 5 to 15 mM respectively. The CCC values for both CaCl,
and MgCl, are much lower than their respective CCCs determined in NaCl. Since Ca®* and Mg**
can specifically bind to the surface sulphonate, they are much more effective in reducing the
energy barrier experienced between the AuUNPs compared to Na* ions, which do not adsorb onto
the particle surface but only accumulated in the vicinity of the AuNPs surface and only screen
the charge. Secondly, the CCC ranges for the two types AuNPs in MgCl, were all larger than
that in CaCl,, which is possibly due to the different affinities of Ca?* and Mg®* to the surface
sulphonate groups, and subsequently their different capabilities in neutralizing surface charge
and reducing the energy barrier. All three types of AuUNPs were coated with SAMs and it is the
terminal functional group of the SAMs that determine the surface properties of these AuNPs.
Therefore, it is the interaction between the divalent cations and the sulphonate groups that
matters (rather than the Au surface). Unfortunately, there is no available information on the

binding affinity between alkyl sulfonic acid and Ca®* or Mg?*. However, similar phenomena
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(with evidence of binding constants) were observed in a previous study with carboxyl group (Yi
and Chen 2011). Finally, the range of CCC for brOT in NaCl was lower than that for MUS, but
was not significantly different from each other in both CaCl, and MgCl,, which again can be
ascribed to the different functionalities of monovalent and divalent cations. Since more Ca** and
Mg®* would be adsorbed onto MUS than onto brOT due to the different surface densities of
sulphonate, the divalent cations balanced the surplus of sulphonate on MUS. All these
observations are consistent with the EPM measurements, which showed that the EPMs in
divalent electrolytes were much lower than that in monovalent electrolytes, and there was no
significant difference in EPMs between the two AuNPs over the range of CaCl, and MgCl,
concentrations tested (Figure 2-1A and 2-2A) in spite of the difference in the surface densities of
sulphonate. Different EPMs and CCCs in NaCl but similar EPMs and CCCs in CaCl; for
particles with different charge densities, due to the different binding modes as suggested by Yi et
al. (Yiand Chen 2011), is now substantiated with the knowledge of exact surface composition

and distribution at the molecular level.

Influence of Nano-scale Surface Structure on Electrokinetics and Self-Aggregation of AUNPs

Since brOT and OT had nearly identical hydrophilic to hydrophobic ligand ratios and
differed only in the arrangement of hydrophilic and hydrophobic moieties of the ligand shell,
they were compared to identify the effect of nano-scale surface structure.

The EPMs of brOT and OT measured in the presence of NaCl, CaCl, and MgCl,
electrolytes at pH 7.0 are shown in Figure 2-1A and Figure 2-2A. The CCC ranges for brOT and
OT in NaCl are presented in Figure 2-1B, in Ca’* and Mg?* are in Figure 2-2B. The EPM values
of OT in the presence of divalent cations are much less negative than that in NaCl, and the CCC

ranges (4 to 8 mM CaCl, and 20 to 50 mM MgCl,) are also much smaller than in NaCl (1000
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mM to 1200 mM). The EPMs and CCC range in Ca®" are also smaller than that in Mg?*. These
are consistent with what was observed for the MUS and brOT. Less negative EPMs value and
decreasing stability at higher electrolytes concentration due to the compression of electrical
double layer seems to suggest that the stability of OT can also be qualitatively predicted by the
DLVO theory.

When it comes to the comparison between OT and brOT, interesting phenomena arise.
First of all, even though OT and brOT are similar in size, ligand composition and surface charge
density, and different only in the surface organization of the functional groups, the EPM values
of OT are significantly smaller than that of brOT in both monovalent and divalent electrolytes.
Secondly, regardless of electrolytes (NaCl, CaCl, or MgCl,), despite its less negative EPMs
compared to brOT or MUS, OT has significantly larger CCC ranges. This is obviously not
captured by the DLVO theory. Possible causes for the deviation of OT particles were discussed

in below sections.
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Figure 2-1 EPMs of the three types of AuNPs as functions of NaCl concentrations at pH 7.0.
Error bars represent standard deviations (A); The CCCs of the three types of AUNPs measured in
NaCl, error bars represent the uncertainty range of CCC (B).
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Figure 2-2 EPMs of the three types of AuNPs as functions of CaCl, and MgCl, concentrations at
pH 7.0. Error bars represent standard deviations (A); The CCCs of the three types of AUNPs
measured in CaCl, and MgCl,, error bars represent the uncertainty range of CCC (B).

Adsorption kinetics of AUNPs onto E. coli cells

Adsorption kinetics of the three types of AuNPs onto E. coli cells was shown in Figure 2-
3 with OT particles as the fastest to adsorb onto E. coli cells, followed by brOT and MUS. The
adsorption rate of a particle onto a surface is mainly determined by its diffusion coefficient
(related to its size and density) and the interaction energy between the particle and the surface.
Since the sizes of these AuNPs are similar, the different adsorption rates are most likely due to
the different interaction energy that contributed from various interfacial forces. The results
showed that MUS particles are the most stable and brOT the second, while OT particles are the
least stable in terms of particle-surface interaction (E. coli cells are ~200 times larger than these
AUNPs, thus it is being considered as a bulk surface for this interaction). The overall surface
charge of E. coli cells is negative ({-potentials = -31.0 = 0.4 mV), and the surface charge of the
AUNPs is also negative (-30 to -50 mV). For particles with larger charge density, the interparticle
electrostatic repulsion and the repulsion between particles and a surface of the same charge will
be stronger when compared to particles with smaller charge density, making them more stable.

The results are generally consistent with the qualitative prediction by the DLVO theory. The
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deviation of OT particles as seen in the particle’s self-aggregation was not observed in its
adsorption onto bacterial cell surface, which may due to the difference in interfacial forces
involved and their relative contribution. Further discussion of the possible interaction mechanism

in the context of DLVO theory can be seen in Section 3.6.
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Figure 2-3 Adsorption kinetics of the AuNPs onto E. coli in 10 mM phosphate buffer (pH 7.4).

Electrical double layer structure and electrokinetics

The electrokinetic behavior of the three types of AuNPs is closely related with the
behavior of water and ion at the interface, which is influenced by the physicochemical properties
of the surface. Molecular dynamic simulation of the water distribution around AuNPs with
similar alternating stripe-like structure to OT (the polar and nonpolar ligands are 6-
mercaptohexan-1-ol and 1-octanethiol instead) has been performed (Kuna et al. 2009). Result
showed that there was a cavity that deplete of water molecules formed over the nonpolar stripe
and a hydrogen-bond network surrounding the cavity. Although there was no simulation result

for particles with all polar ligand and particles with homogeneously-distributed mixing ligands,
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no particular water structure would be expected to form besides a thin hydration layer in close
contact with the surface. Based on this analysis, possible water distribution around the three

types of AuNP was proposed in a qualitative manner (Figure 2-4).
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Figure 2-4 Schematic of possible water distribution around the three types of AuNPs.

Several models have been proposed to describe electrical double layer at the solid-liquid
interface, including the Gouy-Chapman and the Stern-Gouy-Chapman model. The later
considered the adsorption of ions and their finite sizes in the vicinity of a surface (Figure 2-5).
Outside the Stern layer is the slipping plane with an operationally defined location. It extends
from the solid surface to a location, within which the adhered thin layer of fluid is
hydrodynamically stagnant during electrophoresis (Delgado et al. 2007). The diffusion layer
extends from the Stern layer. Three potentials pertaining to the three characteristic positions are
the potential at the particle surface (o, can be calculated based on surface charge density),
potential at the boundary between the stern layer and diffusion layer (ys) and the slipping plane
(C-potential, derived from EPM measurement), respectively. According to the chemical
composition of the three types of AuNPs, the corresponding absolute value of o should have an

order of MUS > brOT = OT. If potential distribution throughout the interface and the location of
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the slipping plane for the three types of AuNPs behaves consistently, the direct comparison of (-
potential between the three types of AuNPs can accurately reflect the relative strength of their

electrical field.
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Figure 2-5 Schematic of electrical double layer structure surrounding the MUS particle.

For OT particles, although its charge density is similar to that of brOT, its EPM is
relatively smaller than that of brOT. It is likely that the potential distribution of OT is different
from the other two types of particles because: 1) the relative adsorption of counter- and co-ions,
the hydration of theses ions within the Stern layer may differ between them; 2) the position of
slipping planes is different from that of the other two due to the presence of cavities and
hydrogen bonding shells. As studies have shown that ion distribution at interface is the interplay
between surface polarity, hydration and ion sizes (Calero et al. 2011; Horinek and Netz 2007;
Parsons et al. 2011), different ion distributions for OT from MUS and brOT can be expected due

to its heterogeneous surface at the nanoscale.
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Analysis of the particle-particle and particle-surface interactions using DLVO theory

The interaction between two surfaces depends on the types of interactions and their
relative contributions involved in the interaction process. Although the DLVO theory
oversimplified the complexity of interactions in real systems by involving only electrostatic
repulsion and VDW attraction, it has been successfully in predicting colloidal stability in a wide
range of systems (Hermansson 1999; Petosa et al. 2010), when these two types of interfacial
forces are the predominant interaction forces.

The electrostatic repulsion was commonly calculated based on the three potentials
mentioned above (yo, Vs, {) with the modulation by solution chemistry (pH and ionic strength),
the magnitude of the potentials thus indicate the magnitude of repulsion. DLVO theory can
accurately predict the relative colloidal stability when there are changes in the potentials of each
type of AuNPs at different ionic strengths. However, when comparing across different particles,
the surface-dependent EDL structure complicates the application of the DLVO theory (which
assumes uniform potential distribution around the surface and the dominance of the electrostatic
interaction). As analyzed above, the insignificance of molecular-scale nonpolar moieties will
likely cause brOT to behave like the homogeneously charged MUS. It is inappropriate to directly
compare (-potential values of the different types of AuNPs because the nanoscale nonpolar
stripes on the OT surface can significantly influence the EDL structure. In Chapter 4, the BSA
adsorption behavior was to be similar for MUS and brOT, while that of OT particles behaved
differently. In addition, the possible presence of non-DLVO forces will also complicate the
application of DLVO theory in comparing the stability across particles. They are responsible for
the failure of DLVO theory in environmental (Grasso et al. 2002) and biological system

(Bostrom et al. 2001). As MD simulation show, a hydrogen-bond network can be developed over
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the nanoscale nonpolar stripes (Kuna et al. 2009), this hydration shell would increase the
interaction energy barrier that may help enhance the stability of OT particles. Results from our
study suggest that, in order to accurately predict the stability of colloids, electrical double layer
structure and interfacial forces involved should be carefully evaluated.

Bacterial cell surface is heterogeneous, consisting of a wide range of compounds,
including lipids, polysaccharides and proteins (Eboigbodin and Biggs 2008). After the harvest of
bacteria from culture medium, the cells were washed by phosphate buffer for three times and
then diluted with phosphate buffer to the final concentration (as described in experimental
section). The AuNPs were prepared in MilliQ water. The signal intensities of Mg ** and Ca?*
(based on ICPMS measurements) between the samples (with cells) and the control/blank
(without cells) were not significantly different from each other. Besides, the size of AUNPSs in
cell-free buffer (suspension of E. coli cells for 2 hours followed by removal using centrifugation)
was stable for more than 2 hours. All these evidences suggest that, under the tested conditions,
divalent cations (either present in the media or release by the cells) are not present in a quantity
that is enough to cause detectable/substantial changes to the charge of AuNPs. While the long
range electrostatic repulsion determines the accessibility of NPs to bacterial cell surfaces, as
AUNPs get closer to the cell surface, some short range interactions like hydrophobic interactions
will come into play in determining the final attachment. The short range hydration repulsion
formed between the interacting OT particles probably will not exist between OT particle and the
cell surface, due to the lack of extended hydration shell on the cell surface and the presence of

short range attractions.
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Conclusions

Natural surfaces are usually heterogeneous in terms of chemical composition and
structure, making it a challenge to quantitatively evaluate and predict surfaces properties and
interfacial processes. AuNPs with controllable surfaces serve as a good candidate for studying
the effects of surface heterogeneity on certain interfacial processes. In this study, the
electrokinetics and colloidal stability of three types of AuNPs of same size and shape but
different chemical composition and structure were quantified. AuUNPs with randomly distributed
polar and nonpolar groups have less negative EPM values, smaller CCC and faster adsorption on
E.coli than that of AuNPs with homogeneously charged groups, which agree with the DLVO
prediction. However, when the ligand composition on the surface of AuUNPs are the same,
particles with nano-scale striations have less negative EPM values and faster adsorption, but
much larger CCC compared to particles with disordered surface. The inconsistency of particles
with nano-scale striations in their EPM and CCC reflects the complex EDL structure developed
in the vicinity of a surface. Results from the present study suggest that direct comparison of the
C-potentials of different particles should be made with caution. It is evident that in addition to
ligand composition, ligand organization on the surface of AuNPs also plays an important role in

controlling the electrokinetic properties and colloidal stability.
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CHAPTER THREE

Protein—nanoparticle interactions: the effects of surface compositional and structural
heterogeneity are scale dependent

This chapter has been published as Huang, R.; Carney, R. P.; Stellacci, F.; Lau, B. L. T.,
Protein-nanoparticle interactions: the effects of surface compositional and structural
heterogeneity are scale dependent. Nanoscale 2013, 5(15), 6928-6935.
http://pubs.rsc.org/en/content/articlelanding/2013/nr/c3nr02117c#!divAbstract
Reproduced with permission from The Royal Society of Chemistry

Abstract

Nanoparticles (NPs) in the biological environment are exposed to a large variety and
concentration of proteins. Proteins are known to adsorb in a ‘corona’ like structure on the surface
of NPs. In this study, we focus on the effects of surface compositional and structural
heterogeneity on protein adsorption by examining the interaction of self-assembled monolayer
coated gold NPs (AuNPs) with two types of proteins: ubiquitin and fibrinogen. This work was
designed to systematically investigate the role of surface heterogeneity in nanoparticle-protein
interaction. We have chosen the particles as well as the proteins to provide different types (in
distribution and length-scale) of heterogeneity. The goal was to unveil the role of heterogeneity
and of its length-scale in the particle-protein interaction. Dynamic light scattering and circular
dichroism spectroscopy were used to reveal different interactions at pH above and below the
isoelectric points of the proteins, which is related to the charge heterogeneity on the protein
surface. At pH 7.4, there was only a monolayer of proteins adsorbed onto the NPs and the
secondary structure of proteins remained intact. At pH 4.0, large aggregates of nanoparticle-
protein complexes were formed and the secondary structures of the proteins were significantly

disrupted. In terms of interaction thermodynamics, results from isothermal titration calorimetry
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showed that ubiquitin adsorbed differently onto (1) AuNPs with charged and nonpolar terminals
organized into nano-scale structure (66-34 OT), (2) AuNPs with randomly distributed terminals
(66-34 brOT), and (3) AuNPs with homogeneously charged terminals (MUS). This difference in
adsorption behavior was not observed when AuNPs interacted with fibrinogen. The results
suggested that the interaction between the proteins and AuNPs was influenced by the surface
heterogeneity on the AuNPs, and this influence depends on the scale of surface heterogeneity

and the size of the proteins.

Introduction

The interaction between nanoparticles (NPs) and proteins is of great relevance in
nanotoxicology and biomedical applications of nanomaterials. Understanding the
physicochemical interaction (e.g., interaction forces, binding sites and affinity) and the
subsequent effects (e.g., conformation and activity of the interacting proteins, stability and
functionality of the NPs) is crucial for understanding the mechanism of toxicity and better design
and application of nanomaterials (Nel et al. 2009). The interaction and its subsequent effects
were found to be governed by the properties of both nanomaterials and proteins, including size,
shape and surface properties (Lacerda et al. 2010; Lundqvist et al. 2008; Meder et al. 2012;
Singh et al. 2011).

Surface heterogeneity, the coexistence of different chemistry and structures, is ubiquitous
in both natural and engineered systems (Pereira et al. 2009; Tombacz and Szekeres 2006).
Proteins themselves, for example, possess exposed patches of polar/nonpolar and
negatively/positively-charged chemical groups at molecular scale or nanoscale. In general, it has
been found that surfaces with heterogeneous composition exhibit properties that do not change

linearly with molar composition as expected by classical arguments (e.g., electrokinetics
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(Zembala 2004) interfacial forces (Walz 1998) and surface tension (Drelich et al. 1996)).
However, quantitative relationship between surface heterogeneity and measurable properties has
not been established, and the correlation between surface heterogeneity and interfacial processes
is not self-evident.

It has been recognized that surface heterogeneity is scale-dependent. For example,
colloidal adhesion was found to have heterogeneity-dominated or mean-field behavior depending
on the scale of surface heterogeneity (Duffadar et al. 2009). Influence of surface heterogeneity
on protein adsorption has been studied at the microscale (Hodgkinson and Hlady 2005; Ta and
McDermott 2000). Although the adsorption extent, adsorption kinetics, and surface distribution
of proteins are different between homogeneous and heterogeneous surfaces, the mechanisms of
protein adsorption are similar, because the scale of surface heterogeneity is much larger than the
size of proteins. Little is known about the effects on protein adsorption when surface
heterogeneity approaches the nanoscale, comparable to the size of a single protein.

In this study, we investigated the effects of surface compositional and structural
heterogeneity on protein-NP interaction using self-assembled monolayer coated AuNPs and two
proteins of different sizes and shapes. The AuNPs are nearly identical in size distribution, shape,
surface charge and ligand density, with quantitative differences only in the composition and
arrangement of ligands on the surface (Jackson et al. 2006; Uzun et al. 2008; Verma et al. 2008).
For particles with such nanoscale surface features, interesting properties regarding wettability
(Centrone et al. 2008), interfacial energy (Kuna et al. 2009) and cell penetration (Verma et al.
2008) were found to be dependent on surface composition and structure. Thus, it is important to

study how these properties correlate with the adsorption behavior of proteins (ubiquitin and
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fibrinogen). These proteins were selected for this study because of their abundance in animal
plasma and differences in size, shape, and properties.

Complementary to previous studies that used particles with different sizes and shapes but
usually homogeneous surface chemistry, this study unveils the unique importance of the size of
surface functionality (both on the NPs and on the proteins) in NP-protein interactions. The
results of this work develop the emerging concept of “scale dependency” systematically by
demonstrating that the effects of surface heterogeneity are dependent on the relative scale
between protein and the NP surface feature. The novel findings presented here are crucial in 1)
predicting the subsequent biological activity of NP-protein complexes and 2) improving the
design of novel nanomaterials for applications in various biological and environmental systems
(e.g., drug delivery, protein purification, and treatment of water and wastewater).

Adsorption was performed in defined aqueous solution at pH above and below the
isoelectric point (IEP) of ubiquitin and fibrinogen to study the effects of surface charge, structure
and exposed functional groups from proteins. The different sizes and shapes of the selected
proteins and their different properties under the two pHs create different types of heterogeneity.

Surface charge of the AuNPs and the proteins was characterized by electrophoretic
mobility measurements. The adsorption process was manifested through size change of the
AuNPs and was monitored by dynamic light scattering (DLS). Isothermal titration calorimetry
(ITC) was used to explore the thermodynamics behind the interaction. The conformational
change of the proteins was monitored by circular dichroism (CD) spectroscopy. Results from

individual technique were integrated to understand the mechanism of interaction.

33



Materials and Methods

Preparation of AUNPs and Protein Suspensions

The three types of ligand-coated AuNPs used in this study have been thoroughly
characterized with respect to their size, surface chemical composition and structure.(Uzun et al.
2008; Verma et al. 2008) AuNPs are coated with (1) all negatively charged, sulfonated
alkanethiols (11-mercapto-1-undecanesulfonate, MUS), (2) a 2:1 molar mixture of MUS and 1-
octanethiol (OT) (now referred to as 66-34 OT), and 3) a 2:1 molar mixture of MUS and a
branched, apolar version of OT (3,7 dimethyl octane 1-thiol, brOT) (66-34 brOT). Previously we
have shown that the 66-34 OT AuNPs exhibit unique properties due to the ordering of molecules
in its ligand shell. To prepare the AuNP stock solutions, around 6 mg of AuNP powder was
added into 20 ml of ultrapure water (Millipore Simplicity, >18 MQ-cm), the solutions were
sonicated in an ultrasonic bath (VWR, B2500A-MT) for 30 min. After ultrasonication, the AuUNP
suspensions were centrifuged at 9 000 g (Avanti A-J., Beckman-Coulter, Brea, CA) for 30 min
in order to remove nondispersive aggregates in the suspensions. Mass concentration of AUNPS
was quantified by a Perkin EImer ELAN 9000 inductively-coupled plasma mass spectrometer
(ICP-MS) (Waltham, MA), from which the molar concentration was derived.

Ubiquitin from bovine erythrocytes (lyophilized powder) and fibrinogen from human
plasma (lyophilized powder) were purchased from Sigma and used without further purification.
The stock solution of the proteins was prepared in 10 mM sodium phosphate buffer solution
(PBS) of pH 7.4 and stored at 4 °C, and the stock solution was used within one week. Buffers at

pH 4.0 and 7.4 were prepared using 10 mM sodium acetate-acetic acid and PBS, respectively.
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Surface Charge Measurements

The electrophorectic mobility (EPM) of the AuNPs and proteins at various pHs were
measured using a Malvern Zetasizer (Nano ZS, Malvern Instruments, UK), and converted to -
potentials using the Smoluchowski equation. Proteins and AuNPs solutions for EPM
measurements were prepared by diluting the stock solution into their respective buffer solutions.
The NP concentrations for EPM measurements were around 0.1~0.2 times of the concentrations
of the corresponding AuNP stock suspensions. The concentration of ubiquitin and fibrinogen
were around 1 pmol/L. Around 600 uL solution was pipetted into the DTS 1060C disposable

capillary cell. Six measurements were conducted for duplicate samples at each condition.

Dynamic Light Scattering

The hydrodynamic diameter change of the AuNPs in the absence and presence of
proteins was measured using the Zetasizer Nano ZS with a fixed detector angle of 173°.
Specifically, at pH 7.4, protein solution was sequentially added into the AuUNP suspension
(around 0.05 pumol/L) to reach certain final protein/AuNP molar ratios (ubiquitin: 0 to 100;
fibrinogen: 0 to 10). The mixture was incubated for 30 min before DLS measurement and 15
measurements were taken. The maximum size change was chosen for comparison. At pH 4.0, a
protein to AUNPs molar ratio of 10:1 was chosen. DLS measurements started immediately after
the addition of proteins and 15 measurements were taken. The results were the average of at least

two separate experiments.

Circular Dichroism Spectroscopy
CD measurements were undertaken by a Jasco J-810 spectropolarimeter (Easton, MD)
with a 2 mm path length rectangular quartz cell at room temperature (22 °C). The CD spectra

were recorded from 190 to 260 nm and each spectrum was an average of 5 scans.
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The test solutions for CD were prepared by mixing the proteins and AuNPs in their
respective buffer and then incubated at 4 °C for at least 30 min before the spectra were collected.
The concentration of ubiquitin and fibrinogen was fixed at 1 pmol/L and 0.5 umol/L,

respectively, and the AuNPs concentration ranged from 0 to 0.05 pmol/L.

Isothermal Titration Calorimetry

ITC measurements were performed on a MicroCal ITC200 system (GE Healthcare). Both
ubiquitin and fibrinogen was dialyzed overnight against 10 mmol/L sodium phosphate buffer
(renewed two times) at pH 7.4, and the AuNPs were dissolved in the last dialysate (sonicated,
then centrifuged at 9000 rpm for 15 min). The titration experiment involved 40 injections (1 pL
per injection) of proteins (ubiquitin concentration = 1 m mol/L and fibrinogen concentration = 80
umol/L) at 150 sec intervals into the sample cell (volume = 200 pL) containing the AuNPs
solution (MUS con. = 7.03 umol/L, 66-34 brOT con. = 8.43 umol/L and 66-34 OT con. =7.73
umol/L). The reference cell was filled with 10 mmol/L sodium phosphate buffer. During the
experiment, the sample cell was stirred continuously at 1000 rpm. At least two separate
experiments were conducted for each protein-AuNP pair.

The heat of protein dilution in the buffer alone was subtracted from the titration data
(both normalized to 0) for each experiment. The data were analyzed to determine the binding
stoichiometry (n), association constant (Ks), and other thermodynamic parameters of the reaction
using the coupled Origin software. The reported thermodynamic parameters were an average of

duplicate experiments.
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Results and Discussion

Characterization of the AuNPs and Proteins

Detailed information regarding the synthesis and characterization can be found in our
previous studies (Uzun et al. 2008; Verma et al. 2008). These three types of AuUNPs were
confirmed to be similar in size and shape, to the ones previously synthesized (Uzun et al. 2008;
Verma et al. 2008). The core diameter of the three AUNPs was 4.4 + 0.4 nm based on the size
distribution determined by TEM (Appendix D). The ligand shell has a thickness of 1.5 nm,
making the diameter of the whole particle around 7.4 nm. The ligand shell composition was
based on *H NMR analysis of the ligands after decomposition of the gold core by KCN (Liu et al.
2012) and the ligand distribution was based on scanning tunneling microscopy (STM) studies
performed in previous studies (Uzun et al. 2008; Verma et al. 2008), These characterizations
showed that MUS particles were homogeneously coated with MUS only, 66-34brOT were
coated with randomly distributed MUS and brOT, while MUS and OT ligands were separated
into stripe-like domains (~1 nm) on the surface of the 66-340T particles. The hydrodynamic
diameter (dn) of the AuNPs and proteins were measured by dynamic light scattering (DLS) and
the results shown in Figure 3-1A. Ubiquitin, a compact protein that consists of only 76 amino
acids (1.57 nm in diameter) (Uversky 1993; Vijaykumar et al. 1987), was too small to be reliably
quantified by DLS. Fibrinogen is a high molecular weight, elongated protein (47.5 nm long),
with three polypeptide domains that are around 5~6 nm in diameter (Fuss et al. 2001). Its d, was
24.7 £ 0.4 nm. The d;, of fibrinogen was consistent with previous studies (Vijaykumar et al. 1987;
Wasilewska et al. 2009). All proteins and AuNPs were stable in the buffer for more than 24

hours.
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The electrophoretic mobility (EPM) of each of the particles and proteins was measured
and converted to {-potential values (Figure 3-1B). For the AuNPs, the terminal sulfonate groups
determine the surface charge of their protecting SAMs, the particles remain negatively-charged
at the two pHs. Since the IEP of ubiquitin and fibrinogen are around 6.8 and 5.8 (Rossi et al.
2010; Wasilewska et al. 2009), respectively, the overall surface charge of ubiquitin and

fibrinogen would be positive at pH 4.0 and negative at pH 7.4.
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Figure 3-1 (A) Hydrodynamic diameter of unbound fibrinogen and AuNPs at pH 4.0 and pH 7.4.
(B) C-potentials of proteins at pH 4.0 and pH 7.4.

Stability of AUNP-protein Complexes

DLS has been frequently used to characterize protein-nanoparticle interaction and to
reveal their interaction mechanism (Hackley et al. 2011; Jans et al. 2009). The size change of
AUNPs due to the addition of proteins was presented in Figure 3-2. It was found that the system
behaved differently at the two pHs. At pH 4.0, size change of more than 100 nm was observed in
all types of AuNPs in the presence of both types of protein (Figure 3-2A). Considering the
relatively small size of the AuNPs and proteins, it is evident that large aggregates were formed at
pH 4.0. It is likely that they were aggregates of AUNP-protein complexes connected by the

denatured proteins initially coated on the particle surface (disruption of the secondary structure
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of proteins due to adsorption at pH 4.0 as shown in the following section). It is noteworthy that
the different size changes between different types of AUNPs may not simply be the result of
AUNP surface difference, because the subsequent protein-protein interactions may have little
relevance with the AuNPs. Thus, the result of these size changes should not be over-interpreted.
At pH 7.4, the size changes following the addition of ubiquitin and fibrinogen were around 2 nm
and 20 nm, respectively, which is comparable to the size of the proteins (Figure 3-2B). These
size changes suggested that the AuNPs were probably coated with a monolayer of proteins at pH

7.4. These monolayer protein-coated AuNPs were found to be stable by DLS even after 24 hours

(0.5 nm).
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Figure 3-2 Hydrodynamic diameter change of AuNPs following the addition of proteins at pH
4.0 (A) and pH 7.4 (B), error bars represent the variations between duplicate experiments.

The different behaviors at pH above and below proteins’ IEP reflect the different
interaction modes between the proteins and AuNPs under different conditions. Several factors
should be considered in order to identify the interaction modes. First, the overall surface charge
of the proteins changed from negative to positive as pH changed from 7.4 to 4.0; second,
proteins are big molecules with complex structure and heterogeneous surface, they consist of a
long chain of amino acids with different side chains organized into three dimensions of structure
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and their surface consists of a mixture or patches of polar/nonpolar functional groups; third, the
structure of protein may change as a function of pH (Carter 1994). Therefore, the AUNP-protein
interface is rather dynamic, with the interaction mode depending on the surface composition and
structure of the proteins and the AuNPs, which is modulated by factors like pH and ionic
strength.

All these considerations motivated the following application of spectroscopic and

thermodynamic techniques to further understand protein-AuNP interactions.

Conformational Change of Proteins

CD spectroscopy is a powerful analytical tool to monitor the conformational change of
proteins as a result of changes in solution chemistry (e.g., pH, temperature or ionic strength) or
interactions with molecules or adsorption onto particle surface. It has been frequently used to
measure the structural changes induced in proteins due to interaction with nanomaterials
(Cukalevski et al. 2011; Dong et al. 2007; Singh et al. 2011).

In this study, the a-helix structure of both proteins, which is manifested by the negative
peaks at around 208 nm and 222 nm in CD spectra, was monitored. At pH 7.4, there was no
significant change of the ellipticity values of the proteins in the presence of all three types of
AuUNPs, which indicated that the proteins maintained its conformation after adsorption onto the
surface of AuNPs (Figures 3-3 (right) and 3-4 (right)). Since the protein conformation remained
intact, they were stable against further interactions with each other. At pH 4.0, in the presence of
MUS and 66-34 brOT, the ellipticity significantly decreased and the peaks at 208 nm and 222
nm disappeared, which is a sign of disruption of the secondary structure (Figures 3-3 and 3-4
(left)). While at pH 4.0, the structural change for all types of proteins in the presence of 66-34

OT was less significant than that of MUS and 66-34 brOT.
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Figure 3-3 CD spectra of ubiquitin at pH 4.0 (left) and 7.4 (right) in the presence of varying

AUNP concentrations.

In this study, AuNPs were coated by thiols with long carbon chains and the surface
properties are only determined by the ligand shell. The negative charge of these SAM-coated
AUNPs under the tested pHs was determined by the terminal -SO3™ groups. The interaction
between proteins with these AUNPs was most likely directed by the positively-charged regions of
the proteins toward the negatively-charged AuNP surface. As pH decreased from 7.4 and 4.0,
more residues on the protein surface were protonated, thus there were more positively-charged

regions available for interaction. This may have resulted in a tighter interaction between the
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proteins and AuNPs, and the protein structure was more vulnerable to disruption.
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Figure 3-4 CD spectra of fibrinogen at pH 4.0 (left) and 7.4 (right) in the presence of varying
AUNP concentrations.

With information on conformational change, it can be anticipated that large aggregates
formed under opposite charge condition was because AuNPs disrupted the structure of the first
adsorbed layer of proteins. The disrupted proteins could interact with other unbound proteins or

protein-coated AuNPs, thus initiate aggregation.

Isothermal Titration Calorimetry and Binding Thermodynamics of NP-Protein Interactions

ITC directly measures the enthalpy changes and binding stoichiometry between NPs and
proteins in solution, from these other thermodynamic quantities can be derived. These
parameters reveal the mechanism of interaction in a quantitative manner, which makes ITC an
excellent complement to other techniques. Therefore, it has been widely used to characterize

protein-NP interaction (Cedervall et al. 2007; De et al. 2007; Lindman et al. 2007; Singh et al.
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2011). Protein interactions with particles and surface is a complex process that not only involves
the synergetic work of noncovalent forces including Van der Waals force, hydrogen bonding,
electrostatic and hydrophobic interaction, but also involves the desolvation of both NPs and
proteins and 43alvation of newly formed complexes (De et al. 2007). Depending on the structure
of the proteins and the properties of the interacting surface, the relative importance of each
noncovalent force is altered, and they contribute differently to the heat profile measured by ITC.

Noncovalent interactions are exothermic (AAH < 0), while the disruption of structurally well-
defined solvent shells is endothermic (AH > 0).

The heat profiles of the titration of the two proteins into the three types of AuNPs are
presented in Figure 3-5 and Appendix F. The heat change profiles were satisfactorily fit using
isothermal functions to a model describing a single set of binding sites and best-fit parameters
were calculated using nonlinear least-squares fitting (Tables 1 and 2). The thermodynamic
quantities showed that the adsorption of ubiquitin onto all types of AuNPs featured a favorable

enthalpy change (AH < 0), which was offset partially by unfavorable entropy loss (AS < 0),
resulted in an overall negative free energy change (AG < 0). Considering that —SO3" terminal

group covered the entire MUS surface and 67% of the surface of the other two types of AuUNPs,
the adsorption of ubiquitin onto AuUNPs seems to be primarily driven by electrostatic interaction.
Although the interactions of the proteins with all three types of AuNPs were consistently
exothermic, differences existed between different types of proteins and AuNPs as shown in the
thermodynamic parameters derived from the heat profiles (Tables 3-1 and 3-2). For ubiquitin
adsorbed onto MUS and OT particles, although the associated constant, free energy change, and

enthalpy change were not significantly different from each other, there were roughly 6 ubiquitins
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associated with MUS and only 3 ubiquitins attached per 66-340T particle. The thermodynamic

parameters (AG, AH and TAS) were all normalized per titrant (e.g., the proteins). The
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Figure 3-5 ITC data from the titration of 1 mmol/L ubiquitin (left) and 80 umol/L fibrinogen
(right) into 7.03 pmol/L MUS AuNP. Heat flow versus time during injection of proteins at 25 °C
and heat evolved per mole of added proteins (corrected for the heat of protein dilution) against
the molar ratio (protein/AuNP) for each injection are shown at the top and bottom, respectively.
The line is the model fitting (The data corresponding to the heat of dilution of protein were
shown in Appendix F).

similarity in these parameters suggests that the ubiquitins were adsorbed equivalently onto MUS
and 66-34 OT. The similarity and difference between MUS and 66-34 OT in their interactions
with ubiquitin is most likely originated from the difference in their surfaces. MUS particles were
homogeneously coated with only 11-mercapto undecanesulfonate (MUS) ligands that ends with -
SO3’, ubiquitin “recognized” no difference on the surface of the particles and all the ubiquitins
attached equivalently. In contrast, the 66-34 OT particles coated with a mixture of MUS and
octanethiol (OT) were found to form stripe-like domains in the particles’ ligand shell (Uzun et al.

2008). It is likely that ubiquitin selectively adsorbed close to the -SO3” domains consequently
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finding fewer available sites as compared to that of MUS. For ubiquitin adsorbed onto 66-34
brOT particles, the enthalpy and entropy change is smaller than that of the other two systems,
while there were more ubiquitin (~9) attached to each 66-34 brOT particle (Table 3-1).
Compared to MUS particles with only one type of ligand and 66-34 OT particles with stripes at
nanoscale on the surface, 66-34 brOT particles have a mixture of MUS and 3,7-
dimethyloctanethiol (brOT) that randomly distribute on its surface, forming molecular scale
heterogeneity. Although ubiquitin also “recognized” no difference on the surface of 66-34 brOT
(with a mixing of -CH3 and -SO3’) since the contact area is possibly much larger than the
molecular scale heterogeneity, it may use a different site to adsorb onto 66-34 brOT compared to
its adsorption onto MUS and 66-34 OT particles, which with only -SO5™ available for adsorption.
This is possibly responsible for the lower enthalpy and entropy in 66-34 brOT compared to the

other two.

Table 3-1Thermodynamic quantities of ubiquitin-AuNPs interaction derived from ITC
(Error bar represents the variation between duplicate experiments).

NPs KSS | -AG -AH_ -TAS_ n
(x10°M™) (kJmol™) (kJmol™) (kJmol™)
MUS 0.57+0.06 27.3+0.3 149.5+£27.1 122.2+27.4 6.18+0.82
66-34 brOT 1.14+0.35 28.8+0.8 90.845.4 62.1+4.9 9.68+1.37
66-34 OT 0.66+0.09 27.520.2 195.0+5.7 167.0+5.5 3.31+0.57

For fibrinogen adsorbed onto the three types of AuNPs, the association constant, enthalpy
and entropy change are about an order of magnitude larger than that of ubiquitin, and about two
AUuNPs attached to one fibrinogen. This is consistent with the results from a recent study, which
also reported a AuNP/Fibrinogen molar ratio of 2:1 for 7 nm AuNPs (Deng et al. 2012).
Interestingly, there is no significant difference between the adsorption onto the three types of

AuNPs (Table 3-2). Itis probably due to the relatively larger size of fibrinogen (340 kD)
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compared to ubiquitin (8.5 kD). For each fibrinogen molecule, there were more electrostatic
interactions involved compared to each ubiquitin molecule, as it wrapped two AuNPs, so the
enthalpy and entropy change is much larger than that of ubiquitin. Since the contact area between
fibrinogen and the AuNPs is much larger than the surface features of the AuNPs, fibrinogen
“recognized” no difference on the surfaces of both 66-34 brOT and 66-34 OT. As a result, they

interacted in the same way as that between fibrinogen and the homogeneously charged MUS.

Table 3-2 Thermodynamic quantities of fibrinogen-AuNPs interaction derived from ITC
(Error bar represents the variation between duplicate experiments).

NPs Ks -AG -AH -TAS .
(x10°M™) (kJmol™) (kJ-mol™) (kJ-mol™)
MUS 6.46+3.29 31.64+0.89  1786.0+182.4 1753.7+183.3  0.78+0.10
66-34 brOT  8.05+0.73 57.0+27.7 1702.0+364.8  1645.0+337.1  0.83+0.11
66-34 OT 8.49+0.89 33.7+0.5 1704.0#31.1  1670.3+31.6  0.54+0.01

Scale-dependency of Surface Heterogeneity

Results from the present study demonstrated that the structural and compositional
heterogeneity on the surface of both proteins and NPs have great influence on their interaction.
For proteins, their stability in electrolytes can be largely attributed to the heterogeneity, as the
surface heterogeneity may provide them forces other than VVan der Waals force and electrostatic
interaction (Bostrom et al. 2001; Rowe 2001).

At neutral pH, although there are positively-charged residues exposed and available for
interacting with negatively-charged surface, the negatively-charged residues can help to maintain
the repulsion between the protein and the negatively-charged particle. As pH decreased and most
carboxyl groups became protonated (e.g., side chain of aspartic acid and glutamic acid), the
surface charge heterogeneity was reduced, resulted in a tighter interaction between the proteins

and AuNPs and the disruption of protein structure.
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The protein adsorption results from the present study demonstrated the scale dependency
of protein adsorption, and the scale is determined by both protein and the interaction surface. The
size and shape of protein, and the size of surface features determine the potential contact area
between them. The size of ubiquitin is around 1.5 nm and the contact area is possibly at the sub-
nano scale, which is comparable to the surface feature on the particle surface. The stripe-like
domain of the 66-34 OT particle is around 0.5 nm and the surface feature of 66-34 brOT is at
molecular scale. The protein “recognizes” the difference between these surfaces and shows
different adsorption behaviors, as the ITC results suggested. However, when the size of protein
or the contact area is much larger than the surface feature, like fibrinogen in this case may wrap
around the particles, the protein “recognizes” no difference between these surfaces, and the
adsorption behavior will be very likely the same.

Similar scale-dependent protein adsorption phenomenon has recently been explored
theoretically through molecular dynamic simulation (Hung et al. 2013; Hung et al. 2011). For
particles similar to those used in this study, the amphiphilic side chains of lysine and arginine
were found to respectively direct the interaction of cytochrome C and lysozyme with the
particles, and the interaction modes (residues in contact with the particle surface and the

geometry of the adsorbed protein) depend on the size of the surface structure.

Conclusions and Implications
The interactions between two common serum proteins (ubiquitin and fibrinogen) and
three types of AuUNPs were investigated. Both ubiquitin and fibrinogen can adsorb onto the three
types of AuNPs at pH above and below the IEPs of the proteins, and the interaction may be
predominantly electrostatic and through some positive patches of the proteins (e.g., sites with

side chains of lysine or arginine). However, surface charge heterogeneity strongly affected the
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interaction and the structure of the proteins. The protonation or deprotonation as a result of pH
change modulates the surface charge of proteins, which determines the structural stability of the
adsorbed proteins.

The adsorption of ubiquitin and fibrinogen on the AuNPs were found to be influenced by
the surface chemistry and structure of the AuNPs, especially the scale of surface heterogeneity.
Ubiquitin, a small protein that has comparable size to the surface features of the AuNPs,
adsorbed differently (in terms of binding stoichiometry and thermodynamics) onto 1) AuNPs
with charged and nonpolar terminals organized into nano-scale structure (66-34 OT), 2) AuNPs
with randomly distributed terminals (66-34 brOT), and 3) AuNPs with homogeneously charged
terminals (MUS). Fibrinogen, which is much larger than the surface features of the AuNPs,
possessed similar adsorption behaviors onto the three types of AuNPs. Results from this study
demonstrated the importance of surface structure in addition to surface chemical composition in

determining NP-protein interactions.
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CHAPTER FOUR

Effects of Surface Compositional and Structural Heterogeneity on Albumin-Nanoparticle
Interactions: Protein Coronas or Protein Clouds?

Abstract

As nanoparticles (NPs) enter into biological systems, they are immediately exposed to a
variety and concentration of proteins. The physicochemical interactions between proteins and
NPs can be controlled by the surface properties of the NPs. In this study, the interactions
between bovine serum albumin (BSA) and gold nanoparticles (AuNPs) with similar chemical
composition but different surface structures were investigated to identify the effects of surface
heterogeneity. Depending on the surface structure of AuNPs, different interaction modes and
BSA conformations were found by dynamic light scattering, circular dichroism spectroscopy,
fluorescence quenching and isothermal titration calorimetry (ITC). BSA adopted a “side-on”
conformation on AuNPs with charged groups or randomly distributed polar and nonpolar groups
and an “end-on” conformation on AuNPs with alternating stripe-like domains of polar and
nonpolar groups. ITC demonstrated that the adsorption of BSA onto AuNPs with randomly
distributed polar and nonpolar groups was primarily driven by electrostatic interaction and all
BSA were adsorbed in the same process. The adsorption of BSA onto AuNPs covered with
alternating domains of polar and nonpolar groups was a combination of different interactions.
The loose protein coating as a result of the “end-on” conformation was termed “protein clouds”,
to distinguish from the tight “protein corona” that is commonly identified with nonspecific

protein adsorption on NPs. Results suggested that surface structural heterogeneity, as well as
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chemical heterogeneity, is important in determining the protein-NP surface interaction and

subsequent protein conformation.

Introduction

The interaction between nanoparticles (NPs) and proteins is a topic of high relevance for
the medical application of NPs (Koegler et al. 2012; Nel et al. 2009). As NPs enter into
biological system, they are exposed to a wide range of proteins of different amounts, and it is the
NP-protein complexes rather than the NPs alone that would determine the biological responses
(Lynch et al. 2007). Understanding the nature of interaction (e.g., interaction forces, binding sites,
and affinity) and the subsequent effects (e.g., conformation and activity of the interacting
proteins, stability and functionality of the NPs) are crucial for better design and handling of
nanomaterials in a biological environment.

It has been shown that proteins can bind specifically or non-specifically to NPs
suspended in a biological fluid (Rana et al. 2010), to form a tightly bound, yet dynamic surface
coating known as the “protein corona”. The initial adsorption and subsequent exchange of
proteins in the corona change over time as a function of the affinity of the proteins for the NP.
The composition of protein corona is dependent on the NP size (Lundqvist et al. 2008), shape
(Singh et al. 2011) and surface properties, including chemical composition (Meder et al. 2012),
surface charge (Chen et al. 2011) and surface hydrophobicity (Cedervall et al. 2007). Typically,
the mono- or bi-layer of proteins formed on NPs is described as the “hard corona” due to the
slow timescale of protein exchange and strong binding energies associated with the complex
(Walczyk et al. 2010). Following protein adsorption, this corona is “read” by the cellular surface
machinery to direct subsequent NP-cell interactions (Lynch et al. 2007). Ultimately, the long-

lived hard protein corona has been found to determine the fate of the NP upon transfer between
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biological fluids (e.g., plasma, cytoplasm) (Lundquvist et al. 2011). Therefore, surface properties
of NPs can be manipulated to bind proteins selectively (Gagner et al. 2012; Rana et al. 2010).

Surface heterogeneity, the coexistence of different chemistry and structures, is common
in both natural and engineered systems. Although numerous studies have investigated the effects
of surface properties on protein adsorption, few have targeted the influence of surface
heterogeneity (Hodgkinson and Hlady 2005; Ta and McDermott 2000). Little is known about
how surface heterogeneity at the nanoscale (which is comparable to the size of proteins) affects
the adsorption of proteins and the resulting protein coating.

AuUNPs, coated with binary mixture of hydrophobic and hydrophilic thiolated ligand
molecules have been recently synthesized, and have been shown to have a ligand shell formed of
stripe-like domains of alternating hydrophobic/hydrophilic composition (Jackson et al. 2006;
Uzun et al. 2008; Verma et al. 2008). Interestingly, these stripe-like domains have a
characteristic thickness on the order of a single nanometer, leading to surface heterogeneities
commensurate with the ones found on proteins. This unique structure has been shown to possess
interesting properties regarding wettability (Centrone et al. 2008), interfacial energy (Kuna et al.
2009) and cell membrane penetration (Verma et al. 2008). In the latter case, the role of the
structure has been established by comparing particles that are nearly identical in size, size
distribution, shape, surface charge, ligand density, and ligand composition, with differences only
in arrangement of ligands on the surface. Only particles with striped ligand shells were shown to
penetrate cell membranes in an energy-independent way, while particles with a random
arrangement of ligand in their ligand shell show penetration in energy-dependent pathways.

A similar comparison between particles with nearly identical shape, size, and

composition but differing only in the ligand shell morphology is ideal for studying the effects of
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surface heterogeneity on protein adsorption. Two types of AUNPs were used in this study. The
MUS-type AuNPs are coated with either 1) all negatively charged, sulfonated alkanethiols (11-
mercapto-1-undecanesulfonate, MUS); 2) a 2:1 molar mixture of MUS and a branched, apolar
version of OT (3,7 dimethyl octane 1-thiol, brOT) (MUS/brOT); and 3) a 2:1 molar mixture of
MUS and 1-octanethiol (OT) (now referred to as MUS/OT). The MPA-type AuNPs are:
MPA/brOT and MPA/OT, resembling MUS/brOT and MUS/OT in their surface organizations of
the coating ligands, with the negatively-charged MUS substituted for mercaptopropionic acid
(MPA). By using AuNPs with similar surface structure but different charged functional groups
(i.e., with -COO' terminals instead of -SO3’), we attempted to confirm that the protein adsorption
behavior is dependent on structural heterogeneity and independent of particular polar groups.

A combination of dynamic light scattering (DLS), circular dichroism (CD) spectroscopy,
fluorescence quenching and isothermal titration calorimetry (ITC) was applied to characterize
the interaction between BSA and AuNPs with similar surface chemical composition but different
surface organization. DLS was used to monitor the increases in AuNP size due to self-
aggregation or BSA adsorption. CD spectroscopy characterized the secondary structure of
adsorbed BSA. Fluorescence quenching revealed the possible binding sites by quantifying the
quenching of fluorescence from certain chromophores by AuNPs. ITC characterized the
underlying thermodynamics of the interaction. Results from individual techniques were

integrated to understand the mechanism of interaction.

Materials and Methods

Preparation of AUNPs and Protein Suspension
The synthesis of SAM-coated AuNPs with diverse surface composition and structures

can be found in previous studies (Jackson et al. 2006; Jackson et al. 2004; Uzun et al. 2008) and
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in the Appendix G. To prepare the stock suspensions of AuNPs, the AuNP powder was added
into either ultrapure water (Millipore Simplicity, >18 MQ-cm) or dialyzed sodium phosphate
solution. The suspensions were sonicated in an ultrasonic bath (VWR, B2500A-MT) for 30 min.
After ultrasonication, the AuUNP suspensions were centrifuged at 9 000 rpm for 15 min
(Eppendorf 5417c centrifuge) to remove non-dispersive aggregates from the suspensions. Molar
concentration of AuNPs was derived after determining the mass concentration using a Perkin
Elmer ELAN 9000 inductively-coupled plasma mass spectrometer (ICP-MS) (Waltham, MA).
Bovine serum albumin (BSA, lyophilized powder, > 98%) was purchased from Sigma
and used without further purification. The stock solution of the proteins was prepared in 10 mM
sodium phosphate buffer solution (PBS) of pH 7.4 and stored at 4 °C, and the stock solution was
used within one week. Buffers at pH 7.4 were prepared using 10 mM sodium phosphate buffer

solution.

Dynamic Light Scattering

The size of the AuNPs was measured using the Malvern Zetasizer Nano ZS
(Worcestershire, U.K.) with a fixed detector angle of 173°. Specifically, at pH 7.4, the AuNP
stock suspension (~ 0.05 puM) was sequentially added with protein stock solution to reach a
series of final protein/AuNP molar ratio ranged from 1 to 20. The mixture was incubated for 30
min before DLS measurement and a total of 15 measurements were taken. The average

maximum size changes from duplicate experiment were used for comparison.

Circular Dichroism Spectroscopy
CD measurements were undertaken by a Jasco J-810 spectropolarimeter (Easton, MD)
with a 2 mm path length rectangular quartz cell at room temperature (22 °C). The CD spectra

were recorded from 190 to 260 nm and each spectrum was an average of 5 scans. The

53



concentration of BSA was fixed (0.75 pM for MUS type AuNP, 1.5 uM for MPA type AuNP),

and the AuNPs concentration ranged from 0 to 0.05 pM.

Fluorescence Quenching Measurements

Fluorescence measurements were performed on a HITACHI F-7000 fluorescence
spectrophotometer (Tokyo, Japan) with the use of a 1.00 cm path length rectangular quartz cell.
The spectra were recorded in the wavelength range of 310-500 nm upon excitation at 295 nm,
using 10 nm/10 nm slit widths, and each spectrum was an average of two scans. The
concentrations of BSA were set to be at 0.15 uM, and the concentration of AuNPs ranged from 0
to 0.004 uM for MUS-type AuNP, 0 to 0.0014 uM for MPA-type AuNP. Blanks corresponding
to the buffer were subtracted from the sample spectra to correct the fluorescence background
before performing the analysis. Duplicate experiments were conducted for each AUNP
concentration.

Since the AuNP concentrations were relatively low, where fluorescence quenching was
dominated by diffusive transport, a nonequilibrium model for the fluorescence quenching is
considered to be more appropriate (Dong et al. 2007; Lacerda et al. 2010). The Stern-VVolmer
model (equation (1)), which predicts the ratio Fo/F at low concentrations of quenching agents to
be linear, is the standard model for this regime. Thus, it was being used to analyze the
fluorescence intensity data.

=

2 =Lk 7o [ AUNP] =1+ Ky, [AUNP] (1)

where Fo and F are the maximum fluorescence intensities in the absence and presence of

AuNP, respectively, kg is the quenching constant, 7o is the lifetime of the fluorophore in the
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absence of quencher, Ksy is the Stern-Volmer fluorescence quenching constant, which is a

measure of the quenching efficiency, and [AuNP] is the quencher concentration.

Isothermal Titration Calorimetry

ITC measurements were performed on a MicroCal ITC200 system (GE Healthcare). BSA
was dialyzed overnight against 10 mM sodium phosphate buffer (renewed three times), and the
AuUNPs were dissolved in the last dialysate (sonicated, then centrifuged at 9000 rpm for 15 min).
A typical titration experiment involved 38 injections of BSA (titrant, 1 puL per injection from a
500 uM stock) at 150 sec intervals into the sample cell (volume = 200 pl) containing the AuNPs
solution (MUS - 7.03 uM, MUS/brOT - 8.43 pM, MUS/OT - 7.73 pM, MPA/brOT - 8.95 uM,
MPA/QOT - 9.3 uM). The reference cell was filled with 10 mM sodium phosphate buffer. During
the experiment, the sample cell was stirred continuously at 1000 rpm.

The heat of BSA dilution in the buffer alone was subtracted from the titration data (both
normalized to 0) for each experiment. The data were analyzed to determine the binding
stoichiometry (N), affinity constant (Ka), and other thermodynamic parameters of the reaction
using the coupled Origin software. The reported thermodynamic parameters were an average of

duplicate experiments.

Results and Discussion

Characteristics of the AUNPs

The synthesis and characterization of these AuNPs have been performed in previous
studies (Jackson et al. 2006; Uzun et al. 2008; Verma et al. 2008) (details are also available in
Appendix G). To ensure the uniformity of particle size and shape, the AuNPs were characterized

by TEM and DLS before use. TEM showed that the AuNPs are mostly spherical and slightly
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angular. Size distribution of the two types of AUNPs based on TEM image analysis can be found
in Appendix D and G. The physical and chemical characteristics of the two types of AuNPs were
presented in Table 4-1. TEM revealed that the three MUS-type AuNPs are similar in size. The
sizes of the two MPA-type AuNPs are similar to each other but slightly larger (~1 nm) in core
diameter than the MUS-type AuNPs.

As shown in previous studies using scanning tunneling microscopy, depending on the
types of self-assembled monolayer (SAM), the polar and nonpolar ligands can randomly
distribute or form alternating stripes on the surface of AuNPs (Jackson et al. 2006; Uzun et al.
2008). The combination of 11-mercapto undecanesulfonate (MUS) and 3,7 dimethyloctane 1-
thiol (brOT) forms a surface with randomly distributed ligands, the combination of MUS (or
MPA) and octanethiol (OT) leads to alternating polar and nonpolar stripes, and the dimension of
the stripes is dependent on the ratio of the MUS (or MPA) to OT. The head group spacing ranges
from 0.7 to 1.0 nm, depending on the core diameter and mixed ligand types and ratio. More
detailed information on the surface structure can be found in previous studies (Jackson et al.
2006; Uzun et al. 2008; Verma et al. 2008). The combination of mercaptopropionic acid (MPA)
and brOT has not been investigated with scanning probe microscopy yet, but there is no reason
to believe that it would have an ordered arrangement of ligands (Ghorai and Glotzer 2010; Singh

et al. 2007).
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Table 4-1 Physical and chemical properties of the two types of AuUNPs used in this study.

Coresize,  Hydrodynamic

s SO0l Loy o S
MUS 100% MUS 45+1.1 10.8+0.2
MUS/brOT 222;2 E/Irg'ls' 4,7+0.9 12.5+2.4
MUS/OT 632/%\/59? 3.9+0.8 9.4+1.0
MPA/brOT 2222 tl\)/lr(l:;f? 5.84+0.3 10.6 £0.4
MPA/OT GS%A%EI'A % :::Ji“/v\ 5.7+0.3 9.9+0.5

" based on 'H NMR analysis of ligands after gold core decomposition by KCN (except for
MPA/brOT) (Liu et al. 2012).

* Determined from TEM images and expressed as average diameter + standard deviation.

S Determined by dynamic light scattering with a fixed detector angle of 173° based on volume-
based size distribution.

Stability of the AUNP-protein Complexes

The hydrodynamic size change of the AuNPs following the addition of BSA was
monitored by dynamic light scattering and the results are presented in Figure 4-1A and Appendix
H. The size change due to BSA adsorption ranged from 5 to 8 nm, depending on the type of
AUNPs. Previous studies also reported a thickness change of 3 nm due to the coating of human
serum albumin (Rocker et al. 2009). These size changes suggested that the AuUNPs were probably
coated with a monolayer of proteins at pH 7.4.

Regarding the difference between different types of AuNPs, the first noticeable
difference was the larger size change for the AuNPs with stripe domain (MUS/OT) compared to

AuUNPs with all sulfonated alkanethiols (MUS) and AuNPs with randomly distributed MUS and
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brOT (MUS/brOT). Similarly, for the MPA-type AuNPs, MPA/OT has larger size increase than
MPA/brOT. The different size changes may possibly due to different protein geometries on the
AUNP surfaces or to different BSA affinities. Also there is a difference between the MUS-type
and the MPA-type AuNPs, in which the MUS-type has relatively larger size changes than the
MPA-type (see the isothermal titration calorimetry section below for further discussion of the
different scenarios).

Following the adsorption onto surfaces, proteins may experience different degrees of
conformational change, depending on proteins types and surface physicochemical properties
(e.g., surface curvature, functionality) (Lundqvist et al. 2004; Roach et al. 2005). The degree of
conformational change of the adsorbed proteins would influence the properties the AuNP-protein
complex. Therefore, to see whether there is a change in the secondary structure of BSA after
adsorption onto different AuNP surfaces, bound and unbound BSA were characterized by
circular dichroism spectroscopy and the results are shown in Figure 4-1B and Appendix I. There
was no significant change in the helicity of BSA in the presence of all types of AuNP, which

indicated that BSA maintained its secondary structure after adsorption onto all types of AuNPs.

Fluorescence Quenching

Fluorescence quenching is a highly sensitive, reproducible, and convenient tool for
identifying the binding sites and conformation changes of proteins upon association with small
molecules, NPs and membranes. The efficiency of fluorescence quenching of chromophores (e.qg.,
tryptophan, tyrosine, and phenylalanine residues) in proteins depends on the shielding degree of
the chromophores by the quencher, thus this technique is useful in revealing the relative
accessibility of AuNPs to the chromophore groups of protein (Lacerda et al. 2010; Sandros et al.

2005).
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Figure 4-1 Hydrodynamic diameter change of AuNPs due to the adsorption of BSA (A) and the
secondary structure of BSA following the addition of MUS-type AuNPs at pH 7.4.

In this study, the tryptophan (Trp) residues in BSA were selectively excited with an
excitation wavelength of 295 nm, at which competing fluorescence from tyrosine and
phenylalanine residues is much weaker. BSA has two Trp residues located in its lower
hydrophobic pocket in domain Il (Trp-213) and on the surface of the molecule in domain I (Trp-
134), respectively (Dong et al. 2007). Fluorescence emission spectra showed that all types of
AuUNPs quenched the fluorescence of BSA, and the fluorescence intensity decreased gradually
with increasing concentration of AuUNPs. More quantitative information can be extracted by
fitting the fluorescence quenching data with the Stern-Volmer model. The fitting by the Stern-
Volmer model to the fluorescence spectra is presented in Figure 4-2A and Figure 4-3A, Table 4-
2. The raw fluorescence emission spectra can be found in Appendix J.

All the kq values (bimolecular quenching constant) obtained here for the three types of
AUNPs were at least six orders of magnitude higher than the maximum value (10*° M™s™) for a

diffusion-controlled quenching process. This suggested that the Trp fluorescence was quenched
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by specific interaction between BSA and the AuNPs (i.e., static quenching was the dominant
mechanism, with the formation of bioconjugates). The Stern-VVolmer quenching constant (Ksy)
showed the different quenching ability of the three types of AUNPs. For BSA, the Ksy for MUS
and MUS/brOT were 2.13x10° M and 1.33x10° M, respectively, while it was about an order
of magnitude lower (8.95x10” M™) for MUS/OT. Similarly, between the two MPA-types of
AUNPs, MPA/brOT showed higher quenching capability than the striped MPA/OT.

The shifting of emission spectra due to adsorption of BSA on AuNPs was also evaluated
by a double wavelength method, in which the ratio of fluorescence intensity at 320 nm and 360
nm (F320/F3g0) Was registered and plotted against the concentration of AuNPs added (Figure 4-2B
and Figure 4-3B). As the slope of the ratio shown, F3,0/F3g0 increased gradually with increasing
concentration of MUS, MUS/brOT and MPA/brOT, while decreased slightly, if at all, with
increasing concentration of MUS/OT and MPA/OT. An increasing Fszo/Fsgo Suggests a blue shift
of the position of emission maximum, and blue shift was considered to be caused by the burying
of Trp in a more hydrophobic environment (Cukalevski et al. 2011; Dong et al. 2007). The slight
change of Fzp0/F3s0 in BSA-MUS/OT or MPA/OT indicates less alteration in the Trp
environment following adsorption compared to that of MUS, MUS/brOT and MPA/brOT
(further discussion of the cause and relevance to the interaction mode can be seen below).

The different fluorescence quenching efficiency of AuNPs with stripe-like domains
(MUS/OT or MPA/OT) from that of MUS and MUS/brOT or MPA/brOT reflects less shielding
of the Trp residues, confirming the DLS results that BSA may adsorb onto MUS/OT with a
different orientation. Figure 4-4 is a schematic portraying a possible geometrical arrangement of

BSA with respect to the MUS/brOT and MUS/OT particles based on the characterizations
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presented thus far. These conformations, or ones very similar, would explain the size differences

obtained with DLS, the persistence of BSA’s secondary structure as measured by CD
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Figure 4-2 Stern-Volmer plot (left) and the shift of Trp emission (right) for BSA in the presence
of increasing concentrations of MUS-type AuNPs.

3 1.00
® MPAbroT °
< MPAOT 0.95 - °
0.90 - °
® MPAbrOoT
081 4 & MPAOT
o
5
£ 0.80 *
RBoebe
Porst T,
@ o
0.70
0.65
0 T T J 0.60 T T T T T T T
0.000 0.005 0.010 0.015 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
AUNP (uM) AUNP concentration (uM)

Figure 4-3 Stern-Volmer plot (left) and the shift of Trp emission (right) for BSA in the presence
of increasing concentrations of MPA-type AuNPs.

Table 4-2 Fitting parameters of the Stern-Volmer model for BSA with different particles.

Types of NPs MUS MUS/brOT  MUS/OT  MPA/brOT  MPA/OT
Ksv (M) 2.13x10° 1.33x10° 8.95x10’ 1.97x10° 7.8x10’
kg (M's™) 4.26x10""  2.66 x10""  1.79x10"®  3.94x10'®  1.56x10"°
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spectroscopy, and the proximity of the fluorescent Trp residues to the particles found in the
fluorescent quenching experiments. BSA could attach its longest dimension onto the surface of
the MUS/brOT particles to attain maximum contact, which results in the shielding of Trp from
exposure to solution and tight interaction with the surface. This was the same as BSA adsorbed
onto MUS, as it has a homogeneously distributed sulfonated alkanethiols shell. At this point, we
shift from describing the geometrical conformation of the proteins to the binding affinity and

thermodynamics of this new orientation.

Figure 4-4 The proposed binding geometries for BSA and (A) MUS/brOT or MPA/brOT and (B)
MUS/OT or MPA/OT AuNPs based on DLS and fluorescent quenching measurements. NP and
protein size were not drawn to scale. The schematic illustration was to indicate the aspect ratio
but not exact binding residues (cartoons of AUNP and BSA were adopted and modified from
Verma et al. (Verma et al. 2008) and Dubeau et al. (Dubeau et al. 2010), respectively).

Isothermal Titration Calorimetry and Binding Thermodynamics of NP-Protein Interactions
Protein interaction with particle or surface is a complex process that involves various
non-covalent forces like including VVan der Waal force, hydrogen bonding, electrostatic and
hydrophobic interaction, the desolvation of both NPs and proteins and solvation of newly formed
complexes (De et al. 2007). Depending on the structure of the proteins and the properties of the

interacting surface, the relative importance of various forces is different. ITC is a useful
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technique in the characterization of protein-NP interaction, as it can directly measure the
enthalpy changes and binding stoichiometry between NPs and proteins in solution, from these
other thermodynamic quantities like binding constant, entropy and free energy change can be
derived (De et al. 2009; Lindman et al. 2007). This quantitative information, in combination with
other techniques, can reveal the mechanism of the interaction.

As can be seen from DLS and fluorescence quenching results, BSA may adopt different
orientations when adsorbed onto AuNPs with different surface properties. Accordingly, different
ITC heat profiles would result. As seen from the titration curves (Figure 4-5 and Appendix K),
the adsorption of BSA onto MUS/OT exhibited significantly different heat change profile from
the other two types (MUS and MUS/brOT), which have similar heat change profiles. The
complexation of BSA with MUS/brOT was consistently exothermic throughout the titration
process, while the complexation of BSA with AuNPs with stripe-like domains (MUS/OT) was
exothermic only at the beginning (when molar ratio of protein/AuNP is < 4). Similarly, the
complexation of BSA with MPA/brOT was also consistently exothermic throughout the titration
process, and the complexation of BSA with MPA/OT was exothermic at the beginning (when
molar ratio of protein/AuNP is < 2) and gradually changed to endothermic (Figure 4-6).

Interestingly, there is a small difference between the MUS-type AuNPs and MPA-type
AuNPs. Although the heat profiles were all consistently exothermic, MUS and MUS/brOT
showed an abrupt change at a molar ratio of 3, while MPA/brOT demonstrated no abrupt change.
Despite the similar trends between MUS/OT and MPA/OT, MPA/OT showed endothermic peaks
after the disappearance of exothermic peaks, while no endothermic process was observed for
MUS/OT. This difference may possibly due to the difference in the curvature and chemistry

between the MUS-type and MPA-type AuNPs (the MPA-type particles are 1 nm larger and the
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charged ligands are carboxyl-terminated instead of sulphonate-terminated. Besides, the
negatively-charged MPA is shorter than the nonpolar ligands for the MPA-type, while MUS is
longer than OT for MUS-type). Adjustment of the initially adsorbed BSA to accommodate
subsequent BSA adsorption or different interaction sites for later adsorbed BSA due to the
smaller size of MUS-type NPs compared to MPA-type NPs may be responsible for the abrupt
change observed.

Of all the heat profiles, only the complexation of BSA with MPA/brOT can be
satisfactorily fit by available models. It was fit to a model describing a single set of binding sites
and best-fit parameters were calculated using nonlinear least-squares fitting (Table 4-3). The
thermodynamic quantities showed that the adsorption of BSA onto MPA/brOT featured a

favorable enthalpy change (AH < 0), which was offset partially by an unfavorable entropy loss
(AS < 0), resulted in an overall negative free energy change (A G < 0). Considering that 67% of

the ligands are the carboxyl-terminated MPA, the adsorption of BSA onto MPA/brOT was
primarily driven by electrostatic interaction, and the binding sites were equivalent for all BSA
adsorbed on one NP surface (since the heat profiles was satisfactorily fitted to a model for the
single set of identical binding sites). Besides, a 5:1 binding ratio of BSA to MPA/brOT and a
binding constant of 7.86x10°> M™ were derived. Despite the small difference between the MUS-
type and the MPA-type, the overall similarity in heat profile and surface structure seems to
suggest that similar electrostatic-driven adsorption was likely to occur with MUS and
MUS/brOT.

The few exothermic peaks observed at the beginning of the BSA titration into MUS/OT
and MPA/OT are likely due to the BSA initially titrated, which may adsorb onto the charged

stripes mainly through electrostatic interaction. Due to the surface heterogeneity and inter-
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protein repulsion, affinity for electrostatic adsorption is smaller compared to that of MPA/brOT,

which would explain why the exothermic peaks decayed rapidly as a 2:1 molar ratio of BSA was
titrated. After that, the insignificant endothermic peak in MUS/OT or small endothermic peak in

MPA/OT would indicate the adsorption of BSA onto the surface with minimum contact, as the

fluorescence quenching result suggested.
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Figure 4-5 ITC data from the titration of 500 uM BSA into 8.4 uM MUS/brOT (left) and 7.7 uM
MUS/OT AuNP (right). Heat flow versus time during injection of proteins at 25 °C and heat
evolved per mole of added proteins (corrected for the heat of protein dilution) against the molar
ratio (protein/AuNP) for each injection are shown at the top and bottom, respectively (The data
corresponding to the heat of dilution of protein were shown in Appendix K).

The endothermic adsorption may involve an unfavorable enthalpy contribution (AH > 0)
and a large favorable entropy change (AS > 0) to have a negative free energy of association
(AG < 0). The positive enthalpy change and favorable entropy change (AS > 0) suggested the

disruption and release of water from the interaction process (De et al. 2007), which was
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associated with the adsorption of BSA onto the nonpolar stripes of the AuNPs. Previous studies
on these types of AuNP using molecular dynamic simulation demonstrated that hydrophobic
environment developed over the non-polar stripes (Kuna et al. 2009) and amphiphilic side chains
of lysine and arginine can direct the adsorption of proteins onto the polar and non-polar ligands

(Hung et al. 2013; Hung et al. 2011).
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Figure 4-6 ITC data from the titration of 500 uM BSA into 9.0 uM MPA/brOT (left) and 9.3 uM
MPAJ/OT (right). Heat flow versus time during injection of BSA at 25 °C and heat evolved per
mole of added BSA (corrected for the heat of BSA dilution) against the molar ratio (BSA/AuNP)
for each injection are shown at the top and bottom, respectively (The data corresponding to the
heat of dilution of BSA are shown in Appendix K).

Table 4-3 Thermodynamic quantities of BSA and MPA-type NPs interaction derived from ITC.

NPs Ks _ AG AH TAS
(x10°M™)  (kcal'mol™®) (kcal'mol™) (kcal-mol™)
MPA-brOT  7.86+0.34  -8.03+0.02 -28.10+0.80 -20.07+0.86 4.99+0.15
MPA-OT Heat profile could not be satisfactorily fitted by available models.

n
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Mode of Interaction

In line with the experimental evidence provided in this study, we propose that the
interaction between BSA and the striped AuNPs (MUS/OT and MPA/QOT) represents a special
case where the protein adopts a unique conformation at the surface of the AuNPs. Instead of the
typical hard protein corona observed in the literature for AuNPs mixed with proteins, this system
is composed of a weakly bounded protein cloud, indicated by the small contact and small heat
change observed. The likely cause of this new type of MUS/OT- or MPA/OT-BSA AuNP-
protein complex is the structured surface of the AUNPs, in comparison to the MUS/brOT AuNPs
(which only differs in surface composition) that did not exhibit the cloud type of adsorption. This
finding is different from results on the adsorption of transferrin onto sulfonated (PSOSO3H) and
carboxylated (PSCOOH) polystyrene NPs, in which two layers of transferrin were found to coat
on the NPs and the second layer of transferrin is “soft” while the first layer is still “hard” (Milani
et al. 2012). For the same particles in this study, different conformations have been previously
proposed for the globular protein cytochrome C and lysozyme in a simulation study (Hung et al.
2013; Hung et al. 2011). In these two studies, they found that the amphiphilic lysine and arginine
side chains of Cyt C and lysosome, respectively, were able to interact simultaneously with polar
and nonpolar surface ligands, and particles that exhibited close domains of each type of ligand
adsorbed the protein with a varied geometrical conformation.

For the BSA in this study, the mode of interaction with MUS/OT and MPA/OT may be
explained by the same phenomena, so that the nonpolar domains in MUS/OT and MPA/OT can
help to maintain the unhydrated regions of the protein. On BSA, there are arginine- and lysine-
rich positively-charged surface patches that are the possible sites of electrostatic interaction with

the MUS sulfonate ligand head group. Since the -SO3” and -CHj3 terminals on MUS/brOT and
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MPA/brOT surface are randomly distributed, MUS/brOT and MPA/brOT may behave like
particles with a homogeneously charged surface. Since the contact area between the protein and
the surface may be large enough to involve several charged and non-charged groups, the BSA
“sees” no difference on the surface of MUS/brOT or MPA/brOT. However, due to the nanoscale
striations of -SO3™ and -CHj; terminals on the surface of MUS/OT and MPA/OT, the cumulative
effects of the nonpolar groups cannot be neglected, as demonstrated in the study of structurally
heterogeneous surfaces by Kuna et al (Kuna et al. 2009). Thus, the adsorption of BSA onto
MUS/OT and MPA/OT surface will be a combination of both electrostatic and hydrophobic
interaction, rather than simply electrostatic interactions in the case of MUS or MUS/brOT or
MPA/brOT. As a result, the final configuration of the bounded BSA may also depend on spatial
restriction and inter-protein repulsion. It is likely that some BSA approached the charged stripes
of the AuNPs through electrostatic interaction with a smaller contact area than that with
MUS/brOT, and may lead to longer extension of BSA into solution and loose interaction with
MUS/OT and MPA/OT surface.

In spite of their overall similarity in chemical composition, difference between the
MUS/OT (MPA/OT) and MUS/brOT (MPA/brOT) indicated that structural organization of
surface functional groups is no less important than the surface chemistry in protein adsorption.
Despite some small difference, the overall similar phenomena observed in both MUS-type and
MPA-type AuNPs suggested that surface structure-dependent protein conformation could be
generalized regardless of the type of polar ligand used.

It would also be worthy to note that characteristics of the adsorbed proteins are also
important, as the heterogeneity on the particle surface is scale-dependent. Size and shape of the

protein would influence the scale of interaction. For example, the size and shape of proteins were
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found to determine the binding stoichiometry for the same types of NPs (De et al. 2009). In the
Hung et al. study, they also stressed the importance of the structural characteristics of the
particular protein under examination for the prevalence of the conformational change of the
protein upon adsorption to structured surfaces (Hung et al. 2011) .

These surface structure-determining protein coatings have important implications: 1)
surface of NP can be manipulated to selectively adsorbed proteins as the protein binding affinity
is determined by physicochemical interaction between them; 2) organization of the adsorbed
proteins would affect their activity, as the esterase activity results showed that BSA retained
higher esterase activity in the presence of MPA/OT than that of MPA/brOT (Appendix L).

Therefore, NP can be specifically designed to modulate the activity of adsorbed molecules.

Conclusion and Implications

The adsorption of BSA onto three MUS-type and two MPA-type AuNPs was studied
with a combination of DLS, CD spectroscopy, fluorescence quenching and ITC. The results
showed different protein adsorption behaviors depending on the surface ligand composition and
structure. BSA adsorption onto particles with nano-scale stripe-like polar and non-polar domains
behaved differently from AuNPs with randomly distributed mixing terminals, which was similar
to AuNPs with homogeneously charged terminals. The different binding modes affected protein
configuration and interaction affinity. Two different protein coatings, “protein corona” and
“protein cloud” were proposed for the tight and lose interaction scenarios. Results suggested that
both surface chemical composition and structure are important in determining the
physicochemical interaction between the proteins and AuNPs, and the resulting protein

organization on the surface. The results have important implications regarding the functionality
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of NP following their entrance into organism’s body and surface manipulation for specific

adsorption of biomolecules.
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CHAPTER FIVE

Nanoparticle Adsorption onto Bacterial Cells: Effects of Surface Heterogeneity

Abstract

The interaction between nanoparticles (NPs) and bacterium is relevant for the application
and toxicity of NPs. This study devoted to understand the effects of NP’s surface heterogeneity
and the roles of bacterial surface components on the interaction. Three types of gold NPs with
quantitative difference on in surface chemistry and structure were used. They were coated with
(1) one ligand with charged terminals (MUS), (2) two homogeneously distributed ligands with
respectively charged and nonpolar terminals (brOT) and (3) two ligands with respectively
charged and nonpolar terminals with stripe-like distribution (OT). Their adsorption on
Escherichia coli and Bacillus cereus was studied by batch adsorption experiment. OT showed
the fastest adsorption Kinetics, followed by brOT, then MUS, which agrees with the DLVO
theory. Proteins contribute to part of the surface active sites that were responsible for AuNP
adsorption. Different adsorption capacity of the three types of AuNPs may due to the relative
active site density and their different affinities to different types of AuNPs, reflecting the effects

of surface heterogeneity.

Introduction
Nanoparticle-bacteria interaction is of great relevance to the application and toxicity of
nanomaterials, disinfection (Panacek et al. 2006), biosensor (Phillips et al. 2008), and
nanoparticle (NP) formation (Mandal et al. 2006). Therefore, it is important to understand the

interaction mechanism between NPs and bacteria. Previous studies suggested that the interaction
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is controlled by the properties of both the NPs and the bacterial surface. NP adsorption kinetics
was shown to be controlled by the surface charge (Schwegmann et al. 2010) and size (Zhang et
al. 2011Db) of NPs, and the effects of these NP properties on adsorption kinetics generally agree
with the DLVO theory. The interaction with smaller energy barrier will adsorb faster than
interaction with larger energy barrier.

Bacterial surfaces are heterogeneous in terms of chemistry and organization. Chemically,
it consists of a wide range of biopolymers (e.g., lipopolysaccharides and peptidoglycan), and
usually have extracellular polymeric substances like proteins, polysaccharides and nucleic acids,
coated on the surface. The content and composition of these compounds modulate the surface
properties of the bacterial cells (e.g., charge and polarity) (Eboigbodin and Biggs 2008;
Karunakaran and Biggs 2011). Spatially, they are distributed unevenly over the bacterial surface
and anisotropically present in the three dimensional extracellular surface structure. This
heterogeneity is considered to be responsible for the different adsorption behavior observed in
bacteria, including contaminant adsorption and surface adhesion of bacteria (Camesano and Abu-
Lail 2002; Dorobantu et al. 2008; Ma et al. 2008; Ngwenya et al. 2003). For example, the
composition and content of acidic functional groups affect the adsorption of heavy metals (Fein
et al. 2001; Ginn and Fein 2008). Studies on bacteria surface adhesion revealed the different
functionality of various surface components, for example, lipopolysaccharides (Walker et al.
2004) and proteins (Tsuneda et al. 2003).

In the case of NP-bacterium interactions, the interaction is at the nanoscale. NPs are
relatively very small when compared to the bacterial cells, and comparable to sizes of surface
biopolymers (e.g., extracellular proteins have sizes around several to tens of nm). This means

that the interaction with individual NPs may exclusively involve one biopolymer molecule. Most
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of the previous studies on NP-bacterium interactions focused on the bulk behavior of interaction;
only few provided a detailed picture of the specific interactions between NPs and surface
components, and the physical and chemical states of NPs following attachment (Schwegmann et
al. 2010; Zhang et al. 2011b). A study on positively-charged NP adsorption on bacterial surfaces
observed patches of aggregated NP clusters and the strain-dependent clustering phenomenon is
considered to be mainly due to the differences in surface protein composition (Hayden et al.
2012). Further research is needed to quantitatively measure the relative contribution of these
surface components to and how bacterial surface features affect NP adsorption behavior.

In this study, we measured the adsorption behavior of three types of AUNPs onto two
bacterial strains. The three types of AuNPs are self-assembled-monolayer-coated gold
nanoparticles (AuNPs) with different surface compositional and structural heterogeneity. They
were chosen to test how surface heterogeneity on NP surface affects their adsorption behavior.
Escherichia coli and Bacillus cereus, were used as model gram negative and positive bacteria,
respectively. Their different surface physicochemical properties were ideal for comparison and
identification of bacterial surface effects. Adsorption on cells treated with trypsin was compared
with adsorption without treatment to identify the relative contribution of proteins on NP

adsorption.

Materials and Methods

Preparation of AUNPs Suspension

Three types of AuNPs used in this study are coated with (1) one ligand with charged
headgroups (11-mercapto undecanesulfonate, MUS), (2) a random distribution of both charged
and nonpolar headgroups (MUS and branched-octanethiol, brOT), and (3) an ordered pattern of

charged and nonpolar headgroups (MUS and octanethiol, OT). Their synthesis, characteristics
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and solution preparation can be found in previous studies (Huang et al. 2013a; Huang et al.

2013b; Uzun et al. 2008; Verma et al. 2008).

Bacterial Adsorption Experiment

E. coli K12 and B. cereus cells were grown in Luria-Bertani (LB) medium at 30°C with
shaking until late exponential growth phase. The cells were washed three times with phosphate
buffer (10 mM, pH 7.4) and resuspended in the buffer solution to reach a concentration of
approximately 4x10® CFU/mL and 2x10® CFU/mL for E. coli and B. cereus, respectively.

For the adsorption kinetics experiments, AuNPs and bacterial cells were mixed in 15 mL
polypropylene centrifuge tubes. Five mL of the cell suspension were transferred into the tubes
and adsorption experiments were started by adding 100 pL of the AuNP stock solutions to each
tube. The final AUNP concentration was around 2.5 mg/L in [Au®]. Adsorption Kinetics was
quantified by measuring the decrease in suspended AuNP concentration. 350 pL solution was
sampled at different time intervals and centrifuged at 6000 rpm for 5 min (Eppendorf 5417¢c
centrifuge) to separate the suspended AuNPs from E. coli cells (with or without adsorbed NPs).
200 pL of supernatant was pipetted into new clean 15 mL polypropylene centrifuge tubes and
was digested by Aqua regia before ICP-MS analysis.

For the adsorption isotherm experiments, E. coli and B. cereus cell concentrations were
maintained at around 4x10® CFU/mL and 2x10® CFU/mL, respectively. The AuNP
concentrations were varied from 1.2 to 12.0 mg/L in [Au"]. Based on the adsorption Kinetics
experiments, the adsorption was stopped after 2 hours when equilibrium has been reached.
Similarly, 350 uL of each solution was sampled and centrifuged, then a certain volume of
suspension (depending on the initial Au concentration) was transferred into a new 15 mL

polypropylene centrifuge tube for digestion and analysis as described above.

74



Trypsin Treatment

E. coli and B. cereus cells were treated with trypsin, a proteolytic enzyme, to remove
some envelope proteins present on the cell surfaces. In brief, late exponential phase cells were
harvested and washed in phosphate buffered saline (PBS, pH 7.4). Cells were resuspended in
either sterile PBS (untreated control) or fresh 1 g/L trypsin in PBS (treated) and shaken for 2
hours at 37°C. After the incubation, the cells were washed in phosphate buffer and resuspended
to a final concentration of 4x10® CFU/mL and 9x10” CFU/mL for E. coli and B. cereus,
respectively. Two AuNP concentrations were used: 1.46+ 0.03 and 3.01+ 0.04 mg/L Au®. The

sampling and analysis were the sample as adsorption isotherm experiment.

Data Analysis

Mean comparison was tested by two-sample T-test for independent samples.

Modeling of NP adsorption kinetics and isotherm was based on Park et al. (Park et al.
2009). Specifically, adsorption kinetics of the AuUNPs was modeled by a first order chemical
reaction with rate constant Kops:

6,=0,(1-e"")

Where 6; is the number of adsorbed AuNPs (#/cell) at time t, 6., is the number of
adsorbed AuNPs (#/cell) at infinite time, and ks is the rate constant.

Adsorption isotherm was modeled using the Langmuir adsorption isotherm

_ emaxKLCe
14K,

Where Geqm is the number of adsorbed AuNPs at equilibrium (#/Cell) for different initial
applied concentrations; 6nax is the maximum adsorption capacity of the NPs at equilibrium, K is

the Langmuir equilibrium constant (L/mg), which equals the ratio of adsorption and desorption
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rate constants, and Ce is the equilibrium concentration of the NPs in solution (mg/L in [Au™]).

Rearrangement of the Langmuir equation into a linear form gives

Results and Discussion

Adsorption Kinetics

The unbound suspended AuNP concentrations over time are presented in Figure S5-1.
The adsorbed AuNPs per cell over time was modeled and shown in Figure 5-1, with the fitting
parameters shown in Table 5-1. The relative adsorption kinetics of the three types of AuNPs is
similar for E. coli and B. cereus, with OT particles being the fastest to adsorb onto the bacterial
cells, followed by brOT and MUS (Figure 5-1 and Appendix M). Adsorption Kinetics of particles
is mainly determined by its diffusion coefficient (related to its size and density) and the
interaction energy between the particle and the surface. Due to their similar size, it is the
difference in the interaction energy that caused the difference in the adsorption kinetics (please
refer to Chapter two for more detailed discussion).

The most distinct difference between E. coli and B. cereus is that Gram-positive bacteria
(B. cereus) have much thicker peptidoglycan cell wall layers and no outer membrane external to
this structure (but with membrane proteins and teichoic acid) (Scott and Barnett 2006). If
extracellular polymeric substances present, there also may be a difference in the types and
relative abundance of polysaccharides or proteins (Bayer and Sloyer 1990). The ionized amine,
phosphoryl and carboxyl groups on these compounds are responsible for the surface charge on
bacterial surface, thus there is a difference in the surface charge of the two bacteria (Figure 5-4)

(Lytle et al. 2002; Wilson et al. 2001). Since the surface charges of both bacteria are all negative
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and similar to that of AuNPs, AuNP adsorption on both bacteria is similarly through unfavorable
deposition and against the overall electrostatic repulsion. Therefore, the adsorption kinetics for
the three types of AuNPs on B. cereus follows the same order as that on E. coli. Due to the
different cell concentrations used, it is not appropriate to directly compare the parameters

between the two types of bacteria.
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Figure 5-1 Adsorption kinetics of three types of AuUNPs expressed as number of NPs per cell,
onto E. coli (A) and B. cereus (B), error bar represent the variation of duplicate samples.
Concentration of E. coli and B. cereus cell was 4.2 x 10% and 1.6 x 10® cell/mL, respectively. E.
coli adsorption data was based on Huang et al. (Huang et al. 2013a).

Table 5-1 kqps and 8., Values determined from three AuNPs adsorbed on E. coli and B. cereus.

E. coli B. cereus
Type of 900 I(obs R2 900 kobs R2
NPs percell  (x102s%) percell  (x102s%)

MUS 4390+428 2.27+0.36 0.95 3787+120 7.70+4.14 0.50
brOT 5580+500 3.13+0.49 0.90 6760+£821 4.54+1.65 0.83
oT 6290+137 3.33+0.11 0.99 6943+595 5.55+1.23 0.85

It is worthy to note that the adsorption equilibrium in the B. cereus experiment was
achieved within the first 60 minutes but disrupted after 2 hours, with more particles being

removed from the suspension (Appendix M). Possible causes for this phenomenon may be
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enhanced adsorption due to a change of the surface properties of B. cereus (e.g., secretion of
more extracellular polymeric substances), or even cellular uptake of the particles. Further

experiments are needed to understand this phenomenon.

Adsorption Isotherm

The equilibrium adsorption capacity (number of NPs/cell) after 2 hours of adsorption as a
function of equilibrium AuNP concentration was presented in Figure 5-2A, and these data were
transformed and fit with the linear Langmuir adsorption isotherm (Figure 5-2B, Table 5-2). As
the results shown, the data were satisfactorily fit by the Langmuir isotherm (R? > 0.94), and the
maximum NP adsorption capacity was approximately 4000, 7000 and 8000 NPs/cell for MUS,
brOT and OT, respectively. Considering the size of E. coli cells (1 pm in width x 3 um in length)
(Velegol and Logan 2002) and AuNPs (& = 7.5 nm), a monolayer coverage of the cell surface
would need at least 10° NPs. Even for the AuNPs with the largest affinity (OT), its surface
coverage is smaller than 10%. Therefore, instead of random adsorption and aggregation on the
surface, the NPs are likely to adsorb specifically on certain sites of the bacterial surface (e.g.,

positively-charged patches on proteins), which resulted in the Langmuir-type isotherm.
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Figure 5-2 Adsorption isotherm (A) and with linear Langmuir isotherm fitting (B) of the three
types of AuNP onto E. coli cells, error bar represent the variation of duplicate samples.
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Table 5-2 Fitting parameters for Langmuir adsorption isotherm for E. coli.

Types of AUNP MUS brOT oT
0 max (NP/Cell) 3730256 70221225 79744584
KL (L/mg) 1.24+0.16 0.76+0.02 0.85+0.10
R 0.94 0.99 0.96

The differences in adsorption capacity for the three types of AUNPs may be associated
with their different affinities to the actives sites. Our previous study showed that the interaction
(e.g., binding stoichiometry) between these AUNPs and common serum proteins depends on their
surface properties and the protein types (Huang et al. 2013b). As there is a variety of proteins of
varying abundance on a bacterial surface (Eboigbodin and Biggs 2008; Karunakaran and Biggs
2011), it is likely that some of the proteins have higher affinities with OT than with the other two
types of AuNPs. Some of the active sites for OT particle may not be active for brOT or MUS if

their affinity is relatively smaller for brOT or MUS.

Effects of Trypsin Treatment

As hypothesized above, AuNP adsorption is likely to occur through specific interaction
with certain active sites on cell surface. These active sites are possibly positively-charged
patches of proteins. As our previous study shown, these AuNPs can interact with overall
similarly-charged serum proteins through electrostatic interaction (Huang et al. 2013b). To test
this hypothesis, AUNP adsorption on bacteria with and without trypsin treatment was performed.
Trypsin is a protease that can hydrolyze proteins, and is commonly used to digest surface
proteins of bacterial cells (Rosenbusch 1974). Therefore, it was used herein to reduce the protein
content on the bacterial cell surface, which allows us to investigate the role of surface proteins in

NP adsorption. As the result shown, trypsin treatment significantly reduced the adsorption of all
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types of AuNPs (> 50%) (Figure 5-3). Trypsin treatment only hydrolyzed proteins and did not
significantly change the physiological condition of the bacteria (Inouye and Yee 1972), surface
proteins may significantly contribute to the adsorption of AuNPs (Figure 5-3). However, while
previous studies have shown that approximately 40% of E. coli surface proteins may be removed
by trypsin treatment (Inouye and Yee 1972), the absolute fraction and identities of surface-
exposed proteins that were digested by trypsin treatment is unknown. Therefore, it may not be
accurate to conclude that the reduced proportion of AuNP adsorption after trypsin treatment was

solely due to the reduction of surface proteins.

I Control-1
5000 - [ Jtrypsin-1
I Control-2
N trypsin-2
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MUS brOT oT
Type of AuNPs

Figure 5-3 AuNP adsorption on E. coli with and without trypsin treatment, initial AUNPs
concentration was 1.46+ 0.03 and 3.01+ 0.04 mg/L Au® for concentration 1 and 2, respectively.
Error bar represent standard deviation (n = 3).

The electrophoretic mobilities of the bacterial cells with and without trypsin treatment are
presented in Figure 5-4. After trypsin treatment, the electrophoretic mobility value decreased
(statistically significant, P<0.05, T-test), although the difference was small. Even though there

was only a slight change in the bacterial surface charge, the adsorption capacity of AuNPs varied
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by more than 50% (Figure 5-3). This suggests that the final attachment of the AuNPs depends on
the available active sites and their affinities with the NPs, but not the overall interaction energy
barrier between the AuNP and bacterial surface (which will not be significantly different before

and after trypsin treatment considering the EPM values).
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Figure 5-4 EPM of the bacteria with and without trypsin treatment, error bar represent standard
deviation (n = 3).
Mechanism of Interaction

Based on the above results and analysis, AUNP deposition onto bacterial cell may follow
the following processes (Schematic diagram depicting the interaction was present in Figure 5-5).
First step, diffusion from bulk solution to the vicinity of cell surface, the diffusion rate and the
possibility to overcome the interaction energy barrier to attach onto surface depends on the
magnitude of the energy barrier, with OT the smallest, followed by brOT, then MUS (based on {-
potential value). This explains why OT has the highest adsorption rate and MUS the smallest.

Second step, there are adsorption and desorption simultaneously going on following the diffusion,
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the rate of adsorption and desorption depends on the available active sites on the bacterial
surface and the nature of interaction, equilibrium reached when irreversible adsorption rate
equals desorption rate. There may be more active sites, or some sites have higher affinities for

OT than brOT or MUS, which leads to its highest adsorption capacity among the three.
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Figure 5-5 Schematic diagram of NP adsorption onto bacterial cell, the color symbols of
different shapes represent different proteins and the long chains represent lipopolysaccharides.

Conclusions and Further Work
This study investigated the adsorption kinetics and adsorption isotherm of three types of
AuUNPs with different surface properties onto bacterial cells. Results suggested that the
adsorption kinetics was controlled by the total interaction energy, which can be explained by the
classical DLVO theory. The Langmuir-type adsorption isotherm indicated that AUNP may
specifically interact with active sites on bacterial surface. These active sites may partly be

positive patches on proteins, as supported by the trypsin experiment.
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Further experiments are needed to visualize the NP-bacteria interaction, in order to see
the physical states of the AUNP and confirm whether there is AUNPSs penetration into the cells.
More characterizations on bacterial surface with and without trypsin are also needed to
quantitatively understand the relative contribution of proteins and other components to AUNP

adsorption.
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CHAPTER SIX

Conclusions, Implications and Future Research

Conclusions

This dissertation systematically investigated the effects of surface heterogeneity on the
colloidal stability, proteins adsorption and bacterial interaction of self-assembled monolayer
coated AuNPs.

In the case of self-aggregation, to test the applicability of the DLVO theory, the colloidal
stability of these AUNPs was correlated with their electrokinetic properties and surface chemistry.
brOT NPs have less negative EPM values, smaller CCC and faster adsorption on E. coli than that
of MUS NPs, which agree with the DLVO prediction. However, OT NPs have less negative
EPM values and faster adsorption, but much larger CCC compared to brOT, which can not be
explained by the DLVO theory. The deviation of OT NPs from DLVO prediction is likely due to
its nano-scale striped surface, which leads to complex EDL structure and interfacial forces when
compared to that of NPs with homogeneous surface. The result suggests that, direct comparison
of the {-potential of different NPs should be made with cautions, and the electrokinetic properties
and colloidal stability of NPs are controlled not just by their surface chemistry, but also the
organization of different functional groups.

The hetero-interaction between these AUNPs and two common serum proteins (ubiquitin
and fibrinogen) with different sizes and shapes was investigated. Both ubiquitin and fibrinogen
can adsorb onto the three types of AuNPs at pH above and below the IEPs of the proteins, and
the interaction may be predominantly electrostatic and through some positive patches of the
proteins. At pH above the IEPs, when the surface charge of the AuNPs and the proteins are
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similar, the interactions were found to be influenced by the surface chemistry and structure of the
AUNPs and the size of the proteins, in a scale-dependent manner. There was no significant
difference between the three types of AUNPs with respect to their interaction with fibrinogen
(binding ratio and interaction thermodynamics). However, there was a difference between these
AUNPs in their interaction with ubiquitin, due to the comparable size of the contact area and the
surface features.

The surface-dependent protein adsorption behavior was further manifested in the case of
BSA. BSA adsorbed monotonously through electrostatic interaction onto the surface of MUS
and brOT, while through more complex interaction onto OT surface due to its nano-scale
heterogeneous surface. Fluorescence quenching experience indicated that the conformation of
the BSA molecules surrounding OT particle was different from that of MUS and brOT. BSA
possibly adapted an “end-on” conformation on OT surface, while a “side-on” conformation on
MUS or brOT surface, which lead to two different types of protein coronas. This surface-
dependent interaction behavior was also observed in AuNPs with similar surface structure while
substituted with a different polar terminal.

Deposition kinetics of MUS, brOT and OT NPs on bacterial cells were in agreement with
the DLVO prediction, in which the magnitude of electrostatic repulsion governs the diffusion
rate of the AuNPs onto cell surface. Their adsorption isotherm on E. coli was satisfactorily fitted
by the Langmuir isotherm, suggesting that they specifically interacted with some active sites on
bacterial surface. These active sites were contributed partly by proteins as supported by trypsin
treatment experiment. The different adsorption capacities of the three types of AuNPs reflect the

effects of surface heterogeneity on the affinities between AuNPs and surface active sites.
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Implications

Surface heterogeneity is ubiquitous in natural environment and engineering system. To
understand the transport, fate and effects of NPs, it is important to understand how this surface
property affects the interfacial processes that control the behavior of NPs. Despite its importance,
surface heterogeneity has been relatively less studied. The results from this dissertation filled this
gap and improved our understanding on the interplay between surface chemical and physical
heterogeneity and its effects on representative interfacial processes.

Traditionally, -potential is an important parameter in surface science that is commonly
used for direct comparison of stability between different particles. Results from the colloidal
stability study (Chapter 2) provided guidance for the appropriate use of {-potential. When
surface property of different particles is significantly different, the direct comparison of (-
potential between different particles and quantitative use of (-potential (e.g., for electrostatic
interaction calculation) may not be accurate. Surface characterization may be needed to
complement the use of -potential.

Results from the protein adsorption study manifested the delicate control on interfacial
processes by surface properties. Even subtle change on surface chemical and physical properties
may result in different adsorption behavior. Therefore, results from this dissertation provided
guidance for material scientists to design surface for specific purposes. For example, this
dissertation identified factors that are crucial for the synthesis of nanomaterials with the

capability to specifically adsorb biomolecules.

Future Research
One of the current challenges on this topic of research is to experimentally observe the

distribution of water and ions at the solid-liquid interface. The advancement in instrumentation
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together with theoretical and computational analyses may provide complementary information
that is critical for a better understanding of surface-dependent EDL.

NPs with broader variation in surface heterogeneity (surface composition and
organization) are needed to help establish quantitative relationship between observed phenomena
and variables. NPs with more complex surfaces are also needed to better represent surfaces

found in the natural environment.
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APPENDIX A

Derjaguin - Landau - Verwey - Overbeek (DLVO) Theory

Particle-particle interaction and particle-surface interaction in an electrolyte solution have
been described by the classical DLVO theory. According to the DLVO theory, the overall force
between particle-particle (or particle-surface) is determined by the sum of Van der Waals
attraction (V) and electric double layer interaction (Vep) (Verwey 1947). Both V4 and Vep, are
critically affected by solution chemistry (e.g., pH and ionic strength) and nature of the materials.
Solution chemistry, like pH, would determine the surface potential (or charge) while the ionic
strength would control the extension of the electrical double layer which is quantified by the
Debye length (the thickness of an electrical double layer). The material determines the Hamaker
constant and surface charging used in the calculation of V4 and Vgp,.

VDW forces comprise of three major forces known as Keesom interaction (permanent
dipole/ permanent dipole interactions), Debye interactions (permanent dipole/induced dipole
interactions) and London interactions (induced dipole/induced dipole interactions). Explicit
expressions have been derived for these forces at atomic interaction, and they have an inverse
power dependence on the separation (x", n depends on the type of force) (Hiemenz 1997). Due
to their origins, they are always present and play an important role in interfacial interactions, and
different approaches are available to calculate the VDW forces between macro objects as a
function of separation distance (Gregory 1981). For example, for two spheres of equal radius, a,
at a surface separation distance, x, the total interaction energy, Va is given by

VR P [ SR s )2+|n{1-(4—a2ﬂ

6 | X +4ax (x+2a x+2a)2

89



where Ay is the Hamaker constant, which depends on both the material of the spheres and
medium. Thus, Va decays rapidly with separation distance.

Particles (or plate surface) dispersed in water and other liquid of high dielectric constant
usually acquire surface charge by mechanisms like ionization or dissociation of surface groups
and preferential adsorption of ions from solution. In order to attain electrical neutrality, the
excess of ions of one sign on the particle surface must be equilibrated by an excess of ions of the
opposite sign in the surrounding solution. As a result, an electrical double layer (EDL) is formed.
Two classical models describing the EDL are the Gouy-Chapman model and the Stern (triple
layer) model (Figure A). The Gouy-Chapman model assumed that electrolyte is an ideal solution
with uniform dielectric properties, the ions are point charges, and the diffusion layer begins from
solid surface. While the Stern model considers the finite size of ions and the specific adsorption

of ions at the interface, the diffusion layer begins from the boundary of the Stern layer.
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Figure A Gouy-Chapman model (left) and Stern model (right) for electrical double layer
structure developed at a negatively-charged surface.
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According to the Gouy-Chapman model, the average charge distribution within the EDL
and the corresponding electrical potential function is related by the Poisson-Boltzman equation

(PBE) (Hiemenz 1997):

where v is the electrical potential, n® is the number density of ions of valence z;, kg is the

Boltzman constant, T is the absolute temperature, ¢y is the permittivity of vacuum, and & is the
relative permittivity.

The solution of the PBE depends on the boundary conditions like geometry of the surface
and the nature of surface (constant charge surface or constant potential surface).

The analytical expression for inter-particle electrostatic interaction energy (between
unequal particles with radius of a; and a,) at low surface potentials and symmetric electrolytes

based on the linear superposition approximation (LSA) is

a, (KTY
V., =64me,e, 1% (—] e
a +a,\ ze

k™ is Debye length, d is inter-particle distance, T is the reduced surface potential expressed as I
= tanh(zey/4kgT) (Gregory 1975).

Although the DLVO theory has been widely and successfully applied to explain colloid
stability in a semi-quantitative manner, its applicability is limited in many occasions. First of all,
the mathematical formulation of these interactions was based on simplified models that may not
accurately represent the surface nature. For example, the Gouy-Chapman model for electrostatic
interaction calculation does not consider the infinite size of ions, surface-dependent ion behavior
in the vicinity of the surface, and the anisotropy of ion distribution at the interface when the
surface is heterogeneous. There have been efforts to improve these models by including the role
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of ion size and hydration, surface charge and polarity (Parsons et al. 2010; Schwierz et al. 2010).
Besides, it oversimplifies the interaction by considering only the VDW and electrostatic
interaction. In many cases, there are also non-DLVO forces, like steric force, oscillatory force,
hydration force and hydrophobic interaction (Israelachvili 2011). Their relative contribution to
the total interaction may increase when the complexity of surface increases. To better describe
the stability of colloid and NPs, extended DLVO theories including non-DLVO forces have been
developed (Grasso et al. 2002; Hoek and Agarwal 2006; Manciu and Ruckenstein 2001; Pashley

1981).
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APPENDIX B

Dynamic Light Scattering

In essence, DLS determines the size of particles by correlating it with the fluctuation of
scattered light intensity due to Brownian motion. The deduction of particle’s hydrodynamic size
was briefly described as follows (Berne 1976). A decay constant I (sec™) characterized particle
movements is calculated from optical autocorrelation functions that derived from the scattered
light measured and the particle movement. The diffusion coefficient D was then obtained based

on the following equations:

Where n is refractive index of the material, A is wavelength of the light source and & the
scattering angle. g reflects the distance that the particle travels.

The diffusion coefficient is then translated into the hydrodynamic diameter of the particle
through the Stokes-Einstein equation as follows:

R, - KT
671D

where Ry is the hydrodynamic diameter, # is viscosity, kg is Boltzmann constant, and T is

temperature.

93



APPENDIX C

Isothermal Titration Calorimetry

An ITC instrument mainly consists of: a reference cell and a sample cell installed in an
adiabatic jacket, a syringe controlling the titration of ligands (protein in this case) into a
suspension of NPs, and a feedback system that controls the heat compensation and records the
heat profile in real time (Figure C) (Pierce et al. 1999). During a typical titration experiment,
each injection of the ligand solution (from the syringe) initiates the binding reaction, forming a
certain amount of NP-protein complex depending on the binding affinity and the concentration
of reactants (NPs and ligand) in the cell. The forming of a complex is usually accompanied with
heat absorption (endothermic reaction) or heat release (exothermic reaction), depending on the
types of interfacial interaction involved and their relative contribution. The heat exchange will
cause a temperature difference between the reference cell and the sample cell, then the feedback
system compensates the temperature imbalance by lowering or raising the thermal power applied
to heat the cells. After each injection, the system will reach equilibrium and the temperature
balance is restored within a certain time before the start of next injection. As a result, the

recorded signal shows an interval-peak pattern.
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Figure C Schematic diagram of an ITC setup (left) and representative result and analysis (right).

Depending on the nature of interaction, the heat profile can be endothermic or exothermic,

or even a combination of these two. There are several models available for fitting the heat

profiles and provides quantitative thermodynamic parameters, such as one-site (n identical sites),

two-site (two independent sites), and sequential sites models (Freyer and Lewis 2008). For

ligands bind to a homogeneous particle surface, of which the nature of binding site and reaction

are similar, the one-site model will be suitable in this case. If the surface is heterogeneous and

with independent sites for ligand to bind, two-site or sequential sites model can be used.
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APPENDIX D

Size Characterization of MUS, brOT and OT Particles

[—T

Figure D1 Representative TEM images of the MUS, brOT and OT AuNPs (from left to right).
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Figure D2 Size distribution of the three types AuNPs expressed in number fraction.
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Volume-based size distribution
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Figure D3 VVolume-based size distribution of the three types of AUNPs from DLS measurement.
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APPENDIX E

Representative Aggregation Profiles of AUNPs in a Range of NaCl Concentration
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Figure E Representative aggregation profiles of MUS (left) and OT (right) obtained from time-
resolved DLS measurements over a range of NaCl concentrations. The CCC uncertainty was
found to range from 250 mM to 350 mM and 800 mM to 1200mM.

98



APPENDIX F

ITC Results on the Interaction between AuNPs and Ubiquitin or Fibrinogen.
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Figure F1 ITC data from the titration of 100 uM ubiquitin (left) and 80 uM fibrinogen (right)
into 10 mM phosphate buffer (pH 7.4). Heat flow versus time during injection of proteins at
25 °C and heat evolved per injection of proteins was present above and below respectively.
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Figure F2 ITC data from the titration of 1 mM ubiquitin into 8.4 uM 66-34 brOT (left) and 7.7
uM 66-34 OT (right) AuNP. Heat flow versus time during injection of proteins at 25 °C and heat
evolved per mole of added proteins (corrected for the heat of protein dilution) against the molar
ratio (protein/AuNP) for each injection are shown at the top and bottom, respectively.
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Figure F3 ITC data from the titration of 0.08 mM fibrinogen into 8.4 uM 66-34 brOT (left) and
7.7 uM 66-34 OT (right) AuNP. Heat flow versus time during injection of proteins at 25 °C and
heat evolved per mole of added proteins (corrected for the heat of protein dilution) against the
molar ratio (protein/AuNP) for each injection are shown at the top and bottom, respectively.
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APPENDIX G

Synthesis and Size Characterization of MPA/brOT and MPA/OT Particles

Synthesis of MPA/brOT and MPA/OT Particles

0.9 mmol of gold salt (HAuCl,) was dissolved in 150 mL ethanol and the reaction vessel
was put in an ice bath. All solvents were purged with nitrogen gas for at least 30 minutes prior to
use in this protocol. 0.75 mmol of the desired thiol ligand mixture (66MPA-340T or 66 MPA-
34brOT) was added while stirring the solution. After 5 minutes, 1 g of sodium borohydride
(NaBH,) was dissolved in 150 mL ethanol and subsequently added drop wise to the gold-thiol
mixture over a period of 1 h. The resulting solution was heavily stirred for 2 h and transferred to
a refrigerator overnight for particle precipitation. The supernatant was removed and the pellet
was washed via centrifugation with ethanol, methanol, and acetone, in order to remove unbound
ligands. 30 mg aliquots of NPs were dissolved in ultrapure water (MilliQ) and then transferred to
centrifugal filter units (Millipore Amicon Ultra, regenerated cellulose, 3,000 Da MWCO) and
spun for 15 minutes at 4000 g. This washing procedure was repeated for each aliquot up to 5
times. The resulting NPs were crashed out with a non-solvent, acetone, under ultracentrifugation

at 300,000 g for 30 minutes. The pellet was dried overnight under high vacuum.
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Figure G2 Hydrodynamic size distribution of the two types of AuNPs measured by DLS.
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APPENDIX H

Size Change of MUS, brOT and OT Particles in the Presence of Different Concentrations of
BSA

Size change of AuNP in the prescence of BSA
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Figure H Hydrodynamic size change of three types of AuNPs in the presence of a series
concentration of BSA.
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APPENDIX |

The Secondary Structure of BSA in the Presence of MPA-type AuNPs
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Figure | The secondary structure of BSA following the addition of MPA-type AuNP at pH 7.4.
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APPENDIXJ

Fluorescence Quenching of BSA by AuNPs
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Figure J Tryptophan fluorescence emission of BSA in the presence of varying AUNP
concentration (0~0.004 uM).
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APPENDIX K

ITC Results for BSA-MUS AuNP interaction.
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Figure K ITC data from the titration of 500 uM of BSA into 10 mM 7.4 phosphate buffer
(left) and into 7.03 uM MUS AuNP. Heat flow versus time during injection of proteins at
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APPENDIX L

Measurement of the Esterase Activity of BSA

Esterase activity of BSA in the absence and presence of AuNPs was determined
using 4-nitrophenyl acetate (Sigma Aldrich) as the substrate. The formation of 4-
nitrophenol was monitored at 400 nm by using a UV-visible spectrophotometer
(Agilent 8453, CA, USA). The 2 ml reaction mixture (10 mM phosphate buffer at pH 7.4)
contained 100 uM 4-nitrophenyl acetate, 2.5 pM BSA and various concentrations of
AuUNPs, the reaction was initiated by the addition of 4-nitrophenyl acetate. Adsorption
due to 4-nitrophenol formation was calculated from the adsorption of the mixture at 5
min subtracted the adsorption before substrate addition. Enzyme activity was defined as
moles of 4-nitrophenol formed per min. A molar extinction coefficient for p-nitrophenol
of £ =17 700 M™* -cm™ was used for the p-nitrophenol calculation.

Evaluation of the effects of AUNPs complexation on BSA functionality was done
using the well-established esterase activity assay. The catalytic function of Tyr-411 in
BSA is considered to be responsible for the esterase activity of serum albumin, and
factors that influence the local environment of this site will affect the catalytic activity
(Sakurai et al. 2004).

It is showed that the esterase activity of BSA was inhibited by AuNP adsorption,
and the degree of inhibition increased as AuUNPs concentration increased (Figure L).
Overall, MPA-brOT inhibited more than MPA-OT. Two possible factors may contribute
to the difference in the inhibition between MPA-brOT and MPA-OT: 1) the different

affinity of BSA to these AuNPs; 2) the different conformations of the complex BSA
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between the two types of AuNPs. Considering the larger size increase in BSA-MPA-OT
complexation, the number of BSA on MPA-OT should not be less than that in BSA-
MPA-brOT. Therefore, the activity difference is more likely due to different
conformations of BSA on the surface of AuNPs. First of all, side-on orientation adopted
by BSA on MPA-brOT lead to tighter interaction and higher degree of alteration of
protein structure (possibly tertiary, if not secondary at pH 7.4), compared to end-on
orientation on MPA-OT. Secondly, side-on orientation is more likely to shield the active
site (Tyr-411) from interaction with the substrates than the end-on orientation, due to

large contact area (similar to fluorescence quenching).

100 -

I BSA+MPAbrOT
1 BSA+MPAOT

Relative activity (%)

0.018 uM 0.036 uM
AUNP concentration (uM)

Figure L Effect of MPA/brOT and MPA/OT on the esterase activity of BSA, the activity
was expressed as the activity relative to that of free BSA without the presence of AUNPs
(error bar represent standard deviation, n = 3).
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APPENDIX M

AuNP Adsorption Kinetics onto E.coli and B.cereus cell
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Figure M Unbounded AuNP concentration in suspension during the adsorption Kinetics
experiment of E. coli (A) and B. cereus (B). Concentration of E. coli and B. cereus cell
was 4.2 x 10® and 1.6 x 10° cell/mL, respectively. E. coli adsorption data was based on
Huang et al. (Huang et al. 2013a).
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