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ABSTRACT
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This study evaluated the efficacy of copper alloy surfaces for inactivation of Tulane
virus, a human norovirus surrogate, using plaque assay and porcine gastric mucinconjugated magnetic beads (PGM-MB) binding assay followed by quantitative reverse
transcription-PCR (PGM-MB/PCR assay). Additionally, the sensitivities of human
norovirus GII.4 Sydney and GI.3B Potsdam strains to copper alloy surfaces were
assessed using PGM-MB/PCR assay. Time-dependent inactivation of viruses on copper
alloy coupons revealed that, for Tulane virus, 15 min of copper alloy surface treatments
achieved more than 4-log reductions, as assessed by plaque assay, while up to 20 min of
copper alloy surface treatments only achieved ~2-log reductions, as assessed by PGMMB/PCR assay. As assessed by PGM-MB/PCR assay, 10 min of copper surface
treatments achieved reductions of 3 and 4 log units for human norovirus GII.4 Sydney
and GI.3B Potsdam, respectively. Results from this study suggest that even though PGMMB/PCR assay underestimated the efficacy of copper alloy surface inactivation of Tulane
virus, copper alloys could effectively inactivate Tulane virus and human noroviruses.
Therefore, copper alloys can be used as a preventive measure to prevent human norovirus
infection and an effective surface treatment for human noroviruses.
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INTRODUCTION
Foodborne Viruses
Even though bacteria have been associated with foodborne outbreaks and
illnesses, it is acknowledged that viruses are the major cause of foodborne illnesses
(https://www.cdc.gov/foodsafety/foodborne-germs.html) (1, 2). Foodborne viruses are
mostly transmitted through the fecal-oral route via contaminated food and water or
person-to-person contact, but some can also be transmitted via aerosols containing the
viruses (3–5).
There are many types of viruses that cause foodborne illnesses, but these viruses can
be broken down into three main groups based on the illnesses they cause (6):
1. Enterically transmitted hepatitis viruses, such as hepatitis A and hepatitis E.
2. Viruses that replicate in the human gut but disseminate to other parts of the body
and cause illnesses, such as poliovirus.
3. Viruses causing gastroenteritis, such as rotavirus, sapovirus, and human
noroviruses (HuNoVs).
Viruses are strict intracellular parasites and they cannot replicate in food or water,
therefore, viruses that contaminate food and water cannot increase in number (6). Fruits,
vegetables, and shellfish are common types of food products associated with foodborne
viruses because they could be contaminated before harvest and only minimally processed
before consumption. Besides contamination before harvest, infected workers or food
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handlers are also common sources of foodborne viruses to the human population (1, 6, 7).
Most foodborne viruses are non-enveloped, have a low infectious dose, and are shed in
high numbers in stool or vomit (6). These characteristics contribute to the survivability of
foodborne viruses in/on the food products and the successful transmission of the viruses.
According to the Centers for Disease Control and Prevention (CDC), there are 37.2
million foodborne illnesses each year in the United States and 59% of the infections are
caused by foodborne viruses (8). Even though viruses cause a majority of foodborne
illnesses, viral infections tend to be less severe, as viruses only account for 27% of
hospitalizations and 12% of deaths due to foodborne illnesses (8). There are several
foodborne viruses that commonly cause foodborne outbreaks and illnesses. Rotavirus has
been a prominent foodborne virus that causes gastroenteritis in children, causing 70,000
hospitalizations per year among United States children (9, 10). Before the rotavirus
vaccine, more than 80% of children were infected with rotavirus by the age of five (11).
In 2006, two oral rotavirus vaccines were implemented and have drastically reduced the
amount of gastroenteritis caused by rotavirus, with national declines of rotavirus ranging
from 58%-90% (9, 10). Hepatitis A virus (HAV) and hepatitis E virus (HEV) are two
other common foodborne viruses in circulation (1). There are approximately 1.4 million
cases of HAV and 200 million asymptomatic carriers each year globally (1). HAV has
been associated with outbreaks caused by contaminated seafood, vegetables, and berries
(1). In 2013, a frozen berry mix was contaminated with HAV and at least 158 individuals
in the United States were infected, resulting in 69 hospitalizations (1). In 2016, another
multistate outbreak of hepatitis linked to HAV caused 143 cases and 56 hospitalizations
due to contaminated frozen strawberries
2

(https://www.cdc.gov/hepatitis/outbreaks/2016/hav-strawberries.htm). Annually, HEV
accounts for over 20 million global infections and are associated with contaminated water
and consumption of undercooked meats and shellfish (1). Lastly, the most common
foodborne illness is caused by HuNoVs, which was the main focus of this study and will
be discussed more in the following section (12–14).
Human Noroviruses
Clinical Significance
HuNoVs are the leading cause of foodborne illness and are a worldwide public
health concern (12, 13, 15). According to the CDC, there are approximately 21 million
infections that cause between 50,000-71,000 hospitalizations and 570-800 deaths in the
United States each year (16). HuNoVs cause gastroenteritis, with symptoms including
nausea, vomiting, diarrhea, and low-grade fevers that can last up to 48 hours in
immunocompetent individuals (16). Even though HuNoVs usually cause an acute
gastroenteritis that will clear up within days of infection, different risk groups including
young children, elderly individuals, transplant patients, and citizens of developing
countries can have more severe and longer gastroenteritis symptoms (16). In developing
countries, there are over one million hospitalizations and 200,000 deaths per year from
the HuNoV (16, 17). Young children can develop more severe infections and can have
symptoms lasting up to six weeks (16). Transplant patients and immunosuppressed
individuals can also have prolonged symptoms that can last over two years (16).
Similar to many other foodborne viruses, spread of HuNoVs usually occurs via
the fecal-oral route from contaminated food and water (12, 13, 15, 18). Seafood, produce,
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and other raw foods have been associated with HuNoV outbreaks (12, 15). In addition,
infections can also be caused by direct contact from another infected individual or
ingestion of aerosolized particles (13, 18–20). High shedding of virus is a common
characteristic of HuNoV cases, with 105-1011 particles per gram of feces. Since HuNoV
has an infectious dose of only 18 virus particles, HuNoVs are highly contagious (20).
These characteristics lead to HuNoV outbreaks in close-quarter environments such as
cruise ships, schools, restaurants, and care facilities (13).
Currently, PCR-based assays are used to diagnose HuNoVs. However, if it is not
possible to get lab-confirmed norovirus, the Kaplan criteria are used to determine a
HuNoV outbreak. The Kaplan Criteria are: >50% of the infected individuals must have
vomiting, a mean incubation period of 24-48 hours, a mean illness duration of 12-60
hours, and have no bacterial pathogens recovered from stool samples (18, 21).
HuNoVs are stable in varying environments, persisting in temperatures ranging
from freezing to 63○C, and are resistant to many common disinfectants and alcohol-based
hand sanitizers (20, 22). For example, Richards et al. demonstrated that HuNoV particles
were stable and still infectious for at least 14 freeze/thaw cycles at -80○C (23). The
researchers also showed that HuNoV particles survived long-term frozen storage (23).
Liu et al. and Tung et al. tested the efficacy of ethanol based hand sanitizers and bleach
on the inactivation of HuNoVs (24, 25). The researchers found that ethanol based hand
sanitizers were not effective at inactivating HuNoV with 95% ethanol (24, 25). Studies
also showed at least 1,000 ppm of bleach was needed to obtain significant inactivation of
HuNoV (24, 25). A study has also showed infectious viral particles persisting on
contaminated surfaces for weeks (26).
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Human noroviruses cause a large global burden, causing around $4.2 billion in
health system costs and $60.3 billion in societal costs, with loss of productivity serving as
the largest percentage of the burden (27). Effective prevention and control methods are
very difficult because of the complex transmission routes and high genetic variability of
the virus (28). With this impact, HuNoVs are a high priority public health issue, and
development of a HuNoV vaccine is desired. Bartsch et al. reported that a theoretical
HuNoV vaccine with 75% efficacy for 48 months of protection and a cost of $50 could
prevent up to 48,000 hospitalizations and save between $100 million and $2.1 billion in
the United States each year (29). The lack of a vaccine is largely due to the difficulties in
cultivating HuNoVs and a broad range of genetic diversity of HuNoVs. The diversity of
circulating HuNoV strains is a result of mutations and recombination events between
norovirus genotypes in co-infected individuals. The high diversity presents challenges in
the development of vaccines (30). Currently, there are two vaccines that have reached the
clinical trial stage and many other candidate vaccines are in pre-clinical stages of vaccine
development (30). Therefore, until a vaccine is licensed for use, precautionary measures
to prevent HuNoV infections by washing hands, environmental disinfection, and isolating
infected individuals are the best defenses against infection (20).
HuNoV Classification
HuNoVs belong to the genus Norovirus of the family Caliciviridae, which is in
the order Picornavirales. Within the Caliciviridae family, there are the Lagovirus,
Nebovirus, Vesivirus, Sapovirus, Norovirus, and the novel Recovirus genera (31, 32). The
genus Sapovirus includes sapovirus, another foodborne virus that also causes
gastroenteritis in humans (1).
5

Norovirus is an extremely diverse genus that includes 5 different genogroups (16,
18, 33). Individual genogroups are designated by a capital “G” and a Roman numeral
(Fig. 1). Within the 5 genogroups, GI, GII, and GIV affect humans, with GI and GII most
frequently associated with outbreaks (4, 16, 34). Genogroups are further broken down
into genotypes and are designated with an Arabic numeral (Fig. 1) (18). Genogroups GI
and GII are broken down into more than 25 different genotypes (16, 18, 33). Genotypes
in the GII genogroup are accountable for most of the human infection cases, while GI
genotypes, known as Norwalk viruses, are commonly associated with shellfish ingestion
outbreaks and waterborne transmission (18, 28). The genotype GII.4 has caused 70-80%
of outbreaks and is associated with person-to-person transmission (28). GIII and GV
genotypes contain bovine and murine noroviruses (MNVs), respectively (16).
Individual HuNoV strains are then named after the location in which they were
first identified (16). For example, one HuNoV strain used in this study was the GII.4.
Sydney (genogroup II, genotype 4) and first identified in Sydney, Australia in 2012 (35).
Human norovirus GII.4 Sydney was the leading cause of acute gastroenteritis outbreaks
in various countries, including the United States (35). Due to antigenetic drift, every two
or three years a new strain will replace the once dominant strain (35).
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FIG 1 Classification of the Norovirus genus. * The scale bar represents the amount of
amino acid substitutions at each site.
(https://www.cdc.gov/mmwr/preview/mmwrhtml/rr6003a1.htm).
HuNoV Genome Organization
HuNoVs have a single-stranded, positive-sense RNA (+ssRNA) genome that is
approximately 7.5 kb with three conserved open reading frames (ORFs) (Fig. 2) (18, 34).
The 5’ end of the RNA is covalently attached to a viral protein genome-linked (VPg),
which is a virus encoded protein, and the 3’ end is polyadenylated (31). Relatively short
(approximately 50 nucleotides) untranslated regions (UTRs) appear on both ends of the
genome. The UTRs contain conserved RNA secondary structures that are important for
replication, translation, and pathogenesis (31). The first ORF encodes a nonstructural
polyprotein that is cleaved by an encoded viral protease into six different proteins that are
involved in viral replication (Fig. 2) (18, 31). The poly-protein includes: p48 (N-terminal
protein), NTPase, p22, VPg, viral protease, and the viral RNA-dependent RNA
polymerase (RDRP) (34). The second ORF encodes the VP1 protein that acts as the
7

major structural protein (Fig. 2). HuNoV capsids have 90 dimers of the VP1 protein and
only one or two copies of VP2 proteins (31, 36). The VP1 capsid protein is 535-555
amino acids long and forms a T=3 icosahedral capsid. VP1 has two domains, the P
(Protruding, P1 and P2 sub-domains) and S (shell) domains. The sub-domains of the P
domain are essential for the capsid structure and stability. The P2 sub-domain is
associated with the host cellular receptor binding sites and determination of viral
serotypes. The receptor in hosts for HuNoVs hasn’t been fully elucidated, but histo-blood
group antigens (HBGAs) have been recognized as cofactors necessary for attachment (30,
34). HBGAs are complex carbohydrates that are attached to glycoproteins. In humans,
HBGAs are found on red blood cells and mucosal epithelial cells, and bacteria such as
Enterobacter cloacae have shown to express HBGAs as well. The S domain is essential
for the icosahedral capsid formation (34)
ORF three encodes the VP2 protein that acts as the minor structural protein (Fig.
2) (18, 31). The VP2 capsid protein is 210-270 amino acids in length. In HuNoVs, VP2
exists in very low copy numbers and is a minor structural protein. Particles can assemble
without VP2, but VP2 is necessary to make the particles infectious (34).

FIG 2 Genome organization of HuNoVs.
HuNoV Life Cycle
Due to a lack of convenient cell culture system, the complete life cycle of
HuNoVs is not well documented. One discovery is that HuNoVs need to bind to HBGAs
for attachment to host cells (15, 37). However, Jones et al. reported that HBGA
8

expression alone is not enough to allow infection of the GII.4. Sydney strain to cells in
cell culture (38). Therefore, it is likely some unknown receptors/molecules are needed for
the entry and infection of HuNoV (38, 39).
Once the norovirus genome is released into the cytoplasm, it becomes the
template for translation since the norovirus genome is +ssRNA. The VPg that is
covalently attached to the 5’ end acts as a substitute for the 5’ cap and aids in the
translation of the viral RNA by binding translation initiation factors from the host. The
VPg interacts with eIF4E and eIF3, along with the cap-binding protein to bring in the 43S
ribosomal pre-initiation complex (31). eIF4A, which is the RNA helicase component of
eIF4E is needed to unwind the secondary structures within the 5’ end of the norovirus
genome (31).
As with many other +ssRNA viruses, replication of the norovirus genome
requires host intracellular membrane complexes (31). The membranes that house the
replication complex come from the secretory pathway, including the trans-Golgi network,
endosomes, and the endoplasmic reticulum (ER) (31). The p48 protein interferes with
intracellular trafficking of host proteins and leads to Golgi degradation (36). The p48
mediated disassembly and rearrangement of the Golgi allows replication complexes for
the viral RNA to assemble on intracellular membranes (36, 40). Along with the p48
protein, the p22 protein is also involved with Golgi disassembly and secretory pathway
inhibition that also aids in the assembly of replication complexes (40).
Since noroviruses have a positive-sense genome, synthesis of a negative-sense
RNA intermediate by the RDRP is done using the positive sense genome as a template.
VPg is involved in genome replication by being a protein primer for RNA synthesis.
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After the synthesis of the intermediate RNA strand, the new 5’ positive-sense RNA
strand and a subgenomic strand encoding VP1 and VP2 can be made, which will be used
as the template for translation (31).
The mechanism for norovirus assembly and release is largely unknown. The VP1
proteins are able to self-assemble into virus-like particles (VLPs), which suggests this
process aids in assembly during the life cycle (31). After virus assembly, the host cell is
lysed, and the particles are released.
Progress in Cultivating HuNoVs
The difficulty in cultivating HuNoVs in vitro has been a main obstacle hindering
related research. However, in the recent two years, some progress has been reported
regarding cultivation of HuNoVs in cell culture (19, 38, 41).
In 2015, Jones et al. showed replication of the GII.4 Sydney strain in human Bcells (41). Human B-cells are a subset of lymphocytes that are derived from the bone
marrow. A diverse array of antibodies are produced by B-cells that recognize and bind
specific antigens (42). Jones et al. proposed that HuNoVs use enteric bacteria as a cofactor expressing HBGAs to infect B-cells (Fig. 3). It was shown that E. cloacae express
HBGAs that GII.4. Sydney recognized. When unfiltered fecal samples of E. cloacae were
added to the B-cell line, HuNoV GII.4. Sydney infectivity of B-cells was observed. When
Escherichia coli, which did not express HBGAs was added, no rescue of infectivity
occurred. The experiment showed HuNoVs binding with E. cloacae expressed HBGAs,
causing HuNoV and bacteria to transcytose across the intestinal epithelial cells and allow
HuNoV infection of B-cells (41).
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FIG 3 A model of how HuNoVs bind to HBGA as a co-factor expressed by enteric
bacteria (1). The virus and bacteria transcytosed across the intestinal epithelial cells (2)
and infect human B cells (3). (Photo courtesy of Karst and Wobus (43))

In 2015, Jones et al. developed a protocol based on their previous work detailing
methods of cultivating GII.4 Sydney directly using human B-cells (38). In the protocol,
unfiltered stool from an infected patient was used as inoculum. Unfortunately, there were
limitations to the described protocol. First, the harvested virus from the B-cells was
inconsistent, with a wide viral output range, which was 0.5 to 3.5-log fold increases in
genome copy number (38). Second, the inoculum used for the virus cultivation was
unfiltered fecal suspension. Although the unfiltered fecal material delivers enteric
bacteria, a proposed cofactor for infection, unknown factors were also delivered within
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the unfiltered material that influenced the susceptibility of B-cells to HuNoVs (38). The
unknown factors within the unfiltered stool sample could be positively or negatively
influencing the susceptibility of cultured B-cells. Results showed an inverse relationship
with the input of virus levels and the efficiency of infection, possibly due to the unknown
factors in the unfiltered stool (38). Lastly, and most importantly, the ability of obtaining
successful HuNoV replication in other labs has been challenging (38). Different members
from the CDC, University of Michigan, Erasmus Medical Center, University of Florida,
and St. Jude Children’s Research Hospital have had mixed results using this procedure to
cultivate HuNoV (38).
The most recent attempt at cultivating HuNoVs used stem cell-derived human
enteroids (intestinal cells) (19). Previous studies of cultivating HuNoVs in transformed
intestinal epithelial cells and immune cells have not been completely successful (44, 45).
Stem cells that were isolated from human intestinal tissue differentiated into the human
intestinal enteroid cells (HIE), containing many epithelial cells such as enterocytes,
goblet cells, enteroendocrine cells, and Paneth cells (19). To test the efficacy of the
primary cell culture, a GII.4 norovirus was inoculated to the cell line and RT-qPCR
identified a 1.5-2.5 log unit increase in the viral genome progeny at 96 hours post
infection (19). The study suggested that bacteria were not required as cofactors due to the
fecal suspension being filtered before inoculation. Even though the HIE cells contained
multiple cell types, only the enterocytes were infected (19).
Given the HuNoV diversity, the research team wanted to know if other HuNoV
strains could also replicate in HIEs. GI.1, GII.3, and GII.17 strains were used and no
replication of these strains were observed (19). To try and observe replication, different
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proteases, a requirement for other gastrointestinal virus replication, were added, but no
replication occurred. Eventually the researchers pretreated the HIE cells with nontoxic
levels of human bile and replication occurred in a dose-dependent manner for the GII.3
strain. It was observed that the addition of bile to GII.4 strains was not needed for
replication to occur, but it increased the viral replication of the GII.4 strain. Therefore,
these data suggested that there were certain strain-specific requirements to allow viral
replication in the described system (19). Even though this is the best cell cultivation
system to date, extensive research still needs to be done to determine what specific
components are required for different HuNoV strains (19). There are still serious
limitations to this procedure because the process is very new, complicated, and costly.
Surrogates for HuNoV
As mentioned, currently there is no convenient cell cultivation system available
for HuNoVs (12, 13, 15). Therefore, one model for HuNoV research is using human
volunteers. Volunteers have been used for medical, epidemiological, and inactivation
studies of HuNoV (46, 47). Using human volunteers has given important information
about the disease symptoms, persistence, and recovery (46, 47). Along with humans,
gnotobiotic pigs have been successfully used as an animal model to study the
pathogenesis of a HuNoV GII.4 strain (48). Lou et al. used gnotobiotic pigs to assess
high pressure processing inactivation of a HuNoV GII.4 strain. (49). However, there are
many limitations to using human volunteers and pig models. The research is expensive
and requires strict regulations (46, 49). Therefore, most current inactivation studies on
HuNoVs rely on cultivable surrogates, which include feline calicivirus (FCV), MNV, and
Tulane virus (TV).
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FCV belongs to the genus Vesivirus within the Caliciviridae family, and was the
first calicivirus grown in cell culture and thus was the most widely used surrogate for
HuNoVs (50). FCV has been used as a surrogate for the development of viricides and
environmental stability studies (46). FCV has also been used as a model to study
calicivirus translation and genome replication (46). However, FCV is not the best model
for HuNoVs for two main reasons. First, FCV causes respiratory or systemic diseases but
not gastrointestinal diseases (46). Second, discrepancies in the stability between HuNoVs
and FCV were observed. Tung et al. showed continued HuNoV stability in 90% ethanol,
whereas Malik et al. reported 99% inactivation of FCV in 70% ethanol (25, 51). Despite
these major differences, the FCV has been crucial in the study of HuNoVs. Currently,
FCV has been mostly replaced by other surrogates, such as MNV or TV.
MNV is also a common surrogate for HuNoVs and has largely replaced the FCV
in HuNoV research (12, 14, 22, 52, 53). MNV was first propagated in cell culture in 2004
(50). This norovirus infects mice and belongs in genogroup V of the Norovirus genus
(22). MNV is mostly cultivated in mouse macrophage cell lines (53, 54). MNV has been
used in high-pressure, pH, temperature, and disinfection inactivation studies (12, 55–57).
Another advantage for using the MNV as a surrogate is the ability of using mice as an
animal model for experimental infections (53).
TV is in the Recovirus genus within the Caliciviridae family and was first
cultivated in cell lines in 2008 (50, 58, 59). TV infects young rhesus macaques, one of the
best known species of Old World monkeys, and are more closely related to humans than
mice (59). The most common symptoms in rhesus macaques include gastroenteritis,
respiratory infections, vesicular lesions, and hemorrhagic disease (59). Like HuNoVs, TV

14

is transmitted via the fecal-oral route and is shed in large numbers in stool. More
importantly, TV recognizes HBGAs and can be grown in high titers in cell culture (58,
59). These properties make a convincing case for using TV as a cultivable surrogate virus
for HuNoVs. In recent years, TV has been used as a surrogate in many different
inactivation studies including high pressure, heat, UV, and ethanol treatments (12, 60,
61).
Even though studies using surrogates provide some useful information, the direct
comparison of cultivable surrogates to HuNoVs could be inaccurate. A meta-analysis
done by Knight et al. explains that HuNoVs are more persistent and resistant than
cultivatable surrogates (62). HuNoVs and HuNoV surrogates can show different
sensitivities to the same type of treatment and behave differently. Li and Chen
demonstrated that a HuNoV GI.1 strain, a HuNoV GII.4 strain, MNV, and TV had
different sensitivities to high hydrostatic pressure treatments and created a hierarchy of
high hydrostatic pressure sensitivities of TV > GII.4 > MNV-1 > GI.1, from most to least
sensitive (12).
Quantification of HuNoV
The ability to detect and accurately quantify infectious HuNoVs is extremely
important, particularly for inactivation studies. In early studies, electron microscopy and
antigen assays were used to quantify HuNoVs, which led to low quantification (13).
Currently, detection and quantification of HuNoV mostly rely on molecular methods,
particularly quantitative reverse transcription PCR (RT-qPCR). The use of RT-qPCR for
detecting HuNoV has made a significant impact in the knowledge and understanding of
norovirus epidemiology. However, quantifying HuNoVs directly by RT-qPCR is not able
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to discriminate infectious from non-infectious particles because all viral RNA is being
quantified, whether it was from an infectious or non-infectious virion. Applying RNase to
degrade free viral RNA after treatment before RT-qPCR still overestimates the quantity
of infectious viral particles because the genomic RNA can still be protected from RNase
even if the capsid is damaged (15, 63). Scientists have tried different strategies to
accurately quantify infectious HuNoVs (64, 65).
Aptamers
The use of aptamers is a new method for detection and quantification of HuNoVs.
Aptamers are short single-stranded RNA or DNA segments that use tertiary nucleic acid
structures that have binding affinity to a target (usually a protein) (66). Aptamers are
selected and enriched via Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) (67). SELEX works by first synthesizing a large oligonucleotide library with
random generated sequences typically 20-80 bases in length (67). The sequences are then
exposed to the target. The sequences that do not bind the target by affinity
chromatography are removed (68). The bound sequences are eluted and amplified by
PCR. Eight to fifteen subsequent rounds of this selection take place with increasing
elution stringency to find the sequences that bind the tightest to the target (67).
Once the target is recognized, the aptamers form secondary and tertiary structures.
The tertiary structures allow the aptamers to bind to their targets via stable noncovalent
bonds (Fig. 4) (68). The 3D structure of aptamers can now be used similarly to antibodies
(63).
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FIG 4 A simplistic diagram of an aptamer that recognizing a target sit and binding
noncovalently to create an aptamer-target complex.

In the case of HuNoVs, nucleic acid aptamers have been selected based on their
affinity towards the P domain of the VP1 capsid protein (66). Moore et al. attempted to
produce ssDNA aptamers that were able to specifically bind the HuNoV. Through
SELEX, the authors characterized two aptamers with high affinity for the P domain of the
VP1 protein and the aptamers were able to bind serially diluted HuNoV GII.4 New
Orleans in partially purified stool (66). Lastly, one of the developed aptamers was tested
to estimate the ability of the aptamer to bind HuNoV VLPs after heat treatments (69).
Moore et al. showed that the aptamer was able to quantify an 80% reduction of VLPs
after treating VLPs at 75○C for one min (66, 69). However, the accuracy of using
aptamers for HuNoV quantification is still unclear.

17

Propidium Monoazide (PMA)/RT-qPCR
PMA accompanied with RT-qPCR is another method for quantifying HuNoV
(65). PMA is a photo-reactive nucleic acid dye that is able to bind the genome covalently
(63, 65). For PMA to gain access to the nucleic acid, the cellular membrane or capsid of
the target must be damaged. Once in the cell or virion, PMA intercalates into the nucleic
acid and when exposed to high energy visible light, covalently binds to the nucleic acid
(65). With the PMA intercalated, nucleic acid cannot be amplified by PCR. When a target
is not compromised, PMA cannot access the nucleic acid. Without the intercalation of
PMA into the genome, PCR can amplify the genome.
This method has be applied for the quantification of HuNoVs. Li et al. used PMA
combined with RT-qPCR (PMA/PCR assay) to evaluate heat and high hydrostatic
pressure treatments of HuNoVs (70). The PMA/PCR assay was able to quantify HuNoV
reductions of up to 3 log units from heat and high hydrostatic pressure treatments (70).
Karim et al. also applied this method to the inactivation of poliovirus, MNV, and HuNoV
by heat, chlorine, and UV light (65). It was suggested that the PMA/PCR assay could
differentiate infectious poliovirus from noninfectious poliovirus (65). However, the
addition of PMA could not differentiate infectious and noninfectious when HuNoV was
treated by heat, chlorine, and UV light (65). This study also suggests that viral capsid
damage may be necessary for PMA to enter and bind to the viral genome as PMA/PCR
assay was not able to differentiate between infectious and UV inactivated viruses (65).
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PGM-MB/PCR Assay
Over the past few years, a pig (porcine) stomach (gastric) mucin (PGM) binding,
conjugated with magnetic beads (MBs) followed by RT-qPCR (PGM-MB/PCR assay)
has been applied to quantify infectious HuNoVs (12, 71, 72). Since PGM contains
HBGAs, it can be used to bind to multiple strains of HuNoVs (12, 73). By linking PGM
with MBs (PGM-MBs), particles with intact HBGA binding sites, bind to PGM-MBs,
and can be separated from particles with damaged HBGA binding sites using a magnet
(Fig. 5). The RNA from the bound virus particles can then be isolated and quantified by
RT-qPCR (referred to here as PGM-MB/PCR assay) (12, 15). In addition, RNase can be
added to degrade any RNA not protected by a capsid before PGM-MB binding (71).

FIG 5 Simplified representation of PGM-MB binding to particles with intact HBGA
binding sites
Based on the mechanism, this assay could be used to quantify infectious viral
particles if the quantity of infectious viral particles correlates well with that of particles
with intact HBGA binding sites. Therefore, in order to use this assay to accurately
quantify infectious viral particles, it is important that the chosen inactivation procedures
target capsid proteins or disrupt the viral capsid enough to inhibit binding to the PGM19

MBs as binding of PGM to the capsid is an essential step in this method (71). By using
the PGM-MB/PCR assay, Tian et al. was able to capture and concentrate GI and GII
HuNoVs in an oyster slurry and fruit/vegetable wash mixture, with a 2-log increase in
detection sensitivity when compared to not using PGM-MB/PCR assay (73). By using
this technique, Dancho et al. showed that untreated HuNoV GI.1 and GII.4 strains could
bind to the PGM-MBs and achieve higher reductions compared RT-qPCR following only
RNase treatment. Li and Chen also used this assay to assess the high hydrostatic pressure
inactivation of MNV, TV, and HuNoV GI.1 and GII.4 strains. Results for MNV and TV
assessed by PGM-MB/PCR were compared to those assessed by plaque assay (12). Li
and Chen showed that the PGM-MB/PCR assay could quantify MNV and TV at <2-log
reduction levels and would very likely be able to estimate high hydrostatic pressure
inactivation of HuNoV. The PGM-MB/PCR assay was able to modestly quantify the
inactivation of GI.1 strain at 2 to 3-log reduction and the GII.4 strain at 2 to 3.5-log
reduction levels (12).
Antimicrobial Properties of Copper
The use of antimicrobial surfaces to inactivate infectious agents remain viable on
surfaces can help reduce the risk of infections. Ever since the Egyptians began using
copper for medical purposes between 2600 and 2200 BC, copper alloys have been
recognized for their antimicrobial characteristics (13, 14). It has been documented that
copper alloy surfaces can effectively inactivate bacteria, fungi, and viruses including
methicillin-resistant Staphylococcus aureus (MRSA), and influenza H1N1 by degrading
genetic material and disrupting the outer surface of the pathogen (13, 14). The use of
copper was common until the use of antibiotics became available (74). The rise of

20

antibiotic resistant bacteria in hospitals, nursing homes, and other close quarter
environments have increased the demand of alternative antimicrobial approaches (74).
Copper alloy surfaces have also been used to decrease the spread of disease in hospitals
when integrated into high-touch areas such as door knobs and bed rails. The results
indicated a >50% reduction in an overall infection rate of healthcare-acquired infections
(13, 75).
Copper is an essential trace element in most living organisms. There are more
than 30 types of copper-containing proteins, including: cytochrome c oxidase, a terminal
electron acceptor for the electron transport chain, and superoxide dismutase, an enzyme
that mitigates oxidative damage (74). Even though copper is a necessary element, too
much copper can be highly toxic. Through Fenton-like reactions, redox cycling between
Cu (II) and Cu (I) can cause the creation of hydroxyl radicals that damage proteins and
lipids (76). Copper ions can also compete for important protein binding sites with other
essential metal ions, such as zinc and iron (74). Lastly, free copper ions are able to reduce
sulfhydryl groups in proteins, which can lead to protein unfolding (74, 77).
Even though the exact mechanisms behind contact killing of bacteria due to
copper is not exactly known, multiple aspects involved have been identified (78). One
aspect is that copper ions dissolving from the copper surface causes direct cell damage by
permeabilizing the cell membrane causing inner cellular solutes to spill out leading to cell
death (76). Another aspect is that copper creates hydroxyl radicals that can cause further
damage. Lastly, genomic and plasmid DNA can be degraded (78). It is not exactly known
how DNA is damaged, but Warnes and Keevil suggest that damage is done directly by
the copper ions and hydroxyl radicals, possibly by an influx of copper ions creating
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unknown copper complexes with proteins that induce damage (78). Gram-negative
bacteria such as Escherichia coli, Salmonella enterica, and other Enterobacteriaceae
bacteria have been shown to be inactivated by copper (74). Copper has also been able to
inactivate Gram-positive bacteria such as MRSA and Listeria monocytogenes, and it has
been shown that certain spore-forming bacteria, like Clostridium, were killed after 24-48
hour treatment on copper surfaces (74, 79).
Copper has also been shown to inactivate enveloped viruses such as influenza,
vaccinia virus, human corona viruses, and herpes simplex virus (80–82). The envelope of
the viruses is damaged by the copper ions through generation of hydroxyl radicals and
direct degradation. The destruction of the envelope allows copper ions and hydroxyl
radicals to subsequently damage the viral genome (80). Studies from recent years also
indicated that copper alloy surfaces could successfully inactivate non-enveloped viruses,
such as HuNoVs and MNV by degrading the viral capsid and RNA genome (13, 14). Due
to the lack of an envelope, copper damage might not occur through the generation of
hydroxyl radicals (83). However, the efficacy of copper alloy surfaces for inactivation of
HuNoVs has not been fully evaluated due to the difficulty of cultivating HuNoVs.
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OBJECTIVES
This goal of this study was to determine the efficacy of copper alloy surfaces for
the inactivation of TV using plaque assay and PGM-MB/PCR assay, and HuNoVs GII.4.
Sydney and GI.3B. Potsdam using the PGM-MB/PCR assay. Based on the mechanism of
the PGM-MB/PCR assay, it was likely this method could estimate the reduction more
accurately if the inactivation method targets the capsid of TV and HuNoVs. Since copper
treatments degrade the capsid of HuNoVs (13, 52), the PGM-MB assay would likely be
able to evaluate the efficacies of copper alloy surface inactivation of HuNoVs (12).
Results would provide useful information to determine if copper could serve as a
potential precautionary measure to limit the spread of HuNoVs in close-quarter
environments like schools, restaurants, and care facilities. The study included three main
objectives:
1. To compare the efficacy of different copper alloy surfaces for TV inactivation.
2. To compare PGM-MB/PCR and plaque assays for copper alloy surface
inactivation of TV to determine the accuracy of PGM-MB/PCR assay.
3. To evaluate copper alloy surface inactivation of HuNoV GII.4. Sydney and
GI.3B. Potsdam strains.
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MATERIALS AND METHODS
Viruses and Cell Line
Fecal suspensions of HuNoV GII.4. Sydney and GI.3B. Potsdam strains were
generously provided by the Wisconsin State Laboratory of Hygiene. Fecal suspensions of
the two HuNoV strains were centrifuged at 4,000 x g for 20 min. The supernatant was
filtered through a 0.22 µm pore-size filter, aliquoted into convenient amounts, and stored
at -80○C (12, 60). TV was generously provided by Dr. Xi Jiang at the Cincinnati
Children's Hospital Medical Center. Rhesus monkey kidney epithelial cells LLC-MK2,
purchased from ATCC were used to cultivate TV. M199 medium (Corning Cellgro,
Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco,
Walthan, MA), and penicillin G (100 U/ml)-streptomycin (100 µg/ml, Gibco) was used to
culture LLC-MK2 cells. TV was propagated in confluent monolayers of LLC-MK2.
Crude unpurified TV stocks (referred to here as unpurified TV) were harvested from the
cells via three freeze-thaw cycles followed by centrifugation to pellet the cell debris. The
unpurified virus was stored at -80°C until use or further purified. The same published
procedure for purification of murine norovirus was used to obtain purified TV stocks
(14). Briefly, supernatant containing unpurified virus was purified using a 30% sucrosecushion in an ultracentrifuge at 90,000 x g for 2.5 hours at 4○C. After centrifugation, the
supernatant was removed, the pellet was resuspended in 3 ml phosphate-buffered saline
(PBS, pH 7.2, Gibco). The sucrose cushion purified virus (referred to as purified TV
here) was then aliquoted into convenient amounts and stored in -80○C until further use.
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Metal Surface Preparation
Sheets of copper (100% Cu), bronze (90% Cu), brass (70% Cu), and stainless
steel (0% Cu) were purchased online (http://www.onlinemetals.com/) and cut into ~2.5 ×
2.5 cm coupons (Table 1). Before virus was placed on the coupons, surfaces were
degreased in acetone, washed in distilled water and ultra-pure water, air dried, and
sterilized.
TABLE 1 Composition of metal surfaces used in this study.
Metal
(Unified Numbering
System Designation)
Copper (C11000)
Bronze (C22000)
Brass (C26000)
Stainless Steel (T-304)

% of Each Element
Cu
Zn
100
90
69-70

Ni

Fe

Cr

8

74

18

10
30-31

Surface Treatment of Viruses
Virus was treated on copper alloy surfaces following a published procedure with
modifications (13). Purified and unpurified TV was used directly for inoculation, whereas
GII.4. Sydney and GI.3B. Potsdam were both diluted three-fold in PBS (pH 7.2) before
inoculation. For all experiments, 25 µl of virus was inoculated on each coupon and
spread within a circle with a diameter of ~1 cm with the pipet tip. Depending on the
metal used, virus was retrieved after either 2.5, 5, 10, 15, 20, or 40 min. Unpurified TV
was retrieved from the coupon by pipetting up and down 25 times using M199 media,
whereas purified TV and HuNoV strains were retrieved using PBS-EDTA [20 mM
EDTA in PBS (pH 7.2)]. The amount of solution used to retrieve virus was determined
based on the how much liquid containing the virus was left on the coupon at different
treatment times and the final elute volume was ~100 µl. Eluted samples were then either
directly diluted to be quantified by viral plaque assay or treated by 1µl of 10 mg/ml
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RNase A (Thermo Schientific, Waltham, MA) at 37○C for 30 min after which virus was
quantified by PGM-MB/PCR assay. Zero min treatments were used as controls for
comparison with other treatment times. A negative control, liquid without virus, was
included for treatments of each alloy for each replicate.
Viral Plaque Assay
Tulane virus was quantified by viral plaque assay that followed the procedures of
Li and Chen (12). Briefly, confluent LLC-MK2 cells were first seeded in six-well plates.
Cells were incubated for up to 24 hours until the monolayers were confluent. Cells were
inoculated with 400 µl of ten-fold dilution series of TV. After inoculation, cells were
incubated for one hour with gentle agitation every 10 mins at 37○C in a 5% CO2
atmosphere. Cells were then overlaid with 2.5 ml of one-half volume M199 medium,
10% FBS, penicillin G (100 U/ml)-streptomycin (100 µg/ml)-amphotericin B (0.25
µg/ml, Gibco), and 0.5% agarose (Benchmark Scientific, Edison NJ). Plates were then
incubated for four days at 37○C in a 5% CO2 atmosphere. After incubation, cells were
fixed with 3.7% formaldehyde (Fisher Scientific, Pittsburgh, PA) in PBS (pH 7.4,
Corning Cellgro, Manassas, VA). Plaques were then counted by staining with 0.05%
(w/v) crystal violet in 10% ethanol.
PGM-MB Preparation
PGM-MB preparation has been outlined in previous publications (12, 15). First, 1
ml of MagnaBind carboxyl-derivatized beads (Thermo Scientific) were washed with 1 ml
PBS (pH 7.2) three times. A Bio-Rad SureBeadsTM magnetic rack (Bio-Rad, Hercules,
CA) was used to separate the beads perpendicular to gravity after each wash. One ml of
10 mg/ml type III mucin from porcine stomach (Sigma, St. Louis, MO) and 100 µl of 10
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mg/ml 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC, Thermo
Scientific, Rockford, IL), both suspended in conjugation buffer (0.1 M MES [2-(Nmorpholino) ethanesulfonic acid], 0.9% NaCl, pH 4.7, Thermo Scientific), were added to
the magnetic beads and mixed on a Mini-Tube rotator (Fisher Scientific) at 4 rpm for 30
min. After mixing, beads were washed three times in 1 ml of PBS (pH 7.2) and then
suspended in a 1 ml solution of 0.05% sodium azide in PBS (pH 7.2) and stored at 4○C.
PGM-MB Binding
The binding procedure was described previously with slight modifications (12,
15). After the RNase treatment of the copper alloy surface treated virus samples, 100 µl
of PGM-MBs and 800 µl of PBS (pH 7.2, Gibco) were added to each sample. Samples
were then placed on the rotator at 4 rpm for 15 min, allowing binding of the virus to the
beads. After incubation, each sample was washed three times with 1 ml PBS (pH 7.2).
Once the wash was complete, the samples were suspended in 140 µl of molecular biology
grade water and put on ice until RNA extraction.
RNA Extraction
Viral RNA was extracted with the QIAamp viral RNA minikit (Qiagen, Valencia,
CA) as described in previous publications (12, 15). Briefly, samples were lysed by Buffer
AVL by QIAamp, and PGM-MBs were separated from the lysed supernatant by magnetic
separation. The separated supernatant containing RNA was collected and used for the
subsequent steps in the protocol. Lastly, RNA was eluted in 2x 40 µl AVE elution buffer
and aliquoted for direct RT-qPCR quantification or stored at -80 °C.
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RT-qPCR
The primers and TaqMan probe and their concentrations used in RT-qPCR for TV
and both HuNoV strains were described previously with slight modifications (Table 2)
(12, 84). All primers and probe were synthesized by Integrated DNA Technologies
(Coralville, Iowa) or Thermo Fisher Scientific.
TABLE 2 List of primers and probes used in this study.
Sequence (5’→ 3’)

Concentration (nM)

Reference

p1888-F

TCGCGCAGCGCACTTA

900

(12)

p1889-R

CAAGAATCCAGAACAACCAATAT
CA
FAM-CACCTTCTTGTGGGCCAMGBNFQ

400

(12)

175

(12)

CGCTGGATGCGNTTCCAT

500

(12, 84)

NV1LCR

CCTTAGACGCCATCATCATTTAC

900

(12, 84)

NVGG1p

(5’FAM/ZEN/3’IBFQ)
TGGACAGGAGAYCGCRATCT

250

(12, 84)

ATGTTCAGRTGGATGAGRTTCTC
WGA
TCGACGCCATCTTCATTCACA

500

(84)

900

(84)

(5’FAM/ZEN/3’IBFQ)
AGCACGTGGGAGGGCGATCG

250

(84)

Primers/Probe
Tulane Virus

TVRdRp-P
HuNoV GI.3B
Potsdam
QNIF4

HuNoV GII.4
Sydney
QNIF2
COG2R
QNIFS

All RT-qPCR reactions used the Fast Virus 1-Step Master Mix (Life
Technologies, Carlsbad, CA). For each reaction, 10 µl reaction mixture consisted of 2.5
µl of Master Mix and 6 µl of template besides primers and probe. RT-qPCR assays were
completed using a Bio-Rad CFX96 Touch™ Real-Time PCR Detection System (BioRad). Conditions used for the RT-qPCR were 50°C for 5 min to allow reverse
transcription, followed by 95°C for 20 s for initial denaturation, then 45 total cycles of
95°C for 3 s and 60°C for 1 min. Viral RNA extracted directly from virus stocks using
QIAamp Viral RNA Mini kit was 10-fold serially diluted and used as standards. For each
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RT-qPCR run, a set of standards were included to calculate the qPCR efficiency and log
reductions achieved by the treatment. For GII.4. Sydney and GI.3B Potsdam, tenfold
serial dilutions of viral samples made and prepared the same way but retrieved
immediately from the coupons were included to determine the maximum log reductions
of the two HuNoV strains. The detectable maximum reductions of GII.4. Sydney and
GI.3B. Potsdam were 3 and 4 log units respectively. For data over the determined
maximum log reductions, the maximum log reductions were used for calculations.
Statistical Analysis
At least three replicates were included for each experiment in this study. Log
reductions were the differences between the 0 min treated samples and the treated
samples at different times. One-sample t-test by comparing log reductions of treated
samples to the fixed value 0 was performed to evaluate if significant reductions were
achieved by treatments. Independent-samples t-test was performed to compare two
groups and one-way ANOVA following Tukey’s post hoc was performed to compare
more than two groups. T-tests were not conducted for treatments with results of all
replicates below detection limit and ANOVA post-hoc analysis results were not
conducted for two treatments with results of all replicates below detection limit. Results
were considered to be statistically significant with a p value <0.05.
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RESULTS
Copper Alloy Surface Inactivation of Purified and Unpurified TV Assessed by
Plaque Assay
In this study, unpurified TV was treated on copper and brass surfaces from 10 to
40 min and quantified by plaque assay. Results from plaque assay showed that 10 min
copper and brass surface treatments of unpurified TV did not achieve any significant
reduction (<1-log reduction) (Fig.6). However, copper surface treatments 15 min and
longer of unpurified TV resulted in ~4-log reductions (p<0.05), and brass surface
treatments 15 min and over of the same virus achieved ≤2-log reductions (p<0.05) (Fig.
6). Therefore, copper surface treatments 15 min and over of unpurified TV resulted in
significantly higher reductions than brass surface treatments at the same treatment times
(p<0.05) (Fig. 6).
5
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FIG 6 Copper and brass surface inactivation of unpurified TV assessed by plaque assay.
Data are means of three replicates. Error bars represent one standard deviation. * denotes
significant reductions (p<0.05) from one sample t-test by comparing log reductions of
treated samples to the fixed value 0. # denotes that virus titers were below the detection
limit (1.1-log units) in one or more of the replicates and the detection limit was used for
log reduction calculations. The maximum detectable reduction for copper was 4.3±0.2
log units.
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TV was then purified on a sucrose cushion, resuspended in PBS, and treated with
copper, bronze, and brass surfaces for 2.5 to 20 min and quantified by plaque assay.
Time-dependent inactivation of purified TV was observed with all copper alloys. All
copper alloy surfaces were able to cause significant reduction of purified TV (p<0.05) at
all treatment times (Fig. 7). One to 3-log reductions were observed when purified TV was
treated for 2.5 or 5 min. As the treatment times of copper alloy surfaces reached 15 and
20 min, the titers of TV were reduced by at least 4.5 to 5 log units (Fig. 7). No significant
difference in TV inactivation was observed among the different copper alloy surface
treatments (Fig. 7). A stainless-steel surface was used for comparison and no more than
1-log reduction was achieved for treatment times of 10, 20, and 40 min (data not shown),
indicating that the inactivation of TV was due to the copper alloy surfaces but not
desiccation of the virus on the copper alloy surface.
Results from copper alloy surface inactivation of purified and unpurified TV also
indicated that reductions of purified TV were significantly higher than those of unpurified
TV during shorter exposures (p<0.05) (Fig. 6 and 7). For example, a 10 min copper
surface treatment achieved around 4-log reduction of purified TV while <1-log reduction
was achieved by the same treatment of unpurified TV (p<0.05) (Fig. 6 and 7). Ten, 15,
and 20 min brass surface treatments of purified TV also resulted in significantly higher
reductions (>3.5 log units) than achieved by the same treatments of unpurified TV (<2
log units, p<0.05) (Fig 6 and 7).
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FIG 7 Inactivation of purified TV by copper, bronze, and brass surfaces assessed by
plaque assay. Data are means of four replicates. Error bars represent one standard
deviation. All metals at each treatment time achieved significant reduction of purified TV
(p<0.05) analyzed by one sample t-test by comparing log reductions of treated samples to
the fixed value 0. # denotes that virus titers were below the detection limit (1.1 log units)
in one or more of the replicates and the detection limit was used for log reduction
calculations. The maximum detectable reductions for copper, bronze and brass surface
treatments of purified TV were 4.6±0.5, 5.0±0.1, and 5.0±0.1 log units, respectively.
There was no significant difference among the log reductions by different copper alloys
at the same treatment time.

Comparison of Results of PGM-MB/PCR and Plaque Assays
Besides plaque assays, copper and brass surface inactivation of purified and
unpurified TV was also assessed via PGM-MB/PCR assay. Results from PGM-MB/PCR
assay indicated that copper and brass surface treatments were also shown to demonstrate
time-dependent reductions of purified TV (Fig. 8A). Even though 10, 15, and 20 min
exposures of copper and brass surfaces all achieved significant reductions (p<0.05), the
maximum reduction of purified TV by either copper or brass surfaces was 2.1 log units
(Fig. 8A). In addition, although a brass treatment of purified TV for 2.5 min reached
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significant reduction (p<0.05), it was only 0.2 log units (Fig. 8A). Additionally, the 20
min copper surface treatment of purified TV achieved a slightly higher reduction (2.1 log
units) than a 20 min brass surface treatment (1.8 log units). No other significant
difference between the log reductions of copper and brass surface treatments was
observed (p<0.05) (Fig. 8A).
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FIG 8 Copper and brass surface inactivation of purified TV (A) and unpurified TV (B)
assessed by PGM-MB/PCR assay. Data are the means of 3 replicates. Error bars
represent one standard deviation. * denotes significant reductions (p<0.05) from one
sample t-test by comparing log reductions of treated samples to the fixed value 0. #
denotes significant difference between copper and brass treatments at a particular
treatment time (p<0.05).

When unpurified TV inactivation was assessed by the PGM-MB/PCR assay, no
more than ~1.5-log reductions of unpurified TV were observed for any copper surface
treatment times, and only 15 and 40 min copper surface treatments achieved significant,
(but low) reductions (<1.5-log reductions, p<0.05) (Fig. 8B). Brass surface did not
achieve any significant reduction (<0.5 log units) for any treatment of unpurified TV
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(Fig.8B). Only 15 and 40 min copper surface treatments of unpurified TV achieved a
significantly higher reductions than reductions from brass surface treatments for the same
times (p<0.05) (Fig. 8B).
To determine the accuracy of the PGM-MB/PCR assay for the inactivation of TV,
reductions of purified and unpurified TV assessed via PGM-MB/PCR assay were
compared to those assessed via plaque assay. When compared to the results of PGMMB/PCR assay, results for purified and unpurified TV from the plaque assay showed
significantly higher reductions than those for the PGM-MB/PCR assay, when treated by
both copper and brass surfaces at each treatment time (p<0.05) (Fig. 6, 7, and 8). For
example, a 5 min copper treatment of purified TV achieved higher reduction (3 log units)
as assessed via plaque assay than reduction from the same treatment assessed via PGMMB/PCR assay (0.7 log units, p<0.05) (Fig. 7 and 8A). Similarly, 20 min copper and
brass surface treatments of unpurified TV resulted in higher reduction (4.3 log units)
assessed via plaque assay than reduction (1.3 log units) from the same surface treatment
of unpurified TV assessed by PGM-MB/PCR assay (Fig. 6 and 8B). It should be noted
that the maximum reductions of purified and unpurified TV assessed by PGM-MB/PCR
assay were 2.1 log and 1.3 log units, respectively, whereas maximum reductions of
purified TV and unpurified TV assessed by plaque assay were over 4 log unit for both
purified and unpurified TV (Fig. 6, 7, and 8).
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Copper Alloy Surface Inactivation of HuNoV GII.4 Sydney and GI.3B Potsdam
Besides TV, the PGM-MB/PCR assay was also used to assess copper alloy
surface inactivation of HuNoVs. For GII.4 Sydney, a maximum detectable reduction of 3
log units for the PGM-MB/PCR assay was determined by using 10-fold serial dilutions of
GII.4 Sydney for 0 min treatment following PGM-MB/PCR quantification. For any
treatment achieving >3-log reduction of GII.4 Sydney, or no amplification of GII.4
Sydney RNA occurred, the RT-qPCR result was considered below the detection limit and
3 log units was used as the reduction for that treatment. Results showed that 2.5 and 5
min copper and brass surface treatments of GII.4 Sydney resulted in significant, but only
≤0.5-log reductions (p<0.05, Table. 3) while copper surface treatments of 10, 15 and 20
min and brass surface treatments of 15 and 20 min resulted in at least 3-log reductions of
GII.4. Sydney (Table. 3) One-sample t-test and independent-samples t-test were not able
to be conducted for the results of 10, 15 and 20 min copper surface treatments and 15 and
20 min brass surface treatments since the maximum detectable reduction (3 log units) was
used for all replicates in those treatments. A stainless-steel surface treatment of GII.4
Sydney was also used for comparison and up to 40 min of stainless-steel surface
treatment of GII.4 Sydney did not achieve more than 1-log reduction (data not shown).
TABLE 3 Copper alloy surface inactivation of HuNoV GII.4 Sydney and GI.3B
Potsdam.
HuNoV Strain
GII.4 Sydney
GI.3B Potsdam

Surface
Copper
Brass
Copper

Surface Treatment Time (min)
2.5
5
10
0.2±0.1*
0.5±0.0*
≥3.0±0.0#
0.1±0.0*
0.3±0.1*
1.9±1.3#*
ND
0.5±0.0*
≥4.0±0.0#

15
≥3.0±0.0#
≥3.0±0.0#
ND

20
≥3.0±0.0#
≥3.0±0.0#
≥4.0±0.0#

Data are the means of log reductions ± one standard deviation from three replicates. * denotes significant
reductions (p<0.05) from one sample t-test by comparing log reductions of treated samples to the fixed
value 0. # indicates results were below the detection limit for one or more of the replicates and the
maximum detectable reductions were used for calculations. ND: Not Done.

35

Similar to the results for HuNoV GII.4 Sydney, results from copper treatments of
GI.3B Potsdam showed that 5 min treatment resulted in a significant, but minimal 0.5-log
reduction (p<0.05) ( Table. 3). Following a similar procedure for determining the
maximum detectable reduction for HuNoV GII.4 Sydney, the maximum detectable
reduction for GI.3B Potsdam was determined to be 4 log units. Ten and 20 min copper
surface treatments of GI.3B achieved at least 4-log reductions (Table. 3). Reduction of
GI.3B from a stainless-steel surface treatment was similar to GII.4 (data not shown). No
significant difference was observed between reductions of GII.4 Sydney and GI. Potsdam
from a 5 min copper surface treatment. It was not possible to determine if there was
significant difference between reductions of GII.4 Sydney and GI.3B Potsdam achieved
by 10 and 20 min copper treatments, as the actual log reduction values are unknown.
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DISCUSSION
HuNoVs are a significant public health concern, causing gastroenteritis around
the world. These viruses show high stability in the environment and are able to remain
infectious on surfaces for weeks (20). When trying to prevent or limit the spread of
HuNoVs, it will be extremely useful if touch surfaces can inactivate HuNoVs. This study
tested the efficacy of copper alloy surfaces for the inactivation of TV, a HuNoV
surrogate, and HuNoVs.
As mentioned previously, HuNoVs cannot be conveniently cultivated in cell
culture, therefore, surrogate viruses are often used. Various surrogates are used in
inactivation studies, such as MNV, FCV, and TV (12, 14, 50, 60). This study used TV as
a cultivable surrogate. TV is a suitable surrogate for several reasons. First, TV infects
rhesus macaque monkeys, which are closely related to humans (32). Like HuNoVs, TV
causes acute gastroenteritis that is cleared within days and has the same fecal-oral route
of transmission. Lastly, TV can be cultivated in high titers and is able to also recognize
HBGAs (12).
To our knowledge, TV has not been used as a surrogate to test for copper alloy
surface inactivation. Results from this study indicated that copper alloy surfaces were
able to effectively inactivate purified TV. For example, ~4-log reductions were observed
when purified TV was treated with copper, bronze, and brass surfaces for at least 10 min.
Inactivation of another HuNoV surrogate, MNV, by copper alloy surfaces has been
investigated by other researchers (14). In that study, ~5-log reduction was observed when
MNV was treated on a copper surface for 30 min (14). Copper alloy surfaces were also

37

very effective. Copper alloy surface treatments of 15 min and over were more effective in
inactivating unpurified virus than brass treatments at the same treatment times. However,
no difference was observed in reductions of purified TV caused by copper, bronze, and
brass surface treatments.
Warnes et al. further determined how copper alloy surfaces inactivated MNV
(14). By using transmission electron microscopy (TEM), Warnes et al. observed MNV to
have irregular, uneven, and aggregative particles after copper alloy surface treatments,
suggesting that the Cu(I) and Cu(II) ions were what gave copper the antimicrobial
activity when degrading the viral capsid (14). The specific mechanism of damage to the
capsid is unclear, but the copper ions either degrade the capsid by dissociating the
capsomeres of the virus, or nonspecifically attacking the VP1 protein itself (14). Warnes
and Keevil used non-denaturing agarose gel electrophoresis to show that the MNV RNA
genome also gets degraded by copper alloy surfaces (83). By using different chelating
reagents, Warnes and Keevil determined that even though Cu(II) ions are important for
the antimicrobial activity, Cu(I) ions are the primary drivers of genome and capsid
destruction by copper alloy surfaces (83).
Results from our study showed that copper alloy surfaces were more efficient at
inactivating purified TV compared to unpurified TV. As assessed by plaque assay, when
copper and brass surfaces treated unpurified TV, 10 min treatments of copper and brass
surfaces achieved <1-log reductions while 10 min copper and brass surface treatments of
purified TV achieved >4-log reductions. In our study, we did not investigate the reasons
for the differences among the copper alloy surfaces for the inactivation of the two types
of viral samples. However, it was likely that some substances in the unpurified TV
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potentially hindered inactivation. The unpurified TV stock was the cell lysate, which
included the M199 medium, containing inorganic salts, amino acids, vitamins, and FBS.
In addition, it also included cellular proteins not pelleted during centrifugation. All the
extra components in unpurified TV stock could have potentially interfered with the
ability of copper ions to interact with the virus. Furthermore, pure copper, which contains
more copper ions than a brass surface, would be more effective in inactivation of
unpurified TV. When TV was purified by sucrose cushion and resuspended in PBS, most
of the organic ingredients and other inorganic salts were removed. The lack of
interference by the other components potentially allowed enough copper ions from each
copper alloy surface to interact with purified TV so that no difference of inactivation
efficacy among the different copper alloy surfaces of purified TV was observed.
Being able to accurately quantify HuNoVs is essential for studies about HuNoV
inactivation. If cultivable surrogates are not used for HuNoV studies, molecular methods
such as RT-qPCR are usually the alternative for quantification. When using only RTqPCR, all RNA is being quantified, regardless if the virus is infectious or noninfectious,
leading to overestimation of the quantity of infectious virus and underestimation of the
inactivation efficacy.
In this study, the PGM-MB/PCR assay was used to quantify viral particles with
intact HBGA binding sites, and therefore the degree of inactivation due to copper alloy
surfaces. Li and Chen suggests that three assumptions are needed when using the PGMMB/PCR assay, that if correct, would enable accurate quantification of infectious viral
particles after a surface treatment: first, all the intact (infectious) virus particles not
inactivated by the treatment must bind to PGM-MBs; second, all damaged
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(noninfectious) virus particles inactivated by the treatment must not bind to PGM-MBs;
third, from PGM-MB binding through RT-qPCR, there must not be any loss of bound
virus particles throughout the whole assay (12). In addition, to have an accurate
relationship between bound viral particles and infectious viral particles, it is important
that treatment methods target the viral capsid instead of just the viral genome. This is
because binding of the intact capsid of viral particles to PGM after treatment is an
essential step in PGM-MB/PCR assay. If inactivation methods target the genome but
leave the capsid intact, use of the PGM-MB/PCR assay would underestimate virus
inactivation.
Since other studies suggested that copper damaged capsids of MNV and HuNoVs
(13, 14, 83), it was reasonable to expect that copper would also target the capsid of TV
and the PGM-MB/PCR assay should be able to estimate copper surface inactivation of
TV (14). Therefore, in this study, we compared the results of copper alloy surface
inactivation of TV assessed by PGM-MB/PCR assay with the results assessed by plaque
assay to determine the accuracy of the PGM-MB/PCR assay.
Interestingly, results of copper alloy surface inactivation of purified TV assessed
by PGM-MB/PCR assay did not match the results as assessed by plaque assay. Results
from plaque assay showed higher reductions from copper alloy surface inactivation of
purified and unpurified TV than those from PGM-MB/PCR. For example, results of
PGM-MB/PCR assay showed that reductions no more than 2.1 log units were observed
when purified TV was treated by a copper or brass surfaces for up to 20 min, whereas
plaque assay results indicated greater than 4-log reductions achieved by 10, 15, and 20
min copper alloy surface treatments.
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A similar phenomenon was also observed by Li and Chen when both plaque assay
and PGM-MB/PCR assay were used to assess high hydrostatic pressure treatments of TV
and MNV (12). In their study, both TV and MNV were treated by high hydrostatic
pressure with different parameters, and PGM-MB/PCR assay showed no more than 2-log
reductions achieved for both viruses while plaque assay showed maximum of ~3 and ~6log reductions of TV and MNV, respectively. The reasons for the discrepancy between
the reductions assessed by the plaque assay and PGM-MB/PCR assay in our study are
still unclear (12).
Since higher reductions of copper alloy surface inactivation of TV were observed
via plaque assay in our study, damaged TV that couldn’t infect LLC-MK2 cells could
seemingly still adequately bind to PGM and be quantified via RT-qPCR. It's possible that
the capsid had some damage and was able to bind PGM, but unable to infect LLC-MK2
cells in vitro. To support this possibility, Aboubakr et al. observed that FCV particles
were unable to infect host cells in vitro, but still retained their capsid structure when
treated by cold atmospheric plasma for 15 sec (85). Similar to the speculation in Li and
Chen’s high hydrostatic pressure study, it was also possible that copper alloy surfaces
damaged TV as a whole and the copper alloy surfaces were not preferentially damaging
the specific HBGA binding sites on the TV capsid that bind to HBGA (12). In addition,
other studies of copper surface inactivation of MNV and HuNoVs have shown that
copper ions also degraded the viral genome (13, 83). Therefore, it is possible that during
treatment, the RNA genome of some viral particles was damaged by copper ions to an
extent without compromising the integrity of the capsids so that the viral particles were
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unable to infect in vitro, but could still bind to PGM and be quantified by RT-qPCR,
leading to overestimation of infectious virus.
Besides the studies of high hydrostatic pressure treatments of HuNoVs (12, 72),
several other studies also used PGM-MB/PCR assay to evaluate the inactivation of
HuNoVs by different treatments (70, 71, 73). Kingsley et al. used the PGM-MB/PCR
assay to assess chlorine treatment of HuNoV (86). Using the PGM-MB/PCR assay, the
researchers were able to observe significant reduction of HuNoV GI.1 and a HuNoV
GII.4 strains after treatment of 100 ppm of chlorine (86). However, to our knowledge,
the PGM-MB/PCR assay has not been used to assess copper alloy surface inactivation of
HuNoVs.
In this study, HuNoV GII.4 Sydney and GI.3B Potsdam strains were used because
of their epidemiological significance. Worldwide, it is reported that HuNoV GII.4 strains
cause most norovirus infections (87). GII.4 Sydney accounted for over half of the
outbreaks in the United States in 2012 and a new variant of GII.4 Sydney emerged and
replaced the previous GII.4 Sydney strain as the dominant strain during the 2016-2017
season (87). GI HuNoVs are most often associated with outbreaks with food-borne and
water-borne transmissions and a GI.3 HuNoV has caused an outbreak due to food
contamination (28, 88).
In this study, we treated HuNoV GII.4 Sydney on copper and brass surfaces and
GI.3B Potsdam on copper surface and assessed the inactivation via PGM-MB/PCR assay.
Copper alloy surfaces were very effective surface treatments of both HuNoV strains. Ten
minute copper surface treatments reduced both strains to below the detection limit, while
15 min brass surface treatments also reduced GII.4 Sydney to below the detection limit.
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However, another study by Manuel et al. also evaluated copper alloy surface treatments
of HuNoVs and showed that a 15 min copper alloy surface treatment reduced a GII.4
strain <1 log unit (13). There were differences between our study and the study by
Manuel et al.(13).
Manual et al. used direct RT-qPCR with and without RNase for quantification
(13). Because our study utilized the PGM-MB/PCR assay, the discrimination between
infectious and noninfectious viral particles allowed a more accurate evaluation of copper
surface efficacy (13). The method in which the virus was inoculated on the surface of the
coupon could be another reason contributing to the difference of GII.4 reductions
between the two studies (13). In our study, the inoculum was spread out within a circle
with a diameter of ~1cm, allowing the inoculum to dry out in ~9-11 min. Maximum
reductions were observed when the treatment times were long enough for the inocula to
dry out compared to those at treatment times before the inocula dried out. Similarly, a
study from Warnes et al. also suggests that if the inocula was able to quickly dry on a
copper surface, MNV inactivation occurred more rapidly (83). Manuel et al. did not
spread out the inoculum on the treatment surface, resulting in a drying time of ~20-30
min, which roughly correlated to the time it took the copper surface to reduce GII.4 ~3log units (13).
Manuel et al. also reported that capsids of HuNoVs were damaged during
exposure to copper alloy surfaces, which was consistent with another finding that copper
alloy surfaces destroyed MNV capsids (13, 14). In the study by Manuel et al., HuNoV
GII.4 Grimsby VLPs were used for TEM, and GII.4 Houston VLPs were used for SDSPAGE/Western blotting and HBGA binding analysis. The study found that copper
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surface treatments caused aggregation and degradation of the VLPs after 60 min of
treatment assessed by TEM (13). SDS-PAGE/Western blotting and HBGA binding
analysis gave additional evidence of capsid degradation. After a 10 min exposure to a
copper surface, the VP1 protein expression was ~25% of the VP1 protein from untreated
VLPs, and lead to loss of nearly all ability to bind artificial HBGA (13). It has also been
suggested that copper radical formation can attack histidine and proline amino acid
residues (89). The P2 domain of VP1, the region thought to bind HBGA, has several
histidine and proline amino acid residues (13, 90). Therefore, the decreasing number of
viral particles of HuNoV bound to PGM-MB after copper alloy surface treatments, along
with the results from Manuel et al., suggested that the inactivation by copper alloy
surfaces could be occurring at the region where HuNoVs bind to HBGA (13). Further
studies would be needed to evaluate this hypothesis.
This study demonstrated higher HuNoV reductions from copper alloy surface
treatments than reductions observed with TV. This observation was not a total surprise,
as Li and Chen observed a similar phenomenon when HuNoV strains, MNV, and TV
were treated with high hydrostatic pressure and quantified by PGM-MB/PCR (12).
Assessed by PGM-MB/PCR assay, Li and Chen observed a maximum of ~3.5 and 3-log
reductions of a HuNoV GII.4 and a HuNoV GI.1 strains by high hydrostatic pressure,
respectively, compared to the maximum 2-log reductions of MNV and TV treated by
high hydrostatic pressure (12). Currently, more research is still needed to identify the
potential reasons for the different reductions that could be achieved by HuNoVs and their
surrogates.
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Studies have indicated that different genogroups of HoNoVs could have different
sensitivities to some treatments (12,72). Li and Chen observed that a HuNoV GI.1 strain
was more resistant to high hydrostatic pressure than a HuNoV GII.4 strain using the
PGM-MB/PCR assay (12). Lou et al. also used the PGM-MB/PCR assay to observe
differences in sensitivities to high hydrostatic pressure among different genotypes within
the same genogroup, and found different genotypes of the HuNoV GII genogroup
showed different resistance to high hydrostatic pressure (GII.1>GII.6>GII.4) (72). To our
knowledge, the difference of sensitivities of different genogroups of HuNoV to copper
surface has not yet been examined. However, the results from our study could not
indicate if sensitivities of GII.4 Sydney and GI.3B Potsdam to copper surface treatments
were different or not because the actual reductions of both strains after copper surface
treatments of 10 and 20 min were not known due to both strains achieving maximum
detectable reductions. In the future, along with higher concentrations of HuNoV samples,
if different copper alloys with different concentrations of copper, as well as different
parameters are tested, results will provide additional information regarding the
sensitivities of different HuNoVs to copper alloy surfaces.
In this study, we demonstrated that copper alloy surfaces can rapidly inactivate
both TV, the HuNoV surrogate, and HuNoVs. Therefore, copper alloy surfaces can be
used as an effective precautionary measure to limit the spread and infection of HuNoVs
in close quarter environments like cruise ships, restaurants, and care facilities. Overall,
even though PGM-MB/PCR assay underestimated the efficacy of copper alloy surface
inactivation of TV, using this assay to quantify HuNoVs for some inactivation studies
could still provide useful information. In addition, until a convenient method to cultivate
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HuNoVs in vitro is developed, surrogates are still useful and have merits in certain
inactivation studies.
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