ABSTRACT

MERTENS, BRITTANY SEDZIOL. New Colloidal Approaches for Human Norovirus
Cleanup and Inactivation using Surfactants and Copper lon-based Disinfectants. (Under the
direction of Dr. Orlin D. Velev).

Understanding of the colloidal interactions of human norovirus particles in aqueous medium
could provide insights on the origins of the notorious stability and infectivity of these
widespread viral agents. Norovirus interactions were modified to enhance cleaning and
disinfection using various classes of surfactants and aqueous copper. Surfactant adsorption
onto human norovirus virus-like particles (VLPs) changed the behavior of the particles in
solution and has implications for the efficacy of surfactant-based cleaners. Aqueous copper
solutions caused permanent capsid damage that eliminated virus infectivity.

We characterized the effects of solution pH and surfactant type and concentration on
the aggregation, dispersion, and disassembly of VLPs using dynamic light scattering,
electrophoretic light scattering, and transmission electron microscopy. Owing to net negative
surface charge of the VLPs at neutral pH, low concentrations of cationic surfactant showed
tendency to aggregate the VLPs, whereas low concentrations of anionic surfactant tended to
disperse the particles. Increasing the concentration of these surfactants beyond their critical
micelle concentration led to virus capsid disassembly and breakdown of VVLP aggregates. Non-
ionic surfactants, however, had little effect on virus interactions and likely stabilized them
additionally in suspension. We used zeta potential data to characterize virus surface charge and
interpret the mechanisms behind these demonstrated surfactant-virus interactions based on the
theory of colloidal stabilization. The fundamental understanding and control of these

interactions will aid in practical formulations for virus inactivation and removal from

contaminated surfaces.



We also characterized the effects that copper ions have on virus integrity to explain
empirical data indicating virus inactivation by copper alloy surfaces, and as means of
developing novel metal ion-based virucides. Cu(ll) ions aggregated VVLPs at low concentration
but have little effect on the infectivity of human norovirus surrogates. The generation of low
concentrations of monovalent copper ions (~0.1 mM) caused permanent capsid protein damage
that prevented human norovirus capsids from binding to cell receptors and induced a greater
than 4-log reduction in infectivity of Tulane virus, a human norovirus surrogate. The number
of genetic copies of human norovirus-infected stool samples were reduced in titer by about 2-
log as measured by RT-gPCR. SDS-PAGE data indicate substantial major capsid protein
cleavage of both G1.7 and GI1.4 norovirus capsid proteins, and TEM images show complete
loss of capsid integrity of the GI.7 Norovirus strain. GI1.4 virus-like particles (VLPs) were less
susceptible to inactivation by copper ion treatments than GI1.7 VLPs when comparing binding
to histo-blood group antigen (HBGA) cell receptors and major capsid protein cleavage. The
combined data demonstrate that pending further work such copper-based formulations can
form the basis of efficient and safe antivirals.

While copper ion and ascorbate mixtures had high efficacy in human norovirus
surrogate inactivation, the ascorbate readily oxidized during storage in aqueous solution and is
therefore not suitable for use in practical formulations. As an alternative to ascorbate, we
evaluated three polyphenolic materials, lignin nanoparticles, tannic acid, and (+)-catechin, for
their ability to reduce Cu(ll) to Cu(l) and inactivate Tulane virus after storage in agueous
solution. Lignin nanoparticles and tannic acid retained their ability to reduce copper ions after
storage but were not effective in reducing Tulane virus infectivity even when prepared fresh.

(+)-Catechin retained its ability to both reduce copper ions and inactivate Tulane virus in the



presence of copper ions after storage for months. We therefore propose (+)-catechin and copper
ion mixtures as effective and practical formulations for human norovirus inactivation.

The surfactant and copper-based methods of virus modification presented in this thesis
provide means of improving the cleaning and disinfection of human noroviruses that could

limit their spread in the environment and help reduce their burden on society.
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through the isoelectric point after surfactant addition. At 0.05% SDS, the
smallest diameter peak at low pH is larger than in other conditions possibly due
to larger portions of the capsid or different sized micelles............ccccccvevernennne. 173

Figure B.1 Standard curve for RT-qPCR experiments with G11.4 Sydney-infected stool
relating cutoff value, Ct, to log changes in genomic copies. The standard curve
was generated by measuring the Ct values of a 1:10 dilution series of HUNoV
infected stool. Linear regression yielded Ct = 3.32*log(N) + 16.85 with R? =
0.9992. Error bars represent the standard error of three replicate samples at each
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Figure B.2 Standard curve of absorbance at 483 nm of solutions with varying CuBr»
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Figure C.1 Images of representative SDS-PAGE gels of a) GI.7 and b) GI1.4 Sydney VLPs
used for band intensity analysis. Lanes contain 1) standard protein ladder; 2)
VLPs in 0.15 M NaCl; 3) VLPs treated with 1 mM EDTA, 0.1 mM CuBr», and
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CHAPTER 1

Introduction and Overview

1.1 Introduction
The spread of pathogenic viruses is partially affected by their colloidal properties, which
facilitate attachment to and detachment from produce, surfaces, and other viruses. Adsorption
and aggregation influence virus persistence in the environment! and strongly impact the
measures undertaken to remove or disinfect virus particles. This review chapter summarizes
the current research related to the colloidal properties of non-enveloped human enteric sSRNA
viruses with icosahedral geometry and the implications for virus persistence in the
environment. These viruses are members of the Picornaviridae, Astroviridae, Caliciviridae,
and Reoviridae families of viruses.? They are composed of a proteinaceous capsid surrounding
a genome of single (Picornaviridae, Astroviridae, and Caliciviridae) or double-stranded
(Reoviridae) RNA. Single-stranded RNA genomes bind to the inside of the capsid, while
double-stranded genomes are relatively homogeneously distributed spatially.®  Specific
pathogenic viruses of interest include enterovirus,* > Hepatitis A (HAV),® 7 rotavirus,® ° and
human norovirus (HuNoV).10-12

The structural simplicity of these viruses contributes to their relative robustness.
Viruses that infect the human gastrointestinal tract generally have high persistence in the
environment and resistance to disinfection due to their stability in both the extreme acidity of
the stomach and slightly basic conditions of the intestinal tract.*®* These viruses are transmitted

via the oral-fecal route and spread through the environment in food and water, on contaminated



surfaces, through vomitus droplets in the air that are swallowed, and by direct person-to-person
contact.’* They are relatively stable in a wide range of temperature and relative humidity.®
HAYV, poliovirus, and rotavirus have been shown in various studies to persist for up to a year
depending on storage conditions, with colder temperatures leading to longer periods of
viability.!* Even longer persistence of human norovirus in groundwater has also been
reported.'® The ability of very low quantities of such viruses to infect an individual*>*’ further
contributes to their spreading.

Because of their structural similarities to food and water-borne enteric viruses, F-
specific RNA bacteriophages are commonly used as surrogates to study the properties of the
human pathogens.'® Specifically, phages that infect enteric E. coli are used because they are
indicative of the presence of enteric pathogens in the environment. MS2 is the most prevalent
surrogate for enteric viruses based on its structure and size (about 28 nm)*® and ssRNA
genome.? While these phages are useful for studying the general colloidal properties and
interactions of enteric viruses, surrogates specific to each viral pathogen are used to more
effectively determine disinfection efficacy based on their relative resistance. Specific
surrogates for human norovirus, including Tulane virus (TV), murine norovirus (MNV), and
feline calicivirus (FCV),?%%2 are especially important in present research as cell culture models
for human norovirus have only recently been developed®%° and are not yet widely available

for disinfection studies.



1.2 Biocolloidal Interactions Overview

1.2.1 Biological Surface Forces

Interactions between biological surfaces have been described extensively as they relate to the
intrinsic properties of proteins and lipid bilayer membranes.?®?’ They are summarized here
for their relevance to virus interactions. DLVO theory describes interactions between particles
that are governed by the combination of attractive van der Waals (VdW) forces and attractive
or repulsive electrostatic forces. VdW forces are ubiquitous between all molecules, arising
from interactions between the dipole moments of the molecules. These forces between
biological molecules are always attractive, and their magnitude depends on the geometry,
distance of separation, and dielectric and optical properties of the molecules. Electrostatic
interactions are the other origin of omnipresent forces described in DLVO theory and comprise
attractive or repulsive forces between the electrical double layers of two molecules or surfaces.
Electrical double layers are composed of surface charges as well as the adsorbed and diffuse
ion layers. The Debye length, defined as 1/x, describes the decay of the diffuse ion layers and
is dependent on the ionic strength of the solution. The Debye length decreases with increasing
ionic strength, shielding the effects of electrostatic interactions. At physiological conditions,
the Debye length is small at about 0.8 nm, so close-range interactions are predominant even
with highly charged molecules. These close-range interactions are governed by the osmotic
pressure produced by the ions trapped in the double layer between the molecules. The surface

charge and surface potential can be related by the Grahame equation,

0% = 2&0ekT(X; Poi — Li Pooi) (1.1)



where ¢ is the surface charge density, &, represents vacuum permittivity, & represents the
relative permittivity of water, k is the Boltzmann constant, T the temperature, and p; represents

the ion density.?® The ion density is described by a Boltzmann distribution,

—ziePo

Poi = Poi€ KT 1.2)

where p,; represents the density of ion i at the surface, p; represents the density of ion i in
the bulk liquid, z; represents the valence of ion i, e represents the electron charge, and y,
represents the surface potential.?® When the Debye length is sufficiently small, the surface
potential is often approximated using the zeta potential, which is calculated from a measured
electrophoretic mobility. The zeta potential represents the potential drop at the slip plane,
where fluid flow is zero.
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Figure 1.1 Representative profiles of the van der Waals, electrostatic, steric, and specific
interactions and their contributions to the net potential energy of a biological molecule

interacting with a surface.?®



VdW and electrostatic interactions add together to form the net DLVO interaction
profile. As shown in the net potential curve in Figure 1.1, at very short distances interactions
are strongly attractive because of the predominance of VdW forces. At larger distances,
electrostatics dominate, and at still larger distances interactions become weak. Surface and
solution properties define the shape of the net interaction potential curve.

Also shown in Figure 1.1 is the effect of other, non-DLVO forces. Multiple types of
interactions between biointerfaces exist outside of those described by DLVO theory, including
solvation forces, steric forces, and (bio)specific interactions.?” Solvation forces, which include
hydrophobic interactions, are called hydration forces in aqueous solutions because water
molecules form hydrating shells around suspended particles. The shells formed by the water
molecules vary based on surface hydrophobicity and can cause attraction or repulsion,
depending on the alignment between the hydrating shells. Highly hydrophobic molecules
preferentially interact with each other in the absence of these hydrating shells (depletion),
resulting in forces that can oscillate between attractive and repulsive for complex biological
molecules. Hydration forces allow proteins to remain stable at the high ionic strength present
under physiological conditions?® and may contribute to protein folding.3® Steric forces,
including bridging and polymer depletion forces, involve polymer-covered surfaces and can
be attractive or repulsive depending on the nature of the polymer and solvent. The length,
density, hydrophilicity, and flexibility of the polymer layers impact their relative attraction to
each other and to the solvent, which determines the particle’s steric interactions. Steric forces

are present for many biological surfaces, including ones of cells, which have attached flexible



groups such as polysaccharides or lipids. The protrusions within the capsid structure of most
icosahedral viruses are not large or flexible enough to generate substantial steric forces, so
these forces are largely ignored in this review. Some mention is given to steric forces related
to MS2 bacteriophages, which have small (~1 nm protrusion) hydrophilic peptide loops that
were speculated to be a source of certain steric repulsion.' Specific interactions involve a
combination of all of the forces discussed thus far and enable the high selectivity of many
biological processes such as ligand binding, enzyme catalysis, and antigen recognition. The
geometries of molecules and the configurations of charges and hydrophobic regions on those
molecules result in high affinity for specific complementary molecules in a “lock-and-key”
match. Proteins also exhibit specific ion-dependent interactions that deviate from traditional

colloidal theory.*

1.2.2 Colloidal Properties of Viruses

Classical DLVO theory has been developed for hard, spherical particles. More recently, theory
has been developed and reviewed by Ohshima describing soft colloidal particles, specifically
particles with a hard core and soft ion-penetrable polyelectrolyte layers.®*2® Fluid flow through
the polyelectrolyte layer is slowed by frictional forces, and zeta potential is no longer a concept
that matches well with the system physics because charges are distributed throughout the
volume of the surface layer. This theory takes into account Donnan effects, where soft particles
act as semi-permeable membranes. Langlet et al. have extended this soft particle theory to
viruses, describing them as soft colloidal particles with three layers of different charge

density.%®
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Figure 1.2 Schematics of the three layers of charge density within non-enveloped viruses,
using MS2 as an example model. The protein capsid, RNA bound to the inside of the capsid,

and unbound RNA inside the capsid are depicted.®’

Figure 1.2 exemplifies the three layers of non-enveloped virus charge density,
including the protein capsid, compact RNA bound to the inner surface of the capsid, and free
RNA at the center of the virus. The presence or absence of nucleic acid and the three-
dimensional charge distribution of the capsid, which is characteristic of each virus,® have
significant impacts on electrostatic interactions between such particles.>**° Langlet et al. have
modeled the bacteriophage MS2 in detail, using the capsid protein and RNA compositions to
determine charge densities of each layer of the virus.*® Duval et al. expanded soft particle and
surface theory to include spatial heterogeneities and partial dissociation of ionic groups within
soft layers.®” This expanded theory has been applied to proteins and protein particles such as
spider silk* and has been found relevant to metal ion uptake by microorganisms.*? For

simplicity, many researchers still use DLVO theory to describe the electrostatic component of



virus particle interactions, including most of the work presented in this review. Because non-
enveloped viruses have a protein shell as their outermost layer, their interactions are largely
governed by the same forces that govern individual protein interactions. However, viruses also
have deviations from molecular protein behavior because of the stabilizing effects of adjacent
capsid proteins, larger particle size with defined structural characteristics, and the
incorporation of internal nucleic acid.

Viruses have electrostatically diverse capsids composed of proteins with charged
residues of varying pKa, and their interactions are partially influenced by electrostatic forces.
The zwitterionic nature of protein capsids allows viruses to possess a net positive charge at
low pH and have negative charge at high pH. The size and symmetry of charged patches on
particle surfaces greatly influence particle interactions and can even determine whether
interaction forces are attractive or repulsive.** Additional considerations pertaining to double-
layer dynamics must be taken into account even for symmetrical zwitterionic particles.** An
equal number of positively and negatively charged residues exist on the capsid at the isoelectric
point (pl), creating a net neutral charge that minimizes electrostatic repulsion.* The isoelectric
points of many viruses, determined mostly by isoelectric focusing techniques, have been

summarized by Michen and Graule.*®
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Care must be taken when reporting theoretically and experimentally determined
isoelectric points as they can be greatly influenced by the presence or absence of nucleic acid
and the inclusion of total or partial capsid proteins in analysis. Armanious et al. calculated the
charge of both the entire capsid and just the exposed capsid surface of four bacteriophages
(Figure 1.3a) by taking into account the crystallographic structure of the viruses.*®* The
isoelectric points estimated from zeta potentials calculated based on measured electrophoretic
mobility closely matched the charge calculated using just the exposed capsid surface (Figure
1.3c,d). The isoelectric point values of just the exposed capsid ranged from 3.5 to 5.0 for all
four phages, whereas values greater than 8.4 were calculated using the entire capsid (Figure
1.3b).

Nguyen et al.*” and Dika et al.*® compared the electrostatic interactions of MS2 virus-
like particles (VLPs) devoid of internal RNA and purified viable MS2 phages. Dika et al.
found significant differences in interaction behavior with VLPs demonstrating greater stability
at a wider range of conditions than viable phages. Conversely, Nguyen et al. discovered only
minor effects of the RNA core on MS2 interactions.“® It has been later determined that the
methods used to generate VLPs and to purify both phages and VLPs have a profound impact
on interaction behavior, which could account for the difference in results between the two
groups.* This study revealed that viable phage purification by dialysis and PEG precipitation
results in aggregation of particles, depending on the ionic strength and pH of the medium.
Ultracentrifugation with a CsCl gradient has resulted in dispersed virus particles at all
conditions studied. When applied to VLP suspensions, aggregation has been reduced for both

dialysis and PEG precipitation methods, indicating that internal RNA is an important factor in
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virus interactions. It is therefore also important to consider the effects of VLP generation
because of resultant variations in the composition of the particle core.

Viruses have been studied as nanoparticles of a kind in applications where polymer-
based particles were traditionally used because of their defined morphologies and toughness.>*
Viral capsid toughness is predominately measured by nanoindentation using atomic force
microscopy (AFM) and has been reviewed by Roos et al.>? and by Mateu.>® The sum of the
forces acting between two biomolecules or surfaces can similarly be measured by atomic force
microscopy (AFM), a surface force apparatus, bioforce probe, or optical tweezers.?®> AFM is
perhaps the most utilized of these methods, where biomolecules can be attached to both the
cantilever tip and sample stage. The forces required to unbind ligands or stretch folded proteins
can then be measured. Virus properties have been characterized using dynamic and
electrophoretic light scattering,*6%® isoelectric focusing,** AFM,%>* electrospray-differential
mobility analysis (ES-DMA),>* electron microscopy,’® mass spectrometry,® and other

techniques.
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1.2.3 Capsid Assembly and Properties

Figure 1.4 Structure of the Norwalk Virus capsid with T=3 symmetry. Five blue subunits
form the pentagonal facets, and 3 red and 3 green subunits form the hexagonal facets. The

drawn triangle represents one face of the base icosahedron.>®

Virus capsid assembly has been studied extensively by both computational and
experimental approaches, and we briefly summarize here the important colloidal forces
involved, namely electrostatic, hydrophobic, and entropic contributions.®” For more
comprehensive reviews, refer to Mateu®® and Perlmutter.>® All of the viruses discussed in this
review chapter have icosahedral geometry, so they are comprised of 20 triangular faces. These
triangles are drawn between hexagons and pentagons composed of proteins that arrange based
on the virus’s T symmetry, where T is the triangulation number.%® There are 60T proteins that

make up 20T hexagonal and pentagonal facets of the capsid structure.®® Studies of human
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norovirus capsid assembly have shown that capsid proteins form dimers that arrange into larger
intermediates composed of two pentagons connected by a dimer. These intermediates then
combine to form a complete capsid.®* An example of a human norovirus structure, which has
T=3 icosahedral symmetry, is shown in Figure 1.4.

The assembly of an icosahedral capsid structure is largely dependent on a balance
between capsid protein interactions with each other and with nucleic acid,>**®? which all depend
on protein, nucleic acid, and solution properties.®® The nucleic acid of ssRNA viruses has
strong electrostatic attraction to the capsid proteins,®* whereas protein-protein interactions
encompass repulsive electrostatic forces and attractive hydrophobic forces.®® Because of its
strong interaction with capsid proteins, the genome RNA core has an important role in the
capsid assembly process. Importantly, it is more energetically favorable for proteins to
encapsulate a single large RNA molecule rather than smaller RNA molecules amounting to the
same number of nucleotides.®® Viral RNA molecules are also more compact than random RNA
molecules, and capsid proteins prefer to self-assemble around the viral RNA.%” The tendency
of capsid proteins to assemble around viral RNA is driven by nonspecific biomolecular forces
and ensures the formation of complete infectious viruses during self-assembly. While RNA is
an important component in the formation of infectious viruses, capsid proteins cloned and
expressed in vitro self-assemble into capsid structures in the absence of viral RNA. %86 Termed
virus-like particles (VLPs), these structures are useful as surrogates for investigating virus
behavior and as vaccines or drug delivery vehicles.

Garmann et al. demonstrated by using Cowpea Chlorotic Mottle Virus (CCMV) that

the self-assembly of capsids is pathway-dependent. At neutral pH, protein-protein interactions
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have been weak enough so that the stronger protein-RNA forces led to protein saturation
around each RNA and a resultant small “protocapsid”. When the pH was later reduced to a
level where protein-protein interactions were stronger, these protocapsids rearranged into fully
formed capsid structures. If the pH was initially at the lower value, interconnected aggregates
of disordered capsid structures were formed instead of dispersed capsids.5! Electrostatics play
a large role in capsid assembly,’® and Siber et al. reviewed the energetics of the ionic charge
contributions.® Entropy has also been demonstrated as a significant contributor to capsid self-
assembly.”* Small spheres have been shown to arrange into icosahedral structures under

spherical confinement as a result of entropic favorability.’?

1.2.4 Virus Aggregation — Origins and Impact

The presence of viruses as aggregates or dispersed particles has numerous implications for
disinfection, separation, detection, and other applications of viruses that are discussed in
Section 1.3. Viral aggregation has been shown to follow classical colloid aggregation models,
with aggregation kinetics governed by particle diffusion.”®" Solution conditions, including
pH, ionic strength, and surfactant concentration, greatly influence the behavior of viruses in
aqueous media. The pl of virus capsids is a key factor in determining the electrostatic
component of their interactions and is especially important in predicting aggregation. In the
absence of sufficiently large alternative stabilizing forces, such as steric repulsion, viruses tend
to aggregate near the pl as a result of attractive VdW and hydrophobic forces. This
phenomenon has been demonstrated for multiple viruses by measuring electrophoretic

mobility and particle size over a range of pH.%507677 \jrus aggregation induced by low
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electrostatic repulsion near the isoelectric point results in lowered plaque-forming unit (pfu)
counts in plaque assays of MS2.78

Salt conditions also significantly impact virus aggregation behavior.  The
bacteriophage MS2 remains stable even at very high ionic strength in solutions of monovalent
ions. Electrostatic forces are shielded at high ionic strength due to a small Debye length, so
Mylon et al. have attributed the observed virus stability to steric forces resulting from
polypeptide loops that extend from the capsid.”® Similar steric stabilization has been observed
for rotaviruses, and it has been suggested that VP4 on the capsid surface is responsible for
these steric forces.®° Increasing the concentration of divalent calcium ions induced aggregation
of MS2, likely due to ion complexation and charge neutralization in addition to ion bridging.
Adsorption of organic matter to the virus surface leads to decreased particle stability in divalent

ion solutions.”

15



D 17 — g
S [} — 1 -1 — g
pr T g E—— =

" ¢ =ImM
]| ..‘,‘13 — 005
.‘.\—-.'.4. e
_3. 4 A 4
-3 2 1 0 1 2 3
Krcose
C T D o
15 15 p—
10 - 10}
e — N, r——— |
5} 74 P 51 5 \
= 77 T\ PO | sz 87 A\
s e & - T = < L
s 0 §_ 4 1 11 2 0 11 3
- b —  a— - = L 7
4 L\ = 2 X =
\ : -/ \ ;
~10F ¢™ = 50mM| -0} ™ = 50mM
ny = 0.05 ny =1
.15 wa3 = 0.0 " w23
—_—
! s |
' A i i . A
15 10 5 0 5 10 15 15 10 5 0 5 10 15
Krcose wrcosy

Figure 1.5 Simulated streamlines through virus particles. Streamlines vary as a function of the

particle permeability and solution ionic strength.®

A similar study comparing MS2 and three other F-specific bacteriophages has indicated
that MS2 is the most stable of the four phages evaluated, possibly due to its low
hydrophobicity.8* It has also been suggested that the porosity of the phages affects their
behavior in response to solution chemistry,®! as variations in porosity affects the permeability

and the related electro-osmotic flow within dispersed viruses or aggregates (Figure 1.5).82
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Specifically, isoelectric point has been found to vary as a function of salt concentration more
significantly for specific phages than others.*¢8!

Viruses and surfactants display interesting behavior in the mutual presence of both
species because they both have amphiphilic properties, while one is large and spherical and the
other is small and linear in geometry. The large viruses have hydrophobic patches as well as
areas of both positive and negative charge that depend on solution pH and salt conditions,
whereas surfactants have a hydrophilic headgroup that may be charged and a hydrophobic part
usually composed of a hydrocarbon tail. Surfactants are commonly used in cleaning and
disinfectant products, so understanding their interactions with viruses is especially important
from an applied biotechnology perspective. The hydrophobic tails of surfactants can associate
with hydrophobic regions on the capsid surface, and the head group of an ionic surfactant has
attractive interactions with opposite charges and repulsive interactions with similar charges on
the capsid.®3 The head group of nonionic surfactants can more weakly associate with charged
or polar regions on the capsid surface. The adsorption of common charged and nonionic
surfactants onto the capsid surface of human norovirus VLPs that results from these
interactions was evaluated in terms of particle size and charge by Mertens et al.”® Briefly, at a
pH where the virus has net negative surface charge, cationic surfactant at low concentration
adsorbs and induces aggregation due to lowering the electrostatic repulsion between particles,
whereas adsorption of anionic surfactant at low concentration keeps particles dispersed. Above
the surfactants’ critical micelle concentration, aggregates are broken apart and capsid proteins
are solubilized by surfactant micelles. Panyukov et al. have shown that tobacco mosaic virus

retains its structure upon aggregation by low concentration of cationic surfactant.®

17



1.2.5 Virus Adsorption
At its most basic level, particle adsorption to a surface involves the formation of a particle-
surface interface area, alongside the removal of particle-liquid and surface-liquid interfaces.
The energy of adhesion per unit area is then given by Equation 1.3,

Wzgsdh =¥Yps — (YpL — Vs1) (1.3)
where y represents the interfacial energies between the particle (P), surface (S), and liquid (L),
and W4 represents the work of particle-surface adhesion.® Protein adsorption to surfaces
has been shown to follow similar behavior as nanoparticles, and it can be modeled relatively
well using traditional colloidal theory.® In aqueous solution, the interaction of a predominantly
hydrophobic protein and surface will result in strong adsorption, and a predominantly
hydrophilic protein and surface will result in weak adsorption. Electrostatic interactions may
be positive or negative depending on the relative charge of the protein and surface. Increased
surface roughness introduces more sites of attachment for proteins and generally enhances
protein adsorption.®® Virus adsorption to waste treatment pond solids was shown to be
reversible.®” It has been shown that such virus adsorption could be commonly represented by
a Freundlich adsorption isotherm.8”%° Viruses adsorbed onto particles may remain viable for
longer than dispersed viruses,® increasing their persistence in the environment.

Armanious et al. demonstrated that electrostatic interactions and hydrophobic effects
are most important in determining virus adsorption to varying surface types.*® Van der Waals
interactions, hydrogen bonding, and steric forces have been found to have lesser impact on
virus adsorption to abiotic surfaces. Increasing electrostatic effects by lowering bulk ionic

strength results in lower virus adsorption of bacteriophages to varying surface types. The
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hydrophobicity of phages and surface roughness determines their propensity to adsorb to
hydrophobic surfaces, with higher phage hydrophobicity and surface roughness leading to
higher adsorption.®>2 The influence of hydrophobic interactions on virus adsorption to
surfaces has also been demonstrated and characterized in terms of total free energy for HAV.%
The significance of hydrophobic interactions for bacteriophage and HAV adsorption to
surfaces demonstrates the importance of non-DLVO interactions for virus behavior and

stability.
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Figure 1.6 a) Comparison of competitive binding and coadsorption of MS2 and organic matter,
Suwannee River humic acid (SRHA). b) Comparison of virus binding to surfaces with

adsorbed organic matter with and without protein unfolding.®®

Electrokinetic measurements are also useful in determining colloid and protein
adsorption onto surfaces.®* Viruses with net-negative surface charge readily adsorb to
positively-charged surfaces, but organic matter with negative charge competes for adsorption

sites (Figure 1.6a).*> Depending on their relative charge, viruses may also bind onto the surface
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of organic matter. Protein unfolding can result in stronger binding to certain surfaces (Figure
1.6b). Contributions by divalent cations in solution are important in rotavirus deposition onto
organic matter.%® These dynamics are important in water filtration and influence the persistence
of waterborne viruses in the environment. High concentrations of organic matter encourage
rotavirus aggregation and deposition, so viruses may remain dispersed and continue spreading
in places with low concentrations of organic matter.%® Rotavirus adsorption onto organic
dispersed matter was shown to be driven by hydrogen bonding between carboxyl and hydroxyl
groups,®” whereas bacteriophage adsorption onto model clay colloids was driven largely by
hydrophobic interactions.®

Virus adsorption to surfaces also varies between strains of a virus and is a strong
function of the valency of the ions present in solution. A comparison of GI.7 and Gll.4
norovirus VLPs has demonstrated that phosphate ions decreased attachment of GI1.4 VLPs and
increased attachment of GI.7 VLPs to silica.®® The adsorption of both strains has been
enhanced by increases in divalent cation concentration, possibly due to specific interactions
with the capsids® or ion bridging. It has also been shown that non-enveloped icosahedral
viruses irreversibly adsorb at air/water interfaces depending on their pH-dependent surface
properties.®® The amphiphilic properties of the capsid proteins facilitate adsorption at air/water
interfaces.

Foodborne virus binding to produce presents an enhanced risk for human infection
because produce is often not subject to thermal cooking prior to being consumed. Fresh fruits
and vegetables can bind high amounts of up to 2% of all viruses exposed to the surface'® and

retain up to 11% of bound viruses even after washing multiple times.** Binding and removal
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of viruses depends on the properties of the produce and washing solution. Several studies have
been performed evaluating the effects of disinfectant or washing solution properties and of
produce surface and coating properties on virus binding and removal.

Virus binding to produce surfaces has been attributed to both specific and non-specific
surface interactions. Increasing the ionic strength of washing solutions results in decreased
attachment of enteric virus surrogates to the surface of lettuce above the isoelectric point of the
viruses, indicating that electrostatic interactions are important in nonspecific binding of these
viruses to lettuce leaves.'%? Vegetables with crystallized wax coating their surface exhibit lower
surface roughness and higher contact angles compared with vegetables without a wax coating,
resulting in less rotavirus adsorption.'* The presence of wax on produce is also important in
determining disinfectant efficiency. An oxidizing disinfectant has been shown to have greater
activity when used on produce leaves with greater levels of surface wax as compared with
produce leaves with low levels of surface wax.!% A surfactant-based disinfectant exhibited
similar disinfectant efficiency on both produce types,'® likely due to its amphiphilic
properties. The presence of cell receptor-like carbohydrates has been reported within the cell
wall of lettuce, allowing for specific binding of human noroviruses to the lettuce surface.%
Surfactants significantly enhance removal of murine norovirus from produce surfaces,
providing an increase of up to 2 logs as compared to washing solutions without surfactant.%
Physical methods, such as scrubbing and peeling, also enhance removal of MNV and HAV

from contaminated produce by up to 3 logs. %
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1.3 Impacts of Virus Colloidal Characteristics

1.3.1 Impact of Colloidal Interactions on Disinfection
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Figure 1.7 Impacts of virus aggregation on disinfection by peracetic acid (PAA). PAA
concentration is lower at the center of aggregates, and as a result the viruses at the center of

aggregates may remain infectious.'%’

The colloidal characteristics of viruses impact disinfection mainly through the effects
of virus aggregation, adsorption onto particles, and capsid conformation. Aggregation inhibits
the efficacy of highly reactive disinfectants, as the antiviral agent may be depleted before it
reaches viruses on the inside of aggregates (Figure 1.7).2%" Effectively, viruses situated on the
outside of aggregates protect those on the inside, so mildly reactive disinfectants are suggested
instead of highly reactive ones to ensure diffusion of treatment into aggregates before
depletion.’®” Also, permanent fusion of aggregated viruses by certain treatments may allow
synergistic behavior of multiple partially inactivated viruses to infect a host cell (multiple

infection).1% Virus-particle association can inhibit virus inactivation, depending on the
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conditions.®® In one study, up to 67% of human noroviruses detected in wastewater treatment
pond effluent streams have been bound to particles of diameter in the range 0.45 to 180 um.%

Virus capsid composition impacts disinfection kinetics, but its 3-dimensional structure
also plays a very important role as it determines the solvent-accessibility of each amino acid**
and the proximity of reactive amino acids.!* Residues that are susceptible to oxidation may
form free radicals in the presence of an oxidant, and proximity to other susceptible residues
could result in radical propagation.*'? The capsid conformation dependence of disinfection
could explain differences in the susceptibilities of similar viruses to the same
disinfectant.!10113114 Heat treatment of MS2 caused temporary exposure of hydrophobic
residues and increased capsid permeability,*® so the intactness and conformation of the capsid
proteins is important in their stability. Inactivated virus particles may still remain intact, but

the rearrangement or covalent damaging of the capsid surface may prevent binding and entry

to the host cell 115117

1.3.2 Separation and Detection Applications
Many diverse separation and detection methods exist and more are continually being
developed for viruses,**8120 so they are not all mentioned here. We present the most commonly
used methods for separation and detection of viruses based on colloidal properties and
interactions.

Precipitation is a common protein separation method. Virus precipitation can be
achieved by making hydrophobic interactions between particles more dominant. Increasing the

dominance of hydrophobic interactions can be accomplished by increasing ionic strength to
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shield electrostatic repulsion, adjusting pH to the isoelectric point to reduce electrostatic
interactions, dehydrating the protein surface by adding a cosolvent such as ethanol,*?* and
neutralizing surface charges by adding oppositely-charged surfactant or multivalent ions.'?2
The phenomenon of ions of higher valency having very strong effects on colloid aggregation
is known as the Schulze-Hardy rule. Poly(ethylene glycol) (PEG) precipitation is commonly

123 and viruses.'?*12” PEG is highly hydrophilic, so depletion

used to separate proteins
exclusion of viruses from the dissolved polymer phase results in their precipitation as PEG
concentration is increased. Phase separation of viruses between two immiscible polymer
aqueous phases can be achieved for viruses with preference for one of the phases.?®
Separation methods based on the size or density of virus particles include gradient
ultracentrifugation and filtration. Density gradient ultracentrifugation using cesium chloride
(CsCl) is commonly used to concentrate and purify VLPs of various viruses.*?®*° Viruses can
be simultaneously concentrated and filtered from smaller particles, molecules, and salts using
centrifugal filters.*3! Microporous filters with positive charge are commonly used to process
large volumes of liquid and operate based on size exclusion.'® Unless multi-step differential
filtration is used, density gradient ultracentrifugation offers much more precise particle
purification as it separates particles of varying density into distinct bands. Each filtration step
only offers separation of particles that are larger or smaller than a single diameter or molecular
weight cutoff. Following separation and concentration, viruses are enumerated in a laboratory
using cell culture or reverse transcriptase (for RNA viruses) quantitative polymerase chain

reaction (RT-gPCR) methods.'3? Laboratory-based purification methods also include affinity

chromatography, which exploits the highly-specific interactions between virus and antibody
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or other receptor to bind and subsequently elute virus particles.*3134 Affinity chromatography
tends to be quite expensive due to the gel and receptor components, so other methods are often
preferred in cases where somewhat lower purity is acceptable.

Development of rapid field-based approaches for separation and detection of viruses is
of research interest as well. These methods are usually based on the electrokinetic or specific
binding properties of viruses rather than their size. Perhaps the simplest field-based biological

detection method is the immunoassay,*®

which takes advantage of the high specificity of
antibody-antigen interactions. Immunoassays have been performed in various formats,
including microfluidic devices,*® plate-based assays,'*’ flow chambers,’® and other
platforms. Latex microspheres can be coated with antibodies and either achieve simple
threshold detection by visible agglutination in the presence of antigen'*® or concentration-
dependent impedance detection after precipitation onto electrodes.'*%! High antigen
specificity has also been demonstrated for other receptors, including aptamers, 42145
carbohydrate cell receptors, 46147 and bacterial proteins.**® Receptors or non-specific binding

agents can be adsorbed onto magnetic particles for collection and concentration of viruses with

a magnetic field**-15® and subsequent detection.
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Figure 1.8 Depiction of virus detection enabled by electric field techniques. a) The viruses
remain dispersed when the electric field is off. Db) Viruses become polarized when the
alternating current (AC) electric field is turned on and migrate to the electrodes with higher or

lower field intensity based on the difference with the medium polarization. c) Polarization of

virus particles within an AC electric field.*>*

More recent advances in detection use the unique electrical properties of viruses to
distinguish specific viruses from other particles (Figure 1.8).1®* Capacitance-based virus
detection has been achieved by determining the characteristic dielectric constant of a virus type
that is dependent on its composition.'® The dielectric constant of viruses is used in
dielectrophoresis (DEP) based separation and detection methods.’®® DEP involves the
polarization of particles in a nonuniform electric field that results in their manipulation based

on electric field frequency. Viruses move towards the high field electrodes (positive DEP
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behavior) or away from the electrodes (negative DEP behavior) depending on whether the
electric field frequency is above or below the crossover frequency, which is where DEP forces

are zero.r’

1.3.3 Colloidal Implications for Vaccine Development
Viral vaccines can be composed of attenuated viruses, inactivated viruses, protein antigens, or
virus-based or virus-like particles (VLPs).!%® VLPs are attractive candidates for vaccines
because they are both immunogenic and noninfectious.**%° VVLPs are also expressed in non-
host vectors using the genes for one or more capsid proteins, so they can be engineered to have
enhanced properties such as increased stability, greater immunogenicity, and epitopes for other
antigens.%®

Adjuvants are additives to vaccine formulations that aid in eliciting a sufficient immune
response to achieve immunity.®* These additives are especially important for protein antigens
that may be too small to be efficiently recognized by the immune system.!6? Adjuvants
decrease the amount of antigen necessary, reducing the cost of vaccine production. The
immune response can be increased by slow release of antigen at the immunization site,
promoting inflammation at the immunization site to activate an immune cascade, and
enhancing antigen uptake by immune cells that stimulate the immune response further.6!
Adjuvants take many forms, including aluminum compounds,*%® complexes of saponins,*
emulsions,®® and combinations of these carriers.’816¢ Some adjuvants, such as liposomes,

are being developed for delivery of antigens for vaccines as well as other drugs.*6®
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Vaccine formulations must facilitate effective antigen loading onto adjuvants, effective
antigen release under physiological conditions, and antigen stability during storage and use.*®’
Electrostatic interactions, but not hydrophobic interactions, were found to influence antigen
adsorption onto aluminum-based adjuvants.’®® The tested aluminum-based adjuvants were
hydrogel suspensions, so hydrophobic-mediated protein binding would not have been
expected. Ligand exchange is another important effect involved in the interaction of antigen
adsorption to aluminum-based adjuvants and involves the competitive binding of phosphate or

other groups that are present both in solution and on the antigen. 6368

1.3.4 Water Purification from Viruses
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Figure 1.9 Schematic of pathogen transfer from a contamination source to drinking water

through various barriers.6°
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Drinking water could become contaminated by fecal pathogens from various sources
including sewage pipes, manure fertilizers, reuse of treated wastewater, and aquifers,6%17
Molin et al. completed a risk assessment for the transfer of pathogens from contamination
source to ingestion by a human host as they pass through barriers such as groundwater and soil
(Figure 1.9).1%°® These barriers are capable of naturally inactivating and capturing viral
pathogens, and many of the same mechanisms observed in natural water purification are used
in wastewater treatment.

Wastewater treatment ponds, activated sludge, and trickling filtration are among the
most commonly used methods for water decontamination.!”* Adsorption to solids and resultant
sedimentation, predation by other organisms, and sunlight irradiation have been identified as
mechanisms by which viruses are removed from wastewater treatment ponds.'’? Enteric
viruses were found adsorbed most abundantly onto small colloidal particles with diameter in
the range of 0.45 to 180 um, which suggests that sedimentation is not a major mechanism
responsible for the virus removal from wastewater treatment ponds.*%173 Viruses also adsorb
onto algae and bacteria™* and are inactivated by bacterial growth.8” Sunlight irradiation is
dependent on temperature and the presence of organic matter and can either directly damage
virus structures or stimulate the formation of reactive oxygen species from dissolved oxygen
that then cause damage.!”™ Pond effluents may also be treated by chlorine and UV lamps for
additional inactivation."

Coagulation is a strategy used to reduce virus particle numbers and enhance virus
filtration. Virus coagulation reduces bacteriophage titer by up to 7 logs*’® and is accomplished

by introducing metal salts using chemical dissolution’” or electro-oxidation of a “sacrificial
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electrode” (electrocoagulation).r’® All of the colloidal interactions previously described for
virus adsorption and aggregation impact virus removal from contaminated water by
coagulation and have been reviewed by Heffron and Mayer.*’® Filtration processes often follow
virus coagulation and include membrane bioreactors'’® and biosand filters.®®® New
technologies for water treatment that are based on virus adsorption continue to emerge,

including materials such as functionalized nanofibers® and nonwovens.*8!

1.4 Thesis Overview
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Figure 1.10 Summary of the interactions involved in virus dispersal, adsorption, and

persistence in the environment.

Virus interactions with each other and with surfaces of varying types affect their

persistence in the environment. Virus and surface properties in addition to solution pH, salt
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conditions, and presence of surfactants dictate virus adsorption and aggregation by numerous
mechanisms, as shown in Figure 1.10. The resultant state of the viruses affects their
susceptibility to disinfectants, infectivity, and further transmission. Human noroviruses are of
specific interest as they are the leading cause of foodborne illness in the US and worldwide.*8?
Human norovirus is estimated to cause 685 million illnesses and over 200,000 deaths globally
annually.'8 Noroviruses pose a major threat to public health and cause billions of dollars in
losses to the US alone annually.'® They are also considered a potential bioterrorism hazard
due to the acute and debilitating symptoms of infection.'® The capsid structure of these viruses
is a T=3 icosahedron ranging between 30-38 nm in diameter. 818" As an enteric virus, human
norovirus is stable in nature at a wide range of pH levels and therefore can be present as
dispersed particles or aggregates with varying sizes.!® Human noroviruses also have
astounding persistence with the ability to withstand a wide range of temperatures, pH levels,
and chemical treatments in the environment.*®® They can remain on dry surfaces for weeks
without losing significant infectivity.'®® Because of the resistance properties that noroviruses
possess, they fail to respond to neutralizing methods effective against many other
pathogens.®1% Noroviruses require more potent disinfection strategies and longer contact
times in comparison to other foodborne pathogens.®®

We aim to reduce the dissemination of human noroviruses in the environment using
surfactant and copper ion-based particle modifications. Surfactant adsorption to the capsid
surface changes particle interactions with other particles and with surfaces. These solution
behaviors have implications for the efficacy of surfactant-based cleaners in removing

noroviruses. Aqueous copper can catalyze redox reactions that cause permanent damage to the
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capsid and nucleic acid. Capsid damage removes the infectivity of the virus by rendering it
unable to bind to and infect a cell or by entirely destroying the virus particle. Inactivation
reduces virus titer and thereby lessens its spread in the environment. The development of a
new generation of metal ion-based disinfectants could reduce the number of infectious
norovirus particles and thus prevent their spread in the environment.

Chapter 2 describes how surfactants can be used to modify and control human
norovirus interactions to improve virus clearing. Human norovirus interactions are controlled
by its surface properties in addition to the properties of the suspending medium and contact
surfaces. The impacts of surfactants commonly used in household antimicrobials and cleaning
products on human norovirus dispersion state is not well understood and has implications for
virus persistence as well as cleaning and disinfection efforts. Chapter 3 describes the behavior
of human norovirus VLPs in the presence of divalent copper ions, and Chapter 4 provides
evidence of human norovirus inactivation by copper ions in the presence of sodium ascorbate
as a reducing agent. Chapter 5 presents alternative reducing agents to sodium ascorbate in order
to improve the formulations introduced in Chapter 4. Chapter 6 summarizes the results
presented in this dissertation and provides suggestions for future research on the use of

surfactant and copper ion-based approaches to reduce the spread of human norovirus.
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CHAPTER 2

Characterization and Control of Surfactant-Mediated Norovirus Interactions

A version of this chapter has been published in

Soft Matter 11, 8621-8631 (2015).

2.1 Introduction
We report and analyze data on the colloidal interactions of human noroviruses as soft
nanoparticles in water using common colloidal characterization techniques such as dynamic
light scattering (DLS) and transmission electron microscopy (TEM). The colloidal state of
virus particles under various conditions is an aspect of virus behavior that complicates
disinfection, so we have investigated the behavior of norovirus-like particles in the presence
of different classes of surfactants. Studies have shown that virus aggregates help sustain and
may even enhance infectivity by shielding viruses on the inside of aggregates from virucidal
treatments.?3 Virus aggregation at different pH values and ionic strengths has been well
documented in relation to membrane filtration processes,*’ but less research has been
conducted to elucidate the impact of surfactant type and concentration on virus particle
aggregation and subsequent deactivation.®°

As mentioned in Chapter 1, virus-like particles (VLPs) are a useful alternative to viable
noroviruses for studying particle surface properties and interactions.'**? During their
preparation, norovirus major capsid protein is produced in a separate expression vector and

spontaneously assembles into the virus capsid structure without infectious RNA inside.!
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Because the VLPs lack internal RNA that can contribute to particle stability and interactions,
VLPs have not been considered as suitable substitutes for viable viruses in disinfection
studies.'® It has been shown that the method used to purify viruses and VLPs also has an impact
on virus-virus interactions.!**® Instead VLPs may be used as predictors of virus capsid
interactions in the presence of differing solution chemistries and possible vaccine agents.®
Norovirus VLPs have been used to study conformational capsid changes that facilitate
disassembly over a range of pH levels and temperatures,'>!8-2! and virus surface charge has
been previously shown to govern particle behavior.?? The assembly and disassembly of
norovirus VLPs has been shown to mostly involve stable protein dimers, intermediates
containing about 11 dimers, and complete capsids composed of 90 dimers.?® The P domain of
the major capsid protein, which forms protrusions on the capsid, is involved in the interactions
that form stable dimers, and the S domain is involved in the interactions between dimers to
form the icosahedral structure.?* The capsid protrusions may contribute to VLP stability by
adding rigidity to the particles.?®

Because the outermost layer of norovirus is the protein capsid, its aggregation behavior
will have similarities to that of general proteins. Protein interactions are complex and can be
influenced by electrostatic double-layer forces, van der Waals forces, hydration, and steric
forces.?® The complexity of protein interactions arises from the characteristic and diverse
amino acid compositions that produce hydrophobic, hydrophilic, anionic, and cationic regions
on the protein.?” Slight differences in the sequences of the virus capsid proteins result in
perceptible differences in virus susceptibility to certain disinfectants,?® so understanding virus

surface properties is especially important. The factors and interactions related to protein
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aggregation have been extensively investigated®® as they have relevance to food processing®
and drug development and delivery.®3 We use this knowledge and similar experimental
techniques to characterize virus aggregation and dispersion.?

Electrostatic interactions in water medium strongly influence general colloidal particle
behavior, including that of viruses. Non-enveloped viruses have been extensively modeled as
soft, porous colloids®**® with three shells of charge density, including the protein capsid,
capsid-bound RNA, and free RNA.*®3" Because of the porosity of some virus capsids, the
charge of internal RNA has a significant effect on their apparent isoelectric point and therefore
would also influence virus stability and binding behavior. Capsid porosity complicates the use
of zeta potential as a means of describing particle surface charge even in the absence of internal
RNA. ¢ Here we use zeta potential data to evaluate the effect of surfactant-altered apparent
capsid charge on Norovirus capsid aggregation, dispersion, and disassembly.

Naturally-occurring surface-active molecules such as proteins that behave as
surfactants®® and saponins®® have been shown to exhibit significant bactericidal and virucidal
behavior. These surfactants provide motivation to study the interactions between virus particles
and various classes of surfactants to elucidate possible mechanisms of deactivation or
stabilization. Surfactants concentrated above their critical micelle concentration (CMC) in
aqueous solution form micellar aggregates, which can vary depending on the molecular and
electrolytic solvent environment. Surfactant binding to folded or unfolded proteins can
influence micelle formation by the development of surfactant-protein structures in addition to
free micelles.*>** Some micelles have the ability to entrap and solubilize other molecules or

particles.* Bound surfactants can modify the apparent surface charge of nanoparticles*® and
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therefore influence the interactions and aggregation of these particles in solution. Because
proteins are electrostatically diverse and possess hydrophobic, hydrophilic, anionic, and
cationic regions, they can bind both anionic and cationic surfactants strongly. Surfactants with
charged head groups can alter the effective surface charge of surfaces or particles by shielding
opposite charges or adding charge to a hydrophobic site.** The high surface activity of
surfactants allows them to dictate protein stability and interactions.

We use norovirus VLPs as a model system of specific practical relevance to study
surfactant-imposed colloidal interactions of virus capsids. These VLPs are from a Gll.4
Houston strain (Houston/TCH186/02) of norovirus that has not yet been characterized by
crystallography. The diameter of the VLPs is assumed to be close to that of the GI.1 Norwalk
strain, which has been characterized at 38.0 nm in diameter.*® The intact virus strain contains
a genome 7559 base pairs in length and is infectious to humans.*® We selected one common
and widespread anionic, cationic, and nonionic surfactant to represent each surfactant type. We
used sodium dodecyl sulfate (SDS) as an anionic surfactant because of its common use in hand
soaps, dish detergents, and other household products. We selected cetyltrimethylammonium
bromide (CTAB) as a cationic surfactant because of its use as an antimicrobial in many
cleaning products. The nonionic surfactant was Tween 20 (polysorbate 20), which is
extensively used in many processed food and drink products (which eventually may also be
carriers for noroviruses). For varying concentrations of each of these surfactants, we used DLS
to determine the sizes of particles in solution and analyzed each peak of intensity distributions
to represent either virus aggregates, dispersed viruses, or disassembled virus capsids. We then

present electrophoretic light scattering (ELS) data and compare it to the theoretically calculated
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capsid charges to explain the mechanisms behind each observed colloidal behavior. Finally,
we confirm the presence of VLP aggregation, dispersion, and disassembly with TEM images
and describe the impact that each behavior makes on virus infectivity, persistence, and

disinfection.

2.2 Results and Discussion

2.2.1 Dynamic Light Scattering (DLS) Characterization of Virus Aggregation State at
Varying pH

We used DLS to measure the size of particles present in VLP suspensions in phosphate-
buffered saline (PBS). The VLPs concentration was fixed, while pH, surfactant type, and
surfactant concentration were varied. For the surfactant effect studies, SDS, CTAB, and Tween
20 were each added individually at concentrations ranging from 0.01% to 0.5% by weight. All
of the suspensions containing surfactant were produced at pH 7.4. These data were used to
determine whether the VLPs were aggregated, dispersed, or disassembled at each pH or
surfactant concentration. We also used ELS to measure the zeta potential of particles present
in VLP suspensions with varying pH and surfactant concentrations below 0.05%. Micelles
would interfere with the measurement of VLP zeta potential, so higher surfactant
concentrations were excluded. These data were used to correlate the electrostatic properties of
the particles with their interactions observed by DLS. Finally, we used TEM to view

aggregated, dispersed, or disassembled VLPs under selected surfactant conditions.
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Figure 2.1 Intensity distributions determined by DLS of Norovirus VLPs in PBS of varying
pH. The peaks are matched to the schematic presentations of the types of detected species.

Data sets are representative curves from 3 repeated measurements for each of 3 different

samples at each pH.

DLS data can be represented as intensity, volume, or number distributions of the
particle size. We determined that with the concentration of VLPs and surfactants used, the
intensity distribution gives an accurate representation of the relative amount of dispersed or

aggregated VLPs remaining in solution after each treatment. For the intensity of scattered light,

59



I~7®, so a VLP that is 40 nm in diameter will scatter about 90,000 times more light than a
micelle or protein that is 6 nm in diameter. For our VLP and surfactant mixtures, all DLS data
are presented as plots of the intensity distributions because the concentration of surfactant
micelles in solution is high enough to scatter light proportional to the amount scattered by
dispersed VLPs or aggregates. Micelles would be the only particles represented in a volume
distribution, where V~r3. Details of these calculations are presented in Section 2.4. The
corresponding DLS correlation function data are presented in Appendix A.

Because the capsid protein dimers are very similar in size to surfactant micelles, the
proteins and micelles overlap in the same peak in the intensity distributions. Therefore these
peaks cannot be used to determine the relative amounts of capsid protein dimers produced from
VLPs by each treatment. Instead we evaluate the presence or absence of peaks attributed to
dispersed or aggregated VLPs to determine the efficacy of each additive to disrupt the particles.
Also, because most samples in this study are polydisperse, the algorithms used by the DLS
software to determine exact particle size are not precise. The same particle may be reported by
the software as slightly different in size in separate measurements. We therefore use ranges of
particle sizes to define three categories of peaks in the DLS distributions presented here. A
peak in the region of 5-10 nm most likely arises from surfactant micelles, capsid protein
dimers, or both; a peak in the region of 30-70 nm represents disperse VLPs; and a peak above
100 nm indicates the presence of VLP aggregates. The data shown in Figure 2.1 demonstrate
that the VLPs are well dispersed at low and high pH, while aggregation is prevalent at pH
values close to the isoelectric point of the capsid proteins (pH~4.5). Some aggregation is

present at neutral pH due to lower magnitude of surface charge compared to low pH. This
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slight aggregation accounts for broader peaks for mostly dispersed viruses at 70-80 nm. We
analyze further these observations in terms of protein charge and aggregation state after

presenting the effects of surfactants on VLP interactions.

2.2.2 Norovirus Integrity and Aggregation in the Presence of Nonionic, Cationic, and
Anionic Surfactants

The behavior of VLPs at varying concentrations of added nonionic surfactant, Tween 20, is
shown in Figure 2.2. The nonionic surfactant shows little impact on the state of the virus in
suspension. A peak indicating the presence of dispersed VLPs exists for each concentration
used, and no significant amounts of aggregated VLPs are present. A peak indicating the
presence of a micelle or capsid protein dimer emerges at all Tween 20 concentrations greater
than 0.05%. However the addition of cationic surfactant, CTAB, had a large effect on VLP
behavior, stability, and integrity as shown by the DLS data in Figure 2.3. These data indicate
that this surfactant induces much more vigorous and diverse effects. Peaks representing particle
aggregates are present at all concentrations below 0.5%, and peaks indicating the presence of
surfactant micelles and/or capsid protein dimers are observed at all concentrations above
0.01%. Peaks representing dispersed viruses are observed at intermediate CTAB
concentrations of 0.05% and 0.1%. Finally, the data for VLP behavior in the presence of
varying concentrations of the anionic surfactant, SDS, are plotted in Figure 2.4. Peaks
representing the dispersed virus are present at all concentrations below 0.5%, and micelle or

capsid protein dimer peaks are present at all concentrations above 0.01%. Significant aggregate
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peaks appear at concentrations of 0.05% and 0.1%, which reduce to a small aggregate peak at

0.5%.
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Figure 2.2 Intensity distributions from DLS experiment of norovirus VLPs in PBS media at
pH 7.4 containing 0.01%, 0.05%, 0.1%, and 0.5% Tween 20. The peaks are visually labelled
with the schematic presentations of the types of detected species. The data sets are
representative curves from 3 repeated measurements for each of 3 different samples at each
concentration. The norovirus VLPs remain stable and well-dispersed at all Tween 20

concentrations tested.
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Figure 2.3 Intensity distributions from DLS experiment of norovirus VLPs in PBS solutions
at pH 7.4 containing 0.01%, 0.05%, 0.1%, and 0.5% CTAB. The data sets are representative
curves from 3 repeated measurements for each of 3 different samples at each concentration.
Norovirus VLPs aggregate in the presence of low concentrations of CTAB and disassemble at

high CTAB concentrations.
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These data reveal multiple mechanisms behind the action of these surfactants on the
virus dispersions. Norovirus VLPs behave similarly at all concentrations of Tween 20 studied,
with a distinct peak representing intact and dispersed particles at each concentration. The
critical micelle concentration (CMC) of Tween-20 is 0.005%,*” and a micelle or protein peak
is observed above 0.01%. This discrepancy is probably due to the low concentration of micelles
at CMC. The peak of species of diameter < 10 nm most likely represents only surfactant
micelles because the peak representing dispersed viruses is present consistently at all
concentrations and does not appear to be reduced due to virus loss by capsid disassembly. Even
at high concentrations, Tween 20 does not appear to disassemble norovirus VLPs and may

even serve to stabilize them in a well-dispersed, single-virus form.
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Figure 2.4 Intensity distributions from DLS experiments of norovirus VLPs in PBS at pH 7.4
containing 0.01%, 0.05%, 0.1%, and 0.5% of anionic surfactant, SDS. The plots are
representative data sets from 3 repeated measurements for each of 3 different samples at each
concentration. Norovirus VLPs remain dispersed in the presence of low concentrations of SDS,
while they first partially aggregate and then disassemble in the presence of high SDS

concentrations.
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CTAB has a different effect on VLPs depending on its concentration. Aggregates are
present at low concentrations because of heterocoagulation between the surfactant molecules
and VLPs. The CMC of CTAB in PBS has been measured at 0.034 wt%.*® At surfactant
concentrations above CMC, we observe the appearance of a peak in intensity indicating the
presence of micelles or capsid protein dimers. The disappearance of both dispersed VLP peaks
and aggregate peaks at high concentrations of CTAB indicates that this cationic surfactant can
disassemble the VLPs above its CMC. This VLP disassembly suggests that CTAB micelles
have the ability to disrupt interactions between proteins within the capsid structure and
solubilize capsid protein dimers. It is likely that the surfactant molecules assemble around the
protein dimers to form a larger micelle-like structure including the dimers. During this de facto
solubilization process, the capsid proteins may partially unfold and reveal more hydrophobic
regions. As the concentration of CTAB micelles increases, more VLPs and VLP aggregates
are broken apart and solubilized. The appearance of dispersed VLP peaks above CTAB CMC
may be attributed to full capsid recharging and electrostatic repulsion between positively
charged virus particles with adsorbed CTAB molecules, which we discuss further in the next
section.

The anionic surfactant, SDS, also has a distinctly varying effect on VLPs depending on
its concentration. SDS adsorption to the capsid surface will increase the apparent magnitude
of the VLP net negative surface charge by binding to cationic areas on the surface, which
causes increased electrostatic repulsion and dispersion at low concentration. The intensity
peaks for particles of large diameter seen at SDS concentrations greater than 0.01% may

represent aggregates that form as partially unfolded capsid proteins with exposed hydrophobic
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regions stick together. The CMC of SDS in pure PBS is about 0.13%,* and the peak for
particles of diameter 5-10 nm is detected at 0.1% SDS. Therefore this peak most likely
represents dimerized proteins from disassembled capsids. VLPs in solution may also alter the
CMC of SDS, so micelles may form at lower concentration than in pure PBS. A lower CMC
would enable virus disassembly and capsid protein solubilization at a lower SDS concentration
than expected.

We observed that the nonionic surfactant, Tween 20, induced VLPs stabilization at all
concentrations studied. Many processed food products contain Tween 20 (polysorbate 20) as
an emulsifier or stabilizer, so the results lead to the unexpected conclusions that common food
additives similar to Tween 20 may actually contribute to the persistence of noroviruses and
perhaps other foodborne viral pathogens. Norovirus VLPs have potential use as vaccines, so
these results indicate why nonionic surfactants such as Tween 20 could also be successful
candidates for nontoxic vaccine excipients.'® Conversely, both charged surfactants studied
were able to disassemble VLPs at high concentration and solubilize them in surfactant
micelles. These strong ionic surfactants are therefore good candidates for virus cleaners and
disinfectants. Their differences in behavior at low concentration need to be considered in the

context of specific applications and are discussed in more detail in subsequent sections.

2.2.3 Evaluation of the Electrostatic Interaction Contributions to Virus Dispersion State
The data for the aggregation state of VVLPs at varying pH and surfactant concentrations point
out that many of the observed effects are a result of the charging of the capsids and their

electrostatic interactions in water medium. To interpret the results we evaluated the capsid
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charge on the basis of its peptide sequence and dissociation properties. The capsid surface
charge of the VLPs was calculated based on the number of charged amino acids within the
capsid protein and their respective pKa* values using a modification of the Henderson-

Hasselbach equation.

C, == N, [L+10 PR L S (142000 )
iA iB (2.1)

In Equation 2.1, the summation in the first term is done over the number of negatively charged
residues of different types, n;4, and the second term accounts for the sum of the pH-dependent
positively charged residues, n;z. The pH at which this charge equals zero is the theoretical
isoelectric point (pl) for the virus capsid. Above the pl, the capsid has a net negative charge
due to a higher number of negatively charged amino acids, and below the pl the capsid has a
net positive charge due to a higher number of positively charged amino acids. The above

formula provides a reasonable estimate of the protein charge and interactions in solution.?%4°
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Figure 2.5 Comparison of a) theoretically evaluated capsid charge (curve) and capsid charge
calculated from zeta potential measurements (points) and b) diameter of VLPs or VLP
aggregates at varying pH revealing capsid isoelectric point. The error bars represent the
standard error of three measurements at each condition. Theoretical capsid charges at varying
pH were calculated using a modification of the Henderson-Hasselbach equation (Equation 2.1).
There is a very good correlation between the virus capsid surface charge with pH and the

aggregation behavior observed by DLS near the isoelectric point.
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Significant changes in surface charge of proteins and colloids can be induced by
altering the solution pH or adding charged surfactant. The theoretical capsid charge as a
function of pH shown in Figure 2.5a proves that the norovirus capsids have a net negative
surface charge at low pH, and a net positive surface charge at high pH. This theoretical capsid
charge curve predicts that the isoelectric point of the major capsid protein is around 4.5. We
see a similar trend in the calculated capsid charge, which is determined from measured zeta
potential and also shown in Figure 2.5a. We converted zeta potential to capsid charge using
the Grahame equation,*

0% = 2&0ekT (X Poi — LiPooi) (2.2)
where ¢ is the surface charge density, &, represents vacuum permittivity, e represents the
relative permittivity of water, k is the Boltzmann constant, T the temperature, and p; represents

the ion density. lon density is defined by a Boltzmann distribution,*

—ziedo

pOi = pooie kT (23)

where p,; represents the density of ion i at the VLP surface, p..; represents the density of ion
i in the bulk liquid, z; represents the valence of ion i, e represents the electron charge, and ¥,
represents the VLP surface potential. The zeta potential equals the surface potential when the
slipping plane is located at the particle surface, but this potential is often used as an
approximation of surface potential as it can be easily measured.*

For simplicity and because we are mainly interested in trends in surface charge as a
function of pH and surfactant concentration, we approximated the VLP surface potential in
Equation 2.3 with the measured zeta potential. These data suggest that the isoelectric point of

the VLPs is about 4.9. Calculated and theoretical capsid charges differ by approximately an
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order of magnitude likely due to assumptions in the model that the surfaces of the particles are
hard spheres. Norovirus particles have protrusions and are slightly porous, so they will not
precisely follow DLVO theory. Also, theoretical capsid charge is calculated for the entire
capsid protein, much of which is not part of the exposed surface, and thus is likely
overestimated. By comparing these capsid charge trends with the diameter of particles as a
function of pH as shown in Figure 2.5b, it is straightforward to correlate the capsid charge to
the VLP aggregation. Net capsid charge is lowest in magnitude, and the measured size is
highest (obviously resulting from virus aggregation) around the isoelectric point. Net capsid
charge is highest in magnitude, and the measured particle size is closest to that of individual
VLPs farther away from the isoelectric point. These observations indicate that high capsid
charge facilitates electrostatic repulsion between particles that results in dispersed VLPs, and
low capsid charge reduces electrostatic repulsion between particles that results in VLP
aggregation by van der Waals and hydrophobic attraction. Thus, the VLPs exhibit a behavior
common to many colloidal particles and their behavior and stability can be conveniently
interpreted on this basis.

We now apply colloidal fundamentals in interpreting how the apparent capsid charge
of the VLPs is altered by the addition of charged surfactant. To demonstrate charged surfactant
adsorption onto the capsid surface, we measured the zeta potential of VLPs in the presence of
different concentrations of CTAB or SDS. We converted this zeta potential into charge density
using Equations 2.2 and 2.3, then interpreted the difference between the charge density at each
surfactant concentration and the charge density without surfactant as the number of charges

that were added as a result of surfactant adsorption. Surfactant molecules that adsorb could add
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a charge or neutralize an opposite charge on the capsid. Both mechanisms result in a loss of
one net surface charge. Therefore we assumed that each charge added or subtracted

corresponds to the adsorption of one surfactant molecule.
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Figure 2.6 Calculated and modeled surfactant adsorption onto VLPs at varying surfactant
concentration at pH 7.4. The amount of adsorbed surfactant was calculated by converting the
measured zeta potential to charge density with the Grahame equation and then converting the
change in charge density to number of surfactant molecules. Error bars represent the standard
error of three measurements at each condition. The apparent virus capsid charge can be
controlled by adding charged surfactant. Both simple adsorption models interpret adequately

the amount of surfactant binding to the model viruses.
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The estimated amount of charged surfactant adsorbed onto VLPs as a function of
surfactant concentration is shown in Figure 2.6. The addition of oppositely-charged surfactant,
CTAB, reduces the magnitude of the zeta potential at low concentration. At concentrations
higher than about 0.005%, the amount of CTAB adsorbed on the VLPs is high enough to
reverse the sign of the apparent capsid zeta potential. We fit the adsorption data of CTAB onto

the VLP surfaces with a simple Langmuir-type adsorption isotherm,

_ KadsC
"= Inax 1+kqqsC
ads

(2.4)
where I' represents mass adsorbed per area, I;,,, represents mass adsorbed per unit area at
saturation, k.4 represents the adsorption constant, and C represents the surfactant
concentration in the bulk liquid. We used the surface area of a sphere of diameter 35 nm to
approximate the available surface area for surfactant adsorption on the capsid. Because CTAB
has positive charge and the capsid has a net negative charge at pH 7.2, the magnitude of the
surface charge density first decreases with CTAB adsorption, then increases as the surface
becomes saturated. These surfactant-induced changes in VLP surface charge could well
describe the particle behaviors shown in Figure 2.3. The decrease in magnitude of apparent
capsid charge at low CTAB concentration explains the presence of large particle aggregates
observed in Figure 2.3. As the CTAB concentration is increased, we begin to observe the
presence of dispersed particles. An increase in magnitude of the effective positive surface
charge by more CTAB adsorption likely enables this re-dispersion process.

The charge shift data for SDS plotted in Figure 2.6 indicate a much weaker adsorption

likely resulting from hydrophobic interactions (as the SDS has the same sign of charge as the
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capsid). We used a linear adsorption isotherm (Equation 2.5) to model the binding of some
SDS molecules onto the VLP surface.
I' = TpaxkaasC (2.5)

A linear isotherm describes systems where the adsorbent has low affinity for the surface
or where the concentration of adsorbent is low. We assumed that the affinity of SDS for the
VLP surface is low at pH 7.2 because the capsid already has a net negative surface charge. Due
to micellization, SDS concentrations in the bulk liquid may never become high enough to reach
high surface adsorption density. Even low SDS adsorption to the VLP surface causes an
increase in magnitude of apparent surface charge. Particle dispersion at low SDS concentration
shown in Figure 2.4 is facilitated by electrostatic repulsion resulting from this increased
magnitude of apparent surface charge. Finally, adsorption data for Tween 20 are not included
because the addition of nonionic surfactant does not induce a significant change in measured
zeta potential and apparent surface charge.

Overall, the data prove that many of the aqueous VLP interactions reported here depend
on the apparent surface charge of the virus capsids. As we observed while varying pH
variations and adding charged surfactant, virus aggregation tends to occur where the magnitude
of surface charge is low, and conversely, virus dispersion is facilitated by a high magnitude of
capsid surface charge and resultant electrostatic repulsion. A decrease in magnitude of the
apparent surface charge suppresses the electrostatic repulsion between the dispersed virus
particles in solution and subsequently enables their aggregation. Surfactant adsorption to the
VLP surface can have multiple origins. For charged surfactants, the head group can bind to an

opposite charge on the capsid surface. This mode of adsorption implies a fixed number of
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surfactant binding sites on the capsid at each pH, which will result in charge neutralization at
the right (typically very low) surfactant concentration. In addition, for all classes of surfactant,
the hydrophobic tail can adsorb to hydrophobic regions on the capsid surface. This type of
adsorption does not imply a fixed number of binding sites and will result in additional charges
on the surface in the case of charged surfactants. The head groups of all classes of surfactants
can also bind to polar regions on the capsid surface, or any combination of these modes of
adsorption can occur. We also obtained data on the combined effects of pH and surfactant,
which illustrate complex, but expected trends, and are briefly introduced in Figures A.2 and

A3.
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Figure 2.7 TEM images of Gll.4 norovirus VLPs in 0.15 M NaCl, including a) intact and
dispersed capsids without surfactant, b) intact capsids stabilized by 0.01% SDS, c) intact
capsids aggregated by 0.01% CTAB, and d) capsids disassembled by 0.5% SDS. The scale

bars are equal to 200 nm.
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We could also observe directly these patterns of VLP behaviors using electron
microscopy. TEM images of each type of system mentioned above are shown in Figure 2.7.
Dispersed VLPs without surfactant are shown in Figure 2.7a, and intact VLPs in the presence
of a low concentration of SDS are shown in Figure 2.7b. A low concentration of CTAB induces
the formation of large aggregates ranging from about 0.2 to 1 um in size formed by intact
capsids, which are illustrated in Figure 2.7c. These aggregates are separated by areas free of
any single VLPs. At high SDS concentration VLP disassembly occurs, and intact capsids are
no longer distinguishable, as seen in Figure 2.7d. The three potential mechanisms observed
after surfactant addition to VLP solutions are summarized in Section 2.3. These mechanisms
include capsid disassembly due to protein dimer solubilization in surfactant micelles, capsid
recharging by surfactant adsorption leading to VLP aggregation, and capsid recharging by
surfactant adsorption leading to VLP dispersion and possible blocking of binding receptors.

We discuss the biological implications of these results in the next section.
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2.2.3 Surfactant-mediated VLP Removal from Hydrophilized Glass Slides
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Figure 2.8 Schematic of surface immunoassay used to evaluate VLP amount remaining on a
surface after washing with various surfactant solutions. Silver enhancement of gold
nanoparticles produces a visual response. The intensity of this visual response is proportional

to the amount of VVLPs on the surface.

Different classes of surfactants also influence virus adsorption to and desorption from
surfaces. A surface immunoassay was used to determine the amount of virus particles that
remained on a hydrophilized glass microscope slide with negative charge after washing with

Tween 20, SDS, and CTAB. The VLPs were dried from solution onto the surface, incubated
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with surfactant for 10 minutes, and detected using an immunoassay with silver enhancement
of gold nanoparticles. This assay is summarized in Figure 2.8 and results in a dark spot that is
visible to the naked eye. The intensity of this spot normalized to the intensity of the spot from

a control assay represents the relative amount of VLPs left on the surface after washing.
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Figure 2.9 Relative intensity of spots from silver enhancement-based surface immunoassay
after washing with varying concentrations of Tween 20, SDS, and CTAB. Error bars represent

the standard error of at least 2 replicate samples.

Washing with low concentration of all three surfactants resulted in little change in the

amount of VVLPs left on the surface. Above CMC, VLPs were removed from the surface after

washing with Tween 20 and SDS. Tween 20 resulted in about 50% VLP removal, whereas
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SDS resulted in about 80% VLP removal. Tween 20 was expected to remove a small amount
of VLPs from the surface as it is a mild, nonionic surfactant. Tween 20 molecules and micelles
may enhance particle desorption due to polar interactions between the surfactant head group
and the hydroxyl groups on the glass surface and hydrophobic interactions between the
surfactant tail and regions on the VLP surface. SDS was expected to remove a larger amount
of VLPs from the surface as it is a stronger, anionic surfactant. SDS micelles may solubilize
individual capsid proteins or dimers, as shown in Figure 2.4, causing a decrease in the amount
of VLPs detected. SDS molecules adsorbed to the VLP surface may evoke electrostatic
repulsion between the VLP and the negatively-charged microscope slide surface, resulting in
particle desorption and clearing. CTAB was not able to remove a substantial amount of VVLPs
from the slide surface even above CMC. Increased VVLP retention was even observed at 0.5%
CTAB as compared with the control wash using buffer solution. This increase in VLP retention
suggests that electrostatic attraction between VLPs with adsorbed cationic surfactant and the
negatively-charged surface reduced virus desorption. Evidence of increased virus retention on
surfaces after washing with CTAB could indicate the possibility of some adverse effects of
commonly used antimicrobial cleaning products that contain quaternary ammonium

compounds.

2.3 General Discussion and Conclusions
Based on our results evaluating the aggregation state of human norovirus VLPs in the presence
of different classes of surfactants, we summarize the mechanisms that we identified as

governing the VLP properties in Figure 2.10. We conclude that positively-charged surfactants
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at low concentrations reduce the magnitude of the apparent capsid surface charge enough to
induce particle aggregation for capsids with a net negative surface charge. Negatively-charged
surfactants at low concentrations increase the magnitude of the apparent capsid surface charge
and enhance electrostatic repulsion between the particles. As the concentration of charged
surfactant is increased beyond its CMC, the micelles can solubilize capsid protein dimers and
therefore disassemble the capsid structure. Thus the surfactants are efficient in disrupting the
virus structure only above their CMC, an important finding that should be taken into account
when formulating virus cleaning and disinfectant systems with surfactants. Surfactant
micellization results in the ability of strong surfactants to disrupt interactions between virus
capsid proteins and solubilize individual proteins or dimers. Mild nonionic surfactants can
slightly increase repulsion between particles, reducing aggregation and adsorption to surfaces.
As mild nonionic surfactants are commonly used in stabilizing food and drink products, our
data suggest that their addition to such products may have the undesired potential consequence

of stabilizing virus contaminants as well.
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Figure 2.10 Summary of the mechanisms responsible for human norovirus VLP behavior after
exposure to three different surfactant types. TEM images represent VLPs stained with uranyl
acetate after treatment with 0.5% CTAB (top), 0.01% CTAB (middle), and no surfactant

(bottom).

The insights on colloidal stability of viruses may also have importance to understanding
their biological activity (Figure 2.10). We hypothesize that the changes in the virus charge and
aggregation could have a profound effect on virus infectivity. Virus particle disassembly by
surfactant is likely to lead to complete loss of infectivity, which can also be severely disrupted
by the dramatic apparent surface charge alteration and aggregation caused by ionic surfactant.
Low concentrations of ionic surfactants (below CMC) are likely to disrupt the virus infectivity

much less, while low to moderate amounts of mild nonionic surfactants such as Tween 20 are
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even likely to enhance virus dispersivity, while potentially increasing their infectivity to some
extent. It should be noted, however, that the data reported here are obtained with reconstituted
virus capsids, which are likely to be less stable than the native RNA-containing virus
assemblies. While the charge and aggregation state of real noroviruses are likely to be similar
to the ones reported here, the natural virus particles may be more stable against surfactant-
driven disassembly, contributing to the notoriously large ability for norovirus to withstand
cleanup and disinfection efforts.

The colloidal behavior of human norovirus revealed here should be considered when
formulating disinfectants and cleaning agents. The types and concentrations of surfactants used
to enhance rinsing of produce should be evaluated with regards to their CMC to determine the
optimum concentration for a dispersion state that promotes effective norovirus clearing.
Dispersion state can also influence disinfectant efficiency, so surfactant selection based on
colloidal interactions is important in maximizing the accessibility of virucides to virus
particles. Capsid recharging by surfactants is also important in evaluating the effectiveness of
water membrane filtration processes. Surfactant adsorption may enhance the long-range
dispersion of noroviruses by protecting them from damage through the reversible formation of
aggregates or enhancing particle stability through increased dispersion.

Overall, the characterization of the colloidal interactions, dispersion state, and integrity
of the virus particles may provide valuable data in understanding pathogenicity trends and
aiding in the development of strategies to prevent virus spread. Characterizing human
norovirus behavior is especially important due to its unique resiliency in many different

chemical environments. It appears that simple adjustments in the pH, salt conditions, and
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addition of common surfactants to cleaning and antiviral products can assist in preventing

outbreaks and treating norovirus as an infectious agent.

2.4 Experimental

2.4.1 VLPs and Surfactants

All experiments were carried out with Houston norovirus VLPs from genogroup Gll.4. The
VLPs were provided courtesy of R. Atmar (Baylor College of Medicine, Houston, TX).
Sodium dodecyl sulfate (SDS, Sigma Aldrich), cetyltrimethylammonium bromide (CTAB,
Sigma Aldrich, St. Louis, MO), and Tween 20 (Sigma Aldrich, St. Louis, MO) were used as
surfactant additives. Unless otherwise indicated, all experiments were performed in 0.01 M
PBS prepared by adding a PBS tablet (Sigma Aldrich, St. Louis, MO) to deionized water. pH
adjustments were achieved by adding small aliquots of 0.1 M sodium hydroxide (Fisher

Scientific, Pittsburgh, PA) or hydrochloric acid (Acros Chemical, Pittsburgh, PA).

2.4.2 TEM Images

For viewing under TEM, 100 pug ml*? norovirus VLPs in 0.15 M NaCl (Sigma Aldrich, St.
Louis, MO) containing various surfactant concentrations were adsorbed onto nickel grids with
a carbon support film (Ladd Research, Williston, VT). A droplet of VLP solution was applied
to each grid for 2 minutes to allow for adsorption. Excess liquid was then removed, followed
by 5-10 seconds of negative staining with 2% uranyl acetate. For the images in Figure 2.7, the

grid-mounted samples were imaged by field emission TEM using a 2010F S/TEM (JEOL,
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Tokyo, Japan) at 200 kV. For the images in Figure 2.10, the grids were imaged by conventional

TEM using a 2000FX S/ITEM (JEOL, Tokyo, Japan) at 200 kV.

2.4.3 DLS Measurements
Protein, micelle, VLP, and aggregate sizes were determined by DLS. VLPs were added to
small volume cuvettes (40-70 ul) containing various surfactant concentrations in PBS to a final
VLP concentration of 10 ug ml™. After 30 minutes incubation at room temperature, each
sample was measured in triplicate using a Zetasizer Nano ZS (Malvern Instruments) with a 10
mW He-Ne laser at 633 nm and a photodiode located 173° from the incident laser beam.
Zetasizer software calculated a size distribution of particles in each sample from light
scattering intensity data. Representative graphs of these size distributions for each surfactant
conditions are presented. At least 3 replicates of measurements at each surfactant condition
were obtained.

Using the CMC and aggregation number®! of each surfactant and Equation 2.6, we

calculated the number of micelles at each surfactant concentration:

_ Cs—CMC
- N

M (2.6)

where M = micelle concentration, C,= total molar surfactant concentration, CMC = critical
micelle concentration, and N = aggregation number. We then compared the relative signal that
would be produced by volume and intensity distributions from micelles and VLPs using their
respective diameters and concentrations in Equation 2.7 and Equation 2.8:

d3 M
RV= m *

2.7)

3
dyrp  Cvip
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dn M (2.8)

6
dyrp  CvLp

Rl:

where R, = micelle to VLP ratio of signal from a volume distribution, d,, = diameter of a
micelle, dy; p = diameter of a VLP, Cy;p = molar VLP concentration, and R, = micelle to VLP
ratio of signal from an intensity distribution. We then related the ratios of concentrations and
scattering signals for micelles and VLPs. For each surfactant, R; < 1 and R, > 1. Based on
these calculations, an intensity distribution expresses VLP behavior more accurately than a
volume distribution because micelles scatter as much or less light than VLPs at each

concentration.

2.4.4 Zeta Potential Measurements

VLP electrophoretic mobility was determined by a Zetasizer Nano ZSP (Malvern Instruments)
with a 10 mW HeNe laser at 633 nm and a photodiode located 173° from the incident laser
beam. Zetasizer software calculated zeta potential from electrophoretic mobility using the
Smoluchowski formula. The Smoluchowski formula was assumed to be a reasonable
approximation because the Debye length in 0.01 M PBS is 0.76 nm, which is about 50-fold
smaller than the VLP radius. VLPs were placed into a glass cuvette containing PBS solutions
of varying pH or surfactant concentration to a final concentration of 5 ug ml™* and immediately
measured to determine zeta potential before significant aggregation occurred. 0.1 M
hydrochloric acid and sodium hydroxide were used for pH adjustments. Each sample was

measured in triplicate.
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2.4.5 Surface Immunoassay

The protocol described by Gupta et al. was followed with some revisions. Microscope slides
were hydrophilized by submersion in Nochromix for 24 hours followed by rinsing in DI water
and drying. Two 0.5 pl droplets of 50 pg/mL GIl.4 VLPs in PBS were dried onto the slide
surface. An 18 ul volume flow chamber (Grace Biolabs) was placed over the drops, and a
peristaltic pump was used to pump fluid through the chamber. A specific surfactant type and
concentration was pumped into the chamber and incubated for 10 minutes. Then PBS
containing 0.3 wt% bovine serum albumin (PBSA) was incubated for 10 minutes, followed by
10 minutes with PBSA and 0.25% Tween 20 for blocking. Primary mouse anti-NoV antibody
(Abcam) at pg/mL was incubated for 30 minutes, followed by a 3 minute wash step with PBSA
and 0.25% Tween 20. Secondary goat anti-mouse antibody at 2x10*2 particles/mL with a 5 nm
gold nanoparticle tag was then incubated for 30 minutes, followed a wash with 20 ul PBSA
and 0.25% Tween 20. Samples were then washed with 200 pl DI water. Silver enhancement
solution was prepared by mixing solutions A and B at a 1:1 ratio as described by the
manufacturer (Cytodiagnostics) 15 minutes before use. The final silver enhancement solution
was then added to the flow chamber and incubated for 15 minutes. Samples were then subjected
to a final wash with 200ul DI water. Enhanced spots were imaged using a Canon camera and
analyzed using Photoshop software (Adobe). The lasso tool within Photoshop software was
used to outline each spot, and the histogram analysis tool was then used to determine the
average intensity of the spot. Normalized spot intensity was calculated by first normalizing the

intensity to the background intensity of the image to obtain an optical density ratio (ODR),

ODR — (Ispot_lbackground) (27)

Ibackground
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where I,,,; represents the intensity of a spot and I,ckgrouna represents the intensity of the
image background. Then the ODR of each sample was divided by the ODR of a control sample

where buffer was used in place of a surfactant wash to obtain normalized spot intensity (1,,),

_ ODRsample (2 8)
ODRcontrol .

n

where ODRggmp1. represents the ODR of a sample with a surfactant wash and ODR oy

represents the ODR of a control sample with a buffer wash.
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CHAPTER 3

Aggregation of Human Norovirus Virus-Like-Particles by Divalent Copper and Other

Transition Metal lons

3.1 Introduction
Metallic copper in the form of vessels and kitchenware has long been known empirically as a
potent antimicrobial agent.?> Recently, numerous groups have reported that solid copper
surfaces are able to induce norovirus inactivation, with viral load reduced by up to 4 logs when
measured by RT-qPCR and up to 5 logs when measured by plaque assay of the human
norovirus surrogate murine norovirus (MNV). The ability of copper-containing alloys to
inactivate noroviruses has been found to depend on the alloy composition, with the copper
fraction directly correlated to the degree and rate of virus inactivation.>> Copper surfaces were
the first material to be recognized by the US Environmental Protection Agency (US EPA) as
having antimicrobial properties.® Numerous groups have synthesized copper nanoparticles for
their biocidal action” and embedded them into materials such as thin-film composite
membranes to prevent biofouling.® A significantly lower metal amount can be used and
released into the environment through the use of copper ions instead of copper alloys and
nanoparticles. Cu(ll) salts and mixtures have demonstrated biocidal activity® and have been
loaded onto material matrices such as gels® and polymer fibers.

Many proteins are able to chelate copper at specific coordination sites.>* These
binding sites have high affinity for copper ions, leaving a very low concentration of copper in

solution.® Many copper-binding motifs have been identified within various copper transport
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proteins. These motifs rely on the 3-dimensional conformation of the folded protein. Most of
the copper ions in the body are complexed with proteins.™ This complexation prevents redox
activity between the copper ions and reducing agents within the body that would lead to the
formation of damaging oxide radicals.**>'>® The redox activity of copper ions is harnessed by
the body in a highly regulated way to accomplish certain cell functions,*® including immune
defenses.!®

We investigated the effects of copper ions on virus-like particles of human norovirus
because the mechanism of human norovirus destruction on solid copper is not well understood,
and copper ions are less expensive and easier to distribute as antiviral agents. Divalent copper
ions are the most stable and prevalent form of solvated copper. We also investigated the
differences in behavior between norovirus strains when exposed to divalent copper ions. New
human norovirus strains have emerged frequently over time as the virus mutates in response
to herd immunity.”'® Norovirus strains are placed into genotypes and genogroups based on
sequence similarities of the major capsid protein, VP1, and strains within a genogroup have at
least 60% sequence homology, while strains within a genotype are more closely related.® Of
the six Norovirus genogroups, Gl, Gll, and GIV contain strains that are human pathogens.”?°
These strains have been found to behave differently in a number of ways. For example, the
necessity to include bile to facilitate human norovirus replication in vitro is strain-dependent.?
Also, individual susceptibility to human norovirus infection is correlated to varying histo-
blood group antigen (HBGA) types.1®?223 HBGAs are present on the surface of intestinal cells
and are important in facilitating infection, although their role in infection is not fully

resolved.?*?® Human norovirus binding to HBGASs is strain-dependent, allowing certain strains
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to infect individuals with specific blood types and not others.*®2® The capsids of new norovirus
strains appear to antigenically evade the immune response while still allowing differential
binding to HBGAs.?”"?® These capsid changes may also contribute to differences in strain

responses to disinfection methods.

3.2 Results and Discussion

Dynamic light scattering was used to evaluate the effects of divalent copper ions on human
norovirus VLPs. Dispersed VLPs are represented by a volume distribution peak at a
hydrodynamic diameter between 30-40 nm. VLP aggregates are represented by a volume

distribution peak at a hydrodynamic diameter larger than 100 nm.
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Figure 3.1 Volume distribution of light scattered by human norovirus VLPs as a function of
particle diameter. Aggregation of human norovirus VLPs occurs after addition of increasing

amounts of copper bromide. Aggregation is reversible by addition of EDTA, a copper chelator.

As seen in Figure 3.1, dispersed VLPs are present in 0.1 M NaCl solution at neutral
pH. Dispersed VLPs and a small amount of aggregated VLPs were present after addition of
0.01 pM copper bromide, and all VLPs were aggregated after increasing the copper
concentration to 4.2 uM. The human norovirus major capsid protein has a net negative charge
at neutral pH,*>*! so copper binding to the capsid surface decreases the magnitude of charge
on the capsid. Less charge on the particle results in decreased electrostatic repulsion between

particles and subsequent aggregation. Divalent ions can also facilitate ion bridging between
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particles, where the ion binds to charged sites on two separate particles. lon bridging also
results in particle aggregation. VLP aggregation was reversible by adding EDTA, a copper

chelator, in excess of the copper ions.

3.2.1 Effects of Salt and pH on Copper-induced VLP Aggregation
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Figure 3.2 Dynamic light scattering data showing the effects of pH and ionic strength on the
copper-induced aggregation of VLPs. a) Aggregation occurs at low copper concentration in
0.1 M NaCl solution at neutral pH. b) Aggregation does not occur even at millimolar
concentrations of copper at pH below the major capsid protein isoelectric point. ) Aggregation
occurs at higher concentration in 0.5 M NaCl solution at neutral pH than in lower ionic

strength.
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When the pH is dropped below the isoelectric point of the major capsid protein, the
capsid has a net positive charge. Copper ions have fewer locations to bind on the capsid surface,
so aggregation does not occur. At pH 2.8, which is below the major capsid protein isoelectric
point of GIl.4 Houston human norovirus VLPs, particles remained dispersed even after
addition of up to 1 mM copper bromide (Figure 3.2b). This concentration is almost 1000-fold
higher than that required to aggregate the VLPs at neutral pH (Figure 3.2a).

Salt ions shield the surface charges on dispersed particles, so increasing ionic strength
is expected to aggregate particles normally dispersed by electrostatic forces. As seen in Figure
3.2, increasing the salt concentration from 0.1 M (Figure 3.2a) to 0.5 M (Figure 3.2c) resulted
in a greater resistance of the VLPs to aggregation. Approximately 100-fold lower copper
concentration was required to aggregate the VLPs suspended in 0.1 M NaCl solution than in
0.5 M NaCl solution. The NaCl ions may shield copper ions from binding to the particle surface

and prevent aggregation from occurring.
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3.2.2 VLP Aggregation by Other Transition Metals
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Figure 3.3 Dynamic light scattering data showing aggregation of VLPs after addition of

increasing concentrations of a) zinc sulfate, b) iron chloride, and c) silver nitrate.

Other cations, specifically other transition metals, are also capable of binding and
aggregating VLPs. We found that in 0.5 M NaCl solution at neutral pH, 50 UM zinc sulfate,
1.2 mM iron chloride, and 17 uM silver nitrate all aggregate the VLPs (Figure 3.3). Therefore,
the transition metal ions studied here have the ability to bind and aggregate Gll.4 Houston
human norovirus VLPs with the following relative strength: silver > zinc > copper > iron.
Silver was both the only monovalent metal ion studied and the ion with the strongest ability to
bind and aggregate VVLPs. Silver has known antimicrobial properties at low concentration®

that may be aided by its protein-binding capabilities. Zinc® and copper® have also been used
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as antimicrobials and antivirals. It should be noted that the transition metal salts used in this
study contain different counterions. As a consequence, ion-specific effects from the
counterions may play a role in the binding and aggregation behaviors of the VLPs and metal

ions.

3.2.3 Strain-dependent Susceptibility to Aggregation
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Figure 3.4 Plot of the lowest CuBr> concentration required to induce aggregation of various
strains of human norovirus. The strains are distinguished by the year of emergence, which is

provided in parenthesis.
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Figure 3.5 Theoretical capsid charge of various human norovirus strains as a function of pH.
Capsid charge was calculated using the major capsid protein composition and a derivation of

the Henderson-Hasselbach equation, as explained in Chapter 2.

Significant differences exist between the susceptibility of different human norovirus
strains to aggregation by divalent copper ions. The minimum concentration of copper bromide
necessary to induce aggregation in suspensions of VLPs of six different human norovirus
strains are presented in Figure 3.4. This minimum concentration varies by two orders of
magnitude, depending on the strain. The differences in the minimum copper concentration
required to induce aggregation cannot be explained by differences in capsid charge. The
theoretical charge per capsid of each VLP strain as a function of pH is presented in Figure 3.5.

These capsid charges were calculated using a derivation of the Henderson-Hasselbach equation
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(Equation 2.1). The VLP strains all have very similar charge profiles, so the small variations
in charge between strains cannot account for the large variations in VLP behavior in the
presence of divalent copper ions.

It is possible that specific copper-binding motifs exist on the surface of human
norovirus capsids and that differences in amino acid compositions between strains result in
differing numbers of these motifs. Even differences in the number of individual exposed amino
acids that have high affinity for copper ions, including histidine, cysteine, and methionine,
could exist between strains. Residues with side chains that contain nitrogen, oxygen, and/or
sulfur are most commonly involved in copper binding because of the coordination of these
atoms with copper ions.** Variations in the number of exposed residues with high copper
affinity could account for the strain-specific susceptibilities of VLPs to aggregation by divalent
copper ions. Specific binding would also explain how copper concentrations as low as
micromolar can induce rapid aggregation in VLP suspensions. Further research would need to
take into account the 3-dimensional conformations of each capsid and determine copper-

binding sites on each strain.

3.3 Conclusions

We showed that divalent copper ions bind and aggregate human norovirus VLPs at low
concentration. The minimum copper concentration required to induce aggregation depended
on solution ionic strength and pH. At pH values below the isoelectric point where VLPs have
a net positive surface charge, aggregation does not occur. Other transition metals commonly

considered for disinfection are also able to aggregate VLPs at low concentration. The relative
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ability of these metals to induce aggregation has the following trend: silver > zinc > copper >
iron. Substantial differences in VLP susceptibility to aggregation by divalent copper ions exist
between strains, despite only minor differences in capsid charge. This indicates that specific
copper binding motifs or residues are present in greater quantity on the surface of the more
susceptible strains. Additional studies comparing the exposed residues on the 3-dimensional
structures of the varying strains could elucidate the causes behind significant differences in
behavior in the presence of copper ions. Overall, the data prove that copper ion binding and

aggregation of VLPs may have large implications in virus transmission and disinfection.

3.4 Materials and Methods
3.4.1 Dynamic Light Scattering Measurements

VLP and aggregate sizes were determined by DLS. VLPs of varying strains were added to
cuvettes containing 0.15 M or 0.5 M NaCl at a final VLP concentration of 5 ug ml. Small
volumes of 1-9 ul of CuBr,, ZnSQO4, FeClz, and AgNOs stocks ranging in concentration from
10 to 0.1 M were added to the VLP suspensions, and the particle size was measured after
each addition to determine whether aggregation had taken place. Each sample was measured
in triplicate using a Zetasizer Nano ZSP (Malvern Instruments) with a 10 mW He-Ne laser at
633 nm and a photodiode located 173° from the incident laser beam. Zetasizer software
calculated a size distribution of particles in each sample from light scattering intensity data and

then converted these data to a volume distribution.
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CHAPTER 4

Efficacy and Mechanisms of Copper lon-catalyzed Inactivation of Human Norovirus

4.1 Introduction
We seek to find the mechanisms behind the remarkable efficacy of copper bromide and sodium
ascorbate mixtures in inactivating human norovirus. Noroviruses are particularly difficult to
disinfect owing to their highly stable protein capsids, which are resistant to heat, pH, and
drying.! Commonly used disinfection agents such as ethanol, quaternary ammonium
compounds, and peroxides have little or debated effects on the virus,? so viruses may still
persist in the environment and spread after typical cleaning protocols. Bleach remains the most
widely accepted inactivation agent against norovirus,® but it is also too corrosive and
aggressive for many applications.®

Cu(l) ions have been identified as contributors to the innate immune response against
bacterial pathogens. Upon phagocytosis of a pathogen by a macrophage, the phagolysosome
develops a myriad of antimicrobial conditions, including increased uptake of Cu(l) ions that
can cause oxidative damage to proteins, lipids, and DNA via Fenton chemistry.* Many
bacterial pathogens have developed resistance to the toxic effects of copper ions using ion-
specific pumps to remove elevated ion levels,>® but viruses do not have the ability to acquire
this kind of defense mechanism. Copper iodide nanoparticles that release Cu(l) ions have
demonstrated high efficacy against feline calicivirus (FCV), a surrogate for the human

norovirus.’
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The biocidal effects of Cu(l) ions appear to be a result of the oxidative effects from
copper’s redox activity.®2 Copper is a redox-active transition metal that can be present in its
monovalent or divalent form in solution. Cu(l) ions are unstable and either react with dissolved
oxygen to form Cu(Il) or disproportionate into Cu(s) and Cu(I1).® The required concentration
of Cu(l) ions in solution can be attained by addition of a reducing agent to solutions of Cu(ll).
Many reactions, such as those carried out in Click chemistry,*® commonly use the ascorbate
ion as a reducing agent for copper. Solid iron surfaces have also been used as reducing agents
for copper ions to generate a biocidal environment.!!

Some literature sources point out that human norovirus disinfection by a variety of
methods is strain-dependent. Specifically, Gl strains have been found more susceptible than
Gl strains to inactivation by alcohols*®!® and heat treatment.’* GII generally represents the
more resistant genogroup, and Gl1.4 is the most prevalent genotype of this group.'® Therefore
many disinfection studies use Gl11.4 strains of human norovirus in addition to a surrogate virus.
The amino acids involved in receptor binding in Gl1.4 strains are highly conserved amidst
genetic mutations,*® so demonstration of loss of receptor binding is useful in evaluating
disinfection. We compare the effects of copper-mediated oxidative damage on G1.7 and Gl1.4
VLPs to further elucidate differences in susceptibility to disinfectant treatments between
human norovirus strains.

Different disinfection methods target non-enveloped viruses in distinct ways. For
example, in disinfection of MS2 bacteriophage, free chlorine causes capsid protein cleavage
that inhibits genome injection in addition to direct genome damage that inhibits replication,

while singlet oxygen mainly targets genome replication.t” Multiple mechanisms by which
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microorganisms are Killed by contact with metallic copper have been suggested, including
damage to nucleic acid; damage to the plasma membrane of cells; obstruction of enzyme
activity; and indirect oxidation of proteins, lipids, and nucleic acids by the formation of
reactive oxygen species (ROS).*® Because of their lack of a membrane and enzymes, non-
enveloped viruses are only susceptible to the effects of nucleic acid damage and oxidative
damage by generation of ROS. Both of these mechanisms have been implicated in the contact
killing of human norovirus and its surrogates on copper alloys.'*2! In copper ion-mediated
disinfection, copper ions in multiple oxidation states, reduction products of dissolved oxygen,?
and reducing agents could all be present and active. Oxidative nucleic acid damage has been
recognized and studied extensively due to its implications in carcinogenesis and other age-
related diseases.”>? The generation of ROS during copper ion redox produces more potent
oxidative conditions than in vivo metabolism because of the absence of as many antioxidants,?
so nucleic acid damage is expected to be a significant contributor to loss of virus infectivity in
copper ion-mediated virucides. Indeed, Manuel et al. demonstrate a 4-log reduction in human
norovirus RNA copy number after incubation on copper alloy surfaces.?

Although work has been done on the effects of copper surfaces and nanoparticles, the
efficacy and effects on human noroviruses of ionic copper in solution in conjunction with a
reducing agent, as well as their underlying mechanisms have not been thoroughly investigated.
We report the mechanisms of action of alternative copper-ion based disinfectants on human
norovirus while investigating differences in strain susceptibilities. Tulane virus has been
described as the most representative surrogate for the human norovirus due to its pH, heat,

ethanol, and chlorine resistance compared with other surrogate candidates.?”?® After treatment,
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we estimate loss of human norovirus infectivity and capsid integrity using Tulane virus (TV)
plaque assays, histo-blood group antigen (HBGA) binding assays of virus-like particles
(VLPs), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of VLPs,
and reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) of infectious

virus from stool.

4.2 Results and Discussion

4.2.1 Effects of Copper Concentration and Treatment Time on Human Norovirus Surrogate
Inactivation

We used plaque assays of a human norovirus surrogate, Tulane virus (TV), in combination
with binding assays of human norovirus VLPs, to approximate the effects of different copper
ion formulations on human norovirus infectivity. We selected copper bromide as a source of
divalent copper ions and added sodium ascorbate in at least 10-fold excess to reduce Cu(ll)
and create a redox active environment. For plague assay experiments, we treated TV stocks
with CuBr2 in concentrations ranging from 0.01 mM to 1 mM for 30 minutes to evaluate the
effects of Cu(ll) ions alone. We also treated TV stocks with CuBr. in concentrations ranging
from 0.001 mM to 1 mM in combination with 100x excess ascorbate for 30 minutes. After
determining a formulation that induces greater than 4-log reduction in TV infectivity using a
30 minute incubation, we treated the virus stocks for shorter times to find out the minimum

time it takes to achieve substantial inactivation.
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Figure 4.1 Results of TV plaque assay after treatment with a) varying concentrations of CuBr>
with and without 10 mM sodium ascorbate as reducing agent and b) 0.1 mM CuBr; with 10
mM sodium ascorbate at varying time points. Virus survival is the number of pfu after each
treatment (N) normalized to the number of pfu without treatment (Nn¢) determined during the
same set of experiments. The areas outside the limit of detection of the assay are marked in

gray. Error bars represent the average of three replicates at each condition.
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The virus reduction data are plotted in Figure 4.1. CuBr. alone at 1 mM induces only
1-log reduction in virus titer and even lower reduction at lower concentration (Figure 4.1a).
The addition of ascorbate significantly amplifies inactivation, causing greater than 4-log
reduction in virus titer with as low as 0.1 mM copper concentration and approximately 1-log
reduction at 0.01 mM copper. Based on these results, we evaluated the efficacy of a solution
comprising 0.1 mM CuBr2 and 10 mM ascorbate at different treatment times. Asseen in Figure
4.1b, 4-log reduction of virus titer was observed in as little as one minute, indicating rapid and
effective inactivation at these solution conditions.

For binding assays, we evaluated the ability of the virus capsid to bind histo-blood group
antigens (HBGA), a carbohydrate cell marker and putative viral receptor,?®*% using VLPs of
the GI1.7 and GI1.4 Sydney strains of human norovirus. The degree of VLP binding to HBGA
is an indication of capsid integrity, as loss in binding is generally correlated with a loss of
infectivity. These assays are colorimetric, and we normalized each absorbance data point to a
positive VLP control that was not treated. GI.7 VVLPs were treated for 30 minutes with solutions
of CuBrz ranging in concentration from 0.001 to 100 mM both with and without ascorbate. 1
mM ascorbate was used because higher concentrations interfered with assay results.
Concentrations of CuBr, ranging from 0.0001 to 0.1 mM CuBr; in combination with ascorbate
were applied to the VLPs at shorter times to determine the time required for loss of capsid

integrity at each concentration.
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Figure 4.2 Results of VLP binding assay with HBGA after a) GI.7 VLP exposure to CuBr; at
varying concentrations for 30 minutes with and without sodium ascorbate and b) GI.7 VLP
and c) Gll.4 Sydney VLP exposure to CuBr; at varying concentrations with 1 mM sodium

ascorbate over time. Error bars represent the standard error of three replicate samples.
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As seen in Figure 4.2a, CuBr» alone only slightly reduces GI.7 VLP binding to HBGA
at 10 mM copper, while complete reduction required 100 mM copper. Complete reduction in
binding occurred after treatment with CuBr, at 10°-fold lower concentration in combination
with ascorbate. At 100 mM Cu(ll) + ascorbate, higher VLP-HBGA binding was observed than
with Cu(ll) alone. Ascorbate is only in excess of Cu(ll) ions below 1 mM CuBr», so we used
only copper concentrations below 1 mM to evaluate the efficacy of CuBrz/ascorbate mixtures
to reduce VLP-HBGA binding at shorter treatment times.

As seen in Figure 4.2b we observed very strong antiviral action at low Cu ion
concentrations. Only one minute was required to damage capsid integrity with as low as 0.01
mM CuBr, combined with ascorbate. Even 0.001 mM CuBr; with ascorbate can eliminate
VLP-HBGA binding in 15 minutes. We observed significant differences between the
susceptibility of G1.7 and GII.4 VLPs to inactivation by Cu(l) solutions. Gll.4 Sydney VLPs
appeared to be much more resistant to copper, requiring about an order of magnitude higher
concentration to induce the same reduction in HBGA binding. As seen in Figure 4.2c, even 0.1
mM CuBr. combined with ascorbate took 5 minutes to reduce Gll.4 Sydney VLP binding to
HBGA, and 0.01 mM CuBr2 with ascorbate took 15 minutes for complete binding reduction.
No reduction in binding was observed for treatments of 0.001 and 0.0001 mM CuBr, with
ascorbate. The difference in susceptibility to Cu(l) solution treatment between GI1.7 and Gll.4
Sydney VLPs indicates that sequence and morphological changes in human norovirus capsids
that come with adaptive mutations influence virus resistance to disinfection methods.
Therefore, it cannot be assumed that new emerging strains will be inactivated by the same

treatments that have been effective against previous strains. This higher susceptibility of Gl
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compared to Gl is also reported for different alcohols*? and for copper surfaces (Manuel et al.

unpublished data).

4.2.2 Loss of Capsid Structure and Inactivation of Intact Human Noroviruses

No treatment

Figure 4.3 Representative TEM images of GI.7 VLPs a) without treatment, b) after treatment
with 0.1 mM CuBrz and 10 mM sodium ascorbate in the presence of 10 mM EDTA (to bind
copper ions), and after treatment with 0.1 mM CuBrz and 10 mM sodium ascorbate for c¢) 1
minute, d) 5 minutes, e) 15 minutes, and f) 30 minutes. Significant capsid degradation is seen
within minutes, leaving mostly capsid protein aggregates and a few recognizable capsid

structures. Scale bars represent 100 nm.
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Both TV plaque assays and VLP-HBGA binding assays indicate that Cu(ll) ions alone
are relatively ineffective in causing norovirus inactivation except at very high concentration.
The addition of a reducing agent such as ascorbate is required to generate Cu(l) ions and
introduce an oxidative environment that damages the viruses enough to reduce infectivity. The
resultant inactivation occurs at very short treatment time, making these solutions both rapid
and highly effective. This is accompanied by loss of capsid integrity observed in TEM images
of VLPs treated with CuBr2/ascorbate mixtures for varying times. Intact VLPs that have not
been treated with any copper solution can be seen in Figure 4.3a. VLPs treated with 0.1 mM
CuBrz and 10 mM ascorbate for as short as 1 minute have lost most of their structure, with
only capsid protein aggregates and a few damaged capsids remaining, as seen in Figure 4.3c-
f. These images correlate with the disinfection data obtained from TV plaque assays and VVLP-
HBGA binding assays, which indicate loss of infectivity and binding at the same copper

concentration in combination with ascorbate.
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Figure 4.4 Loss of genomic copy number of Tulane virus and clarified stool containing Gll.4
norovirus after treatment with 100 mM sodium ascorbate and various copper concentrations.
After copper treatments, samples were digested with RNase. Error bars represent the standard

error of three replicate samples. TV plaque assay data are also included for comparison.

In the absence of access to one of the recently reported human norovirus cell culture
systems®!22 to measure loss of human norovirus infectivity directly, we used RT-qPCR of
GI1.4 norovirus-infected stool to evaluate loss of genomic copy numbers. This method allowed
us to determine the effects of Cu(l) solutions on human norovirus RNA. Because we have
plaque assay data for TV, we also measured loss of genomic copy number within TV samples
after treatment with Cu(l) solutions. The comparison of TV plaque assay and RT-qPCR data
allowed us to determine whether genome damage was an important mechanism in virus

inactivation. As shown in Figure 4.4, only 2-log reduction in GIl.4 norovirus genomic copy
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number occurs after treatment with 0.1 mM CuBr2 in combination with 10 mM sodium
ascorbate. At this copper concentration, we observed about 4-log reduction in TV genomic
copy number. Similarly, at 1 mM CuBr2 with 10 mM sodium ascorbate, a 3-log difference
exists in the loss in genomic copy numbers between TV and GII.4 norovirus. This 3-log
difference in inactivation between Gl1.4 norovirus and TV may potentially reveal fundamental
differences in the nature of susceptibility to copper between the two viruses. However, given
the previously reported relative resilience of TV to other oxidative disinfectants,?” this seems
less likely. It may be possible that the presence of stool in the human norovirus samples had a
more pronounced quenching effect on the copper than the cell culture buffer, as doping feline
calicivirus into stool has been reported to increase its resistance to heat.3® As has been observed
in multiple previous studies and reviewed by Moore, et al.,** RNase treatment followed by RT-
gPCR overestimated the number of infectious Tulane virus particles in solution at the various
treatments (Figure 4.4), thus indicating lower reductions than were observed with plaque assay.
This is likely due to inactivation of particles by more subtle damage to intact capsids’ higher

order protein structure, which is likely needed to bind receptor(s).*®
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4.2.3 Evidence of Covalent Capsid Damage
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Figure 4.5 SDS-PAGE data demonstrating capsid protein cleavage of a) GI.7 VLPs and b)
GIl1.4 Sydney VLPs after treatment with 1 mM sodium ascorbate and 0.1 mM or 0.01 mM
copper bromide. Normalized intensity represents the intensity of the major capsid protein band
adjusted to the background of the gel and normalized to a control sample that was not treated.
The GI.7 capsid protein is degraded more rapidly by copper ion treatment than Gl1.4 Sydney
VLPs at 0.1 mM ion concentration. Error bars represent the standard error of three replicate

samples.
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HBGA-VLP binding assays demonstrated that GI1.4 VLPs completely lost their ability
to bind HBGA after treatment with 0.01 mM and 0.1 mM CuBr, with ascorbate for 30 minutes,
whereas RT-gPCR data showed 1-log reduction or less in genomic copy number at these
conditions. These data indicate that Cu(l) solutions may inactivate human norovirus by
disrupting binding to host cells instead of destroying the virus particle completely. We
therefore investigated the effects of Cu(l) solution treatments on human norovirus capsid
proteins using SDS-PAGE of G1.7 and Gl11.4 Sydney VLPs. As seen in Figure 4.5a, the major
capsid protein band of GI.7 VLPs was reduced to less than 40% of the value of an untreated
control after only 5 minutes of treatment and was reduced to less than 20% of the control after
30 minutes of treatment with 0.1 mM CuBr2 and ascorbate. This loss of band intensity indicates
that significant capsid protein cleavage occurred during the treatment. Thus, redox activity
involving ascorbate as a reducing agent and copper as a catalyst to generate damaging ROS is
the likely mechanism behind the substantial covalent destruction of the major capsid protein.

Minimal protein cleavage occurred after treatment with 0.01 mM CuBr and ascorbate,
with less than 10% loss of band intensity regardless of treatment time. As seen in Figure 4.5b,
the major capsid band of Gll.4 Sydney VLPs was reduced to about 15% of the untreated control
after 30 minutes of treatment with 0.1 mM CuBr and ascorbate. Minimal loss of capsid protein
band intensity was observed after treatment with 0.01 mM copper and ascorbate, regardless of
treatment time. These would be expected given the lower reduction observed in RT-gPCR
results, as capsid degradation was not severe for Gll.4 at this concentration. At time points
shorter than 30 minutes, the loss in band intensity after copper treatment was about 20-30%

less for G11.4 Sydney VLPs than for GI.7 VVLPs, indicating that the G11.4 major capsid protein
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has greater stability and resistance to oxidative treatments. Representative gels for GI.7 and
GI1.4 VLPs are presented in Figure C.1.

For both G1.7 and GI1.4 Sydney VLPs, there is a distinct difference between the effects
of copper at 0.01 mM and 0.1 mM concentrations as evaluated by SDS-PAGE. These data
correlate well with TV plaque assay data, which showed a decrease of 4-log in virus survival
after increasing the copper concentration from 0.01 mM to 0.1 mM. This increase in copper
concentration could be a threshold for raising ROS to a level where free radical initiation and
propagation reactions significantly exceed termination reactions and therefore cause
widespread protein damage. HBGA-VLP assay data showed loss of binding after treatments
below 0.01 mM, but loss of binding could occur with capsid conformational changes induced
by less potent oxidizing conditions. Both HBGA-VLP binding assays and SDS-PAGE data
indicated that GI1.4 Sydney VLPs are less susceptible to damage by Cu(l) solutions than GI.7

VLPs.
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Figure 4.6 Schematic showing a summary of the effects of Cu(ll) ions and Cu-ion catalyzed
ROS generation on virus particle stability and integrity. Cu(l1) ions aggregate viruses and cause
some inactivation at high concentration. With an added reducing agent such as ascorbate,
Cu(ll) acts as a catalyst to generate ROS that, in addition to the unstable Cu(l) ion, cause

covalent damage to the virus capsid.

The effects of copper solutions containing ions in the +2 or +1 oxidation states on
human norovirus and its surrogates are summarized in Figure 4.6. Stable Cu(ll) ions in the
absence of a reducing agent bind onto the surface of the virus capsid and cause VLP
aggregation. At high concentrations, the bound ions may have the potential to block HBGA
receptor binding, as demonstrated by HBGA-VLP binding assays, and cause 1-log loss of virus
titer, as demonstrated by TV plaque assay. In the presence of ascorbate as a reducing agent,
copper ions cycle between the +2 and +1 oxidation state. Ascorbate oxidizes to

dehydroascorbate as it reduces Cu(ll) to Cu(l), and Cu(l) oxidizes back to Cu(ll) by either
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dissolved oxygen and its reduction products or by reacting directly with the protein capsid.
Cu(l) may reduce disulfide bonds within the major capsid protein and cause protein unfolding
that inhibits VLP binding to HBGAS, which has been reported in binding assays to rely heavily
on maintenance of higher order capsid protein structure.®® ROS are generated as oxygen is
sequentially reduced to water, and these species cause covalent damage to the viral capsids, as
demonstrated by SDS-PAGE. This ascorbate and copper system relies on a fresh supply of
ascorbate and treatment of virus or VLPs immediately after mixing. Ascorbate is rapidly
depleted in the presence of copper and dissolved oxygen. Thus, we have a system of coupled
redox reactions that is very efficient in inactivating the virus, but requires a precise balance of

the components in order to operate efficiently.

4.3 Conclusions

Human noroviruses can persist in the environment and are generally resistant to most
disinfection techniques, so novel disinfectant formulations are needed. We have demonstrated
that mixtures of copper bromide and sodium ascorbate rapidly and efficiently inactivate human
norovirus surrogates, with some evidence suggesting that these mixtures show promise against
the human pathogen. TV plaque assays and HBGA-VLP binding assays proved that solutions
of Cu(l) are substantially more effective than Cu(ll) at virus inactivation. Virus inactivation
with Cu(l) solutions occurs at low concentration and short treatment time. As little as 0.1 mM
copper ions had high efficacy with little risk to environmental harm, as the EPA limit on safe
drinking water is 0.02 mM.*® TEM images and SDS-PAGE data confirmed that Cu(l) solutions

cause significant damage to viral capsids, even at short treatment times and low concentrations.
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HBGA-VLP binding assays and SDS-PAGE of treated major capsid protein indicate that GI1.4
Sydney VLPs are much less susceptible to damage by Cu(l) solutions than GI.7 VLPs. It is
therefore important to evaluate the effectiveness of current inactivation strategies on new
emerging strains to confirm that they remain effective on evolved and possibly more stable
virus strains. The results suggest that TV may be more susceptible than human norovirus to
copper based on RT-qPCR, however, further study on the effects of the stool matrix on copper
effectiveness should be conducted. Copper and ascorbate systems have promise for being the
active ingredients in novel safe, rapid, and effective antiviral mixtures. Future research can be
directed at increasing the stability and robustness of these ionic-redox systems for use in

practical applications.

4.4 Materials and Methods

4.4.1 Tulane Virus Plague Assays

Rhesus monkey kidney cells (LLC-MK2, ATCC CCL-7) were passaged in M199 media
(Corning/Cellgro) containing 10% fetal bovine serum (Gibco/Life Technologies) and 1%
Penicillin/Streptomycin (Gibco). For the assay, cells were grown to about 90% confluence on
60mm cell culture plates (Corning). To infect the cells, 450 pl of TV sample dilutions were
applied to each plate following aspiration of spent media. The plates were infected for 60
minutes, during which they were rotated every 15 minutes to ensure effective delivery of
viruses to the cells. After infection, 3 ml of M199 media with 1.5% low melting temperature
agarose (SeaKem) was added as overlay. Plates were then incubated at 37°C and under 5%

CO: for 3 days to facilitate plaque formation. After 3 days, 2 ml of 3.7% formaldehyde (Sigma-
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Aldrich) in PBS was poured over each plate to fix the cells. After fixing for 3-4 hours the
agarose overlay was removed, and 1.5 ml of 0.1% crystal violet in PBS was added to the plates
for 15 minutes to stain. The crystal violet solution was then poured off, and the plates were
rinsed twice with tap water to remove excess stain before counting plaques.

Before performing the plaque assay, TV stocks were subjected to various treatments
with copper in suspension. 100 pl of TV stock was added to 900 ul of each copper solution for
a 1 ml total sample volume. Copper solutions containing ascorbate were prepared using 100 pl
of 10x sodium ascorbate (Sigma Aldrich) stock, 10 ul of 100x CuBr, (Sigma-Aldrich) stock,
and the balance PBS. Unless otherwise specified, all incubation times were 30 minutes. Copper
ions were quenched by addition of EDTA (Sigma-Aldrich) in 10x excess. After quenching,

TV samples were subjected to 10x series dilutions in PBS prior to application to culture plates.

4.4.2 Histo-blood Group Antigen Binding Assays

Receptor binding assays to infer the effects different copper treatments have on the norovirus
capsid were conducted as done previously with slight modification.®>%" Purified VLPs
containing the assembled major capsid protein (VP1) of human norovirus GI1.7 and Gll.4
Sydney were obtained courtesy R. Atmar (Baylor College of Medicine, Houston, TX) and kept
at 4°C in concentrated form until use. VLPs were diluted to 3 pug/ml in 1x phosphate-buffered
saline (PBS) and 100 ul/well of the VLP solution applied to 96-well medium-binding EIA
plates (Costar 3591). Additionally, negative control wells with no VLP were seeded. Plates
were incubated at 4°C overnight with gentle shaking, and then blocked for 2 h at room

temperature with 5% skim milk solids (w/v) in PBS + 0.05% (v/v) Tween 20 (PBST) and
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gentle shaking. The wells were then washed thrice with 200 pl/well PBST, and 100 ul/well of
selected dilutions of CuBr2 with or without 1 mM sodium ascorbate in 0.15 M NaCl were
applied at both different time points or for 30 minutes with different copper solution
concentrations. After selected treatment time, wells were quenched with 100 pl/well 10 mM
bathocuproinedisulfonic acid (BCSA). The quenched solutions were then removed and plates
washed twice with 200 pl/well PBST. Next, 100 ul/well of a solution containing 1 pg
biotinylated HBGA type A (Glycotech, #01-017, Gaithersburg, MD) in 0.25% skim milk-
PBST was applied for 1 h at room temperature with shaking. The plates were then washed
thrice with PBST, and 100 pl/well of 0.2 pug/ml streptavidin-horseradish peroxidase conjugate
(Invitrogen, Carlsbad, CA) in PBS applied to plates for 15 min at room temperature. Plates
were washed thrice with PBST and 100 pl/well room temperature 3,3'5,5'-
Tetramethylbenzidine (TMB) substrate (KPL, Gaithersburg, MD) applied for 5-10 minutes.
The reaction was then stopped with 100 pl/well TMB Stop Solution (KPL) and plate read at
450 nm in a Tecan Infinite m200Pro microplate reader.

Negative control wells were seeded with only PBS and no VLPs, while positive control
wells included untreated VLPs and neutralization control (BCSA and highest copper solution
premixed and applied to wells for 30 minutes). At least two wells per treatment per plate and
three separate plate replicates were performed. For each treatment, the average absorbance of
the no VLP wells was subtracted from the average absorbance of each VLP well. These
adjusted absorbances were then use to calculate the value of the signal of a treatment well taken

as a percentage of the neutralization (positive) control.
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4.4.3 Transmission Electron Microscopy

For viewing under TEM, 100 mg ml* human norovirus G1.7 VLPs were treated with 0.1 mM
copper bromide and 10 mM sodium ascorbate for varying periods of time and then quenched
with 10 mM EDTA. 10 pul droplets of each treated VVLP solution were adsorbed onto nickel
grids with carbon support films (Ladd Research, Williston, VT) for 2 minutes. Excess liquid
was then removed, followed by 5-10 seconds of negative staining with 2% uranyl acetate. The
grids were imaged by conventional TEM using a 2000FX S/TEM (JEOL, Tokyo, Japan) at 200

kV.

444 RT-gPCR
Samples with Gll.4 Sydney infected stool kindly provided courtesy of S.R. Green (North
Carolina Department of Health and Human Services, Raleigh, NC) and suspended 20% in PBS
were clarified by centrifugation for 10 minutes at 10,000xg followed by 1:1 dilution in PBS.
Additionally, clarified Tulane virus cell culture lysates diluted 1:10 were also evaluated in
suspension assay. The clarified stool or Tulane cell culture stock was added 1:10 into 0.15 M
sodium chloride (NaCl) solutions containing 100 mM sodium ascorbate and varying copper
concentration for a final volume of 100 L. After 30 minutes of treatment at room temperature,
EDTA was added to a final concentration of 0.1 M to quench the copper ions.

Sample preparation and PCR reactions closely followed the protocol used by Manuel
et al.>” and are summarized briefly here. Before RNA extraction, samples were pretreated with
1 uL RNase ONE (Promega, Madison, WI) enzyme in 12 uL 10x reaction buffer and 7 pL

nuclease-free H>O for 15 minutes at 37°C. The RNase reaction was stopped by placing the
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samples on ice for 5 minutes and adding 80 pL cold PBS. The NucliSENS easyMAG system
(bioMérieux, St. Louis, MO) was used for RNA extraction, and final extracted nucleic acid
was collected in 40 pL of provided buffer. A CFX96 Touch real-time PCR system (Bio-rad,
Hercules, CA) was used to carry out the reaction with the following protocol: 1) reverse
transcription for 15 min at 50°C, 2) denaturation for 2 min at 95°C, and 3) 45 cycles of 15 s at
95°C, 30 s at 54°C, and 30 s at 72°C (for fluorescence reading). Primers JJV2F (5'-
CAAGAGTCAATGTTTAGGTGGATGAG-3") and COG2R (5'-
TCGACGCCATCTTCATTCACA-3') and probe RING2-P (5'-FAM [6-carboxyfluorescein]-
TGGGAGGGCGATCGCAATCT-BHQ [black hole quencher]-3") were used for GIIL.4
Sydney;® and Tulane primers FW (5-GAGATTGGTGTCAAAACACTCTTTG-3"), RV (5’
ATCCAGTGGCACACACAATTT-3), and probe (5°-6-FAM-
AGTTGATTGACCTGCTGTGTCA-BHQ-3") were used. Tulane reaction cycling was 2 min
at 50°C, 10 min at 95°C, and 45 cycles of 95°C for 15 s followed by 60°C for 1 min.*® The
baseline threshold was set to 30 during analysis.

Serial dilutions of GII.4 Sydney infected stool were used to create the standard curve shown
in Figure B.1. The slope of the linear regression result was used to calculate log reductions in

number of genomic copies based on Ct value for all subsequent experiments.

4.45 SDS-PAGE
GI.7 and GI1.4 Sydney VLP stocks were diluted into 0.15 M NaCl solutions containing 10 mM
sodium ascorbate and varying concentrations of copper bromide for a final volume of 10 pL.

Each sample contained 1 pg of VLPs. After varying treatment times at room temperature,
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EDTA was added to a final concentration of 0.01 M to quench the copper ions. 10 pL of
Laemmli buffer (Bio-rad, Hercules, CA) containing B-mercaptoethanol (Sigma-Aldrich)
according to the manufacturer’s instructions was added to each sample, bringing the total
volume to 20 pL. Samples were then held at 95°C for 5 minutes for protein denaturation. 20
ML of each sample as well as 10 pL of a Spectra multicolor broad range protein ladder (Thermo
Scientific) were loaded into separate lanes of a precast 4-15% agarose gel (Bio-rad, Hercules,
CA). Gels were subjected to 200 V for 30 minutes, until the loading dye travelled across the
entire gel. Gels were placed in PBS until staining with Acquagel (Bulldog Biolabs) for 1 hour.
The gels were then rinsed 3 times with PBS and destained in PBS overnight before imaging
with a scanner (Epson, Long Beach, CA).

The lasso tool within Photoshop software (Adobe, San Jose, CA) was used to outline
each major capsid protein band as identified by size comparison with the standard protein
ladder. The histogram analysis tool was then used to determine the average intensity of each
band. Each band was outlined and analyzed three separate times to determine error associated
with this method. Each treatment condition was repeated on three separate gels. The gel images
in Figure C.1a and b are representative of GI.7 and GIl.4 Sydney VLPs, respectively.
Normalized intensity was calculated by first normalizing the intensity to the background

intensity of the image to obtain an optical density ratio (ODR),

ODR — (Iband_lbackground) (41)

Ibackground
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where 1,4 represents the average intensity of a protein band and Ik grouna represents the
average intensity of the image background. Then the ODR of each sample was divided by the

ODR of an untreated sample to obtain normalized intensity (I,,)

_ ODRtreated (42)

n=
ODRyntreated

here ODR eqreq tepresents the ODR of a treated sample and ODR,,,,treqteq YEPresents the

ODR of an untreated control.
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CHAPTER 5

Synergistic Effects of Copper lons and (+)-Catechin on Human Norovirus Survival

5.1 Introduction

We seek to introduce new efficient and stable antiviral formulations based on ionic-reductor
compositions as described in the previous chapter. The biocidal effects of Cu(l) ions appear to
be a result of the oxidative effects from copper’s redox activity.> Copper is a redox-active
transition metal that can be present in its monovalent or divalent form in solution. Cu(l) ions
are unstable and either react with dissolved oxygen to form Cu(ll) or disproportionate into
Cu(s) and Cu(ll).2 The required concentration of Cu(l) ions in solution can be generated by the
addition of a reducing agent to solutions of Cu(ll). Many reactions, such as those carried out
in Click chemistry,® commonly use the ascorbate ion as a reducing agent for copper. Solid iron
surfaces have also been used as reducing agents for copper ions to generate a biocidal

environment.*
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Scheme 5.1 Reversible and irreversible oxidation pathways of ascorbate.’

In the presence of copper ions or other redox-active transition metal ions, ascorbate
behaves as an antioxidant at high concentration and as a pro-oxidant at low concentration
relative to the metal ions.®> The ions of iron and other transition metals have been reported as
less efficient in catalyzing ascorbate oxidation than Cu(ll) ions.® Ascorbate undergoes
reversible oxidation to dehydroascorbate (DHA)” according to Scheme 5.1, so continuous
redox cycling of ascorbate and a redox-active metal ion can be achieved with an element such
as copper. It has been hypothesized that the redox cycling of copper ions and ascorbate
demonstrate “Fenton-like” chemistry because they generate reactive oxygen species in a
similar fashion to hydrogen peroxide and iron ions in the well-described Fenton reaction.® As
shown in Scheme 5.2, dissolved oxygen is reduced down to water through a series of
intermediates, including hydrogen peroxide and two highly reactive species, superoxide and

hydroxy! radical.® Molecular oxygen and hydrogen peroxide are reduced by transition metal,
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and the oxygen radical species can be reduced by either transition metal or biomolecules,
causing oxidative damage.' In the case of copper present in the systems, the Cu(l) ion acts as

a reductant for the oxygen species.

02 - 02" -» H202 -» HO + OH - 2H,0

Scheme 5.2 Reduction pathway of dissolved oxygen species.®

Despite its reversible oxidation to DHA, ascorbate disappears over time as DHA also
irreversibly oxidizes to diketogulonic acid,” as seen in Scheme 5.1. Therefore efforts have been
made to stabilize ascorbate or present an alternative pro-oxidant compound for generation of
Cu(l) ions. Redox chemistry dictates that the net reduction potential of a redox reaction must
be positive for the reaction to take place spontaneously.'! Thus the reduction potential of a
reducing agent for the Cu(lIl) to Cu(l) half reaction must be less than the reduction potential of
the copper half reaction, which is 0.158 V.2 The oxidation of ascorbate to DHA involves the
loss of two electrons, and multiple steps are involved. The standard reduction potential of
ascorbate/DHA is generally reported as -0.06 V, but the redox reaction of Cu(Il) with ascorbate
is complex and pH-dependent because ascorbate, DHA, and reaction intermediates all have
acid-base equilibria.*®

Due to the low stability of the ascorbate ion in the presence of dissolved oxygen from
the air, we have investigated the use of alternate reducing agents to generate the same redox

environment using Cu(ll) as a catalyst. Because of their phenolic groups and thiol reducing
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groups, we selected lignin in the form of nanoparticles, tannic acid, and (+)-catechin as possible
candidates. Lignin is a widely available biomaterial that has been used as a reducing agent to
generate metal nanoparticles.** Lignin-based nanoparticles can chelate metals and have been
used to deliver antimicrobial silver ions as an environmentally-benign alternative to solid silver
nanoparticles.'® We hypothesized that the high molecular weight of the lignin and tannic acid
structures may contribute to high stability and enhanced redox buffering capacity. The smaller
polyphenols, catechins, have demonstrated high pH-dependent stability relative to other
antioxidant compounds,'® 17 especially if encapsulated in a protective colloidal structure such
as a surfactant micelle or liposome.*®

Catechins, classified as flavanols, are a group of natural compounds with strong
antioxidant properties that are obtained from tea extracts and other plants.'® (+)-Catechin and
epigallocatechin gallate (EGCG) are members of this group of chemicals that have
antimicrobial, antiviral, antifungal, and antitoxin properties.?® Specifically, EGCG has
significant antiviral activity against Herpes Simplex Virus (HSV),?' Hepatitis B,?* and
Hepatitis C,? all enveloped viruses. EGCG binding to membrane-bound receptors is regarded
as its main antiviral mechanism. In combination with Cu(Il) and in some cases Fe(ll) ions, (+)-
catechin has significant antimicrobial activity caused by oxidative effects.?* (+)-Catechin
behaves as a reducing agent and participates in redox cycling with the transition metal,
introducing reactive oxygen species into the system.?>?” Similar to ascorbate, (+)-catechin
reduces copper more readily than iron.?® Studies have shown that heat treatment prior to (+)-
catechin use and adding ascorbate may increase its antimicrobial properties.?*?° Because of

their potency in combination with copper, catechin complexes are also used as part of cancer
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treatments. Cancer cells contain a higher level of copper than normal cells, resulting in targeted
cell death upon the introduction of a catechin.®® We selected (+)-catechin as a result of its

availability in larger quantities and lower cost in comparison to other catechins.
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Scheme 5.3 Oxidation pathway of (+)-catechin to quinone.!

Similar to ascorbate, (+)-catechin loses two electrons in its oxidation in multiple pH-
dependent steps, according to Scheme 5.3. The final oxidation product of the reaction is
quinone.® The standard reduction potential of (+)-catechin has been measured between 0.16
and 0.278 V32 depending on the method used, so it lowers the solution’s reduction capacity to
a greater extent than ascorbate. We evaluate the long-term stability of ascorbate, lignin, tannic
acid, and (+)-catechin for their use as reducing agents in generating an oxidative environment

using CuBr- as a catalyst.
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5.2 Results and Discussion

The instability of ascorbate when stored over time hinders the use of copper ion-based
disinfectants in practical formulations. We have thus compared the stability and efficacy of
ascorbate with other reducing agents to evaluate their potential as viable alternatives for
ascorbate. We determined the stability of each reducing agent by testing their ability to
generate Cu(l) ions from Cu(ll) ions. We selected copper bromide as a source of divalent
copper ions and added sodium ascorbate in at least 10-fold excess to reduce Cu(ll) and create
a redox active environment. The presence of Cu(l) ions was measured using the absorbance
of copper/reducing agent solutions in the presence of a spectrophotometric chelator for Cu(l),
bathocuproinedisulfonic acid (BCSA). BCSA changes conformation when it binds Cu(l) ions
and produces a color change detectable at 483 nm. The Cu(l) concentration was calculated
based on solution absorbance using a standard curve of different initial CuBr2 concentrations,

as seen in Figure A.1. We then calculated Cu conversion using Equation 5.1,

[Cu(D)]

Cu conversion =
[CuBr;]

(5.1)

where [Cu(l)] represents the concentration of Cu(l) ions calculated from the measured
absorbance and [CuBr2] represents the initial concentration of copper bromide in the sample.
We tested the ability of ascorbate, lignin nanoparticles, tannic acid, and (+)-catechin to reduce
copper ions after storage for periods of up to a month. We used plaque assays of Tulane virus
(TV), a human norovirus surrogate, to approximate the effects of different copper ion

formulations on human norovirus infectivity.
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5.2.1 Comparison of Alternative Reducing Agents
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Figure 5.1 Comparison of four reducing agents for CuBr: in their ability to a) convert Cu(ll)
to Cu(l) after storage for different time periods and b) inactivate TV in combination with CuBr;
at varying treatment times when prepared fresh. Virus survival is the number of pfu after each
treatment (N) normalized to the number of pfu without treatment (Nn:) determined during the
same set of experiments. Copper conversion (a) is the Cu(l) concentration normalized by the
original CuBrz2 concentration. Reducing agents in (b) were in combination with 0.1 mM CuBr-
except for (+)-catechin, which was in with 1 mM CuBr». Error bars represent the standard error

of three replicate samples.
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Initially, all four reducing agents almost completely converted Cu(ll) to Cu(l), as seen
in Figure 5.1a. Within one day, ascorbate lost its ability to reduce Cu(ll) to Cu(l) completely,
while lignin particles, tannic acid, and catechin all retained their reducing capabilities for
weeks. However, the reducing agents were not all effective in inactivating Tulane virus in
combination with Cu(lIl). Using fresh solutions of each reducing agent, we tested their virucidal
effects in combination with CuBr. after different exposure times using TV plaque assays.
Ascorbate caused greater than 4-log reduction in virus titer within five minutes of treatment,
and (+)-catechin induced 3-log and 4-log reductions after 5 and 15 minutes, respectively.
Lignin nanoparticles and tannic acid caused less than 1-log reduction in virus titer even after
30 minutes of treatment. This discrepancy is most likely due to strong binding of the copper
ions to the large lignin and tannic acid structures. Cu(l) is classified as a soft Lewis acid and
will bind strongly to soft Lewis bases, including sulfur groups.3® After Cu(l) generation, the
reduced ions remain tightly bound to the phenolic structures so that they are not re-oxidized to
Cu(ll) and thus do not catalyze the formation of damaging oxygen and hydroxy radicals.
Catechin binds copper ions more loosely and can thus facilitate redox cycling and oxygen
radical generation.

Lignin nanoparticles and tannic acid solutions can reduce Cu(ll) to Cu(l), but their
strong chelating properties prevent Cu(l) from being re-oxidized to Cu(ll).3* Because the
oxidation of Cu(l) to Cu(ll) generates damaging oxygen radicals, no virus inactivation is
observed in the absence of this half reaction. We also note that the ortho-dihydroxyl groups on
polyphenols, which are present on the (+)-catechin structure but not on the tannic acid

structure, exhibit the greatest pro-oxidant tendencies.®® Unlike lignin nanoparticles and tannic
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acid, both ascorbate and (+)-catechin allow for the regeneration of Cu(ll) from Cu(l) and
therefore significant virus inactivation. (+)-Catechin has high affinity for Cu(ll) and low
affinity for Cu(l), so redox-cycling of the metal is possible as it is captured and released by the

hydroxyl groups.®
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5.2.2 (+)-Catechin/Cu Mixture Efficacy and Stability
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Figure 5.2 Results of TV plaque assay after treatment with a) varying combinations of CuBr>
and (+)-catechin for 30 minutes and b) 1 mM CuBr, with 1 mM (+)-catechin at varying time
points. Virus survival is the number of pfu after each treatment (N:) normalized to the number
of pfu without treatment (Nnt) determined during the same set of experiments. The areas outside

the limit of detection of the assay are marked in gray. Error bars represent the average of two

plates for each of three samples at each condition.
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As seen in Figure 5.2a, a mixture of 1 mM or 5 mM (+)-catechin and 1 mM CuBr»
induced greater than 4-log reduction in TV infectivity after 30 minutes of treatment. Other
concentrations and ratios of copper and (+)-catechin produced less than 2-log inactivation,
indicating that both the absolute concentration and the ratio of (+)-catechin to copper are
important in an effective formulation. When combined with ionic copper, (+)-catechin
solutions operate slightly slower than ascorbate solutions in reducing TV infectivity, requiring
5 minutes and 15 minutes to cause 3-log and 4-log inactivation, respectively. Although slower

acting, (+)-catechin is still the best alternative to ascorbate of the reducing agents tested here.
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Figure 5.3 Comparison of ascorbate and (+)-catechin stored with and without CuBr in their
ability to a) convert Cu(ll) to Cu(l) after storage for different time periods and b) inactivate
TV in combination with CuBr at varying treatment times. Copper conversion (a) is the Cu(l)
concentration normalized by the original CuBr2 concentration. 10 mM Ascorbate in (b) was in
combination with 0.1 mM CuBrz, and 1 mM (+)-catechin was in combination with 1 mM

CuBr». Error bars represent the standard error of three replicate samples.
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After demonstrating that (+)-catechin is the most viable replacement for ascorbate as a
reducing agent for Cu(ll), we compared the stability of these compounds under different
conditions. Initially, ascorbate and (+)-catechin stored both with and without CuBr2 converted
Cu(Il) to Cu(l) to an extent of almost 100%, as seen in Figure 5.3a. Within one day, ascorbate
stored with copper lost its ability to reduce Cu(ll) to Cu(l) completely, while (+)-catechin
retained its reducing capabilities for weeks. Ascorbate stored without copper behaved similarly
to (+)-catechin stored with copper and only lost reducing capacity after over 40 days. (+)-
Catechin stored without copper slowly begins to lose reducing capacity in solution after about
2 months of storage.

The loss of ascorbate’s reducing capacity correlates with its loss of efficacy in
inactivating TV. As seen in Figure 5.3b, ascorbate stored without copper loses its potency
against TV in less than a month. (+)-Catechin stored without copper loses some ability to
inactivate TV when combined with fresh copper as it transitions from causing almost 5-log
reduction in TV titer to less than 2-log reduction in TV titer after about 5 months of storage.
This loss of TV inactivation corresponds with the slow loss of reducing capacity after 2 months
of storage seen in Figure 5.3a. Conversely, (+)-catechin stored with copper retains its ability
to reduce TV titer by more than 4 logs even after losing its ability to reduce copper after storage
for 2 months. These data suggest that the redox activity involved in Cu(ll) reduction to Cu(l)
is not the only mechanism involved in the inactivation of TV by copper ions and (+)-catechin.
During storage of ascorbate and (+)-catechin mixtures, the solution color darkens as loss of Cu
conversion occurs. In solutions of (+)-catechin stored with copper, dark precipitates form over

time. Particles of (+)-catechin with bound copper may form over time, and the copper may
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help bind virus particles. The captured virus particles may then be unable to infect host cells.
Alternatively, (+)-catechin and copper may form some synergistic complex over time that is
able to bind and inactivate viruses but not release detectable Cu(l) ions.

In summary, as ascorbate loses its capacity to reduce Cu(ll) rapidly over time, while
(+)-catechin has the ability to both retain reducing capacity after storage for long periods and
effectively inactivate TV in the presence of Cu(ll) ions. (+)-Catechin is therefore a promising
alternative to ascorbate for use in a stable disinfectant effective against human norovirus. Still,
several differences exist in the application of ascorbate and (+)-catechin as reducing agents.
First, virus inactivation by copper ions using ascorbate is more rapid than with (+)-catechin.
The formation of nanoparticle complexes as done by Li et al.3 to bind viruses and facilitate
the local release of Cu(l) ions from the particles may help in shortening the required treatment
time. Also, the ratio of CuBr; to reducing agent is different for ascorbate and (+)-catechin. We
used ascorbate in at least 10-fold excess of Cu(ll) to induce loss of virus titer, whereas a 1:1
ratio of (+)-catechin to Cu(ll) was most effective. Indeed, polyphenols typically behave as
antioxidants at high concentration by complexing redox-active metals.® Low concentrations
of (+)-catechin relative to Cu(ll) may not generate enough redox potency for effective

inactivation.
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5.2.2 Formulation Considerations
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Figure 5.5 pH-dependence of (+)-catechin solution stability over time represented by a) Cu
conversion and b) TV survival. 1 mM (+)-catechin solutions were prepared in pH-adjusted
PBS and mixed with CuBr2 immediately before assay. Error bars represent the standard error

of three replicate samples.

The formulation of (+)-catechin and copper mixtures is very important in its practical

use. The efficacy of (+)-catechin as a reducing agent is pH-dependent. As seen in Figure 5.5a,
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(+)-catechin has the greatest reducing capacity and remains stable longest at acidic pH values
greater than 2.5. (+)-Catechin at pH 4.0, 5.5, and 7.0 retains its ability to inactivate TV in the
presence of copper for multiple months, as seen in Figure 5.5b. Fresh (+)-catechin at pH 2.5
does not have enough reducing capacity to inactivate TV by more than 1 log in the presence
of copper ions. At certain pH values, (+)-catechin binds copper ions loosely and can thus
facilitate redox cycling and oxygen radical generation. (+)-Catechin has the ability to
effectively inactivate TV in the presence of Cu(ll) ions even after storage for long periods. It

is therefore a viable alternative to ascorbate for use in a stable disinfectant effective against

human norovirus.

5.2.3 Mechanism of (+)-Catechin/Cu Mixture-induced Inactivation
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Figure 5.4 Results of VLP binding assay with HBGA after G11.4 VLP exposure to CuBr; at
varying concentrations for 30 minutes with 1 mM (+)-catechin. Error bars represent the

standard error of two replicate samples.
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HBGA binding assays were carried out to further elucidate the difference in mechanism
between ascorbate/Cu mixtures and (+)-catechin/Cu mixtures. G1.7 and GIl.4 VLP treatment
with ascorbate/Cu mixtures resulted in complete loss of HBGA binding even using
concentrations as low as 0.01 mM and treatment times as short as 1 minute (Figure 4.2). Gl1.4
VLP treatment for 30 minutes with 1 mM (+)-catechin in combination with copper bromide
ranging from 0.001 to 1 mM resulted in less than 20% loss of HBGA binding at each copper
concentration (Figure 5.4). These data suggest that the VLP major capsid protein retains
sufficient structure and integrity after treatment with (+)-catechin/Cu mixtures to bind to
HBGA receptors and that virus inactivation must be caused by some other mode of action. (+)-
Catechin/Cu mixtures may disrupt interactions between capsid proteins, causing the virus
particle to lose its structure and therefore infectivity without significant loss of individual
protein folding or conformation. The major capsid protein of human norovirus VLPs may also
be significantly more stable than the Tulane virus capsid proteins, resulting in significant
differences between the susceptibility of TV and HuNoV to inactivation by (+)-catechin/Cu
mixtures. Additional research must be done to reveal the mechanism of (+)-catechin/Cu
mixture-induced TV inactivation and whether such a substantial difference exists between TV

and HuNoV inactivation under these conditions.

5.3 Conclusions
The instability of ascorbate in aqueous solution precludes its use in practical disinfectant
formulations. We evaluated lignin nanoparticles, tannic acid, and (+)-catechin as natural and

stable alternatives to ascorbate. (+)-Catechin proved to have greater stability than ascorbate
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while retaining potency against a human norovirus surrogate when combined with copper
bromide. Further research can optimize the use of (+)-catechin and copper formulations as
virucidals. Other compounds in the flavan-3-ol group may be even more effective than (+)-
catechin, and introducing colloidal techniques may reduce the treatment time necessary for
sufficient deactivation. Copper and (+)-catechin mixtures can likely be used to disinfect many
other pathogens, extending the implications of this research.

Copper sulfate, another source of Cu(ll) ions, is generally recognized as safe (GRAS)
by the Food and Drug Administration (FDA).*° (+)-Catechin is found naturally in green tea
extracts and used as part of FDA-approved products. Low concentrations of Cu(ll) in
combination with a reducing agent are needed for efficient inactivation of viruses, so the
toxicity and environmental impacts of these mixtures are also likely to be rather low in

comparison with commonly used disinfectants such as bleach.

5.4 Materials and Methods

5.4.1 Tulane Virus Plague Assays

Cell culture and TV plaque assays were performed as described in Section 4.4.1. Before
performing the plagque assay, TV stocks were subjected to various treatments with copper in
suspension. 100 pl of TV stock was added to 900 pl of each copper solution for a 1 ml total
sample volume. Copper solutions containing ascorbate were prepared using 100 pl of 10x
sodium ascorbate (Sigma Aldrich) stock, 10 pl of 100x CuBr; (Sigma Aldrich) stock, and the
balance PBS. Copper solutions containing (+)-catechin or tannic acid were prepared using the

desired concentration of (+)-catechin or tannic acid in pH-adjusted PBS and 10 ul of 100x
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CuBr2. 0.05% lignin nanoparticles were prepared by flash precipitation of IAT lignin as
described by Richter et al*® and infused with 0.1 mM CuBr; for at least 30 minutes. The
particles were then coated with 0.04% poly(diallyldimethylammonium) (PDAC) for at least 30
minutes before use in the assay. PDAC is a cationic polyelectrolyte that facilitates electrostatic
attraction of the particles to the negatively charged viruses. Unless otherwise specified, all
incubation times were 30 minutes. Copper solutions were guenched by addition of EDTA in
10x excess. After quenching, TV samples were subjected to 10x series dilutions in PBS prior

to application to culture plates.

5.4.2 Determination of Cu(l) Concentration

Cu(l) concentration was determined by measuring the absorbance of copper mixtures in the
presence of bathocuproinedisulfonic acid (BCSA), a spectrophotometric chelator of Cu(l). 190
ul of reducing agent solution, 10 ul of 10 mM CuBr: stock, and 10 ul of 50 mM BCSA stock
were added to wells of a 96-well plate, and the absorbance was measured at 483 nm. Control
wells were also measured using 10 ul extra reducing agent solution in place of the CuBr2 stock,
and this reference absorbance was subtracted from the sample absorbance. Cu(l) concentration
was calculated from the line of best fit obtained from a standard curve (Figure B.2) generated

using 10 mM ascorbate with varying concentrations of CuBr-.
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CHAPTER 6

Conclusions and Future Directions

6.1 Summary

The aim of this body of work was to find ways to reduce the spread of human norovirus by
characterizing and modifying particle interactions and by developing an inactivation strategy
that permanently damages the particles. We used colloidal techniques to characterize VLP
interactions and controlled those interactions using different types of surfactants. Solid copper
surfaces had previously been shown to inactivate adsorbed human noroviruses, but the effects
of solvated copper ions on virus survival was not well understood. We used copper ions with
a reducing agent to generate oxide radicals and cause covalent damage to human noroviruses
and surrogate viruses. The formulation of these reducing agent/copper ion mixtures will result
in an environmentally-benign disinfectant strong enough to inactivate human noroviruses.

In the research described in Chapter 2, we focused on characterizing VLP interactions
in the presence of anionic, cationic, and nonionic surfactants and as a function of pH. At neutral
pH, VLPs have a net negative surface charge, so adsorption of cationic surfactant at low
concentration resulted in particle aggregation due to reduced electrostatic repulsion. Increasing
the surfactant concentration above CMC resulted in breakdown of aggregates and particles into
individual capsid proteins or dimers. Similar behavior occurred at high concentrations of
anionic surfactant above CMC. At low concentration of anionic surfactant, VLPs were

dispersed due to increased electrostatic repulsion between particles. VLPs were dispersed at
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all concentrations of nonionic surfactant studied. We used zeta potential measurements to
characterize the particles at varying pH and charged surfactant concentration. The isoelectric
point of the VLPs was found to be about pH 4.5, and particles were aggregated around this pH
due to minimized electrostatic repulsion. Above the pl particles had negative charge, and below
the pl particles had positive charge. Cationic and anionic surfactant adsorption onto VLP
surface was effectively modeled using simple adsorption models. These particle interactions
in the presence of surfactant can help determine optimal formulations for cleaning products
and antimicrobials that contain surfactants and aim to clear pathogens from a contaminated
surface.

Chapter 3 presents studies focused on describing the behavior of VLPs in the presence
of divalent copper ions. VLPs were aggregated in the presence of divalent copper ions at low
concentration. Concentrations ranging from micromolar to millimolar were necessary to
aggregate VLPs depending on the strain of human norovirus used. Based on the lack of
significant variations between the capsid charge of the varying VLP strains studied, we
hypothesized that specific copper-binding motifs exist on the surface of VLPs that are
responsible for strain-specific susceptibility to aggregation by divalent copper ions. Copper
ion-induced VLP aggregation was eliminated below the capsid isoelectric point, and higher
ionic strength increased the amount of copper ions required to induce aggregation. Other
transition metals also caused VLP aggregation at low concentration with the following

efficiency: silver > zinc > copper > iron.
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Chapter 4 describes the inactivation of human noroviruses by solutions with
monovalent copper ions. Cu(l) ions were generated by the addition of sodium ascorbate as a
reducing agent to solutions of copper bromide. TV titer was reduced by greater than 4 logs
within 1 minute at 0.1 mM copper concentration with ascorbate. Without ascorbate, TV titer
was reduced by insignificant levels even after treatment for 30 minutes at 1 mM copper
bromide. RT-qPCR of human norovirus-infected stool indicated a decrease in the number of
genomic copies of 2 logs after treatment with 0.1 and 1 mM copper with ascorbate. HBGA-
VLP binding assays using both G1.7 and Gl1.4 Sydney VLPs showed complete loss of binding
within minutes of treatment with copper concentrations as low as 0.01 mM in the presence of
ascorbate. The efficacy of ascorbate/Cu mixtures shown using TV plaque assays, RT-qPCR of
infected stool, and HBGA-VLP binding assays indicate that viable human noroviruses are
likely also inactivated using this strategy. Significant loss of band intensity in SDS-PAGE gels
run with ascorbate/Cu-treated VLPs indicated that particle damage was covalent in nature and
included protein cleavage. TEM also confirmed loss of capsid integrity after VLP treatment
with ascorbate/Cu mixtures for as little as 1 minute. The research presented in this chapter
proved that divalent copper ions in the presence of an effective reducing agent induce effective
and rapid inactivation of human norovirus and surrogates.

Finally, the work described in Chapter 5 provided means for a practical formulation of
copper ions with a reducing agent that would be stable over time. Ascorbate readily oxidizes
in solution and so would have a short shelf-life in an antiviral formulation. Tannic acid, lignin
nanoparticles, and (+)-catechin were all tested as alternatives to ascorbate for use as reducing

agents for copper ions. All three polyphenolic compounds were able to reduce Cu(ll) to Cu(l)
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after storage with copper, while ascorbate lost this ability within a day. Tannic acid and lignin
nanoparticles in the presence of copper ions were not effective in reducing TV titer likely due
to strong binding of copper that prevented copper redox chemistry from occurring. (+)-
Catechin was selected as the most viable alternative to ascorbate as a reducing agent for copper
ions based on its ability to retain efficacy against TV even after storage for months. In the
presence of copper ions, (+)-catechin retained its efficacy against TV even after losing its
ability to reduce Cu(ll) to Cu(l). We therefore concluded that (+)-catechin/Cu mixtures have a
different mechanism of human norovirus inactivation than ascorbate/Cu mixtures. (+)-
Catechin/Cu mixtures were also unable to reduce HBGA-VLP binding, indicating another
deviation from ascorbate/Cu mixture effects on virus particles. The precise, data-driven
formulation of these (+)-catechin/Cu mixtures is very important as their efficacy was found to

be strongly dependent on pH.

6.2 Future Outlook

The results presented in this dissertation could have a real impact on the spread of human
noroviruses in the environment. As we develop a better understanding of the pathogen's
interactions in the presence of commonly used cleaners and disinfectants, more advanced and
effective formulations become possible. The introduction of metal-based disinfectants that
possess high efficacy against human norovirus will make virus cleaning and inactivation
achievable in more settings and with more mild conditions than current antiviral agents such
as bleach. The (+)-catechin/Cu mixtures have been submitted as part of an invention disclosure

with promise for commercial licensing. Additional development work will focus on testing

166



these formulations on surfaces and continuing the optimization of their stability during storage

and efficiency during application.

Relative Genomic Copies (N/N )

0.01
T ]
1E-35 ——GT+10mM Cu
——GT+1mM Cu
—a—GT only
0 5 10 15 20 25 30
Treatment time (min)
b
N .
~ 0.1
< —s—GT only
Z 001 —e—GT + 1 mM CuBr,
E
2 1E-3
c
2
o 1E-4 4
= 1E-54 A4
0 5 10 15 20 25 30

Treatment time (min)

Figure 6.1 Preliminary results showing inactivation of human norovirus by green tea combined
with copper bromide at various treatment times evaluated using a) RT-gPCR of Gll.4 Sydney-

infected stool and b) Tulane virus plaque assays.
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Based on the efficacy of (+)-catechin/Cu mixtures in TV inactivation and the
prevalence of catechins in green tea, we also evaluated human norovirus inactivation by natural
green tea in combination with copper bromide using RT-gPCR of human norovirus-
contaminated stool and TV plaque assays. Treatment with green tea and 10 mM copper caused
about 3-log reduction in the number of genomic copies in GI1.4 Sydney-infected stool (Figure
6.1a). Treatment with green tea and 1 mM copper caused more than 5-log reduction in TV titer
after only 1 minute (Figure 6.1b). These preliminary results indicate that green tea/Cu mixtures
are even more effective than (+)-catechin/Cu mixtures in causing human norovirus
inactivation. The increased efficacy using green tea in place of (+)-catechin is likely a result
of the diverse catechins at high concentrations found in green tea.! Other types of catechins
have been shown to possess even higher anti-oxidant capacity than (+)-catechin.?®

One final message derived from this thesis is that colloidal interactions should be taken
into account when formulating cleaners and disinfectants. Copper-based antivirals have the
potential to provide rapid and effective human norovirus inactivation in products and human
activity. Future research can focus on elucidating the mechanisms of a new generation of more
efficient disinfectants composed of copper ions and catechins. Such formulations can then be
optimized using the most environmentally-benign and cost effective catechin or mixture of
catechins. The analysis of various green tea components may help in determining these
formulations. Additional studies comparing differences in susceptibility to copper treatments
between human norovirus strains would also benefit disinfectant development. This work can
also be expanded to other viral and bacterial pathogens to generate multiple types of broadly

effective surface disinfectants.
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APPENDIX A

Additional Light Scattering Data

Appendix A provides additional information and raw light scattering data. Figure A.1 includes
the correlation data for representative conditions of the data shown in Figures 2.1-2.4. These
curves demonstrate the quality of DLS data included in this thesis. Figures A.2 and A.3 show
VLP behavior in solutions of varying concentrations of CTAB and SDS at pH 7.4 as well as
pH values near and below the isoelectric point. In each of these measurements, pH adjustments
were made after the addition of surfactant. For further analysis of the combined effects of pH
and surfactant type and concentration on VLP behavior, the order of pH adjustment, surfactant
addition, and VVLP addition are very important. Also, the CMC of each surfactant and micelle

size and shape at varying pH values need careful consideration.
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Figure A.1 Raw correlation data used in fitting the DLS size data for VLPs at selected

conditions shown in Figures 2.1-2.4. DLS data show a single peak for VLPs in buffer at pH

5.4, pH 7.4, and pH 7.4 with 0.01% CTAB. The correlation data for these conditions show a

sharp decline in correlation coefficient at different times, indicating a good fit for a monomodal

distribution. DLS data have multiple peaks for VLPs in buffer at pH 7.4 with 0.05% SDS and

0.5% Tween 20. The correlation data for the SDS condition shows a gradual decline in

correlation coefficient over time, indicating the presence of a broad distribution of particle size.

The correlation data for 0.5% Tween 20 show a sharp decline followed by gradual leveling in

correlation coefficient over time, indicating the presence of multiple particle size peaks.
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Figure A.2 Intensity distributions from DLS experiment of norovirus VLPs in PBS at varying
pH containing 0.01%, 0.05%, 0.1%, and 0.5% CTAB. pH adjustments were made after
surfactant addition to VLPs. Differences in VLP behavior at low pH from VVLP behavior at pH
7.4 exist mainly at 0.05% and 0.1% CTAB. VLPs at low pH are less likely to be dispersed at
these CTAB concentrations probably due to approaching or passing through the isoelectric
point after surfactant addition. At pH values below the isoelectric point, peaks appear less

broad probably due to pH-induced aggregation after passing through the isoelectric point.

172



1 10 100 1000 10000

0.5% SDS| —pH 4.3
\ ----pH6.5

————— pH7.4

N
(=)

Intensity (%)

© w o v o w
O w o ©w o

20.7
13.8}
6.9+
0.0

1 10 100 1000 10000
Diameter (nm)
Figure A.3 Intensity distributions from DLS experiment of norovirus VLPs in PBS at varying
pH containing 0.01%, 0.05%, 0.1%, and 0.5% SDS. pH adjustments were made after surfactant
addition to VLPs. Major differences in VLP behavior at low pH and VVLP behavior at pH 7.4
exist at 0.01% and 0.05% SDS. VLPs are more aggregated at these concentrations, probably
due to approaching or passing through the isoelectric point after surfactant addition. At 0.05%
SDS, the smallest diameter peak at low pH is larger than in other conditions possibly due to

larger portions of the capsid or different sized micelles.
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APPENDIX B

Standard Curves
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Figure B.1 Standard curve for RT-gPCR experiments with GIll.4 Sydney-infected stool
relating cutoff value, Ct, to log changes in genomic copies. The standard curve was generated
by measuring the Ct values of a 1:10 dilution series of HuNoV infected stool. Linear regression
yielded Ct = 3.32*log(N) + 16.85 with R? = 0.9992. Error bars represent the standard error of

three replicate samples at each concentration.
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Figure B.2 Standard curve of absorbance at 483 nm of solutions with varying CuBr;
concentration in the presence of excess sodium ascorbate and Cu(l) spectrophotometric
chelator, BCSA. The line shown has equation Asss = 7.48[CuBr], and R? = 0.998. After

addition of excess fresh ascorbate, we assume [CuBrz] ~ [Cu(l)].
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APPENDIX C

Sample SDS-PAGE Images
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Figure C.1 Images of representative SDS-PAGE gels of a) GI.7 and b) Gll.4 Sydney VLPs
used for band intensity analysis. Lanes contain 1) standard protein ladder; 2) VLPs in 0.15 M
NaCl; 3) VLPs treated with 1 mM EDTA, 0.1 mM CuBr, and 10 mM sodium ascorbate for
30 minutes (neutralization control); VLPs treated with 0.1 mM CuBr; and 10 mM sodium
ascorbate for 4) 1 minute, 5) 5 minutes, 6) 15 minutes, and 7) 30 minutes; and VLPs treated
with 0.01 mM CuBr; and 10 mM sodium ascorbate for 8) 5 minutes, 9) 15 minutes, and 10)

30 minutes.

176



