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Abstract

Contamination of water with various disease causing agents such as bacteria and viruses
leads to 4 billion cases of diarrheal disease and 1.8 million deaths per year worldwide. The
World Health Organization estimates that 94% of these cases can be prevented by increasing the
availability of clean and safe water to those at risk. They also claim that 1.1 billion individuals
worldwide do not have access to clean water sources, and suggest the best way to improve this
situation is to increase household water treatment and safe storage (HWTS). HWTS can
dramatically improve water quality, leading to a significant reduction in diarrheal disease. Being
able to produce a small and inexpensive device that can be used in a household to improve water
quality will significantly aid in preventing diarrheal disease. Water purification systems have
been manufactured in the past in order to turn potentially disease causing water into safe
drinking water. The metal iodine has been used in some of these systems. However, iodine is
known to leach off and become part of the drinking water, which can lead to non-infectious
diseases such as hyperthyroidism. This project shows how the development of new water
purification systems utilizing silver and other heavy metal nanoparticles may be used to help
purify water and have the potential to prevent diarrheal disease. Various heavy metals, including
silver nitrate, magnesium oxide, brominated magnesium oxide and titanium-silicon-manganese
dioxide nanoparticles, are used in conjunction with ion-exchange resins to develop a biocidal
column to sanitize water. A model virus from each of the following families is used: Reoviridae
(rotavirus), Picornaviridae (enterovirus), and Caliciviridae (calicivirus). This research shows not
only that some of these metals can be used to purify water by inactivating viruses, but also shows
the mechanism of viral inactivation. This includes protein denaturation and destruction of viral
RNA.
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CHAPTER 1 - Literature Review: Water quality, water-borne

viruses, and heavy metals



Introduction

Water is an essential part of life on earth. For mammals, the drinking of water is the
main source of uptake of this important molecule. However, many microorganisms have co-
adapted with mammals by living in water. When these microbes are ingested by mammals, they
have the potential to cause disease. Humans have done many things throughout time in order to
remove these microbes from the water. As early as 2000 BC, water purification practices were
used, although these practices were mainly used to improve taste. The ancient Greeks of this
time heated water, and also practiced sand and gravel filtration. By 1500 BC, the Egyptians
mixed alum into their water in order to make particles to settle easier. In 500 BC, Hippocrates
invented a sleeve, which was basically an early form of a bag filter (Baker 1948, EPA 2000,
Outwater 1996). Once again, this was mainly used to trap large particles and make water clear
looking. This did not protect against microbiological infections. However, when van
Leeuwenhoek observed microorganisms in his microscope in the 1670’s, this changed many
things including water purification (Palm and Snelders 1982). For example, in 1804 the first
public water treatment plant was built in Scotland by Robert Thom (EPA 2000). Water
purification took a huge step forward when the modern founder of epidemiology, John Snow,
showed that cholera was spread by ingestion of water from the Broad Street pump in London in
1854. Since the water coming out of the pump looked and smelled normal, this was somewhat
of a paradigm shift for understanding what clean water meant. Snow treated the water with
chlorine, and in addition to his other accomplishments, founded the practice of water disinfection
(Hempel 2007). In 1903, the practice of softening water was invented. Softening water is done
by the removal of ions from the water, and so this became useful in the desalination of water
(EPA 2000). Safe and clean drinking water reached a new height in the eyes of the American
public when, in 1974, the Safe Drinking Water Act (SDWA) was passed. This act said that
people have the right to safe and clean drinking water (EPA 2000).

Since then, techniques such as aeration, flocculation, the use of activated carbon, and
reverse osmosis technology have been used to treat and purify water. Aeration is mainly used in
wastewater treatment. During the aeration treatment, wastewater is placed in pools for one to
two weeks and air is pumped through the water. This aerates the water and reduces the bacterial
load in the water by 80-90 percent during the holding time (Beychok 1971). Flocculation is a

general chemistry process that can be used in many ways. In terms of water purification,
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colloidal contaminants are forced to precipitate by the addition of flocculants. The precipitates,
which can be chemical and biological, are then removed from the water resulting in cleaner
water (Sridhar et al. 1988). Activated carbon is a form of refined charcoal that has a large
amount of pores in it, making it very good at absorbing chemical and biological agents
(American Water Works Association. 1989). Reverse osmosis is another useful technique where
water is pumped against the normal flow of osmosis through a membrane or series of
membranes. This process allows the removal of many different types of large atomic molecule,
and can be used in the desalination of water (Popper et al. 1968). In many parts of the world,
finding safe drinking water is still a major problem, though. In order to solve this problem, new
and innovative methods may be needed. This may include the use of heavy metals and ion

exchange resins to inactivate these microorganisms.

Water Quality Across the Globe

While water quality is generally considered high in the more modernized parts of the
world, this is not true for most of the 3 world and some of the 2™ world. Even in the more
advanced parts of the world, water can be considered somewhat in a fragile state during natural
disasters such as flooding, hurricanes, and even earthquakes. Contamination of water with
various disease causing microorganisms leads to 4 billion cases of diarrheal disease and 1.8
million deaths per year worldwide (Priiss-Ustiin 2008, WHO 2007). They also claim that 1.1
billion individuals worldwide do not have access to improved water sources, and suggest the best
way to improve this situation is to increase household water treatment and safe storage (HWTS).
HWTS can dramatically improve microbial water quality, leading to a significant reduction in
diarrheal disease (WHO 2007). The WHO claims that 4% of the total global burden of disease is
due to diarrheal diseases. The WHO estimates that 88% of diarrheal disease is due to unsafe
water supply, sanitation and hygiene. Finally, they also claim that improving the drinking water
quality through household water treatment can reduce morbidity of diarrheal disease by 94%
(WHO 2007).

Cholera in the Underdeveloped World
There is perhaps no better example of how poor the water quality is in the under-

developed world than the severe and seemingly constant cholera epidemics in Africa. Cholera is
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a severe, acute diarrheal disease caused by the bacterium Vibrio cholera. In Zimbabwe from
2008-2009, there was a cholera epidemic where over 92,000 cases were and over 4,000 deaths
reported. It was determined that the breakdown of the water supply, specifically in high density
urban areas was one of the major determinants of the cause of the outbreak (Mason 2009).

Problems in the Developed World

As mentioned previously, waterborne diseases are not restricted to the 3" world. A
recent example of this was the well studied and scrutinized aftermath of Hurricane Katrina. This
was a devastating hurricane that struck the New Orleans area on August 29, 2005. The intense
coastal flooding caused nearby Lake Pontchartrain to overflow and spill into New Orleans. This
caused it to be one of the costliest and deadliest hurricanes in history (Knabb 2005). The intense
flooding in the New Orleans area had immediate detrimental effects, but has had and still has
lingering effects for the residents of that area. In addition to finding high levels of disease
causing bacteria, high levels of pesticides and lead were found. The pesticides were concluded
to come from the surrounding uprooted vegetation and the lead was concluded to come from
industrial parts of the flooded city (Lubick 2006). The diseases that residents and evacuees of
New Orleans became infected with were numerous. A group of evacuees that relocated to Texas
became infected with norovirus, and enteric virus from the family Caliciviridae. Non-typhoidal
Salmonella and non-toxigenic V. cholerae were shown to have caused gastrointestinal distress
and diarrheal disease. In addition, there were numerous reports of methicillin-resistant
Staphylococcus aureus (MRSA) and Vibrio parahaemolyticus skin infections. These infections
resulting in six deaths (Lubick 2006). This illustrates very well how even in developed countries

clean, safe water is only one unexpected event away from becoming contaminated.
Pathogenic Water-Borne Viruses

Rotavirus
Numerous viruses are spread by the fecal-oral route. Many of these viruses cause
diarrheal disease, but some can cause other complications such as meningitis. Of the
gastrointestinal viruses, none are currently as widespread as rotavirus. Rotavirus (Family:
Reoviridae) is a non-enveloped virus of about 75 nm with icosahedral symmetry. Its genome

consists of 11 segments of double stranded RNA. Its two major proteins, the P and G proteins
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are the spike proteins. They are the major determinants of serology of these viruses. Due to the
fact that this is a segmented virus, it can undergo re-assortment and mutate by both genetic shift
and genetic drift, just like the influenza viruses (Flint 2004). Additionally, rotaviruses were the
first viruses to have shown to encode for a protein (NSP4) that acts as a toxin. NSP4, which is
produced by viral RNA 10, disrupts intracellular calcium levels leading to leaky cells and cell
death. On a larger scale, this is one of the major driving forces of diarrhea (Dong et al. 1997).
By the age of five years old, 95% or more of children worldwide have been infected by at least
one strain of rotavirus (Velazquez et al. 1996). The prevalence of this virus in drinking water
leads to an estimated 450,000-700,000 deaths per year worldwide (310,000-590,000 of which
being infants and young children), and an additional 2 million hospitalized due to rotavirus
infection (Bresee et al. 2005, Parashar et al. 2006). Rotavirus is such a widespread problem in
the whole of Asia that it should be considered endemic in that region of the world. Asia
accounts for 55% of all rotavirus related deaths. In addition, of the top ten countries with
rotavirus disease related deaths, six of the ten come from Asia (Bresee et al. 2005). This is a
worldwide virus. It is also found in US drinking water at a rate as high as 5 particles per gallon
(Rao et al. 1984). Additionally, only 10-100 particles are required for an infectious dose, and so
infection in developed countries like the US is not only likely but probable (Ball et al. 2005).
Bovine rotavirus was used in this study. Bovine rotavirus is a virus closely related to human
rotavirus that causes diarrheal disease in young calves. These viruses are highly infectious and
can lead to numerous deaths, which ultimately result in the potential for large economic losses
(Holland 1990).

Enterovirus
In addition to rotaviruses, enteroviruses are known to be transmitted fecal-orally.

Enteroviruses (Family: Picornaviridae) are non-enveloped, single stranded positive sense RNA,
and are about 30 nm in diameter (Flint 2004). The most famous enterovirus is the causative
agent of poliomyelitis. Poliomyelitis, or polio, is a disease of numbers. About 90% of those
infected show no signs of infection. The other 10% may show mild diarrheal symptoms or other
gastrointestinal distress. However, in about 1% of those infected, the virus is able to evade the
immune system and escape the gastrointestinal tract. It does this by infecting and destroying

motor neurons. The virus can travel to and infect the spinal cord, which is the most common
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form of the disease. When this occurs, patients generally have asymmetrical paralysis. If
infection occurs in a growing youth, one may see stunted growth and as an adult one leg can be
longer than the other. If the virus invades the cranial nerves, respiratory paralysis can occur,
resulting in an inability to continue breathing, which can result in death (Atkinson W 2007).
“Iron Lungs” were made famous as a machine that kept people breathing during the polio
infection (Paul 1971). Although poliovirus was first recognized as a distinct disease in 1840,
disease symptoms describing poliomyelitis have been recorded as far back as the ancient
Egyptians. Around the turn of the 20" century, polio reached epidemic levels in the most
developed countries in the world, including most of Europe and the United States. As a result,
there was a strong push to create a vaccine against it and prevent its spread (Paul 1971). In 1988,
the WHO, UNICEF, and The Rotary Foundation launched a campaign to fully eradicate polio
from the face of the earth, much like what was done with smallpox. This has proven to be a
much more difficult task than smallpox, as the virus still persists and is able to infect many
individuals specifically from the Northern Africa and Southern Asiatic regions (Heymann and
Aylward 2004). Since the beginning of the polio eradication efforts in 1988, a new enterovirus,
enterovirus 71 (EV71), has emerged with the same neurotropic capabilities as polio (Blomberg et
al. 1974). In addition, according to the Centers for Disease Control and Prevention, the most
common causes of viral meningitis are enteroviruses. This clearly demonstrates how
enteroviruses are of major significance and will continue to be in the future. In this study, an
enterovirus called porcine teschovirus was used. Porcine teschovirus causes a disease similar to
polio in pigs, where mild or almost non-existent infection occurs in the gastrointestinal tract of
pigs. In asmall percentage of the infected, the infection becomes viremic and can cause
infection of the central nervous system. Once this happens, the disease usually manifests itself in
the form of encephalomyelitis. These series of events are generally followed by death of the
animal. Once a widespread disease of pigs, infection from this virus is considered a rarity. In

most countries, it is reported to cause mild disease or is not reported at all (Merck 2008).

Calicivirus
An emerging group of viruses that cause diarrheal diseases, and are spread fecal-orally
are the noroviruses. Noroviruses (Family: Caliciviridae) are non-enveloped, have single

stranded positive sense RNA, and are about 35 nm in size (Flint 2004). Norovirus is responsible
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for the disease commonly called the stomach flu, but has also been called the cruise ship virus
due to many outbreaks being linked to cruise ships (Khan et al. 1994). Norovirus is not as old of
a virus as rotavirus or poliovirus. Instead it came on the scene in 1968 in Norwalk, Connecticut
causing diarrheal disease in school children. In 1972, electron microscopy was used to show that
stool samples from individuals with norovirus-like disease were loaded with virus particles. This
essentially made the connection that a virus was the causative agent of norovirus-like disease
(Thornhill et al. 1975). Norovirus is extremely infectious, causing 90% of all non-bacterial
outbreaks of gastroenteritis. It causes around 21 million cases of gastroenteritis annually in the
United States, and over half of all food-borne disease outbreaks are attributed to norovirus. On
average one infected individual will infect 14 other people, and it is thought that 1 virus particle
is enough for an infectious dose (Heijne et al. 2009). Norovirus related disease is usually self-
limiting and tends to be less severe compared to rota- and enteroviral infections. It can become
severe, however, in elderly and immunocompromised individuals by causing severe dehydration.
These exceptions lead to at least 300 deaths per year in the United States (Goodgame 2006).
This does not mean that this virus is limited to the United States. Indeed, this virus has been
found all over the world. In a study of oysters from around the world, norovirus was found at
nearly all locations tested. Since oysters are filter feeders, if the oyster filters norovirus
contaminated water, then it retains and accumulutes the norovirus. This illustrates the hardiness
of this virus to persist in different environments across the globe (Cheng et al. 2005). Feline
calicivirus is the model virus used in this study. Feline calicivirus infects cats causing severe
rhinosinusitis. Feline calicivirus often co-infects with other feline viral and bacterial pathogens
to cause the disease complex known as Feline Respiratory Disease Complex. While feline
calicivirus is not spread fecal-oral, and therefore does not cause diarrheal disease, it is a close
relative to the human norovirus and can be successfully used as a model virus for this family
(Merck 2008).

A Brief History of Heavy Metals

Lead
Heavy metals have been known to possess toxic properties since ancient times. The

Greek poet Nicander of Colophon wrote in the second century B.C. that paralysis can occur after
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lead ingestion (Needleman 2004). Lead might be considered a model for how heavy metals can
cause toxicity because it has been studied so well, and it has been shown to be particularly
neurotoxic. It is one of the several metals known to man that one should not be exposed to, as its
exposure has a direct correlation with lowering 1Q. Lead has been shown to interact specifically
with proteins. This has many consequences. When lead binds an enzyme, the binding of lead
can alter the ability of the enzyme to function properly by impacting on the ability of enzymes to
bind their ligands. It may affect protein folding, the rates of protein synthesis and degradation,
and possibly the intracellular localization of the affected protein (Goering 1993). Lead has
specifically been shown to alter the function of neurons. First, it has been shown to alter the
release of neurotransmitters from neurons, specifically glutamate. Additionally, it has been
shown to cause apoptosis, or programmed cell death, in brain cells (Needleman 2004). Since
lead has such a high affinity for staying in the organs, especially bone, of the animals that have
ingested it, treatment is difficult. Often, chelation therapy is one of the most effective
treatments. In this treatment, a chemical that has a higher affinity for lead than the tissues to
which the lead is bound is used. One such chemical is ethylenediaminetetraacetic acid (EDTA).
EDTA has four carboxylic acid arms on it and almost literally rips the lead from wherever it is
bound. This works particularly well if there are still high levels of lead in the blood (Goldfrank
and Flomenbaum 2006).

Copper

Copper is another metal that has been shown to cause toxicity in humans and animals.
Ingestion of excess free copper usually leads to self-limiting gastroenteritis. However, when
excess copper salts (copper(l1) sulfate) are ingested, or absorbed through the skin or mucous
membranes, a more severe form of toxicity can develop in the form of hemolytic anemia.
Additionally, excess chronic exposure to copper can lead to cirrhosis. Effective treatments for
copper toxicity are similar to that of treatments for lead toxicity. Chelation is once again the
most common treatment. However, instead of using EDTA, copper has a higher affinity for both
penicillamine and dimercaprol (Merck 2008). Unlike lead, copper is required as a nutrient for
the human body. If used correctly, copper can be a useful antimicrobial agent as well. As
previously mentioned, copper(ll) sulfate can be very toxic if ingested in large quantities.

However, it can be used with little relative risk to humans as an herbicide, pesticide, fungicide
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and even bactericide. Currently, research is being done that shows that when surfaces are coated
with copper, this can significantly reduce the amount of bacteria that colonize on that surface
(Gould et al. 2009).

Silver

There is a long history of silver use to preserve and extend the life of food, milk, wine
and other perishable commodities. Hippocrates, considered by many as the father of medicine, is
well known for writing that silver had beneficial healing and anti-disease properties (Institute
2010). More recently, Carl Crede implemented the use of dilute silver nitrate dropped in the eye
of infants to prevent gonorrheal opthalmia (Dunn 2000). This technique was first practiced in
1881 and has been used widely ever since. In 1893, Carl von Naegeli noticed that algae would
disappear after exposure to silver (Tilton and Rosenberg 1978). von Naegeli was also the first to
propose a mechanism for the activity of silver. He said that activity was mainly due to the silver
ion and coined the term ‘oligodynamic’ to describe how the silver ion works. While several
biological and non-biological hypotheses exist to describe why silver has antimicrobial
properties, no theory for the reactivity of silver is more widely accepted than the oligodynamic
effect hypothesis (from Greek oligos = few, and dynamis = power) (Addicks et al. 1940). The
general explanation for the hypothesis is that metal ions have a toxic effect on microorganisms of
all types. In the case of silver, the ionic form of silver is responsible for the killing of
microorganisms. Heavy metals are specifically known to show this effect. For example, the
monoatomic form of silver loses an electron and exists as a positively charged ion.

However, there is no widely accepted agreement on how the silver ion leads to bacterial
cell death or viral inactivation. Some groups have suggested that the reactivity of the silver ion
leads to the mass formation of reactive oxygen species (ROS) (Park et al. 2009). ROS leads to
oxidative damage within the cell, which lead to a number of outcomes. Long term oxidative
damages tend to lead to DNA damage and results in apoptosis of the cell (Evans and Cooke
2004, Lee and Shacter 1999). However, if the oxidative damage is high and acute, a different set
of events can occur. High oxidative damage can lead to ATP depletion within the cell. Since
apoptosis is an ATP dependent event, the cell is unable to undergo apoptosis and instead
becomes necrotic (Lelli et al. 1998, Lennon et al. 1991). Others have suggested that silver

interacts with disulfide bridges of proteins, causing protein denaturation and loss of function
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(Elechiguerra et al. 2005). This theory is similar as to what has been described with lead
toxicity. In this study, silver was used to inactivate the Human Immunodeficiency Virus (HIV).
When the virus particles were viewed under an electron microscope, silver was shown to be
bound to the spike proteins of the virus. This study not only illustrates one way that silver may
be toxic, but also shows how silver can be used in a positive way in order to sequester and
possibly eliminate disease. Numerous others have described different mechanisms, but
ultimately the mechanism of silver ion killing is not clear. Just like lead toxicity, silver toxicity
most likely has multiple mechanisms.

As previously mentioned, silver has been used in the past to prevent food spoilage and
infection. This is especially true before the advent of modern refrigeration and antibiotics. For
example, in World War 1, leaves of silver and silver nitrate solutions were successfully used to
treat infections (Institute 2010). The discovery of antibiotics, such as penicillin, led to the end of
widespread use of silver to treat infections. However, the widespread use of modern antibiotics
has led to bacterial resistance. The emergence of drug resistant strains of bacteria such as
methicillin-resistant Staphylococcus aureus (MRSA) and the XDR strain of Mycobacterium
tuberculosis (XDR-TB) have inspired many to search for novel antimicrobial compounds. In the
late 1960’s silver sulfadiazine was shown to possess anti-bacterial, anti-viral, anti-fungal, and
anti-treponemal activity (Chang and Weinstein 1975). It is thought that the silver atom is loosely
attached to the sulfadiazine molecule via ionic interactions. The silver molecule is highly
reactive and is easily stripped from the sulfadiazine molecule, and this is thought to be its mode
of action. Since the discovery of silver sulfadiazine, it has become a mainstream product under
the brand names Silvadine and Flamazine, and is mainly used on burn victims. In addition to
silver sulfadiazine, researchers have started to use silver and other heavy metal nanoparticles to
kill and inactivate various microbes. In these studies, heavy amounts of silver are found
associated with the bacteria that had been exposed to the silver (Smetana et al. 2008). This
supports the previously mentioned report, where silver binds heavily to the surface proteins of
the HIV virion.

Heavy Metal Nanoparticles
Nanoparticles are defined as any particle between 1-100 nm in size. They can come in

many different shapes — spheres, rods, helices, or even zigzags. Since size is the only real
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determinant upon defining what is and what is not a nanoparticle, they come in many different
formats. For example, much of what makes up dust is in the nanoparticle range. Also, when
haze from a nearby forest fire or possibly even when a volcanic eruption hangs over a nearby
town, much of that is nano-scaled. Even the exhaust from a gasoline engine are made of
nanoparticles, and so is smog. Nanoparticles are not always associated with dust or dirt. They
can be biological. Indeed, most viruses are in the nano-range and may be more appropriately
titled nano-viruses.

Artificial nanoparticles have some of the unique shapes, like the zigzag or spiral shapes
(Buzea C 2007). The creation of metal based nanoparticles has resulted in compounds with
interesting properties. Often, but not always, these nanoparticles will have properties and
characteristics that differ from their bulk counterparts. For example, materials containing iron
nanoparticles have the ability to change their magnetic polarity depending on the temperature of
their surroundings. In addition, nanoparticles may lose malleability. For example, when a
certain copper nanoparticle was made, it was found to be many time harder than its bulk
counterpart. The authors theorized that the bonds between atoms were not as abundant and so
bending was not as easily done (Buzea C 2007). Not only that but some metal nanoparticles
have been shown to be soluble in the proper solvent. In doing so, a nanoparticle like gold
changes its appearance to deep red or even blackish in solution (Turkevich et al. 1951).

Recently, magnesium oxide molecules of nanomaterial size have been made. These
nanoparticles form a complex structure, four stacked hexagons, each hexagon composing of a
three magnesium oxides. These nanoparticles have a unique ability to bind to aldehydes and
ketone bodies, specifically formaldehyde, acetaldehyde, and acetone (Kakkar et al. 2006).
Additionally, when titanium dioxide nanomaterials were made in the presence of silver, this
nanoparticle compound showed the ability to kill both Escherichia coli and Bacillus subtilis
spores (Hamal et al. 2010).

The titanium and magnesium based nanoparticles previously mentioned have unique
properties and, if applied appropriately, have the ability to be used in things like water
purification. Another researcher has incorporated nanotechnology into immunobiology. In this
instance, gold nanoparticles were conjugated to secondary antibodies. The reasoning behind this
was to help treat bone infections by Staphylococcus aureus. This is a type of nosocomial
infection that is very difficult to treat and often results in amputated limbs and sometimes death.
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The researcher proposed that a primary monoclonal antibody, specific to S. aureus be used to
first bind the bacterium. Then, the gold nanoparticle conjugated antibody was used to bind to the
primary antibody. A high intensity laser was shot at the sight of the infection. Through the skin
of the individual, the laser interacts with the gold nanoparticles to raise the temperature of that
microenvironment from several hundred to several thousand degrees higher than normal. This
essentially raises the temperature on the surface of the bacteria to a high enough point that the
bacteria are lysed. This therapeutic technique, if applied properly, has the ability to clear up an
otherwise untreatable infection (Zharov et al. 2006). Needless to say, nanotechnology is a new
and developing field, and for now the ideas and applications are only limited to the minds of

researchers.

Table 1.1 lon-Exchange Functional Group Affinities

Example of
Resin Type Active Group Order of Selectivity
Strongly basic R-CH,N™ (CHs)s I>NO3>Br>CN>CI>HCO3>0OH>F
Strongly acidic R-SO5 Ag>Rb>Cs>K>Na>H>Li
Weakly basic R-NH;" H3PO4>HNO3>HI>HBr>HCI>HF>HCOO
Weakly acidic R-COO H>>Ag>K>Na>Li

lon-Exchange Resins

lon-exchange resins are beads of about 1-2 mm in diameter that have different chemical
functional groups on their surface. These beads are usually made from cross-linked polystyrene
(BioRad). On the surface of these beads contain the functional groups. The functionality of the
bead is generally dependent upon the function group it contains. The functional groups can be a
weak base, like ammonia or other amino based groups. They can also be strongly basic,
consisting of tertiary or quaternary amino groups. Trimethylammonium is a common strongly
basic functional group. Similarly, weak and strong acids can be applied to these resins. lons
with carboxylic acid residues are considered weak acid resins. The sulfonic and phosphonic acid
groups are generally indicative of strong acid resins. Acidic resins are good at interacting with

cations such as sodium or potassium. Basic resins are good at interacting with anions such as
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chlorine or other halogens. Additionally, there are also resins that chelate. Resins with
iminodiacetic acid or even a full EDTA molecule are common examples of chelating resins.
These chelating resins can have multiple uses. For example, since EDTA can chelate lead, a
resin with EDTA functional groups could be used to remove lead from water (Helfferich 1962).
These resins work by replacing one ion with another. For example, what might be loosely
attached to a carboxylic acid functional group would be a sodium ion. What then happens is that
another cation may come along with a higher affinity for carboxylic acid and displace the
sodium. The new cation is then loosely attached to the resin and the sodium leaves the resin
(BioRad , Helfferich 1962). Depending upon the ion and the resin used, the affinities can differ
dramatically (Table 1.1). Due to the effectiveness of these resins to exchange ions, the history of
ion-exchange resins is very closely related to the recent history of water purification and water
softening. Some researchers have taken the use of these resins one step further by adding
additional atoms to the functional groups already present. This can dramatically change the
properties of the functional group. For example, in a recent study iodide was attached to a resin
and this resin then showed its ability to kill bacteriophages. A strong base quaternary ammonia
functional group had pentaiodide added to it. Water containing various bacteriophages was
passed through a column containing these pentaiodide beads and the viral titer was decreased
(Brion et al. 2004). This clearly illustrates how these ion exchange beads can be used in

conjunction with ions and possibly heavy metals in order to disinfect water.

Scope of Thesis

It has been said that the wars of the 20" century were fought over oil, and the wars of the
21% century will be fought over water. Not only is water quality poor in some undeveloped parts
of the world, but it will become increasingly more valuable of a commodity as the world
population increases. Currently there are few alternative methods for the individual on the
household level to purify water. Companies such as Katadyn and LifeStraw have
commercialized products for individual use that are composed of iodinated resins. However, due
to the tendency for iodine to leech off the column and end up in the drinking water, their use is
being reconsidered. In 2009, the European Union essentially banned and phased out the use of
iodine for any use in water purification (EU 2009). Because of these facts, new ideas and
research are needed in order to come up with ways to treat and purify water. This research
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attempts to use some new ideas and technologies to do just that. In chapter two, the uses of
silver impregnated ion-exchange resins are evaluated. Different resins with differing functional
groups were evaluated for their ability to inactivate viruses. The differing functional groups
include iminodiacetic acid and phosphonic acid, in macroporous and microporous form. Three
different model viruses are used to evaluate the ability of these resins. These viruses include a
strain of bovine rotavirus, porcine teschovirus, and feline calicivirus. Additionally, nanoparticles
were also evaluated for their ability to inactivate viruses. Specifically, three nanoparticle
powders were used. These include magnesium oxide (MgO), brominated magnesium oxide
(MgOBY¥), and a titanium dioxide — silicon dioxide — manganese (TiO,SiO,Mn) nanoparticle. In
chapter three, an investigation on mechanisms of viral inactivation is described. This was first
done by visualizing the viruses using transmission electron microscopy (TEM). This gave an
insight as to what was happening and led to a major hypothesis. It was hypothesized that viruses
were being inactivated by changes in the proteins found on the surface of the viruses, or the coat
proteins. It was also hypothesized that alteration of the viral RNA was occurring. Depending on
the format of the disinfectant, one or both of these events was happening to the virus. In order to
evaluate this hypothesis, native gel Western blots and reverse transcriptase polymerase chain
reaction (RT-PCR) was performed. Finally, chapter four summarizes the work and provides a

possible conclusion and application of this work for the future.
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CHAPTER 2 - The virucidal activity of various nanoparticles and

silver coated resins
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Abstract

Joseph Lister is widely considered the first to use a disinfectant when he used phenol in
order to sterilize his tools he used in surgery. Since then, many compounds have been shown to
have unique disinfectant properties. Previous studies have shown how iodine is a powerful
disinfectant. It can be applied in a tablet form or can be applied to an ion-exchange resin in order
to achieve its anti-microbiocide goals. More recently, researchers have shown how silver has the
capabilities to be used as a disinfectant. The inactivation of bovine rotavirus, feline calicivirus
and porcine teschovirus were evaluated against different types of disinfectants. Using a viral
titration method, it is demonstrated that silver impregnated ion-exchange resins all have at least
some ability to inactivate viruses. It is demonstrated that this is due to the addition of silver to
the resins and that the presence of salts can interfere with the inactivation process. Additionally,
nanoparticles are evaluated for their ability to inactivate viruses. It is demonstrated that while
magnesium oxide nanoparticles contain no innate virucidal properties, its brominated counterpart
is a potent viral inactivator. Within minutes of exposure to this nanoparticle, all the viruses
tested were shown to no longer be infectious. When the titanium-manganese based nanoparticle

was evaluated, it was also shown to inactivate viruses, although the process was much slower.
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Introduction

Rotaviruses, enterovirus, and caliciviruses are all common viruses found in fecal
contaminated water that have potential to cause serious human health complications. Both
rotaviruses and caliciviruses are closely linked severe diarrheal disease (Bresee et al. 2005,
Goodgame 2006). Enteroviruses, while not associated with diarrhea, still cause serious disease
by their affinity to become neurotropic. This can lead to encephalitis and limb disfigurement if
infection occurs early in life (Paul 1971). These viruses continue to be a problem in both the
developed and underdeveloped world due largely in part to sub-standard drinking water quality
and poor sanitation. It is important that new alternative methods for disinfecting water, and thus
improving water quality, can be found because this will directly correlate to a decrease in the
amount of water-borne disease. In the past, iodine has been the main atomic molecule at the
forefront of water disinfection. Campers and other outdoors people have used iodine tablets in
their water to help Kkill bacteria, viruses, as well as Cryptosporidium and Giardia. This is a short
term solution, as it leads to an over abundance of iodine consumed by the drinker. This can lead
to thyroid disease, (Trumbo et al. 2001). To circumnavigate this issue, researchers have added
triiodide and pentaiodide to ion-exchange resins in order to avoid this large intake of iodine into
the body of the drinker. The resins proved to be very effective at disinfecting water, but it was
shown that iodine leeched off the resins and still led to an undesirable amount of iodine ingested
(Brion et al. 2004, EU 2009).

In this research, a different metal is explored for its ability to inactivate viruses on an ion-
exchange resin. Silver nitrate solutions are added to resins containing either iminodiacetic acid
or phosphonic acid functional groups. The resulting resin holds the silver loosely to the
negatively charged oxygen and allows the silver ion to inactivate viruses. Additionally,
magnesium oxide, brominated magnesium oxide, and titanium-manganese nanoparticles are
evaluated for their virucidal activities. The data present shows clearly that iminodiacetic acid
resins impregnated with silver ions are very efficient at inactivating all the viruses tested, while
phosphonic acid resins are not as efficient. Additionally, it is shown that brominated magnesium
oxide is efficient at inactivating viruses. The titanium-manganese nanoparticles also show some
ability to inactivate viruses, although they are far less effective compared to that of the MgOBr

nanoparticles. Bovine rotavirus, porcine teschovirus, and feline calicivirus are all used in this
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study as model viruses with close relatedness to human rotavirus, poliovirus, and norovirus,

respectively.
Materials and Methods

Viral Strains and Growth Conditions

Each virus used required its own set of unique growth conditions and cells required to
infect. For bovine rotavirus, strain C486 was grown on MARC-145 cells (see Figure 2.1).
MARC-145 cells are of African green monkey kidney origin and rotavirus strain C486 is of
bovine origin. Confluent monolayers of MARC-145 cells were grown in T-75 flasks (Corning,
Corning, NY). Growth media consisted of 1x Eagle’s Minimum Essential Medium (EMEM)
(BioWhittaker, Walkersville, PA). To the EMEM, the following supplements were added: 70
ml/L (7% final) defined fetal bovine serum (FBS) (HyClone, Logan, UT), 20ml/L (4mM final)
100x GlutaMAX-1 (Gibco, Grand Island, NY), 5ml/L 250ug/ml Fungizone/Amphotericin B
(Gibco, Grand Island, NY), and 5ml/L 100x PSN antibiotic mixture (5mg/ml penicillin, 5mg/ml
streptomycin, 10mg/ml neomycin) (Gibco, Grand Island, NY). The supplemented EMEM will
be referred to as complete growth media.

10ml of complete growth media were added to each flask of MARC-145 cells. The cells
were allowed to grow for 3-7 days, and when they reached full confluency, were passed by
splitting the cells 1:4. This means that one quarter of the cells in the old flask were used to seed
a new flask. Thus, up to 4 new flasks could be planted from the old flask. This was
accomplished by first dumping off the old growth media and then washing the cells with 10ml of
1x phosphate buffered saline (PBS) (7.65¢/L sodium chloride, 1.27¢g/L disodium phosphate, 0.1
g/L monosodium phosphate, and 0.21 g/L monopotassium phosphate). The PBS was then
discarded and 3ml of 0.25% trypsin (Gibco, Grand Island, NY) was added and the cells were
incubated at 37°C for 5-15 minutes, depending on the density of the cells.

The protease trypsin destroyed the extracellular matrix the cells use to adhere to the
plastic of the flask, allowing the cells to then be divided evenly in solution. New flasks are
planted 1:4 and 10ml of complete growth media is added. The freshly planted flasks are placed
in a 37°C, 5% CO; incubator until confluency is reached once again. If it is desired to grow

rotavirus, the MARC-145 cells are allowed to grow for a full seven days so that a high density of
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cells can be achieved. At this point the old growth media is discarded and the cells are washed
with 10ml 1x PBS.

It has been well established that rotavirus requires trypsin or some other related protease
in order to become infectious (Babiuk et al. 1977). It is thought that the surface proteins of
rotavirus are essentially produced as precursors to the active form of the protein, and that trypsin
is required full activation of the protein and thus infectivity of the virus (Lopez et al. 1985).
Since FBS contains many anti-trypsinases and other related enzymes, and trypsin is required for
infectivity of rotaviruses, FBS must be removed from the growth media and a small amount of
trypsin must be added. To 1g of lyophilized trypsin (Sigma, St. Louis, MO), 1ml of de-ionized
water was added. From this stock solution of trypsin, 5ml/100ml viral growth media can be
added. The EMEM lacking FBS and with the trypsin supplement added is referred to as the viral
growth media. Once the cells have been washed with PBS, 10ml of the viral growth media is
added. To this, 10ul of rotavirus stock (~10" to 102 infectious virions per ml) is added to the
cells. This led to an approximate MOI of 0.1. The cells are placed back in the 37°C, 5% CO,
incubator for an additional 4-6 days. During this time, virus replication occurs and can be seen
and evaluated by the number of plaques present on the cell monolayer. The infection was
considered complete when 95+% of the cells had come off the plastic and the presence of a
cellular slime layer was present in the flask. Each flask would yield 10ml of viral fluids at a
concentration of 7.5 to 8.5 log;o of infectious virus particles per ml. From here, the virus was
frozen and stored at -20°C (for short term storage) or in liquid nitrogen (for long term storage).

Crandell feline kidney (CrFK) cells are required for the growth of feline calicivirus.
These cells were specifically developed for the intent of growing feline viruses (Crandell et al.
1973). These cells were grown in the same way that MARC-145 cells were grown. 10ml of
complete growth media was used in T-75 flasks. The cells grew for 3-7 days, just like the
MARC-145 cells. However, when attempting to propagate feline calicivirus, the method is
slightly different. Once again, the cells are grown to confluency, or about 7 full days of growth.
When the cells are ready, the old media is discarded and the cells are washed with 10ml of 1x
PBS. The PBS is then dumped off and replaced by complete growth media. Trypsin is not
required for the propagation of this virus, and so it can be grown in the presence of FBS. Lastly,
only 1ul of virus (from a stock of 10° to 10" infectious virions per ml) is needed for full infection.
This was an approximate MOI of 0.0005. After 1-3 days of viral replication, the cells will have
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come completely off the plastic and the course of infection is considered complete. Each flask
would yield 10ml of viral fluids at a concentration of 6.5 to 7.5 logyo of infectious virus particles
per ml

Porcine teschovirus is grown on a different cell line, although the infection protocol is
very similar to feline calicivirus growth. Swine testicular (ST) cells are used for the growth of
porcine teschovirus. These cells, once again can be grown in the same media and manner as
MARC-145 and CrFK cells. When the cells are 7 days old, they are ready for viral inoculation.
For this, the old media is dumped off and the cells are washed with 10ml 1x PBS. Then the PBS
is dumped off and 10ml complete growth media is added. For proper growth of this virus, add
100ul (of a 10° to 10° infectious virions per ml) to the aged cells. This was an approximate MOI
of 0.005. The infection time for this virus was much slower, taking about 7 days to come to
completion. Infection was considered complete when the cells had come off the plastic, or when
there was so much cellular debris that the flask could no longer be observed through the
microscope. Each flask would yield 10ml of viral fluids at a concentration of 6 to 7 log;o of

infectious virus particles per ml

End Point Dilution Assay

In order to determine the amount of virus present in a sample, end point dilution assays
were performed. In this assay, 96-well plates (BD Falcon, Franklin Lakes, NJ) were planted
with the cell type of choice at a rate of 200ul per well. Once planted, the cells were allowed to
reach confluency, usually lasting 3-4 days. Once confluent, virus samples can be tested. To do
s0, the cells are washed by dumping off the growth media and replacing it with 200ul per well of
1x PBS. In the case of rotavirus, the PBS is replaced by the viral growth media (lacking FBS
and containing trypsin). In the case of teschovirus and calicivirus, complete growth media can
be used also at a rate of 200ul per well. Once the cells were prepared, the virus was added. To
do this, the virus underwent a series of ten-fold dilutions. Each ten-fold dilution was repeated 5
times at a minimum. The ten-fold dilutions were performed by on the same plate as the cells.
First, 22ul of sample virus was added to the first row of wells and mixed 3-5 times to ensure
proper distribution of the virus within the well. This created a 1:10 dilution in this row of wells.
Then, using a multichannel pipette and a new set of pipette tips, 22ul of virus was taken from the

first row of wells and transferred to the second row of wells. Once again, the sample was mixed
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well and the process was repeated again. Special attention was paid to changing tips between
each ten-fold dilution so that carry over of virus was avoided. Once all the dilutions were made,
all the way out to 10, the plate was then incubated at 37°C for the designated time as described
previously for each particular virus. Once the virus replication cycle was complete, the plates
were read for the presence of virus. Each well was scored either a positive or a negative. A
positive result was marked as a well showing any sign of infection. For example, a well that was
completely destroyed by viral replication was marked a positive, and a well that had one foci of
infection was also marked positive. A negative well meant that no visible signs of infection were
present, and looked the same as the negative controls that lacked virus all together. Once all the
wells were marked either positive or negative, tissue culture infectious dose (TCIDsp) was then
calculated by using the Spearman-Karber method. The Spearman-Karber formula is as follows:
TCIDsp = (Xo — (d/2) + d(Z ri/n;))

Where X, = log of the reciprocal of the lowest dilution at which all wells are positive

d = logy of the dilution factor (the difference between the log dilution intervals)

n; = number of wells used at each dilution

ri = number of positive wells (out of n;)

¥ ri/nj = sum of the proportion of positive wells (beginning at the lowest dilution showing

100% positive result)
All TCIDsg’s are reported in logio and represent the number of infectious virus particles per

milliliter.

Preparation of Silver Impregnated Resins

Most, but not all, commercially bought resins do not come pre-loaded with silver ions.
So, once the resins are received from the manufacturer, silver must be loaded on the ion-
exchange beads. Depending upon the chemical structure of the functional group (iminodiacetic
acid or phosphonic acid; see Figure 2.1), varying amounts of silver was added to the resin.
According to BioRad, Chelex-100 (iminodiacetic acid) has a total binding capacity of 2 meg/dry
gram of resin. Therefore, if 30 grams are to be loaded with silver at 50% capacity, 30 meq (5.19)
of silver nitrate are required. Phosphonic acid resins were loaded in a similar way, based on the

manufacturers recommended total binding capacity.
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Figure 2.1 Silver Loaded Functional Groups
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Preparation of the Water Purification Column

Two sizes of columns were prepared in the testing of the resins. First, there are the full
sized columns. These are 20mm x 2mm cylindrical tubes. These were primarily used for large
batches of water with a resin that is known to work. For resins that are being tested for the first
time or a quick sample condition needs to be tested, a mini-column was used. This was a 10ml
needless syringe (BD, Franklin Lakes, NJ). To the ends of these columns, a layer of fiberglass
cotton was used in order to keep the beads inside the column while still allowing the water to
pass freely. Then the silver loaded resin was added to the column (see Table 2.1 for a complete
list of resins used). Depending upon the test conditions, the amount was variable. Once again,
depending upon the test conditions, other components were added. For example, granular
activated carbon (GAC) was added to many of the columns. Due to the high surface area of
GAC (from the vast amount of pores present), GAC can successfully be used as a media to
remove contaminants from the water like pesticides and even some ions. Additionally, some of
the columns contained another resin called MB400. MB400 is known as a mixed bed resin.
This means that it has two different functional groups on the surface of each bead. In the case of
MB400, the two functional groups are sulfonic acid (strong acid) and type 1 quaternary
ammonium (strong base). The sulfonic acid will exchange the hydrogen bound to it by another
positively charged ion, like sodium. The ammonium will exchange the hydroxyl group bound to
it by a negatively charged ion, like chlorine. In doing so this resin has the ability to de-ionize
water, and was used experimentally for that very purpose. The silver impregnated resin, GAC,
and MB400 were the only components of the columns. Once these components were added, the

column was sealed off and was ready for use.
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Table 2.1 Silver Impregnated Resins and Their Functional Group

Resin Name Manufacturer Functional Group
Chelex-100 Bio-Rad Iminodiacetic Acid
Dowex IDA-1 Dow Iminodiacetic Acid
D5134 Purolite Iminodiacetic Acid
D5194 Purolite Iminodiacetic Acid
S393 Purolite Phosphonic Acid
S950 Purolite Phosphonic Acid

Preparation of Nanoparticle Powders
The three nanoparticle powders tested (magnesium oxide, brominated magnesium oxide,
and titanium dioxide with manganese) were all obtained from Dr. Kenneth Klabunde and his
group in the chemistry department at Kansas State University. All samples were in powder form
and were tested for their biocidal capabilities by dissolving them in aqueous solution containing

viruses.
Results

Evaluation of Resins Using the End Point Dilution Assay

Virus samples were prepared and exposed to different resins by passing the viral
solutions through mini-columns. All virus samples were diluted in de-ionized water. A positive
control was used, which was a viral sample that was not exposed to any viral inactivator.
Additionally, other controls were tested. A GAC only column and an MB-400 only column were
also used to show that extra components of the column are not responsible for any viral
inactivation. Finally, the virus was ran through the mini-column containing GAC, MB-400, and
the resin in question (Table 2.1) at the normal flow of gravity. The lowest detectable limit of
viral detection is 1.2 logio TCIDso/ml of virus. This implies that anything lower than that value
is considered a negative result. Anything above that value implies that virus was present in the
sample. Itis clear that GAC and MB-400 have no inherent ability to inactivate viruses. It is also
clear that rotavirus is the hardiest of the three viruses because it resists inactivation, whereas the

other two viruses tend to be more easily inactivated. The data shows that Chelex-100, Dowex
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IDA-1, and Purolite’s D5194 resins are all capable of complete inactivation of all viruses. The
other resins tested, including two phosphonic acid resins, show partial but incomplete ability to

inactivate viruses (Figures 2.2).

End Point Dilution Assay
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Figure 2.2 Silver Loaded Functional Groups

GAC and MB400 represent mini-columns only filled with each of the components, respectively.
These columns showed the same virus titer as the positive control (challenge). Chelex-100,
Dowex IDA-1 and D5194 columns showed complete inactivation of all the viruses challenged.
D5134, S950, and S939 showed complete inactivation of calicivirus, but lacked the ability to

inactivate rotavirus and teschovirus. Y-axis values are represented as infectious virus particles

(logio) per ml.

Evaluation of Nanoparticles Using the End Point Dilution Assay
Virus samples were prepared and exposed to nanoparticles. This was done by taking the
undiluted sample of virus and dissolving nanoparticles to 2ug/ml. The samples were then placed
on a shaker and allowed to interact for differing amounts of time. Each sample was tested at
room temperature (22°C), at physiological pH (pH 7), and under natural indoor lighting. At each

time point, the sample was then removed from the shaker and briefly centrifuged to remove
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excess nanoparticle powder. The supernatant was then tested for presence of infectious virus
using the end point dilution assay. For all three viruses tested, there was no detectable virus
present in the supernatant after 5 minutes of exposure to the brominated magnesium oxide
nanoparticles. For calicivirus and rotavirus, the titer slowly dropped when these viruses were
exposed to titanium dioxide manganese nanoparticles. After two hours of exposure, these
viruses were at non-detectable levels. Curiously, porcine teschovirus did not show the same
sensitivity to the titanium dioxide manganese nanoparticles. For all three viruses tested, there
was no virucidal effect noticed after exposure to the unaltered manganese oxide nanoparticles
(Figure 2.3).
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Calicivirus End Point Dilution Assay
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Teschovirus End Point Dilution Assay
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Figure 2.3 Viral interactions with nanoparticles
Viral inactivation curves showing how much infectious virus was present in a sample after a
given amount of time exposed to the nanoparticle of choice. In all viruses tested, complete
inactivation was achieved after only 5 minutes of exposure to brominated magnesium oxide
(MgOBIr, green). Titanium dioxide manganese (TiO,SiO,Mn, blue) showed slight virucidal
capabilities against rotavirus and calicivirus, but no ability to inactivate teschovirus. In all
viruses tested, magnesium oxide (MgO, red) showed no ability to inactive any of the three

viruses. Y-axis values are represented as infectious virus particles (logip) per ml.
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Discussion

It has been well documented how iodine can be used in the sterilization of water (Brion et
al. 2004). It has also been shown how nanoparticles can be used in the inactivation of viruses
and the killing of bacteria (Elechiguerra et al. 2005, Smetana et al. 2008). Building on those
concepts, here a different set of nanoparticles and another metal ion is used in order to show how
they could potentially used in the sterilization of water. It is demonstrated very clearly that
resins with iminodiacetic acid functional groups that are loaded with silver ions are generally
very efficient at inactivating viruses in aqueous solution. It is demonstrated that the silver ion,
not the resins or the components of the resins, are responsible for the inactivation of these water-
borne viruses. Additionally, it is shown that alternative resins that are capable of binding silver,
such as phosphonic acid, are capable of inactivating viruses, although to a much lesser extent.

It is also shown that brominated magnesium oxide nanoparticles have an ability to
inactivate viruses. The ability to use this nanoparticle in a water purification scheme is more
fully addressed in Chapter 3 and 4, where the mechanism of inactivation is addressed and the
possibility of usage is determined. It is well demonstrated here that common water-borne viruses
are not inactivated by magnesium oxide nanoparticles. This, along with the fact that brominated
magnesium oxide is so effective, implies that bromine is somehow causing the inactivation. This
would make sense, considering other halogens such as chlorine and iodine are known to be very
efficient water purifiers. While titanium dioxide manganese nanoparticles do have virucidal
capabilities, the time in which it takes puts the application of these nanoparticles in question.

In summary, the results presented in these viral inactivation studies show that water-
borne viruses continue to be inactivated by halogen based disinfectants. Additionally, silver,
which was long thought to be thought of as anti-bacterial, is shown to be anti-viral as well.
Future studies will be likely to include the use of dirty water with these nanoparticles and resins.
It is unclear how the presence of other ions and contaminants of water would interfere or
enhance the viral inactivation. Additionally, any future studies would have to include
application of the brominated magnesium oxide nanoparticles into a possible water filter that

could be used on the personal or household level.
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CHAPTER 3 - Mechanisms of Viral Inactivation
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Abstract

Joseph Lister is considered the modern founder of disinfection. He was the first to use a
chemical in order to sterilize when he used phenol to sterilize his medical equipment to cut down
on infections (Bankston 2005). While Lister was not exactly aware of how the phenol sterilized,
it is now known that phenol can cause oxidative stress and damage to the cells that come in
contact with it (Murray et al. 2007). Chlorine and chlorine compounds are commonly used in
water purification today. A common chlorine based compound that is used at the individual and
household level is sodium hypochlorite, commonly referred to as bleach. Bleach has long been
known to be a good oxidizer at high pH (Gehrmann and Remmer 1952). It is not exactly known
how newer compounds used for disinfection, such as silver based products, are able to disinfect.
In my research, insight is given to how silver loaded ion-exchange resins, brominated
magnesium oxide, and titanium dioxide manganese nanoparticles are able to disinfect virus from
water by using electron microscopy, immunoblotting, and polymerase chain reaction techniques.
The data presented provides evidence that titanium dioxide manganese nanoparticles are capable
of inactivating virus from water by binding to the viruses and preventing them from infecting
cells. Additionally, it is shown that silver impregnated resins are capable of inactivating viruses
by binding to the surface proteins and putting the proteins in a denatured state. Finally, it is
demonstrated that brominated magnesium oxide does not alter protein structure, but rather alters

the genome of the microorganism to a non-functional state.
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Introduction

Rotaviruses, enteroviruses, and caliciviruses are among the leading viral causes of water-
borne infectious disease. In fact, 95% or more of all humans are infected by rotavirus by just a
few years of age (Parashar et al. 2006). These viruses cause disease ranging from severe and
acute diarrhea to meningitis and encephalitis. These viruses show an inherent ability to persist
in the environment. For example, rotavirus has shown to only undergo a 3-logo reduction of
viral titer in a two week period in both fresh- and estuarine-water (Hurst and Gerba 1980).
Additionally, there is evidence to show that rotavirus is even more stable at lower temperatures
(Moe and Shirley 1982). These results imply that lower environmental temperatures would
cause a lesser reduction of titer over time. Compound these facts with data that shows that only
10-100 rotavirus particles are required for a potential infection, and it is clear as to why these
water-borne viruses are so easily transmitted and infection is so common (Ball et al. 2005).

Rotaviruses, and all other reoviruses, have been shown to have very complex protein core
structure. Rotavirus has icosahedral symmetry that forms a T=13 outer structure (Chen et al.
2009). Like all non-enveloped viruses, the outer protein layer contain the ‘anti-receptors’.
These are the proteins that interact with the cell in order to enter the cell and cause infection of
the cell. Rotavirus capsid structure is somewhat unique in that it is formed of multiple layers of
protein. The total particle consists of three total layers of proteins, the total virus is considered to
be triple layered. What is referred to as the core particle is double layered. Finally, what is
called the infectious sub-viral particle (ISVP) is mono-layered (Coombs 1998). During infection
of a cell, the proteins on the outside layer of the virus interact with the surface of the host cell
and this causes the virus to enter the cell. Once in the cell, the outer and middle layers are
removed, leaving only the ISVP. During the course of infection, the ISVP is not removed.
Instead, pores in the ISVP allow molecules required for replication of viral RNA and viral
protein synthesis to move freely in and out of the ISVP (Flint 2004). Although the ISVP does
not contain the proteins required to interact with the cell surface and enter the cell, it is capable
of producing infectious viral particles (that can complete the infection cycle) if it is allowed to
enter the cell. The complex structure of this virus adds to the stability and hardiness of the virus
and is no doubt why it is so persistent in the environment.

These viruses are capable of being inactivated very easily with the use of chemical

disinfectants. Bleach, for example, is a common disinfectant that is very efficient at inactivating
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rotaviruses (Gehrmann and Remmer 1952). Chemically, bleach is known as sodium
hypochlorite. This compound has a high pH around 11, and rotaviruses have been shown to be
easily inactivated at pH’s above 10 (Estes et al. 1979). Additionally, it is well known that bleach
is a strong oxidizer. This two-fold attack on rotavirus explains why this is such a powerful tool
in viral inactivation. However, this is not without consequences. It can also be harmful to the
humans that use it, and humans would not want to ingest bleach laced water. Bleach is a
chlorinated compound, in which the chlorine is very active and is capable of causing irritation of
the gastrointestinal tract if ingested and irritation of the respiratory tract if bleach fumes are
inhaled over a long period of time (Hostynek et al. 1990).

While chlorinated compounds are readily used in water purification, they are rarely at a
high enough concentration to kill all of the potential biological contaminants. The need for
alternative disinfectants is real. There has been a recent use of silver as a disinfectant. Silver
was long known for its antimicrobial properties. Even today, silver nitrate is widely used by the
medical community as a treatment for infant ocular gonorrhea and is even being used as a
treatment for fungal infections of the eye (Xu et al. 2009). Recently, silver nanoparticles have
been used in order to inactivate viruses. In two separate studies using silver nanoparticles, both
E. coli and Human Immunodeficiency Virus-1 (HIV-1) have been shown to be inactivated by
action of the nanoparticles (Elechiguerra et al. 2005, Smetana et al. 2008). In the case of HIV-1
inactivation, the nanoparticles were shown to interact with the surface proteins of the virus. The
researchers concluded that the interaction with these proteins inhibited the ability of these
proteins to interact with the host cell, thus preventing infection (Smetana et al. 2008).
Intercalating agents such as ethidium bromide (EtBr) or binary ethyleneimine (BEI) can be used
to inactivate viruses by altering the genome of the infectious particles. This provides another
way that viruses can be inactivated. Our results show that silver loaded ion-exchange resins can
inactivate rotaviruses by altering the surface proteins, and thus altering the ability of the virus to
infect a cell. Additionally, it is shown that brominated magnesium oxide nanoparticles are

capable of rotavirus inactivation by disrupting the double stranded RNA of the virus.
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Materials and Methods

Determination of Bromide in Solution

It is unclear if the brominated magnesium oxide nanoparticles retain or lose the bromine
in aqueous solution. In order to determine if bromine is present in agueous solution, potassium
iodide is added to the solution. If free bromine is present in solution, then it may have the ability
to convert iodide, from the potassium iodide, into iodine. lodine appears dark brown in
concentrated solutions and a lighter yellow in more dilute solutions. A positive result would
show a color change from clear to yellow or brown. In addition, iodine test strips (ITS, Rock
Hill, SC) were used to detect the presence of iodine. Any level of iodine would confirm that

iodide is being converted to iodine, once again showing that bromine is present in the solution.

Transmission Electron Microscopy Negative Stain
Samples of virus were prepared in order to visualize them under TEM. To do this, a
copper, formvar/carbon, 200 mesh grid (Ted Pella, CA) was exposed to the sample for one
minute. Then the disc was exposed to 2% uranyl acetate for 1 minute. Finally the disc is briefly

washed in water. The disc was then loaded into the TEM and virus was observed.

Native PAGE Western Blotting

Multiple monospecific antibodies against rotavirus are available on the commercial
market, mainly due to the diagnostic need for such a reagent. Additionally, there is much cross-
reactivity between antibodies specific for human, bovine and porcine rotavirus antibodies. As a
result, multiple monospecific antibodies were tested for their ability to detect rotaviral proteins in
a Western blot setting. Ultimately, a monospecific polyclonal antibody against the native form
of the coat protein of bovine rotavirus was used in this work (Millipore, USA). Since the
antibody was specific against native protein and not denatured protein, no heating or SDS was
used in preparation of the sample or running of the gel. First, 40ul of sample was mixed with
10ul of loading buffer (72g/L glycine, 15¢/L tris base, 0.006g bromophenol blue in 10 ml of
dH,0). Once the sample is prepared, 40ul of sample is loaded onto a 10-well 12% PAGE gel
(Lonza, Basel, Switzerland). The gel is placed in a box with around 800ml of 1x running buffer
(14.4g/L glycine, 3.03g/L tris base). Additionally, one well is reserved for the protein ladder

(FisherSci, USA).
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Once the gel was loaded, the power was turned on and the gel ran at 125V (constant
voltage) for 80 minutes. After the gel was done running, the Western blot sandwich was
prepared in this order: back side of the cassette, one piece of transfer pad pre-soaked in transfer
buffer, two pieces of Whatman paper pre-soaked in transfer buffer, the gel, one piece of PVDF
membrane (Millipore, USA), two pieces of Whatman paper pre-soaked in transfer buffer, one
piece of transfer pad pre-soaked in transfer buffer, the front side of the cassette. The cassette is
closed and placed in to a gel box. Then, 1000ml of ice cold transfer buffer (14.4g/L glycine,
3.03g/L tris base, 200ml/L methanol) is poured in the gel box. The gel box is then placed into
another open box and the outer box is filled with ice. A small magnetic bar is placed in the gel
box and both of the boxes are placed on a stir plate. The stir plate was turned on and the gel was
run at 100V for 60 minutes. If the ice melted too much, then more ice was added to the outer
box in order to keep the transfer buffer as cool as possible.

Once the transfer was done, the PVDF membrane was placed in 5% powdered milk in
TTBS (20mM tris base, 500mM NaCl, and 0.05% Tween-20) for 1 hour. Once done, then 10ul
of goat anti-rotavirus antibody (Millipore, CA) was placed in 20ml of 1% milk in TTBS
overnight at 4°C. The next morning, the membrane is washed three times in 10ml TTBS. Then,
rabbit anti-goat 1IgG HRP antibody (Millipore, CA) was added by adding 10ul of the antibody
into 20ml of 1% milk in TTBS. This is added to the membrane and is incubated on a stir plate at
room temperature for at least one hour. When done, the gel was washed again three times with
10ml TTBS. The membrane was then blotted dry on Whatman paper. Finally, SuperSignal
West Pico Chemiluminescent substrate (Thermo Scientific, IL) is added to the membrane for five
minutes. Again the membrane is blotted dry and then the gel was exposed to film in a dark

room. The film was then developed.

Reverse Transcriptase Polymerase Chain Reaction
Since rotavirus is a double stranded RNA virus, reverse transcriptase polymerase chain
reaction (RTPCR) is required in order to determine if alterations have been made to the viral
genome. Additionally, since rotaviruses have segmented genomes (11 segments of double
stranded RNA), it is capable to amplify an entire gene of the virus performing RTPCR. A
known procedure (Falcone et al. 1999) was modified in the testing of viral RNA. First, using

tissue culture fluids, viral RNA is isolated using the procedure recommended by the
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Table 3.1 Primers used for full length amplification of rotavirus gene VP7

Primer Sequence Location
Forward 5'-GGCTTTAAAAGAGAGAATTTCCGTTTGG-3' 1-28
Reverse 5'-GGTCACATCATACAACTCTAATCT-3' 1039-1062

viral RNA isolation kit manufacturer (Qiagen, USA). Then, since the isolated RNA is double
stranded, a pre-RTPCR step is required. 23ul of isolated RNA is mixed with 1ul of each the
forward and backward primers, as described by Falcone, et al, and is warmed up to 97°C for 5
minutes. The RNA is immediately placed on ice when the warming step is done. This step is
done in order to denature the RNA and allow the primers to attach to the single stranded RNA.
Then, 24ul of 2x master mix (magnesium, Taq polymerase, and dNTP’s) and 1ul of reverse
transcriptase (Promega, USA) is added to the isolated RNA mix. This brings the reaction mix to
50ul total. The reaction was over-layed with 80ul of mineral oil. The reaction then runs the
temperatures and times described by Falcone, et al, except the reaction runs for 20 cycles instead
of 39 cycles.

After the reaction was done, the samples were then run on an agarose gel. The agarose
gel was prepared by dissolving 1.5g of agarose (FisherSci, USA) in TAE buffer (4.84g/L Tris
base, 1142ul/L glacial acetic acid, 0.292g/L EDTA). This was best accomplished by
microwaving the mixture for one minute. Once the agar is dissolved in the TAE, 10ul/100ml of
ethidium bromide was added to the agar. The gel was then poured. The samples were prepared
for loading onto the gel by mixing 2ul of loading dye (Promega, WI) with 10ul of sample from
the RTPCR reaction. Additionally, 10ul of DNA ladder (Invitrogen, USA) was added to the gel.
The gel was then loaded and ran at 100V for 40 minutes. The samples were then exposed to

ultraviolet light and pictures were taken.
Results

Detection of Bromide
To test if bromine is present in a solution, 0.1M potassium iodide is added to the solution.

If a color change from clear to yellow happens, then bromine is most likely present. If there is
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no color change, then there is no bromine. When KI was added to MgO nanoparticles, no color
change occurred. This is expected as there is no bromine present. However, when MgOBr
nanoparticles are dissolved in water, and subsequently exposed to KI, the solution quickly turned
yellow. This would indicate that bromine is present in the solution, and is converting iodide into
iodine. These results indicate that when MgOBTr nanoparticles are dissolved in water, that the
bromide freely dissociates from the MgO nanoparticle. These results are further confirmed by
the fact that high levels of iodine were present in the solution when tested using basic iodine test
strips (ITS, Rockhill, SC).

MgO

Potassium

Centrifuge ;
lodide

MgOBr. -

Figure 3.1 Bromine dissociates from MgOBr nanoparticles in solution

After MgOBr, or MgO nanoparticles have been placed in distilled water, and the centrifuged, the
supernatant had equal parts of 0.1M Kl added. There was no color change in the MgO
supernatant, but there was a color change from clear to yellow in the MgOBr supernatant.
Additional testing (data not shown) using iodine test strips show that iodine levels were high in
MgOBI/KI solution, suggesting that iodide is being converted to iodine by the presence of free

bromine in solution.

Electron Microscopy of Rotavirus
Samples of rotavirus were exposed to the different nanoparticles and run through the
silver loaded D5194 resin. The resulting fluids were then observed under transmission electron
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microscopy (TEM). We were unaware of what the viral particles were to look like, but we were
interested in if any physical changes were present after the different treatments. Untreated
samples showed rotaviral particles around 65-75 nm in size (Figure 3.2a). Treatment with
magnesium oxide nanoparticles showed unaltered rotavirus particles, as did treatment with
brominated magnesium oxide (Figure 3.2b, €). Rotaviruses exposed to MgOBr did contain a
large proportion (possible 10:1) of viruses that appeared hollow, possibly indicating the lack of
viral RNA. There was a distinct lack of viruses in samples exposed to the silver loaded ion
exchange resin. Instead, there were numerous (3-5) cases where small particulate the size of
protein was found. It was thought that this was proteinaceous in nature mainly because of its
size, but also because of its amorphous shape. There even was one account where it appears the
viral particle was being ripped apart (Figure 3.2c). Finally, exposing the virus to titanium
dioxide manganese nanoparticles showed viral particles, however they were most closely
associated with the nanoparticle complexes. These nanoparticles had a tendency to clump, and

in doing so clumped with the viral particles (Figure 3.2d).

Rotavirus

100 nm
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Figure 3.2 TEM images after treatments

TEM images of rotavirus. Images A, B, D and E are at 130,000x and image C is 64,000x.
Image A is an untreated sample of rotavirus. B are rotavirus particles treated with MgO
nanoparticles. Image C are virus particles run through a column with the silver impregnated
D5194 resin. While image C shows no complete rotavirus particles, the particulate matter is the
size of, and looks like a viral protein capsid which has been ‘ripped’ open. D are rotavirus
particles treated with Ti-Mn nanoparticles. In this image, the virus is closely attached and
possible bound to the nanoparticles. E are rotavirus particles treated with MgOBr nanoparticles.

Here is a complete viral particle, although it appears hollow (no viral RNA).
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Western Blots of Treated Samples of Rotavirus

Previous studies have shown that silver interacts with proteins. In order to determine
which conditions lead to alteration of proteins, the native gel Western blot was used. Samples of
rotavirus were exposed to nanoparticles and silver loaded D5194 resin. For the nanoparticles,
the virus interacted with 2ug/ml of the given nanoparticle for 0, 15, 30, 45, and 60 minutes. For
the D5194, the virus was held in a column containing only D5194 for 0, 15, 30, 45, and 60
minutes. At 0 minutes, bands were present on the blot for all types of conditions tested. By 15
minutes and for every other time point beyond that, bands were present at all conditions tested
except for samples that interacted with the ion exchange resin D5194. In order to further pin
point the time in which viral protein is no longer detectable by immunoblotting, additional
columns are prepared with 0, 2.5, 5, 7.5, 10, 12.5, and 15 minute holding times. By 5 minutes of
expose to the silver ions of the resin, viral protein is no longer detectable. There is a slight
qualitative difference between bands found on one membrane to the next. This is accounted for
by the fact that both the membrane was exposed to the substrate, and the film was exposed to the
membrane for slight variations in time. The membrane was exposed to the substrate for 5 +/- 1

minutes. The film was exposed to the membrane for 3 +/- 1 minutes.

Figure 3.3 Western blots, D5194 destroys viral proteins

Native Western blots at 0, 15, 30, 45 and 60 minutes (A-E). The summary (F) shows that by 15
minutes of exposure to the silver loaded D5194 resin, no detectable native rotavirus capsid
protein is present. All other conditions tested showed the presence of native rotavirus capsid
protein at all time points. Furthermore, when smaller time points are used, it is shown (G) that
by as little as 5 minutes of exposure to the D5194 resin, that the native viral protein is no longer
detectable. The positive control represents cell culture fluids that have been infected with
rotavirus. The negative control represents cell culture fluids that have not been infected with

rotavirus.
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Detecting any Rotavirus Bound to the D5194 Resin

Since the Western Blots previously shown do not directly address whether viral protein is
being denatured or if virus is simply being bound by the resin, much like a mechanical filter,
additional tests were required. In order to determine this, first an RT-PCR reaction was set up
(results not shown) to see if the VP7 gene could be amplified without purifying the viral RNA.
The idea would be that if it could not be amplified without purification, and then it became

amplified after long term exposure to the column, that would indicate that the viral capsid is
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being ripped open and viral RNA molecules are passing through the column. However, no
amplification could be performed under any circumstances, indicating that the purification step is
required. The next logical step was to then look at viral proteins using the Western blot
technique. Six columns containing only silver loaded D5194 were prepared. To three of the
columns, rotavirus was added for 10 minutes. Then, the virus was washed off with either de-
ionized water, 35% hydrochloric acid, or 5M NaCl. The other 3 columns were simply washed
off without prior exposure to the virus with water, HCIl or NaCl. The reason to use HCI is to
bring the pH inside the column so low that the silver on the iminodiacetic acid is replaced by
protons. In doing so anything bound to the silver should flush off of the column as well. This
flushing of the column can be visually confirmed by the formation of silver chloride, a white
precipitate. In addition, high molar NaCl was used to elute the silver off. The high amount of
chloride ions interact with the column and form silver chloride, and sodium replaces silver on the
column. Again, anything bound to the silver will precipitate off the column. To these last three
columns, positive control virus was added. These columns are required as controls to show that
the effluent does not hinder the ability of the viral protein to be detected by the Western blot
procedure. The date clearly shows a band for the positive control and no band for the negative
control, as expected. When water effluent was added to the positive control, there was once
again a band. There was also a band when the 5M NaCl effluent was added to the positive
controAt ten minutes time of exposure, flushing the column with water, sodium chloride, and

HCI did not show any bands.
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Figure 3.4 Viral protein cannot be detected after washing column

Lane 1 is cell culture fluids infected with rotavirus and lane 2 are cell culture fluids not infected.
Lane 3 had the positive control added to the D5194 column for 10 minutes and was then washed
off with an equal amount of dH,0O. Lane 4 had the positive control unexposed to the column
mixed with the effluent of flushing the column with dH,O to ensure that the flushing of the
column doesn’t inhibit detection of protein, especially for the NaCl and HCI treatments. Lane 5
is positive control in the column for 10 minutes and then washed with 5M NaCl. Lane 6 has the
positive control not exposed to the column mixed with an equal amount of 5M NaCl after it has
passed through the column. The same experiment was done in lane 7 and 8, respectively, except
35% HCI was used instead of dH,O or 5M NaCl.

Reverse Transcriptase Polymerase Chain Reaction of Rotavirus

Rotaviruses have a genomic make up that is 11 unique segments of double stranded
RNA. In order to amplify this RNA in a PCR style reaction, the RNA must first be amplified.
Then, the double stranded RNA must be denatured to allow the gene specific oligonucleotides to
bind the viral gene. Finally, all of the RNA must be converted to a cDNA intermediate. This
intermediate is what is amplified in the RTPCR reaction. Magnesium oxide, brominated
magnesium oxide, titanium dioxide/manganese, and the silver loaded D5194 resin were tested at
0, 15, 30, 45, and 60 minutes of exposure time. For each condition and each time point, the viral
RNA was isolated and RTCR was performed. A band of about 1000 base pairs on the PCR gel
would indicate a positive result, meaning that viral RNA is present in the sample. Lack of a band
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would indicate a negative result, meaning that there is no viral RNA detectable in the sample.
The positive control is a sample of virus that has not been exposed to any conditions. This
control shows a band, and so if the band disappears that would indicate that the nanoparticle or
resins is causing the viral RNA to become not detectable by the oligonucleotides and thus not
amplified. If the RNA cannot be amplified, it is likely that it cannot be replicated or translated
either. The data shows that MgO and D5194 do not alter viral RNA. By 45 minutes, viral RNA
is no longer detectable after exposure to MgOBTr nanoparticles. Similarly, bands are lacking at
60 minutes of exposure to MgOBr. After 60 minutes of exposure to TiO,Mn nanoparticles, viral

RNA is no longer detectable.

Figure 3.5 RT-PCR, MgOBr and TiO,Mn alter viral RNA

On all gels, the positive control is cell culture fluids infected with rotavirus. Alternatively, the
negative control is cell culture fluids not infected with rotavirus. All other conditions are cell
culture fluids that have been infected with rotavirus, and then treated appropriately. Gels (a-c)
show detectable viral RNA at 0, 15 and 30 minutes. By 45 minutes (d), there is no longer
detectable virus in fluids that have interacted with brominated magnesium oxide. At 60 minutes
(e), not only was virus not detectable for MgOBrr, but viral RNA was not detectable for the
sample that has interacted with TiO,Mn. Additionally, a summary of all five gels is shown (f).
Again, the positive control represents cell culture fluids that have been infected with rotavirus.
The negative control represents cell culture fluids that have not been infected.
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St 1 - Pos ctrl
i 5 2 - Neg ctrl
2o 3-MgO+
(= - v W e 4 - MgOBr
S 5-TiO2Mn
400 e 6-D5194

| Sy R i R <
(©)
10k . RT-PCR, 45 minutes exposure

4k 1 - Pos control

2k - 2 - Neg control
3 -MgO+

800 = o — -, MgOBr

400 5-TiO2Mn

(d)

RT-PCR, 60 minutes exposure  1-Pos control

10k 2 - Neg control
4k e 3'Mgo+
2k - - 4 - MgOBr

4 5-TiO2Mn
800 == WS () W 6-D5194
400

284 o8
i (e

0 min

] ey
femin - o TS - -
Qg (S S ——
30 min

et g [ p—
45 min

e 2] =
60 min (f)

44



Discussion

Due to its toxicity in humans, lead is one of the most well studied metals. For lead, it is
shown that it interferes with many different proteins. First, it interferes with blood proteins such
as ferrochelatase which inhibits heme synthesis and results in anemia. However, lead also acts
as an analog to calcium. This causes a dysfunction in calcium pumps and is a leading reason
why lead disrupts the nervous system (Cohen et al. 1981). Very few other proteins are as well
studied as lead. However, silver is starting to get attention due to its inherent toxic properties.
For unknown reasons, silver has been shown to have an affinity to kill and inactivate microbes
ranging from bacteria to fungi to viruses, while causing little to no negative side effects on
higher organisms like humans other than argyria, a condition where the skin turns blue.
Recently, silver nanoparticles have been shown to kill E. coli. In their study, silver was shown to
accumulate on the surface of the bacterium (Smetana et al. 2008).

In another recent study, silver nanoparticles were shown to inactivate Human
Immunodeficiency Virus (HIV). In thier study, it was shown once again that silver tended to
accumulate on the surface of the microorganism. In their study, the data suggests that silver is
likely to interact with and cause dysfunction in viral surface proteins. The authors take it one
step further by showing that nanoparticles greater than 10nm in size did not interact well and
thus did not inactivate HIV. They showed a size dependent correlation, explaining that small
nanoparticles are required in order to disrupt the viral protein (Elechiguerra et al. 2005).

The data observed in my study continues to suggest that silver plays a role in viral
inactivation by causing disruption of viral surface proteins. By performing Western blots using
an antibody specific for one of the viral capsid proteins, it was shown that ionic silver that has
been loaded onto ion-exchange resins inactivates rotavirus by disrupting the capsid. In this
portion of the study, the antibody used was specific for the native form of the capsid protein.
Thus, if the protein was detected, the protein was in the native form. However, if the
conformation of the protein is not completely in the native form, the protein can no longer be
detected. It is not known if the protein is completely denatured or if the silver disrupts the
detection of the protein by the antibody. The data does show that by 5 minutes of interaction
with the silver loaded resin the antibody is no longer able to detect the viral capsid. This data
correlates with what is seen in the TEM images. Here, there was a distinct lack of complete viral

particles. Instead, there was a lot of particulate matter on the size order of protein. Itis likely, as
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some of this forms a higher ordered structure, that this is viral protein that has been denatured by
the silver ions.

The data also showed that rotavirus can be inactivated by alteration of the viral genome.
Due to the limited genome size of many viruses, genomic conservation is observed. This can
manifest itself in various forms. Some viruses encode for proteins that are only translated as a
result of the read-through of a stop codon. Others might conserve the size of their genome by
having nested genes (Flint 2004). Space for essential genes is at a premium within the genome
of most viruses. With this in mind, it is clear that very few viruses are capable of disposing of
genes and still being able to replicate. In this study, VP7, or the gene that encodes for the G
(spike) protein, is probed for using gene specific oligonucleotides. Using RT-PCR, it is shown
that brominated magnesium oxide and titanium dioxide manganese nanoparticles are capable of
disrupting the VP7 gene. This data once again agrees with the images produced by TEM. Here,
empty viral particles are seen in a large abundance when exposed to MgOBr. Empty virions are
generally considered to be lacking the viral genome. Additionally, when the MgOBTr was tested
for agueous bromide ions, they were found in abundance. It is also shown that in all cases the
magnesium oxide nanoparticle is rather inert, never being shown to inactivate virus. This
suggests rather clearly that the mechanism of action for MgOBr in aqueous solution is that
bromide ions form and are solely responsible for the inactivation of viruses. The inactivation is
done by interfering and possibly destroying the viral RNA.

It is very clear that some of the tested compounds are capable of inactivating water-borne
viruses. What is not clear is how these compounds will be best applied in a usable commercial
product. For the ion-exchange resin, it is clear that this can simply be applied in a column and
sold as such. Details that must be looked at include how salt water might affect the efficacy of
the column and how long the column would last. For the nanoparticles, it is a little more
complicated. If bromide is formed in solution from MgOBr, then it would be inevitable for the
bromide to be consumed with the water. Instead of using these nanoparticles, the best usage for
bromide might be to simply load it onto an ion exchange column. This data provides a basis of
understanding for the mechanism of action for the tested compounds, and it is clear that further

studies are needed in order to make these compounds functional in a commercial setting.
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CHAPTER 4 - Summary and Discussion
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General Summary

Water has long been a potential source of disease. Some of the earliest records of
modern history include accounts of people trying to purify water to make it safe for drinking. At
first, the grade of water was determined solely on its clarity and smell. It wasn’t until the
founding of microbiology, and then later the discovery of viruses, that man was able to
understand that the source of the water-borne disease was microbiological in origin. These
discoveries drastically changed the direction of how to go about purifying water. These
discoveries proved that clear water that did not smell could still potentially cause disease.
Microbiological grade filters were soon invented, which allowed bacteria to be mechanically
removed from the water by not being able to pass through the size exclusion limit of the given
filter. However, these filters were not capable of removing viruses, which are somewhere in the
range of 1/100™ or 1/200™ the size of an average bacterium. Since these small infectious agents
are not capable of being filtered, alternative methods were required. Early in chemical
disinfection, sodium hypochlorite (bleach) was shown to be a potent disinfectant. However, at
concentrations high enough to kill bacteria and viruses, the bleach can also be harmful to the
individual ingesting the bleach laced water (Baker 1948). Instead, chlorines and chloramines
were added to the water. This allowed a large portion of the disease causing microbes in the
water to be killed without causing any harm to the consumer of the water. Additionally, chlorine
was added to bathing pools in high enough quantities to kill poliovirus. Poliovirus is a water-
borne virus that was commonly spread in public bathing pools. The addition of chlorine
effectively killed the virus in the water, and was one of the major ways that polio infections have
been significantly reduced around the world (Paul 1971).

Generally, water-borne viruses are very infectious, and only a few infectious virus
particles are required for an infection. Not only that, but they are extremely resilient in normal
environmental conditions. The viruses that are capable of surviving these conditions are still
capable of causing disease. Couple that with the new emerging viruses such as enterovirus 71
(EV71) and norovirus, and you have millions of water-borne infections and hundreds of
thousands of deaths due to agents of viral origin in the world per year. In fact, despite all the
water purification techniques utilized world-wide, it is estimated that up to 4.1% of the global

burden of disease is from water-borne infections (WHO 2007).
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Recently, iodine has been shown to be a potent antimicrobial agent. In emergency
situations, iodine can be used in large quantities to make unsafe drinking water consumable.
However, the iodine is present in the water at such high quantities that if consumed over a long
period of time it is capable of causing thyroid dysfunction and disease. lon-exchange resins have
been loaded with iodine in order to still provide the killing power without consumption of the
high levels of iodine. While the levels of iodine are less, iodine still leaches off these resins, and
if enough water is consumed, thyroid disease can still result (Brion et al. 2004). Multiple
companies have sold these iodinated products in the past, but now multi-national government
bodies are beginning to ban these substances, as they have been shown to be harmful with long
term use (EU 2009).

These persistent viruses are requiring a new set of antimicrobial agents in order to
provide safe drinking water to the world. The research presented here is an attempt at
identifying some of these new antimicrobial agents that can be used in the future. In Chapter 2,
the basic innate properties of these compounds are examined. First the silver loaded ion
exchange resins were evaluated. Since these resins were used in the form of a column, all of the
components of the column were evaluated in order to ensure that silver was truly responsible for
the viral inactivation. When possible, GAC, MB400, and resins that had not been loaded with
silver were tested for their ability to inhibit viral replication. In doing so, the titers of all three
viruses tested were the same as the titers coming out of the column that only contained either
GAC, MB400 or a given resin. However, when you took a resin like Chelex-100 that had been
loaded with silver and made a column consisting of Ag-Chelex100, GAC and MB400, the
column then had biocidal properties. This clearly links silver to the apparent inactivation of
these viruses and not any other component of the column. One shortcoming in this data is that it
does not show whether the virus is being bound within the silver loaded resin or whether is it
actually being rendered non-infectious. If it was being bound within the resin, like a filter, this
would mean that there are still infectious particles within the column. The data presented does
not directly address this question, and it will be further discussed during the summary of Chapter
3. Additionally, when examining the resins, it is clearly shown that iminodiacetic acid resins
out-perform phosphonic acid resins. In Figure 2.2, it is shown that Chelex-100, Dowex, and
D5194 resins loaded with silver are all capable of completely inactivating all three viruses tested.
All three of these resins are IDA resins. Conversely, the same figure shows that S930 and S939
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are only capable of completely inactivating calicivirus, and not inactivating rotavirus and
teschovirus. This data clearly supports the use of a silver loaded IDA resin, and not a
phosphonic acid resin, in order to develop a commercially viable water purifier product.

With this data it is very clear that these resins have value in being able to sterilize water.
However, there has been much debate about how exactly silver ions are capable of inactivating
microorganisms. Some researchers have said it may be due to oxygen radical formation, while
others claim that it directly interacts with proteins and even nucleic acid. The Western blot data
presented in Figure 3.3 shows that after 5 to 7 minutes of exposure to the silver loaded column,
native rotaviral capsid protein is no longer detectable. This does not tell us if the protein is being
denatured or if it is simply being bound to the column like a mechanical filter. Previous data
suggests that it does not bind to resins like Chelex-100. However, the D5194 resin used in the
Western blot assays was provided to the lab only in the silver loaded form, and no unloaded resin
was available for testing in the lab.

In addition, another Western blot was performed to shed light on this topic. In Figure
3.4, rotavirus was exposed to columns containing the silver loaded D5194 resin only. After ten
minutes, the native protein was no longer detectable, as seen in lane 3. In an attempt to remove
the silver and anything bound to it or the column, either 5M NaCl or concentrated HCI was
washed over the column. In both reactions, silver chloride was formed and the column was
removed of silver. In neither case was native protein detectable, further indicating that the virus
does not bind the column. However, in order to determine if the silver salts formed interfere
with the Western blot assay, columns were made and the silver was removed either by NaCl or
HCI. The resulting effluent was then mixed with positive control virus and tested for the
presence of native viral protein. In the case of HCI, native protein was not detectable, indicating
that the low pH of HCI is probably denaturing the protein. The NaCl sample, however, did show
a band for native rotavirus capsid protein. This would then indicate that high salt concentrations
at neutral pH do not interfere with the Western blot procedure. Therefore, since no band was
present when the virus was eluted off the column by NaCl, this would strongly suggest that
rotaviral proteins are not being bound by the column and are instead being denatured by silver
ions present in the ion-exchange column.

The data shown in the Western blot assays support the visual data obtained by TEM. In
Figure 3.1c, an image is presented that is representative of what effluent fluids look like. In this
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image, very few intact virions are found and a high amount of proteinaceous matter is present.
As a whole, the data presented here suggests that the silver is denaturing protein, which causes
the puzzle like capsid structure to simply loose integrity and fall apart. A virus particle that loses
its protein structure is a virus particle that is rendered non-infectious because it can no longer
interact with cell surface proteins required to initiate infection of the cell. This data supports
previous reports that silver has a tendency to interact with proteins.

The virucidal capabilities of metal based nanoparticles were also tested. The data
presented here shows that the salt magnesium oxide did not have any biocidal properties and
there was no mechanism of action for killing. However, when this salt is brominated, it becomes
a potent killer. A few minutes of exposure to viruses, this nanoparticle is able to render virions
non-infectious. As seen in Figure 2.3, within only 2-3 minutes of exposure, this nanoparticle can
inactivate up to 100,000 infectious virions per milliliter. This is around ten times the
recommended limit by the EPA for a substance that can be used in water purification. This
nanoparticle has a huge upside in that it is very potent, but its ultimate effectiveness will be
determined upon its apparent mechanism of action. While there was no apparent alteration in the
viral proteins upon interaction with this nanoparticle, there was the loss of the ability to detect
the VP7 gene of rotavirus. After 45 minutes of interaction with the nanoparticle in solution, the
VP7 gene was no longer able to be amplified by the sensitive RT-PCR protocol, as shown in
Figure 3.5. This is significant, as it indicates that somehow the virus is being inactivated through
destruction of its genome.

The question still remains on how exactly it is happening, though. It is obvious that
bromine is plays a huge role, as the MgO counterpart is shown to be inert. So, in order to
determine if the bromine remains attached to the nanoparticle or if it dissociates, the experiment
in Figure 3.1 was performed. It is shown here that a yellow color change occurs when Kl is
added to MgOBFr supernatant fluids. In addition, since iodine levels are high within the solution,
what is probably happening is that iodide is being converted to iodine by way of bromine. Since
dilute amounts of iodine are yellowish in solution, this explains the color change. Regardless,
the color change is indicative of free bromine being present in the supernatant solution. This
supports the idea that bromine dissociates from the MgO nanoparticle in solution. This also
implies that the bromine is most likely responsible for the inactivation of the viruses through
degradation of the viral genome.
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Agent Efficacy Proposed Mechanism
Silver loaded ion exchange Up to 10,000 virions killed in Denaturing of surface
resins minutes proteins
MgO Nanoparticles No observed killing No observed killing
Up to 10,000 virions Killed in
MgOBr Nanoparticles minutes No RNA replication
Up to 10,000 virions killed over 2
Ti0,Si0,Mn Nanoparticles hours No RNA replication

Table 4.1 Summary of killing efficacy and proposed mechanism of action

Lastly, the biocidal properties of the TiO,Mn nanoparticle were evaluated. These
nanoparticles were once again found to have biocidal properties, albeit to a lesser extent
compared to the MgOBr nanoparticles. While rotavirus and calicivirus were shown to be
inactivated by the TiO,Mn nanoparticles slowly over a 2 hour period, perhaps oddly it showed
no ability to inactivate teschovirus. For the viruses that it was able to inactivate, it did so in a
slow and monotonous fashion. It would appear on the surface that the mode of action would
have to be different, as compared to the silver loaded resins and the MgOBTr nanoparticles.
When observed using TEM as shown in Figure 3.2d, few virions were found alone. Instead they
were almost always found associated with clumps of TiO,Mn nanoparticle material. This
indicated that the virus is actually being bound by the nanoparticles and the TiO,Mn compound
is not itself virucidal. Viral proteins were detectable by Western blot after as much as 60
minutes of interaction with the nanoparticles. However, the data does not show if the virus is
freed back into solution by the centrifugation step used in the Western blot. After 60 minutes of
interaction, the VP7 gene was not detectable by RT-PCR. This would then indicate that virus is
not being released in the centrifugation step and, rather, that the nanoparticles are destroying
viral RNA. It is not shown, however, whether the TiO,Mn nanoparticles themselves are capable
of interfering with the RT-PCR process. Overall, these results indicate that the virus is being
inactivated by the nanoparticles by destroying viral protein.

In summary, the data collected and presented here indicates that silver loaded ion
exchange resins are very capable of inactivating viruses. This is done through silver interacting

with available surface proteins. In the case of the viruses used in this study, they were all non-

52



enveloped nucleocapsid viruses and the alteration of the protein by the silver is proven fatal for
the viruses. The nanoparticles appear to inactivate viruses through a different mode of action.
Here, the MgOBr and TiO,Mn nanoparticles both inhibit amplification of viral genes by RT-
PCR. This would indicate that the viral genes are being disrupted. If such a virus was able to
enter a cell, it would not be able to replicate its own genome, or make viral proteins. This virus
would not be able to complete the cycle of infection, and this is likely why the virus is non-

infectious.

Future Directions

The data provided in Chapter 2 concerning the effectiveness of silver loaded ion
exchange resins is a good start to understanding how these viruses can be inactivated through
such a column. There are many factors that still need to be looked at. For example, all samples
tested were with water that was already relatively clean. The limitations of the column need to
be further addressed. For example, data needs to be provided showing how the column would
perform in the presence of higher salts concentrations, in the presence of dirt, or just in the
presence of other ions generally associated with “hard” water. The data shown in Chapter 3
would indicate that at a high enough salt concentration, silver will dissociate from the column in
the form of silver salts and pass through as part of the effluent. In some parts of the world, the
water consumed by many does not even pass the old standards of clean water, turbidity and
smell. In the regions where this kind of water is consumed are also the regions where higher
levels of disease can be found, and so it is important that if such a column is able to reduce the
global burden of disease that dirty water parameters must be looked at. The question that needs
to be addressed is at what concentration of salt or other non-purities can the column be exposed
to and still keep enough silver loaded in order to be efficacious and have silver leaching levels
below EPA and international standards.

Another parameter that should be addressed is determining how many liters can be
passed through a column while the column still has the ability to kill the EPA required 10,000
viruses/ml. This parameter must be determined for all types of water. Clean water, water with
high ion concentrations, and water with high levels of dirt must be evaluated. This is important,
once again, from a commercial standpoint. If the column is only able to be used for a few liters,

the worth of the device is somewhat limited. This work goes somewhat hand in hand with
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determining what salts can be passed through the column in order to maintain its efficacy. For
example, if only a few liters of dirty water are passed through the column and it still can kill
bacteria; but then when 100 liters are passed through and it loses its efficacy, then it may not be
an overall useful column.

In Chapter 3, the mechanism of action for the silver loaded column is hinted at. From the
data it is shown that native viral protein is no longer present after interaction with the column.
When the column was salted in order to remove the silver and anything bound to it, no detectable
viral protein was found. This indicated that there was no virus bound to the silver. In Chapter 2,
resins are used that did not have any silver loaded onto them. These resins contained no inherent
virucidal capabilities, but empty D5194 was not tested. Since this is the resin used during all of
the Western blot experiments, we cannot say for sure if the virus is still bound to the resin or not.
Unfortunately, the manufacturer of the resin had only sent us silver loaded D5194 and they are
now unwilling to give our collaborators, Safe Water, any further resin to use.  If the day came
where this resin was readily available, it would be important to show that the virus is not binding
to the resin in order to say for sure that the viral proteins are denatured after interacting with the
resin.

Also in Chapter 2, it is shown that TiO,Mn and MgOBr nanoparticles have some inherent
biocidal capabilities. The TiO,Mn nanoparticles have a slow effect on the viruses, and in the
case of teschovirus, it does not show any virucidal capabilities. It is debatable as to whether this
nanoparticle would have any usefulness in water purification. The question does remain as to
whether any parameters could be used in order to enhance the virucidal capabilities it does have.
Things such as temperature, pH, and possible light activation of the nanoparticles would be good
parameters to look at in order to determine if the nanoparticles can kill viruses quicker.

Since the MgOBTr nanoparticles have such a quick mode of action, it may be possible to apply
their use into real world applications. However, since it is shown in Chapter 3 how it is likely
that bromine dissociates from MgO in aqueous solution, the application of this nanoparticle into
a column where water passes through would not be the best way to use the nanoparticles. If this
were the case, the bromine would simply just pass through and out of the column. Since
bromine is the reason why these nanoparticles can inactivate viruses so quickly, such a column
would lose efficacy rapidly. Instead, maybe it would be possible to add these nanoparticles or
bromine alone to an ion exchange resin. In this case, a basic resin would be needed in order to
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chelate the bromine or bromide. Several publications are present showing how bromide can be
added to a resin, but none are currently present on the use of these ion exchange beads as a mode
to kill microorganisms.

Finally, the mode of action of the MgOBr and TiO,Mn nanoparticles needs to be further
looked at. Some basic work is shown in Chapter 3 showing how there is no longer any viral
RNA left for amplification using RT-PCR. This work is only done with rotavirus, which is a
double stranded RNA virus. Teschovirus and calicivirus are single stranded plus sense RNA
viruses, which could potentially behave differently. So, PCRs would be need on these viruses
too. Also, it may be useful to us Q-PCR in order to determine how much viral RNA is present.
This would be useful showing how quickly the process happens and would also support previous
work.

The work presented show much promise for helping prevent water-borne diseases, but
much more work is needed in order to turn these product from something sitting on a laboratory
shelf into a product that can be used by the people afflicted by these devastating diseases. Not
only that, but spinoff applications from this work are abundant. First, there is silver. Silver has
been previously shown to help prevent bacterial infections. This work confirms that viruses can
also be inactivated by silver, and so useful products can be designed to prevent viral infections as
well. Additionally, ionic bromide as a disinfectant is a somewhat unexplored world. It is well
known that bromide compounds such as ethidium bromide intercalates into DNA, and so it
makes sense that this compound would be a good antimicrobial agent. However, as mentioned

earlier, applying it to a useful product will be the challenge.

55



Bibliography

Addicks L, Albrecht G, United States. National bureau of standards. [from old catalog]. 1940.
Silver in industry. New York,: Reinhold publishing corporation.

American Water Works Association. 1989. Organics removal by granular activated carbon.
Denver, CO: American Water Works Association.

Atkinson W HJ, Mcintyre L, Wolfe S. 2007. Poliomyelitis. Epidemiology and Prevention of
Vaccine-Preventable Diseases. Washington, DC: Public Health Foundation.

Babiuk LA, Mohammed K, Spence L, Fauvel M, Petro R. 1977. Rotavirus isolation and
cultivation in the presence of trypsin. J Clin Microbiol 6: 610-617.

Baker MN. 1948. The quest for pure water; the history of water purification from the earliest
records to the twentieth century. New York,: American Water Works Assn.

Ball JM, Mitchell DM, Gibbons TF, Parr RD. 2005. Rotavirus NSP4: a multifunctional viral
enterotoxin. Viral Immunol 18: 27-40.

Bankston J. 2005. Joseph Lister and the story of antiseptics. Hockessin, Del.: Mitchell Lane
Publishers.

Beychok MR. 1971. Wastewater Treatment. Hydrocarbon Processing 50: 109-&.
BioRad. Guide to lon Exchange. Pages 7, 14. Richmond, CA.

Blomberg J, Lycke E, Ahlfors K, Johnsson T, Wolontis S, von Zeipel G. 1974. Letter: New
enterovirus type associated with epidemic of aseptic meningitis and-or hand, foot, and mouth
disease. Lancet 2: 112,

Bresee JS, Hummelman E, Nelson EA, Glass RI. 2005. Rotavirus in Asia: the value of
surveillance for informing decisions about the introduction of new vaccines. J Infect Dis 192
Suppl 1: S1-5.

Brion GM, O'Banion NB, Marchin GL. 2004. Comparison of bacteriophages for use in iodine
inactivation: batch and continuous flow studies. J Water Health 2: 261-266.

Buzea C PI, Robbie K. 2007. Nanomaterials and Nanoparticles: Sources and Toxicity.
Biointerphases 2: MR17-MR71.

56



Chang TW, Weinstein L. 1975. Inactivation of Treponema pallidum by silver sulfadiazine.
Antimicrob Agents Chemother 7: 538-539.

Chen JZ, Settembre EC, Aoki ST, Zhang X, Bellamy AR, Dormitzer PR, Harrison SC,
Grigorieff N. 2009. Molecular interactions in rotavirus assembly and uncoating seen by high-
resolution cryo-EM. Proc Natl Acad Sci U S A 106: 10644-10648.

Cheng PK, Wong DK, Chung TW, Lim WW. 2005. Norovirus contamination found in oysters
worldwide. J Med Virol 76: 593-597.

Cohen AR, Trotzky MS, Pincus D. 1981. Reassessment of the microcytic anemia of lead
poisoning. Pediatrics 67: 904-906.

Coombs KM. 1998. Stoichiometry of reovirus structural proteins in virus, ISVP, and core
particles. Virology 243: 218-228.

Crandell RA, Fabricant CG, Nelson-Rees WA. 1973. Development, characterization, and viral
susceptibility of a feline (Felis catus) renal cell line (CRFK). In Vitro 9: 176-185.

Dong Y, Zeng CQ, Ball JM, Estes MK, Morris AP. 1997. The rotavirus enterotoxin NSP4
mobilizes intracellular calcium in human intestinal cells by stimulating phospholipase C-
mediated inositol 1,4,5-trisphosphate production. Proc Natl Acad Sci U S A 94: 3960-3965.

Dunn PM. 2000. Dr Carl Crede (1819-1892) and the prevention of ophthalmia neonatorum. Arch
Dis Child Fetal Neonatal Ed 83: F158-159.

Elechiguerra JL, Burt JL, Morones JR, Camacho-Bragado A, Gao X, Lara HH, Yacaman MJ.
2005. Interaction of silver nanoparticles with HIVV-1. J Nanobiotechnology 3: 6.

EPA. 2000. The History of Drinking Water Treatment. Pages Fact Sheet EPA-816-F-800-006 in
Environmental Protection Agency OoW, ed.

Estes MK, Graham DY, Smith EM, Gerba CP. 1979. Rotavirus stability and inactivation. J Gen
Virol 43: 403-409.

EU. 2009. Existing active substances for which a decision of non-inclusion into Annex | or la of
Directive 98/8/EC has been adopted

In accordance with Article 4(2) of Regulation (EC) No 2032/2003, biocidal products containing
active substances for which a non-inclusion decision was taken shall be

57



removed from the market within 12 months of the entering into force of such decision; unless
otherwise stipulated in that non-inclusion decision in Union E, ed.

Evans MD, Cooke MS. 2004. Factors contributing to the outcome of oxidative damage to nucleic
acids. Bioessays 26: 533-542.

Falcone E, Tarantino M, Di Trani L, Cordioli P, Lavazza A, Tollis M. 1999. Determination of
bovine rotavirus G and P serotypes in italy by PCR. J Clin Microbiol 37: 3879-3882.

Flint SJ. 2004. Principles of virology : molecular biology, pathogenesis, and control of animal
viruses. Washington, D.C.: ASM Press.

Gehrmann K, Remmer H. 1952. [Oxydation of human albumin by different amounts of sodium
hypochlorite.]. Naunyn Schmiedebergs Arch Exp Pathol Pharmakol 215: 342-353.

Goering PL. 1993. Lead-protein interactions as a basis for lead toxicity. Neurotoxicology 14: 45-
60.

Goldfrank LR, Flomenbaum N. 2006. Goldfrank's toxicologic emergencies. New York:
McGraw-Hill, Medical Pub. Division.

Goodgame R. 2006. Norovirus gastroenteritis. Curr Gastroenterol Rep 8: 401-408.

Gould SWJ, Fielder MD, Kelly AF, Morgan M, Kenny J, Naughton DP. 2009. The antimicrobial
properties of copper surfaces against a range of important nosocomial pathogens. Annals of
Microbiology 59: 151-156.

Hamal DB, Haggstrom JA, Marchin GL, Ikenberry MA, Hohn K, Klabunde KJ. 2010. A
Multifunctional Biocide/Sporocide and Photocatalyst Based on Titanium Dioxide (TiO2)
Codoped with Silver, Carbon, and Sulfur. Langmuir 26: 2805-2810.

Heijne JC, Teunis P, Morroy G, Wijkmans C, Oostveen S, Duizer E, Kretzschmar M, Wallinga
J. 2009. Enhanced hygiene measures and norovirus transmission during an outbreak. Emerg
Infect Dis 15: 24-30.

Helfferich FG. 1962. lon exchange. New York,: McGraw-Hill.

Hempel S. 2007. The strange case of the Broad Street pump : John Snow and the mystery of
cholera. Berkeley: University of California Press.

Heymann DL, Aylward RB. 2004. Global health - Eradicating polio. New England Journal of
Medicine 351: 1275-1277.

58



Holland RE. 1990. Some Infectious Causes of Diarrhea in Young Farm-Animals. Clinical
Microbiology Reviews 3: 345-375.

Hostynek JJ, Wilhelm KP, Cua AB, Maibach HI. 1990. Irritation factors of sodium hypochlorite
solutions in human skin. Contact Dermatitis 23: 316-324.

Hurst CJ, Gerba CP. 1980. Stability of simian rotavirus in fresh and estuarine water. Appl
Environ Microbiol 39: 1-5.

Institute TS. 2010. Silver Facts: History of Silver.
http://www.silverinstitute.org/silver history.php)

Kakkar R, Kapoor PN, Klabunde KJ. 2006. First principles density functional study of the
adsorption and dissociation of carbonyl compounds on magnesium oxide nanosurfaces. J Phys
Chem B 110: 25941-25949.

Khan AS, et al. 1994. Norwalk virus-associated gastroenteritis traced to ice consumption aboard
a cruise ship in Hawaii: comparison and application of molecular method-based assays. J Clin
Microbiol 32: 318-322.

Knabb R. 2005. Tropical Cyclone Report: Hurricane Katrina, 23-30 August 2005: National
Hurricane Center.

Lee YJ, Shacter E. 1999. Oxidative stress inhibits apoptosis in human lymphoma cells. J Biol
Chem 274: 19792-19798.

Lelli JL, Jr., Becks LL, Dabrowska M1, Hinshaw DB. 1998. ATP converts necrosis to apoptosis
in oxidant-injured endothelial cells. Free Radic Biol Med 25: 694-702.

Lennon SV, Martin SJ, Cotter TG. 1991. Dose-dependent induction of apoptosis in human
tumour cell lines by widely diverging stimuli. Cell Prolif 24: 203-214.

Lopez S, Arias CF, Bell JR, Strauss JH, Espejo RT. 1985. Primary structure of the cleavage site
associated with trypsin enhancement of rotavirus SA11 infectivity. Virology 144: 11-19.

Lubick N. 2006. After Katrina: Tracking air and water quality. Geotimes 51: 30-32.

Mason PR. 2009. Zimbabwe experiences the worst epidemic of cholera in Africa. J Infect Dev
Ctries 3: 148-151.

Merck. 2008. The Merck Veterinary Manual.
http://www.merckvetmanual.com/mvm/index.jsp?cfile=htm/bc/102100.htm)

59



http://www.silverinstitute.org/silver_history.php
http://www.merckvetmanual.com/mvm/index.jsp?cfile=htm/bc/102100.htm

Moe K, Shirley JA. 1982. The effects of relative humidity and temperature on the survival of
human rotavirus in faeces. Arch Virol 72: 179-186.

Murray AR, Kisin E, Castranova V, Kommineni C, Gunther MR, Shvedova AA. 2007. Phenol-
induced in vivo oxidative stress in skin: evidence for enhanced free radical generation, thiol
oxidation, and antioxidant depletion. Chem Res Toxicol 20: 1769-1777.

Needleman H. 2004. Lead poisoning. Annual Review of Medicine 55: 209-222.
Outwater AB. 1996. Water : a natural history. New York, NY: BasicBooks.

Palm LC, Snelders HAM. 1982. Antoni van Leeuwenhoek 1632-1723 : studies on the life and
work of the Delft scientist commemorating the 350th anniversary of his birthday. Amsterdam:
Rodopi.

Parashar UD, Gibson CJ, Bresse JS, Glass RI. 2006. Rotavirus and severe childhood diarrhea.
Emerg Infect Dis 12: 304-306.

Park HJ, Kim JY, Kim J, Lee JH, Hahn JS, Gu MB, Yoon J. 2009. Silver-ion-mediated reactive
oxygen species generation affecting bactericidal activity. Water Res 43: 1027-1032.

Paul JR. 1971. A history of poliomyelitis. New Haven,: Yale University Press.

Popper K, Merson RL, Camirand WM. 1968. Desalination by osmosis--reverse osmosis couple.
Science 159: 1364-1365.

Priiss-Ustiin A, Bos, R., Gore, F., Bartram, J. 2008. Safer Water, Better Health: Costs, Benefits
and

Sustainability of Interventions to Protect and Promote Health. World Health Organization.

Rao VC, Seidel KM, Goyal SM, Metcalf TG, Melnick JL. 1984. Isolation of enteroviruses from
water, suspended solids, and sediments from Galveston Bay: survival of poliovirus and rotavirus
adsorbed to sediments. Appl Environ Microbiol 48: 404-409.

Smetana AB, Klabunde KJ, Marchin GR, Sorensen CM. 2008. Biocidal activity of
nanocrystalline silver powders and particles. Langmuir 24: 7457-7464.

Sridhar P, Namasivayam C, Prabhakaran G. 1988. Algae flocculation in reservoir water.
Biotechnol Bioeng 32: 345-347.

60



Thornhill TS, Kalica AR, Wyatt RG, Kapikian AZ, Chanock RM. 1975. Pattern of shedding of
the Norwalk particle in stools during experimentally induced gastroenteritis in volunteers as
determined by immune electron microscopy. J Infect Dis 132: 28-34.

Tilton RC, Rosenberg B. 1978. Reversal of the silver inhibition of microorganisms by agar. Appl
Environ Microbiol 35: 1116-1120.

Trumbo P, Yates AA, Schlicker S, Poos M. 2001. Dietary reference intakes: vitamin A, vitamin
K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon,
vanadium, and zinc. J Am Diet Assoc 101: 294-301.

Turkevich J, Stevenson PC, Hillier J. 1951. A Study of the Nucleation and Growth Processes in
the Synthesis of Colloidal Gold. Discussions of the Faraday Society: 55-&.

Velazquez FR, Matson DO, Calva JJ, Guerrero L, Morrow AL, Carter-Campbell S, Glass Rl,
Estes MK, Pickering LK, Ruiz-Palacios GM. 1996. Rotavirus infections in infants as protection
against subsequent infections. N Engl J Med 335: 1022-1028.

WHO. 2007. Combating Waterborne Disease at the Household Level. Geneva: World Health
Organization.

Xu'Y, Pang G, Gao C, Zhao D, Zhou L, Sun S, Wang B. 2009. In vitro comparison of the
efficacies of natamycin and silver nitrate against ocular fungi. Antimicrob Agents Chemother 53:
1636-1638.

Zharov VP, Mercer KE, Galitovskaya EN, Smeltzer MS. 2006. Photothermal nanotherapeutics
and nanodiagnostics for selective killing of bacteria targeted with gold nanoparticles. Biophys J
90: 619-627.

61



