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Abstract

The antibacterial activities of different thin filnf&iO,/CuO, Cu/SiQ and Ag/SiQ) prepared

by passsted chemical vapour deposition (FACVD) and atmospheric pressure thermal
(APT-FCVD) for TiO2/CuO films, were investigated against standard strains of bacteria used
for disinfectant testing and against muatitibiotic resistant baate that have been shown to
persist in the hospital environment. These included; MRSA strains (EMRSA15 and two
recent clinical isolates MRSA &a@baseand MRSA
(ESBL) producinggscherichia colia secondESBL- 2 ) producirg Escherichia coli KPC’
(carbapenemase producinggbsiella pneumonigé&tenotrophomonas maltophilia
Acinetobacter baumannii, Listeria monocytoger@&smonella enterica seyphimurium and
vancomycin resistarinterococcus faeciulfYRE) . The Antimicobial activity of the above
coatings (Cu/Si@and Ag/SiQ) was investigated based on the BS ISO 22196:2009 and 2011
Plasticss Measurement of antibacterial activity on plastics and other porous surfaces. The
activity of TiO,/CuO films was investigated ke on the BSSO 27447:2009 est method

for antibacterial activity of semiconducting photocatalytic materials.

On the TiIQ/CuO films, the bacteria were killed by UVA irradiation of the photocatalyst

with a >5 log kill within 46 h except for the MRSA wihe a 2.3 log kill was obtained after 6

h increasing to >5 log after 24 h. There was antimicrobial activity in the dark which was
enhanced by irradiation with fluorescent light. There was also activity at 5°C under UVA but
activity was lower when fluoresat light was used for illumination. The Cu/SDating

showed a >5 log reduction in viability after 4 h for the disinfectant test siainl) and for

some pathogenic strains includinetobacter baumannii, Klebsiella pneumoraael
Stenotrophomorsamaltophilia However, their activity against the other hospital isolates was

sl ower but still gave a >5-ladtamgsepragutimgct i on f or

XXI



Escherichia colandSalmonella entericayphimurium,and > 2.5 log reduction for

vancomycin resistarinterococcus faeciuntisteriaand methicillin resistarstaphylococcus
aureuswithin 24 h. The coating was also active at 5°C but was slow compared to room
temperature. The highest activity of copper /silica films was seen at 35°C, but bacterial cells
werealso killed on the control surfaces. The Ag/StDating was also active against
pathogenic bacteria; however the coating was not hard or durable as other coatings used. The
activity on natural contamination in an in use test in a toilet facility wasdstermined for
coated ceramic tiles (Cu/Si@ndAg/SiO,) and coated steel. The results demonstrated that
the tiles were highly active for the first 4 months period and the contamination was reduced
by >99.9%. However, tiles lost some of their actiatier simulated ageing and washing
cycles. The Cu/Sigcoated ceramic tiles placed in Manchester Royal Infirmary also showed

antimicrobial activity and no indicator organisms were detected.

The coatings had a good activity against both standard tasssirad clinical isolates. The
coatings (copper surfaces in particular), may have applications in health care by maintaining
a background antimicrobial activity between standard cleaning and disinfection regimes.
They may also have applications in otheyaarwhere reduction in microbial environmental
contamination is important, for example, in the food industry. However, the optimum

composition for use needs to be a balance between activity and durability.

Keywords:TiO,, CuO, Ag,Antimicrobial; Chemicalzapour deposition; Copper; Disinfection

surface; Pathogenic bacteria (hospital pathogen).
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1. Introduction

1.1 General Introduction

Due to the continual threat to human life, killing or controlling the growth of pathogenic-micro
organisms such as bacteriauges and fungi on inanimate surfaces continues to be a major concern
around the globe. Antimicrobial agents have been used for many years to overcome pathogenic
organisms in a wide range of applications (in hospitals, the home and industrial prenuses)e-

using them for a long time has led to the development of resistant mi¢kdhidard, 2002

Maillard, 2005. Vegetative bacteria are more sensitive to chemicaltaglean bacterial spores.

However, the number of antibiotic resistant bacteria has increased in recent years due to the overuse
of antibiotics and biocides which in many cases have led to the development of cross resistance.
Therefore, new, safe and eftee biocides are continually needed to overcome problems associated
with micro-organism adaptation and the development of resistant stkéansouda and Baker,

2000.

Microbes are associated with most living forms on earth, including human beings, and in many cases
are essential for the survival of their host. Thus it is not always useful to kill them by dismfaatin
surroundings. Only areas where the adhesion of microbes is unwelcome should be sterilized or
disinfected. Such antimicrobial surface modifications are needed in the medical field and in material

scienceg¢Bieseret al, 201)).

The ability of bacteria to grow on different surfaces is causing huge concern in hospitals and food

industries due to the increased risk of bacterial infection. The bacterial contamination of hospital



surfaces (such as patient rooms, nurse stations and kitchens) and food preparation surfaces (including

refrigerators) has been extensively repoft@dampagne and Helfritch, 2013

Many microorganisms are able to survive for prolonged periods on inanimate surfaces and eause bio
contamination. This can lead to transmission of infectious diseases, especiallyital lsettings
(nosocomial or health care acquired infectibtGAl). Such infections are caused by several

pathogens, including methicillin resistétaphylococcus auregMRSA), vancomycin resistant
Enterococci (VRE), anécinetobacter baumanni{Otteret al, 201L1). For example, MRSA by

itself caused about 8% of all hospital acquired infections in the U.S.A. in(Rbdet al, 2010Q.

Patients with compromised immune systems are at high risk of these infections which, in some cases,
leads to prologed hospital stay or possibly deéiffucelet al, 2003. Hospital acquired infections

caused 5,000 deaths per year in Engl@atsikogianni and Missirli2004), and cause 17500

70000 annual deaths in the USA. These infectic
pounds each year which was the equivalent of 1% of the total national hospital budget and between
17 and 25 billion dollars added health costs every year in the USchabrun and Chipchase,

2008.

Contamination of surfaces in a hospital environmeanthss on medical devices, causes about 45%

of hospital acquired infections. Surgical equipment, medical staff and resident microbiota on
patientsd skin are other i nf ecdVadkouretad.,@208.ces t ha
According to French standards, equipment containing 5 cfudcmmore micreorganisms should be
considered as contaminated surfaces. In hospitals, the level of equipment contaminatamevés f

be four times higher than the level of French standards. This high level of contamination may be due
to failure in infection control, mainly in terms of hand washing and cleaning of equipment and to

overuse of antibiotics, which lead to increasadrabial resistancdt has been reported that more
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than onethird of infections acquired in a healthcare setting could be prevented through hand

washing and adequate cleaning of equipni®abhabrun and Chipchase, 2006

Cleaning is a key factor to overcoming these infections. The use of disinfectants and bactericidal
surfaces together could potentially reduce the incidenodaiitious diseasg¥Varneset al, 2010.

The antimicrobial activity of TiQhas been known for yeafidlatsunagaet al, 1985 and a wide

range of micreorganisms have been shown to be suscepfusteret al, 2010 However, although
TiO, coated materials have been widely used for theircde#ning activities, there has been no
widespread uptake for antimicrobial use in the healthcare sector despite its p(Rageat al.,

2009. Metals that exhibit antimicrobial properties, such as copper and silver, have been used for
clinical and norclinical purposes for centuries due to their ability in limiting the growth of a wide
spectrum of micrarganismgGudipatyet al, 2013. In contrast to other metals, silver is highly

toxic to micreorganisms compared to low toxicity to mammalian ogliset al, 201Q. The

production of biocidecoated surfaces (thin coated films) is based on coating solid surfaces with a
thin film of metal such as copper, silver or titanium, agpbg different technique@-osteret al,

2010. Biocide releasing surfaces that depend on diffusible ions such as copper and silver do not rely
on light for their antimicrobial activity unlike Tiwhich requres UVA illumination (Paget al.,

2009).

The beneficial effect of copper for humans has been known for at least 4,00(Eysiathiou,

2011). Copper workers were immune to cholera in 1832 in Paris during an outbhegkcopper
began to be used in medicine in the 19th and early 20th centuries and it continued to be used in
medicine until antibiotics become commercially available in 1@3allwet., et al1985).Despite

this fact, it seems its usefulness has beegotten. However, due to the findings of a recent

investigation into the effectiveness of copper against a wide range ofonganisms has led to a
3



re-introduction of this metal in healthca(féfstathiou, 201}l Biocidesurfaces composed of copper

or copper alloys are now recommended to be used for surfaces that are in contact with human skin
and food. This can possibly be achieved by using solid copper or copper alloy equipment or by
copper coating surfaces. Howeveunedo cost of solid copper, copper coated surfaces may be
preferred(Champagne and Helfritch, 2013 he clincal trials which appeared after more than ten

years of laboratory research confirmed the benefit of copper as an active tool in reducing the
environmental bidburden in a number of healthcare settings globally. The first fully qualitative

clinical trial in the UK was in 2007 at Selly Oak Hospital in Birmingh@fstathiou, 201)L Copper

was also used in other applications, areas such as transport and schools where a high population of
people were usually present. Restriten an elementary private school in Athens, Greece, with

2,500 students, showed that the surfaces that had been replaced with surfaces made of copper alloys
gave 90100% less contamination compared to other-nopper surface&fstathiou, 2011

The importance of environmental contamination plays in disease transmission for HCAIs has been
known for many years but that antimicrobial surfaces can help to reduce transmission has only
recently been confirmed (Schmigltal., 2013). This role will be surveyed in the following sections

together with the potential for Cu, Ag and pi€urfaces to prevent such infections.



1.2 Nosocomial infections

Nosocomial infections or healthcare associated infections (H®&ke been known of for several
decades; since patient hospitalisation be@avartz, 19941 However, infecting micr@rganism
species and their pperties have changed over time. A study at Boston City Hospital in 1946
showed that 90% @taphylococcus aurewssrains were susceptible to penicil{finland, 1955)A
study in 1970s showed that 75%Sfaureustrains were penicillin resistant, whilgore recently

more than 95% strains were penicillin resistant (N®92). HCAIs are the major cause of death

and have led to increased morbidity on the part of hospitalized patients. Basically, infections that
occur within 48 h of admission or stay atealthcare facility and that were not present or incubating
at the time of admission, are commonly considered nosocomial inf¢ketly and Monson, 2012

In addition, infections that occafter 3 d of discharge or 30 d of an operation are also considered
nosocomial infection. These infections affect approx.1 in 10 patients admitted to hospital
(Inweregbuet al, 2005. There are many different definitions of HCAIs in the scientific literature

which help to differentiate such infection from community acquired infe¢ikdetoth, 2003.

An infection which occurs before 48 h of admission is considered as a community acquired infection
(CAI). The 48 h is the average time requirgdblacteria in a human host to develop from initial

infection stage to a detection stage from a positive diagnostic test. In contrast to HCAIs, CAl are
usually caused by virulent pathogens able to infect healthy people, while HCAIs are caused by
organisms dveloped among ill patien(slendersoret al, 2013. Pathogenic organisms that cause
nosocomial infections can be transmitted to the community in a number of different ways and
particularly through health staff, visitors and discharged patientset#sr, the spread and

development of nosocomial infections are influenced by many factors which inciuides 1

characteristics of the microorganisms, including their level of antibiotic resistance, innate virulence,
5



and amount (inoculum) of microbial age® Patient susceptibility the elderly and neonates are
more susceptible and have lower immune status as are those with trauma or who have surgery.
These are associated with a decreased resistance to infectmvir®nmental factorducelet al.,

2002

1.2.1 Nosocomial infection sites

Theoretically, any pathogenic organism or opportunistic pathogen may cause HCAIs if the
conditions are appropriate. These conditions include a host such as adruneanmate source and

a successful transmission within the health care facilities. However, the microbes causing HCAIs are
distributed unequally, and infection transmission also depends on other factors including
environmental survival and transmissiomdmics(Filetoth, 2008. The most frequently
contaminated surfaces in the hosphes, pilloegsarar e f | c
mattresses (Talon, 1999). However, the level of contamination has been shown to vary depending
on the body sites at which patients are colonized or inf¢Bigce, 200y and the containation

that occurred in infected patients is higher than in colonized patients (Talon, 1999). Urinary tract
infection is the most common nosocomial infection which is associated with low morbidity

compared with other nosocomial infections. Howeverait lead to bacteraemia and de@hcelet

al., 2002). A summary of the distribution of the sites of nosocomial infections is shown in Figure 1.



m Respiratory tract infection
m Urinary tract infection

m Surgical site infection

m Clinical sepsis infection

m Gastrointestinal infection

m Bloodstream infection

22.80%
17.20%
15.70%
10.50%
8.80%
1.30%

Figure 1 Sites of the most common HCAlsModified fromHeath protection agency2011).

A study by Boyceet al (1997 demonstrated that 36% of surfaces swabbed in the rooms SAMR

patients with urinary tract infections were contaminated with MRSA, compared to 6% of surfaces in

the rooms of MRSA positive patients with the infection at other body sites.

In another studyten different hightouch surfaces were swabbed in the rooms of eight

gastrointestinal patients colonized by MRSA and who were suffering from concomitant diarrhoea,

and in the rooms of six patients with MRSA at other body sites,diunrheir stools (controls). It

was found that 59% of surfaces were contaminated by MRSA in gastrointestinal and concomitant

di arrhoea patientsd6 rooms, and on

et al, 2007). Therefore, evadtion of terminal cleaning and disinfection, which is usually performed

Iy

23 %

of

after patients have been discharged, is highly ne¢Begiceet al, 2011). White coats of medical

workers were also reported as a source of contammmatihich may play a role in transmission of

pathogenic bacteria in the hospital environment, despite the fact that they are worn to protect the

workers from such contamination. It has been reportedsthatireusvasisolated froomur s e s 6

S

u
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uniformsandddacor s whi te coat s, especi al | yllohata,m t ho s

2000. Moreover, medical students which have the most contact with pabemtsho have the least
knowledge about the effect of nosocomial infections, may have an increasing effect on the spread of
pathogenic organisms. It has been shown in a survey study that medical students do not wash their
white coats routinely and many thfem wash their coats only if they are stained or visibly dirty.

Results of bacteriological tests on 100 white coats from medical students showed that all the coats
were contaminated, but by different degrees. The highest level of contamination wasgreken
coatsod6 sleeves and pockets, since the sl eeve
contact with patients when students examine patients. This is despite the fact that over a third of
medical students laundered their coats monthherefore, rather than terminating the use of the

white coat, different material and a change of washing regimes may be applicdbdét al, 200Q.

1.2.2 Microor ganisms causing HCAIs

HCAIs are caused by different pathogens which include bacteria, viruses an(Nguagen, 200Y.
Bacterial and fungal infections are less common compared to viral infections during the winter.
However, they are significantly associated with higher morbidity and morgslgyyen, 200Y. In

fact, describing the importance of the problem accordecetarthmicrobialresistant pathogens is
difficult, because the levels of antimicrobial resistance that cause HCAIs vary among patient
populations, different types of healthcare facilities and for different geographic areas (different
countries) However the findings from such attempts may help infection control and public health
communities to find the appropriate solution for this problem more effici@nitron et al, 2008.

Rates of mortality and morbidity associated with multidrug resistant bacteria are increasing daily in

both community and hospital settings. The term "bacterial resesteefers to strains that are not
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affected (inhibited or killed) by a concentration of antibiotic which most strains of bacterial cells are
susceptible tan vivoand can be attained in e.g. blood or urine.

Two categories bacterial resistance to antitsoare intrinsic and acquired resistance. Intrinsic
resistance is an innate property of a bacterial cell and usually refers to naturally low membrane
permeability and absence of an enzymetabolic pathway. Acquired resistance, which is a cause for
concen in the clinical setting, usually arises by mutation, the acquisition of plasmids or by
transformation or transduction. Bacteria are able to resist antibiotics by multiple mechanisms;
change in target site; alteration of antibiotic; decreased antibiotiemulation or active efflux of
antibiotic from the cell; and overproduction of target site. Resistance can be a result of a single
mechanism or combined expression of more than one mech@issell, 200D

The term multidrug resistance (MDR) is used to describe bacteria that are able to resist one or more
antibiotics in three or more antibiotic classes, while bacterial strains that are resistant to all
antibiotics are termed as extreme dragjistant strainfBassetteet al, 2013. Moreover, the term
ESKAPE Enterococcus faecium, Staphylococcuseast Klebsiella pneumoniae, Acinetobacter
baumanni, Pseudomonas aeruginamad Enterobacteispeciesyefers to a group of pathogenic
bacteria that are resistant to most available types of antibiotics and have caused the majority of
HCAIs during the 2% century. Despite the increased number of bacteria resistant to the antibiotics
there is no increase in the discovery of new antibiotics. There has been no new class of antibiotics
since 1964 Xu et al, 2014. The main factors that lead to microbial resistance and the spread of
MDR organisms are thought to be the misuse of antibiotics by healthcare workers for batieutp
(physicians) antiospitalized patients, poor drug quality, poor hygienic conditions (such as hand
washing and proper isolation of patients with resistant infections) and the use of antibiotics in
animals and in the agriculture industry, such a®aufproductionAntibiotic resistance is a global

problem, but poor and developing nations are more affected due to the fact that antibiotics can be
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obtained easily over the counter without doctc

accesgo antibiotics is much more limitg@lanis, 2009.

1.2.2.1Multidrug resistant bacteria used in this study
1.2.2.1.1 Hospital related pathogens

S. aureus

S. aureuss a facultative anaerobic bacterium which is known as part of normal human microbiota,

but can also act as a virulent pathod#&elly and Monson, 2012 S. aureugproduces several

proteins helping it to cause infection. These proteins allow it to adhere to a host surface and avoid
detection by the hostés defences. These includ
S. aureuss also able to secrete chemotaxis inhibitory proteins and many other proteins. Despite the
fact that MRSA can be transmitted directly throughtaot with infected or colonized individuals

or/ and through their environment, MRSA can col
nares) for weeks or even years without progression to active inf¢kgtlg and Monson, 2012 S.
aureusare able to resistant penicillin by producing a specific enzyme called staphylococcal
penicillinase. In addition, MRSA also become resistant to modified types of penicillin named
methicillin or oxacilln which were resistant to the action of the staphylococcus penicillinhse.

action of methicillin was based on the blocking of the penicillin binding proteins (PBPs), which are
used byS. aureugo synthesise peptidoglycan in the cell wall. Howe®egaureusacquired a new

protein (PBP2a) which was not affected or blocked by methicillin. Due to this protein, nowadays
MRSA isknowntobe e s i s t alactam antbiotics, inclubling synthetic penicillins,

cephalosporins and carbapengfantosti and Venditti, 2009

10



Vancomycin resistanctEnterococcus

Vancomycin is an antibtic that can be used to treat infections causefiritgrococcus spand

other species such 8s aureusHowever, som&nterococcuspecies, which are known as
vancomycinresistanEnterococcugVRE, sometimes referred to as glycopeptide resistant

enteroocci, GRE) are no longer killed by vancomycifihe first occurrence of vancomyeiasistant
enterococci was in the mitb80s in both Europe and the United Stéteslercqget al, 1988).The

most common infections caused by enterococci are urinaryrifactions, intraabdominal and

surgical wound infections and bacteraeiihoellering, 1998. Enterococcus faeciuis the fourth

most common pathogen to cause nosocomial infection in the world (Wealer2008). Itis a
facultative anaerobic coccus and has the ability to survive under different environmental conditions.
The ability ofEnterococcus faeciuto resist vancomycin is due to acquirddn AB, D, E, G, L
resistance genes. These genes dite vancomycin binding site the cell wall In addition, these

genes can be transferred to other enterococci through pla@feitisand Monson, 201)2

In the past researchers had coticed on multi drug resistant Gragmoasitive bacteria, particularly
MRSA and VRE spp. More recently, microbiologists increasingly accept that the multidrug resistant
Gramnegative bacteria cause the greatest risk to public health due to the rapid tlamsfieile
resistance genes on plasmids that have the ability to spread througin&yative bacterial

populations (Carattoli, 2009). In addition, current drug discovery programmes show little promise
for the development of truly novel therapeutic drugthe next 120 yeardKumarasamyet al,

2010).

ESBL producing bacteria

The spread of multi drug resistance MRSA in the last decades has been recently paralleled by the

community infections caused by Graragative bacteria that produegtendees pect r um b
11



lactamases (ESBLS). Since the 1990s, multidrug resiStertobacteriaceabave become an
important cause of urinary tract and blood stream infections within the community §8taimgllet
al., 2013.ESBLs are mainly produced {lebsiella pneumoniaandEscherichia colwhich cause
the majority of GrarmegativeHCAIs. Of particular concern are the carbapenamaseupevd
(CarbapenamasesistanEnterobacteriaceaeCRE) that render carbapenem (often referred to as
the last line of defence)4effective (Ref)E SB L s i n-adamiantibidties bythydrolysis
before they reach the penicilllsinding proteins. Thesenzymes are also produced by fion
fermentative Grammegative bacteria, such Bseudomonas aeruginoaadAcinetobacter
baumannii(Falagas and Karageorgopoulos, 2009

A. baumannii

The immrtance ofAcinetobacter spps pathogenic bacteria has increased within the past two
decades due to their ability to develop multiple resistances to the major antibiotic chasses.
baumanniiis the most important dkcinetobacter spm both causing irdctions and the resistance to
drugs.It is a noamotile, strict aerobic coccobacillus and commonly present in soil, water, sewage
and in healthcare settingehe ability ofA. baumannito develop multiple resistance mechanisms
against the majority of aruiotics is due to its ability to produce a wide variety of enzymes
hydrolysing different antibiotics including penicillins and cephalospdBesgogneBérézinet al,

2009.

Stenotrophomonas maltophilia

S. maltophiliais a motile, noffermentative, aerobic Gramegative bacilis(Senol, 2004 S.
maltophiliais the only species of the gerfsienotrophomondaiown to cause infection in humans
(Looneyet al, 2009. In the pastS. maltophiliavas associated with limited pathogenicity; however

recent reports indicate that infection with this organism in severely compromised patients
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(hospitalized patient in particular)isassb at ed wi t h signiycant morbid
Bacteraemia and pneumonia are among severe infections that are associated with high mortality,
whereas wound and urinary tract infections are less frequently cg&essal, 2003 S. maltophiliais

found mainly in any aquatior humid environment, including the drinking water supply and in many
other sources such as soill, plants, raw milk and in human and animal faeces. In &ldition,

maltophiliais also able to survive on medical devices as well as colonise respiratbspithelial

cells which led to its emergence as a major nosocomial pathogen especially in the ICU setting
(Looneyet al, 2009. Treatment o5. maltophiliainfections is complicated due to its resistance to

many of the currently available breagectrum agents including carbapenentg antibiotic

resistance o8. maltophiliais referringd  mul t i pl e mechani sms; includi

and outer membrane impermeabili§enol, 200

1.2.2.1.2 Foodborne Pathogens

Listeria monocytogenes

Listeria monocytogends a Grarapositive motile bacterium and a facultative intracellular parasite.

It has theability to grow under various environmental conditions such as high concentration of salt,
pH (Yanet al, 2010, and temperatures betweé¥ and 56 (Walshetal., 200). Itis mainly a
foodborne pathogen which is found everywhere in the environment and able to cause listeriosis in
humans and animalkisteria monocytogenas the cause of a number of/see infections in

humans, such as septicaemia, meningitis, gastroenteritisjstéria monocytogenas usually
susceptible to a wide range of antibiotics which proved to be active agains{p@séive bacteria
(Yanet al, 201Q. However, after the first isolation of a mulésistant strain in Frande 1988,

other resistant strains have been isolated from different sources including food, environment and
human | i slactam antibistic @.g. penibillin or ampicillin) is the common current treatment

of listeria infection, alone or in combinatiavith an aminoglycoside (e.g. gentamicin) in the case of
13



immunocompromised patients (Ref). Despite the fact that many antileststant bacteria in foods

are saprophytic or commensal; their resistance genes can be transferred through plasmids to other
foodborne bacteria, includirlg monocytogenesithin the gastrointestinal tract. Enterococci and
streptococci are the common sourcé ofmonocytogenasistance gené€onteret al, 2009.

Salmonella enterea serotype Typhimurium

Salmonella enterices one of the most important foodborne pathogens worldwide; it affects over one
billion humans and results in around three million deaths everyaaatzaset al, 200§. Severe
humanSalmonellanfections are commonly treated by fluoroquinolones and-tigrkration

cephalosporins. However, resistance to these and other antimicrobial drugs, as well as multidrug
resistance, has increased over thedaseral decadg$Vright et al, 2005. This resistance is

thought to be due to the intensive use of antibiotics in veterinary, clinical amt¢hgymomotion in

farm animalgKaratzaset al.,, 200§. This facilitates the transmission to humans mainly by ingesting

food; meat in particular, dairy products and other foods contaminatedrbgl daeces or by cross
contamination from foods contaminated whlmonellaspeciegWright et al,, 2005. Salmonella
entericaisanewnameprposed as a r epl Sabmenala ohblerdesuisdo t Thhee nlaant
name was used to refer to a single speci&abhonellavhich has 2500 different serotypes or

serovars (based on DNA hybridization), and have familiar namesSalgpnellaserotypes

Typhimurium,). The species nare choleraesuis confusing, because there is another serotype of
Salmonella known aSalmonellaserotypeCholeraesuiswhich is associated with bacteraemia.
According to the neSamonalangpmoitndt woel | sly Pteeme nfa me ¢
fiSalmonella entericaerotypelyphimurium 6 Even t hough this nomencl a
formally by the International Committee of Systematic Bacteriology, this system has been accepted

for use by the World Health Orgaaizon and in publications of the American Society for

Microbiology (Acheson and Hohmann, 2001
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1.3 Biocides

One way of reducing environmental contamination by microorgamnisitine use of biocides.

Biocides are chemical products which have been produced to act as poisons or inhibitory agents
against a wide range of organis(ksihkdnen and Nordstrom, 200&8nd have been used for

centuries to tackle pathogenic organisms. The use of biocides is high in the healthcare environment,
mainly for the disinfetion of surfaces, water, equipment, and skin antisepsis, and also for the
sterilization of medical devices and the preservation of pharmaceutical and medical products
(Maillard, 2005.The increased use of biocides has led to increased organism resistance, therefore
development of new biocides is needed. The microbial resistance to biocides differs, not only
between different types of micarganisms, but also between different strains of the same species
(Maillard, 2003. The biocide resistance of bacteria was first recognized in 1936 by Heathman and
others who discovered the resistanc&alimonella typhio chlorine. In contrast, the links between
biocide resistance and antibiotic resistance of micganisms have only been recognized more
recently(Fraise, 200R The possible reason for links between bie@dd antibiotic resistance is that
the resistance genes to both can sometimes be found on the same (Satmiet al, 2003. The

exact resistance mechanism of miorganisms to biocides is still unclear , and even though the
action of antibiotic and biocides are differ€antibiotics interact very specifically whereas biocides
may have many different targets in the callgny common mechanisms that bacteria use for
antibiotic resistance is also reported for biocides resist@mméan-Regli, 2012. Bacteria can

become resistant by pumping out biocides via efflux systems or make their membrane less
permeabldo them, may inactivate them by producing detoxifying enzymes which render biocides
ineffective, or by modifying some parts of their structure that biocides attack. However, the latest
mechanism is not largely counted in biocides resistances, sincatberany different sites that

biocides can attadffraise, 2002 Moreover, bacteria that hateeen previously controlled by a
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biocide can develop resistance by acquiring resistgeaesLangsrudet al. (2003 showed

increased resistance B§eudomonas sppe-adapted witlquaternary ammonium compounds
(benzalkonium chloride and didecyl dimethylammonium chloride) which was due to the phenotype
changes. The resistancechanism involved in the adaption process was thought to be multifactorial
rather than having only one factor, since the changes were seen from the first subicis tunel
documented that some pathogenic bacteria present in biofilms form on hosfaiegs(see below)

and, in contrast tplanktonic populations of bacteria, biofilrhave reduced susceptibilities to

biocides and antibiotics. In a recent study, autbbosved that none of the biocides (benzalkonium
chloride, chlorhexidine gluconate anttlosan) commonly used in hospital were able to kill 200% of
MRSA andP. aeruginosaiofilms. Therefore, the use of biocides in hospital sectors is not sufficient
to eliminate bacterial biofilm&Smith and Hunter, 2008Even though the number of products

needing new biocides is increasing, the number of available biocides is decreasing. This was due to
the high costs rated to registration of new chemical substances under the current regulation. Four
million euros has been estimated as an approximate registration cost of an active substance in
accordance with the Biocidal Product Directive (BPD) European Union 98(8/&tkonen and

Nordstrom, 2008

Based on their use, chemical biocides fatibitwo broad groups: antiseptics and disinfectants. The
term antiseptic refers to substances which are used to eliminateargerisms from the skin or
mucous membranes and there are many different products used in health care. These include
alcohols,chlorhexidine, chloroxylenol, iodine and iodophors, quaternary ammonium compounds
(QACs) and triclosaWeberet al, 20079, whereas disinfectants are usedif@nimate surfaces.
Some of the antiseptic compounds are also used for both disinfection and presde@imting on

the concentratio(Maillard, 2005. For example; alcohols are added to cosmetic products to protect
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them from microbial invasion. It is also used on surfaces to be disinfected in the food industry and
hospitals. Moreover, it has been shown that a low concentration of ethanol, rangir@tbdr%,
enhanced the sterilization effects of higlessure thermal sterilizatigcombination of moderate
temperature and very high presguresed againdacillus sibtilis sporedn keeping the nature of

food. This might be due to the effects of ethanol on proteins (Zétaaig 2012b) Alcohols have a

broad spectrumfactivity against vegetative cells of a variety of miomganisms, including
mycoplasma, but have no effect on spores, protozoan oocysts and certanvalmped viruses
(Weberet al,, 2007). The alcohols compounds most used for antiseptic purpostkydra@cohol
(ethanol), methyl alcohols (methanol) and isopropyl alcohol (isopropanol). The concentratien of 60
95% is generally used for antiseptic purposes but low concentration is recommended when used as
preservatives in pharmaceutical and cosmetdgpets. One disadvantage of alcohols is that their
efficacy is shoHived due to its rapid evaporatigBarah, 2013 QACs are widely known as useful
antiseptics and have a broad speautaf activity with the exception of endospores and are
bacteriostatic to mycoplasméBarah, 2013 They are also used for disinfection of ratical hard

surfaces andomestic cleaningroducts(McBain et al, 2009.

1.3.1 Use of biocides in prevention of HCAI

It is well documented that hand hygiene is one of the key elements that effect the infection
prevention and control in healthcare facilities, since multi tasi®rganisms, such as MRSA, are
widely known to be transmitted between patients through their l{gioidseret al, 2013.

Chlorhexidine is most commonly used in antiseptic products, mainly in hand washing (for more than
50 yearspand it is less likely to cause dry skifhis is due to its long lasting efficacy against micro
organisms, Grarmositive in particular, safe and lack of systemic side effgtisneret al, 2013.

A hand wash of chlorhexidine based soap had little effect on resident hand microbiota, whereas on
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transient hand microbiota, bacteria reduced by 2.1 to;3 lmit Kampf and Kramer, 20Q4Even
though chlorhexidine is a powerful biocide, its activity is pH dependent and is greatly affected in the

presence of organic matter such kO and pug¢Barah, 2013

Despite the fact that antiseptic and disinfectant compounds are very active against a wide variety of
organisms some antiseptics were involved in a numbeuntbfeaks, which was due to the use of
contaminated antiseptics. The outbreaks following the use of antiseptics were higher compared to
those following the use of disinfectant. Most antiseptics are contaminated due to user error rather
than microbial catamination. User error includes the use of over diluted solutions, outdated
products, tap water to dilute products rather than sterilised water and the incorrect selection of a
relevant producfWeberet al, 2007. Moreover, the outbreaks associated with contaminated high
level disinfectant (kills all types of microrganisms except higpopulation of bacterial spores) are

rare, whereas outbreaks of contaminated intermediate (kills most ofonganisms with the

exception of some fungi and no effect on spores) and low disinfectant (has no effect on mycoplasma
and spores) are more comma\nd the most likely organism to cause outbreaks associated with
contaminated biocides are Graragative bacteria which may be due to their complex structure of

cell well (Weberet al, 2007. In general, even though disinfectant kills most vegetative bacteria its
action is temporary because it cannot tolerate environmental aggregeioasscontact with water

and wiping(De Lorenziet al,, 2013.

1.4. Role of the healthcare environment in transmission of HCAIs and surface contamination

Environmental contamination has been recognised as playing a role in the transmission of HCAIs
(Weinstein and Hota, 2004 The importance of the environment in the transmission of HCAIs has

been documented fécinebbacter baumannijAygtn et al, 2002 Wagenvoort and Joosten, 2002
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. MRSA (Ramplinget al, 2003, and vancomycin resistant enterocqégartinezet al, 2003.
However, it is only recently that the hospital environment has been recognised as an important
reservoir for the transmission of suinfections(Weber and Rutala, 200Bartley and Olmsted,

2008 Dancer, 200 Many factors can facilitate the environmental transmission of such microbial
contaminates. These include the ability of the pathogen to survive for prolonged periods and
maintain their virulence on environmental surfaces and to éathgicolonize both patients and

health care worker@Veberet al, 2010).

In hospitals, patients are more likely to acquire HCAIs if the previous occupant of the room had such
an infection(Boyceet al, 1997 Dreeset al, 2008 Nseiret al, 2011 Shaughnesset al, 201). It

has been known for many years that the environment around a patient becomes contaminated with
pathogens and that disinfection only transiently reducedAlyidfe et al, 1967. Although early

studies showed that routine cleaning was as effective as routine disin{€cganhet al, 2004 and

that routine disinfection tithno effect on infection ratéblidron et al, 2008,recent studies are
contradictory. Sme reports show that enhanced cleaning and disinfection of the hospital
environment does indeed reduce rates of infe¢Bvandiet al., 1989 Danceret al, 2009 Carling

et al, 201Q. However, surfaces can rapidly becomere nt ami nat ed even after
(Hardyet al, 2007. Another study conducted on an intensive care unit showed that hydrogen
peroxide vapour (HPV) washan effective method of maintaining low levels of environmental
contamination caused by MRSA in an og#an environment such as intensive care unit due to rapid
rate of recontamination. MRSA was isolated from 11.2% of environmental sites during dtkgderi

study (3 months) of using HPV aadcording to epidemiological finding; the types of MRSA

present in the environment were similar to those colonising patients. In detail, MRSA was isolated
from five sites (17.2%) after patient discharge and terihaleaning using conversion cleaning

procedure, whereas after HPV decontamination but before-tdmession of patients, MRSA was
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not isolated from the environment. However, aftesdeitting patients, the MRSA was isolated
from five sites after 24 hin fact, MRSA was isolated from 16.3% of sites after eight weeks of using

HPV (results were based on sampling the environment wegldydyet al, 2007.

The contamination of surfaces basically starts with the fundamental adherence of a very small
number of microbes which, under appropriate conditions, may develop intala bidthin 24 h

(Figure 2). Biofilms primarily form when there is sufficient moist(ietrick and Schoenfisch,

2006. These biofilms are characterizasinonc or multi-species communitgeand are able to

attach themselves to surfaces (bio or-bansurfaces) and are kepgether by selproduced
extracellular polymeric substanc@gsPS) The EPS contain polysaccharides, proteins and DNA
originating from the microbes. The EPS are impdrsance they provide structural stability and
enhance the intrinsic resistance of bacteria cells by the inactivation of antimicrobia(tdg#mntst

al., 2010.0t h er brasietdnced antmicrobial agents can be through the overexpression of
stressr esponsive genes, and the differentiation

dormant cell§Kostenkoet al., 201Q.

Bacterial adhesion to a material surface is composed gbhasesPhase one starts witbversble
adhesion o cellular organism with a surfgqehase two starts2 h later and is identified by

durable adhesion between the bacteria and the surface magegiadsult of specific chemical
reactions between compounds on the cell and substraéeesihich leads to irreversible molecular

bridging (Hetrick and Schoenfisch, 2006, Katsikogianni and Missirlis 2004)

20



b5
A

(i) Planktonic

(Iv) Macrocolony
NP i /
Y AL X)

e —

Figure 2 Bacterial biofilm formation. (Monds and O0Tool e, 2009

(i) Planktonic, (ii) Attachment. The attachment phase has often been further divided into  weak
stage O6reversibled and strong and durable O6irr
formation of discree cell clusters, which can form by the growth of attached cells or by active
translocation of cells across the surface. (iv) Microcolonies grow in size and combine together to

form macrocoloniesThe macrocolony shape could be a mushrdi@ntowers offlat structures

and cells are held within the macrocolony by an EPS mdfixally, macrocolonies can dissolve,

and releasing planktonic cells from the biofilm giving a realistic picture of a complete biofilm

formationcyclgMonds and O6Tool e, 2009

Bacteria on dry copper are not able to produce biofilms due to rapid killing by copper. On the other
hand, the contaminations of public facilities suclahrooms are usually associated with moisture
and watelNie et al, 201Q. The water is an essential factor for both bacterial growth and biofilm

formation. Therefore, identifying the nature of an organism and its surrounding environments is
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among the important factors that may help to determine the ability of the organism to present on the

surfaces (Fustévalls., et al2008).

The physical characteristics of hard surfaces such as the degree of roughness or smoothness are one
of a number ofdctors that affect adhesion and the survival of racganisms. Bacteria can grow
and survive longer on rough surfaces than on smooth surfaces due to the increase in adherence sites

and surface distancéslakison and Swan, 2006

A study on the effect of different types of surface that are commonly used in a hospital environment
including painted wood, varnished wood, Formica, standard vinyl flooring and safgtyleoring,

on the survival of MRSA showed the greatest decline in the number of colony forming units on
Formica and safety vinyl, and the lowest decline rate on painted and varnished wood as a result of

differences in smoothneglglakison and Swan, 2006

Whitehead and her group in 2005 studied the retention of different bacteria with different cell size
includedP. aeruginosal ¢ m 3¢ ndiamete), S. aureugcells0.51e m di ameCt er ) and
albicans(4 € -5 ¢ ndiameter)on coated surfaces with different pits size ranged ©dn0.5, 1 and

2¢ m They found thaS. aureusvasretained in the highest numbers in the.B1  [sizet B.
aeruginosaon the other hand were mainigtainednt h e durfaeepits. C. albicanswere
retained in the lowest numbers due to their size wivsbigger than the pit size used in the study
(Whiteheackt al, 2005. Recent study byerranet al (2010 also showed that retention of

microbes on the surfaces was dependent on the dimensions of surface features shapeaofithe
microbial cell. They tested the effect of feature dimensions on the retention of two bacteria rod
shaped.. monocytogeneand coccakhapedstaphylococcus sciuan titaniumcoated smooth

surface, and two different width groove surfacesq@s and 1.02 um). They found that on smooth

surfaces both types of bacteria were present as clusters, and the rod_simapedcytogenesas
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retained in the highest numbers on the 0.59uM surface whereas thestwgoads. sciuricells

were retained ithe highest numbers to the 1.02 pM linear surfaces. This was due to the available
contact area on the surfaces. The possible explanation for the abilitysifaped cells to retain in
higher numbers on the surface with smaller width features is thateheof contact of the cell with

the surface was larger and stronger and if cells are lined up with the surface features, then contact

will be available along the length of the c@llerranet al, 2010.

Pathogenic bacteria can be detected from different sources including the air in operating theatres,
surgcal equipment, health staff clothing, and resident skin microbiota of palemend Friedman,
1996. In general, surfaces are considered adcritital item if they come into contact thihealthy

skin, as healthy skin is abstructionto transmission of disease. On the other hand, they may play a
role in cross contamination if touched by contaminatuds(Weber and Rutala, 20R1A diagram

to show thegeneric transmission routes of MRS#d VRE is shown in Figure 3 (Otteral, 2011).
Numerous studies hagenonstrated that surfaces close to infected patients usually become
contaminated with MRSA and VRE, and workers may contaminate their hands by touching these
surfaces or the opposite could occur (surfaces become contaminated if touched by contaminated
hands)Makison and Swan, 200Boyce, 20070tteret al, 201). During an outbreak of.
baumanniiin an intensive care unit in 1998entonet al (2009 showed a significant correlation
between the number of infected patients withbaumanniand the number of environmental sites,
including patient monitors, bed framesyay appaatus, curtain rails, and equipment trolleys"

contaminated with\. baumannii
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Figure 3 Transmission routes of HCAI. Modified from (Otteret al, 201)).

1.5 Surface Classification

Weber and Rutala (20pdlefined two different ategories of contaminated surfaces based on their

role in the transmission of disease; housekeeping and medical equipment. Housekeeping surfaces
such as walls and floors are usually associated with the lowest risk of disease transmission. Despite
this, there are two different categories of housekeeping surfaces based on the level of bagttact

touch surfaces and low touch surfaces. High touch surfaces are associated with the highest risk of
transmission of diseageuglsang, 2004 Medical equipment such asrdy machines, blood

pressure cuffs and other medical machines form aehiggsk in terms of the transmission of diseases

than housekeeping surfad@Beber andRutala, 2001
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In spite of the lack of direct indications that link HCAIs to environmental contaminants, there is
increasing evidence that demonstrates the role of the environment as the main source for some of the
pathogens that cause HCAIs. This takes consideration that touching contaminated surfaces may
cause hand acquisition and then the transfer of the contaminant to other surfaces or to patients
(Caseyet al, 201Q0. Many studies hae shown that environmental contamination with MRSA occurs

in rooms of either infected or colonized patigfi@eyceet al, 1997 Frenchet al, 2004 Lemmenet

al.,200. Moreover, surfaces in patientsOd rooms su

risk of contamination if MRSA is presentinthe palmtoh e p at i(@eetab 80h an d

1.5.1 Concentration of contaminants

The existence of pathogens on a surface does not necessarily represent a transmission risk. However,
most environmental infections are associated lwithdoses of pathogeri®tteret al,, 201).

Generally, infected or colonized patients have a higher concentration of contamination than their
surrounding surfacg®ontenetal., 199§. VRE- positive patients have approximately’ tolony
forming units (cfus0cm?on t he skin, while in patientfsd st
to 10 cfu- g of VRE and MRSA are prese(®tteret al, 2013). Despite this, touching

contaminated surfaces with VRE has almost the same risk for acquisition of VRE on hands as when
touching an affected patient. Indeed, unaffected patients who entered VRE contaminatdtacboms

a high risk of acquisition of VREMartinezet al, 2003. The infective dose of MRSA varies from

study to study. In facthere is no evidence regarding what is the exact level of surface contaminat

to be considered as hazardous (Ratgd., 2009). Consequently, the existence of pathogens on a

surface at any concentration may be a chance for transm{€xienet al, 2011).
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1.5.2Survival of nosocomial pathogens on surfaces

Most nosocomial pathogens are capable of survival on surfaces for a longer period than is generally
believed, depending on the organism and environmental f4gi@seret al, 2006 Toddet al,

2009. These include temperature, humidity, body residues and type of surface n{latarradret

al., 2009. For example, the survival time of Enterococci is different on different surfaces. It is able
to survive for 47 days on countertops, for more than 24 h on the bedrails, 1 h on a telephone
headpiece, 30 min on the diaphragm of a stethoscope and more than 1 h on glovegl@aretiun
finger tips(Noskinet al, 1995. Moreower, Grampositive bacteria such & aureusncluding

MRSA, andEnterococcuspp. including VRE, are able to survive for months on dry surfaces. On
human hand§. aureusan survive for at least 150 min and VRE survives for up to 60 min on both
hands andjloves. On the other hand, the survival times for these bacteria are longer on inanimate
surfaces (7 and 4 months respectively) with wild strains surviving longer than laboratory
straingKampf and Kramer, 20041t has been reported that VRE survives for months on plastic
surfaces and fabri¢g®deely and Maley, 2000Many Gramnegative species such &scoli,
Acinetobacter spp., Klebsiella sppnd P. aeruginosaan also survive for months on inanimate
surfacegKrameretal., 200§. Acinetobacters widely known as an outbreak pathogen commonly in
intensive care units, and its ability to cause outbreaks is enhanced by itsalsilityive for

prolonged periods of time (weeks) in different environments (on dry surfaces and in avatéo)

60 min on fingertipgWeberet al, 2010) In general, Grarmegative bacteria have been
characterized as persisting longer taam-positivebacteria(Krameret al, 2006,which is due to

the different structure of the cell wall which is known to protect bacteria from their surrounding
environment. In the Graipositive bacteria the outer merahbe is absent. Therefore, Grawositive
bacteria rarely exist in harsh environment&asolidoes(Silhavyet al, 201Q. Antimicrobial

coated surfaces provide health care sectors with a safe environment as they have a natural ability to
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tackle the micreorganisms that cause HCAIs and help to reduce ttagismission (Figure 4, Page

al., 2009).

/ \ Contaminated
Contaminated Surfaces(pathogenic
Surfaces(pathogenic bacteria and/or

bacteria and/or Direct viruses)
viruses) transfer

Direct
transfer

Antimicrobial
surface coating

Antimicrobial
\ surface coating

I X

Healthcare Direct Healthcare

Direct
worker transfer worker

transfer

] |

Patient Direct Patient . > Direct
transfer J transfer

Figure 4 The role of surfaces and antimicrobial surface coating in reducing HCAIModified

from (Pageet al, 2009).

1.5.3 Skin Hygiene

It is known that skin is the largest body organ and works as a protector against invasioroby
organisms and other toxic materials found in the surrounding envirorjbagabnet al, 200Q. Skin

microbiota is a term used to refer to the miorganisms that colonize the skin. The microbial
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distributions and sum of skin n@biota vary, depending on sex, age, health condition and site on
the body(Katz, 2004. Bacteria are associatadth human body fluids so the survival of bacteria
would increase if albumin, sugamd serum where presddawadet al, 1996. Indeed, dark and

high humidity also lead to longer survi#lrameret al, 2009.

1.5.4 Human hand

Hand microbiod are divided into two categories; resident and transient micr@arteof and

Kramer, 2003 Resident microbiotas associated with microrganisms that are able to survive and
reproduce on both superficial and deep skin layers. Therefore, it is not easy to eliminate them by
hand washing. However, some penetrating disinfectants may be able to eliminatergaciens

by killing them or inhibiting their growtkFiletoth, 2003. Resident microbiota on human hands
includes numerous bacterial species, including Gpastive micrococcaeae and Gramegative

species, such ascinetobacteandKlebsiella Despite this, resident microbiota are considered safe

in terms of human health due to innate skin resistance. However, they may cause clinical infection if

skin immunity s lowered (Pittet, 2001 Filetoth, 2003.

Transient microbiota are deposited on the skin but do not colfnilyeand Lowbury, 1979, and

they typically consists of Grammegative species and are detected in external skin layers only. They
mainly colonise hands or skin sites that come into contact with an external source which may include
infectious agent@Filetoth, 2003. Most are more sensitive to hand washing than resident microbiota
but have higher infection potenti@dlilly and Lowbury, 1978Vesleyetal., 1985. In fact, resident
microbiotas also survives on superficial skin (and in deep skin) and are as sensitive as the transient
microbiota to removal by hand washing. Therefore the definition used to differentiation between

them is not idealistic (Veslest al, 1985).
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The transnssibility of transient bacteria is controlled by the bacterial species, the total count of
bacteria on hands, the survival period on the skin and the degree of Wbtegy<t al, 200). A

study byPatricket al (1997 showed that the number of bacteria transferred between surfaces was
reduced by 99% when dry hand procedure was followed. Moreover,amegf@and drying could

lead to skin excoriation which could cause an increase and a change in bacteria that colonise the skin
(Snellinget al, 201). A diagram to show a common way of transmission from inanimataces to

susceptible patients is shown in FigurgKBameret al., 2008.

Contaminated > Susceptible patient

inanimate surface
Compliance in
@3IASYSY

} Hands of healthcare staff |

Figure 5 Common ways of transmissiorfrom inanimate surfaces to susceptibl@atient
Modified from (Krameret al, 2008.

A study byFiereret al (2010 demonstrated that a typical hand carries about 150 bacterial species.
These mostly colonisender finger nails and in the palm of the hand. The under finger nails area is

an occluded area and has a sufficient amounts of moisture to encourage the growth of bacteria and
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fungi (McGinleyet al, 1988. Moreover, artificial nails and chipped nail polish may lead to an

increase in the number of bacteria on the finger nail @#ad et al, 1999.

The human hand has long been identified as an important route in the transmission of pathogenic
organisms associated with hospital infections, even between patients, health workers and the public
(Larsonet al, 200Q Katz, 2004 , which is due to the ability of these organisms to persist on hands
for prolonged periods .The most common pathogenic organism that spreads via healthcare workers
areS. aureusnd Gramnegative bacill{Weinstein and Hota, 2004t has been reported that the
contamination of hands of health staff was higher aftetacbmvith patients colonized with Gram
positive compared to the Granegative bacteria. This may be due to the fact that the environmental
spread of Granpositive bacteria is more extensive due to their viability; the majority of normal skin
microbiota cosisted of Granpositive bacterigLemmenet al, 2009. This despite the fact, that a
number of guidelines for the determent of the spread of madistant pathogens in the hospital are
currently used. However, none of them differentiate between @ogitive and Grarmegative
(Lemmernet al, 2009. Thetransfer rates of microrganisms from nonporous surfaces were lower

than from porous surfaces. Since porous surfaces such as a sponge, offer many deep recesses in
which micreorganisms can hide and become less accessible to the human hand. In contrast, a
nonporous hard surface (smooth surface) does not offer cracks in whickongaresms may hide;

thus their transmission is low compared to those on a porous surface. In spite of their low rate of
transmission ability, porous surfaces caused high levgd contamination. After squeezing out a
sponge as an example of porous surfaces, the
evaluating the transfer efficiency rates of different types of pathogenic organisms from surfaces to
surfaces is thérst step to assess the risk of transmission from contaminated syRasset al,

2002).
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1.6 Antimicrobial surfaces

An antimicrobial surface is a surface that has a natural antimicrobial activity that affects the ability

of microorganisms to survive or proliferate and which reduces the risk of transmitting disease
poisoning the environment, or biofouling materig® et al, 2004. Such materials could be used to

coat the surfaces of objects that are used and touched regularly by people in everyday life such as
door knobs, computer keyboards, telephones, ar
to transmit bacterial infectior(Jiller et al, 200), hence, they have been studied widely. They are

used frequentlyn the health, clothing, food and public transport industipalet al, 2008.

1.6.1 Antimicrobial coated surfaces

Antimicrobial coated surfaces are another way of reducing microbial contamination of the
environmen{Case)et al, 201Q. There are many different techniques used for coatirigcas,

such as sefel, magnetron sputtering and chemical vapour deposition ({&i3}teret al, 2010.

CVD has been widely used for many years across an extensive range of industrial applications to
producethin film coatings. In such a process a reactive gas mixture is introduced in the coating
region, and a source of energy applied to initiate (or accelerate) a chemical reaction (usually thermal
or plasma), resulting in the growth of a coating on the tangestrat€dChoy, 2003. CVD has many
advantages compared with other techniques; it uses large scale equipment, gives a high quality
coating (hard, durable and highly active) and uses inexpensive equifioedon, 1997Yateset

al., 2009. In this study, copper deposited with silica was made by using the flame assisted chemical
vapour deposition (FACVD) process which does not require closed reactio(¥eddset al.,

2009.

Flame assisted chemical vapour deposition (FACVD) is a subtype of CVD. This method is based on

the use of a flame and combustion process (precursor liquid or gas delivered into flames) as a source
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of thermal environmenequired for vaporization, decomposition, and chemical reactidhe

flame temperature is usually very high, ranging betweeniZZ{BD° C. The flame temperature and

its distribution, which usually causes the homogeneous gas phase reaction to oauoyitdeidoe
deposition of powders, are the main process elements that can control the crystal structure,
morphology, and particle size. Hence, the FACVD is widely used commercially for the production of
powder. The FACVD can be differentiated from the cotresal CVD in that the time required for

the process of coating films (vaporisation, decomposition, and chemical reactions) is shorter due to
the flame, which helps to heat the substrate to enhance diffusion on the surfaces of the substrate
during the depsition of the films. The main drawback of the FACVD method is the large
temperature fluctuation of the flame source during deposition due to the large temperature gradient
present in the flame. However, modified methods have been produced by developiaiyspe

designed burners to produce a flat and uniform flame such as the counter flow flame burner. FACVD
has long been used by the oxide powder industry to produce large quantities of powdessaatTiO
SiO, using metal chloride precursors in hydrocarBames due to the viability and low production

cost(Choy, 2003.

The variant of Atmospheric Pressure CVD (APCVD) has established itself increasingly in recent
years, as a technologically and commercially attractivesstilof CVD coatinglt has been

particularly successfully employed in production of coating processes in a wide range of industrial
applications such an dime glass coating, tool coating, ion barrier layer depositiorscamtbsion

and adhesion layers on metals, @atatch coatings on bottles etc. {me CVD films are known for

their hardness, which is a major advantage in subsequent industrial processing and in many of the

target application(§&ordon, 199Y.
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1.6.2 Classification of stface coatings

Based on their functionalized use against microorganisms, antimicrobial surfaces can be classified
into two different categories ; arddhesive and biocide releasing surfa¢éset al, 2009 . The
antiadhesive coated surfaces act as a preventer that blocks microbial adhesion to the surfaces, such
as coating the surfaces with a layer ofypthylene glycol (PEG) (Pag# al, 2009). Even though

these surfaces have strongly reduced microbial adhesion, they never show 100 percent reduction (Ho
et al, 2004). Materials containing triclosan, silver, and copper are most commonly used to Kill
microorganisms based on the release of a biocide. Triclosan, which is found mainly in personal care
products as well as touchable surfaces like chopping boards, works more as a disinfectant (killing
outside in) rather than an antibiotic (killing inside autjich means that its activity is not permanent
(Pageet al, 2009). Silver is able to express its antimicrobial activity by release of ions or as a
contact active material (Het al, 2004). However, the unnecessary release of biocides may cause
increasesn both environmental contamination and microbial resistance. Therefore, many different
types of modern contact active material have been modified to kill microbes on contact without
releasing a biocide. Modification can be achieved by grafting the ssrtetng chemical

antimicrobial polymers such asalkylated poly (4vinylpyridine), and quarternized poly(ethylene
imine), and acrylate§-uchs and Tiller, 20Q8Vaschinskiet al, 200§ to various typical materials

such as glass, cellulose and plastiischs and Tiller, 2006 The principle of the modification

method is based on a polymer with one biocidal and one polymerizable end(@fasphinskiet al.,

2008. Moreover, light activated antimicrobial surfaces such as a titadioxide based

photocatalytic coatings can be interpreted as codktbicty surfaces that kill microbes by light

induced production of reactive oxygen species (RGBSt al, 2009. ROS have no specific target

in terms of microbes. Therefore, this avoids the potential problems of microbes developing resistance
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to microbiciodal treatment and has the adaga of also having setfeaning propertiePageetal.,

2009.

1.6.3 Silver surfaces

Silver is among té inorganic antibacterial agents that has been known and used to fight infection for
centuries. Silver coins and vessels were used by the Grees and Romans to maintain water purity.
Silver nitrate solution (1%) was commonly appliedtodA®w r n s 6 evgntrdectibns that lead

to blindness (Paget al, 2009). Due to its antimicrobial and anticaries properties, silver has been

widely used in a variety of medical applications included dentistry fil{[Rgsaget al, 2013. It is

also used to coat some medical devices that are implanted inside the human body such as the coating

of cathetergSilveret al, 2009.

The use of silver in wound treatment dates back to the 18th Century when silver nitrate was used to
treat sores. Silver was accepted by US Food and Drug Administration as an effective agent for
wound treatment in the 1920s. However, the used of silver fell after the introduction of antibiotics
(penicillin) in the 1940s. Silver (silver nitrate) was once more used for the managememisahbu

the 1960s in combination with sulphonamide antibiotic to produce silver sulfadiazine cream which
has a broad spectrum antimicrobial abi(@hopra, 200y, Recently, silver has been widely used for
clinical purposes due to the development of microbial resistance to antilp@itiagra, 200). Silver
nitrate has also been used for reducing and preventing caries in paimgigpgrmanent teethThe

use of silver in combination witluoride was also reported as an acdiries agent. However, the use
of silver fluoride compounds has been limited to clinical application due to the black staining
associated with caries lesiofi¥enget al, 2013.

Silver is considered to be an antimicrobial agerd t its efficacy against a range of micro
organisms and the lack of toxicity to ntargeted cells. Silver ions have been introduced into a wide
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range of materials, which leads to an extensive and growing range oftsibeast antimicrobial
productg(Taylor et al, 2009. It has also beeamsed for a number of nemedical purposes such as in
electrical appliances, tHmings of washing machirse dishwashers and toilet se@tanget al.,

2008. It can be used in various moulded plastic products, in textiles and in ebatiad

applications, including countertops and food storage and preparatiorfiaggaset al, 2009.

It has been reported that silvieeated materials can reduce levels of bacterial contamination in
healthcare settings. There has been a 96% reduction in the bacterial count on silver treated material
compared with a 44% reductiom untreated surfacé$ayloret al, 2009.

Even though silver demonstrates a broad specantimicrobial activity, the increased use of silver

in medical settings has raised concern about the potential widespread of microbial silver resistance. It
has been reportatiat certain types of microorganisms have developed a resistance tolbss

includedE. coli, Enterobactercloacae K. pneumoniagA. baumannijand S.typhimurium(Percival

etal., 2009. In arecent study, catheterscoated t h si | ver demonstrated a
activity reduction against all microorganisms testedcli, S. aureus?. aeruginosacoagulase

negative staphylococci arthterococcusfor 72 h. They showed complete inhibition of cell growth

for dmost all the microorganisms tested, with the exceptidp. @eruginosavhere cell growth was

reduced by 67%Biofilms of coagulasaegative staphylococci (which are the most common cause

of catheter related infectiongnterococcusandP. aeruginosavere reduced by more than 50%

compared with almost 100% reduction for other organi$toget al, 2009.

Woodset al.(2009) showed that of 1#nterobacter cloacastrains tested, only 6 strains were
silver resistant. The fact that silvesistant genes are encoded lgy¢hme plasmid that encodes
traditional antibiotic resistance, leads scientists to be concerned about increasing silver resistance due

to the potential of cross resistance with other bacf&/@odset al, 2009. However, despe the
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widespread use of silver, there has not been a large increase in Ag resistance in pathogens which

may be due to the multiple sites of action of Ag.

1.6.3.1Silver toxicity

The antimicrobial activityf silver is dependent on the silver cationAg herefore, silvebased
antimicrobial polymers have to release silver ions to the environment in order to be effeatha

and Miinstedt, 2005Ag" causes the release of #om bacteria. Therefore, the bacterial plasma or
cytoplasmic membrane is an important target sitggdft When Ag enters the bacterial cell, they
inhibit cell division and damage the cell envelofied when exposed to effective concentration of
silver, the size of the bacterial cells increases, and the cytoplasmic membrane, cytoplasmic contents,
and ouer cell layers display structural abnormalitigsm et al, 201). Ag" has a strong ability to

bind to electron donor groups in biological molecules such as amino, phosphate, carboxyl or thiol
groups in proteins or in DNAGordonet al, 201Q. It has been shown that the interaction of silver
with thiol groups play an essential role in bacterial inactivation. A recent study has evdieated t
relevance of the potential targets for the bactericidal effect of silver. They found that additional
amounts of potassium phosphate and excess DNA did not reduce the antimicrobial activity of the
silver, whereas additional amounts of the thiol grougaiaimg the amino acid cysteine, but not

other amino acids such as glutamate, which lacks sulphur, terminate the bactericidal activity of
silver. In the same study, the researchers also showed that respiratory chain enzymes which bound to
the cell membranare inactivated by silver, mainly iresulfur clusterfGordonet al, 201Q. Bragg

and Rainnie (1974shaved that silver ions cause damage tortdspirationchain and demonstrated

that there were two sites in the respiration chain that were sensitive to silver ions. The site located
between thé-cytochromes and cytochromgwas more sensitive than that falibetween NAD or
succinate andlavoprotein, which may due to the fact that several sulfhydryl groups with different

re-activities were present in the dehydrogenase regions of the respirationBraggy and Rainnie,
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1974. Dibrov et al. (2002 reported that bacterial death was tlu@roton leakagthrough the

bacterial merbraneas an effect ofow concentration of silver. They demonstrated that the
bactericidal effect of such a concentration we
due toproton {H") leakage which occurs through anyAgo d i y e d meteirbor genhaps p r o
throughthe Agnodi yed phosphol i pi d bnermbeaggeatongradisne | f . S
controls the overall microbial metabolism, there is no doubt thadrtten leakageffect of Ag

would result in cell death.Inoueet al (2002 investigate the bactericidal activity of Ageolite

against E. coliunder aerobic conditions and showed that dissolved oxygenagassarjor the
antimicrobial action of silveand that reactive oxygen species (ROS) played an important role in the
bactericidaactivity. They showed thatissolved oxygen might be reduced to form superoxide

anions, hydrogen peroxide and hydroxyl radic@lss study looked at theffect of adding two

different ROS scavengers, catalase and sodium benzoate (hydrogen peroxigtr@xyl radicals
respectively), on the bactericidal effect of silver. The results showed that there was no cell count of
E. coli when no scavenger was added. However, in the presence of catalase, the viable cell count
of E. coli in the suspension was siimilto that in the controls condition, thus the addition of catalase
stopped the bactericidal activity of silver completefyrecent study byunget al. (200§ found that

Ag’ killed bothE. coliandS. aureusbut over a different periodE. coliwas more sensitive and was
killed within one hour, whereas three hours were require8.faureugo be killed This was due to

the thick peptidoglycan layer within the cell wall®faureus Kawaharaet al (2000 investigated

the effect of silver on oral bacteria under anaerobic conditions. They showed thategyative
speciesPorphyromonagingivalis,andPrevotellaintermedia periodontalpathogens) wermore
sensitive to the silver than Grapositive bacteriagtreptococcusutans Streptococcusanguis,

Actinomycewiscosuscause dental caries). The resistance of Guasitive species was due to the
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thickness of peptidoglycan layer which are negagieblarged and allow fewer silver ions to pass

through the plasma membrane than Graegative species.

1.6.4 Copper as an antimicrobial agent

Copper is a reddish metal that is found naturally in rock, soil, water, and sediment (Ei@isey

2004). The werage concentration in the earth's crust is about 50 parts copper per million parts soll,
and it presents in nature in four oxidation states; solid metal Cu (0), Cu () cuprous ion, Cu (I1)

cupric ion, and rarely Cu (lljKiaune and Singhasemanon, 2R1iis also found naturally in all

plants and animals. Metallic copper is easy to mould or shape. Copper can also be found in many
mixtures of metals, termed alloys, such as brass and brGopper compounds are also found, and
these include both naturally occurring minerals and manufactured chemicals. Indeed, copper sulphate
is the most commonly used copper compo(iarseyet al., 2009.

Copper has been known as an antimicrobial agent sine@natimes, well before microorganisms

were discovered in the @entury, and produced successful results when used by doctors in surgical
wounds in the early 1800s. Moreover, the first time copper was used in medicine as a biocide was by
an Egyptian daor recorded in the Smith Papyrus around 2600 and 220@Ba3set al, 201)).

The Phoeniciangsed copper and silver bottles to store wim&ter, and vinegar and in World War |,
copper was used to prevent wound infec{i@abbayet al, 200§. Today, copper and copper alloys

are widely used as chemical biocides for medical anehmediical purposes. They are used as
bactericides to act as selisinfectants in paints, to purify water distritmn systems with regard to
Legionellain hospitalgBorkow and Gabbay, 2094as a fungicide in agriculture to protect some

plants such as coffee, tea, sgrand cocoa from fungal leaf disea&@srvantes and Gutierrez

Corona, 1994Kiaune and Singhasemanon, 2Jdnd as an active ingredient irany pesticide
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formulations mainly after the tributyltin was banned in the late 1@8@sine and Singhasemanon,

2017). These days,apper alloys are also widely used on coating surfacegnipbecause they

exhibit a strong antimicrobial activity against different microbes but also due to many other
characteristics, including their availability in a range of different colours, and because they are easily

alloyed, and highly recyclablichelset al, 2003.

Copper surfaces have been shown to kill a variety of pathogens inctidemgericaand (Faundez
et al, 2004) Listeria (Wilks et al, 200§, MRSA (Gouldetal., 2009 Michelset al, 2009 Noyceet
al., 2006 Wanget al, 2009, E. coliO157(Gogniat and Dukan, 200Guanet al, 2003, K.

pneumoniaéMehtaret al, 200§ and enterococdciGouldet al, 2009 Warnes and Keevil, 20]1

Re-colonisation of copper surfaces following cleaning was delayed compared to controlssurface
(Tiller et al, 2001). However, copper surfaces may becaroeditioned allowing colonisation

following cleaning, possibly because of the reaction of copper with cleaning products. Therefore, if
copper is to be used in the hospital environment as an antibacterial surface, the type of cleaning and
disinfection shou be considerefAirey and Verran, 2007 The killing of microbes on copper
surfacesisknowndsc ont act tha hghantimigrabialeffecacylof coppercoated surfaces

could be due to some of its natural features such as wear resistance, being solid and homogenous,

easy to clean and duralfférasset al, 2011).

In addition to its use on a contact surface,ah@gmiaobial effect of copper is being introduced to a
number of other applications, such as in the form of the introduction of copper oxide into textiles
(sheets and clothingnd latexO'Gorman and Humphreys, 20Q12Face masks are commonly used

in healthcare settings, either by health works and/or doctors, or by patients, to protect themselves
from respiratory infection. These nkasare also frequently worn in crowded areas for such purposes

as to protect the wearer from environmental contamination or to protect the environment from the
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wearer 6s i nfecti on.-wdlendayer that, based ennts pore size,plievdr® a n o n
passage of pathogens through the mask. It has been demonstrated that the addition of copper oxide
into face masks reduces the risk of influenza virus environmental contamination without changing

the filtration capacities of the masks. These tygenasks are considered safe to use, not only due

to their antiviral and antimicrobial activity, but also due to the fact that the amount of copper eluted

to the air from the masks were very small (0.47pg) and below the respiratory copper permissible
exposue limit (>10 fold) set by the USA occupational Safety and Health AdministrgBonkow et

al., 2010.

In another clinical study;opper-impregnated socks were been tested against fungal foot infections
(Tinea pediy The researchers found that with¥8ays of wearing copper impregnated socks (10%
copper ), al | one hundred patientsd freagt had r €
accompany the fungal infection had disappeared. In the case of acute and chronic infections, a longer
period of time was required, ranging from 2 to 6 days (acute infection) and 1 to 2 months (chronic
infection) depending on the cau$&abbayet al,, 2005. Borkow and Gabbay (2004eported 2 log

viable cell reductions dE. coliandS. aureusvithin 2 h of exposure to copper fabrics. Tladgo

showed that extensive washing (B8ustrial washings at 85°C in a tumble cycle using abrasive salts
and soaps) of copper fabrics had no effect on their antimicrobial activity, and still gave 2 log
reductions for both types of bacteria within 2 ln the same study, the copgerpregnated fabrics

did not cause skin irritation on animal skin that was exposed to copper fabric (Bokbw and

Gabbay, 2004 Others reported the efficiency of copper biocide/Aloe \frsed biocidal hand rubs

(Xgel) against the bacteria responsible for HCAIs, including MR8WA. baumannij compared to

the hand rubs commonly used in hospitals. They showéddpperbased hand rub was more active

as a biocide and caused l@sgation to handgHall et al, 2009.
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In addition to laboratory testing which has proved the ability of copper to continuously kill bacteria
that cause infections and indicatetb be the most effective touch surface, clinical trials are now
under way around the world demonstrating the benefit of antimicrobial copper in real life use
conditions. These trials are taking place in many hospitals settings around the word irtbleidisg

the UK, Chile, Germany, South Africa and Finland. Results from the above trials show that
microbial contamination is significantly and consistently reduced b10836 on copper compared

to standard surfacédnon, 2012.

In the US trial, three different medical centres were involveasgessing copper's antimicrobial

efficacy in intensive care units (ICUs)he Medical University of South Carolina, Charleston
(MUSC), The RalphH.Jonson Veteransd®é Administration Medi
Carolina and the Memorial Sloan Kettering Cancer Center in New YorkIgitlyese trials,

common touch surfaces which are usually made Btaimless steel, aluminium and plastic were

replaed with antimicrobial copper alloys. These included bed rails, over bed tray tables, chairs, call
buttons, data devices and IV poleselected rooms of the ICU departments (16 rooms). The trial

was conducted over a period of 43 months andhamges wermade to cleaning regimes in the

study rooms. Surfaces were sampled over the period of testing. The results showed that the
introduction of the copper alloys led to an 83% reduction in the average microbial burden compared

to the controls(Schmidtet al,2012b).

In the UK, a clinical trial took place at Selly Oak Hospital, Birmingham, andddst 10 weeks. In
this trial, commonlytouched surfaces suchtadet seats, tap handles and door push plaéere
replaced with 60% copper surfacedurfaces were sampled on a weekly basis for the presence of
microorganismsThe first results showethat surfaces made from materials containing copper had

90- 100% fewer microorganisms compared with the same items made from standard materials
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(chromeplated brass, aluminium and plastientrolsurfaces). Results also showed that pathogenic
bacteria suc asmeticillin-susceptibleStaphylococcuaureus(MSSA), VRE ancE. coli were

detected only on the control surfag€aseyet al, 201Q. Similar results were also reported from a
second exteted phase of th hospital trial which was carried out over 24 weelksthis trial,

fourteen types of frequently touched items made of copper alloy were installed in various locations
on an acute care medical ward, and were sampled once weekly for iRt wdter 12 weeks of
sampling, copper and standard items were switched over to reduce bias in usage patterns. The study
showed that the microbial count on all copper items was lower compared with counts on standard
materials. However, 8 of them were sigrantly reduced, whereas on the other 6 copper items,
reduction did not reach statistical significance. The study also showed that the indicator organisms
MRSA, methicillinsusceptiblestaphylococcus auregSSA), VRE, and coliforms were found on
both surfaces; however, significantly fewer copper surfaces were contaminated with VRE, MSSA,

and coliforms, compared with control surfa¢éarpaneret al,, 2013.

In Chile, a trial was helth intensive carenit atthe Hospital del Cobre, in Calama for 30 weeks. In

this trial, bed rails, bed levers, tray tables, chair arms, touch screen monitor pens, and IV poles were
replaced with copper and placed in selected ICU rooms. The results of this trial shatwweggter

was effective in reducing microbial loads on all the surfaces tested (bed rails by 91%, bed levers by
82%, tray tables by 83%, chair arms by 92%, monitor pens by 49% and IV poles by 88%). In
copperized rooms, the microbial surface count wasfgigntly lower than in rooms without copper.
Copper was effective in reducing the staphylococcal bundech was the most predominant

microorganism isolated. MRSA and VRE were not isolated on copper suffaeeset al., 2010.

In Finland,a trial was conducted at a nursing home in conjunction with the Helsinki University

Department of Public Health. The contamination of copper items including dressing trdless,
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handles, grab rails, handrails; shower drains and push buttons was compared with standard items in
patientsd rooms, bathrooms and communal areas.
the noncopper items were higher compared with coguefaces, and faecal and urinary bacteria,
such asS. aureusandE. coliwerepresent only on nenopper surfaces (stainless steel, plastic and
chromium). On copper surfaces, only Graositive bacilli and cocci and normal environmental and

skin microbida were preser{Anon, 2012.

In Germany a 32 week trialvas carried out ithe Asklepios Clinicin Hamburg. Touch surfaces
included aluminium door handles and plastic light switches which were replaced with copper alloys
(percentage of copper alloy not state@ihe study found that the total number of cfu on metallic

copper surfaces was reduced@d® compared with the control surfa¢btikolay et al., 201Q.

In South Africa, a six monttrial was conducted in the consulting rooms of a walgrimary care

clinic in Grabouw. High and less frequenttyuched surfaces such as a desk, trolleys, the top of a
cupboard and widowsills were covered with copper alloy sheets (99.9% coppez)surfaces were
sampled every six weeks with multiple samplings per day. The results showed an overall 71%
reduction in bacterial load on the copper surfaces compared the control surfaugshduworking

day, and only over weekend periods (71 h) when the clinic was closed and microbial loading was
markedly reduced, the survival of microorganisms on both surfaces was comfdiliset al.,

2010.

1.6.4.1 Role of copper in reducing HCAIs rate

Cleaning is an effective way to reduce the bacterial bui@Bhon surfaces and minimize the
infection risk to patients. However, BB can rapidly ret@opperwhen used on hospital surfaces
(such as bed rails), was found to continually reduce surface BB before and after cleaning due to its

continuous antimicroll activity (Schmidtet al, 2013.
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It is well documented that patients in ICU are at high risk of HCAI because of severity of illness, and
frequent interaction with healthcare workers (HCWs). In additiatiepts in rooms with high bio
burden were more likely to develop HCAI than those in rooms with low bio burden. This may due
to that the persons with active infection are more likely to shed bacteria captured by environmental.
A recent study showed thaliacing a copper alloy surface onto 6 common, highly touched objects in
ICU rooms reduced the risk of HCAI by more than half at all study &gadaoet al, 2013. The
percentages of HCAI and/or colonization with MRSA or VRE on patient admitted to copper rooms
were lower than that among patients admitted teaopper rooms. Both MRSA and VRE

colonization were decreased dy-fold among patients admitted to copperised rooms. The authors
believe that HCAI reduction was due to the continuous antimicrobial effect of copper on
environmental pathogens togetleth standard infection prevention practices commonly used in
hospital (Salgadcet al, 2013. Researchers in another study demonstratedhbatse of textiles
impregnated with copper oxidle a longterm care ward may significantly reduce the rate of HCAI,
fever, antibiotic consumption, and related treatment casiey compared the rates of HCAI in two
patient group# a head injury care ward before and after replacing all the regudasliand

personnel uniforms with copper oxide impregnated biocidal products. They found that per 1000
hospitalizatiordays there was a 24% reduction in the HCAI, a 47% reduction in the number of fever
days (>38.5°C), and a 32.8% reduction in total numbedags of antibiotic administration. In

addition, there was approximately 27% saving in costs of antibiotics, #&#ted treatments,-X

rays, disposables, and laundbgzaryet al, 2014). Therefore the introduction of coppairfaces to
objects found in the patient care environment will provide a potentially safer environment for

hospital patients, HCWs, and visitofSchmidtet al, 2012b).
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1.6.5 Copper toxicity

Copper is one of the metallic elements essential for human health. The adult body contains between
1.2 and 1.4 mg of copper per kg of body weight and it is estimated that a human eats and drinks
about one mg of copper every day with excess amounts of copper released in bile and excreted in
faeceqBorkow and Gabbay, 2005At low concentrations, copper is an essential element for all

living organisms due to its role in many reactions. It acts asfactor for many proteinf-alindez

et al, 2004 Grasset al, 201), in electron transport as an electron donor or acceptor and as an
electron carrier, and in oxidafi reactions. It is a cofactor for over 30 known enzymes in higher
organisms due to its ability to cycle between*€and CU*. Some examples are lysyl oxidase,

which involved in the crosknking of collagen, tyrosinase, required for melanin synthesis,

cytochrome c oxidase act as a terminal electron acceptor of the respiratory chain, and superoxide
dismutase which is required for defence against oxidative damage. Other copper proteins act as
electron carriers, such as plastocyanins and az{8wigzet al, 201Q. The ability of copper to
convert from cuprous Cuoxifized) dufing exidatiomediigtioniso c upr i
controlled by environmental chemical compou(@srvantes and Gutierrézorona, 199 For

example, aimncreased pH level in the environment accelerates copper toxicity, due to the reduced
competition between copper and hydrogen ions at the cell surfaces. Whereas some cautions such as
Ca?and Md? present in the environment cause a reduction in coppeitigiecause they compete

with Cu for biological binding site¢Kiaune and Singhasemanon, 2R1@n the other hand, at high
concentrations, copper is toxic to living organisms includungédn.In the human body, copper can

cause liver and kidney damage and even death in some cases. Drinking water containing large

amounts of copper may cause vomiting, stomach cramps, or diarrhoea. In addition, long time
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exposure to copper dust can causeenosuth and eye irritation, and cause headaches, dizziness,
nausea and diarrhoéanon, 2004.

Microorganisms have developed complex systems including specific uptake and effluxwhiafps
represent the largest category of metal resistance systems. Microorganisms useasfioe tr
mechanisms to export toxic metals from their cytoplasm and they can W¥lRase or ATPase

linked in order to maintain precise intracellular levels of copper. Many other mechanisms in addition
to specific uptake and efflux pumps are also usedsd imelude exclusion through the use of a
permeability barrier (changes in the cell wall, membrane or envelope of the microorganism), intra
and extracellular sequestration by protein binding, and enzymatic detoxification to less toxic forms.
The genes rg®nsible for these processes may be encoded by the chromosome or by plasmids, and
microorganisms can use one or a combination of several resistance mecliBorkms and

Gabbay, 200p Researatrs have reportethe presence dtrB gene (a copper resistance gene) in
certain strains of. faeciumandE. faecalis They showed that these strains are able to grow on agar
plates containing high concentrations of copper sulphate. However, theanesis weak, and does

not prevent them from dying when exposed to copper sur{ii@ssnan and Aarestrup, 200Santo

et al (2008) demonstrated a reduced death rate with reg&dctli strains containing copper

resistance plasmidPCo) when exposed to copper surfaces. Bbengh such a copper resistant

gene can be encoded by transmissible plasmids, the potential for widespread bacterial strains
resistant to copper surfaces appears unlikely due to the rapid rate of contac(&ahtaet al.,

2009.

The toxicity of copper is mainly due to its natural properties (the redox piesgoesith inherent
toxicity). As previously stated, redox cycling between copper ion& @u Cud?) can catalyse the

production of highly reactive hydroxyl radicals, which can subsequently damage lipids, proteins,
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DNA and other biomoleculgBorkow and Gabbay, 2005The precise mechanism by which copper
exerts its biocidal activity is still not clear but is thought to be rfattiorial rather than the result of

a single universal mechanigi@'Gorman and Humphreys, 2Q1Zhese factors include the
combination with proteins that do not require copper which leads tore¢lakdown of the osmotic
balance and the disturbance of membrane compo(@etsantes and Gutierrézorona, 1994Santo

et al, 2012 and binding to specific sites in nucleic acids (DNA) which causes strand breaks and
bae modification(Yateset al, 2008. Recently, researchers haveyed that dry copper and copper
alloy surfaces demonstrate the highest percentage of killing of a wide range of pathogenic microbes
compared with other surfac@Sasyet al, 201Q Grasset al, 2011 Santoet al, 201). It has also

been proved that pure copper kills 100 % of MREAgoliandL. monocytogeneasithin 45 min

(Wilks et al, 2005. It has also been reported that copper is toxic to Ef@BHucing organisms

The CTXM-15 (betalactamase active on cefotaxing@pducingE. coliand NDM-1(New Delhi

Metallo betalactamaseproducingK. pneumoniaevere killed on copper surfaces within 60 min of
incubation at room temperature (filay reduction). However, 60 mikilling time is much less

efficient than one min to kill a wild type strain Bf coliat room temperature as shown previously by
Santoet al (2008). The different results may be due to different assay protocols and use of alloys
with different coppercanent s. I n Santods report, instead of
across copper coupons using cotton swabs and allowed to dry.

Copper ions are considered by many researchers as the main cause of cell de€hnastsenal,

2011, Santoet al, 201). Moreover, authors in a recent study have proposed that cell proliferation
and cell differentiation are Cu ion concentration dependent. However, the excess of Cu ions may
cause cell death and reduce the défgiation of osteoblastic cells (in cases where copper is used for
implant application(Liu et al, 2014. Therefore, the balance in the concentration of Cu ions

between antimicrobial activity and cytotoxicity should be considered as an important factor for the
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development of antimicrobial surfac@su et al, 2014 Wu et al, 2014. Copper can penetrate into
bacterial cellghrough their envelope as shown in Figur&éntoet al (2011 showed that the levels

of copper ions taken up . colicells remains high throughout the killing process, suggesting that
the cell destruction was due to the overload of intracellulgpero-urther research is necessary to
define the correlation between copper content and bacterial killing more accurately and to identify
the best alloys for use in health settings. Copper could be used astardeting material on

surfaces and combaad with standard hygiene procedures could help decrease the spread of

multidrug resistant bacteria in hospitéBteindlet al, 2013.
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(A)
Copper dissolves from the
copper surface and causes
0 cell damage

The cell membrane
ruptures because of
copper, leading to loss of
membrane potential and
cytoplasmic content

(B)
(©)
Copper ions induce the
—~— generation of reactive
oxygen species, which
cause further cell
(D) !- —

damage

Genomic and plasmid DNA
becomes degraded

Figure 6 The action of copper ions in contact killingModified from (Grasset al, 201).

49



1.6.6 Copper oxide (CuO)

There are two stable oxide phases in@aystems: cupric oxide (CuO) and cuprous oxideQJ.u

Both are semiconductors and have band gaps in the visible or near infrared (lecgaoasMayer,

1992 Al-Kuhaili, 2009. The band gap of CuO is 1.7eV which can be activated by light with a
wavelength of <approx. 720nm [equation 1]. Under aerobic conditions, superoxidéde@laCu
[equation 3] and hydroxyl radicals [equation 4] can be produced and cause protein and DNA damage
(Santoet al, 200§. Copper generates many reactions that produce hydroxyl radicals through Fenton

and HabeiWeiss reactionfMacomberet al, 2007 Grasset al., 201)) .

CuO+hi( < 660 nmn),h¥) CuO(e [1]
CuO@w) + Y CuOA+ O [2]

Cl+dw) Y*Cu [3]
Cu +H,0,Y CW¥'+OH+ OHE [4]
2CU + 2H + O, Y 2CU#" + H,0, [5]

The hydroxyl radicals [4] can further react in amber of reactions which destroy cellular molecules
by causing lipid and protein oxidatigGrasset al, 201). As described below for Tixopper ions

can also cause depletion of sulfhydryl 6és such

2 CUF*+ 2 RSHY 2 Cu+ RSSR + 2H [6]

The hydrogen perode produced in reaction [5] can react in reaction [4] and lead to the further

generation of toxic hydroxyl radicals. However, it is still unclear what the range of reactions [2] to
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[4]cause in terms of copper toxicit§grasset al, 2011). Possible toxicity of copper ions is

summarized graphically in Figure There are a number of reports in literature supporting the fact
that’OH is powerfu] nonselective oxidizing agent, and causes oxidative damage to biological
molecules in cellgsuch as proteins and lipidgrandiet al,1989, Chcet al, 2004, Dodd and Jha,
2009).However, there is not enough direct experimental data for the geneyBR®'S in the

presence of Cu (ll). In particular, there is little data about the roles of intra and extracellular ROS in
the biocidal action of Cu (Il). Park and others (20i2)e demonstrated inactivationfcoli by

cupric ion (Cu Il). They suggestehat activation oE. coliwas based on the reduction of Cu (ll) to

Cu (I) rather than the generation of ROS, and they assumed that this mechanism might be generated
by all bacterial species. They showed that, in the presence of Cu (ll), intracelpdessde levels

of E. colidecreased by increases in the concentration of copper, indicating that superoxide radical
was used to reduce Cu (Il) to Cu (I) in cells. Moreover, the variation amount in the hydroxyl radical
level by adding Cu (1) was very snhalherefore, molecular oxygen and hydroxyl radical

scavengers did not affect the inactivation efficaci ofoliby Cu (11). However, it is possible that

the hydroxyl radicals induced by the coppeediated reduction of oxygen may contribute to the

microbiocidal action of Cu (ll{Parket al, 2012.
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Figure 7 Mechanism of membrane disruption by copper Modified from(Huanget al, 2019.

Copper oxide is the simplest member of the family of coppempounds and has many advantages;

it is cheaper than silver, easily mixed with polymers and relatively stable in terms of both chemical
and physical properties. CuO can also be produced in extremely high surface area form and it is
valuable as an antimidoal agenf{Renet al, 2009. Moreover, CuO has a ndaxic nature, the

starting materialare more abundant, production costs are cheap, and there are smaller band gaps.
Therefore, CuO has been used in numerous applications such as catalytic applications, electro
chromic coatings and photovoltaic materigds-Kuhaili, 200§. CuO has been used as a visible light

activated antimicrobial coating for fabri€Borreset al,, 2010Q. CuO films are not stable in air or
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vacuum at high temperatures. Therefore, copper oxide has been introduced to polymers such as silica
to improve their durability and thermal stability. Silica is an absorptive sibstith a large number

of surface gaps. This material was selected for CVD technology because it has a high surface area
that is able to increase any chemical interact{bltemanet al, 1993. In addition, due to the

properties including high thermal andechical stability, biocompatibility, and high strength, hybrid
silica/metals composites have many applications in medicine, physics, and chemistry. Composites of
silica with different metals such as gold, titanium, platinum and aluminium have been syathesiz

for the catalytic applicationdumaret al, 2009.

1.6.7 External target sites for copper antimicrobial activity

The initial site of copper action is thought to be plasma membrane. It has been reported that exposure
of fungi, yeast, bacteriand higher organisms to high concentrations of copper can cause selective
lesions in the permeability barrier of the plasma memb{ogkow and Gabbay, 20p5Generally,
extensive coppenfluenced breakdown of membrane integrity leads to loss of cell viability.
However, even small modifications in the physical properties of biological membranes can cause
clear changes in the activity of many essential memkdapendent functions, including tsgrort

protein activity, phagocytosis, and ion permeab{Bprkow and Gabbay, 2009The loss of

metabolic functions caused by coppens occurs at cell membranes of both Giawsitive and
Gramnegative lcteria and leads to cell death, while oxidation of susceptible components of cell
cytoplasm requires more extensive oxidative degradation of thgEd&owskeaet al.,, 1995.

Many studies in the literature, including this one, have shown that-Gegative bacteria araore
sensitive to killing by copper than Grgpositive bacteria owing to cell wall differencgsu and

Yang, 2003Danet al, 2005 Elguindiet al, 201). A schematic diagram of Grapositive and
Gramnegative bacterial cell walls is shown in Figure 8. The structure of the bacterial cell envelope

is complex and &s multiple target attack sites; some of them are present in both types of bacteria



(Grampositive and Grarmegative). These include, the peptidoglycan layer anghbspholipid

bilayer, which are present in both bacteria, but Gregative has two layec§ phospholipid

bilayer, cytoplasmic membrane and the lipopolysaccharide layer (LPS), which is present only in
Gramnegative bacterigdGramnegative bacteria possess a thin layfgreptidoglycan which makes

up 10 percent of the cell wall, whereas in Gpositive bacteria 90 percent of the cell wall is made

up of peptidoglycaiiDalrympleet al, 201Q. The thinner peptidoglycan in Granegative bacteria

Is located between the two membranes (the outer and inner membrane). The main functions of the
outer membrane are protection of the bacteria from the surr@uadinronment by excluding toxic
substances and providing an additional stabilizing layer around the cell. Lipopolysaccharides (LPS)
IS an important molecule since it is responsible for the endotoxic shock associated with the
septicaemia caused by Granggative bacteria and is locatedthe outer membran&ilhavyet al,

2010, the inner part of the outer membrane contairaspholipids The peptidoglycan (which is

bound to the outer membrane lipoprotein via peptide bond) and the outer membrane are responsible
for maintaining intact cell morpholodiwi and Nadtochenko, 20050n the other hand,

peptidoglycan in Grarpositive bacteria is responsible for maintaining cell shape in combination
with teichoic acids (TAs); peptidogign is a heterogeneous polymer consisting of glycan chains
crosslinked by short peptides and amino acid composition. Teichoic acids are homogeneous
polymers of phosphatech glycols that link to peptidoglycan covalently, or are anchored to the
cytoplasme¢ membraneTeichoic acids are present in pathogenic andpathogenic bacteria and

are able to be involved in a variety of processes, including resistance to environmental stresses, such
as heat, or cationic antibiotics and lytic enzymes produced hosieincluding lysozyme@tilano

et al, 201Q.

As previouslydescribed, copper catalyses the formation of reactive oxygen species (ROS),

particularly hydroxyl radicals&tDH), via the Fentoilike reaction. The free radical produced from



Fentonlike reaction is highly reactive and capable of causindaiiie damage to cellular
macromoleculegHonget al, 2013. Phospholipids are the major component of plasma membrane

and are one of the main targets of the R&Ef the oxidation of plasma memdme unsaturated fatty

acids is a main target of copper contact killing, membranes containing high levels of unsaturated
fatty acids should demonstrate increased sensitivity to copper killing. Hong and others (2012) tested
the oxidation effect of coppenainsaturated fatty acids of &ncolimutant strain carrying an

alteration in a gene responsibfelR) for the regulation of unsaturated fatty acids biosynthesis. Loss

of fabRleads to increases in the synthesis of unsaturated fatty acids, and cothgégeien

unsaturated fatty level will increase in the cell membrane. They found that the increased levels of
unsaturated fatty acids &f coliwere responsible for increasing their sensitivity to copper alloy

surface killing(Honget al, 2012.
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the target site of R.O.S produced by coppefDalrympleet al, 2010Q.
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1.6.8 Intracellular target sites for copper antimicrobial activity

Copper ions camteract with nucleic acids by creeking within and between strands of DNA,

which leads to their damage. Copper may cause helical structure disorders and DNA denaturation.
Copper ions cause denaturation of DNA in low ionic solutions by competindgheitilydrogen

bonding site on the DNA moleculé@orkow and Gabbay, 2005). A study showed that the DNA
double helix contains at least two different types of binding sites for copper. One site exists in every
four nucleotides and has a high level of attacfor copper. The other is an introduced site for

copper, which is present in every base pair. However, in $stghend DNA (such as DNA in

viruses), aopper binding site was present on average in every three nucleotides with lower affinity
than in douke-stranded DNASagripantiet al, 199). Several studies have suggested that reactive
oxygen spees (ROS) are important in the killing mechanism during exposure to soluble copper,
which can directly cause damage to nucleic agitts/d and Phillips, 1999mlay, 2003 Harrison

et al, 2009. In addition, it has been proposed in a recent study that in the dasea DNA

degradation caused by coppdogs is correlated with the copper content of the alloys, and cell

death occurred before DNA degradation in cells exposed to alloys containing 60 % copper. On
alloys containing 99.9 % copper, complete DNA degradation occurred by 45 min and there were no
shorter DNA fragments, indicating that degradation produced rargiped fragments with no

preferred target sites. No loss in genomic DNA was observed in the cells exposure to 60 % copper
alloys after 60 min of exposu(klonget al, 2013. However, other studies on killing mechanisms

of copper ork. coli have shown théE. coli growing with copper was more likely to be killed by

H,0, thanE. coli growing without copper. Copper also decreased theofaigO,-induced DNA

damage. So this leads the authors to suggest that copper exerts its toxicity by mechanisms other than

oxidative stresgMacomberet al, 2007. Indeed a novel mechanism of copper toxicity was recently
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demonstrated. Copper causes damage to thesuiphur clusters of isopropylmalate dehydratase of

E. coli. This is one of the enzymes the biosynthetic pathway to leucine and which has an iron
sulphur cluster that can be displaced by copper in the absence of oxygen. However, whether this
mechanism is the general route of copper toxicity in bacteria is still under debate and more
investication is requiredSoliozet al, 201Q.

Copper can cause protein damage either by modityimghibiting biological activities. The

regulation of protein tyrosine phosphatases (PTPs) is important in the investigation of the regulation
of the protein tyrosine phosphorylation level, due to its role in combination with protein tyrosine of
regulatng cell growth, differentiation, and proliferation by controlling cellular tyrosine
phosphorylatior{Kim et al, 200Q. Among different metal ions (FeC**, Zu"? and Cd?) tested

for their ability to inhibit human protein tyrosine phosphatase (VHR), copper was found to be the
most potent deactivator. Its activity as a deactivator was abOuirBes greater than that of®p,

due to the oxidation of a cysteine present at the active site of(Khiet al, 200Q. It is believed

that copper reacts with proteins by combining the thiol growis)(of enzymes and this leads to

the inactivation of the proteirf¥oonet al, 2007. The enzymes and protein complexes involved in
the respiration chain could also be copper targets. It has been shown that MRSA had no respiring
activity on copper surfac€g8Veaveret al, 201Q. Barker and others have demonstrated that

oxidative stress genes are requiredSaureusto grow under high concentrations of copper and as
protection against initial copper shock. They also predict that protein damage is an important feature
of copper stress i8. aureussince sudden exposure to copper causes the down regulafion of
aureusprotein synthesis and the activation of the misfolded protein response. They showed that
addition of copper t&. aureusesulted in a decrease in the expression of at least 20 genes encoding
ribosomal proteins, translation initiation factors, amgression of two important global regulators,

Agr and Sae which are essential $oraureuwirulence (e.g. in biofilm formation). This lead the
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authors to suggest that there is a correlating decrease in protein synthesis during copper shock
(Bakeret al, 2010Q. Others hae showed that copper ions entered the bacteria cell and caused rapid
activation of CopA, which is an ATPase responsible for the transport of copper ions between

cytoplasm and periplasm &f coli. Thus cells were killed more rapidlBondarenkeet al, 2013.

Thus, although there is a wide body of evidence supporting the antimicraipalies of copper,
there are conflicting reports about its specific mechanisms and spectrum of activity. Different
methods used to produce -BGased surface coatings; diverse inoculation methods (wet and/or dry)
and different bacterial test strains haeet used. Such variation in methodologies makes it hard to
clearly distinguish the different effects that copper exerts on (sitive versus Gramegative
bacteria. In this study a wet inoculation method was used as suggested by the British standard tes

for antimicrobial hard surfaces (Anon, 2009b & 2011).

1.7 Titanium dioxide antimicrobials (TiOy)

In 1972, Hond&Fujishima rediscovered the power of T¥Owhich has been known since 1921 as a
photocatalyser element. However, it is only relatively r@bethat it has been used in

environmental cleaning such as sg#aning tiles, glasses and windo{@sleska, 2008

Theoretically, photocatalysis is based on the production of activated species at the surface of an
irradiated semconductor with photons having energy higher than the one of their band gap, TiO
has varied band gaps ranging between three and 3.2eV, which means it can only be activated with
UV-light (Puzenat, 2009 The antimicrobial activity of Ti@is activated when irradiated with UV
radiation (wavelengtk385nn). This prevents the initial adhesion of microbes, or inactivates
microorganisms that adhere to a surface due to production of different reactive oxygen species

(ROS).However, the halfife of most ROS is short, and they probably exist only in the region near
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the catalyst surface because they can be readily suppressed in agueous environments due to a high
recombination rate. Using a photoelectaatalytic system with an external potential zas

suppress the charge recombinafiNie et al., 2019. TiO, has been used to purify water and air in
terms of environmental contaminati(funadaet al, 2003. The use of titania as a disinfecting agent
was first proposed bylatsunagaet al (1985. TiO; is one of the most studied materials duego it
stability and photosensitivity in both powder and thin film folemelaoet al, 2007%. In fact,

TiO, surfaces are considered as promising material in future medicine, because it is not poisonous
and does not caaenvironmental pollution. There are three different forms of:Ta@atase, rutile,

and brookite. Rutile has a smaller band gap (3.0eV) than anatase (3.2eV), and with excitation
wavelengths extends into the visible light range (410nm). Despite thissamgenerally

considered the most phethiemically active phase of titania, due to the higher surface adsorptive

capacity of anatase and its higher rate of hole trapping (see békawvet al, 2011).

1.7.1 Mechanism of titanium dioxide photocatalysis

Titanium dioxide is a smiconductor, which has band gap energy (Eg) of 3.2ev in its anatase form.
The main advantage of using photocatalytic surfaces is that no electrical power or chemical reagent
is required for their function, and the only ingredients required are a souigletobxygen and
water(Visai et al, 201). Illuminations of TiQ greater or equal to Eg cause excitation of an

electron from the valence band to the conduction band, leading to the formation of an-bleletron

pair (Figue 9). This is a free electron in the conduction band (cb), and a fpla the valence

band (vb). These can react either within theTii€elf (electron and hole recombination) or can

induce the production of ROS (scheme 1) that are involved in tdetmn and reduction processes

by reaction with adsorbates at the surface. This leads to degradation of the microofgemisiao

et al, 2007, as a result of the oxidation of membrane lipids and the disruption of membra
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integrity, and may proceed to the complete mineralization of cellular components. These reactions

are highly reactive and completely nselective(Pageet al., 2009.

TiO,+h3 —»e+h' [7]

h* + H0 — HO'+ H' [8]
h* + OH (surtacey —> HO" [9]
e+0 —» O [10]
20, 2H,0 —» 2HOM 20H+ Q [11]

Scheme 1Reactive radical species generated by Tiphotocatalysis(Pageet al., 2009.
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Figure 9 Processes of redox behaviour oftppto-excitation in TiO,. VB, Valence band; CB,

conduction band.Modified from Pageet al. (2009).

Many studies suggest that the toxicity of illuminated JJé@cur through membrane damage
(Kubackaet al.,, 20149. Kiwi and Nadtochenko (2005) reported the killingeofcolion TiO, suifaces
because of membrane damage. They showed that@i@ed peroxidation of three main
components of the cell wall LPS (lipopolysaccharides), PE (phosphatitlyholcholine), and PGN
(peptidoglycan), but the PGN was the most resistant toward peroxidetiaddition, the reaction of
cell wall compoundLPS, or PE) with the hole (hcompetes with the recombination reaction of the
hole (R) with free electrons. This reaction is considered as the fundamental step in the radical
peroxidation procesKiwi and Nadtochenko, 2005Maness and others (1999) demonstrate that

lipids are the major targets for oxtoee radical attack, and polyunsaturated fatty acids in particular
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(Manesst al, 1999. Investigators in an early study, demonstrate cell death as a result of direct
oxidation of coenzymes, which led to the decrease in respiratory activitigsupagaet al, 1985)

In a recent study, bacterimembrane bound proteins were reported as the sensitive targets in the
cells. The distributions of bacterial cells composition were mapped after two hours of contact with
TiO, coated surfaces. They found that some proteins such as Amide | and Amidalldsigined

in the cells compared to the healthy cells (control cells). The leakage of proteins increased as a result
of the cell membrane being damaged due to increases in the permeability of the méwibrane

al., 2019 . DNA is the other possible target for the oxidative radical attdakd and Wang (2008)

report the DNA strand breaking activity of TiQvhich was due to active oxygen species, especially
hydroxyl radical generated by UV#radiated TiQ. They also show #it as irradiation time

increased, the photocatalytic effect on DNA also increased, and for the exposed to UV light for five
seconds, the DNA damage reached 24%. However, this does not mean that microorganisms can be

killed within such a short timgrang and Wang, 2008

It is well accepted that the bactericidal effect of photocatalysis is due to the production of reactive
oxygen species (ROS) such as hygtaadical (Hdﬁ, superoxide (6 and hydrogen peroxide

(H20,) which are generated by UV light only or by illuminated J{Gogniat and Dukan, 20Q.7

However, whichparticular radical is responsible for bacterial death is still del{€tedet al, 2004.

Some previous studies demonstrate that the killirtg. @bli exposure to Ti@Qwas due to kD, only
because of its ability to permeate through cell membranes compared to OH. They proposed that the
killing mechanism of TiQis based mainly on the entering of®4 and J'to the bacterial cell by a
diffusion process and subsequently generatin&}hbthrough HarbeWeiss reaction. However,

since only 2x18 mM of H,O, was observed and this concentration falls in the rangeode |, the

H20O, hasno killing effect(Kikuchi et al, 19979, the killing of E. coliby H,O, occurred through two

different modes. The first is mode | which occurs at concentrations below 2mM. However, this
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concentration of kD, isnot lethal and the lesions that are gieted are efficiently repaired by the
cells.Toxicity occurs atnode Il at concentration more than 10 mM du formed from the

Fenton reaction, possibly because the repair system becomes increasingly saturated (no free valence
electron)(Brandiet al, 1989. In facttheHOAgenerated by the above process have been considered

In many studies as the main cause of the bacterial death because of the photocataly&saeftiect

et al, 1989 Cho et al, 2004 Dodd and Jha, 2009 Cho and others showed an excellent linear

correlation between the amount®H radical and the survival ratio Bf coliinactivation in TiQ
photocatalysis, whicmticates that th@MH radical is the primary radical species that caisesli

inactivation (Chcet al, 2004).

To summarize, three possible phéiting steps oft. coliwere proposed by Sunadaal 2003. In

the first step, the outer membrane istlyadamaged due to changes in the membrane permeability
towards reactive species. However, this does not affect the cell vitality. Cell death occurs in the
second stage, when reactive species enter the cell and cause disorder of the inner membrane
(cytoplasmic membrane). In the final step, decomposition of organic compounds and toxic
ingredients of bacteria occurred. However, a strong UV (it mW/cnd) is necessary to cause
cell death, since the oxygen species are so active and are easily trappesliggr membrane

(Sunadeet al, 2003.
1.7.2 Copper doped TiQ (Cu/TiOy)

The efficiency of TiQ as a photocatalyst and an antibacterial material depends on thetabili
produce electroiole pairs with a reduced recombination (@emnelaoet al, 2007. This is caused
mainly under irradiation by UV light. However, to improve the photocatalytic activity of tider
visible light, and to produce durablend reusable coatings, the modification of Jwdth metals

such as Cu or Ag has been descriffeaigeet al, 2009) The dual layers of Ag or Cu combined with
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TiO, have a higher level of activity in terms of both oxidising activitgt antimicrobial action than

with a single layer of Ti@(Sunadaet al, 2003) Indeed, the activity of Tiefilms coated onto glass

as an antibacterial and selkeaning agent has also been prgYedet al, 2003. The antimicrobial

activity of dual layers of Ag/Ti@and Cu/TiQ against different microorganisms has been repeatedly
reported(Skorbet al, 2008 Neculaet al, 2009 Baghricheet al, 2013 Wei et al, 2014 Yaoet al,

2014. The effect of Cu/TiQfilm illuminated with very weak UV light (j1 W/cnt) on the survival

of E. coliconsisted of two step#silar to the survival on the Tigfilms under strong UV light (1.5
Mw/cm?) (disordering of the outer membrane followed by the disordering of the inner membrane
due to the effect of ROS formed during the illumination) as represented in the schematio diagra
(Figure 10). In step one, decomposition of the outer membrane occurs as a result of photocatalysis,
and is followed by permeation of copper ions into the cell. In step two, loss of cell integrity occurred
due to the increased copper ions penetratedima cell, and caused cytoplasmic membrane disorder.
These processes explain why the Cu£iins show bactericidal activity under both stranglvery

weak UV light illumination (Sunadet al, 2003).
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Figure 10.Schematic illustration of the bactericidal process for the copperesistant E. coli cell
on a normal TiO, film and on a Cu/TiO film: (a) illustration of E. colicell and (b) enlarged
illustration of cell envelope exposure to TiQilluminated with UV light; the outer membrane
partly damaged due to R.O.S and damage of the inner membrane (c) required strong UV light
(1.5 mW/cnf) when TiO, film was used since R.O.S produced under weak U§ipu W/cm?) are
easily trapped at cell surfaces. (d) Damage of thener membraneon Cu/TiO, under weak UV

was due to the activity of copper iongSunadeet al, 2003)

Furthermore, these films have two important properties, the first one is the photocatalytic ability to

decontaminate windows by oxidizing organic stalaposited on the windows under sunlight, and
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the second one is the phataluced supehydrophilicity which allows the removal of both organic

and inorganic pollutant formed by water films (from rainfall, for instance). Moreover, two physical
properties hae to be addressed, the optical transparency of the glass and the mechanical resistance
of the TiQ, layer. The first one could be produced by using a very thin layer (less than 100 nm and
mainly around 10 nm) and the second one could be produced by Usimdeasuch as SO

(Puzenat, 2009 A mixture of titania and silica possesses high surface areas, large pore volumes and
enhanced UV photocatalytic activity compared with pure tit@@iganet al, 2003. Furthermore,

the supeihydrophilic property of the surfaces allows the water to spread over the surtheeshan
appear as droplets. The contact angle of films consisting efohi@under UV illumination is zero,

but it increased in the dark. However, films consisting of, 5@ SiQ reduce the water contact

angle (which make the microbes adhere motliigo the surfaces and thus are killed more easily)

in the dark for up to 24 fWanget al, 2009.

Other réevant materials such as copper/Ti@clude TiQ/Cu nanosurfaces and have been used to
enhance the antimicrobial activity of TiOnder visible light. Baghriche and others showed that
nanosurfaces composed of copper and titanium have a strong effectenabg. coli) growth

under weak visible light and in the dark. The quickest inactivation kinetigsafli (10°) was

noticed under visible light (10 min), and the killing time in the dark was longer (30 min). The
different kinetics killing was due tihe photo inducing, as Tigvhen in contact with copper layers
transfers the photmduced charges to the surface Cu ions. In fact, GueomiQ, surfaces works as
an electrordonorand leads to faster killing. The Ti@ble to reduce the lto Cu ionsby the
TiO.cb electrons, and the redox mechanism also involve the oxidizing reactiofitof Quions by
the TiG:vb holes. In summary, the mechanisms of enhancement due to the integrated copper are
mainly due to the release of antibacterial copper iomark conditions, and to charge carrier

separation under light irradiatigBaghricheet al,, 2013.
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Wei et al (2019 prepared a new type of coating by combining Cu angd madoparticles into a

polymer matrix (polymelCu/TiO, composites coating). This nanoparticles coating possessed
excellent antimicrobial properties under sunlight, which can be used outdoors. The eliminatidn of 10
of E. colion the surfaces consisting of Cu only needs five hours, whereas it tookuwsgotd kill the

same amount dE. colion Cu/TiQ coating. The hardness and wear resistance of the coating were

also enhancefWei et al, 2019.
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1.8 Aims and Objectives

The main purpose of this study was to irtigeste the antimicrobial activity of novel coated surfaces

prepared by CVD.

Objectives

T

Compare the effects of exposure of bacteria to coated and uncoated surfaces.

The antibacterial activity of coated glass surfaces containing CyQul5i%, andAg/SiO;;
and steel copper coated surfaces were tested using British staB8480(22196:2009 &
2017 method for antimicrobial hard surfaces.

Examine the effects of selected antimicrobial surface coatings on different bacteria including
MDR pathogens of relance in Healthcare and the food industry as well as on standard
strains.

Determine the efficiency of different types of coating

To study factors affecting the performance of the coatings
The effect of different levels of washing on ceramic tiles coated @uit'SiQ, and the effect
of increased temperature (35°C)tbe performance of Cu/Syand the effect of low
temperature (5°C) othe performance of Cu/Syand Cu/TiQ

To identify the mechanisms of killing bacteria of copper/silica surfaces (C)/By@sing
Comet assay and Syto 9 staining assay.

To develop novel methods for testing that mimisitu activity

The activity of coated ceramic til@s situ (in the sluice room in Ward 37 and ward 12 at
Manchester Royal Infirmarfcopper coated tiles) ande activity of different coating (copper
and silver coated tiles and steel and painted steel coated) placed in the ladies toilet in Salford

University).
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2-MATERIALS AND METHODS

2.1 Materials

2.1.1 Bacterial Cultures

Standard strains @taphylococcuaureusATCC 6538,Escherichia colATCC8739 and

Escherichia colATCC 10536were obtained from the National Collection of Industrial and Marine
Bacteria, Aberdeen, UK. The latter strain wasd for testing photocataly@mtimicrobial activity.

Different pathogerit bacterialstrainsof importance in HCAI and which persist in the environment

including recentlinical isolatesvere also teste(lable 1)
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Table 1 Bacterial test strains

Gram-positive bacteria that commonly cause HCAI

Staphylococcus aureus ATCC 6538 "NCIMB
EMRSA15 PHE
MRSA 1595 PHE
MRSA 1669 PHE
Enterococcus faeciufVRE) PHE
Gram-negative bacteria that commonly cause HCAI
Escherichia coli ATCC873 NCIMB
ATCC10536 NCIMB
ESBL PHE
ESBL2 PHE
Stenotrophomonas maltophilia PHE
Klebsiellapneumoniae KPC+ PHE
Acinetobacter baumannii PHE

Gram-positive bacteria that commonly ca

use foothorne infection

Listeria monocytogenes

PHE

Gram-negativebacteria that commonly cause fooeborne infection

Salmonellaenterica typhimurium

PHE

“National Collection of Industrial and Marine Bacteria, Aberdeen, UK.

PHE = Public Health England (formerly The Health Protection Agency), Manchester UK.

MRSA (Methicillin ResistantStaphylococcus aurey€ESBL (Extended gectrum Betd.actamase

producer); KPC (Carbapenemase producer)
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2.1.2 Surface coatings

Different types of antimicrobial coated surfageéhich included copper silica (0.25 M), silver silica

(0.25 M), and copper/titanium dual layers, were prepared by flame assisted chemical vapour
deposition (FACVD by Paul Sheel and Alan Robinson, Matexahd PhysicRkesearciCentre at
theUniversityof Salford) using a propane flame and burner set up (Figlae The Molarity (M)

refers to the concentration of precursor used. For the silica based tiles the precursor
tetraethylorthosilicate was carried to the burner head using a nitrogen flow @efd afiri* from a

heated and stirred bubbler (75+3°C, stirreti2dt rpm). For copper silica, copper sulphate was used

as the copper precursor and simultaneously delivered to the burner head XEijurg

ultrasonically nebulising the agueous solution into the nitrogen. For silver silica, silver nitrate was
used asibrer precursor and heated temperature was 95° C+ 3°C. The glass substrate was passed
through the flame on a translating stage several times (routinely 6 times) to give a coating of approx.
25 nm.Substrate temperature was 190Y@e glass was cut into 2ncsquares and the inactive side

of the glass substrate was marked by scratching the surface at the top edge of a glass with a diamond
tipped pencil. Samples were then disinfected by shaking in 70% aqueous methanol for 20 min and air
dried before use. Unctal float glass was used as a control. Concentration of metal precursors was
usually 0.25M. The same methased to coat the glass with Cu/SMasalsoused to produce

coated 15 chwhite glazed ceramic tiles (Kai Group, Bulgaria obtained fB& Q Ltd, UK).

However, because of the size differences between coater head and tilpst@@h wide was

coated dowrhe centre of the tile. All sampling (swabbing) was done from this coated area.

Production ottopper/titanium dual layers coatingas by a twestep process. The Cu/CuO films
were grown on glass fhm borosilicate glass) usiramn AtmospheripressureFlame assisted

chemical vapour depositiqlhP-FACVD) coater. In this process, flame energy is used to decompose
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the CVD precursors and a film growsenthis isdirected at a substrate. Substrate heating was
employed, which enhanced film density and adhesion. The substrate temperature was set at 300°C.
An aqueous solution of OM Cu (NOs), was nebulized inta carrier of N at a rate of @m® min'*

through the flame and onto the substrate with a propane/oxygen flame ratio of 1:20. The films were
removed from the reactor and allowed to cool before subsequent reheating @f68Ti0,

deposition. The thermal CVD films were deposited using a cubtoinAPCVD reactor. The

precursor for the Ti@deposition was titanium tetiaopropoxide (TTIP; 107C, 1.0dm® min' %)

transported to the reactor via a bubbler intot@&min' * process gas.

Comb UWP

Substrate

Tr anslsetta[ig

Figure 11 a Setup for Chemical Figure 11 b Chemical Vapour
Vapour Deposition Deposition .Burner head
showing propane flame Taken

Takenfrom (Cook et al., 2011) from (Cook et al., 2011)
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OCASsamples (5 samples, table 2) were algpgared by the above method (FACVD) and
commercial stainless steel (type 384pplied by Aperam) was used as coated substrate instead of
glass or ceramic tile. Steel was coated with a thin (multilayer) coating. Two types of CVD layers
were deposited: puiglica films (reference silica) and multilayer films, consisting of silica base
layer, an intermediate copper oxide layer and a silicdapgr. The combustion gases were propane
and air. Hexamethyldisiloxane (HMDSQO) and copper nitrate Cu (N@&e usedis precursors for

silica and copper oxide.

Table 2 Preparation of OCAS samples

Number of steps under flame
Samples Base layer Intermediate | Top layer
Code (Silica) '(?’Oe;per) (Silica)
2 5 20 5
2b 5 20 5
2c 5 40 5
5 10 40 10
Ref silica 10 - -
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2.2 Methods
2.2.1Microorganisms and growth conditions

Bacterial strains wersub-cultured onto Nutrient Agar (NA, Oxoid, Basingstoke, UK) and incubated
at 37°Cfor 24 h. Cultures were resuspended in Nutrient Bf, Oxoid) and kept on Microban®
beads (TCS Ltd., Merseyside, UK)-&80°C Prior to use, one bead was sulitured onto NA and

incubated aB7°Cfor 24 h.
2.2.2Antibacterial activity test of Cu/SiO; and Ag/SiO; (in the dark)

Antibacterial activites of coated surfaces (Cu/S@hd Ag/SiQ) were determined according to the
method described in BISO 22196:2009 & 201(Anon, 2009bAnon, 201} with modifications

(glass cover slips were useather than plastic film and the incubation was at room temperature
rather than 3%). Colonies weree-suspended in a 1:500 dilution of NiBd adjusted to O.D 0.01

0.02 at 600 nm in a spectrophotometer (Cama@880, Cambridge, UK to give approx. 2x0°

colony forming units (CFU) cri Fifty microlitreswas inoculated on to each 2 cm square test

sample (inactive side down, so that only the active surface was tastedpntrol samples (un

coated glasspnd covered with a square of @terilised 1 mm brosilicate glasso ensure close

contact between the culture and the film. The samples were housed within 50 mm diam. Petri dishes
(to minimise contamination from the laboratory environment); containing moistened sterile filter
paper to prevent drying oof the suspensionSamples were incubated at room temperg26eC)

and removed after 0, 1, 2, 4, 6 and 24 h and immersed aseptically in 20 cm3 of Tryptone Soy Broth
(Oxoid, CM0129) and vortexed for 60 sec testesspend the bacteria. A viability counasv

performed by dilution and plating on Tryptone Soy Agar (TSA, Oxoid, CM0131) in triplicate and

incubation aB7°Cfor up to 48 h.
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2.2.3The effect of fluorescent light orantibacterial activity of Cu/SiO, glass coated surface

The effect of fluorescenight on theantibacterialactivity of Cu/SiQ was determined according to
the method described in BSO 22196:2009 & 2011Anon, 2009bAnon, 201) as described above
in step 2.2.2. Howevemoculated substrates were irradiated ViAthlips daylight fluorescent lamps

(UVA 0.01 mW cn?). StandardEscherichia col(ATCC8739) was used for this test.

2.2.4The effect of illumination (UV and fluorescent light) onantibacterial activity of glass

coated surface (Cu/TiQ).

Antibacterial activity of dual layer Cu®iO, coatings was determined according to the method
described in B350 27447:2009Anon, 2009awhich is same procedure as described above in step
2. However, the samples were irradiated withidight Blue lamps with a maximum UVA light
intensity of 0.24 mW cfias shown in figurd2 (lamp chambe.S-15 UVI Ltd, Cambridge, UK).
Control samples were covered with a polylaminar UVA protedtion(Anglia Window films, UK)

to protect samples from\tA light. Philips daylight fluorescent lamps (UVA 0.01 mW €nwere

used for some experiments. Temperature of samples was apptGxd@ing illumination.
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Figure 12 lllumination chambers for UV or/and fluorescent light

2.2.5The effect of different temperature (35 °C and 5°C) omantibacterial activities of Cu/SiO,

and Cu/TiO,

The procedures described in steps 2.2.2fan@u/SiG were followed; however coated surfaces
wereincubated in Petri dishes containing ice to yietdraperature of approx 5°C during the
experiment. And for 35°C samples were incubated at approx 35°C incubator during the experiment.
Standards. aureugATCC6538), standarB. coli (ATCC8739), and MRSA 15 were used for 35°C

test on Cu/Si@coated glass. Fahe 5°C test, ESBL producirigcoliandA. baumanniivere used

for bothsurfaceCu/SiG and Cu/TiQ.

A summary of all tested bacterial strains on different coated surfaces is shown in Tables 3, 4 and 5.
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Table 3 Bacterial strains tested at 25° C on C&O,, Ag/SiO,, Cu/TiO, and OCAS samples

-

Cu/SiO;

E. coli(ATCC 8739
including ESBL producing
strains

Standard test
strain ofE. coli
(ATCC 8739)

Acinetobacter baumannii

Klebsiella pneumoniae

Salmonella enterica
Typhimrium

Stenotrophomonas
maltophilia

Enterococcus faeciufVRE)

Listeria monocytogens

Staphylococcus aureus
(ATCC6539 included MRSA
strains

Ag/SiO,
(0.25M)

Standards.aureus
(ATCC6538)

Klebsiella pneumoniae

Ag/SiO,

Acinetobacter baumannii

(0.05M)

Stenotrophomonas
maltophilia

ESBL producinge=. coli

ESBL producingt. coli

ESBL
producing
E. coli

Standard=. coli
(ATCC 10536)

A .baumannii

A. baumannii

MRSA1595

Klebsiella pneumoniae

Enterococcus faecium
(VRE)

StandardsS. aureus
(ATCC6538)

Salmonella enterica
Typhimrium

OCAS
(painted steel;

StandardS. aureus
(ATCC6538)

2,2b,2b1, 2C

StandarcE. coli(ATCC 8739

and 5)

Salmonella enterica
Typhimrium
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Table 4 Bacteria strains tested at 5°C on Cu/Si£and Cu/TiO,

Cu/SiO;

Standard tedE. coli
(ATCC 8739)

Standard tess.
aureus(ATCC6538)

A. baumannii

ESBL producing
E. coli

CulTiO,

ESBL producing
E. coli

ESBL producing
E. coli

A. baumannii

A. baumannii

Table 5 Bacteria strains tested at 35°C on Cu/SiO

Dark Test

Cu/SiO, StandarcE. coli (ATCC 8739)
Standards.aureus(ATCC6538)
MRSA15

2.2.6 Statistics

Where mssible each experiment was done in triplicate and viable counts were determined by
calculating meanstandard deviationsnd Ttestsusing Microsoft Excel. Survival curves were

plotted (using Sigma plot software) as the means with standard deviatemsrdsars. In order to

allow plotting survival curves on a logarithmic scale, because zero cannot be plotted on a logarithmic
scale, one was added to each mean viable count. In some cases error bars were obscured by the grap

symbols and in others only per error bars were plotted.
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2.2.7Effects of inoculum size

To determine the effect of inoculum size on the time required for total kill on cspigarsurfaces
(Cu/SiQy), different concentration of bacteria suspenstrcoli ATCC 8739 were used. @SIO,
coated glass samples were tested with different inocdlartD18 CFU mi* following the method

described in section 2.2.2.
2.2.8Confirmation that bacteria were removed from the coated surfaces

E. coli (ATCC 8739 was used for this experimeSamples were inoculated on surfaces as
described above (step 2.2.Bhllowing resuspension the samplegre removed aseptically from

the TSB and stained with crystal violet (1% aqueous) tiheervedunder a light microscope.
2.2.9Determination of minimum inhibitory concentration of Copper (MIC)

Two different bacterial strains were tested. These included staBdeot (ATCC 8739) and
standards.aureus(ATCC6538). Bacterial cultures were sabltured as described above in step
2.2.1. 16 of bacteria oncentration was used by measuring the optical density of @@ using

spectrophotometer at 600 nm.
1 mgml™ of copper sulphate Cu (SJ2 was used as coppprecursor.

One hundred microliters of IsBensitest broth (Oxoid, CM0473 ,UK) was add to thevells on the
micro-titer plate (Sterillin Ltd,612F96, UK) and serial dilutions were set up by loading 100l of
copper sulphate to the first well §ig/ml), mixing and transferring 1Q4 to the second well
(0.5mg/ml). This technique was repeated actlosglate to the well 10 which gives series dilution of
1,0.5,0.25,0.125,0.0625, 0.03125, 0.01626,008 0.004 and 0.00ehg mI* (Table6). 10pl of
bacteria solution was then loaded to the wellslD. Wells 11 and 12 were positive and negative

contols. The positive control (11) consisted of 100ul of growth medium and 10pl of bacterial
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solution, and the negative control (12) consisted of 100ul of growth medium and 10pl of sterilized
water. Plates were incubated at 37°C for 4h. Plates were exansingdnicrotite plate reader at

570 nm (Multiskan FC microplate photometer, Thermo Scientific, UK) to determine the 4 hour MIC
and a loop full of each well was taken and streaked ag@rgpsone Soy Agaplates which incubated
further for 20 h. the lowesbncentration showing no growth after 4h was recorded ad'theut

MIC. The microtite plates were then further incubated at 37°C for 24h and again examined using
microtitre plate reader to confirm ti2d h MIC (since the lowest concentration that hemgh after

4 h may havebeen killedafter extra incubation time).

Table 6 Shows the conversion of dilution values from mg/ml tanM

Mg/mi mM

1 4

0.5 2
0.25 1
0.125 0.5
0.06 0.25
0.03 0.125
0.015 0.06
0.008 0.03
0.004 0.015
0.002 0.008

2.2.10Antimicrobial activity of coated surface in real life use

Antimicrobial activity of the coatings on tilg€u/SiG) was confirmed by cutting the coated section
of the tiles into 2 crhsamples. These were tested by the same method as the coated glass BS ISO
22196:2011(Anon. 2018s previously described above in step 2ex&pt that the sterilization was
performed by autoclaving at 121°C for 15 nfftandarcE. coli (ATCC 8739) was used for this

experiment.
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2.2.101 In situ activity in a ladies toilet facility in Salford University

I n order to investigate the performance of t he
coated samples were mounted on board and exposed to natural contamination in the ladies toilets in
the Peel Building of the Univsity of Salford (Figurel3, Table7). Substrates were wiped with 70%

ethanol prior to starting the experiment to remove any contamination that had occurred while

handling. The board with the samples was turned 180 degrees 3 times per week on altexnate day

The tiles were left in place for 2agks and sampled by swabbing an area (7.5 x 5 cm for tiles, 5.5 x

9 cm for glass samples, 5.5 x 6.9 cm for steel samples) using a template. Swabbing was repeated
after 2, 9, 14 and 28eawks. Because of high levels obntamination the samples were washed after

28 weeksusingalOgi*s ol ut i on andalldwed tg dryt Saimptes were taken after 30, 32,

41, 46, 50, 54, 63, 68, 73, 79 and 8&s with careful washing with detergent solution followed by

rinsing wih sterile distilled water after 42 and 64eks.
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Table 7 Key for samples in toilet facility

CVD, CVD Technologies Ltd, Manchester, UK. OCAS NV, Zelzate, Belgium.

Sample number | Coating Substrate Made by
1,2 Ag- SiO; Tile CVD
3,4 control Tile CVD
5,6 Cu-SiO, Tile CVvD
9 Blanco (control) | Painted steel | OCAS
10 2 + Cu/SIQ Painted steel | OCAS
11 2b + Cu/SiQ Painted steel | OCAS
12 2bl + Cu/SiQ Painted steel | OCAS
13 2c + Cu/SiQ Painted steel | OCAS
14 ref 5 silica Painted steel | OCAS
15 5 + Cu/SiQ Painted steel | OCAS
16 Blanco (control) | Steel OCAS
17 2 + Cu/SiQ Steel OCAS
18 2b + Cu/SiQ Steel OCAS
19 2bl + Cu/SiQ Steel OCAS
20 2c + Cu/SiQ Steel OCAS
21 5 +Cu/SiQ Steel OCAS
22 ref 5-silica Steel OCAS
23,24 Cu-SiO, Glass CVvD
25 control Glass CVvD




Figure 13 Showssubstrates mounted on board located in lades toilet in Salford Uwersity.

84



2.2.10.2At Manchester Royal Infirmary ( Gastrointestinal Surgery ward 37 andRenal Sluice

Room ward 12).

Coded surfaces of G&iO, ceramic tiles were glued on the wall next to the sink and the bench in the
sluice room in wards 37 and 12 as showRiguresl4 and15, and subjected to the normal cleaning

regime (washing with Chlorocle@ndisinfectant 0.1% chlonie approx. twice weekly). The coated

and uncoated tiles (10 x 15 cm) were left in place for 5 months and sampled by swabbing as

described below. Swabbing was repeated after 20, 28, 36, 44 aredk& Whis experiment was

originally designed to be by swahly monthly but due to difficulties in gaining access to the

hospital, swabbing was not done every time and, for ward 12, the tiles were removed and broken up
Aaccidentall yo by a cleaner after the silescond s

on Ward 37.

Site 1

Figure 14 Antimicrobial activity of coated surface (Cu-SiO, Ceramic Tiles)located

in sluice room at ManchesteRo y a | | nGastroimestmal Sugery ward 37)
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